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OVERVIEW

A strong patient-physician relationship is essential for accu-
rate diagnosis and effective treatment, particularly in patients
with chronic, complex diseases. Specialties like rheumatology
rely heavily on this relationship. Medical gaslighting refers to sit-
uations in which healthcare providers unintentionally dismiss
or minimize a patient’s concerns, leading them to question their
own perceptions, judgement, or emotions [1].

The term gaslighting comes from a 1944 film, Gaslight, in
which a woman is manipulated into doubting her perception of
reality. Over time, the term gained mainstream attention, espe-
cially on social media, where it developed a negative connota-
tion [2]. Between 2005 and 2025, Google’s Relative Interest
Score increased for ‘medical gaslighting’ from 5 to 85 [Shane K,
personal communication, May 10th, 2025], and in 2022, Mer-
riam-Webster dictionary named it Word of the Year, reflecting
its cultural prominence [3]. Despite growing awareness, medical
gaslighting is still underrepresented in peer reviewed literature.
In 2020, JAMA described a patient whose symptoms were dis-
missed until a long COVID diagnosis was confirmed [4]. In
2025, ECRI (formerly known as Emergency Care Research Insti-
tute), identified medical gaslighting as the top threat to patient
safety [5], citing its role in delayed diagnoses, care mismanage-
ment, patient distress, and worsening health disparities. A 2023
HealthCentral survey found that 94% of respondents reported
experiencing medical gaslighting by a physician [6].

Rheumatologists are uniquely positioned to recognise and
address medical gaslighting, as the specialty often involves
patients with chronic, multisystem symptoms lacking clear diag-
nostic markers. These diseases present with diverse symptoms,
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variable disease progression and organ system involvement.
Diagnosis and treatment depend on synthesising clinical pat-
terns, patient-reported symptoms and laboratory findings over
time [7]. The complexity and rarity of these diseases contribute
to diagnostic delays and confusion, creating situations that may
be perceived as medical gaslighting. As awareness grows, rheu-
matologists must understand its impact on patient care.

THEORETICAL UNDERPINNINGS

Trust is the foundation of any successful relationship [8]. In
his 1949 essay ‘The Seven Sins of Medicine’, Dr Richard Asher
emphasised the importance of good manners in medical prac-
tice, noting that subtle or unintentional rudeness could under-
mine the trust essential to the patient-physician relationship
[9]. In rheumatology, this trust is often strained due to the com-
plex nature of disease presentation and progression. Patients
may face shifting diagnoses, prolonged uncertainty, and con-
flicting opinions from multiple providers, making them more
vulnerable to medical gaslighting. Even well-meaning but dis-
missive interactions can erode a patient’s confidence if they feel
disbelieved or misunderstood. Importantly, trust is bidirec-
tional. Studies suggest that physicians’ trust in patients is influ-
enced by perceptions of whether the patient is a ‘good’
historian, someone who communicates clearly, follows recom-
mendations, and respects clinical authority [10]. When credibil-
ity is unconsciously filtered through these expectations, it can
lead to biased or inadequate care.

Epistemic injustice, a concept from philosophy, refers to harm
done to individuals in their capacity as ‘knowers’ [11,12]. In
medicine, patients are the primary knowers of their symptoms
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and lived experiences, even when medical tests fail to explain
them. When their accounts are dismissed because of bias, uncer-
tainty, or misalignment with diagnostic norms, testimonial
injustice occurs [11,12]. Hermeneutic injustice arises when
patients lack the language to describe symptoms and providers
lack the interpretive tools to understand them [11,12]. This is
especially relevant in rheumatology, where symptoms like
fatigue, diffuse pain, or cognitive dysfunction are often difficult
to articulate and interpret. These symptoms may appear unre-
lated or reflect an underlying systemic autoimmune rheumatic
disease (SARD). When mutual understanding is compromised,
meaningful clinical engagement is lost, and trust is undermined.

RECOGNIZING MEDICAL GASLIGHTING IN
RHEUMATOLOGY

The nature of rheumatic disease creates conditions in which
medical gaslighting may unintentionally arise. SARDs often
present with a constellation of symptoms, increasing the risk of
both under- and overdiagnosis. Communicating this uncertainty
is challenging, and patients may feel dismissed, especially when
their symptoms are attributed to ageing, stress or psychosocial
factors, even after thorough clinical evaluation. The Table pro-
vides 10 examples of physician statements alongside how
patients may interpret them when experiencing perceived medi-
cal gaslighting.

Patients are often told their symptoms are ‘unexplainable’ or
‘inconsistent’ with rheumatic disease, which may be interpreted
as “no one knows what is wrong with me”. When fatigue or joint
pain is linked to ageing, patients might think “the doctor thinks
I'm just getting old”. Similarly, if symptoms are attributed to
anxiety or depression, instead of diseases like rheumatoid arthri-
tis or systemic lupus erythematosus (SLE), patients may internal-
ise “the doctor thinks I am crazy” [7] (Table). Even if the
physician’s communication is technically accurate, patients may
perceive these explanations as dismissive, eroding trust and
damaging the therapeutic relationship. A clear example of medi-
cal gaslighting’s harm is the development of learned helpless-
ness, where patients lose confidence, self-esteem, and agency,
placing them at higher risk for depression and anxiety [13].

Diagnostic challenges

Diagnosing SARDs is inherently difficult due to symptom
overlap with functional disorders and possibility of coexisting

Table
Common statements made by physicians interpreted differently by patients

Physician statement Patient’s interpretation

1 Your labs are normal. They don’t want to do anything.

2 This is not typical for this disease. They think I’'m making this up.

3 Let’s see if your symptoms subside. ~ They’re hoping I’ll go away.

4 Try to stay active, it will help. They think I’'m not doing any-
thing.

5 There is nothing else to do until we  They’re giving up on me.

see if this medicine works.
6 This doesn’t look like anything
serious.

They’re not taking my suffering
seriously.

7 Let’s wait for the results. They don’t believe I'm sick.

8 You have already seen several spe-  They think I'm overreacting.
cialists.

9 There are no objective signs of They think I'm imagining my
inflammation. symptoms.

10  Iexpected you to feel better by They said I'm not trying hard
now. enough.
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functional disorders. Preclinical autoimmunity, overlap syn-
dromes and comorbidities such as obesity, chronic pain and
osteoarthritis further blur diagnostic clarity and complicate clin-
ical interpretation.

Early in the diagnostic process, patients often report nonspe-
cific symptoms that resemble other diseases, making it hard to
distinguish between rheumatic diseases such as rheumatoid
arthritis, polymyalgia rheumatica (PMR), SLE, and psoriatic
arthritis [7]. Limited knowledge of these diseases among pri-
mary care providers can result in medical gaslighting delaying
or preventing referrals to rheumatology and prolonging diagnos-
tic delays.

Challenges increase when specific autoantibodies are absent,
as in diseases such as polyarteritis nodosa or PMR. Without clear
biomarkers, clinicians must rely heavily on clinical judgement
and patient-reported symptoms. This reliance may lead to scep-
ticism about the legitimacy of the patient’s experience, increas-
ing the risk of perceived or actual gaslighting when symptoms
are minimised or attributed to psychological or age-related
causes.

One effective strategy to reduce this risk is to shift the
emphasis at the initial consultation from diagnosis to under-
standing and validating how patients experience their disease.
Subsequent visits can prioritise reaching a definitive diagnosis.
Validated assessment tools support this patient-centred
approach, helping patients to describe symptoms and quality of
life impacts across multiple domains [14—16]. While these tools
are effective, certain aspects of a patient’s experience remain
underrepresented and would benefit from further refinement.
The Figure outlines a framework to guide clinical conversations
towards these domains, supporting patients as the primary
knowers of their experience.

Certain diseases, such as SLE, fibromyalgia and Ehlers-Danlos
Syndrome, are especially prone to misdiagnosis or dismissal [16
—18]. These illnesses often present with symptoms such as wide-
spread pain and fatigue, which are difficult to quantify and fre-
quently minimised in clinical settings [Shane K, personal
communication, May 10th 2025]. While SARDs often coexist
with mental health diseases such as anxiety and depression,
referencing psychological factors without proper context or sen-
sitivity may feel dismissive to patients, rather than reflecting
comprehensive understanding of their disease.

RECOMMENDATIONS FOR PRACTICE

Providing effective care for patients with complex, multisys-
tem disease requires time, empathy, and consistent engagement.
Clinicians must listen, reflect critically, and collaborate with
patients, especially when symptoms are nuanced and hard to
quantify. To support this model, healthcare systems should
adopt policies that allow physicians adequate time with
patients, fostering more empathic and patient-centred care.

Shared decision-making should be emphasised, promoting
patient autonomy and informed choice, even when patient’s
preferences diverge from clinical recommendations. However, it
is important to maintain clarity: partnering in shared decision-
making does not mean relinquishing responsibility for guiding
diagnostic evaluation and management.

To address structural contributors to medical gaslighting,
particularly those linked to gender, race, sexual orientation, and
socioeconomic status, mandatory training in communication,
cultural competency and implicit bias should be integrated into
rheumatology education [19]. This foundation is essential for
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clinicians to be both diagnostically proficient and attuned to
patients’ lived experiences [17,18,20].

Further research is needed to deepen the understanding of
medical gaslighting. A research program that integrates the defi-
nitions, perspectives of patients and providers, data, awareness,
and action plans for management when it occurs are all areas in
which to start investigations. Future studies should explore how
systemic biases influence patient-provider interactions and out-
comes. Research into medical and patient decision-making is
increasingly critical in an era of open access health information
and evolving decision support tools. Additionally, new instru-
ments should be developed and validated to help patients
express underreported experiences such as sexual health,
fatigue, cognitive dysfunction (brain fog), spiritual wellbeing,
and treatment burden.

Public advocacy and education should highlight the impor-
tance of a collaborative, trusting patient-physician relationship.
Tools like patient-reported outcome measures (PROMs) offer
shared language for symptom reporting and may empower
patients to communicate more confidently. When rheumatolo-
gists incorporate PROMs into consultations, they can facilitate
more effective dialogue and shared decision-making, helping to
mitigate medical gaslighting.

CONCLUSION

The multifaceted nature of SARDs often leads to discordance
between quantifiable clinical markers and the patient’s subjec-
tive experiences, complicating assessment for the provider and
communication with the patient. This discordance increases
the risk of perceived medical gaslighting. Rheumatologists are
uniquely positioned to reduce this risk through sustained,
empathic, patient-centred care. Doing so requires addressing
unconscious bias, enhancing communication, and advancing
research that incorporates both physician and patient voices to
improve outcomes and rebuild trust in healthcare.
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Figure. A cartoon that depicts the differences between standardised
assessment questions by a physician using an example of pain and the
patient’s perspective on what they would like to contribute to the con-
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ARTICLE INFO ABSTRACT
Article history: Objectives: Despite advances in rheumatoid arthritis (RA) treatment, a significant proportion of
Received 31 January 2025 . . . P . .

AT patients fail to achieve adequate remission. The dynamic cellular and architectural changes
Received in revised form 6 June 2025 o ) . K X X
Accepted 25 July 2025 within the synovium that underpin therapeutic success remain poorly understood. This study

aimed to unravel the synovial landscape during effective RA treatment, identifying key cellular
networks and molecular pathways associated with remission.

Methods: We performed high-dimensional imaging mass cytometry on synovial tissues from
healthy controls, patients with osteoarthritis, and patients with early RA longitudinally before
and after 6 months of conventional synthetic disease-modifying antirheumatic drugs
(csDMARD) therapy. Findings were validated using whole-tissue RNA-sequencing and immuno-
fluorescence in larger patient cohorts, and integrated with ligand-receptor analyses from public
single-cell RNA-seq datasets and in vitro functional coculture assays.

Results: Our deep spatial profiling pinpointed a critical LYVE1 * CD206 * tissue-resident macro-
phage network, localised within perivascular niches alongside fibroblasts and vascular cells.
This homeostatic network was disrupted in active RA but restored in patients responding well to
csDMARD:s. This restoration correlated with the re-establishment of specific cell-cell interactions
and was governed by distinct molecular pathways, including chemokines, annexins, and TAM
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(TYRO3, AXL, MERTK) receptors. Functionally, LYVE1* macrophages demonstrated a regula-
tory, anti-inflammatory phenotype in vitro, contrasting with proinflammatory myeloid cells.

Conclusions: This study provides an unprecedented spatial and dynamic blueprint of the RA syn-
ovium’s response to therapy. We identify the LYVE1 * macrophage network as a pivotal compo-
nent of synovial homeostasis and its restoration as a hallmark of clinical remission. These
findings unveil novel cellular and molecular targets, paving the way for more active therapeutic

strategies.

WHAT IS ALREADY KNOWN ON THIS TOPIC

« Single-cell transcriptomic analyses have brought unprece-
dented insights into synovial cell heterogeneity, including mac-
rophages. The proportion of macrophage subtypes varies in
response to disease-modifying antirheumatic drugs (DMARD)
treatment but their spatial interactions with other synovial cells
are understudied.

WHAT THIS STUDY ADDS

* Using single-cell high-dimensional imaging mass cytometry, we
identified that tissue-resident LYVE1* macrophages in perivas-
cular sublining synovial niches were disturbed in active rheu-
matoid arthritis (RA) but recovered after conventional
synthetic DMARD treatment. Several molecular pathways
implicated in the restoration of these spatial cell interactions
were found to be associated with clinical remission.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

¢ The combination of transcriptomic and spatial proteomic
approaches allows a better elucidation of the interconnections
between the stromal microenvironment and the immune cell
landscape. This study forms the basis for the development of
more targeted, hence more active therapeutic strategies for RA.

INTRODUCTION

Rheumatoid arthritis (RA) affects 0.3% to 1% of the general
population worldwide and is characterised by joint inflamma-
tion associated with debilitating bone and cartilage erosions.
Despite the availability of a large therapeutic arsenal, including
conventional synthetic (cs) disease-modifying antirheumatic
drugs (DMARDs; eg, methotrexate, MTX), biologic (b) DMARDs
(eg, tumour necrosis factor [TNF] inhibitors) and targeted syn-
thetic (ts) DMARDs (eg, JAK inhibitors), around 40% of patients
do not adequately respond to these treatments, and RA remains
a major public health challenge [1,2]. RA is a prototypic synovi-
tis-driven autoimmune disease and the in-depth characterisation
of the synovium has broadened our understanding of RA patho-
genesis and led to the development of targeted therapies. There
is currently no predictive biomarker of treatment response; con-
sequently, treatment allocation is based on ‘trial and error’
[3,4]. Recent evidence supports the concept of integrating syno-
vial cellular/molecular signatures into clinical algorithms to
help predict response to specific DMARDs and enhance clinical
outcome, towards precision medicine [1,5].

Transcriptomic profiling of dissociated tissues using single-
cell RNA sequencing (scRNAseq) approaches has brought
unprecedented insights into synovial cell heterogeneity, includ-
ing fibroblasts, macrophages, T and B cells [6—8]. Importantly,
key cellular crosstalk and dysregulated signalling pathways
involved in RA pathogenesis have been highlighted. A particular
role for tissue-resident macrophages (TRM) expressing MERTK,
CD163, TREM2, and TIMD4 (and Cx3crl in mice) has been
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proposed as a protective tight-junction-forming cell layer that
secludes the synovium, and avoids the infiltration of inflamma-
tory cells from the joint cavity [7,9]. Recently,
LYVE1*CX3CR1* TRM were shown to form a sentinel unit
around fenestrated capillaries at the lining-sublining interface.
In response to systemic immune complex challenge, these mac-
rophages orchestrate neutrophil recruitment and activation of
nociceptor neurons [10]. Overall, TRM represent the majority of
lining and sublining synovial macrophages in healthy donors
and patients with RA in remission, whereas several inflamma-
tory macrophage (IM) subsets, characterised by toll-like receptor
activation, interferon signature, alarmin production, or antigen
presentation, are enriched in the synovial tissue of patients with
active RA [11].

Although these findings have been outstandingly informa-
tive, tissue dissociation represents a major limitation inherent to
single-cell profiling approaches, as critical cells and spatial infor-
mation are lost during the sample preparation. Both the stromal
microenvironment and immune cell infiltrate spatial function/
identity are increasingly recognised as key players of pathogene-
sis and treatment response in rheumatology, as in oncology
[5,12—14]. Recently, spatial transcriptomic revealed that patho-
genic and tolerogenic dendritic cells interact with T cells within
lining and sublining niches, providing novel opportunities to
restore immune homeostasis in RA [15]. However, such single-
cell spatial studies remain very sparse in rheumatology.

Here, we performed single-cell high-dimensional imaging
mass cytometry (IMC) to spatially analyse and compare the
expression of 33 proteins in the synovial tissue from healthy
individuals, patients with osteoarthritis (OA) who lack severe
inflammatory responses, and matched samples from patients
with active early treatment-naive RA at baseline and at 6 months
after starting a ¢csDMARD treatment. IMC analyses were com-
bined with whole-tissue RNA-seq and IF staining validation in
large cohorts of RA patients, as well as ligand-receptor investiga-
tion of public scRNAseq datasets and functional in vitro coculture
assays. Overall, this study provides insights into the spatial dis-
tribution and the pathogenic connections between synovial
niches. It also highlights key pathways relevant for better under-
standing RA pathogenesis and for the development of novel
therapeutic strategies.

METHODS
All methods are described in the supplementary methods file.
Patient and public involvement statement

Although there was no specific patient and public involve-
ment (PPI) when the study here presented was initially con-
ceived, participants have been subsequently involved in surveys
to assess the quality and burden of research visits and interven-
tions. Furthermore, patients recruited in Pathobiology of Early
Arthritis Cohort (PEAC) are regularly invited to PPI local events
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where they are asked to provide feedback on research themes
and questions.

RESULTS

Highplexed IMC highlights a high heterogeneity of TRM within
the synovial lining and sublining layers

To comprehensively profile the cellular composition and spa-
tial organisation of RA synovium, we took advantage of the vari-
ous cluster-specific gene markers recently proposed by
scRNAseq studies [6,7,16] and developed the workflow pre-
sented in Figure 1A. Thirty-three antibodies labelled with
unique metal isotopes were validated to identify monocytes and
macrophages, including TRM and IM, lymphoid and stromal
cells (Fig 1A,B, Supplementary Fig S1A and Supplementary
Table S1). Forty high-dimensional images were analysed for a
total of 26.85 mm? of synovial tissue from 4 healthy donors, 4
patients with OA exhibiting a low inflammatory profile, and 4
patients with active anticitrullinated protein antibody positive
(ACPA™) RA (Disease Activity Score—Erythrocyte Sedimenta-
tion Rate [DAS28-ESR] > 3.9) at baseline before the initiation of
treatment (Supplementary Table S2). For 3 patients with RA, we
also included matched posttreatment biopsies at 6 months (Sup-
plementary Fig S1B).

All images were then segmented into 115,411 total cells and
an unsupervised clustering approach classified synovial TRM,
IM, lymphoid and stromal cells (Fig 1C). By calculating the dis-
tance between each cell type from the vascular and lining cells,
we obtained a comprehensive spatial cell organisation allowing
for the annotation of lining (L-) and sublining (SL-) cell subsets
(Fig 1D). IMC subsets were also mapped onto public scRNAseq
datasets covering 23,759 synovial cells dissociated from the
synovium of patients with RA (n 11), and similar clusters
were identified (Fig 1E,F, Supplementary Fig S2A) [7,17].

Importantly, we distinguished 3 distinct TRM subsets based
on their differential expression of TIM4, MERTK, and LYVEL.
Lining TRM1 (L-TRM1) were CD68 " CD163 " TIM4 " MERTK!*",
whereas L-TRM2 were CD68*CD163* TIM4 MERTK"#", and
both expressed the apoptosis marker cleaved-caspase 3 (Fig 1C
and Supplementary Fig S3A), which is presumably linked to
their efferocytosis capacity [18]. In line with previously pub-
lished evidence, scRNAseq confirmed that L-TRM1 expressed
higher levels of TIM4 and TREM2 compared to L-TRM2, and
both cell subsets expressed CD163 and low levels of MERTK
(Fig 1F) [7]. These L-TRM1 and L-TRM2 populations align with
the TREM2"#" and TREM2'°% macrophages, respectively, identi-
fied by Alivernini et al. [7]. In the sublining, SL-TRM3 were pos-
itive for CD206 and LYVE1l (Fig 1B-F), corresponding to
LYVE1P* macrophages [7] or the recently characterised perivas-
cular TRM in mice and patients with RA [10,19]. Three distinct
tissue-infiltrating CD14* IM clusters were defined based on
varying expression of the alarmin S100A12 (SL-IM1), CD1l1c
and HLA-DR (IM2, antigen-presenting cells) or osteopontin
(SPP1, IM3) (Fig 1C-F). These clusters shared features with the
S100A12P, CLEC10AP®, and SPP1P°® macrophages previously
reported (Supplementary Fig S2B) [7]. A small proportion of
IM3 was also positive for KI67 (Fig 1C and Supplementary Fig
S3B), suggesting cell proliferation linked to tissue fibrosis [20].
A fourth IM cluster (L-IM4), characterised by the expression of
CCR2, IFI6, and granzyme B expression presented an interferon
signature, akin to the ISG15P°° macrophage cluster [7]. Regard-
ing stromal cells, L-fibroblasts were defined by the expression of
podoplanin (PDPN*CD907), whereas SL-fibroblasts exhibited
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CD90/THY1 expression (Fig 1B-D), consistent with previous
characterisations [16,21,22]. At the transcriptomic level, L-
fibroblasts expressed PDPN, PRG4, VCAM, and CD55, whereas
SL-fibroblasts were characterised by the expression of THYI,
DKK3, and CXCL12 (Supplementary Fig S2A). Due to the close
proximity between those cells, both smooth muscle cells
(aSMA™) and endothelial cells (CD31*) were collectively iden-
tified as vascular cells (Fig 1B-E). Overall, our results unveiled
distinct spatial organisation within the lining and sublining
layers of the synovium.

Synovial tissues from patients with active RA are characterised by
a significant disruption of SL-TRM3 cellular network

Following the identification of synovial cell subsets, we com-
pared the stromal and immune cell density across patients’
groups. As expected, a significant increase in both lymphoid cell
subsets (B, plasma, CD4 and/or CD8 T cells) and L-fibroblast cell
density was observed in the synovium of patients with RA as
compared to healthy donors (Fig 2A-D and Supplementary Fig
S4A) [21]. Inversely, the density of TRM, specifically L-TRM2,
was decreased in RA compared to OA synovial tissues (Fig 2A-D
and Supplementary Fig S4A), and the IM/TRM ratio was signifi-
cantly increased in active RA compared to healthy donors (Sup-
plementary Fig S4B). Altogether, we highlighted a concomitant
infiltration of lymphoid cells and IM, and a reduction of synovial
TRM in patients with active early treatment-naive RA.

To further characterise the communications between individ-
ual synovial cells, a permutation test was performed and, within
the 5 nearest cell neighbours (k = 5) and a distance threshold of
20 um, we identified interactions and avoidance behaviours
between cell cluster pairs (Fig 2E,F) [23]. In healthy individuals,
the main synovial cellular network mostly involved sublining
cells, including SL-TRM3, SL-fibroblasts and vascular cells. In
OA tissues, the interactions involving SL-TRM3 were reduced
whereas the interactions involving L-TRM2 and CD4* T cells
were enhanced, especially with L-TRM1 and CD8* T cells
(Fig 2E,F). Importantly, in the synovium of patients with early,
active, and treatment-naive RA, several cell-cell interactions
were disrupted compared to healthy tissues, especially the ones
involving SL-TRM3 (Fig 2E,F). Furthermore, in RA, disease-spe-
cific interactions were revealed, especially involving IM, lym-
phoid cells, and L-fibroblasts (Fig 2E-F). These analyses
therefore highlighted that the synovial infiltration at early
stages of RA creates a dense cellular network in which the
homeostatic social network involving SL-TRM3 is disrupted.

The definition of spatial multicellular neighbourhoods or niches
reveals the dynamic and functional synovial interactions of SL-
TRM3

We next explored whether multicellular structural analysis,
rather than pairwise cell-cell interactions, would provide further
insights into the organisation and dynamic changes of RA syno-
vial tissue. Cells were clustered based on the identity of their
neighbours within a radius of 20 ym [24,25], and 9 cellular
neighbourhoods (herein called ‘niches’) were identified, of
which 3 were localised in the lining (L1 to L3) and 6 in the sub-
lining (SL1 to 4, ELS1 and 2) (Fig 3A-E). Lining niches were
composed of distinct proportions of L-TRM1, L-TRM2, and L-
fibroblasts. The 4 sublining niches (SL1-4 niches) were mostly
composed of vascular cells, SL-fibroblasts, and SL-TRM3, which
was reminiscent of the principal cell network determined in
healthy donors (Fig 2E,F). Two additional niches also localised
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Figure 1. A multiplexed imaging mass cytometry (IMC) antibodies panel to characterise the synovial stromal and immune landscape. (A) Schematic
representation of the data acquisition workflow used for IMC and single-cell RNA sequencing (scRNASeq). Combined analysis of spatial cell neighbour-
hoods and ligand-receptor interactions in the different patients’ groups. Created with BioRender. (B) Representative pseudocoloured IMC raw images
(top panels) and corresponding cluster assignments after cell segmentation (bottom panels) of the synovium samples from healthy individuals
(n = 4), patients with osteoarthritis (OA, n = 4), early treatment-naive rheumatoid arthritis (RA, n = 4) and matched conventional synthetic (cs) dis-
ease-modifying antirheumatic drug (DMARD)-treated responder patients with RA (n = 3). Scale bar, 50 ym. (C) Scatter plot representing the mean
intensity of each marker (colour code) and proportion of expressing cells (dot size) generated by Phenograph after cell segmentation of the IMC
images. IM, inflammatory macrophages; TRM, tissue-resident macrophages; L-, lining-; SL-, sublining-. (D) Distribution of each cell type in the syno-
vium according to the minimum distance calculated to vascular cells and lining cells (L-TRM1 and L-fibroblasts). (E) Uniform Manifold Approximation
and Projection (UMAP) plot of the different cell clusters identified from public scRNAseq datasets [7,17] in the synovial tissue of patients with RA with
active disease (n = 8, including 5 treatment-naive patients and 3 DMARDs-resistant patients) or in remission (n = 3, Disease Activity Score [DAS28] <
2.6 for more than 6 months). (F) Scatter plot representing the mean expression of each marker (colour code) and the proportion of cells expressing
each marker (dot size) in the different macrophage clusters identified from scRNAseq datasets.
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Figure 2. Synovial cell densities and interactions are altered in patients with active treatment-naive rheumatoid arthritis (RA). (A) t-distributed sto-
chastic neighbor embedding (t-SNE) plot of the different cell subsets represented in the synovial tissue of healthy individuals (n = 4), patients with
osteoarthritis (OA, n = 4) and active treatment-naive rheumatoid arthritis (active RA, n = 4) patients. Macrophages (red), lymphoid (blue), and stro-
mal (green) cell types are encircled. (B,C) Representative pseudocoloured imaging mass cytometry (IMC) images of stromal (aSMA, CD31, PDPN, and
CD90) and immune cell markers (CD20, CD138, CD4, CD8, TIM4, LYVE1, and S100A12) of the synovium samples from healthy individuals, patients
with osteoarthritis (OA) and active RA (B), and corresponding subset assignments after cell segmentation (C). Scale bar, 50 ym. (D) Cell densities of tis-
sue-resident macrophages (TRM), inflammatory macrophages (IM), lymphoid cells, and stromal cells are presented for patients belonging to the
healthy, OA and active RA (act RA) group. One-way analysis of variance (Kruskal-Wallis) with Dunn’s correction was performed: $, adjusted P value <
.05 for total TRM and total lymphoid cells; #, adjusted P value < .05 compared with active RA; *, adjusted P value < .05 compared with healthy. (E)
Heatmaps showing the cell-cell interactions as the sum of the significant values calculated for each patient (sum_sigval) belonging to the healthy
(n = 4), OA (n = 4) and active RA (n = 4) group. Brown squares indicate interactions; blue squares indicate avoidance between each cell pair. Interac-
tions implicating SL-TRM3 are highlighted in green. (F) Schematic representation of the pairwise cell interactions, considering cluster densities (circle
size) and sum_sigval values (arrow thickness) as calculated in (E). RA-specific interactions compared to both healthy and OA synovium are shown in
red, interactions implicating SL-TRM3 cells that were lost in active RA synovium compared to healthy are shown in green.
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provided in black and grey, additional interactions between niches observed specifically in active RA are shown in red. (G) Schematic representation
of the cell type composition and proportions in each niche. Created with BioRender. Representative images of the cell subsets in each niche are shown
as insets.

in the sublining compartment were composed of lymphoid cells the ELS2 niche included B cells, plasma cells, but also the 3 IM
and IM tightly packed together, forming ectopic lymphoid struc- subtypes (Fig 3A). Representative images of the niches localisa-
tures (ELS) [5,26,27]. While the ELS1 niche was mostly com- tion are shown in Figure 3B. Importantly, ELS1, ELS2, and L3
posed of lymphoid cells, namely B cells, CD4 and CD8 T cells, niches were significantly more abundant in active RA samples,
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compared to healthy donors or patients with OA (Fig 3C and
Supplementary Fig S5A). According to the changes in density of
SL1, SL2, and SL3 niches, the ELS1-2/SL1-3 ratio was signifi-
cantly increased in active RA compared to healthy donors
(Fig 3D).

While each niche can represent the site of unique and local
cellular interactions, distinct niches may also interact to support
additional biological events [25]. Spatial niche interaction
graphs were generated for each patient group (Supplementary
Fig S6A) and provided a comprehensive locoregional niches
map based on the strength of the interactions between niches,
their density, and their precise tissue location (Fig 3E-G). In
healthy donors, the main interactions were observed between
L1, L2, SL1, SL2, SL3, and SL4 niches. Of interest, the cells in
these niches (TRM, fibroblasts and vascular cells) are considered
tissue resident or structural cells, thus highlighting the features
of a homeostatic synovial interaction map. In OA synovium, a
similar cartography was observed but a central position of the
ELS1 niche, interacting with L2, SL2, and SL4 niches, was under-
lined (Fig 3F). In patients with active RA, the L3, ELS1, and ELS2
synovial niches composed of all infiltrating proinflammatory
immune cells and L-fibroblasts, established novel interactions
between them and with the homeostatic niches, therefore
highlighting profound alterations compared to the homeostatic
picture (Fig 3F). Furthermore, in the RA cellular interactive
map, the loss of L1 and SL3 niches involvement, as well as the
disruption of specific interactions, such as L2 with SL2 or with
SL4, were observed (Fig 3F,G). Altogether, these results indi-
cated that the cellular infiltration characterising the RA synovial
tissue has a profound impact on the whole synovial architecture
and the underlying cellular communications. As observed at the
individual cell level (Fig 2), these results notably confirmed that
the perivascular SL3 niche, mainly composed of SL-TRM3, was
profoundly altered in patients with early active and treatment-
naive RA.

SL-TRM3 are reestablished following efficient csDMARD
treatment

To study the impact of csDMARD treatment on the altered
synovial cellular network observed in patients with active RA,
we next performed paired analyses of patients with matched RA
(n = 3) before therapeutic intervention and 6 months following
efficient csDMARD treatment with MTX and sulfasalazine (SZP).
The density of SL-TRM3 was significantly increased following
treatment as assessed by IMC (Fig 4A and Supplementary Fig
$4C). Whole-tissue RNA-seq performed on the tissues analysed
by IMC confirmed that the expression of LYVE1 was significantly
increased in synovial biopsies posttreatment (n = 3, Fig 4B).
Importantly, the upregulation of LYVEI was further validated in
a larger cohort of csDMARD (MTX, SZP or hydroxychloroquine)
responder lympho-myeloid and ACPA™ patients from the PEAC
(n = 11 paired baseline and 6-month samples, Fig 4C) [26,28].
Noteworthy, this increase of synovial LYVEI expression was not
observed in poor-responder patients (Fig 4C). Similar results
were observed when including patients with other pathotypes
and ACPA™ status (n = 54 paired samples, Supplementary Fig
S7A). Baseline LYVE]1 expression was consistently lower in syno-
vial biopsies with a lympho-myeloid pathotype compared to dif-
fuse-myeloid or pauci-immune pathotypes, and it correlated
negatively with disease activity and other clinic-radiographic
parameters (Supplementary Fig S7B, C).

Six months following efficient MTX/SZP treatment, the cellu-

lar interactions involving SL-TRM3 cells were partially
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reestablished, for example, with L-fibroblasts, L-TRM2 and vas-
cular cells (Fig 4D,E). In addition, MTX/SZP treatment induced
novel interactions, such as between SL-TRM3 and plasma cells,
whereas preexisting interactions persisted posttreatment, such
as with SL-fibroblasts and CD4 T cells (Fig 4D,E). These cellular
interactions were visualised on raw images of LYVE™ SL-TRM3
in their tissue microenvironment and their corresponding spatial
graphs, highlighting clear proximities between SL-TRM3, SL-
fibroblasts, vascular cells and T cells, especially in patients with
RA 6 months following MTX/SZP treatment (Fig 4F,G). Interest-
ingly, upon MTX/SZP treatment and along with the increase of
SL1 and SL3 niches proportion (Fig 4H,I and Supplementary Fig
S5B), SL3 reestablished significant connections with SL1 and
SL4 (Fig 4LJ and Supplementary Fig S6B), as observed in
healthy conditions (Fig 3F). Overall, good response to MTX/SZP
therapy was associated with a partial recovery of the basal
healthy synovial cartography, with a particular involvement of
SL-TRM3.

SCRNAseq ligand-receptor analysis underlines SL-TRM3 cellular
pathways linked to disease activity

To further elucidate the pathways governing SL-TRM3 com-
munications within the synovial niches in relation to disease
activity, we next performed IF staining of SL-TRM3 (sublining
CD68", MERTK™, TIM4 ™~ cells). Synovia were collected from an
independent cohort of patients with established ACPA* RA
with active disease (DAS28 > 2.6, n 13) or in remission
(DAS28 < 2.6, n = 7) following cs- and/or b-DMARD treatments
(Supplementary Table S2). A significantly higher SL-TRM3 den-
sity was evident in patients with RA in remission compared to
those with active RA (Fig 5A). This pattern held true when
including patients with ACPA™ RA or when restricting the analy-
sis to patients with RA treated solely with csDMARDs (Supple-
mentary Fig S7D, E).

We further analysed public scRNAseq datasets from synovial
cells dissociated from the synovium of patients with ACPA™
active (n = 8) and remission (n = 3) RA introduced previously
(Fig 1EF, Supplementary Table S2) [7,17]. Several ligand-
receptor interactions involving SL-TRM3 were induced in the
synovial tissue of patients with RA in remission when compared
to active RA (Fig 5B,C and Supplementary Fig S8). Of note, SL-
TRM3 from patients with RA in remission were found to display
enhanced response to chemokines (CXCL12, macrophage migra-
tion inhibitory factor [MIF]), annexins (ANXA1), amyloid-beta
precursor protein (APP), and colony stimulating factor 1 (CSF1);
these ligands being expressed by the main SL-TRM3 neighbours
highlighted above (Fig 4), such as L- and SL-fibroblasts, vascular
cells, plasma cells and CD4 T cells (Fig 5B). Inversely, SL-TRM3
from patients with active RA were highly stimulated by colla-
gens and fibronectin (FN1) (Supplementary Fig S9A).

Conversely, SL-TRM3 from patients with RA in remission
were major producers of chemokines (CCL2, CCL3, CXCL12,
CXCL16), TNF family members (TNFSF12, TNFSF13B), Growth
Arrest Specific 6 (GAS6), and C-type lectin domain family 2
member B (CLEC2B), with potent effects on their main neigh-
bours such as L-TRM2, CD4 T cells, plasma cells, vascular cells
and fibroblasts (Fig 5C). Of note, SL-TRM3 from patients with
active RA were characterised by the production of fibronectin
and alarmin (S100A8) (Supplementary Fig S9B).

Differential expression of selected ligands and receptors by
SL-TRM3 from active versus remission RA was confirmed in a
larger cohort of patients (Fig 5D and Supplementary S9C). A
majority of genes upregulated in remission RA SL-TRM3 were



J. De Lima et al.

Ann Rheum Dis 84 (2025) 1955—1967

A p=0.0028 B p=0.0010 C csDMARD response
T 250 Piene x rESpOnES =0.034
E L] 134 / -9 i
active early RA x3 responder RAXS B g0 - e -
treatment-naive after treatment B hl o 10000 z . s
[ ] - -; - . = 312— ? g =
MTX/SZP treatment ||| 20 oy o 1250 ;
E— g = EZ EZ 100]° : . 3
baseline & months B e E 244 ’ g G | "
2 83 / 8§z .1
F o® o . @ 100 .
(= w w
—" 10___.T—.'._. T T T T
* 0 6 months 0 6 months 0 6months 0 6 months
poor responder good responder
D baseline RA (n=3) & month RA (n=3) E  baselne RA 6 month RA
L_TRH d a0 S ,—," e

Ske 4 5
.y fibro WAsCU I3
N \ i [0
plasm plasm 4+ »r2
H p=0.0363
ngw—
E
2 150
k3
=
2 100
@
. o
8 @
5 ; = SL-fibroblast é o]
Bl | s « vascular cell o ¢
o . . + SL-TRM3 @
3 AR o
,§ o LM M2 baseline & month
: e A
| 6 month RA

J

6 month RA

baseline RA

Serial
section

Figure 4. Partial recovery of the synovial architecture following efficient conventional synthetic disease-modifying antirheumatic drug (csDMARD)
treatment. (A) Synovium samples were obtained from patients with active treatment-naive rheumatoid arthritis (RA) at baseline (n = 3) and 6 months
following efficient treatment with csDMARD (methotrexate [MTX]/sulfasalazine [SZP]) from the same patients (n = 3). Paired analysis of SL-TRM3
densities in patients with RA at baseline and 6 months post-csDMARD treatment was performed on the imaging mass cytometry (IMC) images. Paired
Student’s t-tests were performed. (B, C) Paired plots for baseline and 6-month LYVEI bulk RNA-seq counts in the 3 patients analysed previously (B)
and in all lympho-myeloid and anticitrullinated protein antibody positive (ACPA*) patients who achieved poor or good clinical responses to
c¢sDMARD treatment (C) (n = 21, delta Disease Activity Score—Erythrocyte Sedimentation Rate [DAS28-ESR] > 2.8) in the Pathobiology of Early
Arthritis Cohort (PEAC). Paired Student’s t-tests were performed in (B). In (C), differences between LYVE1 bulk RNA-seq counts in pretreatment and
posttreatment samples were assessed using a negative binomial generalised linear mixed effects model with time and response as fixed effects and
patient as random effects (Prime x response)- Coloured points show regression line of fitted mixed-effect model (estimated marginal means), with error
bars showing 95% Cls (fixed effects). Grey points and lines show raw paired count data. (D) Heatmaps generated using the IMC images and showing
the cell-cell interactions as the sum of the significant values calculated for each patient (sum_sigval) belonging to the active RA at baseline (n = 3) and
6 months post-csDMARD treatment (n = 3) group. Brown squares indicate interactions; blue squares indicate avoidance between each cell pair. Inter-
actions implicating SL-TRM3 are highlighted in green. (E) Schematic representation of the pairwise cell interactions, considering cluster densities (cir-
cle size) and sum_sigval values (arrow thickness) as calculated in (D). Interactions implicating SL-TRM3 that were induced 6 months post-csDMARD
treatment compared to baseline are shown in green. (F) Representative IMC raw images in the synovium samples from healthy individuals (n = 4)
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highly expressed in their healthy/OA counterparts, indicating
these genes were diminished in active RA and recovered upon
remission (Supplementary Fig S9D). Pathway analyses of the
top 200 upregulated genes in SL-TRM3 from remission RA ver-
sus active RA revealed distinct biological processes related to
antigen processing and presentation (MHC-II genes, CD74), reg-
ulation of TNF production (GAS6, TNFAIP3) and negative regu-
lation of immune/inflammatory response (TREM2, CD46),
suggesting an important role in the response to treatment
(Fig 5E). Inversely, in active RA, SL-TRM3 were characterised
by high expression of genes implicated in the recognition of
pathogens (viral process, CD209 and MRC1 genes) and purine
metabolic process (PGK1, NDUFB3), suggesting an active role in
immune response (Supplementary Fig SOE). Genes upregulated
in remission RA versus healthy/OA SL-TRM3 were involved in
antigen processing, regulation of memory T cell and germinal
centre formation, suggesting an adaptive immune regulatory
role (Supplementary Fig S9F). Furthermore, genes upregulated
in both healthy/OA and remission RA versus active RA SL-
TRM3 implicated regulation of the immune system and response
to corticosteroid (TGFB1, FOS, FOX03), suggesting recovery of a
protective phenotype in remission.

To experimentally probe the functional attributes of these
synovial macrophage subsets, we generated LYVE1*"
MERTK "HLA-DR'®"  (SL-TRM3 surrogate) and LYVE1 ™"
MERTK HLADRM2® (IM surrogate) macrophages for coculture
with RA patient-derived fibroblast-like synoviocytes (RA-FLS)
(Fig 5F,G). Upon Lipopolysaccharide (LPS) stimulation, LYVE1 "
macrophages failed to induce IL-6 secretion by RA-FLS, in stark
contrast to LYVE1™ macrophages, which promoted IL-6 via
IL1A/B release (inhibited by IL-1R antagonist) (Fig 5H,I). This
functional distinction, demonstrating a dampened proinflamma-
tory capacity for LYVE1* macrophages, complements our spa-
tial mapping data and their remission-associated transcriptomic
profile.

Altogether, our findings underscore a distinct negative regu-
latory role for LYVE1 " /SL-TRM3 in modulating inflammatory
responses, sharply contrasting with proinflammatory HLADR-
high /1M macrophages. The differential cellular interactions and
pathways involving SL-TRMS3 in active versus remission RA are
schematically summarised in Figure 6.

DISCUSSION

Here, we provided a comprehensive synovial cell and niche
social network mapping by performing multiplex, single-cell
spatial analysis of the human synovial tissue using IMC. This
approach allowed us to decipher the spatial organisation of the
main tissue resident/homeostatic or infiltrating/inflammatory
myeloid, lymphoid, and stromal cells. We highlighted the pres-
ence of 7 macrophage subsets, for which the spatial features and
expression profile expanded the diversity described so far in the
literature [6—8,11,29]. We then identified the presence of 9 rel-
evant synovial niches, of which 3 were localised in the lining
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(L1 to L3) and 6 in the sublining (SL1 to 4, ELS1 and 2), provid-
ing a niche map similar to the one recently obtained using spa-
tial transcriptomic analyses [15].

We first underlined that 2 distinct TRM subsets can be found
in the lining layer, depending on their expression of TIM4 and
MERTK. Whether L-TRM2 represents the proinflammatory state
of L-TRM1 that lost barrier and homeostatic functions or origi-
nates from a different precursor now deserves further studies
[7,11]. We also observed that lining fibroblasts expressing podo-
planin (PDPN) were expanded in RA and mainly localised in the
L3 niche, where, as previously described in the literature
[16,21,29], they assume a central position by connecting with
lining L-TRM1 cells but also with sublining cells and niches.
This expansion matched with a reduction of the density and fre-
quency of the L1 niche mainly composed of L-TRM1 cells in RA,
confirming previous studies that demonstrated a significant dis-
ruption of the lining myeloid barrier that physically secludes the
joint in homeostatic conditions [4,7,9,11].

Within the sublining compartment, different subsets of IM
and lymphoid cells were shown to communicate together and
form 2 distinct ELS niches. Such ELS organisation recapitulates
the architecture of secondary lymphoid organs [30—32]. The
ELS1 niche corresponded to a T cell-rich zone, whereas the ELS2
niche resembled the B cell-rich area. In the context of active RA
and before any treatment intervention, both ELS niches were
also strongly connected with resident sublining fibroblasts
(PDPN~CD90*) near vascular vessels belonging to the SL1 and
SL4 niches, consistent with the described presence of activated
stromal cells and high endothelial venules, respectively [30
—32]. Importantly, we also highlighted the presence of different
subtypes of IM within the ELS2 niche. Although analysing the
expression of additional markers would be necessary to further
characterise ELS cells, our data clearly indicate that several
inflammatory myeloid cells with potent roles on monocyte and
fibroblast activation (IM1, S100A127), antigen presentation
(IM2, HLA-DR "), neutrophil activation and matrix remodelling
(IM3, SPP1 ™) [6,7,11,15,33—35] are localised in closed proxim-
ity to the cells involved in ELS functions and enriched in active
RA.

Despite the availability of a large variety of cs-, b-, and ts-
DMARD:s approved for the treatment of RA, 40% of patients still
do not respond to treatment, understanding molecular signa-
tures underlying the variety of clinical and treatment-response
phenotypes remains one of the major areas of research in rheu-
matology. Here, we focused our analyses on patients with RA
who, 6 months following MTX/SZP treatment, presented a good
or moderate response, in order to decipher the complex biologi-
cal mechanisms driving the suppression of inflammation. We
demonstrated that a key cellular social network involved in the
homeostasis of healthy synovium comprised SL-TRM3, SL-fibro-
blasts, and vascular cells in SL1 to 4 niches, while, in active RA,
the paucity of SL-TRMS3 cells induced profound changes in the
SL1 and SL3 organisation. Similarly, recent work highlighted
that LYVE1" macrophages are significantly associated with

and patients with RA at baseline (n = 3) and 6 months post-csDMARD treatment (n = 3) showing SL-fibroblasts (CD90 +), vascular cells (aSMA + or
CD31+), SL-TRM3 (LYVE1 +), T cells (CD4+ or CD8+), SL-IM1 (S100A12+ ), and IM2 (CD11C+). (G) Corresponding spatial graphs presenting the
interactions (grey nodes) between SL-fibroblasts (red), vascular cells (purple), SL-TRM3 (green), T (orange), SL-IM1 and IM2 (pink) in the 3 patients’
groups. (H) Paired analysis of SL3 niche densities in patients with RA at baseline and 6 months post-csDMARD treatment. Paired Student’s t-tests were
performed. (I) Representative hematoxylin and eosin (H&E) staining (top panels) and corresponding images of the sublining and ectopic lymphoid
structures (ELS) (bottom panels) niches in the synovium of patients with RA at baseline and 6 months post-csDMARD treatment. (J) Schematic repre-
sentation of the niches’ spatial organisation, considering the niche densities, distances to the lining and their interactions. Basal niche interactions pre-
viously observed in healthy and osteoarthritis (OA) samples are provided in black and grey; additional interactions between niches observed

specifically in RA samples are shown in red (refers to Fig 3F).
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Figure 5. scRNAseq ligand-receptor analysis underlines the existence of cellular pathways involving SL-TRM3 and linked to disease activity. (A) Syno-
vium samples were obtained from patients with active established anticitrullinated protein antibody positive (ACPA™) rheumatoid arthritis (RA)
(n = 13, Disease Activity Score [DAS28] > 2.6) and from patients under remission (n = 7, DAS28 < 2.6). IF staining was performed to determine SL-
TRMS3 (sublining CD68" MERTK* TIM4~) cell density. Mann-Whitney U tests were performed. Representative images are shown. (B, C) Public
scRNAseq datasets [7,17] were used to analyse the potent ligand-receptor interactions between SL-TRM3 and other synovial cells in the synovium of
patients with ACPA™ RA with active disease (n = 8, comprising 5 treatment-naive patients and 3 disease-modifying antirheumatic drugs (DMARDs)-
resistant patients) or in remission (n = 3, DAS28 < 2.6 for more than 6 months). Chord diagrams of all upregulated incoming and outgoing interac-
tions (except MHC interactions) involving SL-TRM3 in remission RA versus active RA samples. Sender cells are presented at the start of the arrows and
receiver cells at the end. Main interacting neighbours described in Fig 4E are highlighted in bold, and their interactions with SL-TRM3 are presented
with bordered arrows. (D, E) Public scRNAseq datasets [7,17,47] were used to analyse differentially expressed genes in SL-TRM3 from patients with
anticitrullinated protein antibody positive (ACPA*) RA with active disease (n = 13, comprising 6 treatment-naive patients and 7 DMARDs-resistant
patients) versus in remission (n = 8, DAS28 < 2.6 for more than 6 months). Gene expression in SL-TRM3 from healthy controls (n = 6) and patients
with OA (n = 4) is also shown. Scatter plot representing the mean expression of selected upregulated genes in remission RA (colour code) and propor-
tion of expressing SL-TRM3 (dot size) (D). Plot showing Gene Ontology (GO) biological pathways identified with STRING-db using upregulated genes
in SL-TRM3 in remission RA versus active RA (E). (F) Fibroblast-like synoviocytes (RA-FLS) from active patients with RA (n = 4) were cocultured
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Figure 6. Proposed model of SL-TRM3 cell interactions in rheumatoid
arthritis (RA). Schematic representation of the differential cell-cell com-
munications and implicated molecular pathways established by SL-
TRM3 in the synovium of active versus patients with RA in remission.
Pathways implicating the main SL-TRM3 neighbours are highlighted in
higher font and arrow size. Communications between IM and fibroblasts
are presented in orange. Location of the cells in their respective niches is
also provided. Created with BioRender.

specific cell-type abundance phenotypes enriched for fibro-
blasts, endothelial, and myeloid cells in a large cohort of
patients with RA [8]. Importantly, MTX/SZP treatment was able
to induce a partial recovery of the basal homeostatic synovial
cartography allowing, for example, a partial restoration of SL-
TRM3, and the re-establishment of interactions with TRM, lym-
phoid and stromal cells similar to the healthy or OA situation.
Similarly, we observed that LYVE1 expression was enhanced
after csDMARD treatment, especially in responder patients with
RA, and that SL-TRM3 cells were also more abundant in patients
with RA in remission. Perivascular SL-TRM3 cells are positive
for the hyaluronan receptor LYVE1 and the mannose receptor
CD206, and are thought to control homeostatic collagen produc-
tion, leukocyte infiltration, and fibrosis [10,11,36,37]. More
recently, LYVE1 " macrophages have been shown to restrain the
inflammatory and fibrotic phenotype of shoulder capsular fibro-
blasts through upregulation of genes and pathways involved in
extracellular matrix organisation and remodelling [38], con-
firming their beneficial functions.

We further dissected the molecular pathways involved in SL-
TRM3 communications by combining IMC with public scRNA-
seq datasets analyses, and explored a large number of cell-cell
communications based on ligand-receptor interactions. In the
synovial tissue of patients with RA in remission, SL-TRM3 could
be recruited and regulated by chemokines, anti-inflammatory
mediators, and macrophage growth factors such as MIF,
CXCL12, ANXA1, and CSF1 [39,40]. They are themselves char-
acterised by a negative regulation of immune and inflammatory
responses and could influence other immune and stromal cells
through chemokines (eg, CCL2, CXCL16), TNF family members
(TNFSF12 and 13B), and CLEC2B [41,42]. Importantly, upon
efficient treatment, SL-TRM3 expressed high levels of GAS6
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ligand to stimulate stromal cells and macrophages upon binding
to its receptors, AXL and MERTK. TAM (TYRO3, AXL, and
MERTK) receptors have been shown to negatively regulate the
inflammatory cascade involved in RA pathophysiology and
mediate phagocytosis of apoptotic cells [7,28,43]. Our in vitro
coculture assays provide direct functional support for this regu-
latory role, demonstrating that LYVE1"/SL-TRM3 surrogate
macrophages, unlike their LYVE1™ counterparts, exhibit a
dampened proinflammatory capacity by failing to induce signifi-
cant IL-1B/IL-6 production. These collective findings strongly
support the development of TAM-targeted therapeutic strategies
to foster inflammation resolution in arthritis [7,11,28,44—46].
Although further in vitro validation is warranted, our combined
analyses provide novel insights into the complex interplay gov-
erning synovial homeostasis and therapeutic response.

Our findings must be considered in the context of some limi-
tations. While our high-dimensional IMC approach provides
unprecedented cellular resolution, we recognise the inherent
heterogeneity of synovitis in RA. To address this challenge, our
initial discovery phase focused on a limited number of well-
defined, homogeneous early patients with RA, treatment-naive,
ACPA-positive, and exhibiting a lympho-myeloid pathotype, ini-
tiating MTX/SZP therapy. Key findings were subsequently vali-
dated in larger, albeit more heterogeneous, cohorts (eg, the
PEAC for bulk RNA-seq and an independent cohort of estab-
lished RA for IF), following a standard translational research
strategy. Future studies should aim to confirm whether similar
molecular perturbations are present in tissues with diverse histo-
pathological profiles (eg pauci-immune and diffuse-myeloid) [5]
or in patients with differing ACPA status. Nevertheless, in accor-
dance with our IMC results from MTX/SZP-treated patients, our
IF staining demonstrated that SL-TRM3 density was also associ-
ated with disease activity in a broader cohort of patients with
established RA treated with various cs- and b-DMARDs. While
this supports the robustness of our findings across disease stages
and treatment regimens, future studies involving larger, homo-
geneously treated cohorts will be valuable to dissect drug-spe-
cific effects from the more general synovial remodelling
associated with remission.

In summary, our study provides a comprehensive, spatially
resolved characterisation of the synovial microenvironment
across healthy individuals, patients with active RA, and those
receiving csDMARD therapy. While primarily descriptive, this
approach was deliberately chosen to address key gaps in our
understanding of in situ cellular dynamics within the RA syno-
vium, particularly how these are modulated by treatment. Given
the urgent need for predictive biomarkers and more precisely
targeted therapies in RA, a foundational understanding of the
cellular and structural changes associated with therapeutic
response is essential. In this context, our detailed mapping of
the LYVE1" macrophage network and its niche remodelling dur-
ing MTX/SZP-induced remission represents an important step.
By capturing these spatial alterations, our findings offer new
insights into the cellular mechanisms underlying synovial
homeostasis and generate testable hypotheses for future mecha-
nistic and interventional studies.

with LYVE* and LYVE™ macrophages generated from blood monocytes of a healthy donor. (G, H) Macrophages were characterised by flow cytometry
and Enzyme-Linked Immunosorbent Assay (ELISA) for their expression of HLA-DR, LYVE1, MERTK, and IL1B. (I) Following Lipopolysaccharide (LPS)
stimulation (100 ng/ml), LYVE™ macrophages induced the secretion of IL6 by RA-FLS through IL1B (inhibited by the IL1 receptor antagonist ILIRA),
whereas LYVE1 " macrophages did not. One representative experiment of 4 independent experiments with FLS from 4 different patients with RA is

shown. Mann-Whitney U tests were performed: *, P < .05.
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ARTICLE INFO ABSTRACT

Article history: Objectives: Hypervascularisation is a dominant feature of the inflamed synovium in rheumatoid
Received 18 November 2024 s . . . .
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ANGPT2 was significantly upregulated in RA vessels. Repetitive RASF stimulation significantly
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Conclusions: We showed that RASF affect vascularisation in vitro and in vivo. The results support
the idea that canstatin is able to alter the RASF pathological HLV formation. In the SCID mouse
model, this was regulated on a molecular level mediated by ANGPT2 in a vascular endothelial
growth factor A-independent manner, contributing significantly to one of the central aspects of

RA pathophysiology.

WHAT IS ALREADY KNOWN ON THIS TOPIC

Increased and altered angiogenesis in the inflamed synovium of
patients with RA is an early pathological feature.

Fibroblasts are able to remodel the ECM and to interact with
the vascular system as angiogenesis is mediated by complex
interactions of EC, fibroblasts, macrophages and ECM.

Vessel maturity, stability and survival are regulated by the bal-
ance of pro- and anti-angiogenic factors, including VEGF and
the angiopoietin (ANGPT)1/Tie-2 system. Under pathological
conditions, such as cellular activation and local hypoxia in RA,
this balance is disturbed leading to abnormal ANGPT2 expres-
sion and competitive ANGPT2-Tie2 binding.

+ In the severe combined immunodeficiency (SCID) mouse model

of RA it was shown that RASF migrate beyond tissue borders.
RASF-mediated matrix degradation results in a local release of
matrix-associated proteins such as the angiogenic inhibitor can-
statin, a fragment of type IV collagen, which inhibits angiogen-
esis by blocking ANGPT1-induced proliferation of EC.

WHAT THIS STUDY ADDS
 RASF specifically induce helix-like vessel (HLV) formation in the

SCID mouse model of RA early after RASF implantation. ANGPT2
was detectable in SCID mouse implants and RA synovial tissue.

In 3D and 2D tube formation assays, RASF and RASF-condi-
tioned media significantly altered tube formation which was
further enhanced by stimulation of RASF with IL-15.

Repetitive IL-1f stimulation of RASF partially restored tube for-
mation compared to RASF stimulated once. RNAseq showed
that the top 50 differentially expressed genes were mainly asso-
ciated with autoimmune diseases, vascular diseases and dis-
eases affecting the immune system, including IL. 11 and CXCL2,
factors able to alter angiogenesis VEGF-independently.

Tube formation assays showed that CXCL2 and IL-11 altered
network formation. Canstatin was significantly higher in RA
serum compared to healthy controls.

Canstatin altered tube formation in both 2D and 3D tube forma-
tion assays. In the SCID-mouse model, canstatin did not alter RASF
invasion but reduced the number of HLV in ipsilateral implants.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

+ In RA synovium, activated RASF exert a considerable influence

on pathological vascularization by interacting with EC. Here,
we observed an RASF-induced pathological HLV formation.
Integrated RNA sequencing, functional angiogenesis and
molecular analysis showed that ANGPT2 may play a role in
HLYV formation and that RASF influence pathological angiogen-
esis involving factors such as IL-11 and CXCL2.

+ Addition of ANGPT2, despite inhibiting VEGF, was able to par-

tially restore tube formation. ANGPT2 positive vessels were
observed at all time points in all implants, suggesting a role of
ANGPT2 during HLV development and new vessel formation.
The matrix fragment canstatin reduced 2D and 3D tube forma-
tion, thus confirming the anti-angiogenic canstatin-effect on EC
by altering tube shapes without triggering apoptosis at the con-
centrations used.

In the SCID mouse model, canstatin primarily acted on EC-
RASF interactions significantly reducing the RASF-mediated
formation of HLV, providing a promising lead compound to
inhibit altered vessel formation in RA.
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INTRODUCTION

Increased angiogenesis in the inflamed synovium of patients
with rheumatoid arthritis (RA) is an early pathological feature
[1,2]. Angiogenesis defines the process of new capillary forma-
tion by sprouting of preexisting vessels [1,3], which is mediated
by complex interactions of endothelial cells (ECs), fibroblasts,
macrophages and the extracellular matrix (ECM) [3]. Angiogen-
esis starts with EC activation, disruption of the vascular base-
ment membrane and surrounding ECM and the migration of
ECs. Fully differentiated ECs are able to sprout after exposure to
increased concentrations of proangiogenic factors such as vascu-
lar endothelial growth factor A (VEGF-A), leading to formation
and maturation of newly formed vessels, which consist of EC
forming the inner lining and pericytes surrounding the vascular
tubes [1,3,4]. Normally, vessel maturity, stability and survival
are regulated by the balance of pro- and antiangiogenic factors,
including vascular endothelial growth factor (VEGF), the angio-
poietin (ANGPT)-1/Tie-2 system, platelet-derived growth factor
B and/or transforming growth factor-§ [3]. Under pathological
conditions, this balance is disturbed leading to altered angiogen-
esis and ANGPT2 signalling [5].

Vascular regulators such as ANGPT2, which is mainly
expressed by ECs, is found to be dysregulated in RA-associated
altered angiogenesis [5—7]. EC-specific ANGPT1/2 signalling is
mediated by Tie2. ANGPT1—Tie2 activation promotes stabilisa-
tion of mature vessels and vascular integrity but inhibits inflam-
matory gene expression and leukocyte recruitment [8].
Pathological conditions result in abnormal ANGPT2 expression
and competitive ANGPT2—Tie2 binding, disturbing the stabilis-
ing effect of ANGPT1.

ANGPT2 promotes EC inflammation and vascular leakage by
reducing the integrity of EC junctions. ANGPT2-mediated inhibi-
tion of Tie2 also influences immune signalling resulting in leuko-
cyte adhesion to the vessel walls with transmigration into
surrounding tissues and the release of proinflammatory and proan-
giogenic cytokines [5,8,9]. ANGPT2 acts synergistically with
VEGF-A and enhances angiogenesis associated with RA [7].

Cellular activation and local hypoxia in RA promote the
expression of VEGF-A, leading to ANGPT2-mediated blocking of
the ANGPT1 effect on proliferation, migration and budding of
ECs, thereby destabilising blood vessels and inducing synovial
angiogenesis [2,5].

The associated process of ECM degradation and alterations of
the synovial ECM is mediated by RA synovial fibroblasts
(RASFs) [10—12]. RASF express high amounts of adhesion mole-
cules, matrix metalloproteinases (MMPs), proinflammatory
cytokines (eg, interleukin [IL]-6, IL-11) and toll-like receptors
(TLR) [13]. TLR stimulation results in the release of VEGF-A by
RASF, which facilitates interactions with the vascular system
[13]. In the severe combined immunodeficiency (SCID) mouse
model of RA, it was demonstrated that RASFs migrate beyond
tissue borders from an ipsilateral implantation site to a contral-
aterally implanted cartilage matrix through the vascular system
by degrading the consecutive matrix subsequently invading the
cartilage at both sites [14].
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RASF-mediated matrix degradation results in a local release
of matrix-associated proteins such as the angiogenic inhibitor
canstatin, which is a fragment of the NC1 domain of the type IV
collagen a2 chain. It is ubiquitously expressed in the basement
membrane and is part of the interstitial matrix including the lin-
ing layer of the synovial membrane in RA patients [15,16]. Can-
statin treatment or overexpression suppresses tumour growth by
inhibiting angiogenesis and lymphangiogenesis and inhibits
tube formation and migration of human lymphatic ECs by block-
ing ANGPT1-induced proliferation [17]. RASF-mediated degra-
dation of ECM releases matrix fragments, which contribute to
the invasive and prodestructive phenotype of RASFs [18]. Fibro-
blasts are able to remodel the ECM by modifying collagens and
interacting with the vascular system in the process of wound
healing [19].

Due to the RASF-mediated increased angiogenesis in RA
synovium, RASF—EC interactions were analysed in this study
with focus on vessel formation modulated by canstatin and
respective molecular pathways in vitro and in vivo.

MATERIALS AND METHODS

See supplementary file.

RESULTS

RASF invasion into cartilage over time in the SCID mouse model
of RA

RASF invasion in the SCID mouse model was evaluated at
days (d) 12/18/24/30/40/45 after implantation (Supplemen-
tary Material S1). On day 12, RASF-mediated cartilage invasion
was observed in ipsilateral and contralateral implants. Ipsilater-
ally, the strongest increase of RASF invasion was found between
days18 and 40, while the invasion increased similarly in contra-
lateral implants. RASF invasion further increased until day 45 in
ipsilateral implants. RASF invasion was similar in ipsilateral and
contralateral implants.

RASFs specifically induce helix-like vessel formation in the SCID
mouse model of RA

Vessel formation into implants was analysed in the SCID
mouse model between days 3 and 45. Helix-like vessels (HLVs)
were only detectable after RASF implantation because implanta-
tion without RASF did not result in HLV formation on days 3
and 6, suggesting a RASF-specific HLV induction (Supplemen-
tary Material S2).

HLV formation was observed when implanting RASFs in
ipsilateral and contralateral implants from day 3 until day 45
(Fig 1A). Ipsilaterally, more HLVs were observed compared to
contralateral implants over the entire time period. On day 3,
HLVs were thin with weak blood circulation, whereas on day 40
and day 45, HLV thickness and circulation increased at both
sites. Based on the number of HLVs, the kinetics of HLV forma-
tion (Fig 1B) could be divided into 3 phases (Fig 1C).

During phase 1 (days 3-18), the formation of HLVs already
started and was comparable with only a slight increase in HLVs
in ipsilateral implants. In contrast, contralateral implants
showed a strong increase of HLVs during phase 1. Phase 2 (days
18-30) was characterised by a strong increase in HLV formation
in ipsilateral implants. Contralaterally, this increase was
observed with a delay between days 24 and 40. Phase 3 (days
30-45) marked the last phase showing a decrease in HLVs in
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ipsilateral and contralateral implants. Ipsilaterally, the decrease
started at day 30 and contralaterally at day 40. Of note, the
decrease of the number of HLVs was comparable at both sites.

Angiopoietin-2 in SCID mouse implants and human synovial
tissue

ANGPT2 was analysed in ipsilateral and contralateral
implants (Fig 2A). Serial sections were stained for ANGPT2, and
CD31 was used as a EC marker control. Immunofluorescence
revealed that ANGPT2 was expressed in contralateral and ipsi-
lateral implants (days 3-12). Ipsilateral implants expressed more
ANGPT2 compared to contralateral implants at day 9. On day
12, ANGPT2 expression was again similar in ipsilateral and con-
tralateral implants (Fig 2A). As comparison, human synovial tis-
sue of osteoarthritis (OA) and RA patients was stained for
ANGPT2 and CD31 (Fig 2B). The ANGPT2 signal was signifi-
cantly stronger in RA than OA patients, suggesting an ANGPT2-
specific role in altered RA blood vessels. To confirm the effect of
RASF on ANGPT2 expression by ECs, human umbilical vein
endothelial cells (HUVECs) were cultured alone or in coculture
with RASFs (number of HUVECs as ANGPT2-expressing cells
was the same in both settings) showing an upregulation of
ANGPT2 in cocultures compared to EC alone at the RNA level
(Fig 2C). However, the RASF-induced ANGPT2 protein increase
was low after 6 hours but increased at later timepoints (5% after
4 hours vs 14% after 48 hours).

RASF-mediated influence on angiogenesis in vitro

A 2-dimensional (2D) tube formation assay was performed
with/without the addition of 15% RASFs (Calcein-AM, green
fluorescent) to HUVECs. RASFs influenced tube formation by
significantly reducing tube thickness after 4 hours (Fig 3A) and
8 hours (Fig 3B) compared to tube formation by HUVECs alone.
Additionally, RASF altered EC sprouting in the 3-dimensional
(3D) spheroid-based sprout assay by significantly increasing the
area of spheroids after 24 hours but reducing tube formation
leading to a diffuse sprouting of ECs instead of aligning into
tubes (Fig 3C). To investigate whether cell—cell contact between
ECs and RASFs was required, tube formation with HUVECs
alone was compared to HUVECs cultured with RASF-condi-
tioned medium with/without IL-1§ stimulation of RASF. The
same interfering effect on cell network formation could be
observed with RASF-conditioned medium (Fig 3D) which was
further enhanced by conditioned medium from RASFs stimu-
lated with IL-1b.

Influence of repetitive activation of RASFs and ECs in vitro

The area of the cell network formed was measured in the
tube formation assay with RASFs being added to HUVECs
after having been stimulated once and up to 3 times (repeti-
tively) with IL-14 (Supplementary Material S3). Unstimulated
RASFs significantly reduced the area of the cell network after
4 hours (P < .0001, n = 4, Fig 4A) compared to HUVEC
monoculture. RASFs stimulated once with IL-14 further
reduced the network area compared to unstimulated RASFs
(P < .038), while RASFs stimulated 3 times significantly
restored tube formation compared to RASFs stimulated once
(P = .029), leading to the formation of a significant larger
area of cell network comparable to the effect of unstimulated
RASFs after the third stimulation.
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Figure 1. Formation of RASF-induced HLVs between day 3 and 45. A, Representative pictures of ipsi- and contralateral implants on d3 to 45 contain-
ing HLVs (black arrows) are shown. B, HLV formation was quantified in representative implant areas on days 3, 6, 9, 12, 18, 24, 30, 40 and 45 ipsi-
and contralaterally (means of biological replicates calculated and used for statistics (n = 3), standard error). C, The development of HLVs between
days 3 and 45 could be divided in 3 phases. In phase 1 (days 3-18), the number of HLVs increased contralaterally but not ipsilaterally. In phase 2 (days
18-30), the number of HLVs increased ipsilaterally but not contralaterally. In phase 3 (days 30-45), the number of HLV decreased at both sides. Slopes
are shown for ipsi- (red) and contralateral (blue) implants. HLV, helix-like vessel; RASF, rheumatoid arthritis synovial fibroblasts.

“Furthermore, the secretion of IL-6 in RASFs and HUVECs in
mono- and coculture after repetitive stimulation with IL-1/5 was
measured (Fig 4B). RASFs stimulated once showed a significant
increase in IL-6 levels compared to unstimulated controls. After
subsequent repetitive RASF stimulation, a significantly lower
increase in IL-6 levels compared to the first stimulation (P <
.0001) was observed. In contrast, repetitive stimulation of
HUVECs did not show a reduced response after repetitive
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stimulation (P = .08) and IL-6 production was lower compared to
RASFs. Interestingly, repetitive stimulation of HUVECs + 15%
RASFs resulted in a high and significant increase in IL-6 levels for
each subsequent stimulation (P = .01). Thus, RASF—EC interac-
tions significantly altered the reduced response of RASF to repeti-
tive stimulation in monoculture.

Furthermore, VEGF-A, the chemokine IL-8 and MMP-3 were
measured in supernatants of repetitively stimulated RASFs.
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Interestingly, IL-8, MMP-3 and VEGF-A did not show differences
between the first and third RASF stimulation in contrast to IL-6
(Fig 4C), with the latter showing that the repetitive stimulation
effect of RASF observed in the tube formation experiment was “The influence of repetitive stimulated RASFs was further eval-
not VEGF mediated. uated using RNAseq. RNA expression from RASF stimulated once
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(green) were added to HUVECs in the tube formation assay on Matrigel coating (A, B) as well as to the collagen matrix of the 3D spheroid-based sprout
assay (C). RASFs significantly reduced tube thickness already after 4 (A) and 8 hours (B) of tube formation (n = 10). For statistics, the Mann—Whitney
U test was used. C, Representative pictures of the 3D spheroid-based sprout assay after 0 and 24 hours (100-fold magnification) are shown. RASFs sig-
nificantly increased the spheroid area by promoting EC sprouting after 24 compared to 0 hours (n = 4). For statistics, the Friedman’s test including
Dunn’s multicomparison correction was used. D, Tube formation using RASF-conditioned supernatants showed a statistically significant reduced cell
network area compared to control, which was further disturbed by adding conditioned media from IL-1 § stimulated RASFs (n = 10). For statistics,
the Friedman’s test including Dunn’s multicomparison correction was used. Means + SDs are shown. HLV, helix-like vessel; HUVEC, human umbilical
vein endothelial cell; RASF, rheumatoid arthritis synovial fibroblasts; 3D, 3-dimensional; 2D, 2-dimensional.

and 3 times (repetitively) was assessed, and gene and pathway
analysis between once and thrice stimulated RASF was performed.

Results of RNAseq showed that the top 50 differentially
expressed genes (DEGs) were mainly associated with autoim-
mune diseases, vascular diseases and diseases affecting the
immune system (Fig 5A). Interestingly, pathway analysis also
revealed that genes involved in tumour necrosis factor @ (TNF
a) signalling pathways and pathways associated with RA were
expressed significantly different between single and repetitive
RASF stimulation (Fig 5A,B, marked in green). In contrast, genes
involved in VEGF-mediated signalling pathways were not differ-
entially expressed (Fig 5B, marked in blue), confirming the
measurements at the protein level (Fig 4C). Evaluation of the
top 10 signalling pathways showed that the TNF-associated sig-
nalling pathways induced in the first stimulation were signifi-
cantly lower after the third stimulation (bars in red, Fig 5C). The
top 50 DEG were further evaluated (Fig 5D). For this, expression
profiles for each of the top 50 DEG were generated. Three differ-
ent expression profiles were identified. Genes with a significant
upregulation after first stimulation compared to control but a
significant downregulation after third compared to the first
stimulation were assigned to expression profile 1. Five (STCI,
BMP6, CXCL2, IL-11 and ELOVLY) of the top 50 DEG showed
this expression profile. Literature research revealed that IL-11
and CXCL2 might play an RASF-mediated role in the altered
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angiogenesis observed in RA and were further evaluated
because these factors are able to alter angiogenesis VEGF
independently [20,21]. The significant reduction in IL-11 (P
< .001) and CXCL2 (P = .004) after the third compared to
first stimulation were verified at the protein level (Fig 5E).
On a functional level, the tube formation assay using 25, 50,
or 100 ng/mL CXCL2 showed that CXCL2 was able to reduce
the area of network formation at all concentrations (Fig 6A).
The area of network formation reduced by CXCL2 was
restored to the control level by the addition of the CXCL2
inhibitor SB225002 (Fig 6B). IL-11 also altered the area of
network formation and the effect could be reversed using a
neutralising IL-11 antibody (Fig 6C,D). IL-11 und CXCL2 sig-
nals were detectable in ipsilateral implants at early time
points with CXCL2 showing stronger expression. A weaker
signal for CXCL2 was detectable in canstatin-treated implants
(Fig 6E). To evaluate the role of VEGF, bevacizumab was used
inhibiting tube formation, which could in part be restored by
ANGPT2. When using ECM medium without VEGF, a similar
effect of ANGPT2 was observed (Fig 6F).

Influence of canstatin on RASF—EC interactions in vitro

Due to the activating role of matrix fragments on RASFs, the
effect of canstatin on RASF—EC interactions was evaluated. To
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Figure 4. Repetitive stimulation of RASF significantly attenuated the proinflammatory effect of IL-1/ on angiogenesis by altering IL-6 secretion in
mono- and coculture with HUVEC in vitro. (A) RASF were stimulated 3 times (repetitively) with IL-14. Each step consisted of IL-1/ stimulation for
16 hours followed by a recovery for 8 hours. After first and third stimulation, IL-1f-stimulated or unstimulated RASFs (green, 15% of HUVEC numbers)
were added to HUVECs in the tube formation assay. Unstimulated RASFs significantly reduced the area covered with cell network compared to HUVEC
monoculture. RASF stimulated once significantly further reduced the area of cell network. Repetitively stimulated RASFs significantly attenuated the
proinflammatory effect of once stimulated RASFs because repetitively stimulated RASFs did not show differences compared to unstimulated RASFs
(n = 4). B, RASFs and HUVECs were repetitively stimulated with IL-1$ in mono- and coculture. Repetitive stimulation of RASF in monoculture led to
a significantly lower induction of IL-6 after the third stimulation compared to stimulation once (RASF 1st: 5076 + 1730 pg/mL vs 3rd: 1890 +
758 pg/mL, P < .0001) but not in HUVEC monoculture (1st: 488 + 186 pg/mL vs 3rd: 382 + 109 pg/mL, P = .08). Of note, HUVECs alone produced
lower amounts of IL-1 compared to RASFs and coculture (y-scale bar, grey frame). Repetitive stimulation of HUVECs and RASFs in coculture resulted
in a significant IL-6 upregulation after third stimulation compared to once (1st vs 3rd: P = .02, n = 8). C, Repetitive stimulation of RASFs did not
affect IL-8, MMP-3 and VEGF secretion (n = 7). A-C, For statistical analysis, one-way ANOVA was used including Sidak’s test for multicomparison cor-
rection, means + SDs are shown. ANOVA, analysis of variance; HLV, helix-like vessel; HUVEC, human umbilical vein endothelial cell; IL, interleukin;
MMP, matrix metalloproteinase; RASF, rheumatoid arthritis synovial fibroblasts; VEGF, vascular endothelial growth factor.

identify the physiological concentrations, canstatin was mea- the tube formation assay for 4 or 8 hours did not affect tube
sured in serum of RA patients. Canstatin was significantly upre- thickness (data not shown). However, prestimulation of
gulated in RA compared to healthy controls (P < .001), but not HUVECs with canstatin for 20 hours before use in the tube for-
compared to OA (Fig 7A). Canstatin stimulation of HUVECs in mation assay resulted in a significant reduction of tube thickness
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Figure 5. Influence of repetitive IL-1/ stimulation on RASF gene and protein expression. RASFs were stimulated thrice with IL-15 for 16 hours. A
recovery step without IL-1§ for 8 hours followed after each stimulation. RNAseq was performed after the first and third stimulation followed by path-
way analyses and top 50 DEG identification. A, Diseases associated with the top 50 DEG between first and third RASF stimulation are shown. B, Signal-
ling pathways associated with the top 50 DEG between first and third RASF stimulation are shown. Shaded in grey is the number of DEG significantly
associated with a specific disease (A) or signalling pathway (B). Significantly enriched DEGs within pathways were determined from the KEGG Path-
way database using the KOBAS web server. Dashed line marks significantly different gene groups between first and third stimulation. Gene groups
right of the dashed line have a significance level of P < .05. Significance values using the lower scale were obtained from the negative decadic loga-
rithm of the corrected P value. In (A), 2 corresponds to the highest and 0.75 to the lowest significance level. Among the top 6 diseases, the main gene
groups were autoimmune diseases, vascular diseases and diseases affecting the immune system (marked green). In (B), 4 corresponds to the highest
and 1 to the lowest significance level. Genes associated with RA and TNFa signalling pathways were significantly different (marked green) in contrast
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after 8 hours, but not after 4 hours (Fig 7B). Therefore, the lon-
ger-term effect of canstatin on HUVEC—RASF interactions and
canstatin prestimulated HUVECs was used in further experi-
ments. Additional stimulation of prestimulated HUVECs with
additional canstatin in the tube formation assay significantly
further reduced tube thickness after 4 and 8 hours (Fig 7C,
HUVECs vs. HUVECs + 0.5 pg/mL canstatin). The addition of
RASFs to canstatin prestimulated HUVECs did not significantly
influence tube thickness after 4 and 8 hours (Fig 7C). The addi-
tion of RASFs to canstatin prestimulated HUVECs and additional
stimulation with 0.5 pg/mL canstatin in the tube formation
assay did not further significantly alter tube thickness after 4
and 8 hours (Fig 7C). Canstatin did not induce ANGPT2 in
HUVECs alone after 6 or 48 hours (0% and 2% ANGPT2 induc-
tion by canstatin, n = 3) or in HUVEC/RASF cocultures (5% and
6% ANGPT?2 induction).

Canstatin significantly influenced angiogenesis in the 3D
spheroid-based sprout assay (Fig 7D). The area of spheroids was
lower directly after generation of spheroids (defined as 0 h)
with canstatin (Fig 7E, left graph). This effect was stronger after
24 hours because canstatin significantly reduced the area of
sprouting spheroids also after the addition of RASFs (added at
time point 0 h) (Fig 7E, right graph). Canstatin did not induce
apoptosis in RASFs or ECs at the concentrations used for the 2D
and 3D assays (Supplementary Methods).

To evaluate the influence of canstatin regarding cartilage
invasion and HLV formation, canstatin was added to ipsi- and
contralateral implants during implantation. Canstatin did not
affect RASF-mediated invasion at the ipsi- or contralateral side
(Fig 8A). Although the invasion score was higher for implants
without canstatin at most time points (Fig 8A), the difference
was not statistically significant (example day 40 at both sides:
Fig 8B). Interestingly, canstatin significantly reduced the
number of HLVs in ipsilateral implants on day 3, whereas con-
tralateral implants did not show differences under canstatin
treatment (Fig 8C,D). On day 45, the number of HLVs was iden-
tical in ipsilateral and contralateral implants with/without can-
statin (Fig 8C,E). The course of HLV formation differed under
the influence of canstatin in ipsilateral implants (RASF directly
coimplanted with cartilage + canstatin, Fig 8F). In phases 1, 2
and 3, there were fewer HLVs observed in ipsilateral implants
containing canstatin compared to ipsilateral implants without
canstatin. The only exceptions were day 9 and day 45, which
showed similar numbers of HLVs in ipsilateral implants + can-
statin. The total number of vessels (HLV together with normal-
shaped vessels) did not differ between implants with/without
addition of canstatin (not shown).

Furthermore, ANGPT2 expression was also altered in vessels
of ipsilateral implants containing canstatin. At day 6, ipsilateral

implants without canstatin showed lower ANGPT2 signals com-
pared to ipsilateral implants with canstatin but higher signals
at day 9 and day 12. In contrast, the contralateral implants
with canstatin showed higher ANGPT2 signals at all time
points (days 3-12) compared to contralateral implants without
canstatin (Fig 8G).

In RA synovium, activated RASFs exert a considerable influ-
ence on pathological vascularisation by interacting with ECs.
HLVs and a similar kinetic observed in our study also occur in
the context of other diseases. Diseases of the coronary vessels
and peripheral arteries lead to the maturation of pathological
collateral vessels with helix-like structure [22—25]. Following
arterial occlusion, weakly perfused collateral vessels are sup-
plied with more blood, and ECs are activated by increased blood
flow because of altered pressure, which causes maturation of
collateral vessels [26]. Pathological collateral vessels exhibit a
tortuous vessel shape, which shows similarities to RA synovium,
but also HLVs observed after RASF implantation into SCID mice.
Here, we observed an RASF-induced pathologic HLV formation.
Integrated RNA sequencing, functional angiogenesis and molec-
ular analysis showed that ANGPT2 may play a role in HLV for-
mation and that RASF influence pathological angiogenesis
involving factors such as IL-11 and CXCL2. Interestingly, addi-
tion of ANGPT2 while inhibiting VEGF, resulting in disturbed
tube formation, was able to in part restore tube formation.

HLV formation could be divided into early phase 1 of RASF-
mediated HLV formation, phase 2 with HLV accumulation and
phase 3 with reduction of accumulated HLV. Compared to nor-
mal arterial vessels, collateral vessels show an increased expres-
sion of ANGPT2 [27]. In our study, ANGPT2 was already
detectable ipsilaterally and contralaterally in SCID mouse
implants between day 3 and 12. ANGPT2 expression was
observed at all time points and all ipsilateral and contralateral
implants, suggesting a role of ANGPT2 during HLV develop-
ment. ANGPT2 plays a crucial role in the destabilisation of blood
vessels [28], representing a very early event in new vessel for-
mation. Regarding the presence of ANGPT2 already at day 3 and
the higher levels of ANGPT2 in ipsilateral implants at day 9,
ANGPT2 might be a marker for early molecular alterations in
HLV formation. We also found a significantly higher ANGPT2
expression in RA compared to OA synovium, suggesting an
involvement of ANGPT2 in RA. The synovium analysed origi-
nated from knee joints removed during joint replacement sur-
gery. Therefore, pathological processes involved in altered
vascularisation had existed for years. Consequently, ANGPT2
might be a marker of long-term vascular changes, which can be
evaluated using long-term models such as the SCID mouse
model but not short-term culture systems such as 2D tube forma-
tion. Local cell activation due to chronic inflammation, tissue
damage and long-term treatment may influence synovial cells,

to genes associated with VEGF signalling pathways (marked blue). C, Top10 signalling pathways with upregulated DEG (green) and downregulated
(red) pathways are shown. D, Heatmap of the top 50 DEGs comparing first and repetitive third stimulation of RASF (log2 of the top 50 DEG expression
values). Based on the expression profiles of the top 50 DEG, subgroup profiles were identified. All top 50 DEG could be assigned to one of the 3 groups:
group 1 included genes showing a significant weaker induction of gene expression after third IL-1/ stimulation compared to the third (marked green,
example for CXCL2). Groups 2 and 3 did not show this effect (group 2, example NDE1; group 3, example ANKH). E, Repetitive RASF stimulation signif-
icantly reduced IL-11 (P < .001) and CXCL2 (P = .004) protein secretion after third compared to first stimulation. Means + SDs are shown (n = 8). For
statistical analysis, one-way ANOVA was used including Sidak’s test for multicomparison correction. ANOVA, analysis of variance; DEG, differentially
expressed gene; IL, interleukin; KEGG, Kyoto Encyclopedia of Genes and Genomes; RASF, rheumatoid arthritis synovial fibroblasts; TNF, tumour

necrosis factor.
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Figure 6. Effects of CXCL2 and IL-11 on 2D tube formation. A, The tube formation assay was performed for 4 hours with/without the addition of
CXCL2. CXCL2 decreased the area of tube formation at all concentrations used (n = 5 each). B, The area of tube formation reduced by 50 ng/mL
CXCL2 was restored to control level by the addition of 0.015 (n = 6) or 0.03 uM (n = 8) of the CXCL2 inhibitor SB225002 (SB) in DMSO as solvent.
C, IL-11 reduced the area of network formation at all concentrations used with the strongest and statistically significant effects with 10 and 25 ng/mL
IL-11 (n = 5 each). D, IL-11 (10 ng/mL) induced reduction could be restored with the IL-11 neutralising antibody AF-218 at the higher concentrations
used (250 and 500 ng/mL). E, Immunofluorescence for CXCL2 in ipsilateral implants with/without canstatin treatment (+ canstatin). Quantification
of days 3 to 9 showed a significant lower CXCL2 area per visual field in implants without canstatin. F, 2D tube formation with bevacizumab led to dis-
turbed tube formation compared to ECM2 control containing VEGF. Addition of ANGPT2 improved tube formation. Similarly, tube formation in ECM
without VEGF led to reduced tube formation compared to ECM2 which could in part be restored by addition of ANGPT2. Means + SDs are shown. For
statistics, a Friedman’s test including Dunn’s multicomparison correction was used. ANGPT2, angiopoietin 2; ANOVA, analysis of variance; DMSO,
dimethyl sulfoxide; IL, interleukin; RASF, rheumatoid arthritis synovial fibroblasts; TNF, tumour necrosis factor; 2D, 2-dimensional.
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Figure 7. Influence of canstatin on angiogenesis with focus on RASF—EC interactions in vitro. A, Canstatin was measured in RA (n = 27), OA (n = 8)
and healthy control (n = 20) serum. Canstatin was significantly upregulated in RA patients compared to healthy controls (61.1 ng/mL vs 35.1 ng/
mL) but not compared to OA (44.7 ng/mL). For statistics Kruskal—Wallis test including Dunn’s multicomparison correction was used. B, Representa-
tive pictures of the 2D tube formation assay (100-fold magnification) are shown. Assays were performed for 4 or 8 hours with unstimulated HUVECs
or HUVEC prestimulated with canstatin for 20 hours before use. Tube thickness was significantly reduced after 8 hours when HUVECs were prestimu-
lated, but not after 4 hours (n = 10 each). For statistics, the Wilcoxon signed-rank test was used. C, Representative pictures of the tube formation assay
(100-fold magnification): Canstatin prestimulated HUVECs (HUVEC); canstatin prestimulated HUVECs treated with additional canstatin in the tube
formation assay (HUVEC + can); canstatin prestimulated HUVECs with 15% unstimulated RASFs (green) (HUVEC + RASF); and canstatin prestimu-
lated HUVECs with 15% unstimulated RASF (green) with additional canstatin in the assay (HUVEC + can + RASF). Additional canstatin stimulation
of prestimulated HUVECs resulted in a significant reduction of tube thickness after 4 and 8 hours compared to prestimulated HUVECs without addi-
tional canstatin. RASF did not alter tube thickness of prestimulated HUVECs after 4 or after 8 hours (P = .8) significantly. Additional canstatin stimula-
tion of prestimulated HUVECs did not further reduce tube thickness after 4 or 8 hours when RASFs were added. For statistics, Kruskal—Wallis test
including Dunn’s multicomparison correction was performed. D, Representative pictures of 3D spheroid-based sprout assay are shown (100-fold mag-
nification). The area of spheroids was measured directly after spheroid generation (0 h) and 24 hours after starting spheroid sprouting. Stimulation of
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including RASFs, leading to epigenetic imprinting. Therefore,
findings discussed here may differ in RASFs from the initial
phase of RA. ANGPT2 and VEGF act synergistically via Notch
signalling and may thus contribute to altered vascularisation in
the inflamed RA synovium [7]. Endothelial Notch signalling is
involved in EC migration and polarisation [29]. Therefore, it is
possible that long-term synergism between ANGPT2 and VEGF
in RA contributes to altered vessel formation.

Comparing collateral vessels with HLV formation, collateral
vessels were analysed 6 to 16 weeks after induction [27,30],
while HLVs already occurred on day 3 after RASF implantation.
RASF-induced HLVs might occur early because of the altered
RASF expression profile. Activated RASFs usually express factors
such as VEGF [31]. VEGF-A-overexpressing mice formed more
collateral vessels between day 13.5 and day 14.5 of embryogen-
esis compared to mice expressing reduced VEGF-A [32]. Accord-
ingly, the increased VEGF expression by RASF could accelerate
HLV formation.

Our study showed an RASF-mediated influence on ECs by
reducing tube thickness and the formed tube network area in
vitro already after 4 hours. Cultured RASF express increased
basic fibroblast growth factor (bFGF) and IL-6 levels, which can
be strongly increased by proinflammatory stimulation [13]. Pre-
vious studies showed that bFGF and IL-6 significantly reduce
VE-cadherin expression in HUVEC [33,34], a mechanism poten-
tially contributing to HLV formation. However, RASF-condi-
tioned supernatants were able to alter tube formation without
contact between RASFs and ECs.

To clarify the influence of inflammatory episodes on RASF
and factors released by RASF in the context of vascularisation,
RASF were repetitively stimulated with IL-1/3. RASF secreted sig-
nificantly less IL-6 as a result of repeated IL-1/ activation com-
pared to RASF activated once. This effect observed for several
parameters appears like an ‘inflammatory adjustment’ to
repeated activation. Some studies describe a similar effect, for
example in macrophages that develop tolerance to lipopolysac-
charide-induced TLR immune responses and express fewer
proinflammatory genes after repeated activation based on
changes in signal transduction and epigenetic modifications [35
—38].

Two studies described that synovial fibroblast (SF) produce
significantly more IL-6 after repeated TNFa stimulation com-
pared to fibroblasts stimulated once [39,40]. This is contrary to
our results using IL-14 given that IL-6-induction was already
reduced after double stimulation of RASFs with IL-1/. An expla-
nation could be the different stimulation schemes and cytokines
used. In the 2 studies, SFs were stimulated with TNFa for
24 hours, after which the fibroblasts had a recovery period of
24 hours before being stimulated twice with TNFa [39,40]. In
our study, RASFs were stimulated 3 times with IL-1§ for 16 hours
each time, with a recovery period of 8 hours. Indeed, repetitive
stimulation of RASF with TNFa showed a slight increase in IL-6
secretion compared to first stimulation (Supplementary Material
S4) suggesting an IL-1f-specific inflammatory adjustment. Inter-
estingly, parameters including angiogenesis-related factors such
as VEGF did not show a reduced response after repetitive stimu-
lation with IL-1f or TNFa in our stimulation schemes. This was

also confirmed at protein level. Crowley et al [39] identified NF-
kB as possible regulator in RASF priming as a result of repeated
TNFa activation, which was not significantly altered after repeti-
tive IL-1/ activation.

The repetitive stimulation effect on RASFs was also observed
functionally. After the addition of RASFs stimulated once with
IL-1/ to HUVEGs, the area of formed tube network was reduced
significantly compared to unstimulated RASFs. This effect was
less pronounced after addition of repetitively stimulated RASFs.
Therefore, repetitive IL-1/-activation of RASFs had a significant
influence on the functional interactions with ECs.

VEGF-independent factors may additionally influence angio-
genesis such as IL-11 and CXCL2. Both were expressed at signifi-
cantly lower levels after repetitive stimulation of RASFs. IL-11 is
secreted by fibroblasts, osteoblasts and ECs. IL-11 activates the
JAK/STAT and Pi3K/AKT/mTORC] signalling pathways [41].
In relation to vascularisation and RA, a publication suggested a
dual role for IL-11 in RA. Specifically, IL-11 increased infiltra-
tion of both SFs and vessels into the hyperplastic RA synovium
by binding directly to its endothelial receptor IL-11Ra [20].
This is in line with our findings that IL-11 contributed to altered
network formation in the 2D tube formation assay.

CXCL2 is expressed by various cell types such as ECs, mast
cells and T cells. CXCL2 can interact with EC by its receptor
CXCR2 and influence new vessel formation in a VEGF-indepen-
dent manner [21]. It was shown that CXCL2 stimulated prolifer-
ation, migration and sprouting of HUVECs, while sprouting of
HUVECs was reduced after CXCR2 blockade [21]. In our study,
CXCL2 also influenced HUVECs by significantly reducing tube
thickness and area of network formation. RASFs stimulated once
secreted significantly more CXCL2 than unstimulated RASFs.
Therefore, the high CXCL2 levels released by RASFs stimulated
once may lead to the significantly reduced tube thickness, while
the lower CXCL2 levels release by repetitively stimulated RASFs
attenuates this effect.

During RASF-induced matrix degradation, matrix fragments
including antiangiogenic collagen type IV fragments are
released which further activate RASF [18]. In our study, presti-
mulation of HUVECs with canstatin for 20 hours and subsequent
tube formation showed a canstatin-mediated significant reduc-
tion of tube thickness and area of spheroids. Collagen IV is ubig-
uitously present in the basement membrane of the vascular EC
layer [15]. Following collagen IV-mediated degradation medi-
ated by interactions with the a1l and a2 chains of the NC1
domain, the antiangiogenic collagen IV fragment canstatin is
released [42].

Although canstatin is a relatively unknown molecule, several
studies showed an antiangiogenic canstatin effect on ECs
[15,17,43—45]. Canstatin binds to the HUVEC surface via integ-
rins and thus inhibits VEGF-mediated signal transduction via
the PI3K/AKT signalling pathway, resulting in inhibition of
migration, proliferation and tube formation [45]. Canstatin trig-
gers apoptosis in EC and tumour cells [15,46—49]. The antian-
giogenic canstatin effect observed in our study could be due to
the blocked VEGF signal transduction via integrins described by
Zhu et al [45] because tube formation was stimulated via VEGF
in the culture medium and the HUVECs require VEGF for the

HUVECs with 0.5 pg/mL canstatin (can) resulted in a significant reduction of the spheroid area after 24 hours compared to unstimulated HUVEC
(n = 4). For statistics, Friedmann’s test including Dunn’s multicomparison correction was used. E, Area of spheroids containing HUVECs, RASFs and
canstatin was significantly reduced after 24 hours compared to spheroids containing HUVECs and RASFs only (n = 4). For statistics, Kruskal—Wallis
test including Dunn’s multicomparison correction was used. Means + SDs are shown. ANOVA, analysis of variance; can, canstatin; EC, endothelial
cell; HUVEC, human umbilical vein endothelial cell; IL, interleukin; OA, osteoarthritis; RA, rheumatoid arthritis; RASF, rheumatoid arthritis synovial
fibroblasts; 3D, 3-dimensional; TNF, tumour necrosis factor; 2D, 2-dimensional.
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Figure 8. Influence of canstatin on RASF-mediated invasion and HLV formation in SCID mice. A, RASF together with human cartilage in a gelatine
matrix were subcutaneously coimplanted + 0.5 ug/mL canstatin at the ipsilateral side. Contralaterally, human cartilage in a gelatine matrix + 0.5 ug/
mL canstatin was implanted. Invasion scores for days 12 to 45 after implantation +canstatin showed similar scores at the ipsi- and contralateral side
with mostly higher scores in implants without canstatin (n = 3 biological replicates based on means for experimental replicates per group). B, RASF
invasion did not significantly differ between ipsi- and contralateral implants +canstatin (example: day 45) although values for implants without can-
statin were higher (n = 3 biological replicates). Mean + SD; statistics: Kruskal—Wallis test including Dunn’s multicomparison correction. C, Represen-
tative pictures of ipsi- (I) and contralateral (C) implants +canstatin (can) on day 3 containing HLVs (black arrows). Canstatin significantly reduced
HLV numbers in ipsilateral implants on day 3 (D) but not on day 45 (E). Means =+ SDs of HLV in ipsi- and contralateral implants +canstatin are shown.
Statistics D, E: Kruskal-Wallis test including Dunn’s multicomparison correction (n = 3). F, HLV formation between days 3 and 45 in ipsilateral
implants under the influence of canstatin. Number of HLV were quantified in representative areas (same size) of ipsilateral implants +canstatin on
days 3 to 45 (n = 3, standard error is shown). (G) Expression of ANGPT2 in SCID mouse implants for 3 animal series and human synovial tissue are
shown. Serial sections of SCID mouse implants +canstatin were stained for ANGPT2 and CD31 as control (400-fold magnification). The ANGPT2 signal
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correct formation of the cell network. Earlier studies demon-
strated that canstatin may cause focal adhesion kinase phos-
phorylation mediated by interaction with avf3 and/or avf5
integrins resulting in AKT phosphorylation. As a result, the cas-
pase-3 cascade is activated, and apoptosis is induced [46,48].
We excluded apoptosis induction in RASFs and HUVECs with
the canstatin concentrations used. Therefore, this apoptosis cas-
cade was not responsible for the observed reduced spheroid
area.

Canstatin did not change RASF-mediated altered angiogene-
sis in vitro. In the SCID mouse model, RASF-mediated invasion
was not significantly reduced. Therefore, canstatin may not pri-
marily act on RASFs but on EC—RASF interactions. Canstatin sig-
nificantly reduced RASF-mediated HLV without reducing
angiogenesis in general. This could be related to ANGPT2 signal-
ling since canstatin can reduce Tie2 receptor expression in
HUVECs [17], which is bound by ANGPT1 and ANGPT2, leading
to its autophosphorylation [50]. Accordingly, canstatin could
reverse the effects of RASF-mediated enhanced ANGPT2 expres-
sion, leading to an imbalance between ANGPT1 and ANGPT2
binding to Tie2 in ECs as well as direct ANGPT2 binding. Thus,
canstatin could contribute to the reduction of HLVs induced by
ANGPT1. Consequently, canstatin-mediated inhibition of Tie2
might prevent Tie2-mediated ANGPT2 signalling and alter the
ANGPT2/ANGPT1 balance, while VEGF signalling would be not
affected. This could explain why specific formation of altered
HLVs was reduced by canstatin but not general vessel formation.
CXCL2 signal was reduced in canstatin-treated implants poten-
tially contributing to the reduced HLV formation as discussed
above. Of note, evaluation of canstatin stability in human serum
for 45 days did not show a decrease in canstatin (Supplementary
Methods) suggesting canstatin may remain in the implant until
blood vessel infiltration takes place (days 24-45).

CONCLUSION

Taken together, we showed that RASFs affect neovascularisa-
tion in vitro. The results show that canstatin is able to alter the
interaction of RASFs with ECs and the subsequent pathological
HLV formation. On molecular level, RASF-mediated altered
angiogenesis involves IL-11, CXCL-2 and ANGPT2, contributing
significantly to altered angiogenesis in RA.

Competing interests

The authors declare no competing interests.

Acknowledgements

We thank Stephanie Schmitt, Oxana Bechtgold for the excel-
lent support during the execution of the project and especially
the SCID experiments. We thank Carina Schreiyack, Negar Kho-
daverdi and Angelika Sabel for the support with the histological
evaluations and revision. We thank all cooperation partners of
the MESINFLAME consortium.

Ann Rheum Dis 84 (2025) 1968—1982
Contributors

CH, BZG, SH, FL, PW, DK, and EN designed the experiments.
CH, BZG, SH, FL, PW, DK, MAG, AKP, AK, NS, SS, IT, WH, CB,
SG, JS, KSL, MR, and SR performed the experiments. CH, BZG,
SH, FL, PW, DK, KWF, MAG, AKP, AK, NS, SS, IT, WH, CB, SG,
and SR evaluated the experiments. CH, KWF, and SG conducted
statistical analyses. JS, KSL, MR, and SR organised and per-
formed in vivo experiments. UML and EN supervised the project.
CH, BZG, and EN wrote the manuscript. SH, FL, PW, DK, KWF,
MAG, AKP, AK, NS, SS, IT, WH, CB, SG, JS, KSL, MR, SR, and
UML contributed to manuscript preparation.

Funding

This project was funded by the DLR/BMBF consortium
MESINFLAME (funding number 01EC1901F), the Kerckhoff-
Foundation and the Pickenpack Foundation.

Patient consent for publication

Not applicable.

Ethics approval

The studies involving human participants were reviewed and
approved by Ethics Committee of the Justus-Liebig-University of
Giessen. The patients/participants provided their written
informed consent to participate in this study. The animal study
was reviewed and approved by local ethics authorities of the
Justus-Liebig-University of Giessen.

Provenance and peer review

Not commissioned, externally peer reviewed.

Patient and public involvement

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

Supplementary materials

Supplementary material associated with this article can be
found in the online version at doi:10.1016/j.ard.2025.05.019.

Orcid

Klaus W. Frommer: http://orcid.org/0000-0003-2374-964X
Adelheid Korb-Pap: http://orcid.org/0000-0002-0106-903X
Nils Schulz: http://orcid.org/0009-0000-0378-3766

Stefan Giinther: http://orcid.org/0000-0002-5594-4549
Jiirgen Steinmeyer: http://orcid.org/0000-0002-4053-503X
Katrin S. Lips: http://orcid.org/0000-0003-3320-7545
Elena Neumann: http://orcid.org/0000-0001-7609-5964

was evaluated compared to the CD31 signal. The score ranged from 0: ANGPT2 negative to 3: strong ANGPT2 signal, stronger than CD31. On day 6,
ANGPT2 signal was higher in ipsilateral implants with canstatin compared to ipsilateral implants without canstatin. However, on days 9 and 12,
ANGPT2 signal was higher in ipsilateral implants without canstatin. In contralateral implants, ANGPT2 signal was higher in contralateral implants
with canstatin. Means for all implants with RASF from the same patient were calculated; n = 3 biological RASF replicates are shown (mean + standard
error). ANGPT2, angiopoietin 2; ANOVA, analysis of variance; can, canstatin; HLV, helix-like vessel; HUVEC, human umbilical vein endothelial cell;
RASF, rheumatoid arthritis synovial fibroblasts; SCID, severe combined immunodeficiency.


https://doi.org/10.1016/j.ard.2025.05.019
http://orcid.org/0000-0003-2374-964X
http://orcid.org/0000-0002-0106-903X
http://orcid.org/0009-0000-0378-3766
http://orcid.org/0000-0002-5594-4549
http://orcid.org/0000-0002-4053-503X
http://orcid.org/0000-0003-3320-7545
http://orcid.org/0000-0001-7609-5964

C. Heck et al.

REFERENCES

[1]

[2]

[3]

[4]

[5]

(6]

[71

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Elshabrawy HA, Chen Z, Volin MV, Ravella S, Virupannavar S, Shahrara S.
The pathogenic role of angiogenesis in rheumatoid arthritis. Angiogenesis
2015;18:433-48.

Wang Y, Wu H, Deng R. Angiogenesis as a potential treatment strategy for
rheumatoid arthritis. Eur J Pharmacol 2021;910:174500.

Azizi G, Boghozian R, Mirshafiey A. The potential role of angiogenic factors
in rheumatoid arthritis. Int J Rheum Dis 2014;17:369-83.

Adams RH, Alitalo K. Molecular regulation of angiogenesis and lymphangio-
genesis. Nat Rev Mol Cell Biol 2007;8:464-78.

Akwii RG, Sajib MS, Zahra FT, Mikelis CM. Role of angiopoietin-2 in vascular
physiology and pathophysiology. Cells 2019;8:471.

Dai C, Kuo SJ, Zhao J, Jin L, Kang L, Wang L, et al. Correlation between
genetic polymorphism of angiopoietin-2 gene and clinical aspects of rheuma-
toid arthritis. Int J Med Sci 2019;16:331-6.

Gao W, Sweeney C, Walsh C, Rooney P, McCormick J, Veale DJ, et al. Notch
signalling pathways mediate synovial angiogenesis in response to vascular
endothelial growth factor and angiopoietin 2. Ann Rheum Dis 2013;
72:1080-8.

Wu Q, Xu WD, Huang AF. Role of angiopoietin-2 in inflammatory autoim-
mune diseases: a comprehensive review. Int Immunopharmacol 2020;
80:106223.

Akwii RG, Sajib MS, Zahra FT, Tullar P, Zabet-Moghaddam M, Zheng Y, et al.
Angiopoietin-2-induced lymphatic endothelial cell migration drives lym-
phangiogenesis via the betal integrin-RhoA-formin axis. Angiogenesis
2022;25:373-96.

Neumann E, Lefévre S, Zimmermann B, Geyer M, Lehr A, Umscheid T, et al.
Migratory potential of rheumatoid arthritis synovial fibroblasts: additional
perspectives. Cell Cycle 2010;9:2286-91.

Smith MH, Gao VR, Periyakoil PK, Kochen A, DiCarlo EF, Goodman SM, et al.
Drivers of heterogeneity in synovial fibroblasts in rheumatoid arthritis. Nat
Immunol 2023;24:1200-10.

Wei K, Korsunsky I, Marshall JL, Gao A, Watts GFM, Major T, et al. Notch sig-
nalling drives synovial fibroblast identity and arthritis pathology. Nature
2020;582:259-64.

Bartok B, Firestein GS. Fibroblast-like synoviocytes: key effector cells in rheu-
matoid arthritis. Immunol Rev 2010;233:233-55.

Lefevre S, Knedla A, Tennie C, Kampmann A, Wunrau C, Dinser R, et al. Syno-
vial fibroblasts spread rheumatoid arthritis to unaffected joints. Nat Med
2009;15:1414-20.

Kamphaus GD, Colorado PC, Panka DJ, Hopfer H, Ramchandran R, Torre A,
et al. Canstatin, a novel matrix-derived inhibitor of angiogenesis and tumor
growth. J Biol Chem 2000;275:1209-15.

Poduval P, Sillat T, Beklen A, Kouri VP, Virtanen I, Konttinen YT. Type IV col-
lagen alpha-chain composition in synovial lining from trauma patients and
patients with rheumatoid arthritis. Arthritis Rheum 2007;56:3959-67.
Hwang-Bo J, Yoo KH, Park JH, Jeong HS, Chung IS. Recombinant canstatin
inhibits angiopoietin-1-induced angiogenesis and lymphangiogenesis. Int J
Cancer 2012;131:298-3009.

Lefevre S, Schwarz M, Meier FMP, Zimmermann-Geller B, Tarner IH, Rickert M,
et al. Disease-specific effects of matrix and growth factors on adhesion and migra-
tion of rheumatoid synovial fibroblasts. J Immunol 2017;198:4588-95.
Bainbridge P. Wound healing and the role of fibroblasts. J Wound Care
2013;22:407-8 410-12.

Elshabrawy HA, Volin MV, Essani AB, Chen Z, Mclnnes IB, Van Raemdonck
K, et al. IL-11 facilitates a novel connection between RA joint fibroblasts and
endothelial cells. Angiogenesis 2018;21:215-28.

Urbantat RM, Blank A, Kremenetskaia I, Vajkoczy P, Acker G, Brandenburg S.
The CXCL2/IL8/CXCR2 pathway is relevant for brain tumor malignancy and
endothelial cell function. Int J Mol Sci 2021;22:2634.

Faber JE, Chilian WM, Deindl E, van Royen N, Simons M. A brief etymology
of the collateral circulation. Arterioscler Thromb Vasc Biol 2014;34:1854-9.
Ginsberg MD. The cerebral collateral circulation: Relevance to pathophysiol-
ogy and treatment of stroke. Neuropharmacology 2018;134:280-92.
Nishijima Y, Akamatsu Y, Weinstein PR, Liu J. Collaterals: implications in
cerebral ischemic diseases and therapeutic interventions. Brain Res
2015;1623:18-29.

Schaper W. Collateral circulation: past and present. Basic Res Cardiol
2009;104:5-21.

1982

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

Ann Rheum Dis 84 (2025) 1968—1982

Schirmer SH, van Nooijen FC, Piek JJ, van Royen N. Stimulation of collateral
artery growth: travelling further down the road to clinical application. Heart
2009;95:191-7.

Zhang H, Chalothorn D, Faber JE. Collateral vessels have unique endothelial
and smooth muscle cell phenotypes. Int J Mol Sci 2019;20:3608.

Lekas M, Lekas P, Mei SH, Deng Y, Dumont DJ, Stewart DJ. Tie2-dependent
neovascularization of the ischemic hindlimb is mediated by angiopoietin-2.
PLo0S One 2012;7:e43568.

Swaminathan B, Youn SW, Naiche LA, Du J, Villa SR, Metz JB, et al. Endothe-
lial Notch signaling directly regulates the small GTPase RND1 to facilitate
Notch suppression of endothelial migration. Sci Rep 2022;12:1655.

Cai WJ, Kocsis E, Luo X, Schaper W, Schaper J. Expression of endothelial
nitric oxide synthase in the vascular wall during arteriogenesis. Mol Cell Bio-
chem 2004;264:193-200.

Ospelt C, Gay S, Klein K. Epigenetics in the pathogenesis of RA. Semin Immu-
nopathol 2017;39:409-19.

Lucitti JL, Mackey JK, Morrison JC, Haigh JJ, Adams RH, Faber JE. Forma-
tion of the collateral circulation is regulated by vascular endothelial growth
factor-A and a disintegrin and metalloprotease family members 10 and 17.
Circ Res 2012;111:1539-50.

Kayakabe K, Kuroiwa T, Sakurai N, Ikeuchi H, Kadiombo AT, Sakairi T, et al.
Interleukin-6 promotes destabilized angiogenesis by modulating angiopoie-
tin expression in rheumatoid arthritis. Rheumatology (Oxford) 2012;
51:1571-9.

Wu JC, Yan HC, Chen WT, Chen WH, Wang CJ, Chi YC, et al. JNK signaling
pathway is required for bFGF-mediated surface cadherin downregulation on
HUVEC. Exp Cell Res 2008;314:421-9.

Biswas SK, Lopez-Collazo E. Endotoxin tolerance: new mechanisms, mole-
cules and clinical significance. Trends Immunol 2009;30:475-87.

Foster SL, Hargreaves DC, Medzhitov R. Gene-specific control of inflamma-
tion by TLR-induced chromatin modifications. Nature 2007;447:972-8.
Foster SL, Medzhitov R. Gene-specific control of the TLR-induced inflamma-
tory response. Clin Immunol 2009;130:7-15.

Seeley JJ, Ghosh S. Tolerization of inflammatory gene expression. Cold
Spring Harb Symp Quant Biol 2013;78:69-79.

Crowley T, O’Neil JD, Adams H, Thomas AM, Filer A, Buckley CD, et al. Prim-
ing in response to pro-inflammatory cytokines is a feature of adult synovial
but not dermal fibroblasts. Arthritis Res Ther 2017;19:35.

plement system drives local inflammatory tissue priming by metabolic
reprogramming of synovial fibroblasts. Inmunity 2021;54:1002-1021.e10.
Du X, Williams DA. Interleukin-11: review of molecular, cell biology, and
clinical use. Blood 1997;89:3897-908.

Rebustini IT, Myers C, Lassiter KS, Surmak A, Szabova L, Holmbeck K, et al.
MT2-MMP-dependent release of collagen IV NC1 domains regulates subman-
dibular gland branching morphogenesis. Dev Cell 2009;17:482-93.

Hou WH, Wang TY, Yuan BM, Chai YR, Jia YL, Tian F, et al. Recombinant
mouse canstatin inhibits chicken embryo chorioallantoic membrane angio-
genesis and endothelial cell proliferation. Acta Biochim Biophys Sin (Shang-
hai) 2004;36:845-50.

Magnon C, Opolon P, Ricard M, Connault E, Ardouin P, Galaup A, et al. Radi-
ation and inhibition of angiogenesis by canstatin synergize to induce HIF-
lalpha-mediated tumor apoptotic switch. J Clin Invest 2007;117:1844-55.
Zhu L, Guo Z, Zhang J, Yang Y, Liu C, Zhang L, et al. Recombinant human
arresten and canstatin inhibit angiogenic behaviors of HUVECs via inhibiting
the PI3K/Akt signaling pathway. Int J Mol Sci 2022;23:8995.

Kanazawa H, Imoto K, Okada M, Yamawaki H. Canstatin inhibits hypoxia-
induced apoptosis through activation of integrin/focal adhesion kinase/Akt
signaling pathway in H9¢2 cardiomyoblasts. PLoS One 2017;12:e0173051.
Okada M, Morioka S, Kanazawa H, Yamawaki H. Canstatin inhibits isoproter-
enol-induced apoptosis through preserving mitochondrial morphology in dif-
ferentiated H9c2 cardiomyoblasts. Apoptosis 2016;21:887-95.

Panka DJ, Mier JW. Canstatin inhibits Akt activation and induces Fas-depen-
dent apoptosis in endothelial cells. J Biol Chem 2003;278:37632-6.

Xing YN, Deng P, Xu HM. Canstatin induces apoptosis in gastric cancer xeno-
graft growth in mice through the mitochondrial apoptotic pathway. Biosci
Rep 2014;34:e00106.

Davis S, Aldrich TH, Jones PF, Acheson A, Compton DL, Jain V, et al. Isola-
tion of angiopoietin-1, a ligand for the TIE2 receptor, by secretion-trap
expression cloning. Cell 1996;87:1161-9.


http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0001
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0001
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0001
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0002
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0002
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0003
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0003
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0004
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0004
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0005
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0005
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0006
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0006
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0006
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0007
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0007
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0007
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0007
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0008
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0008
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0008
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0009
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0009
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0009
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0009
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0010
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0010
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0010
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0010
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0011
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0011
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0011
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0012
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0012
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0012
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0013
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0013
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0014
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0014
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0014
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0014
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0015
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0015
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0015
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0016
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0016
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0016
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0017
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0017
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0017
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0018
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0018
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0018
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0018
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0019
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0019
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0020
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0020
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0020
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0021
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0021
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0021
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0022
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0022
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0023
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0023
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0024
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0024
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0024
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0025
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0025
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0026
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0026
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0026
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0027
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0027
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0028
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0028
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0028
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0029
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0029
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0029
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0030
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0030
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0030
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0031
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0031
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0032
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0032
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0032
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0032
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0033
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0033
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0033
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0033
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0034
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0034
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0034
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0035
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0035
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0036
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0036
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0037
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0037
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0038
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0038
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0039
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0039
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0039
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0039
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0040
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0040
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0040
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0040
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0040
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0040
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0041
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0041
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0042
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0042
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0042
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0043
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0043
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0043
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0043
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0044
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0044
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0044
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0045
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0045
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0045
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0046
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0046
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0046
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0047
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0047
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0047
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0048
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0048
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0049
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0049
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0049
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0050
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0050
http://refhub.elsevier.com/S0003-4967(25)01026-X/sbref0050

Ann Rheum Dis 84 (2025) 1983—-1994

Contents lists available at ScienceDirect 12

Annals of the Rheumatic Diseases AL

DISEASES

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

Psoriatic arthritis

Inhibition of structural damage progression with the
selective interleukin-23 inhibitor guselkumab in
participants with active PsA: results through week 24
of the phase 3b, randomised, double-blind, placebo-
controlled APEX study

Philip J. Mease® "~**_ Christopher T. Ritchlin® *, Laura C. Coates® *,

Alexa P. Kollmeier® ®, Bei Zhou®, Yusang Jiang6, Karen Bensley6, Koeun Im’,

Rattandeep Batra® ®, Soumya D. Chakravarty® ®'°, Proton Rahman® ',

Désirée van der Heijde® '?

! Rheumatology Research, Providence Swedish Medical Center, Seattle, WA, USA

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

3 Department of Medicine, Allergy/Immunology and Rheumatology, University of Rochester Medical Center, Rochester, NY, USA
* Nuffield Department of Orthopaedics, Rheumatology and Musculoskeletal Sciences, University of Oxford, Botnar Research
Centre, Oxford, UK

5 Johnson & Johnson, San Diego, CA, USA

8 Johnson & Johnson, Spring House, PA, USA

7 Johnson & Johnson, Cambridge, MA, USA

8 Johnson & Johnson, Toronto, ON, Canada

® Johnson & Johnson, Horsham, PA, USA

10 Drexel University College of Medicine, Philadelphia, PA, USA

1 Craig L Dobbin Genetics Research Centre, Faculty of Medicine, Division of Rheumatology, Memorial University of Newfound-
land, St. Johns, NL, Canada

12 Leiden University Medical Center, Leiden, The Netherlands

ARTICLE INTFO ABSTRACT

Article history: Objectives: The APEX study evaluated the effects of guselkumab, a fully human, dual-acting
ﬁece?‘md 2 June 2025 monoclonal antibody able to bind CD64 and selectively inhibit the interleukin (IL)-23p19 sub-
eceived in revised form 18 July 2025
Accepted 7 August 2025 unit, on clinical and radiographic outcomes in active psoriatic arthritis (PsA).
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>2 erosive joints) to subcutaneous guselkumab 100 mg every 4 weeks (Q4W); guselkumab
100 mg at week 0, week 4, then every 8 weeks (Q8W); or placebo every 4 weeks. Primary (pro-
portion of participants achieving >20% improvement in American College of Rheumatology
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*Correspondence to Dr. Philip J. Mease, Rheumatology Research, Providence Swedish Medical Center, Seattle, WA, USA.
E-mail address: pmease@philipmease.com (P.J. Mease).
Handling editor Josef S. Smolen.

https://doi.org/10.1016/j.ard.2025.08.006

0003-4967/© 2025 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/0000-0002-6620-0457
http://orcid.org/0000-0002-6620-0457
http://orcid.org/0000-0002-6620-0457
http://orcid.org/0000-0002-2602-1219
http://orcid.org/0000-0002-2602-1219
http://orcid.org/0000-0002-2602-1219
http://orcid.org/0000-0002-4756-663X
http://orcid.org/0000-0002-4756-663X
http://orcid.org/0000-0002-4756-663X
http://orcid.org/0000-0002-4756-663X
http://orcid.org/0000-0002-2059-7866
http://orcid.org/0000-0002-2059-7866
http://orcid.org/0000-0002-2059-7866
http://orcid.org/0000-0002-2059-7866
http://orcid.org/0000-0002-2059-7866
http://orcid.org/0000-0002-2059-7866
http://orcid.org/0000-0002-2059-7866
http://orcid.org/0000-0002-2059-7866
http://orcid.org/0009-0003-7039-2441
http://orcid.org/0009-0003-7039-2441
http://orcid.org/0009-0003-7039-2441
http://orcid.org/0000-0001-7957-838X
http://orcid.org/0000-0001-7957-838X
http://orcid.org/0000-0001-7957-838X
http://orcid.org/0000-0001-7957-838X
http://orcid.org/0000-0002-4521-2029
http://orcid.org/0000-0002-4521-2029
http://orcid.org/0000-0002-4521-2029
http://orcid.org/0000-0002-4521-2029
http://orcid.org/0000-0002-4521-2029
http://orcid.org/0000-0002-4521-2029
http://orcid.org/0000-0002-5781-158X
http://orcid.org/0000-0002-5781-158X
http://orcid.org/0000-0002-5781-158X
mailto:pmease@philipmease.com
https://doi.org/10.1016/j.ard.2025.08.006
https://doi.org/10.1016/j.ard.2025.08.006
http://www.ScienceDirect.com
http://https://www.sciencedirect.com/journal/annals-of-the-rheumatic-diseases

P.J. Mease et al.

Ann Rheum Dis 84 (2025) 1983—1994

Results: Among 1020 participants (Q4W: 273; Q8W: 371; placebo: 376), significantly greater
proportions of participants receiving guselkumab Q4W (66.6%) and Q8W (68.3%) versus pla-
cebo (47.0%) achieved ACR20 at week 24 (both P < 0.001). Baseline mean total vdH-S scores
were 26.7 to 27.7 across groups; guselkumab Q4W- and Q8W-treated participants exhibited sig-
nificantly lower rates of radiographic progression versus placebo at week 24 (total vdH-S score
LSM change: 0.55 and 0.54 vs 1.35; P = 0.002 and P < 0.001, respectively). Through week 24,
38.2%, 42.5%, and 37.3% of participants receiving guselkumab Q4W, Q8W, and placebo, respec-
tively, had >1 adverse event, with no new safety signals.

Conclusions: Guselkumab, a fully human monoclonal antibody able to bind CD64 and simulta-
neously inhibit the IL-23p19 subunit, provided significantly higher rates of clinical improvement
and significant inhibition of structural damage progression versus placebo, with no new safety
signals, at week 24 in biologic-naive participants with active and erosive PsA.

WHAT IS ALREADY KNOWN ON THIS TOPIC

« Substantial proportions of patients with psoriatic arthritis (PsA)
exhibit structural joint damage, which can be monitored via
standard radiography and quantified using the PsA-modified
van der Heijde-Sharp score. Radiographic progression in PsA is
associated with impaired physical function, diminished health-
related quality of life, and long-term disability. Guselkumab is
a monoclonal antibody that selectively and potently binds and
inhibits the p19 subunit of interleukin (IL)-23, a key regulator
in the inflammatory pathways involved in PsA. Guselkumab
100 mg administered subcutaneously at week 0, week 4, then
every 8 weeks has been approved worldwide to treat the signs
and symptoms of active PsA. To date, no IL-23p19-subunit
inhibitor has been approved by the United States Food and
Drug Administration for inhibition of structural joint damage
progression.

WHAT THIS STUDY ADDS

» The global, phase 3b, randomised, placebo-controlled APEX
study was designed to further evaluate the effects of 2 guselku-
mab dosing regimens on clinical and radiographic outcomes
and safety in participants with active PsA. Among the 1020 par-
ticipants evaluated for efficacy, those receiving either guselku-
mab every 4 or 8 weeks demonstrated statistically significantly
lower rates of radiographic progression at week 24 than did
those receiving placebo (major secondary endpoint); guselku-
mab slowed rates of both erosion and joint space narrowing
progression. Additionally, while the efficacy of guselkumab on
nail disease has been evaluated in participants with psoriasis,
this was now assessed for the first time in a phase 3 study dedi-
cated to participants with PsA. Guselkumab-treated partici-
pants demonstrated mean percent improvements in psoriatic
nail disease at week 24 versus worsening with placebo. Out-
comes assessing improvements in the American College of
Rheumatology response criteria and almost clear/completely
clear skin and safety findings through 6 months of guselkumab
were consistent with its known therapeutic profile in active
PsA and moderate-to-severe psoriasis.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

* Inhibiting progression of structural joint damage is an impor-
tant treatment goal for patients with active PsA and their treat-
ing clinicians. Together with previous studies demonstrating
the significant multidomain efficacy (including novel APEX
results exhibiting improvements in psoriatic nail disease) and
favourable safety profile of guselkumab, radiographic findings
from APEX now establish guselkumab as the only therapy tar-
geting the IL-23p19 subunit to comprehensively address treat-
ment goals, including preservation of joint health, that are of
high importance to patients and health care providers.
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INTRODUCTION

Psoriatic arthritis (PsA), a chronic, heterogeneous, inflamma-
tory disease affecting the joints and skin, can substantially
diminish health-related quality of life (HRQoL) [1,2]. The per-
sistent inflammation seen in PsA can lead to joint destruction,
visualised as erosions and joint space narrowing (JSN) by stan-
dard radiography [3]. Progressive joint damage in PsA is associ-
ated with substantial impairment of physical function and
higher levels of disability [4,5]. Diagnostic delays as short as
6 months have been associated with development of erosive dis-
ease and poorer physical function [6]. In observational studies,
25% to 39% of patients with early PsA had erosions visible on
standard radiography [7,8] and up to 47% exhibited damage
within the first 2 years [6]. Therefore, inhibiting progression of
structural joint damage is a key treatment goal for patients
with PsA.

International PsA treatment recommendations support
using biologics for patients with active disease despite use of
conventional synthetic disease-modifying antirheumatic drugs
(csDMARDs) or with poor prognostic indicators, including
radiographic damage [9—11]. The biologic DMARD guselku-
mab, a fully human, dual-acting monoclonal antibody that
selectively inhibits the interleukin (IL)-23p19 subunit, is
approved to treat moderate-to-severe plaque psoriasis, active
PsA, and moderately-to-severely active ulcerative colitis and
Crohn’s disease [12,13]. In phase 3 studies of adults with
active PsA, guselkumab (100 mg every 4 weeks [Q4W] or at
weeks 0 and 4 then every 8 weeks [Q8W]) demonstrated sig-
nificant improvements across disease domains, and in physical
function and HRQoL, compared with placebo [14—16]. Gusel-
kumab benefits were sustained through up to 2 years of treat-
ment while maintaining a favourable safety profile [14,17
—19]. In DISCOVER-2 (biologic-naive population), partici-
pants receiving guselkumab Q4W exhibited significantly less
radiographic progression at week 24 (assessed by PsA-modi-
fied van der Heijde-Sharpe [vdH-S] score) versus placebo; the
numerically lower rates of radiographic progression seen with
guselkumab Q8W compared with placebo were not statisti-
cally significant [16]. Guselkumab Q8W is globally approved
to treat the signs and symptoms of active PsA [12]. In the
European Union, the Q4W regimen is approved for use in
patients at high risk of joint damage [20].

The phase 3b APEX study (NCT04882098) is further evaluat-
ing the effects of both guselkumab dosing regimens (Q4W and
Q8W) on PsA signs and symptoms and radiographic progression
in a population with active and erosive disease. Here, we report
primary efficacy and safety results for the double-blind placebo-
controlled phase (weeks 0-24) of this 3-year study.



APEX is an ongoing phase 3b, multicentre, randomised, dou-
ble-blind, placebo-controlled study [21]. Eligible adults had PsA
for >6 months; met the ClASsification criteria for Psoriatic
ARthritis [22]; had active disease (>3 swollen joints, >3 tender
joints, C-reactive protein [CRP] >0.3 mg/dL) despite treatment
with standard nonbiologic therapies (ie, csDMARDs, apremilast,
and/or nonsteroidal anti-inflammatory drugs [NSAIDs]), >2
erosive joints on baseline radiographs of the hands and feet
(centrally read by 2 readers with an adjudicator); and >1 psori-
atic plaque >2 cm or psoriatic nail changes.

Individuals with arthritis mutilans or other inflammatory dis-
ease that could confound efficacy evaluations and those with
unstable suicidal ideation or suicidal behaviour within 6 months
of screening were excluded. Participants were naive to biologics
and Janus kinase inhibitors; the following were not permitted
within the specified timeframe prior to the first study agent
administration: topical (2 weeks), systemic (4 weeks), or photo-
therapy (4 weeks) treatment that could confound psoriasis evalua-
tions; systemic immunosuppressants (4 weeks); csDMARDs (other
than methotrexate [MTX], sulfasalazine, hydroxychloroquine,
or leflunomide; 4 weeks); experimental antibody or biological
therapy (6 months); intramuscular or intravenous corticoste-
roids (4 weeks); or lithium (4 weeks).

Participants were randomised (5:7:7) to subcutaneous
administration of guselkumab 100 mg Q4W; guselkumab
100 mg at weeks 0, 4, then Q8W; or placebo with crossover
to guselkumab Q4W at week 24. Concomitant stable NSAIDs,
oral corticosteroids (<10 mg/d prednisone equivalent), and
select csDMARDs (MTX [<25 mg/wk], sulfasalazine [<3 g/d],
hydroxychloroquine [<400 mg/d], and leflunomide [<20 mg/d])
were permitted. Through week 24, participants could not receive
>2 concomitant ¢sDMARDs or MTX with leflunomide. At week
16, participants with <20% improvement from baseline in both
swollen and tender joint counts (SJC/TJC) qualified for early
escape and could initiate or increase the dose of 1 permitted
concomitant medication (up to allowed maximum dose) at the
investigator’s discretion.

APEX is being conducted in accordance with the Declaration
of Helsinki and Good Clinical Practice guidelines. An Institu-
tional Review Board (IRB) or Ethics Committee at each site (cen-
tral IRB in the United States: Advarra; Pro00049187) approved
the protocol. All participants provided written informed con-
sent. Neither patients nor members of the public were involved
in the design, conduct, reporting, or dissemination plans of this
research.

Treatment group assignments employed randomly permuted
blocks and 4 composite stratification levels: 1 level comprised
participants with baseline radiographs exhibiting a high degree
of variability between the readers and 3 stratification levels
characterised participants based on predicted risk of progres-
sion. Informed by prior studies of participants with PsA [21], a
combination of concomitant corticosteroid use (yes/no), base-
line number of erosive joints, difference between readers in the
baseline number of erosive joints, and/or most recently deter-
mined serum CRP level classified participants as having high
radiographic variability, no progression risk (NP), low-to-mod-
erate progression risk (LMP), or risk of rapid progression (RP)
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(Supplementary Methods). Guselkumab and placebo were pro-
vided in identical prefilled syringes; all participants received the
same number of injections at all timepoints. Participants, inves-
tigators, and study site staff remained blinded to treatment
assignments through week 48.

Clinician assessments of joint disease included SJC (0-66),
TJC (0-68), and physician’s global assessment of disease activity
(visual analogue scale [VAS] 0-10). Dactylitis and enthesitis
were evaluated using the Dactylitis Severity Score (DSS;
0 = none; 4 = severe; total = 0-60) [23,24] and Leeds enthesi-
tis index (LEI; presence or absence of pain at each of 6 anatomi-
cal locations; total 0-6 [25]), respectively. A blinded
independent assessor determined joint counts, DSS, and LEI.

Psoriatic skin disease activity was assessed using the Psoriasis
Area and Severity Index (PASI; 0-72) [26] and Investigator’s
Global Assessment (IGA) of psoriasis (0 = clear; 4 = severe)
[27]. The modified Nail Psoriasis Severity Index (mNAPSI) [28]
assessed each fingernail for pitting, onycholysis, oil-drop dys-
chromia, crumbling, leukonychia, splinter haemorrhages, hyper-
keratosis, and red spot in the lunula (range: each nail 0-13; total
0-130). Participants reported their pain (Patient’s Assessment of
Pain; VAS 0-10 cm), physical function (Health Assessment Ques-
tionnaire-Disability Index [HAQ-DI]; 0-3) [29], and overall dis-
ease activity (Patient’s Global Assessment of Disease Activity
[arthritis]; VAS 0-10 cm), which are components of the Ameri-
can College of Rheumatology (ACR) response criteria [30].

Radiographs of the hands (posteroanterior) and feet (antero-
posterior) were obtained at baseline and week 24. Radiographic
progression was evaluated using the PsA-modified vdH-S score
that assesses erosions and JSN in 40 joints of the hands and 12
joints of the feet with separate annotation of pencil-in-cup (PIC)
and gross osteolysis (GO) deformities (maximal erosion score
[320] + maximal JSN score [208] maximal total score
[528]) [31,32]. Images were scored independently by 2 blinded
central readers and a blinded adjudicator (if the absolute differ-
ence between the 2 readers’ change scores was >3). Scores from
the 2 readers (or the adjudicator and 1 reader with the closest
score) were averaged to determine the change score per patient.
The smallest detectable change and interreader agreement were
determined (Supplementary Methods).

Participants were monitored for adverse events (AEs). Serum
samples were collected at regular intervals to measure haema-
tology and chemistry laboratory parameters and determine the
presence of antibodies to guselkumab (validated immunoassay
method).

The primary and major secondary endpoints at week 24 were
the proportion of participants achieving >20% improvement in
the ACR response criteria (ACR20) [30] and least squares mean
(LSM) change from baseline in total PsA-modified vdH-S score.
Other secondary endpoints included the proportions of partici-
pants achieving ACR20, ACR50 (>50% improvement), and
ACR70 (>70% improvement) over time; no radiographic progres-
sion at week 24 (2 definitions: change in PsA-modified vdH-S
score <0 and <0.5); and minimal disease activity (MDA) [33] at
week 24. LSM changes in DSS and LEI and LSM percent change
in mNAPSI at week 24 were assessed among those affected at
baseline (score >0). LSM change from baseline in HAQ-DI was
also determined at week 24.



Among participants with >3% psoriatic body surface area
(BSA) and IGA >2 at baseline, response rates for achieving
>90% or 100% improvement in PASI (PASI 90/PASI 100), clear
or almost clear skin (IGA 0/1 response: IGA of 0 or 1 and >2-
grade improvement from baseline), and completely clear skin
(IGA 0) at week 24 were determined.

Assuming a 60% ACR20 response rate at week 24 with gusel-
kumab versus 35% with placebo, sample sizes of 250, 350, and
350 for the Q4W, Q8W, and placebo groups, respectively, were
estimated to provide >99% statistical power to detect a significant
treatment difference for each guselkumab regimen using a 2-sided
Chi-square test at a significance level of @ = 0.05. Assuming respec-
tive overall mean (SD) changes from baseline in total PsA-modified
vdH-S score of 0.25 (3.1), 0.45 (3.1), and 1.13 (3.2), sample
sizes of 250, 350, and 350 were estimated to provide >90%
(Q4W vs placebo) and 80% (Q8W vs placebo) power to detect
a significant treatment difference (2-sided @ = 0.05).

Treatment group differences for the primary and major sec-
ondary endpoints were tested in the following sequence, only if
all preceding endpoints demonstrated significance versus pla-
cebo: ACR20 at week 24 for (1) Q4W versus placebo and (2)
Q8W versus placebo and change in PsA-modified vdH-S score
from baseline to week 24 for (3) Q4W versus placebo and (4)
Q8W versus placebo. Other P values were not multiplicity-con-
trolled and considered nominal.

Efficacy data were analysed by randomised treatment group.
Participants from Ukrainian sites rendered unable to support
key study operations (ie, all participants were projected to miss
primary and major secondary endpoint assessments or to miss
>2 doses of study intervention prior to week 24) were excluded
from efficacy analyses. The resulting population constitutes the
modified full analysis set (mFAS). For analyses of ACR20/50/70
through week 24, participants who met treatment failure criteria
(discontinued study agent for any reason other than natural
disaster [ND; COVID-19 pandemic] or major disruption [MD;
Ukraine/Russia crisis]; initiated or increased the dose of
c¢sDMARDs or oral corticosteroids; or initiated protocol-prohib-
ited therapy for PsA) were considered nonresponders. Data from
participants who discontinued study agent or with severe treat-
ment noncompliance due to ND/MD were imputed using multi-
ple imputation (MI) at all subsequent timepoints or at the next
timepoint, respectively. Other missing data were imputed using
nonresponder imputation (NRI). Severe noncompliance was
defined as missing >30% of doses prior to a given timepoint, ie,
>2 doses for week 24 analyses. The mean response rate, over
the 200 MI datasets, was reported. Treatment group compari-
sons were based on the combined standardised Wilson-Hilferty
transformation of the Cochran-Mantel-Haenszel test statistic,
stratified by composite randomisation levels, from each MI
dataset.

For changes from baseline in total PsA-modified vdH-S score
and erosion/JSN subscores at week 24, data from participants
with discontinuation of study agent/severe noncompliance due
to ND/MD were not used, and MI was employed for all missing
data; treatment failure rules were not applied. LSM changes and
corresponding P values between each guselkumab and placebo
groups were determined using an analysis of covariance model
including baseline PsA-modified vdH-S score, treatment group,
and composite stratification levels. The proportion of participants
with no progression was determined similarly; P values were
determined by standardised Wilson-Hilferty transformation of the
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Cochran-Mantel-Haenszel test statistic, stratified by composite
randomisation levels, from each MI dataset. LSM changes in
PsA-modified vdH-S score and response rates for achieving
change <0 were determined (post hoc) among participants in
the NP, LMP, and RP stratification levels.

Sensitivity analyses including all randomised participants
and employing different approaches for handling missing data
and model covariates were performed to evaluate the robustness
of the primary and major secondary endpoints (Supplementary
Methods).

For all other secondary outcomes at week 24, after applica-
tion of treatment failure rules, data from participants with study
agent discontinuation/severe noncompliance due to ND/MD
were not used. For binary endpoints, any other missing data
were imputed by NRIL response rates and P values were deter-
mined using a generalised linear mixed model. For continuous
endpoints, other missing data were not imputed; LSM changes
and P values were determined using mixed-effect model for
repeated measures. Both models included treatment group, visit,
an interaction term of visit with treatment group, and composite
stratification level.

Safety analyses included all participants who received >1
study agent administration. The frequency and types of AEs
were summarised by actual treatment received. Major adverse
cardiovascular events (MACEs) were prespecified as nonfatal
myocardial infarction, nonfatal stroke, and cardiovascular
death. Common Terminology Criteria for Adverse Events
(CTCAE 5.0) maximum toxicity grades were used to determine
abnormalities in aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) levels; results were summarised by
randomised treatment group and concomitant MTX use.

The 247 study sites across 29 countries in 4 regions (Supple-
mentary Results) screened 2811 patients and enrolled and rand-
omised 1054 participants. Data were collected from June 17,
2021, through December 30, 2024. Thirty-four participants
from 5 Ukrainian sites (unable to carry out key study operations
due to MD) were excluded from efficacy analyses. In the result-
ing mFAS of 1020 participants (Q4W 273; Q8W 371; placebo
376), a majority met the criteria for the composite stratification
NP level (n = 588; 57.6%) followed by LMP (n = 267; 26.2%),
RP (n = 94; 9.2%), and high radiographic variability (n = 71;
7.0%; Supplementary Fig S1). Through week 24, 38 participants
(Q4W 3.3%; Q8W 4.0%; placebo 3.7%) discontinued the study
agent; >96% in each group completed study treatment (Supple-
mentary Fig S1).

Baseline characteristics of the mFAS were well balanced
across treatment groups (Table 1). The mean age was 53 years,
55% were male, and 83% were White. Baseline disease charac-
teristics were consistent with established moderately-to-severely
active PsA (mean duration ~7 years; SJC 11.9; TJC 20.7), with
moderately impaired physical function (mean HAQ-DI 1.2).
Mean erosion (13.4-13.7), JSN (13.3-14.0), and total (26.7-
27.7) PsA-modified vdH-S scores were similar across treatment
groups.

The primary and major secondary endpoints were met.
Significantly greater proportions of participants receiving
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Table 1

Ann Rheum Dis 84 (2025) 1983—1994

Baseline demographics, disease characteristics, and prior and concomitant medications for APEX participants®

Guselkumab 100 mg

Q4w Q8W Placebo Total

(N = 273) (N = 371) (N = 376) (N = 1020)
Demographics
Age,y 52.2+13.2 53.2+12.9 53.5+13.0 53.0+13.0
Sex”

Female 124 (45.4) 172 (46.4) 163 (43.4) 459 (45.0)

Male 149 (54.6) 199 (53.6) 213 (56.6) 561 (55.0)
Race

White 233 (85.3) 305 (82.2) 311 (82.7) 849 (83.2)

Asian 38(13.9) 61 (16.4) 61 (16.2) 160 (15.7)

Native Hawaiian or Other Pacific Islander 2(0.7) 2(0.5) 0 4(0.4)

American Indian or Alaska Native 0 0 2(0.5) 2(0.2)

Black or African American 0 2(0.5) 0 2(0.2)

Not reported 0 1(0.3) 1(0.3) 2(0.2)
Weight, kg 85.6 +20.1 83.2+17.4 83.1+18.2 83.8+18.5
BMI, kg/m2 29.4+6.0 29.0 +5.6 28.9+5.7 29.1 £5.7
Disease characteristics
PsA duration, y 75+7.1 72+7.6 7.2+6.9 7.3+7.2
ACR response components

Number of swollen joints, 0-66 11.6 +9.4 12.1+85 11.8+89 11.9+89

Number of tender joints, 0-68 21.2+14.6 20.6 +13.4 20.5+13.9 20.7 +13.9

Physician’s global assessment, 0-10cm VAS 6.4+ 1.6 6.4+1.6 6.2+1.7 6.3+1.7

Patient’s assessment of pain, 0-10 cm VAS 59+22 59+21 59+21 59+21

Patient’s global assessment, 0-10 cm VAS 59+22 59+21 59+2.0 59+21

HAQ-DJ, 0-3 1.2+0.7 1.2+0.6 1.2+0.7 1.2+0.7

CRP, mg/dL 1.7+29 1.5+2.0 1.7+25 1.6+25
Radiographic damage

PsA-modified vdH-S score, 0-528 27.7 +47.6 26.7 +43.4 26.8 +42.2 27.0+44.1

Erosion score, 0-320 13.7+24.3 13.4+21.9 13.4 +20.7 13.5+22.1
JSN score, 0-208 14.0 +24.2 13.3+22.8 13.4+22.4 13.5+23.0
Psoriasis assessments
Psoriatic BSA, 0-100% 15.0(19.2) 16.5(21.9) 16.3 (21.5) 16.0 (21.0)
IGA, N 269 364 370 1003
2 81 (30.1) 134 (36.8) 137 (37.0) 352 (35.1)
3 92 (34.2) 115 (31.6) 117 (31.6) 324 (32.3)
4 15 (5.6) 25(6.9) 31(8.4) 71(7.1)

Participants with BSA >3% and IGA >2 159 (58.2) 231 (62.3) 223 (59.3) 613 (60.1)

PASI score, 0-72 7.6 +8.3 8.3+10.1 8.2+9.5 81+9.4

mNAPSI, N 269 364 369 1002

Participants with mNAPSI >0 163 (60.6) 228 (62.6) 257 (69.6) 648 (64.7)

Score, 0-130 23.4+22.8 19.8 +20.3 19.4 +18.7 20.6 + 20.4
Dactylitis and enthesitis
Participants with dactylitis 119/271 (43.9)  143/364(39.3) 167/372(44.9)  429/1007 (42.6)
DSS, 1-60 10.8 +11.5 11.0+12.8 10.2+10.5 10.6 +11.6
Participants with enthesitis 157/271 (57.9)  214/365(58.6) 218/372(58.6)  589/1008 (58.4)
LEI score, 1-6 3.2+1.8 3.0+1.7 3.0+1.6 3.1+1.7
Prior and concomitant medications
Prior medications
csDMARDs 248 (90.8) 345 (93.0) 340 (90.4) 933 (91.5)
2 57 (20.9) 82(22.1) 79 (21.0) 218 (21.4)
>3 9(3.3) 21(5.7) 16 (4.3) 46 (4.5)

Apremilast 4(1.5) 11 (3.0) 7(1.9) 22(2.2)
Concomitant medications at baseline

csDMARDs 181 (66.3) 256 (69.0) 256 (68.1) 693 (67.9)

MTX 161 (59.0) 222(59.8) 226 (60.1) 609 (59.7)
Dose, mg/wk 15.0 +4.3 15.0+4.3 15.0+4.5 15.0 +4.4
2 ¢csDMARDs 6(2.2) 13(3.5) 6(1.6) 25 (2.5)
Oral corticosteroids 43 (15.8) 54 (14.6) 71 (18.9) 168 (16.5)
Dose equivalent to prednisone, mg/d 6.2+2.4 6.0 +2.7 55+1.9 58+23
NSAIDs 161 (59.0) 199 (53.6) 222 (59.0) 582 (57.1)

ACR, American College of Rheumatology; BMI, body mass index; BSA, body surface area; CRP, C-reactive protein; csDMARD,
conventional synthetic disease-modifying antirheumatic drug; DSS, Dactylitis Severity Score; HAQ-DI, Health Assessment
Questionnaire-Disability Index; IGA, Investigator’s Global Assessment of psoriasis; JSN, joint space narrowing; LEI, Leeds
enthesitis index; mNAPSI, modified Nail Psoriasis Severity Index; MTX, methotrexate; NSAID, nonsteroidal anti-inflammatory
drug; PASI, Psoriasis Area and Severity Index; PsA, psoriatic arthritis; Q4/8W, every 4/8 weeks; VAS, visual analogue scale;

vdH-S, van der Heijde-Sharp.

Data are mean + SD, n (%), or n/N (%) unless otherwise noted.
@ Baseline characteristics are reported for the modified full analysis set, excluding 34 participants who were enrolled at 5
sites in Ukraine that could not carry out key study operations.
b Participant sex was reported by the investigators by selecting one of the following options: female, male, unknown, or

undifferentiated.
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Figure 1. ACR20, ACR50, and ACR70 responses at week 24 (A) and over time (B, C, D). Nominal *P < 0.001, **P < 0.01, ***P < 0.05 versus placebo.
Italicised P values in panel A are nominal. Data presented as proportion of patients achieving ACR20,/50/70 response with adjusted rate differences
(95% CI) between each guselkumab group and the placebo group based on the combined Wald statistic (with the Cochran-Mantel-Haenszel weight)
for each multiple imputation dataset. ACR20/50/70, >20%/>50%/>70% improvement in the American College of Rheumatology response criteria;

GUS, guselkumab; PBO, placebo; Q4W/Q8W, every 4/8 weeks.

guselkumab Q4W (66.6%) and Q8W (68.3%) versus placebo
(47.0%) achieved ACR20 response at week 24 (both multiplic-
ity-controlled P < 0.001; Fig 1A, B). Results were consistent
across primary endpoint sensitivity analyses (Supplementary Fig
S2; Supplementary Table S1). Higher proportions of participants
in the Q4W and Q8W versus placebo groups achieved the more
stringent ACR50 (41.4% and 42.2% vs 20.5%, respectively; both
nominal P < 0.001) and ACR70 (22.0% and 22.4% vs 11.2%,
respectively; both nominal P < 0.001) responses at week 24
(Fig 1C, D). Separation from placebo was observed as early as
week 8 across these outcomes (Fig 1).

At week 24, guselkumab-treated participants demonstrated
significantly lower rates of radiographic progression versus
placebo (LSM change: Q4W 0.55 [P 0.002]; Q8W 0.54
[P < 0.001]; placebo 1.35) (Fig 2A). Results were verified across
sensitivity analyses (Supplementary Table S2). Participant-level
data also supported a clear separation in rates of radiographic
progression through week 24 between those receiving either
guselkumab regimen versus placebo (Fig 2B). Guselkumab-
treated participants exhibited less progression of erosions (LSM
change: Q4W 0.35 and Q8W 0.32 versus placebo 0.87; nominal
P = 0.002 and P < 0.001, respectively) and JSN (Q4W 0.22 and
Q8W 0.24 versus placebo 0.50; nominal P 0.025 and
P = 0.027, respectively) (Fig 2A). Greater proportions of gusel-
kumab-treated participants showed no progression of structural
joint damage at week 24, defined as change in total vdH-S score
<0 (Q4W 67.3% and Q8W 62.8% vs placebo 53.0%; nominal
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P < 0.001 and P = 0.007, respectively) or <0.5 (Q4W 77.7%
and Q8W 74.7% vs placebo 67.7%; nominal P = 0.007 and
P = 0.038, respectively). Participants in the NP stratum gener-
ally had smaller LSM changes in vdH-S score and higher rates of
achieving change <0 at week 24, followed by those in the LMP
and RP strata (Supplementary Table S3). No participant without
PIC/GO at baseline and available data at week 24 (Q4W 240; Q8W
321; placebo 323) developed these features through week 24.

Among the 42.6% of participants with dactylitis at baseline
(Table 1), those receiving guselkumab had greater improve-
ments in DSS at week 24 (LSM change: Q4W —8.4 and Q8W
—9.1 vs placebo —6.6; nominal P = 0.004 and P < 0.001, respec-
tively). At baseline, 58.4% of participants had enthesitis (Table 1);
LSM changes in LEI at week 24 were —1.8 for both Q4W and
Q8W versus —1.7 for placebo (both nominal P > 0.05).

Improvements in physical function were also observed
at week 24; participants in the Q4W and Q8W groups
reported greater LSM improvements in HAQ-DI score versus
placebo (—0.41 and -0.42 vs —0.27, respectively; both
nominal P < 0.001).

Among the 60.1% of participants with >3% psoriatic BSA and
IGA >2 at baseline, higher proportions of guselkumab Q4W- and
Q8W-treated than placebo-treated participants achieved clear or
almost clear skin (PASI 90: 69.4% and 60.0% vs 22.0%, respec-
tively; IGA 0/1 response: 72.8% and 67.9% vs 31.3%, respec-
tively) or completely clear skin (PASI 100: 37.6% and 39.5% vs
11.6%, respectively; IGA 0: 50.9% and 52.4% vs 14.6%,
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Figure 2. Change from baseline in total PsA-modified vdH-S score and erosion and JSN subscores at week 24 (A) and probability plot for change from
baseline in total PsA-modified vdH-S score at week 24 for individual participants (B). Italicised P values are nominal. Data presented as LSM change
in PsA-modified vdH-S score from baseline to week 24, with LSM differences (95% CI) between each guselkumab group and the placebo group
determined by analysis of covariance from each multiple imputation dataset. The intraclass correlation estimates for total vdH-S scores were 0.85 at
week 0, 0.84 at week 24, and 0.43 for change from week 0-24. GUS, guselkumab; JSN, joint space narrowing; LSM, least squares mean; PBO, placebo;
PsA-modified vdH-S score, psoriatic arthritis-modified van der Heijde-Sharp score; Q4W/Q8W, every 4/8 weeks; SDC, smallest detectable change.
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Figure 3. Among participants with BSA >3% and IGA >2 at baseline, proportions achieving >90% (PASI 90) and 100% (PASI 100) improvement in
PASI (A) and proportions achieving IGA 0/1 response and IGA 0 (B) at week 24. IGA 0/1 response is defined as an IGA score of 0 (cleared) or 1 (mini-
mal) and >2 grade improvement from baseline. LSM percent change in mNAPSI at week 24 among participants with baseline mNAPSI >0 (C). Nominal
*P < 0.001, **P < 0.01 versus placebo. BSA, body surface area; GUS, guselkumab; IGA, Investigator’s Global Assessment of psoriasis; LSM, least
squares mean; mNAPSI, modified Nail Psoriasis Severity Index; PASI, Psoriasis Area and Severity Index; PBO, placebo; Q4W/Q8W, every 4/8 weeks.

respectively) (all nominal P < 0.001; Fig 3A, B). Among partici-
pants with mNAPSI >0, those in the Q4W and Q8W groups
exhibited improvements at week 24, while those receiving pla-
cebo showed worsening nail disease (LSM percent change: Q4W
—43.0 and Q8W —35.8 vs 16.1; both nominal P = 0.002; Fig 3C).
The MDA composite endpoint is an established treatment target
for patients with PsA. Greater proportions of guselkumab-treated
participants achieved MDA at week 24 versus placebo (Q4W
29.6%; Q8W 27.7%; placebo 13.7%; both nominal P < 0.001).

Safety

Through week 24, 38.2%, 42.5%, and 37.3% of participants
in the Q4W, Q8W, and placebo groups, respectively, had >1 AE
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(Table 2). Infections were the most common type of AE (Q4W
18.6%; Q8W 23.5%; placebo 21.0%), the most frequent (>5%)
of which were upper respiratory tract infection (Q4W 15
[5.4%]; Q8W 20 [5.2%]; placebo 22 [5.7%]) and COVID-19 (9
[3.2%]; 22 [5.7%]; 21 [5.4%], respectively). No participant had
an opportunistic infection or active tuberculosis. Five (1.8%)
participants in the Q4W, 12 (3.1%) in the Q8W, and 10 (2.6%)
in the placebo groups had a serious AE (SAE). Serious infections
were uncommon (Q4W 2 [0.7%]; Q8W 5 [1.3%]; placebo 1
[0.3%]): 4 participants had COVID-19 (1 each in the Q4W [fatal]
and placebo groups; 2 in the Q8W group), 2 had pneumonia
(both Q8W group), 1 had appendicitis (Q8W), and 1 had diver-
ticulitis (Q4W). No events of new-onset inflammatory bowel dis-
ease (IBD) occurred. One participant each had a MACE
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Table 2

Ann Rheum Dis 84 (2025) 1983—1994

Summary of adverse events through week 24 in APEX participants

Guselkumab 100 mg

Q4W Q8W Combined Placebo
(N=280) (N=2388) (N=668) (N=2386)
Mean follow-up, wk 24.0 23.9 24.0 23.8
Participants with >1
AE 107 (38.2) 165(42.5) 272(40.7) 144(37.3)
AE occurring in >5% of participants in any treatment group
Upper respiratory tract infection 15 (5.4) 20 (5.2) 35(5.2) 22 (5.7)
COVID-19 9(3.2) 22 (5.7) 31 (4.6) 21 (5.4)
SAE 5(1.8) 12(3.1) 17 (2.5) 10 (2.6)
AE leading to discontinuation 2(0.7) 6(1.5) 8(1.2) 1(0.3)
Infection 52(18.6) 91 (23.5) 143 (21.4) 81 (21.0)
Serious infection 2(0.7) 5(1.3) 7 (1.0) 1(0.3)
Opportunistic infection 0 0 0 0
Active tuberculosis 0 0 0 0
Malignancy 0 2(0.5) 2(0.3) 0
MACE 0 1(0.3) 1(0.1) 0
VTE 1(0.4) 1(0.3) 2(0.3) 1(0.3)
Clinically important hepatic disorder® 0 0 0 0
Anaphylactic or serum sickness reaction 0 0 0 0
Injection-site reaction” 8(2.9) 2(0.5) 10 (1.5) 0
Death 1(0.49 0 1(0.1) 0

AE, adverse event; MACE, major adverse cardiovascular event; Q4/8W, every 4/8 weeks; SAE, serious adverse event; VTE,

venous thromboembolism.
Data are n (%) unless otherwise noted.

2 Clinically important hepatic disorders were prespecified as AE terms within the Medical Dictionary for Regulatory Activi-
ties category of Drug-Related Hepatic Disorders that met the criteria for an SAE or led to study agent discontinuation.
b Injection-site reactions were defined as any adverse reaction at a study intervention injection site.

(myocardial infarction in a participant with multiple cardiovas-
cular risk factors; Q8W group, no change in dose), prostate can-
cer (elderly male; Q8W group, discontinued guselkumab), and
renal cancer (elderly male; Q8W group, discontinued guselku-
mab). As noted above, 1 participant (elderly unvaccinated male
in the Q4W group) died due to COVID-19 after receiving the
study agent at week 4.

Eight (2.9%) and 2 (0.5%) participants receiving guselkumab
Q4W and Q8W, respectively, had an injection-site reaction; all
were considered mild by study investigators and resolved. No
anaphylactic or serum sickness reaction occurred.

The incidence of ALT and AST increases, most commonly
grade 1 (9.4%-10.4% and 6.3%-8.9%, respectively), was similar
across the treatment groups through week 24 (Supplementary
Table S4). No participant had an ALT or AST increase meeting
SAE criteria or leading to study agent discontinuation. One par-
ticipant each in the Q4W and Q8W groups had a grade 2 ALT
increase; another participant receiving guselkumab Q4W had a
grade 2 increase in AST. In the placebo group, 3 participants
had a grade 2 AST increase; all 3 also had ALT increases (2 grade
2 and 1 grade 3). One other participant receiving placebo had a
grade 2 ALT increase. No participant had a grade 4 ALT increase
or grade 3/4 AST increase. The occurrence of grade 1 ALT and
AST increases was generally higher among participants receiv-
ing (10.2%-11.9% and 6.9%-9.6%, respectively) versus not
receiving (5.3%-10.5% and 4.6%-7.9%, respectively) concomi-
tant MTX, with no apparent differences between the placebo
and guselkumab groups. The single participant with a grade 3
ALT increase was receiving placebo without concomitant MTX.

Immunogenicity
Through week 24, 280 and 386 participants in the guselku-

mab Q4W and Q8W groups, respectively, received >1 guselku-
mab administration and had >1 post-baseline serum sample. Of
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these, 19 (6.0%) and 23 (6.0%) participants, respectively, in the
Q4W and Q8W groups tested positive for antibodies to guselku-
mab, with the majority having low titres. Five participants
(Q4W 4 [1.4%]; Q8W 1 [0.3%]) tested positive for neutralising
antibodies.

DISCUSSION

The APEX study, conducted to further evaluate guselkumab
100 mg Q4W and Q8W in participants with active PsA, met its
primary clinical and major secondary radiographic endpoints.
These findings establish guselkumab, a dual-acting monoclonal
antibody, as the only selective IL-23p19-subunit inhibitor dem-
onstrating both significant improvement in PsA signs and symp-
toms and significant inhibition of structural damage progression
with both dosing schedules. The significantly lower rates of
radiographic progression with guselkumab Q4W or Q8W versus
placebo were confirmed across multiple sensitivity analyses and
supported by participant-level changes in the total PsA-modified
vdH-S score. Importantly, guselkumab inhibited progression of
both joint erosions and JSN and afforded higher rates of no
structural damage progression at week 24 (change <0 or <0.5)
versus placebo. In addition to meeting the ACR20 primary end-
point required by regulatory agencies, substantial proportions of
guselkumab-treated participants achieved the more stringent
ACR50 (>40%) and ACR70 (nearly one-quarter) criteria, reflect-
ing important and meaningful improvements in signs and symp-
toms of joint disease activity. Across these clinical measures,
separation from placebo was seen as early as week 8. Addition-
ally, participants receiving guselkumab reported greater
improvements in physical function than those receiving placebo.
Guselkumab treatment also provided high rates of clear or
almost clear skin (approximately two-thirds achieved IGA 0/1)
and complete skin clearance (>50% achieved IGA 0), as well as
substantial improvement in psoriatic nail disease at week 24, an



early timepoint to effect change in this difficult-to-treat domain.
Notably, APEX is the first phase 3 study assessing guselkumab
effects on psoriatic nail disease in participants with active PsA,
and the findings were consistent with those from previous stud-
ies of participants with moderate-to-severe psoriasis [34].

Within the class of IL-23p19-subunit inhibitors approved to
treat adults with active PsA, only guselkumab has demonstrated
significant inhibition of structural damage in this population
[35]. Guselkumab is a fully human monoclonal antibody with a
native Fc region, while the modified Fc region of risankizumab
contains L234A and L235A (ie, LALA) substitutions [36] known
to attenuate binding to Fcy receptors such as CD64 [37]. A series
of in vitro analyses explored potential implications of CD64 bind-
ing on the function of IL-23—targeting monoclonal antibodies by
employing CD64* myeloid cells, the primary source of the aber-
rant IL-23 expression in patients with PsA [38]. These experi-
ments showed that guselkumab, but not risankizumab, is able to
both bind CD64 on the cell surface and simultaneously capture
IL-23 secreted from these cells, and that guselkumab demon-
strates Fc-dependent enhanced potency compared with risanki-
zumab for inhibiting IL-23 signalling [13]. The long-term clinical
significance of these in vitro findings has not been established;
additional studies are needed to explore the potential impact of
the observed molecular differences on patient outcomes.

The pattern and frequency of AEs in APEX were consistent
with the known safety profile of guselkumab in patients with
PsA, psoriasis, ulcerative colitis, and Crohn’s disease [12,39].
Few participants had an SAE or serious infection, and no partici-
pant developed an opportunistic infection, active tuberculosis,
or new-onset IBD. One unvaccinated participant died due to
COVID-19 (Q4W group; after receiving the week 4 administra-
tion). No new safety signals were identified.

APEX results are strengthened by the relatively large study
population and high retention through week 24 (>96%). Signifi-
cant differences between guselkumab and placebo in the pri-
mary and major secondary endpoints were supported by
multiple sensitivity analyses. Additionally, APEX employed an
objective and validated instrument for assessing radiographic
progression (PsA-modified vdH-S score), and all radiographs
were centrally scored by blinded independent readers. APEX
enrolled participants with active PsA and evidence of erosive
disease, an appropriate cohort for evaluating effects of treatment
on inhibition of structural damage progression. The study’s
innovative randomisation strategy, employing 4 composite strat-
ification levels incorporating reader variability in scoring base-
line radiographs, concomitant corticosteroid use, number of
erosive joints, and CRP level, ensured balance across treatment
groups for interreader variability (1 level) and predicted risk of
progression (3 levels). While the strata based on predicted risk
of radiographic progression and underlying criteria were not
intended for use in clinical practice, post hoc analyses indicated
that participants in the NP stratum generally exhibited the
smallest changes in total vdH-S score and the highest rates of
nonprogression (change <0) and thus consistency with the strat-
ification assignments. Across the 3 strata, guselkumab-treated
participants generally had numerically lower mean changes and
higher response rates than in the placebo group; however, com-
parisons among treatment arms and across strata are limited by
the small sample sizes and post hoc nature of these analyses.

In the absence of a consensus definition for identifying and
enrolling participants with an increased risk of radiographic
progression, eligibility criteria for previous studies evaluating
the efficacy of advanced PsA therapies on inhibition of radio-
graphic progression have utilised various combinations of

1992

baseline SJC/TJC, CRP, and number of erosive joints [16,40
—44].The overall baseline disease activity of the APEX popula-
tion, indicative of high levels of joint disease, is generally consis-
tent with that reported in these studies.

The 6-month placebo-controlled period may be relatively
short for ascertaining changes in outcomes such as structural
damage and nail disease. However, radiographic and nail assess-
ments in APEX are planned to continue through 3 years [21],
allowing longer-term evaluation of structural damage and nail
outcomes. Relatively high placebo responses were observed for
some endpoints, including ACR response and changes in dactyli-
tis and enthesitis. Placebo responses have been steadily increas-
ing over time in randomised controlled trials, and this pattern
may be associated with more frequent enrolment of participants
from countries with varied socioeconomic status and limited
access to advanced therapies, as observed in a recent analysis
[45]. Further, both DSS and LEI rely on manual detection, which
can be complicated by common comorbidities, such as obesity
and fibromyalgia [46,47]. In contrast, outcomes based on more
objective measures, such as radiographic, skin, and nail instru-
ments, demonstrated clear separation between both guselkumab
dosing regimens and placebo.

The findings from APEX not only confirm the highly favour-
able benefit-risk profile of guselkumab Q4W and Q8W in treat-
ing the signs and symptoms of active PsA across a broad range
of patient types [14—16] but also support guselkumab as the
only IL-23p19-subunit inhibitor to demonstrate statistically sig-
nificant inhibition of radiographic progression in this popula-
tion. As such, guselkumab is unique in its ability to
comprehensively address important treatment goals, including
preservation of joint health, shared by patients with PsA and
their health care providers.
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with intestinal tissue datasets, and functional analysis of entheseal stromal populations were
undertaken. Functional immunomodulation by entheseal mesenchymal stromal cells (MSCs)
was evaluated via coculture with activated T cells. CD39/CD73 pathway involvement was con-
firmed using pharmacological inhibition and transcriptional profiling.

Results: Single-cell RNA sequencing of 27,348 entheseal cells revealed a lower frequency of Tregs
in the T cells of the enthesis (2.60% + 0.36%) compared to those of the ileum (7.37% + 4.47%)
and colon (18% =+ 8.59%). We found that entheseal fibroblasts expressed key immunomodulatory
markers, including CD39 (ENTPD1) and CD73 (NT5E), which were further upregulated upon
coculture with activated T cells. Entheseal MSCs significantly suppressed T cell proliferation (up
to 89%, P < .0001) in an adenosine-dependent manner. Transcriptional profiling revealed that
entheseal MSC cocultured with activated T cells upregulated genes of known functional impor-
tance in Treg, including IL10, IDO1, PTGS2, HLA-G, and CD274. In this assay, dual CD39/CD73
inhibition restored T cell proliferation by ~48% (P = .0004), confirming that entheseal MSC-
mediated immunomodulation acts in part through an adenosine-mediated mechanism.
Conclusions: The normal spinal enthesis harbours an immunoregulatory cellular environment
related to entheseal MSCs that utilises the CD39/CD73 adenosine ectonucleotidase axis that
may help maintain local immune homeostasis, while the same adenosine ectonucleotidase
immunoregulatory pathway is likely dependent on Treg function in the intestine. This has broad
implications for understanding the cellular bases of immune dysregulation in the gut-joint axis
and could help guide tissue-specific therapy in SpA.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

* Entheseal inflammation and subclinical intestinal inflammation
are both hallmarks of the seronegative spondyloarthropathy
diseases.

¢ The intestine is a site rich in immune cells, whereas entheseal
soft tissue anchorage sites are mostly composed of fibroblasts
and are subject to high biophysical stress.

* How immune regulation occurs at the enthesis is poorly under-
stood.

WHAT THIS STUDY ADDS

* We built a single-cell RNA sequencing atlas of human entheseal
tissue. We found that the healthy human enthesis has fewer
regulatory T cells than are present in healthy human intestinal
tissue.

We showed that entheseal fibroblasts are capable of robustly
inhibiting T cell proliferative responses. Native entheseal fibro-
blasts robustly expressed CD39 (ENTPDI1) and CD73 (NT5E),
which mediate the adenosine ectonucleotidase immunoregula-
tory pathways—a key element of Treg immunomodulation.
Entheseal fibroblast cocultured with activated T cells further
upregulated CD39 (ENTPD1) and CD73 (NT5E), and pharmaco-
logical inhibition of these factors significantly reduced immu-
nomodulation.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

* The normal spinal enthesis harbours a unique immunoregula-
tory cellular environment that is distinct from the intestine.

» Entheseal fibroblasts utilise molecular immunoregulatory
mechanisms that are shared with regulatory T cells, and some
of these could be tractable for future development of therapy
for enthesitis.

INTRODUCTION

The seronegative spondyloarthritis (SpA) family constitutes a
cluster of inflammatory diseases predominantly afflicting mus-
culoskeletal structures, skin, eye, and the intestine. While sub-
stantial progress has been made in unravelling the cellular
make-up and the pathogenic mechanisms within the skin and
intestine [1,2], the immune dynamics of the enthesis—a central
site of musculoskeletal inflammation in SpA—remain largely
uncharted [3]. Of particular note, subclinical intestinal inflam-
mation is common in SpA, but there is a therapeutic disconnect
between drug efficacy in the intestinal and axial skeleton. In the
axial skeleton, interleukin (IL)-17 antagonism is effective but
may simultaneously be associated with nonefficacy or even the
precipitation of intestinal inflammation [4—8]. This suggests
that fundamental differences may exist between normal spinal
and intestinal immunity in SpA.

The healthy human spinal enthesis contains fibroblasts also
known as mesenchymal stromal cells (MSCs) due to the ability
of such cells to differentiate into osteoblast, adipocyte and chon-
drocyte lineage cells (ref our MSC enthesis paper). Furthermore,
myeloid cells, conventional T cells, and various innate immune
cell populations, including y6 T cells and innate lymphoid cells
(ILCs), have been reported [9]. Given that entheses are sites of
high biophysical stress, microdamage and microinflammation,
identification of the cellular mechanism(s) that govern normal
entheseal immunoregulation and immune homeostasis is of cen-
tral importance for understanding the etiopathology and inform-
ing the targeted treatment of human SpA [10].
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Regulatory T cells (Tregs) are important for peripheral toler-
ance in many tissues with their absence in the gut resulting in
potentially fatal neonatal colitis [11]. Moreover, it is noteworthy
that subclinical colitis and dysbiosis frequently occur in SpA
spectrum diseases [7,12]. The basis for the presence of both
entheseal and intestinal inflammation in SpA spectrum disorders
remains incompletely understood. The reason why intestinal
inflammation typically remains subclinical in SpA, in contrast to
that of axial and peripheral joints, is unknown. If a common dis-
ease process is assumed, it is possible that, commensurate with
it being a barrier site, the gut harbours different immunomodu-
latory mechanisms than are found in healthy entheses, which
are sterile tissues.

In a previous report, using bulk RNA-seq and cytometric
analysis, we noted a paucity of Tregs in the normal soft tissue
and bony anchorage of the spinal enthesis [9], suggesting that
other cell types may provide immune tolerance and tissue
homeostasis. One of the key shared pathways between Tregs
and stromal cells for mediating immunosuppression is the
CD73/CD39 adenosine pathway [13—15]. This mechanism
relies on the enzymatic actions of CD39 (ectonucleoside tri-
phosphate diphosphohydrolase 1 [E-NTPDasel]) and CD73
(ecto-5'- nucleotidase [Ecto5'Ntase]). CD39 catalyses the
hydrolysis of adenosine triphosphate (ATP) and adenosine
diphosphate (ADP) into 5’-adenosine monophosphate, which is
subsequently converted into adenosine by CD73 [15]. This pro-
cess plays a critical role in immune regulation by producing
adenosine, a potent immunosuppressive molecule [16,17].
Notably, both entheseal soft tissue MSCs (EST-MSCs) and peri-
entheseal bone MSCs (PEB-MSCs) are known to exhibit surface
expression of CD73 [18].

Here, we generated the first single-cell atlas of the human spi-
nal enthesis to assess the presence of immunomodulatory cell
populations in the soft tissue and bony anchorage of the enthe-
sis. We propose that the reduced frequency of Tregs in the
healthy spinal enthesis compared to intestinal tissues is compen-
sated for by shared specialised regulatory functions of entheseal
MSCs. In keeping with this concept, we demonstrate that enthe-
seal MSCs are capable of suppressing activated T cells via the
adenosine pathway.

METHODS

Approval was obtained from the Northwest-Greater Man-
chester West Research Ethics Committee (16/NW/0797). Tissue
was obtained from patients undergoing elective spinal surgery
for either scoliosis correction or lumbar decompression. Samples
included interspinous ligament enthesis and adjacent bone
anchorage tissue from regions macroscopically free of inflamma-
tion or gross pathology. The interspinous ligament is anatomi-
cally distant from primary degenerative or deformity-related
changes and is not typically involved in these disease processes.
Full details of sample processing and generation of single-cell
data using the 10X Genomics Chromium platform are described
in the Supplementary Methods. Single-cell data analysis was
processed using cellhub pipelines (https://github.com/sansom
lab/cellhub) and the downstream computational analyses per-
formed as described in the Supplementary Methods. T cell
assays, immunoassay, cytokine measurements, bulk RNA identi-
ties sequencing, CD73/CD39 antagonism assays, and statistical
analyses were performed as described in the Supplementary
Methods.
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RESULTS

Generation of a single-cell atlas of human spinal enthesis

We used single-cell RNA sequencing to investigate the cellu-
lar basis of immunomodulation in the enthesis (Fig 1A). After
quality control (see Methods), we clustered 27,348 single-cell
transcriptomes from 4 paired peri-entheseal bone (PEB) and
entheseal soft tissue (EST samples, identifying 17 transcription-
ally distinct immune cell subsets (Fig 1B,C). These comprised
myeloid cells (including progenitors, mature neutrophils, and
monocytes), B cells at different stages of differentiation, T cells,
erythroid cells including precursors and MSCs (Supplementary
Fig S1B,C). The presence of differentiating B and myeloid cells,
along with nucleated erythroid cells, is likely attributable to the
inclusion of bone marrow in the digested samples.

Comparative composition analysis of the EST and PEB sam-
ples showed that most cell subsets were present at both anatomi-
cal sites, with the exception of endothelial cells and fibroblasts,
which were found almost exclusively in the soft tissue entheseal
region (Fig 1D, Supplementary Fig S1A). This shift in MSC com-
position aligns with known ligamentous soft tissue structure,
where mechanical fibroblast lineage cells are more abundant
compared to mineralised zones and the underlying trabecular
regions that are rich in marrow lineage cells but have a paucity
of fibroblasts. Conversely, plasma cells, early B cells (pre-B and
pro-B cells) and erythroid cells were more abundant in the
bone-associated region (reflecting the presence of bone marrow
tissue in the sampled enthesis bony anchorage region).

Extraction and reanalysis of myeloid cells revealed the pres-
ence of distinct monocyte and neutrophils clusters (Fig 1D),
arranged along a continuum suggestive of a potential differenti-
ation trajectory (Supplementary Fig S1D). These led to (i) 2
VCAN and S100A4 expressing monocyte populations (monocyte
1,2) and (ii) 3 subsets of neutrophils, which were characterised
by expression of SI00A8/9 cells (neutrophils 1) and CD24 and
LCN2 (neutrophils 2 and 3). The higher-resolution clustering of
the myeloid space also allowed the separation of common mye-
loid progenitors (characterised by ELANE, MPO), pro-myelo-
cytes (DEFA3, CD24) and mast cells (CPA3, HDC) (Fig 1D and
Supplementary Fig S1E). To investigate which myeloid cell pop-
ulations might contribute to cytokine production in the enthesis
under inflammatory conditions such as SpA, we examined the
expression of known inflammatory mediators (Fig. 1C). Tumour
necrosis factor (TNF), IL1B, and IL6 expression were found pre-
dominantly in mature monocytes. Neutrophils, in contrast, were
the principal myeloid source of CXCL8 (encoding IL-8) in the
healthy spinal enthesis, as previously observed [19], while MIF,
an emerging inflammatory mediator in SpA [20], was broadly
expressed by monocytic subsets (Fig 1E). Lastly, PTGS2, encod-
ing COX-2, was found in both mature neutrophils and
monocytes.

T cell diversity and reduced Tregs in the spinal enthesis

To characterise the entheseal T and natural killer (NK) cell
populations, we extracted and reanalysed these cells separately,
adopting a bespoke strategy to integrate T cells from the bone
and soft tissue (see Methods, Supplementary Fig S2A). We iden-
tified 11 T cell and NK subpopulations, including rare, special-
ised lymphocyte subsets previously described in entheseal
studies, such as y§ T cells, ILCs, and tissue-resident memory cells
(Fig 2A,B; Supplementary Fig S2B).
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A small population of Tregs was also detected (Fig 2A-C).
Given our previous finding of a paucity of conventional (CD4
+CD25+FOXP3+) Tregs in the spinal enthesis [9], we com-
pared the immunomodulatory phenotype and frequency of cells
from the enthesis with those identified in a aingle-cell RNA
sequencing (scRNA-seq) study of the intestine [2], another site
of inflammatory involvement in SpA [21] (Fig 2D,E).

At the transcriptional level, entheseal and intestinal Tregs
showed similar expression of FOXP3, TIGIT, IL2RA, and CTLA4.
IKZF2, which encodes Helios, was detected in a much larger
fraction of entheseal Tregs, indicating that a greater proportion
of entheseal Tregs were thymic-derived, while the lower levels
of IKZF2 in the intestinal Treg population were consistent with
the large numbers of peripherally induced Treg known to be
present in the gut [22] (Fig 2D). Entheseal Tregs also showed
more frequent expression of TGFB1 [23]. Within the total T cell
population, Tregs were present at a lower frequency in the T cell
population of the healthy enthesis (2.60% + 0.36%) compared
to that of the healthy ileum (7.37% + 4.47%) and healthy colon
(18% + 8.59%) (Fig 2E). For an annotation-free assessment of
the regulatory potential of T cell in the enthesis, we scored the
expression of Treg ‘signature genes’ in all T cells from the enthe-
sis and intestine [24]. While most T cells in both tissues showed
low regulatory scores, a subset of healthy intestinal T cells had
high Treg signature scores (>0.5). In contrast, no T cells from
the healthy enthesis showed high Treg signature scores (Supple-
mentary Fig S2C). The entheseal T cell populations showed a
lower cytotoxicity scores than T cells from the gut [25], poten-
tially explaining the reduced frequency of Tregs present in the
enthesis (Supplementary Fig S2C). To help confirm our findings,
we also examined T cells from a murine enthesis dataset [26].
This analysis was limited by low T cell numbers, but consistent
with our observations of low Treg frequency in the human
enthesis, we did not detect Foxp3 messenger RNA (mRNA) or
identify any cell predicted to be a Treg by automated annota-
tion.

We hypothesised that the paucity of Tregs (and absence of T
cells with high Treg signature scores) in the stromal compart-
ment of the enthesis, compared to the intestine, might reflect
the differing immunomodulatory requirements at these sites.
Unlike the enthesis, the gut is a barrier site in which cytotoxic
lymphocytes are important for host defence. Intestinal Tregs are
essential for maintaining homeostasis and orchestrating tolero-
genic responses to the microbiota [27,28]. In contrast, we rea-
soned that, at the enthesis, immunomodulation of inflammatory
signals resulting from sterile physical stress and microdamage
may rely on MSCs to maintain immune homeostasis rather than
Tregs.

Enthesis-derived MSCs suppress T cell proliferation and modulate
cytokine levels in a dose-dependent manner

To evaluate the immunomodulatory potential of EST-MSCs
and PEB-MSCs, a direct contact coculture assay was conducted.
Stimulated T cells were cocultured with EST-MSCs or PEB-
MSCs at ratios of 1:1, 1:2, 1:4, and 1:8 (MSCs to stimulated T
cells) for 5 days. Unstimulated T cells were negative controls,
and stimulated T cells without MSCs were positive controls. On
day 5 of coculture, T cells in suspension were collected from the
supernatants and the suppression of their proliferation was
assessed using flow cytometry, with gating on the CD45
+CD90—CD4 + CD25- population (Fig 3A,B). The proliferation
index was then calculated and normalised to that of stimulated
T cells. Coculturing with EST-MSCs and PEB-MSCs significantly
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Figure 1. Single-cell atlas of the spinal enthesis: (A) schematic diagram outlining the study methodology. (B) The Uniform Manifold Approximation
and Projection (UMAP) shows the annotated map of 27,348 single cells from peripheral enthesis bone (PEB) and entheseal soft tissue (EST). (C) Dot
plot showing marker gene expression across identified cell clusters, with colour intensity indicating normalised expression and dot size representing
the fraction of expressing cells. (D) The boxplots show the cellular composition by anatomical site within the enthesis complex. (E) The UMAP shows
visualisation of myeloid cell subpopulations. (F) The dot plot shows the expression levels of key inflammatory mediators in the entheseal myeloid cell
populations. CMP, common myeloid progenitor; MSC, mesenchymal stromal cell.
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Figure 2. T cell subpopulations in the spinal enthesis: (A) UMAP visualisation of T cell transcriptomes from the spinal enthesis, showing distinct sub-
populations. (B) Dot plot displaying marker gene expression across identified T cell clusters. (C) Cluster percentages across entheseal soft tissue and
bone regions. (D) Regulatory marker expression in FOXP3 + regulatory T cells (Tregs) from enthesis tissue and intestinal sites (Crohn’s disease and
healthy controls). (E) Proportion of Tregs in total T cell populations across different anatomical sites (bone/enthesis n = 4, ileum n = 8-24, colon
n = 5-17). Tregs were significantly lower in the enthesis compared to the intestine (Wilcoxon rank sum test, P = .002).
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suppressed the proliferation of stimulated T cells. The most sub-
stantial suppression was observed at a 1:1 ratio of MSCs:T cells,
with a proliferation index of 21.2% for EST-MSCs (P < .0001)
and 9.5% for PEB-MSCs (P < .0001). As the MSCs:T cells ratio
decreased, the proliferation index increased (Fig 3B): 31.2% (P
< .0001), 42.9%(P < .0001), and 74.1% (P = .0205) for EST-
MSCs and 21.5% (P < .0001), 35.5% (P < .0001), and 64.7%
(P = .0006) for PEB-MSCs at ratios of 1:2, 1:4, and 1:8, respec-
tively. No significant difference was found between the abilities
of EST-MSCs and PEB-MSCs to suppress T cell proliferation
(P = .746), suggesting that EST-MSCs and PEB-MSCs suppressed
T cell proliferation in a dose-dependent manner.

Additionally, cytokine levels were measured in the superna-
tants of cocultured cells at the 1:1 ratio, where the most
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Figure 3. Immunomodulatory effects of EST-MSCs and PEB-MSCs on
stimulated T cells: (A) T cells were cocultured with EST-MSCs or PEB-
MSCs for 5 days, stained with CD90, CD45, CD4, CD25, and 7AAD for
viability assessment. CD45+CD90—CD4 +CD25-T cells were gated
and analysed for proliferation. Histograms show proliferation suppres-
sion across increasing T cell ratios (n = 5). (B) Comparative analysis
of T cell proliferation suppression by EST-MSCs (left) and PEB-MSCs
(right) at varying ratios. Stimulated T cells alone serve as a positive
control. (C) Cytokine levels (TNF-a, IFN-y, IL-22, IL-6) in coculture
supernatants were quantified (n 3). Statistical significance was
assessed using 1-way ANOVA (P < .05, P < .001, P < .0001). Error
bars represent mean + SD. FSC, forward scatter; ANOVA, analysis of
variance; EST, entheseal soft tissue; IL, interleukin; IFN, interferon;
MSC, mesenchymal stromal cell; TNF, tumour necrosis factor; PEB,
peri-entheseal bone.

significant suppression of T cell proliferation was observed. The
T cell proliferation-related cytokines TNF-a, interferon-y, and IL-
22 were significantly reduced with both EST-MSCs and PEB-
MSCs (P < .0001). On the other hand, IL-6 was significantly
increased at 1:1 ratio with both EST-MSCs and PEB-MSCs (P <
.0001), consistent with its known abundant production by fibro-
blasts and also potentially its known immunoregulatory role in
T cells [30] (Fig 3C).

Spinal enthesis-derived MSCs suppress T cell activation through
CD39/CD73 axis

To explore the immunosuppressive mechanism mediated by
spinal enthesis MSCs, we assessed the surface expression of the
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after coculture with stimulated T cells (1:1 ratio), com-
pared to controls. (H) Log fold change of differentially
expressed genes in cocultured EST-MSCs and PEB-MSCs
with stimulated T cells, compared to MSCs without
inhibitors (n = 3). (I) Cnet plot illustrating upregulated
and downregulated pathways via gene set enrichment
analysis (GSEA). Expression intensity is colour-coded
(blue = upregulated, red = downregulated) relative to
controls (MSCs only). VST, variance stabilizing transfor-
mation; ANOVA, analysis of variance; EST, entheseal
soft; MSC, mesenchymal stromal cell; TNF, tumour
necrosis factor; PEB, peri-entheseal bone.
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CD39/CD73 axis markers on resting entheseal MSCs and on
MSCs expanded in culture after their coculture with stimulated
T cells.

Cells derived from uncultured CD90+ CD45— EST and PEB
showed expression of CD73 and CD39 (Fig 4A,B). A significant
difference was observed in the coexpression of CD73+CD39
between EST CD90 + CD45— cells and PEB CD90 + CD45— cells,
with proportions of 2.08 and 51.93, respectively (P = .0143)
(Supplementary Fig S3). We next investigated whether the
expression of CD39 and CD73 by entheseal MSCs could be
induced by stimulated T cells. Coculture of EST-MSCs and PEB-
MSCs with stimulated T cells led to an elevation in the expres-
sion levels of CD39 and CD73, with the highest expression
observed at a 1:1 ratio compared to the negative control (MSCs
without T cells) (P < .0001) (Fig 4C,D). In keeping with their
comparable immunosuppressive function, the transcriptomes of
EST and PEB-MSCs were highly similar, showing a Pearson cor-
relation of r > 0.99 (Fig 4E), and a differential expression analy-
sis (DESeq2, Benjamini—Hochberg adjusted P < .05, log, fold
change > 1) identified no genes with significant differential
expression between the 2 populations (Supplementary Fig S3B).
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To further delineate the mechanism of T cell proliferation
suppression, we performed bulk RNA-seq profiling of cocultures
of spinal enthesis MSCs and T cells. MSCs cocultured with stimu-
lated T cells had a significantly different transcriptomic profile
to the MSCs with no coculture. In EST-MSCs, coculture with
stimulated T cells upregulated 390 and downregulated 306
genes (DESeq2, Padj < .05, |log2FoldChange| > 2) (Fig 4F; Sup-
plementary File S1). Key significantly upregulated transcripts
included those encoding IDO1 (11-fold, Padj < .0001), PTGS2
(8.7-fold, Padj < .0001), IL1A (4.9-fold, Padj < .0001), IL6 (6.5-
fold, Padj < .0001), and IL33 (3.0-fold Padj < .0001). While
these latter cytokines are well known for their proinflammatory
functions, their expression in both fibroblasts and MSCs has also
been associated with context-specific immunoregulatory effects,
including modulation of T cell responses and support of immune
homeostasis [29,30]. Immune checkpoint regulators such as
HLA-G (8.6-fold, Padj < .0001) and CD274 (6.3-fold, Padj <
.0001) were also significantly upregulated. Transcripts from the
genes encoding CD39 and CD73 (ENTPDI and NT5E) showed
small, nonsignificant increases compared to MSCs with no cocul-
ture (Fig 4H).
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Table

Ann Rheum Dis 84 (2025) 1995—-2007

Functional enrichment analysis results using gene set enrichment analysis

EST-MSCs PEB-MSCs
EST PEB

ID Description NES Padj NES Padj
GO0:0050727  Regulation of inflammatory response 1.869168673 1.36834E—-06 1.790646268 1.19929E-05
GO0:0019221  Cytokine-mediated signalling pathway  2.495508595 1E-10 2.568040444 1E-10
G0:0050863 Regulation of T cell activation 2.374466468 1E-10 2.457049726 1E-10
GO0:0060348  Bone development —1.957946691  1.63464E—06  —1.815266647  4.20194E—05
G0:0051216  Cartilage development —1.920879981  5.70038E—06  —1.924765499  9.65674E—06

EST, entheseal soft; MSC, mesenchymal stromal cell; PEB, peri-entheseal bone.
This table presents the identified upregulated and downregulated pathways obtained from gene enrichment set analysis, including
the normalised enrichment score (NES) and corresponding Padj.

In PEB-MSCs, 90 transcripts were upregulated and 119 were
downregulated (Fig 4G; Supplementary File S2). Similar trends
were observed, with significant upregulation of IDO1 (6.7-fold,
Padj < .0001), PTGS2 (6.4-fold, Padj < .00001), IL1A (4.8-fold,
Padj < .0001), IL6 (5.9-fold, Padj < .0001), and CD274 (5.7-
fold, Padj < .05). As for the PEB-MSCs, ENTPD1 and NT5E
showed small, nonsignificant increases (Fig 4H).

Gene set enrichment analysis revealed shared enrichment in
key immunosuppressive pathways in both MSC types. These
included ‘regulation of inflammatory response’ (normalised
enrichment score [NES] = 1.87, Padj < .0001 for EST-MSCs,
NES = 1.79, Padj < .0001 for PEB-MSCs), ‘Cytokine-mediated
signalling” (NES = 2.49 Padj < .0001 for EST-MSCs, 2.56 Padj
< .0001 for PEB-MSCs), and ‘Regulation of T cell activation’
(NES = 2.37 Padj < .0001 for EST-MSCs, 2. Padj < .0001 for
PEB-MSCs) (Table). Downregulated pathways included
‘Cartilage development’ (NES = —1.92 for both MSC types) and
‘Bone development’ (NES = —1.95 Padj < .0001 for EST-MSCs,
—1.81 Padj < .0001 for PEB-MSCs), indicating a shift from dif-
ferentiation to immunoregulation (Fig 41, Table).

Several genes known to be upregulated in in vitro Treg sup-
pression assays were also significantly increased in EST-MSCs
and (2.1-fold, Padj .008) in PEB-MSCs) including IDOI,
PTGS2, CD274, IL10, and HLA-G in addition to IL33 (3.0-fold,
Padj < .00001), further highlighting the role of these MSCs in
immunomodulation associated with Treg function (Fig 4G).

Taken together, these findings confirm that MSCs from both
EST and PEB upregulate multiple transcripts associated with
Treg-mediated suppression when cocultured with activated T-
cells, with EST-MSCs showing consistently higher expression
levels.

Entheseal ENTPD1 derived immunoregulatory MSCs express
CXCL12

To identify whether native entheseal MSCs exhibited regula-
tory functions, we performed a separate analysis of these from
our single-cell atlas, which predominantly originated from the
soft tissue entheseal portion of each sample, consistent with the
higher cellularity of this location. High-resolution clustering
revealed 7 groups, including tendon cells (TMND + fibroblasts)
and myofibroblasts (MYL9, ACTA2) (Fig 5A,B). Among the
remaining clusters, we hypothesised that the CXCL12+ cells,
expressing ENTPD1 and LEPR [31] (Fig 5C), and at least in part
NGFR (encoding CD271 that is a marker for native MSCs), likely
contained cells with immunoregulatory transcript expression.
CXCL12+ cells were enriched in the bone marrow enthesis
anchorage locations compared to soft tissue, in keeping with the
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known role of CXCL12 (which encodes for SDF-1) in regulating
haematopoiesis (Fig 5D). Conversely, NT5E expression was
more diffuse across various MSC cell subsets. Given that contact
with activated T cells upregulates these markers (Fig 4C,D), it is
plausible that more than 1 subtype of MSCs may be involved in
maintaining enthesis integrity and promoting immune homeo-
stasis. To help confirm our findings, we examined 2 publicly
available single-cell RNA-seq datasets from murine enthesis tis-
sue [26,32]. While we did not find an identical counterpart to
the human CXCL12+ regulatory MSCs, both Nt5e (CD73) and
Entpdl (CD39) were expressed in the adult murine enthesis sam-
ples from both datasets (Supplementary Fig S4). Together, these
data support the conclusion that fibroblast populations capable
of immunomodulatory functions are conserved in human and
mice entheses. While TNMD + SCX+ MKX+ cells are canoni-
cally associated with tendon/ligament, their enrichment in PEB-
derived clusters may reflect either true anatomical extension
into adjacent bone as small entheses have a relatively paucity of
fibrocartilage compared to large ones, thus making microana-
tomical dissection technically challenging and resulting in par-
tial tissue overlap during dissection. Other hitherto undefined
factors may be involved, but this limitation does not affect our
broader immunoregulatory findings, which were validated in
anatomically separated cultures. Future studies incorporating
spatial validation techniques such as immunohistochemistry
(IHC) or Visium-based transcriptomics are warranted to map the
tissue distribution of tenogenic and stromal subsets with greater
anatomical resolution. Further, in one of the samples, we noted
the presence of a cluster of cells that co-expressed Entpd1, Nt5e,
Cxcl12, and Tgfbl (GSE182997 cluster 2; Supplementary Fig
S4). Together, these data support the conclusion that fibroblast
populations capable of immunomodulatory functions are con-
served in human and mice entheses.

MSC-mediated adenosine pathway involvement modulates T cell
proliferation

Given that CD73 and CD39 were both expressed by EST-
MSCs and PEB, we tested the capacity of entheseal MSCs to
mediate immunomodulation via the adenosine pathway. EST-
MSCs and PEB-MSCs were treated with specific inhibitors target-
ing CD73 and CD39 (APCP and POM-1, respectively). These
cells were subsequently cocultured with stimulated T cells at
both 1:1 and 1:4 ratios, and single and double blockage experi-
ments were conducted, and the impact on the suppression of T
cell proliferation was determined at day 5.

To verify adenosine production and inhibition, we quantified
the total adenosine production in the supernatant and observed
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Figure 5. Stromal cells in the enthesis express CXCL12 and ENTPD1: (A) UMAP visualisation of stromal cells from the spinal enthesis, displaying dis-
tinct cellular clusters. (B) Dot plot showing marker gene expression across identified stromal cell subsets. (C) Expression of markers of CXCL12+ fibro-

blasts. (D) Cluster percentages across tissue sites.

a significantly increased adenosine production at a 1:1 coculture
compared to MSCs alone (P < .0001) (Fig 6A). However, the
blockade of CD39 and/or CD73 on MSCs cocultured with stimu-
lated T cells substantially reduced adenosine production (P <
.0001) compared to untreated cocultured MSCs.

Next, we assessed the impact of adenosine inhibition on the
ability of MSCs to control the proliferation of stimulated T cells.
We observed an increase in the proliferation index of T cells by
18% (P = .2934) and 35% (P = .2934) with EST-MSCs and
PEB-MSCs pretreated with the CD73 blocker APCP. Similarly, at
a 1:1 ratio, the proliferation increased by 12% (P = .8397) and
26% (P = .8397) with EST-MSCs and PEB-MSCs pretreated with
the CD39 blocker POM-1, compared to cocultured T cells with
untreated MSCs. Dual blockade of CD39 and CD73 led to a 47%
and 48% increase in T cell proliferation with EST-MSCs
(P = .0004) and PEB-MSCs (P = .0004) (Fig 6B,C). Similar com-
parisons were made at a 1:4 ratio, for which the pretreatment of
EST-MSCs and PEB-MSCs with APCP increased T cell prolifera-
tion by 29% (P = .3542) and 20% (P = .3542), respectively.

Likewise, T cell proliferation increased by 39% and 20% follow-
ing POM-1 treatment with EST-MSCs and PEB-MSCs, respec-
tively (P = .1639). However, pretreatment of EST-MSCs and
PEB-MSCs with both APCP and POM-1 resulted in the loss of the
ability to suppress T cell proliferation, as evidenced by a 90%
and 87% increase in the proliferation index of T cells cocultured
with EST-MSC and PEB-MSCs, respectively (P < .0001) com-
pared to cocultured T cells with untreated MSCs (Fig 6B,C).

To explore the effects of adenosine pathway inhibition on
MSC-mediated immunoregulation, we performed bulk RNA-seq
on EST- and PEB-derived enthesis MSC cocultured with acti-
vated T cells in the presence or absence of CD73 and CD39
inhibitors (APCP and POM-1, respectively).

To visualise transcriptomic changes following dual CD39/
CD73 blockade, we generated a volcano plot comparing EST-
MSCs/PEB-MSCs cocultured with activated T cells + APCP and
POM-1 combined (Fig 6D). Several immunomodulatory tran-
scripts of interest—including IDO1, HLA-G, IL1A, IL6, PTGS2,
IL10, NT5E, ENTPD1, and CD274—were consistently
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Figure 6. Impact of adenosine pathway inhibition on MSC-mediated immunosuppression of activated T cells: (A) total adenosine levels in superna-
tants from EST-MSCs and PEB-MSCs pretreated with CD73 inhibitor (APCP) and CD39 inhibitor (POM-1), followed by coculture with stimulated T
cells at varying ratios (n = 3). (B, C) T cell proliferation index after coculture with EST-MSCs and PEB-MSCs pretreated with 50 M APCP and 100 M
POM-1 at 1:1 and 1:4 ratios (n = 5). (D) Volcano plot showing differentially expressed genes in MSCs following coculture with activated T cells versus
MSCs treated with APCP and POM-1. Red dots represent significantly upregulated genes (adjusted P < .05; |log,FC| > 1) (n = 3). EST, entheseal soft;
MSC, mesenchymal stromal cell; PEB, peri-entheseal bone; POM-1, sodium polyoxotungstate; APCP, a, 3-methylene ADP.

downregulated with fold changes exceeding the log,(FC) thresh-
old of —1. MSCs, transcripts were downregulated following inhi-
bition including IDO1 (—4.07 fold, Padj = .002), PTGS2 (-2.8
fold, Padj = .05), IL1A (—3.6-fold, Padj < .0001), IL6 (—3.4fold,
Padj < .05), HLA-G (—2.6 fold, Padj < .05), and CD274 (—3.7-
fold, Padj < .0001) (Supplementary File S3 and Supplementary
Fig S3C).

DISCUSSION

The enthesis is a biomechanically dynamic interface between
tendons or ligaments and bone. It constantly undergoes micro-
damage and repair and is a key site of pathology in SpA [33,34].
The existence of a gut-joint and a gut-enthesis axis in SpA is also
well-recognised but the immunological mechanisms underlying
shared entheseal and intestinal immune homeostasis remain
poorly understood [35]. This study provides the first detailed
single-cell atlas of healthy human spinal enthesis, offering new
insights into its cellular architecture and immunoregulatory
dynamics. A key finding from our study was the paucity of
FOXP3+ Tregs that we observed in the enthesis relative to the
gut [2,9]. This low entheseal Treg presence contrasts with the

robust immunosuppressive environment maintained at the
enthesis, implicating MSCs as the key contributors to local
immune regulation, a function that complements, rather than
replaces, canonical Treg-mediated tolerance seen in other tis-
sues. Given that MSCs are especially abundant in the EST adja-
cent to fibrocartilage in the soft tissue side of the enthesis
further supports a key role of this pathway at that location. By
leveraging multiple pathways, including the CD73/CD39 adeno-
sine axis, which is also operative in stromal cells from other tis-
sues, MSCs appear to be to contribute to the regulation of
immune responses in the enthesis, potentially compensating for
the paucity of entheseal Tregs in health, ensuring immune
homeostasis in this mechanically stressed tissue [17,18]. Never-
theless, it is plausible that the relative absence of Tregs at enthe-
seal sites may help to explain their susceptibility to
inflammation and damage in SpA. It is tempting to speculate
that the immunosuppressive capacity of MSCs can be overcome
by the infiltration of ‘arthritogenic’ self-reactive T cells into
these normally sterile tissues [36].

The CD73/CD39 adenosine axis plays a vital role in MSC-
mediated immunoregulation [14]. This pathway catalyses the
conversion of extracellular ATP and ADP, released during tissue
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stress or injury, into immunosuppressive adenosine [17,37]. Our
findings demonstrate that both EST-MSCs and PEB-MSCs
express CD73 and CD39, with further upregulation observed in
the presence of activated T cells. While ENTPD1 (CD39) and
NT5E (CD73) transcripts showed only modest, statistically insig-
nificant, changes compared to MSCs without coculture, the
increased surface protein levels (Fig 4C) suggested that the sur-
face levels of these factors are regulated post-transcriptionally.
The translation efficiency and stability of CD39/CD73 proteins
may be modulated independently of mRNA levels, leading to
increased surface expression [38]. Another possibility is intra-
cellular trafficking, where CD39/CD73 might have an intracellu-
lar reservoir that is trafficked to the membrane under coculture
conditions, contributing to elevated surface levels [39]. Addi-
tionally, protein recycling and shedding could be involved, with
CD39/CD73 undergoing rapid cycling between intracellular
compartments and the plasma membrane. Additionally, a reduc-
tion in protein turnover could lead to accumulation on the sur-
face [40]. This dynamic response underscores the adaptive
capacity of MSCs to modulate inflammation in response to local
signals. However, in SpA, this pathway may become dysregu-
lated or overwhelmed by chronic inflammation and elevated
levels of proinflammatory cytokines [12,14].

Consistent with a role of this pathway in immunosuppres-
sion, inhibition of CD73/CD39 led to a significant reduction in
adenosine levels, a 50% increase in T cell proliferation, and
downregulation of key immunosuppressive transcripts, includ-
ing IDO1, PTGS2, IL10, and HLA-G. Although we observed par-
tial reversal of MSC-mediated suppression with pharmacologic
CD39 and CD73 blockade, we acknowledge that these inhibitors
—particularly POM-1—can have off-target effects on other
nucleotidases. Our approach mitigated this by applying inhibi-
tors exclusively to MSCs and confirming that T cell only viability
and proliferation were unaffected. While siRNA or blocking anti-
bodies could provide complementary validation, transfection
efficiency in primary MSCs is low and donor-to-donor variability
further limits standardisation. This limitation of our study could
be addressed in future by the use of genetic or antibody-based
strategies to inhibit the adenosine pathway. We acknowledge
that pharmacologic inhibition, even transient, may reprog-
ramme MSC transcriptional or metabolic states, and thus the
observed effects on T cells may not solely reflect acute adenosine
pathway blockade. Gene knockdown or clustered regularly
interspaced short palindromic repeats (CRISPR)-based deletion
of ENTPD1 and NT5E in MSCs would provide complementary
mechanistic validation and is a priority for future work.

Our observation that CD73/CD39 inhibition led to approxi-
mately a 50% increase in T cell proliferation indicates that EST/
PEB-MSCs employ additional immunosuppressive mechanisms
that complement the CD73/CD39 axis, and we found evidence
that MSCs can utilise multiple immunomodulatory pathways to
suppress inflammation and promote immune tolerance. Transcrip-
tomic profiling revealed upregulation of several key molecules
during MSC-T cell interactions [41,42]. These molecules collec-
tively contribute to the suppression of T cell proliferation, modula-
tion of cytokine production, and promotion of tolerogenic
immune phenotypes. Notably, EST-MSCs demonstrated consis-
tently higher expression of these molecules compared to PEB-
MSCs, reflecting site-specific functional adaptations at the enthe-
seal soft tissue and bone anchorage. The upregulation of IDO1, a
key enzyme in tryptophan metabolism, highlights its role in creat-
ing an immunosuppressive microenvironment, while the elevation
of PGE2 (mediated by PTGS2) underscores the importance of lipid
mediators in MSC-driven immune modulation [30,43].
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The observed overexpression of checkpoint molecules such as
CD274 and HLA-G further indicates the convergence of MSCs
and Tregs on shared immunoregulatory mechanisms, supporting
the hypothesis that MSCs act as surrogate immune regulators in
the enthesis. Although transcriptomic profiling revealed consis-
tent upregulation of key immunomodulatory genes (eg, IDO1,
PTGS2, IL6, HLA-G, CD274), we recognise that post-transcrip-
tional regulation may alter protein output. Similar to our valida-
tion of CD39 and CD73 levels by flow cytometry, assessment of
these additional immunomodulatory factors using protein-based
techniques (eg, ELISA or immunoblotting) will be important for
future studies of their roles in entheseal immunomodulation.
We noted enthesis MSC upregulation of several cytokine tran-
scripts widely known for their proinflammatory roles, including
IL6, IL1A, and IL33, following T cell coculture. The functions of
these factors is however known to be context-specific, and when
produced by stromal cells they have been shown to promote
Treg induction, control local inflammation, and support tissue
tolerance [44,45] In particular, MSC-derived IL-6 has been
shown to support Treg stability, promote the development of
myeloid-derived suppressor cells, to contribute to immune reso-
lution in barrier tissues and to suppress T cell proliferation
[30,46,47], in support of the concept that enthesis MSC-derived
IL-6 may contribute to local immune homeostasis.

MSCs have emerged as pivotal orchestrators of immunomo-
dulation in addition to their well-recognised multilineage differ-
entiation capacity in skeletal tissues [48] Within the spinal
enthesis, 2 distinct subpopulations of multipotential MSCs have
been previously identified: a PEB-derived stroma (PEB-MSCs)
and interspinous ligament EST-derived stroma (EST-MSCs), as
defined according to ISCT guidelines ref. Both populations share
the ability to undergo multilineage differentiation into skeletal
tissue elements, including bone [49]. It is known that MSCs
exert multifaceted immunosuppressive effects on various
immune cells, including B and T cells, NK cells [S50]. These
effects are mediated by the secretion of soluble factors such as
IDO1, PGE2, TGF-f, IL-10, and IL-6, as well as by direct T cell
—cell interactions, including via PD-L1.

While MSCs with immunomodulatory potential were first
described in culture-expanded bone marrow fractions and thereaf-
ter in other tissues, our data provide the first description of these
cells in the context of enthesis immunobiology [48,51]. While this
property is not exclusive to the enthesis, its presence in a tissue
with a low Treg frequency and known susceptibility to inflamma-
tion is notable. The immunosuppressive capacity of MSCs/stromal
cells is well-documented in other tissues, including the skin and
bone marrow, and has been therapeutically exploited in condi-
tions such as graft-vs-host disease using MSC-based therapies (eg,
Ryoncil). Indeed, dermal fibroblasts and other tissue-resident stro-
mal cells can suppress immune responses via similar mechanisms
[51]. Therefore, our findings extend these principles to the spinal
enthesis and support the concept that resident MSCs help main-
tain local immune homeostasis in mechanically stressed, immune-
sparse environments. Future comparative studies using fibroblasts
from other uninflamed tissues (eg. skin or lung) may further delin-
eate tissue-specific versus shared features of stromal immunoregu-
lation. Finally, we unexpectedly noted that TNMD+ SCX+ MKX
+ cells, which are canonically associated with tendon/ligament,
were more enriched at the bony anchorage side of the enthesis
but both EST and PEB-derived cells had broadly similar immuno-
regulatory capabilities. Future studies incorporating spatial valida-
tion techniques such as IHC or Visium-based transcriptomics are
warranted to map the tissue distribution of these stromal subsets
with greater anatomical resolution
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Our findings have significant implications for the pathophysi-
ology and treatment of SpA [52]. Dysregulation of MSC path-
ways, particularly the CD73/CD39 axis, may underpin the
immune imbalance observed in SpA, providing a rationale for
targeting the enhancement adenosine levels via CD73/CD39
pathway manipulation. The identification of regulatory MSC
subsets also opens new avenues for precision targeting of spe-
cific niches within the enthesis. However, as in murine arthritis
models, it is recognised that during the induction of enthesitis
that Treg and other cells may migrate from the intestine to the
enthesis and thus may assume increased importance during
inflammation [53]. Some TNF transgenic models specifically
exhibit intestinal and an enthesitis immunopathology [54].
When this TNF-dependent SpA model is crossed with the deple-
tion of Tregs (DEREG) mice, Tregs accumulate in arthritic joint
[55]. Nevertheless, the translocation of Tregs to inflamed joints
in human SpA, and their possible functional contribution, if
present, remains to be investigated.

In conclusion, our findings reveal an immunoregulatory func-
tion for MSCs in the human enthesis, extending observations
made in other tissue-resident stromal cells, and support their
potential role for these cells in normal enthesis immune homeo-
stasis. The dynamic interplay between MSCs and immune cells,
mediated by pathways such as CD73/CD39, underscores the
adaptive nature of enthesis immune regulation. Future research
should focus on comparing healthy and SpA-affected entheses at
single-cell resolution, elucidating the mechanisms by which
inflammation disrupts MSC function, and explore innovative
MSC-based therapies. In summary, compared to the intestine,
we found a paucity of entheseal Tregs but evidence that enthe-
seal MSCs subsumed functional attributes of Tregs. These find-
ings have implications for a better understanding of the
translational immunology of human SpA, particularly in relation
to tissue-specific stromal—immune interactions.
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using a newly developed East Asian MHC imputation reference panel, capable of simultaneously
imputing diverse MHC variants, including multilevel human leukocyte antigen (HLA) variants
and copy number variations (CNVs) of C4 elements, such as C4A, C4B, and human endogenous
retrovirus (HERV).

Methods: Using the whole-genome-sequencing (WGS) data from ~2000 Korean samples, we gen-
otyped and phased MHC variants, including HLA variants and C4-related CNVs, to construct an
MHC reference panel. Imputation performance of the panel was assessed through leave-one-out
cross-validation and validated using WGS and droplet digital polymerase chain reaction
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methodology. The panel was applied to 2 independent SLE genome-wide association study data-
sets, followed by stepwise conditional analyses, fine-mapping, and model comparisons.

Results: The MHC panel achieved high imputation accuracies of 95% for HLA and 94% for C4 at the
haploid-level. Independent contributions to SLE risk were identified from 6 amino acid positions alter-
ing the epitope-binding surfaces of HLA-DRB1 and HLA-C. Reduced C4A copy numbers and increased
HERV copy numbers, collectively lowering C4 protein levels, were associated with increased SLE risk,
independent of HLA variants. Our refined MHC-SLE association model provided superior explanations
for SLE risk over previous association models in an independent Korean population.

Conclusions: This study enhanced the understanding of HLA and C4 in SLE pathogenesis and holds
promise for advancing MHC association studies for immune-mediated inflammatory disorders in
East Asians using our MHC panel, accessible via https://coda.nih.go.kr/usab/kis/intro.do.

WHAT IS ALREADY KNOWN ON THIS TOPIC

* Systemic lupus erythematosus (SLE) is strongly associated with
genetic variations in the major histocompatibility complex
(MHC) region, which encompasses numerous immune-related
genes including human leukocyte antigen (HLA) genes and
complement component C4, within a region of extensive link-
age disequilibrium.

The genetic complexity of C4 has resulted in the lack of com-
prehensive MHC imputation reference panels that include both
HLA and C4 variants. Most studies have focused on either C4 or
HLA separately, making it challenging to disentangle their rela-
tionship and assess their independent effects on SLE.

WHAT THIS STUDY ADDS

» This study developed a high-accuracy MHC imputation refer-
ence panel capable of simultaneously imputing HLA variants,
C4-related copy number variations (CNVs), and other MHC var-
iants.

Independent contributions to SLE risk were identified from 6
amino acid positions altering HLA-DRB1 and HLA-C epitope-
binding surfaces, as well as from reduced C4A and increased
human endegenous retrovirus (HERV) copy numbers, which
collectively lower C4 protein levels.

A refined MHC-SLE association model is proposed, which inte-
grates HLA missense variants and C4-related CNVs, providing
superior explanations for SLE risk compared to previous mod-
els.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

* We have made our MHC imputation panel publicly available,
enabling large-scale studies of MHC-related diseases in East
Asian populations and improving the identification of causal
genetic variants in complex disorders.

By elucidating the independent roles of HLA and C4 in SLE, this
study offers a framework for refining genetic risk models, pav-
ing the way for improved personalised risk assessments.

The study presents a generalizable methodology for developing
CNV imputation panels, combining haplotype clustering with
deep learning-based models and iterative optimisation. This
approach can be applied to other complex genetic regions
where CNV characterisation poses challenges.

INTRODUCTION

Systemic lupus erythematosus (SLE) is a common polygenic
autoimmune disorder characterised by self-tolerance breakdown
and impaired nuclear antigen clearance [1]. As of 2025, over
200 SLE-associated loci have been identified, with the major his-
tocompatibility complex (MHC) region exerting particularly
strong effects [2,3]. The MHC region, enriched with immune-
related genes, exhibits extensive linkage disequilibrium (LD),
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exceptionally dense distribution of genetic variants, and the
presence of copy number variations (CNVs), making it challeng-
ing to accurately characterise individuals’ genetic variants and
dissect genetic association signals [4].

Our previous studies on human leukocyte antigen (HLA)
associations in SLE have demonstrated the crucial role of struc-
tural changes in the epitope-binding groove of HLA-DR mole-
cules, driven by HLA-DRB1 missense variants encoding amino
acid positions 11, 13, 26, and 37 in multiple Asian populations
[5—7]. Haplotypes defined by these residues explained the
majority of MHC-associated SLE risk, effectively capturing the
known SLE-risk classical alleles of HLA-DRBI, such as HLA-
DRB1*15:01 and HLA-DRB1*03:01 [5].

In parallel, some studies have reported genetic associations of
the complement component gene C4, located near HLA-DRBI,
with SLE. C4 is crucial in the human immune system, facilitating
the clearance of dead or damaged cell debris. Its genetic archi-
tecture is highly complex, involving coding variants, insertions
of human endogenous retrovirus (HERV) sequences, and CNVs.
C4 encodes 2 functionally distinct isoforms, C4A and C4B, which
differ by 4 amino acid residues within positions 1101 to 1106
and exhibit differential affinities for their molecular targets asso-
ciated with different biological pathways [8,9]. Additionally,
HERV insertion in intron 9 of C4A or C4B creates long forms of
C4A or C4B, which are associated with decreased C4 expression
in blood [10]. Most importantly, total copy number of C4 varies
widely among individuals, mostly ranging from 2 to 8 copies,
consisting of various copy numbers of both C4A and C4B, with
and without HERV segments. Therefore, the variance in expres-
sion levels of the functionally distinct C4A and C4B isoforms in
a general population is attributed mainly to the CNV of C4, with
additional modulation by the HERV insertion [9]. However, the
complex genomic architecture of C4 requires relatively low-
throughput, expensive technologies to characterise individuals’
genetic variants, limiting most C4-SLE association studies to rel-
atively small sample sizes [11—17]. Furthermore, due to the
lack of an imputation reference panel that simultaneously infers
both HLA and C4 variants along with other MHC variants, previ-
ous C4 genetic association studies have focused solely on the
effects of the C4 CNV on SLE, without considering the com-
pounding effects of HLA variants [11—17].

A recent study by Kamitaki et al [18] reported a primary
MHC-SLE association signal at C4, rather than HLA-DRB1 *03:01
using data from large European and African ancestral popula-
tions. Although the primary genetic effect could not be distinctly
attributed to either C4 CNVs or HLA-DRB1*03:01 in European
ancestry due to relatively high LD, a joint logistic regression
analysis for C4 CNVs and HLA-DRB1*03:01 in African Ameri-
cans revealed a sole association of C4 CNVs with SLE, whereas
HLA-DRB1*03:01 showed no significant association. This
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finding challenges the long-held belief regarding HLA-DRBI
associations with SLE, suggesting that the SLE-MHC association,
traditionally attributed to HLA-DRB1, may instead be driven by
CNVs of C4 alleles.

However, we urge cautious interpretation of these results for
several reasons. First, the study reported very poor imputation
accuracy in C4 copy number calls among African populations,
potentially impacting the reliability of the findings. Second, the
most significant variant was not mapped to C4 in either ances-
try. In an unconditional analysis, the study observed a stronger
significant association of HLA-DRB1*03:01 compared to the C4
CNV in Europeans. Similarly, another recent European study
identified HLA-DQB*02:01 as the most significant variant for
SLE rather than C4 CNVs [19]. In Africans, HLA-DRB1*15:03,
known as the most significant classical allele in this population,
also showed a stronger association with SLE compared to the C4
CNVs, in their study and others [20,21]. Third, adjusting solely
for HLA-DRB1*03:01 may not fully capture the multi-allelic
nature of HLA-DRBI1 associations. Residual effects after condi-
tioning on HLA-DRB1*03:01 are expected to remain substantial
around and within HLA-DRBI1. Furthermore, in African ancestry,
HLA-DRB1*03:01 contributes much less to the risk of SLE.

In our present study, we developed an innovative MHC impu-
tation reference panel from whole-genome sequencing (WGS)
data to comprehensively analyse MHC associations in SLE using
large-scale genome-wide association study (GWAS) data. Unlike
existing MHC reference panels, our panel allows for the simulta-
neous imputation of copy numbers for C4A, C4B, and HERYV, as
well as amino acid residues and classical alleles of 8 major HLA
genes, along with neighbouring single-nucleotide polymor-
phisms (SNPs) and indels across the MHC region. The imputa-
tion performance of our reference panel has been assessed
through various approaches, achieving a high level of accuracy.
Applying our imputation reference panel to large SLE GWAS
datasets, we uncovered multiple independent genetic contribu-
tions from HLA-DRBI1, C4, and HLA-C, proposing a novel SLE-
MHC association model. The analysis schematic of this study is
illustrated in Figure 1.

METHODS
Detailed methods are provided in Supplementary Methods.
RESULTS

Development of the MHC reference panel for HLA and C4
imputation

The MHC reference panel for imputing diverse MHC variants,
including HLA and C4 variants, was constructed to include
>3000 haplotypes of the general Korean population, based on
WGS data from 2 independent experimental batches. To achieve
this, we genotyped 289 classical alleles of 8 major HLA genes at
the G-group resolution (Supplementary Fig S1), which were fur-
ther defined as 102 1-field and 267 2-field resolutions, covering
1,440 amino acid positions [22].

The diploid copy numbers of C4, C4A, C4B, and HERV were
estimated using Genome STRiP [23], based on read depth and
the allele-specific read ratio between C4A and C4B (Supplemen-
tary Fig S2). Diploid copy numbers of C4 ranged from 2 to 8,
C4A from 0 to 5, C4B from 0 to 6 and HERV from 1 to 7 in the
reference samples (Supplementary Fig S3). The most common
combination included 4 copies of C4, consisting of 2 C4A copies,
2 C4B copies, and at least 2 copies of HERV (Fig 2A). The
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accuracy of WGS-based C4-typing was validated by droplet digi-
tal polymerase chain reaction (ddPCR) technology [24,25]
across 127 additional Korean samples (Supplementary Figs S4
and S5), showing highly reliable concordance rates (99.2% for
C4, 98.4% for C4A, 99.2% for C4B, and 99.2% for HERV)
(Fig 2B). The observed distributions of diploid copy numbers
align with those reported in other populations [16,17,19].

To separate each diploid copy number of C4A, C4B, and
HERV into haploid copy numbers, haplotype clustering was per-
formed using unsupervised machine learning with Gaussian
mixture variational autoencoder (GMVAE) models, followed by
the cyclic coordinate descent method (Fig 3A-B, Supplementary
Table S1, Supplementary Fig S6), as detailed in Supplementary
Methods. The frequency distributions of determined haploid
copy numbers for C4A, C4B, and HERV showed single-modal
patterns, each centred around one copy, which accounted for
the copy-number genotype distributions (Fid 3C—D). Stochasti-
cally inferred diploid copy numbers from the haplotype frequen-
cies matched the observed diploid copy numbers, indicating
that C4 CNVs followed Hardy-Weinberg equilibrium (Supple-
mentary Table S2).

Finally, we assembled the MHC imputation reference panel
by incorporating and phasing a comprehensive set of 55,632
MHC variants, including HLA variants, C4-related CNVs, and
other SNPs and indels in 1,537 quality control (QC)-passed sam-
ples.

To assess the imputation performance of the developed
panel, leave-one-out cross-validation was conducted by sequen-
tially excluding each reference sample, masking its C4 and HLA
variants, and imputing them using the MHC reference panel
with the remaining reference samples. For HLA genes, concor-
dance rates averaged 99.2% at one-field, 97.6% at 2-field, and
97.3% at G-group resolution. For C4-related CNVs, our imputa-
tion demonstrated high reliability, achieving an overall concor-
dance rate of 94.4% for C4A, C4B, and HERV haploid copy
numbers, and 90.2% (r*> = 0.83) at diploid level (Table 1). This
was slightly better than a previous C4 imputation approach (e.g.
r> = 0.78 and 0.65 for C4A in Europeans and Africans, respec-
tively) [18]. Additionally, the vast majority (95.2%) of discor-
dant results showed only one-copy differences between imputed
and observed copy numbers (Supplementary Tables S3 and S4).

Application of the MHC reference panel to large-scale SLE GWAS
datasets

We applied the new MHC reference panel to impute MHC
variants, including HLA and C4 variants, in 2 Korean SLE GWAS
datasets (discovery dataset, n = 73,148; replication datasets,
n = 4,551; Supplementary Table S5), achieving high imputation
quality scores (Supplementary Fig S7).

To further validate the imputation accuracy, we compared
imputed results with directly genotyped results from 127 QC-
passed samples, using WGS for HLA classical alleles and ddPCR
for C4-related CNVs. Concordance rates were high, with 95.3%
at 2-field HLA alleles and 89.8% for C4-related CNVs at diploid
level, consistent with results from leave-one-out cross-validation
of the MHC reference panel (Table 1).

Additionally, correlation analysis of imputed C4-related
CNVs and plasma C4 protein levels in 1,284 patents repli-
cated known effects: higher C4 copy numbers increased
plasma C4 protein levels, whereas higher HERV inserts
decreased them (Pcs, = 8.8 x 10°° and Pygry = 2.9 X 10°
23, Fig 4; Supplementary Table S6). This reinforces the reli-
ability of our C4 CNV imputation. No differential regulatory
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Figure 1. Overview of the study design. The schematic diagram illustrates the key analysis steps of the study. A, To construct an MHC imputation ref-
erence panel, WGS data from 1,904 samples in 2 independent batches were used to genotype classical alleles and amino acid residues in 8 major HLA
genes, CNVs of C4-related elements, and other MHC SNPs/indels. For C4, the WGS-based quantification of copy numbers was performed at the diploid
level, and the reliability of this quantification method was further validated using ddPCR. The diploid copy numbers of C4A, C4B, and HERV were
then segregated into haploid copy numbers through unsupervised haplotype clustering and determining the most likely haploid copy number of each
C4-related element using a cyclic coordinate descent method, based on the WGS-based diploid copy numbers across the reference individuals. For
instance, the example cluster ‘clusterl’ comprises 3 haplotypes that are likely to possess a single-copy of C4A, a single-copy of C4B, and 2 copies of
HERV (designated as A1 + B1 + L2). B, The MHC imputation reference panel was constructed by phasing all binary-coded MHC variants into haplo-
types. Its imputation performance was evaluated based on the concordance rates between actual and imputed data from both reference and external
samples. C, The newly developed imputation reference panel was applied to 2 independent SLE GWAS datasets: discovery and replication datasets.
Plasma C4 protein levels measured in 1,284 SLE patients were analysed for correlations with imputed C4-related copy numbers, revealing a positive
correlation with C4 copy number and a negative correlation with HERV copy number. Finally, through stepwise conditional and fine-mapping analy-
ses, 3 independent signals were identified at HLA-DRBI, C4, and HLA-C, which included key variants contributing to the risk of SLE: amino acid posi-
tions 11, 13, 26, 37, and 86 in the epitope-binding pocket of HLA-DRB1, position 99 in the epitope-binding pocket of HLA-C, and the copy numbers of
C4A and HERV in C4. Our refined MHC association model was compared with previous models using the replication dataset, evaluating model signifi-
cance to confirm that the variants identified through our fine-mapping analysis provided the most robust explanation for SLE risk. CNV, copy number
variation; ddPCR, digital droplet polymerase chain reaction; GWAS, genome-wide association study; HLA, human leukocyte antigen; MHC, major his-
tocompatibility; SLE, systemic lupus erythematosus; WGS, whole-genome sequencing.

effects of C4A and C4B CNVs were observed on C4 produc- discovery GWAS dataset. The genetic associations of HLA classi-

tion (Supplementary Table S6). cal alleles, HLA amino acid residues, SNPs, indels, and the dip-
loid and haploid copy numbers of C4-related elements with SLE

Primary SLE association at HLA-DRB1 tagged by 5 amino acids risk were assessed using logistic regression or likelihood ratio

in the epitope-binding groove test (LRT) adjusting for the top 5 principal components and sex.

We identified the primary association signal at HLA-DRBI,

We performed a stepwise conditional regression analysis to ~ With the most significant association occurring at amino acid
unravel multiple independent SLE association signals across the ~ Position 13 (Pirr = 3.16 X 10, followed by position 11
MHC region (28—34 Mb on chromosome 6; hg38) using the = (Prrr = 1.58 X 10"%%), which is in strong LD with position 13
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Figure 2. Distribution of diploid copy numbers of C4. A, The joint distribution of diploid copy numbers of C4A, C4B, and HERV was examined using
WGS data for reference samples (n = 1,537). The size of each data point is proportional to the frequency of samples with the corresponding combina-
tion of C4A and C4B copy numbers. Each data point is a pie chart illustrating the distribution of HERV copy numbers for the given combination of C4A
and C4B copy numbers. B, The reliability of the C4 copy number quantification method using WGS data was evaluated by comparing WGS-based
results with ddPCR-based results from 127 non-reference samples. The bi-directional histogram shows the distribution of diploid copy numbers of C4,
C4A, C4B, and HERV, as determined by ddPCR (left) and the WGS-based approach (right). Concordance rates between the 2 methods are displayed in
the bar plot on the right end, according to each copy number of C4 genes and related elements (>98.4%). ddPCR, digital droplet polymerase chain

reaction; WGS, whole-genome sequencing.

(r? = 0.81) (Fig 5A, 6A—G). Among the HLA classical alleles,
HLA-DRB1*15:01:01G (P 490 x 10°% and HIA-
DQB1*06:02:01G (P = 7.11 x 10™*®) exhibited the most signifi-
cant association with SLE risk, both of which are well-estab-
lished as SLE-risk alleles in East Asian populations (Fig 5A).

Given the complex nature of long-range haplotypes, which
may include key amino acid combinations involving residues at
positions 13 and 11 that tag specific HLA-DRBI classical alleles,
we further investigated additional independent associations
within HLA-DRBI at the amino acid level. After accounting for
positions 13 and 11, we identified independent associations at
amino acid positions 37 (Pirr = 1.54 X 107'®) and 26
(Pirr = 8.36 x 10714, which showed moderate residue correla-
tion (r* = 0.42) (Fig 6B,H). These positions provided similar
model fits for SLE association (Pigr = 1.59 X 107 for positions
11-13-37 and Pigr = 8.65 X 107° for positions 11-13-26),
which have already been reported in previous studies [5,6].
Considering the uncertainty of the secondary SLE-risk amino
acid position, we accounted for both positions 26 and 37 in the
next round of stepwise conditional regression. After condition-
ing on positions 11, 13, 26, and 37, we newly identified amino
acid position 86 (Pirr = 4.93 X 107'% Fig 6C,I). Adding or
excluding position 26 in the conditional regression model did
not change the statistical significance of position 86. No addi-
tional significant positions were detected after conditioning on
the amino acid position 11, 13, 26, 37, and 86 (Fig 6D).

The amino acid associations were confirmed in the replica-
tion GWAS dataset, revealing highly consistent residue-specific
effect sizes (Fig 6G-I) and increased significance in the combined
analysis of both datasets (Supplementary File S1). Moreover, the
3 signals derived from the 5 identified amino acid positions
exhibited the best SLE association model fit among all possible
combinations of HLA-DRB1 amino acid positions in LRTs,
accounting for the differences in the number of residues as indi-
cated by the degree of freedom (Supplementary Fig S8). These
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positions are located in close spatial proximity within the epi-
tope-binding pocket of HLA-DR molecules (Fig 6J).

Based on these findings, amino acid haplotypes of 5 key posi-
tions were tested for SLE associations, identifying 16 haplotypes
(frequency > 0.5%), including 5 SLE-risk and 7 SLE-protective
haplotypes (Pcombinea < -05; Supplementary Table S7). The
amino acid haplotype model effectively explained SLE associa-
tions of various classical alleles, including well-known SLE-risk
alleles such as HLA-DRB1*15:01 (PRSFV) in East Asians, as well
as alleles specific to Europeans (HLA-DRB1*03:01, SSYNV) and
Africans (HLA-DRB1*15:03, PRSFV), despite their low or absent
frequencies in the Korean population. Similarly, HLA-
DRB1%*13:02 and HLA-DRB1*14:03, previously reported as sig-
nificant SLE-protective alleles [26], were found to have the SLE-
protective haplotype SSPNG. Taken together, this suggests that
amino acid haplotypes not only provide a parsimonious disease
association model compared to the conventional model using
classical alleles but also demonstrate a highly transferable model
across different ancestries.

Dissecting the secondary SLE association revealed that decreased
C4A and increased HERV copy numbers confer the risk of SLE,
independent of HLA-DRB1

To determine if there were additional independent MHC
associations beyond HLA-DRBI, we conducted a conditional
analysis that adjusted for all HLA-DRB1 G-group alleles with fre-
quencies greater than 0.5%, thereby eliminating the influence of
HLA-DRBI on the SLE associations. Using the discovery GWAS
dataset, we identified a secondary signal within the C4 and
observed moderate correlation with HLA-DRB1, which was ade-
quately controlled for in the logistic regression model (Fig 5B;
Supplementary Table S8). We found that the diploid copy num-
bers of C4A showed the most significant association in the con-
ditional analysis (P = 1.97 x 10'*), which was much stronger
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Figure 3. Segregating the diploid copy numbers of C4A, C4B, and HERV into haploid copy numbers. A, Unsupervised haplotype clustering was per-
formed using various GMVAE models based on phased SNPs and indels near C4 in reference samples, estimating the likelihood of each haplotype
belonging to each cluster. For each GMVAE model, each haplotype was assigned to the cluster with the highest likelihood. The most likely haploid
copy number for each cluster was then determined using a cyclic coordinate descent method, which iteratively minimised the loss function about the
difference between inferred and true diploid copy numbers across reference samples. The GMVAE model with the lowest average loss for C4A, C4B,
and HERV was selected for subsequent procedures. Individuals’ CNV genotypes, consisting of 2 haploid copy numbers for C4A, C4B, and HERV, were
determined as the most likely haploid copy number combinations, evaluated by multiplying the normalised likelihoods for the 2 haplotypes belonging
to specific clusters, and aligned with the actual diploid copy numbers. B, Haplotype clustering analysis near the C4 region (31.7—32.2 Mb on chromo-
some 6, hg38) identified 47 haplotype clusters. The most common clusters representing 80% of all haplotypes are visualised, along with allocated
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variants upstream and downstream of C4, respectively. The C4 composition is labelled using the initials and copy numbers of C4A (A), C4B (B), and
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Table 1
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Concordance rates between imputed and actual data for HLA classical alleles and C4 CNVs from leave-one-out cross-validation and exter-

nal sample validation

HLA
HLA-A HLA-B  HLA-C HLA-DPA1 HLA-DPB1 HLA-DQAI1 HLA-DQB1 HLA-DRB1 Total
Leave-one-out cross validation (N = 1537)
One-field level, %  99.6 99.0 99.9 97.5 98.3 99.9 100.0 99.1 99.2
Two-field level, % 97.7 97.8 99.3 92.7 98.2 99.9 99.5 95.5 97.6
G-group level, % 97.5 97.7 99.3 91.2 98.1 99.9 99.5 95.5 97.4
External sample validation (N = 127)?
One-field level, %  99.3 94.5 98.3 94.1 96.9 99.3 99.3 96.9 97.1
Two-field level, % 97.2 93.1 98.3 89.3 96.9 98.3 97.9 91.7 95.3
G-group level, % 96.9 92.8 97.6 87.9 96.9 98.3 97.9 91.7 95.0
Cc4
C4A C4B HERV Total
Leave-one-out cross validation (N = 1,537)
Haploid-level, % 94.4 94.7 94.1 94.4
Diploid-level, % (+*)" 90.1 (0.80) 90.1(0.80)  91.5(0.90) 90.5 (0.83)
External sample validation (N = 127)°
Diploid-level, % 90.3 89.7 90.3 90.1

CNV, copy number variation; ddPCR, digital droplet polymerase chain reaction; HLA, human leukocyte antigen; MHC, major histocompatibil-

ity; SLE, systemic lupus erythematosus; WGS, whole-genome sequencing.

@ HLA alleles imputed from MHC SNPs were compared with those genotyped from WGS data to calculate concordance rates in 127 external

nonreference samples.

b pearson correlation coefficients were calculated between typed (based on WGS data) and imputed C4-related copy numbers using reference

samples.

¢ Concordance rates were calculated between ddPCR-typed and imputed copy numbers for C4A, C4B, and HERV.

than the copy numbers of C4B (P = 1.09 X 107) and HERV
(P = 1.85 x 10, as well as the total gene copy number of C4
(P = 5.37 x102) (Fig 5B). The lower copy number of C4A was
associated with a higher risk of SLE, with a per-copy odds ratio
(OR) of 0.70 and a 95% confidence interval (CI) from 0.63 to
0.76 (Fig 6K). This association pattern was consistently observed
at the haploid-level, with C4A showing the strongest signifi-
cance among the C4-related CNVs (P = 3.34 x 10™'%; Fig 5B).
Compared with 1 haploid copy of C4A as the reference, the defi-
ciency of C4A increased SLE risk (OR = 1.36, 95% CI = 1.18
—1.57, P = 2.38 x 10°®), whereas the gain of C4A copy showed
a protective effect (OR 0.75, 95% CI 0.67—0.83,
P =8.87x10®).

As previously known, the haploid-level copy numbers of C4A,
C4B and HERV are in LD with each other (Supplementary Table
S1). To understand the overall effect of C4-related CNVs and
estimate the mutually independent SLE-risk effects of each C4-
related CNV, we conducted a joint conditional regression analy-
sis using the diploid copy number of C4A, C4B, and HERYV,
adjusting for HLA-DRBI and genetic background (Table 2). This
joint model revealed a significant contribution of C4-related
CNVs to SLE susceptibility (Prr = 1.80 x 107*®), exhibiting sig-
nificant, independent associations of C4A (P = 4.12 x 107!,
per-copy OR = 0.69, 95% CI 0.62—0.77) and HERV
(P = 1.13 x 102, per-copy OR = 1.10, 95% CI = 1.02—1.19),
but not C4B (P = .24). In contrast to the effects of the C4A CNV,
the copy number of HERV was positively associated with the
risk of SLE (Fig 6K). However, the known biological effects of
both decreased C4A copy number and increased HERV copy
number are the same, collectively resulting in decreased C4A

expression, as supported by our correlation analysis between
plasma C4 protein levels and the copy number of C4 and HERV
in our study cohort (Fig 4C).

All C4-related association signals involving C4A and HERV
were robustly validated in the replication GWAS dataset, and
demonstrated increased significance in combined analyses
incorporating both discovery and replication GWAS datasets
(Figs 5B and 6K; Table 2; Supplementary File S1).

We also investigated previously reported sex bias in C4-SLE
associations using a logistic regression model with an interac-
tion term between sex and C4-related CNVs, but found no evi-
dence of sex-biased effect sizes on SLE (Supplementary Table
S9). Indeed, plasma C4 protein levels normalised by the C4 copy
number were consistent between males and females in 1,284
SLE patients (Supplementary Fig S9, Supplementary Table S6).

Tertiary association signals at HLA-C amino acid position 99

After conditioning on HLA-DRBI and C4, the tertiary signal
was identified at HLA-C amino acid position 99 in the combined
analysis but not in the discovery dataset alone
(Pirr = 5.39 X 107; Peombinea = 1.87 X 10°%; Figs 5C and 6E,L;
Supplementary File S1). This highly polymorphic position, with
4 possible residues, showed consistent effect sizes across the dis-
covery and replication datasets (Fig 6L). Located in the centre of
the peptide-binding groove of HLA-C (Fig 6M), position 99 has
been associated with other immune-mediated disorders [27,28].
Among its residues, serine was associated with an increased risk
of SLE, whereas cysteine was protective (Table 2). Serine at posi-
tion 99 primarily tags HLA-C*07:02 in Koreans, which belongs

HERV (L; long form). For instance, ‘A3 + B1 + L4’ denotes the combination of 3 haploid copies of C4A, a single-copy of C4B, and 4 copies of HERV
(meaning all C4 copies are in long form). C, Distribution of haploid copy numbers for C4A, C4B, and HERYV in reference samples are displayed on the
bar plots. D, the frequencies of CNV genotypes are plotted according to diploid copy numbers of each C4-related elements. CNV, copy number varia-
tion; GMVAE, Gaussian mixture variational autoencoder; SNP, single-nucleotide polymorphism.
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Table 2

Joint effects of C4-related CNVs on SLE risk, adjusted for HLA-DRBI1 effects

Replication GWAS dataset Combined

Discovery GWAS dataset

PLRT

P

Per-copy OR (95% CI)

PLRT

P

Per-copy OR (95% CI)

PLRT

P

Per-copy OR (95% CI)

CNV term

Multivariate model

8.86 x 10717

2.14x 101!
2.66 x 102
4.92x10*
2.29%x10°

0.73 (0.66—0.80)

5.43%x10°

3.71x10°
9.64 x 10
1.22 x 102
2.36 x 102

0.69 (0.53-0.89)

6.52x1071°

9.77 x 1071°
1.68 x 102
5.38 x10°
1.57 x 102

0.73 (0.66—0.81)

C4A
C4B

SLE ~ C4A + C4B + Cov

1.10 (1.01-1.20)

1.01 (0.79-1.29)

1.12(1.02-1.23)

517 x 10

0.86 (0.79—-0.94)

1.75 x 102

0.74 (0.59-0.94)

8.32x10°%

0.88 (0.80—0.96)

SLE ~ C4 + HERV + Cov

1.12(1.04-1.20)

1.26 (1.03—-1.53)
0.64 (0.5-0.81)

1.10(1.02-1.18)

HERV
C4A
HERV

C4B

7.18 x 10°"°

5.70 x 10"1°
1.39 x 10
2.92 %107
6.62 x 107

0.67 (0.61-0.73)

4.75 x 10"

2.63 x 10"
2.71 x 102
2.66 x 10
3.00x 107
3.71x 10
4.19x 107
1.87 x 102

5.48 x 1071®

2.40 x 1071®
1.13x 10
2.92x 107
9.58 x 107!

0.67 (0.61-0.74)

SLE ~ C4A + HERV + Cov

1.13 (1.06—-1.21)
1.23(1.14-1.34)

1.23 (1.02-1.47)

1.14 (0.91-1.43)

1.12 (1.05-1.20)
1.25(1.15-1.36)

2.34x 10" 6.47 x 107

1.16 X 10°

SLE ~ C4B + HERV + Cov

1.01 (0.95-1.08)

1.10 (0.92-1.32)

1.00 (0.93-1.07)

HERV
C4A
C4B

3.83x 1018

1.50 x 1073
416 x 101
1.34 x 102

0.68 (0.62—0.76)

1.15x 10

0.61 (0.46—0.80)

1.80 x 10°%°

412x10"!
2.24 x 107
1.13 x 102

0.69 (0.62—0.77)

SLE ~ C4A + C4B + HERV + Cov

1.04 (0.95-1.14)

0.90 (0.69-1.17)

1.06 (0.96—1.18)

1.12(1.05-1.20)

1.26 (1.04-1.54)

1.10(1.02-1.19)

HERV

Multivariate logistic regression was performed to assess SLE-risk across various models, adjusting for dataset, sex, the top 5 genotypic principal components, and G-group HLA-DRB classical alleles. P gy values were calculated

using likelihood ratio tests, comparing model fits of each multivariate model with the nested logistic model excluding CNV terms. The model with the lowest P, value is highlighted in bold.

CNV, copy number variation; OR, odds ratio; CI, confidence interval; CN, copy number; GWAS, genome-wide association study.
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to a previously reported long-range SLE-risk haplotype in Euro-
peans, though its independent effect has not been investigated
[20,29,30]. Cysteine at position 99 is mostly found in HLA-
C*01:02, which has been associated with other diseases but not
with SLE [31-33].

SLE-MHC association model comparison in the Korean
population

We then focused on evaluating the fit of our SLE-MHC associa-
tion model to assess its performance relative to previously pro-
posed SLE-MHC association models [5,6,18,19]. To avoid
overfitting, our association model included only the variants iden-
tified from the discovery dataset, comprising amino acid positions
11, 13, 26, 37, and 86 in HLA-DRBI, along with the diploid copy
numbers of C4A and HERV, whereas excluding HLA-C amino acid
position 99 identified in a combined analysis. The model fit was
subsequently evaluated in the replication GWAS dataset.

Our model demonstrated a strong association with a Pirr value
of 5.50 x 10 in the replication dataset (Fig 6N), outperforming
all previous SLE-MHC association models, as indicated by Pgr val-
ues that accounted for differences in the number of variables (or
degrees of freedom). Notably, some previous models included
European-specific alleles, such as HLA-DRB1*03:01 or HLA-
DQB1*02:01. To account for this, we re-evaluated these models
by substituting the European-specific alleles with the East Asian-
specific SLE-risk allele HLA-DRB1*15:01 or its strong proxy allele
HLA-DQB1*06:02 (> = 0.94 in Koreans). Although this substitu-
tion improved model performance, the association significance
level remained weaker than that of our comprehensive MHC
model. These findings emphasise the importance of considering
the collective effects of multiple HLA-DRBI classical alleles
(tagged by missense variants) as well as the diploid copy numbers
of C4A and HERV. Additionally, when we incorporated the ter-
tiary association at amino acid position 99 of HLA-C, identified
only through the combined datasets, the fit of our association
model improved, as expected (P = 1.91 x 10°'% Fig 6N).

DISCUSSION

This study delved into the genetic associations within the
MHC region using 2 independent Korean SLE case-control data-
sets, leveraging a newly developed MHC imputation reference
panel. Our findings underscore the significant, independent
associations of HLA-DRB1, C4, and HLA-C with the risk of SLE.
The MHC-SLE association model we proposed outperformed
other models comprising variants reported in previous MHC
fine-mapping studies, as evaluated in the Korean replication
cohort. Model comparisons using this independent replication
dataset were conducted on an independent replication dataset
based on LRTs that accounted for differences in degrees of free-
dom, ensuring fair and robust comparisons.

Importantly, this is the first study to investigate the disease
effects of C4 CNVs while adjusting for the multiallelic effects of
HLA-DRBI. There has been debate regarding whether HLA-
DRBI or C4 is the primary driver of SLE in the MHC region, and
whether the associations of SLE with HLA-DRB1 and C4, which
are in LD, are independent of each other [34]. Our conditional
association model, which controlled for the influence of HLA-
DRBI1 on SLE risk, identified the most significant association at
C4, revealing that a lower copy number of C4A and, for the first
time, a higher copy number of HERV were independently associ-
ated with an increased risk of SLE. Plasma C4 analysis indicated
that C4 proteins levels are predominantly influenced by the total
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Figure 4. Association of plasma C4 protein levels with imputed C4 and HERV copy numbers in SLE patients. The boxplot displays the relationship
between plasma C4 protein levels and imputed C4 copy numbers, further stratified by imputed HERV copy numbers in 1,284 SLE patients. A signifi-

cant positive correlation is observed between C4 copy numbers and protein levels (P = 8.8 X 10

69), while HERV copy numbers show a negative corre-

lation (P = 2.9 x 103). One outlier with C4 protein levels over 100mg/dL from a sample with 6 HERV-inserted C4 copies was omitted from the plot.

SLE, systemic lupus erythematosus.

copy number of C4, with no evidence of allele-specific regula-
tory effects between C4A and C4B. Additionally, a HERV ele-
ment, inserted within C4, leads to down-regulation of plasma C4
proteins. Considering both the genetic associations with SLE
and protein levels, these findings suggest that the reduced pro-
duction of the C4A protein isoform, functionally distinct from
the C4B isoform, is driven by both low C4A copy numbers and
HERV-mediated attenuation. This reduction plays a crucial role
in SLE pathogenesis, particularly through C4A-specific pathways
such as the regulation of autoreactive B cells [35].

Our fine-mapping study benefitted from the relatively less
extensive LD in Koreans compared to Europeans, along with the
use of a high-accuracy MHC imputation reference panel. Previ-
ous studies have demonstrated that European populations
exhibit larger and more extended LD within the MHC region
compared to African and Asian populations, likely due to popu-
lation-specific factors such as lower recombination rates, result-
ing in slower decay of LD in Europeans [18,19,36—39].
Consistently, European SLE-MHC association analyses have
reported long-range SLE-risk haplotypes involving multiple HLA
genes in extensive LD, spanning MHC class I and II regions, such
as the C*07:01—B*08:01-DRB1*03:01-DQB1*02:01 haplotype
[19,29].

Indeed, recent analyses including Kamitaki et al [18],
whose study is detailed in the Introduction section, found
that the significance of C4 CNV effects was comparable to
that of well-known risk classical alleles in Europeans [19].
However, the strong correlations between C4 and HLA in
Europeans posed challenges in distinguishing the indepen-
dent effect of C4, especially considering the strong correla-
tion between the SLE-risk C4 haplotype (single-copy, short-
form C4B) and SLE-risk HLA alleles, including HLA-
DRB1*03:01, HLA-DRB1+%08:01, and HLA-DQB1*02:01 (r* >
0.7) [18,19,36]. Conversely, findings from African popula-
tions revealed weaker correlations between C4 and HLA var-
iants (maximum r*> between C4 haplotypes and HLA
alleles = 0.31), making it easier to pinpoint the independent
association signal of C4. However, in their study, the imputa-
tion accuracy for C4 in Africans was quite poor, and their
conditional model controlling only for HLA-DRB1*03:01 does
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not fully support their conclusion that the primary signal
driving the risk of SLE is derived from C4 [18].

In Asian populations, the particularly strong association
between HLA-DRB1 and SLE risk has been well-established
[5,6]. In our current study, the association of C4 was initially
overshadowed by the predominant effect of HLA-DRBI in the
unconditional analysis (Peompinea Of C4A = 1.48 x 10°). How-
ever, as correlations between HLA-DRBI classical alleles and C4-
related haploid copy numbers were generally low (e.g. r* < 0.06
with HLA-DRB1*03:01; r*> < 0.002 with HLA-DRB1*15:01) to at
most moderate (maximum r? between C4-related haploid copy
numbers and other HLA-DRBI alleles = 0.45; Supplementary
Table S8), this allowed our conditional analysis to pinpoint the
secondary association signal at C4. Especially, HLA-
DRB1%*03:01, the well-established SLE-risk allele among Euro-
peans, was not common in our East Asian cohort (imputed allele
frequency = 2.0%; 96.0% of individuals had no copies, 3.8%
had 1 copy, and only 0.05% had 2 copies). Notably, the effect
size and direction of the C4A copy number remained consistent
after excluding all HLA-DRB1*03:01 carriers, with an OR of 0.87
(95% CI 0.82—0.92) in the full sample, and 0.87 (95%
CI = 0.82—0.93) in non-carriers. These results indicate that the
observed C4A signal is not explained by linkage with HLA-
DRB1*03:01. Similarly, the exclusion of individuals carrying
HLA-DRB1*15:01, a predominant risk allele in East Asians, did
not result in a substantial change in the association statistics for
C4A CNVs (OR = 0.88, 95% CI = 0.82—0.94), indicating that
the C4 signal is not driven by linkage to HLA-DRB1 *15:01 either.
These results together support that the association of C4 CNVs
with SLE risk in East Asians reflects an independent effect,
rather than tagging of HLA-DRBI classical alleles.

We developed the first MHC imputation reference panel
capable of simultaneously imputing various HLA variants, C4-
related CNVs, and other MHC variants. The C4 gene, despite its
biological relevance to autoimmune diseases like SLE, has been
relatively underexplored compared to HLA genes, largely due to
complexity of its genetic structure. In this study, we leveraged
WGS data from large-scale general Korean cohorts to character-
ise C4 alleles and CNVs using an existing reliable computational
approach [18,23].
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Figure 5. Independent SLE association signals at HLA-DRB1, C4, and
HLA-C. MHC-SLE association results from stepwise conditional regres-
sion analyses are shown in mirror regional association plots. The lower
section of each mirror plot represents analysis results from the discovery
GWAS dataset, while the upper section shows results from combined
analyses incorporating both discovery and replication GWAS datasets.
Significance levels were calculated using logistic regression for binary-
coded variables (e.g., presence of an HLA classical allele or a C4-related
haploid copy number allele) and for diploid copy numbers of C4-related
elements, and using LRTs for multi-allelic variants (e.g., HLA amino acid
positions with multiple residues, C4-related CNVs with multiple haploid
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One of the major challenges was accurately defining haploid-
level copy numbers from WGS-derived diploid copy numbers.
To address this, we employed haplotype clustering with deep
learning-based models and an iterative optimisation method to
determine the most likely copy numbers of C4A, C4B, and
HERV. This method not only allowed us to construct an MHC
imputation reference panel with high-accuracy for C4-related
CNVs, but it also holds significant potential for broader applica-
tions in other studies dealing with complex CNV genotyping.
Nonetheless, our imputation panel has a limitation that it only
includes copy number information for C4A, C4B, and HERV in
each homologous chromosome pair, leading to ambiguity in
determining how many copies of C4A and C4B are in the long
form with the HERV insert. This ambiguity is particularly pro-
nounced in haplotypes where both C4A and C4B alleles are pres-
ent but the number of HERV copies is fewer than the combined
total of C4A and C4B.

To validate the imputation performance of our reference panel,
we rigorously evaluated the imputation accuracy through various
methods, including cross-validation with internal and external
samples, that compares imputed data with actual data from WGS
and ddPCR technologies. These evaluations consistently demon-
strated superior imputation accuracy for both HLA variants and
C4-related CNVs. We have made this imputation panel publicly
available via an imputation server (https://coda.nih.go.kr/usab/
kis/intro.do), providing other researchers with a valuable tool to
better understand causal variants in the MHC region, especially
for inflammatory diseases in East Asian populations.

In summary, we have demonstrated an enhanced SLE-MHC
association model from the Korean population through the devel-
opment of a novel MHC imputation reference panel. This advance-
ment not only enriches our understanding of the biological
mechanisms underlying the role of HLA and C4 in SLE pathogene-
sis but also holds promise for refining genetic risk assessments for
SLE. To evaluate its generalisability and transferability across
diverse genetic backgrounds, further assessment in other ancestral
populations will be important. Furthermore, the application of our
MHC panel is poised to significantly advance the investigation of
MHC associations in other immune-mediated disorders within
East Asian populations, paving the way for further insights and
progress in personalised medicine.

copy number alleles). The grey horizontal line indicates the genome-
wide significance threshold (P = 5.0 X 10®). A, Unconditional analysis
identified the strongest association within HLA-DRBI. Amino acid posi-
tions 13 exhibited the highest significance (P 3.16 x 10°9
Peombined = 5.35 X 10°°®) followed by position 11 (P = 1.58 x 107
Peombined = 1.82 % 10°%), while HLA-DRB1 *15:01:01G was the most sig-
nificantly associated allele (P = 4.90 X 10°% Peompinea = 2.51 X 10°2).
B, After conditioning on all G-group classical alleles of HLA-DRBI, a sec-
ondary signal was uncovered at C4, with the diploid copy number
P = 1.97 X 10" Peombined = 1.86 x 107'®) and haploid copy number
(P = 3.34 X 102 Pegmbined = 5.34 x 10™'%) of the C4A allele showing
the strongest associations. C, Conditioning on all G-group HLA-DRBI1
classical alleles and diploid copy numbers of all C4 elements (C4A, C4B,
and HERV) revealed a tertiary signal within HLA-C in the combined
analysis, with amino acid position 99 exhibiting the most significant
association (P = 1.87 x 10°). No tertiary signal was detected in the dis-
covery GWAS dataset alone. D, After conditioning on HLA-DRBI1, C4,
and HLA-C in the combined analysis, no significant variants were identi-
fied. CNV, copy number variation; GWAS, genome-wide association
study; HLA, human leukocyte antigen; LTR, long terminal repeat; MHC,
major histocompatibility; SLE, systemic lupus erythematosus; WGS,
whole-genome sequencing.
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Figure 6. Key SLE-associated variants within HLA-DRB1, C4, and HLA-C. A—F, Stepwise conditional analyses at the amino acid level pinpointed inde-
pendently SLE-associated positions, with HLA-DRB1 positions identified in the discovery dataset and HLA-C positions identified in the combined dis-
covery and replication datasets. A, Position 13 and its correlated position 11 were identified in HLA-DRB1. B, Conditioning on positions 13 and 11
identified independent signals at position 37 (or 26). C, Position 86 was identified when conditioned on positions 13, 11, 37, and 26. D, No significant
positions remained in HLA-DRB1 after conditioning on all five identified positions (P < 5.0 x 10'®). E, Conditioning on HLA-DRBI and C4 identified
HLA-C amino acid position 99. F, No additional HLA-C positions were significant after conditioning on position 99 along with HLA-DRB1 and C4. G-I,
ORs (dots) with 95% ClIs (error bars) for amino acid residues, observed in stepwise conditional analysis, are plotted for HLA-DRB1 positions 13 and 11
(G), positions 37 and 26 (H), and position 86 (I), across datasets: discovery (N = 73,148, red), replication (N = 4,551, blue), and combined
(N = 77,699, green). J, The 5 identified amino acid positions are located on the epitope-binding groove of the HLA-DR beta chain. K, Per-copy ORs
with 95% CIs for C4A and HERV are plotted across datasets. Effect estimates for C4A were adjusted for HLA-DRB1 and other covariates, whereas those
for HERV were adjusted for HLA-DRB1, C4A, and the same set of covariates. L, ORs with 95% ClIs for residues at HLA-C position 99, conditioned on
HLA-DRBI and C4, are plotted across datasets. M, Amino acid position 99 is located on the epitope-binding groove of HLA-C. N, P,y values from the
replication dataset for previously proposed and our MHC-SLE association models are plotted. To address potential overfitting, Model 9 was derived
from the discovery dataset, excluding the HLA-C signal. Model 10 represents the full association model of this study, including the HLA-C signal. Our
MHC-SLE association models, containing the identified signals, achieved the highest significance whether or not the HLA-C signal was included
(Prodero = 5.50 X 1075 Pyoger 10 = 1.91 X 10712). AA, amino acid; CI, confidence interval; DF, degree of freedom; GWAS, genome-wide association
study; HLA, human leukocyte antigen; OR, odds ratio; MHC, major histocompatibility; SLE, systemic lupus erythematosus.
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ARTICLE INFO ABSTRACT

Article history: Objectives: Lupus nephritis (LN) is a severe complication of systemic lupus erythematosus (SLE),

Received 9 February 2025 characterised by kidney inflammation, tubular injury, and interstitial fibrosis. However, the spa-

Received in revised form 20 July 2025 i . y y ? J IY’ K ) T

Accepted 14 August 2025 tial organisation of these heterogeneous cell populations and their regulatory mechanisms in LN
remain poorly understood. The objective of this study was to investigate the regulatory mecha-

Handling editor Josef $ Smolen nisms underlying region-specific kidney lesions and tubular damage in LN.

Methods: We performed single-cell multiome and spatial transcriptomic analyses on kidney
biopsy samples from patients with LN and controls, integrating data from the largest East Asian
SLE genome-wide association studies (GWAS) (208,370 samples) to date. Validation experi-
ments were performed using multiplex immunohistochemistry (mIHC), in vitro lentiviral-medi-
ated transcription factor overexpression, and functional stimulation assays.

Results: We identified VCAM1-expressing proximal tubule (PT_VCAM1) cells as components of
an LN-specific inflammatory niche (niche 5) localised in the kidney cortex. Both in silico and in
vitro experiments demonstrated that interactions between PT_VCAM1 cells and myofibroblasts,

*Correspondence to Dr Chuang Guo, Kun Qu, Guosheng Wang.
E-mail addresses: gswang0551@163.com (G. Wang), qukun@ustc.edu.cn (K. Qu), gchuang@ustc.edu.cn (C. Guo).
Junyu Wang, Ao Zheng, and Nianping Liu contributed equally to this work.

https://doi.org/10.1016/j.ard.2025.08.015

0003-4967/© 2025 The Author(s). 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-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)


http://orcid.org/0009-0000-0621-3435
http://orcid.org/0009-0000-0621-3435
http://orcid.org/0009-0000-0621-3435
http://orcid.org/0009-0004-6494-4382
http://orcid.org/0009-0004-6494-4382
http://orcid.org/0009-0004-6494-4382
http://orcid.org/0009-0004-6494-4382
http://orcid.org/0000-0002-9044-6457
http://orcid.org/0000-0002-9044-6457
http://orcid.org/0000-0002-9044-6457
http://orcid.org/0000-0002-9044-6457
http://orcid.org/0000-0002-9988-5587
http://orcid.org/0000-0002-9988-5587
http://orcid.org/0000-0002-9988-5587
http://orcid.org/0000-0002-9988-5587
http://orcid.org/0000-0002-9988-5587
http://orcid.org/0009-0000-8386-3431
http://orcid.org/0009-0000-8386-3431
http://orcid.org/0009-0000-8386-3431
http://orcid.org/0009-0000-8386-3431
http://orcid.org/0009-0000-8386-3431
http://orcid.org/0009-0000-8386-3431
http://orcid.org/0009-0000-8386-3431
http://orcid.org/0009-0000-8386-3431
http://orcid.org/0009-0000-8386-3431
http://orcid.org/0009-0000-8386-3431
http://orcid.org/0009-0000-8386-3431
http://orcid.org/0009-0000-8386-3431
http://orcid.org/0009-0000-8386-3431
http://orcid.org/0009-0000-8386-3431
http://orcid.org/0000-0003-4658-1093
http://orcid.org/0000-0003-4658-1093
http://orcid.org/0000-0003-4658-1093
http://orcid.org/0000-0003-4658-1093
http://orcid.org/0000-0003-4658-1093
http://orcid.org/0000-0003-0828-1583
http://orcid.org/0000-0003-0828-1583
http://orcid.org/0000-0003-0828-1583
http://orcid.org/0000-0003-0828-1583
http://orcid.org/0000-0003-0828-1583
http://orcid.org/0000-0003-0828-1583
http://orcid.org/0000-0003-0828-1583
http://orcid.org/0000-0003-0828-1583
http://orcid.org/0000-0003-0828-1583
http://orcid.org/0000-0003-0828-1583
http://orcid.org/0000-0002-3912-0793
http://orcid.org/0000-0002-3912-0793
http://orcid.org/0000-0002-3912-0793
http://orcid.org/0000-0002-3912-0793
http://orcid.org/0000-0002-3912-0793
mailto:gswang0551@163.com
mailto:qukun@ustc.edu.cn
mailto:gchuang@ustc.edu.cn
https://doi.org/10.1016/j.ard.2025.08.015
https://doi.org/10.1016/j.ard.2025.08.015
http://www.ScienceDirect.com
http://https://www.sciencedirect.com/journal/annals-of-the-rheumatic-diseases

J. Wang et al.

Ann Rheum Dis 84 (2025) 2021—-2033

as well as immune cells in niche 5, promote their epithelial-mesenchymal transition. Trajectory
analysis suggested that PT_ VCAM1 cells originate from a failed-repair pathway in proximal
tubule cells, regulated by transcriptional networks involving BACH2. Integrative GWAS analysis
further linked SLE-associated risk single-nucleotide polymorphisms to cis-regulatory elements
specific to PT_VCAM1 cells, including single-nucleotide polymorphisms within the distal
enhancer of the BMP2K locus, which establishes a BACH2 motif.

Conclusions: Collectively, our findings characterise PT_VCAM1 cells as injury-responsive cell
states that contribute to the inflammatory and fibrotic niche in LN, linking genetic predisposi-
tion to cellular injury and disease progression.

KEY MESSAGES

WHAT IS ALREADY KNOWN ON THIS TOPIC

 Lupus nephritis (LN) is a severe complication of systemic lupus
erythematosus (SLE), characterised by tubular epithelial dys-
function, immune cell infiltration, and progressive fibrosis.
Recent studies have identified key LN-associated immune cell
subpopulations, such as granzyme K* CD8 T cells and CD163™
dendritic cells.

Genome-wide association studies (GWAS) have identified sus-
ceptibility candidates that contribute to the dysfunction of
immune subpopulations in SLE.

WHAT THIS STUDY ADDS

* Using single-cell multiome and spatial transcriptomic sequenc-
ing, we identified a distinct inflammatory microenvironment in
the renal cortex of patients with LN (niche 5), characterised by
the colocalisation of VCAMI-expressing proximal tubule
(PT_VCAM]1) cells, myofibroblasts, and immune cells.
PT_VCAM1 cells exhibited a “failed-repair” phenotype, regu-
lated by a core transcriptional network involving 4 transcrip-
tion factors, with BACH2 emerging as a potential novel
therapeutic target.

The increased presence of myofibroblasts and immune cells
within niche 5 facilitated interactions with PT_VCAM1 cells
through several ligands, including COL4A1, SPP1, and trans-
forming growth factor (TGF)-f1, thereby promoting epithelial-
mesenchymal transition (EMT) in PT_VCAM1 cells.

Integrative GWAS analysis revealed associations between SLE
risk single-nucleotide polymorphisms (SNPs) and PT_VCAM1-
specific cis-regulatory elements, including variants in the distal
enhancer of the BMP2K locus. These variants were shown to
create a BACH2 motif, reinforcing the failed-repair phenotype
in PT_VCAM1 cells.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

* Our study presents a comprehensive mapping of the spatial
architecture and regulatory mechanisms in the human LN kid-
ney, revealing spatial and genetic influences on PT_VCAM1
cells in promoting inflammatory and fibrotic remodelling.

Our multiomics strategy, which identified causal variants spe-
cific to distinct cell subpopulations, offers a framework for
developing precision therapeutics targeting cell types impli-
cated in LN pathogenesis.

INTRODUCTION

Lupus nephritis (LN) is a severe complication of systemic
lupus erythematosus (SLE), affecting up to two-thirds of patients
with SLE and contributing to morbidity and mortality [1]. LN is
characterised by immune cell infiltration, tubular epithelial
injury, and progressive fibrosis. Immune cells, including macro-
phages, T cells, and B cells, infiltrate kidney tissues and initiate
inflammatory responses that exacerbate fibrosis and kidney

2022

damage [2,3]. Tubular epithelial cells, particularly proximal
tubule (PT) cells, also contribute to local inflammation through
the secretion of inflammatory mediators and interactions with
immune and stromal cells [4,5]. Elucidating these interactions
within their spatial context is fundamental to advancing our
understanding of LN pathogenesis.

Recent single-cell sequencing studies have identified
transcriptional programs in LN-associated immune cell sub-
populations, such as APOE™ monocytes, granzyme K™ CD8
T cells, and CD163" dendritic cells [2,4,6,7]. However, the
role of tubular epithelial subpopulations, such as PT cells
in LN, remains insufficiently explored. PT cells are essential
for kidney function and exhibit subpopulation-specific het-
erogeneity in healthy and diseased conditions [5]. For
instance, healthy kidneys feature PT-S1, PT-S2, and PT-S3
as primary subpopulations, whereas diseased kidneys
exhibit PT cell subpopulations such as VCAMI-expressing
PT (PT_VCAM1) cells [8,9]. PT_VCAMI1 cells are enriched
in fibrotic microenvironments and are implicated in
immune cell recruitment and inflammation [10]. Despite
these insights, the mechanisms driving the transition of
conventional PT cells into PT_VCAM1 cells and the regula-
tory pathways associated with this process remain unre-
solved. Addressing these gaps could provide a mechanistic
framework for understanding the progression of LN and
other kidney pathologies.

Genetic predispositions significantly contribute to the devel-
opment of LN, with genome-wide association studies (GWAS)
identifying numerous genetic risk variants associated with
lupus, primarily in noncoding regions of the genome [11]. These
studies implicate cis-regulatory elements (CREs) in the regula-
tion of genes associated with LN pathogenesis [12,13]. How-
ever, challenges remain in prioritising these variants to specific
cellular populations as well as clarifying how these variants
affect cellular function or contribute to disease pathogenesis.
Integrating GWAS data with single-cell and spatial transcriptom-
ics (STs) offers a systematic framework to link CREs with spe-
cific cell types and evaluate their influence on transcriptional
regulation in LN.

This study integrates single-cell multiome sequencing and
ST to delineate cellular niches, intercellular interactions, and
genetic regulatory mechanisms in LN kidneys. We identified
6 kidney niches, including an inflammatory niche (niche 5)
in the kidney cortex of patients with LN, which is enriched
with immune cells, myofibroblasts (MyoFIB), and PT_VCAM1
cells. PT_VCAM1 cells exhibited a profibrotic and proinflam-
matory phenotype, arising from a failed-repair pathway regu-
lated by BACH2. Integrative GWAS fine-mapping linked SLE-
associated single-nucleotide polymorphisms (SNPs) to
PT_VCAM1-specific CREs. These findings highlight spatial
and genetic influences on PT_VCAM1 cells in promoting
inflammatory and fibrotic remodelling in LN kidneys.
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METHODS

Details of the methods are available in the online Supplemen-
tary Methods.

RESULTS
Multimodal single-cell profiling of kidney cells in human LN

We obtained kidney tissue samples from 8 patients with LN
and used adjacent nontumour tissues from 2 patients with kid-
ney tumour as control samples (Supplementary Table S1). We
then performed paired single-nucleus RNA sequencing (snRNA-
seq) and single-nucleus assay for transposase-accessible chroma-
tin sequencing (snATAC-seq) using the 10X multiome platform,
which enables the concurrent measurement of RNA expression
and chromatin accessibility within the same nuclei (Fig 1A and
Supplementary Fig S1A). After rigorous filtering of RNA and
chromatin accessibility data, we retained 41,543 high-quality
nuclei. To expand our dataset, we integrated additional snRNA-
seq and snATAC-seq datasets from 5 control samples [8]. Unlike
our paired dataset, these public datasets contain separate popu-
lations of nuclei for snRNA-seq and snATAC-seq from the same
samples. In total, this integration resulted in 64,479 nuclei for
snRNA data and 72,472 nuclei for snATAC data, with each
nucleus containing an average of 2078 genes and 17,523 frag-
ments (Supplementary Fig S1B).

Following batch effect correction across samples and unsu-
pervised clustering, we identified 35 distinct cell subpopulations
in the transcriptomic data, subsequently categorised into 13 cell
types (Fig 1B-D and Supplementary Fig S1C-E). These cell sub-
populations represented a wide range of kidney cell types,
including those located in the cortex, medullary ray, and outer
medulla. Moreover, the identified cell subpopulations exhibited
extensive similarities to those derived from publicly available
human kidney cell datasets [3,8] (Supplementary Fig S1F,G),
validating the accuracy of the cell clustering. Additionally,
leveraging the high-resolution cell subpopulation annotations
obtained from snRNA-seq, we used the Seurat label transfer
approach [14] to map these annotations to the snATAC-seq cells.
This process resulted in cell cluster annotations within the snA-
TAC-seq data that showed high consistency with those identified
in publicly available snATAC-seq data from human kidney cells
[3] (Fig 1C and Supplementary Fig S2A,B).

To evaluate cellular and molecular alterations between LN
samples and control samples, we quantified the proportions of
each identified cell type relative to the total cell population, as
well as the number of differentially expressed genes (DEGs) and
differentially accessible regions (DARs) by comparing LN sam-
ples with control samples within each cell type (Fig 1E,F and
Supplementary Table S2). In patients with LN, we observed a
significant increase in the proportion of infiltrating immune
cells (Padjusted = .014), consistent with previous reports, indi-
cating that enhanced immune activation contributes to LN path-
ogenesis [4]. Furthermore, we found a significant reduction in
podocyte populations (Padjusted = .0041), in line with histo-
pathological evidence that podocyte loss compromises glomeru-
lar filtration integrity [15]. Although the proportion of PT cells
did not show a statistically significant change, this cell type
exhibited the highest number of DEGs and DARs, indicating
extensive alterations in their biological function in LN. Collec-
tively, our multiome atlas provided a detailed molecular charac-
terisation of LN, revealing substantial changes in both cell-type
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proportions and gene expression profiles compared with con-
trols.

Niche 5 is characterised by increased MyoFIB, immune
infiltrates, and PT_VCAM1 cells

To investigate the cellular neighbourhoods surrounding sig-
nificantly altered cell subpopulations, we prepared 10-um cryo-
sections from 11 kidney tissue samples for ST profiling,
comprising 8 from patients with LN and 3 from control samples
(Fig 2A and Supplementary Fig S1). We also expanded our
cohort by incorporating 1 publicly available control sample
from the study by Melo Ferreira et al [16]. After stringent qual-
ity control, our ST dataset comprised 6410 spots, with an aver-
age of 17 cells and 3292 detected genes per spot
(Supplementary Fig S3A,B). We then applied Cell2location [17]
to assign cell-type probabilities to each spot and subsequently
used SPACEL [18] for joint analysis across all slices, identifying
6 distinct cellular niches (niche 1-6) in patients with LN and con-
trol samples (Fig 2B and Supplementary Fig S3C,D). Pathologist
annotations of haematoxylin and eosin (H&E)-stained images
delineated the cortical, medullary ray, and outer medulla
regions (Fig 2C and Supplementary Fig S3E).

Notably, niche 5 was significantly enriched in the cortical
region of LN samples, whereas niche 2 predominated in the cor-
tex of control samples (Fig 2D and Supplementary Fig S3F,G).
These 2 niches recapitulated known tissue features, representing
kidney tubules (niche 2) and atrophied kidney tubules (niche 5),
respectively (Supplementary Fig S4A). Other niches, including
niche 1 (cortex), niche 3 (medullary rays), and niche 4 (outer
medulla), showed no significant differences between LN and
control samples (Supplementary Fig S3F,G). Further analysis of
the cell type composition of LN/control-enriched niches
revealed that niche 5 was notably enriched with MyoFIB,
PT_VCAM1 cells, and various immune cell populations, includ-
ing CD163-expressing M2 macrophages (Mac M2), ITGAX-
expressing macrophages (Mac_ITGAX), CD8 T cells, and plasma
cells (Fig 2E-H and Supplementary Fig S4B). Cell types within
niche 5 exhibited higher colocalisation scores compared with
those in other niches, suggesting a distinct microenvironment
structure (Supplementary Fig S4C). Moreover, Moran’s I analy-
sis revealed that PT_VCAMI1 cells exhibited significantly
increased spatial aggregation in LN kidneys (Supplementary Fig
S4D).

To validate the presence of a cellular neighbourhood coen-
riched with MyoFIB, PT_VCAM1 cells, and immune cells in the
cortex of patients with LN, we first utilised SeekSpace to analyse
the spatial coordinates of bona fide single-cell transcriptomes
from an additional patients with LN across 2 replicates. This
approach identified high-quality single cells and successfully
mapped 27 out of 35 cell subpopulations in 10X multiome data-
sets (Supplementary Fig S5A-E). We observed spatial colocalisa-
tion of PT_VCAM1 cells, MyoFIB, and immune cells in the
cortical regions (Supplementary Fig S5F,G). Furthermore, we
performed multiplex immunohistochemistry (mIHC) staining
using 4',6’-dia midino-2-phenylindole (DAPI) and antibodies
targeting AQP1, VCAM1, a-SMA (ACTAZ2), and CD45 (PTPRC)
in 3 LN samples and 3 control samples. The results revealed sig-
nificantly higher numbers of PT_VCAM1 cells, MyoFIB, and
immune cells in the cortical region of patients with LN (Fig 2I,
J), with these cell types showing close spatial proximity to each
other (Supplementary Fig S6A).

DEG analysis across distinct cellular niches revealed that
niche 5 exhibited elevated expression of complement genes
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Figure 1. Single-cell multiomics profiling of human lupus nephritis (LN). A, Schematic overview of the study design. B, Scheme of the kidney, with
cell-type distribution indicated by colour (left), and uniform manifold approximation and projection (UMAP) visualisation of single-nucleus RNA
sequencing (snRNA-seq) data from all samples, coloured by cell subpopulations (right). Dashed circles highlight cell types. C, Heatmaps showing z-
score—transformed gene expression (left) and chromatin accessibility (right) of canonical marker genes across the 13 cell types. D, UMAP visualisation
of snRNA-seq data from all samples, coloured by condition. Cell types with significant proportional differences between control (Ctrl) and LN are
highlighted with dashed rectangles. E, Box plots comparing the cell proportion of each cell type between Ctrl and LN samples. Statistical significance
was assessed using a 2-sided Wilcoxon rank-sum test, and P values were adjusted using the Benjamini-Hochberg correction (*Padjusted < .05; **Pad-
justed < .01). F, Scatter plot showing the number of differentially expressed genes (DEGs) and differentially accessible regions (DARs) across the 13
cell types, comparing LN and Ctrl conditions. snATAC-seq, single-nucleus assay for transposase-accessible chromatin sequencing; SLE, systemic lupus
erythematosus; SNP, single-nucleotide polymorphism; mIHC, multiplex immunohistochemistry; PODO, podocyte; PEC, parietal epithelial cell; PT,
proximal tubule cell; TLC, thin limb cell; TAL, thick ascending limb cell; DCT, distal convoluted tubule cell; CNT, connecting tubule cell; PC, principal
cell; IC, intercalated cell; EC, endothelial cell; FIB, fibroblast; VSM/P, vascular smooth muscle cell or pericyte; IMM, immune cell; PT_VCAMI,
VCAM1-expressing proximal tubule cell; DTL1, descending thin limb cell type 1; DTL2, descending thin limb cell type 2; ATL, ascending thin limb cell;
MTAL_EGF, EGF-expressing medullary thick ascending limb cell; MTAL_VAT1L, VAT1L-expressing medullary thick ascending limb cell; MTAL_TEX41,
TEX41-expressing medullary thick ascending limb cell; CTAL, cortical thick ascending limb cell; TAL PROM1, PROM1I-expressing thick ascending limb
cell; MD, macula densa cell; DCT1, distal convoluted tubule cell type 1; DCT2, distal convoluted tubule cell type 2; ICA, alpha-intercalated cell; ICB,
beta-intercalated cell; EC_AVR, ascending vasa recta endothelial cell; EC_GC, glomerular capillary endothelial cell; EC_AEA, afferent/efferent arteriole
endothelial cell; MyoFIB, myofibroblast; FIB_BMPR1B, BMPR1B-expressing fibroblast; MES, mesangial cell; Mac_M2, CD163-expressing M2 macrophage;
Mac_ITGAX, ITGAX-expressing macrophage.
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Figure 2. Identification and cellular composition of distinct niches in lupus nephritis (LN). A, Haematoxylin and eosin (H&E)-stained images of representa-
tive control (Ctrl) and LN samples, with zoomed-in views of the cortex, medullary rays, and outer medulla regions shown on the left. B and C, Spatial niches
(B) and pathological annotations (C) of representative samples. D, Stacked bar plot showing the niche composition in the cortex region. The dashed line indi-
cates the mean proportion of the dominant niche in the cortex region. E, Heatmap showing the cellular composition of cell subpopulations across 6 distinct
niches. F-H, Spatial distribution of cellular composition calculated by Cell2location for VCAM1-expressing proximal tubule (PT_VCAM]1) cells (F), myofibro-
blasts (MyoFIB) (G), and immune cells (H) in representative Ctrl and LN samples. Niche 5 is outlined in black lines. I, Multiplex immunohistochemistry
(mIHC) staining of representative Ctrl and LN samples, with each panel consisting of 5 subpanels: 1 full image and 4 magnified views of regions outlined by
white squares. The zoomed-in views include a merged image and 3 images showing the colocalisation of 2 cell types in pairs. Scale bar = 100 um. J, Bar
plot showing the fluorescence intensity of VCAM1, a-SMA, and CD45 between Ctrl and LN samples. Statistical significance was assessed using a one-sided
Student’s t-test (**P <.01; n = 3 per group). PODO, podocyte; PEC, parietal epithelial cell; PT, proximal tubule cell; DTL1, descending thin limb cell type 1;
DTL2, descending thin limb cell type 2; ATL, ascending thin limb cell; MTAL EGF, EGF-expressing medullary thick ascending limb cell; MTAL_VAT1L,
VATIL-expressing medullary thick ascending limb cell; MTAL_TEX41, TEX41-expressing medullary thick ascending limb cell; CTAL, cortical thick ascending
limb cell; TAL PROM1, PROM1-expressing thick ascending limb cell; MD, macula densa cell; DCT1, distal convoluted tubule cell type 1; DCT2, distal convo-
luted tubule cell type 2; CNT, connecting tubule cell; PC, principal cell; ICA, alpha-intercalated cell; ICB, beta-intercalated cell; EC_AVR, ascending vasa recta
endothelial cell; EC_GC, glomerular capillary endothelial cell; EC_AEA, afferent/efferent arteriole endothelial cell; FIB_ BMPR1B, BMPR1B-expressing fibro-
blast; VSM/P, vascular smooth muscle cell or pericyte; MES, mesangial cell; IMM, immune cell; Mac M2, CD163-expressing M2 macrophage;
Mac_ITGAX, ITGAX-expressing macrophage.
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(eg, C3 and C1S), chemokines (eg, CCL5 and CCL19), and
collagen-related genes (eg, COL3A1 and COL4A1), suggesting
inflammatory signalling and active extracellular matrix
(ECM) remodelling in this niche (Supplementary Fig S7A-C
and Supplementary Table S3). To further evaluate the clini-
cal relevance of niche 5, we analysed microarray-derived
gene expression profiles of 45 pretreatment patients with LN
[19] and assessed correlations with established clinical indi-
cators of disease severity, including serum creatinine and
proteinuria levels. The niche 5 signature (ie, DEGs identified
in niche 5) showed a positive correlation with both serum
creatinine (R 0.318, P .033) and proteinuria levels
(R = 0.290, P = .053) (Supplementary Fig S7D,E). Collec-
tively, these observations underscore that in the cortical
regions of patients with LN, the disruption of normal tissue
architecture sustains an inflammatory milieu involving
PT_VCAM1 cells, MyoFIB, and immune cells, which is posi-
tively correlated with increased disease severity.

PT VCAM1 cells display a failed-repair state derived from
PT S1_RALYL cells, with their transition regulated by BACH2

PT cells are primary sites of kidney injury and contribute to
disease progression across both acute and chronic etiologies
[5,20,21]. Given that PT_VCAM1 cells constitute a cellular com-
ponent of the LN-enriched inflammatory niche (ie, niche 5), we
sought to investigate the functional characteristics of PT cells.
We identified 5 distinct PT cell subsets (Fig 3A and Supplemen-
tary Fig S8A-D), which correspond to the anatomical segments
of PT, ranging from PT-S1 (subdivided into PT_S1_ACSM2B and
PT_S1_RALYL) to PT-S3. Notably, PT_VCAM1 cells were distin-
guished by a high expression of injury-associated markers, such
as CDH6, VCAM1, and HAVCRI1 [3,21,22] (Fig 3B), resembling
the VCAMI-expressing injured PT cell population previously
described as failed-repair PT cells in an ischaemia-reperfusion
injury (IRI) mouse model [20]. A hypergeometric test confirmed
significant overlap in DEG comparison between PT_VCAM]1 cells
and failed-repair PT cells (Fig 3C, Supplementary Fig S8E, and
Supplementary Table S4).

Notably, similar PT_VCAM1 populations have also been
reported in chronic settings such as autosomal dominant poly-
cystic kidney disease (ADPKD), where they contribute to inflam-
matory and fibrotic responses [9]. Cross-disease comparison
(see Supplementary Methods)—including COVID-19-associated
acute kidney injury (COV-AKI), acute kidney injury (AKI), dia-
betic kidney disease (DKD), and hypertensive chronic kidney
disease (H-CKD)—revealed that PT_VCAM1 cells in LN exhibited
a distinct transcriptomic profile characterised by enhanced acti-
vation of interferon-stimulated genes (eg, IFI44, MXI1, and
IFIT3) (Supplementary Fig S9A-E), suggesting that the inter-
feron-driven signature of PT_VCAMI1 cells is a unique feature of
the autoimmune context of LN. Furthermore, deconvolution
analysis of bulk transcriptomic data from kidney tissues of 16
patients with proliferative LN—before and after cyclophospha-
mide treatment [23]—demonstrated that patients with a higher
proportion of PT_VCAM1 cells exhibited poorer therapeutic
response (P = .0128) (Supplementary Fig S9F). This observa-
tion was further supported by analysis of a 45-patient microar-
ray dataset [19], where VCAM1 expression levels showed a
positive correlation with serum creatinine (R 0.358,
P = .016) and proteinuria (R = 0.357, P = .016), highlighting
its potential as a biomarker for disease severity and treatment
outcome prediction in LN (Supplementary Fig S9G,H).

2026

Ann Rheum Dis 84 (2025) 2021—-2033

To investigate whether PT_VCAMI cells originate from spe-
cific PT cell subsets, we applied a diffusion map [24] and PAGA
graph [25] to explore potential differentiation trajectories. Both
analyses revealed a close relationship between PT_VCAMI cells
and PT_S1_RALYL cells, suggesting a possible lineage connection
between the 2 cell clusters (Fig 3D and Supplementary Fig
S10A). This hypothesis was further supported by the spatial
colocalisation of PT_VCAMI1 and PT S1 RALYL cell clusters
within kidney tissue sections (Fig 3E and Supplementary Figs
S5G, 10B). A comparative analysis between PT_S1_RALYL and
PT_S1_ACSM2B cells, the latter expressing mature PT markers
(eg, ACSM2A and SLC22A6) indicative of a healthy state,
revealed that PT_S1_RALYL cells had elevated expression of
injury-associated genes (eg, CDH6, NFIA, and NFIB) (Supple-
mentary Fig S10C,D). This suggested that PT_S1_RALYL cells
represent an intermediate injury-responsive state, potentially
linking normal PT cells to the injury-prone PT_VCAM!1 cells.

Building on this, we utilised both Multivelo [26] and Palantir
[27] to infer the differentiation trajectory between PT-S1 cells
and PT_VCAM1 cells. Both methods yielded consistent results,
delineating 2 distinct differentiation trajectories (Fig 3F). The
first trajectory (path 1) connected PT S1_RALYL cells to
PT_S1_ACSMZ2B cells, suggesting a successful injury-repair path-
way. In contrast, the second trajectory (path 2) led from
PT _S1_RALYL cells to PT_VCAM1 cells, representing a failed-
repair path that results in the injury-associated phenotype. Pseu-
dotime ordering analysis further confirmed these trajectories,
showing that path 1 is characterised by a high expression of
mature PT markers, such as ACSM2A and ACSM2B, at its termi-
nal stage (Supplementary Fig S10E-G and Supplementary Table
S5). In contrast, path 2 exhibited upregulation in the expression
of genes related to proinflammatory responses (eg, TNFSF10
and CX3CL1), profibrotic signalling (eg, ITGA3 and COL4A1l),
and injury markers (eg, VIM and HAVCR1) (Fig 3G and Supple-
mentary Fig S10F, G). Consistently, the enhancer landscape
along this trajectory revealed progressively increased chromatin
accessibility at regulatory regions of the proinflammatory (eg,
CSF1 and IL32) and profibrotic genes (eg, ITGA3 and COL4A1)
(Supplementary Fig S10H,I). To further explore the regulatory
networks underlying these differentiation trajectories, we used
SCENIC+ [28] to identify potential transcription factors (TFs).
We found that the PT_S1_RALYL cells enriched putative TFs sim-
ilar to both PT_S1_ACSM2B and PT_VCAM]1 cells, indicating that
PT_S1_RALYL cells occupy an intermediate state with the poten-
tial to differentiate towards either a successful or failed-repair
pathway (Fig 3H).

In addition, we examined how TFs specifically regulate the
differentiation processes along each trajectory and constructed
regulatory networks for both paths (Supplementary Table S6).
Peroxisome proliferator-activated receptor alpha (PPARA), a
known TF that could protect the kidney against injury [29], was
putatively involved in regulating the path 1 process (Supple-
mentary Fig S11A). We also identified 4 core TFs—BACH?2,
NFATS5, KLF6, and FOSL2—that regulate path2, each targeting
more than 50 downstream genes (Fig 3I and Supplementary Fig
S11B). NFATS5, a well-established regulator of cellular responses
to hypertonic stress, exhibited a positive correlation with the
severity of proteinuria in patients with LN [30,31]. Similarly,
KLF6, whose loss in PT cells has been shown to protect against
kidney fibrosis in mouse models [32], also plays a known regu-
latory role.

Additionally, we observed that BACH2, a TF associated with
oxidative stress and immune response regulation [33], regulates
the largest number of downstream genes during the PT_VCAM1
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BACH2-overexpressing HK-2 cells. L, Box plot showing PT_VCAM1 signature scores in control and BACH2-overexpressing HK-2 cells. Statistical signifi-
cance was evaluated using a 2-sided Student’s t-test (****P <.0001; n = 5). IR, ischaemia-reperfusion injury.
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cell-state transition (Supplementary Fig S11B,C). Both the devia-
tion score of the BACH2 motif and its gene expression were ele-
vated at early stages along the trajectory, suggesting that
BACH2 functions as a key transcriptional regulator contribut-
ing to the PT_VCAM1-associated injury process (Supplemen-
tary Fig S11D,E). To validate the role of BACH2 in promoting
injury-related phenotypes, we overexpressed BACH2 in HK-2
cells (Fig 3J and Supplementary Fig S11F) and observed upre-
gulation of injury markers (eg, VCAM1 and VIM), proinflamma-
tory responses (eg, TNFSF10 and CX3CL1), and profibrotic
signalling (eg, ITGA3 and COL4A1) (Fig 3K). Consistently, the
expression of PT_VCAMI1 cell signature genes was significantly
increased in BACH2-overexpressing cells (Fig 3L), supporting
the functional contribution of BACH2 to the PT_VCAMI1 cell
phenotype.
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PT VCAMI cells are involved in the fibrotic niche through ECM
remodelling and immune cell recruitment

Intercellular communication is a fundamental process in the
repair of injured tissues. To elucidate the impact of ligand-recep-
tor (LR) interactions on the PT_VCAM1 cells and, in turn, the
influence of this cell cluster on neighbouring cell types, we inte-
grated single-cell and ST data, incorporating spatial proximity
into our analyses (Fig 4A). Specifically, we applied the global
Moran’s statistic [34], a measure of spatial autocorrelation, to
identify spatially coexpressed LR pairs in the CellChat database
[35]. We then used COMMOT [36], which incorporates LR com-
petition and interaction distances, to infer niche-specific cell
—cell communication networks (Fig 4A). Our analysis found
that PT_.VCAM1 cells primarily received interactions from
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Figure 4. VCAMI-expressing proximal tubule (PT_VCAM1)-centric cell—cell interaction network. A, Schematic of the strategy for analysing cell—cell
interactions based on spatial transcriptomics (ST) data. B, Bar plots illustrating the enrichment of signalling pathways in interactions between
PT_VCAM]1, acting as a receiver, and niche 5-specific cell types. C, Chord diagrams depicting interactions between PT_VCAM]1, acting as a receiver,
and niche 5-specific cell types. D, Smoothed spatial expression of COL4A1-ITGAV_ITGB8 pairs, COL4A1, and ITGAV_ITGBS in representative lupus
nephritis (LN) samples. Niche 5 is outlined in black. E, Heatmap showing NicheNet’s ligand activity predictions with PT_VCAM1-related genes (left)
and dot plot depicting the expression patterns of these ligands across niche 5-enriched cell populations (right). F, Box plot depicting the epithelial-mes-
enchymal transition (EMT) scores across proximal tubule (PT) cell subpopulations. Statistical significance was assessed using a 2-sided Wilcoxon rank-
sum test (****P <.0001). G, Schematic representation of the strategy for in vitro stimulation of human kidney-2 (HK-2) cells, an immortalized human
proximal tubular epithelial cell line derived from normal adult kidney. H, Bar plots showing the relative gene expression of VIM (top) and HAVCR1
(bottom) in HK-2 cells across different stimulation conditions. Statistical significance was assessed using a 2-sided Student’s t-test (**P <.01, *P <.05;
n = 3 per group). L, ligand; L-R, ligand-receptor; Mac_ITGAX, ITGAX-expressing macrophages; Mac_M2, CD163-expressing M2 macrophages; MyoFIB,
myofibroblast; R, receptor; TGF, transforming growth factor.
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surrounding cells involving ECM components, including colla-
gen, thrombospondin (THBS), laminin, fibronectin (FN1), peri-
ostin (POSTN), and tenascin (TNC) (Fig 4B,C and
Supplementary Table S7). These ECM-encoding genes were pre-
dominantly expressed by MyoFIB and PT_VCAM1 cells, which
engaged integrin receptors on the PT_VCAMI1 cells (Fig 4D and
Supplementary Fig S12A-C). Among these ECM components,
TNC, known to impair tubular integrity and drive kidney fibrosis
via integrin signalling, may contribute to the profibrotic niche
observed in PT_ VCAM1 cells [37].

To examine the impact of these interactions on the gene
expression of PT_VCAM1 cells, we applied NicheNet [38] to pri-
oritise ligands modulating upregulated genes in the late stages
of path 2 (Fig 4E). Eight out of the top 10 prioritised ligands
were epithelial-mesenchymal transition (EMT)-related genes,
including COL4A1, COL1A1, TNC, and FN1, aligning with previ-
ous studies that link EMT to kidney fibrosis [39,40] (Supplemen-
tary Table S8). TGFBI was also identified as a key ligand
interacting with TGFBR1 and TGFBR2 receptors on the
PT_VCAM1 cells (Fig 4E and Supplementary Fig S12D). This
ligand is secreted by immune cells, including macrophages and
CD8 T cells, and has been demonstrated to induce EMT in kid-
ney disease [41]. The impact of transforming growth factor
(TGF)-f1 signalling was supported by our findings, which
showed that PT_VCAM1 cells exhibited the highest EMT scores
among all PT cell clusters (Fig 4F and Supplementary Fig S12E).
To validate whether the predicted ligands promote kidney fibro-
sis and EMT in PT cells, we stimulated human PT epithelial cells
(PTECs) with the top 3 ligands—COL4A1, SPP1, and TGF-$1—
and evaluated their effects on VIM and HAVCRI1 expression
(Fig 4G). Our results demonstrated that all 3 ligands signifi-
cantly induced higher expression of VIM and HAVCR1 in PTECs
(Fig 4H). Furthermore, we also observed a marked upregulation
of BACHZ2 in PTECs upon in vitro stimulation (Supplementary Fig
S12F).

We then investigated how PT_VCAM1 cells influence their
neighbouring microenvironment and found that PT_VCAM1
cells secreted chemokines such as CX3CL1 and CXCL12, which
engaged CX3CR1 and CXCR4 on immune cells, facilitating tar-
geted recruitment to injury sites (Supplementary Fig S13A-C
and Supplementary Table S7). Concomitantly, local immune
cell populations, particularly CD8 T cells, exhibited elevated
cytokine secretion and activation signatures in LN samples
(Supplementary Fig S13D-G). In parallel, PT_VCAM1 cells pro-
duced ECM-related ligands that could bind CD44 on MyoFIB
and CD8 T cells, potentially enhancing cell adhesion and sus-
taining the fibrotic niche (Supplementary Fig S13B,C). Collec-
tively, these findings reveal the pivotal role of PT_VCAMI cells
in modulating ECM deposition, EMT induction, and immune
cell recruitment through spatially coordinated LR interactions,
highlighting their central role in pathological tissue remodel-
ling.

GWAS mapping prioritises causal variants facilitating kidney
fibrosis in PT_ VCAM1 cells

To gain cell-type—specific insights into the role of genetic
variants in LN, we performed a fine-mapping genetic analysis
using fgwas with an SLE GWAS dataset comprising 208,370 East
Asian samples [21] (Fig 5A and Supplementary Fig S14A). As
expected, SLE-associated SNPs were significantly enriched in
candidate CREs specific to immune cells, such as B cells,
Mac_M2, Mac_ITGAX, and CD4 T cells, corroborating their estab-
lished roles in LN pathogenesis [6,7]. Notably, we also observed
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significant enrichment of SLE SNPs in CREs specific to endothe-
lial and epithelial cells, particularly PT_VCAMI cells, suggesting
previously unrecognised genetic influences on kidney epithelial
cells (Fig 5B). To understand the functional effects of these
SNPs, we obtained 26,304 disease-associated SNPs (referred to
as “prioritised SNPs”) by integrating genome-wide significant
SNPs (P < 5 x 107®) with those that exhibit high posterior prob-
ability (posterior probability of association [PPA] > 0.01) across
various cell types. Linking these SNPs to gene expression
through cell-type—specific accessible peaks revealed 4520 SNP-
gene pairs, 34% of which were validated in expression quantita-
tive trait loci (eQTL) studies [42,43] (Supplementary Fig S14B
and Supplementary Table S9), demonstrating the high resolu-
tion and accuracy of our approach.

To further investigate the expression patterns of genes linked
to the prioritised SNPs, we performed gene expression clustering
across cell subpopulations, identifying 8 distinct gene clusters
(C1-C8; Fig 5C and Supplementary Table S10). Clusters C1 to C4
and C6 were significantly enriched in niche 5 (Supplementary
Fig S14C,D), suggesting that the GWAS SNPs have a genetic pre-
disposition for LN progression. For example, SNPs in the CD44
locus, such as rs2785201, were linked to increased expression of
CD44 in CD4 and CD8 T cells, potentially influencing immune
cell recruitment and inflammation via interactions with hyalur-
onan [44] (Supplementary Fig S15A-C). Moreover, COL4Al,
which encodes a subunit of type IV collagen, has been identified
as a pivotal marker influenced by genetic variants associated
with LN susceptibility [45]. We identified a distinct SNP
(rs4284503) in a distal CRE specific to the PT_ VCAM1 cells,
coaccessible with the COL4A1 promoter (Fig 5D,E). The distal
CRE was located within the COL4A2 gene body and linked to
the expression of both COL4A1 and COL4A2 (Fig 5F), potentially
reflecting the promoter proximity of these 2 genes. Moreover,
our results suggest predominant expression of COL4Al1 in
PT_VCAM1 cells and MyoFIB, which may drive PT cell injury
and promote EMT (Fig 4E,H). The high expression of COL4A1 in
PT_VCAM1 cells was also validated by our SeekSpace data (Sup-
plementary Fig S15D).

Using a gapped k-mer support vector machine (gkm-SVM)
approach [46], we identified 63 SNPs that significantly affect
the TF binding motif (Supplementary Table S11), including
rs4472162, which enhances chromatin accessibility at a
BMP2K upstream CRE in PT VCAM1 cells by creating a
BACH2 motif (Fig 5G,H). The upregulation of BMP2K pro-
motes the degradation of HNF1B and HNF4A, key TFs essen-
tial for PTEC identity [47], aligning with the loss of HNF4A
enrichment observed in PT_VCAM1 cells (Fig 3H). Electro-
phoretic mobility shift assays (EMSAs) further demonstrated
that the SLE risk allele (A>T) at rs4472162 significantly
enhances BACH2 binding affinity to the BMP2K enhancer
region (Supplementary Fig S15E,F). Additionally, we also
identified a SNP (rs113607426) located within an intron of
SLC17A3, and the accessibility of this peak was positively
associated with the gene expression of 3 solute carrier family
17 member genes (SLC17A1, SLC17A3, and SLC17A4) (Sup-
plementary Fig S15G-J). SLC17 transporters are type I phos-
phate transporters expressed in the kidney and liver [48].
However, the pathogenic roles of these transporters in LN
remain unclear. Collectively, these findings reveal how
genetic variants converge on specific cell types within LN-
enriched niche 5, uncovering the regulatory mechanisms that
drive fibrosis and inflammation. These insights provide a
framework for understanding genetic predispositions in LN
and identifying potential therapeutic targets.
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Figure 5. Cell-type-specific genetic risk locus analysis in lupus nephritis (LN). A, Schematic representation of the strategy employed to identify poten-
tial causative single-nucleotide polymorphisms (SNPs), their associated gene targets, and the prediction of their impact on transcription factor binding
site accessibility. B, Lollipop plot displaying systemic lupus erythematosus (SLE) In(enrichment) within cell-type—specific cis-regulatory elements
(CREs). Cell types with positive enrichment and a 95% CI lower bound below zero are shaded in grey. Data represent In(enrichment) + 95% CI derived
from fgwas. C, Clustered heatmap illustrating the expression profiles of genes associated with candidate SNPs for each cell type. Representative genes
are labelled, with gene names in red indicating fine-mapped SNP-to-gene associations supported by public expression quantitative trait loci (eQTL)
data from the GTEx portal and the Susztak Lab. D, Normalised chromatin accessibility for cell-type—specific pseudo-bulk tracks surrounding the
COL4A1/COL4A2 locus in SLE heritability-enriched nonimmune cell types. The positions of assay for transposase-accessible chromatin sequencing
(ATAC-seq) peaks, genome-wide significant (GWS) SNPs, high posterior probability of association (PPA) SNPs, and candidate functional SNPs are
shown below the ATAC-seq tracks. Significant peak-to-gene linkages are indicated by loops connecting the promoter to corresponding peaks. E, Magni-
fied Manhattan plot of the region shown in (D) coloured by PPA level. The candidate SNP is outlined in black. F, Violin plots depicting the expression
levels of COL4A1 and COL4A2 across the cell types shown in (D). G, As in (D), but for the BMP2K locus. BVIP2K expression levels are shown in the vio-
lin plot for each cell type to the right. H, GkmExplain importance scores for the 50 bp region surrounding rs4472162, which creates a BACH2 motif in
a CRE linked to BMPZK expression. The effect and noneffect alleles for the gapped k-mer support vector machine (gkm-SVM) model are based on the
model trained on the VCAM1-expressing proximal tubule (PT_VCAM1) cluster. I, As in (E), but for the region shown in (G). GWAS, genome-wide asso-
ciation studies; PODO, podocyte; PEC, parietal epithelial cell; PT, proximal tubule cell; DTL1, descending thin limb cell type 1; DTL2, descending thin
limb cell type 2; ATL, ascending thin limb cell; MTAL_EGF, EGF-expressing medullary thick ascending limb cell; MTAL VAT1L, VAT1L-expressing med-
ullary thick ascending limb cell; MTAL TEX41, TEX41-expressing medullary thick ascending limb cell; CTAL, cortical thick ascending limb cell; TAL -
PROM1, PROM1-expressing thick ascending limb cell; MD, macula densa cell; DCT1, distal convoluted tubule cell type 1; DCT2, distal convoluted
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Previous studies using single-cell RNA sequencing have
provided valuable insights into the roles of immune and epi-
thelial cells in LN [2,4,6,7,49]. However, the detailed cellu-
lar organisation and cell—cell interactions within the local
microenvironment remain poorly understood. In this study,
we employed single-cell multiome sequencing and ST to ana-
lyse kidney samples from patients with LN and controls. Our
findings revealed a unique LN-associated cellular niche
(niche 5), which was positively correlated with serum creati-
nine and proteinuria levels. This niche, characterised by
increased immune cell infiltration and MyoFIB accumulation,
also harboured a subpopulation of PT_VCAM1 cells exhibit-
ing a “failed-repair” phenotype. These cells contribute to dis-
ease progression by amplifying the inflammatory and
profibrotic microenvironment, linking their dysfunction to
kidney fibrosis and tubular atrophy—key features predictive
of poor kidney outcomes in LN [9,20].

Our study identified niche 5 as a distinct cortical microen-
vironment of LN, characterised by immune cell infiltration
and MyoFIB accumulation—both recognised as contributors
to kidney damage [4]. Within this niche, PT_VCAM1 cells
emerged as a key epithelial population associated with fibro-
sis progression, with their abundance significantly higher in
cyclophosphamide nonresponders compared with responders.
Furthermore, VCAMI1 expression in the tubulointerstitium
positively correlated with serum creatinine and proteinuria,
highlighting PT_VCAM1 cells and VCAM1 as potential tissue-
level biomarkers of disease severity and treatment response
in LN.

Trajectory analysis further demonstrated that PT VCAM1
cells originate from intermediate-injury PT precursors
(PT_S1_RALYL), tracing a continuum from early to late injury
states. This finding refines the current understanding of epithe-
lial cell-state transitions in LN and aligns with prior studies on
kidney fibrosis [5,20]. Mechanistically, our research under-
scores the dynamic interplay between PT_VCAM1 cells and local
immune cells, which is partially induced by the TGF-#1—medi-
ated EMT process. These insights suggest that TGF-f receptor
kinase inhibitors, such as galunisertib, may hold therapeutic
potential in mitigating PT fibrotic reprogramming in LN.

Immune cells have long been recognised as contributors to
LN pathogenesis [4,7]; our study provides insights into the role
of genetic variants within PT_VCAM1 cells associated with kid-
ney fibrosis. Among the identified variants, rs4284503 in the
distal region of the COL4A1 locus was found to enhance collagen
deposition via PT_VCAM1 cells. While COL4A1 overexpression
in fibroblasts and endothelial cells has been linked to kidney
fibrosis [50], our study highlights a previously unrecognised
role of COL4A1 regulation in PT cells.

Beyond COL4A1, we identified additional SLE-associated var-
iants that influence the binding motifs of TFs. Notably, BMP2K,
encoding bone morphogenetic protein 2-inducible kinase,
emerged as a key gene in the pathogenic process. Knockout stud-
ies of BMP2K have shown that its absence restores normal PTEC
function [47], indicating the role of BMP2K in disturbing tubu-
lar integrity. We identified a distal BMP2K variant, rs4472162,

that creates a de novo BACH2 binding motif, consistent with our
gene regulatory network analysis, positioning BACH2 as a cen-
tral regulator of the failed-repair PT_VCAM1 program. These
findings nominate both BMP2K inhibitors (eg, Cerdulatinib
[MedChemExpress] and SGC-AAK1-1) and BACH2 modulators
(eg, compound 8) as candidate therapeutic agents for targeting
this pathogenic epithelial niche in LN.

Despite the strengths of our integrative approach, several
limitations should be acknowledged. The relatively small patient
cohort limited our ability to fully capture the heterogeneity of
LN. Needle biopsy, required for LN tissue sampling, brings chal-
lenges to the comprehensive exploration of kidney injury. Fur-
thermore, the naturally low abundance of immune cells in
kidney tissues limited our ability to explore their functional
role; sorting immune cells for subsequent investigation could
provide deeper insights into the impact of genetic variants on
immune cell function. Additionally, 10x multiome workflows
require nuclei isolation, which may limit the detection of cyto-
plasmic transcripts and certain cell states, particularly those of
granulocytes. Nevertheless, our work provides a comprehensive
understanding of the spatial architecture of LN tissues, the inter-
play between cell types in pathogenic hotspots, and the regula-
tory programs associated with kidney injury, laying the
groundwork for potential therapeutic strategies targeting both
immune and kidney tubular cells.

KQ is the chief scientific advisor of HanGene Biotech and
Bassfish Technology. The other authors declare that they have
no competing interests.

Junyu Wang: Writing — original draft, Visualization, Valida-
tion, Methodology, Data curation. Ao Zheng: Visualization,
Methodology, Formal analysis, Data curation. Nianping Liu:
Writing — original draft, Methodology, Formal analysis, Data
curation. Zhen Tan: Visualization, Resources. Yu Shi: Method-
ology, Data curation. Tianyi Ma: Software, Data curation. Song-
wen Luo: Visualization, Data curation. Lin Zhu: Methodology.
Zhou Zhou: Validation. Feifei Yuan: Visualization, Validation.
Tiekun Li: Visualization. Yuyan Gong: Validation, Data cura-
tion. Jingwen Fang: Visualization. Lu Liu: Resources. Xuejun
Zhang: Resources. Sang-Cheol Bae: Resources. Chikashi
Terao: Resources. Zhu Chen: Resources. Xiaomei Li: Resour-
ces. Guosheng Wang: Supervision, Resources. Kun Qu: Writing
— review & editing, Supervision, Project administration, Fund-
ing acquisition, Conceptualization. Chuang Guo: Writing —
review & editing, Supervision, Resources, Project administra-
tion, Funding acquisition, Data curation, Conceptualization.

We thank the USTC Supercomputing Center and the School
of Life Science Bioinformatics Center for providing computing
resources for this project. We also acknowledge the Core Facility

tubule cell type 2; CNT, connecting tubule cell; PC, principal cell; ICA, alpha-intercalated cell; ICB, beta-intercalated cell; EC_AVR, ascending vasa recta
endothelial cell; EC_GC, glomerular capillary endothelial cell; EC_AEA, afferent/efferent arteriole endothelial cell; MyoFIB, myofibroblast;
FIB_.BMPR1B, BMPR1B-expressing fibroblast; VSM/P, vascular smooth muscle cell or pericyte; MES, mesangial cell; Mac_M2, CD163-expressing M2

macrophage; Mac_ITGAX, ITGAX-expressing macrophage.



J. Wang et al.

at the Institute of Health and Medicine, Hefei Comprehensive
National Science Center, for providing experimental platforms.

Contributors

CG and KQ conceived the project. GW collected clinical sam-
ples and interpreted clinical data with the help of ZC and XL.
JW, CG, and KQ designed experiments. JW performed the
experiments and conducted the sample preparation with the
help of ZT, LZ, ZZ, and TL. JW and AZ performed data analysis
with the help of YS, TM, SL, FY, YG, and JF. XZ, S-CB, CT, and
LL provided the GWAS data. CG, KQ, JW, NL, and AZ wrote the
manuscript with the help of all the other authors. KQ and CG
supervised the entire project. All the authors read and approved
the final manuscript.

Funding

This work was supported by the National Natural Science Foun-
dation of China grants (32570791 and 32270978 to CG,
T2125012 to KQ), the National Key R&D Program of China
(2022YFA1303200 to KQ), the Strategic Priority Research Program
of Chinese Academy of Sciences (grant number XDB0940301 to
KQ), the Fundamental Research Funds for the Central Universities
(YD9100002026, YD9100002032, and WK9110000141 to KQ,
WK9100000086 to CG), and the Basic Science Research Program
through the National Research Foundation of Korea (NRF), funded
by the Ministry of Education (NRF-2021R1A6A1A03038899 and
NFEC 2023R1A6C101A009 to SCB).

Patient consent for publication
Written informed consent was obtained from all participants.
Ethics approval

Ethical approval was granted by the ethics committee of the
First Affiliated Hospital of the University of Science and Tech-
nology of China (No. 2024-KY-265).

Provenance and peer review
Not commissioned; externally peer reviewed.
Data availability statement

Processed spatial transcriptomics, snRNA-seq, and snATAC-
seq generated in this study are available at the Zenodo data
archive (https://doi.org/10.5281/zenodo.15868389). The raw
sequencing data generated in this study—including single-cell
multiome, spatial transcriptomics, and bulk RNA sequencing
(RNA-seq)—have been deposited in the Genome Sequence
Archive (GSA) at the BIG Data Center, National Genomics Data
Center, China National Center for Bioinformation/Beijing Insti-
tute of Genomics, and Chinese Academy of Sciences (accession
number: PRJCA035165). The data are publicly accessible at
https://ngdc.cncb.ac.cn/gsa-human. The publicly available data
sources used in this study are as follows: (1) snRNA-seq and snA-
TAC-seq data from human kidney control samples (Muto et al)
were obtained from the Gene Expression Omnibus (GEO)
(GSE151302); (2) snRNA-seq data from the human kidney atlas
(Lake et al [3]) were obtained from GEO (GSE183277); (3) sin-
gle-cell RNA sequencing (scRNA-seq) data of human lupus
nephritis kidney immune cells (Arazi et al [2]) were accessed

2032

Ann Rheum Dis 84 (2025) 2021—-2033

from the ImmPort repository (SDY997); (4) Microarray data
from human lupus nephritis kidney biopsy samples (Parikh et al
[19]) were obtained from GEO (GSE200306); (5) Bulk RNA-seq
data (n = 25) from kidney tissues of 16 patients with prolifer-
ative LN (Bulusu et al [23]) were obtained from GEO
(PRJNA1080019); (6) the GWAS summary statistics of the SLE
GWAS dataset, comprising 208,370 East Asian samples, were
obtained from the coauthor upon request [11].

Declaration of generative Al and Al-assisted
technologies in the writing process

During the preparation of this work the authors used
ChatGPT 4.0 in order to improve the language and readability.
After using this tool, the authors reviewed and edited the con-
tent as needed and take full responsibility for the content of the
publication.

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.ard.2025.08.015.

Orcid

Junyu Wang: http://orcid.org/0009-0000-0621-3435
Ao Zheng: http://orcid.org/0009-0004-6494-4382
Nianping Liu: http://orcid.org/0000-0002-9044-6457
Zhen Tan: http://orcid.org/0000-0002-9988-5587
Tianyi Ma: http://orcid.org/0009-0000-8386-3431
Sang-Cheol Bae: http://orcid.org/0000-0003-4658-1093
Zhu Chen: http://orcid.org/0000-0003-0828-1583
Chuang Guo: http://orcid.org/0000-0002-3912-0793

REFERENCES

[1] Mok CC, Teng YKO, Saxena R, Tanaka Y. Treatment of lupus nephritis: con-
sensus, evidence and perspectives. Nat Rev Rheumatol 2023;19(4):227-38.
doi: 10.1038/541584-023-00925-5.

Arazi A, Rao DA, Berthier CC, Davidson A, Liu Y, Hoover PJ, et al. The
immune cell landscape in kidneys of patients with lupus nephritis. Nat Immu-
nol 2019;20(7):902-14. doi: 10.1038/s41590-019-0398-x.

Lake BB, Menon R, Winfree S, Hu Q, Melo Ferreira R, Kalhor K, et al. An atlas
of healthy and injured cell states and niches in the human kidney. Nature
2023;619(7970):585-94. doi: 10.1038/541586-023-05769-3.

Chen W, Jin B, Cheng C, Peng H, Zhang X, Tan W, et al. Single-cell profiling
reveals kidney CD163(+ ) dendritic cell participation in human lupus nephri-
tis. Ann Rheum Dis 2024;83(5):608-23. doi: 10.1136/ard-2023-224788.

Li H, Dixon EE, Wu H, Humphreys BD. Comprehensive single-cell transcrip-
tional profiling defines shared and unique epithelial injury responses during
kidney fibrosis. Cell Metab 2022;34(12) 1977-98.¢9. doi: 10.1016/j.
cmet.2022.09.026.

Tang Y, Zhang Y, Li X, Xu R, Ji Y, Liu J, et al. Immune landscape and the key
role of APOE + monocytes of lupus nephritis under the single-cell and spatial
transcriptional vista. Clin Transl Med 2023;13(4):e1237. doi: 10.1002/
ctm2.1237.

Wu C, Jiang S, Chen Z, Li T, Gu X, Dai M, et al. Single-cell transcriptomics
reveal potent extrafollicular B cell response linked with granzyme K(+) CD8
T cell activation in lupus kidney. Ann Rheum Dis 2024;84(3):451-66. doi:
10.1136/ard-2024-225876.

Muto Y, Wilson PC, Ledru N, Wu H, Dimke H, Waikar SS, et al. Single cell
transcriptional and chromatin accessibility profiling redefine cellular hetero-
geneity in the adult human kidney. Nat Commun 2021;12(1):2190. doi:
10.1038/s41467-021-22368-w.

Muto Y, Dixon EE, Yoshimura Y, Wu H, Omachi K, Ledru N, et al. Defining
cellular complexity in human autosomal dominant polycystic kidney disease
by multimodal single cell analysis. Nat Commun 2022;13(1):6497. doi:
10.1038/541467-022-34255-z.

Abedini A, Levinsohn J, Klotzer KA, Dumoulin B, Ma Z, Frederick J, et al. Sin-
gle-cell multi-omic and spatial profiling of human kidneys implicates the

[2]

[3

—

[4

=

[5]

[6

—

(71

[8

—

[9

—

[10]


https://doi.org/10.13039/501100012226
https://doi.org/10.5281/zenodo.15868389
https://ngdc.cncb.ac.cn/gsa-human
https://doi.org/10.1016/j.ard.2025.08.015
http://orcid.org/0009-0000-0621-3435
http://orcid.org/0009-0004-6494-4382
http://orcid.org/0000-0002-9044-6457
http://orcid.org/0000-0002-9988-5587
http://orcid.org/0009-0000-8386-3431
http://orcid.org/0000-0003-4658-1093
http://orcid.org/0000-0003-0828-1583
http://orcid.org/0000-0002-3912-0793
https://doi.org/10.1038/s41584-023-00925-5
https://doi.org/10.1038/s41590-019-0398-x
https://doi.org/10.1038/s41586-023-05769-3
https://doi.org/10.1136/ard-2023-224788
https://doi.org/10.1016/j.cmet.2022.09.026
https://doi.org/10.1016/j.cmet.2022.09.026
https://doi.org/10.1002/ctm2.1237
https://doi.org/10.1002/ctm2.1237
https://doi.org/10.1136/ard-2024-225876
https://doi.org/10.1038/s41467-021-22368-w
https://doi.org/10.1038/s41467-022-34255-z

J. Wang et al.

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

fibrotic microenvironment in kidney disease progression. Nat Genet 2024;56
(8):1712-24. doi: 10.1038/541588-024-01802-x.

Yin X, Kim K, Suetsugu H, Bang SY, Wen L, Koido M, et al. Meta-analysis of
208370 East Asians identifies 113 susceptibility loci for systemic lupus eryth-
ematosus. Ann Rheum Dis 2021;80(5):632-40. doi: 10.1136/annrheumdis-
2020-219209.

Gallagher MD, AS Chen-Plotkin. The post-GWAS era: from association to
function. Am J Hum Genet 2018;102(5):717-30. doi: 10.1016/j.
ajhg.2018.04.002.

Hon CC, Ramilowski JA, Harshbarger J, Bertin N, Rackham OJ, Gough J,
et al. An atlas of human long non-coding RNAs with accurate 5’ ends. Nature
2017;543(7644):199-204. doi: 10.1038/nature21374.

Hao Y, Stuart T, Kowalski MH, Choudhary S, Hoffman P, Hartman A,
et al. Dictionary learning for integrative, multimodal and scalable single-
cell analysis. Nat Biotechnol 2024;42(2):293-304. doi: 10.1038/541587-
023-01767-y.

Davidson A. What is damaging the kidney in lupus nephritis? Nat Rev Rheu-
matol 2016;12(3):143-53. doi: 10.1038/nrrheum.2015.159.

Melo Ferreira R, Sabo AR, Winfree S, Collins KS, Janosevic D, Gulbronson CJ,
et al. Integration of spatial and single-cell transcriptomics localizes epithelial
cell-immune cross-talk in kidney injury. JCI Insight 2021;6(12):e147703.
doi: 10.1172/jci.insight.147703.

Kleshchevnikov V, Shmatko A, Dann E, Aivazidis A, King HW, Li T, et al.
Cell2location maps fine-grained cell types in spatial transcriptomics. Nat Bio-
technol 2022;40(5):661-71. doi: 10.1038/s41587-021-01139-4.

Xu H, Wang S, Fang M, Luo S, Chen C, Wan S, et al. SPACEL: deep learning-
based characterization of spatial transcriptome architectures. Nat Commun
2023;14(1):7603. doi: 10.1038/541467-023-43220-3.

Parikh SV, Malvar A, Song H, Shapiro J, Mejia-Vilet JM, Ayoub I, et al. Molec-
ular profiling of kidney compartments from serial biopsies differentiate treat-
ment responders from non-responders in lupus nephritis. Kidney Int
2022;102(4):845-65. doi: 10.1016/j.kint.2022.05.033.

Kirita Y, Wu H, Uchimura K, Wilson PC, Humphreys BD. Cell profiling of
mouse acute kidney injury reveals conserved cellular responses to injury.
Proc Natl Acad Sci U S A 2020;117(27):15874-83. doi: 10.1073/
pnas.2005477117.

Hinze C, Kocks C, Leiz J, Karaiskos N, Boltengagen A, Cao S, et al. Single-cell
transcriptomics reveals common epithelial response patterns in human acute
kidney injury. Genome Med. Genome Med. 2022;14(1):103. doi: 10.1186/
513073-022-01108-9.

Klocke J, Kim SJ, Skopnik CM, Hinze C, Boltengagen A, Metzke D, et al. Uri-
nary single-cell sequencing captures kidney injury and repair processes in
human acute kidney injury. Kidney Int 2022;102(6):1359-70. doi: 10.1016/
j-kint.2022.07.032.

Bulusu SN, Bavikatte AN, Shah S, Murthy SSN, Kommoju V, Mariaselvam CM,
et al. Renal and peripheral blood transcriptome signatures that predict treat-
ment response in proliferative lupus nephritis-a prospective study. Immunol-
ogy 2025;174(4):470-80. doi: 10.1111/imm.13891.

Haghverdi L, Buettner F, Theis FJ. Diffusion maps for high-dimensional sin-
gle-cell analysis of differentiation data. Bioinformatics 2015;31(18):2989-
98. doi: 10.1093/bioinformatics/btv325.

Wolf FA, Hamey FK, Plass M, Solana J, Dahlin JS, Gottgens B, et al. PAGA:
graph abstraction reconciles clustering with trajectory inference through a
topology preserving map of single cells. Genome Biol 2019;20(1):59. doi:
10.1186/513059-019-1663-x.

Li C, Virgilio MC, Collins KL, Welch JD. Multi-omic single-cell velocity mod-
els epigenome-transcriptome interactions and improves cell fate prediction.
Nat Biotechnol 2023;41(3):387-98. doi: 10.1038/s41587-022-01476-y.
Setty M, Kiseliovas V, Levine J, Gayoso A, Mazutis L, Pe’er D. Characteriza-
tion of cell fate probabilities in single-cell data with Palantir. Nat Biotechnol
2019;37(4):451-60. doi: 10.1038/541587-019-0068-4.

Bravo Gonzalez-Blas C, De Winter S, Hulselmans G, Hecker N, Matetovici I,
Christiaens V, et al. SCENIC +: single-cell multiomic inference of enhancers
and gene regulatory networks. Nat Methods 2023;20(9):1355-67. doi:
10.1038/541592-023-01938-4.

Ledru N, Wilson PC, Muto Y, Yoshimura Y, Wu H, Li D, et al. Predicting proxi-
mal tubule failed repair drivers through regularized regression analysis of
single cell multiomic sequencing. Nat Commun 2024;15(1):1291. doi:
10.1038/541467-024-45706-0.

Hao S, Bellner L, Zhao H, Ratliff BB, Darzynkiewicz Z, Vio CP, et al. NFAT5 is
protective against ischemic acute kidney injury. Hypertension 2014;63(3):
e46-52. doi: 10.1161/HYPERTENSIONAHA.113.02476.

2033

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

Ann Rheum Dis 84 (2025) 2021—-2033

Yoo EJ, Oh KH, Piao H, Kang HJ, Jeong GW, Park H, et al. Macrophage tran-
scription factor TonEBP promotes systemic lupus erythematosus and kidney
injury via damage-induced signaling pathways. Kidney Int 2023;104(1):163-
80. doi: 10.1016/j.kint.2023.03.030.

Piret SE, Guo Y, Attallah AA, Horne SJ, Zollman A, Owusu D, et al. Kruppel-
like factor 6-mediated loss of BCAA catabolism contributes to kidney injury
in mice and humans. Proc Natl Acad Sci U S A 2021;118(23):e2024414118.
doi: 10.1073/pnas.2024414118.

Zhou Y, Wu H, Zhao M, Chang C, Lu Q. The Bach family of transcription fac-
tors: a comprehensive review. Clin Rev Allergy Immunol 2016;50(3):345-
56. doi: 10.1007/5s12016-016-8538-7.

Li Z, Wang T, Liu P, Huang Y. SpatialDM for rapid identification of spatially
co-expressed ligand-receptor and revealing cell-cell communication patterns.
Nat Commun 2023;14(1):3995. doi: 10.1038/541467-023-39608-w.

Jin S, Guerrero-Juarez CF, Zhang L, Chang I, Ramos R, Kuan CH, et al. Infer-
ence and analysis of cell-cell communication using CellChat. Nat Commun
2021;12(1):1088. doi: 10.1038/541467-021-21246-9.

Cang Z, Zhao Y, Almet AA, Stabell A, Ramos R, Plikus MV, et al. Screening
cell-cell communication in spatial transcriptomics via collective optimal
transport. Nat Methods 2023;20(2):218-28. doi: 10.1038/s41592-022-
01728-4.

Zhu H, Liao J, Zhou X, Hong X, Song D, Hou FF, et al. Tenascin-C promotes
acute kidney injury to chronic kidney disease progression by impairing tubu-
lar integrity via alphavbeta6 integrin signaling. Kidney Int 2020;97(5):1017-
31. doi: 10.1016/j.kint.2020.01.026.

Browaeys R, Saelens W, Saeys Y. NicheNet: modeling intercellular communi-
cation by linking ligands to target genes. Nat Methods 2020;17(2):159-62.
doi: 10.1038/s41592-019-0667-5.

Grande MT, Sanchez-Laorden B, Lépez-Blau C, De Frutos CA, Boutet A,
Arévalo M, et al. Snaill-induced partial epithelial-to-mesenchymal transition
drives renal fibrosis in mice and can be targeted to reverse established dis-
ease. Nat Med 2015;21(9):989-97. doi: 10.1038/nm.3901.

Lovisa S, LeBleu VS, Tampe B, Sugimoto H, Vadnagara K, Carstens JL, et al.
Epithelial-to-mesenchymal transition induces cell cycle arrest and parenchy-
mal damage in renal fibrosis. Nat Med 2015;21(9):998-1009. doi: 10.1038/
nm.3902.

Shen B, Liu X, Fan Y, Qiu J. Macrophages regulate renal fibrosis through
modulating TGFbeta superfamily signaling. Inflammation 2014;37(6):2076—
84. doi: 10.1007/5s10753-014-9941-y.

Liu H, Doke T, Guo D, Sheng X, Ma Z, Park J, et al. Epigenomic and transcrip-
tomic analyses define core cell types, genes and targetable mechanisms for
kidney disease. Nat Genet 2022;54(7):950-62. doi: 10.1038/541588-022-
01097-w.

Consortium GTEx. The GTEx Consortium atlas of genetic regulatory effects
across human tissues. Science 2020;369(6509):1318-30. doi: 10.1126/sci-
ence.aazl776.

Kadoya H, Yu N, Schiessl IM, Riquier-Brison A, Gyarmati G, Desposito D,
et al. Essential role and therapeutic targeting of the glomerular endothelial
glycocalyx in lupus nephritis. JCI Insight 2020;5(19):e131252. doi: 10.1172/
jci.insight.131252.

Chung SA, Brown EE, Williams AH, Ramos PS, Berthier CC, Bhangale T, et al.
Lupus nephritis susceptibility loci in women with systemic lupus erythemato-
sus. J Am Soc Nephrol 2014;25(12):2859-70. doi: 10.1681/
ASN.2013050446.

Turner AW, Hu SS, Mosquera JV, Ma WF, Hodonsky CJ, Wong D, et al. Sin-
gle-nucleus chromatin accessibility profiling highlights regulatory mecha-
nisms of coronary artery disease risk. Nat Genet 2022;54(6):804-16. doi:
10.1038/541588-022-01069-0.

Mao L, Zhang T, Li Z, Yao W, Cai Y, Li C, et al. Kidney repair through chemi-
cally-induced revitalization of renal tubular epithelial cell. Cell Press; 2024
in press. doi: 10.17632/bz47sbmtw2.1.

Reimer RJ. SLC17: a functionally diverse family of organic anion trans-
porters. Mol Aspects Med 2013;34(2-3):350-9. doi: 10.1016/j.
mam.2012.05.004.

Der E, Suryawanshi H, Morozov P, Kustagi M, Goilav B, Ranabothu S, et al.
Tubular cell and keratinocyte single-cell transcriptomics applied to lupus
nephritis reveal type I IFN and fibrosis relevant pathways. Nat Immunol
2019;20(7):915-27. doi: 10.1038/s41590-019-0386-1.

Li H, Li D, Ledru N, Xuanyuan Q, Wu H, Asthana A, et al. Transcriptomic, epi-
genomic, and spatial metabolomic cell profiling redefines regional human
kidney anatomy. Cell Metab 2024;36(5):1105-25. el0. doi: 10.1016/j.
cmet.2024.02.015.


https://doi.org/10.1038/s41588-024-01802-x
https://doi.org/10.1136/annrheumdis-2020-219209
https://doi.org/10.1136/annrheumdis-2020-219209
https://doi.org/10.1016/j.ajhg.2018.04.002
https://doi.org/10.1016/j.ajhg.2018.04.002
https://doi.org/10.1038/nature21374
https://doi.org/10.1038/s41587-023-01767-y
https://doi.org/10.1038/s41587-023-01767-y
https://doi.org/10.1038/nrrheum.2015.159
https://doi.org/10.1172/jci.insight.147703
https://doi.org/10.1038/s41587-021-01139-4
https://doi.org/10.1038/s41467-023-43220-3
https://doi.org/10.1016/j.kint.2022.05.033
https://doi.org/10.1073/pnas.2005477117
https://doi.org/10.1073/pnas.2005477117
https://doi.org/10.1186/s13073-022-01108-9
https://doi.org/10.1186/s13073-022-01108-9
https://doi.org/10.1016/j.kint.2022.07.032
https://doi.org/10.1016/j.kint.2022.07.032
https://doi.org/10.1111/imm.13891
https://doi.org/10.1093/bioinformatics/btv325
https://doi.org/10.1186/s13059-019-1663-x
https://doi.org/10.1038/s41587-022-01476-y
https://doi.org/10.1038/s41587-019-0068-4
https://doi.org/10.1038/s41592-023-01938-4
https://doi.org/10.1038/s41467-024-45706-0
https://doi.org/10.1161/HYPERTENSIONAHA.113.02476
https://doi.org/10.1016/j.kint.2023.03.030
https://doi.org/10.1073/pnas.2024414118
https://doi.org/10.1007/s12016-016-8538-7
https://doi.org/10.1038/s41467-023-39608-w
https://doi.org/10.1038/s41467-021-21246-9
https://doi.org/10.1038/s41592-022-01728-4
https://doi.org/10.1038/s41592-022-01728-4
https://doi.org/10.1016/j.kint.2020.01.026
https://doi.org/10.1038/s41592-019-0667-5
https://doi.org/10.1038/nm.3901
https://doi.org/10.1038/nm.3902
https://doi.org/10.1038/nm.3902
https://doi.org/10.1007/s10753-014-9941-y
https://doi.org/10.1038/s41588-022-01097-w
https://doi.org/10.1038/s41588-022-01097-w
https://doi.org/10.1126/science.aaz1776
https://doi.org/10.1126/science.aaz1776
https://doi.org/10.1172/jci.insight.131252
https://doi.org/10.1172/jci.insight.131252
https://doi.org/10.1681/ASN.2013050446
https://doi.org/10.1681/ASN.2013050446
https://doi.org/10.1038/s41588-022-01069-0
https://doi.org/10.17632/bz47sbmtw2.1
https://doi.org/10.1016/j.mam.2012.05.004
https://doi.org/10.1016/j.mam.2012.05.004
https://doi.org/10.1038/s41590-019-0386-1
https://doi.org/10.1016/j.cmet.2024.02.015
https://doi.org/10.1016/j.cmet.2024.02.015

Ann Rheum Dis 84 (2025) 2034—2048

Contents lists available at ScienceDirect

ATIC pﬁr] :

HEUI
DISEASES

Annals of the Rheumatic Diseases

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

Antiphospholipid syndrome

Genetic and epigenetic dysregulation of CR1 is
associated with catastrophic antiphospholipid
syndrome

Nikhil Ranjan® ', Michael A. Cole’, Gloria F. Gerber', Mark A. Crowther”,
Evan M. Braunstein', Daniel Flores-Guerrero’, Kathy HaddawayS, Alexis Reed’,
Michael B. Streiff’, Keith R. McCrae®, Michelle Petri®, Shruti Chaturvedi’,
Robert A. Brodsky® *-*

! Division of Hematology, Department of Medicine, Johns Hopkins University School of Medicine, Baltimore, MD, USA

2 Department of Medicine, McMaster University, Hamilton, ON, Canada

% Transfusion Medicine Division, The Johns Hopkins Hospital, Baltimore, MD, USA

* Departments of Hematology-Oncology, and Cardiovascular and Metabolic Sciences, Lerner Research Institute, Cleveland Clinic,
Cleveland, OH, USA

5 Division of Rheumatology, Department of Medicine, Johns Hopkins University School of Medicine, Baltimore, MD, USA

ARTICLE INFO ABSTRACT

Article history: Objectives: Catastrophic antiphospholipid syndrome (CAPS) is a complement-driven thrombotic
iece%ved 14 April 2025 disorder, characterised by widespread thrombosis and multiorgan failure. We identified rare
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Accepted 21 July 2025 germline variants including complement receptor 1 (CR1) in 50% of patients with CAPS. Here,
we define CR1 dysregulation mechanisms (genetic/epigenetic) underlying complement-medi-
ated thrombosis in CAPS and support C5 inhibition as a potential therapy.
Methods: We quantified CR1 expression by flow cytometry across haematopoietic cell types.
CRISPR/Cas9 genome editing of TF-1 (erythroleukaemia) cells was performed to generate CR1
‘knock-out’ and ‘knock-in’ lines with patient-specific CR1 variants. Multiomics analysis was per-
formed to investigate the role of methylation in patients with reduced CR1 expression. Func-
tional impact of low CR1 was assessed by complement-mediated cell killing using modified Ham
assay, cell-bound complement degradation products through flow cytometry, and circulatory
immune complexes in serum samples through ELISA.
Results: CR1 expression in erythrocytes was markedly reduced on CAPS erythrocytes (n = 9,
21.80%) compared to healthy controls (HCs; n = 35, 84.04%), with promoter hypermethylation
emerging as a plausible epigenetic mechanism for CR1 downregulation. Novel germline variant
(CR1-V2125L; rs202148801) mitigated CR1 expression and increased complement-mediated
cell death of knock-in cell lines. Erythrocytes from the patient with the CR1-V2125L variant had
low CR1 expression. Levels of circulating immune complexes, which are bound and cleared by
CR1 on erythrocytes, were higher in acute CAPS (n = 3, 25.55 pug Eq/mL) than HCs (n = 3,
7.445 ng Eq/mL). Five patients were treated with C5 inhibition which mitigated thrombosis.
Conclusions: Genetic or epigenetic-mediated CR1 deficiency is a potential hallmark of CAPS and
predicts response to C5 inhibition.
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N. Ranjan et al.

What is already known on this topic

* CAPS is a rare, life-threatening manifestation of antiphospholi-
pid antibodies (aPL) with a high mortality rates despite current
standard of care therapy.

» Complement activation is implicated in the disease pathogene-
sis, however the primary molecular drivers of CAPS remain
unclear.

What this study adds

* Establishes low CR1 as a central pathogenic driver in CAPS,
moving beyond antiphospholipid antibody profile as the sole
predictor of disease severity. CR1 expression influenced by
genetic polymorphisms and epigenetic modifications can serve
as a novel biomarker to help identify patients at the higher risk
of anticoagulation refractory APS or CAPS.

Targeting the terminal complement cascade with C5 inhibitors
(e.g., eculizumab) prevents thrombosis in CAPS patients with
low CR1. This redirects research toward complement regulators
and their intersection with thrombosis.

How this study might affect research, practice or policy

* Screening for CR1 expression by flow cytometry could improve
early identification of high-risk APS/CAPS patients.

 C5 inhibitors offer a promising therapeutic strategy for CAPS
patients by reducing complement-mediated thrombosis. CR1
expression may serve as a biomarker in CAPS patients to iden-
tify candidates who may benefit from complement-targeted
therapy.

INTRODUCTION

Antiphospholipid syndrome (APS) is a thromboinflamma-
tory disorder characterised by arterial or venous thrombosis
and/or recurrent fetal loss in the presence of persistent anti-
phospholipid antibodies (aPL), namely lupus anticoagulant
(LA), anticardiolipin, and/or anti-f2 glycoprotein-I antibodies
[1,2]. The rate of recurrent thrombosis in APS may exceed
20% within the first 2 years despite anticoagulation [3—5].
‘Catastrophic’ APS (CAPS) is a rare subset (~1%-2%) of APS,
characterised by rapidly developing widespread thrombosis
and multiorgan failure and is associated with high morbidity
and mortality [1,6]. Currently, no biomarkers predict the risk
of developing CAPS, and it is unclear what differentiates APS
and CAPS from a biological perspective. Indefinite anticoagu-
lation with a vitamin K antagonist is the standard of care for
thrombotic APS; however, this treatment is suboptimal for
some patients with anticoagulant-refractory thrombosis and
those with CAPS.

Complement is implicated in the pathophysiology of throm-
bosis in CAPS, and complement inhibition has been successfully
used to treat anticoagulant-refractory thrombosis in APS and
CAPS [7—10]. We demonstrated abnormal complement activa-
tion in >85% of CAPS sera [11,12] and found that 48% (9/19)
of patients with CAPS had rare germline variants in complement
regulatory genes, a rate that is comparable to atypical haemo-
lytic uraemic syndrome, a prototypical complement-mediated
thrombotic disorder [13,14]. Of these, 44% (4/9) harboured
novel rare single-nucleotide variants (SNVs) in complement
receptor 1 (CR1).

CR1 encodes a ~160 to 300 kDa transmembrane glycoprotein
expressed on neutrophils, B lymphocytes, erythrocytes, and
monocytes but not on platelets [15—18]. CR1 regulates comple-
ment through C4b and C3b binding and plays a dominant role in
the clearance of soluble immune complexes [19—22]. Similar to
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complement factor H, CR1 possesses decay-accelerating activity,
leading to the dissociation of the C3 or C5 convertase, and acts
as a cofactor for complement factor I in the cleavage of C4b and
C3b [19,20,22—25]. Erythrocytes express 100 to 1000 CR1 mol-
ecules per cell [26]. CR1 also carries the Knops blood group sys-
tem, which currently includes 13 antigens with 5 antithetical
antigen pairs (Kn®/Kn®, McC%/McC®, SI3/Vil, KCAM/KDAS,
DACY/YCAD) [27]. The Helgeson phenotype, previously consid-
ered to be the Knops ‘null’ phenotype, is serologically defined as
Kn(a-) McC(a-) Sl(a-) Yk(a-) and is characterised by extremely
low CR1 expression on erythrocytes (<100 CR1 molecules per
cell) [27,28]. SNVs in the CR1 gene are linked to reduced CR1
expression. Previously described variants associated with the
Helgeson phenotype include rs11118133: A > T, rs2274567: A
> G (represents the DACY- YCAD + phenotype) and rs3811381:
C > G [26,29—-31]. A recent study identified an SNV on CR1
(rs11117991: T > C) that disrupts a GATA1-binding site and
reduces CR1 expression on erythrocytes [32]. GATA1 is a tran-
scription factor crucial for regulating gene expression in ery-
throid cells; however, CR1 expression in granulocytes
(neutrophils, basophils, and eosinophils) and monocytes is gov-
erned PU.1 [16,33,34].

Here, we demonstrate that patients presenting clinically
with CAPS have reduced CR1 expression, consistent with Helge-
son-like phenotype. This reduced expression may be attributed
to germline mutations or hypermethylation in CR1. CR1 defi-
ciency leads to impaired clearance of immune complexes, com-
plement dysregulation, and a severe thrombotic phenotype
mitigated by C5 inhibition in vitro and in vivo. We propose that
CR1 deficiency will help identify patients at the highest risk of
refractory APS or CAPS and those likely to benefit from comple-
ment inhibition.

METHODS
Patient classification and samples

We included patients with APS or CAPS enrolled in the Johns
Hopkins Complement Associated Disorders Registry as well as
healthy controls (HCs) without known APS or thrombosis.
Patients were enrolled in the registry based on the International
Society on Thrombosis and Hemostasis criteria for APS [2]. All
patients with CAPS and the majority of patients in the APS
cohort without a history of CAPS also met American College of
Rheumatology/European Alliance of Associations for Rheuma-
tology 2023 criteria for APS [35]. Recurrent thrombosis was
confirmed by imaging at any time before enrolment or during
follow-up in the registry. For patients with multiple tests for
aPLs, we report the results drawn closest to the study sample.
Definite or probable CAPS was diagnosed according to interna-
tional consensus criteria, including involvement of 3 or more
organs, development of manifestations within a week, histologic
confirmation of small vessel thrombosis, and laboratory confir-
mation of the presence of aPLs [36]. Definite CAPS requires all 4
criteria, while probable CAPS is diagnosed if 3 criteria are met
[36]. We included patients with both definite and probable
CAPS because the outcomes of patients with probable CAPS are
comparable to those of patients with definite CAPS [37]
(Table 1). Clinically, it is often challenging to obtain a tissue
biopsy to confirm microvascular thrombosis, resulting in many
patients having ‘probable’ CAPS. In order to establish a suitable
baseline reference for erythrocyte CR1 expression, the HC
cohort for this observational study included adults (>18 years
old) and was not strictly matched by age or comorbidity status.
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Table 1

Clinical features for patients with CAPS/probable CAPS

Patient Age, sex APS laboratory Thrombotic and obstetric history =~ Thrombotic trigger CAPS manifestations CAPS treatment Current treatment CR1 % expression
identification criteria®
P1 39,F Triple positive; primary HELLP x3, fetal death x2, PVT, Pregnancy Renal failure, thrombocytope-  Plasma exchange, high-dose Anticoagulation, no further 15.2
renal failure VTE on nia, and elevated corticosteroids, TE outside pregnancy
anticoagulation transaminases anticoagulation
P2 42,M  Triple positive; primary Stroke, biopsy-proven thrombotic =~ None Transient ischaemic attack, Anticoagulation, antiplatelet Continues on C5i, anticoa- 8.4
vasculopathy of toes myocardial infarction, and agents, corticosteroids, ritux-  gulation stopped, no fur-
diffuse alveolar haemorrhage  imab, C5i ther TE
P3 53,M  Triple positive; DVT, PE, myocardial infarction Infection Thrombocytopenia, liver Anticoagulation, hydroxychlor- Continues on C5i and anti- 1.9
secondary injury, proteinuria, encepha- oquine, plasma exchange, coagulation, no further
lopathy, bilateral adrenal corticosteroids, rituximab, TE
haemorrhage C5i
P4 57,F LAC; secondary Recurrent PE on anticoagulation, None Pulmonary embolism, TIA, Anticoagulation, antiplatelet Continues on C5i; anticoa- 23
multiple episodes of ischaemic ischaemic colitis, ischaemic agents, hydroxychloroquine, gulation stopped, 1 DVT
colitis, adrenal infarction, ischae- retinopathy rituximab, C5i post-op in the setting of
mic retinopathy and TIA delayed C5i
P5 25,F LAC; secondary Recurrent DVT (both on and off Pregnancy Anticoagulation, 20.9
anticoagulation), placental hydroxychloroquine
abruption, chronic thrombocyto-
penia, HELLP syndrome
P6 56, M Triple positive; primary Recurrent DVT on anticoagulation, None Anticoagulation, aspirin, 27.2
IVC filter thrombosis, renal vein hydroxychloroquine
thrombosis, stroke
P7 58,M  LAC, aCL IgM; primary SMA thrombosis, SMV thrombosis, Surgery, infection Progressive SMV thrombosis, ~ IVIg, plasma exchange, antico- ~Anticoagulation, C5i 15.9
PVT bilateral adrenal haemor- agulation, C5i
rhage, stroke, splenic infarcts
P8 51,M  Triple positive, primary LLE arterial thrombosis None Thrombocytopenia. DAH, acute Plasma exchange, steroids, Continues on C5i, hydroxy- 56.3
renal failure with renal TMA anticoagulation and IVIg, C5i  chloroquine, warfarin
and clopidogrel
P9 23,M  Triple positive, primary Recurrent venous thrombosis Noncompliance with Bilateral limb-threatening leg ~ Thrombotic storm treated with Anticoagulation, aspirin, 27.4
including cerebral vein thrombo-  anticoagulant ischaemia prednisone, plasmapheresis hydroxychloroquine

sis, bilateral leg arterial
thrombosis

and unfractionated heparin
transitioned to fondaparinux

af2GPI, anti 2 glycoprotein-I antibodies; aCL, anticardiolipin antibodies; APS, antiphospholipid syndrome; C5i, C5 inhibitor; DAH, diffuse alveolar haemorrhage; DVT, deep vein thrombosis; HELLP, haemolysis, elevated
liver enzymes and low platelets; IVC, inferior vena cava; IVIg, intravenous immunoglobulin; LAC, lupus anticoagulant; LLE, left lower extremity; PE, pulmonary embolism; PVT, portal vein thrombosis; SMA, superior mesen-

teric artery; SMV, superior mesenteric vein; TE, thromboembolism; TIA, transient ischaemic attack; TMA, thrombotic microangiopathy; VTE, venous thromboembolism.
@ Primary APS is defined in the absence of a second underlying autoimmune disorder, commonly lupus, whereas secondary APS occurs in the setting of a concomitant diagnosis of a defined autoimmune disorder.
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We excluded control participants with aPL positivity, autoim-
mune disorders, or other diseases known to decrease CR1
expression, including active malaria and a history of
Alzheimer’s disease [19,38,39]. In this manuscript, we use “sex”
to refer to the biological classification of the subjects as male
(M) or female (F), determined by chromosomal and/or anatomi-
cal characteristics.

Blood was collected by venipuncture in EDTA and serum sep-
aration tubes. Serum was allowed to clot before centrifugation
at 4 °C, then separated and stored at —80 °C. Whole blood was
used to isolate genomic DNA for sequencing. This study was
approved by the Institutional Review Board at Johns Hopkins
University and was conducted in accordance with the Declara-
tion of Helsinki. All patients provided written informed consent
and were not involved in the design, conduct, reporting, or dis-
semination plans of this research.

CR1 expression by flow cytometry

Whole blood or ammonium-chloride-potassium lysed cells
were washed, suspended in Hanks Balanced Salt Solution + 1%
BSA (HBSSA), and stained with fluorescent dye-conjugated CR1
antibody for 30 minutes at room temperature (Supplementary
Fig S1A and S5). Flow cytometry was performed using Cytoflex
S (Beckman Coulter) and analysed using FlowJo.

Targeted sequencing, multiomics, and CRISPR Cas9-mediated
gene editing

Genomic DNA was isolated using a DNeasy Blood & Tissue
Kit (Qiagen) and quantified with Qubit fluorometric assay. A
total of 50 ng of DNA was used for library preparation using a
custom-seq panel of 24 complement regulatory genes described
in Supplementary Table S1 (Illumina). To understand the
methylation fraction on CRI, we performed whole genome
sequencing and multiomics using duet multiomics evoC kit
(Biomodal).

The CRISPR/Cas9 system was used to generate CR1 knock-
out (KO) and knock-in (KI) cell lines through homology-directed
repair (Supplementary Fig S2). The experiments described were
performed on 5 cell lines—TF-1"7, TE-1°R1~/~ Tp-1V?12°L TF-
1621095 and TF-151%%2€ unless mentioned otherwise.

Modified Ham
Modified Ham (mHam) assay was performed with TF-1VT,

TF-1R*™/= TE-1V2'25L and TF-19%195 cells as previously

Table 2
Clinical feature of APS patient cohort.

Ann Rheum Dis 84 (2025) 2034—2048

described [12]. Normal human serum (NHS) was treated as indi-
cated with heat inactivation (HI) for 30 minutes at 56 °C to inac-
tivate complement proteins or addition of targeted complement
inhibitors. Following incubation of the cells, serum viability was
measured using a WST-1 dye.

Bioluminescent mHam

Bioluminescent mHam (bio-mHam) was performed as previ-
ously described [40]. Bioluminescent HEK293"/64~/~ cells were
incubated with patient serum after respective treatment (HI and
complement inhibitors). Luminescence was monitored serially
and per cent relative luminescence at 1 hour was calculated as
the luminescence of cells treated with the patient serum com-
pared to cells treated with the sample’s heat-inactivated control.
A relative 1-hour luminescence of ~12% defines the positive
threshold for abnormal complement activity, corresponding to
the lower 85th percentile.

Complement fragment deposition through flow cytometry

Each cell line was incubated with NHS at 37 °C for various
durations between 5 and 90 minutes. Cells were washed with
HBSSA and stained with C3c and C3dneo murine monoclonal
antibodies (mAbs) (Quidel) at 5 ug/mL for 30 minutes at 4 °C
followed by anti-mouse AF488 (Invitrogen) antibody for 30
minutes at 4 °C. Cells were washed and resuspended in HBSSA
for flow cytometry analysis using a Cytoflex S flow cytometer
(Beckman Coulter). Data were collected from at least 10,000
cells and analysed using FlowJo.

Quantification and statistical analysis

Descriptive statistics and analysis were performed using
Prism10 (GraphPad). Data are represented as mean =+ SD.

A complete description of experimental details can be found
in the supplemental data.

RESULTS
Patient cohort and samples

A total of 11 patients with CAPS, 8 with thrombotic APS, and
35 HCs were evaluated. Clinical presentation and characteristics
of the CAPS and APS groups are detailed in Table 1and Table 2
respectively. Among the 11 patients with CAPS, CR1 sequencing
was completed in 8 patients (3 had not consented to genetic

Patient identification =~ Age (y), sex  Abs profile TE history CR1 % expression
APS1 23, M LAC, secondary Myocardial infarction 76.3
APS2 70, F LAC, primary PE, DVT 74.1
APS3 53,M LAC, primary Arterial thrombosis (necrotic toes), thrombocytopenia  85.4
APS4 33,F aCL IgM Stroke 85.2
af2GPIIgM," primary
APS5 40,F aCL IgM, primary Late fetal loss 88.9
APS6 43,F Triple positive, primary Recurrent DVT and PE 92.4
APS7 37,M af2GPI 1gG, primary Bilateral retinal vein occlusion, myocardial infarction 82.2
APS8 70, F LAC, aCL IgM, secondary =~ PE 97.9

af2GP], anti-$2 Glycoprotein-I antibodies; aCL, anticardiolipin antibodies; ACR, American College of Rheumatology; APS, antiphospholipid syn-
drome; DVT, deep vein thrombosis; EULAR, European Alliance of Associations for Rheumatology; LAC, lupus anticoagulant; PE, pulmonary embo-

lism.

@ Meets International Society on Thrombosis and Hemostasis criteria for APS, not ACR/EULAR.
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Figure 1. Loss of complement receptor 1 (CR1) impairs immune clearance and makes antiphospholipid syndrome (APS) catastrophic. (A) Representative
histograms of CR1 expression [antibody conjugated with phycoerythrin (PE) fluorochrome] in whole blood samples from healthy control (HC; blue) or
patient with catastrophic antiphospholipid syndrome (CAPS) (red). Dashed line represents fluorescence minus one (FMO) control. (B) CR1 expression in
erythrocytes from HC (82.40% + 12.96, n = 34), CAPS (21.80% =+ 15.44, n = 9), APS (85.30% + 7.912, n = 8), and Helgeson phenotype (24.80% +
7.1,n = 2). (C) CR1 expression in serial samples from patients with CAPS representing increased CR1 expression during the remission phase (49.58% +
10.04) of the disease as compared to the acute phase (12.30% + 4.572). Patients identified with Helgeson phenotype (rs11117991) are represented as

hollow circles. Data are represented as mean + SD.

studies), and erythrocytes to evaluate CR1 expression were
available for 9 (the other 2 were deceased).

Loss of CR1 makes APS catastrophic

Building on previous findings that revealed novel germline
variants in 48% of patients with CAPS, we evaluated CR1 expres-
sion in our CAPS cohort. CR1 expression was significantly
reduced in patients with CAPS (n = 9, 21.80% + 15.44) com-
pared to the patients with APS (n = 8, 85.30% + 7.912) and
HCs (n 35, 82.40% =+ 12.58). The mean erythrocyte CR1
expression for the Helgeson phenotype controls (obtained from
the Johns Hopkins transfusion medicine division, n = 2) was
24.80% =+ 10.04 (Fig 1A,B, refer to Supplementary Fig S1B for
median fluorescence intensity [MFI]).

Serial samples from patients with CAPS P2, P3, P4, and P7
were collected during the acute and remission phase of CAPS.
Samples collected during the remission phase showed signifi-
cantly higher CR1 expression (49.58% =+ 27) compared to the
acute phase (12.30% + 9.144), suggesting a loss of CR1 during
the acute phase of the disease (Fig 1C).

CR1 polymorphisms and patient-specific cell line models

CR1 variants were found in 4 of 8 patients with CAPS who
underwent sequencing. None of the sequenced control samples
(HC, n 7 and APS, n 8) had CR1 variants. The index
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patient, first identified with a CR1 variant in our cohort, was a
36-year-old female (P1) with APS (LA and high titre anticardioli-
pin IgG) with multiple venous and arterial thrombotic events
despite anticoagulation and 3 pregnancy losses and was evalu-
ated during her fourth pregnancy. The mHam assay was nega-
tive at 17 weeks of gestation; however, the mHam assay became
positive at 23 weeks (44.5% cell killing) (Fig 2B). Two days
later, she developed thrombocytopenia, liver function tests ele-
vation, and hypoxaemic respiratory failure consistent with
either CAPS or haemolysis elevated liver enzymes and low plate-
lets. Targeted sequencing for 24 complement regulatory genes
(Supplementary Table S1), identified a heterozygous missense
mutation in CRI (CR1Y?'?%; rs202148801, Fig 2A), which was
verified by Sanger sequencing. Pedigree analysis of samples col-
lected from her family members revealed that both her mother
and brother carried the same heterozygous variant (Fig 2C-G)
but never presented with any disease manifestations most likely
due to lack of aPL.

Missense variants in CR1 were identified in 3 additional
patients (Table 3 and Supplementary Table S2). We generated 2
KI cell line models with the CAPS patient-specific variants
(V2125L from P1 and S1982G from PD1; Supplementary Fig
S1). We also identified the CR1-G2109S variant (CR1%?'°%5; neg-
ative control) in a woman without APS who presented with pre-
eclampsia (separate cohort). These variants were studied
because they were located either within the same exon
(G2109S) or in adjacent exons (S1982G, Fig 3A).
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Figure 2. Novel complement receptor 1 (CR1) variants and pedigree tree. (A) Overview of CR1 protein, which contains 4 long homologous regions
(LHRs A, B, C, and D). Each LHR consists of 7 complement control proteins (CCPs). CR1 variant V2125L was identified in CCP22. (B) Modified Ham
(mHam) assay demonstrated complement-mediated cell death in patient 1 (P1) at 23 weeks compared to the 17-wk sample. The dashed line represents
the threshold for a positive mHam assay. (C) Pedigree tree of the proband’s family indicates a heterozygous point mutation (V2125L) in the proband.
(D-G) Highlighted regions in the chromatograms of Sanger sequencing reveal that her mother and brother are carrying the same mutation, but the
daughter did not have any mutations representing wild type (WT) sequence. aPL, antiphospholipid.

CR1-V2125L (rs202148801) abolishes CR1 mRNA and protein
expression

We evaluated CR1 expression in the respective cell lines (TF-
IWT TR-1CRI~/= TF.]1V2125L TR.1621095 and TR-1519826) cells,
To evaluate the role of the variant, the coding sequence was
PCR amplified from 3 regions using specific primers (Fig 3A,
Supplementary Table S3). We found that the V2125L mutation
abolishes CR1 full-length mRNA expression to levels consistent
with the CR1 KO, whereas the G2109S and S1982G variants did
not affect CR1 transcription (Fig 3B). Flow cytometry, immuno-
fluorescence and western blot analysis also confirmed that sur-
face expression of CR1 was reduced in TF-1Y?'%*L cells when
compared to the TE-1"7, TF-19219%5 and TF-151982C (Fig 3C-F).
Western blot analysis revealed a low molecular weight (black
arrow in Fig 3E) CR1 protein in TF-1Y2?X which suggests the
V2125L polymorphism yields an allotypic size variant, either by
aberrant mRNA splicing or unequal crossing over and loss in the
long homologous regions, as described previously [41].

To determine whether the V2125L variant in CR1 induces
protein misfolding and subsequent proteasomal degradation,
potentially leading to CR1 loss, we treated TF-1"" and
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TF-1V2125L cells with the proteasome inhibitor bortezomib. How-

ever, CR1 expression levels remain unchanged in TF-1"22°
(Supplementary Fig S3).

Polymorphisms and hypermethylation resulting in CR1
downregulation

Polymorphisms on CR1, rs2274567: G, HindIII on intron 27
rs11118133: T and rs11117991:C, have been previously
reported to reduce CR1 expression and are associated with the
Helgeson phenotype. We performed targeted sequencing and
investigated these previously reported polymorphisms in our
cohort of patient with CAPS and found that P2 and P3 had all 3
Helgeson variants whereas P1, who possessed the novel germ-
line variant, CR1 SNV rs202148801 (V2125L) linked to low CR1
expression, lacked the previously identified Helgeson variants
(Table 3). Two patients, despite low erythrocyte CR1, lacked all
known CR1 polymorphisms (Table 3). We next investigated the
methylation profile of CR1 gene in HCs and the CAPS cohort. All
patients with CAPS except (P1) displayed a hypermethylated
profile in the CR1 promoter region as compared to controls
(Fig 4A,B), suggesting transcriptional silencing as an alternative
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Table 3
CR1 genotyping of patients with CAPS

Ann Rheum Dis 84 (2025) 2034—2048

Previously reported polymorphisms Novel polymorphisms

Sample  SNV:A3650G  SNV: HindIII SNV: GATA1 SNV: V2125L SNV: H1503G CR1 % expression
(rs2274567) (rs11118133) (rs11117991) (rs202148801) (rs758055423)

P1° Absent Absent Absent Present Absent 15.2
P2 Present Present Present Absent Absent 8.4
P3 Present Present Present Absent Absent 1.9
P4 Present Present Absent Absent Absent 23
P5 Absent Absent Absent Absent Absent 20.9
P6 NS NS NS NS NS 27.2
P7 Present Present Absent Absent Absent 15.9
P8 Absent Absent Absent Absent Present 56.3
P9 Absent Absent Absent Absent Absent 27.4
PD1" NS NS NS NS NS -
pD2" NS NS NS NS NS

CR1, complement receptor 1; NS, not sequenced; SNV, single-nucleotide variant.
# TF-1 knock-in (KI) cell lines were generated, because these were the first identified CR1 variants.

> Deceased.

mechanism for CR1 regulation. To investigate further, CR1
expression across haematopoietic cells, lymphocytes, and neu-
trophils was also analysed since they too express CR1. In ery-
throid cells, CR1 expression is primarily regulated by GATAI,
whereas PU.1 plays a dominant role in the development and
function of neutrophils and lymphocytes [16].

We observed significant loss of CR1 in neutrophils (n = 4,
53.99 + 24.09) and lymphocytes (n = 4, 5.96 + 1.582) in the
CAPS cohort as compared to HC neutrophils (n = 6, 92.06 +
2.964) and lymphocytes (n 6, 11.84 + 6.894; Fig 4C-F).
Taken together, these results suggest that transcriptional silenc-
ing of CR1 due to hypermethylation in the CR1 promotor region
can lead to a Helgeson-like phenotype.

Low CR1 modulates cell surface complement fragment deposition
and increases complement-mediated cell death

We next examined the functional consequences of the low CR1
on cell surface. First, we analysed complement activation and
deposition on different cell lines using C3c¢ and C3dg monoclonal
antibodies. Following C3b deposition, factor H in the serum and
CR1 can serve as the cofactor for the conversion of C3b to iC3b.
Final degradation of iC3b into C3c and C3dg is CR1-dependent
[21]. C3b deposition and its cleavage fragments were monitored
using flow cytometry with C3c and C3dneo mAbs. Monoclonal
anti-C3c detects uncleaved C3b and iC3b while monoclonal anti-
C3d ab detects C3b, iC3b, and C3dg. No C3b cleavage was
observed on TF-1°®'~/~ and TF-1"?'?*L when compared to TF-1""
(31.77%), TF-19?1% (49.78%), and TF-13""%?% (44.25%) after 90
minutes (Fig 5A,B, Supplementary Fig S4A and Supplementary
Table S4). C3c deposition was significantly higher in cells lacking
CR1 (TF-1°*"~/~ and TF-1"*'**") (Fig S3B).

Further, we performed the mHam assay using the 4-cell line
to assess the impact of the CR1V?*?" on complement regulation
[12]. TF-1"212°L cells were as susceptible to complement-medi-
ated cell death induced by NHS as TF-1F?~/~ cells (~21% and
23%, respectively), and were more susceptible to complement-
mediated killing than TF-1"" (7%) and TF-19%1%5 (5%) cells
(Fig 5C).

Low CRI1 increases circulating immune complexes
To test the hypothesis that an increase in circulating immune

complexes (CICs) due to low CR1 contributes to increased com-
plement activation, we quantified CIC-C1q ELISA in serum from
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patients with acute CAPS, CAPS in remission, thrombotic APS,
and HCs. CICs were significantly increased in sera from acute
CAPS (CIC-C1q = 14.32 pg Eq/mL; CIC-C3 = 25.55 ug Eq/mL)
compared to CAPS sera collected in remission (CIC-
Clq = 3.798 ug Eq/mL and CIC-C3 = 11.40 pg Eq/mL), HCs
(CIC-C1q = 3.267 pg Eq/mL and CIC-C3 = 7.445 pg Eq/mL),
and patients with APS (CIC-C1q = 3.913 pug Eq/mL and CIC-
C3 = 6.316 ug Eq/mL) (Fig 5D,E).

CAPS is triggered through classical complement activation

We next assessed complement-mediated cell killing induced
by sera from patient with CAPS (remission or acute) using the
bio-mHam. Serum samples collected from patients with acute
CAPS led to higher complement-mediated cell killing of the
HEK2937/64~/~ bjoluminescent cells compared to sera from
patients with CAPS in remission (Fig 6A,B). As compared to
their respective serum collected during the acute CAPS episode,
subsequent serum samples from 5 patients treated with thera-
peutic terminal complement inhibition (C5i) demonstrated sig-
nificant inhibition of complement-mediated cell death (Fig 6C,
D). In vitro addition of the classical pathway inhibitor (sutimli-
mab) and C5i (eculizumab) but not factor D inhibitor (ACH-
5548/ACH-4471) to serum from patients with acute CAPS res-
cued the cells from complement-mediated cell death, confirming
that complement activation in CAPS is predominantly through
the classical pathway

C5 inhibition mitigates thrombosis in CAPS

Five patients from the CAPS cohort (P2, P3, P4, P7, and P8)
were treated with either eculizumab or ravulizumab at the dis-
cretion of the treating clinician (duration of therapy 2 months to
9 years). Eculizumab and ravulizumab were administered at the
doses recommended for treatment of atypical haemolytic urae-
mic syndrome, at maintenance dosing of 900 mg every 2 weeks
for eculizumab and 3300 or 3600 mg of ravulizumab every 8
weeks depending on weight. Collectively, these patients had
over 40 thrombotic events despite therapeutic anticoagulation
before therapeutic C5 inhibition. Since starting therapy, there
has been only 1 thrombotic event when P4 received her eculizu-
mab 1 week after it was due. Since restarting eculizumab, she
has had no further thromboses despite discontinuing her antico-
agulation over 1 year ago. The swimmer plot summarises the
thrombotic events and duration of C5i (Fig 6E).
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Figure 3. V2125L abolishes complement receptor 1 (CR1) expression. (A) Representation of CRI coding sequence (CDS). CDS was PCR (polymerase
chain reaction) amplified from 3 regions: region 1 (blue), region 2 (red), and region 3 (green) to analyse the role of variants of unknown significance.
Specific primer sets are described in Supplementary Table S2. (B) Isolated RNA from respective cells was subjected to RT-PCR (reverse transcriptase-
PCR) for cDNA synthesis. cDNA templates were used for semi-quantitative PCR demonstrating that the V2125L variant results in failure to fully tran-
scribe CR1, whereas variants G2109S and S1982G did not affect CR1 transcription. (C) Flow cytometry analysis represents CR1 expression [antibody
conjugated with phycoerythrin (PE) fluorochrome] on respective cell surfaces TF-1"7, TF-1°R1~/~ TF-1V2125L TF.16210%5 gnd TF-157%%26, (D) Immuno-
fluorescence staining shows that CR1 expression (green) is significantly reduced in TF-1"22", Nuclei are stained with DAPI (4’,6-diamidino-2-phenyl-
indole, blue) and phalloidin (red) was used to stain the actin cytoskeleton. The images were captured using a Leica SP8 confocal microscope. The
scale bar in the figure insets represents 200 um. (E) Western blotting represents CR1 protein expression in TF-1"7, TF-1°R1~/~, TF-1V2125L Tp.1621095
and TF-157%%26, Black arrowhead represents a possible allotypic variant caused by the V2125L mutation. A total protein stain was used to verify equal
loading of proteins. (F) Densitometric quantification of relative CR1 expression through western blot. Images representative of n = 3 experiments.

Data are presented as mean + SD.
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Figure 4. Hypermethylation results in complement receptor 1 (CR1) downregulation. (A) Representation of methylation fraction profile of CR1 gene
on the X-axis and with the reference position on the Y-axis. (B) Inset of the methylation fraction around CR1 promoter region in healthy controls
(HCs) and patients with catastrophic antiphospholipid syndrome (CAPS). Showing hypermethylation in patients with CAPS except index patient (P1)
with V2125L SNV as compared to the HCs. (C-F) CR1 per cent expression was assessed by flow cytometry in (C) neutrophils and (E) lymphocytes of
HCs (n = 6) and patients with CAPS (n = 4). Live cells were gated using Live/Dead dye, CD45 staining was used to gate the lymphocytes and CD15
staining was used to gate neutrophils. The neutrophils with CR1 on the cell surface were determined by CD15+ CR1 + cell population. Fluorescence
minus one (FMO) controls were used to determine the positive threshold and define the background signal. (D) Example histogram of CR1 expression

in neutrophils, and (F) lymphocytes. Data are represented as mean =+ SD.

DISCUSSION

Complement dysregulation in a subset of patients with APS
predisposes to inflammation and thrombotic events and is a fea-
ture of CAPS [11,42—44]. Here, we demonstrate that a severe
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reduction in CR1 expression on erythrocytes, in APS, is a bio-
marker for severe APS/CAPS. We demonstrate that low CR1
results from novel germline variants in CRI (CR1V*'%%
1s202148801) or hypermethylation of the CR1 promoter region
which may occur in the context of previously described CR1
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Figure 5. Absence of complement receptor 1 (CR1) leads to complement dysregulation and enhances complement-mediated cell death. (A) Cell lines
were exposed to normal human serum (NHS) for 5 to 90 minutes and surface C3b and its fragments were detected by flow cytometry. Representative
images at 5 and 90 minutes for each cell line are shown. Monoclonal anti-C3c detects uncleaved C3b and iC3b while monoclonal anti-C3d ab detects
C3b, iC3b, and C3d, g. FITC (fluorescein isothiocyanate) labelled goat anti-mouse was used as the secondary ab. Blue solid lines represent C3c deposi-
tion and red solid line represents C3d deposition, dashed line represents fluorescence minus one (FMO) control, exposed only to secondary ab. C5
inhibitor was used in the serum to ensure the viability of the cells. (B) Representative example of C3b cleavage in the cell lines. Time course of C3b
cleavage demonstrates the inability of cells to cleave C3b to C3d,g without CR1. Data represent median fluorescence intensity (MFI), representative
analysis of n = 3 experiments. (C) Modified Ham (mHam) test was performed to analyse complement-mediated cell death in the following cell lines:
TE-1"7" (7%), TE-1°R1~/~ (~23%), TF-1"?1%L (~21%) and in TF-19%19%5 (~5%). (D) Serum specimens (diluted 1:50) from represented cohorts were sub-
jected to ELISA (enzyme-linked immunosorbent assay) immunoassay to evaluate immune complexes bound to immobilised human Clq purified pro-
tein and (E) ability of immune complexes to covalently bind C3 fragments. The ug Eq/mL concentration for each sample is represented in healthy
control (HC), n = 3; APS, n = 3; catastrophic antiphospholipid syndrome (CAPS)-remission, n = 4; CAPS-acute, n = 3. Data are represented as
mean =+ SD.
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variants associated with the Helgeson phenotype such as
rs11117991. Acquired loss of CR1 in the acute phase of CAPS
may also result from proteolytic cleavage of immune complexes
bound to erythrocyte CR1 by macrophages of the reticuloendo-
thelial system [33], as is reported in systemic lupus erythemato-
sus [17]. However, our finding of reduced CR1 on leukocytes in
CAPS suggests that genetic and epigenetic mechanisms play an
important role. We show that functionally CR1 deficiency leads
to impaired clearance of immune complexes promoting ongoing
classical complement activation, as evidenced by an increase in
CICs and classical pathway activation in sera from patients with
acute CAPS. Finally, we demonstrate that complement inhibi-
tion at C5 inhibits classical pathway activation ex vivo and thera-
peutic C5 inhibition in vivo blocks complement activation and
prevents thrombosis in patients with CAPS, overcoming the
pathological consequences of CR1 deficiency. Together with our
previous findings in APS [36], this study supports the potential
benefit of complement-targeted therapies to improve patient
outcomes and prevent recurrent thrombosis.

We demonstrate a potential association between severe APS/
CAPS and the Helgeson-like phenotype (low CR1). Of 9 patients,
8 in the CAPS cohort met the criteria for the Helgeson-like phe-
notype on their erythrocytes (Fig 1B), whereas none of the HCs
or patients with APS displayed this phenotype. CR1 expression
in CAPS erythrocytes was markedly reduced to an average of
26% of HC levels, closely resembling the Helgeson phenotype
(30%), whereas erythrocytes from the APS cohort showed nor-
mal expression levels at 103% of the HC mean. The Helgeson
phenotype was originally identified serologically; however,
serologic evaluation of Knops antigens is often not feasible due
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to a lack of available ABO-compatible antisera. Additionally,
variations in antibody potency and antigen expression between
erythrocytes of similar phenotypes may lead to discrepancies
when positive reactivity is observed for erythrocytes with low
CR1 copy number [28]. Erythrocyte flow cytometry appears to
be a simple screening approach to identify patients with APS
who may be at risk of developing CAPS. We correlated CR1
expression in our CAPS cohort with the already known Helgeson
variants and uncovered a novel SNV, CR1V22% (1rs202148801)
that results in low CR1 expression leading to a Helgeson-like
phenotype. Of 8 sequenced patients with CAPS (Table 3), 6
(75%) harboured SNV associated with low CR1 expression and 2
had rs11117991 (25%), which was demonstrated by Wu et al
[32], to block GATA1 binding.

GATAL1 is primarily recognised for its role in erythroid cells,
whereas the transcription factor PU.1 is essential for the devel-
opment and function of myeloid cells (eg, neutrophils, mono-
cytes) and lymphoid cells [16]. Our findings reveal that
hypermethylation in the CR1 promoter region may play a signif-
icant role in regulating its expression in patients with CAPS. All
patients with CAPS, except P1, exhibited a similar hypermethy-
lation profile in the CR1 promoter region compared to HC, sug-
gesting epigenetic silencing as a potential mechanism
underlying CR1 deficiency. Furthermore, CR1 expression in neu-
trophils and lymphocytes from patients with CAPS was reduced
to 58.6% and 50.3% of HC levels, respectively, indicating sys-
temic downregulation across haematopoietic cell types. These
observations suggest that CR1 expression is governed not only
by genetic predisposition but also by epigenetic modifications,
such as promoter hypermethylation, reflecting a dynamic inter-
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Figure 7. Complement receptor 1 (CR1) deficiency drives complement-mediated pathogenesis in catastrophic antiphospholipid syndrome (CAPS). (A)
CR1 is essential for complement regulation through clearing circulating immune complexes (CICs), decay-accelerating activity and acts as a cofactor
for factor I mediated cleavage of C3b and C4b, resulting in their inactivation and regulation of the immune response. (B) CR1 genetic variations (eg,
V2125L) and promoter hypermethylation downregulate CR1 on erythrocytes, neutrophils, and B-cells. Low CR1 levels combined with antiphospholi-
pid (aPL) antibodies and complement amplifying conditions (such as pregnancy, surgery, or infections) results in (C) impaired CIC clearance. This trig-
gers complement overactivation, endothelial damage, and recurrent thrombosis despite anticoagulation. (D) These pathological processes promote
multiorgan failure and establish CAPS. (E) C5 inhibition, targeting the terminal complement cascade represents a therapeutic strategy for CAPS. Cre-

ated with BioRender.com.
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play between inherited and environmentally influenced regula-
tory factors. This hypothesis is further reinforced by the
observed increased CR1 expression during clinical remission in
patients with CAPS with the Helgeson phenotype (P2 and P3,
Fig 1C).

Dysregulation in the function of CR1 may amplify classical
complement activation by failing to control immune complexes,
a known activator of the classical pathway. Indeed, almost 90%
of patients with CAPS have evidence of classical complement
activation by serologic assays compared to roughly 35% of
patients with thrombotic APS [36]. Using a patient-specific vari-
ant cell line, we characterised the consequences of reduced CR1
expression that lead to increased C3b deposition and enhanced
complement-mediated cell death. A major function of CR1 is to
bind and process C3b/C4b-coated immune complexes [19]. Low
CR1 influences immune adherence by reducing the binding of
opsonised immune complexes containing C3b and C4b to eryth-
rocytes, leading to an inflammatory response [45—47]. We
observed a significantly increased level of immune complexes in
the serum of patients with acute CAPS as compared to HCs and
remission patients with CAPS.

The aetiology of CAPS is multifactorial with genetic and
environmental factors contributing to the pathogenesis. Our
index case (P1) exemplifies this hypothesis. She inherited
the CR1 mutation (V2125L) from her mother who did not
exhibit thrombosis or pregnancy-related complications, most
likely because she did not have aPL. Moreover, P1 developed
CAPS manifestations only in the setting of pregnancy, a well-
established complement amplifying condition, although she
had had macrovascular thrombosis before pregnancy. Our
study extends the previous case reports and a small series of
eculizumab therapy suggesting that C5 inhibition is effica-
cious in patients with CAPS [48,49]. We extend these obser-
vations by identifying 2 potential biomarkers (erythrocyte
CR1 expression and the bio-mHam) to identify patients who
are most likely to respond to complement inhibition. Impor-
tantly, we show for the first time that it may be feasible to
stop anticoagulation in patients with CAPS, but this will
need validation in larger trials. Two patients (P2 and P4) are
off anticoagulation for over 6 and 13 months, respectively;
thus, similar to paroxysmal nocturnal haemoglobinuria, the
prototypic complement-driven thrombophilia, long-term anti-
coagulation may not be required for patients well-controlled
on complement inhibitors [50,51].

There are limitations in our study. First, the cohort size is
small and the follow-up for patients treated with C5i is relatively
short. Second, larger cohorts of patients with CAPS and APS are
needed to confirm the association between CR1 deficiency and
CAPS and the predictive value of the bio-mHam for response to
C5 inhibition. Lastly, more patients are needed to confirm the
cellular and molecular mechanisms of the Helgeson-like pheno-
type in CAPS.

In summary, CAPS is a multihit disorder of classical comple-
ment activation mediated by aPL, impaired immune complex
handling, and environmental triggers in the presence of marked
CR1 deficiency on erythrocytes. CR1 deficiency exhibits a
genetic and epigenetic association with Helgeson-like pheno-
type, serves as a novel biomarker for CAPS, and is a potential
screening tool for risk stratification and response to therapy.
The severe suppression of CR1 across multiple cell types (eryth-
rocytes, neutrophils, and lymphocytes) in patients with CAPS
highlights the need for further investigation into therapeutic
strategies targeting epigenetic regulation to restore CR1 func-
tion (Fig 7). C5i inhibition appears highly efficacious in
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preventing thrombosis in CAPS, although large multicentre, pro-
spective trials are needed to confirm this finding.

Competing interests

RAB reports financial support was provided by National
Heart Lung and Blood Institute. RAB reports financial support
was provided by US Department of Defense. Professor of Medi-
cine reports a relationship with The Johns Hopkins University
School of Medicine that includes: employment and funding
grants. MC served on the advisory board of Alexion Pharmaceut-
icals and holds individual stock in AstraZeneca, Novo Nordisk,
and Omeros Pharmaceuticals. GFG serves on advisory boards of
Apellis Pharmaceutical and Alexion Pharmaceuticals. MAC
reports consultancy or advisory board fees from Bayer, AstraZe-
neca, Pfizer, Hemostasis Reference Laboratories, Syneos Health
and Eversana. EMB: Incyte Corporation: current employment,
current equity holder in publicly traded company. KRM reports
consultancy or advisory board fees from Sanofi, Novartis, and
Sobi. SC reports consultancy or advisory board fees from Alex-
ion, Sanofi, Takeda, Sobi and Sanofi. KRM reports consultancy
or advisory board fees from Sanofi, Novartis, and Sobi. RAB:
Alexion Pharmaceuticals: consultancy. Under a license agree-
ment between Machaon Diagnostics and Johns Hopkins Univer-
sity, RAB and MC and the University are entitled to royalty
distributions related to technology described in the study dis-
cussed in this publication. This arrangement has been reviewed
and approved by the Johns Hopkins University in accordance
with its conflict-of-interest policies. The other authors declare
they have no competing interests.

Acknowledgements

The authors thank Alexion Pharmaceuticals (Boston, MA) for
generously providing both Fdi, ACH-4471 and ACH-5548.
Graphical illustrations were created with BioRender and Adobe
Ilustrator. This work was presented, in part, as an oral presenta-
tion at the 2024 meeting of the American Society of Hematology
in San Diego.

Contributors

NR designed research, performed research, analysed data, and
wrote the first draft. MAC designed research, performed research,
analysed data, and edited/wrote the paper. GFG designed research
and edited/wrote the paper. MAC reviewed research data and
wrote/edited the paper. EMB reviewed research data and wrote/
edited the paper. DF-G performed research. AR performed
research. KH performed research, reviewed research data and
wrote/edited the paper. KRM reviewed data and wrote/edited the
paper. SC reviewed research data and wrote/edited the paper and
RAB designed research, analysed data, and wrote the paper.

Funding
This work was funded by N.H.L.B.I (R56HL133113) and the
Department of Defense (W81XWH2110898). The funders had

no role in study design, data collection and analysis, the decision
to publish or preparation of the manuscript.

Patient consent for publication

Not applicable



N. Ranjan et al.

Ethics approval

tional Review Board at the Johns Hopkins University, School of

All samples were obtained under approval by the Institu-

Medicine.

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.2025.07.016.

Orcid

Nikhil Ranjan: http://orcid.org/0000-0003-0650-2928
Robert A. Brodsky: http://orcid.org/0000-0001-5741-1255

REFERENCES

[1] Aguiar CL, Erkan D. Catastrophic antiphospholipid syndrome: how to diag-

[2]

[3]

[4]

[5]

[6]

[7

[8]

[9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

—

—

nose a rare but highly fatal disease. Ther Adv Musculoskelet Dis 2013;5
(6):305-14.

Miyakis S, Lockshin MD, Atsumi T, Branch DW, Brey RL, Cervera R, et al.
International consensus statement on an update of the classification criteria
for definite antiphospholipid syndrome (APS). J Thromb Haemost 2006;4
(2):295-306.

Cohen H, Isenberg DA. How I treat anticoagulant-refractory thrombotic anti-
phospholipid syndrome. Blood 2021;137(3):299-309.

Farmer-Boatwright MK, Roubey RA. Venous thrombosis in the antiphospholi-
pid syndrome. Arterioscler Thromb Vasc Biol 2009;29(3):321-5.

Crowther MA, Ginsberg JS, Julian J, Denburg J, Hirsh J, Douketis J, et al. A
comparison of two intensities of warfarin for the prevention of recurrent
thrombosis in patients with the antiphospholipid antibody syndrome. N Engl
J Med 2003;349:1133-8.

Nayer A, Ortega LM. Catastrophic antiphospholipid syndrome: a clinical
review. J Nephropathol 2014;3(1):9-17.

Agostinis C, Durigutto P, Sblattero D, Borghi MO, Grossi C, Guida F, et al. A
non-complement-fixing antibody to beta2 glycoprotein I as a novel therapy
for antiphospholipid syndrome. Blood 2014;123(22):3478-87.
Carrera-Marin A, Romay-Penabad Z, Papalardo E, Reyes-Maldonado E, Garcia-
Latorre E, Vargas G, et al. C6 knock-out mice are protected from thrombophilia
mediated by antiphospholipid antibodies. Lupus 2012;21(14):1497-505.
Fischetti F, Durigutto P, Pellis V, Debeus A, Macor P, Bulla R, et al. Thrombus
formation induced by antibodies to beta2-glycoprotein I is complement
dependent and requires a priming factor. Blood 2005;106(7):2340-6.
Pierangeli SS, Girardi G, Vega-Ostertag M, Liu X, Espinola RG, Salmon J.
Requirement of activation of complement C3 and C5 for antiphospholipid
antibody-mediated thrombophilia. Arthritis Rheum 2005;52(7):2120-4.
Chaturvedi S, Braunstein EM, Brodsky RA. Antiphospholipid syndrome: com-
plement activation, complement gene mutations, and therapeutic implica-
tions. J Thromb Haemost 2021;19(3):607-16.

Gavriilaki E, Yuan X, Ye Z, Ambinder AJ, Shanbhag SP, Streiff MB, et al. Mod-
ified Ham test for atypical hemolytic uremic syndrome. Blood 2015;125
(23):3637-46.

Maga TK, Nishimura CJ, Weaver AE, Frees KL, Smith RJ. Mutations in alter-
native pathway complement proteins in American patients with atypical
hemolytic uremic syndrome. Hum Mutat 2010;31(6):E1445-60.

Osborne AJ, Breno M, Borsa NG, Bu F, Frémeaux-Bacchi V, Gale DP, et al. Sta-
tistical validation of rare complement variants provides insights into the
molecular basis of atypical hemolytic uremic syndrome and C3 glomerulop-
athy. J Immunol 2018;200(7):2464-78.

Fearon DT. Identification of the membrane glycoprotein that is the C3b
receptor of the human erythrocyte, polymorphonuclear leukocyte, B lympho-
cyte, and monocyte. J Exp Med 1980;152(1):20-30.

Anderson KL, Smith KA, Pio F, Torbett BE, Maki RA. Neutrophils deficient in
PU.1 do not terminally differentiate or become functionally competent.
Blood 1998;92(5):1576-85.

Wilson JG, Ratnoff WD, Schur PH, Fearon DT. Decreased expression of the
C3b/C4b receptor (CR1) and the C3d receptor (CR2) on B lymphocytes and

2047

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Ann Rheum Dis 84 (2025) 2034—2048

of CR1 on neutrophils of patients with systemic lupus erythematosus. Arthri-
tis Rheum 1986;29(6):739-47.

Eriksson O, Mohlin C, Nilsson B, Ekdahl KN. The human platelet as an innate
immune cell: interactions between activated platelets and the complement
system. Front Immunol 2019;10:1590.

Khera R, Das N. Complement receptor 1: disease associations and therapeutic
implications. Mol Immunol 2009;46(5):761-72.

Erdei A, Kovacs KG, Nagy-Bald Z, Lukacsi S, Macsik-Valent B, Kurucz I, et al.
New aspects in the regulation of human B cell functions by complement
receptors CR1, CR2, CR3 and CR4. Immunol Lett 2021;237:42-57.

Java A, Liszewski MK, Hourcade DE, Zhang F, Atkinson JP. Role of comple-
ment receptor 1 (CR1; CD35) on epithelial cells: a model for understanding
complement-mediated damage in the kidney. Mol Immunol 2015;67(2 Pt
B):584-95.

Vandendriessche S, Cambier S, Proost P, Marques PE. Complement receptors
and their role in leukocyte recruitment and phagocytosis. Front Cell Dev Biol
2021;9:624025.

Hourcade DE, Mitchell LM, Medof ME. Decay acceleration of the complement
alternative pathway C3 convertase. Inmunopharmacology 1999;42:167-73.
Kremlitzka M, Polgér A, Fiilop L, Kiss E, Podr G, Erdei A. Complement recep-
tor type 1 (CR1, CD35) is a potent inhibitor of B-cell functions in rheumatoid
arthritis patients. Int Inmunol 2013;25(1):25-33.

Oliveira LC, Kretzschmar GC, Dos Santos ACM, Camargo CM, Nisihara RM,
Farias TDJ, et al. Complement receptor 1 (CR1, CD35) polymorphisms and
soluble CR1: a proposed anti-inflammatory role to quench the fire of “Fogo
Selvagem” pemphigus foliaceus. Front Immunol 2019;10:2585.

Wilson JG, Murphy EE, Wong WW, Klickstein LB, Weis JH, Fearon DT. Identifi-
cation of a restriction fragment length polymorphism by a CR1 cDNA that cor-
relates with the number of CR1 on erythrocytes. J Exp Med 1986;164:50-9.
International Society of Blood Transfusion Working Group on Red Cell Immu-
nogenetics and Blood Group Terminology: Blood Group Allele Tables Amster-
dam. ISBT; 2024. https://www.isbtweb.org.

Moulds JM, Moulds JJ, Brown M, Atkinson JP. Antiglobulin testing for CR1-
related (Knops/McCoy/Swain-Langley/York) blood group antigens: negative
and weak reactions are caused by variable expression of CR1. Vox Sang
1992;62(4):230-5.

Herrera AH, Xiang L, Martin SG, Lewis J, Wilson JG. Analysis of complement
receptor type 1 (CR1) expression on erythrocytes and of CR1 allelic markers
in Caucasian and African American populations. Clin Immunol Immunopa-
thol 1998;87(2):176-83.

Zorzetto M, Bombieri C, Ferrarotti I, Medaglia S, Agostini C, Tinelli C, et al.
Complement receptor 1 gene polymorphisms in sarcoidosis. Am J Respir Cell
Mol Biol 2002;27(1):17-23.

Cooling L. Blood groups in infection and host susceptibility. Clin Microbiol
Rev 2015;28(3):801-70.

Wu PC, Lee YQ, Moller M, Storry JR, Olsson ML. Elucidation of the low-
expressing erythroid CR1 phenotype by bioinformatic mining of the GATA1-
driven blood-group regulome. Nat Commun 2023;14(1):5001.

Gutiérrez L, Caballero N, Fernandez-Calleja L, Karkoulia E, Strouboulis J. Reg-
ulation of GATAL1 levels in erythropoiesis. IUBMB Life 2020;72(1):89-105.
Pevny L, Simon MC, Robertson E, Klein WH, Tsai SF, D’Agati V, et al. Ery-
throid differentiation in chimaeric mice blocked by a targeted mutation in
the gene for transcription factor GATA-1. Nature 1991;349(6306):257-60.
Barbhaiya M, Zuily S, Naden R, Hendry A, Manneville F, Amigo MC, et al.
2023 ACR/EULAR antiphospholipid syndrome classification criteria. Ann
Rheum Dis 2023;82(10):1258-70.

Chaturvedi S, Braunstein EM, Yuan X, Yu J, Alexander A, Chen H, et al. Com-
plement activity and complement regulatory gene mutations are associated
with thrombosis in APS and CAPS. Blood 2020;135(4):239-51.

Pineton de Chambrun M, Larcher R, Péne F, Argaud L, Demoule A, Jamme M,
et al. CAPS criteria fail to identify most severely-ill thrombotic antiphospholi-
pid syndrome patients requiring intensive care unit admission. J Autoimmun
2019;103:102292.

Ross GD, Yount WJ, Walport MJ, Winfield JB, Parker CJ, Fuller CR, et al. Dis-
ease-associated loss of erythrocyte complement receptors (CR1, C3b recep-
tors) in patients with systemic lupus erythematosus and other diseases
involving autoantibodies and/or complement activation. J Immunol
1985;135(3):2005-14.

Stoute JA, Odindo AO, Owuor BO, Mibei EK, Opollo MO, Waitumbi JN. Loss
of red blood cell-complement regulatory proteins and increased levels of cir-
culating immune complexes are associated with severe malarial anemia. J
Infect Dis 2003;187(3):522-5.

Cole MA, Ranjan N, Gerber GF, Pan XZ, Flores-Guerrero D, McNamara G,
Chaturvedi S, Sperati CJ, McCrae KR, Brodsky RA. Complement biosensors
identify a classical pathway stimulus in complement-mediated thrombotic
microangiopathy. Blood 2024;144(24):2528-45. PMID: 39357054; PMCID:
PMC11862816. doi: 10.1182/blood.2024025850.


https://doi.org/10.1016/j.ard.2025.07.016
http://orcid.org/0000-0003-0650-2928
http://orcid.org/0000-0001-5741-1255
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0001
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0001
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0001
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0002
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0002
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0002
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0002
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0003
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0003
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0004
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0004
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0005
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0005
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0005
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0005
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0006
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0006
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0007
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0007
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0007
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0008
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0008
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0008
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0009
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0009
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0009
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0010
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0010
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0010
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0011
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0011
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0011
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0012
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0012
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0012
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0013
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0013
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0013
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0014
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0014
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0014
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0014
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0014
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0015
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0015
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0015
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0016
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0016
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0016
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0017
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0017
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0017
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0017
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0018
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0018
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0018
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0019
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0019
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0020
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0020
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0020
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0020
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0020
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0020
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0020
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0021
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0021
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0021
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0021
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0022
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0022
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0022
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0023
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0023
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0024
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0024
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0024
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0024
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0024
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0024
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0024
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0025
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0025
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0025
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0025
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0025
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0025
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0026
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0026
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0026
https://www.isbtweb.org
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0028
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0028
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0028
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0028
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0029
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0029
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0029
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0029
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0030
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0030
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0030
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0031
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0031
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0032
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0032
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0032
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0032
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0033
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0033
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0033
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0033
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0034
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0034
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0034
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0035
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0035
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0035
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0036
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0036
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0036
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0037
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0037
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0037
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0037
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0037
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0038
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0038
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0038
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0038
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0038
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0039
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0039
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0039
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0039
https://doi.org/10.1182/blood.2024025850

N. Ranjan et al.

[41]

[42]

[43]

[44]

[45]

[46]

Wong WW, Farrell SA. Proposed structure of the F’ allotype of human CR1.
Loss of a C3b binding site may be associated with altered function. J Immu-
nol 1991;146(2):656-62.

Venturelli V, Maranini B, Tohidi-Esfahani I, Isenberg DA, Cohen H, Efthy-
miou M. Can complement activation be the missing link in antiphospholipid
syndrome? Rheumatology (Oxford) 2024;63:3243-54.

Martinez-Flores JA, Serrano M, Pérez D, Lora D, Paz-Artal E, Morales JM,
et al. Detection of circulating immune complexes of human IgA and 2 glyco-
protein I in patients with antiphospholipid syndrome symptomatology. J
Immunol Methods 2015;422:51-8.

Martinez-Flores JA, Serrano M, Pérez D, Camara A G, Lora D, Morillas L, et al.
Circulating immune complexes of IgA bound to beta 2 glycoprotein are
strongly associated with the occurrence of acute thrombotic events. J Athe-
roscler Thromb 2016;23(10):1242-53.

Smith BO, Mallin RL, Krych-Goldberg M, Wang X, Hauhart RE, Bromek K,
et al. Structure of the C3b binding site of CR1 (CD35), the immune adherence
receptor. Cell 2002;108:769-80.

Noris M, Remuzzi G. Overview of complement activation and regulation.
Semin Nephrol 2013;33(6):479-92.

2048

[47]

[48]

[49]

[50]

[51]

Ann Rheum Dis 84 (2025) 2034—2048

Kisserli A, Schneider N, Audonnet S, Tabary T, Goury A, Cousson J, et al.
Acquired decrease of the C3b/C4b receptor (CR1, CD35) and increased C4d
deposits on erythrocytes from ICU COVID-19 patients. Immunobiology
2021;226(3):152093.

Loépez-Benjume B, Rodriguez-Pint6 I, Amigo MC, Erkan D, Shoenfeld Y, Cer-
vera R, et al. Eculizumab use in catastrophic antiphospholipid syndrome
(CAPS): descriptive analysis from the “CAPS registry”. Autoimmun Rev
2022;21:103055.

Faguer S, Ribes D. Early use of eculizumab for catastrophic antiphospholipid
syndrome. Br J Haematol 2022;196(2):e12—4.

Bodo I, Amine I, Boban A, Bumbea H, Kulagin A, Lukina E, et al. Complement
inhibition in paroxysmal nocturnal hemoglobinuria (PNH): a systematic
review and expert opinion from central Europe on special patient popula-
tions. Adv Ther 2023;40(6):2752-72.

Gerber GF, DeZern AE, Chaturvedi S, Brodsky RA. A 15-year, single
institution experience of anticoagulation management in paroxysmal
nocturnal hemoglobinuria patients on terminal complement inhibition
with history of thromboembolism. Am J Hematol 2022;97(2):
E59-62.


http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0040
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0040
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0040
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0040
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0041
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0041
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0041
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0042
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0042
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0042
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0042
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0042
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0042
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0043
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0043
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0043
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0043
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0043
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0043
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0044
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0044
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0044
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0045
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0045
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0046
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0046
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0046
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0046
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0047
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0047
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0047
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0047
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0047
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0047
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0047
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0047
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0048
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0048
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0049
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0049
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0049
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0049
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0049
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0050
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0050
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0050
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0050
http://refhub.elsevier.com/S0003-4967(25)04249-9/sbref0050

Ann Rheum Dis 84 (2025) 2049—-2064

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

Annals of the Rheumatic Diseases

Contents lists available at ScienceDirect

ATIC pﬁr] :

HEUI
DISEASES

Myositis

Enhanced proteasome activity in perifascicular
myofibres is a hallmark of dermatomyositis and its
inhibition is efficient in preclinical models

Léa Debrut® "-*”, Margherita Giannini® ">"-*  Giulia Quiring’,
Simone Perniola®, Daniela Rovito?, Céline Keime?, Béatrice Lannes”,
Aleksandra Nadaj-Pakleza®, Jean-Baptiste Chanson®, Anne-Laure Charles’,

Bernard Geny'~’, Daniel Metzger”, Gilles Laverny>”, Alain Meyer

1,3,#

1 UR3072 Centre de Recherche en Biomédecine, Université de Strasbourg, Strasbourg, France
2 Université de Strasbourg, CNRS, Inserm, IGBMC UMR 7104-UMR-S 1258, Illkirch, France
8 Explorations Fonctionnelles Musculaires, Service de Physiologie, Centre de Référence des Maladies Autoimmunes Rares, Hopitaux

Universitaires de Strasbourg, Strasbourg, France

* Clinical Immunology Unit, Fondazione Policlinico Universitario A. Gemelli-IRCCS, Rome, Italy
5 Département d’ Anatomopathologie, Hopitaux Universitaires de Strasbourg, Strasbourg, France
6 Service de Neurologie, Centre de Référence des Maladies Neuromusculaires NEIdF, ERN EURO-NMD, Hopitaux Universitaire de

Strasbourg, Strasbourg, France

7 Service de Physiologie et Explorations fonctionnelles, Hopitaux Universitaires de Strasbourg, Strasbourg, France

ARTICLE INFO

Article history:

Received 30 April 2025

Received in revised form 29 August 2025
Accepted 30 August 2025

Keywords:

Dermatomyositis, DM
Polymyositis, PM

Inclusion body myositis, IBM
antisynthetase syndrome, ASyS
scleromyositis

immune-mediated necrotising myopathy, IMNM
necrotising autoimmune myopathy
overlap myositis

inflammatory myopathies, IIM
proteasome

immunoproteasome

PSMB8

ixazomib

interferon

IFN

KZR

experimental myositis

ABSTRACT

Objectives: This study aims to characterise the molecular pathways underpinning perifascicular
muscle fibre alterations to identify repositionable molecules for dermatomyositis (DM) treat-
ment, and validate potential candidates in preclinical models.

Methods: RNA-sequencing was performed to determine the transcriptome of microdissected peri-
and endofascicular myofibres from 7 patients with untreated and early DM (symptoms <6
months), 6 with other inflammatory myopathies and 5 without neuromuscular disease. The
molecular pathways characterising DM perifascicular fibres were determined and used to
explore databases of repositionable drugs. The top candidate molecule was validated in cellular
and animal preclinical models.

Results: Microdissected myofibre transcriptomic analysis revealed that upregulation of the pro-
teasome pathway, prevailing in perifascicular myofibres, is a hallmark of DM. Immunostaining
experiments conducted in a validation cohort showed that in patients with DM, f5i (encoded by
PSMBS8) was predominantly expressed in the cytoplasm of muscle fibres within the perifascicular
region, which also predominantly expressed MxA and HLA-I. Experiments in human myotubes
showed that interferon (IFN)-$ enhances the expression of proteasome catalytic subunit $5i and
chymotrypsin-like activity in myofibres. Computational drug repurposing analysis based on the
DM perifascicular myofibre transcriptomic signature identified ixazomib (a proteasome inhibi-
tor) as the drug with the highest therapeutic potential. In human myotubes, ixazomib prevented
IFN-g-induced DM-like lesions (atrophy, major histocompatibility complex class I [MHC-I]
expression and mitochondrial dysfunctions) without impacting the expression of interferon-
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stimulated genes (ISGs). Moreover, experimental myositis (EM) mice treated with ixazomib
recovered muscle strength and normalised serum creatine kinase levels. While ISG expression
was unchanged in muscles of ixazomib-treated EM mice, sarcolemmal MHC-I expression was
abolished, myofibre size variability was normalised, and inflammatory infiltrate was decreased.
Conclusions: Enhanced proteasome activity in perifascicular myofibres is a hallmark of DM; its
inhibition, deemed effective in preclinical models, may represent a new therapeutic strategy for

this disease.

WHAT IS ALREADY KNOWN ON THIS TOPIC

» Dermatomyositis (DM) is defined by a specific alteration pat-
tern of the perifascicular myofibres. However, the underlying
mechanisms are unknown, and current treatments are empiri-
cal and only partially effective.

WHAT THIS STUDY ADDS

* Perifascicular muscle fibres in early DM are characterised by
interferon-f-induced upregulation of the proteasome pathway
that contributes to the other key characteristics of the disease
(ie, major histocompatibility complex class I expression, mito-
chondrial dysfunctions, and atrophy of perifascicular fibres).

* Proteasome inhibitors, predicted in silico as candidate repur-
posed drugs based on this new insight, are effective in preclini-
cal models of DM.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

* These findings encourage future trials testing proteasome inhi-
bition in patients with DM.

INTRODUCTION

Inflammatory myopathies (IMs) are a group of rare autoim-
mune diseases leading to muscle weakness, although the under-
lying mechanisms are not fully known. Dermatomyositis (DM) is
the most frequent IM subset and induces the highest mortality
rate [1]. At the myopathological level, DM is defined by specific
alterations of perifascicular fibres, that include atrophy, expres-
sion of type I interferon (IFN-I)-stimulated genes (ISGs) and of
the major histocompatibility complex class I (MHC-I), as well as
mitochondrial dysfunctions [2]. Inflammatory infiltrates and
capillary injuries are also present in the muscles of patients with
DM. The prevalence and severity of these histological features
vary according to the autoantibody status, indicating several
DM subsets [3].

Current treatments, based on the empirical use of corticoste-
roids and immunomodulators, allow only a partial recovery and
expose to numerous side effects and frequent relapses [4].
Hence, to identify new DM treatment strategies, the underlying
mechanisms need to be unravelled.

There is evidence that muscle fibres play a direct role in DM
pathophysiology. Indeed, DM muscle cells deliver an IFN-I auto-
crine effect [5] while mitochondrial dysfunctions in DM muscle
fibres sustain inflammation [6]. Myofibre sarcolemmal MHC-I
expression may contribute to the activation, expansion, and sur-
vival of CD8+ T cells [7]. Moreover, we have recently shown
that the selective inactivation of the glucocorticoid receptor in
muscle fibres suppresses the therapeutic response of glucocorti-
coids in experimental myositis (EM) [8]. Thus, targeting muscle
fibres may represent a relevant therapeutic strategy for DM.

Bulk transcriptomic analysis has revealed that IFN-I signal-
ling, pattern recognition receptors, dendritic cell maturation,
and T-cell exhaustion signalling are higher in DM muscle
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compared to other IM subsets [9,10]. However, these analyses
did not identify molecular pathways specifically deregulated in
myofibres (as opposed to the other components of the muscle
cells), nor the mechanisms underpinning the distinctive changes
in perifascicular muscle fibres in DM.

Only 2 studies have analysed microdissected DM muscle
fibres with 1 highlighting a reduction in titin protein in DM peri-
fascicular muscle fibres [11], while the second revealed
increased expression of several interferonogenic pattern recog-
nition receptors in MHC-I expressing DM muscle fibres [12].
Neither study used RNA-sequencing for their analysis.

To further unveil the deregulated pathways in DM perifascic-
ular fibres, using RNA-sequencing, we established the transcrip-
tome of laser capture microdissected peri- and endofascicular
myofibres from early untreated patients with DM, patients with
other IMs as well as individuals without neuromuscular disease
(NMD). The resulting findings revealed molecular pathways
that characterise DM perifascicular fibres and allowed the iden-
tification of repositionable molecules for DM treatment. The effi-
cacy of the candidate drug with the highest therapeutic potential
was validated in both cellular and animal preclinical models.

METHODS

Methods are detailed in the Supplementary material.

RESULTS

Proteasome pathway upregulation prevailing in perifascicular
muscle fibres is a hallmark of DM

To unravel the molecular pathways underpinning perifascicu-
lar muscle fibre alterations in DM, we compared the transcrip-
tome of microdissected deltoid perifascicular (n > 300) and
endofascicular (n > 300) myofibres (Supplementary Fig S1) from
13 early (symptoms for less than 6 months) untreated patients
with IM (DM: n = 7; IM other than DM: n = 6) and 5 patients
without NMD, the characteristics of which are shown in Table 1.

Next-generation sequencing analysis revealed that 865 genes
were differentially expressed among the perifascicular fibres of
the 3 groups of patients (Fig 1A, left panel). Among the latter,
479 genes were selectively deregulated in patients with DM
(Fig 1B, left panel). The levels of the top 15 deregulated genes in
DM perifascicular fibres compared to no NMD perifascicular
fibres are presented in Figure 1C (left panel) and D. The most
differentially expressed transcript in the perifascicular fibres of
patients with DM was PSMB8 (encoding the proteasome subunit
beta type-8, which is responsible for the chymotrypsin-like
activity of the immunoproteasome), whose expression was 47-
fold higher than in the patients without NMD (P = 1.31E-21)
and 3-fold higher than in the patients without DM IM
(P = .008) (Fig 1C left panel, D). Genes coding for previously
reported hallmark biomarkers of DM perifascicular fibres (e,
IFI6, ISG15, MHC-I subunits) were also found in this top list
(Fig 1C left panel, D). The most deregulated pathway in DM
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Table 1
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Characteristics of the 18 patients included for transcriptomic analysis

Patient Age/sex  Muscle CK (IU/L)  Autoantibodies  Extramuscular involvement
symptoms (wk)

DM 1 57/M 8 696 None DM skin rash

DM 2 51/F 24 1700 Anti-Mi2f Dysphagia

DM 3 42/F 18 4700 Anti-Mi2p DM skin rash + polyarthritis

DM 4 54/F 3 16,616 Anti-Mi2j None

DM 5 65/F 12 1420 None DM skin rash

DM 6 76/F 17 154 Anti-TIFly DM skin rash + ILD

DM 7 26/F 12 NA Anti-TIF1y DM skin rash

Other IM 1 (IMNM) 61/F 13 1490 Anti-SRP None

Other IM 2 (IBM) 80/M 24 292 None None

Other IM 3 (IMNM)  75/F 24 1135 None Dysphagia

Other IM 4 (IMNM) 27/F 4 11,139 None Dysphagia

Other IM 5 (IMNM/  60/F 24 391 None Dysphagia, myocarditis, Raynaud’s phenome-
scleromyositis) non, scleroderma pattern on capillaroscopy

Other IM 6 (IMNM) 52/M 13 4843 Anti-SRP None

No NMD 1 56/F None 112 None None

No NMD 2 47/M None 77 None None

No NMD 3 51/F None 66 None None

No NMD 4 42/F None 125 None None

No NMD 5 43/F None 63 None None

CK, creatine kinase blood level at the time of muscle biopsy; DM, dermatomyositis; F, female; IBM, inclusion body myositis; ILD, intersti-
tial lung disease; IM, inflammatory myopathy; IMNM, immune-mediated necrotising myopathy; IU, international unit; M, male; NA, not

applicable; NMD, neuromuscular disorder.

No patient was treated with glucocorticoids or immunosuppressants. Anti-SSA, -SSB, -U1-RNP, -Scl70, -centromere, -Mi2f, -TIF1ly,
-SAE1, -SAE2, -MDAS5, -NXP2, -Jo-1, PL-7, -PL-12, -EJ, -OJ, -Zo, -SRP, and -HMGCR antibodies were investigated using D-Tek line immu-
noassay; anti-cN1A were investigated using Euroimmun line immunoassay.

perifascicular muscle fibres (compared to individuals without
NMD and other patients with IM) was proteasome
(P = 9.23E-6), followed by antiviral response (human papillo-
mavirus infection pathway) (P = 1.87E—4) (Fig 1E left panel).

A fewer number of genes (n = 566) were differentially
expressed between the endofascicular fibres of the 3 groups of
patients (Fig 1A right panel). Of the latter, 218 genes were selec-
tively deregulated in patients with DM (Fig 1B right panel), 113
(51%) of which were also selectively deregulated in the perifas-
cicular fibres of this group (Supplementary Fig S2A). The levels
of the top 15 deregulated genes in DM endofascicular fibres are
shown in Figure 1C right panel. Among these 15 genes, 6 (40%)
were shared with the top 15 deregulated genes in the perifascic-
ular fibres of this group (Supplementary Fig S2B). However, the
extent of the deregulation of these genes was lower in the endo-
fascicular fibres compared to the perifascicular fibres (Fig 1D).
The most differentially expressed transcript in the endofascicu-
lar fibres of patients with DM compared to patients without
NMD was PSMBS, although the overexpression of this transcript
was approximately 3-fold lower than in the perifascicular fibres
(Fig 1C right panel, D). Similarly to the perifascicular fibres, the
most deregulated pathway in DM endofascicular muscle fibres
(compared to individuals without NMD and other patients with
IM) was proteasome, followed by antiviral response (hepatitis C
pathway), although the weight of these 2 pathways (P value)
was lower in the endofascicular vs the perifascicular fibres
(6.31E—4 and 0.0058, respectively, Fig 1E right panel).

To validate transcriptomic findings from microdissected
fibres in the discovery cohort, we performed immunostaining
experiments in an independent validation cohort (Table 2). In
patients with DM, f5i (encoded by PSMB8) was predominantly
expressed in the cytoplasm of perifascicular muscle fibres, coloc-
alising with MxA and MHC-I. In contrast, $5i expression was: i)
confined to a few MxA-positive fibres in antisynthetase syn-
drome (ASyS) and scleromyositis (SM), ii) limited to inflamma-
tory cells and rare fibres in inclusion body myositis (IBM), iii)

absent in immune-mediated necrotising myopathy (IMNM), and
non-NMD subjects (Fig 1F).

Taken together, these data highlight that the enhanced pro-
teasome pathway, prevailing in perifascicular muscle fibres, is a
hallmark of DM.

In early untreated patients with DM, the physiological
transcriptomic signature of perifascicular muscle fibres is
replaced by a pathological signature characterised by proteasome
dysregulation

There are very few data regarding the physiological differen-
ces between muscle fibres according to their spatial location
within the muscle fascicules. In addition to previously reported
biomarkers of DM, PSMB8 expression prevailed in DM perifas-
cicular fibres, but was also observed in DM endofascicular fibres.
Thus, to further determine the molecular differences between
endo- and perifascicular fibres in physiological conditions and
in IM, the transcriptome of paired perifascicular and endofascic-
ular fibres was compared in each of the 3 groups (Fig 2A). In
patients without NMD, 83 genes were upregulated and 54 down-
regulated in perifascicular fibres compared to the endofascicular
fibres (Supplementary Fig S3A). Pathway analyses revealed that
these genes were mainly related to muscle tissue development
and the generation of precursor metabolites as well as energy
signalling pathways (Supplementary Fig S3B). The levels of the
top 15 differentially expressed genes are presented in Supple-
mentary Figure S3C. Of note, physiological PSMB8 expression
was 2.1-fold lower in perifascicular fibres compared to the endo-
fascicular fibres (P = .0001) (Supplementary Fig S4). In patients
with IM, this transcriptomic signature of the perifascicular fibres
was lost, and replaced by a specific perifascicular signature con-
sisting of 18 overexpressed and 10 underexpressed genes
(Fig 2A,B), mainly involved proteasome, mitophagy, mitochon-
drial functioning, and antiviral response pathways (Fig 2B).
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Figure 1. Deregulation of the proteasome pathway in mus-
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IFN-f enhances myofibre expression of the proteasome catalytic
subunit 5i and chymotrypsin-like activity

The IFN-I signature is an established hallmark of DM muscle
fibres [9]. The present analysis revealed that proteasome upre-
gulation represents an additional characteristic of DM perifascic-
ular muscle fibres and a potential therapeutic target. The
proteasome harbours 6 catalytic subunits in its catalytic core
(208), 3 of which are constitutive (55, 1, and 32, respectively
encoded by PSMB5, PSMB6, and PSMB7 and carrying the chy-
motrypsin-like, caspase-like, and trypsin-like activity, respec-
tively) and 3 are inducible (f5i, f1i, and $2i, respectively
encoded by PSMB8, PSMB9, and PSMB10 and carrying the same
activities as the constitutive catalytic subunits) in inflammatory
conditions (immunoproteasome) [13,14] (Fig 3A). The
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proteasome also involves regulatory subunits PSMF1 (encoded
by PI31) and the proteasome maturation protein (encoded by
POMP) [13,14]. The expression and activity of each catalytic
subunit of the 20S proteasome and their respective association
with type I IFN signalling were hence studied in DM muscle
fibres. PSMB8 was the most highly differentially expressed pro-
teasome subunit in DM fibres (Fig 3A). Expression of the 2 other
inducible subunits (#1i and $2i) and 1 of the constitutive subu-
nits ($2) was increased, albeit to a much lesser extent (Fig 3A,
Table 3). Transcript levels of genes encoding these subunits posi-
tively correlated with the expression of ISG15 in DM muscle
fibres (R? from 0.36 to 0.51, P < .05) (Fig 3B). In contrast, the
transcript levels of PSMF1, encoding the endogenous protea-
some inhibitor PI31, were decreased in DM muscle fibres (1.2-
fold vs no NMD in perifascicular fibres, P = .042 and 1.03-fold
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in endofascicular fibres, P = .792) and negatively correlated
with type I1ISGs (R? from 0.36 to 0.51, P < .05) (Table 3).

IFN-f levels are known to be increased in the blood of
patients with DM compared to patients without NMD and to
patients with IM other than DM [15,16], and IFN-f-treated myo-
tubes recapitulate in vitro the canonical characteristics of DM
perifascicular muscle fibres (ie, IFN-I signature, MHC-I expres-
sion, mitochondrial dysfunctions, and atrophy) [6,10,17,18].

In a series of experiments designed to determine whether
IFN-f stimulates the expression of proteasome subunits that is
increased in DM muscle fibres, 5-day treatment of human myo-
tubes with IFN-$ (500 U/mL) was found to increase f5i subunit
(PSMBS) protein levels by 5.6-fold (Fig 3C,D). In addition, IFN-3
also induced proteasome chymotrypsin-like activity in human
myotubes in a dose-dependent manner (Fig 3E).

Altogether, these results indicate that IFN-f, whose level is
selectively increased in DM, contributes to the increased expres-
sion of catalytic proteasome subunits (mainly $5i) and chymo-
trypsin-like activity in DM muscle fibres.

In DM perifascicular muscle fibres, PSMB8 expression is
mediated by type I IFN

Type I and type II IFNs exhibit partially overlapping tran-
scriptional signatures [19]. While PSMB8 has been reported to
be induced by both IFN types [20—25], MxA is primarily
induced by type I IFNs, whereas major histocompatibility com-
plex class I (MHC-II) is upregulated by type II IFNs [9,26]. Both
IFN-I and IFN-II are elevated in the blood of patients with DM
[16], but only type I ISGs and proteins (MxA)—and not type II
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(MHC-IT)—are detected in perifascicular fibres (Fig 1F, Supple-
mentary Fig S5). To further investigate the relative contribution
of each IFN type to PSMBS8 expression in DM perifascicular
fibres (Fig 4A), we assessed the ability of IFN-/ (type I) and IFN-
y (type II) to induce PSMBS, in parallel with canonical IFNs
response markers, MxA and MHC-IL

We queried the Interferome database, which compiles tran-
scriptomic data from various cell types exposed to IFNs [27]. In
agreement with previous reports [28,29], IFN-f preferentially
upregulated MxA, whereas IFN-y induced MHC-1I levels. In addi-
tion, both IFN-f and IFN-y had a similar potency to induce
PSMBS8 expression (Fig 4B). These results support that while
PSMBS is inducible by both IFN types, MxA and MHC-II are bio-
markers of IFN-f and IFN-y, respectively. Given that Interferome
does not include transcriptomic datasets from skeletal muscle,
we next assessed the expression of PSMB8, MxA, and MHC-II in
human myotubes treated with IFN-# (500 U/mL) or IFN-y (500
U/mL). In line with the in silico results, IFN-§ and IFN-y both
induced PSMBS transcript levels (Fig 4C) and chymotrypsin-like
activity of the proteasome (Supplementary Fig S6A,B). In con-
trast, MxA, a hallmark of DM perifascicular fibres, was preferen-
tially induced by IFN-f, while MHC-II expression, a hallmark of
non-DM IM, was preferentially induced by IFN-y (Fig 4C). These
results indicate that PSMB8 expression in perifascicular fibres of
DM is mediated by IFN-f rather than IFN-y.

Proteasome inhibitors are repurposed candidate drugs for DM

To identify currently available candidate drugs targeting the
molecular pathways underpinning perifascicular muscle fibres
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Individual characteristics of PSMB8 and MxA immunostainings in myofibres and immune
cells of patients with inflammatory myopathies and without neuromuscular diseases

PSMBS8 positivity

N Sex/age (y)  IM-specific autoantibody =~ Diagnosis  Fibres Immune cells
1 M, 39 Anti-NXP2 DM Perif > endof  +
2 F, 20 None DM Perif > endof  +
3 M, 71 Anti-TIF1y DM Perif -
4 F, 60 Anti-MDA5 DM Perif > endof +
5 F, 39 Anti-SAE1/2 DM Perif > endof —+
6 F, 54 Anti-MI2(3 DM Perif > endof +
7° F, 44 Anti-Jo-1 ASyS Patchy +
8 F,73 Anti-PL-7 ASyS Patchy +
9 F, 46 Anti-Jo-1 ASyS Patchy +
10 F, 64 Anti-U1-RNP SM Patchy +
11 F, 49 Anti-U1-RNP SM Patchy +
12% F, 27 Anti-U1-RNP SM Patchy +
13° M, 60 None IMNM — +
14 F, 47 Anti-SRP IMNM - +
15 M, 48 None IMNM - +
16 M, 73 None IBM - +
17 F, 49 Anti-cN1A IBM — +
18* M, 64 Anti-cN1A IBM Rare +
19 M, 57 None no NMD —

20 M, 59 None no NMD — —
21 F, 45 None no NMD - -

ASyS, antisynthetase syndrome; DM, dermatomyositis; Endof, endofascicular fibres; IBM, inclu-
sion body myositis; IM, inflammatory myopathy; IMNM, immune-mediated necrotising myopa-
thy; NMD, neuromuscular disorder; Perif, perifascicular fibres; SM, scleromyositis.

No patient was treated with glucocorticoids or immunosuppressants. Anti-SSA, -SSB, -U1-RNP,
-Scl70, -centromere, -Mi2f, -TIF1y, -SAE1, -SAE2, -MDAS, -NXP2, -Jo-1, PL-7, -PL-12, -EJ, -OJ,
-Zo, -SRP, and -HMGCR antibodies were investigated using D-Tek line immunoassay; anti-cN1A
were investigated using Euroimmun line immunoassay.

@ Patients whom representative pictures have been provided in Figure 1.

alterations in DM, the transcriptomic signature of DM perifascic-
ular fibres (28 genes involved in proteasome, mitophagy, mito-
chondrial functioning, and antiviral response pathways, Fig 2B)
was used for computational drug repurposing analysis, as
described by Karatzas et al [30]. Nine chemical compounds
were identified by at least 2 tools, with a predictive score <-50,
thus possibly reversing the transcriptomic signature observed in
DM perifascicular muscle fibres (Fig 5A,B). Among these, pred-
nisolone (the current standard of care in DM treatment [4]), and
a Janus kinase (JAK) inhibitor (a drug class for which case
reports and series indicate efficacy in patients with DM) were
highlighted, supporting the validity of this analysis. However,
the drug with the highest predicted therapeutic potential was
ixazomib, an inhibitor of the chymotrypsin-like activity of the
constitutive catalytic subunits and the immunoproteasomes. An
additional proteasome inhibitor, MG-132, was also identified
with a high therapeutic score, which further reinforced the prob-
ability that targeting the chymotrypsin-like activity of the pro-
teasome may constitute an effective therapeutic strategy for
patients with DM.

These results indicate that targeting proteasome hyperactiv-
ity in DM perifascicular fibres is a potential innovative therapeu-
tic strategy.

Proteasome inhibition is effective in an in vitro model of DM

To validate the in silico drug repurposing prediction gained
from patients’ muscle biopsies, and to investigate the link
between high blood IFN-f, canonical DM perifascicular fibre
lesions (atrophy, mitochondrial dysfunction, IFN-I signature,
and MHC-I expression) and proteasome pathway upregulation,
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IFN-f (500 U/mL)-treated human myotubes were cultured in
the presence of ixazomib (40 nM added from day 2 to day 5 of
IFN-f treatment) (Fig 6A).

As expected, ixazomib normalised chymotrypsin-like activity
in IFN-f-treated myotubes (Fig 6B). Ixazomib prevented the
IFN-#-mediated 40% reduction in myotube diameter (Fig 6C) as
well as the 54% reduction in maximal mitochondrial respiration
(Vmax) (Fig 6D).

Ixazomib treatment also reduced the IFN-f-induced
expression of the MHC-I-protein (Fig 6E). By contrast, the
12.5-fold increase in IFN-g-induced ISG15 transcript levels
was only partially mitigated by ixazomib (9-fold increase vs
control) (Fig 6F). A similar partial effect of ixazomib was
observed on other ISG (ie, IFIT3, IFI44, RSAD2, and IFIT 27)
(Fig 6F).

Hence, proteasome inhibition prevents IFN-f#-induced atro-
phy, mitochondrial dysfunction, and MHC-I without signifi-
cantly impacting ISG expression in human myotubes indicating
that proteasome mediates IFN-f-induced myotoxicity, down-
stream of the ISG activation.

We observed that, in DM perifascicular fibres, enhanced
PSMBS8 expression is mediated by IFN-f, rather than by IFN-y.
Accordingly, IFN-y-treated myotubes have previously been used
as an in vitro model of non-DM [29]. In human myotubes treated
with IFN-y (500 U/mL), other key features of DM perifascicular
muscle fibres, such as atrophy, mitochondrial dysfunction,
MHC-I expression, and the expression of ISGs other than MxA,
were less prominent than in IFN-f-treated myotubes (Supple-
mentary Fig S6A-F). To test the specificity of the therapeutic
effect of proteasome inhibition on the myopathic actions of
IFN-f, we repeated the in vitro experiment described above
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Figure 2. The transcriptomic signature of perifascicular muscle fibres is lost in early untreated patients with inflammatory myopathies (IMs) and
replaced by a pathological signature in patients with dermatomyositis (DM). (A) Venn diagram of differently expressed genes (adj. P < .05 and |log>
(fold-change)| > log,(1.5)) between peri- and endofascicular fibres of the deltoid muscles from DM (n = 7), IM other than DM (n = 6), and patients
without neuromuscular disease (NMD) (n = 5). (B) List of the 28 differentially expressed genes (adj. P < .05 and |log, (fold-change)| > log»(1.5))
between peri- and endofascicular fibres of the deltoid muscles from patients with DM. Bar charts indicate fold change for DM (red), other IM (yellow),
and no NMD (blue).

using human myotubes treated with IFN-y (500 U/mL). Ixa-  Proteasome inhibition is effective in an in vivo model of myositis
zomib normalised chymotrypsin-like activity in IFN-y-treated

myotubes, but did not reverse atrophy and mitochondrial There is currently no animal model fully mimicking DM.
dysfunction (Supplementary Fig S6B-D). Thus, unlike IFN-3, = However, we previously generated an EM model [31], repre-
the myopathic effects of IFN-y are independent of protea- senting an optimised version of C-protein-induced myositis [32]
some activation. and shown to recapitulate key characteristics of DM (Fig 7A),
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Figure 3. Interferon (IFN)-f enhances expression
of proteasome catalytic subunit $5i and chymo-
trypsin-like activity in myofibres. (A) Heatmap
depicting the expression of genes encoding the
20S proteasome and immunoproteasome subunit
in perifascicular and endofascicular fibres of der-
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25 immunoblot and quantification of proteasome
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including muscle weakness, elevated serum creatine kinase (CK)
levels, muscle fibres atrophy, sarcolemmal MHC-I expression,
elevated expression of several ISG and inflammatory infiltrate in
the muscle [31] (Fig 7B-H, Supplementary Fig S7). Importantly,
PSMBS transcript levels (Fig 7I) and chymotrypsin-like activity
(Fig 7J) were also increased in muscles of EM mice. Thus, the
EM model enables further exploration in vivo of the potential
effect of proteasome inhibition in DM at a preclinical stage.
Given that EM muscle defects are maximal from day 14
(D14) to day 21 (D21) after immunisation, we subsequently
explored the therapeutic potential of proteasome inhibition
using a single dose of ixazomib (5 mg/kg) [33,34] vs vehicle

Qb’@@@“
CAR R &
"<<<<<x\

only administered by gavage at D14 (Fig 7A). Ixazomib
reduced chymotrypsin-like activity at D21 in gastrocnemius
muscles of EM mice (Fig 7J). Moreover, ixazomib-treated EM
mice normalised muscle strength and CK serum levels at D21
(Fig 7B,C). In agreement with the in vitro data, myofibre sarco-
lemmal MHC-I expression in ixazomib-treated EM mice was
abolished (Fig 7F), fibre size variability was normalised
(Fig 7D), and inflammatory infiltrates decreased (Fig 7H),
while muscle IFIT3 expression remained high (Fig 7G). Taken
together, these results show that proteasome inhibition is an
effective therapeutic strategy in an in vivo preclinical model of
DM.
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Table 3
Genes encoding the proteasome subunits in dermatomyositis perifascicular and endofascicular fibres compared to patients without neuromuscular dis-
ease and their correlation with ISG15 expression in DM

Gene Protein DM perif. vs no NMD perif. DM endo. vs no NMD endo. Correlation with
name R R ISG15 expression
Fold change P value Adj. Pvalue  Fold change P value Adj. P value
PSMD3 268 proteasome regulatory subunit -1.14 461 744 -1.01 909 974 R2 0.00028
RPN3 Pval: .9549
PSMD9 26S proteasome regulatory subunit 1.18 324 631 -1.10 612 .849 R 0.4501
p27 Pval: .0086
PSMD12  26S proteasome regulatory subunit 1.23 227 .532 1.16 .229 .581 R2 0.04923
RPN5 Pval: .4459
PSMD11  26S proteasome regulatory subunit 1.17 .382 .683 1.10 .528 .803 R% 0.5294
RPN6 Pval: .0032
PSMD6 26S proteasome regulatory subunit 1.18 191 .488 1.22 .046 273 R 0.0002
RPN7 Pval: .9605
PSMD7 26S proteasome regulatory subunit  1.31 .081 .318 1.23 .255 .606 R% 0.5513
RPN8 Pval: .0024
PSMD13  26S proteasome regulatory subunit ~ —1.11 .561 .807 1.07 .559 .823 R% 0.01682
RPN9 Pval: .6586
PSMD14  26S proteasome regulatory subunit -1.13 .660 .861 1.27 118 433 R2 0.0053
RPN11 Pval: .804
PSMD8 268 proteasome regulatory subunit 1.62 .014 112 1.37 .069 .332 R% 0.0016
RPN12 Pval: .893
SHFM1 26S proteasome complex subunit 1.86 .014 113 1.35 111 422 R% 0.0437
SEM1 Pval: .476
PSMD4 26S proteasome regulatory subunit 1.09 .536 791 1.00 .947 .986 R% 0.1984
RPN10 Pval:.1105
PSMD2 26S proteasome regulatory subunit -1.30 .073 .301 -1.29 122 441 R%0.2218
RPN1 Pval: .0891
PSMD1 26S proteasome regulatory subunit -1.01 .937 .981 —-1.05 774 925 R% 0.1248
RPN2 Pval: .2153
ADRM1 Proteasome regulatory particle -1.02 .868 .955 -1.01 .930 979 R% 0.0014
non-ATPase 13 (RPN13) Pval: .8959
PSMC2 268 proteasome AAA-ATPase sub- 1.04 .812 .930 1.23 .075 .344 R 0.1389
unit RPT1 Pval: .1895
PSMC1 26S proteasome AAA-ATPase sub- 1.06 .755 906 -1.01 940 .984 R2% 0.2092
unit RPT2 Pval: .1001
PSMC5 26S proteasome AAA-ATPase sub- -1.00 .982 .996 1.00 .943 .984 R%0.1279
unit RPT6 Pval: .2093
PSMC6 26S proteasome AAA-ATPase sub- 1.04 .826 .935 1.34 .012 126 R% 0.0014
unit RPT4 Pval: .8994
PSMC3 26S proteasome AAA-ATPase sub- -1.05 .576 .816 -1.08 .364 .698 R% 0.0265
unit RPT5 Pval: .5784
PSMC4 26S proteasome AAA-ATPase sub- 1.38 .054 .254 1.38 .035 .235 R2% 0.6509
unit RPT3 Pval: .0005
PSME1 PA28a 5.02 4.60E-11  3.01E-08 4.13 4.17E-08  1.55E-05 R%0.2128
(Proteasome activator complex Pval: .0969
subunit 1)
PSME2 PA28p 10.16 2.92E-11 1.99E-08 8.49 2.76E—-08 1.17E-05 R% 0.3579
(Proteasome activator complex Pval:.0238
subunit 2)
PSME3 PA28y -1.09 .688 .874 1.44 .007 .093 R% 0.128
(Proteasome activator complex Pval: .2091
subunit 3)
PSME4 PA200 1.18 .566 .809 1.14 .584 .835 R2 0.0028
(Proteasome activator complex Pval: .8558
subunit 4)
PSMA6 Proteasome subunit a1 1.38 147 .428 1.24 .193 .542 R%0.6617
Pval: .0004
PSMA2 Proteasome subunit a2 1.01 .938 981 1.09 .561 .824 R%0.1182
Pval: .2288
PSMA4 Proteasome subunit a3 1.22 174 463 1.48 .010 115 R%0.4151
Pval:.0129
PSMAS Proteasome subunit a5 2.27 8.06E-05  .003 1.92 .001 .034 R% 0.4742
Pval: .065
PSMA1 Proteasome subunit a6 1.20 .329 .635 1.53 .006 .085 R%0.097
Pval: .2784
PSMA3 Proteasome subunit a7 1.52 1.61E-04 .005 1.62 4.40E-07 1.11E-04 R%0.1721
Pval: .1402
PSMB6 Proteasome subunit 51 1.09 .538 .792 -1.06 .598 .842 R2% 0.0437
Pval: .473
PSMB7 Proteasome subunit 52 1.48 5.85E-04 .013 1.37 .006 .080 R% 0.3619
Pval:.0229
(continued)
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Ann Rheum Dis 84 (2025) 2049—2064

Gene Protein DM perif. vs no NMD perif. DM endo. vs no NMD endo. Correlation with
name R R ISG15 expression
Fold change P value Adj. Pvalue  Fold change P value Adj. P value
PSMB3 Proteasome subunit 3 1.47 .006 .068 1.19 .130 456 R% 0.0848
Pval:.3123
PSMB2 Proteasome subunit 4 1.49 .013 .107 1.56 .007 .092 R2 0.4825
Pval:.0058
PSMB5 Proteasome subunit 5 1.07 .520 .781 1.07 .520 799 R% 0.0162
Pval: .6644
PSMB1 Proteasome subunit 6 1.23 .278 .588 1.04 .695 .889 R% 0.1423
Pval:.1836
PSMB4 Proteasome subunit 57 1.74 .005 .056 1.22 130 456 R% 0.4243
Pval:.0116
PSMB9 Proteasome subunit f1i 17.16 3.82E-10 1.66E—-07 9.29 3.62E-06 5.12E-04 R2 0.5061
Pval: .0043
PSMB10 Proteasome subunit 52i 3.00 2.46E-04 .007 2.15 .015 146 R% 0.3629
Pval: .0226
PSMBS8 Proteasome subunit 5i 47.14 1.31E-21 2.22E-17 16.64 7.75E—-14 5.92E-10 R% 0.4121
Pval: .0133
PSMF1 Proteasome inhibitor PI31 subunit -1.20 .003 .042 -1.03 .792 932 R% 0.0588
Pval: .4037
POMP Proteasome maturation protein 1.49 .006 .065 1.12 .485 779 R% 0.1984
Pval:.1105

DM, dermatomyositis; endo., endofascicular; NMD, neuromuscular disorder; perif., perifascicular.

R2 value: coefficient of determination.

DISCUSSION

The lack of knowledge regarding the molecular mechanisms
underpinning perifascicular fibre abnormalities in DM limits the
development of treatments targeting the pathomechanisms of
this disease.

We show herein that IFN-f-induced upregulation of the pro-
teasome pathway in perifascicular muscle fibres is an early hall-
mark of DM that contributes to certain other key characteristics
of the disease, including MHC-I expression, mitochondrial dys-
functions and perifascicular fibre atrophy. In keeping with both
the role of IFN-I in DM [11,15] and the regulation of the protea-
some expression [24], we found that PSMBS is the most upregu-
lated proteasome subunit in the perifascicular fibres of patients
with DM. In addition, proteasome inhibitors, predicted in silico
as candidate repurposed drugs based on this new insight, were
observed to be effective in preclinical models of DM.

Bulk analysis has previously shown an increased expression
of PSMB8 and chymotrypsin-like activity in the muscle of
patients with DM as well as in other IM subtypes, mainly in IBM
and ASyS, and to a lesser extent in IMNM [35,36]. Muscle 5i
immunostaining has suggested that, in contrast to non-DM IM,
enhanced proteasome expression and chymotrypsin-like activity
in DM are prevalent in perifascicular fibres, although such activ-
ity has not been systematically assessed [35]. Our findings,
based on an unbiased RNA-sequencing analysis of microdis-
sected fibres, validated at the protein level in an independent
cohort spanning all IM subtypes, confirm and expand these pre-
vious reports. The analyses were performed in untreated, early
patients with DM (symptom duration <6 months). In muscle
fibres, proteasome subunits overexpression colocalised with,
and positively correlated to, the type I IFN signature. Moreover,
IFN-f enhanced proteasome activity in human myotubes. Alto-
gether, these findings indicate that increased proteasome activa-
tion in perifascicular fibres of patients with DM is associated
with disease activity. These results pave the way for future stud-
ies aimed at assessing the sensitivity and specificity of PSMB8
immunostaining as a potential diagnostic and prognostic bio-
marker for DM in larger cohorts.

IFN-f is increased in the blood of patients with DM [15,16]
and recapitulates the canonical characteristics of DM perifascic-
ular muscle fibres in myotubes (ie, IFN-I signature, MHC-I
expression, mitochondrial dysfunctions, and atrophy)
[6,10,17,18]. However, the mechanism underlying the IFN-j
effect on myofibres has remained largely unknown. In particu-
lar, while ISG15 was previously found to be highly upregulated
in DM perifascicular fibres and in IFN-f-treated cells, targeting
ISG15 did not prevent the effects of IFN-# on muscle cells [17].
The data presented herein shed new light on DM pathophysiol-
ogy by revealing that IFN-f enhances proteasome activity in
muscle fibres that subsequently underpin myofibre i) atrophy,
ii) MHC-I expression, and iii) mitochondrial dysfunction, down-
stream of ISG upregulation. This finding is in line with previous
independent observations, including i) the seminal pharmaceu-
tics development of proteasome inhibitors for muscle wasting
[371, ii) the reversion of IFN-induced MHC-I expression in myo-
tubes [35], iii) the improvement of muscle function with borte-
zomib in a mouse model of myositis [38], and iv) the rescue of
mitochondrial complex IV deficiency by proteasome inhibitors
in fibroblasts derived from patients with mitochondrial mono-
genic diseases [39,40].

In contrast to DM, IFN-y has been reported to play a promi-
nent role in the pathogenesis of non-DM myopathies such as
ASyS, SM, and IBM [36,29]. Consistent with these data, we
observed f5i expression in muscle tissue from these patients,
with a distribution distinct from the perifascicular pattern seen
in DM. Additionally, in vitro, IFN-y exerted a distinct myopathic
effect compared to IFN-f, more closely resembling the features
of non-DM muscle fibres [29]. Finally, in further contrast with
IFN-f, the myopathic effects of IFN-y occurred independently of
proteasome activation. Comparative data on IFN-f- and IFN-
y-mediated proteasome regulation have so far been scarce
[20,24], and, to our knowledge, absent in muscle cells. Here, we
show that, in human myotubes, both IFN-f and IFN-y similarly
enhanced f5i proteasome activity, while IFN-$ induced higher
PSMBS8 expression, suggesting differential regulation of protea-
some components by the 2 cytokines. However, given that the in
vivo biological activity of IFN-f and IFN-y in the muscle tissue of
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Figure 4. Interferons (IFNs) regulation of PSMB8 gene
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.05, **P < .01, ***P < .001, ****P < .0001 vs the com-
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patients with IM remains undefined, the clinical significance of
this difference is uncertain. Myofibre mitochondrial dysfunc-
tions [6] and MHC-I expression [41] participate in the develop-
ment and maintenance of muscle inflammation in DM. In
keeping with these observations, we found that inflammatory
infiltrate was decreased in the muscle of EM mice treated with
ixazomib further supporting a crosstalk between muscle fibres
and immune cells, and therefore positioning muscle fibres as a
therapeutic target in DM. However, in this model, a direct effect
of ixazomib on immune cells.

Several strategies aiming at blocking the IFN-f pathway in
DM are currently under investigation, which include direct tar-
geting IFN-f  itself (NCT05895786), its receptors
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(NCT06455449), and downstream JAK (NCT04972760) and/or
Tyk2 (NCT05437263, NCT05335447) activation. Our data
reveal that proteasome blockade is an additional putative strat-
egy to block IFN-f pathway in DM. An ‘on-target’ therapeutic
effect of proteasome inhibitors—consistent with their known
pharmacodynamics—occurring downstream of IFN-f-driven
transcriptomic stimulation, was supported by their ability to
inhibit IFN-f—induced proteasome activation and IFN-
p-induced myopathic effects without altering ISG expression.
Comparative studies assessing the efficacy and tolerability of
these candidate therapies warrant further investigation. Protea-
some inhibition with bortezomib (included solely in the
L1000CDS? database and identified as a candidate drug
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Affymetrix Connectivity Map:
160 drugs

L1000CDS>: %v CLUE:
41 drugs v 104 drugs
b
Drug Predictive score Target
Ixazomib -84.50 Proteasome inhibitor
Fedratinib -81.70 JAK2 inhibitor
TPCA-1 -81.68 IKK inhibitor
Rottlerin -79.69 MAPK inhibitor, PKC inhibitor
MG-132 -77.63 Proteasome inhibitor
Geldanamycin -62.11 HSP inhibitor
Prednisolone -62.5 Glucocorticoid receptor agonist
Lobelanidine -61.5 Acetylcholine receptor antagonist
Alvespimycin -54.49 HSP inhibitor

Figure 5. Drug repurposing analysis. (A) Venn diagram of molecules identified by 3 drug repurposing tools. (B) Candidate repurposed drugs identified
by at least 2 tools with a predictive score (see Methods section) <-50. HSP, heat shock protein; IKK, IxB kinase; JAK, Janus kinase; MAPK, mitogen-

activated protein kinase; PKC, protein kinase C.

repurposed for DM by this tool) has been reported as an effective
strategy in real-life treatment of systemic lupus erythematosus
(SLE) [42,43], an autoimmune disease sharing clinical, patho-
physiological, and genetic features with DM [6,44]. In this set-
ting, the efficacy of proteasome inhibition has been
hypothesised to be driven by the induction of apoptosis in
plasma cells [42,43]. Although this mechanism might also par-
ticipate in the therapeutic response observed herein in our EM
mice model, our results derived from microdissected fibres and
myotube experiments additionally support immunomodulation
through the targeting of 5i hyperactivation in resident cells (ie,
myofibres). Notably, selective inhibition of 5i has been shown
to block the presentation of MHC-I-restricted antigens during
the antiviral response [45], 2 pathways found to be specifically
increased in DM perifascicular fibres in the present study. In
both IFN-f-treated myotubes and EM myofibres, proteasome
inhibition abolished MHC-I expression without affecting ISG
expression. As a result, inflammatory infiltrate (mainly T cells in
EM) [31] was decreased in ixazomib-treated mice muscle tissue.

Zetomipzomib (KZR-616), an inhibitor of the f5i and f1i
immunoproteasome subunits not included in the databases of
repositionable drugs, is currently in development for several auto-
immune diseases. While it has shown positive effects in SLE in an
open-label phase 1b/2 study [46], a 16-week intake of the treat-
ment in 25 patients with active IM (including 13 DM and 12 non-
DM IM), did not lead to a higher improvement vs placebo (the
improvement was clinically meaningful in both groups).
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Notwithstanding, improvement was nonetheless numerically
greater with zetomipzomib with baseline correction to W16 (cross
over) continuing throughout the open-label extension period up to
96 weeks [47]. Whether the improvement was greater in patients
with DM vs patients without DM IM has not been provided to date.
Our data further support the pursuit of the development of this
drug in DM rather than in other IM subtypes.

Adverse events in patients with SLE treated with bortezomib
have been frequently reported (ranging from 50% to 90%),
although they were generally mild [42,43]. To improve the
safety profile of this class of drugs, next-generation proteasome
inhibitors have been developed. Ixazomib (used in our study)
has demonstrated a lower incidence of serious adverse events in
patients with multiple myeloma compared to bortezomib [48].
Although no serious adverse events related to zetomipzomib
were reported in patients with IM [47] or in a Phase Ila trial in
autoimmune hepatitis (NCT05569759), four patients died
(including one in the placebo arm) in a Phase IIb trial evaluating
this drug in active lupus nephritis (NCT05781750). Evidence
suggestive of co-morbidities immediately prior to zetomipzomib
exposure (e.g., possible systemic infection) and/or underlying
disease characteristics (e.g., cardiovascular conditions) was
present in these fatal cases [49]. Nevertheless, this study was
stopped following a Food and Drug Administration hold. A par-
tial hold imposed on the Phase Ila trial in autoimmune hepatitis
(NCT05569759) was lifted in July 2025, and this study is cur-
rently ongoing.
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Figure 6. Proteasome inhibition is effective in an in vitro model of dermatomyositis (DM). (A) Experimental design: human myotubes treated with
IFN-f (500 U/mL for 5 days) and ixazomib (Ixa, 40 nM) or vehicle added at day 2. (B) Chymotrypsin-like activity in human myotubes expressed as
pmol/min/well (n > 4). (C) Assessment of human myotube diameter (n > 49 per group). (D) Mitochondrial respiration (n > 5 per group). (E) Repre-
sentative figure of major histocompatibility complex-I (MHC-I) immunostaining (green). Nuclei were stained with DAPI (blue). Scale bar: 100 pum. (F)
Expression of interferon-stimulated genes MHC-I immunostaining (green). Nuclei were stained with DAPI (blue). Scale bar: 100 pum. (F) Expression of
interferon-stimulated genes (n > 9 per group). Data are expressed as the mean + SEM. *P < .05, **P < .01, ***P < .001, ****P < .0001. CTRL, control;
IFN, interferon; VO: basal oxygen consumption with glutamate and malate; Vmax: ADP-stimulated respiration; Vsucc: succinate-stimulated respiration.
ADP: adenosine diphosphate; DAPI: 4’,6-diamidino-2-phenylindole.

2061



L. Debrut et al. Ann Rheum Dis 84 (2025) 2049—-2064

a
lcTrRL
Experimental Myositis (EM
p y (EM) -EM +V
\ Do nxs D21 BlEM + 1xa
Immunization Ixazomib 5mg/kg
ns
b 300 *okok xx Cc — d
= **l / 400 |i||—| o 400+ *
o 250 H . N Pl
~ * 7] °
£ — 300 > 300
S 200 a = 2
=) = o =
c ) 23
£ 1507 <z . . o .S 200
9 100 O °
a ] = >
5 5 100 [} 100
. o
(@]

D21
EM + Ixa

% %k
g h —+1 i j .
— krkh «
ok ok K
59— _ _ 100 |_|.
° o . [0} =
S 8 44 . ? 2 80
E 7] © E %
25 2 3 Qs o 60
== o ° =G
w o © N g g
o g 2 oo @ 40
: 3 o g
o = 11 © S 207
£ o °
- | A 0L 1T P — o iie 0l Sl
D21 D21 D21 D21

Figure 7. Proteasome inhibition is effective in experimental myositis (EM). (A) Experimental design: EM was induced at day 0 (D0), ixazomib (Ixa) or
vehicle (V) was administered at D14, and mice were sacrificed at day 21 (D21). (B) Grip strength measurements (n > 5) in mice at D14 and D21. (C)
Serum creatine kinase (CK) levels at D21 in EM mice treated with Ixa or V, and in unimmunised mice (control, CTRL). (D) Coefficient of fibre size vari-
ability in gastrocnemius muscle of EM mice treated with Ixa or V, n >3. (E) Representative hematoxylin & eosin (H&E) staining of gastrocnemius cryo-
sections at X 200 magnification. Scale bar: 100 um. (F) Representative major histocompatibility complex-I (MHC-I) immunostaining (green) in the
gastrocnemius muscle of EM mice treated with Ixa or V. Nuclei were stained with DAPI (blue). IgG was used as negative (Neg) control. Scale bar: 100
um. (G) IFIT3 transcript levels normalised for housekeeping gene expression (18S), n > 9 for each condition. (H) Histological inflammatory infiltrate
score in H&E-stained slides from gastrocnemius muscle of EM mice treated with Ixa or V and in CTRL mice, at D21. Each dot represents the average
score of 3 sections for each mouse (n > 3 mice for each condition; 3 sections from each mouse were analysed). (I) PSMB8 transcript level normalised
for housekeeping gene expression (18S), n > 7 for each condition. (J) Chymotrypsin-like activity in gastrocnemius muscle of EM mice treated with Ixa
or V and in CTRL mice, at D21 (n > 3 for each condition). Data are expressed as the mean + SEM. ns: not significant (P > 0.05), *P < .05, **P < .01,
#%p < 001, ****P < .0001, ****P < .0001 vs D14. DAPI: 4’,6-diamidino-2-phenylindole.
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In conclusion, enhanced proteasome activity in perifascicular
myofibres is a hallmark of DM and a likely therapeutic target.
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Results: Baseline and follow-up lymph node biopsies from 24 patients with AID (OBI, 4; BLI, 4;
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out of 12 protein-based B cell-treated patients. B cell depletion efficacy in the lymph nodes was
100% for CD19-CAR T cells, 92% for OBI, 86% for RTX and 69% for BLI. Plasma cells were
reduced but not depleted in all treatment approaches. CD3+ T cells and CD68 + macrophages
remained unaffected. Peripheral blood B cell depletion occurred in all but 1 BLI-treated patient.
B cell depletion was associated with stable drug-free remission, whereas a reduction in B cell
numbers without depletion required retreatment with immunomodulatory drugs.

Conclusions: Protein-based B cell depletion reduces but usually does not deplete B cells in lymph
nodes leaving the follicular architecture intact and being associated with disease recurrence.

WHAT IS ALREADY KNOWN ON THIS TOPIC

* Advanced protein-based B cell depleters, such as glycoengi-
neered CD20 monoclonal antibody obinutuzumab (OBI) and
CD19/CD3 T cell engager blinatumomab (BLI), are promising
new therapeutic instruments for treatment of autoimmune dis-
ease (AIDs). It has been speculated that such B cell-depleting
modalities achieve better clearance of tissue B cells in patients.

WHAT THIS STUDY ADDS

* By performing sequential lymph node biopsies, this study
shows that advanced protein-based B cell depleters, like OBI
and BLI, reduce but do not consistently deplete B cells in the
lymph nodes. These results stand in contrast to the consistent
full depletion of B cells associated with the disruption of follicu-
lar lymph node architecture after CD19 chimeric antigen recep-
tor T cell therapy.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

* Analysis of the lymph nodes may help to gain a better insight
into the efficacy of advanced drugs to deplete B cells in lymphoid
organs of patients with AID and to induce an ‘immune reset’.

INTRODUCTION

Autoimmune diseases (AIDs), such as systemic lupus erythe-
matosus (SLE), systemic sclerosis (SSc), rheumatoid arthritis
(RA) and idiopathic inflammatory myopathies (IIM) are severe
conditions that require timely, robust and sustained treatment
with drugs that dampen the exaggerated immune response in
order to prevent organ damage. B cells are considered to be an
important therapeutic target as they contribute significantly to
the pathogenesis of AIDs through autoantibody generation, anti-
gen presentation and cytokine production. Therefore, B cell
depletion is a key therapeutic approach in many AIDs [1]. The
chimeric anti-CD20 antibody rituximab (RTX) is by far the most-
studied B cell-depleting agent in AIDs, receiving therapeutic
approval in 3 AIDs (RA, granulomatosis with polyangiitis and
pemphigus vulgaris) and being widely used in many other AIDs
[2]. Several studies have shown that therapeutic efficacy of RTX
depends on the level of B cell depletion [2]. Hence, deeper
depletion of peripheral B cells, a longer time before B cell reap-
pearance and higher doses of RTX have all been associated with
better clinical responses in the treatment of AIDs [2]. Impor-
tantly, RTX treatment has to be repeated to achieve sustained
control of AIDs. These observations and data from tissue biop-
sies showing reduction but not depletion of B cells in the syno-
vial membrane, bone marrow, tonsils and lymph nodes have
been a motivation for engineering more advanced B cell-deplet-
ing strategies [3,4]. For instance, high-affinity CD20 targeting
antibodies, such as ocrelizumab and ofatumumab, have been
approved for the treatment of multiple sclerosis [1].
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Deep B cell tissue depletion may induce a reset of autoimmunity
and promote sustained drug-free remission. In line with this con-
cept, autologous CD19-chimeric antigen receptor (CAR) T cell ther-
apy—the most effective treatment for achieving B cell depletion in
humans to date—has been shown to fully eradicate B cells from
lymph nodes and induce long-lasting drug-free remission [5—12].
So far, it is unknown whether advanced protein-based B cell deple-
tion can eradicate the B cell pool in the tissues. Advanced protein-
based B cell depleters, such as glycoengineered CD20 monoclonal
antibody obinutuzumab (OBI) and the CD19/CD3 T cell engager
blinatumomab (BLI), have shown efficacy in AIDs, even in refrac-
tory cases [13—17]. OBI represents a next-generation anti-CD20
antibody with enhanced antibody-dependent cellular cytotoxicity
and direct B cell killing compared with RTX [18,19]. The bispecific
T cell engager BLI is a small molecule designed to co-engage T cells
and CD19 + B cells, forming an immunological synapse that drives
direct cytotoxicity [20]. OBI and BLI demonstrated B cell depletion
in the circulation, but it is unclear to what extent these compounds
deplete B cells in the lymphoid tissues [21,22]. Deep tissue deple-
tion, however, may be a requirement for sustained responses in
AIDs. Therefore, this study investigated the effects of OBI and BLI
on B cell depletion and follicular architecture in the secondary lym-
phoid organs of patients with AID, comparing the effects of RTX
and CD19-CAR T cell therapy.

METHODS
Patients

All patients had active AID when receiving B cell depletion. RTX
and OBI were administered by standard protocol treatment
[13,23], with 2 infusions (days 0 and 14) of 1000 mg of the respec-
tive antibody (Fig 1A). BLI was administered by an initial continu-
ous infusion delivering a cumulative dose of 38.5 ug over 96 hours
(days O to 4), followed by a second continuous infusion 1 week
later with a cumulative dose of 112 ug over 96 hours (days 11 to
15). CD19-CAR T cells were manufactured by transfecting autolo-
gous T cells with a second-generation lentiviral vector encoding
for a CD19-binding, 4-1BB costimulation-based CAR (MB-
CART19.1; Miltenyi). CD19-CAR T cells were administered by a
single infusion of 1 x 10° cells/kg body weight following standard
lymphodepletion with cyclophosphamide and fludarabine [6].
Clinical response was defined as reduction of >4 in the Systemic
Lupus Erythematosus Disease Activity Index 2000 score (SLEDAI-
2K) in patients with SLE; achievement of American College of
Rheumatology—Furopean League Against Rheumatism (ACR
—EULAR) moderate clinical response in patients with idiopathic
inflammatory myopathies (IIM); moderate to good response in Dis-
ease Activity Score-28 (DAS-28) for RA; changes >2.5 in European
Scleroderma Trials and Research Group activity index (EUSTAR-
Al for patients with SSc. Remission was defined by the Definition
of Remission in SLE criteria for SLE (DORIS), ACR—EULAR major
clinical response for IIM and values DAS-28 <2.6 for RA.
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Figure 1. B cell depletion in peripheral blood
and lymph nodes upon B cell targeting treat-
ments. (A) Schematic representation of the differ-
ent B cell-depleting  regimens. OBI,
obinutuzumab, N 4; BLI, blinatumomab,
N = 4; RTX, rituximab, N = 4; CAR, CD19-CAR
T cells, N = 12. Blue triangles indicate the time
of biopsy, both at baseline (BL) before treatment
initiation and at follow-up (FU) after treatment.
Follow-up biopsies were performed with full
peripheral CD19+ B cell depletion (dark blue
star). In the blinatumomab group, peripheral
CD19+ B cells were not fully depleted in all
patients (light blue star). (B) Quantification of
CD19+ B cells in the peripheral blood of patients
before (pre) and after (post) treatment. Bold dash
indicates nondetectable cells. (C) Representative
haematoxylin and eosin-stained images of lymph

node biopsies obtained from each one representa-
tive OBI-, BLI, RTX- and CAR-treated patient,
together with representative immunohistochem-
istry pictures of CD19+ * and CD20+ * B cells
corresponding to the same follicle structure.
External dashed circles indicate follicular B cell
areas in the lymph node tissue, whereas the inter-

nal dashed circles the germinal centre. Dashed
circles are absent in the post-CAR image because
the follicle structure is lost. (D) Quantitative pre-
and posttreatment measures of CD19 + and CD20
+ B cells in the lymph nodes, stratified by treat-
ment conditions. Bold dash indicates not detect-

able. (E) Percent reduction of CD19+ and CD20
+ B cells with different treatments. The dashed
horizontal lines indicate 100%.
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Lymph node biopsy

Biopsies from the inguinal lymph nodes were performed
before and after therapy in each patient. The follow-up biopsy
was performed before reappearance of circulating B cells, within
5 months after treatment, according to the visit schedule. Fol-
low-up biopsies were done from the homolateral region, follow-
ing topographic and ultrasound landmarks identified during the
previous biopsy. In the cohort of patients treated with CD19-
CAR T cells, the baseline biopsy was performed before the condi-
tioning therapy. The biopsies were performed by 2 rheumatolo-
gists (CT/MGR), as previously described [12]. Briefly,
ultrasound evaluation of the inguinal region was performed on
patients lying in the supine position. The most accessible lymph
nodes, located within 1 cm below the skin and away from major
vessels and nerves, were selected. Biopsies were performed
under ultrasound guidance (20 MHz linear probe, Esaote
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MyLabX90/X80) using sterile conditions. Local anaesthesia
(10 mL of 2% mepivacaine) was administered, followed by a
0.5-cm skin incision to reduce skin resistance. A 16 G semiauto-
mated biopsy needle (Precisa 1610-HS) was used for tissue
retrieval. The wound was closed with adhesive plaster, and man-
ual pressure was applied for 2 minutes, followed by a sandbag
for 30 minutes to prevent hematoma. The conduct of this study
was approved by the Institutional Review Board of the Frie-
drich-Alexander University of Erlangen-Nirnberg (#24-13-B).
Written informed consent was obtained from all patients in
accordance with the Declaration of Helsinki.

Conventional histology and immunohistochemistry
Morphological examination of the tissue specimen was per-

formed by a board-certified pathologist (ME) on haematoxylin-
eosin-stained tissue sections as described previously [12].



C. Tur et al.

Immunohistochemical staining was performed using 2-um-thick
tissue sections transferred to positively charged adhesive slides
(TOMO). All stainings were performed on a VENTANA Bench-
Mark ULTRA autostainer platform (Ventana) according to
accredited staining protocols in the routine immunohistochem-
istry facility of the Department of Pathology accredited and cer-
tified according to DIN EN ISO/IEC 17020. Briefly, slides were
cut, deparaffinised and further processed on a BenchMark
ULTRA autostainer. Antigen retrieval was carried out with CC1
reagent (Ventana) with different incubation times and tempera-
tures (Supplementary Table S1). All lymph node-biopsy samples
were stained for CD19 (pan B cell marker), CD20 (pan B cell
marker), CD138 (plasma cells), CD23 (follicular dendritic cells
[FDCs]), PD-1 (T follicular helper [TFH] cells), Ki67 (MIB1 anti-
gen, proliferation fraction of germinal centre B cells), CD3 (T
cells) and CD68 (macrophages) as described previously [12].

Evaluation of histopathology

Stained slides were digitised using a Hamamatsu S210 slide
scanner (Hamamatsu) at X 400 magnification and imported into
the open-source QuPath (v0.4.3) digital slide analysis environ-
ment. The area of interest for cell quantification per square milli-
metre of tissue area was defined as lymph node parenchyma
excluding sclerotic areas and lymph node capsule annotated by
a board-certified pathologist (ME). CD3, CD19, CD20, CD68 and
CD138 cell populations were automatically quantified with the
positive cell detection platform, results visually validated and
target cell counts reported as the number of positive cells per
square millimetre of the region of interest. To assess the archi-
tecture of the B cell maturation compartment (follicular area) of
the lymph node, a semiquantitative score integrating general
distribution and presence of B cells, architecture of the FDC net-
work, proliferation rate of germinal centre B cells and presence
of TFH cells was used, that has been described previously [12].
The detailed composition of the score is shown in the Supple-
mentary Table S2. The analysis was performed by a pathologist
(ME), who also performed intraobserver reliability and together
with another board-certified pathologist (SR), the interobserver
reliability. Scoring values were compared by calculating the sin-
gle value agreement for summary scores of both observers.

Statistical analysis

Data are presented as medians with IQR or mean + SD. Dif-
ferences were analysed with the two-tailed Wilcoxon signed-
rank test for paired data. To analyse changes in cell counts from
pretreatment to posttreatment, we used linear mixed effects
models. These included the natural logarithm of cell counts (+1
for each count to avoid log of O counts) as the independent vari-
able, visit and treatment as categorical fixed effects including
visit—treatment interaction terms and random intercepts for
patient identifier and diagnosis to account for correlation within
patients and diagnoses. CD19-CAR T cell therapy was the refer-
ence treatment level in the models; therefore, exponentiated
coefficients of the treatment—visit interaction terms represent
average ratios of cell counts for individual protein-based treat-
ments to that of CD19-CAR T cell treatment at the follow-up
visit. Two-tailed P values <.05 were considered statistically sig-
nificant. Statistical analyses were performed using the open-
source R software (version 4.4.3, R Foundation for Statistical
Computing) and Prism software (version 10, GraphPad Soft-
ware).
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RESULTS

Patient characteristics

We analysed sequential inguinal lymph node biopsies from
24 patients undergoing different B cell targeting treatments: a
group of 4 patients received OBI, BLI or RTX, respectively,
whereas 12 patients (7 new cases and 5 previously described
[12]) received CD19-CAR T cell therapy. Details on patient char-
acteristics are summarised in Table 1 [12]. All patients received
baseline and follow-up inguinal lymph node biopsies (Fig 1A).
Follow-up biopsies were performed 69.2 days + 36.3 (mean +
SD) after the first OBI infusion, 85.7 + 43.5 days after the first
RTX infusion and 60.8 + 5.9 days after CD19-CAR T cell infu-
sion. Due to the short half-life of BLI and associated earlier B cell
recovery in the peripheral blood, follow-up biopsy was done ear-
lier, 29.7 + 3.2 days after the first BLI infusion.

Effects of treatments on circulating B cells and immunoglobulin
levels

Depletion of circulating B cells was observed in all OBI-, RTX-
and CD19-CAR T cell-treated patients as well as in most BLI-
treated patients. One BLI-treated patient did not achieve periph-
eral B cell depletion (Supplementary Fig S1A). At the time of the
follow-up biopsy, peripheral B cell depletion was present in all
patients, except for 2 BLI-treated patients, including the one
who never achieved B cell depletion and one who repopulated
shortly before the biopsy (Fig 1B, Supplementary Fig S1A, and
Supplementary Table S3).

Circulating immunoglobulin (Ig) levels were assessed at the
time of lymph node biopsies across all treatment groups (Supple-
mentary Fig S1B,C). Baseline IgG levels were very similar among
the treatment groups. Virtually, no change of IgG levels was
observed with RTX (—2%) and OBI (—7%), whereas decreases in
IgG levels were more pronounced with BLI (—36%) and CD19-
CAR T cells (—=35%). No patient reached IgG levels below
400 mg/dL, defined as the threshold for intravenous Ig substitu-
tion (Supplementary Table S3). IgM levels decreased slightly by
17% with RTX treatment and more pronounced with OBI
(—35%), BLI (—49%) and CD19-CAR T cells (-58%) (Supple-
mentary Table S3).

Reduction but not elimination of B cells by protein-based B cell
depletion in lymph nodes

Microscopic evaluation of inguinal lymph nodes was per-
formed by immunohistochemistry with quantification of B cells
by staining for CD19 and CD20 (Fig 1C). In all 12 CD19-CAR T
cell-treated patients, B cells were depleted (P value for CD19+
and CD20+ cells before and after CD19-CAR T cells = .0005).
In contrast, in all but 1 (OBI-treated) patient, B cells were not
depleted. OBI showed robust (CD20+, —92%; CD19+, —96%)
reduction of B cells in the lymph node. Reduction of B cells was
less pronounced in BLI-treated patients (CD20+, —69%; CD19
+, —47%) and RTX-treated patients (CD20+, —86%; CD19 +,
—86%) (Supplementary Table S4) (Fig 1D,E). Mixed model anal-
ysis, accounting for the variability due to the different diseases,
confirmed that CD19-CAR T cells have a stronger and more con-
sistent depleting capacity compared with protein-based
approaches, whereas among the latter, OBI showed a numeri-
cally superior reduction (lower count ratio) of B cells (Table 2)
[121.
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Table 1
Patient characteristics

Ann Rheum Dis 84 (2025) 2065—2074

OBI(n = 4) BLI(n = 4) RTX (n = 4) CAR(n = 12)
Demographic characteristics
Age (y), mean (SD) 38(16.7) 60.2 (2.8) 54 (9.8) 38(14.7)
Sex, female (N) 4 2 2 7
Type of autoimmune disease (N)
SLE 3 0 0 4
SSc 0 0 0 7
M 1 0 2 1
RA 0 4 2 0
Disease duration, months mean (SD) 69 (51.1) 207 (72.1) 35.5(15.1) 33 (249
Autoantibodies to (N)
ANA 4 0 3 12
dsDNA 3 0 0 4
Sm 1 0 0 1
Scl-70 0 0 0 6
Jo-1 1 0 1 1
ACPA/RF 0 4 2 0
Others” 4 0 2 3
Concomitant medication (N)
Glucocorticoids 1 0 0 0
Methotrexate 0 0 1 0
Hydroxychloroquine 3 0 0 0
Mycophenolate mofetil 2 0 0 0
Previous treatments (N)
Cyclophosphamide 2 0 0 3
Mycophenolate mofetil 1 0 1 9
Azathioprine 3 0 1 3
Rituximab 0 4 - 4
Methotrexate 1 4 2 9
Anticytokine mAbs 1 4 2 7
JAK inhibitors 0 4 1 1
Other drugs” 1 2 2 7

ACPA/RF, anticitrullinated peptides antibodies/rheumatoid factor; ANA, antinuclear antibodies; anti-PM/
Scl, antipolymyositis/scleroderma; anti-SSA/Ro52, anti—Sjogren’s-syndrome-related antigen A autoanti-
bodies/Ro52; BLI, blinatumomab; CAR, CD19 chimeric antigen receptor T cells; dsDNA, double-stranded
DNA; IIM, idiopathic inflammatory myopathies; JAK, Janus kinase; Jol, anti-Jol antibodies; mAb, mono-
clonal antibody; OBI, obinutuzumab; RA, rheumatoid arthritis; RTX, rituximab; Scl-70, scleroderma 70;
SLE, systemic lupus erythematosus; Sm, anti-Smith; SSA/R060, anti—Sjogren’s-syndrome-related antigen
A/R060; SSc, systemic sclerosis.

Categorical variables: numbers, continuous variables: mean, SD.

@ Each one has reactivity in OBIL: anti-SSA/Ro52, antinucleosome, antihistone, anticardiolipin antibod-
ies, anti-f2-glycoprotein I antibodies and lupus anticoagulant. Each one reactivity in CAR: antiribonucleo-
protein, anti-SSA/Ro52, anti-SSA/Ro60, antinucleosome, anti-PM/Scl, anti-Ku and antithreonyl-tRNA
synthetase (Th)/anti-RNA processing complex to antibodies. Each one has reactivity in RTX: anti-SSA/
Ro52 and anti-PM/Scl.

b Other drugs: intravenous immunoglobulins, leflunomide, abatacept and hydroxychloroquine. Among

the 12 CAR patients, data from 5 were previously published [12].

Some cells expressing the common plasmablast/plasma cell
marker CD138 were still found in the lymph nodes after treat-
ment in all 4 groups (Supplementary Fig S1D,E and Supplemen-
tary Table S4). Analysis of CD138+ plasmablasts/plasma cells
showed incomplete depletion with all treatments. CD19-CAR T
cells reduced plasmablasts/plasma cells by 59%, OBI by 54%,
RTX by 32% and BLI by 7%.

Maintenance of follicular structures in the lymph nodes after
protein-based B cell depletion

We next assessed changes in the follicular structure in the
lymph nodes in all treatment groups, including the number of
FDCs, the number of TFH cells and the proliferation rate in the
follicles before and after treatment (Fig 2A). These data were
included in a combined B cell compartment architecture score
(Fig 2B, Supplementary Fig S2A-D, and Supplementary Table
S5). In all CD19-CAR T cell-treated patients, the follicular lymph
node architecture was completely disrupted (median B cell
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compartment score posttreatment [IQR]: 0.0 [0-0]). Among the
patients treated with protein-based B cell-depleting agents, only
1 (OBI-treated) exhibited dissolution of the follicular architec-
ture in the lymph nodes, whereas all others retained some
degree of follicular structure. In OBI-treated patients, the
median (IQR) of the B cell compartment score was 4.5 (0.75-
6.75), in the BLI-treated patients 5.5 (1.75-7.75) and RTX-
treated patients 4.5 (2.25-7.5), all showing maintained follicular
structures. Baseline follicular architecture scores were lowest in
BLI-treated patients, which may be explained by the fact that 3
out of 4 BLI-treated patients previously received RTX within 10
months before.

To test the robustness of the previously established combined B
cell compartment architecture score, a second pathologist re-evalu-
ated all included lymph node biopsies (n = 48) independently
leading to a single agreement value of summarised scores of 87.5%
(42/48 cases). The maximum deviation of summarised scores of
discrepantly scored cases amounted +1 and —1 score points in 5
versus 1 cases, respectively. These results underline the observer-
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Table 2
Differential effect of individual protein-based B cell treatments compared
with CD19-CAR T cells on cell counts at follow-up

Treatment Countratio (95% CI) P value Percent higher compared with
CAR (95% CI)

CD19

BLI 190.8 (19.7-1850.4) .0001 18,983% (1868%-184,939%)

OBI 11.7 (1.2-113.6) .035 1072% (21%-11,261%)

RTX 60.0 (6.2-581.4) .0012  5896% (518%-58,037%)

CD20

BLI 525.6 (85.0-3248.0) <.0001 52,457% (8404%-324,700%)

OBI 53.9 (8.7-333.2) <.0001 5292% (773%-33,225%)

RTX 234.7 (38.0-1450.5) <.0001 23,371% (3698%-144,951%)

BLI, blinatumomab; CAR, CD19 chimeric antigen receptor T cells; OBI, obinutu-
zumab; RTX, rituximab.
Ratios are exponentiated treatment—visit interactions.

independent robustness of utilising our score to describe global
architectural changes of B cell maturation compartment changes.
Intraobserver re-evaluation showed 100% concordance.

T cells and myeloid cell numbers in the lymph nodes of patients
receiving cell and protein-based B cell depletion

To assess whether the effects of protein and cell-based B cells
targeting are specific to the B cell compartment or affect other
cells, we quantified the numbers of T cells and macrophages
before and after treatments with OBI, BLI, RTX and CD19-CAR T
cells (Fig 2C and D, Supplementary Table S4). Neither T cell nor
macrophage numbers were affected by any of the B cell-targeted
treatment approaches.

Clinical responses

Data on clinical responses after 3 months were available from
22 patients. All 12 CD19-CAR T cell-treated patients achieved
clinical responses (assessed by SLEDAI-2K reduction in SLE,
ACR—EULAR major clinical response in IIM or EUSTAR-AI in
SSc) as well as a drug-free state (Fig 3A). In the OBI, RTX and
BLI cohorts, clinical response was not followed by a sustained
drug-free state (Fig 3A). Effects on SLEDAI scores in individual
patients with SLE are shown in Supplementary Table S6.

DISCUSSION

This study shows that various protein-based B cell targeting
therapies, including traditional chimeric anti-CD20 antibody
RTX, glycoengineered anti-CD20 antibody OBI and anti-CD19 T
cell engager BLI, effectively reduce B cells in the lymph nodes
but usually do not achieve complete B cell depletion in the tis-
sue. In contrast, CD19-CAR T cell-based B cell targeting induced
consistent B cell depletion in the lymph nodes and abrogation of
follicular structures. This deep, consistent tissue depletion in
CD19-CAR T cell-treated patients highlights their ability to
migrate actively into tissues and kill cells in lymphoid tissues,
bone marrow and even the central nervous system [12,24—26].

All treatments effectively induced peripheral B cell depletion,
though BLI showed less consistent results due to the molecule’s
short half-life [27]. Peripheral B cell depletion, however, does
not indicate depletion in the tissues, requiring the drug to reach
sufficient concentrations in tissues and the presence of a suffi-
cient number of effectors. Proteins, ie, antibodies, generally rely
on passive diffusion to penetrate tissues and require additional
factors, such as the availability of effector cells and/or
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complement components, to eliminate target cells [28]. Ultra-
sound-guided lymph node biopsy allows to analyse B cell deple-
tion in the tissue of patients with AIDs in a safe and well-
tolerated way [12,29,30].

OBI demonstrated good but incomplete reduction of B cells,
although 1 patient achieved complete B cell depletion suggest-
ing the principal possibility to clear the lymph node from B cells
by protein-based approaches. This finding aligns with previous
studies demonstrating OBI’s superior effectiveness in eliminat-
ing B cells compared with RTX in both peripheral blood and tis-
sues while still not achieving complete B cell depletion in the
tissue [18,22,31—33]. Enhanced killing by OBI compared with
RTX may be based on higher antibody-dependent cellular cyto-
toxicity. In contrast, RTX primarily relies on complement-depen-
dent cytotoxicity, which is associated with an increased
propensity for internalisation of CD20/CD20 antibody com-
plexes by B cells [34], a key mechanism of resistance to type I
anti-CD20 antibodies [35]. In accordance, our study did not
show complete depletion of B cells from the lymph nodes of
RTX-treated patients. These data support previous studies show-
ing no B cell depletion in lymph nodes [4,12,36] or other organs
such as the spleen, bone marrow and synovium 1 to 3 months
after RTX infusion, despite B cell depletion in the peripheral
blood [37—-39].

BLI is a small molecule, comprising a single-chain variable
fragment and lacking an Fc fragment, which would allow a
more uniform distribution and deeper penetration into tissues
[40]. Due to the missing Fc fragment, antibody recycling is not
possible accounting for its short half-life of only about 2 hours
[27]. We accounted for the shorter half-life by performing an
earlier rebiopsy 1 month after the start of treatment, yet we still
did not observe complete B cell depletion in the lymph nodes.
This finding aligns with previous reports on nonlymphoid target
organs, such as the liver and synovium, where tissue B cells
were reduced but not completely depleted at comparable (28
days) [41] and later (90 days) [16] time points following BLI
treatment. Notably, due to feasibility, exposure to BLI was lower
in these patients as compared to patients with lymphoma, in
whom BLI is administered in several 4-week-long infusion
cycles. Therefore, exposure to the drug by two 1-week infusion
cycles might have been incomplete, preventing full B cell deple-
tion in the tissues despite the ability of BLI to penetrate into the
lymph nodes based on the small size of the molecule.

We further show that deep B cell depletion—observed in
CD19-CAR T cell-treated patients—led to the loss of follicular
structure associated with the abrogation of FDCs and TFH cells
as well as decreased cell proliferation in the lymph nodes. On
the one hand, breakdown of follicular structure in the lymph
nodes requires full B cell depletion, suggesting that residual B
cells appear to be sufficient to provide signals to retain FDCs
(eg, lymphotoxin-beta) and TFH cells (eg, CD40) in the lymph
node [42,43]. On the other hand, less pronounced changes in
follicular architecture were also seen with protein-based B cell
depleters. This effect may also contribute to the reduced follicu-
lar architecture scores in BLI-treated patients at baseline, as they
had been exposed to RTX approximately 8 to 10 months before
starting BLI treatment. One patient received anti-TNF treatment
6 weeks before BLI, a treatment that has also been associated
with B cell decrease in the germinal centre [44]. These observa-
tions suggest that a combination of protein-based therapies may
exert either cumulative or synergistic effects on lymphoid tissue,
which should be assessed with dedicated interventional studies.
An excellent example supporting this concept is the combination
of rituximab and belimumab, which showed additive effects on
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Figure 2. Changes of the follicular compartment of lymph nodes

after B cell depletion (A) Representative immunohistochemistry
images of posttreatment lymph node biopsies obtained from 1
representative patient per treatment condition. Although the fol-
licular architecture (presence of CD23 + follicular dendritic cell
network [FDC], presence of PD-1+ T follicular helper [TFH]
cells) is preserved after treatment with obinutuzumab (OBI), bli-

natumomab (BLI) and rituximab (RTX), germinal centres are
completely eradicated following CD19 chimeric antigen receptor
T cell (CAR) treatment. Proliferation rate of germinal centre B
cells (measured with Ki67) is also reduced. Pictures were taken
at X 200 magnification on a Zeiss Axio Imager A2 microscope.
(B) Pre- and posttreatment follicular architecture scores stratified

by different treatment conditions. (C) Representative hematoxy-
lin and eosin-stained images of posttreatment lymph node biop-
sies showing unaltered presence of regularly distributed CD3+ T
cells and CD68 + macrophages in all 4 treatments. Pictures were
taken at X 200 magnification on a Zeiss Axio Imager A2 micro-
scope. (D) Quantitative pre- and posttreatment measures of CD3
+ T cells and CD68 + macrophages.
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B cell depletion in the salivary glands compared with rituximab
alone, indicating that neutralisation of increased BAFF expres-
sion in conjunction with rituximab treatment could enhance the
cell-depleting effect of rituximab [45]. Overall, the less pro-
nounced changes in follicular architecture that we observed
with protein-based B cell inhibitors, also after RTX pre-exposure,
do not appear to be sufficient to induce drug-free remission.
Thus, although CD19-CAR T cell-treated patients experienced
drug-free remission, this was not the case in protein-based B
cell-treated patients, who required either retreatment or rescue
treatment. This observation supports previous studies showing
that a greater and more sustained depletion of B cells in the
peripheral blood is associated with better clinical responses in
AID [31,46—48], transplantation [36] and cancer [22].
Although larger-scale studies are needed to confirm whether B
cell depletion in secondary lymphoid organs directly correlates
with clinical outcomes in patients with AID, our findings support
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this hypothesis by extending the focus from the peripheral blood
to lymphoid tissues and specifically to the entire follicle struc-
ture. Indeed, introducing lymph node biopsy as a clinical tool to
assess B cell depletion could enhance treatment monitoring and
play a pivotal role in tailoring therapeutic strategies. Another
important aspect is the use of long-term follow-up biopsies as a
strategy to assess B cell repletion and follicle reconstitution in
the lymphoid organs of patients who have achieved drug-free
remission, as we recently observed 1 year after CD19-CAR T cell
therapy [49], paving the way for further analyses investigating
the qualitative changes of the ‘new’ repopulating B cells and
their correlation with persistent clinical response.

Our data also reveal the persistence of CD138+ plasma-
blasts/plasma cells in lymph nodes across all treatment groups.
However, the decrease observed in CD19-CAR T cell-treated
patients is likely due to the robust depletion of the CD19
+CD138+ plasmablast fraction, as previously described [12].



C. Tur et al. Ann Rheum Dis 84 (2025) 2065—2074

A
SLE ™M SLE SLE RA RA RA RA RA RA M M
LN Clearance
Clinical response
Remission

Drug-Free State

SLE SLE

SSc SLE SSc SLE SSc SSc SSc SSc M SSc
LN Clearance
Clinical response
Remission n.a. n.a. n.a. n.a. n.a. n.a.

Drug-Free State

Figure 3. Clinical response. (A) Summary of outcomes in all patients according to different treatments 3 months after therapy. Colour legend: green indi-
cates achievement, red indicates nonachievement and light blue indicates not available. Lymph node (LN) clearance indicates B cell depletion and follicu-
lar architecture disruption in the lymph node. Clinical response label is based on SLE Responder Index (SRI), ACR—EULAR Moderate Clinical Response
(IIM), Disease Activity Score-28 response (RA) and American College of Rheumatology Composite Response Index in Systemic Sclerosis (ACR-CRISS).
Remission label is based on DORIS remission (SLE), ACR—EULAR Major Clinical Response (IIM), DAS-28 remission—(RA) and is not applicable (n.a.) in
SSc and assessed at 3-month follow-up based on drug-free state, indicating absence of immunosuppressive treatments. Concomitant treatments at 3-month
follow-up were obinutuzumab (OBI) 1: hydroxychloroquine (HCQ) and OBI; OBI 2, mycophenolate mofetil and OBI; OBI 3, CD19-CAR T cells; OBI 4,
CD19-CAR T cells planned after bridging therapy with OBI (follow-up at 3 months not available); blinatumomab (BLI) 1, etanercept; BLI 2, teclistamab;
BLI 3, filgotinib; BLI, follow-up at 3 months not available; rituximab (RTX) 1, only RTX; RTX 2, methotrexate and RTX; RTX 3, only RTX; and RTX 4, only
RTX. All CD19-CAR T cell-treated patients were drug-free at 3-month follow-up. ACR—EULAR, American College of Rheumatology—European League
Against Rheumatism; CAR, CD19 chimeric antigen receptor T cells; DAS-28, Disease Activity Score-28; DORIS, Definition of Remission in SLE; IIM, idio-
pathic inflammatory myopathies; RA, rheumatoid arthritis; SLE, systemic lupus erythematosus; SSc, systemic sclerosis.

This aligns with single-cell RNA sequencing data from bone mar- might have mitigated and not enhanced the response to OBI, as
row biopsies taken 58.5 days post-therapy—comparable to our most of the OBI-treated patients had SLE. Another limitation in
biopsy time point (60.8 days)—which showed persistence of comparing CD19-CAR T cells with protein-based B cell depletion
plasma cells [50]. Additionally, this finding supports the is that the former is preceded by additional lymphodepletion
observed persistence of circulating IgG, which declines after treatment, whereas the latter is not. The extent to which lym-
treatment but remains above the threshold not requiring supple- phodepletion contributes to tissue B cell depletion is unclear, as
mentation in all groups. A more pronounced reduction in IgM lymphodepletion allows the expansion of CD19-CAR T cells in
across all treatments corresponds to the observed decrease in the patient. Direct depletion of B cells in the lymph node seems,
the B cell pool in all patients. however, less likely, as 1 patient received the same dose of
This study has several limitations. First, tissue depletion cyclophosphamide only 6 days before the pretreatment biopsy,
effects of T cell engagers may be underestimated as they depend and no signs of B cell depletion in the lymph node were found.
on the type of molecule and dosage. BLI is a small molecule with In summary, this study demonstrates that protein-based B
good tissue penetration but a short half-life. We acknowledged cell-targeting agents reduce B cells in secondary lymphoid
this by earlier biopsy in BLI-treated patients but did not find organs but do not achieve sustained deep depletion. In contrast,
depletion despite earlier sampling. In addition, the dose of BLI deep tissue B cell depletion was consistently observed in a larger
used here is still lower than the one used in the cancer indica- cohort of CD19-CAR T cell-treated patients. These findings
tion, which requires a continuous infusion over a 4-week period. underscore the significant differences in the B cell-depleting
Nonetheless, the second infusion cycle of BLI had a 3-times capacity of cell-based therapies, which impact their potential to
higher dose than the first infusion cycle in this work, providing induce drug-free remission in patients with AID. Whether this
an overall 2-times higher drug exposure than in the first study sustained drug-free remission eventually signifies the cure of
with BLI [18]. A further limitation is the small number of AID remains to be determined and depends on longer follow-
patients included in the protein-based anti-B cell treatment ups. Nonetheless, these findings push the limits of current treat-
groups compared with the CD19-CAR T cell cohort, which sup- ment goals in AID from on-drug suppression of disease to off-
ports the more exploratory nature of the results. However, drug remission. Improvement of strategies of protein-based B
despite the small sample size, when considering the data from cell depletion by new molecules or antibody combinations may
the protein-based strategies collectively, we still observe a lack open the boundaries of protein-based B cell depletion in the
of sustained and robust depletion in secondary lymphoid organs, future coming closer to a ‘cell-therapy-like effect.’
contrasting the findings from CD19-CAR T cell therapy. A fur-
ther limitation is that the type of AIDs in the different treatment Competing interests
groups is not balanced. However, we do not believe that there
are significant differences in depletion efficacy in lymph nodes CT has received consulting fees from Sanofi. GS has received
among different diseases, as highlighted by the consistency of speaker honoraria from BMS, Cabaletta, Janssen, Kyverna, Mil-
depletion observed with CD19-CAR T cell therapy across various tenyi and Novartis. AM has received speaker honoraria and con-
diseases. Furthermore, patients with SLE may show impaired sulting fees from BMS/Celgene, Kite/Gilead, Novartis,
antibody-based depletion due to low complement levels and Fc- BioNTech, Miltenyi Biomedicine and Century Therapeutics.
receptor polymorphisms related to SLE. However, this effect MADA has received grants or contracts from Amgen, AbbVie,
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ARTICLE INFO ABSTRACT

Article history: Objectives: The lack of effective biomarkers for relapsing polychondritis (RP) poses a significant
Received 23 December 2024 challenge in its early diagnosis and treatment. This study aimed to identify novel autoantibodies
Received in revised form 7 May 2025 . . : .

Accepted 2 June 2025 and elucidate the pathogenesis and molecular heterogeneity of RP.

Methods: Plasma samples from 467 RP patients, 164 healthy controls (HCs), and 186 disease con-
trols (DCs) were analysed using 2 sequential microarrays and enzyme-linked immunosorbent
assay to sequentially discover, validate, and verify new autoantibodies. Machine learning and
differential analysis were used to identify diagnosis-specific autoantibodies and their correlation
with disease activity, recurrence, and remission.

Results: The RP group had 1344 elevated autoantibodies, discriminating RP patients from HCs.
These antigenic targets were associated with pathways involving autoimmune responses, infec-
tions, and cardiovascular lesions. Two molecular subtypes characterised by distinct organ
involvement and prognosis highlighted the heterogeneity of RP. Notably, 14 new autoantibodies
were identified, which differentiated RP versus HCs and DCs with a sensitivity of 41% and 49.7%
and a specificity of 91.7% and 90.5%, respectively. Among them, 6 autoantibodies showed bet-
ter diagnostic performance and were consistently verified. Specifically, anti-C4B was positively
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correlated with disease activity, and increased anti-KRT16 predicted RP recurrence within 1
year. In addition, anti-C4B, anti-FNBP4, and anti-KRT10 decreased from acute attack to remis-
sion. Furthermore, the deposition of C4B protein in tracheal tissues, coupled with its reduction
in plasma of RP patients, indicated that abnormal complement activation might be related to the
pathological mechanism of RP.

Conclusions: The 14 autoantibodies promoted a noninvasive early detection of RP, predicted dis-
ease recurrence and provided new insights into the understanding of RP pathogenesis.

WHAT IS ALREADY KNOWN ON THIS TOPIC

* The diagnostic and therapeutic landscape of relapsing poly-
chondritis (RP) is constrained by the absence of robust bio-
markers and a limited understanding of the underlying
pathological mechanisms.

WHAT THIS STUDY ADDS

* This investigation reveals the presence of 2 distinct molecular
subtypes in RP, characterised by unique clinical phenotypes,
thereby underscoring the heterogeneity of this condition.

The identification of 14 novel autoantibodies represents a sig-
nificant advancement, offering potential as diagnostic bio-
markers for RP.

The diagnostic performance of the 14 autoantibodies is signifi-
cant, with a specificity of more than 90% and sensitivity of 41%
and 49.7% in differentiating RP from healthy controls and dis-
ease controls, respectively.

The anti-C4B and anti-KRT16 autoantibodies are potentially use-
ful in the assessment of disease activity and the prediction of
recurrence, extending their clinical relevance beyond diagnosis.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

» The discovery of these plasma autoantibodies represents a
potential improvement in the early diagnostic accuracy and
precision medicine approaches in the management of RP. This
work lays the foundation for the development of targeted and
personalised therapeutic interventions, potentially ameliorat-
ing clinical outcomes for patients with RP.

INTRODUCTION

Relapsing polychondritis (RP) is a rare autoimmune disorder
characterised by recurrent inflammation of -cartilage-rich
organs, including ears, nose, respiratory tract, eyes, and joints,
with a reported incidence ranging from 0.71 to 4.5 per million
individuals [1,2]. Its aetiology and pathogenesis remain elusive
despite the extensive research. Potential triggers, including
infection and chemical or mechanical trauma, cause protein deg-
radation, cartilage antigen exposure, and a subsequent autoim-
mune response culminating in cartilage destruction [3—7].
Therefore, early diagnosis and treatment are needed to prevent
disease progression and improve patient prognosis.

The mean diagnostic delay is 14.4 months due to the rela-
tively insidious onset and heterogeneity of RP, with a misdiag-
nosis rate of 47% [8]. Autoantibodies against type II collagen
(COL2) or matrilin-1 have limited sensitivity and specificity in
RP diagnosis [9]. Cartilage oligomeric protein (COMP), identi-
fied as potential biomarker for monitoring disease activity,
remains inadequately validated [9]. Thus, specific diagnostic
biomarkers are urgently needed, along with the discovery of the
potential pathological mechanisms underlying RP.
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High-density protein microarray technology represents a prom-
ising approach for screening autoantibodies in autoimmune dis-
eases, particularly those where autoantibodies play a pivotal role
in disease pathogenesis [10]. Li et al. [11] successfully discovered
anti-PTX-3 and anti-DUSP11 with positivity values of 27.56% and
31.80%, respectively, in patients with ACPA-negative rheumatoid
arthritis using HuProt microarray. Moreover, 12 new autoantibod-
ies were identified to diagnose Sjogren’s syndrome, the autoanti-
gens of which are involved in disease development through
exposure to the immune system due to cell death or tissue damage
[12]. Nevertheless, comprehensive studies on autoantibodies in RP
are scarce.

This study identified more elevated autoantibodies in RP
patients than in control groups, elucidated the signalling path-
ways and biological processes involving specific autoantigens in
RP pathogenesis, and characterised the molecular subtypes
based on the heterogeneity of autoantibody expression in RP
patients. Furthermore, 2 phases of protein microarrays were
used sequentially in a large cohort to discover new autoantibod-
ies qualified as RP biomarkers. Enzyme-linked immunosorbent
assay (ELISA) was performed to verify the feasibility of these
new autoantibodies. Three novel autoantigens for RP patients
were further detected in pathological tissues.

METHODS
Study population and samples

A total of 467 RP patients were recruited from Peking Union
Medical College Hospital, the First Hospital of Zhengzhou Uni-
versity, and the Second Hospital of Shanxi Medical University
from July 2017 to April 2024. RP diagnosis fulfilled the criteria
of McAdam, Damiani-Levine, or Michet [13—15]. RP patients
with other autoimmune diseases, tumours, haematological disor-
ders, or immunodeficiency diseases were excluded. One hundred
sixty-four healthy controls (HCs) and 186 patients with other
autoimmune diseases (DCs) were enrolled as controls during the
same period. The DCs group comprised 60 patients with rheu-
matoid arthritis, 51 with Behget’s disease, and 75 with antineu-
trophil cytoplasmic antibodies associated vasculitis, diagnosed
according to the corresponding classification criteria [16—19].
All participants were divided into discovery, validation, and ver-
ification cohorts. Participants in the 3 cohorts were mutually
exclusive. The flowchart of autoantibody identification is shown
in Figure 1. Demographic and clinical characteristics of partici-
pants at the time of blood collection were recorded. Detailed
information of cohorts and follow-up patients is described in
Supplementary Methods and Supplementary Tables S1-54.

High-density protein microarrays for candidate autoantibody
screening

High-density protein microarray (AAbMap1.0) developed by
ProteomicsEra Medical Co., Ltd was used to find novel
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autoantibodies in the discovery cohort [20]. The microarray is
printed with 2382 proteins, 60 clinically applied autoantigens,
and 1486 peptides in duplicate. Among these, 677 peptides had
post-translational modifications (PTMs), while 809 peptides did
not (Appendix). The detailed information of proteome array was
provided in Supplementary Methods.

Plasma samples were centrifuged and diluted with block-
ing solution (5% skim milk/phosphate buffer saline (PBS)-
0.05% Tween-20) at a ratio of 1:130. The microarray was
blocked for 30 minutes and incubated with diluted plasma at
room temperature for 2 hours. After washing, the microarray
was incubated with 2 ug/mL Cy3-labelled anti-human IgG
H + L and Alexa Fluor-labelled anti-human IgA (Jackson
ImmunoResearch, 709-165-149 and 109-605-011) at room
temperature in the dark for 1 hour, followed by a thorough
wash. The anti-human IgG antibody showed no binding to
human IgM and minimal cross-reactivity with IgA protein,
demonstrating >5.8-fold lower intensity compared to IgG
(Supplementary Fig S1C). The microarray was scanned using
the GenePix 4300A microarray scanner (Molecular Devices).
The signal intensity of autoantibodies was normalised using
the signal-to-noise ratio, calculated as the average signal
divided by average negative control spots.

Candidate autoantibodies should satisfy 3 criteria: (1) RP ver-
sus HCs, P values obtained from the Wilcoxon test < 0.05 and
fold change (FC) >1.5; (2) RP versus DCs, P < 0.05 and FC >
1.5; (3) overlap of autoantibodies meeting both criteria (1)
and (2).
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Construction of focused protein array for novel autoantibody
validation

In total, 32 IgG and 4 IgA candidate autoantigens selected
through the high-density protein microarray were precoated in
duplicate to construct a focused protein array, provided by Pro-
teomicsEra Medical Co., Ltd. The reagents for focused array and
data acquirement were same to those of high-density protein
microarray, but protocol modifications including plasma dilu-
tion (1:100) and half incubation time.

ELISA assay for autoantibodies and C4B protein measurement

Antigenic peptides and proteins selected for verification were
purchased from ChinaPeptides Co., Ltd. and Absea Biotechnol-
ogy Ltd., respectively. The high-binding 96-well Maxisorp
immunoplate (Thermo Scientific, 446469) was coated with
100 ng complement 4B (C4B; 1 ug/mL), 100 ng formin binding
protein 4 (FNBP4; 1 ug/mL), 100 ng keratin 2 (KRT2; 1 ug/mL),
100 ng KRT10 (1 pug/mL), 150 ng KRT16 (1.5 ug/mL), or 100 ng
dynein cytoplasmic 1 heavy chain 1 (DYNC1H1; 1 ug/mlL)
diluted in 100 uL of ELISA coating buffer (Solarbio, C1055) and
incubated overnight at 4°C. Next, the coated plate was washed,
blocked by 1% bovine serum albumin/PBS and incubated at
room temperature for 1 hour. Then, diluted plasma (1:50) was
added, and the plate was incubated for 2 hours at room tempera-
ture and further washed. Horseradish peroxidase-conjugated
anti-human IgG antibody (1:130000, Abcam, ab6759) was
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added to each well for 1 hour at room temperature, followed by
colour development. The colorimetric signal was detected at an
optical density of 450 nm (OD450), and the blank was sub-
tracted from the OD450 readings of all samples. Also, anti-
human IgG showed negligible reactivity with IgA and IgM, dem-
onstrating >13.7-fold and >9.4-fold lower signals, respectively,
compared to IgG targets (Supplementary Fig S1D).

Plasma C4B proteins were measured using a commercial
ELISA Kit (Abcam, ab277717) according to the manufacturer’s
instructions. Raw data were processed using the linear regres-
sion method in the GraphPad software.

Immunohistochemistry analysis of autoantigens in biopsy tissues

Immunohistochemical staining of tracheal tissues of 2 RP
patients and 2 controls was performed using anti-C4B (10 pug/mL,
Abcam, ab66791), anti-KRT16 (1:200, Invitrogen, PA5-109897),
and anti-FNBP4 (1:200, Invitrogen, PA5-59035) on the platform
of BenchMark ULTRA Autostainer (v12.3, Ventana Medical Sys-
tems) according to the manufacturer’s recommendations. The
images were analysed using the NIS-Elements microscope.

XGBoost-based machine learning model

An XGBoost machine learning model using validation data
was developed to discriminate RP patients from DCs and HCs.
After log2-transformation and Z score normalisation of 36 auto-
antibodies, the dataset was randomly divided into training and
testing sets (7:3). Cross-validation was performed in the training
set by applying a stratified 10-fold split and a repetition of
10 times, resulting in 100 internal training/validation splits to
ensure a robust estimation of the model performance. Parame-
ters were tuned using a grid search algorithm with 10-fold
cross-validation implemented in the ‘caret’ package, and then
the optimal parameters were selected to retrain the XGBoost
model. Finally, the performance of the model was further evalu-
ated in the independent testing set.

Bioinformatics analysis

Unbiased hierarchical cluster analysis, principal component
analysis (PCA), multiple correspondence analysis, enrichment
analysis, and unsupervised consensus cluster analysis were car-
ried out wusing ‘pheatmap’, ‘limma’, ‘FactoMineR’,
‘clusterProfiler’, and ‘ConsensusClusterPlus’ packages, respec-
tively, using R (4.1.3). Detailed procedures were provided in
Supplementary Methods.

Statistical analysis

Statistical analysis was conducted using Prism (8.0), R
(4.1.3), and IBM SPSS Statistics (26.0). T-test and Wilcoxon test
were applied to analyse normally and non-normally distributed
data, respectively. The y? test was performed for categorical var-
iables. Pearson or Spearman correlation coefficients were calcu-
lated between the autoantibody levels and clinical parameters. P
< 0.05 was considered statistically significant.

RESULTS

Plasma autoantibody reactome analysis of RP patients

The study design is illustrated in Figure 1. Among RP
patients, 15 had active disease, and 17 were in an inactive stage,
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involving respiratory tract (78.1%), ears (56.3%), nose (65.6%),
joints (43.8%), etc. (Supplementary Table S2). Plasma autoanti-
body detection by high-density protein microarray was repro-
ducible, with intra-array and interarray correlation coefficients
of 0.99 and 0.98, respectively (Supplementary Fig S1A). Repre-
sentative scanned microarray images are presented in Supple-
mentary Figure S1B.

A total of 1344 IgG autoantibodies were upregulated in RP
patients compared to HCs (P < 0.05 and FC > 1.5), which clus-
tered 100% (32/32) of RP patients and 92.86% (13/14) of HCs
(Fig 2A). PCA further confirmed a clear separation between RP
patients and HCs (Supplementary Fig S2). Among these autoan-
tigens, 20% were proteins, 36% were antigenic peptides with
PTMs, and 43% were non-PTM peptides (Supplementary Figs
S3, S4, Appendix). The average positive rate of autoantibodies
against clinically applied autoantigens and novel autoantigens
was 26.92% and 34.24% in RP patients, respectively, higher
than 4.95% and 6.07% observed in HCs (Fig 2B).

The 1344 autoantigens were mapped to the UniProt database
for 504 unique IDs (since multiple peptides can correspond to
different regions of a protein). Finally, 354 autoantigens demon-
strated specific tissue localisation after excluding uncertain
data. Among these, 103 autoantigens were localised to cartilage
tissue or chondrocytes. Specifically, autoantibodies targeting
COL2 alpha 1 (COL2A1) and COL6A3 were significantly
increased in RP patients (Fig 2C,D; Supplementary Table S5).
Our study agreed with previous research [21—23] that identi-
fied anti-COL2 as a potential diagnostic marker for RP. Notably,
the number of newly identified autoantibodies is 100-fold more
than prior reports. In addition, many autoantigens were
enriched in tissues or organs frequently affected in RP patients
(Fig 2C), suggesting the reliability of autoantibody screening.

Kyoto Encyclopedia of Genes and Genomes pathway enrich-
ment analysis revealed that the 504 autoantigenic proteins were
primarily involved in 3 functional categories: autoimmune pro-
cesses, pathogenic infections, and cardiac involvement (Fig 2E).
Autoimmune-related pathways included complement and coag-
ulation cascades, extracellular matrix receptor interaction, and
proteoglycan, which included some glycoproteins or collage-
nous proteins, such as FN1, COL6A2, COL6A3, HSPG2, SV2A,
COL2A1, and COL6A1, the main targets of anticartilage antibod-
ies in RP [9]. Furthermore, autoantigens were significantly
localised in collagen-containing extracellular matrix (Fig 2F),
indicating that immune responses targeting cartilage and pro-
teoglycans represented pivotal etiological factors in RP patho-
genesis.

Eight pathways associated with infections and 7 pathways
related to cardiac lesions were also identified (Fig 2E). Cardiac
involvement was observed in approximately 20% of RP patients,
mostly manifesting as subclinical changes. Routine transthoracic
echocardiography and electrocardiogram monitoring in these
patients mitigate acute complication risks [24,25]. RP-specific
autoantigens are involved in the pathogenesis of hypertrophic
cardiomyopathy, atherosclerosis, and other cardiovascular con-
ditions, highlighting the pathogenic significance of these anti-
genic proteins identified in damaged heart valves, myocardium,
or pericardium in RP patients.

Molecular subtypes of RP based on autoantibodies expression
profiles

Consensus clustering analysis was used to explore the molec-
ular heterogeneity underlying RP diversity, revealing that 1344
autoantibodies stratified RP patients into 2 molecular subtypes
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Figure 2. Upregulated autoantibodies in RP patients identified by high-density protein microarray. A, Hierarchical clustering analysis of autoantibod-
ies increased in RP compared to HCs (P < 0.05, FC > 1.5), where 100% of RP patients and 92.86% of HCs were clustered. Some representative autoan-
tibodies are labelled on the right. B, Comparison of positive rate of autoantibodies against novel autoantigens between RP patients and HCs. The
positivity threshold was defined as the mean + 2SD of each autoantibody of the HCs group. C, Tissue enrichment of RP-related autoantigens. D, Venn
diagram comparing the number of upregulated autoantibodies in RP patients newly identified in this study (N = 1343) with those identified in previ-
ous studies (N = 1). Scatter plots show the comparison of anti-COL2A1 and anti-COL6A3 autoantibodies between RP patients and HCs, whose autoan-
tigens were enriched in cartilage tissue or chondrocytes. *Indicates a citrulline modification on the COL2A1 peptide. E, Significantly enriched
signalling pathways associated with RP-specific autoantigens (N = 504) identified using the KEGG database (P < 0.05). Red, blue, and green boxes
indicate signalling pathways associated with autoimmune processes, infections, and cardiac involvement, respectively. Bar length represents —Log10
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gens identified by GO analysis (P < 0.05). C and F, Images created with BioRender.com. GO, Gene Ontology; HC, healthy control; KEGG, Kyoto Ency-
clopedia of Genes and Genomes; RP, relapsing polychondritis.

with distinct separation (Fig 3A,B). RP patients classified as sub- of T cell (Supplementary Fig S5A, Fig 3C). Additionally, a higher
type 1 showed 457 specific autoantibodies involved in humoral rate of active disease, mechanical ventilation and recurrence

immune response, intermediate filament cytoskeleton organisa- within 3 months were found in subtype 1 patients, alongside
tion, and positive regulation of tau-protein kinase activity, more extensive organ involvement, including nervous system
whereas subtype 2 only showed 12 specific autoantibodies asso- only in the subtype 1, as well as high RP-specific autoantibodies

ciated with negative regulation of activation-induced cell death (Fig 3E,F, Supplementary Fig S5B,C).
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Two clinical clusters (A and B) were identified within the
same RP cohort using clinical data (Supplementary Fig S5C,
Fig 3D). Patients in molecular subtype 1 and clinical cluster A
mostly overlapped and shared similar clinical characteristics,
including a higher rate of active disease, recurrence rate, and
incidence of the non-airway phenotype involving ear, joint, eye,
and nervous system lesions. Conversely, patients in subtype 2
and cluster B shared similar symptoms, predominantly respira-
tory and nasal symptoms (Fig 3E, Supplementary Fig S5D),
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suggesting the potential of molecular classification in indicating
RP heterogeneity, disease activity and prognosis.

Novel autoantibodies identified by high-density protein
microarray

A total of 32 IgG and 4 IgA autoantibodies were identified
as candidate biomarkers according to the screening criteria
previously described (Fig 4, Supplementary Figs S6, S7).



Y. Liu et al.

I |
[

Ann Rheum Dis 84 (2025) 2075—2087
DC

PLA2G4F
ZNF131_IgA
VIM
GIGYF1_IgA
DCP1A
C4B
KRT16
FOXN4
CFAP61
KRT10
AGT®
KRT2
DSP *
DSP
ENO1°
TP53
BHLHA9
ACTG1
ACTA2
DYNC1H1 *
KIF26B_IgA
NACA °
NACA °
TCHHLA1
KRT16°
UBFD1
CYSRT1
UBE2J1
QRICH2
PDE1C
DYRK4
FNBP4
PLEKHAS
APOE
C120rf42
CFAP61_IgA

o N M O

Figure 4. Identification of candidate autoantibodies for RP in the discovery cohort using high-density protein microarray. Heatmap of the signal
intensities obtained from the 36 candidate autoantibodies in RP patients (N = 32), HCs (N = 14), and DCs (N = 12). Notes of candidate autoantibod-
ies are shown in Table. DC, disease control; HC, healthy control; RP, relapsing polychondritis.

These 36 newly found autoantibodies differentiated RP
patients from HCs and DCs with a sensitivity ranging from
18.8% to 53.1% and specificity exceeding 92%. Using the
mean + 2SD of the HCs group as the positive threshold, the
average seropositivity rate of 36 autoantibodies in RP patients
(26.25%) was significantly higher than in HCs (6.03%) and
DCs (7.78%). Details of candidate autoantibodies are shown
in Table.

Validation of the 36 candidate autoantibodies by focused protein
microarray

The validation study was performed using custom arrays dis-
playing 36 proteins, with plasma from an expanded cohort com-
prising 195 RP, 60 HCs, and 74 DCs. An XGBoost-based
machine-learning algorithm was used as a disease classifier to
distinguish RP patients from HCs and DCs. The top 15 autoanti-
bodies were obtained based on the importance scores quantify-
ing each biomarker’s contribution to the classification (Fig 5A).
Among them, 8 and 12 autoantibodies allowed the distinction of
RP from HCs or DCs, respectively, whereas 6 autoantibodies
(anti-C4B, anti-FNBP4, anti-KRT2, anti-KRT10, anti-KRT16, and
anti-DYNC1H1) exhibited discriminative capacity for RP against
both HCs and DCs (Fig 5B, Supplementary Fig S8, Supplemen-
tary Table S6). The combined results of machine learning and
differential analysis resulted in a diagnostic panel of 14 autoan-
tibodies that achieved areas under the curve of 0.727 and 0.820
for distinguishing RP from HCs and DCs, respectively. The diag-
nostic specificity was 91.7% and 90.5%, and the sensitivity was
41% and 49.7 %, respectively (Fig 5C, Supplementary Table S7).
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Clinical correlation analysis revealed that anti-C4B levels
were positively associated with C-reactive protein (CRP,
P = .024, r = 0.17) and erythrocyte sedimentation rate (ESR,
P = .030, r = 0.16) in total RP patients including active and
inactive stage (Supplementary Fig S9). Further analysis of active
patients showed that anti-C4B increased with the relapsing poly-
chondritis disease activity index (RPDAI) scores, and the levels
of CRP and ESR (Fig 5D), whereas no significant correlation was
observed in inactive patients (data not shown). These findings
suggested that high levels of anti-C4B indicated an exacerbation
of disease inflammation.

Among 70 followed up RP patients, 19 experienced disease
relapses within one year (Supplementary Table S3), character-
ised by high anti-C4B, anti-KRT16, and anti-FNBP4 levels
(Fig 5E). Multivariate Cox proportional hazards regression
revealed that elevated baseline anti-KRT16 was a risk factor for
RP recurrence (Supplementary Fig S10), serving as a potential
new autoantibody in predicting disease prognosis.

Verification of the diagnostic performance of autoantibodies by
ELISA

Six autoantibodies that were significantly higher in RP
patients compared to HCs and DCs were selected to confirm
their levels by ELISA in a verification cohort consisting of 240
RP patients, 90 HCs, and 100 DCs.

All 6 autoantibodies were upregulated in the plasma of RP
patients relative to both HCs and DCs groups (Fig 6A-6F), cor-
roborating the protein microarray findings and reinforcing the
potential of these novel autoantibodies as reliable diagnostic
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Novel autoantibodies identified for relapsing polychondritis by high-density protein microarray

Autoantigens ~ UniProtID  Autoantigen types Positive rate, % (N) RP versus HCs RP versus DCs RP versus HCs + DCs

RP HCs DCs Pvalue FC Pvalue FC Sensitivity ~ Specificity =~ AUC
IgG autoantibodies
C12orf42 Q96LP6 Protein 13% (4) 7% (1) 8% (1) 010 1.59 .037 1.62 0.344 0.923 0.724
FOXN4 Q96NZ1 Protein 31%(10) 0% (0) 0% (0) .030 1.60 .020 1.64  0.406 0.962 0.715
PDE1C Q14123 Protein 38%(12) 7% (1) 17% (2) .000 1.75 .049 1.55 0.375 0.923 0.775
PLEKHAS8 Q96JA3 Protein 13% (4) 14% (2) 0% (0) .024 1.53  .004 2.40 0.375 0.923 0.742
DYRK4 Q9NR20 Protein 44% (14 7% (1) 8% (1) .001 2.42  .008 2.37 0.438 0.962 0.779
ACTA2 P62736-1 Peptide 41% (13) 0% (0) 8% (1) .021 1.81 .017 1.81 0.438 0.962 0.724
QRICH2 Q9HO0J4 Protein 13% (4) 7% (1) 0% (0) .001 210 .013 2.03 0.188 0.923 0.77
FNBP4 Q8N3x 1 Protein 6% (2) 7% (1) 0% (0) .011 1.55 .049 1.75 0.219 0.923 0.716
UBFD1 014562 Protein 31%(10) 0% (0) 8% (1) .010 2.68 .009 1.89 0.313 0.962 0.746
TCHHL1 Q5QJ38 Protein 19% (6) 7% (1) 8% (1) .010 1.92 .035 1.77  0.25 0.923 0.725
BHLHA9 Q7RTU4 Peptide 28% (9) 7% (1) 8% (1) .024 2.02 .049 1.67 0.313 0.923 0.703
PLA2G4F Q68DD2 Protein 34% (11) 0% (0) 8% (1) .015 1.78  .023 1.77  0.406 0.923 0.725
CYSRT1 A8MQO03 Protein 16% (5) 7% (1) 0% (0) .043 1.69 .017 1.73  0.281 0.923 0.71
ACTG1 P63261-1 Peptide 28% (9) 7% (1) 17% (2) .005 2.05 .021 1.63  0.281 0.962 0.743
TP53 P04637 Peptide 28% (9) 7% (1) 8% (1) .020 1.82  .049 1.67 0.281 0.962 0.707
NACA* Q13765 Protein 13% (4) 7% (1) 0% (0) .009 1.88 .014 210 0.188 0.962 0.74
NACAP E9PAV3 Protein 16% (5) 7% (1) 0% (0) .001 2.64 .016 2.74  0.531 0.923 0.767
C4B POCOL5 Peptide 9% (3) 7% (1) 0% (0) .026 1.51 .033 1.67  0.375 0.962 0.709
ENO1¢ P06733 Peptide 25% (8) 0% (0) 8% (1) .024 1.52 .001 1.65 0.375 0.923 0.757
DYNC1H1¢ Q14204 Peptide 28% (9) 7% (1) 8% (1) .033 1.85 .014 1.85 0.375 0.923 0.718
KRT16 P08779 Peptide 38%(12) 7% (1) 17% (2) .004 241 .033 1.96 0.344 0.923 0.74
KRT16° P08779 Peptide 41%(13) 7% Q) 17%(2)  .001 2.21  .040 1.83 0.344 0.962 0.762
KRT10 P13645 Peptide 22% (7) 7% (1) 0% (0) .007 1.75 .046 1.58 0.25 0.923 0.726
AGT® P01019 Peptide 28% (9) 0% (0) 0% (0) .012 1.56 .026 1.52 0.375 0.923 0.726
UBE2J1 Q9Y385 Protein 13% (4) 7% (1) 8% (1) .007 1.97 .008 1.83 0.281 0.923 0.752
DCP1A QO9NPI6 Protein 44% (14 7% (1) 25% (3) .000 2.63 .017 1.61 0.375 0.923 0.814
VIM P08670-1 Peptide 41% (13) 7% 1) 17% (2)  .007 1.87 .043 1.65 0.375 0.923 0.727
APOE P02649 Peptide 38%(12) 7% (1) 17% (2) .006 1.94 .049 1.54 0.375 0.923 0.726
CFAP61 Q8NHU2 Protein 13% (4) 7% (1) 0% (0) .048 1.90 .012 235 0.344 0.962 0.713
Dsped P15924 Peptide 28% (9) 14% (2) 8% (1) .016 1.78  .037 1.72  0.281 1.000 0.715
DSP“*¢ P15924 Peptide 34% (11) 7% Q) 8% (1) .028 1.77  .040 1.77  0.344 0.923 0.704
KRT2 P35908 Peptide 31%(10) 7% (1) 8% (1) .028 2.08 .049 1.79  0.406 0.923 0.701
IgA autoantibodies
KIF26B Q2KJY2 Protein 28% (9) 7% (1) 8% (1) .010 2.24 .028 2.14  0.406 0.923 0.728
GIGYF1 075420 Protein 22% (7) 7% (1) 8% (1) .023 2.06 .035 2.06 0.219 0.923 0.71
CFAP61 Q8NHU2 Protein 31%(10) 0% (0) 8% (1) .028 1.88 .021 1.89 0.313 0.962 0.715
ZNF131 P52739 Protein 19% (6) 7% (1) 17% (2) .004 2.29 .033 1.68 0.188 0.923 0.739

AUG, area under the curve; DCs, disease control, FC, fold change; HCs, healthy control; RP, relapsing polychondritis.
# The N—C terminal antigen sequence of NACA, corresponding to a region of amino acids 1-215.

b

The N—C terminal antigen sequence of NACA corresponds to a region of amino acids 1881-2030.

¢ Indicates a post-translational modification of an antigenic peptide (citrulline modification).
4 The N—C terminal antigen sequence of the DSP corresponds to a region within amino acids 2281-2297 where L-glutamine 2295 is absent.

biomarkers for RP. Consistent with the observations in the vali-
dation cohort, the levels of new autoantibodies were positively
correlated with the active disease markers ESR, CRP, and
RPDAI, further underscoring their clinical relevance (Supple-
mentary Fig S11).

Longitudinal monitoring demonstrated that anti-C4B, anti-
FNBP4, and anti-KRT10 were significantly reduced (Fig 6G-6L)
in response to effective treatment and subsequent disease remis-
sion, suggesting a potential role for these novel autoantibodies
in the pathogenesis of RP and in the assessment of disease con-
trol. To further elucidate the prognostic significance of these
autoantibodies, future studies involving expanded cohorts are
warranted to validate the correlation between autoantibody lev-
els and disease outcomes.

Level of C4B autoantigen in the pathological tissues and plasma
of RP patients

Given that C4B is a plasma protein, we hypothesise that its
tissue deposition may precipitate pathological alterations.
Immunohistochemical analysis revealed that C4B protein was
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The N—C terminal antigen sequence of the DSP corresponds to a region within amino acids 2281-2297.

higher in chondrocytes of tracheal tissues in RP patients with
respiratory involvement than in normal tracheal cartilage tis-
sues. C4B was predominantly located within the cytoplasm of
chondrocytes and largely absent from the cartilage matrix
(Fig 7A,C-D), which was also attached to the mucosal layer of
the trachea, such as columnar epithelial cells, glandular cavities,
and diffuse inflammatory infiltrating cells (Fig 7B). The same
was observed for KRT16 and FNBP4 proteins (Supplementary
Fig S12).

Interestingly, plasma C4B was lower in RP patients, espe-
cially in patients with positive anti-C4B (Fig 7E-7F). However,
no significant correlation between anti-C4B titres and plasma
C4B concentrations was observed in either HCs (P .089,
r = —0.35) or RP (P = .99, r = 8e-04) groups (Fig 7G-H).

DISCUSSION

RP diagnosis is hampered or delayed in subjects lacking
blood biomarkers based on current criteria, particularly in those
presenting with atypical symptoms. This study identified a large
set of upregulated autoantibodies (n 1344) in RP patients
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associated with different signalling pathways, including autoim-
mune responses, microbial infections, and cardiac involvement.
In addition, 2 molecular subtypes of RP with divergent clinical
features were delineated. Two-phase microarray strategy and
traditional method were used in different cohorts with a large
number of subjects to profile 14 novel autoantibodies for the
diagnosis, activity assessment, and recurrence prediction of RP.
Considering the diverse clinical presentations observed in RP
patients, subgroup analysis is instrumental in refining treatment
strategies and management approaches to mitigate disease-
related damage. Studies conducted in France, Japan, and the
United States classified RP patients based on clinical features,
revealing that distinct subgroups were associated with divergent
pathological mechanisms. For instance, blood phenotypes were
associated with paraneoplastic syndrome whereas respiratory
phenotypes were related to the immune response against tra-
cheal cartilage [26—28]. However, molecular subgroups derived

from genomics, proteomics, or autoantibody profiles are lack-
ing. Our study elucidated an internal heterogeneity in RP
patients based on autoantibody data, and 2 molecular subtypes
were identified. Subtype 1 RP patients exhibited a marked
increase in autoantibody levels, accompanied by a higher preva-
lence of involvement in the joints, eyes, and nervous system, as
well as a greater recurrence rate and active disease. Further-
more, subtype 1-specific autoantigens were involved in the bio-
logical process of the humoral immune response. In contrast,
subtype 2 RP patients demonstrated negligible antibody expres-
sion. RP is acknowledged as an autoimmune disease modulated
by both humoral and cellular immune mechanisms, in which
antibody response to cartilage tissue occurs in parallel with pro-
inflammatory cytokine synthesis, chondrocyte apoptosis, and
cartilage matrix destruction [29]. A Swedish study of 97 RP
patients found that anti-COL2/9/11, anti-matrilinl, and anti-
COMP antibodies were elevated in RP patients, albeit with a
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Figure 6. ELISA verification of autoantibodies
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positive response rate ranging from only 13% to 21% [22]. RP is
also considered to be a Thl-related autoimmune disease [9].
Based on these observations, our hypothesis is that RP patients
with different molecular subtypes have different immune
response patterns, with subtype 1 patients primarily driven by
humoral immunity and subtype 2 driven by cellular immune
responses. Further research is warranted to explore changes in
lymphocyte subsets and cytokine profiles among RP patients,
with the aim of delineating the pathogenesis heterogeneity to
achieve personalised precision treatment and prognosis
improvement.

The signalling pathway involving specific autoantigens was
intimately related to cartilage injury and autoimmune process.
Autoantigen distribution in the collagen-rich extracellular
matrix and proteoglycans suggested that RP patients had active
immune responses targeting cartilage tissues [30]. C4B was pre-
dominantly localised in the cytoplasm of chondrocytes. Given

immune complexes, C1q, C3, and C4d [31—33] as well as apo-
ptotic chondrocytes [34] were detected in affected tissues of RP,
we speculated that C4B originated from C4 cleavage induced by
immune complex-mediated C1 activation [35] and/or apoptotic
chondrocytes-induced MBL activation [36]. Furthermore, chon-
drocytes phagocytose cellular debris and exogenous antigens
[37,38] and serve as antigen-presenting cells [39]. Thus, chon-
drocytes might internalise excessive C4B and present it to effec-
tor T cells to initiate anti-C4B antibody response. The
implication of anti-C4B antibody in RP remains unknown. C4B-
specific nanobodies have been shown to hinder endogenous reg-
ulators from facilitating Factor I-mediated C4B conversion [40].
This mechanism bears resemblance to the heightened comple-
ment activation observed in lupus nephritis, where anti-C3 anti-
bodies impede Factor H and complement receptor 1 [41].
High-density protein microarray and focused microarrays
were applied successively in different cohorts to profile RP-
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Figure 7. Analysis of C4B autoantigen in pathological tissues and plasma of RP patients. A-D, Immunohistochemical detection of C4B protein deposition
in tracheal tissues from 2 RP patients with respiratory involvement (A-B) and 2 controls (C-D). A, C, and D, Images show the localisation of C4B protein
in the chondrocytes and cartilage matrix. B, Image displays the mucosal tissue of the trachea, with red arrows indicating columnar epithelial cells and
glandular lumina, and a black box showing infiltrating inflammatory cells. E. Scatter plots demonstrating the plasma C4B concentration (ug/mL) in RP
patients (N = 125), HCs (N = 25), and DCs (N = 22). F, Comparison of plasma C4B protein between RP patients with and without anti-C4B seropositiv-
ity. The positive cut-off value of anti-C4B was considered as mean OD + 2SD of HCs from the verification cohort. G, H, Correlation between the anti-C4B
levels and plasma C4B concentrations in HCs (G) and RP patients (H). DC, disease control; HC, healthy control; RP, relapsing polychondritis.

specific autoantibodies due to the urgent demand for reliable
markers to diagnose RP patients. A 14-autoantibody panel was
constructed that distinguished RP patients from HCs and DCs
with a sensitivity of 59.4% and 78.1% and a specificity of 92.9%
and 91.7%, respectively, in a discovery cohort, and a sensitivity
of 41% and 49.7% and a specificity of 91.7% and 90.5%, respec-
tively, in a validation cohort. Moreover, ELISA confirmed the
diagnostic efficacy of novel autoantibodies in the verification
cohort. Overall, the 14 autoantibodies, first reported here, repre-
sented the promising specific diagnostic markers for RP.

Notably, positive associations were observed between novel
autoantibodies and ESR, CRP, and RPDAI in both the validation
and verification cohorts of RP patients. Furthermore, elevated anti-
KRT16 antibody was first found as a risk factor for disease recur-
rence in RP patients within one year. In addition, several studies
demonstrated that autoantibody titres were related to treatment in
RP, with reductions in anticartilage and anti-COL2 antibodies
observed following steroid treatment or clinical remission [21,42].
Two case reports also documented that COMP and urinary COL2
peptide were downregulated after treatment [43,44]. In this study,
anti-FNBP4, anti-KRT10, and anti-C4B antibodies exhibited a grad-
ual decline from acute attack to remission, and anti-FNBP4 and
anti-KRT10 antibodies were positively correlated with RPDAL
These findings suggest that the newly identified autoantibodies
have the potential to assess disease activity, predict disease relapse,
and reflect treatment effects.

The RP-specific autoantigens identified in our study were sig-
nificantly enriched in the tracheal tissue of RP patients, indicat-
ing pathogenic potential. The KRT16 and FNBP4 proteins were
localised to intermediate filaments and nucleoplasm, respec-
tively. The release of intracellular autoantigens from dying cells,
ineffective clearance of apoptotic debris, and protein
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modification during inflammatory responses may render these
antigens targets of B-cell responses [45—47]. Notably, the anti-
gens recognised by anti-DSP, anti-DYNC1H1, and anti-AGT anti-
bodies were modified by citrullination, a PTM that can generate
new epitopes and enhance protein immunogenicity, driving
pathological autoantibodies production [48—50]. Further inves-
tigation of novel autoantigens might provide new insights into
the pathogenesis of RP.

Despite extensive research on various autoimmune disorders,
the aetiology, pathogenesis, treatment response, and prognosis
of RP remain relatively unexplored. The 14-autoantibody panel
developed in this study filled the research gap and promoted the
early diagnosis and timely treatment of RP. A limitation of the
current study is that patients with polyspecific antibodies like
systemic lupus erythematosus were not included. To further val-
idate the clinical utility of this panel, future studies should
undertake external cohort validation, incorporating multiple
disease controls and RP patients from diverse ethnic back-
grounds and geographic regions. This will enable the assessment
of the optimal methodology for each autoantibody assay and the
establishment of reference intervals for RP diagnosis. The titres
of anti-COL2 in discovery RP cohort were consistent with previ-
ous reports, which were not prioritised for subsequent analysis
due to not meeting our criteria for candidate biomarker. Anti-
COL9/11, matrilin-1, and COMP antibodies were not validated
due to their absence on the discovery arrays. Minimal anti-
human IgG cross-reactivity with IgA/IgM, though potentially
affecting absolute IgG quantification, is unlikely to compromise
novel antigen identification or relative differences between RP
and controls. Additionally, continued effort is still needed to elu-
cidate the role of autoantigens and their corresponding autoanti-
bodies in the pathophysiology of RP.
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In conclusion, a panel of novel autoantibodies was identified
and validated in RP patients using large-scale, unbiased screens.
This study provides a fundamental insight into the heterogeneity
and pathogenesis of RP and underscores the potential of plasma
autoantibodies as biomarkers for future clinical assessment of RP.
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macrophages involved in extracellular matrix
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ARTICLE INFO ABSTRACT

Article history: Objectives: Gout is a prevalent condition characterised by high serum urate levels, leading to
Received 7 December 2024 crystal deposition in the joints. Although many studies have explored the mechanisms underly-
Received in revised form 1 September 2025 . Ty p J i : 8 y . P . . . y
Accepted 7 September 2025 ing gout flares, the dynamics of tophus formation remain unknown. This study provides the first

transcriptomic profile of the tophaceous gout joint and investigates immune-stromal cell interac-
tions in the pathogenesis of tophus formation.

Methods: Single-cell transcriptomic profiling was conducted on 44,221 synovial tissue cells from
patients with intercritical gout (without tophi) and tophaceous gout. Spatial transcriptomics
showed gene expression patterns in the corona and fibrovascular zones of tophi. Gene expression
pattern comparisons, pseudotime, and differential gene enrichment analyses were conducted on
stage-specific macrophage subsets. Inmunofluorescence and flow cytometry on the tophi sam-
ples validated the transcription results and visualised the spatial localisation of the macrophage-
fibroblast subpopulation. Differential causal inference combined with Mendelian randomisation
elucidated gene regulatory networks and their causal relationships with gout pathology.

Results: We identified SPP1* /MMP9™*/CHISL1* macrophages within the corona zone exclusive to
tophaceous gout, exhibiting extracellular matrix regulation genes, enhanced integrin-mediated inter-
actions with stromal cells and transitional potential towards osteoclast differentiation. Notably,
coexpression of the fibroblast marker S100A4 and COL6A2 in these macrophages suggested a fibro-
blast-like phenotype. Distinct CD4 " T-cell transcriptional profiles between disease states indicated a
phenotypic shift from inflammatory to immune-regulatory subsets during tophus development.
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Conclusions: This study reveals a novel macrophage population (SPP1*/MMP9*/CHI3L1 ") with
dual immunomodulatory and matrix-remodelling capabilities, exclusively present in tophus tis-
sues but absent in intercritical gout synovium or flare-associated synovial fluid. It may play a
role in the pathogenesis of fibrosis and bone erosion in gout.

WHAT IS ALREADY KNOWN ON THIS TOPIC

« Although the cellular and molecular mechanisms of gout flares
are well understood, the mechanism of tophaceous gout, partic-
ularly the formation of tophi, remains unclear. Tophi have a
complex structure with both innate and adaptive immune sys-
tem activation, together with extracellular matrix remodelling.

WHAT THIS STUDY ADDS

* This study identifies SPP1*/MMP9*/CHI3L1" macrophages as a
unique subset specific to the tophi with osteoclast differentia-
tion potential and active involvement in extracellular matrix
remodelling.

It emphasises the activation of the integrin-mediated interac-
tions between macrophages, fibroblasts, and osteoblasts, link-
ing chronic inflammation, fibrosis, and matrix remodelling.
The study demonstrates coexpression of the fibroblast marker
S100A4 and COL6A2 in these macrophages and indicates a
close phenotypic association with fibroblasts.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

» SPP1 levels could guide future prediction of tophus formation.

+ The SPP1*/MMP9"/CHI3L1 " macrophages represent a thera-
peutic target for tophus formation and matrix remodeling of
joint tissue in gout.

* Further research into specific molecular mechanism regulating
tophi-related macrophage and fibroblast phenotype changes
could help us better develop targeted therapies of chronic
gouty arthritis.

INTRODUCTION

Gout is a common condition caused by elevated serum urate
levels. Monosodium urate (MSU) crystal formation in joints
leads to recurrent gout flares [1]. These flares are characterised
by intense, self-limiting inflammation, primarily driven by NLR
Family Pyrin Domain Containing Protein (NLRP) 3 inflamma-
some activation and the release of mature interleukin (IL)-1/ [2
—4]. Persistent hyperuricaemia and intra-articular deposition of
MSU crystals can lead to tophaceous gout, which is often associ-
ated with bone and cartilage damage, chronic gouty arthritis,
and musculoskeletal disability [5—7].

Although the cellular and molecular mechanisms of gout
flares are well understood, evidence regarding the processes
driving tophaceous gout remains limited. Previous studies have
detailed the cellular structure of tophi, highlighting the activa-
tion of innate and adaptive immune responses within these
lesions, and extracellular matrix (ECM) remodelling in adjacent
tissues [8]. Quantitative immunohistochemistry has shown that
tophi are complex, highly organised granuloma-like structures
comprising 3 layers—a central core of MSU crystals, a macro-
phage-rich corona zone, and an outer fibrovascular zone [9,10].
Recent studies have identified increased HLA-DQA1M8" classical
monocytes and PTGS2"#" monocytes, alongside the
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overactivation of CD8 ™" T cells, in peripheral blood mononuclear
cells (PBMCs) from patients with gout. Differentially expressed
genes (DEGs) in PBMCs, T cells, and B cells from patients with
advanced gout are significantly enriched in the osteoclast differ-
entiation pathway [11]. However, the in situ gene expression
patterns of cells within different layers of tophi remain poorly
understood. The potential interactions between immune and
stromal cells in various regions of the tophi and their roles in
tophus formation are yet to be fully explored.

Advances in single-cell transcriptomics enable precise gene
sequencing and transcriptome analysis of specific cell types
[12,13]. This technology offers new insights into the interac-
tions and adaptations of immune and stromal cells in healthy
and arthritic joints [11,14]. Although single-cell RNA sequenc-
ing (scRNA-seq) offers high cellular resolution, the enzymatic
tissue digestion required for this technique can disrupt native
tissue architecture [15]. This limitation poses challenges in pre-
serving the spatial organisation necessary for studying patholog-
ical cell-cell interactions and examining the distinct regional
environments of tophi [16]. Spatial transcriptomics (ST) offers a
complementary approach using spatially barcoded arrays on tis-
sue sections to study tissue architecture and cell-cell interactions
in detail at 55-um resolution [17,18]. Thus, integrating scRNA-
seq with ST provides a comprehensive approach to study cellular
organisation and interaction networks within tophi.

In this study, we used scRNA-seq to analyse the single-cell
gene expression profiles of joint-resident cells from patients
with intercritical gout (without tophi) and those with topha-
ceous gout. Additionally, we applied ST technology to explore
spatial gene expression patterns in the corona and fibrovascular
zones of the tophi. The present study aimed to identify unique
gene regulatory patterns involved in immune regulation, ECM
remodelling, and joint destruction during gout progression.

RESULTS

Single-cell RNA sequencing reveals distinct inmune and stromal
cell clusters in patients with gout with or without tophi

We collected synovial samples from 5 patients with intercriti-
cal gout without tophi, which is characterised by joint pain, red-
ness, swelling, and MSU crystal deposition in the synovium, as
observed by arthroscopy. Additionally, we collected samples
from 5 patients with tophaceous gout identified by intra-articu-
lar tophi (Supplementary Fig S1). Because of the cytotoxic
effects of MSU crystals on cell viability, we selected 3 samples
from each group with the highest cell viability for single-cell
sequencing (Fig 1A).

After quality control, we analysed 44,221 cells from synovial
tissue or tophus samples collected from 3 patients with intercrit-
ical gout and 3 with tophaceous gout (Supplementary Figs S2
and S3). The clinical characteristics of patients at the time of
arthroscopic surgery are summarised in Supplementary Table
S1. Following data integration with harmony to minimise sam-
ple-to-sample variation, the cells were classified into 18 broad
cell type-annotated clusters.
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Figure 1. Single-cell RNA sequencing identifies distinct immune and stromal cell clusters in patients with gout with or without tophi. (A) Study
design: single-cell RNA-seq (scRNA-seq) was performed on digested synovial or tophus tissue from 3 patients with intercritical gout without tophi and
3 patients with tophaceous gout, confirmed by arthroscopy. Spatial transcriptomics (ST) was performed on the corona and fibrovascular layers of the
dissected tophi corresponding to the scRNA-seq sample. (B) Single-cell landscape of 44,221 identified cells, with dimensional reduction performed
using uniform manifold approximation and projection (UMAP). (C) Distinct proportions of broad cell type-annotated clusters at different stages of
gout. (D) UMAP plots showing the expression of canonical marker genes for broad cell-type-annotated clusters. ****P < .0001, ***P < .001, **P <

.01, *P < .05. MSU, monosodium urate.NK cell, natural killer cell.

The main broad cell type-annotated clusters identified were
as follows: macrophages (8908 cells), T cells (7092 cells), endo-
thelial cells (5324 cells), fibroblasts (4834 cells), osteoblasts
(3993 cells), monocytes and cDC2 (2587 cells), pericytes (2459
cells), B cells (2210 cells), smooth muscle cells (1404 cells),
osteoclasts (1244 cells), natural killer cells (1088 cells), prolifer-
ating cells (1009 cells), mast cells (940 cells), and neutrophils
(531 cells). We annotated distinct cell-type clusters based on
manual identification using cell type-specific markers (Supple-
mentary Table S2) defined by prior knowledge. The distribution
of gene expression at the single-cell level was visualised using
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nonlinear, stochastic uniform manifold approximation and pro-
jection (UMAP) for dimension reduction (Fig 1B).

Differential abundances of various cell types across differ-
ent stages of gout were acquired, which were expressed as
frequencies within the total population per sample. In inter-
critical gout, neutrophils (P < .0001), B cells (P < .0001), T
cells (P < .0001), monocytes (P < .05), and mast cells (P <
.05) were significantly more abundant. Conversely, topha-
ceous gout was characterised by a significantly higher abun-
dance of macrophages (P < .0001), fibroblasts (P < .0001),
osteoclasts (P < .0001), and proliferating cells (P < .01)
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(Fig 1C). The expression levels of key markers for each cell
type-specific broad cell type-annotated cluster are shown in
Figure 1D.

Mapping spatial gene expression in tophi using ST

Spatial gene expression patterns within different layers of
tophus structures are an important but underexplored area [9].
Therefore, we conducted ST on 2 tophi samples—one from the

®) Corona zone
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corona zone and the other from the fibrovascular zone (Figs 1A
and 2A).

After identifying the top variable genes and performing prin-
cipal component analysis, we performed graph-based clustering
of the tophus spot transcriptome (4313 spots), revealing 11 dis-
tinct clusters across the corona and fibrovascular zones (Fig 2A,
B). Using robust cell-type decomposition (RCTD), we inferred
the cellular composition of each spot in the ST data by leverag-
ing the expression profiles of distinct cell types identified in sin-
gle-cell transcriptomic data. In the multisample integration
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Figure 2. Spatial cell distribution and differentiation clades across zones. (A) Representative haematoxylin and eosin (H&E) image and corresponding
spatial transcriptomics (ST) plot of the corona and fibrovascular zones (left to right). Scale bar = 550 uym. (B) Unsupervised clustering and uniform
manifold approximation and projection (UMAP) visualisation of 4313 spots coloured by cluster. (C and D) Proportions of different cell types in each
spot predicted by robust cell-type decomposition and dependent on cell-type abundance. The proportions of cell types in different spot clusters are
shown. (E) Composition plots showing the relative abundance of each cell type according to sample. (F) Top left: The osteoclast"®®" and macrophage-

high

clusters were selected for stLearn quasi-temporal analysis. Top right: pseudotime analysis of the selected clusters. Bottom left: segmentation of

clusters into subclusters and inferred spatial trajectory of subcluster progression. Bottom right: dendrogram of spatial trajectory progression. Scale
bar = 550 um. (G) Transition markers identified genes involved in the inferred progression processes, revealing genes whose expression increases or
decreases in pseudotime along spatial trajectories. ****P < .0001, ***P < .001 **P < .01,*P < .05. RCTD, robust cell-type decomposition.
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workflow for ST, we reclustered the spots based on the cell-type
composition predicted by RCTD, which estimates the proportion
of each cell type within each spot (Fig 2C,D).

Reclustering revealed 16 distinct clusters, with varying cell-
type abundances across each cluster, as visualised in a heatmap
(Fig 2C). The major cell types in each cluster were predicted
based on the distribution of mark gene expression (Fig 2D).
Using the cell-type proportions predicted by the RCTD for each
spot, we calculated the normalised cell-type composition
weights for the corona and fibrovascular zone samples. Among
all cell types, fibroblasts (P < .0001), mast cells (P < .05), and
proliferating cells (P < .05) had higher weights in the corona
zone samples, whereas osteoblasts (P < .0001) and proliferating
cells (P < .05) were more abundant in the fibrovascular zone
(Fig 2E).

Further ST analysis was performed to determine the cellular
evolutionary and developmental trajectories in the tophi. We
performed stLearn analysis on macrophage-rich and osteoclast-
enriched clusters in the fibrovascular zone (Fig 2F) and corona
zone (Supplementary Fig S4A), revealing the developmental
transition of macrophages into osteoclasts. The cell populations
of interest were segmented into subclusters in tissue sections.
The pseudotime analysis of these subpopulations was displayed,
with the inferred evolutionary and developmental trajectories
represented by arrows and tree diagrams (Fig 2F, Supplemen-
tary Fig S4B). Furthermore, transition markers were identified
to reveal the genes and signalling pathways involved in the
inferred developmental processes. These genes exhibited
increasing or decreasing expression along the pseudotime of the
spatial trajectory. Genes associated with the spatial trajectory
between subclusters (designated as ‘clade’) were identified
(Fig 2G, Supplementary Figs S4C,D). The results showed that
while genes supporting this differentiation trajectory overlapped
across different regions, the variety and function of these genes
were more diverse in the fibrovascular zone. Further enrichment
analysis revealed that these transition markers were associated
with lysosomal activity, consistent with the functional signature
of osteoclast differentiation (Supplementary Fig S5).

Identification of SPP1-expressing tophaceous gout-associated
macrophages in corona zone involved

Macrophages play a crucial role in gout flares and tophaceous
gout [19]. Previous studies have identified M1 and M2 macro-
phages as primary subclusters; however, the boundaries
between M1 and M2 are indistinct in UMAP plots following
dimensional reduction and clustering, with only minor differen-
ces in expression levels [20]. Therefore, a graph-based unsuper-
vised clustering method was used to assign classification labels
termed cell subcluster identifiers to each cell, identifying 23 dis-
tinct macrophage subclusters (Fig 3A). Comparative analysis of
cell composition revealed that subclusters MO (P < .0001), M6
(P < .0001), and M9 (P < .001) were specifically present in the
tophaceous gout group, whereas subclusters M1 (P < .05), M3
(P < .001), and M5 (P < .01) were specific to the intercritical
gout group (Fig 3B,C).

We next predicted their sequential order along one or more
virtual timelines, constructing cellular developmental or differ-
entiation trajectories (Fig 3D, left). Consistent with the unsuper-
vised clustering results, cells classified as M1, M3, and M5,
along with those from intercritical gout, occupied the starting
point of the pseudotime trajectory, whereas cells from topha-
ceous gout, particularly M0, M6, and M9, were found at the end-
point (Fig 3D, right). Thus, MO, M6, and M9 were identified as
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tophaceous gout-associated macrophages (TGAMs), whereas
M1, M3, and M5 were identified as intercritical gout-associated
macrophages (IGAMs) (Fig 3E). To verify the differentiation
relationship between macrophages and osteoclasts, we con-
ducted pseudotime analysis across all macrophage and osteo-
clast populations and identified genes with significant
expression changes along the pseudotime trajectory (Supple-
mentary Fig S6, top left). These genes may drive changes in cell
differentiation or function. Further analysis revealed that these
genes were enriched in processes related to oxidative phosphor-
ylation, arthritis, and reactive oxygen species (Supplementary
Fig S6, top right). In addition, the pseudotime distribution of
these cells revealed that IGAMs occupied the starting point and
TGAMs were positioned at the endpoint (Supplementary Fig S6,
bottom).

We screened the most DEGs in TGAMs and IGAMs. Notably,
among the top 10 DEGs, we identified 2 marker genes, secreted
phospohoprotein 1 (SPP1) and folate receptor beta (FOLR2),
which have been recently recognised as representing mutually
exclusive macrophage classifications (Fig 3F) [21—-23]. We then
conducted a pathway enrichment analysis using DEGs from the
TGAM subclusters (Fig 3G). This analysis identified several path-
ways previously implicated in gout pathogenesis in TGAMs,
including the nuclear factor kappa-B(NF-«B), NLRP, and tumor
necrosis factor(TNF) signalling pathways (Fig 3G). Furthermore,
we identified pathways associated with chronic inflammation,
such as osteoclast differentiation and IL-17 signalling (Fig 3G).

The roles of SPP1 and FOLR2 in different gout phenotypes
and their biological significance in tophus development warrant
further investigation. To explore this, we examined the expres-
sion of SPP1 and FOLR2 in macrophage subclusters. The results
revealed that the expression patterns of SPP1 and FOLR2 were
closely aligned with the distribution of TGAMs and IGAMs
(Fig 3H). The subclusters MO, M6, and M9 had the highest pro-
portions of SPP1™" cells and elevated levels of ECM-regulating
genes, such as matrix metalloproteinases 9 (MMP9) and chiti-
nase-3-like protein 1(CHI3L1). Conversely, subclusters M1, M3,
and M5 contained almost no SPP1™" cells and were predomi-
nantly composed of FOLR2™ cells (Fig 3I). Furthermore, we
reassessed the expression levels of SPP1, FOLR2, and MMP9 in
tophaceous gout and intercritical gout samples, confirming the
significant presence of SPP1*MMP9™" macrophages in topha-
ceous gout samples and FOLR2™ macrophages in intercritical
gout samples (Fig 3J).

We then conducted flow cytometry on CD68" cells isolated
from both intercritical and tophaceous gout digested joint tis-
sues to validate the coexpression of SPP1, MMP9, and CHI3L1
(Supplementary Fig S7). Result showed a marked proportion of
SPP1*CHI3L1", SPP1*MMP9", and CHI3L1*MMP9* macrophage
subsets in the tophaceous gout group compared to the intercriti-
cal gout group (Fig 3K). A strong correlation was also observed
among the expressions of SPP1, MMP9, and CHI3L1 in macro-
phages. Specifically, the proportions of these double-positive
populations in tophaceous gout samples reached approximately
2.74%, 0.75%, and 0.53%, respectively—significantly higher
than in intercritical gout samples, where each subset accounted
for less than 0.50%.

SPP1* TGAMs exhibit distinct characteristics related to ECM
remodelling compared with gout flare-associated synovial fluid
macrophages

The cellular phenotypic alterations induced by tophi are com-
plex and profound. While we previously identified the critical
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Figure 3. Identification of SPP1-expressing tophaceous gout-associated macrophages involved in extracellular matrix remodelling. (A) Uniform mani-
fold approximation and projection (UMAP) plot of macrophages. (B) Proportions of macrophage subclusters across each sample. (C) Violin plots show-
ing the distribution of the M1, M3, M5, M0, M6, and M9 subtypes in patients with intercritical gout and tophaceous gout. (D) Left: pseudotime
differentiation pathway of tophaceous gout-associated macrophages (TGAMs). Right: distribution of cell counts across different subclusters of TGAMs
in pseudotime analysis. (E) UMAP plot of macrophage reclustering based on sample-specific characteristics. (F) Heatmap depicting gene expression
levels of the top 10 genes with the highest average Log2-fold change (avgLog2FC) in intercritical gout-associated macrophages (IGAMs) and TGAMs.
(G) Enrichment analysis of differentially expressed genes (DEGs) in TGAMs. (H) UMAP plot showing the expression of SPP1 and FOLR2 in macro-
phages. (I) Violin plots showing gene expression in several sample-specific macrophage subtypes. (J) Gene expression levels of SPP1, FOLR2, and
MMP9 in intercritical gout and tophaceous gout samples. ****P < .0001, ***P < .001 **P < .01, and *P < .05. (K) Flow cytometry was performed on
CD68* cells isolated from synovial tissues of intercritical gout (IG) and tophaceous gout (TG). Left: coexpression of SPP1 and CHI3L1. Middle: coex-
pression of SPP1 and MMP9. Right: coexpression of CHI3L1 and MMP9.

2093



H. Xuet al.

role of SPP1* TGAMs in tophi, we further explored the specific-
ity of their gene expression profiles. Therefore, we performed an
integrated analysis of single-cell data from tophi and synovial
fluid from 3 patients with gout flares to identify genes specifi-
cally upregulated in chronic gouty arthritis [24]. Applying
CD68, colony-stimulating factor-1 receptpr (CSF1R), cathepsin S
(CTSS), and complement C1q A chain (C1IQA) as markers for
macrophages, we identified a distinct of macrophages popula-
tion in the combined dataset following standard preprocessing
and clustering procedures for downstream differential gene
expression analysis (Fig 4A and Supplementary Figs S8 and S9).
When compared to IGAMs, TGAMs specifically upregulated
genes related to gout inflammation. In contrast, TGAMs exhib-
ited elevated expression of specific genes, including MMP12,
MMP7, collagen type VI alpha-3 chain (COL6A3), and COL6A2
compared to flare-associated synovial fluid macrophages
(FASFMs) (Fig 4B). Subsequent pathway enrichment analysis of
these TGAMs-specific genes revealed a marked upregulation of
ECM remodelling pathways, including protein digestion and
absorption and ECM-receptor interaction (Fig 4C).

Genes such as SPP1, CHI3L1, and COL6A2 exhibited low
expression levels in FASFMs but were markedly upregulated
across the TGAMs (Fig 4D). This pattern suggests the presence
of a distinct cellular microenvironment within tophi that drives
a transcriptional program not observed in acute inflammation.
Furthermore, gene coexpression analysis revealed that COL6A2
was positively correlated with both SPP1 and CHI3L1 (Fig 4E).

To validate the potential association between SPP1 expres-
sion and gout development, we performed a Mendelian random-
isation (MR) analysis. The scatter plot shows that 1 SD increase
in SPP1 expression is associated with a 0.6% increase in the risk
of gout flare-ups (P 1.274 x 107> for inverse variance
weighted, 1.750 x 10~ for weighted median, 4.263 x 1072 for
simple mode, and 7.636 X 1073 for weighted mode) (Fig 4F).
Additionally, the leave-one-single-nucleotide polymorphisms-
out plot was used to estimate the MR effect size of SPP1 expres-
sion on gout, treating it as an instrumental variable in the analy-
sis (Fig 4G).

Stromal cells exhibited a proinflammatory phenotype in
intercritical gout and an ECM-regulatory phenotype in
tophaceous gout

A key feature of tophaceous gout is tissue matrix remodel-
ling, which includes fibrosis and osteochondral matrix remodel-
ling [8]. Cells involved in ECM regulation may play a critical
role in the remodelling of the synovium and osteochondral ECM
in tophaceous gout; however, the role has not been thoroughly
described in previous studies [19,25]. We used an unsupervised
approach to analyse the abundance of 17 identified fibroblast
subclusters in intercritical gout and tophaceous gout, revealing
3 intercritical gout-specific subclusters and 4 tophaceous gout-
specific subclusters (Fig 5A,B). By analysing the intersubtype
correlation, we classified these subclusters into distinct func-
tional subgroups (Fig 5C). We identified a subgroup of intercriti-
cal gout-associated fibroblasts, characterised by a strong
inflammatory signature, comprising F3 (P < .0001), F9 (P <
.0001), and F13 (P < .05). Conversely, tophaceous gout-associ-
ated fibroblasts (TGAFs) were classified into 2 groups—TGAF-1,
which included FO (P < .0001) and F1 (P < .0001), and TGAF-2,
which included F5 (P < .05) and F8 (P < .05) (Fig 5B,C).

Notably, TGAF-2 exhibited a phenotype similar to SPP1~"
macrophages in tophi, characterised by increased expression
of SPP1, MMP9, and CD68, along with DEGs associated with
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chronic inflammation and antigen processing (Fig 5D). Path-
way analysis revealed that F3, F9, and F13 are primarily
linked to ECM degradation and inflammatory responses, par-
ticularly complement regulation and IL-17/TNF/NF-kB sig-
nalling. Conversely, TGAF-1 was primarily associated with
ECM interactions and protein digestion, contributing to tis-
sue stability (Fig 5E). Cellular trajectory reconstruction anal-
ysis using gene counts and expression (CytoTRACE) analysis
revealed that TGAMs possessed higher stemness and differen-
tiation potential compared to TGAF-2 fibroblasts (Fig 5G).
Further analysis on combination population of TGAM and
TGAF-2 revealed that fibroblast8 closely aligns with TGAM
in UMAP and pseudotime differentiation trajectories, indicat-
ing possible macrophage-fibroblast transition in gout
(Fig 5H). Kyoto Encyclopedia of Genes and Genomes enrich-
ment analysis of branch-dependent genes revealed that
TGAF-2 plays a dual role in ECM remodelling and inflamma-
tory responses at the endpoint (Fig 5F and Supplementary
Fig S10).

We next performed immunofluorescence staining for
S100A4, which is a classical fibroblast marker, CD68, as a mac-
rophage marker, and SPP1 in serial sections of tophi. Notably,
the corona zone adjacent to the tophus core exhibited an ele-
vated triple-positive proportion (S100A4*SPP1*CD68") cells,
indicative of potential macrophage-fibroblast intermediate
states. In contrast, coexpression of these markers was weak and
minimally colocalised in the fibrovascular zone (Fig 5I, top).
Line profile analysis revealed clear intracellular colocalisation
of these markers, and Mander’s coefficients for S100A4/CD68
(P < .0001), S100A4/SPP1 (P < .05), and SPP1/CD68 (P <
.001) were significantly elevated in the corona zone relative to
the fibrovascular zone (Fig 5I, bottom). These findings offer spa-
tial and protein-level evidence supporting the potential of a tran-
sitional cell population bridging TGAMs and TGAF-2 fibroblasts
in the tophus microenvironment.

To further explore the role of SPP1 in the function of TGAMs
and TGAF-2, we performed differential causal inference (DCI)
analysis using SPP1 and CHI3L1 as seed nodes within these 2
pathways. Within the TGF-f signalling module, SPP1 and
CHI3L1 displayed rewired causal relationships with core regula-
tors, including SMAD3, TGFB1, TGFBR1, and ALKBH5. Notably,
SPP1 emerged as a central hub, receiving upstream input from
SMAD7 and exerting influence on downstream SMAD3 family
members, suggesting a potential role in modulating canonical
TGF-f transcriptional output (Fig 5J, top). In the ECM-receptor
interaction network, SPP1 was highly integrated into the regula-
tory architecture, forming directed edges with matrix-associated
receptors (CD44, SDC1) and structural components (FNI,
COL1A1, COMP). The directionality of these edges suggests that
SPP1 may function as an upstream modulator of ECM assembly
and remodelling (Fig 5J, bottom).

Osteoblasts also showed clear specificity at different stages of
the disease. We identified 24 subclusters of synovial osteoblasts
(Supplementary Fig S11A). Specifically, subclusters OB 2 (P <
.0001), OB 3 (P < .0001), OB 5 (P < .05), and OB 6 (P < .001)
were more prevalent in tophaceous gout, whereas subclusters
OB 0 (P < .0001), OB 8 (P < .0001), OB 9 (P < .01), and OB 10
(P < .01) were significantly enriched in intercritical gout (Sup-
plementary Figs S11B,C). Based on gene expression patterns,
especially IL6, these subclusters were classified as tophaceous
gout-associated osteoblasts (TGAOs) and intercritical gout-asso-
ciated osteoblasts (IGAOs) (Supplementary Fig S11D). Enrich-
ment analysis revealed that genes specific to IGAOs were
primarily associated with proinflammatory responses, including
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complement regulation and classical gout-related pathways,
such as TNF/NF-xB signalling, consistent with the patterns
observed in IGAF subclusters. Conversely, TGAOs exhibited a
markedly different functional profile, with a notable decrease in
proinflammatory subclusters and an increase in genes associated
with protein digestion and absorption, focal adhesion, and ECM-
receptor interactions (Supplementary Fig S11E). To quantify
functional divergence, gene set scoring revealed that IGAOs dis-
played higher inflammation scores, while TGAOs showed signif-
icantly increased protein-remodelling activity (Supplementary
Fig S11F). Further DCI analysis revealed condition-specific regu-
latory rewiring centred on fibroblast activation protein (FAP),
cathepsin B (CTSB), and cathepsin K (CTSK), spanning 4 repre-
sentative pathways: ECM-receptor interaction, protein digestion
and absorption, TNF signalling, and IL-17 signalling (Supple-
mentary Fig S11G).

Activation of SPP1-CD44 signalling pathway in macrophages
and fibroblasts within the tophus corona zone

Since we have identified tophi-specific subclusters of macro-
phages, fibroblasts, and osteoblasts with significant research
potential, we next used single-cell and ST to assess the potential
strength and spatial distribution of interactions within and
between these cell populations.

Overall, single-cell sequencing revealed that the tophaceous
gout group exhibited more frequent and robust intercellular
interactions with fibroblasts and osteoblasts (Fig 6A,B). To fur-
ther explore these interactions, we examined specific receptor-
ligand pairs enriched in distinct cell populations. Bubble plots
illustrate the receptor-ligand interactions between TGAMs and
fibroblasts or osteoblasts, highlighting significant pairs, such as
SPP1-CD44 interaction in TGAMs and collagen family-integrin
interactions in fibroblasts (Fig 6C,D).

We also assessed cell communication probabilities based on
the spatial expression profiles of ligands and receptors, consider-
ing the spatial distances and competitive interactions between
the receptor-ligand pairs. The communication directions among
cells within the corona and fibrovascular zones are illustrated in
stained tissue sections (Fig 6E,F). Pathways were ranked based
on normalised communication intensities, with a bar graph
showing the top 10 signalling pathways and heatmaps illustrat-
ing the relative interaction strengths among cell types within
these pathways (Fig 6E,F). In the corona zone, the SPP1-related
pathway was most prominent, whereas in the fibrovascular
zone, complement and collagen pathways were predominant
(Fig 6E,F).

In the SPP1-related pathway within the corona zone, the
most prominent receptor-ligand pair identified was SPP1-CD44,
with macrophages, fibroblasts, and osteoblasts as senders or
receivers (Fig 6G). We then used the tradeSeq package to iden-
tify DEGs significantly regulated by this signalling pathway,
revealing genes modulated by SPP1 signalling (Fig 6H,I). The
pathways enriched in these genes included focal adhesion, ECM-
receptor interactions, and protein digestion (Fig 6J). This find-
ing indicates that SPP1* macrophages and fibroblasts may regu-
late downstream TGAF and TGAO through SPP1-CD44

Ann Rheum Dis 84 (2025) 2088—2102

signalling, as previously defined. In the collagen pathways of
the fibrovascular zone, fibroblasts act as primary sender cells
that modulate other fibroblasts, osteoblasts, and osteoclasts. The
most prominent ligands identified were members of the collagen
type I family, while the receptors included CD44 and endoge-
nous integrins (Fig 6K). The DEGs regulated by these collagen
pathways were closely associated with ECM regulation (Fig 6L,
M), with enriched pathways involving ECM-receptor interac-
tions and protein digestion (Fig 6N).

Differential abundance and distinct transcriptional profiles of
specific T-cell clusters in intercritical and tophaceous gout

The role of T cells in gout, particularly in tophi, has not been
reported in detail [9]. Validated T-cell classification marker
genes provide a reliable basis for identifying cell types in gout
[11]. Therefore, we used specifically expressed genes as markers
for each cell subcluster (Fig 7A). A list of the cell clusters and
their annotated cell types is provided in Supplementary Table
S3. In this study, T cells were present in both intercritical gout
and tophaceous gout, with primary heterogeneity between the 2
groups observed in the CD4™ T-cell subpopulations. Among
CD4™" T cells, CD4™ naive T cells (CCR7 ") were more abundant
in intercritical gout than in tophaceous gout (P < .0001),
whereas CD4 ™" regulatory T cells (CTLA4" FOXP3™) were sig-
nificantly elevated in tophaceous gout (P < .01) (Fig 7B,C). Fur-
ther pseudotime trajectory analysis revealed that
undifferentiated CD4" T cells (CCR7™") gradually differentiated
into CTLA4* FOXP3™ cells along the trajectory (Fig 7D). Consis-
tent with this finding, cells from tophaceous gout were found at
the endpoint of the pseudotime trajectory, with a similar distri-
bution observed only in CTLA4* FOXP3* cells (Fig 7E).

To further explore the relationship between phenotypic
changes in CD4* T cells and SPP1 " macrophages, we conducted
an additional cell-chat analysis. The comparison of intercellular
communication signal intensities between groups showed that,
whether acting as ligand or receptor cells, CTLA4* FOXP3"* and
TGAMs exhibited stronger communication intensities than
IGAMs (Fig 7F). The bubble plot of the receptor-ligand interac-
tion analysis between TGAMs and CTLA4* FOXP3™ identified
unique receptor-ligand pairs, such as Peptidylprolyl Isomerase
A-Basigin (PPIA-BSG) and SPP1-CD44 (Fig 7G,H).

DISCUSSION

Tophi plays a central role in gout-associated joint damage. In
this study, we used scRNA-seq and ST to analyse cellular hetero-
geneity and spatial distribution of immune-stromal populations
in tophi and synovial tissues from patients at different stages of
gout. Our most significant finding is the identification of a speci-
alised phenotypic subgroup, SPP1" TGAMSs, which we demon-
strate for the first time to be highly related to the progression
from chronic inflammatory processes to tophus development
and ECM reorganisation (Fig 8). SPP1" macrophages coex-
pressed immunoregulatory and matrix-remodelling markers,
exhibiting a fibroblast-like phenotype. They also displayed
enhanced osteoclast differentiation capacity and engaged in

TGAMs. (F) Mendelian randomisation scatter plot shows that for each SD increase in SPP1 expression, the risk of gout flare-ups increases by 0.6% (P
values: 1.274 x 107° for inverse variance weighted, 1.750 X 10~ for weighted median, 4.263 X 10~ for simple mode, and 7.636 x 10~ for weighted
mode). (G) The leave-one-single-nucleotide polymorphisms (SNPs)-out plot assesses the effect of SNP used as instrumental variables in the MR analy-
sis. ****P < .0001, ***P < .001, **P < .01, and *P < .05. ECM, extracellular matrix; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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integrin-mediated crosstalk with fibrovascular niche compo-
nents, including fibroblasts, osteoblasts, and regulatory T cells
(Tregs).

SPP1, a multifunctional member of the small integrin binding
ligand N-linked glycoprotein family, participates in diverse
pathophysiological processes including skeletal homeostasis,
inflammatory modulation and tissue fibrosis [26,27]. Our study
reveals that this multifaceted protein exhibits stage-specific cel-
lular expression patterns in gout pathogenesis. SPP1* TGAMs
were exclusively detected in the tophi microenvironment
(absent in other disease stages and peripheral blood) [11]. They
displayed an increased expression of fibrosis-related genes, such
as CHI3L1 and MMP9. CHI3L1 promotes profibrotic macrophage
differentiation in pulmonary fibrosis, directly interacts with col-
lagen I, and is involved in ECM remodelling [28]. MMP9, which
is also well known for its role in ECM remodelling, is regulated
by SPP1 and CHI3L1 [29,30].

Notably, the functional specialisation of SPP1* TGAMs arises
from their anatomical confinement within tophus niches. Unlike
other fibrotic conditions, gout manifests organised, crystal-cen-
tred multilayered structure. Within the fibrovascular zone,
SPP1* TGAMs engage in a macrophage-to-osteoclast differentia-
tion trajectory. This observation is further supported by our sin-
gle-cell transcriptomic data. Pseudotemporal trajectory analysis
revealed significant enrichment of genes involved in lysosomal
activity and calcium-dependent protein binding—hallmark
pathways essential for osteoclastic bone resorption [31,32].
Consequently, the osteoclastic differentiation of SPP1* TGAMs
within the fibrovascular zone provides a mechanistic explana-
tion for the characteristic bone erosion observed in tophaceous
gout. Spatially distinct in function, corona zone-localised SPP1 ™"
TGAMs (vs fibrovascular zone populations) demonstrated
unique integrin-mediated cell cross-talks with fibroblasts. This
spatial functional heterogeneity suggests that SPP1* TGAMs
may differentially regulate ECM degradation and synthesis
according to their microenvironmental localisation, thereby
helping maintain the intricate structural organisation of the
tophus.

Interestingly, unlike their well-characterised immunosup-
pressive phenotype in tumour tissues, SPPI* macrophages
exhibit a distinct transcriptional activation profile central to the
gout pathogenesis, particularly IL-17 pathways, which may initi-
ate and sustain the chronic inflammatory loop within the tophi
[33—37]. IL-17A was previously proved to promote the differen-
tiation of monocytes into SPP1* macrophages. These macro-
phages remodel fibrillar collagen via TGF-f1-mediated
signalling pathways [38]. This IL-17-SPP1 self-reinforcing loop
of matrix degradation and fibrogenesis likely drives the progres-
sive encapsulation characteristic of mature tophi. Moreover,
COL6A2, a widely expressed ECM component that is critical for
maintaining tissue structural integrity and regulating diverse
cellular processes, was identified as one of the most significantly
upregulated genes at chronic gouty arthritis stage [39]. Elevated

COL6AZ2 expression has been shown to promote vascular remod-
elling and immune microenvironment reorganisation via activa-
tion of the PI3K—Akt and TGF-# signalling pathways in renal
carcinoma [40]. Consistently, we found that SPP1* TGAMs in
tophi similarly exhibit hyperactivation of these analogous path-
ways, underscoring their role in driving ECM pathological
remodelling.

This unique transcriptional profile suggests that SPPI*
TGAMs retain moderate inflammatory activity relative to inter-
critical macrophages while predominantly acquiring enhanced
collagen VI-dependent ECM-regulatory functions compared
with clusters of FASFM. Notably, a distinct cellular subset, tenta-
tively termed TGAF2, was observed to share a similar transcrip-
tional pattern, characterised by coupregulation of SPP1, MMP9,
and CD68—features consistent with macrophage-to-myofibro-
blast transition under persistent inflammatory stimulation [41].
We also identified S100A4 within TGAM-specific gene modules,
implying a potential phenotypic shift towards a collagen-pro-
ducing and fibroblast-like state. The functional interplay
between these 2 cellular subsets and their potential for transi-
tion warrants further investigation.

Cell communication and phenotypic interactions between
SPP1* TGAMs and rest cells reveal immunoregulatory net-
works. Enhanced SPP1-CD44 interaction between SPPI™
TGAMs and fibroblasts may be part of a broader regulatory net-
work. For instance, SPP1-CD44 signalling could activate PI3K/
AKT, suppress apoptosis, and maintain ECM homeostasis, sup-
porting its role in matrix regulation [42]. SPP1-CD44 signalling
functions not as a standalone ligand-receptor event, but as a con-
text-dependent axis that integrates upstream transcriptional
cues and downstream signalling to regulate ECM remodelling.
Likewise, previous studies have linked SPP1-CD44 interactions
to Th17 differentiation and T-cell exhaustion [29,43]. Our find-
ings supported this in tophaceous gout, showing a shift towards
SPP1-CD44 between SPP1* TGAMs and naive T cells as well as
Tregs. This interaction suggests that the local microenvironment
may favour Treg induction over Th17 polarisation. The Th17/
Treg axis plays a pivotal role in maintaining immune homeosta-
sis during gout. During gout remission, the Treg/Th1l7 ratio
increases in peripheral blood, and Tregs exhibit elevated CTLA4
expression, which is critical for their immunosuppressive func-
tion [14]. Our analysis confirmed an increased proportion of
Tregs in tophaceous gout, along with elevated CTLA4 expres-
sion, suggesting that SPP1" TGAMs may promote immune sup-
pression by facilitating Treg differentiation [14].

While this study provides novel insights into the cellular
dynamics of gout, certain limitations should be considered in
interpreting the findings: (1) the spatial resolution of current
transcriptomic approaches and the restricted diversity of avail-
able sample types impose constraints on data interpretation.
Although the integration of ST with scRNA-seq improves spatial
resolution and cell-type mapping, the inherent ~55 um resolu-
tion limit of the 10x Visium platform, combined with the

gout-associated macrophages (TGAMs) and TGAFs by Cellular trajectory reconstruction anlysis using gene counts and expression (CytoTRACE). (H)
Left: pseudotime analysis of TGAMs and TGAF-2. Middle: UMAP downscaling of TGAMs and TGAF-2. Right: UMAP downscaling of TGAMs and TGAF-
2 with pseudotime. (I) Top: representative multiplex immunofluorescence images showing S100A4 (red), SPP1 (green), CD68 (yellow), and 4’,6-dia-
midino-2-phenylindole (DAPI) (blue) staining in the fibrovascular zone (top) and corona zone (bottom). Merged and magnified views are presented to
highlight areas of triple-marker colocalisation. Bottom: line intensity profiles show fluorescence signal distribution across representative regions of
interest (ROI). Bar graphs quantify pairwise colocalisation using Manders’ coefficients for SI00A4/SPP1, S100A4/CD68, and SPP1/CD68. ****P <
.0001, ***P <.001, **P < .01, *P < .05. (J) Differential causal interactions centred on SPP1 and CHI3L1 within the transforming growth factor (TGF)-
p signalling pathway (left) and ECM-receptor interaction pathway (right), inferred from differential causal inference (DCI) analysis comparing TGAMs
and intercritical gout-associated macrophages (IGAMs). Arrows represent the direction of inferred regulatory influence. CT, cellular trajectory.
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limited number and diversity of tissue samples, restricts precise potential transition events and confirm functional cell-cell com-
gene localisation and comprehensive identification of rare or munication networks.

transitional cell states. (2) Although CytoTRACE effectively In conclusion, this study revealed key cell-type and subtype
highlights stemness differences between TGAMs and TGAF2 transitions at various stages of gout, identifying SPP1* TGAMs
populations, definitive experimental evidence supporting cell as a crucial population linking ECM remodelling to inflamma-
state transitions and direct intercellular interactions is still tory processes associated with gout. This study offers new
required. Future studies incorporating lineage tracing and coim- insights into the pathophysiology of gout, indicating that target-
munoprecipitation approaches will be necessary to validate ing the critical SPP1™ macrophage may provide an effective
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strategy for inhibiting tophus formation and preventing tissue
fibrosis, and osteoclast differentiation, ultimately blocking the
formation of tophi and preventing joint damage.

METHODS

Detailed experimental methods and technical details are pro-
vided in the Supplementary Materials.
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ARTICLE INFO ABSTRACT

Article history: Objectives: This study aims to evaluate the efficacy of intra-articular autologous adipose-derived
Received 23 May 2025 . . .
Received in revised form 29 July 2025 ex ano ex.panded mese'nch).rmal stromal cel%s .(ADSC) on patlent-reporFe.d outcome (pain and
Accepted 29 July 2025 function) in symptomatic mild-to-moderate tibiofemoral knee osteoarthritis (OA).

Methods: Participants were randomised in a prospective, double-blind, controlled phase 2b study
to receive 1 single intra-articular injection in 3 separate groups: ADSC low dose 2 X 10° cells;
ADSC high dose 10 x 10° cells; or saline placebo. The primary outcome was the rate of OsteoAr-
thritis Research Society International (OARSI)/Outcome MEasures in Rheumatology (OMER-
ACT) ‘strict responders’ defined by improvements from baseline reported to 0 to 100 mm scale
in Western Ontario and McMaster University Osteoarthritis index (WOMAC) pain or physical
function subscores >50% with minimal absolute changes >20 mm at 6 months. Secondary out-
comes included an evaluation of WOMAC pain, WOMAC function, quality of life (36-Item Short
Form Health Survey), WOMAC and Knee injury and OA Outcome Score global change, magnetic
resonance imaging cartilage thickness changes and safety from baseline to 12-month follow-up.
Results: One hundred thirty-five patients were randomised from September 2016 to March 2022
(mean age, 58.3 [SD, 6.5] years; 58 [43%] women), 99 (73%) received allocated intervention,
and 97 were analysed. After 6 months, treatment with ADSC versus placebo injection, 26
patients (47.3%) versus 23 patients (54.8%) were strict OARSI/OMERACT responders (relative
risk 0.86 [95% CI: 0.58-1.28]; P = .46). Individuals showed different patterns in cartilage thick-
ness change between timepoints across tibiofemoral articular surfaces, but overall secondary
outcomes showed no significant-group differences.

Conclusions: Among patients with symptomatic mild-to-moderate knee OA, a single intra-articu-
lar injection of 2 X 10° or 10 x 10° autologous ADSC compared with injection of saline placebo
did not significantly improve pain and function.

Trial registration number: ClinicalTrials.gov Identifier: NCT02838069, https://clinicaltrials.gov/
study/NCT02838069/EudraCT number: 2015-002125-19, https://www.clinicaltrialsregister.
eu/ctr-search/search?query =2015-002125-19.

INTRODUCTION protection against tissue hypoxia, reduction of fibrosis, and
local inflammation [6]. MSCs can be isolated from a large
Osteoarthritis (OA) is a multifactorial, slowly progressive dis- number of tissues, including bone marrow and adipose tissue

order of joints leading to irreversible damage to cartilage and ~ [7,8]. Adipose-derived MSCs (ADSC) are similar to bone
subchondral bone and synovial inflammation [1]. It is the most =~ marrow-derived MSCs but easier to collect for clinical appli-
common musculoskeletal disease in adults affecting more than ~ cation with higher isolation yields. These cells, when
23% of the worldwide population over 50 to 79 years and a injected in the knee joint in preclinical models, prevented
major cause of disability [2]. As a consequence of ageing and =~ OA onset, reduced synovitis, and osteophyte formation
the prevalence of obesity, the cost of OA to healthcare systemsis ~ [9—11]. MSCs from different tissue sources have been used
growing rapidly [3]. While end-stage disease can be treated in nearly 3000 patients with a convincing safety profile
with joint replacement, at earlier stages, there is no effective dis- [12]. In addition, several MSC-based therapies (such as
ease-modifying treatment for this condition. Stempeucel, Temcell HS, Cartistem, Prochymal, Cellgram-

Biological therapies, including platelet-rich plasma, bone = AMI, Stemirac, Alofisel, Obnitix, and others) are approved in
marrow concentrate or lipoaspirate, as well as cell therapy  certain countries [13]. The Global Mesenchymal Stem Cells
are either not recommended or are recommended against by =~ Market Size accounted for $1.7 billion (BN) in 2021 and is
international guidelines for the treatment of knee OA [4,5]. targeted to achieve a market size of $3.4 BN by 2030,
These recommendations reflect the current lack of sufficient despite high production costs [14]. In OA, MSC-based thera-
high-quality evidence supporting the routine use of these pies, from both autologous and allogeneic tissues, have been
intra-articular injections. However, the use of mesenchymal assessed in randomised clinical trials and meta-analyses, and,
stromal cells (MSCs) is an attractive therapy since, under the independent of the cell origin (bone marrow, adipose or
correct in vitro conditions, they display trilineage differentia-  umbilical cord [UC]), have showed similar improvement in
tion including a capacity to form cartilage and bone,  pain, function, quality-of-life scores and cartilage volume
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WHAT IS ALREADY KNOWN ON THIS TOPIC

* Mesenchymal stromal cells (MSC)-based therapies, from both
autologous and allogeneic tissues, showed encouraging results
in pain, function, quality of life scores, and cartilage volume in
osteoarthritis (OA).

* Previous data are based on small sample sizes and have been
limited by a high risk of bias to allow for robust and definitive
conclusions.

WHAT THIS STUDY ADDS

* We conducted a multicentric randomised double-blind placebo-
controlled study in knee OA with a single intra-articular injection
of autologous adipose-derived mesenchymal stromal cells
(ADSC), manufactured by ex vivo Good Manufacturing Procedures
(GMP) expansion, and compared with placebo saline injection.
Among adults with symptomatic mild-to-moderate radiologi-
cally defined knee OA, treatment with autologous ADSC versus
saline injection is safe but did not significantly improve knee
pain or function.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

* The phase II ADIPose-derived mesenchymal stromal cells in
OsteoArthritis (ADIPOA2) study successfully tackled the chal-
lenge of harmonising and standardising GMP-compliant pro-
duction of MSC therapy across several different manufacturing
sites in Europe.

Further research should consider the short lifespan of MSC and
lack of cell engraftment once injected and might explore bioen-
gineering and stratified approaches, targeting patient sub-
groups, to address the multifactorial nature of OA degradation.

[15,16]. However, these data are based on small sample
sizes and have been limited by a high risk of bias in open or
uncontrolled clinical trials, and particularly by the lack of
blinding to allow for robust and definitive conclusions
[17,18].

Here, we conducted a randomised, double-blinded trial in 6
European countries with robust methodology. This study evalu-
ated the efficacy of a single intra-articular ADSC injection on
reported symptoms and structure in patients with symptomatic
mild-to-moderate knee OA. It was hypothesised that ADSC
would lead to greater improvements in knee pain intensity and
function at 6 months when compared with placebo saline injec-
tion.

MATERIALS AND METHODS
Study design

The ADIPose-derived mesenchymal stromal cell in OsteoAr-
thritis (ADIPOA2) was a 3-arm phase 2b, multicentric, rando-
mised, double-blind controlled trial (RCT). This trial was
approved in France, Ireland, Italy, Netherlands, and Germany
according to European and local regulation and the Voluntary
Harmonization Procedure initial submission on 2 April 2016.
The clinical trial is registered under EudraCT (number 2015-
002125-19) and on clinicaltrials.gov (NCT02838069). All par-
ticipants provided written informed consent. The trial protocol
is available in Supplementary File 1.

A summary of ADSC procedure and manufacturing steps is
available in Supplementary File 2. The autologous ADSC were
produced and prepared at 4 sites in Europe (Toulouse and St
Ismier, France; Galway, Ireland; Ulm, Germany). Details of the
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ADSC characteristics, standardised production and delivery
according to Good Manufacturing Procedures standards, are
available in Supplementary File 2. The time between adipose tis-
sue aspiration and injection of the ADSC into the knee was 15 to
16 days, where 1 day (<24 hours) was required for transport of
the lipoaspirate to the manufacturing centre, 13 to 14 days for
cell culture and 1 day (<24 hours at +4°C) for delivery of the
isolated and expanded ASC to the clinical centre for transport.
For both ADSC groups together, the mean for viability was
93.7% and the median 93.0% + 4.8%.

Patient selection and enrolment

Participants were recruited by orthopaedic and rheumatol-
ogy clinicians in 5 European countries (France, Ireland, Italy,
Netherlands, and Germany). All inclusion and noninclusion cri-
teria are detailed in Table 1.

Interventions

Patients meeting the eligibility criteria were allocated to
treatment groups in 3 arms: low-dose group (LD) 2 X 10° ADSC,
high-dose group (HD) 10 X 10° ADSC and control group receiv-
ing saline. Eligible participants attended the clinic to complete
questionnaires at 1, 3, 6, 9, and 12 months post treatment.
Unscheduled visits were allowed at any time for safety reasons
or for the assessment of any adverse events (AEs) as required.

In both ADSC arms, all the patients underwent an outpatient
liposuction under local anaesthesia. In the control group, a
sham lipoaspiration (without removing adipose tissue) was per-
formed to mimic the procedure and to ensure that all interven-
tions were fully blinded.

Participants in each group received 1 single intra-articular
knee injection (volume 5 mL) under ultrasound guidance using
a lateral patellofemoral approach by an experienced musculo-
skeletal radiologist/rheumatologist without local anaesthetic
injection. The cell preparation consisted of either LD or HD cells
suspended in a solution containing 4.5% of human albumin
(Octapharma) supplemented with 10% of poly-ionic solution
containing 5% glucose (Baxter or B/BRAUN). Pharmacists
received the ADSC preparation, confirmed quality control data
and conditioned also normal saline prepared by manufacturing
centres in a syringe with 18 to 20 gauge needle in a separate
room. Then, the radiologist/rtheumatologist performed the knee
injection using a physical barrier (such as a drape or a cloth
screen) to ensure that the participant remained fully blinded to
the treatment.

Randomisation and masking

Patients were randomly assigned to LD ADSC, HD ADSC, or
placebo in a 1:1:1 allocation, and randomisation was stratified
by centre with permuted blocks. The randomisation was per-
formed online on a 24 h/d basis by the central randomisation
web-service customised by the KKS Diisseldorf. Plastic surgeons
who performed the liposuction and radiologists/rheumatolo-
gists who carried out the injections did not have any discussion
about treatment allocation with patients and clinical observers.
The investigator did not have access to the list of treatment
codes used for blinding. Thereby, KKS transmitted the treatment
code of the patient to each local pharmacy. Participants, asses-
sors, and the biostatistician were blinded to group allocation.
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Table 1
Eligibility criteria in ADIPOA2 study
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Inclusion criteria

Exclusion criteria

1

2
3

iii.

4

i

5

6

7

[

)
)

=

ii.

ii.

<

=

-

Male or female between the ages of 45
and 70, inclusive, during screening.
BMI between 20 and 35 kg/m?
Symptomatic mild-to-moderate osteo-
arthritis (OA) of the index knee as
defined at baseline by the American
College of Rheumatology (ACR):

. History of pain in the index knee > 6

mo, AND

ii. Kellgren and Lawrence (K-L) grade 2

or 3 only, on plain radiographs of the
index knee (including fixed flexion),
AND
Swelling of the index knee evaluated
by the investigator (joint effusion or
soft-tissue swelling)
Must meet the following pain criteria
at the time of baseline visit since at
least half of the days in the previous
month:
Western Ontario and McMaster Uni-
versities Osteoarthritis Index
(WOMAC) pain subscores > 40 mm
on the 0 to 100 normalised scale
Visual analogue scale (VAS) pain rat-
ing of at least 40 on a 100-mm scale
Subject’s global assessment of the
contralateral knee <20 mm by
100 mm using VAS
NSAID washout of at least 2 d before
screening and baseline
Written informed consent dated and
signed before the beginning of any pro-
cedures related to the clinical trial
Subject beneficiary of a social security
scheme

1) Previous treatments acting on cartilage or bone metabolism (eg, oral or intravenous bisphosphonates <1 y previously, denosumab < 6
mo, strontium ranelate or teriparatide or raloxifene <7 d before selection, and oral glucosamine >1500 mg/d or chondroitin sulphate
>1000 mg/d <3 mo previously)
Has had any trauma to the index knee in the previous 12 mo before the screening visit
Has OA of the index knee that meets K-L classification criteria of grade 1 or 4
OA causing significant pain in any joint other than the identified knee, i.e., pain in hip, or contralateral knee (>20 mm pain) as con-
firmed by a separate VAS at baseline for any other painful joint concerned
Before the screening visit has received:

i. Oral corticosteroid therapy within the previous 3 mo, OR

ii. Intramuscular, intravenous or epidural corticosteroid therapy within the previous 6 mo, OR
iii. Intra-articular injection of corticosteroids in the index within the previous 6 mo, OR
iv. Intra-articular injection of hyaluronic acid in the index knee within the 6 mo. OR
v. Intra-articular injection of platelet-rich plasma in the index knee within the 6 mo.
Inflammatory or other rheumatic diseases defined by clinical examination and previous serum markers (such as rheumatoid arthritis,
autoimmune disorder, seronegative spondyloarthritis, gout or pseudogout [defined as acute episodic attacks of swollen, painful joint
in a patient with X-ray chondrocalcinosis or CPPD crystals]), History or evidence of infectious arthritis, Paget’s disease, ochronosis,
Wilson’s disease, primary osteochondromatosis
History of articular fracture of the target knee joint
History of heritable disorders (eg, hypermobility) and collagen gene mutations
Immunodeficiency diseases

2
3
4

faoNe )

5

<

—

6

=

7)
8)
9)
10) Alcoholics not in treatment and still drinking (14 + drinks/wk)

11) Subjects with poorly controlled diabetes mellitus (HbA1C >8%) or known concomitant vascular problems

12) Planned longer stay outside the region that prevents compliance with the scheduled visit

13) Severe misalignment of the knee (excessive varus or valgus >8°) at physical examination, as confirmed by standard radiograph
14) Severe osteoporosis with previous symptomatic vertebral or hip fractures

15) History of joint replacement of the knee or hip within the previous 12 mo

16) Serious systemic diseases or infectious/inflammatory skin diseases around the affected knee

17) Positive serology for HIV, hepatitis B, C and syphilis

18) History of cancer or blood dyscrasias, or previous chemotherapy, radiotherapy, or immunotherapy

19) Contraindication to MRI, including MRI-incompatible internal devices (pacemaker, neurostimulator, cochlear implant, ocular foreign
bodies, foreign bodies close to neurovascular structures)

20) Intolerance or allergy to local anaesthesia
21) Anticoagulant treatment
22) Overweight with body mass index (mass in kg/size in m?) greater than 35 (obesity grade II).
23) Participation in another clinical trial or treatment with another investigational product within 30 days before inclusion in the study.
24) Abnormal blood tests:
i. Hepatic (alanine aminotransferase and/or aspartate aminotransferase > 2 X upper limit of normal [ULN])
ii. Renal (clearance < 30 ml/min/1.73 m?)
iii. Pancreatic or biliary disease, except asymptomatic bile stones

iv. Blood coagulation disorders, anaemia (< 10 g/dL) or platelet count of < 100 X 109/L

25) Significant medical problems, such as uncontrolled hypertension, symptomatic heart failure, or any other clinically relevant condition
or current medication that in the opinion of the investigator contraindicates the use of any of the study or rescue medications

26) Pregnant or lactating women, or premenopausal women not using an acceptable form of birth control, are ineligible for inclusion
27) Known allergies to protein products (horse or bovine serum, or porcine trypsin) used in the ex vivo cell production process

28) Known hypersensitivity to study drug or additives: albumin, sodium caprylate, sodium chlorid, potassium chlorid, ciprofloxacin, cefa-
zoline, heparin

29) Cancer or immunodeficiency disease

30) Prisoners or subjects who are involuntary incarcerated

31) Patients subject to legal protection measures

32) Lack in understanding the nature and aims of the study and/or difficulties in communication with the investigator.
33) Subject in exclusion period for another protocol

34) Subject who are in a dependency or employment with the sponsor or the investigator

BMI, body mass index; CPPD, Calcium PyroPhospate Deposition; MRI, magnetic resonance imaging; NSAIDs, non-steroidal anti-inflammatory drugs.
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Outcome measures

Primary endpoint

The primary endpoint was the rate of ‘strict responders’
between the 2 experimental groups and the placebo group at 6
months postinjection as defined by the OsteoArthritis Research
Society International (OARSI)/Outcome MEasures in Rheuma-
tology (OMERACT) [19] as improvements from baseline > 50%
and minimal absolute changes > 20 mm in Western Ontario and
McMaster University Osteoarthritis index (WOMAC) pain or
physical function subscores. As recommended [20—22], when 1
item was missing in the pain score and 3 or fewer were missing
in the physical function score, they were replaced by the mean
of the respective items in the subscale for each patient. In the
presence of more missing data, the scores were not validated
and the 6-month value was replaced by the score at 3-month
score for 1 patient.

Secondary endpoints

Secondary self-reported symptom-related outcomes were col-
lected at 1, 3, 6, and 12 months after treatment as follows: (1)
absolute changes from baseline in knee pain intensity during the
past 24 hours as measured on 0 to 100 mm visual analogue scale
(VAS) scale; (2) absolute changes from baseline in scores on the
pain subscale of the WOMAGC; (3) absolute changes from base-
line in scores on the physical function subscale of the WOMAGC;
(4) absolute changes from baseline in scores of the total
WOMAG; (5) absolute changes from baseline in scores of the
Knee injury and OA Outcome Score (KOOS) index [23]; (6)
absolute changes from baseline in quality of life as measured by
the 36-Item Short Form Health Survey (SF-36) questionnaire
[24]; (7) OARSI/OMERACT response defined by improvements
from baseline of at least 20% together with an absolute change
of 10 mm on a 0 to 100 mm scale in at least 2 of the 3 next val-
ues: WOMAC pain, WOMAC function, and VAS pain; (8) propor-
tion of patients reaching the minimal clinically important
improvement [25] (MCII) in change from baseline in VAS pain
(delta —19.9 mm); (9) proportion of patients reaching the MCII
in change from baseline in WOMAC physical function (delta
—9.1 mm). The rate of ‘strict-responders’ regarding OARSI/
OMERACT definition was studied as a secondary endpoint at 1,
3, and 12 months.

Regarding structural assessment, in order to demonstrate the
feasibility of the technique, cartilage across the tibiofemoral
articular surfaces was quantitatively assessed using Cartilage
Surface Mapping (CaSM) [26,27] for change in thickness
between baseline and 12-month timepoints in a subsample from
a single centre (Montpellier): 8 from the placebo group, 8 from
the LD ADSC group, and 9 from the HD ADSC group. Magnetic
resonance imaging (MRI) acquisition and analysis are detailed
in Supplementary File 3.

Data regarding the consumption of medications to relieve
pain (type and dose of painkillers) were collected. Safety end-
points included the number of AEs and percentage of patients
who experienced AE, serious AE (SAE) including events related
to the procedure such as infection, bleeding, knee pain, knee
swelling, or knee replacement surgery.

Sample size calculation

According to the 2 previous studies of Rutjes et al [28] and
Strand et al [29], the expected response rate is around 30% in
the placebo group. In the ADSC-treated groups (LD and HD
pooled), we assumed a clinical responder rate of around 55%
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(between 50% and 60%), based on our previous ADIPOA1 study
after 6 months [16]. The sample size calculation was based on
an expected difference in subject response rate (strict respond-
ers) of 25%. The number of subjects required for 80% power and
an alpha error of 5%, under a 2-sided hypothesis with a ratio
1:2, was 138 (46 per group). Assuming a drop-out rate of 10%, a
minimum of 153 patients were planned to be included (51 per
group).

Statistical analysis

Data analysis

The primary and secondary analyses of efficacy endpoints
were performed in the full analysis set, involving all patients
who were randomly assigned and for whom measures of the pri-
mary outcome at baseline and at 6 months were available. The
primary outcome was also analysed after excluding patients
with a major deviation that could affect the evaluation of the
primary endpoint (per-protocol set). Medication and AEs were
analysed on the safety set defined as all randomised patients
who received the injection. All statistical tests were bilateral
with a confidence level of 95%. Statistical analyses were per-
formed using SAS 9.4 (SAS Institute) and R version 4.4.0.

Main statistical analyses

The rate of strict responders at 6 months was compared
between ADSC-treated (LD and HD groups pooled) and placebo
patients using a chi-square test. Effect size was estimated using
risk difference and a relative risk together with their 95% Cls.

Analysis of the changes from baseline at 1, 3, 6, and 12
months in knee pain intensity during the past 24 hours, in
WOMAC pain, physical function, and total scores, in KOOS
index and in SF-36 scores was performed using mixed models
for repeated measurements including treatment, time, and treat-
ment-time interaction as a fixed effect. Repeated measurements
were taken into account using a random intercept. Comparison
between ADSC-treated and placebo patients was performed
using the estimated difference of treatment effects at 1, 3, 6, and
12 months together with their 95% Cls. Rate of responders, rate
of strict responders, proportion of patients reaching MCII in
change from baseline in VAS pain, and in WOMAC physical
function were compared between the 2 groups using chi-square
tests at each time individually.

For exploratory purpose, analysis of strict responder rate,
responder rate, disability, and quality of life questionnaires will
be performed for each dose of ADSC compared to the placebo as
above.

Medication and AEs were compared between LD, HD, and
Placebo groups using chi-square or Fisher exact tests.

Subgroups analyses

Post-hoc analysis was conducted to compare the proportion
of strict responders at 6 months between ADSC-treated and pla-
cebo groups. These comparisons were performed within specific
subgroups: patients aged 60 years old or older, patients with
baseline knee pain < 60 mm and > 60 mm and patients with a
baseline total WOMAC score <50 mm and > 50 mm.

Cartilage thickness analysis

For this analysis, we included all patients from 1-single centre
(Montpellier, n = 25). The subsample group combined ADSC-
treated groups (n = 17) for comparison against those in the pla-
cebo group (n = 8) using Statistical Parametric Mapping [30].
Group was the only term included in the general linear model for
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ENROLMENT

Assessed for eligibility
N =184

Excluded
N =49
Inclusion/exclusion criteria occurrence (n = 43)
Consent withdrawal (n = 3)

* Other (n=2)

Randomized + Unknown (n=1)
N=135 = | =r-mmmmmmmmmmmmmmmmmmmmmm——mmmoo-oooe
v i :
HD Group (N=45) LD Group (N=45) Placebo Group (N=45)
Received allocated intervention (n=26) Received allocated intervention (n=31) Received allocated intervention (n=42)
Did not receive intervention (n=5) Did not received intervention (n=8) Did not received intervention (n=3)

* Lipoaspiration contamination (n=3) * Lipoaspiration contamination (n=7) * Exclusion criteria occurrence (n=2)

« Insufficient lipoaspirate (n=2) * Mycoplasma result inconclusive (n=1)  Other due to COVID-19 shutdown (n=1)
g Early consent withdrawal (N=14) Early consent withdrawal (N=6)
E « 2" |ipoaspiration decline (n=5) « 2" |ipoaspiration decline (n=2)
8 * Exclusion criteria occurrence (n=1) « Exclusion criteria occurrence (n=1)
=1 « Adverse event (n=1) « Adverse event (n=1)
= * Lost to follow-up (n=2) * Lost to follow-up (n=1)

* Personal reason (n=2) + Study discontinued by sponsor (n=1)

* Study discontinued by sponsor (n=2)

* Cellular growth issue (n=1)

Full Analysis Set (N=25) Full Analysis Set (N=30) Full Analysis Set
" Excluded from analysis: Excluded from analysis: N=42
E Missing data for WOMAC at 3 and 6 months (n=1) Missing data for WOMAC at 3 and 6 months (n=1)
=
<
= ! v v
<
Per Protocol Set (N= 25) Per Protocol Set (N=28) Per Protocol Set (N=41)
Excluded from analysis: Excluded from analysis:
Not meeting inclusion criteria (n=2) 6-month visit not done (N=1)

Figure 1. Flow chart of the ADIpose-derived mesenchymal stromal cells in OsteoArthritis phase 2 (ADIPOA2) study. ADIPOA2; HD, high dose; LD, low
dose; WOMAC, Western Ontario and McMaster University Osteoarthritis index.

this feasibility analysis, looking for any significant vertex-wise dif-
ference between groups in cartilage thickness change between
timepoints, P < .05 as the statistically significant level.

RESULTS
Characteristics of patients

Figure 1 provides a flow chart of patient enrolment, alloca-
tion to groups, follow-up, and analysis. A total of 135 patients
from 184 individuals assessed for eligibility were enrolled
between September 2016 and March 2022, in 9 clinical centres.
Twelve-month follow-up was completed in March 2023. Base-
line patient characteristics were comparable between groups
(Table 2). Thirty-six patients did not receive intervention for dif-
ferent reasons (14 in the LD group, 19 in the HD group and 3 in
the placebo group), mainly due to withdrawal of consent or bac-
terial contamination of the adipose tissue sample. These patient
characteristics were similar to those who received the allocated
intervention (in Supplementary File 4). Ninety-seven patients
were included in the analysis (30 in the LD group, 25 in the HD
group, and 42 in the placebo group). Two patients (1 in the LD
group and 1 in the HD group) were excluded because of missing
the main outcome. Three patients were also excluded from the
per-protocol set because of major deviations (2 in the LD group
and 1 in the placebo group). The ADSC-treated and placebo
groups showed similar baseline characteristics.

Primary outcome

At 6 months, ADSC injection was not more effective than
saline placebo injection on the primary outcome (Table 3 and
Fig 2). We observed an improvement from baseline at day 35 in
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both the ADSC-treated and saline injection groups in each
parameter comprising the primary outcome, but the between-
group difference was not significant. After 6 months, 26 patients
in the ADSC-treated group (47.3%) and 23 patients in the pla-
cebo group (54.8%) were strict responders according to OARSI/
OMERACT, respectively (relative risk, 0.86 [95% CI: 0.58-1.28];
P = .46). The 6-month rate of OARSI/OMERACT strict respond-
ers was not statistically significant either when comparing LD
versus placebo (14 patients [46.7%] vs 23 patients [54.8%],
respectively [relative risk, 0.85 (95% CI: 0.53-1.36); P = .50])
and HD versus placebo (12 patients [48%] vs 23 patients
[54.8%], respectively [relative risk, 0.88 (95% CI: 0.54-1.43);
P = .59]) (Supplementary Tables S9 and S10 and Supplemen-
tary Fig S6 in Supplementary File 4).

These results were confirmed on the per-protocol set with
47.2% of responders in the ADSC-treated group (25/53) and
56.1% in the placebo group (23/41) (relative risk, 0.84 [95% CL:
0.57-1.25]; P = .39).

Secondary outcomes

There was no statistically significant beneficial effect of
ADSC on knee pain intensity at the different time points (1, 3, 6,
and 12 months post treatment). All the secondary outcomes
(WOMAC, KOOS, SF-36) showed no significant group differen-
ces (Fig 2 and Supplementary File 4). Secondary outcomes were
also compared between groups (HD vs placebo and LD vs pla-
cebo) and did not differ significantly (Supplementary Tables
S11-S14 and Supplementary Fig S6 in Supplementary File 4).

The 6-month proportion of patients reaching the MCII from
baseline in VAS pain was elevated but similar in the ADSC group
versus placebo, 33 patients (61.1%) versus 23 patients (56.1%),
respectively (relative risk, 1.09 [95% CI: 0.77-1.53]; P = .62);
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Baseline characteristics of patients enrolled into the study and who received allocated intervention

LD group (n = 30)  Total ADSC group (n = 55)  Placebo group (n = 42)

Characteristics HD group (n = 25)
Age, mean (SD), years 57.3(7.7)
Women, no. (%) 10 (40.0)
Weight, mean (SD), kg 83.0 (14.4)
Height, mean SD), cm 172.1 (8.3)
BMI, mean (SD), kg/m? 28.1 (3.8)
Medical history: diagnosis
Diabetes, no. (%) 1(0.9)
Hypertension, no. (%) 4(3.4)
Dyslipidaemia, no. (%) 2(1.7)
Osteoporosis, no. (%) 0(0.0)
Medial meniscectomy of the index knee, no. (%) 5(4.3)
Lateral meniscectomy of the index knee, no. (%) 3(2.5)
Ligamentoplasty of the index knee, no. (%) 1(0.9)
Knee pain VAS
Score in the affected knee, mean (SD)/100 mm 70.2 (13.8)
Score in the contralateral knee, mean (SD)/100 mm 4.6 (6.0)
KOOS
KOOS score pain, mean (SD)/100 mm 42.4(13.5)
KOOS score symptoms, mean (SD)/100 mm 47.6 (15.7)
WOMAC questionnaire
WOMAC pain subscore, mean (SD)/100 mm 54.4(12.2)
WOMAC stiffness subscore, mean (SD)/100 mm 63.0 (22.1)
WOMAC function subscore, mean (SD)/100 mm 58.8 (13.5)
WOMALC total score, mean (SD)/100 mm 58.2 (13.0)
SF-36
Physical aggregate score, mean (SD) 31.7 (8.4)
Mental aggregate score, mean (SD) 51.5(10.7)
Concomitant medication
Paracetamol/acetaminophen, no. (%) 3(12.0)
NSAIDs, no. (%) 1(4.0)
Tramadol, no. (%) 0(0.0)
Codeine, no. (%) 0(0.0)
Morphine, no. (%) 0(0.0)
Kellgren-Lawrence grade index knee
11, no. (%) 7 (28.0)
111, no. (%) 18 (72.0)

58.3 (6.0) 57.8 (6.8) 58.0 (6.9)
16 (53.3) 26 (47.3) 23 (54.8)
79.3 (15.6) 81.0(13.2) 79.5 (16.0)
170.4 (9.2) 171.2(8.8) 169.7 (11.1)
27.1(3.7) 27.6 (3.8) 27.4 (3.3)
2(1.8) 3(1.3) 0(0.0)
8(7.2) 12(5.3) 7(3.9)
6(5.4) 8(3.5) 5(2.8)
2(1.8) 2(0.9) 1(0.6)
5(4.5) 10 (4.9) 4(2.2)
0(0.0) 3(1.3) 3(1.7)
2(1.8) 3(1.3) 1(0.6)
66.5(12.8) 68.2(13.3) 64.7 (13.8)
7.5(6.5) 6.2 (6.4) 7.5(6.4)
41.1(10.9) 41.7 (12.0) 44.4 (15.8)
45.0(16.8) 46.2 (16.2) 47.5(19.8)
57.7(12.2) 56.2 (12.2) 56.9 (+ 14.4)
63.8 (16.2) 63.4 (18.9) 62.5(19.5)
58.3(13.2) 58.5(13.2) 52.7 (13.3)
58.5(12.2) 58.4 (12.4) 54.9 (12.6)
30.0(6.5) 30.8 (7.4) 35.1(7.4)
52.4 (11.7) 52.0 (11.2) 51.8 (9.1)
3(10.0) 6(10.9) 5(11.9)
2(6.7) 3(5.3) 3(7.2)
0(0.0) 0(0.0) 1(2.4)
0(0.0) 0(0.0) 0(0.0)
0(0.0) 0(0.0) 0(0.0)
9(30.0) 16 (29.1) 19 (45.2)
21 (70.0) 39 (70.9) 23 (54.8)

ADSC, adipose-derived mesenchymal stromal cells; BMI, body mass index; HD, high dose; KOOS, Knee injury and Osteoarthritis Outcome Score; LD, low dose;
NSAIDs, Non-steroidal anti-inflammatory drugs; SF-36, 36-Item Short Form Health Survey; VAS, visual analogue scale; WOMAC, Western Ontario and McMas-

ter University Osteoarthritis index.

as well as patients reaching the MCII from baseline in WOMAC
physical function (delta —9.1 mm), 40 patients (72.7%) versus
31 patients (73.8%), respectively (relative risk, 0.99 [95% CL:
0.77-1.25]; P = .94).

Subgroup analysis did not reveal a more pronounced effect
within these different subgroups: age at baseline (>60 years),
Kellgren-Lawrence grade (2 vs 3), level of pain (VAS pain:
<60 mm and >60 mm), and level of disability (WOMAC total
score < 50 mm and > 50 mm) (Supplementary Table S14 in Sup-
plementary File 4).

Imaging analysis

Mean and SD cartilage thickness at baseline from all 25
individuals that underwent CaSM are shown in Supplemen-
tary File 3.

Although individuals showed different patterns of cartilage
thickness change over time, no statistically significant differen-
ces were detected between groups in cartilage thickness change
between any of the timepoints. Results for the baseline to 12-
month analysis are shown in Supplementary File 3.

Adverse events

AEs occurred in a similar proportion between the 3 groups
with 92.3% in the HD group, 90.3% in the LD group, and 85.7%

in the control group of patients with at least 1 AE (P = .78). AEs
were minor and transient (Table 4). A few participants in both
groups reported knee joint pain and swelling after injections. No
complications associated with liposuction and injection were
observed in the study. The number of SAEs was comparable
between the 3 groups with 3.9% in the HD group, 2.3% in the
LD group, and 1.4% in the control group (P = .32), and was
unrelated to the procedure.

DISCUSSION

Regenerative medicine represents a promising opportunity
for the biological treatment of OA, but only high-quality rando-
mised controlled trials can determine its benefit. The ADIPOA2
phase 2b trial was designed to assess the efficacy and to deter-
mine the optimal dose of intra-articular injection of autologous
ADSC for the treatment of symptomatic mild-to-moderate knee
OA. Here, we report that a single autologous ADSC injection at a
dose of either 2 x 10° or 10 x 10° cells was not more effective
than saline placebo injection in improving knee pain and func-
tion. Similarly, all secondary outcomes showed no significant
benefit. Pain scores improved extensively with 56% to 61% of
participants in both groups achieving the MCII after 6 months.
Additional exploratory analyses, limited by low statistical
power, did not suggest a dose-response relationship or a treat-
ment effect emerging before 6 months.
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Table 3
Outcomes results between baseline and 6 mo by treatment group

Total ADSC group (n = 55) Placebo group (n = 42) Group difference (95% CI) Relative risk (95% CI) P value

Primary outcome
OARSI/OMERACT strict responders, no/N 26/55 (47.3) 23/42 (54.8) —7.5(-27.5t012.5) 0.86 (0.58-1.28) .46
(%)

Secondary outcomes
Change from baseline in VAS pain in the —31.4(4.0) —24.9 (4.6) —6.5(—18.7 t0 5.7) - .29
affected knee, LSmean (SE), mm
Change from baseline in WOMAC pain sub-  —24.1 (3.1) —26.1 (3.5) 2.0(-7.2t011.2) .67
score, LSmean (SE), mm
Change from baseline in WOMAC physical —25.7 (3.0) —21.7 (3.5) —4.0(-13.1t05.1) .39
function subscore, LSmean (SE), mm
Change from baseline in WOMAC total score, —25.6 (3.0) —24.1 (3.5) —1.5(-10.5t07.5) - 74
LSmean (SE), mm
Change from baseline in KOOS pain sub- 21.6 (2.9) 19.2 (3.4) 2.4(-6.4t011.2) - .59
score, LSmean (SE), mm
Change from baseline in SF-36 physical 8.5(1.3) 7.9 (1.6) 0.5 (—3.6 t0 4.6) - .80
aggregate score, LSmean (SE)
Change from baseline in SF-36 mental aggre- 0.6 (1.3) 0.7 (1.6) 0.03 (—4.1 to 4.0) - .99
gate score, LSmean (SE)
Rate of OARSI/OMERACT response, no./N  38/54 (70.4) 29/41 (70.7) —0.4(-18.9t018.1) 0.99 (0.77-1.29) .97
(%)
Rate of patients reaching MCII change from  33/54 (61.1) 23/41 (56.1) 5.0 (—15.0 to 25.0) 1.09 (0.77-1.53) .62
baseline in VAS pain, no./N (%)
Rate of patients reaching MCII change from  41/55 (74.6) 31/42(73.8) 0.7 (—16.8t018.3) 1.01 (0.80-1.28) .93
baseline in WOMAC physical function, no./N
(%)
Rate of patients reaching MCII change from  40/55 (72.7) 31/42(73.8) -1.1(-18.81t016.7) 0.99 (0.77-1.25) 91
baseline in WOMAC physical function, no./N
(%)

KOOS, Knee injury and Osteoarthritis Outcome Score; LSmean, least square mean; MCII, minimal clinically important improvement; OARSI/OMERACT, OsteoAr-
thritis Research Society International/Outcome MEasures in Rheumatology; SF-36, 36-Item Short Form Health Survey; VAS, visual analogue scale; WOMAC, West-
ern Ontario and McMaster University Osteoarthritis index.

(a) Rate of strict responders (b) WOMAC pain subscore (/100)
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Figure 2. Evolution of knee pain VAS, WOMAC pain, KOOS pain and rate of OARSI/OMERACT strict responders throughout the study (0-12 mo).
Dots: mean. Error bars: SD. KOOS, Knee injury and Osteoarthritis Outcome Score; OARSI, OsteoArthritis Research Society International; OMERACT,
Outcome MEasures in Rheumatology; VAS, visual analogue scale; WOMAC, Western Ontario and McMaster University Osteoarthritis index.
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Table 4
Medications and adverse events for each group (safety set)

Ann Rheum Dis 84 (2025) 2103—-2114

Variables HD group (n = 26) LD group (n = 31)  Placebo group (n = 42) P value
Acetaminophen use because of knee OA, baseline, no. (%)  2(7.7) 3(9.7) 4(9.5) 1.00
Acetaminophen use because of knee OA, 1 mo, no. (%) 2(7.7) 5(16.1) 6(14.3) .70
Acetaminophen use because of knee OA, 3 mo, no. (%) 1(3.8) 6(19.4) 8(19.0) 17
Acetaminophen use because of knee OA, 6 mo, no. (%) 3(11.5) 7 (21.9) 7 (16.7) .59
Patients with at least 1 adverse event, no. (%) 24 (92.3) 28 (90.3) 36 (85.7) .78
Adverse events n =128 n=173 n =211
Adverse events related to albumin, no. (%) 1(0.8) 0(0.0) 0(0.0) .25
Adverse events related to study drug, no. (%) 3(2.3) 4(2.3) 3(1.4) .78
Adverse events intensity, no. (%)
Mild 106 (82.8) 149 (86.6) 176 (83.8) .14
Moderate 19 (14.8) 20 (11.6) 34 (16.2)
Severe 3(2.3) 3(1.7) 0 (0.0)
Knee joint pain, no. 3 2 2
Knee swelling, no. 0 2 1
Serious related adverse events, no. (%) 5(3.9) 4(2.3) 3(1.4) .32
Adverse events intensity, no. (%)
Mild 0(0.0) 1(25.0) 0(0.0) .38
Moderate 3(60.0) 1(25.0) 3(100.0)
Severe 2 (40.0) 2 (50.0) 0(0.0)
Pneumonia, no. 1 1

Knee replacement surgery, no.

Breast cancer, no.

Pulmonary embolism, no.

Cellulitis, no. 1
Limb fracture, no.

Achilles rupture, no.

Prostate surgery, no.

Hypoxia, no. 1
Hand oedema, no.

1

HD, high dose; LD, low dose; OA, osteoarthritis.

Our results in this double-blind controlled study are not in
agreement with the statistically significant benefits of ADSC
compared with placebo for knee OA symptoms reported previ-
ously in a systematic review and meta-analysis [15,17,18]. A
recent large open study followed 329 patients with knee OA for
24 months after ADSC injection with a second injection after 6
months. Half of the patients had severe OA (Kellgren-Lawrence
grade 4), and the age of enrolment varied from 23 to 85 years.
The authors described that 87.9% of patients improved at 24
months in terms of pain and function [31]. However, these
results were obtained from open studies, with possible bias
related to patient recruitment. It is entirely possible that the lack
of blinding in prior trials influenced the reported improvement
in symptoms [15,17,18]. A recent meta-analysis confirmed these
limits and concluded that MSC injections may provide little to
no pain relief or improvement in patients with knee OA [32].
Overall, 3 double-blind RCTs have been carried out using alloge-
neic BM-MSC [33] or autologous ADSC [34,35]. All these pla-
cebo-controlled studies showed positive results following cell
injections. Two of them involved a few patients (less than 15 per
treatment group), as well as no placebo pain VAS response in
the control arm in one of the studies [34], which restricts their
significance. However, a recent large Korean phase III study
included over 250 patients and showed an improvement in pain
and function parameters at 6 months after 1-single injection of
100x10° autologous ADSC (volume 3 mL), with no difference in
change of cartilage defects between the groups [35]. Finally, a
very large recent study involving 480 patients comparing cell
injections from autologous bone marrow aspirate concentrate,
autologous adipose stromal vascular fraction, and allogeneic
human UC tissue-derived MSCs showed no superiority of either
cell therapy versus corticosteroid injection (depomedrol) after 1
year [36]. This discrepancy may be due to differences in
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methodology of our RCT but also to biological differences as
ADSC bioproduction, alternating cell culturing protocols, num-
ber of cells or volume injected, conditioned medium, interval,
number of cell injections, outcome measures, patient character-
istics, as well as design issues affecting risk of bias.

Furthermore, cartilage restoration using culture-expanded
autologous MSCs has previously been attempted. However, the
studies were limited to case series with small numbers of
patients, and results were mitigated [37]. In a double-blind RCT
of intra-articular allogeneic, culture-expanded bone marrow
MSCs versus hyaluronate after partial medial meniscectomy in
patients with osteoarthritic changes, the authors reported no
evidence of structural cartilage restoration at 1 year, which was
the primary endpoint of the trial [38]. Another phase III, 48-
week RCT study of culture-expanded allogeneic UC-MSC
implantation, despite the structural restoration assessed macro-
scopically and histologically, clinical outcomes such as pain and
function at 48 weeks were not significantly superior to those
experienced by patients who underwent microfracture [39]. So
far, repair and regenerative strategies have been described and
proposed over several years including specifically those using
cell therapy (stem and stromal cell populations) but with limited
high-level clinical trial evidence to date. Our findings do not
support the use of ADSCs in subjects with symptomatic mild-to-
moderate tibiofemoral knee OA. While MSC therapies have
shown potential in preclinical studies, translating these effects
into clinical benefits has proven challenging [40]. The efficacy
of MSCs could be impacted by a number of variables, including
inconsistencies in manufacturing protocols leading to differen-
ces in MSC properties and their paracrine factors among patients
[41]. In the case of knee OA, targeting cartilage defect regenera-
tion by MSCs could be disturbed by the formation of MSC-medi-
ated endochondral ossification, thus reducing the formation of



good-quality tissue and the clinical outcome [42]. The repair
functions of MSC injected might be also altered by a deleterious
articular inflammatory environment [43], as well as the poten-
tial that cells undergo senescence following delivery which may
contribute to joint alteration in a counterproductive manner
[44]. It is important to consider the relatively short lifespan of
MSCs and lack of cell engraftment once they have been injected
[45]. By injecting such cells locally in an isolated manner, it
seems difficult to modulate the microenvironment over the long
term and thus counter the inexorable progression of OA. In addi-
tion, this discrepancy could be due to variations in the patho-
physiology of OA phenotypes among patients. Future studies
might explore a stratified approach, targeting patient subgroups
more likely to respond based on specific biological markers or
disease phenotypes (such as inflammatory OA).

Our study has several strengths that distinguish them from
previous studies: a robust double-blind design, a real placebo
(saline) control arm and a sham for adipose tissue extraction, a
significative number of patients included, and a strong harmon-
ised and standardised cell production. We should point out that,
for the first time in a study, cell manufacturing was multicentric,
with high-quality criteria. Our study also demonstrated the
good safety and tolerability of this procedure without evidence
of SAEs using autologous ADSC. This is also the first study to use
whole articular surface cartilage thickness mapping to look at a
treatment effects over time with this structural outcome mea-
sure. It will be important for future clinical trials to consider
carefully the study inclusion phenotype and cartilage morpho-
type when looking for any significant structural effects of a treat-
ment [46], since baseline heterogeneity in an outcome measure
such as cartilage thickness will introduce noise that may over-
whelm significant positive (or negative) therapeutic effects.

There are some limitations to our study. Due to appropriate
double blinding of the study, we observed a large rate of res-
ponders which may explain why we did not reach our primary
endpoint defined as strict OARSI/OMERACT responder rate.
This substantial placebo response in both groups (70% OARSI/
OMERACT responses) is quite usual, particularly in OA [47,48].
However, it also allows us to consider that the study’s blinding
methodology was perfectly respected, although we performed a
sham lipoaspiration in the control arm. The required sample
size was not reached. Indeed, the unexpectedly high rate of
withdrawal and protocol deviations (including contamination)
led to the need for a greater number of participants to preserve
statistical power, which exceeded the scope of the original bud-
get. Therefore, we performed a post hoc simulation assuming
the same observed response rates; under these conditions, statis-
tical significance was not achieved. However, we acknowledge
that different response rates could have emerged with a larger
sample, and that the study may have been underpowered to
detect a treatment effect. In parallel with other studies, we
found no improvement in terms of cartilage morphology
between the placebo and combined treatment groups after injec-
tion over the 12-month study period as part of a feasibility anal-
ysis of the CaSM technique in a clinical trial setting. Subsequent
analysis will be extended to all study participants with MRI
available. Indeed, we aim to monitor patients at 2 years and
beyond, both clinically and by imaging, in order to assess any
long-term clinical or structural benefit and/or to delay knee
replacement surgery.

To conclude, among patients with symptomatic mild-to-mod-
erate knee OA, a single intra-articular injection of autologous
ADSC compared with saline placebo did not result in a signifi-
cant difference in pain and function over 12 months. These
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findings do not support the use of a single autologous ADSC
injection for the management of knee OA. Further research
should aim not only to refine MSC therapies but also to combine
OA phenotype, bioengineering and gene therapeutic approaches
to address the multifactorial nature of OA degradation.
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ARTICLE INFO ABSTRACT

Objectives: To synthesise existing evidence on transitional care programmes for young people
with juvenile-onset rheumatic and musculoskeletal diseases (jJRMDs), focusing on their structure
and implementation, the qualitative experiences and perceptions of those involved, and the
quantitative outcomes associated with these programmes. Together with additional information,
these insights have informed the European Alliance of Associations for Rheumatology (EULAR)
Points to Consider for patient education in physical activity and self-management of pain in
jRMDs during transitional care.

Methods: A systematic literature review was conducted with a broadened scope beyond patient
education in physical activity and self-management of pain to provide a comprehensive over-
view of transitional care in rheumatology, aiming to optimise current strategies, support evi-
dence-based approaches, and identify areas for clinical improvement. The search was conducted
in PubMed and the Cochrane Library from inception until November 1, 2023. Descriptive, quali-
tative, and quantitative studies were included. Two researchers independently conducted the
search, screening, data extraction, and quality assessment.

Results: From 31 studies, we identified 18 transitional care programmes with key approaches,
including individualised and developmentally appropriate plans that often integrate educational
strategies. These programmes, which generally aim to increase readiness to transfer, health-
related quality of life, and continuity of care, frequently involved multidisciplinary teams and
early intervention strategies. Young people with jRMDs and their families reported satisfaction
with these transitional care experiences, particularly valuing early self-management support.
While these programmes showed potential in promoting positive health outcomes and clinical
practices, quantitative evidence supporting their effectiveness is limited, with few experimental
studies confirming consistent benefits.

Conclusions: This systematic review highlights the diverse yet fragmented approaches in transi-
tional care for jRMDs, emphasising the need for stronger quantitative evidence. Thus, it is impor-
tant to conduct further experimental research to optimise existing programmes or develop new
ones, ultimately contributing to a smoother transition to adult care and improved long-term
outcomes.

INTRODUCTION launch of the 2017 European Alliance of Associations for Rheu-
matology /Paediatric Rheumatology European Society

The core aims of transitional care are to assist in continuing ~ (EULAR/PReS) general standards and recommendations in tran-

to adult treatment and to improve physical, psychological,  sitional care for young people with jRMDs [1] have been key-
social, vocational, and illness-related outcomes of young people works in this field. Based on this foundational framework, new
with juvenile-onset rheumatic and musculoskeletal diseases programmes have been developed and implemented, leading to

(jRMDs) [1]. Transitional care relies on 3 principles: (1) prepar-  new evidence that requires revision [7—9]. For example, a num-
ing young people and families for independent disease manage-  ber of transitional care programmes [7,8] have been designed
ment and readiness to transfer from paediatric to adult care; (2) regarding the Six Core Elements of Health Care Transition
providing information and resources to enhance health- and dis-  designed by the Got Transition Framework [10], incorporating
ease-related knowledge, health literacy (ie, person’s ability to educational interventions that address topics such as under-
find, understand, and use health-related information when mak- standing the transition policy and creating a plan of care. These
ing health-related decisions) [2], and self-management skills; programmes guide young people with jRMDs through structured
and (3) offering individualised support through attentive, devel- conversations with patients, families, and healthcare providers
opmentally appropriate care according to the individual needs, to foster autonomy and self-management skills and prepare
preferences, and resources of young people with jRMDs [1,3,4].  them for the transition adult care [8]. Although some of the

Importantly, transitional care constitutes an opportunity to build ~ existing EULAR recommendations address important aspects of
attitudes, skills, and behaviours in childhood, adolescence, and  transitional care (eg, patient education [11], physical activity
young adulthood that likely provide valuable long-term benefits ~ [12], and self-management of pain [13]), they were not specifi-
later in life [5]. cally designed for young people with jRMDs. This limits their

The establishment of the Got Transition programme [6] applicability in transitional care, which requires specialised con-
(endorsed by the American College of Rheumatology) and the  siderations to accommodate the developmental needs of these
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WHAT IS ALREADY KNOWN ON THIS TOPIC

* The launch of the 2017 European Alliance of Associations for
Rheumatology /Paediatric Rheumatology European Society
(EULAR/PReS) European Alliance of Associations for Rheuma-
tology (EULAR)/Paediatric Rheumatology European Society
(PReS) standards and recommendations was a major step
towards providing general guidance in transitional care for
young people with juvenile-onset rheumatic and musculoskele-
tal diseases (jJRMDs).

The effectiveness and experiences of available transitional care
programmes require revision to increase evidence-based
knowledge and improve practice, outcomes, and implementa-
tion.

There is a lack of consensus on best practices for transitional
care programmes in rheumatology.

WHAT THIS STUDY ADDS

* While young people with jRMDs and their families generally
express satisfaction with transitional care practices, they high-
light the need for more personalised approaches that integrate
their unique needs, preferences, and resources.

» The evidence base for transitional care in rheumatology from
experimental quantitative studies remains limited.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

 This review informs the EULAR Points to Consider for the
patient education on physical activity and self-management of
pain in jRMDs during transitional care.

This task force encourages appropriate randomised controlled
trials to evaluate existing patient education programmes
focused on physical activity and self-management of pain dur-
ing transitional care. If necessary, these programmes should be
optimised or new ones developed.

This task force highlights the importance of improving accessi-
bility to transitional care by addressing barriers, especially for
underrepresented groups with limited healthcare access, to
ensure inclusivity and equal support in managing jRMDs.

young individuals (eg, avoid parental overprotection) [14—16].
The present systematic literature review aims to synthesise exist-
ing evidence on transitional care programmes for young people
with jRMDs, focusing on their structure and implementation,
the qualitative experiences and perceptions of those involved,
and the quantitative outcomes associated with these pro-
grammes. These insights have informed the EULAR Points to
Consider (PtC) for patient education in physical activity and
self-management of pain in jJRMDs during transitional care [17].

METHODS

Eligibility criteria and literature search

The steering group of the taskforce designed, registered, and
conducted a systematic review according to the Preferred
Reporting Items for Systematic Reviews and Meta-analyses [18]
and the Cochrane Collaboration guidelines [19] (PROSPERO
No: CRD42023481386). Three questions were formulated to
synthesise evidence on practices, experiences, and outcomes in
transitional care programmes for young people with jRMDs as
well as their relatives, rheumatologists, and Health Professionals
in Rheumatology (HPRs). These questions focus on understand-
ing transitional care programmes in rheumatology for young
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people with jRMDs, their families, and healthcare providers.
The first question, ‘How are transitional care programmes struc-
tured and implemented in rheumatology?’, explores how these
programmes are implemented by rheumatologists and HPRs, as
well as the content provided. The second question, ‘What are
the experiences and perceptions of young people with jRMDs,
families, and healthcare providers involved in transitional care
programmes?’, aims to capture the experiences, perceptions,
and barriers faced by these groups. The third question, ‘What
are the benefits of transitional care interventions for young peo-
ple with jRMDs and their families?’, examines different out-
comes, such as continuity of care, self-efficacy, disease-specific
knowledge, and readiness to transfer to adult care.

The eligibility criteria of studies were determined according
to the PICOS (Population, Intervention, Comparators, Outcomes,
Study design) approach (Table 1).

Preparatory material for the initial planning meeting of the
task force was developed based on a systematic literature review
of PubMed and the Cochrane Library performed on October 1,
2021. To include an update on the results, we conducted this
systematic literature review again on November 1, 2023. The
search strategy consisted of a combination of relevant keyword
variations in free terms, presented in Supplemental Table S1.
Using a snowball technique, we included additional studies by
performing backward (by checking reference lists) and forward
(by checking citations) searches of the works included in the
present review.

Study selection, data extraction, and quality assessment

The search was conducted by 2 researchers independently
(JCI and RPM). Screening, data extraction, risk of bias and qual-
ity of evidence assessment were conducted by 2 researchers
independently (JCI and RPM). Discrepancies were discussed for
consensus or solved with a third researcher (FEL) if necessary.
Eligibility criteria were applied to titles and abstracts (first-stage
screening) and full texts of the remaining studies (second-stage
screening). Risk of bias was assessed by the Clinical Appraisal
Skills Programme for qualitative research [20]. For quantitative
research, we used Cochrane risk of bias tool for randomised con-
trolled trials (RCTs) [21], the Quality In Prognosis Studies tool
for observational studies [22], and the Appraisal tool for cross-
sectional studies [23].

RESULTS

The results of the search for this systematic review are shown
in Figure 1. From 1600 studies, 98 were selected for full-text
review, and 31 were included in this systematic review. For
question 1, we identified 18 transitional care programmes (17
structured plans for young people with jRMDs and 1 for their
parents) (Table 2) [24—49]. For questions 2 and 3, we found 25
studies. Of them, 2 were mixed-methods designs (ie, cross-sec-
tional plus qualitative study) [7,49], 6 were qualitative
[28,37,41,43,44,48], and 17 were quantitative. Specifically,
among the quantitative studies, there were 5 intervention stud-
ies (1 RCT [42], 1 clinical trial protocol [50], and 3 quasi-experi-
mental studies [16,38,40]), 5 cohort studies [8,30,32,33,47], 1
retrospective study [31], and 6 cross-sectional studies
[24,29,39,45,46,51] (Table 3). The methodological quality is
presented in Supplemental Tables S2-S5.
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Table 1
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Eligibility criteria of studies were determined according to PICOS (Population, Intervention, Comparators, Outcomes, Study design)

Clinical question P 1 C (o) S

How are transitional care pro- ~ Young people with Structured transitional N/A N/A - Qualitative studies
grammes in rheumatology jRMDs, their family and care programmes - Quantitative studies
structured and implemented?  healthcare providers - Clinical trials protocol

involved

What are the experiences and ~ Young people with Structured transitional N/A - Experiences - Qualitative studies
perceptions of young people jRMDs, their family or care programmes - Perceptions - Quantitative studies
with jRMDs, families, and healthcare providers - Barriers/facilitators - Clinical trials protocol

health professionals involved  involved
in transitional care pro-
grammes?
What are the benefits provided ~Young people with Structured transitional - Follow-up changes - Continuity of treatment - Qualitative studies
by transitional care interven-  jRMDs, their family and/or =~ care programmes - Control group, - Fatigue - Quantitative studies
tions in rheumatology for healthcare providers - Other strategy - Functional status - Clinical trials protocol
young people with jRMDs involved - No comparator - Knowledge
and their families? - HRQoL
- Pain management
- Physical activity

- Psychosocial health

- Readiness to transfer

- Self-management skills
- Sexual health,

- Vocation

HRQoL, health-related quality of life; jRMD, juvenile-onset rheumatic and musculoskeletal disease; N/A, not applicable.

Question 1. How are transitional care programmes in
rheumatology structured and implemented?

Common elements across the majority of transitional care
programmes included: (1) the formulation of a specific written
individual transition plan; (2) adopting a patient-centred, shared
decision-making approach; (3) providing developmentally
appropriate care; (4) initiating the process early; (5) involving a
multidisciplinary team; and (6) offering educational resources.

Multidisciplinary teams usually involved paediatric and adult
rheumatologists and nurses [24,25,34,39,42—44,51,52] with
most programmes including HPRs such as physiotherapists
[24,25,34,35,39,44,51], social workers [24,25,35,38,52], or
occupational therapists [24,25,34]. Seven programmes included
a coordinator [25,30,35,36,38,44,52]. Two studies included
psychologists [35,52], and another study involved sexual/voca-
tional counsellors [25].

Some programmes were structured in developmentally
appropriate phases, with specific shared goals and contents
adapted to young people’s readiness and age [7,44,53]. Tools
and formats of delivery vary in transitional care, and their effec-
tiveness remains unclear. In addition to face-to-face consulta-
tions, most of the programmes also included telehealth
(websites [7,30,35,36,41,43,53], web-based educational pro-
grammes [40—42], videos [36,42,43], and e-consulting [43])
and paper-based information (flyers [30,35,36], handbook
[30,38], toolkit [7], or filofax [30]) with telephone
[7,30,35,36,38] and e-mail [7,35] follow-up. One programme
organised informal activities with peers, including meetings,
workshops, and lectures [36].

Common self-management learning contents provided were
disease management [7,25,35,36,38,42,44,51,52], education
[7,24,25,30,34,35,38,42,44,50], social relationships
[25,30,34,35,36], sexual health [24,25,30,34,38,42,52], dis-
ease-specific knowledge [25,30,35,36,42,52], physical activity
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(including sports and exercise) [30,36,38,42], risk-taking
behaviours [24,25,34,38,52], independent living and self-advo-
cacy [24,25,30,38,52], diet [30,38,42,52], and psychosocial
health [30,38,42,52], fatigue [36,42], financial counselling
[24,25], communication skills [25,42], home/parental issues
[30,34], self-confidence/body image [30,36], dental health
[301, cybersafety [30], suicide [34,52], spirituality [34],
cooking [36], disabilities [36], and pain management [42].
Contents for rheumatologists and HPRs were included in
only 1 programme [30], addressing adolescent development,
communication, and adolescent-friendly resources. Last,
despite the essential role played by family and peers in
transitional care in facilitating the transfer of responsibilities
to young people [1,3], not all the programmes included
dedicated resources for relatives [25,30,34,44] and peer
support [7,24,30,36,43].

Question 2. What are the experiences and perceptions of young
people with jRMDs, families, and healthcare providers involved in
transitional care programmes?

In general, young people with jRMDs and their families were
satisfied with the transitional care programmes [33,38—40,45].
They appreciated receiving early psychosocial, nonpharmaco-
logical interventions with the transition coordination to express
their intimate concerns (ie, sports, school, friends, medication,
body image, alcohol use, and contraception) [16]. Importantly,
young people appealed for better understanding and integration
of their individual needs, preferences, and resources during tran-
sitional care [28,37,43]. Parental education was valued by
young people with jRMDs to gradually take over responsibility
for their care [48]. Likewise, parents stated they would not give
responsibility to their children without the programme assis-
tance and admitted their overprotectiveness was due to lack of
knowledge [16]. Both youth and parents recognised the role of
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Figure 1. Flow chart of the study selection and inclusion process. jJRMD, juvenile-onset rheumatic and musculoskeletal disease.

peer support to improve confrontation, identification, and fel-
lowship [16].

Preliminary surveys and focused group discussions were
used to guide the development of the transitional care pro-
grammes according to the experiences and expectations of
young people with jRMDs [29,37,44,48]. This information
served to identify missing topics during consultations [44]
and the importance of gradual education, parental involve-
ment, and adapted healthcare settings to match their expect-
ations [37]. There is evidence reporting positive feedback on
the access to the transition plan via website, the timeline
learning steps, and the decision-making worksheet and
emphasised the benefits of addressing mental health. In addi-
tion, young people valued self-management learning experi-
ences outside the clinic (camps or conferences) and raised
concerns on how to integrate the skills developed through
the programmes in their daily routine [48].

The implementation of transitional care may improve the
clinical practices and transfer administrative process through
better documentation of transitional issues and higher multi-
disciplinary involvement [31]. However, reports on diet and
home exercise remained poorly documented even after start-
ing the programme [31]. Reported barriers to implementa-
tion included inadequate resources, coordination, and lack of
specific training for rheumatologists and HPRs [29]. This is
in line with the experience of rheumatologists and HPRs in
having a lack of skills and self-confidence when dealing with
young people with jRMDs [30]. The adoption of a structured
transitional programme appeared to be manageable and was
generally viewed positively, as it could contribute to
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improved organisation, efficiency, follow-up care, structured
communication, and availability of helpful resources [7].
Because each clinical setting may have unique needs and
barriers to start implementing a transitional care practice,
programmes should be flexible (eg, creating generic, but cus-
tomisable, resources) and start the process with small
changes [4,7].

Question 3. What are the benefits provided by transitional care
interventions in rheumatology for young people with jRMDs and
their families?

Transitional care programmes may have benefits in
enhancing continuity of care [8,24,38,39,45] and may
improve health-related aspects (ie, health-related quality of
life, pain, and functional status) [32,33]. Some findings sug-
gest that these programmes may enhance self-efficacy skills
[45], vocational plans [32], disease-specific knowledge [32],
and readiness to transfer to adult care [47]. In addition, 2
interventions found positive results on familiar relationships
(ie, better parenting climate, autonomy support, reduction in
parental control, and worry) [16] and possible improvements
in parental knowledge and health-related quality of life [32].
Nevertheless, the knowledge and readiness acquired differed
between programmes; some found difficulties with healthcare
insurance, financial support, and decision-making autonomy
about their care [47], while others reported issues with travel,
booking appointments, or getting prescriptions [46]. These
findings highlight the importance of effective communication
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Table 2

Structure and contents of transitional care programmes in rheumatology

Programme Studies Age Educational contents Tools Health care providers involved

Rheumatology Rettig and Athreya, 1991  17-19 Vocational and financial counsel-  Not reported Paediatric rheumatologist,
transition [24] ling, alcohol education, birth adult rheumatologist, social
programme control, parental independence. worker, nurse, internist rheu-

Parental education. matologist, physical thera-
Peer support. pist, occupational therapist

Vancouver Young  Tucker and Cabral, 2005 14-18 Developmentally appropriate. Not reported Coordinator, paediatric rheu-
Adults with [25] Individualised plans. matologist, adult rheumatol-
Rheumatic Dis- Education and self-management ogy, nurse, social worker,
eases (YARD) skills (disease, medications, skills physiotherapy, occupational
clinic in communication, educational/ therapy, vocational and sex-

vocational career, finances/ ual counselling services
healthcare coverage, indepen-
dent living, relationships outside
the family, sexual health, risk-
taking behaviours, family prob-
lems).
Parental education.

Calgary Young Miettunen, 2008 [26] 14-25 Developmentally appropriate. Not reported Coordinator (nurse), paediatric
Adults with Guelber, 2008 [27] Individualised plans. rheumatologist, adult rheu-
Rheumatic Dis- Education and self-management matology, nurse, physiother-
eases (YARD) skills (illness management, cov- apist, and social worker
clinic erage, school, career counselling,

personalised fitness programme).
Growing up and Shaw et al, 2004 [28,29] 11-17 Developmentally appropriate. Websites Coordinator, consultant
moving on McDonagh, 2006 [30] Individualised plans. Filofax rheumatologist
Robertson et al, 2006 [31] Education and self-management Handbook
McDonagh et al, 2007 [32] skills (disease, psychosocial Phone calls
Shaw et al, 2007 [33] health, social issues, parental Flyers
issues, education and vocation,  Templates
sexual health, self-confidence,
body image, diet, dental health,
exercise, cybersafety, indepen-
dent living).
Parental education.
Peer support.

MAGICC (Moving ~ Tattersall, 2012 [34] 10-25 Developmentally appropriate. Not reported Paediatric rheumatologist,
on in Adoles- Individualised plans. adult rheumatologist, nurse,
cence, Growing Education and self-management physiotherapist, occupa-
up In Collabora- skills (HEADDS schema: home, tional therapist
tion and Coping) education/employment, activi-

ties outside school and home,
drugs, sexual health, suicide,
spirituality).

Parental education.

Berlin Transitions ~ Minden et al, 2014 [35] 16-20 Developmentally appropriate. Websites Coordinator, paediatric rheu-

Program Individualised plans. Flyers matologist, internal rheuma-
Joint consultations. Phone calls tologist, physiotherapists,
Education and self-management e-mails psychologists, social workers
skills (disease, health disease
management, future plans and
prospects, social environment,
attitude and readiness for transi-
tion).
Don’t Retard Hilderson et al, 2013 14-16 Individualised plans. Websites Coordinator, paediatric
[36,37] Education and self-management Booklet rheumatologist
Hilderson et al, 2016 [16] skills (disease, medication man- DVD
agement and adherence, exer- Phone calls
cise, cooking, fatigue, school, Workshops
friends, self-image, social issues, ~Lectures
disabilities).
Parental education.
Peer support.
Nationwide Child- Jensen et al, 2015 [38] 15-26 Individualised plans. Phone calls Coordinator (social worker),

ren’s Hospital

Education and self-management
skills (medical management,
occupation, hobbies, relation-
ships).
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Workbook

paediatric rheumatologist,
adult rheumatologist

(continued)
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Table 2 (Continued)

Programme Studies Age Educational contents Tools Health care providers involved

IWK Health Centre Stringer et al, 2015 [39] 14-16 Individualised plans. Not reported Paediatric rheumatologist,
Pediatric Rheu- Education and self-management adult rheumatologist, nurse,
matology Transi- skills (medical management and paediatric physiotherapist
tion Clinic psychosocial health).

Challenge your Ammerlaan et al, 2014 16-25 Web-based educational pro- e-Health Paediatric rheumatologist,
arthritis [40] gramme. News adult rheumatologist, nurse,

Ammerlaan et al, 2015 Education and self-management Videos peer trainers
[41] skills (disease, pain, fatigue, Homework
Ammerlaan et al, 2017 sport and exercise, nutrition, inti- Games
[42] macy, communication skills at Chats
school or work).
University Medical Ammerlaan et al, 2017 16-25 Individualised plans. Website Paediatric rheumatologist,
Center Utrech [43] Education and self-management (5 Videos adult rheumatologist, nurse
themes: treatment and medica-  Stories
tion; physical exercise, holidays, Online consulting
alcohol and drugs; relations, sex-
uality and pregnancy; dealing
with pain, fatigue and emotions;
study and work).
Peer support.

Clinical transition =~ Walter et al, 2017 [44] 12-18 Individualised plans. Not reported Coordinator (paediatric rheu-
pathway for ado- Walter et al, 2018 [45] Joint consultations. matology nurse and adult
lescents in Education and self-management rheumatologist), paediatric
Netherlands (medical care, psychosocial and rheumatologist, adult rheu-

vocational needs). matology nurse,
Parental education. physiotherapists

McMaster Rheuma- McColl et al, 2021 [46] 14-17 Not reported Not reported Not reported
tology Transition
Clinic

Got Transition Overbury et al, 2021 [8] 14-27 Education and self-management Websites Paediatric rheumatologist,

Teh et al, 2022 [47] (Got Toolkit: self-care skills, edu- Phone calls adult rheumatologist, nurse,
Cox et al, 2023 [7] cation and resources, readiness). e-mails child life specialist®,
Carandang et al, 2022 [48] Parental education. physiotherapist®

Chang et al, 2023 [49] Peer support.

ParTNerSTEPs Thomsen et al, 2022 [9] Parents Educational contents (adolescent’s Websites Paediatric rheumatologist,
(Parents in Tran- life with a chronic condition, Scripts adult rheumatologist, nurse
sition—a Nurse- independence, need for parents’
led Support and support and expectations/emo-

Transfer Educa- tions regarding the transfer, what
tional Program) to expect in adult care).

TRACER (Transi- Batthish, 2022 [50] 16-18 8-mo coaching intervention. Not reported Clinical psychologist
tion to Adult- Education and self-management
hood Through (self-advocacy, medication man-

Coaching and agement, general health, lifestyle
Empowerment) issues, education/vocation, psy-
chological and social well-being).

TTP (Tuebingen Boeker et al, 2022 [51] 13-Not reported Self-management, disease knowl-  Visits Paediatric rheumatologist,
Transition Pro- maximum age  edge, reflection of the adult rheumatologist, psy-
gram) individual progress, and topics par- chosocial team, physiothera-

ticularly relevant to adolescents pist. teachers
(not specified). Parental involve-
ment at the end of each visit.

TCARD (Transition Garcia-Rodriguez et al, 16-18 Self-management, knowledge and ~ Workshops Paediatric rheumatologist,
Clinic for Adoles- 2023 [52] literacy, mental health (psychiat- Activities adult rheumatologists, nutri-
cents with Rheu- ric disorders, drugs, suicide risk, Counselling tionist, physical medicine

matic Diseases)

education/vocation, sexual
behaviour), nutrition, sports and
physical activities, and rehabili-
tation.

and rehabilitation specialists,
medical specialist in adoles-
cent psychiatry, clinical psy-
chologist, nurse, social
worker

@ Varied between studies/among countries.

and positive patient-provider relationships to identify indi-

DISCUSSION

viduals’ needs, preferences, and resources to offer tailored

contents during transitional care. Telehealth and e-consulta-
tion may play a role in better communication [41]. Ongoing
clinical trials may provide new insights on the effectiveness of
a face-to-face, coaching transition intervention (psychologist-
driven) [50].
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The present systematic review, informing the EULAR PtC for
patient education in physical activity and self-management of
pain in jRMDs during transitional care [17], aimed to synthesise
existing evidence on transitional care programmes for young peo-
ple with jRMDs, focusing on their structure and implementation,
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Table 3
Studies characteristics examining transitional care programmes in rheumatology

Studies Design Population Comparator Main outcomes (instruments) and  Risk of bias
results
Rettig and Athreya, 1991  Cross-sectional 36 (jJRMDs) N/A Continuity to adult care (%)" High
[24] Aged 1719y
UK
Shaw et al, 2004 [29] Cross-sectional 478 (HPRs) N/A Resources to be important: self- Medium
UK medication teaching packages
and social skills training”
Barriers for implementation: inade-
quate resources, coordination,
and training”
Shaw et al, 2004 [28] Qualitative 30 (JIA) N/A Young people with JIA and their Medium
Aged 13-30y parents call for developmentally
23 (parents) appropriate care that address
UK physical, social, psychological,
and vocational issues
McDonagh et al, 2006 [30] Cohort 194 (JIA) Follow-up Acceptability” Medium
Aged11,14,17y (6 months) Educational resources usability”
185 (parents)
UK
Robertson et al, 2006 [31] Retrospective 8 (centres) Follow-up Documentation: High
UK (12-24 months) Transitional issues (HEADS) 1¢
Transitional readiness (ad hoc) 1¢
Parental needs (ad hoc) 1¢
MDT involvement (ad hoc) t
Shaw et al, 2007 [33] Cohort 308 (JIA) Follow-up Young people with JIA: Low
McDonagh et al, 2007 [32] Aged11,14,17y (12 months) Satisfaction (Mind the Gap) 1¢
67% women Health-related quality of life
303 (parents) (JAQQ) 1¢
UK Arthritis-related knowledge (ad
hoc) 1¢
Vocational plans (ad hoc) 1¢
Independent health behaviours (ad
hoc) 1
Parents:
Satisfaction (Mind the Gap) 1¢
Arthritis-related knowledge (ad
hoc) 1¢
Hilderson et al, 2013 [37]  Qualitative 11 (JIA) N/A Experiences and expectationsb Medium
Aged 18-30y 3 main themes emerged: prepara-
73% women tion, parental involvement, and
an adapted setting for the late-
adolescent or early adult
Ammerlaan et al, 2014 Quasi-experimental 19 (JIA: 42%) 10 post intervention (1 Technology acceptance (TAM)* High
[40] Aged 16-25y month) High adherence and interaction”
Netherlands Comparators: 9 face-to-face Perceived usefulness (0-10
intervention Likert) <
Perceived user acceptance (0-10
Likert) 1
Goals achievement <
Hilderson et al, 2015 [16]  Quasi-experimental 23 (JIA) Follow-up Young people with JIA: Low
Aged 14-16y (6-11 months) Psychosocial health (PedsQL) 14
74% women Physical health (PedsQL) 1
23 (parents) Pain and hurt (PedsQL) <
UK Communication (PedsQL) 1
Daily activities (PedsQL) 1
Health-related quality of life
(VAS) t
Fatigue (MFI-20) |
Motivation (MFI-20) 1
Parents:
Worry (PedsQL) ¢
Behavioural control (PRS-YSR) |¢
Autonomy support (PVF) |
Promotion of independence |
Pain and hurt (PedsQL) <
Psychological control (PRS-YSR) |
Psychosocial health |
Physical health (PedsQL) |
Daily activities (PedsQL) 1
Communication (PedsQL) |
(continued)
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Studies Design Population Comparator Main outcomes (instruments) and  Risk of bias
results
Jensen et al, 2015 [38] Quasi-experimental 210 (JIA: 52%, SLE: 26%) Follow-up Continuity to adult care (%) 1¢ Medium
Aged 15-26y (6-8 months) Satisfaction (5-50 Likert)®
79% women Comparator: 26 controls
USA
Stringer et al, 2015 [39] Cross-sectional 51 (JIA: 82%) 27 Follow-up (adult care)  Satisfaction (VAS) T Medium
Aged 15-17 y Comparator: 13 no follow- Disease control at transfer (ad hoc)
78% women up -
Canada Functional capacity (HAQ) <
Health-related quality of life (SF-
36) |
Ammerlaan et al, 2015 Qualitative 13 (JIA: 42%) N/A High acceptability and feasibility =~ Medium
[41] Aged 16-25y for an online educational portal.
Netherlands Having access to their medical
records increased their feelings
of being in control; e-consult may
lead to easier and better
communication”
Ammerlaan et al, 2017 Randomised controlled 72 (JIA) 36 post intervention (1 Learning experience (0-10 Likert)” Medium
[42] trial Aged 16-25y month) Self-efficacy (Dutch- ASES) <
88% women Comparator: 36 controls Health education impact (Dutch
Netherlands heiQ) &
Functional capacity (HAQ-DI) <
Perceived pain (0-10 Likert) <
Perceived well-being (0-10 Likert)
Ad
Perceived fatigue (0-10 Likert) «
Perceived disease activity (0-10
Likert) «
Medication (DMARD and NSAID)
>
Ammerlaan et al, 2017 Qualitative HPRs N/A Young people demanded integrat-  High
[43] ing young people priorities and
respecting their decisions”
Walter et al, 2017 [44] Qualitative 32 (JIA: 72%) N/A Missed topics during consultations® Medium
Aged 14-20y Experiences of preparation for
69% women transfer”
33 (parents) Self-management skills®
Netherlands
Walter et al, 2018 [45] Cross-sectional 154 (JIA: 68%) 76 transferred to JIA clinic Continuity to adult care (%) 1 Medium
Aged 12-14y Comparator: 78 not trans-  Individual transitional plan (%)° 1 ¢
64% women ferred to JIA clinic Satisfaction (OYOF-TES) <
Netherlands Self-efficacy (OYOF-SES)® «

McColl et al, 2021 [46]

Overbury et al, 2021 [8]

Teh et al, 2022 [47]

Chang et al, 2023 [49]

Boeker et al, 2022 [51]

Cross-sectional

Cohort

Cross-sectional

Cross-sectional and
qualitative

Cross-sectional

70 (JIA: 87%, SLE: 13%)
Aged 14-20 y

65 women

Canada

57 (JIA: 63%)

Aged 14-27 y

75% women

USA

152 (JIA: 47%, SLE: 40%)
Aged 15-22y

65% women

Singapore

9 clinics USA

85 (JIA: 71%)
Ages 18-44y
71% women
Germany
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N/A

N/A

111 aged <20y
Comparator: 41 aged >20y

N/A

Average German
population

Participants without con-
tinued care

Disease activity (ESR)® <

Vocational restrictions by the dis-
ease® &

Self-management skills (TRANSI-
TION-Q)*

Continuity to adult care (%)”

Medical healthcare knowledge
(MKHU) |

Transitional readiness (TRAQ) ¢

Transition importance (0-10 Lik-
ert) &

Organisational Readiness for
Implementing Change (ORIC)

Challenges, facilitators, and overall
experience with the transition
implementation process

Continuity to adult care (%)"

Physical activity 1

Health-related quality of life (EQ-
5D-5L) |

Satisfaction (VAS) 1

Disease activity (PGA) |

Physical activity 1

Health-related quality of life (EQ-
5D-5L) 1

Medium

Medium

Medium

Medium

Low

(continued)
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Studies Design Population Comparator Main outcomes (instruments) and  Risk of bias
results
Carandang et al, 2022 [48] Qualitative 39 (JIA: 85%) N/A Recommendations on implementa- Low
Aged 16-28 'y tion: Frame healthcare transition
82% women as an opportunity for empower-
USA ment, implement a structured
education plan and consider the
role of parents®
Cox et al, 2023 [7] Cross-sectional and 6 clinics N/A Transition implementation (0-5 High
qualitative USA Likert) 1¢

Results, suggestions and barriers”

The programme improved organi-
sation, efficiency, follow-up care,
structured communication, and
availability of helpful resources

Main barriers included document-
ing the transition process, non-
specific documents and
insufficient time

ASES, Arthritis Self-efficacy Scale; DMARD, disease-modifying antirheumatic drug; EQ-5D-5L, EuroQoL 5-Dimension 5-Level; ESR, erythrocyte sedimentation rate;
HAQ, Health Assessment Questionnaire; HEADS, Home, Education, Activities, Drugs, Suicide; heiQ, Health Education Impact Questionnaire; HPR, Health Profes-
sional in Rheumatology; JAQQ, Juvenile Arthritis Quality of Life Questionnaire; JIA, juvenile idiopathic arthritis; jRMD, juvenile-onset rheumatic and musculoskel-
etal disease; MDT, multidisciplinary team; MFI, Modified Fatigue Index; MKHU, Medical Knowledge and Healthcare Usage; ; N/A, not applicable; NSAID,
nonsteroidal anti-inflammatory drug; OYOF-SES, On-your-own-feet self-efficacy scale; OYOF-TES, On-your-own-feet transition experiences scales; PedsQL, Pediat-
ric Quality of Life; PGA, Physician Global Assessment; PRS-YSR, Parental Regulation Scale—Youth Self-Report; PVF, Promotion of Volitional Functioning (Auton-
omy Support Scale); SF-36, 36-Item Short Form Survey; SLE, systemic lupus erythematosus; TAM, Technology Acceptance Model; TRAQ, Transition Readiness

Assessment Questionnaire; VAS, visual analogue scale.
Change in scores: 1 increments, | decrements, < no differences.
? No comparative analyses are available.
b Qualitative analyses.
¢ Results from partial sample.
4 75% with inactive disease.
¢ Clinical trial protocol, no results available
f Significant change, P < .05.
8 Significant change, ES >0.30.

the qualitative experiences and perceptions of those involved, and
the quantitative outcomes associated with these programmes.
First, we observed a lack of consensus on practices for transitional
care programmes in rheumatology, as existing programmes are
markedly varied. Second, satisfaction with these programmes
appears relatively good among young people with jRMDs and
their families, although it remains unknown for healthcare profes-
sionals. Third, evidence supporting favourable outcomes remains
limited, as few well-designed RCTs have evaluated the effective-
ness of these programmes.

Structure and implementation of transitional care programmes in
rheumatology: current practices and future directions

The considerable structural differences emerging from the
identified programmes underscores the need for clearer and
standardised guidance promoting evidence-based transitional
care programmes in rheumatology. Indeed, a number of studies
offered limited details on essential components (eg, pro-
gramme duration, follow-up procedure, and delivery mode),
suggesting that reporting quality in this field may benefit from
improvement. Additionally, information on how well these
programmes align with the unique needs, preferences and
resources of young people and their families was also missing
[54], offering limited insights into whether they are suitably
tailored to serve young people with jRMDs. Despite these limi-
tations, certain foundational principles from the
2017 EULAR/PReS (general) standards and recommendations
[1] were reflected across the included studies. First, a dedi-
cated coordinator to organise care, schedule follow-ups, serve
as the primary contact for patients and families, and link
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paediatric and adult healthcare providers. Second, a multidis-
ciplinary team including paediatric and adult rheumatologists
and HPRs (eg, nurses, occupational therapists, physiothera-
pists, social workers, psychologists, and sports scientists) to
ensure holistic care that addresses the unique medical, psycho-
logical, and social needs of each young person with jRMDs.
Third, efficient communication between healthcare providers,
young people with jRMDs and their families is essential to
align treatment goals and foster informed engagement. Fourth,
comprehensive care plans that combine, when indicated, phar-
macologic and nonpharmacologic approaches, tailored to the
evolving needs, preferences and resources of each young per-
son. Fifth, to engage young people in informed shared deci-
sion-making to foster ownership and tailor care delivery to
their needs, preferences, and resources, empowering them to
self-manage their jRMDs.

Considering the high rates of physical inactivity [55,56] and
challenges in self-management of pain commonly observed among
young people with jRMDs [57—59], our task force identified the
clinically relevant and timely need of developing specific guide-
lines for patient education in physical activity and self-manage-
ment of pain during transitional care in rheumatology. This
review, together with individual semistructured interviews and
additional literature, informed the task force discussions that estab-
lished the EULAR PtC on patient education in physical activity and
self-management of pain for young people with jRMDs during tran-
sitional care [17]. By launching these EULAR PtC, we aim to opti-
mise the design of transitional care programmes in rheumatology
through clear, standardised guidance on patient education. This
approach may support a smoother transition to adult care and fos-
ters sustainable, long-term health outcomes.
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Qualitative and quantitative evidence on transitional care
programmes in rheumatology

Young people with jRMDs and their families generally
express high satisfaction with existing transitional care pro-
grammes, appreciating initiatives that foster independence
through early psychosocial support for young individuals and
education for parents. The literature highlights the importance
of peer support, education on self-management, and personal-
ised transitional care tailored to individual needs, priorities,
preferences, capabilities, resources, and contexts. In addition to
these positive aspects, young people with jRMDs and their fami-
lies also identified barriers to access transitional care such as
insufficient resources and the need for coordinated, multidisci-
plinary, and specialised healthcare teams. While qualitative evi-
dence is generally positive, the quantitative findings remain
uncertain. The literature suggests that transitional care pro-
grammes may have the potential to enhance readiness to trans-
fer, continuity of care, health literacy, and daily participation.
However, most of these findings come from limited, individual
studies with varying designs, highlighting the need for well-
designed RCTs to establish robust quantitative evidence on key
outcomes of transitional care.

Limitations

It is likely that not all existing transitional care programmes
in rheumatology are included in this review, which may be
considered the main limitation of this work. This may be
explained by the exclusion of potentially relevant databases
from our search (eg, CINAHL, PsycInfo, and PEDro) and the
exclusion of transitional care programmes whose essential
structural components were not described in detail in the
screened manuscripts. Additionally, as most included studies
focused on juvenile idiopathic arthritis and juvenile-onset sys-
temic lupus erythematosus, the generalisability of our findings
to other jRMDs is limited. Similarly, our results may not be rel-
evant to people from minorities, populations at risk of social
exclusion, and those underrepresented in research or with lim-
ited access to care. Moreover, as our literature review did not
have temporal restrictions, the evolution of practices and
resources must be considered when interpreting the findings
(eg, some previously identified barriers may now be easier to
overcome).

CONCLUSION

In conclusion, this systematic literature review synthesises
the state-of-the-art in current transitional care practices in rheu-
matology. These insights, together with additional information,
informed the discussions of the members of the task force estab-
lishing the EULAR PtC for patient education in physical activity
and self-management of pain during transitional care. Further
research is warranted to establish quantitative evidence on pro-
gramme effectiveness and to explore additional areas critical for
young people with jRMDs, such as healthy lifestyle, self-manage-
ment of fatigue, sleep hygiene, mental health and social support,
ensuring that transitional care evolves to meet their diverse
needs. Importantly, to enhance the inclusivity and reach of tran-
sitional care, it is essential to address accessibility barriers, par-
ticularly for people from underrepresented groups with limited
healthcare access.
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Article history: Objectives: This study aims to quantify the impact of population ageing on the global burden and
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Accepted 2 August 2025 1990 to 2021, stratified by geographic region, sociodemographic index (SDI), sex, and major
MSK subcategories.

Methods: The global burden of MSK disorders attributed to population ageing was evaluated
using decomposition analysis, while related healthcare costs were estimated through an extrapo-
lation approach.

Results: Between 1990 and 2021, population ageing was the largest contributor to the increases
in incident cases, prevalent cases, and disability-adjusted life-years (DALYs) in 33.3%, 37.7%,
and 35.8% of countries and territories, respectively. Inverted U-shaped associations were
observed between SDI and the proportions of incident cases, prevalent cases, and DALYs attrib-
uted to population ageing, with middle SDI countries exhibiting the highest proportions.
Declines in incidence rates have partially offset the increase in incident cases due to population
ageing globally. However, population ageing contributed more to the increases in prevalent
cases and DALYs than increases in epidemiological rates. Males were more affected by popula-
tion ageing globally, particularly in high and high-middle SDI countries, whereas females were
more impacted in low-to-middle SDI countries. Osteoarthritis was the MSK disorder most influ-
enced by population ageing globally, followed by gout and rheumatoid arthritis. In 2021, popu-
lation ageing contributed US$96.0 billion to global healthcare costs for MSK disorders,
equivalent to 0.10% of global gross domestic product.
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Conclusions: Over the past 3 decades, the global burden of MSK disorders attributed to popula-
tion ageing has consistently increased. Public health strategies, tailored to SDI level, sex, and
specific MSK subcategories, should not only enhance prevention efforts but also strengthen
long-term management to mitigate the rising global burden and economic impact of MSK disor-
ders driven by population ageing.

WHAT IS ALREADY KNOWN ON THIS TOPIC

* Population ageing has accelerated in recent decades, signifi-
cantly contributing to the global burden of musculoskeletal
(MSK) disorders.

* Despite extensive research on the global burden of MSK disor-
ders, a critical gap remains in quantifying the net effect of pop-
ulation ageing, distinct from other concurrent drivers such as
changes in epidemiological rates and population growth.

WHAT THIS STUDY ADDS

In approximately one-third of countries and territories, popula-
tion ageing has become the largest contributor to the increasing
burden of MSK disorders.

Inverted U-shaped associations were observed between the
sociodemographic index (SDI) and the proportions of incident
cases, prevalent cases, and disability-adjusted life-years
(DALYs) attributed to population ageing, with middle SDI
countries bearing the highest proportions.

The decrease in incidence rates has partially offset the increase
in incident cases driven by population ageing globally. How-
ever, population ageing contributed more to the increases in
prevalent cases and DALYs than epidemiological rate increases.
Males experience greater impact of population ageing globally,
particularly in high and high-middle SDI countries. Females are
more affected in low-to-middle SDI countries.

Osteoarthritis is the most affected MSK disorder globally by
population ageing, followed by gout and rheumatoid arthritis.
In low SDI countries, neck pain is the most affected, while in
high and high-middle SDI countries, gout is the most affected.
In 2021, population ageing accounted for US$96.0 billion in
global healthcare costs for MSK disorders, equivalent to 0.10%
of the global gross domestic product, surpassing the costs
attributed to common modifiable risk factors.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

* This study provides timely evidence to inform targeted public
health strategies and healthcare resource allocation to alleviate
the global burden and economic impact of MSK disorders driven
by population ageing and to promote healthier ageing worldwide.

INTRODUCTION

Over the past decades, rising life expectancy, driven by
healthcare advancements and improved living standards, along-
side declining fertility rates, has accelerated global population
ageing [1]. According to the World Population Prospects 2024
by the United Nations, the global number of individuals aged
65 years and older is projected to double from 0.8 billion in
2024 to 1.6 billion by 2050, increasing their share of the total
population from 10.2% to 16.4% [2]. This demographic transi-
tion presents unprecedented challenges to healthcare systems,
as ageing populations face heightened risks of chronic diseases,
functional decline, and disability [3]. Addressing these chal-
lenges requires both mitigating global burden and promoting
healthy ageing, which focuses on maintaining functional ability
and enhancing the quality of life in older adults [3].
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Musculoskeletal (MSK) disorders, including low back pain,
osteoarthritis (OA), neck pain (NP), gout, and rheumatoid
arthritis (RA), are the leading causes of disability globally, con-
tributing to 161.9 million disability-adjusted life-years (DALYSs)
in 2021 [4]. As populations age, the global burden of MSK disor-
ders is expected to rise substantially due to their strong associa-
tion with age-related degenerative processes, chronic
inflammation, and long-term functional impairment [5,6].
Moreover, age-related factors such as sarcopenia, osteoporosis,
and multimorbidity further exacerbate the severity of MSK dis-
orders, which in turn increases healthcare demands and eco-
nomic costs [5,6]. Despite extensive studies on the global
burden and risk factors of MSK disorders [7—9], a critical knowl-
edge gap remains in distinguishing the net effect of population
ageing from other concurrent drivers, such as epidemiological
shifts (eg, incidence and prevalence trends) and population
growth. Without accurately quantifying these effects, it is diffi-
cult to develop targeted prevention and management strategies
that effectively address the challenges posed by population age-
ing on MSK disorders.

To bridge this gap, we conducted a systematic analysis to
comprehensively quantify the net impact of population ageing
on the global burden and related healthcare costs of MSK disor-
ders across 204 countries and territories from 1990 to 2021.
This study disentangled the effects of population ageing from
those of population growth and changes in age-specific epidemi-
ological rates (eg, incidence, prevalence, and DALY rates), while
accounting for geographic variation, sociodemographic factors,
sex differences, and major MSK subcategories. These results
offer essential evidence to guide targeted interventions aimed at
alleviating the rising global burden and economic impact of
MSK disorders in ageing populations and promoting healthier
ageing worldwide.

METHODS
Data sources

The Global Burden of Diseases (GBD) 2021 study is a compre-
hensive global initiative led by the Institute for Health Metrics
and Evaluation, in collaboration with researchers and institu-
tions worldwide [4]. It aims to quantify the impact of 371 dis-
eases and injuries on human health across 204 countries and
territories from 1990 to 2021 [4]. The study utilises a wide array
of data sources, including vital registration systems, surveys,
censuses, and published population-based studies, to provide
estimates of both fatal and nonfatal health outcomes, encom-
passing infectious and noncommunicable diseases, mental
health conditions, and injuries [4]. As a key resource in global
health research, GBD 2021 offers a robust framework for analy-
sing global health dynamics, providing critical insights that
inform policy decisions and strategies aimed at improving popu-
lation health outcomes worldwide [4].

In this study, data on the global burden of MSK disorders
were extracted from the GBD Results Tool, an interactive online
platform that provides access to GBD 2021 estimates [4,10].
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The incidence and prevalence of MSK disorders were estimated
using the Bayesian metaregression tool DisMod-MR 2.1, which
integrates data from various sources to yield consistent esti-
mates [4,10]. Years lived with disability (YLDs) were calculated
by multiplying the prevalence of each disorder by its associated
disability weight, while years of life lost (YLLs) were determined
by multiplying the number of deaths by standard life expectancy
[4,10]. The sum of YLDs and YLLs provided the DALYs, which
capture the overall burden of MSK disorders [4,10].

The 204 countries and territories are organised into 21 geo-
graphical regions, such as Western Europe, and further classified
into 5 sociodemographic index (SDI) quintiles: low, low-middle,
middle, high-middle, and high, based on an SDI score ranging
from 0.0 (lowest development) to 1.0 (highest) [4]. More details
on the case definitions and data sources for MSK disorders are
available in Supplementary Table S1 and the related publica-
tions [4,8,10].

Decomposition method

To evaluate the impact of population ageing on the global
burden of MSK disorders, we utilised a decomposition method
that dissects changes in the number of incident cases, prevalent
cases, and DALYs of MSK disorders into 3 distinct components:
population ageing, population growth, and changes in age-spe-
cific rates [11,12]. This approach effectively mitigates potential
inconsistencies that may arise from the selection of decomposi-
tion order and reference groups by systematically calculating
the main effects and interactions of these components [11,12].
The decomposition method is grounded in the following equa-
tions [11,12]:

20
M, = YNi(si = sa)ma

i=1

20
M, = Y (N2 — Ny)siymy
=

20
M, = Zleil(miz —myp)

i=1

20
Lo = 2 (Ny = Ny)(si2 — si1)may
=1

20
Lm = 2.(N2 = Ny)sit (mip — myy)

i=1

20
Tam = 2N1(si2 = si1)(mia — mir)

i=1

20
Loam = _Z(Nz = Ni)(si2 = si1)(mip — myy)
i=

The main effects of population ageing, population growth,
and epidemiological rate changes are denoted as M, M,, and
M,,, respectively. Furthermore, the interactions among these
components are captured in the terms L, Ipm, Igm, and Ingm
[11,12]. In this framework, m; represents the age-specific rate
for the ith age group in year j, while sij reflects the proportion of
the population within the same age group [11,12]. The popula-
tion sizes for the 2 groups under comparison are labelled as N1
and N2 [11,12].
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Through this structured methodology, we can effectively
attribute the fluctuations in the incidence, prevalence, and
DALYs directly to the impacts of population ageing, population
growth, and changes in age-specific rates, as outlined below
[11,12]:

A =M+ 120y + 1/2Dq + 1/3L,0m
P=M,+1/2L,, + 1/2L,, +1/3L,4p

M =My, 4+ 1/2Lp + 1/ 20 + 1/3Lpam

Estimation of healthcare costs

To estimate the healthcare costs of MSK disorders attributed
to population ageing, an extrapolation approach was adopted,
which has been widely utilised in prior global economic evalua-
tions of various noncommunicable diseases [13—15]. Specifi-
cally, the unit cost per MSK case in the United States was
calculated as reference through dividing the total national
expenditure on MSK-related healthcare by the number of preva-
lent MSK cases [16]. The U.S. MSK-related healthcare costs
were then extrapolated to other countries and territories using a
country-specific health spending ratio, defined as the ratio of
per capita health expenditure in each country to that of the
United States. Data on per capita health spending were obtained
from the global health spending study [17]. Subsequently, the
healthcare costs for each country were calculated through multi-
plying the number of prevalent MSK cases attributed to popula-
tion ageing by the extrapolated per-case costs. All cost estimates
were reported in 2021 U.S. dollars to ensure comparability
across countries. Furthermore, the percentage of healthcare
costs relative to gross domestic product (GDP) was calculated
using GDP data from the World Health Organization Global
Health Expenditure Database [18]. More details about the esti-
mation of healthcare costs for MSK disorders attributed to popu-
lation ageing are presented in Supplementary Methods and
prior studies [13—15].

Statistical analysis

The decomposition analysis quantified both the absolute and
relative contributions of population growth, population ageing,
and epidemiological rate changes to the variations in incident
cases, prevalent cases, and DALYs for MSK disorders from 1990
to each subsequent year through 2021 [11,12]. Absolute contri-
butions were expressed as the numbers of incident cases, preva-
lent cases, and DALYs attributed to each component [11,12]. In
contrast, relative contributions (attributed proportions) were
calculated as the percentage of these attributed numbers relative
to the total numbers in 1990 [11,12]. A positive contribution
indicated an increase in incident cases, prevalent cases, and
DALYs, while a negative contribution reflected a decrease
[11,12].

For locations where population ageing made positive contri-
butions, ratios (R) between the numbers of incident cases, preva-
lent cases, and DALYs attributed to epidemiological rate changes
and those attributed to population ageing were calculated, to
assess their comparative contributions [11,12]. An R < —1 indi-
cated that the reductions in incidence, prevalence, and DALY
rates completely offset the increases due to population ageing,
while R = —1 suggested that reductions due to epidemiological
rate changes equally counterbalanced the increases due to popu-
lation ageing. If —1 < R < 0, it indicated that epidemiological
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rate reductions mitigated, but did not fully counteract, the
impact of population ageing [11,12]. Conversely, if 0 <R < 1, it
implied that the increases in incidence, prevalence, and DALY
rates were lower than the effects of population ageing, whereas
R = 1 denoted an equal contribution. An R > 1 suggested that
the increases in incidence, prevalence, and DALY rates had
greater effects than population ageing [11,12].

The associations between sociodemographic levels and
attributed proportions, as well as the percentage of healthcare
costs relative to GDP, were assessed using locally estimated scat-
terplot smoothing regression and Spearman’s rank correlation,
respectively [8]. All statistical analyses and visualisations were
conducted using R version 4.2.3.

Patient and public involvement

This study relied solely on publicly available data, and no
direct patient or public involvement was incorporated through-
out the research process. Patients and the public were not
involved in the development of the research question, selection
of outcome measures, study design, or data collection and analy-
sis. They also did not contribute to the interpretation of findings
or the preparation of the manuscript.

RESULTS
Global population ageing from 1990 to 2021

From 1990 to 2021, the global population aged 65 and over
increased from 325.6 million to 770.2 million, with the propor-
tion of this age group in the total population rising from 6.1% to
9.8% (Supplementary Fig S1, Supplementary Table S2). Among
the 5 SDI quintiles, high SDI countries had the highest propor-
tion of the population aged 65 and over in 2021 (18.7%), while
low SDI countries had the lowest proportion (3.3%). Except for
low SDI countries, where the proportion remained stable (3.2%
in 1990 and 3.3% in 2021), all other SDI quintiles experienced
significant increases in the population aged 65 and over. The
most pronounced rise occurred in high SDI countries, where the
proportion increased from 11.8% to 18.7% (Supplementary
Fig S1, Supplementary Table S2). More details about the
changes in the proportions of the population aged 65 and over
at the regional and national levels are presented in Supplemen-
tary Figures S1 and S2 and Supplementary Tables S2 and S3.

— Population growth — Population ageing

Incident cases
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The impact of population ageing on the incidence, prevalence,
and DALYs of MSK disorders

In 2021, MSK disorders accounted for 367.2 million incident
cases, 1686.6 million prevalent cases, and 161.9 million DALYs
globally, reflecting increases of 151.9 million, 821.5 million,
and 75.6 million compared with 1990, respectively (Fig 1).
Between 1990 and 2021, population ageing contributed to
increases of 59.4 million incident cases, 299.4 million prevalent
cases, and 27.2 million DALYs globally, with attributed propor-
tions of 27.6%, 34.6%, and 31.6%, respectively (Figs 1 and 2).

Globally and across all SDI quintiles, the proportions of inci-
dent cases, prevalent cases, and DALYs attributed to population
ageing steadily rose during this period (Supplementary Fig S3;
Supplementary Tables S4-S6). Middle SDI countries exhibited
the highest proportions of incident cases, prevalent cases, and
DALYs attributed to population ageing (45.0%, 57.9%, and
51.8%, respectively) (Fig 2; Supplementary Tables S4-S6). Nota-
bly, compared with population growth and epidemiological rate
changes, population ageing had the greatest impact on the
increases in incident cases, prevalent cases, and DALYs in high-
middle SDI countries, and on the increase in prevalent cases in
middle SDI countries (Supplementary Fig S4; Supplementary
Tables S4-S6).

Across geographic regions, East Asia reported the highest
proportions of increases in incident cases, prevalent cases, and
DALYs attributed to population ageing (52.7%, 68.5%, and
59.4%, respectively) (Fig 2; Supplementary Tables S4-S6). Fur-
thermore, population ageing was the largest contributor to the
increases in incident cases, prevalent cases, and DALYs in East
Asia, Central and Eastern Europe, and High-income Asia Pacific,
and to the increases in prevalent cases and DALYs in Western
Europe (Supplementary Fig S4; Supplementary Tables S4-S6).

From 1990 to 2021, population ageing contributed to the
increases in incident cases, prevalent cases, and DALYs in
95.6%, 94.6%, and 95.6% (195, 193, and 195/204) of countries
and territories, respectively (Supplementary Figs S5-S7; Supple-
mentary Tables S7-S9). Of these, the United Arab Emirates
showed the highest attributed proportions for incident cases,
prevalent cases, and DALYs (143.6%, 196.9%, and 173.4%,
respectively). Furthermore, across 204 countries and territories,
SDI showed inverted U-shaped associations with the attributed
proportions of incident cases, prevalent cases, and DALYs, peak-
ing in middle SDI countries (Fig 3). Notably, in 33.3%, 37.7%,
and 35.8% (68, 77, and 73/204) of countries and territories,
population ageing was the largest driver behind the increases in

Epidemiological rate changes — Change in total numbers

Prevalent cases

DALYs

@ =] @
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Figure 1. Changes in global numbers of incident cases, prevalent cases, and DALYs for MSK disorders attributed to population ageing, population
growth, and epidemiological rate changes, 1990-2021. DALYs, disability-adjusted life-years; MSK, musculoskeletal.
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Figure 2. Proportions of incident cases, prevalent cases, and DALYs for MSK disorders attributed to population ageing globally and by SDI and geo-
graphic regions, 1990-2021. DALYs, disability-adjusted life-years; MSK, musculoskeletal; SDI, sociodemographic index.

incident cases, prevalent cases, and DALYs, respectively (Fig 4;
Supplementary Figs S8 and S9; Supplementary Tables S7-S9).

Comparative contributions of changes in incidence, prevalence,
and DALY rates vs population ageing

Between 1990 and 2021, the reduction in incidence rate led
to a decrease of 18.9 million incident cases of MSK disorders
globally, while increases in prevalence and DALY rates contrib-
uted to increases of 42.0 million prevalent cases and 1.5 million
DALYs (Fig 1). Globally and across SDI quintiles, reductions in
incidence rates partially offset the increases in incident cases
driven by population ageing (—1 < R < 0), especially in low SDI
countries (R = —0.57) (Supplementary Fig S10; Supplementary

Table S4). However, compared with the increases in prevalence
and DALY rates, population ageing contributed more to the
increases in prevalent cases and DALYs (0 < R < 1), particularly
in high-middle SDI countries for prevalent cases (R = 0.08) and
in middle SDI countries for DALYs (R = 0.10) (Supplementary
Fig S10; Supplementary Tables S5 and S6).

Among the 12 geographic regions, reductions in incidence
rates partially offset the increases in incident cases due to popu-
lation ageing (—1 < R < 0), with Central Sub-Saharan Africa
showing the strongest offsetting effect (R = —0.37) (Supplemen-
tary Fig S10; Supplementary Table S4). In contrast, population
ageing contributed more to the increases in prevalent cases and
DALYs than the increases in prevalence and DALY rates across
most regions (0 < R < 1), with the most notable effects observed
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Figure 3. Association between SDI and proportions of incident cases, prevalent cases, and DALYs for MSK disorders attributed to population ageing in
204 countries and territories. DALYs, disability-adjusted life-years; MSK, musculoskeletal; SDI, sociodemographic index.
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Figure 4. The largest contributor to the increase in DALYs for MSK disorders in 204 countries and territories, 1990-2021. DALYs, disability-adjusted

life-years; MSK, musculoskeletal.

in Tropical Latin America (R = 0.03 and 0.02, respectively)
(Supplementary Fig S10; Supplementary Tables S5 and S6).

At the national level, population ageing contributed more to
the increases in incident cases, prevalent cases, and DALYs than
increases in epidemiological rates in 47.5%, 88.7%, and 82.8%
(97, 181, and 169/204) of countries and territories, respectively
(0 <R < 1) (Fig 5; Supplementary Figs S11 and S12; Supplemen-
tary Tables S7-S9). Conversely, in 46.1%, 3.4%, and 8.8% (94, 7,
and 18/204) of countries and territories, reductions in epidemi-
ological rates partially offset the increases in incident cases,
prevalent cases, and DALYs attributed to population ageing
(—1 < R < 0), with Denmark exhibiting the strongest offsetting
effect (R = —0.93, —0.29, and —0.43, respectively) (Fig 5; Sup-
plementary Figs S11 and S12; Supplementary Tables S7-S9).

Ratio
<-1.0
-1.0t0 -0.5
-0.5t00.0
0.0t0 0.5
05t01.0
>1.0
Not appliable

The impact of population ageing on incidence, prevalence, and
DALYs by sex disparities

Over the past 30 years, males generally exhibited higher pro-
portions of incident cases, prevalent cases, and DALYs attributed
to population ageing than females globally, particularly in
high and high-middle SDI countries (Fig 6; Supplementary
Table S10). However, in low-to-middle SDI countries, females
exhibited higher proportions attributed to population ageing
(Fig 6; Supplementary Table S10).

At the regional level, males exhibited higher proportions of
incident cases, prevalent cases, and DALYs attributed to popula-
tion ageing across most regions, except in Andean Latin Amer-
ica, the Caribbean, South Asia, East Asia, and Eastern, Southern,

Figure 5. Ratios between the numbers of incident cases attributed to incidence rate changes and those attributed to population ageing in 204 coun-
tries and territories, 1990-2021. ‘Not applicable’ indicates population deageing associated decreases in incident cases.
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Figure 6. Sex differences in the proportions of incident cases, prevalent cases, and DALYs for MSK disorders attributed to population ageing globally
and by SDI quintiles and geographic regions, 1990-2021. DALYs, disability-adjusted life-years; MSK, musculoskeletal; SDI, sociodemographic index.

and Western Sub-Saharan Africa, where females showed higher
proportions (Fig 6; Supplementary Table S10). At the national
level, males showed higher proportions of incident cases, preva-
lent cases, and DALYs attributed to population ageing in 58.8%,
59.8%, and 54.4% (120, 122, and 111/204) of countries and
territories (Supplementary Figs S13-S15; Supplementary
Table S11).

The impact of population ageing on incidence, prevalence,
and DALYs by MSK subcategories

Between 1990 and 2021, among major MSK subcategories,
OA was the most affected by population ageing globally, with
attributed proportions of 49.4%, 60.9%, and 61.3% for incident
cases, prevalent cases, and DALYs, respectively, followed by
gout (49.2%, 56.7%, and 55.0%) and RA (29.7%, 44.2%, and
44.7%) (Supplementary Fig S16; Supplementary Table S12). For
all other MSK subcategories, the attributed proportions were
below 30% (Supplementary Fig S16; Supplementary Table S12).

Across most SDI quintiles, OA was the most affected MSK dis-
order by population ageing. However, NP was the most
impacted in low SDI countries, with attributed proportions of
11.7%, 11.6%, and 11.7% for incident cases, prevalent cases,
and DALYs, respectively (Supplementary Fig S16; Supplemen-
tary Table S12). Moreover, in high and high-middle SDI coun-
tries, gout was the most influenced for incident cases (38.8%
and 58.4%, respectively) (Supplementary Fig S16; Supplemen-
tary Table S12).

Across most geographic regions, OA was the most impacted
MSK disorder by population ageing. However, gout was the
most impacted in Southern Latin America, South Asia, Europe,
and Australasia for incident cases, as well as in High-income

North America and Australasia for prevalent cases (Supplemen-
tary Fig S16; Supplementary Table S12). Moreover, RA was the
most affected in Central Sub-Saharan Africa for incident cases,
as well as in Central Asia for prevalent cases and DALYs (Supple-
mentary Fig S16; Supplementary Table S12).

At the national level, OA was the most affected by population
ageing in 61.3%, 70.1%, and 72.1% (125, 143, and 147/204) of
countries and territories for incident cases, prevalent cases, and
DALYs, respectively (Fig 7; Supplementary Figs S17 and S18;
Supplementary Table S13). Furthermore, gout was the most
impacted in 25.0% (51/204) of countries and territories for inci-
dent cases. In contrast, all other MSK subcategories were the
most affected in approximately 10% or fewer countries and terri-
tories (Fig 7; Supplementary Figs S17 and S18; Supplementary
Table S13).

Healthcare costs for MSK disorders attributed to population
ageing

Using 1990 as the baseline, population ageing contributed to
US$96.0 billion in global healthcare costs for MSK disorders in
2021, accounting for 0.10% of global GDP. Across the 5 SDI
quintiles, high SDI countries exhibited the highest healthcare
costs (US$65.6 billion) and the greatest proportion of costs rela-
tive to GDP (0.12%). Among geographic regions, high-income
North America reported the highest expenditure (US$37.6 bil-
lion), while the Caribbean had the highest percentage relative to
GDP (0.19%). (Supplementary Figs S19 and S20; Supplementary
Table S14).

At the national level, the United States had the highest
healthcare costs (US$35.3 billion), while Cuba showed the high-
est cost proportion relative to GDP (0.31%) (Fig 8;
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Figure 7. Predominant MSK category with the highest proportion of DALYs attributed to population ageing in 204 countries and territories, 1990-

2021. DALYs, disability-adjusted life-years; MSK, musculoskeletal.
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Figure 8. Healthcare costs for MSK disorders attributed to population ageing (million US$) in 204 countries and territories, 2021. ‘Not applicable’
indicates population deageing associated decreases in prevalent cases. MSK, musculoskeletal.

Supplementary Fig S21; Supplementary Table S15). Further-
more, there was a significantly positive correlation between SDI
and the proportion of healthcare costs relative to GDP across
204 countries and territories (r; = 0.688, P < 0.001) (Supple-
mentary Fig $22).

To provide more policy-relevant insights, we further esti-
mated the healthcare cost increases attributed to population
ageing for MSK disorders over shorter time frames. Using 2011
and 2016 as alternative baselines, we assessed global healthcare
costs across 204 countries and territories, stratified by geo-
graphic region and SDI quintile (Supplementary Figs S23-S30;
Supplementary Tables S16-S19).

DISCUSSION

This study is the first comprehensive evaluation of the impact
of population ageing on the global burden and healthcare costs
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of MSK disorders across 204 countries and territories from 1990
to 2021. Our findings revealed that the global population aged
65 and over more than doubled during this period, with their
share of the total population increasing from 6.1% to 9.8%. Fur-
thermore, population ageing contributed to increasing propor-
tions of incident cases, prevalent cases, and DALYs for MSK
disorders globally and across all SDI quintiles. Notably, while
high SDI countries had the largest proportion of elderly popula-
tions, middle SDI countries exhibited the highest relative burden
of MSK disorders attributable to population ageing. This pattern
likely reflects variations in the pace and context of demographic
transitions. In middle SDI countries, the rate of population age-
ing has accelerated rapidly in recent decades, driven by gains in
life expectancy and declining fertility rates [19]. However,
many of these countries are still in the process of developing
adequate healthcare infrastructure and chronic disease manage-
ment systems, limiting their capacity to respond effectively to



the rising needs of ageing populations [19]. In contrast, high SDI
countries, despite having larger proportions of elderly popula-
tions, often benefit from more advanced health systems and
broader access to preventive care, which may help mitigate the
impact of population ageing on MSK disorders [20]. These
dynamics contribute to the observed inverted U-shaped associa-
tion between SDI levels and the proportion of MSK burden
attributable to population ageing, with the peak occurring in
middle SDI countries. These findings highlight the need for SDI-
specific public health strategies, particularly in middle SDI coun-
tries, where early interventions and targeted policies are
urgently needed to alleviate the rising burden of MSK disorders
driven by population ageing.

Encouragingly, our analysis showed that reductions in inci-
dence rates have partially offset the rise in incident cases attrib-
uted to population ageing, especially in low SDI countries. This
phenomenon is likely due to younger population structures in
these countries, along with technological advancements that
have alleviated traditionally high physical labour intensity and
improved ergonomic conditions [8]. However, despite this prog-
ress, population ageing contributed more to the increases in
prevalent cases and DALYs than epidemiological rate increases.
This highlights the need not only for enhanced prevention
efforts but also for improved long-term management strategies
to alleviate the growing burden of MSK disorders attributed to
population ageing.

At the national level, 46.1% of countries and territories expe-
rienced only partial offsets in incident cases due to declining
incidence rates, while 88.7% and 82.8% of countries showed
greater contributions of population ageing to the increases in
prevalent cases and DALYs than those of epidemiological rate
changes. In this context, valuable lessons could be drawn from
countries like Denmark, which has significantly mitigated the
adverse impact of population ageing through reductions in inci-
dence, prevalence, and DALY rates. The approaches and policies
implemented in Denmark, including a robust universal health-
care system, proactive early intervention strategies, and compre-
hensive rehabilitation services, could serve as models for other
countries to address the escalating burden of MSK disorders in
ageing populations [21].

Although the prevalence of MSK conditions is generally
higher among females [7—9], our analysis showed that males
experienced a greater relative impact of population ageing glob-
ally, particularly in high and high-middle SDI countries. In con-
trast, females were more affected in low-to-middle SDI
countries. Beyond genetic and biological factors, these dispar-
ities likely reflect variations in demographic trends, behavioural
risk exposures, and healthcare access. In high-income countries,
where MSK disorders are most prevalent, the life expectancy
gap between males and females has narrowed in recent decades,
declining from 6.85 years in 1990 to 5.64 years in 2021 [2]. As
more men in these countries reach older ages, their cumulative
exposure to MSK-related risks increases, magnifying the ageing-
related burden. By contrast, life expectancy for women in these
countries has plateaued at consistently high levels [2], poten-
tially leading to a ‘ceiling effect’, whereby further gains in lon-
gevity no longer translate into proportional increases in MSK
burden. Moreover, men, particularly in high and high-middle
SDI countries, are more likely to engage in physically demand-
ing occupations and to smoke or consume alcohol, all of which
are established risk factors for MSK disorders [8,22]. Con-
versely, in low-to-middle SDI countries, women often face
greater health inequities, such as limited access to healthcare
and higher prevalence of undernutrition, which could increase
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their vulnerability to age-related MSK disorders [23,24]. Taken
together, the narrowing sex gap in life expectancy and cumula-
tive exposure to MSK-related risk factors, particularly in high-
income countries, likely explain the greater ageing-related bur-
den among males, despite their lower baseline MSK prevalence.

Among major MSK subcategories, OA was the most affected
by population ageing globally, followed by gout and RA. This is
likely due to their strong association with ageing-related physio-
logical changes, compounded by the rising prevalence of risk
factors such as obesity and smoking over the past 3 decades
[25,26]. However, in low SDI countries, NP was the MSK disor-
der most affected by population ageing. This finding is likely
driven by the higher prevalence of labour-intensive industries,
where prolonged physical strain, high work intensity, and poor
occupational conditions contribute significantly to NP onset
[27]. Additionally, in high and high-middle SDI countries, gout
was the most affected MSK disorder for incident cases, likely
linked to higher consumption of purine-rich foods, rising obesity
rates, and declining physical activity levels [28]. These findings
underscore the importance of developing public health strate-
gies tailored to sex disparities and specific MSK subcategories in
alleviating the growing burden of MSK disorders as population
ageing accelerates.

Previous studies have shown that high body mass index,
smoking, and occupational ergonomic factors accounted for US
$60.5 billion, US$65.8 billion, and US$47.0 billion in global
healthcare costs for MSK disorders in 2019, respectively
[14,29,30]. Our study revealed that population ageing was
responsible for US$96.0 billion in 2021, surpassing common
modifiable risk factors as the leading driver of healthcare expen-
ditures for MSK disorders. Therefore, in addition to mitigating
modifiable risk factors, resource allocation strategies should
place greater emphasis on addressing the health system chal-
lenges posed by population ageing. Notably, while middle SDI
countries exhibited the greatest proportional burden of MSK dis-
orders due to population ageing, high SDI countries incurred the
highest absolute and relative healthcare costs. These results
highlight the need to balance disease burden reduction with
long-term economic sustainability. High SDI countries should
prioritise cost-effective interventions to promote value-based
healthcare, whereas middle SDI countries should seek diverse
resources to expand affordable services amid demographic tran-
sitions.

This study has 3 significant strengths. First, it is the first com-
prehensive investigation assessing the impact of population age-
ing on the global burden and healthcare costs of MSK disorders
across 204 countries and territories from 1990 to 2021, strati-
fied by geographic regions, SDI, sex, and MSK subcategories.
Second, the contribution of epidemiological rate changes was
compared with population ageing, providing valuable insights
into the potential benefits of strengthening both prevention and
management efforts. By understanding how these factors inter-
act, the findings could inform the development of targeted pub-
lic health strategies that focus on early interventions, improved
management, and policy reforms tailored to population ageing.
Furthermore, traditional decomposition approaches often yield
inconsistent or conflicting results depending on the choice of
decomposition order and reference group, but the method
applied in this study overcomes these limitations, providing
robust and reliable evidence [11,12].

However, this study has several limitations that should be
acknowledged. First, there is a potential underestimation of
uncertainty in locations with limited data on MSK disorders,
which may affect the accuracy of disease burden estimates,
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particularly in low-income countries [4]. Second, due to the
chronic and often insidious onset of many MSK disorders, it is
difficult to determine their exact timing of onset and diagnosis.
Consequently, the GBD study estimates incidence through the
DisMod-MR 2.1 model, which integrates sparse and heteroge-
neous data sources. While this method provides internally con-
sistent estimates, the modelled nature of incidence introduces
uncertainty, and the resulting trends should be interpreted with
appropriate caution. Third, while population ageing is primarily
driven by increases in life expectancy and changes in fertility
rates, the methodology used in this study does not differentiate
between these 2 mechanisms [11,12]. This limitation may hin-
der a more nuanced understanding of how each factor contrib-
utes to the global burden of MSK disorders. Fourth, we were
unable to compute 95% ClIs for our estimates due to the lack of
access to full posterior distributions of data from the GBD 2021
study. Future research should aim to refine methodologies and
enhance data quality to provide deeper insights into the drivers
of population ageing and their impact on MSK disorders world-
wide. Additionally, our findings indicate that a considerable
proportion of the increase in the global burden of MSK disorders
cannot be explained by population ageing alone, but rather
reflects changes in age-specific epidemiological rates. Although
our decomposition model does not explicitly incorporate risk
factor exposures, modifiable risk factors such as obesity, injury,
and physical inactivity likely contributed to these observed rate
changes, particularly for conditions like OA [8,9]. Therefore,
beyond adapting health systems to ageing populations, early
preventive strategies targeting modifiable risk factors are essen-
tial to mitigate future burden and promote healthy ageing.

CONCLUSIONS

Over the past 3 decades, the global burden of MSK disorders
attributed to population ageing has steadily increased, with mid-
dle SDI countries experiencing the most pronounced impact. In
approximately one-third of countries and territories, population
ageing has emerged as the largest contributor to the growing
burden of MSK disorders. In 2021, it accounted for US$96.0 bil-
lion in global healthcare costs for MSK disorders, equivalent to
0.10% of global GDP. Public health strategies, tailored to socio-
demographic levels, sex disparities, and specific MSK subcatego-
ries, should not only enhance prevention efforts but also
strengthen long-term management to address the growing bur-
den of MSK disorders driven by population ageing.
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A 42-year-old man presented with a 2-year history of low disc herniation at the L3/4 level, accompanied by an intradiscal
back pain and a recent onset of left-sided radiculopathy. His gas phenomenon (Fig, A,B). Further characterisation with sagit-
physical examination was notable for a positive left femoral tal T1-weighted magnetic resonance imaging confirmed the cal-
nerve stretch test and 4/5 muscle strength in the left quadriceps. cified herniation at the L3/4 level, and a special finding was
Computed tomography of the lumbar spine revealed a calcified that the intervertebral discs demonstrated markedly increased

Alkaptonuria presenting with a calcified lumbar disc herniation and ochronotic pigment deposition. (A, B) Computed tomography showing a
calcified herniated disc at L3/4 with an intradiscal gas phenomenon. (C) Sagittal T1-weighted magnetic resonance imaging confirming the calcified
herniation at the L3/4 level. (D) Intraoperative photograph revealing a jet-black nucleus pulposus. (E) Histopathological examination of the disc mate-
rial (haematoxylin and eosin stain). (F) Urine sample initially appears normal (left panel), then turns characteristically dark after 3 days of air exposure
(right panel) due to homogentisic acid oxidation.
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T1-weighted signal intensity that surpassed the signal of adja-
cent vertebral marrow fat (Fig, C). During subsequent transfora-
minal lumbar interbody fusion, a striking finding was made: the
nucleus pulposus was brittle and jet-black, resembling aged rub-
ber (Fig, D). Histopathological examination of the excised disc
material (haematoxylin and eosin stain) corroborated the diag-
nosis by revealing ochronotic pigment deposition within the
degenerated disc tissue (Fig, E). The patient had no other
remarkable systemic signs on initial presentation. What is the
underlying diagnosis?

The answer is alkaptonuric ochronosis. The unusual intrao-
perative finding prompted a deeper investigation. A urine
sample, though initially normal in colour, turned dark after
being left to stand for 3 days (Fig, F). Genetic testing con-
firmed a homozygous mutation in the homogentisate 1,2-diox-
ygenase (HGD) gene. This case highlights that severe, early-
onset disc degeneration with increased T1-weighted signal
intensity that surpasses the signal of adjacent vertebral mar-
row fat, which may be attributed to the deposition of ochro-
notic pigment within the disc, is highly characteristic of
ochronotic arthropathy and should raise suspicion for this
diagnosis, even in the absence of classic scleral or cutaneous
pigmentation [1—3].
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Letter

A case of systemic lupus
erythematosus with
favourable pregnancy
outcome following continued
administration of anifrolumab
during pregnancy

To the editor,

Systemic lupus erythematosus (SLE) is associated with an
increased risk of adverse pregnancy outcomes (APOs), including
preterm birth and preeclampsia, particularly in patients with
active disease at conception [1]. Suppression of disease activity
before and during pregnancy is crucial for improving pregnancy
outcomes. Anifrolumab, a type I interferon (IFN) receptor anti-
body, has demonstrated efficacy in reducing SLE disease activity
and glucocorticoid (GC) requirements in the treatment of uncon-
trolled lupus via the interferon pathway (TULIP)-1 and TULIP-2
trials as well as in real-world studies [2] and was approved in
November 2021 in Japan. However, to the best of our knowl-
edge, no reports exist on its use throughout pregnancy. This case
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highlights the use of anifrolumab in an patient with SLE during
pregnancy, with successful maternal and foetal outcomes.

Our patient was a 36-year-old Japanese woman diagnosed
with SLE at the age of 7 based on the American College of Rheu-
matology 1997 classification criteria, including arthritis, lupus
nephritis, lymphocytopenia, and positive antinuclear antibody
and anti-DNA antibodies. After initial treatment with high-dose
GC and tacrolimus (TAC), she was able to maintain low disease
activity (systemic lupus erythematosus disease activity index
2000 = 2; low complement) on a GC dose of 9 mg/d of prednis-
olone (PSL), 2.5 mg/d of TAC, and 200 mg/d of hydroxychloro-
quine (HCQ). She was referred to our department at the age of
32 after a spontaneous abortion at 7 weeks’ gestation. Following
this, she conceived naturally and delivered a healthy female
baby via caesarean section at 38 weeks due to breech presenta-
tion. In May X-1 year, minor disease flare was noted, with hypo-
complementemia, lymphocytopenia, and anti-DNA antibody
elevation (Fig). In November X-1 year, anifrolumab was initi-
ated to reduce the GC dose after confirming no intention of preg-
nancy. PSL was gradually tapered to 5 mg/d by January X year.
Unexpectedly, she conceived again in March X year. During
pregnancy, she decided to continue using anifrolumab after
careful discussions to ensure shared decision making. Ultra-
sounds confirmed normal foetal development and no evidence
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Figure. Clinical course of a systemic lupus erythematosus patient during pregnancy with exposure to anifrolumab. C-section, caesarean section; HCQ,
hydroxychloroquine; PSL, prednisolone; SLE, systemic lupus erythematosus; TAC, tacrolimus.
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of congenital heart block (CHB) although she was positive for
anti-Sjogren’s syndrome-related antigen A antibody. At 38
weeks and 5 days, the patient delivered a healthy 3170 g male
baby via scheduled caesarean section. Apgar scores were 9 out of
10, and the newborn showed no birth defects, neonatal lupus, or
CHB. Postpartum, both mother and child were stable. The clinical
course from the first childbirth to the second under the use of ani-
frolumab is shown in the Figure.

Anifrolumab, a fully human IgG1 monoclonal antibody, is
actively transported across the placenta via the foetal Fc recep-
tor. Foetal exposure is expected to be minimal in early preg-
nancy and to increase progressively, reaching its peak near
term. Animal studies in pregnant cynomolgus monkeys receiv-
ing anifrolumab showed no maternal, foetal, or postnatal toxic-
ity. In clinical trials (TULIP-1, TULIP-2, and A phase II,
randomized study to evaluate the efficacy and safety of MEDI-
546 in subjects with systemic lupus erythematosus), limited
pregnancy data revealed 20 exposures, with 1 spontaneous abor-
tion, 1 preterm delivery, and 1 high-risk pregnancy (no details
stated) [3]. However, real-world data on teratogenicity remain
unavailable. Guidelines reflect this uncertainty. The 2022 to
2023 British Society for Rheumatology guideline offers no spe-
cific recommendation regarding anifrolumab use in pregnancy
[4], whereas the 2024 European Alliance of Associations for
Rheumatology recommendation advises its use only when no
safer and effective alternatives are available [5].

In the present case, pregnancy was identified after the abso-
lute critical period of organogenesis had passed (at 12 weeks’
gestation). As disease activity was well controlled with anifrolu-
mab and corticosteroids had been successfully tapered, continu-
ation of anifrolumab was favoured. Through shared decision
making, the patient opted against switching to pregnancy-com-
patible alternatives such as azathioprine or belimumab, and
avoided the risks associated with re-escalating corticosteroid
doses during pregnancy.

This case highlights the potential role of anifrolumab in
maintaining disease control in pregnant patients with SLE while
minimizing GC exposure. Elevated GC use during pregnancy has
been associated with APOs, including preterm birth and prema-
ture rupture of membranes [6]. Moreover, previous studies have
shown that pregnant women with SLE who develop complica-
tions often exhibit high IFN signatures throughout gestation [7].
Type I IEFN signalling is also implicated in the pathogenesis of
CHB, with increased IFN-response gene expression detected in
affected foetal hearts [8]. Although purely theoretical and not
evidence based at this stage, modulation of the IFN pathway by
anifrolumab may offer additional benefits, including potential
reduction in CHB risk.

In conclusion, we report, to our knowledge, for the first time,
a pregnant woman with SLE successfully treated with anifrolu-
mab throughout pregnancy, resulting in a healthy full-term new-
born with no maternal or foetal complications.
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Letter

Lidocaine-induced tear
production in primary
Sjogren’s disease:
neurologically induced
lacrimation to broaden the
horizon for treatment of
ocular dryness?

Ocular dryness is a hallmark of patients with Sjogren’s dis-
ease (SjD). Treatment remains largely symptomatic and is often
inadequate, imposing a significant burden on patients [1].
Although inflammation is suggested to play a role in ocular dry-
ness, the exact mechanisms remain obscure. Additionally, sys-
temic anti-inflammatory therapies do not successfully alleviate
ocular dryness.

In the recent RepurpSS-I trial, which tested the efficacy and
safety of leflunomide—hydroxychloroquine combination ther-
apy, we observed a significant decrease in systemic disease
activity and robust anti-inflammatory responses, which were
also without changes in ocular dryness (Fig, A) [2]. Surprisingly,
as a serendipitous observation, we noted vigorous increased tear
production in 12 patients who experienced partial transient
facial nerve palsy (mean Schirmer score, affected side = 18.3 +
4.05 mm vs non-palsy side = 6.42 + 2.48 mm, P = .002) after a
higher dose of local anaesthetic (lidocaine, 3.6 mL instead of 1.8
mL) during parotid biopsy procedures, irrespective of timepoint
or treatment. Other ocular symptoms, apart from hyperlacrima-
tion, were not observed. Multivariate analysis showed an
increase in Schirmer score of +12.8 mm in the eyes with lido-
caine-induced palsy compared with those in which no palsy
occurred (see Fig, A-C and details in figure legend).

These results indicate the potential of drug-induced lacrima-
tion via neurological pathways, which, to our knowledge, has not
been observed previously. Such an effect was suggested upon sys-
temic administration of pilocarpine, an agonist of muscarinic ace-
tylcholine receptors that targets the parasympathetic nerves.
However, meta-analysis did not confirm the efficacy on lacrima-
tion, in some cases even showing contradictory results [3].

Lidocaine blocks facial signal conduction by inhibiting nerve
fibre action potentials (inducing palsy). As a local anaesthetic, it

https://doi.org/10.1016/j.ard.2025.08.017
Received 3 July 2025; Revised 14 August 2025; Accepted 14 August 2025

mainly inhibits sensory neurons at low concentrations and
motor neurons at higher doses, which typically reduces tear pro-
duction rather than stimulates it, making it unlikely that lido-
caine directly causes increased lacrimation. Tear secretion is
primarily regulated through the parasympathetic, sympathetic,
and sensory nervous systems. The lacrimal gland is mainly regu-
lated through parasympathetic nerve fibres. The role of the sym-
pathetic nervous system remains unclear and controversial
[4,5]. However, it is generally believed that tear secretion is
stimulated by parasympathetic nerve fibres and inhibited by
sympathetic nerve fibres connected to the lacrimal gland. There-
fore, the observed increase in lacrimation in our study could
result from 1 of 2 pathways, leading to 2 hypotheses: increased
stimulation of parasympathetic nerve fibres or reduced inhibi-
tion of sympathetic nerve fibres. Patients who experienced tran-
sient palsy received higher dosages of local anaesthetics (3.6 mL
vs 1.8 ml) administered by 1 of the 2 maxillofacial surgeons per-
forming the biopsies in our study (Fig, D). The first hypothesis
suggests that lidocaine diffuses under the influence of gravity,
reaches the superior cervical ganglion, blocks the sympathetic
nerve pathway, and temporarily inhibits sympathetic inhibition
of lacrimation. The second hypothesis involves pressure (ie,
referred pain) from the higher dosage near the great auricular
nerve. This pressure signals to the dorsal horn of the cervical spi-
nal cord, but collaterals of these axons also end in the caudal
subnucleus (sNc) of the spinal nucleus of the trigeminal nerve,
resulting in a trigeminal parasympathetic reflex, similar to the
pathophysiology of migraine [6]. Moreover, the sNc also corre-
sponds with segmental innervation of the outermost so-called
von Solder dermatomes, which include the parotid and temporal
areas, leading to referred pain from the neck to the head.

These hypotheses were tested by testing lidocaine diffusion
on 2 head and neck specimens provided by our hospital’s anat-
omy department. The maxillofacial surgeon, who also per-
formed the biopsies during our study, mimicked the lidocaine
injection using methylene blue dye (3.8 mL) instead of local
anaesthetic, injected at the same location to observe fluid diffu-
sion (Fig, D). The diffusion patterns indicated that both hypothe-
ses were plausible (Fig, E).

These findings imply that ocular sicca may not be as irrevers-
ible as previously believed. Moreover, it suggests the future
potential for drug-induced tearing through the modulation of
neurological pathways. Further exploration of these pathways
may reveal novel therapeutic options for SjD.

0003-4967/© 2025 European Alliance of Associations for Rheumatology (EULAR). Published by Elsevier B.V. All rights are reserved, including those for text and data

mining, Al training, and similar technologies.


https://doi.org/10.1016/j.ard.2025.08.017
https://doi.org/10.1016/j.ard.2025.08.017
http://www.ScienceDirect.com
http://https://www.sciencedirect.com/journal/annals-of-the-rheumatic-diseases

D. Rijnenberg et al. Ann Rheum Dis 84 (2025) 2144—2146

A B c 0.0020
LHO09 (placebo] LH16 (placebo
2 @ ) 25 ® ) =15 / R=0.8365 = *
£ i i E /" (P=<0.0001) <
) . 2 hd Eled:eoyfefacla\ palsy é |§
’ o s
% 15 / 15 - Righteye EM E
£ J/ £ =
ey / 8 / 5
@ 10 / 10 = Y £
£ / e 5 / =
= / @
£ s / 5 £ / A
3} —_— £
@ 0 T o_lé
T T T T i T T T T
Baseline 24w Baseline 24w 0 5 10 15 20 25 5 2)
Left eye (schirmer in mm/5min) o Q'b\
D Lidocaine injection site E
Hypothesis 2
NG
5
K 4
- - @ & O
9 & ———] GG SSN
Lacrimal gland SPG tommm e U
SCG sNc
i DRG
Sensory Hypothesis 1 GAN (Cc2-3)
. ic (o jonic /p -
—l=- ic (p ionic / post
© 1O Ganglion / Nucleus
Nerve fibre

Figure. Lidocaine-induced tear production upon parotid biopsy: proposed neurological mechanisms of action. (A) Two representative donors in the
placebo arm with lidocaine-induced palsy (¢) at baseline or at 24 weeks (W24). (B) A strong correlation (R) of left and right eye tear production was
observed in non-palsy patients at baseline, indicating the normally observed coherence between tearing on both sides. (C) Left: Comparable lacrima-
tion (Schirmer) of left and right eye in patients without palsy (n = 23). Right: Comparison between left/right eyes in palsy-affected patients. (D) Lido-
caine injection site of a patient lying down when a parotid biopsy was performed by the craniofacial surgeon. Lidocaine diffuses dorsally due to
gravity, potentially affecting the area surrounding the GAN or SPG. Left under and right: Four images of the experiment with 2 head specimens
(labelled S1 and S2) to test the liquid (methylene blue, blue colour) diffusion. Different targeted areas were observed in the 2 head specimens; speci-
men 1 showed targeting of the GAN but no blue dye surrounding the ICA. In specimen 2, the blue dye did not surround the GAN but reached the
deeper tissue layers and surrounded the superior cervical ganglion (SCG). (E) Two hypothesised mechanisms of action: 1. Reduced inhibition: Lido-
caine injected in the parotid gland reaches the SCG via diffusion and leads to inhibition of the sympathetic nerves innervating the lacrimal gland. This
leads to more activation of the parasympathetic nerves, inducing lacrimation; 2. Trigeminal parasympathetic reflex: Lidocaine affects the GAN by pres-
sure or pain sensation, signalling the caudal part of the spinal nucleus and activating the parasympathetic pathway of lacrimation. CN. VII, facialis
nerve; DRG, dorsal root ganglion; GAN, great auricular nerve; GC, geniculate ganglion; GPN, greater petrosal nerve; ICA, internal carotid artery; S1,
specimen 1; S2, specimen 2; SCG, superior cervical ganglion; sNc, caudal part of spinal nucleus; SPG, sphenopalatine ganglion; SSN, superior salivatory
nucleus.
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Correspondence on
‘Pulmonary arterial
hypertension in adults with
Still’s disease: another
pulmonary manifestation
associated with HLA-
DRB1*15’ by Boucly A, et al.

We read with great interest the article titled, ‘Pulmonary
arterial hypertension in adults with Still’s disease: another pul-
monary manifestation associated with HLA-DRB1*15’ authored
by Boucly A et al [1]. The authors identified a previously unap-
preciated association between HLA-DRB1*15 alleles and pulmo-
nary arterial hypertension (PAH) in adult patients with Still’s
disease (SD). Whether this finding could be validated in the
Chinese cohort of patients with SD was unknown.

We therefore collected clinical information for all patients
with SD treated at the Department of Rheumatology, Renji Hos-
pital, Shanghai Jiaotong School of Medicine, from April 2021 to
July 2025 by chart review. All patients fulfilled the Yamaguchi
diagnostic criteria [2]. Suspected PAH was defined by transtho-
racic echocardiography as pulmonary artery systolic pressure
>40 mm Hg [3,4]. Patients with other known causes of pulmo-
nary hypertension were excluded.

Between April 2021 and July 2025, 376 patients with SD
were treated at our centre and only 5 cases (1.3%) were identi-
fied with suspected PAH, supporting that PAH might be a very
rare complication in Chinese patients with SD. Human leukocyte
antigen (HLA) typing was performed in 153 patients, including
the above 5 patients with suspected PAH. HLA-DRB1*15 was
detected in 59 of 153 (38.6%) patients, while none of the 5
patients with suspected PAH carried the HLA-DRB1*15 allele.
Therefore, HLA-DRB1*15 allele seemed unlikely to be a genetic
risk factor for PAH in Chinese adults with SD, at least based on
our current data.

Previous studies have reported that the HLA-DRB1*15 allele is
associated with hypersensitivity reactions to biologic agents in SD
[5,6]. Taken together, these observations highlight the complexity
of role HLA-DRB1*15 allele plays in the SD course. In our cohort,
we found that HLA-DRB1*15 allele was significantly associated
with drug-related adverse events of interleukin-6 receptor (IL-6R)
inhibitors. It has been reported that IL-6R inhibitor treatment could
trigger macrophage activation syndrome (MAS) in some patients

Handling editor Josef S. Smolen.

https://doi.org/10.1016/j.ard.2025.08.024
Received 20 August 2025; Accepted 22 August 2025

with SD; therefore, it was not recommended in patients with SD
with MAS. In our SD cohort, 11 patients experienced drug-related
adverse events during or shortly after initiation of IL-6R inhibitors,
including MAS (N = 5), liver dysfunction (N = 4), and acute infu-
sion reactions (such as respiratory distress, cold sweats, nausea, or
vomiting; N = 2). Among 10 of the 11 patients with genotyping
data, we observed a significant elevated prevalence of HLA-
DRB1*15 allele carriers (8/10, 80%) as compared to that of 17.1%
in SD patients without adverse events on IL-6R inhibitors. Further-
more, HLA-DRB1*15-positive and -negative patients showed no
differences in terms of the severity of SD, as measured by Pouchot
score. Our findings indicate that potential genetic-therapeutic
interactions should be carefully considered when initiating IL-6
blockade therapy in Chinese adults with SD.

Several potential limitations should be acknowledged. The
retrospective and single-centre design is associated with possible
selection and information biases. Moreover, the absence of con-
firmatory right heart catheterisation data limits the precision of
PAH assessment. Additionally, genetic backgrounds may vary
across ethnic groups, and thus our findings in Chinese patients
with SD may not be generalizable to other populations, which
warrants further investigation in multinational cohorts.
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Response to correspondence
on ‘Pulmonary arterial
hypertension in adults with
Still’s disease: another
pulmonary manifestation
associated with HLA-
DRB1*15’ by Boucly A, et al.

We thank Li et al [1] for their thoughtful correspondence on
our article, ‘Pulmonary arterial hypertension in adults with
Still’s disease: another pulmonary manifestation associated with
HLA-DRB1*15’ [2].

In their letter, the authors seek to clarify the existence of a
possible association between HLA-DRB1*15 and pulmonary
arterial hypertension (PAH) in Still’s disease (SD) in a cohort of
adult Chinese patients. This is an excellent initiative, given the
severe lack of data in this population. In fact, in our series of 16
adult patients with SD-related PAH, there were no patients of
Chinese ancestry and only 1 patient of Asian ancestry (Vietnam-
ese), whose HLA status was unknown [2]. Furthermore, in the
systematic review of adult cases of SD-related PAH we per-
formed [2], there was only 1 patient of Chinese origin whose
HLA status was unknown [3]. With regard to other pulmonary
manifestations of SD (interstitial lung disease), data are also
lacking for the Chinese population, as the main published papers
come from North America, with cohorts predominantly com-
posed of patients of European ancestry [4,5].

The fact that Li et al [1] found no association between HLA-
DRB1*15 and pulmonary hypertension (PH) in a Chinese cohort
is certainly an important message, but must be interpreted with
caution. First, they did not perform right heart catheterisation,
the gold standard for both confirming the diagnosis of PH and
distinguishing between precapillary and/or postcapillary mech-
anisms [6]. In the absence of this systematic invasive haemody-
namic evaluation, the diagnosis of PAH (ie, group 1 PH,
characterised by progressive remodelling of small pulmonary
arteries) cannot be confirmed with certainty. Moreover, the
authors defined PH by transthoracic echocardiography as a pul-
monary artery systolic pressure >40 mm Hg, although it is well-
established that this is not a robust criterion and does not align
with the European Society of Cardiology/European Respiratory
Society recommendations for PAH screening, which are based

DOI of original article: http://dx.doi.org/10.1016/j.ard.2025.08.024.
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on tricuspid regurgitant velocity and indices of right ventricular
function [6]. Additionally, the sample size was small (5
patients). The Chinese population is composed of different eth-
nic groups, and the authors did not specify the details of the eth-
nic groups in their cohort. However, data suggest a different
distribution of HLA-DRB1 among the different populations liv-
ing in China [7]. Finally, although 72.7% of our SD patients
with PAH, for whom HLA typing was available, were positive
for HLA-DRB1*15, 27.3% were negative [2], highlighting that
although this HLA group appears to be a risk factor, genetics
does not seem to be the only factor involved.

The other key message of the letter by Li et al [1] is that HLA-
DRB1*15 was significantly associated with ‘drug reactions’ to
interleukin (IL)-6 inhibitors in their patients. In our cohort, SD
patients who had developed PAH also had a more frequent his-
tory of drug reactions to IL-1 or IL-6 inhibitors (37.5%) than
those who did not have PAH (7.2%). Among the 6/16 PAH
patients who had a history of drug reactions, HLA typing was
available for 5 patients, and 4/5 (80%) were positive for HLA-
DRB1*15 [2]. The crucial question is whether these ‘drug reac-
tions’, found in a significant proportion of patients developing
pulmonary involvement (whether interstitial or vascular) and
often accompanied by recurrent macrophage activation syn-
drome (MAS) and eosinophilia, are a true drug hypersensitivity
or not [8]. In our cohort, drug reactions to IL-1 and/or IL-6
inhibitors were all confirmed by a dermatologist and/or an aller-
gologist, and included rashes atypical of SD (eg, nonevanescent,
pruritic, urticarial, a fortiori in the presence of blood eosino-
philia) or acute reactions (respiratory distress and swelling or
Quincke oedema during or near the time of medication adminis-
tration) [2]. Furthermore, 2 patients in the PAH+ group met
the criteria for Drug Reaction with Eosinophilia and Systemic
Symptoms (DRESS) syndrome (RegiSCAR [European Registry of
Severe Cutaneous Adverse Reactions]for DRESS >4) [9]. Of the
11 patients described by Li et al [1] as having experienced
‘drug-related adverse events’ during or shortly after the initia-
tion of IL-6R inhibitors, 2 had acute infusion reactions (such as
respiratory distress, cold sweats, nausea or vomiting), 5 had
MAS, and 4 had liver dysfunctions. While acute infusion reac-
tions are likely to be drug-related adverse events, MAS and liver
dysfunction are more debatable, as they may also be the result
of a complication of hyperinflammatory forms of SD.

Drug-induced hypersensitivity is indeed not the only hypoth-
esis to explain the development of these manifestations. Binstadt
and Nigrovic [10] have put forward the ‘Cytokine Plasticity
Hypothesis’, which suggests that targeted therapies, such as IL-1
and IL-6 blockers, modulate the milieu in which T cells
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differentiate. This altered environment may foster a pathologic
immune response triggered by exposure to common microbes or
other exogenous or endogenous antigens rather than to the
drugs themselves. According to this hypothesis, elevated IL-1
and IL-6 levels in SD lead to type 17 T helper (Th) cells (Th17)
skewing in CD4 + Th cells and regulatory T cells (Tregs). Block-
ing IL-1 or IL-6 converts these cells into interferon-y—producing
Th1 cells and/or IL-4—producing Th2 cells, in particular CD4 +
T cells recognising HLA-DRB1*15:XX-presented antigens (exog-
enous or endogenous) [10]. This may promote the occurrence of
hyperinflammatory manifestations of SD, such as MAS, pulmo-
nary complications, and explosive drug-like reactions to IL-1 or
IL-6 inhibitors, in predisposed patients, such as those carrying
HLA DRB1*15.

While Li et al [1] are right to call for caution in cases of HLA-
DRB1*15 positivity, which is a biomarker for a more severe
form of SD that should be, in our opinion, tested in all patients
diagnosed with SD, it is worth remembering that the European
Alliance of Associations for Rheumatology/Paediatric Rheuma-
tology European Society recommendations for SD highlighted
that there is insufficient evidence to withhold first-line IL-1 or
IL-6 inhibitors in patients with new onset SD and HLA-DRB1*15
positivity [11]. Indeed, this could lead to missed treatment
opportunities, since IL-1 or IL-6R inhibitors are and should be
first-line treatment in SD [11]. However, the Task Force has
included in its research agenda the need to better understand
the pathophysiology of hyperinflammatory forms of SD, particu-
larly the role of HLA DRB1*15 and the potential interaction
with biological treatments [11].
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Correspondence

Correspondence on ‘Janus
kinase inhibitors and tumour
necrosis factor inhibitors
show a favourable safety
profile and similar persistence
in rheumatoid arthritis,
psoriatic arthritis and
spondyloarthritis: real-world
data from the BIOBADASER
registry’ by Hernandez-Cruz
et al.

To the Editor,

We read with great interest the recent article by Hernandez-
Cruz et al [1], which presents valuable real-world evidence com-
paring the safety and persistence of Janus kinase inhibitors
(JAKi) and tumour necrosis factor inhibitors (TNFi) across rheu-
matoid arthritis (RA), psoriatic arthritis (PsA), and axial spondy-
loarthritis (axSpA). Their analysis of 6826 patients from the
BIOBADASER (Spanish Registry of Adverse Events for Targeted
Therapies in Rheumatic Diseases) registry represents one of the
largest real-life cohorts exploring this topic to date. The findings
of comparable persistence between JAKi and TNFi, stratified by
disease subtype, are both clinically relevant and timely [1].

However, one relevant methodological concern is that the
analysis of drug persistence in the BIOBADASER study did not
include prior assessment of medication adherence. Persistence
was estimated solely based on time to discontinuation, without
considering whether patients consistently took the treatment as
prescribed. This limitation could impact the interpretation of
the persistence outcomes, especially in real-world settings
where adherence is a key determinant of long-term treatment
continuation. Although the authors acknowledge various sour-
ces of bias and unmeasured confounding in the limitations sec-
tion, the absence of adherence data is not explicitly addressed
and should be taken into account when interpreting the find-
ings. Persistence and adherence are distinct concepts [2,3]. A
patient may remain on treatment but deviate from the pre-
scribed regimen (nonadherence), leading to overestimated treat-
ment benefits or masked safety issues. Administrative data may

Handling editor Josef S. Smolen.
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thus provide an inflated picture of persistence in the absence of
adherence metrics, such as the medication possession ratio or
proportion of days covered. Ignoring adherence in persistence
studies may, therefore, result in biased or overly optimistic esti-
mates of treatment effectiveness and safety [4,5].

The clinical implications of this distinction are profound. The
therapeutic efficacy and long-term benefits of treatments
depend not only on maintaining therapy over time but also on
correct and consistent administration. Suboptimal adherence
has been associated with increased disease activity, flares,
diminished quality of life, and higher healthcare costs [4]. In
real-world database studies relying on administrative data or
electronic medical records, the absence of adherence measures
can result in biased or overly optimistic persistence estimates.
As such, the conclusions regarding comparative effectiveness
between JAKi and TNFi must be interpreted cautiously, recog-
nising that unmeasured differences in adherence may contribute
to observed differences in persistence and remission rates.

This distinction becomes even more relevant in the context of
the evolving 6P Medicine framework (Personalized, Predictive,
Preventive, Participatory, Precision, and Persistent), where both
adherence and persistence are considered integral to long-term
treatment success [6]. Recognising the multidimensional nature
of patient behaviour, this model advocates for a comprehensive
assessment that integrates persistence, adherence, and other
behavioural factors into clinical and policy decision-making. Of
note, patients with RA, PsA, and axSpA classified as persistent in
administrative databases may, in reality, show poor adherence,
thereby inflating persistence figures and skewing interpretations
of treatment durability. Additionally, overlooking adherence
may mask the identification of individuals at risk of suboptimal
outcomes who could benefit from supportive interventions to
improve medication-taking behaviour.

Incorporating adherence assessment would enable a more accu-
rate stratification of therapeutic outcomes and enhance the appli-
cability of real-world persistence results in both clinical and policy
contexts. Ultimately, this contributes to a more nuanced and clini-
cally meaningful understanding of RA, PsA, and axSpA therapy
performance, directly informing treatment guidelines, shared deci-
sion-making, and individualised care planning [7—10].

We commend the authors for their rigorous approach to evalu-
ating persistence, but we strongly advocate for the inclusion of
adherence data in future registry-based studies. Doing so would
allow for a more granular and clinically meaningful interpretation
of treatment continuation and its relation to both efficacy and
safety. This is particularly important as healthcare systems increas-
ingly adopt data-driven models to evaluate real-world effective-
ness and value-based care in chronic inflammatory diseases.

0003-4967/© 2025 European Alliance of Associations for Rheumatology (EULAR). Published by Elsevier B.V. All rights are reserved, including those for text and data

mining, Al training, and similar technologies.


https://doi.org/10.1016/j.ard.2025.07.007
https://doi.org/10.1016/j.ard.2025.07.007
http://www.ScienceDirect.com
http://https://www.sciencedirect.com/journal/annals-of-the-rheumatic-diseases

J. Borras-Blasco et al.
Competing interests

All authors declare they have no competing interests.

Contributors

JB-B, AV-R and SC performed the investigation, analysed the
data, provided resources, supervised the project, and wrote the
original draft of the manuscript. JB-B also reviewed and edited

the manuscript. The authors have read and agreed to the pub-
lished version of the manuscript.

Funding

No funding or sponsorship was received for this study or the
publication of this article.

Patient consent for publication

Not applicable.

Ethics approval
This article is based on previously conducted studies and

does not contain any new studies with human participants or
animals performed by any of the authors.

Provenance and peer review

Not commissioned; externally peer reviewed.

Medical writing/editorial assistance

No external or internal medical writing or editorial assistance
was used in the preparation of this manuscript.

Orcid

Joaquin Borras-Blasco: http://orcid.org/0000-0003-0248-
4208

e72

Ann Rheum Dis 84 (2025) e71—e72

REFERENCES

[1] Hernandez-Cruz B, Otero-Varela L, Freire-Gonzalez M, Busquets-Pérez N,
Garcia Gonzalez AJ, Moreno-Ramos M, et al. Janus kinase inhibitors and
tumour necrosis factor inhibitors show a favourable safety profile and similar
persistence in rheumatoid arthritis, psoriatic arthritis and spondyloarthritis:
real-world data from the BIOBADASER registry. Ann Rheum Dis

2024;83:1189-99.

Rodriguez Goicoechea M, Tejedor Tejada E, Borras Blasco J. [Translated article]

Persistence, current state of the art. Farm Hosp 2024;48:T141.

de la Cueva Dobao P, Notario J, Ferrandiz C, Lopez Estebaranz JL, Alarcon 1,

Sulleiro S, et al. Expert consensus on the persistence of biological treatments

in moderate-to-severe psoriasis. J Eur Acad Dermatol Venereol

2019;33:1214-23.

Borras-Blasco J, Ramirez-Herraiz E, Navarro Ruiz A. El valor de la persisten-

cia en el modelo de la Medicina 5P en enfermedades cronicas [The value of

persistence in the 5P Medicine model for chronic diseases]. J Healthc Qual

Res 2024;39:196-8.

Borras-Blasco J, Ramirez-Herraiz E, Navarro-Ruiz A. Influencia de la adher-

encia en el valor de persistencia dentro de la Medicina 6P [Influence of

adherence on persistence value inside Medicina 6P]. J Healthc Qual Res

2025;40:101123.

Borras-Blasco J, Ramirez-Herrdiz E, Navarro-Ruiz A. Integration of persis-

tence in the 5P-medicine approach for age-related chronic diseases. Int J

Qual Health Care 2024;36:mzae026.

Valcuende-Rosique A, Borras-Blasco J, Martinez-Badal S, Cortes X, Aparicio-

Rubio C, Castera-Melchor E. Evaluation of persistence, retention “rate” and

prescription pattern of original infliximab and infliximab CT-P13 in biologic-

naive patients with ulcerative colitis. Farm Hosp 2022;46:296-300.

Borras-Blasco J, Valcuende-Rosique A, Cornejo S, Aparicio-Rubio C, Aguilar-

Zamora M, Garijo-Bufort M, et al. Persistence after switching from adalimu-

mab biosimilar MSB11022 to adalimumab biosimilar GP2017 in patients

with chronic inflammatory rheumatic diseases. J Pharm Technol

2024:87551225241306675.

Borras-Blasco J, Cornejo S, Valcuende-Rosique A, Alcala R, Bono AN. Long-

term persistence with secukinumab in patients with moderate-to-severe pso-

riasis. Farm Hosp 2024. In press.

Borras-Blasco J, Alcala R, Valcuende-Rosique A, Cornejo S. Long-term real-

world persistence of guselkumab in patients with moderate-to-severe psoria-

sis. Actas Dermosifiliogr 2025. In press.

[2

—

[3

—

[4

=

[5

=

[6

—

[7

—

[8

—

[

—

[10]

1", Alejandro Valcuende-Rosique?,
Silvia Cornejo-Uixeda'

! Pharmacy Department, Hospital de Sagunto, Sagunto, Spain
2 Pharmacy Department, Alzira Hospital, Alzira, Spain

Joaquin Borras-Blasco

*Correspondence to Dr Joaquin Borras-Blasco, Pharmacy Department,
Hospital de Sagunto, Valencia, Spain.
E-mail address: jborrasb@gmail.com (J. Borras-Blasco).


http://orcid.org/0000-0003-0248-4208
http://orcid.org/0000-0003-0248-4208
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0001
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0001
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0001
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0001
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0001
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0001
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0001
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0001
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0001
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0001
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0002
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0002
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0002
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0003
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0003
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0003
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0003
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0003
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0003
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0003
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0004
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0004
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0004
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0004
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0004
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0004
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0004
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0005
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0005
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0005
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0005
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0005
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0005
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0006
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0006
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0006
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0006
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0006
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0007
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0007
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0007
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0007
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0007
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0007
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0007
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0007
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0008
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0008
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0008
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0008
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0008
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0008
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0009
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0009
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0009
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0009
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0010
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0010
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0010
http://refhub.elsevier.com/S0003-4967(25)04241-4/sbref0010
http://orcid.org/0000-0003-0248-4208
http://orcid.org/0000-0003-0248-4208
http://orcid.org/0000-0003-0248-4208
mailto:jborrasb@gmail.com

Ann Rheum Dis 84 (2025) e73—e75

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

Annals of the Rheumatic Diseases

Contents lists available at ScienceDirect 12

I'IHEI,I::I:\:.Q'I"!{: piq -

DISEASES

Response

Response to correspondence
on ‘Janus kinase inhibitors
and tumour necrosis factor
inhibitors show a favourable
safety profile and similar
persistence in rheumatoid
arthritis, psoriatic arthritis
and spondyloarthritis: real-
world data from the
BIOBADASER registry’ by
Hernandez-Cruz et al.

Dear editor,

Thank you for your letter. Your comments on the difference
between persistence and adherence are valid and scientifically
solid [1]. We are aware of this. This matter is important in obser-
vational studies, especially those involving administrative claim
databases from patients with chronic immune-mediated diseases
attended by rheumatologists. It can also be extended to other
electronic medical records, such as BIOBADASER (Spanish regis-
ter of adverse events and effectiveness of advanced therapies
-biologic, biosimilars and targeted synthetic drugs- in Rheu-
matic Diseases of the Spanish Society of Rheumatologist). The
importance of adherence has been recognised in several recent
articles. They inform about a great variability in persistence and
adherence and highlight the difficulty in their evaluation, espe-
cially adherence [2—4].

BIOBADASER has a peculiar context that will be explained
below. The Spanish healthcare system provides a 100% financial
coverage for advanced therapies, including tumor necrosis fac-
tor inhibitors and Janus Kinase inhibitors. Patient payment is
not necessary. The system covers all Spanish citizens [5]. All the
advanced therapies prescribed by rheumatologists are approved
by a committee (with the participation of rheumatologists, hos-
pital pharmacists, nurses, and managers). After the approval of
these therapies, the treatment is dispensed by professionals in
hospital pharmacies. The pharmacist keeps an electronic record
that helps us with adherence, verified in a first step. If the phar-
macist detects adherence problems, they notify the treating
rheumatologist. In this way, they can improve adherence in a
dynamic way. This method has been standardised since 2014
and has been functioning in most rheumatology services [6].

https://doi.org/10.1016/j.ard.2025.08.022
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In addition, BIOBADASER is not an administrative claims
database. It is an initiative of rheumatologists coordinated by
the research department of the Spanish Society of Rheumatology
and has been functioning since the 2000s [7]. The objective of
BIOBADASER is to evaluate both the safety and efficacy of
advanced therapies. The inclusion of data is performed by expe-
rienced rheumatologists, and the reliability of the data is
checked by on-site monitoring twice a year. Adherence is veri-
fied by checking clinical charts and pharmacy records. When
advanced therapy is stopped because of inefficacy, the cause is
recorded. If the cause is adherence, it is documented in the data-
base [7—10].

Rheumatologists are aware of the differences in adherence
and persistence, as your letter mentions. We also notice their
impact on health outcomes, effectiveness, and related costs [2].
Rates of adherence in several rheumatic diseases of 9.3% to
94%, and of persistence of 23% to 80%, have been recently
reviewed. However, there is a great variability due to the scar-
city of observational studies, and above all, the difficulty in the
adherence measurements [2].

We know the rate of adherence of different disease-modify-
ing antirheumatic drugs (DMARDs) in Spanish patients with
rheumatic diseases is about 79%. The study of Pombo-Suarez et
al [11] revealed the adherence rates in 859 patients attended in
41 Rheumatology Services. In this case, the Compliance Ques-
tionnaire in Rheumatology assessed that the adherence rate was
79%. This rate was similar between biologics and conventional
DMARDs—oral, subcutaneous, and intravenous (IV) [12]. Due
to the COVID-19 pandemic, there was a remarkable reduction in
the use of intravenous drugs in our patients. In fact, infliximab
IV is rarely used currently in rheumatoid or psoriatic arthritis
patients. Fewer drugs, simple doses, family support, as well as
psychosocial conditions were the main determinants of adher-
ence [11].

The study of Calvo-Alén et al [12] included patients with
rheumatoid arthritis treated with different biologic drugs. The
authors found there was 85% adherence using the medication
possession ratio. The studies by Pombo-Suarez et al [11] and
Calvo-Alén et al [12] included patients participating in BIOBA-
DASER.

Another study of a smaller number of patients with rheuma-
toid arthritis, psoriatic arthritis, and ankylosing spondylitis
revealed rates of adherence of 59.3%, 60.5%, and 76.2%, respec-
tively (measured by medication possession ratio, Compliance
Questionnaire in Rheumatology, and Morisky Medication
Adherence Scale Questionnaire) [13].

We consider that the rates of adherence in patients with rheu-
matic diseases are high, as it is reported in the literature [11
—13]. These facts reinforce our data of persistence. Since the
appearance of the first biologic >25 years ago, Spanish
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rheumatologists and pharmacists have been working together.
Their aim is to improve the adherence in patients with inflam-
matory arthritis. It is noteworthy that adherence in patients
with inflammatory arthritis is usually higher than that in
patients with psoriasis without arthritis or inflammatory bowel
disease [14]. Even though this was mentioned by the correspon-
dence authors [1], our study deals only with inflammatory
arthritis.

As a matter of fact, a structured adherence evaluation will
improve the research. It is challenging in observational studies
and is not the objective of our research. Our data about persis-
tency are not disregarded because of this reason, considering
the high adherence rates in our patients, which was similar
between tumor necrosis factor and Janus Kinase inhibitors.

At long last, the ‘treat to target’ strategy in rheumatology was
implemented around 2010 [15]. Since then and until now, one
of the overarching principles is that ‘The treatment of rheuma-
toid arthritis must be based on a shared decision between the
patient and the rheumatologist’ [16]. This has been extended to
other immune-mediated and musculoskeletal conditions. We
know that shared decision making improves the adherence and
outcomes in our patients. In addition, the ‘treat to target’ strat-
egy has presently added the treatment of comorbidities. To
reach this, a multidisciplinary team is needed. This team
includes rheumatologists, pharmacists, primary care specialists,
pneumologists, etc. The 6P medicine model that you mention is
true for oncology and haematology but is far from its implemen-
tation in rheumatology [17,18].

We appreciate your comments, and as you suggest, we could
introduce adherence evaluation in future BIOBADASER investi-
gations. If one of our objectives is adherence, the value and qual-
ity of them can be increased for the sake of our patients.

Thank you very much for your correspondence.

With our best regards.
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