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INTRODUCTION

Rheumatic diseases include rare congenital genetic disorders,
but most are multifactorial disorders involving multiple genetic
and environmental factors. While hereditary diseases have tradi-
tionally been analysed using methods such as familial linkage anal-
ysis, identifying the genetic factors responsible for multifactorial
common diseases has been challenging. Following the completion
of human genome sequencing in 2003, genome-wide association
studies (GWAS) emerged in their current form in 2007, leading to
their widespread application across various multifactorial diseases.
Rheumatic diseases have been extensively studied using GWAS,
revealing genetic factors for many conditions. However, due to the
block structure of our chromosomes, the genomic regions identi-
fied by GWAS represent chromosomal areas containing genetic
variants (primarily tested with single-nucleotide polymorphisms
[SNPs]) that occur at different frequencies, mainly between
healthy individuals and patients with specific diseases. These
regions can span from several to hundreds of kilobases and contain
numerous genetic variants and multiple genes.

While GWAS clearly identify chromosomal regions containing
disease-related genetic variants, determining which specific vari-
ant is responsible and understanding how it contributes to disease
development remains challenging. The field of functional genet-
ics, which investigates these relationships, is still developing.
Importantly, many causal genetic variants are located in noncod-
ing regions, making their interpretations particularly difficult.

The genetic factors identified through these studies provide
valuable information for disease diagnosis, distinguishing dis-
ease subgroups, understanding gene-environment interactions,
identifying causal intermediate traits, and discovering new drug
targets. Advancing functional genetics is therefore crucial for
further progress in understanding rheumatic diseases. This arti-
cle reviews genome analysis studies published in the Annals of
the Rheumatic Diseases from 2021 to mid-2025, highlighting
key trends in this rapidly evolving field.

LARGE-SCALE GWAS

A single GWAS examines frequency differences in 500,000 to
1 million genetic variants between groups, requiring statistical
correction for multiple testing. Consequently, these studies use a
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significance threshold of P < 5 × 10−8, which is substantially
more stringent than the conventional P value of .05 usually
used. Many rheumatic diseases have relatively low prevalence,
making it difficult to recruit large sample sizes. Early GWAS,
which included only hundreds of samples, detected a few signifi-
cant genetic associations. As sample sizes increase, P values tend
to decrease, enabling the detection of more subtle genetic
effects. To address sample size limitations, researchers have
been collaborating to increase patient numbers within the same
population or combining samples from different populations.
Recent studies demonstrate that larger sample sizes significantly
expand our scope of detectable genetic associations. One of the
examples is a paper titled ‘Multi-ancestry genome-wide associa-
tion analyses identify novel genetic mechanisms in rheumatoid
arthritis’ in Nature Genetics [1].

Saevarsdottir et al [2] analysed 31,313 rheumatoid arthri-
tis (RA) patients (68% seropositive) and 1 million controls
from Northwestern Europe, identifying 37 variants across 34
non-HLA (human leukocytic antigen) loci with significant dis-
ease associations. This represented one of the largest RA
GWAS as of 2022, examining both overall RA and its seroposi-
tive and seronegative subtypes. By integrating messenger RNA
(mRNA) expression data from various tissues and plasma pro-
teome data from patients positive for rheumatoid factor or
anticitrullinated protein antibodies (ACPA), they found that
many variants are associated with mRNAs and proteins in
interferon α/β and interleukin (IL)-12/23 signalling networks
mediated by the JAK/STAT pathway. This connects genetic
findings with biological mechanisms and current treatment
approaches. However, for example, a randomised phase 2
study of ustekinumab (anti−IL-12/23 p40) and guselkumab
(anti−IL-23 p19) did not significantly reduce the signs and
symptoms of RA [3], despite the clear benefit of ustekinumab
in psoriatic arthritis (PsA) [4]. Thus, more investigations are
needed to understand the roles of these pathways in RA.

Bossini-Castillo et al [5] validated the performance of a
genetic risk score (GRS) in predicting systemic sclerosis (SSc)
risk using the largest dataset from a GWAS comprising 9095
European SSc patients and 17,584 healthy controls. They dem-
onstrated that GRS could potentially support early and differen-
tial diagnosis of SSc [5]. Acosta-Herrera et al [6] used the same
dataset to study genes in the MHC region using a method called
imputation, which involves a broad analysis of the major histo-
compatibility complex (MHC) region to evaluate SNPs, classical
HLA alleles, and their polymorphic amino acid positions. They
identified new associations between HLA class I genes and SSc,
suggesting new pathways for disease onset, such as the involve-
ment of cytotoxic T cells [6]. They also reported disease sub-
types and that the targets of autoantibodies are associated with
different HLA class II subtypes.
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Yin et al [7] conducted the largest genome-wide meta-analy-
sis of systemic lupus erythematosus (SLE) in East Asian popula-
tions (10,029 SLE cases and 180,167 controls). They identified
new SLE-associated genetic loci and applied Bayesian statistical
approaches to identify causal variants. Linkage disequilibrium
score regression detected genetic correlations of SLE with albu-
min/globulin ratio and nonalbumin protein. This study high-
lights the importance of conducting genetic studies in diverse
populations, as genetic risk factors can vary significantly across
different ancestry groups [7]. Che et al [8] conducted a family-
based study using national medical registry data from Sweden
on idiopathic inflammatory myopathies (IIMs). They matched
IIM patients (1620 cases) with non-IIM patients (7797 cases)
and then tracked dowm 7615 first-degree relatives of IIM
patients and 37,309 first-dergree relatives of non-IIM patients to
examine the presence or absence of IIM. The results revealed
that IIM has a familial component, with an increased risk in
first-degree relatives and a heritability of approximately 20%
[8]. This study suggests the importance of a high-quality nation-
wide registry and family history in a clinical setting. Further
studies are needed to obtain more precise genetic contributions.
Juvenile idiopathic arthritis (JIA) is the most common juvenile
rheumatic disease, but due to the small number of patients and
clinical heterogeneity, understanding its genetic risk factors is
limited. L�opez-Isac et al [9] conducted a GWAS involving 3305
patients and 9196 healthy controls using Bayesian model selec-
tion to systematically investigate the specificity and shared
genetic loci across clinical subtypes of JIA. As a result, they iden-
tified 5 new risk loci and examined the potential functions of
JIA-associated variants [9].

Shirai et al [10] aimed to clarify the differences and com-
mon elements in the genetic backgrounds of autoimmune and
allergic diseases. They integrated data from BioBank Japan
and the UK Biobank and analysed 105,721 cases and 433,663
controls. The results revealed that genetic backgrounds not
only classified diseases into mutually exclusive categories but
also exhibited multiple positive genetic correlations across
classifications [10].
SUBTYPES OF RHEUMATIC DISEASES

An established rheumatic disease often has different clinical
forms, and these subtypes may have unique genetic back-
grounds. However, it is more difficult to study subtypes than the
overall disease because each subgroup includes fewer patients.
Currently, approximately 150 RA-associated genetic loci have
been identified, but most relate to disease susceptibility rather
than specific disease features. Fewer studies have identified
genetic factors associated with disease activity, joint damage
severity, or treatment response. This gap exists partly because
collecting sufficient numbers of patients with specific subtypes
is difficult, and confounding factors, such as medication use
(which changes over time), can complicate analyses.

Osteoarthritis (OA) encompasses multiple subtypes with dif-
ferent clinical and genetic characteristics. Erosive hand OA
(EHOA) represents a severe form of OA. Stykarsdottir et al [11]
conducted a meta-analysis of EHOA involving 1484 cases and
550,680 controls from 5 populations, identifying 3 causal
genetic variants. Their findings suggest that EHOA represents a
severe form of finger OA and may differ from OA in larger joints
[11]. On the other hand, Henkel et al [12] investigated genetic
associations with knee and hip OA. This study suggested that
1612
the genetic associations differ between individuals who progress
to joint replacement and those who do not [12].

Kronzer et al [13] found that respiratory diseases were asso-
ciated with an increased risk of RA. Six out of 11 non-HLA RA
risk alleles interacted strongly with specific respiratory diseases
for RA risk. Although replication studies are needed, this work
suggests several genetic-respiratory disease interactions drive
RA onset [13]. Palom€aki et al [14] estimated the lifetime risk of
RA interstitial lung disease (ILD) up to age 80 with respect to
the strongest known risk factor for pulmonary fibrosis, the
MUC5B promoter variants. The data were from FinnGen, which
integrates genetic data from a nationwide registry in Finland
with up to 50 years of follow-up. Among RA patients, lifetime
risks of ILD were 16.8% in those with the variant compared with
6.1% in noncarriers, with the risk difference emerging at age 65
and being higher in men [14].
GENE EXPRESSION STUDIES

Recent advances in gene expression analysis, particularly sin-
gle-cell techniques, have provided new insights into disease
mechanisms. While not directly examining chromosomal DNA,
these studies are often included in genomic research partly
because many disease-associated genetic variants influence
gene expression through expression quantitative trait loci
(eQTLs). eQTLs are also detected in single-cell analyses [15,16].

Goldmann et al [17] performed eQTL analyses using RNA
sequencing (RNA-seq) of synovial biopsies (n = 85) and blood
samples (n = 51) from untreated RA patients. They identified
898 eQTL genes in synovial tissue, with 232 overlapping with
blood samples, indicating a high proportion of synovial-specific
eQTLs. Regarding the HLA region, they found that the SNP
rs3128921 enhances HLA-DPB2 expression in synovial tissue,
and both this SNP and HLA-DPB2 expression correlate with clini-
cal disease severity. This provides a mechanistic link between
genetic variation, gene expression, and clinical outcome [17].

Wilkinson et al [18] performed RNA-seq on CD4+, CD8+,
CD14+, and CD19+ cells selected from peripheral blood mono-
nuclear cells (PBMCs) of patients with juvenile dermatomyositis
(JDM) before and during treatment. They also measured mito-
chondrial morphology and cellular metabolism. Their findings
revealed a novel pathway in which mitochondrial changes in
JDM CD14+ monocytes lead to oxidised mitochondrial DNA
production, stimulating interferon-stimulated gene expression
[18]. This work illustrates how integrating gene expression data
with functional cellular studies can uncover disease mecha-
nisms.

Skaug et al [19] obtained 339 forearm skin biopsies, includ-
ing healthy controls, to clarify the relationship between clinical
disease characteristics of SSc and temporal changes in skin gene
expression. In SSc, skin thickness was associated with greater
gene expression in dysregulated immune cells and fibroblasts
compared with nonaffected skin. In early diffuse SSc, skin gene
expression changed over time and tended to normalise. Immu-
nohistochemical staining also revealed that T cells and macro-
phages were abundant in the early stages and decreased over
time [19].

Alaswad et al [20] performed single-cell RNA-seq using
PBMCs to elucidate the precise role of CD14 monocytes in the
initiation of the inflammatory response in gout. New insights
were gained into the role of CD14 monocytes in gout onset, par-
ticularly as a major regulatory factor of IL-1β production,
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involving hypoxia-related pathways, including HIF1A, and the
contribution of inflammatory and metabolic pathways through
the high expression of S100A monocytes [20]. The S100A family
proteins are well-characterised inflammatory proteins, and the
S100Ahigh monocyte subset is reported to be involved in neutro-
phil-mediated immunity.
RARE PHENOTYPES

Rare phenotypes are often considered genetic disorders
caused by single mutations. However, patients with identical
mutations can exhibit different clinical manifestations, indicat-
ing that genetic background and environmental factors may
modify mutation effects.

Kozycki et al [21] investigated whether ROSAH syndrome
(retinal dystrophy, optic nerve oedema, splenomegaly, anhidro-
sis, and headache), caused by a dominant mutation in the
ALPK1 gene, represents an autoinflammatory disease. Prior to
their work, inflammation was not considered relevant to this
condition. They found that nearly all 27 patients studied showed
at least 1 inflammatory feature, including recurrent fever, head-
aches with meningeal enhancement, premature basal ganglia/
brainstem calcification, deforming arthritis, or amyloidosis with
serum amyloid A (AA amyloidosis). Anti-tumor necrosis factor
(TNF) and anti−IL-1 therapies suppressed systemic inflamma-
tion and improved quality of life, but only anti−IL-6 therapy
(tocilizumab) improved intraocular inflammation. This research
demonstrates how genetic insights can lead to targeted thera-
peutic approaches [21].

Drug reaction with eosinophilia and systemic symptoms
(DRESS) is a severe delayed-type hypersensitivity reaction char-
acterised by eosinophilia and systemic symptoms. Saper et al
[22] investigated a group of Still’s disease patients with atypical
pulmonary disease plus DRESS (66 cases) in response to IL-1 or
IL-6 inhibitors and compared them with a control group of drug-
tolerant Still’s disease patients (65 cases). Characteristics of
Still’s-DRESS included eosinophilia (89%), elevated apartate
aminotransferase and alanine aminotransferase (AST-ALT)
(75%), and nonevanescent rash (95%; 88% involving the face).
Macrophage activation syndrome was frequently observed in
Still’s-DRESS (64%) compared with drug-tolerant Still’s disease
(3%; P= 1.2 × 10-14). DRESS-like reactions occurred in patients
treated with IL-1/IL-6 inhibitors and were strongly associated
with the common HLA-DRB1*15 haplotype [22].

JIA is the most common form of arthritis in children, as
described above. However, Meng et al [23] investigated the con-
tribution of rare coding variants to JIA. They established a rare
variant calling/filtering pipeline and performed rare coding var-
iant and gene-based association analyses on 3 RNA-seq datasets
comprising 228 JIA patients registered in the Gene Expression
Omnibus. They further validated their findings using whole-
exome sequencing (WES) data from 56 JIA patients. The results
revealed that 2 genetic variants previously reported in the litera-
ture as causative mutations for JIA were identified in the RNA-
seq data, along with 63 rare coding variants unique to JIA
patients [23]. This suggests that common and rare variants may
be involved in autoimmune diseases.
SOMATIC GENE MUTATIONS

Somatic gene mutations (those occurring after conception
and not inherited) are increasingly recognised in autoimmune
diseases. These mutations may affect immune cell function or
1613
responses, although direct causal relationships are not always
clear.

VEXAS (vacuoles, E1-enzyme, X-linked, autoinflammatory,
and somatic) syndrome is an adult-onset autoinflammatory dis-
ease associated with somatic variants in the UBA1 gene that enc-
odes ubiquitin-like modifier activating enzyme, catalysing the
first step in ubiquitin conjugation. Mascaro et al [24] detected
UBA1 mosaicism outside haematopoietic tissues for the first
time, challenging the conventional understanding that mosai-
cism in this condition is limited to bone marrow. This finding
has important implications for understanding disease mecha-
nisms and developing therapeutic approaches [24]. Tsuchida et
al [25] identified somatic mutations in the UBA1 gene in 13
cases of relapsing polychondritis (RP), affecting 8 of 11 males
and 1 of 2 females. They recommended that genetic screening
for pathogenic UBA1 mutations should be considered in RP
patients, particularly males with skin lesions [25]. This work
demonstrates how genetic findings in one rare disease (VEXAS
syndrome) can inform the understanding of other conditions
with overlapping clinical features.

Zeng et al [26] reported a case of early-onset SLE character-
ised by multiple systemic manifestations, including acute
immune thrombocytopenia, recurrent fever, pneumonia, myo-
cardial dysfunction, thyroid dysfunction, lymphadenopathy,
hepatosplenomegaly, and intracranial calcification. Using WES
and targeted sequencing, they identified somatic mutations in
the TLR7 gene. The TLR7 F506S mutation induced excessive
inflammatory signalling in the patient’s PBMCs, contributing to
disease onset [26]. This case illustrates how genetic analysis can
provide insights into unusual disease presentations.

Mosaic chromosomal changes (mCA) are acquired changes
that increase with age. Uchiyama et al [27] reported that mosaic
loss of Y (mLOY) was significantly increased in late-onset RA
(LORA) and interacted with the polygenic risk score of RA, but
no such interaction was observed in young-onset RA (YORA)
[27].

FUNCTIONAL GENETICS

Noncoding variants are extremely important in understand-
ing the genetic basis of diseases. Taking advantage of recent
advances in massively parallel reporter assays (MPRA), Jajodia
et al [28] focused on variants in enhancers and performed
MPRA on primary activated T helper cells to functionally fine-
map RA-associated variants. They also utilised promoter capture
Hi-C, a 3-dimensional genomic structure, and eQTL data to iden-
tify target genes of enhancers showing allelic differences in
activity. Using a clustered regularly interspaced short palin-
dromic repeat-CRISPR associated protein 9 (CRISPR-Cas9)
knockout method on primary T cells, they confirmed the interac-
tion between enhancer activity and target genes [28]. Func-
tional validation of RA-associated variants brings us one step
closer to identifying causal variants and providing target genes
that could serve as therapeutic targets. In fact, there are several
different approaches, such as a colocalisation analysis of GWAS
risk variants and eQTL [29], ReapTEC, a novel enhancer detec-
tion method [30], CRISPR interference/activation [31], and
others. Further progress is desired.

CONCLUSION

Rheumatic diseases show a wide range of symptoms, severi-
ties, and treatment responses. If each of these differences has its
own genetic basis, then many more GWAS will be needed. In
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addition, different genetic factors may apply to different ances-
try groups. To move forward, it is essential to carefully define
patient subgroups and collect enough samples for analysis.

Beyond GWAS, we need studies that identify specific disease-
causing variants, explore how these variants work, and guide
new drug development. In recent Annals of the Rheumatic Dis-
eases, papers on these directions have been published [23].
Genomic research is rapidly evolving, and future discoveries
will deepen our understanding of rheumatic diseases and
improve patient care.
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A B S T R A C T

Elie Metchnikoff (Ilya Ilyich Mechnikov, 1845-1916) was a Russian-born (born in Kharkiv, cur-
rent Ukraine) zoologist who shared the Nobel Prize with Paul Ehrlich in 1908 “in recognition of
their work on the theory of immunity.” This description hardly gives credit to the important
observations of Metchnikoff and how they served as the basis of modern thinking in immunol-
ogy. In 1882, while in Messina, Sicily, Metchnikoff observed that the introduction of a rose thorn
induced the influx of phagocytic cells in starfish larvae. The “phagocytosis theory” resulting
from this simple experiment along with Metchnikoff’s genius served not only as the eventual
basis of the discipline of innate immunity, but also the entire field of immunology, in which a
system of cells and their products is considered to play an active role in host defence by recognis-
ing and destroying pathogenic microorganisms. Metchnikoff was clearly a flawed genius who
led a rich and complex life, including insightful experimentation, scientific debate, the evolution
of ideas, personal change, loss and growth, and a willingness to explore new ideas. As such, his
personal characteristics are relevant to today’s scientists, students, and scholars.
TENACITY

When Metchnikoff made his seminal discoveries, as in
Figure 1, humoral theories of host defence were established and
dominant. Pasteur, van Behring, Ehrlich, and others had demon-
strated that serologic factors, subsequently shown to be antibod-
ies and complement, were the major elements of host defence,
especially against toxins produced by bacteria [1]. Notably,
even proponents of the humoral theory did not think of serologic
factors as actively killing invading microorganisms, but rather
that serologic factors might limit the availability of nutrients,
causing bacteria to die of starvation [2]. Metchnikoff’s ideas not
only challenged the dominance of the humoral theory but also
the very mechanism of acquired host resistance to microorgan-
isms. The debate between the humoral and cellular camps was
intense, often personal and quite public. The public debate
between humoral and cellular theories of immunity was
highlighted in the play by Shaw [3], “The Doctor’s Dilemma,”
ILITE Foundation, Charlottesville,

ons.com (C.R. Edwards).

half of European Alliance of Asso
in 1902, in which one character declares “Nature has provided
the white corpuscles as you call them, the phagocytes as we call
them, a natural means of devouring and destroying all disease
germs. There is at bottom only one genuinely scientific treat-
ment for all diseases, and that is to stimulate the phagocytes,
drugs are a delusion.” The humoralists countered this by citing
the success of serum transfer in preventing certain complications
of infection.

Scientifically based resolution of this debate would require
many years of experimentation until it became clear that both
humoral factors and cells were important in host defence. How-
ever, until that convergence of thinking, the debate was intense
−so intense that Metchnikoff declined to attend the Nobel Prize
Award Ceremony, even though many believe that the 1908
Nobel Prize was awarded as a kind of truce, identifying roles for
both phagocytes and serum factors in host defence. As Metch-
nikoff himself pointed out in his delayed Nobel Prize oration,
“The theory of phagocytosis has come under fire from all sides”
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WHAT IS ALREADY KNOWN ON THIS TOPIC

� The life of Elie Metchnikoff has been chronicled by multiple
biographers

� Metchnikoff’s phagocytosis experiments served as the basis of
the field of innate immunology

WHAT THIS STUDY ADDS

This review provides evidence of the importance of Metchnikoff’s
traits to modern investigators:
� Metchnikoff’s tenacity in the face of established theories
allowed him to shift immunological thinking towards an under-
standing of the active role of innate immunity in host defence.

� Metchnikoff’s curiosity across disciplines allowed him to use
existing tools and ideas creatively and to keep an open mind to
new results.

� Metchnikoff’s perseverance allowed him to continue through
personal and career adversity before he found his successes.

� Metchnikoff’s collegiality with both rivals and friends pro-
tected his career and personal happiness.

� Metchnikoff’s mentorship carried his legacy beyond his life-
time.

� Metchnikoff’s purpose of benefitting mankind sustained him
through adversity and allowed him to find his niche within
existing work.

� Metchnikoff’s self-reinventions ensured his work remained
relevant as he addressed new scientific ideas.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

� Through character investigation of a great and complex scien-
tist, this review encourages modern investigators to work
through issues to achieve personal and professional success
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[4]. He commented, “The controversy over phagocytosis could
have killed me, or permanently weakened me” [5]. Despite the
controversy, he continued to support his ideas with a series of
masterful experiments, demonstrating that in many in vivo mod-
els, phagocytes mediated host defence by ingesting live and dead
microorganisms, that macrophages could destroy ingested
Figure 1. Elie Metchnikof
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microorganisms by virtue of “cytases” and acidification of endo-
lysosomes, and elucidated many of the steps in inflammation,
including chemotaxis and diapedesis. Metchnikoff also demon-
strated the role of macrophages in disposing of dead or senescent
host cells. Based on this vast array of emerging data, he felt com-
fortable persistently advocating for his ideas. As Thomas Kuhn
pointed out, shared assumptions guide the scientific community
and paradigm shifts are resisted [6]. Both excellent scientific sup-
port and tenacity, as exhibited by Metchnikoff, are required to
change scientific thinking and direction.
CURIOSITY

Great science is motivated by persistent curiosity about the
world, whereas the scientific method provides the tools to focus
that inquisitiveness into meaningful insights. From an early age,
Metchnikoff was passionate about exploring natural phenomena
and became a creative experimentalist. As an embryologist, he
examined the wandering cells of the mesoderm and their ability
to take up particles, which he presumed served a nutritive func-
tion [2]. Being well-versed in the theories of Darwin, he
believed that he could learn about more complex organisms
from simple invertebrates, whose anatomy allowed for in vivo
examination with the instruments available at that time.

A major advance was the introduction of a noxious rather
than innocuous stimulus (a rose thorn vs a harmless particle)
and the study of cellular aggregation rather than digestion. This
resulted in the evolution of this thinking from phagocytosis as a
part of cellular nutrition to playing a role in host defence. Simi-
larly, by first following curiosity rather than previous assump-
tions or even perceived feasibility, modern investigators
perform truly new science and translate their curiosity into crea-
tivity to circumvent contemporary barriers to further investiga-
tion. During both Metchnikoff’s experiments and modern
investigations, results are produced that do not fit expectations.
It is tempting to dismiss or reject these results. But investigators
who prioritise curiosity over expectations, face nonconforming
results with an open mind, test the validity of new findings, and
f in his laboratory [7].



Figure 2. The arc of Metchnikoff’s life.
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defend and explain their new theories with tenacity, contribute
great advances in knowledge.

PERSEVERANCE THROUGH ADVERSITY

Metchnikoff’s early career was thwarted by adversity and
pessimism. For various reasons, including political and aca-
demic unrest, Metchnikoff’s early career was characterised by a
considerable lack of success. Indeed, his major discovery of
phagocytic cells in Messina in 1882 occurred while he was
unemployed [7]. Fortunately, his second wife, Olga, whom he
married when she was a 16-year-old student of his (a relation-
ship that would be unacceptable today but resulted in a life-long
marriage of mutual love, respect, and support), had recently
come into an inheritance that supported Metchnikoff’s experi-
ments in Messina. Even after his remarkable Messina experi-
ments, Metchnikoff experienced additional failure as the
director of an institute in Odessa focused on generating vac-
cines. While unemployed again and travelling through Europe,
Louis Pasteur offered him a position at the Institut Pasteur in
Paris, where he worked productively for the rest of his life.

Despite much early failure, considerable frustration and
depression, 2 (fortunately) unsuccessful suicide attempts (both
triggered by illnesses of his wives), and considerable downtime,
Metchnikoff found both supportive personal and collegial pro-
fessional environments and great success. This perseverance
through adversity to achieve success is illustrated in Figure 2.
Not every decision is inspired, not every position is ideal, and
sometimes life seems overwhelming. But the combination of a
vision, persistence, and a strong support system fosters eventual
success. Despite his lack of medical training, Metchnikoff was
able to utilise his specific knowledge to make Nobel Prize-wor-
thy contributions to the field of medicine. A lack of a typical
background does not preclude modern investigators from con-
tributing to their field of interest, but allows them to contribute
knowledge informed by their training background and learn
through experimentation, targeted study, and collaboration.
Through overcoming personal challenges, investigators build a
unique perspective and skill set—a valuable blend that they
alone can lend to their colleagues and work. Additionally, like
Metchnikoff, successful modern investigators allow themselves
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to continue through failures before success. An investigator suc-
ceeds by learning from their failures, discovering what does not
work before finding what does work.
COLLEGIALITY

Metchnikoff’s phagocytic theory was met with extreme rejec-
tion by the established humoralists, as many new ideas do [4,5].
Despite the ongoing conflict, especially with the group of Robert
Koch in Berlin, exacerbated by the lingering hostilities over the
recently concluded Franco-Prussian War (1870-1871), Metch-
nikoff maintained cordial relationships with many of his antago-
nists, including Ehrlich and Koch. Moreover, he became
extremely familiar with the work of his rivals, often reinterpret-
ing their results and incorporating them into his theories. Today,
science is very competitive, and Metchnikoff’s embrace of colle-
giality in dealing with adversaries is a good example of a long,
productive career. By working across differences and forgiving
hostilities, and not begrudging others’ successes, he built a
strong support system that contributed to more meaningful sci-
entific contributions. Additionally, it was Metchnikoff’s collegial
connection with Pasteur that assisted Metchnikoff in securing a
job at the Institut Pasteur. After this point, he continued to find
success, even describing himself as a newfound optimist [8].
Collegiality protected not only an investigative career but also
contributed to personal happiness.
MENTORSHIP

During his 28 years at the Institut Pasteur, Metchnikoff men-
tored nearly 100 students, including Jules Bordet, who was
awarded the Nobel Prize in 1919 for his studies on “Alexine”
(now known to be complement components). Metchnikoff took
great pride in his trainees and their success [9]. It is notable that
many of his trainees came from outside France and, as a result,
were exposed to considerable discrimination. Metchnikoff, how-
ever, remained very supportive, devoting a great deal of his
time to personal mentoring. With his trainees, he was able to
extend his findings beyond the description of macrophages and
microphages (neutrophils), identifying alveolar macrophages,
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microglia (neuronophages), chemotaxis, efferocytosis, and neto-
sis, among many other discoveries.

On the occasion of his 70th birthday, Emile Roux, Institut
Pasteur director, noted, “The Institut Pasteur owes much to you,
you brought the prestige of your reputation, and your work and
that of your students have greatly contributed to its glory” [8].
As Metchnikoff’s work at the Institut Pasteur exemplifies, men-
toring relationships between investigators and less experienced
scientists benefit not only the mentee but also the mentors,
drawing new talent to the field to carry on their years of work.
Future investigators will face unforeseen challenges. Mentorship
by experienced investigators with great scientific minds ensures
that modern and future investigators will learn how to think sci-
entifically and adapt to new questions.

PURPOSE

Metchnikoff was motivated by a desire to benefit mankind
through basic research [8]. Every modern investigator has their
own purpose. By discovering and centering this purpose in their
work, modern investigators, like Metchnikoff, provide themselves
with motivation that sustains them through remarkable adversity
to ultimately achieve their goals. Cognisance of their purpose
allows modern investigators not only to get through adversity but
also to find a way to benefit from it, translating their adverse expe-
riences into tenacity and other skills to further their work. While
working towards his purpose, Metchnikoff was also masterful in
incorporating the data from other investigators into his ideas, even-
tually earning acceptance of his phagocytic theory. Modern investi-
gators who understand how their work fits into current social,
scientific, and economic models, as well as prior work, are able to
hone their purpose to make the most needed and useful impact.

REINVENTION

Metchnikoff was trained as an embryologist. His understand-
ing of the behaviour of the mesoderm prepared him to under-
stand his observations in Messina. Phagocytosis had been
described years before, but his background allowed him to
understand the ramifications of his findings, namely that a nox-
ious stimulus induced the entry of large phagocytic cells or mac-
rophages in the absence of a nervous or vascular system, and
these phagocytic cells were involved in defending the host from
injury. Metchnikoff himself noted that these findings served to
convert him from a zoologist to a pathologist [7]. These initial
results were supported by many subsequent findings made by
Metchnikoff and his students, serving as the basis for the emerg-
ing discipline of cellular immunology, a field that required more
than 75 years before technology was available to rigorously test
some of its major hypotheses.

In the meantime, Metchnikoff had moved on to explore the
role of noxious stimuli in the process of ageing, and since there
was no established discipline, he named the field gerontology
[10]. It was his work that stimulated an interest in the role of
gut bacteria in the process of ageing, eventually leading to the
study of the gut microbiome and also the development of the
commercial yogurt industry as a means to combat dysbiosis.

The lesson for modern scientists is that Metchnikoff followed
an important question and was not governed by the available
technology. He avoided a condition described by Joseph Gold-
stein, the corecipient of the 1985 Nobel Prize in Physiology or
Medicine, as Paralysed Academic Investigator Disease Syndrome
[11]. This is characterised by an investigator who learns a tech-
nique during training and thinks it can be applied repeatedly
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throughout their career. But science changes rapidly, and such
an investigator is soon obsolete. Metchnikoff recognised this
and evolved throughout his career by reinventing himself to
address new questions. Review of his Nobel Prize oration indi-
cates the many novel experimental designs employed through-
out his career to delineate and support the theory of
phagocytosis [4]. Indeed, his subsequent application of the the-
ory of phagocytosis and the role of intestinal bacteria provided
the first scientific basis for the study of ageing and longevity,
and survives today, with a focus on the microbiome and probi-
otic-containing diets as a possible means to promote health
[10,12]. Metchnikoff’s scientific and personal evolution pro-
vides evidence of the need for reinvention of a successful scien-
tific career, and as such, he is a timeless example for modern
scientists a century later.

CONCLUSIONS

Elie Metchnikoff was the principal founder of cellular immu-
nology and even immunology itself. His career exemplifies
many inspirational aspects of his creative spirit, scientific curios-
ity, tenacity, and perseverance. Like many current investigators,
his career did not follow a straight-line course, and at many
points he needed a lifeline. Recognising his successes in the con-
text of his challenges provides a model that remains relevant for
modern-day investigators. When adversity arises, intrinsic
tenacity and collegial and personal networks guide investigators
back to working towards their purpose. In good times, scientific
curiosity and mentorship, which are investments in the future of
an investigator’s work, flourish. Through both hardship and suc-
cess, commitment to their purpose allows modern investigators
to make the most of their unique traits to do great science, as
Elie Metchnikoff did.
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Strasbourg, France
7 Department of Neurobiology, Karolinska Institute, Care Sciences and Society, Stockholm, Sweden
8 Department of Autoimmune Diseases, University of Barcelona, Hospital Clínic, Institut d’Investigacions Biom�ediques August Pi i
Sunyer, Barcelona, Spain
9 IRIDIS (Investigation in Rheumatology and Immune-Mediated Diseases)-VIGO Group, Galicia Sur Health Research Institute,
Vigo, Spain
10 Department of Rheumatology and Clinical Immunology, Evangelisches Krankenhaus Kliniken Essen-Mitte, Essen, Germany
11 Department of Rheumatology and Immunology, University of Pecs, Medical School, Pecs, Hungary
12 Department of Rheumatology, Center of Rheumatic Research Aalborg (CERRA), Aalborg University Hospital, Aalborg Univer-
sity, Aalborg, Denmark
13 Rheumatology Department, Centro Hospitalar Universit�ario de Coimbra, Coimbra, Portugal
14 Copenhagen Research Center for Autoimmune Connective Tissue Diseases (COPEACT), Center for Rheumatology and Spine Dis-
eases, Rigshospitalet, University of Copenhagen, Copenhagen, Denmark
15 Lupus Europe, Rue d’Egmont 11, 1000 Bruxelles, Belgium
16 Division of Rheumatology, Bambino Ges�u Children’s Hospital, Rome, Italy
17 Department of Clinical and Experimental Medicine, University of Pisa, Pisa, Italy
18 Department of Rheumatology, Iuliu Hatieganu University of Medicine and Pharmacy, Cluj-Napoca, Romania
*Correspondence to Dr. Johanna Mucke, Rheumazentrum Ruhrgebiet, Herne, Germany.

E-mail address: johanna.mucke@med.uni-duesseldorf.de (J. Mucke).

Handling editor Josef S. Smolen.

https://doi.org/10.1016/j.ard.2025.07.001

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/0000-0001-8915-7837
http://orcid.org/0000-0001-8915-7837
http://orcid.org/0000-0001-8915-7837
http://orcid.org/0000-0001-5299-1406
http://orcid.org/0000-0001-5299-1406
http://orcid.org/0000-0001-5299-1406
http://orcid.org/0000-0003-4471-8375
http://orcid.org/0000-0003-4471-8375
http://orcid.org/0000-0003-4471-8375
http://orcid.org/0000-0003-4471-8375
http://orcid.org/0000-0003-4471-8375
http://orcid.org/0000-0003-4471-8375
http://orcid.org/0000-0003-4471-8375
http://orcid.org/0000-0002-2506-687X
http://orcid.org/0000-0002-2506-687X
http://orcid.org/0000-0002-2506-687X
http://orcid.org/0000-0002-2506-687X
http://orcid.org/0000-0002-2506-687X
http://orcid.org/0000-0001-7309-2370
http://orcid.org/0000-0001-7309-2370
http://orcid.org/0000-0001-7309-2370
http://orcid.org/0000-0001-7309-2370
http://orcid.org/0000-0001-7309-2370
http://orcid.org/0000-0001-7309-2370
http://orcid.org/0000-0001-7309-2370
http://orcid.org/0000-0001-7309-2370
http://orcid.org/0000-0001-7309-2370
http://orcid.org/0000-0001-7309-2370
http://orcid.org/0000-0001-7309-2370
http://orcid.org/0000-0003-3172-3570
http://orcid.org/0000-0003-3172-3570
http://orcid.org/0000-0003-3172-3570
http://orcid.org/0000-0002-5654-4993
http://orcid.org/0000-0002-5654-4993
http://orcid.org/0000-0002-5654-4993
http://orcid.org/0000-0002-5654-4993
http://orcid.org/0000-0002-5654-4993
http://orcid.org/0000-0002-5654-4993
http://orcid.org/0000-0002-5654-4993
http://orcid.org/0000-0002-5654-4993
http://orcid.org/0000-0002-5654-4993
http://orcid.org/0000-0002-5654-4993
http://orcid.org/0000-0002-5654-4993
http://orcid.org/0000-0001-8194-3243
http://orcid.org/0000-0001-8194-3243
http://orcid.org/0000-0001-8194-3243
http://orcid.org/0000-0001-8194-3243
http://orcid.org/0000-0001-8194-3243
http://orcid.org/0000-0001-8194-3243
http://orcid.org/0000-0001-8194-3243
http://orcid.org/0000-0002-4982-3505
http://orcid.org/0000-0002-4982-3505
http://orcid.org/0000-0002-4982-3505
http://orcid.org/0000-0002-4982-3505
http://orcid.org/0000-0002-4982-3505
http://orcid.org/0000-0002-4982-3505
http://orcid.org/0000-0002-8742-8311
http://orcid.org/0000-0002-8742-8311
http://orcid.org/0000-0002-8742-8311
http://orcid.org/0000-0002-8742-8311
http://orcid.org/0009-0007-2106-9196
http://orcid.org/0009-0007-2106-9196
http://orcid.org/0009-0007-2106-9196
http://orcid.org/0009-0007-2106-9196
http://orcid.org/0009-0007-2106-9196
http://orcid.org/0009-0007-2106-9196
http://orcid.org/0009-0007-2106-9196
mailto:johanna.mucke@med.uni-duesseldorf.de
https://doi.org/10.1016/j.ard.2025.07.001
https://doi.org/10.1016/j.ard.2025.07.001
http://www.ScienceDirect.com
http://https://www.sciencedirect.com/journal/annals-of-the-rheumatic-diseases


J. Mucke et al. Ann Rheum Dis 84 (2025) 1621−1631
19 Rheumatology Department, University Hospital of Vigo, Vigo, Spain
20Hiller Research Center for Rheumatology, Heinrich-Heine University, Duesseldorf, Germany
21 Department of Clinical and Biological Sciences, University Center of Excellence on Nephrology, Rheumatology and Rare Dis-
eases, ASL Citt�a Di Torino and University of Turin, Turin, Italy
22 Department of Rheumatology, Cliniques Universitaires Saint-Luc, UCLouvain, Brussels, Belgium
23 Department of Rheumatology and Clinical Immunology, Amsterdam Rheumatology and Immunology Center, Amsterdam, the
Netherlands
24 Leeds Institute of Rheumatic and Musculoskeletal Medicine, University of Leeds, Leeds, UK
25 Department of Clinical and Academic Rheumatology, King’s College Hospital, London, UK
A R T I C L E I N F O

Article history:
Received 13 February 2025
Received in revised form 26 June 2025
Accepted 1 July 2025
A B S T R A C T

Objectives: To enhance clinical and multicentre research outcomes in systemic lupus erythemato-
sus (SLE), standardised documentation of patient- and disease-related features is important. The
aim of this European Alliance of Associations for Rheumatology (EULAR) taskforce was to define
a core set of essential items for the comprehensive care of SLE patients in clinical practice, with
an extension for vital elements required for translational and observational research.
Methods: A multidisciplinary EULAR task force group engaged in a multistep approach including
a 4-round Delphi survey and a face-to-face meeting.
Results: Twenty-five stakeholders from 14 different countries participated. During the process,
the initial list of 99 items was reduced to 73 items for inclusion in the clinical core dataset and 8
additional items for research extension. The items were grouped in the domains ‘general’,
‘disease activity’, ‘disease history’, ‘disease damage’, ‘comorbidities’, ‘patient reported out-
comes’, ‘laboratory markers’, ‘outcomes’, and ‘treatment’, with suggested frequencies of
assessment.
Conclusions: The presented clinical core dataset and its research extension are designed to
improve SLE patient care and facilitate collaborative research by ensuring the comparability of
datasets and cohort descriptions. This initiative lays the foundation for the establishment of a
global SLE data space and has the potential to expedite the implementation of personalised med-
icine in SLE care.
What is already known on this topic?

� Standardized datasets are crucial for analyzing big data to iden-
tify disease patterns and patient subgroups for targeted clinical
trials, but such standards have been lacking in systemic lupus
erythematosus.

� Numerous national and international SLE registries exist, but
their potential for collaboration is limited by a lack of interop-
erable documentation standards.

� Previously, EULAR recommendations for monitoring SLE
patients were formulated, but they were not developed through
a consensus-based process.

What this study adds

� This study provides a consensus-based core data set of 73 essen-
tial items for the clinical care of adult SLE patients, plus an 8-
item extension for research purposes.

� It establishes a standardized framework for documenting
patient and disease-related information, aiming to improve the
comparability of datasets and cohort descriptions across differ-
ent countries.

� The data set does not endorse specific assessment instruments,
instead focusing on the systematic assessment of organ systems
to allow for flexibility while ensuring comprehensive data col-
lection.

How this study might affect research, practice, or policy

� The core data set is intended to improve patient care by ensur-
ing all crucial elements for managing SLE are documented.

� It aims to facilitate collaborative translational and observa-
tional research by creating a foundation for harmonized data
collection across international registries.
1622
� This standardization can enable clinical benchmarking, which
promotes best practices and enhances interoperable patient
care.

� The study lays the groundwork for establishing a global SLE
data space and could accelerate the move towards personalized
medicine in SLE care.
INTRODUCTION

Systemic lupus erythematosus (SLE) is a complex and poten-
tially life-threatening autoimmune disease, with marked hetero-
geneity in manifestations, course, and treatment response. In
the past 3 decades, optimised use of older drugs, availability of
newer drugs, improved diagnostic methods that help detect
milder cases, and the implementation of evidence-based recom-
mendations have collectively improved outcomes for individuals
with SLE [1−5]. However, this positive trend has slowed in
recent times [6]; mortality rates of patients with SLE remain sig-
nificantly higher compared to the general population [7].

The endeavour in managing SLE is to optimise patient care
and improve outcomes by shifting from a ‘trial and error’
approach to personalised medicine. This involves anticipating
each patient’s individual trajectory and reducing the use of inef-
fective drugs. However, such efforts are hampered by a variety
of factors, including the complexity and heterogeneity of the
disease.

Coupled with the stagnation of improvements in patient out-
comes in terms of mortality, organ damage, and health related
quality of life, this underscores the need for comprehensive
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analysis of big data to identify distinct disease patterns and
states. Such analyses can then guide the identification of patient
subgroups suitable for targeted clinical trials, a pressing need
defined in the RheumaMap 2019 report [8]. However, achieving
meaningful insights from such analyses depends on the avail-
ability of standardised datasets, which have not yet been avail-
able due to, among other reasons, the unsystematic utilisation of
assessment instruments [9,10].

In the same context, a number of international and national
SLE registers have been initiated over the past years across
many European countries (Belgium, Denmark, Germany,
Greece, Italy, the Netherlands, Portugal, Spain, and the United
Kingdom) [11]. Smaller scale registries for individual hospitals,
research centres, or regions have also emerged [11]. However,
the potential for collaborative efforts among these groups to
generate larger, more representative datasets is hampered by
the absence of interoperable documentation standards. This def-
icit is particularly problematic for research focusing on challeng-
ing, less frequent disease manifestations, where collaboration is
crucial [12].

Standardised documentation serves as the bedrock of all sci-
entific collaborations that seek to ensure data integrity and com-
parability. While core datasets and standardised approaches
have been established for other diseases, these cannot be seam-
lessly applied to SLE; due to the inherent variability of the dis-
ease and highly heterogenous manifestations, a variety of
different instruments are required to capture the full clinical
spectrum of the disease. Moreover, the lack of standardised defi-
nitions of treatment targets was relieved only recently with defi-
nitions such as the Definition of Remission in SLE (DORIS)
remission and Lupus Low Disease Activity State [13,14].

It was our aim to propose a SLE-specific dataset reaching out
for standardising documentation not limited to outcomes, to
improve patient care, enable comparisons of patient cohorts
across different countries, and establish the groundwork for
international registries. Data collected for research should meet
principles of Findability, Accessibility, Interoperability, and
Reusability (FAIR) [15].

Our objective was to define a comprehensive core dataset
that includes all essential elements necessary to ensure complete
clinical care and facilitate scientific research for the benefit of
SLE patients. As for feasibility, we aimed to keep the number of
items minimal while avoiding the need for additional items in
clinical or scientific practice. This approach aligns with the defi-
nition provided by Ehlers et al [16] in their core dataset for giant
cell arteritis.

METHODS

The task force comprised a convenor (MS), a methodologist
(GB), a fellow (JM), 16 members (MA, LA, RC, GC, LC, LWD, LI,
SJ, MM, CP, JMP-R, SS, JGR, FT, MT-A-S, EMV, RVV), 2 EMEU-
NET members (EM, CW), 2 patient research partners (CKN,
KM), and an associate professor for rehabilitation medicine and
physiotherapist (CB), from a total of 14 different European
countries.

Generation of items

A stepwise process according to the European Alliance of
Associations for Rheumatology (EULAR) standardised operating
procedures (SOPs) [17] was applied. These SOPs were devel-
oped for the generation of treatment recommendations, whereas
no SOPs exists for the generation of core datasets. The SOPs
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were thus adapted where necessary. The flow chart illustrates
the consensus process for the project (Fig 1). First, a hierarchical
literature review was conducted in PubMed to identify items
proposed by previous core datasets on SLE published from inter-
national societies (hierarchy level 1), previously published
EULAR recommendations for monitoring SLE [18] and core
datasets [16,19,20] as well as points to consider when reporting
comorbidities [21] (hierarchy level 2), and relevant domains
and items as well as instruments used in existing SLE registers
and clinical cohorts and the frequency with which these items
and instruments are collected (hierarchy level 3). The literature
search for hierarchy level 1 retrieved zero results. The search for
level 2 revealed 22 results, of which 6 publications were
included. The search for relevant publications in hierarchy level
3 resulted in a total of 115 publications of 35 cohorts and regis-
tries that matched the inclusion criteria. A manual search was
conducted to identify the primary methodological publications
of domains and items collected in the respective cohorts. Five
cohorts were not identified in the search process but were added
manually. The literature review is described in detail in Supple-
mentary Material. In addition, items identified as SLE-specific
during the process of development of the American College of
Rheumatology (ACR)/EULAR classification criteria were inte-
grated into the collection [22]. The list was reviewed for missing
elements of the International Classification of Functioning, Dis-
ability and Healthy (ICF) categories with implications for the
functioning of SLE patients [23]. However, all relevant compo-
nents of the ICF had been encompassed in the original list,
although some were phrased in a less specific manner. Further-
more, the Core Outcome Set-Standards for Development recom-
mendations were followed [24]. The primary collection was
completed by the task force members, who were asked to add
any missing items or instruments.

Consensus process

In an anonymous online survey, the expert panel rated the
perceived importance of each item and instrument to be
included in a core dataset, using a numerical rating scale (NRS)
from 1 (not important) to 10 (very important). The focus in this
survey was on their clinical importance rather than their feasi-
bility, which was discussed separately during a following physi-
cal meeting. Here, it became apparent that it would not be
feasible to obtain a single dataset for both clinical care and
research since this would result in an extensive list of items that
might be challenging for practitioners to uniformly collect. Con-
sequently, we decided to divide the dataset into 2 distinct com-
ponents: a core dataset for clinical care and an extension dataset
of additional items essential only for observational and transla-
tional research.

Further, the group agreed not to include any specific instru-
ments for item collection, given the multitude and varied use of
the established instruments.

The task force also ranked the identified items and instru-
ments in small groups and assigned them to 1 of the 3 following
categories: (1) essential items, (2) items of questionable neces-
sity, and (3) items that need not be included. Each item was also
assigned to (A) clinical care, (B) research, or (C) both care and
research. The results from these subgroup discussions were then
presented to the entire group and further discussed in plenary,
focusing on both importance and feasibility.

After the meeting, the results were summarised and circu-
lated among the task force to be commented on. Further, the
assessment frequency of each item was discussed. After



Figure 1. Flow chart of the development and consensus process. EULAR, European Alliance of Associations for Rheumatology; SLE, systemic lupus
erythematosus.
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harmonisation of feedback, a preliminary core set of parameters
for clinical care and a research extension were generated.

A 3-round online Delphi survey was initiated. In the first
round, the task force members were asked to evaluate each item
for their relevance to be included in (A) a core dataset for clini-
cal care and (B) an extension for translational and observational
research, allowing only ‘yes’ or ‘no’ answers. According to the
EULAR-approved voting procedures, consensus for inclusion
1624
was defined as >75% in favour of the respective item. Items
with <50% favourable votes were excluded. If between 50% and
75% of the votes were in favour, items were rediscussed and
modified, and the task force members were asked to reconsider
these items in the second Delphi round. With focus on item
reduction, items were accepted if >75% voted in favour in the
second Delhi round. All items with ≤75% in favour were
excluded. As the clinical core dataset creates the framework for
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observational research, items included in the clinical core data-
set were excluded from consideration during the research exten-
sion voting process.

After achieving consensus on all items, a third voting step
assessed the level of agreement (LoA) for the items included.
LoA was rated on a NRS from 0 (indicating no agreement) to 10
(reflecting absolute agreement). Only items that gathered a min-
imum agreement rating of 7 were incorporated into the final set.
The final round also comprised voting on the assessment fre-
quency of each item, and the participants could express their
agreement or disagreement with the proposed frequency.

After the third Delphi round, the group evaluated the results
and identified remaining inconsistencies. Some items were
included only in the research extension, even though they play
an important role in clinical care. Additionally, important items
needed for complete assessment of organ damage were missing.
After intensive discussion, it was agreed to conduct a fourth Del-
phi round to address these inconsistencies. All proposed changes
with more than 70% approval were implemented.

After voting on each item individually, items were placed in
categories (of no formal impact), which resulted from consensus
discussions without formal voting.

RESULTS

Item generation and prioritisation

The list of items generated after the hierarchical literature
review and additions by the task force members resulted in a list of
10 domains with 95 items. Of the 95 items, 84 were voted relevant,
Figure 2. Excluded items considered for inclusio
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and 11 irrelevant in the online survey. Discussion of all items during
the face-to-face meeting resulted in the informal inclusion of 76
items and exclusion of another 12 items and 4 debatable items for a
clinical core dataset. Rephrasing and splitting resulted in a final list
of 99 items to be voted on in the Delphi process.

Consensus process

After the first Delphi round, 9 items were excluded, and 23
had to be re-evaluated in the second Delphi round. Of the 23
items, 3 were included after the second round, and the remain-
ing 20 items were excluded from the dataset holding 93 items at
this time (Fig 2). Of the 29 items excluded from the clinical core
dataset, 12 items reached consensus after the second round to
be included in an extension dataset for translational and obser-
vational research.

To increase feasibility, items were merged where possible, as
for example grouping lupus anticoagulant, anticardiolipin anti-
bodies and anti-beta-2-glycoprotein-I antibodies as antiphospho-
lipid antibodies and merging drug toxicity and intolerance.
Many additional items could be grouped in specific domains,
such as disease activity, damage, history, or comorbidities, and
were further reorganised. These processes resulted in a clinical
core dataset of 9 domains with 67 items with different assess-
ment frequencies. The domains general, disease history, and
serology (20 items) are to be assessed only at first visit. The
domains comorbidities and damage are to be assessed (26 items)
annually, whereas the domains laboratory parameters, out-
comes, treatment, patient-reported outcomes (PROs) and dis-
ease activity (21 items) are to be assessed at each visit (Table 1).
n in the core dataset to support clinical care.



Table 1
Core dataset for clinical care

First visit& on demand Yearly Regularly

Domain/item LoAa for item
inclusion

Agreement with
assessment
frequency

Domain/item LoAa Agreement with
assessment
frequency

Domain/item LoAa Agreement with
assessment
frequency

General Comorbidities Laboratory
Date of first symptoms (y) 8.28 ± 3.00 (80%) 96% Diabetes mellitus 7.83 ± 2.81 (67%) 88% Routine (electrolytes, CBC, WBC

diff, creatinine, liver enzymes, uri-
nalysis)

9.13 ± 1.51 (88%) 96%

Date of SLE diagnosis (y) 9.76 ± 0.59 (100%) 96% Hypertension 8.42 ± 2.31 (75%) 83% Complement levels (C3, C4) 9.29 ± 1.27 (92%) 88%
Date of birth 9.76 ± 0.71 (96%) 100% Hypercholesterolemia 7.29 ± 2.91 (54%) 75% Anti-dsDNA antibodies 9.54 ± 0.82 (100%) 88%
Sex 9.92 ± 0.39 (100%) 96% Chronic kidney disease 8.42 ± 2.83 (79%) 83%
Race/ethnicity 8.88 ± 2.41 (84%) 96% Chronic pulmonary disease 7.79 ± 2.83 (67%) 67% Outcomes
Date of death 8.88 ± 2.89 (88%) 54% Psychiatric disease 6.92 ± 2.97 (42%) 58% Hospitalisation incl. reason 8.21 ± 2.74 (71%) 79%
Height 7.68 ± 2.78 (68%) 71% Depression 7.46 ± 2.86 (54%) 63% Flares 9.25 ± 1.39 (88%) 92%
Weight 7.80 ± 2.81 (72%) 54% Osteoporosis 7.79 ± 2.50 (58%) 75% Physician Global Assessment 8.71 ± 1.57 (79%) 83%
Pregnancy morbidity history/
pregnancy losses

8.48 ± 2.30 (80%) 54% Fibromyalgia 6.79 ± 3.56 (50%) 54% Remission 9.21 ± 2.02 (96%) 83%

Cardiovascular events 8.38 ± 2.78 (79%) 75% Treatment
Stroke 8.42 ± 2.77 (83%) 83% Lupus specific 9.71 ± 0.68 (100%) 96%
Cancer 8.00 ± 2.78 (67%) 79% Antiplatelet drugs & anticoagulants 8.83 ± 2.21 (92%) 75%
Thromboembolic event 8.33 ± 2.81 (79%) 79% Drug toxicity& intolerance 8.17 ± 2.70 (71%) 75%
Infections 7.38 ± 2.98 (63%) 71%
Sj€ogren’s Disease 7.38 ± 2.83 (58%) 63% Patient-reported outcomes
Other rheumatic diseases 7.75 ± 2.40 (67%) 63% Fatigue 8.25 ± 2.28 (75%) 75%
Other autoimmune diseasesb 7.92 ± 2.45 (67%) 63% Current pain 8.25 ± 2.13 (75%) 75%

Disease history Damage Disease activity
Mucocutaneous 8.79 ± 2.22 (75%) 92% Mucocutaneous 9.36 ± 1.26 (92%) 88% Mucocutaneous 9.72 ± 0.66 (100%) 92%
Renal 9.29 ± 1.34 (88%) 92% Renal 9.52 ± 1.20 (92%) 88% Renal 9.80 ± 0.57 (100%) 92%
Cardiovascular 8.38 ± 2.75 (75%) 92% Cardiovascular 9.28 ± 1.40 (88%) 88% Cardiovascular 9.40 ± 1.17 (92%) 83%
Respiratory 8.33 ± 2.76 (71%) 92% Respiratory 9.40 ± 1.23 (92%) 79% Respiratory 9.44 ± 1.10 (92%) 79%
Neuropsychiatric 8.99 ± 2.15 (79%) 92% Neuropsychiatric 9.44 ± 1.24 (92%) 83% Neuropsychiatric 9.48 ± 0.98 (96%) 83%
Peripheral vascular 7.71 ± 3.17 (63%) 88% Peripheral vascular 8.84 ± 2.20 (88%) 79% Constitutional 9.04 ± 1.59 (84%) 83%
Haematology 8.88 ± 2.15 (79%) 92% Haematology 9.68 ± 0.79 (96%) 92%
Musculoskeletal 8.79 ± 2.22 (75%) 92% Musculoskeletal 9.40 ± 1.30 (88%) 88% Musculoskeletal 9.68 ± 0.79 (96%) 92%
Secondary APS 9.25 ± 1.42 (88%) 92% Ophthalmic 8.60 ± 2.38 (76%) 88% Ophthalmic 8.72 ± 1.73 (80%) 58%

Agreement 4th
Delphi round

Agreement 4th
Delphi round

Agreement 4th
Delphi round

Gastrointestinalc na 77% Gastrointestinald 8.21 ± 2.63 (71%) 69% Gastrointestinald 8.04 ± 2.47 (67%) 83%
Ophthalmicc na 73% Premature gonadal failured 8.63 ± 2.29 (79%) 100% Peripheral vasculard 8.46 ± 2.50 (75%) 83%
Constitutionald 8.04 ± 2.51 (63%) 82% Diabetesc na 77%

Cancerc na 77%
Serology Agreement with

assessment
frequency

ANA+ ENA profile 9.38 ± 1.11 (88%) 96%
Antiphospholipid antibodies
(LA, aCL, aβ2-GP I)

9.46 ± 0.96 (96%) 79%

aβ2-GP I, anti-beta2 glycoprotein I; aCL, anticardiolipin; ANA, antinuclear antibody; APS, antiphospholipid syndrome; CBC, complete blood count; ENA, extractable nuclear antigen; LA, lupusanticoagulant; LoA, level of agreement; na,
not applicable; SLE, systemic lupus erythematosus; WBC diff, white blood cell differential.

a LoA in mean ± SD (proportion of taskforce members with an agreement ≥7 on the 1-10 scale, expressed in percent).
b Including Sj€ogrens Disease (LoAa 7.38 ± 2.83 [58%]) and other rheumatic diseases (LoAa 7.75 ± 2.40 [67%]).
c Inclusion as result of the 4th Delphi round.
d Transfer from research extension as result of 4th Delphi round.
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Table 2
Research extension

Domain/item LoAa

General
Fulfilment of classification criteria at diagnosis 9.58 ± 1.11 (96%)

Damage
Haematologyb 8.84 ± 2.31 (84%)

Comorbidities
Vaccinations 8.04 ± 2.15 (67%)

Outcomes
Low disease activity 8.38 ± 2.45 (75%)

Treatment
Drug adherence 8.25 ± 2.20 (71%)
Other medication 7.96 ± 2.75 (71%)

Patient-reported outcomes
Health related quality of life 9.00 ± 1.44 (83%)
Work productivity/status 7.92 ± 1.85 (63%)

LoA, level of agreement.
a LoA in mean ± SD (proportion of taskforce members with an agree-

ment >7 in percent).
b Transfer from clinical core set with 91% agreement as result of 4th

Delphi round.
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In the third Delphi round, all items included in the clinical
core dataset reached a LoA of 7 or higher (Table 1). Likewise, all
12 items included in the research extension reached LoA of ≥7
and were therefore included (Table 2). Most participants agreed
with the proposed frequency of item assessment, although less
agreement was seen for those items that had already lower aver-
age LoA regarding their inclusion (Table 1).

Following the discussion of the consensus results, all the fol-
lowing proposed changes were agreed on in a fourth Delphi
round:

1. Transferring ‘peripheral vascular’ and ‘gastrointestinal’
disease activity to the clinical core dataset, to enable a
complete evaluation of disease activity.

2. Moving ‘haematological’ damage to the research extension
since it is not standardised as a damage item.

3. Shifting ‘gastrointestinal’ and ‘premature gonadal failure’
from the research extension to the clinical core dataset to
complete the assessment of organ damage.

4. Adding ‘diabetes’ and ‘cancer’ to disease damage, as these
items are defined as such only if starting after the diagnosis
of SLE, while they are captured under the comorbidities
field regardless of the time of onset.

5. Combining the comorbidities ‘other rheumatic diseases’
and ‘Sj€ogren Disease’ under ‘other autoimmune diseases.’

6. Including ‘ophthalmic’ and ‘gastrointestinal’ disease his-
tory in the clinical core dataset and transferring
‘constitutional’ disease history from the research extension
to the clinical core dataset, based on the rationale that dis-
ease history represents previous activity, and all disease
activity items should be included in the disease history
domain within the clinical core dataset.

This resulted in a final core dataset for clinical care of 9
domains with 73 items and a research extension of 8 items
(Table 3).

The documentation of both lupus-specific and nonspecific
medications sparked discussion within the taskforce. Much of
the debate centred on the precise documentation of glucocorti-
coids and the question whether it was necessary to assess non-
specific drugs, particularly those needed to treat comorbidities
of patients with SLE. Additionally, there were challenges in
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distinguishing between SLE-specific and nonspecific drugs. No
consensus regarding nonspecific drugs was reached. Therefore,
these were not included into the final dataset.

The inclusion of PROs elicited mixed responses within the
taskforce. Members recognised that a considerable amount of
information about a patient’s well-being is gathered through
effective communication between clinicians and patients during
visits, which might not be fully captured by specific items. How-
ever, there was a consensus that, at a minimum, the impact of
the disease on the patient’s life should be assessed. Conse-
quently, fatigue and current pain achieved consensus for inclu-
sion in the clinical core dataset, whereas aspects like health
related quality of life and work productivity or work status were
designated part of the research extension. Nonetheless, patient-
centred aspects such as quality of life and depression were
deemed important and should be addressed during the clinical
visits, given their impact on patients’ lives and their significance
as patient outcomes.

We debated whether the assessment of disease activity
should focus only on the most common features or include all
manifestations, including rare features such as ophthalmic
involvement. We noted that in cases where less common fea-
tures are present, they would be crucial to clinical decision mak-
ing and should already be captured in routine medical records.
To date, no validated instrument exists for the assessment of dis-
ease flares outside the context of randomised controlled studies.
It was therefore decided to include the raw data to capture flares
such as disease activity and treatment changes instead of includ-
ing a specific instrument.

Regarding comorbidities, it was discussed to refer to the
EULAR initiative on points to consider for reporting, screening
for and preventing selected comorbidities in chronic inflamma-
tory rheumatic diseases in daily practice [21] as well as the
EULAR recommendations for cardiovascular risk management
in rheumatic and musculoskeletal diseases, including SLE and
antiphospholipid syndrome [25]. However, from the point of
view of this panel, the recommended comorbidities were not
depicted in a sufficiently comprehensive way. Thus, a separate
list was developed and subjected to the voting process. Assess-
ment of comorbidities should be performed at baseline and then
be rechecked at least yearly for changes. Although validated
scoring systems could be utilised, it was recognised that these
scores might not cover all the comorbidities included in the
assessment, underlining the need for comprehensive evaluation.

Use of instruments

There is a variety of competing validated instruments, partic-
ularly for assessing disease activity. Each of these disease activ-
ity instruments, including SLE disease activity index (SLEDAI)
[26], SLE disease activity score (SLE-DAS) [27], and British Isles
Lupus Assessment Group (BILAG) 2004 index [28], has advan-
tages and disadvantages. There is also an ongoing revision of
the SLE inception cohort (SLICC)/ACR damage index [29,30] as
well as a disease activity response measure for trials [31]. There-
fore, the taskforce decided to focus on systematic assessment of
organ systems within the core dataset, instead of recommending
specific instruments for data collection. However, there was
strong emphasis on the importance of using validated instru-
ments for assessment of disease activity and disease damage, as
recommended in the current 2023 update of the EULAR recom-
mendations for the management of SLE [5]. The choice of which
instrument to use was left to the discretion of the practitioner,
provided that it encompasses all the items outlined in the core



Table 3
Core dataset for SLE to support clinical care and research extension for observational and translational research (research extension in red)

ANA, antinuclear antibody; aPL, antiphospholipid; APS, antiphospholipid syndrome; C3/C4, complement 3/4; dsDNA, double-stranded DNA; ENA, extractable
nuclear antigen; HRQoL, health related quality of life; LDA, low disease activity; PRO, patient-reported outcome; SLE, systemic lupus erythematosus.
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dataset. This approach was thought to allow for flexibility, while
ensuring comprehensive data collection and maintaining the
highest standards of patient care and research. In addition, this
should also guarantee that FAIR data can be made available.

DISCUSSION

The aim of the taskforce was to develop a EULAR-endorsed
core set of items to support clinical care and observational and
translational research in SLE patients that also enables FAIR
data. Given the inherent diversity of the disease, compounded
by the use of various assessment tools, achieving standardisation
in SLE care is complex.

However, standardisation will be essential for ensuring high-
quality care aiming to optimise the patients’ outcome and to
facilitate collaborative research. This standardisation would
also enable both the comparison of patient cohorts and clinical
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benchmarking, ultimately promoting best practice and the
enhancement of interoperable patient care over time.

As a consequence, the taskforce embarked on a systematic
approach to develop this core dataset, encompassing all the
essential elements required for managing SLE patients in clinical
practice and for performing observational and translational
research. The taskforce applied a stepwise methodological pro-
cess, which resulted in a clinical core dataset of 73 items and
additional 8 items for research purposes.

The initial list of 99 items was reduced during the voting pro-
cess. Moreover, many of the items could be grouped into
broader domains, such as disease activity or comorbidity. How-
ever, the taskforce made a deliberate decision to still include all
items individually. Listing these items separately aimed to
emphasise their individual importance in the evaluation of SLE
patients, ensuring that no critical details were overlooked dur-
ing the assessment process.
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In 2010, Mosca et al [18] formulated EULAR recommenda-
tions for monitoring SLE patients in clinical practice and obser-
vational studies. These guidelines encompass an inherent core
set for disease, but were not developed in a consensus-based
process [18]. Since this dataset served as a foundation for
the initial item list generation, a substantial portion of the
items proposed by Mosca et al [18] constitutes the core data-
set presented here. Diverging from those recommendations,
each item underwent thorough discussions regarding its sig-
nificance and practical application, culminating in a consen-
sus-based voting process.

We made the deliberate choice not to endorse specific instru-
ments and, as a result, have also intentionally refrained from
including definitions of specific items. When assessing disease
activity and damage, the definitions provided within the vali-
dated instruments should be used. As a consequence, merging
core data from different sources may need some adaptation to
ensure interoperability. Furthermore, depending on the fav-
oured instruments, some instrument-specific items must be
documented in addition to the core set to capture disease activ-
ity and damage. It is the physician’s responsibility to ensure that
applied instruments are collected comprehensively.

This core dataset may partly overlap with the continuous
Outcome Measures in Rheumatology (OMERACT) international
consensus efforts on identifying definitions for clinical domains
and outcomes [32−34]. The OMERACT core domain is to define
domains to be used in randomised controlled trials and longitu-
dinal observational studies, and may well lead to new instru-
ments, if none of sufficient quality are available.

In some contrast, our work aimed at the development of a
SLE-specific dataset reaching out for standardising documenta-
tion not limited to outcomes, to improve patient care, enable
comparisons of patient cohorts across different countries, and
establish the groundwork for international registries.

Developing this dataset that is both comprehensive and feasi-
ble for clinical assessment proved challenging. Given the com-
plexity of SLE, we anticipated the resulting dataset to be more
extensive than previously proposed EULAR-endorsed core data-
sets. However, we believe that the 73 items remain feasible for
assessment in clinical care, particularly considering that many
of these items do not require regular assessment but rather peri-
odic, eg, yearly, or only one-time evaluation. Nevertheless, it is
important to recognise that this dataset represents a compromise
between extensive data collection and the essential minimum
needed to support clinical care effectively. In the context of digi-
tal application, future endeavours will involve extracting a com-
mon general assessment applicable to all inflammatory
rheumatic diseases and employing standardised nomenclature
(eg, Systematized Nomenclature or Medicine and Clinical Terms
[SNOMED CT [35]]) alongside a common data dictionary
(including metadata and machine-resolvable persistent identi-
fiers as required by the FAIR principles) to facilitate interaction,
interoperability, FAIR data, and successful collaboration.

Despite their parallels, childhood-onset and adult SLE differs
significantly in many aspects. Therefore, this dataset is aimed at
adult SLE patients, only. A comprehensive core dataset for child-
hood-onset SLE has recently been published and should be
applied in these children and adolescents with SLE.

The implementation of the core dataset is a vital step towards
ensuring its successful development. With the taskforce consist-
ing of experts from 14 countries, they will actively support inte-
grating the dataset into future national and international SLE
registries, such as a potential European Reference Network
(ERN) ReCONNET registry. Additionally, existing cohorts and
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registries will be checked to ensure that they contain all recom-
mended items.

Three years after the publication of this core dataset, we aim
to evaluate its implementation by surveying its citation in pub-
lished observational and translational studies and assessing
whether these studies have incorporated the recommended
items.

This work was performed to support the work of ongoing and
future taskforces in the field of SLE by providing a core set of
items to be collected in clinical care and observational and trans-
lational research. A uniform collection of these items will
homogenise datasets and facilitate research that will then
inform future taskforces.

CONCLUSION

We developed a comprehensive core dataset that encom-
passes all the crucial elements required for the effective manage-
ment of SLE patients in clinical care. This standardised dataset
further serves as the fundamental framework for collaborative
translational and observational research by enabling compara-
bility of datasets and patient cohorts. This comparability facili-
tates clinical benchmarking, leading to advancements in our
understanding and treatment of SLE. Ultimately, in this way, we
aim at improving the care and quality of life for individuals liv-
ing with SLE.
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A B S T R A C T

Objectives: Placebo effects pose significant challenges in clinical trials for rheumatoid arthritis
(RA). Understanding how socioeconomic factors of recruiting countries influence placebo
responses is crucial for improving clinical trial design and outcomes. Here, we investigated the
impact of global recruitment patterns on placebo responses in randomised controlled trials of
RA.
Methods: We analysed 124 trials (14 272 patients) investigating targeted therapeutics in RA and
assessed how global recruitment patterns are related to placebo response rates using the per-cap-
ita gross national income (GNI; weighted by recruiting centres/country) as proxy for socioeco-
nomic status in linear mixed models. Primary outcome was the American College of
Rheumatology 20% response placebo response rate. Other socioeconomic metrics utilised were
the Human Development Index and out-of-pocket health expenditures. Findings were validated
using patient-level data from one global in randomised controlled trial.
Results: We identified a negative association of GNI and placebo response rates across all trials
(β = −3.7% placebo response per 10 000 international dollars; 95% CI: −5.61 to −1.80; P <
.001). Results were confirmed using alternative metrics as well as using geographic data on indi-
vidual patient level. Importantly, we could demonstrate a meaningful difference of this associa-
tion when compared to active treatment responses.
Conclusions: Our findings indicate that recruiting patients from lower-income countries is associ-
ated with higher placebo response rates, whereas active treatment responses remain stable. This
may be driven by incentives to recruit patients into trials, such as limited access to therapies in
less affluent countries. Addressing these factors is critical for improving trial design and ensuring
accurate efficacy assessments.
INTRODUCTION

Double-blind randomised placebo-controlled trials continue
to be the mainstay of drug approval in inflammatory rheumatic
diseases [1]. Over the last decades, a decreasing number of
patients have been found eligible for rheumatoid arthritis (RA)
c, Department of Medicine III, Div
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half of European Alliance of Asso
clinical trials in high-income countries, where studies were typi-
cally recruiting. In these countries, new and effective drugs are
easily accessible, RA is typically well controlled, and enrolling
patients with active disease for inclusion in clinical trials has
therefore become a challenge [2,3]. Independently, over the last
2 decades many new drugs have progressed to evaluation in RA
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WHAT IS ALREADY KNOWN ON THIS TOPIC

� Placebo responses have posed significant challenges in clinical
trials, particularly in rheumatoid arthritis. Previous research
highlighted increasing placebo response rates over the last 2
decades, with some trials showing rates up to 60%.

� Global clinical trial recruitment, with a particular expansion
towards lower-income regions, has been hypothesised as a
potential contributor to this, although the underlying reasons
remain poorly understood.

WHAT THIS STUDY ADDS

� Our study is the first comprehensive analysis to quantitatively
assess the association between global recruitment patterns and
placebo rates of rheumatoid arthritis clinical trials.

� By integrating several socioeconomic indicators such as the
gross national income, the United Nations Human Develop-
ment Index and the World Health Organization’s out-of-pocket
health expenditures, we provide robust evidence of a negative
association between socioeconomic wellbeing and placebo
response rates.

� We could validate these findings using patient-level data from a
multi-national randomised controlled trial.

� A meaningful difference comparing placebo response rates to
the respective active treatment responses in trials investigating
tumour necrosis factor alpha inhibitors was identified.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

� The findings of our study suggest that the global trend in clini-
cal trial recruitment towards less affluent countries could inad-
vertently increase placebo responses in rheumatoid arthritis
clinical trials. This has significant implications for clinical trial
design, as higher placebo rates may obscure the true efficacy of
investigational therapies, necessitating larger sample sizes and
therefore potentially compromising ethical considerations of
subjecting more patients to placebo treatments.

� Future trials should consider incorporating socioeconomic fac-
tors into trial design and analysis, educate patients and investi-
gators, and consider statistical adjustments when analysing
multi-national trials. This could enhance the accuracy of effi-
cacy assessments, improve the reliability of efficacy outcomes,
and ultimately inform better regulatory and health care deci-
sions on a global scale.
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clinical trials, also increasing recruitment pressure on sponsors
and investigators. At the same time, major political changes and
improvements in care for patients have allowed for moving clin-
ical trials into regions and countries that had previously not
been the focus of such activities. All these reasons have led to a
progressive global expansion of clinical study recruitment when
compared with the previously predominant inclusion of patients
from North America and Western Europe [4−8].

However, in parallel to the broadening of the clinical study
arena, placebo rates in RA trials have increased over the last 2
decades, meanwhile ranging up to 60% [9−11]. These high pla-
cebo rates have imposed a challenge to the design of clinical tri-
als, as they demand larger sample sizes to differentiate signal
from noise and, consequently, may impose ethical problems,
since larger numbers of patients have then to be exposed to pla-
cebo. With lower access of RA patients to biological (b) and con-
ventional synthetic (cs) disease-modifying antirheumatic drugs
(DMARD) therapies in low-income countries [12,13], a greater
interest of patients and their treating rheumatologists in study
participation can be hypothesised. This shift of recruitment to
less affluent regions of the world may therefore have a
1633
consequence on placebo responses by creating a regression to
the mean phenomenon in trials and, therefore, increases in pla-
cebo rates. However, within an individual country or region of
recruitment, considerable differences between placebo response
rates of study centres, centre experience, and patients’ socioeco-
nomic status might exist, although factors like access to health
care services and out-of-pocket health expenditures are shared
factors within most countries [14]. Additionally, significant dif-
ferences in response rates were observed in placebo treated
patients with continued, previously instituted methotrexate
therapy compared to placebo responses of patients without any
background therapy, highlighting potentially inadequate
csDMARD adherence before enrolment into a clinical trial [15].
Here, we set out to investigate if and to what extent the well-
known increase in placebo rates in large-scale trials [16,17]
may be related to the mechanism of expansion to less affluent
countries as a compensation for recruitment problems in RA
clinical trials in high-income regions.

METHODS

Patient populations

To explore placebo responses, we analysed placebo arms in
all double-blind studies investigating biologic or targeted syn-
thetic DMARDs in rheumatoid arthritis. Trials had to be con-
ducted at multiple centres and report the number of recruiting
sites per country. Studies were stratified into those investigating
patients with an inadequate response (IR) to csDMARDs and
bDMARD. Stable concomitant therapies (such as low-dose gluco-
corticoids, csDMARDs) were generally allowed. A table on the
precise study selection criteria is provided in the supplement
(Table S1). Patients and the public were not involved in the
design, conduct, reporting, or dissemination plans of this
research.

Database search

Medline, EMBASE, and CENTRAL (Cochrane Central Register
of Controlled Trials) were searched by a database expert (BW)
from 1995 until 2024. Search results were screened in dupli-
cates by two researchers (PP and AK). Details on data sources,
data extraction, imputation, and quality control are described in
the Supplement (Table S2).

Study outcomes

We chose to analyse the most commonly used primary end-
point, the American College of Rheumatology (ACR) 20%
response criteria (at week 12 ± 4). In sensitivity analyses we
assessed more stringent American College of Rheumatology
response criteria (50% and 70%) at a later timepoint (week 24 ±
4), as these are not sensitive at earlier timepoints [18].

Estimates of socioeconomic status

To assess geographic recruiting patterns, we used the number
of recruiting centres per country as a suitable and widely avail-
able estimate because it is common practice to report the coun-
tries of recruiting study centres in clinical trials and these data
are readily available in clinical trial registries. Before perform-
ing these analyses, we investigated if numbers of recruited
patients per country were associated with the number of recruit-
ing centres in trials which reported both metrics. Furthermore,
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for one of the trials, we had data on the country origins of indi-
vidual patient available [19], allowing us to validate this
approach.

We used the per-capita gross national income (GNI) in inter-
national dollars, the broadest and most widely used indicator
of a nation’s economic activity in 1 year, to assess economic
wellbeing. Since GNI itself has a strong longitudinal trend,
which can confound analyses spanning decades of trial conduc-
tion [20], we normalised the weighted GNI by the mean GNI of
the included countries (nGNI; Table S3; Fig S1, Panel A). For
example, both the GNI of Poland and that of the United States
increased significantly between 2003 and 2023. However, in
2023, Poland’s GNI was similar to the GNI of the United States
in 2003. This means that a mono-national study conducted in
Poland in 2023 would yield a weighted GNI similar to that of a
study conducted in the United States in 2003. Adjusting the
data accordingly, ie, normalising by the mean GNI of all
included countries controls for the general secular increase in
economic welfare and allows for a more accurate analysis of
the data. To validate the data obtained using the nGNI, we
employed another metric of socioeconomic status, the United
Nations Human Development Index (HDI) [21]. Furthermore,
as access to innovative medicines is mainly restricted by costs
of medication, we utilised the World Health Organization’s
out-of-pocket (OOP) health expenditures (Table S3). The
World Health Organization defines the OOP health expendi-
tures as part of the System of Health Accounts Framework
[20]. It includes expenses for consultations, medicines, hospi-
tal care, and diagnostic tests, but does not include any insur-
ance premiums, tax-based health services, or employer
contributions. The unit of measurement is reported in % of all
current health spending in a country that comes from house-
hold OOP payments [20]. The HDI and OOP were likewise nor-
malised as described for the GNI (nHDI and nOOP,
respectively; Figure S1, Panels B, C).

To link each study with each of these estimates of socioeco-
nomic status, we first extracted numbers of recruiting centres
per country (from the original articles or study locations pro-
vided on clinicaltrials.gov), as well as study start date from the
respective original articles. We then calculated weighted GNI,
HDI and OOP (separately) for each study (Equations 1 and 2,
Table S3).

Equation 1. Weighted gross national income per study.
The weighted GNI per study is calculated by the sum of the gross
national income per capita for each centre divided by the total
number of centres in the study.

GNIweighted � ∑c
i�1 ni ×GNIi� �
∑c

i�1ni

Here, c is the number of participated countries,
ni is the number of centres for country i, and
GNIi is the gross national income per capita in international

dollars of country i (at the study start year).
Equation 2. Normalised gross national income per study.

This formula calculates the normalised GNI per study, which
adjusts the weighted GNI by the ratio of the mean GNI of
included countries of all years to the mean GNI of all included
countries of the study start year to adjust for changes in GNI
over time.

GNInormalized � GNIweighted � mean GNIall years
� �

mean GNIstudy start year
� �

 !

Further details on these metrics are provided in Table S3.
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Validation analysis using patient-level data of a single
randomised controlled trial

The analytic approach was validated using patient-level data
of a randomised controlled trial [19] by performing linear
regression analysis to examine ACR20 placebo response rates
and the GNI of each country at the study start year (2005), strati-
fying patients by recruiting country. We investigated the inten-
tion-to-treat population utilising nonresponder imputation for
missing data and patients rescued to active therapy at week 16.

Comparison of placebo to active treatment responses

Finally, we compared the magnitude of the association to
response rates of active treatment arms by assessing studies
investigating tumor necrosis factor (TNF) inhibitors (utilising
the licensed dosing) and the respective difference (per study) to
placebo. We chose to only utilise TNF inhibitor treatments as
they show comparable efficacy and allow to assess the effect of
continuous globalisation of recruitment because trials investi-
gating TNF inhibitors were conducted across the full period of
the era of targeted therapies, allowing to investigate differences
of recruiting patterns in these trials.

Statistical analysis

We performed linear mixed model regressions with a random
effect on study level (to control for study heterogeneity) and
weighted each placebo arm by the number of patients, utilising
a mixed linear regression approach [22]. Throughout the analy-
sis, 2-sided P values < .05 were considered as statistically signif-
icant. Statistics were conducted using R (version 4.4.1) [23].

RESULTS

We identified all studies with a placebo arm in each indication
investigating targeted therapies (Table S2, Figure S2), resulting in
a total of 124 randomised controlled trials with available primary
outcome data in rheumatoid arthritis. In 6 trials, the numbers of
recruited patients per country were reported in addition to the
number of centres. In line with our hypothesis, we found a strong
correlation between the number of patients recruited per country
and the number of recruiting centres per country (R² = 0.84; P <
.001). A summary of study characteristics is shown in Table.

Trends of recruitment patterns in clinical trials over time

Among the included trials, the year of study start date ranged
from 1994 to 2021. Visual inspection on a world map of global
recruiting patterns of rheumatoid arthritis trials over time
(Figure 1, Figure S3) revealed that study regions have expanded
from initially covering only North America and Western Europe
to an increasing global recruitment over time. Studies conducted
in the 1990s until the early 2000s comprised only of centres in
Western Europe and North America. After approval of the first
targeted therapies in the late 1990s and their widespread use in
the early 2000s in these regions, a trend towards multiregional
recruiting, with continuously increasing numbers of study
centres from Eastern Europe, the Asia-Pacific region, and Latin
America could be seen, especially from 2005 onwards, with a
mean nGNI of 30.136 ± 9.870 international dollars.

Linear regression analysis showed a significant and clearly
negative association of the nGNI per study (Formulas 1 and 2)
with the year of study conduction (Figure 1, Panel B): more



Table
Baseline characteristics of included placebo arms

Baseline Characteristics csDMARD-IR bDMARD-IR

Number of trials (n) 97 27
Total number of patients (n) 11,060 3,212
Mean number of participants
per arm (n)

114 ± 119.3 119 ± 80

Study start year (year)a 2010 (1994-2019) 2012 (2003-2021)
Number of recruiting centres
(n)

75 ± 65 112 ± 62

Female (%) 82 ± 5.7 81 ± 6.4
Age (years) 53 ± 2.6 55 ± 2.4
Disease duration (years) 7 ± 1.9 10 ± 2.2
Patients with concomitant sys-
temic DMARD/immunosup-
pressive therapy (%)

80 ± 22.1 89 ± 8.5

Swollen joint count 66 (0-66) 15 ± 2.6 17 ± 2.7
Tender joint count 68 (0-68) 22 ± 4.9 27 ± 4.2
Patient global assessment (mm) 61 ± 6.7 67 ± 3.1
Evaluator Global Assessment
(mm)

61 ± 5.6 65 ± 3.1

C-reactive protein (mg/dL) 1.8 ± 0.7 2.0 ± 0.9

Note: Values are shown as means (standard deviation) of all studies unless
indicated otherwise.
bDMARD, biologic disease-modifying antirheumatic drug; csDMARD, con-
ventional synthetic disease-modifying antirheumatic drug; DMARD, dis-
ease-modifying antirheumatic drug; iR, inadequate response.

a Shown as median (range).
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recent studies showed lower nGNI, as more centres were located
in less affluent countries (−1027 ± 149 international dollars per
study year; P < .001).
Secular trend of placebo response rates over time

Mixed model analyses (Fig S4) showed a significant positive
association of placebo response rates with the study start year
(β = 0.9 ± 0.2%; P < .001), accounting for a mean total increase
of placebo response rates in the observed study time period
(1994−2021) of 25%.
Placebo response rates and societal wellbeing

We identified a strong and significant association with pla-
cebo response rates of the ACR20 at week 12 (the most
Figure 1. (A) Patterns of recruiting centres (per country) for the years 1994
trend of normalised per-capita gross national income (international dollar) o
weighted, normalised gross national income of an individual study.
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commonly utilised primary endpoint) and poor socioeconomic
status, such as captured by the gross national income
(β = −3.7% placebo response per 10 000 international dollars;
95% confidence interval [CI]: −5.6 to −1.8; P < .001). When
stratified by population (Fig 3, Panel A) [19], we found similar
results observed in the csDMARD-iR (β = −2.85%; 95% CI:
−5.11 to −0.59; P = .013) and the bDMARD-IR population
(β = −4.58%; 95% CI: −8.49 to −0.67; P = .022). In other
words, the higher the GNI the lower the placebo response rates
(and vice versa). Similar results were shown using other socio-
economic measures: the HDI (β = −61.2; 95% CI: −97.7 to
−24.6; P = .001; Fig 2, Panel B) and OOP health expenditures
(β = 0.26; 95% CI: 0.001 to 0.52; P = .049; Fig 2, Panel C).
Detailed statistical model results are shown in Tables S5 and S6.

Validation analysis

Our findings were confirmed in the analysis of patient-level
data from a single global placebo-controlled trial investigating
RA patients [19]. After stratification of response rates by coun-
try of patient recruitment, we found higher ACR20 placebo
responses in low-income countries than in more affluent regions
(n = 119; GNI: β = −9.6 ± 3.8%; 95% CI: −18.1 to −1.1;
P= .031; Fig 3).

Sensitivity analyses on clinical outcomes

We also assessed more stringent endpoints in trials with
available data (n = 57) at week 24. Here, our analyses were in
line with our primary analyses, irrespective of the outcome mea-
sure. Details of these analyses are shown in Table S4 and Figure
S5.

Active treatment responses, treatment differences, and
consequences for sample size calculations

Figure 4 visualises the differences of placebo and active treat-
ment response rates. TNFi responses are shown in Figure 4 (left
panel, red), next to the respective placebo rates (left panel,
blue). The estimates for treatment differences between TNFi and
placebo were 1.6% per 10 000 international dollars (right
panel).
, 2004, 2014, and 2019 in rheumatoid arthritis clinical trials. (B) Time
f placebo-controlled studies from 1994 to 2021. Each dot represents the



Figure 2. Association of placebo response rates with the weighted gross national income (GNI) per study (A), the United Nations Human Development
Index (HDI) (B), and the World Health Organization’s out-of-pocket (OOP) health expenditures (C). (A) Stratified results by study population
(csDMARD/bDMARD: conventional synthetic and biologic disease modifying antirheumatic drug) inadequate responder (iR). (B, C) show the overall
study population. Linear regression lines show associations of the primary outcome with the normalised GNI, HDI, and OOP, separately; respective P
values are shown in the top right corner. Average slopes are weighted by the number of studies. Each bubble represents the placebo response rate of
one individual study. The size of the bubbles represents the number of patients analysed in the respective placebo arm. The y-axis corresponds to the
respective outcome analysed. bDMARD, biologic disease-modifying antirheumatic drug; csDMARD, conventional synthetic disease-modifying anti-
rheumatic drug; DMARD, disease-modifying antirheumatic drug; GNI, gross national income; HDI, Human Development Index; iR, inadequate
response; OOP, out-of-pocket (health expenditures); WHO, World Health Organization.

A. Kerschbaumer et al. Ann Rheum Dis 84 (2025) 1632−1640
These findings lead to considerable consequences for sample
size calculations: considering a scenario with a fixed power of
80%, our results suggest a required sample size of 116 patients
for a randomised controlled trial in RA patients with a mean
study GNI of 25 000 international dollars compared to 76
patients in a study in a region with a mean GNI of 50 000 inter-
national dollars.

DISCUSSION

Our analyses demonstrate that global geographic expansion
of study recruitment with its increasing inclusion of centres
from less affluent countries is associated with higher placebo
response rates in randomised controlled trials in RA. This was
clearly seen in trials of both, csDMARD-IR and bDMARD-IR
patient populations. This link may be an important contributor
to the rising placebo response rates that have been documented
over the years [16,17]. Importantly, higher placebo response
rates in less affluent areas are also accompanied by somewhat
higher active treatment response rates. However, the effect on
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placebo response rates is stronger, leading to smaller differences
between active therapy and control with consequences for sam-
ple size calculations. Of note, we found similar significant asso-
ciations in plaque psoriasis and psoriatic arthritis trials [24].

The reason for the link between socioeconomic variables and
placebo response rates is currently unclear, but one can attempt
to develop hypotheses that may explain such an association.
First, where there is limited access to health care (or coverage of
medication costs), recruitment into a clinical trial may consti-
tute an attractive option to receive medical care and medicines
at no cost, leading to a high motivation to enrol at trial screening
[12,25]. Once enrolment is achieved, however, subsequent
assessments of patients are performed without that pressure and
the readout more accurately reflects clinical reality, leading to a
phenomenon known as ‘regression to the mean’. Indeed, in our
analysis, higher placebo response rates were associated with
higher weighted OOP expenditures for medications, reflecting
that in studies recruiting in countries with higher drug costs for
patients, placebo responses are higher. This might relate to a
limited access to medication and consequently to an insufficient



Figure 3. Association of placebo response rates with the
weighted gross national income (GNI) at individual
patient level from a randomized controlled trial [19],
stratified by country of recruitment. The regression line
demonstrates the association of American College of
Rheumatology 20 placebo response rates at week 24
with the GNI of the respective countries at the study start
year (2005). The band represents 95% confidence inter-
vals. Each bubble represents the mean placebo response
rate of patients recruited in the respective countries. The
size of bubbles represents the number of patients
recruited per country. GNI, gross national income.
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adherence to background drug therapy before inclusion into a
trial [15]. The higher levels of disease activity at baseline in RA
patients from regions with lower income and thus lower
bDMARD affordability and usage may be a reflection of both,
the high motivation to fulfil inclusion criteria at screening and
poorer access to biological therapies, ultimately leading to the
perceived benefit of enrolment into, as well as an incentive for
patients to remain in the trial [13,26]. Finally, a higher incen-
tive to recruit patients into a trial may also come from investiga-
tors, eg, through the lack of alternative treatment options for
their patients outside clinical trials or appealing compensation
for patient enrolment. It remains an open question which dis-
ease activity measures (subjective, objective, patient/evaluator
Figure 4. Comparison of active treatment and placebo response rates in tria
weighted gross national income (GNI) per study. The left panel shows TNFi tr
(green) between active and placebo response rates are shown in the right panel
axis corresponds to the American College of Rheumatology 20% response. GNI,
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reported) drive these effects, but for an ACR20 or ACR70
response the patients have to experience at least the respective
reduction in swollen joint counts. Thus, the placebo response
cannot only be due to improvement of presumed subjective
variables.

Our analysis has several limitations. First, due to nonreport-
ing of the number of recruited patients per country, we analysed
the number of recruiting centres of individual clinical trials as a
surrogate. While we did not have patient-level data of each
study site available to assess the distribution of responses of dif-
ferent centres recruiting in an individual country, the patient-
level data available in one of the trials fully validated the respec-
tive country level data. Also, we found clear evidence that the
ls investigating tumour necrosis factor alpha inhibitors (TNFis) with the
eatment arms in red and placebo responses in blue. Response differences
. The size of the bubbles represents the number of patients analysed. The y-
gross national income; TNFi, tumour necrosis factor alpha inhibitor.



A. Kerschbaumer et al. Ann Rheum Dis 84 (2025) 1632−1640
number of centres has a strong association with the number of
recruited patients per country. We also validated this approach
using detailed geographic information on individual patients
available for analysis in one of the trials. Second, our data rely
on comparing socioeconomic measures on country level, with
data of placebo responses on study site level being unavailable.
In this context, it must be noted that placebo response rates may
vary between sites within a country or a specific geographic
region, as certain centres in high-income countries might have
high placebo response rates. In contrast, some centres in low
affluent countries might show low placebo response rates. How-
ever, we could fully confirm the country differences using
patient-level data that were available in one of the studies, and
also patient-level data from trials in plaque psoriasis and psori-
atic arthritis are fully in line with the current observation [24].
Third, we had to rely on ACR response rates throughout the
analyses, as the ACR response was the only consistently reported
outcome measure across almost all clinical trials since the
advent of biological therapies and other instruments (like the
Clinical Disease Activity Index and Simplified Disease Activity
Index) were employed much later in time, which would have
excluded many of the early trials from the analysis. With respect
to more stringent outcomes, the ACR70 response rates showed a
similar association with socioeconomic variables as the ACR20
responses. Fourth, despite being aware of the ‘Beyond gross
domestic product’ (and GNI) debate highlighting the inability of
the gross domestic product to enable wellbeing comparison
between countries, we chose the GNI, as GNI data are available
from 1990 onwards over a large group of countries and a com-
mon understanding of this measure exists also within disciplines
outside of the economic field [27]. However, to validate and
support our findings, we also analysed additional metrics of
socioeconomic status and access to health care, and could vali-
date our findings using the United Nations’ HDI and the World
Health Organization’s OOP health expenditures [28,29].

Beyond socioeconomic differences as important driver for
placebo responses, other factors might contribute to the increase
of placebo response rates over the past decades, eg, increased
recruitment pressure with subsequent increased utilisation of
inexperienced study sites. Although limited access to modern
therapies is evident also in some high-income countries [30,31],
this problem is still much larger in countries with low economic
wealth.

The results of our study suggest that managing patient
expectations and training for investigators on these potential
issues, especially adequate assessment of background therapy
adherence before trial enrolment is critical. Patients as well as
physicians should be educated in how assessments during the
trial are conducted and how they might be confounded. Further,
and even more importantly, clinical trials sponsors should not
attempt to address recruitment challenges solely through expan-
sion of recruitment areas but consider the potential cost to data
quality and its implications for an even higher sample size
required. Sponsors and investigators should publish response
rates stratified by geographic region and incorporate socioeco-
nomic assessments in the trial design as well as in the reporting
of clinical trials, thus improving the reliability of trial outcomes,
regulatory decisions, and ultimately enhance patient care glob-
ally. Conversely, taking these insights into practice could reduce
the size of clinical trials in the future and consequently reduce
the number of patients subjected to placebo. Sponsors need to
assess the investigators (in every region) more carefully to only
select investigators with rich clinical trial experience who report
quality results whether positive or negative and not just rely on
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the number of individuals they enrol in a trial. Potential strate-
gies for this would be measuring methotrexate polyglutamate
levels at screening and baseline in trials recruiting patients with
IR to methotrexate [32], establishing a run-in phase at the
beginning of a trial [15], or limiting the number of patients that
can be recruited per individual centre or country to reduce the
impact from a single centre (or country). In addition, appropri-
ate endpoints and outcomes instruments and their use at appro-
priate time points should be applied [18,33].

In summary, considering socioeconomic disparities when
designing and conducting drug trials in RA appears critical for
sponsors, investigators, health care providers, and political
stakeholders. Implementation of physician as well as patient
education, assessment of treatment adherence before trial enrol-
ment, and quality control measures are key to ensure accurate
efficacy outcome assessment and a more ethical conduction of
clinical trials, ultimately bringing benefit to all patients in clini-
cal trials and rheumatology in general.
Competing interests

AK has received honoraria from the speakers bureaus of Lilly,
Galapagos, JNJ, MSD, Novartis, Pfizer, and Stada; has served as
a consultant for AbbVie, Lilly, JNJ, and UCB; and has received
travel support from Boehringer-Ingelheim, Lilly, and UCB. MS,
PP, BW, and MM have nothing to declare. JSS reports grants to
their institution from AbbVie, AstraZeneca, Lilly, and Galapagos;
royalties from Elsevier for a textbook; consulting fees from
AbbVie, UCB, BMS, Samsung, Chugai, R-Pharma, Ananda,
Immunovant, and Celltrion; has participated in speakers bureaus
for Novartis-Sandoz, Lilly, Chugai, and R-Pharma; and served
on a Data Safety Monitoring Board or Advisory Board for
AstraZeneca.

DA reports grants to their institution from Lilly and Galapa-
gos; consulting fees from AbbVie, Gilead, JNJ, Lilly, MSD,
Novartis, and Sandoz; and has participated in speakers bureaus
for AbbVie, Gilead, JNJ, Lilly, MSD, Novartis, and Sandoz.
Acknowledgements

The authors thank Bruno Bierbaumer, MSc for his assistance
in developing the underlying database for this project. We also
thank Centocor/Janssen for providing a 90% data cut of the GO-
FORWARD trial.
Contributors

AK was responsible for the study design; literature search;
data collection; data analysis and methodology; validation; visu-
alisation; original manuscript drafting, critical review, and edit-
ing; and provided supervision and coordination throughout the
project. MS contributed to data curation, methodology, statisti-
cal analysis, data validation, visualization, writing (manuscript
drafting, critical review, and editing), figure creation, and data
collection. PP and BW were involved in the literature search,
data collection, and writing (critical review and editing). MM
contributed to methodology, formal analysis, data collection,
manuscript (critical review and editing), and data analysis. JSS
and DA were involved in the study design; manuscript drafting,
critical review, and editing; resources; and provided supervision
and coordination.

All authors had full access to all the data in the study and take
responsibility for the integrity of the data and the accuracy of



A. Kerschbaumer et al. Ann Rheum Dis 84 (2025) 1632−1640
the analysis. All authors reviewed and approved the final ver-
sion of the manuscript before submission.

Funding

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Ethics approval

This study involved the analysis of data from previously con-
ducted clinical trials, each of which had obtained independent
ethics approval from the respective institutional review boards
or ethics committees at the time of their original conduct. As
this analysis did not involve new data collection or direct patient
contact, additional ethics approval was not required for this
study.

Patient and public involvement statement

Patients and the public were not involved in the design, con-
duct, reporting, or dissemination plans of this research.

Patient consent for publication

Not applicable.

Provenance and peer review

Not commissioned; externally peer reviewed.

Data availability statement

The data used in this study were accessed from publicly avail-
able clinical trial registries and original publications. Detailed
information on data extraction and processing is provided in the
supplementary materials. The data supporting the findings of
this study is available online via GitHub. The full URL to access
the supporting data can be found in the Supplementary Appen-
dix (Table S2). Data of the GO-FORWARD study were provided
by the study sponsor and are not publicly available.

Supplementary materials

Supplementary material associated with this article can be
found in the online version at doi:10.1016/j.ard.2025.07.010.

Orcid

Marlene Steiner: http://orcid.org/0009-0007-3056-7664
Brigitte Wildner: http://orcid.org/0000-0002-0683-0801

REFERENCES

[1] Smolen JS, Landew�e RBM, Bergstra SA, Kerschbaumer A, Sepriano A,
Aletaha D, et al. EULAR recommendations for the management of rheu-
matoid arthritis with synthetic and biological disease-modifying anti-
rheumatic drugs: 2022 update. Ann Rheum Dis 2023;82:3–18. doi:
10.1136/ard-2022-223356.

[2] Zink A, Strangfeld A, Schneider M, Herzer P, Hierse F, Stoyanova-Scholz M,
et al. Effectiveness of tumor necrosis factor inhibitors in rheumatoid arthritis
in an observational cohort study: comparison of patients according to their
eligibility for major randomized clinical trials. Arthritis Rheum
2006;54:3399–407. doi: 10.1002/art.22193.
1639
[3] Vashisht P, Sayles H, Cannella AC, Mikuls TR, Michaud K. Generalizability of
patients with rheumatoid arthritis in biologic agent clinical trials. Arthritis
Care Res (Hoboken) 2016;68:1478–88. doi: 10.1002/acr.22860.

[4] Elliott MJ, Maini RN, Feldmann M, Kalden JR, Antoni C, Smolen JS, et al.
Randomised double-blind comparison of chimeric monoclonal antibody to
tumour necrosis factor alpha (cA2) versus placebo in rheumatoid arthritis.
Lancet 1994;344:1105–10. doi: 10.1016/s0140-6736(94)90628-9.

[5] Genovese MC, Kalunian K, Gottenberg J-E, Mozaffarian N, Bartok B, Matzkies
F, et al. Effect of filgotinib vs placebo on clinical response in patients with
moderate to severe rheumatoid arthritis refractory to disease-modifying anti-
rheumatic drug therapy: the FINCH 2 randomized clinical trial. JAMA
2019;322:315–25. doi: 10.1001/jama.2019.9055.

[6] Fleischmann R, Kremer J, Cush J, Schulze-Koops H, Connell CA, Bradley
JD, et al. Placebo-controlled trial of tofacitinib monotherapy in rheuma-
toid arthritis. N Engl J Med 2012;367:495–507. doi: 10.1056/NEJ-
Moa1109071.

[7] Burmester GR, Kremer JM, Van den Bosch F, Kivitz A, Bessette L, Li Y, et al.
Safety and efficacy of upadacitinib in patients with rheumatoid arthritis and
inadequate response to conventional synthetic disease-modifying anti-rheumatic
drugs (SELECT-NEXT): a randomised, double-blind, placebo-controlled phase 3
trial. Lancet 2018;391:2503–12. doi: 10.1016/S0140-6736(18)31115-2.

[8] Maini R, St Clair EW, Breedveld F, Furst D, Kalden J, Weisman M, et al. Inflix-
imab (chimeric anti-tumour necrosis factor alpha monoclonal antibody) ver-
sus placebo in rheumatoid arthritis patients receiving concomitant
methotrexate: a randomised phase III trial. ATTRACT Study Group. Lancet
1999;354:1932–9. doi: 10.1016/s0140-6736(99)05246-0.

[9] Combe B, Kivitz A, Tanaka Y, van der Heijde D, Simon JA, Baraf HSB, et al.
Filgotinib versus placebo or adalimumab in patients with rheumatoid arthri-
tis and inadequate response to methotrexate: a phase III randomised clinical
trial. Ann Rheum Dis 2021;80:848–58. doi: 10.1136/annrheumdis-2020-
219214.

[10] Taylor PC, Weinblatt ME, McInnes IB, Atsumi T, Strand V, Takeuchi T, et al.
Anti-GM-CSF otilimab versus sarilumab or placebo in patients with rheuma-
toid arthritis and inadequate response to targeted therapies: a phase III rand-
omised trial (contRAst 3). Ann Rheum Dis 2023;82:1527–37. doi: 10.1136/
ard-2023-224449.

[11] Smolen JS, Feist E, Fatenejad S, Grishin SA, Korneva EV, Nasonov EL, et al.
Olokizumab versus placebo or adalimumab in rheumatoid arthritis. N Engl J
Med 2022;387:715–26. doi: 10.1056/NEJMoa2201302.

[12] Putrik P, Ramiro S, Kvien TK, Sokka T, Pavlova M, Uhlig T, et al. Inequities in
access to biologic and synthetic DMARDs across 46 European countries. Ann
Rheum Dis 2014;73:198–206. doi: 10.1136/annrheumdis-2012-202603.

[13] Bergstra SA, Branco JC, Vega-Morales D, Salomon-Escoto K, Govind N,
Allaart CF, et al. Inequity in access to bDMARD care and how it influences
disease outcomes across countries worldwide: results from the METEOR-reg-
istry. Ann Rheum Dis 2018;77:1413–20. doi: 10.1136/annrheumdis-2018-
213289.

[14] de Looper M, Lafortune G. Measuring disparities in health status and in
access and use of health care in OECD countries. OECD Health Working
Papers; 2009. doi: 10.1787/225748084267.

[15] Kerschbaumer A, Rivai ZI, Smolen JS, Aletaha D. Impact of pre-existing back-
ground therapy on placebo responses in randomised controlled clinical trials
of rheumatoid arthritis. Ann Rheum Dis 2022;81:1374–8. doi: 10.1136/annr-
heumdis-2021-221807.

[16] Bechman K, Yates M, Norton S, Cope AP, Galloway JB. Placebo response in
rheumatoid arthritis clinical trials. J Rheumatol 2020;47:28–34. doi:
10.3899/jrheum.190008.

[17] Nagai K, Matsubayashi K, Ide K, Seto K, Kawasaki Y, Kawakami K. Factors
influencing placebo responses in rheumatoid arthritis clinical trials: a meta-
analysis of randomized, double-blind, placebo-controlled studies. Clin Drug
Investig 2020;40:197–209. doi: 10.1007/s40261-020-00887-6.

[18] Konzett V, Kerschbaumer A, Smolen JS. Aletaha D. Determination of the most
appropriate ACR response definition for contemporary drug approval trials in
rheumatoid arthritis. Ann Rheum Dis 2024;83:58–64. doi: 10.1136/ard-
2023-224477.

[19] Keystone EC, Genovese MC, Klareskog L, Hsia EC, Hall ST, Miranda PC, et al.
Golimumab, a human antibody to tumour necrosis factor {alpha} given by
monthly subcutaneous injections, in active rheumatoid arthritis despite
methotrexate therapy: the GO-FORWARD Study. Ann Rheum Dis
2009;68:789–96. doi: 10.1136/ard.2008.099010.

[20] Organisation for Economic Co-operation and Development (OECD). National
Accounts of OECD Countries, 2022. Paris: OECD Publishing; 2023. doi:
10.1787/3e073951-en.

[21] UNDP, Human Development Report 1990 (New York: Oxford University
Press), 1990.

[22] Viechtbauer W. Conducting Meta-Analyses in R with the metafor Package. J
Stat Softw 2010:36. doi: 10.18637/jss.v036.i03.

https://doi.org/10.1016/j.ard.2025.07.010
http://orcid.org/0009-0007-3056-7664
http://orcid.org/0000-0002-0683-0801
https://doi.org/10.1136/ard-2022-223356
https://doi.org/10.1002/art.22193
https://doi.org/10.1002/acr.22860
https://doi.org/10.1016/s0140-6736(94)90628-9
https://doi.org/10.1001/jama.2019.9055
https://doi.org/10.1056/NEJMoa1109071
https://doi.org/10.1056/NEJMoa1109071
https://doi.org/10.1016/S0140-6736(18)31115-2
https://doi.org/10.1016/s0140-6736(99)05246-0
https://doi.org/10.1136/annrheumdis-2020-219214
https://doi.org/10.1136/annrheumdis-2020-219214
https://doi.org/10.1136/ard-2023-224449
https://doi.org/10.1136/ard-2023-224449
https://doi.org/10.1056/NEJMoa2201302
https://doi.org/10.1136/annrheumdis-2012-202603
https://doi.org/10.1136/annrheumdis-2018-213289
https://doi.org/10.1136/annrheumdis-2018-213289
https://doi.org/10.1787/225748084267
https://doi.org/10.1136/annrheumdis-2021-221807
https://doi.org/10.1136/annrheumdis-2021-221807
https://doi.org/10.3899/jrheum.190008
https://doi.org/10.1007/s40261-020-00887-6
https://doi.org/10.1136/ard-2023-224477
https://doi.org/10.1136/ard-2023-224477
https://doi.org/10.1136/ard.2008.099010
https://doi.org/10.1787/3e073951-en
https://doi.org/10.18637/jss.v036.i03


A. Kerschbaumer et al. Ann Rheum Dis 84 (2025) 1632−1640
[23] R Core Team. R: A Language and Environment for Statistical Computing.
Vienna, Austria: R Foundation for Statistical Computing; 2024. https://www.
R-project.org/.

[24] Kerschbaumer A, Steiner M, Khalili S, Shehab A, Jordanov A, Wildner B, et al.
Global recruiting patterns affect placebo response rates in clinical trials of
psoriatic arthritis and plaque psoriasis. Arthritis Rheumatol 2025 Jun 30.
doi: 10.1002/art.43302.

[25] Putrik P, Ramiro S, Kvien TK, Sokka T, Uhlig T, Boonen A, et al. Variations in
criteria regulating treatment with reimbursed biologic DMARDs across Euro-
pean countries. Are differences related to country’s wealth? Ann Rheum Dis
2014;73:2010–21. doi: 10.1136/annrheumdis-2013-203819.

[26] Sokka T, Kautiainen H, Pincus T, Toloza S, da Rocha Castelar Pinheiro G, Laz-
ovskis J, et al. Disparities in rheumatoid arthritis disease activity according to
gross domestic product in 25 countries in the QUEST-RA database. Ann
Rheum Dis 2009;68:1666–72. doi: 10.1136/ard.2009.109983.

[27] Jean-Paul F, Martine D. Beyond GDP measuring what counts for economic
and social performance. OECD Publishing 2018.

[28] UNDP (United Nations Development Programme). Human Development
Report 2021-22: Uncertain Times, Unsettled Lives: Shaping our Future in a
Transforming World. New York: UNDP (United Nations Development
1640
Programme); 2022. https://hdr.undp.org/content/human-development-
report-2021-22.

[29] WHO. Out-of-pocket expenditure as percentage of current health expenditure
(CHE) (%). Accessed 6 March 2024. https://www.who.int/data/gho/data/
indicators/indicator-details/GHO/out-of-pocket-expenditure-as-percentage-
of-current-health-expenditure-(che)-(-)

[30] Wright GC, Zueger PM, Copley-Merriman C, Khan S, Costello J,
Krumbach A, et al. Health disparities in rheumatology in the United
States. Open Access Rheumatol 2025;17:1–12. doi: 10.2147/OARRR.
S493457.

[31] Taylor PC, Woods M, Rycroft C, Patel P, Blanthorn-Hazell S, Kent T, et al. Tar-
geted literature review of current treatments and unmet need in moderate
rheumatoid arthritis in the United Kingdom. Rheumatology (Oxford)
2021;60:4972–81. doi: 10.1093/rheumatology/keab464.

[32] Goodman S. Measuring methotrexate polyglutamates. Clin Exp Rheumatol
2010;28:S24–6.

[33] Studenic P, Aletaha D, de Wit M, Stamm TA, Alasti F, Lacaille D, et al. Ameri-
can College of Rheumatology/EULAR remission criteria for rheumatoid
arthritis: 2022 revision. Ann Rheum Dis 2023;82:74–80. doi: 10.1136/ard-
2022-223413.

https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1002/art.43302
https://doi.org/10.1136/annrheumdis-2013-203819
https://doi.org/10.1136/ard.2009.109983
http://refhub.elsevier.com/S0003-4967(25)04243-8/sbref0027
http://refhub.elsevier.com/S0003-4967(25)04243-8/sbref0027
https://hdr.undp.org/content/human-development-report-2021-22
https://hdr.undp.org/content/human-development-report-2021-22
https://www.who.int/data/gho/data/indicators/indicator-details/GHO/out-of-pocket-expenditure-as-percentage-of-current-health-expenditure-(che)-(-)
https://www.who.int/data/gho/data/indicators/indicator-details/GHO/out-of-pocket-expenditure-as-percentage-of-current-health-expenditure-(che)-(-)
https://www.who.int/data/gho/data/indicators/indicator-details/GHO/out-of-pocket-expenditure-as-percentage-of-current-health-expenditure-(che)-(-)
https://doi.org/10.2147/OARRR.S493457
https://doi.org/10.2147/OARRR.S493457
https://doi.org/10.1093/rheumatology/keab464
http://refhub.elsevier.com/S0003-4967(25)04243-8/sbref0032
http://refhub.elsevier.com/S0003-4967(25)04243-8/sbref0032
https://doi.org/10.1136/ard-2022-223413
https://doi.org/10.1136/ard-2022-223413


Ann Rheum Dis 84 (2025) 1641−1648

Contents lists available at ScienceDirect

Annals of the Rheumatic Diseases

journal homepage: https://www.sciencedirect.com/journal/annals-of-the-rheumatic-diseases
Rheumatoid arthritis
Development of bispecific antibodies that drive
selective targeted local complement inhibition on
rheumatoid arthritis-related antigens
Haiyu Wang 1, Saskia Nugteren 1, Rick J. Groenland 1,
Stef van der Meulen 1, Hanneke Kapsenberg 1, Christoph Gst€ottner 2,
Elena Domínguez-Vega 2, Jan Piet van Hamburg 3,4, Sander W. Tas 3,4,
Rene E.M. Toes 5, Paul W.H.I. Parren 1,6, Leendert A. Trouw 1,*
1 Department of Immunology, Leiden University Medical Center, Leiden, Netherlands
2 Center for Proteomics and Metabolomics, Leiden University Medical Center, Leiden, Netherlands
3 Department of Rheumatology and Clinical Immunology, Amsterdam Rheumatology and Immunology Center, Amsterdam Univer-
sity Medical Center, University of Amsterdam, Amsterdam, Netherlands
4 Department of Experimental Immunology, Amsterdam University Medical Center, University of Amsterdam, Amsterdam,
Netherlands
5 Department of Rheumatology, Leiden University Medical Center, Leiden, Netherlands
6 Gyes BV, Utrecht, Netherlands
A R T I C L E I N F O

Article history:
Received 30 December 2024
Received in revised form 30 May 2025
Accepted 18 June 2025
*Correspondence to Dr. Leendert A. Trouw, Dep

E-mail address: L.A.Trouw@LUMC.nl (L.A. Trouw)

Handling editor Josef S. Smolen.

https://doi.org/10.1016/j.ard.2025.06.2130

0003-4967/© 2025 The Author(s). Published by Else
under the CC BY license (http://creativecommons.or
A B S T R A C T

Objectives: In rheumatoid arthritis (RA) autoantibodies can trigger complement activation in the
joint, contributing to tissue damage. Complement inhibitory drugs have shown important bene-
fit in other clinical conditions. However, their use is limited because these drugs act systemi-
cally, not only requiring high doses but also rendering patients more susceptible to infections.
Therefore, we designed a strategy to only inhibit complement locally, while leaving the systemic
complement system intact to fight infections.
Methods: We designed bispecific antibodies (bsAbs) using controlled Fab-arm exchange. In these
bsAbs, one antibody arm binds to a specific disease-relevant antigen, like carbamylated proteins,
while the other arm recruits endogenous complement regulators, like factor H (FH) or C4b-bind-
ing protein (C4BP). These bsAbs were subsequently evaluated for their specificity and comple-
ment regulator recruiting capacity.
Results: We generated anti-carbamylated protein antibody (anti-CarP)-based bsAbs and con-
firmed specificity for carbamylated proteins. The bsAbs efficiently recruited FH or C4BP to surfa-
ces containing carbamylated proteins. The bsAbs inhibited complement activation induced by
immunoglobulin G immune complexes and more importantly, the bsAbs were able to inhibit
complement activation triggered by anti-CarP antibodies from RA patients to background levels.
Conclusions: This study shows that bsAbs that bind carbamylated proteins and FH or C4BP can
specifically recruit the endogenous complement regulatory proteins from plasma to achieve
selective local targeted complement inhibition, providing a new therapeutic approach for the
local treatment of autoimmune diseases.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

� Autoantibodies are present in rheumatoid arthritis, including
anti-citrullinated protein antibodies (ACPA) and anti-carbamy-
lated protein antibodies (anti-CarP).

� Antibody driven complement activation is taking place in the
inflamed joint.

� Complement inhibition is employed in other clinical conditions
but the costs and infectious risks associated with these systemi-
cally acting complement inhibitors may limit its use in rheu-
matic diseases.

� Systemic complement inhibition is associated with the risk for
infections.

WHAT THIS STUDY ADDS

� We have generated anti-CarP-based bispecific antibodies that
can bind to carbamylated proteins and recruit endogenous
complement inhibitory proteins to achieve local targeted com-
plement inhibition.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

� As most complement driven (autoimmune)diseases occur
locally, targeted local complement inhibition may be a promis-
ing approach to protect tissues against complement mediated
damage while maintaining the protective effects of comple-
ment against infections.
INTRODUCTION

Rheumatoid arthritis (RA) is a chronic inflammatory auto-
immune disease characterised by synovial inflammation, car-
tilage degradation, and bone erosion [1,2]. In addition, RA is
characterised by the presence of autoantibodies, including
rheumatoid factor (RF) [3] and anti-modified protein antibod-
ies (AMPAs) such as anti-citrullinated protein antibodies
(ACPA) [4] and anti-carbamylated protein antibodies (anti-
CarP) [5]. Both of these antibodies are detectable prior to dis-
ease onset [6,7], are present in the inflamed joint, and are
associated with the severity of joint destruction [5]. These
antibodies are thought to contribute to tissue damage by acti-
vating cellular Fc receptors [8] and by activating the comple-
ment system locally in the inflamed joint [9]. As part of the
innate immune system, complement contributes effectively
against infections. However, it can also contribute to the
immunopathology induced by autoantibodies [10].

Currently, there is increasing evidence indicating that com-
plement activation is a driver of inflammation in RA [11], as
increased amounts of complement activation products were
detected in RA patients’ synovial fluid, including C3d, C4d, and
soluble C5b-9 [12,13], confirming that complement activation
occurred in the joints. There are several complement inhibitory
drugs currently on the market. However, these drugs may not be
particularly well suited for treatment in the context of RA as
they all act systemically, not only requiring high dosages and
high costs, but especially leaving patients more vulnerable to
infection [14]. Therefore, inhibiting complement activation
locally at the site where autoantibodies like AMPA deposit, as
opposed to systemic inhibition, may be more effective and is,
conceivably, safer. This notion represents a novel, innovative
avenue for achieving effective therapeutic intervention while
preserving the systemic complement pool untouched to combat
infections. We recently generated such locally acting comple-
ment inhibitory antibodies focused on model antigens like dini-
trophenyl and biotin [15]. We set out to achieve local, targeted
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complement inhibition by generating a comprehensive set of
bispecific antibodies recognising carbamylated proteins. We
now show that complement activation mediated by anti-CarP
antibodies or ACPA in sera of RA patients is inhibited by bispe-
cific antibodies (bsAbs) that target carbamylated proteins with
one binding arm while recruiting endogenous complement
inhibitors with the other.
METHODS

Generation of anti-CarP antibody 4A10

The anti-CarP monoclonal antibody (mAb) 4A10 was used to
target carbamylated proteins. This antibody was generated by
immunising C57BL/6 mice with carbamylated mouse albumin
using standard protocols. Using traditional hybridoma technol-
ogy, we obtained a panel of carbamylated protein-specific mAbs
that were sequenced and produced recombinantly as chimeric
human immunoglobulin G1s (IgG1s) containing the mouse VH
and VL in combination with the human IgG1 and kappa light
chain constant regions. The Fc domain included clinically vali-
dated mutations including the K409R mutation to allow for con-
trolled Fab-arm exchange with F405L-containing IgG1s and the
L234A-L235A-P329G mutations to silence immune effector
functions.
Complement activation/inhibition enzyme-linked immunosorbent
assay

The inhibitory function of bsAbs was tested using a plate-
bound enzyme-linked immunosorbent assay (ELISA). A mix was
prepared of 10 μg/mL IgG (intravenous immunoglobulin [IVIG],
Privigen) and 10 μg/mL carbamylated fetal calf serum (CarP-
FCS, produced in-house) in coating buffer (0.1 M Na2CO3/
NaHCO3 pH 9.6). A total of 50 μL of mixture per well was used
to coat Maxisorp 96 well-plates (Thermo Scientific, 430431) for
1 hour at 37°C. After each incubation, plates were washed 3
times with phosphate-buffered saline (PBS)/0.05% Tween 20.
Then plates were blocked with 100 μL/well PBS/1% bovine
serum albumin (BSA) for 1 hour at 37°C. Samples containing
bsAbs (from 0.1 μg/mL to 10 μg/mL) and 1% normal human
serum (NHS) were mixed in Roswell Park Memorial Institute
medium (RPMI) 1640 (Gibco, 22409015) and preincubated on
ice water. After washing, 50 μL/well samples were added to the
plates and incubated 1 hour at 37°C. C5b-9 was detected by
mouse anti-human C5b-9 (Dako, M0777, 1:333 dilution) and
horseradish peroxidase-labelled goat anti-mouse Ig (Dako,
P0447, 1:2000 dilution), which were both diluted in PTB buffer
(PBS/1% BSA/.05% Tween20) and incubated 45 minutes at
37°C. Plates were developed by incubating with 50 μL/well
2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS,
Sigma-Aldrich, A1888) containing 1:2000 diluted H2O2 and
read at 415 nm using a microplate reader (Multiskan FC Micro-
plate Photometer, Thermo Fisher).

For the complement activation ELISA in which complement
was activated by RA patient sera, plates were coated with 10
μg/mL CarP-FCS. After blocking, RA patient sera (1:50 dilution)
were diluted in PTB-ethylenediaminetetraacetic acid (EDTA)
(PTB buffer + 10 mM EDTA) and added to the plates, after incu-
bation at 4°C overnight, plates were washed with PBS/0.05%
Tween 20. Then, 3% NHS was diluted in RPMI 1640 and added
to the plate, 50 μL/well. After a 1-hour incubation, C5b-9 was
detected as previously described.
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For the complement inhibition ELISA in which complement
was activated by RA patient sera, plates were coated with 10
μg/mL CarP-FCS. After blocking, RA patient sera (1:50 dilution
in the final mixture) were mixed with bsAbs (from 0.1 μg/mL to
10 μg/mL) in PTB-EDTA. Then 50 μL/well mixture was added to
the plate and incubated at 4°C overnight. Plates were washed
the day after, then 3% NHS were diluted in RPMI 1640 and
added to the wells, then incubated 1 hour at 37°C. C5b-9 was
detected as previously described.

For the complement inhibition ELISA in which complement
was activated by wild type ACPA (wt ACPA, 3F3) [16], 10 μg/
mL streptavidin (Invitrogen, 434301) and 10 μg/mL CarP-FCS
were coated simultaneously overnight at 4°C, 10 μg/mL citrul-
line-containing CCP2 peptide (biotin labelled, produced in the
peptide lab in the Leiden University Medical Center [LUMC])
was added after wash. After 1 hour incubation and 1 hour block-
ing, 10 μg/mL wt ACPA was added to the plate. Then, 1% NHS
(final dilution) and bsAbs were mixed in RPMI 1640 and added
to the plate for 1 hour incubation. C5b-9 was detected as previ-
ously described.

Bispecificity ELISA

Maxisorp 96 well-plates were coated with 10 μg/mL CarP-
FCS, after blocking with PBS/1% BSA, parental antibodies and
bispecific antibodies were diluted and transferred to the wells.
After incubation, 10 μg/mL factor H (FH) (CompTech, A137) or
C4b-binding protein (C4BP) (CompTech, A109) were added to
the plates. Goat anti-human FH (Quidel, A312, 1:1000 dilution)
or rabbit anti-human C4BP (kindly provided by Anna M. Blom,
Malm€o, Sweden, 1:2000 dilution) were used for detection. Cor-
responding secondary antibodies were added after incubation
and ABTS was used as described before.

Mass spectrometry

To assess bsAbs yield and quality, the parental mAbs and
bsAbs were analysed at the intact protein level using nano-
reverse phase liquid chromatography (nano-RP-LC) coupled
to an Impact QTOF mass spectrometer (Bruker Daltonics). For
the analysis, an UltiMate 3000 nanoRSLC system (Thermo
Fisher Scientific) with a C4 trap column (5 × 0.3 mm i.d.,
Acclaim PepMap; Thermo Fisher Scientific) and a diphenyl
reversed phase column (150 × 0.1 mm i.d, Halo Bioclass,
Advanced Material Technology, Wilmington, DE, USA) were
used. The antibodies were diluted in water to a concentration
of 1 µg/µL prior injection. The injection volume was set to
0.4 µL, resulting in an injected amount of 400 ng of antibody.
Mobile phases consisted of water and 0.1% trifluoroacetic
acid (TFA) for mobile phase A, and acetonitrile with 0.1%
TFA for mobile phase B. The sample was first trapped onto
the C4 trap column for 5 minutes at 30% B followed by an
increase to 32% B in 1 minute. The separation was performed
using a linear gradient of 12 minute to 50% B followed by an
increase to 60% B in 2 minutes. The column was cleaned at
98% B for 5 minutes followed by reconditioning with 30%
mobile phase B in the last 5 minutes of the 30-minute gradi-
ent. The mass spectrometer was operated in positive ionisa-
tion mode using an acetonitrile enriched dopant nitrogen gas
for improved ionisation at a pressure of 0.2 bar. The capillary
voltage was set to 900 V, a drying gas temperature of 220°C,
and a flow of 3 L/min. An in-source collision-induced dissoci-
ation energy of 120 eV was used for in-source declustering.
To further improve declustering, 5.0 and 7.0 eV were set for
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the quadrupole and collision cell energy, respectively. The
data were analysed using the maximum entropy algorithm in
the data analysis software (Bruker). A baseline subtraction
with a flatness of 0.4 points as well as a Gaussian smoothing
with a width of 0.4 m/z and 2 cycles was applied to the
deconvoluted data.

Statistical methods

Statistical analysis was conducted using GraphPad Prism 10.
Descriptive statistics are represented as mean ± standard devia-
tion. For comparisons between groups, data was assessed using
one way analysis of variance. For paired data, paired t-test was
used for analysis.

RESULTS

Production of bispecific antibodies

BsAbs were generated by using the clinically validated con-
trolled Fab-arm exchange (cFAE) technology [17]. Combina-
tions of different parental antibodies and the methods to make
bsAbs are shown in Figure 1A. The anti-CarP mAb 4A10, gener-
ated in-house, was used to target carbamylated proteins. This
antibody binds to a variety of carbamylated proteins but not to
unmodified proteins or to citrullinated proteins (Fig 1B, Supple-
mentary Fig). MAbs OX24 (anti-FH) and 3B9D6 (anti-C4BP)
were selected for generating bsAbs that recruit the endogenous
circulating complement inhibitors FH and C4BP, respectively.
Mab b12 (anti-HIV) against an irrelevant HIV-1 envelope pro-
tein, served as a negative control (Fig 1A). After producing these
antibodies as parentals with the relevant cFAE mutations
(F405L/K409R) and mutations in the Fc domain (L234A/
L235A/P329G) that disable Fc-mediated effector functions [4],
we performed cFAE and quality control of the bsAbs. We veri-
fied the binding to carbamylated proteins and observed that the
bivalent parental anti-CarP antibody and all bsAbs with an anti-
CarP arm effectively bound to carbamylated protein-coated
plates (Fig 1B). As expected, the parental antibody bound more
strongly than the bsAbs due to its ability to bind the carbamy-
lated antigens bivalently. The control bsAbs that did not have an
anti-CarP arm did not bind to the plates. Using nano-RP-LC and
mass spectrometry, we confirmed efficient Fab-arm exchange
for both bsAbs. The masses of the bsAbs showed an average
between the masses of the parental Abs (Fig 1C). In the case of
bsAb anti-CarP x anti-FH, although the mass range of both
monospecific Abs was very similar (ie, ranging from 146,300 to
147,400 Da for anti-CarP and from 146,100 to 146,600 Da for
anti-FH), but still clear masses corresponding to the bsAbs were
observed indicating efficient Fab-arm exchange. For bsAb anti-
CarP × anti-C4BP the masses of both parental mAbs were very
different (eg, ranging from 146,300 to 147,400 Da for anti-CarP
and from 149,100 to 150,200 for anti-C4BP), which resulted in
a mass range of 147,400 to 148,500 for bsAbs which was clearly
detected (Fig 1C right panel). For both bsAbs preparations
only minor amounts of parental mAbs were observed proving a
successfully generation of highly pure bsAbs. To summarise,
these data all demonstrated correct formation of bispecific anti-
bodies.

Targeted complement inhibition by bsAbs

After making the bsAbs, we continued with their functional
validation using ELISA. First, inhibitor recruitment was



Figure 1. Generation and validation of anti-CarP-based bispecific antibodies. A, Schematic representation bsAbs production using controlled Fab-arm
exchange. Parental monoclonal antibody (mAb) 1 and 2 carried K409R and F405L mutations, respectively. Both mAbs contained Fc-mediated effector
function-attenuating mutations (LALAPG: L234A/L235A/P329G). Schematic was made using Biorender. B, Left panel shows antibody binding ELISA.
Plates were coated with carbamylated protein, antibodies were added and detected with rabbit anti-Human IgG (Dako, P0214, 1:2000 dilution). A rep-
resentative experiment is shown (n = 3). B, Middle and right panel show antibody binding ELISA. Plates were coated with carbamylated proteins or
citrulline-containing peptide 2 (cit CCP2) separately. Antibodies were added and detected with rabbit anti-Human IgG (Dako, P0214, 1:2000 dilution).
A representative experiment is shown (n = 3). C, Masses of parental antibodies and bispecific antibodies measured by mass spectrometry. bsAb, bispe-
cific antibody; CarP, carbamylated protein; CCP2, citrulline-containing peptide 2; C4BP, C4b-binding protein; ELISA, enzyme-linked immunosorbent
assay; Fab, fragment antigen-binding; Fc, fragment crystallizable; FH, factor H; IgG, immunoglobulin G; LALAPG, L234A/L235A/P329G; mAb, mono-
clonal antibody.
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analysed. After adding antibodies to CarP-FCS-coated plates,
purified FH or C4BP were added. Next, FH or C4BP antibodies
were used to detect their presence. FH or C4BP were only cap-
tured by bsAbs containing both a carbamylated protein-binding
arm and a FH or C4BP recruiting arm (Fig 2A). This confirmed
formation of the correct bsAbs and their capacity to recruit
inhibitors.

To determine whether the bsAbs could inhibit complement
activation, we tested their complement inhibitory function in a
double coating ELISA in which IgG and carbamylated proteins
were coated simultaneously to the same surface. This allows
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IgG-mediated complement activation and localises the ligand
required for bsAb-mediated complement inhibition. In the
absence of inhibitory antibodies, we observed a strong comple-
ment activation (Fig 2B). Addition of increasing amounts of
either anti-CarP x anti-FH or anti-CarP × anti-C4BP bsAb
showed dose-dependent complement inhibition, in contrast to
the control bsAbs that did not inhibit complement activation
(Fig 2B). Together, these data indicate that the anti-CarP based
bsAbs are able to bind specifically, recruit the endogenous com-
plement regulators, and successfully inhibit complement activa-
tion.



Figure 2. Recruitment of complement inhibitors and validation of functional impact by bispecific antibodies. A, ELISA to confirm bispecificity. Paren-
tal mAbs and bsAbs were added in a dose response to carbamylated protein-coated wells. The capacity to capture FH (left panel) or C4BP (right panel)
by the bsAbs, but not the parental mAbs, is shown. Representative data of 3 replicate experiments shown. B, Complement inhibition ELISA for classical
pathway mediated complement activation. As described in detail in the Methods section, plates were coated with a mix of IVIG and carbamylated pro-
teins. The IgG triggers the classical pathway and the carbamylated proteins serves as the target for the bsAb. The anti-CarP bsAbs that recruit FH or
C4BP both demonstrated significant complement inhibition, whereas the controls did not. Data are representative of 3 replicate experiments, one way
ANOVA was used for statistical analysis, ****P < .0001. HI-serum: heat inactivate serum. ANOVA, analysis of variance; bsAb, bispecific antibody;
CarP, carbamylated protein; C4BP, C4b-binding protein; ELISA, enzyme-linked immunosorbent assay; FH, factor H; HI-serum, heat-inactivated serum;
IgG, immunoglobulin G; IVIG, intravenous immunoglobulin; mAb, monoclonal antibody.
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BsAbs inhibit complement activation driven by autoantibodies
from RA patient serum

To determine the complement inhibitory capacity of the
bsAbs using a pathologically relevant conditions, we used a set
of sera from RA patients. First, we analysed the capacity of the
anti-CarP autoantibodies present in these RA sera to mediate
complement activation on carbamylated protein-coated plates.
We indeed showed that the anti-CarP-positive RA patient sera
displayed substantial complement activation, confirming the
capacity of patient-derived anti-CarP antibodies to mediate com-
plement activation (Fig 3A, left, middle). In contrast, comple-
ment activation was not observed in sera of healthy controls or
in heat-inactivated sera. A set of 15 anti-CarP-positive sera (red
dots) were pooled and used to analyse the capacity of the bsAbs
to inhibit patient-derived anti-CarP autoantibody-mediated
complement activation. After addition of bsAbs, we observed
strong inhibition by the anti-CarP × anti-FH bsAb and close-to-
complete inhibition by the anti-CarP × anti-C4BP bsAb, whereas
the control bsAb did not inhibit complement activation (Fig 3A,
right). These findings were confirmed in a separate assay in
which 15 individual patient sera were tested as well (Fig 3B).

As it is known that citrullination [4] and carbamylation [18]
both take place in the inflamed joint, we determined if we could
inhibit local complement activation induced by ACPA binding
to citrullinated antigens with complement inhibitors recruited
carbamylated antigens immobilised in the same well. Impor-
tantly, the used anti-CarP based bsAb does not crossreact with
citrullinated proteins (Fig 2B). Interestingly, we found that both
the FH- and the C4BP-recruiting anti-CarP bsAbs were able to
inhibit the ACPA-driven complement activation (Fig 3C).

In conclusion, this study demonstrates that targeted comple-
ment inhibition can be achieved by bsAbs targeting endogenous
complement inhibitors to post-translationally modified proteins,
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providing first evidence and a strong rationale to perform in vivo
studies to determine the efficacy of selective targeted comple-
ment inhibition.
DISCUSSION

The presence of AMPA is an important feature of RA [19].
These AMPA may contribute to inflammation and tissue damage
by activating cellular Fc receptors [20] or by activating comple-
ment [21]. Both ACPA and anti-CarP are present in the joint and
can contribute to the pathological processes. In this study, we
have employed one of the AMPA reactivities, anti-CarP, to target
complement inhibition specifically to the sites where anti-CarP
antibodies are triggering complement activation.

Here, we demonstrate a new format of a targeted comple-
ment inhibitor integrating anti-CarP into a bispecific antibody,
together with anti-FH or anti-C4BP. Both bsAbs were able to
achieve selective complement inhibition in a targeted way. They
inhibited under conditions in which complement activation was
induced by human IgG, as well as in the context of RA patient
sera, where complement activation was triggered by anti-CarP
autoantibodies of RA patients.

Carbamlyated proteins and citrullinated proteins are both
present in the inflamed joint. In our experiments, we showed
that anti-CarP based bispecific complement inhibitors were also
able to inhibit ACPA-driven complement activation in vitro. In
these assays, both citrullinated and carbamylated proteins were
coated in the same well, mimicking post-translationally modi-
fied protein mixtures occurring in vivo. These data indicate that
complement inhibiting anti-CarP based bsAb may be used to tar-
get inflamed joints, where they might inhibit complement acti-
vation conceivably triggered by any complement activator
(AMPA, RF, immune complexes).



Figure 3. Anti-CarP bsAbs inhibit complement activation triggered by autoantibodies from RA patient serum. A, Left panel shows correlation between
antibody binding to CarP-FCS (IgG detection, X axis) and its capacity to activate complement (C5b-9 detection, Y axis). Each dot represents one indi-
vidual, sera indicated by the red dots were selected and pooled for the complement inhibition in the right panel. Middle panel shows comparison of
complement activation on CarP-FCS triggered by sera of RA patients and healthy controls. Heat inactivate serum (HI-serum) was used to indicate
background activation level. Right panel: Anti-CarP bsAbs demonstrated significant inhibition of complement activation driven by anti-CarP
antibodies present in the pool of RA patient sera. Data are representative of 3 replicate experiments, one way ANOVA was used for statistical analysis,
****P < .0001. B, Complement inhibition in individual RA patient sera. Paired t-test was used for statistical analysis. ****P < .0001. **P < .01. C,
Anti-CarP bsAbs showed significant inhibition of complement activated by wild type anti-citrullinated mAb 3F3 (wt ACPA), ie, data points at 0 μg/mL
bsAb . Anti-CarP x anti-FH: ***P < .001. Anti-CarP × anti-C4BP: **P < .01. One way ANOVA was used for statistical analysis. ACPA, anti-citrullinated
protein antibody; ANOVA, analysis of variance; bsAb, bispecific antibody; CarP, carbamylated protein; FCS, fetal calf serum; C4BP, C4b-binding pro-
tein; FH, factor H; HI-serum, heat-inactivated serum; IgG, immunoglobulin G; mAb, monoclonal antibody; RA, rheumatoid arthritis; wt, wild type.
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Most approved complement inhibitory drugs act systemi-
cally, eg, as with the exemplary C5 inhibitors eculizumab and
ravulizumab [22] or the C1s inhibitor sutimlimab [23]. Sys-
temic inhibition of the complement system increases the risk of
infection, as is seen in the increased risk of invasive meningo-
coccal disease during treatment with eculizumab [14], and as
demonstrated by black box warnings on the drugs’ packaging.
Therefore, selective targeted complement inhibition might be a
better way to achieve complement inhibition localised to spe-
cific pathogen sites while leaving the systemic complement sys-
tem intact to fight infections. Antibodies were already
investigated to modulate complement function as antibody-
fusion proteins, like C3d targeted FH, which consists of mono-
clonal anti-C3d antibody with FH domains 1 to 5 fused at the Fc-
tail [24]. Compared to our bispecifics, targeting C3d may have
downsides. Although the C3d antibody may bind to specific
locations where complement is activated, it may also do so on
undesired surfaces, such as on pathogens like Streptococcus pneu-
moniae covered by C3 activation fragments [25]. Therefore,
anti-C3d antibody may possibly protect pathogens from comple-
ment activation. Our bsAb in contrast targets to specific loca-
tions of the body where carbamylated proteins are present and
anti-CarP accumulates, such as the inflamed joints. We therefore
believe that our approach may have a lower infection risk
profile.

We cannot exclude the possibility that at sites of bacterial
infection some degree of tissue carbamylation may occur,
but even in that setting we envision a more favourable safety
profile of our bsAbs. Consequently, we eagerly await further
results of the C3d-targeted complement inhibitors [26] and
our tissue-targeted bispecific based inhibitors. Clearly these
approaches have distinct mechanism, each with its unique
1646
properties. Overall, we are convinced that selective local tar-
geted complement inhibition will provide substantial
improvements over conventional systemically acting comple-
ment inhibitors.

Our study has some limitations. These bsAbs were not
evaluated in vivo, and the bsAb molecules to recruit FH or
C4BP generated are both human specific and do not crossre-
act with the corresponding mouse FH and C4BP. We are cur-
rently generating surrogate antibodies against mouse FH to
allow such in vivo experiments. The bsAbs utilise endoge-
nously present inhibitors. Our previous work clearly indi-
cated that the circulating concentrations of FH and C4BP are
sufficient to allow the bsAbs to induce effective inhibition.
However, future in vivo experiments will have to provide
insight into the pharmacodynamics of the bsAbs and the reg-
ulators to be recruited.

The developed bsAbs will not specifically home to joints;
they will home to locations where carbamylated proteins accu-
mulate. Since we have previously shown [18] that in the
inflamed joint there is extensive presence of such carbamylated
proteins, we argue that it is plausible that the anti-CarP based
bsAb will localise to the inflamed joint. In vivo experimentation
will have to reveal if the antibodies do indeed home to the loca-
tions where carbamylated proteins are present.

In conclusion, our study describes a new strategy to perform
local complement inhibition, which could be a new option for
future clinical use in RA and other autoimmune diseases.
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A B S T R A C T

Objectives: In rheumatoid arthritis (RA), fibroblast-like synoviocytes (FLS) acquire an aggressive,
tumour-like phenotype characterised by increased adhesion to extracellular matrix, contributing
to joint degradation. The collagen-binding integrin alpha11beta1 is involved in similar processes
in cancer-associated fibroblasts, but its role in RA and arthritic mice remains unclear.
Methods: Integrin α11 expression was analysed in synovial tissue and FLS from RA and osteoar-
thritis patients and human tumour necrosis factor transgenic (hTNFtg) and wild-type mice sup-
ported by Accelerating Medicines Partnership Rheumatoid Arthritis and Pathobiology of Early
Arthritis Cohort data. A novel 3-dimensional (3D) organoid coculture model and electron
microscopy were used to analyse FLS invasion into cartilage explants, Itga11−/− were crossed
with hTNFtg mice, and disease severity was evaluated using microcomputed tomography (µCT)
and histology. Functional assays using FLS included cell morphology, adhesion, degradation,
and matrix metalloproteinase expression and were complemented by osteoclast and coculture
studies.
Results: In the context of RA, strong α11 expression was detected in the synovium, particularly in
sublining clusters of FLS within fibroid-type synovial tissue in vivo and at focal adhesions of
arthritic FLS and at invasion sites within the 3D coculture model in vitro. Clinical scores, µCT
imaging, and histomorphological analyses revealed significantly reduced cartilage degradation,
bone erosions, and FLS attachment to cartilage in Itga11−/−hTNFtg compared to hTNFtg mice. In
vitro studies revealed that α11 deficiency led to a decreased receptor activator of nuclear factor
kappa-B ligand/osteoprotegerin ratio along with reduced TNFα-induced proteolytic degradation
activity, and signalling pathway activation.
Conclusions: Integrin α11 levels are increased in RA, and its deficiency notably diminishes joint
destruction in hTNFtgmice, emphasising its potential as promising therapeutic target.
itute of Musculoskeletal Medicine, University Hospital Muenster, Muenster, Germany.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

� Rheumatoid arthritis is characterised by the tumour-like trans-
formation of fibroblast-like synoviocytes (FLS) that is accompa-
nied by increased expression of adhesion molecules and
progressive cartilage degradation, ultimately leading to irre-
versible joint damage. The role of the collagen-binding integrin
alpha11beta1 (α11β1)—primarily expressed on mesenchymal
cells—remains poorly understood in this context and requires
further investigation.

WHAT THIS STUDY ADDS

� Integrin α11β1 expression is upregulated in the context of
rheumatoid arthritis and can be attributed to specific sublining
FLS populations. The loss of integrin α11β1 results in signifi-
cantly reduced bone and cartilage destruction, reduced matrix
metalloproteinase expression and reduced invasiveness of FLS
along with altered signalling.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

� The study provides novel mechanistic insights into the role of
integrin α11β1 in FLS pathology, encouraging further exploration
of integrin α11β1 as a stromal target in rheumatoid arthritis.
INTRODUCTION

Rheumatoid arthritis (RA) is a chronic systemic inflamma-
tory disease with a high prevalence and socioeconomic burden
affecting joints in a characteristic symmetrical pattern. If
untreated, RA leads to massive irreversible destruction of articu-
lar structures such as cartilage and bone. It has been shown that,
in addition to the influx of immune and inflammatory cells,
fibroblast-like synoviocytes (FLS) can be attributed to a key role
in the pathogenesis of RA, as these cells are known to contribute
significantly to the development, progression, and chronic
course of this disease [1]. A major feature of FLS in RA is their
stable activation and transformation into an autonomously
aggressive phenotype. This, among other features, leads to an
increased expression of adhesion molecules, triggering further
destruction of cartilage as these facilitate the binding of RA FLS
to components of the extracellular matrix (ECM) [2,3].

In this context, different matrix adhesion receptors such as
integrins and syndecans were shown to play important roles in
the attachment of RA FLS to collagens [4−6]. One of the major
receptors for fibrillary collagens the main structural protein
making up cartilage and bone in joint tissue is integrin alpha11-
beta1 (α11β1). The gene Itga11 encodes for the alpha subunit of
integrin α11β1 and is 1 of 4 known integrins (besides α1β1,
α2β1, and α10β1) to bind to collagen [7,8]. First discovered in
1995, it has been shown to be expressed mainly on cells of mes-
enchymal origin, notably fibroblasts [9−11]. Integrin α11β1
was demonstrated to mediate not only cellular adhesion but also
cell migration, collagen reorganisation and the expression of
matrix-modifying enzymes [7,12,13]. In the tumour context,
integrin α11β1 expressed in cancer-associated fibroblasts
(CAFs) within the tumour stroma has been shown to positively
influence tumour growth and metastatic potential and to nega-
tively affect disease outcome [14−16].

Given the similarities between tumour cells and RA FLS, which
amongst others are characterised by increased adhesion, migra-
tion, and invasion capacities, we hypothesised that α11β1 serves
not only as a pivotal factor in CAFs across diverse cancer types but
could also potentially exacerbate joint destruction severity in RA.
1650
METHODS

Human synovial samples

The ethics committees of the Medical University of the Uni-
versity Hospital Muenster approved all studies with human sam-
ples. Samples of synovial tissues from subjects with RA or
osteoarthritis (OA) (according to the 1987 revised American
College of Rheumatology criteria for RA and OA [17]) were
obtained as operational waste at joint replacement surgery.

Isolation of human FLS

RA FLS and OA FLS were isolated by enzymatic digestion using
collagenase type 4 (Worthington Biochemicals) and cultured in
complete medium consisting of high-glucose Dulbecco’s modified
Eagle’s medium Dulbecco’s Modified Eagle Medium (DMEM) sup-
plemented with 10% heat-inactivated fetal calf serum (FCS)
Supreme (PAN-Biotech), 100 U/mL penicillin, and 10 μg/mL strep-
tomycin (PAA Laboratories) at 37°C and 5% CO2. Cells at passages
3 to 5 were used for all experiments.

Animals

For the study, human tumour necrosis factor transgenic (hTNFtg)
mice carrying the transgene from human tumour necrosis factor-α
(strain Tg197; C57BL/6 genetic background) obtained from Alexan-
der Fleming Biomedical Science Research Center (Vari, Greece) and
mice deficient for integrin α11 (Itga11−/−) were used [18,19]. Both
mouse strains were interbred within the C57BL/6 genetic back-
ground. The genotype was confirmed by polymerase chain reaction
(primer sequence, see Supplementary Table). Mice were scored
every week up to the age of 12 weeks to evaluate arthritis symp-
toms. The evaluation was based on a scoring range from 0 (no
symptoms) to 3 (severe symptoms), including grip strength, paw
swelling, and weight [20]. All animal procedures were approved by
the State Office for Nature, Environment and Consumer Affairs
(Landesamt f€ur Natur, Umwelt und Verbraucherschutz LANUV),
Germany (reference numbers 8.87-51.05.2011.033, 84-02.04.2015.
A511 and 2024-645-Grundantrag).

Microcomputed tomographic analysis

The right hind paws from 12-week-old mice were dissected
from the leg, and the skin and claws were removed and fixed
overnight in 4% paraformaldehyde (PFA) at 4°C. Hind paws
were transferred in phosphate buffered saline (PBS) and scanned
with the SkyScan 1176 microcomputed tomography (µCT) scan-
ner (Bruker) using the provided software (version 11.0.0.2) at
40 kV tube voltage, 0.6 mA using an aluminium filter (0.2 mm
thick) and 0.5° rotation steps. Associated software was used for
the reconstructions (NRecon, version 1.7.5.9), 3-dimensional
(3D) visualisation (CTVox, version 3.3.0r1412) and analysis
(Data Viewer, version 1.5.6.6 and CTAn, version 1.20.3.0). Anal-
ysis was performed at the tarsal bones 2 to 4. Firstly the 8-bit
images where binarised, defining grey values from 40 to 200 as
bone. The region of interest was determined visually by the
bone borders. The bone volume (BV)/tissue volume (TV) is the
ratio of defined BV to the region of interest.

Isolation of FLS and bone marrow-derived macrophages from
mice

Mice were sacrificed at week 12 for FLS isolation. The skin
and nails of the hind paws were removed and larger ligaments
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were dissected. Finally, the hind paws were dislocated and paws
were digested with 1 mg/mL collagenase type 4 (Worthington
Biochemicals) in DMEM for 1 hour at 37°C. After digestion, the
cell suspension was centrifuged at 1500 rpm and room tempera-
ture (RT) for 5 minutes. The supernatant was discarded, and the
pellet was resuspended in DMEM supplemented with 10% heat-
inactivated FCS and 1% penicillin−streptomycin. Isolated fibro-
blasts were cultured at 37°C and 5% CO2, experiments were per-
formed between passage 3 and 5. Additionally, bone marrow-
derived macrophages (BMDMs) were isolated from 6-week-old
mice. Femora and tibiae were removed, and the bone marrow
was flushed out of the bone marrow cavity using Minimum
Essential Medium (α-MEM) containing 10% FCS. Osteoclast dif-
ferentiation was achieved by culturing the cells in an α-MEM
medium supplemented with 10% FCS and 30 ng/mL Macro-
phage Colony-Stimulating Factor (M-CSF) (R&D) for 2 days fol-
lowed by incubation in presence of 30 ng/mL M-CSF (R&D) and
50 ng/mL receptor activator of nuclear factor kappa-B ligand
(RANKL) (R&D) with or without recombinant TNFα (R&D) until
osteoclasts formed.

Resorption assay

To measure the capacity of osteoclasts to dissolve bone min-
erals, 6 × 105 BMDMs were directly seeded and differentiated in
calcium phosphate-coated multiwell (48 well) plates (H€olzl Bio-
tech) following the same protocol as in the osteoclast assay.
After the differentiation period, brightfield microscopy was used
for resorption pit evaluation using Zen Pro Software (Zeiss).

Osteoclast coculture assay

FLS (5 × 103 cells per well) were seeded in FLS medium
(10% heat-inactivated FCS, 1% penicillin−streptomycin) in 96-
well plates. The following day, the supernatant was removed,
and 1 × 105 green fluorescent protein (GFP)-positive wild-type
BMDMs were added onto the fibroblast layer. Cocultures were
maintained in α-MEM supplemented with 10% FCS and 1 µM
prostaglandin E2, with or without recombinant TNFα. The
medium was replaced every 3 days. After 7 days, cells were fixed
and stained with 4’,6-diamidino-2-phenylindole (DAPI) for visu-
alisation and quantification.

Gelatine zymography

Gelatine zymography was conducted to analyse MMP-2 and
MMP-9 activity. Cell lysis was performed with radioimmunopre-
cipitation assay (RIPA) buffer. Proteins (30 µg) were separated
on a 10% sodium dodecyl sulphate-polyacrylamide gel contain-
ing 0.1% porcine gelatine (Merck). Following electrophoresis,
proteases were refolded by incubating gels in a renaturation
buffer (50 mM Tris-HCl, 5 mM CaCl₂, pH 8.5) for 16 hours. Gels
were stained with Coomassie Brilliant Blue, and lysis areas were
quantified using Image Studio software (Li-Cor).

Preparation of human and murine tissues for histology

Human samples from RA and OA patients as well as hind
paws from 12-week-old mice were fixed in 4% PFA overnight at
4°C. Before paraffin embedding, murine samples were decalci-
fied in 20% Na-EDTA (Sodium Ethylenediaminetetraacetate)
(AppliChem) for 8 weeks. Paraffin-embedded human tissues and
hind paws were cut into 5 μm sections and transferred onto
microscope slides.
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Immunohistochemistry staining

Sections of decalcified, paraffin-embedded hind paws and
human synovial tissues were deparaffinated in xylene and rehy-
drated in decreasing concentrations of ethanol. Subsequently, sec-
tions were incubated in distilled water and washed in PBS.
Endogenous peroxidase activity was blocked with a 30% hydrogen
peroxide solution in methanol. For proteolytic induced epitope
retrieval, the sections were pretreated with trypsin for 10 minutes
at 37°C and blocked with 20% normal horse serum for 1 hour.
Human tissues were stained with a sheep polyclonal antibody to
integrin subunit α11 (R&D Systems, Minneapolis, Minnesota) and
murine tissues with a rabbit polyclonal antibody to mouse α11 [10]
or with a rabbit polyclonal antibody to MMP-14 (Invitrogen). Bioti-
nylated anti-sheep IgG or anti-rabbit IgG (Vector Laboratories)
were used as secondary antibodies. The staining was performed
using the Vectastain ABC peroxidase kit and DAB (3,3’-Diaminoben-
zidine) substrate kit (Vector Laboratories). Counterstaining was
conducted with Mayer’s Hemalaun (Sigma-Aldrich). Sections were
mounted with dibutylphtalate polystyrene xylene (Merck Millipore)
for microscopy.

Toluidine-blue and haematoxylin-eosin staining of paraffin
sections

Paraffin sections were deparaffinated in xylene and rehy-
drated in decreasing concentrations of ethanol. Subsequently,
sections were incubated in distilled water and stained with tolui-
dine-blue (Sigma-Aldrich) or Mayer’s Hemalaun (Sigma-
Aldrich) and eosin Y (Sigma-Aldrich). Stained sections were
dehydrated in increasing concentration of ethanol and incu-
bated in xylene followed by mounting the slides with dibutylph-
talate polystyrene xylene.

Tartrate-resistant acid phosphatase staining

The tartrate-resistant acid phosphatase (TRAP) kit (Sigma-
Aldrich) was used for osteoclast detection on paraffin sections of
twelve-week-old hind paws using the TRAP kit following the
manufacturer’s instructions.

Histomorphometry analysis

Toluidine-blue stained sections were used for analysing syno-
vial inflammation, total cartilage area, cartilage damage, and
attachment of FLS to the cartilage surface. The extent of
destained cartilage due to proteoglycan loss and degradation
was quantified relative to the total cartilage content and pre-
sented as percentage. Synovial inflammation area was evaluated
by relating pannus tissue to total tissue area expressed as a per-
centage, furthermore, the length of the FLS attachment to the
cartilage surface was evaluated. Quantification of the images
was performed by using Zen Pro Software (Zeiss). The MMP-14-
positive area was calculated by performing image deconvolution
via ImageJ, version 2.1.0/1.53c.

Cartilage attachment assay and transmission electron microscopy

As previously described [4,21], freshly isolated cartilage of the
femoral heads of 4 to 6 weeks mice and isolated wild-type (wt)
and hTNFtg FLS were cocultivated for 9 days in a 3D organoid
model using Matrigel. Subsequently, transmission electron micros-
copy and immunogold staining techniques were employed for
characterisation of adhesion and invasion sites of FLS. In brief, 3D
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cell culture samples with small pieces of hip cartilage were fixed in
2% (v/v) formaldehyde and 0.25% (v/v) glutaraldehyde in
100 mM cacodylate buffer, pH 7.4, for 3 hours at 4 °C. Afterwards
samples were rinsed in PBS, dehydrated in ethanol up to 70%, and
embedded in LR White embedding medium (London Resin Com-
pany, UK) according to the manufacturer’s instructions using ultra-
violet light for polymerisation. Ultrathin sections were cut with an
ultramicrotome and collected on copper grids. For immunogold
electron microscopy, ultrathin sections were incubated with
100 mM glycine in PBS for 2 minutes, washed with PBS and
blocked with 2% (w/v) Bovine Serum Albumin (BSA) and 1% nor-
mal goat serum (Aurion) in PBS. Afterwards, ultrathin sections
were incubated for 1 hour at RT on drops of primary antibodies
(polyclonal sheep anti-integrin a11 antibodies; R&D, AF 6498) in
PBS containing 1% (v/v) BSA-c (Aurion) and 0.025% (v/v) Tween
20. After washing with the same solution, ultrathin sections were
incubated with secondary antibodies conjugated to 12 nm gold
particles (Dianova). Controls were performed with secondary anti-
bodies only. After washing with distilled water, ultrathin sections
were negatively stained with 2% (w/v) uranyl acetate for 15
minutes. Electron micrographs were taken at 60 kV with a Philips
EM-410 electron microscope using imaging plates (Ditabis).

Western blot analyses

FLS were lysed in RIPA buffer. Protein concentrations were
determined by a bichinonic acid protein assay kit (Thermo
Fisher) according to the manufacturer’s instructions. The protein
extracts were resolved with dodecyl sulphate-polyacrylamide gel
electrophoresis using a 12% separation gel. Proteins were trans-
ferred to a polyvinylidene difluoride membranes (GE Health-
care) in a Trans-Blot Turbo device (Bio-Rad). Anti-integrin α11
antibodies were provided by Donald Gullberg, (Department of
Biomedicine, University of Bergen, Norway), other antibodies
such as anti-ILK (Abcam), anti-phospho-ERK, anti-total ERK, and
glyceraldehyde 3-phosphate dehydrogenase (Cell Signaling)
were commercially available. Secondary antibodies were conju-
gated with horseradish peroxidase (Dako). Images were quanti-
fied using the gel analysing tool ImageJ, version 2.1.0/1.53c.

Immunofluorescence staining of human and mouse FLS

Cells were seeded onto sterile glass coverslips coated with
bovine collagen coating solution (Cell Applications, Inc) for
improved attachment. FLS were incubated in DMEM supple-
mented with 10% h-FCS at 37°C and 5% CO2 overnight. Thereaf-
ter, cells were washed in PBS and fixed for 20 minutes in 4%
PFA. Ammonium chloride (50 mM, 10 minutes at RT) was used
to reduce the autofluorescence of the cells followed by permea-
bilisation with 0.1% Triton X-100. To block unspecific protein
interactions, FLS were incubated with 10% normal horse serum
(NHS) for 20 minutes at RT. Murine and human cells were
stained with primary antibodies diluted in 0.1% NHS/PBS for
1 hour and with a secondary goat anti-rabbit or goat anti-mouse
Alexa Fluor 488-labelled antibody (Life Technologies) diluted in
2% NHS/PBS for 30 minutes at RT. The cytoskeleton was visual-
ised by rhodamine-phalloidin (Invitrogen), and nuclei were
stained with DAPI (Invitrogen). Mowiol (Roth) was used as a
mounting medium.

Cell area measurement

Cell area of FLS was assessed after immunofluorescence stain-
ing for filamentous actin (F-actin) and paxillin. Glass coverslips
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were coated with fibronectin (10 µg/mL, Roche) or collagen I
(30 μg/mL, BD Bioscience), all diluted in PBS for 1 hour at
37°C. FLS were seeded at 20,000 cells per coverslip in serum-
free DMEM (duplicate wells) for 6 hours. Cells were washed
once with PBS, fixed with 4% PFA in PBS for 10 minutes, per-
meabilised with 0.2% Triton X100 in PBS for 10 minutes, and
blocked with 5% BSA in PBS for 45 minutes. Mouse anti-paxillin
antibody (BD Bioscience) was used as the primary antibody (in
1% BSA/PBS for 1 hour at RT). Alexa 568 conjugated anti-mouse
antibody (Invitrogen) was used as a secondary antibody (in 1%
BSA/PBS for 1 hour at RT). F-actin was stained with DyLightTM
488 Phalloidin (Cell Signaling), and nuclei were stained with
DAPI (Sigma-Aldrich). Images were acquired by confocal
microscopy with Leica TCS SP5 system and Leica TCS SP8 sys-
tem using 63 × /1.4 to 0.6 NA oil immersion and HC PL APO
CS2 63 × /1.4 oil immersion objective, respectively. Micro-
scopes were controlled using LAS AF 3 and LAS X software
(Leica Microsystems). Cell area was determined using the fol-
lowing macro for Fiji/Image J2 software [22].

Adhesion assay

For the adhesion assay, FLS were seeded on pre-coated (colla-
gen I at 5 µg/cm2 and fibronectin at 1µg/ml) 6-well plates
(5 × 105 cells/well) in complete medium and incubated for
1 hour at 37°C and 5% CO2. Afterwards, the supernatant was
aspirated, and the cells were trypsinised and centrifuged at
1500 rpm and RT for 5 minutes before counting.

Degradation assay on fluorescein isothiocyanate-gelatine

A petri dish was covered with a damp tissue to create a
humidity chamber and covered with parafilm. Gelatine-fluores-
cein Oregon Green 488 conjugate (Invitrogen) was mixed with a
sucrose solution (1 g/mL in PBS) at a 59:1 ratio. Drops of this
mixture were placed on the parafilm, covered with coverslips,
and incubated for 15 minutes. Coverslips were then transferred
to another humid chamber containing 0.5% glutaraldehyde solu-
tion drops on ice for 15 minutes. Next, coverslips were placed in
a well plate, washed with PBS, and disinfected with ethanol for
15 minutes followed by 3 15-minutesincubation steps with cul-
ture medium at 37°C. FLS were seeded onto the pre-coated cov-
erslips in complete medium and incubated for 16 hours at 37°C
and 5% CO2. After incubation, cells were washed with PBS, fixed
with 4% PFA for 15 minutes, and permeabilised with acetone at
−20°C for 4 minutes. F-actin and nuclei were visualised with
rhodamine-phalloidin (Invitrogen) and DAPI (Invitrogen).

ELISA

FLS supernatants and lysates from a 24 or 48 hours incuba-
tion with or w/o recombinant TNFα at 37°C were collected to
quantify MMP-3, MMP-9, RANKL, and osteoprotegerin (OPG)
levels using commercially available Enzyme-Linked Immunosor-
bent Assay (ELISA) kits (R&D Systems, Minneapolis, Minnesota)
were used following the manufacturer’s protocols. Absorbance
was measured using a microplate reader (SPARK 10M, Tecan).

Statistical analysis

Bar graphs display all data points with SD or are presented as
line graphs connecting data points with SEM. The software
GraphPad Prism 10, version 10.4.1 was used for statistical anal-
ysis. A comparison of 2 different groups was performed using
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one-way analysis of variance (ANOVA), whereas significant dif-
ferences among more than 2 groups were assessed using two-
way ANOVA. P values less than .05 were considered to be statis-
tically significant.

RESULTS

In inflammatory arthritis, synovial tissue exhibits increased
integrin α11 levels

To assess integrin α11 levels in synovial tissue in the context
of inflammatory arthritis, publicly available platforms such as
the Accelerating Medicines Partnership Rheumatoid Arthritis
phase II study or the Pathobiology of Early Arthritis Cohort
were used [23,24]. These provided single-cell RNA sequencing
and expression data in differently categorised synovial tissues,
depending on parameters such as cell clusters and synovial cell
architecture. The results showed increased integrin α11 in CD34+,
POSTN+, and DKK3+ sublining FLS cell clusters with a highly
significant correlation to fibroid-type synovial tissue (Fig 1A,
Supplementary Fig S1).

To verify and substantiate these data, immunohistochemical
staining was performed on paraffin-embedded human synovial
tissues obtained from RA patients as well as OA patients under-
going joint replacement surgery as a control. Tissue samples
from RA patients displayed the characteristic formation of an
invasive hypercellular pannus and a strong signal for integrin
α11, particularly in sublining areas. In contrast, no pannus for-
mation and lower intensity in the integrin α11 immunostaining
were observed in tissues from OA patients (Fig 1B, Supplemen-
tary Fig S2A), in line with the publicly available data. Subse-
quently, paraffin-embedded hind paws derived from wt and
hTNFtg mice at the age of 12 weeks were stained for integrin
α11 to verify whether a staining pattern comparable to the
human situation could be seen in an animal model of RA. Com-
parable to the staining pattern in human RA synovial tissues,
hTNFtg mice showed a strong upregulation of α11 expression in
the pannus tissue whereas just a faint staining was detectable in
wt sections (Fig 1B, Supplementary Fig S2A).

As integrin α11 expression is predominantly restricted to
mesenchymal cells and the pannus tissue mainly formed by FLS,
FLS from RA and hTNFtgmice as well as their respective controls
were analysed for their expression levels of α11 and its cellular
distribution. In line with prior in vivo findings from histological
sections, RA FLS and hTNFtg FLS showed an increased expres-
sion of α11 compared to the controls, and α11 was found pri-
marily at focal adhesion sites (Fig 1C). Western blot analyses
were performed for further quantification. These analyses could
confirm the previous observation. Specifically, both RA and
hTNFtg FLS showed significant higher quantities of integrin α11
compared to controls (Fig 1D).

Next, the direct interaction between FLS and articular carti-
lage was investigated to understand how the localisation of α11
might be affected and whether there are differences between wt
and hTNFtg FLS. In a modified 3D coculture assay, hip caps from
wt animals were incorporated into 3D organoids formed by
Matrigel-embedded FLS isolated from wt and hTNFtg mice
[4,10]. These organoids were then cocultured for 9 days, after
which they were prepared for electron microscopy analyses and
immunogold staining using a specific anti-integrin α11 antibody
with secondary antibodies conjugated to gold particles. Quanti-
fications demonstrated that in FLS-cartilage cocultures there
were striking differences between the genotypes not only in the
α11 labelling intensity but also in its localisation. In hTNFtg FLS,
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a significant higher number of particles was detectable, and
most strikingly these were found in areas with direct contact to
the cartilage ECM and at invading sites. Interestingly, a few par-
ticles were also discovered directly within the ECM itself,
located beneath the invading sites, suggesting the existence of
further FLS cell extensions which were not captured in these
images. In contrast, very few particles were found in wt FLS
with no prominent localisation, and no invasion into the carti-
lage was detectable (Fig 1E).
Itga11−/−hTNFtg mice display an alleviated arthritic phenotype
in comparison to hTNFtg mice

To investigate the impact of integrin α11 deficiency on the
course and severity of RA, Itga11−/− mice were crossed with
hTNFtg mice, a well-established mouse model that exhibits joint
destructions similar to human RA.

Mice of all resulting genotypes were scored weekly by 2 inde-
pendent observers assessing paw swelling and loss of grip
strength. As expected, wt and Itga11−/− mice displayed no symp-
toms of inflammatory arthritis. In contrast, both Itga11−/−hTNFtg
and hTNFtg mice displayed an onset of symptoms at approxi-
mately 5 weeks of age with increasing disease severity over time,
as previously described [18]. Although Itga11−/−hTNFtgmice dis-
played an alleviated phenotype with attenuated loss of grip
strength and reduced paw swelling during the disease course,
these differences were no longer detectable at 12 weeks of age
(Fig 2A) [6].

The mice were then sacrificed and µCT analyses of hind paws
were analysed qualitatively and quantitatively and significant less
bone erosions were observed in hind paws from Itga11−/−hTNFtg
in comparison to hTNFtg mice. In detail, quantification of residual
BV and TV revealed significant differences in the BV/TV ratio in
Itga11−/−hTNFtg compared to hTNFtg mice (+6.98% vs hTNFtg,
Fig 2B), indicating less bone erosion. Histomorphological evalua-
tions of paraffin-embedded sections of these mice were performed
using haematoxylin and eosin and toluidine-blue staining, supple-
mented by visualisation of TRAP-positive cells (Fig 2C). Although
no significant differences between Itga11−/−hTNFtg and hTNFtg
were found in the inflammation area, Itga11−/−hTNFtg mice
showed less joint destruction, and cartilage damage compared to
hTNFtg mice. Specifically, the quantification of cartilage destruc-
tion parameters in toluidine-blue staining revealed a larger total
cartilage area in Itga11−/−hTNFtg mice (+1.31% vs. hTNFtg,
Fig 2D) and a less destained cartilage area (−19.35 % vs hTNFtg,
Fig 2D) indicative of reduced proteoglycan loss and cartilage dam-
age. Furthermore, a significant reduction in the length of synovial
attachment to cartilage surface was evaluated in Itga11−/−hTNFtg
mice (−392 µm vs hTNFtg, Fig 2D). Analyses of TRAP-positive
osteoclasts revealed significantly less numbers in Itga11−/−hTNFtg
mice (−44.7% vs hTNFtg, Fig 2D). Under inflammatory conditions,
FLS act as key producers of RANKL, promoting osteoclastogenesis.
In our study, analysis of RANKL and its antagonist OPG revealed a
significantly reduced RANKL/OPG ratio in Itga11−/− compared to
wt FLS after TNFα stimulation (−65.2% vs wt FLS) (Fig 2E). To fur-
ther characterise the effects of α11 deficiency on osteoclast differ-
entiation and resorption capacities, functional assays were
performed without showing any significant differences between
the genotypes (Fig 2F). Based on the RANKL data, we also per-
formed cocultures of GFP-positive BMDMs and wt and Itga11−/−

FLS, but no significant differences were detectable after TNFα
stimulation although a slight decrease was observed (Fig 2G).



Figure 1. Expression of α11 in inflammatory arthritis. (A) scRNAseq correlation of Itga11 expression and specific FLS cluster within the synovial tissue
of RA and OA patients using data of AMPRA phase II study. (B) Immunohistochemistry staining against α11 visualised by DAB of human tissue from
OA and RA patients (n = 3) and murine tissue from wt and hTNFtg mice (n = 4) (human tissue: large image scale bar 100 µm; small image scale bar
50 µm, murine tissue: large image scale bar 200 µm; small image scale bar 100 µm). (C) Immunofluorescence of human and murine FLS using specific
antibodies against α11 (green), F-actin was visualised by rhodamine-phalloidin (red) and nuclei by DAPI (blue) (scale bars = 10 µm) (human FLS
n = 3, murine FLS n > 5). (D) Western blot analyses of α11 expression in FLS normalised to GAPDH (n ≥ 4). (E) Immunogold-labelling of α11 in 3D
organoids of wt and hTNFtg FLS cocultivated with cartilage hip caps derived from murine femoral heads, particle size 12 nm (P < .05 determined by
two-tailed Mann−Whitney U test, wt and hTNFtg FLS organoids n = 2, >8 sections each, bar graphs display all data points with SD). α11, alpha 11
integrin; AMPRA, Accelerating Medicines Partnership Rheumatoid Arthritis; DAB, 3,3′-diaminobenzidine; DAPI, 4′,6-diamidino-2-phenylindole; F-
actin, filamentous actin; FLS, fibroblast-like synoviocyte; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; hTNFtg, human tumour necrosis factor
transgenic; Itga11, integrin alpha 11; OA, osteoarthritis; RA, rheumatoid arthritis; scRNAseq, single-cell RNA sequencing; 3D; 3-dimensional; wt, wild-
type.
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Figure 2. Effects of Itga11 deficiency in hTNFtg mice. (A) Clinical scoring of grip strength and paw swelling as parameters for inflammatory arthritis
were assessed weekly (n = 7) as previously described [6]. Itga11−/−hTNFtg mice displayed reduced severity of symptoms in comparison to hTNFtg
mice from weeks 9 to 12 (data are represented as means ± SEM). (B) µCT imaging of hind paws showed significantly less bone destruction in Itga11−/
−hTNFtg in comparison to hTNFtg mice at 12 weeks and quantification revealed higher residual bone volume (+6.98% vs. hTNFtg, n ≥ 5, P < .01, two-
tailed Mann−Whitney U test, bar graphs display all data points with SD). (C) H&E and Toluidine-blue staining as well as detection of TRAP-positive
cells were performed in paraffin-embedded hind paws to visualise pathomorphological changes (scale bars: 200 µm and 100 µm). (D) Quantifications
of Toluidine-blue staining and TRAP-positive cells in sections from Itga11−/−hTNFtg mice revealed significantly more cartilage area (+1.31%), less
destained cartilage area (−19.36%), reduction in length of synovial attachment to cartilage surface (−392.1 µm) and decreased osteoclast numbers
(−44.7%) compared to hTNFtg animals. No significant differences were found in the inflammation area (n ≥ 7, P < .05, two-tailed Mann−Whitney U
test; bar graphs display all data points with SD). (E) Evaluation of RANK/OPG ratio, with significant decrease in Itga11−/− compared to wt FLS follow-
ing TNFα stimulation (10 ng/mL) (−65.2%). (F) Functional osteoclast differentiation and resorption assays analysing osteoclast numbers, resorption
pit numbers and resorption area (n = 3, n.s.). (G) Coculture assays of GFP-positive OC precursors and FLS after TNFα stimulation (10 ng/mL) (n = 3,
n.s.). FLS, fibroblast-like synoviocyte; GFP, green fluorescent protein; H&E, hematoxylin and eosin; hTNFtg, human tumour necrosis factor transgenic;
Itga11−/−, integrin alpha 11 knockout; µCT, microcomputed tomography; n.s., not significant; OC, osteoclast; OPG, osteoprotegerin; RANK, receptor
activator of nuclear factor kappa-B; TNFα, tumour necrosis factor alpha; TRAP, tartrate-resistant acid phosphatase; wt, wild-type.
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Differences in cell morphology and functionality induced by
Itga11 deficiency

Due to the markedly attenuated arthritic phenotype linked to
integrin α11 deficiency, particularly concerning cartilage dam-
age and FLS attachment, investigations were conducted to ascer-
tain whether the absence of integrin α11 affects the morphology
of FLS or their adhesion ability. This involved conducting cell
area measurements and adhesion assays on specific matrices.
For this purpose, fibronectin and collagen I were chosen as dif-
ferent culture dish coatings to analyse the effects of integrin α11
deficiency. A significant increase in cell size was observed in
hTNFtg FLS compared to wt FLS, regardless of the coating used
(fibronectin: +76% vs wt FLS; collagen I: +88,5% vs wt FLS).
Additionally, these differences were also evident between
Itga11−/−hTNFtg compared to hTNFtg FLS (fibronectin: +29.2%
vs hTNFtg FLS; collagen I: 48.9% vs hTNFtg FLS). In contrast, no
significant differences were detectable between Itga11−/− and
wt FLS on either coating (Fig 3A and Supplementary Fig S3).

Adhesion assays using fibronectin and collagen I revealed no
significant differences in adhesion properties between the geno-
types or the coatings. However, coating with collagen I resulted
in lower adhesion rates compared to those on fibronectin across
all genotypes (Fig 3B).

The capability of hTNFtg FLS to secrete gelatinolytic enzymes
in comparison to Itga11−/−hTNFtg was investigated by a degra-
dation assay. For this purpose, FLS were incubated for 16 hours
on gelatine labelled with a fluorophore. Afterwards, the
degraded area, visualised by dark regions lacking light emission
due to missing fluorophores, was quantified. The FLS expressing
integrin α11 exhibited an increased proteolytic activity resulting
in a larger degraded lysis area compared to the respective integrin
α11 deficient counterpart (Fig 3C). Intriguingly, Itga11−/−hTNFtg
FLS presented a significantly less pronounced breakdown of
the gelatine compared to hTNFtg FLS (−21.18% vs hTNFtg). To
determine whether the capacity in degrading gelatine of the
Itga11−/−hTNFtg was reduced by a decrease in protease expres-
sion or secretion further experiments were performed. The con-
centration of MMP-9 was comparable in the supernatants of
hTNFtg and Itga11−/−hTNFtg FLS (Fig 3C). Additionally, we per-
formed zymography and found a TNFα-dependent increase in the
levels of MMP-2 and MMP-9, albeit with no significant differen-
ces between the genotypes (Fig 3E). In contrast, the results of the
MMP-3 ELISA showed a significant reduction in MMP-3 secretion
in Itga11−/−hTNFtg FLS when compared to hTNFtg FLS (Fig 3D).
Moreover, levels of membrane-bound MMP-14 were significantly
higher in the area of pannus tissue of hTNFtg hind paws but not in
Itga11−/−hTNFtg animals (Fig 3F, Supplementary Fig S2B). Subse-
quently, we analysed signalling pathways involved in integrin-
mediated MMP regulation by stimulating FLS with TNFα over a
defined time period. This analysis revealed a lack of ILK expres-
sion and ERK phosphorylation in Itga11⁻/⁻ FLS, whereas expres-
sion levels in unstimulated controls were comparable to those in
wild-type FLS (Fig 3G).

DISCUSSION

Cells of mesenchymal origin have been shown to express
integrin α11β1, including different types of fibroblasts [13,19].
Concerning CAFs, integrin α11β1 has been related to their
migration towards collagen and its remodelling in various
tumour entities [25]. Several studies could also show that integ-
rin α11β1 expression might be linked to type 1 interferons,
which are known to be involved in RA FLS transformation into
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the characteristic aggressive phenotype triggering further joint
inflammation and destruction [26−30].

Several studies illustrated the role of other integrins in RA
FLS associated with increased matrix binding, migration, prolif-
eration, and cartilage destruction [5,6,31]. However, not all
aspects of the functional role of integrin α11β1 in RA have been
understood. Although there is evidence that collagen citrullina-
tion negatively influences FLS adhesion by decreasing the bind-
ing of integrin α11β1 to arginine-containing motifs and
potentially altering intracellular signalling in RA pathogenesis
[32], analyses of integrin α11β1 deficiency on joint destruction
and disease progression have not been performed before.

Our study describes the effects of integrin α11 subunit defi-
ciency and joint destruction in patients with RA and the hTNFtg
mouse model. We could show that α11 was upregulated in both
synovial tissues obtained from human RA patients as well as
from hTNFtg mice compared to non-inflammatory controls such
as OA patients and wt mice. In human RA samples, integrin α11
was mainly located at the synovial sublining layer as shown by
immunohistochemistry. Interestingly, this was also observed in
mice, but in addition, distinct clusters of integrin α11 were
found in areas of pannus tissue adjacent to cartilage and bone at
joint destruction sites. Immunofluorescence studies and Western
blot analyses confirmed the elevated levels of integrin α11 in
human and murine FLS under arthritic conditions suggesting an
inflammation-induced upregulation of α11 in FLS. Supporting a
role for integrin α11 in FLS-mediated cartilage destruction, the
subcellular expression pattern showed an integrin α11 localisa-
tion primarily at sites of focal adhesion and cellular invasion
visualised using electron microscopy. This was also demon-
strated in our newly established in vitro 3D organoid coculture
model, in which wt and hTNFtg FLS were embedded in Matrigel
followed by insertion of murine femoral head cartilage explants
in order to ensure interactions between the FLS and ECM com-
ponents over a period of several days. Interestingly, only in
hTNFtg FLS cellular protrusions deeply invading the cartilage
were detectable by transmission electron microscopy. In addi-
tion, integrin α11 could be located in clusters at these invasion
sites whereas in wt FLS this expression pattern was completely
absent.

In our in vivo studies, knockout of Itga11 in the hTNFtg back-
ground resulted in the alleviation of the inflammatory arthritic
phenotype as shown by clinical scoring, µCT imaging, and histo-
logical staining. Less cartilage destruction was observed in histo-
morphometric analyses of Itga11−/−hTNFtg mice in comparison
to hTNFtg animals. In detail, higher residual cartilage area,
reduced articular cartilage destaining, a surrogate for proteogly-
can loss, were found in Itga11−/−hTNFtg mice. Additionally, sig-
nificantly less synovial attachment to cartilage was found in
these mice. Attachment of RA FLS to cartilage is a long-known
hallmark feature in the induction of invasive cartilage destruc-
tion [4,33,34]. Similarly, the absence of the collagen-binding
integrin α2β1 in antigen-induced arthritis and hTNFtg mice, was
shown to reduce the attachment of FLS to cartilage and overall
cartilage destruction, providing an interesting functional link to
the data obtained from the 3D coculture model [6].

Of note, Itga11−/−hTNFtg mice also displayed an increased
BV/TV ratio in the hind paws, suggesting less bone resorption
confirmed by histologic data and quantifications with reduced
TRAP-positive cells compared to hTNFtg samples (Fig 2C,D).
Under inflammatory conditions, FLS contribute indirectly to
bone erosions [32], by mediating osteoclastogenesis through
RANKL expression and activation of the RANK pathway
[35,36], that is diminished by Itga11 deficiency. Osteoclast



Figure 3. Arthritic FLS lacking Itga11 show increased cell size and reduced degradation capacity. (A) Manhattan plot showing the cell size of FLS (n ≥
160 cells pooled from at least 3 animals per genotype, P < .05, Two-way ANOVA). (B) Bar graphs of adherent cells after one hour of incubation on
fibronectin (FN) and collagen I (COL I) (n = 4, P > .05, two-way ANOVA; bar graphs display all data points with SD). (C) Degradation assay after 16-
hour incubation of FLS on FITC-gelatine (green) visualised by rhodamine-phalloidin (red) for F-actin and DAPI (blue) for nuclei. Analysis of black
areas corresponding to gelatine breakdown displays significant differences within the correlated genotypes (n ≥ 4, P < .05, two-tailed Mann−Whitney
U test, bar graphs display all data points with SD, scale bar = 20 µm). (C) ELISA of MMP-9 secretion of hTNFtg and Itga11−/−hTNFtg FLS after 48 hours
of incubation time (n ≥ 4, P < .05, two-tailed Mann−Whitney U test, bar graphs display all data points with SD). (D) ELISA of MMP-3 secretion of
hTNFtg and Itga11−/−hTNFtg FLS after 48 hours of incubation time (n ≥ 4, P < .05, two-tailed Mann−Whitney U test, bar graphs display all data points
with SD). (E) Zymography of supernatants and lysates of wt and Itga11−/− FLS following incubation with increasing concentrations of TNFα showing
MMP-2 and MMP-9 levels and pro-forms, respectively (n = 2). (F) Immunohistochemistry staining of MMP-14 from murine hind paws displayed less
pronounced MMP-14 expression within the pannus tissue of Itga11−/−hTNFtg (−10.25%) compared to hTNFtg (n = 6, P < .05, two-tailed Mann−Whit-
ney U test, scale bar = 100 µm, bar graphs display all data points with SD). (G) Signalling pathway activation analyses in wt and Itga11−/− FLS after
10 and 30 min TNFα stimulation (10 ng/mL) by WB using antibodies against ILK, pERK, tERK, and GAPDH. ANOVA, analysis of variance; COL I, colla-
gen type I; DAPI, 4′,6-diamidino-2-phenylindole; ELISA, enzyme-linked immunosorbent assay; F-actin, filamentous actin; FITC, fluorescein isothiocya-
nate; FLS, fibroblast-like synoviocyte; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; hTNFtg, human tumor necrosis factor transgenic; ILK,
integrin-linked kinase; Itga11−/−, integrin alpha 11 knockout; MMP, matrix metalloproteinase; pERK, phosphorylated extracellular signal-regulated
kinase; tERK, total extracellular signal-regulated kinase; TNFα, tumor necrosis factor alpha; WB, Western blot; wt, wild-type.
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differentiation and resorption assays revealed no significant dif-
ferences between the genotypes following TNFα stimulation,
confirming that the loss of α11 expression in the monocytic line-
age does not affect osteoclastogenesis per se. However, cocul-
ture of Itga11-deficient FLS with BMDMs resulted in a slight
reduction in osteoclast numbers and osteoclast area, warranting
further investigation into a potential indirect, FLS-mediated role
of integrin α11 in these processes. The significance of this inter-
action is underscored by research indicating that Itga11 deletion
from bone marrow stromal cells impairs osteogenesis in mice
and humans [37].

Our in vitro analyses demonstrate that in particular in the
inflammatory background, as is present in hTNFtg FLS, a lack of
integrin α11 contributes significantly to the cell size and mor-
phology. Furthermore, Itga11−/−hTNFtg FLS displayed a
decreased ability to degrade gelatine after 16 hours of incuba-
tion compared to hTNFtg FLS implying that hTNFtg FLS lacking
Itga11 are less invasive. We have investigated the expression of
several members of the MMP family of matrix degrading
enzymes based on their involvement in distinct but partially
overlapping signalling pathways and pathological processes rel-
evant to RA. The reduced production of the MMP-3 and mem-
brane-bound MMP-14 in Itga11−/−hTNFtg mice could be a
further explanation for the diminished proteolytic activity and
at the same time point relevant for mechanisms such as invado-
podia formation and signalling pathways, particularly the ERK
pathway.

These results align with findings in published reports regard-
ing the functional effects of integrin α11β1 beyond the context
of RA [10,38,39]. In analogy to other collagen-binding integrins,
integrin α11β1 was found to mediate fibroblast adhesion, cell
migration and collagen reorganisation as well as contraction
and cell survival on collagen matrices leading to reduced prolif-
eration and reduced adhesion of the cells to collagen in its
absence. In summary, the available literature suggests that
integrin α11β1 mediates cell survival, adhesion to matrix,
migration, and matrix remodelling in fibroblasts, which are all
essential characteristics for joint destruction mediated by RA
FLS in RA.

Integrins were previously proposed as a viable target for the
treatment of RA [40,41]. This study shows that α11β1 plays a
role in RA and that its deficiency leads to a partial reduction of
hallmark features of RA. Further studies into the precise molecu-
lar mechanisms of how α11 is regulated and how α11-mediated
FLS interactions with components of the ECM contribute to and
persist in the aggressive phenotype of RA FLS are required to
evaluate the potential of integrin α11β1 as a therapeutic target.
CONCLUSION

The results of this study suggest that the collagen-binding
integrin α11β1 is upregulated in the context of RA and plays a
role in adhesion and migration of fibroblasts on collagen and
triggers cartilage degradation. The absence of α11 in the hTNFtg
mouse model leads to an alleviated arthritis phenotype, marked
by reduced bone erosion and cartilage destruction, making the
molecule a potentially interesting target for future therapeutical
intervention studies.
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A B S T R A C T

Objectives: To assess the efficacy, safety, and tolerability of the investigational, oral, allosteric,
highly selective, and potent tyrosine kinase 2 inhibitor zasocitinib (TAK-279) in patients with
active psoriatic arthritis (PsA).
Methods: In this phase 2b, randomised, multicentre, double-blind, placebo-controlled, multiple-
dose study, patients (≥18 years, with PsA symptoms for ≥6 months) received 30 mg, 15 mg, or
5 mg zasocitinib or placebo (1:1:1:1) once daily for 12 weeks, with a 4-week safety follow-up.
The primary endpoint was American College of Rheumatology (ACR)20 response at week 12.
Secondary efficacy endpoints included ACR50 response, ACR70 response, Psoriasis Area and
Severity Index (PASI) 75 response among those with ≥3% body surface area at baseline and
minimal disease activity (MDA) at week 12.
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Results: Overall, 290 patients (mean [SD] age, 49.9 [11.6] years; 57.2% female) received treat-
ment. At week 12, 30 mg or 15 mg zasocitinib treatment resulted in significantly higher ACR20
responses (54.2%; P= .002 and 53.3%; P= .002, respectively) than placebo (29.2%). A numeri-
cally higher number of ACR50 responses were achieved at week 12 with 30 mg (26.4%; nominal
P = .009) or 15 mg (26.7%; nominal P = .005) zasocitinib than placebo (9.7%). In addition,
30 mg zasocitinib demonstrated a numerically higher number of ACR70 responses (13.9% ver-
sus 5.6%, respectively; nominal P= .158), PASI 75 responses (45.7% versus 15.4%, respectively;
nominal P = .002), and MDA (29.2% versus 12.5%, respectively; nominal P = .014) at week 12
versus placebo. In this small study of limited duration, most adverse events were mild/moderate
and were more frequently observed in the higher dose group. In this small sample size, no new
safety signals or clear dose-dependent laboratory parameter changes were identified.
Conclusions: Here, 30 mg and 15 mg zasocitinib demonstrated efficacy across core domains in
patients with active PsA with no new safety signals. These findings will be confirmed in ongoing
larger studies of longer duration.
WHAT IS ALREADY KNOWN ON THIS TOPIC

� Tyrosine kinase 2 (TYK2) is a critical mediator of the proinflam-
matory pathways fundamental to the pathophysiology of some
immune-mediated inflammatory diseases (IMIDs) including
psoriatic arthritis (PsA).

� Zasocitinib (TAK-279) is an investigational, oral, allosteric,
highly selective, and potent TYK2 inhibitor being developed
for the treatment of IMIDs, including PsA and plaque psoriasis.

WHAT THIS STUDY ADDS

� This phase 2b study reports a significantly higher proportion of
patients achieved an American College of Rheumatology 20
response at week 12 with once daily 30 mg or 15 mg zasociti-
nib than with placebo.

� Treatment with 30 mg or 15 mg zasocitinib resulted in a
numerically higher number of patients achieving low disease
activity or remission across multiple composite measures of dis-
ease activity versus placebo, as early as week 12.

� Zasocitinib (30 mg) demonstrated numerically greater efficacy
versus placebo across all skin efficacy endpoints assessed, with
rapid onset evident as early as week 2.

� The safety and laboratory parameter profile of zasocitinib was
consistent with previous studies in patients with plaque psoria-
sis, supporting the high selectivity of zasocitinib for TYK2.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE, OR
POLICY

� The efficacy and tolerability of zasocitinib in patients with active
PsA demonstrated in this phase 2b study could propel further long-
term comparative clinical trials, potentially leading to new oral
therapeutic options for PsA with an improved benefit-risk profile.

� The rapid and meaningful clinical responses observed with
zasocitinib suggest that it could become a valuable oral treat-
ment in clinical practice for patients with PsA, providing more
options for individualised patient care.

INTRODUCTION

Psoriatic arthritis (PsA) is a chronic, systemic, immune-medi-
ated inflammatory disease (IMID) with diverse manifestations
[1−3]. Patients with PsA have a high overall burden of disease
and are more likely to develop comorbidities, including obesity,
cardiovascular disease, and hypertension, than matched con-
trols, and also have a high prevalence of anxiety and depression
[4,5]. The Group for Research and Assessment of Psoriasis and
Psoriatic Arthritis (GRAPPA), in conjunction with Outcome
Measures in Rheumatology (OMERACT), has developed a core
set of domains for PsA aiming to standardise outcome measure-
ments in randomised clinical trials and longitudinal
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observational studies [6]. The goals of PsA treatment are to ame-
liorate signs and symptoms across multiple domains of the dis-
ease, improve physical function, prevent structural damage, and
enhance health-related quality of life (HRQoL) [4,7].

Despite current treatment options, some patients with PsA
continue to experience a high disease burden because available
treatments may not adequately address all core PsA domains,
while also not providing acceptable long-term safety [5,8]. This
highlights the need for more comprehensive treatment strategies
in patients without adequate disease control or with tolerability
issues with current treatments and ultimately improvement in
the long-term outcomes and quality of life of these patients with
PsA. Tyrosine kinase 2 (TYK2) is a critical mediator of the acti-
vation of proinflammatory pathways fundamental to the patho-
physiology of some IMIDs, including interleukin (IL)-12, IL-23,
and type I interferon signalling [9,10]. Loss-of-function variants
in the TYK2 gene have protective effects against psoriasis and
other IMIDs without detrimental effects [11]. Therefore, TYK2
inhibition is being investigated for the treatment of IMIDs
including PsA and plaque psoriasis [9,10,12,13].

Zasocitinib (TAK-279) is an investigational, oral, allosteric,
highly selective, and potent TYK2 inhibitor being developed for
the treatment of IMIDs, including PsA and plaque psoriasis [14].
Zasocitinib was designed to maximise specific TYK2 inhibition
and prevent inhibition of Janus kinase (JAK)1, JAK2, and JAK3
[14]. In vitro studies of zasocitinib have demonstrated selectivity
for the TYK2 Janus homology (JH)2 domain over the JAK JH1
domain, without affecting JAK-mediated signalling [14,15].

The efficacy, safety, and tolerability of zasocitinib were
assessed in patients with moderate-to-severe plaque psoriasis in
a phase 2b study (ClinicalTrials.gov: NCT04999839) [16]. The
study met its primary endpoint (Psoriasis Area and Severity
Index [PASI] 75 at week 12) at doses ≥5 mg, with about one-
third of patients in the highest dose group (30 mg) achieving
PASI 100 (complete skin clearance) at week 12. Zasocitinib was
generally well tolerated with no clear dose-related treatment-
emergent adverse events (TEAEs) observed.

The aim of this phase 2b, randomised, clinical trial was to
assess the efficacy, safety, and tolerability of zasocitinib in
patients with active PsA.
METHODS

Study design

This was a phase 2b, randomised, multicentre, double-blind,
placebo-controlled, multiple-dose study (NCT05153148) [17].
Patients with active PsA from 45 centres across the USA (n= 17),

ctgov:NCT04999839
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Poland (n = 18), Germany (n = 4), and the Czech Republic
(n = 6) were enrolled. Patients were randomised 1:1:1:1 to
receive orally administered 5 mg, 15 mg, or 30 mg zasocitinib or
an identical placebo once daily for 12 weeks, with an additional
4-week follow-up period for safety monitoring (Supplementary
Fig S1). Randomisation occurred at the day −7 visit, and patients
were stratified according to region (USA/Germany, Czech Repub-
lic/Poland) and whether they had received prior treatment with
biologic disease-modifying antirheumatic drugs (bDMARDs) or
any other disease-modifying antirheumatic drugs (DMARDs)
except for azathioprine, chloroquine, ciclosporin, hydroxychloro-
quine, leflunomide, methotrexate, and sulfasalazine.

Patient involvement

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

Patient population

Eligible patients were aged ≥18 years with active PsA and a
history of PsA symptoms for ≥6 months before screening (screen-
ing occurred ≤30 days before day 1 of the study), had ≥3 tender
and ≥3 swollen joints, and met the Classification Criteria for Pso-
riatic Arthritis (CASPAR) [3]. Additionally, eligible patients had
active PsA despite previous therapy with nonsteroidal anti-inflam-
matory drugs; DMARDs including azathioprine, chloroquine,
ciclosporin, hydroxychloroquine, leflunomide, methotrexate, and
sulfasalazine, or tumour necrosis factor inhibitors (TNFis). Alter-
natively, eligible patients were intolerant to these treatments.
There was no limit to number or class of prior bDMARD exposure
(excluding those with lack of response after 12 weeks of treatment
or adverse events [AEs]) or minimum high-sensitivity C-reactive
protein (hsCRP) requirement at baseline.

Patients were excluded if they previously had a lack of
response to any therapeutic agent targeting IL-12, IL-17, and/or
IL-23 (and/or received 1 of these therapies ≤6 months before
baseline [day 1]) or to more than 1 TNFi or had any other disease
that might confound evaluation of the benefit of zasocitinib.

Full inclusion and exclusion criteria are reported in the Sup-
plementary Material.

The intent-to-treat analysis set included all patients who were
randomised. The full analysis set comprised all patients who
were randomised and received at least 1 dose of the study drug.
The safety analysis set included all patients who were rando-
mised and received at least one dose of the study drug, with
patients analysed based on the actual treatment they received.

Endpoints

Efficacy
The primary efficacy endpoint was the proportion of patients

achieving an American College of Rheumatology (ACR)20
response at week 12. Secondary efficacy endpoints at week 12
were the proportion of patients achieving ACR50 response; propor-
tion of patients achieving ACR70 response; proportion of patients
achieving PASI 75 response among those with ≥3% body surface
area (BSA) psoriatic involvement at baseline; proportion of patients
achieving a Physician Global Assessment of Psoriasis (PGA-PsO)
score of 0 (clear) or 1 (almost clear) and a ≥2-point improvement
from baseline; change from baseline in Physician Global Assess-
ment (PGA) score (investigator-assessed change from baseline in
the patients’ overall disease status using a visual analogue scale
[VAS]: 0 indicated ‘asymptomatic’ and 100 indicated ‘very severe
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symptoms’); proportion of patients achieving minimal disease
activity (MDA) (the patient met at least 5 of the following criteria:
(1) tender joint count [TJC] ≤1; (2) swollen joint count [SJC] ≤1;
(3) PASI score ≤1 or ≤3% BSA; (4) pain VAS ≤15; (5) Patient
Global Assessment [PtGA], using VAS score≤20; (6) Health Assess-
ment Questionnaire Disability Index [HAQ-DI] score ≤0.5; and (7)
tender entheseal points, using the Leeds Enthesitis Index ≤1);
change from baseline in Disease Activity Index for Psoriatic Arthri-
tis (DAPSA) score; change from baseline in pain VAS; change from
baseline in TJC (TJC68); change from baseline in SJC (SJC66);
change from baseline in dactylitis count among patients who had
dactylitis at baseline; and change from baseline in Leeds Enthesitis
Index among patients who had enthesitis at baseline. The propor-
tion of patients achieving low disease activity (LDA; DAPSA >4
and ≤14) and remission (REM; DAPSA ≤4) was assessed post hoc.

Patient-reported secondary efficacy endpoints assessed at
week 12 were change from baseline in PtGA (patients rated their
PsA using a VAS score in which 0 indicated ‘very good, no
symptoms’ and 100 indicated ‘very poor, severe symptoms’)
and HAQ-DI. Change from baseline to week 12 in Psoriatic
Arthritis Disease Activity Score (PASDAS) was assessed as
an exploratory endpoint. Further exploratory endpoints are
reported in the Supplementary Material.

Additional skin endpoints analyses included least-squares
mean (LSM) change from baseline in PASI response and the pro-
portion of patients achieving PASI 90 or PASI 100 responses
(among those with baseline BSA ≥3%).

Safety and tolerability
The severity of AEs was classified using Common Terminol-

ogy Criteria for Adverse Events (CTCAE v5.0) and AEs were
coded using Medical Dictionary for Regulatory Activities Ver-
sion 26.0 or higher. Safety and tolerability endpoints comprised
the incidence of TEAEs, treatment-emergent serious AEs, TEAEs
of special interest (TEAESIs), and changes in vital signs, clinical
laboratory parameters, and proportion of patients with clinically
relevant electrocardiogram findings and physical examinations.
TEAESIs included cytopenia (Grade ≥2), elevation of creatine
kinase (Grade ≥3), major adverse cardiovascular events
(MACEs), thromboembolic events, gastrointestinal perforation,
malignancies, infections, AEs of abnormal liver function tests,
and renal dysfunction. Liver function tests included Hy’s Law,
hepatobiliary investigations, liver-related investigations, signs
and symptoms (including increase in liver enzymes), and drug-
related hepatic disorders (CTCAE grades considered).

Statistical analysis

A sample size of 260 patients (65 patients per group) was
determined to provide 83% power to detect an ACR20 response
rate of 55% in each zasocitinib treatment group at a significance
level of α= 0.05 using a 2-sided chi-square test, assuming a pla-
cebo response rate of 30%. The sample size was calculated in
nQuery 8.7 (Dotmatics) using a pooled variance estimate for dif-
ference of proportions.

Patient demographics and baseline clinical characteristics
were summarised using descriptive statistics. Comparisons of the
primary and binary secondary endpoints between each treatment
group and placebo were made using a 2-sided Mantel−Haenszel
test stratified by the randomisation stratification factors.

A fixed-sequence hierarchical testing approach was applied to
the primary endpoint at a 2-sided significance level of 0.05 in the
following prespecified order: 30 mg, 15 mg, and 5 mg zasocitinib
versus placebo. If one comparison was found not to be significant,
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all subsequent comparisons of lower doses could not be claimed
and P values were considered nominal. No multiplicity adjust-
ment was planned for other efficacy endpoints in this study, and
nominal P values are presented where appropriate.

Patients who discontinued the study drug, used a prohibited
medication expected to influence PsA clinical outcomes or with
missing data for binary endpoints at week 12 were imputed as
nonresponders.

Subgroup analysis for the primary efficacy endpoint was con-
ducted using the same framework as the primary efficacy analy-
sis. Longitudinal continuous secondary efficacy endpoints were
analysed using a mixed model for repeated measures, in which
the change from baseline was the dependent variable. The fol-
lowing were the fixed effects: treatment group, visit, treatment-
by-visit interaction, and randomisation stratification factors.
Baseline score was included as a covariate.

An analysis of the safety endpoints in the safety analysis set
was conducted using descriptive statistics.
Figure 1. Patient disposition. aPatients who receive
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Ethics

This study was performed in accordance with ethical princi-
ples originating from the Declaration of Helsinki, which are con-
sistent with Good Clinical Practice and applicable regulatory
requirements. Patients provided written, informed consent
before starting the study. The clinical study protocol (and
amendments), investigator brochure, samples of informed con-
sent forms, and other study-related documents were reviewed
and approved by institutional review boards or independent
ethics committees of all study sites.
RESULTS

Patients

The study was conducted from January 6, 2022 to June 2,
2023. In total, 387 patients were screened for eligibility, of
d ≥1 dose of study drug (randomised patients).
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whom 305 were randomised to 1 of the 3 active treatment
groups or placebo (intention-to-treat population), 290 received
at least one dose of study treatment (full analysis set and safety
analysis set populations), and 245 (84.5%) completed 12 weeks
of treatment. Reasons for study discontinuation before receiving
the first study drug dose are summarised in Figure 1.

Patient demographics and disease characteristics at baseline
were generally similar across groups, except for a higher pro-
portion of females in the 30 mg (59.7%) and 15 mg (61.3%)
groups than in the 5 mg (56.3%) and placebo groups (51.4%)
(Table 1, Supplementary Table S1). Lower mean TJC (14.0 vs
18.0-18.5) and SJC (8.5 vs 9.0-9.7) were observed in the
Table 1
Baseline demographics and disease characteristics (FAS)

Placebo
(N = 72)

Zaso
5 mg
(N=

Demographics
Age, y, mean (SD) 49.7 (11.8) 48.3
Female, n (%) 37 (51.4) 40 (5
Race, n (%)
American Indian/Alaskan Native
Asian
Black/African American
Native Hawaiian/Other Pacific Islander
White
Unknown
Not available

0
0
1 (1.4)
0
69 (95.8)
2 (2.8)
0

1 (1.
0
1 (1.
1 (1.
67 (9
0
2 (2.

BMI, kg/m2, mean (SD) 29.5 (6.9) 29.8
Baseline DMARD treatment,a n (%) 43 (59.7) 45 (6

Baseline methotrexate treatment,b n (%) 38 (52.8) 44 (6
Baseline sulfasalazine treatment, n (%) 5 (6.9) 2 (2.
Baseline hydroxychloroquine,c treatment, n (%) 0 0
Baseline leflunomide treatment, n (%) 1 (1.4) 0

Previous DMARD treatment,a n (%) 33 (45.8) 35 (4
Previous bDMARD treatment, n (%) 24 (33.3) 22 (3
Previous TNF inhibitor use, n (%) 16 (22.2) 17 (2
Disease characteristics
Disease duration, y, median (range) 4.0 (0.2-30.9) 4.0 (
TJC, mean (SD) 18.5 (14.7) 18.4
SJC, mean (SD) 9.0 (6.1) 9.7 (
PGA,d mean (SD) 59.9 (16.0) 59.6
PtGA,e mean (SD) 55.3 (22.7) 52.2
Pain VAS,f mean (SD) 53.6 (24.1) 48.2
HAQ-DI, mean (SD) 1.1 (0.6) 1.1 (
hsCRP, mg/L, mean (SD) 5.8 (9.1) 8.1 (
Psoriasis BSA ≥3%, n (%) 39 (54.2) 39 (5
PASI in patients with ≥3% BSA,g mean (SD) 7.1 (7.0) 5.9 (
Dactylitis count ≥1, n (%) 17 (23.6) 16 (2
Dactylitis count,h mean (SD) 1.8 (1.2) 4.1 (
Enthesitis (LEI ≥1), n (%) 36 (50.0) 36 (5
LEI absolute values,i mean (SD) 2.5 (1.5) 2.5 (

bDMARD, biologic disease-modifying antirheumatic drug; BMI, body mass
matic drug; FAS, full analysis set; HAQ-DI, Health Assessment Questionnaire
Enthesitis Index; PASI, Psoriasis Area and Severity Index; PGA, Physician G
count; TJC, tender joint count; TNF, tumour necrosis factor; VAS, visual anal
BMI was calculated based on the collected weight and height values. Diseas
disease diagnosis + 1)/365.25. Mean (SD) values were based on nonmissing

a DMARDs included azathioprine, chloroquine, ciclosporin, hydroxychloro
b Includes medications coded to methotrexate or methotrexate sodium.
c Includes medications coded to hydroxychloroquine or hydroxychloroqui
d The investigator or qualified subinvestigator assessed the patients’ overa

components of joint and skin affected at the time of the visit. This overall st
and no limitation of normal activities’ and 100 indicated ‘very poor, very se
mal activities’.

e Patients rated their assessment of their PsA using a VAS: 0 indicated ‘ver
f Patients rated their assessment of their PsA pain using a VAS: 0 indicated
g Placebo: n = 38; zasocitinib 5 mg: n = 39; zasocitinib 15 mg: n = 46:

group had a missing PASI score at baseline.
h In patients with dactylitis count ≥1.
i In patients with LEI score ≥1.
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zasocitinib 30 mg group compared with the other groups
(Table 1). The mean (SD) age of patients was 49.9 (11.6) years,
and the patient population was predominantly White (95.2%),
female (57.2%), and from Eastern Europe (76.9%). At baseline,
62.4% of patients were receiving azathioprine, chloroquine,
ciclosporin, hydroxychloroquine, leflunomide, methotrexate,
and/or sulfasalazine; 57.6% of patients were receiving metho-
trexate. Approximately one-third of patients had received previ-
ous treatment with bDMARDs at baseline (31.0-33.3%), and the
patient population contained both bDMARD-inadequate res-
ponders (reasons for discontinuing bDMARDs before the study
included lack of efficacy, safety, and other; 7.2% of patients
citinib
once daily
71)

Zasocitinib
15 mg once daily
(N = 75)

Zasocitinib
30 mg once daily
(N = 72)

Total
(N = 290)

(10.4) 52.5 (12.2) 49.0 (11.5) 49.9 (11.6)
6.3) 46 (61.3) 43 (59.7) 166 (57.2)

4)

4)
4)
4.4)

8)

0
2 (2.7)
2 (2.7)
0
71 (94.7)
0
0

0
0
3 (4.2)
0
69 (95.8)
0
0

1 (0.3)
2 (0.7)
7 (2.4)
1 (0.3)
276 (95.2)
2 (0.7)
2 (0.7)

(8.2) 30.0 (7.9) 30.2 (6.6) 29.9 (7.4)
3.4) 46 (61.3) 47 (65.3) 181 (62.4)
2.0) 43 (57.3) 42 (58.3) 167 (57.6)
8) 3 (4.0) 6 (8.3) 16 (5.5)

1 (1.3) 0 1 (0.3)
0 0 1 (0.3)

9.3) 32 (42.7) 31 (43.1) 131 (45.2)
1.0) 24 (32.0) 23 (31.9) 93 (32.1)
3.9) 16 (21.3) 11 (15.3) 60 (20.7)

0.5-37.7) 5.1 (0.1-24.3) 4.3 (0.1-30.7) 4.2 (0.1-37.7)
(15.2) 18.0 (12.8) 14.0 (9.4) 17.2 (13.3)
6.6) 9.7 (6.1) 8.5 (5.7) 9.2 (6.1)
(17.4) 62.0 (15.1) 57.6 (19.8) 59.8 (17.1)
(19.8) 59.6 (19.4) 53.2 (20.6) 55.1 (20.7)
(21.0) 58.3 (20.9) 49.8 (22.4) 52.5 (22.4)
0.6) 1.2 (0.6) 1.1 (0.6) 1.1 (0.6)
15.2) 6.4 (11.5) 7.6 (12.3) 7.0 (12.2)
4.9) 46 (61.3) 46 (63.9) 170 (58.6)
4.6) 5.4 (3.9) 6.5 (6.2) 6.2 (5.5)
2.5) 14 (18.7) 17 (23.6) 64 (22.1)
4.3) 2.1 (1.8) 2.8 (3.7) 2.7 (3.1)
0.7) 40 (53.3) 35 (48.6) 147 (50.7)
1.7) 2.5 (1.5) 2.3 (1.4) 2.5 (1.5)

index; BSA, body surface area; DMARD, disease-modifying antirheu-
Disability Index; hsCRP, high-sensitivity C-reactive protein; LEI, Leeds
lobal Assessment; PtGA, Patient Global Assessment; SJC, swollen joint
ogue scale.
e duration (years) was calculated as (date of day 1 visit - date of initial
observations at baseline for continuous endpoints.
quine, leflunomide, methotrexate, and sulfasalazine.

ne phosphate.
ll disease status by considering the signs, symptoms, and function of all
atus was then rated using a VAS: 0 indicated ‘very good, asymptomatic
vere symptoms that were intolerable and inability to carry out all nor-

y good, no symptoms’ and 100 indicated ‘very poor, severe symptoms’.
‘no pain’ and 100 indicated ‘most severe pain’.
zasocitinib 30 mg: n = 46; total: n = 169. One patient in the placebo
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reported lack of efficacy as the reason for discontinuing TNFis)
and bDMARD-exposed patients in each treatment group.
Among enrolled patients with coexistent psoriasis, the mean
(SD) PASI score in those with ≥3% BSA (n = 169 [58.3%]) was
6.2 (5.5). At baseline, 45.9% of patients had elevated hsCRP
(≥3.0 mg/L).

Efficacy outcomes

The primary endpoint of this study was met, with a signifi-
cantly higher proportion of patients (95% CI) receiving 30 mg or
15 mg zasocitinib achieving ACR20 response at week 12 (54.2%
[42.7, 65.7] and 53.3% [42.0, 64.6], respectively; both
P = .002) than those receiving placebo (29.2% [18.7, 39.7])
(Fig 2). The ACR20 response rate for the 5 mg zasocitinib group
was 35.2% (24.1, 46.3; P = .446) at week 12. The proportions
of patients achieving an ACR20 response in the 30 mg and
15 mg zasocitinib groups increased from baseline to week 12
(Supplementary Fig S2). Generally, numerically higher LSM
improvements were observed at week 12 for the 30 mg or
15 mg zasocitinib groups across most of the ACR subcompo-
nents versus placebo (nominal P = .003-.675) (Supplemen-
tary Table S2).

Data for all secondary endpoints are presented in Supplemen-
tary Table S2. ACR50 response rate (95% CI) at week 12 was
numerically higher in the 30 mg (26.4% [16.2, 36.6], nominal
P = .009) and 15 mg (26.7% [16.7, 36.7], nominal P = .005)
zasocitinib groups versus the placebo (9.7% [2.9, 16.6]) group
(Fig 2). A numerically higher proportion of patients achieved an
ACR70 response (95% CI) in the zasocitinib 30 mg (13.9% [5.9,
21.9], nominal P = .158) and 15 mg (14.7% [6.7, 22.7], nomi-
nal P= .101) groups compared with placebo (5.6% [1.5, 13.6]).
In addition, patients in the 30 mg and 15 mg zasocitinib groups
reported numerically higher LSM (SE) reductions from baseline
Figure 2. ACR20, ACR50, and ACR70 responses at week 12 (FAS). **P ≤ .01
70 are composite measures defined as improvements from baseline of ≥20%
≥20%/50%/70% improvement from baseline in 3 of the following 5 criteria:
ment of psoriatic arthritis, Patient Global Assessment of psoriatic arthritis pai
C-reactive protein. ACR, American College of Rheumatology; FAS, full analysi
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in PtGA scores of PsA at week 12 when compared with placebo
(placebo: −11.1 [2.9]; 30 mg: −19.8 [2.9], nominal P = .030;
15 mg: −20.2 [2.9], nominal P = .021; Supplementary Table
S2). Across all zasocitinib-treated groups, a numerical reduction
from baseline in PGA was observed compared with placebo
(nominal P = .003-.016) (Supplementary Table S2). Results for
efficacy endpoint response rates stratified by geographic region
are presented in Supplementary Table S3. Numerical differences
between regions were observed in patients receiving zasociti-
nib 30 mg or placebo, with the Eastern Europe subgroup
demonstrating generally higher response rates than those in
the USA/Germany subgroup. The ACR20 treatment response
differences versus placebo for the 30 mg, 15 mg, or 5 mg
zasocitinib groups were 21.7%, 17.2%, and 2.6%, respec-
tively, in the Eastern Europe subgroup and 29.7%, 39.1%,
and 12.6%, respectively, in the USA/Germany subgroup,
highlighting considerable variability in placebo response
across regions.

Treatment with zasocitinib led to improvements in multiple
skin disease activity endpoints, with the greatest improvements
observed at the highest dose of zasocitinib. A numerically higher
reduction in the LSM (SE) PASI score from baseline was
observed in the 30 mg zasocitinib group compared with the pla-
cebo group as early as week 2 (−1.7 [0.4] vs −0.7 [0.4], nominal
P = .023) and persisted through week 12 (Fig 3A). There were
numerical improvements in PASI 75 response rate (95% CI) at
week 12 for all zasocitinib groups compared with placebo (pla-
cebo: 15.4% [4.1, 26.7]; 30 mg: 45.7% [31.3, 60.0], nominal
P = .002; 15 mg: 28.3% [15.2, 41.3], nominal P = .101; 5 mg:
25.6% [11.9, 39.3], nominal P = .186; Fig 3B). Consistent with
PASI 75, similar trends were observed with higher threshold
efficacy endpoints such as PASI 90 and PASI 100 (among
patients with ≥3% BSA). Compared with placebo, a numerically
higher proportion of patients achieved PASI 90 (37.0% versus
. P values for secondary endpoints (ACR50/70) are nominal. ACR20/50/
/50%/70% in both the number of tender joints and swollen joints and
Patient Global Assessment of psoriatic arthritis, Physician Global Assess-
n, Health Assessment Questionnaire Disability Index, and high-sensitivity
s set.



Figure 3. A, LS mean change from baseline to week 12 in PASIa scores. B, Week 12 PASI 75/90/100 response ratesa. C, Patients achieving PGA-PsO
score of 0 or 1 and ≥2-point improvement from baselineb (FAS). *P ≤ .05; **P ≤ .01. P values for secondary endpoints are nominal. FAS included all
randomised patients who received ≥1 dose of the study drug. Patients were included in the analysis as randomised. aIn patients with ≥3% BSA involve-
ment at baseline. bAmong those with a PGA-PsO score ≥2 at baseline. BSA, body surface area; FAS, full analysis set; LS, least-squares; PASI, Psoriasis
Area and Severity Index; PGA, Physician Global Assessment; PsO, psoriasis.
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10.3%, nominal P = .0054) and PASI 100 responses (26.1% ver-
sus 10.3%, nominal P= .0941) at week 12 in the 30 mg zasociti-
nib group (Fig 3B). Numerical improvements at week 12 were
also observed in the proportions of patients (95% CI) achieving
a PGA-PsO score of 0 or 1 and ≥2-point improvement from base-
line in the 30 mg zasocitinib group compared with placebo
1666
(placebo: 15.8% [6.3, 25.3]; 30 mg: 32.8% [20.7, 44.8], nominal
P = .034; 15 mg: 20.6% [10.6, 30.6], nominal P = .466; 5 mg:
20.4% [9.6, 31.1], nominal P= .540; Fig 3C).

Treatment with zasocitinib led to improvements in various
composite outcomes and disease activity scores, such as MDA,
DAPSA, and PASDAS. Numerically higher improvements in
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MDA (95% CI) at week 12 were observed in patients treated
with 30 mg or 15 mg zasocitinib than those treated with placebo
(placebo: 12.5% [4.9, 20.1]; 30 mg: 29.2% [18.7, 39.7]; 15 mg:
28.0% [17.8, 38.2]; 5 mg: 18.3% [9.3, 27.3]; nominal P = .014,
P = .017, and P = .349, respectively, Fig 4A). Relative to pla-
cebo, the LS mean change from baseline in DAPSA score (SE) at
week 12 was numerically higher in all zasocitinib-treated groups
(placebo: −11.6 [1.9]; 30 mg: −16.8 [2.0]; 15 mg: −18.0 [1.9];
5 mg, −15.3 [1.9]; nominal P = .056, P = .018, and P = .167,
respectively, Fig 4B). Numerically higher proportions of patients
achieved LDA (4 < DAPSA ≤ 14 or 1.9 < PASDAS < 3.2) and
REM (DAPSA ≤ 4 or PASDAS ≤ 1.9) at week 12 in the 30 mg
and 15 mg zasocitinib groups than in the placebo group
(Fig 4C,D).

Safety outcomes

TEAEs occurred in 77.8%, 60.0%, 59.2%, and 54.2% of
patients receiving zasocitinib 30 mg, 15 mg, 5 mg, or placebo,
respectively. TEAEs leading to study treatment discontinuation
occurred in 8.5% to 12.5% of patients in the zasocitinib treat-
ment groups and 5.6% in the placebo group. The majority of
TEAEs leading to study discontinuation were not considered
related to the study drug, as assessed by the investigator. The
most common TEAEs were nasopharyngitis (occurring in 9.7%,
9.3%, 8.5%, and 4.2% of patients receiving zasocitinib 30 mg,
15 mg, 5 mg, or placebo, respectively) and upper respiratory
tract infections (occurring in 9.7%, 4.0%, 11.3%, and 2.8% of
patients receiving zasocitinib 30 mg, 15 mg, 5 mg, or placebo,
respectively) (Table 2). One patient in each of the placebo and
15 mg zasocitinib groups experienced a nondisseminated case of
herpes zoster infection (Supplementary Table S4). Most TEAEs
were Grade 1 or 2 in severity. In total, 22 (7.6%) patients
reported at least one Grade 3 TEAE (placebo: n = 7 [9.7%]; zaso-
citinib 30 mg: n = 3 [4.2%]; 15 mg: n = 7 [9.3%]; 5 mg: n = 5
[7.0%]), and 1 patient in the 5 mg group had a Grade 4 coronary
artery disease event that was considered unrelated to study treat-
ment, as assessed by the investigator. A higher rate of transient,
Grade 1 or 2 dermatological events was observed in the 30 mg
and 15 mg zasocitinib groups than in the other groups. All der-
matological events resolved within a mean of 34 days mostly
without pharmacologic intervention, except for 1 patient who
experienced a Grade 2 maculopapular rash considered related to
the study drug, which resolved with medication. Acneiform der-
matitis (Grade 2), related to the study drug, led to study discon-
tinuation in one patient. No deaths were reported in the study.

In this small study of limited duration, no systemic oppor-
tunistic infection, MACEs, thromboembolic event, gastrointes-
tinal perforation, or malignancy TEAESIs were observed in
patients treated with zasocitinib (Supplementary Table S4).
Rates of discontinuation due to TEAESIs were numerically
similar across study groups. One patient in each treatment
group reported a treatment-related adverse event of special
interest (AESI) that led to study drug discontinuation. Overall,
serious infections were observed in 3 (1.0%) patients. These
were observed in the 5 mg (n = 2; cellulitis and respiratory
tract infection) and 30 mg (n = 1; pharyngitis) treatment
groups, all of which resolved. According to the defined criteria
in the study protocol, Grade ≥2 cytopenia and ≥3 elevations of
creatine kinase were considered AESIs. Overall, 24 patients
reported any cytopenia (n = 14) or creatine kinase (n = 10)
related events. One patient in the placebo group reported both
a leukopenia and lymphopenia event. Infrequent Grade ≥3
events of elevated creatine kinase (placebo: n = 1; 5 mg:
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n = 2; 15 mg: n = 3; 30 mg: n = 0) and Grade ≥2 cytopenia
(placebo: n = 2; 5 mg: n = 5; 15 mg: n = 1; 30 mg: n = 5)
were observed. Overall, 2 patients (one each in the 5 mg and
30 mg zasocitinib groups) with Grade ≥2 cytopenia reported
clinical events with similar onset (lymphopenia and nasophar-
yngitis).

Laboratory parameters generally stayed within the normal
range, with no clinically meaningful longitudinal changes
observed across any groups and no clear dose-dependency in the
zasocitinib groups. Shifts from baseline to postbaseline for hae-
matology, lipid, and serum chemistry parameters were generally
similar between all groups (Table 3). Over the study period, no
notable differences in laboratory shifts and the frequency of
Grade ≥2 changes between placebo and zasocitinib groups were
observed (Supplementary Table S5). There were no clinically
meaningful longitudinal changes throughout the 12-week study
observed in haematology parameters (neutrophils, platelet
counts, haemoglobin, lymphocytes), serum chemistry (creatine
kinase, alanine aminotransferase, aspartate aminotransferase,
bilirubin, creatinine), and no clinically meaningful elevations in
cholesterol or triglyceride levels were observed at week 12
(Fig 5, Supplementary Fig S3).

Evaluated vital signs included diastolic and systolic blood
pressure, heart rate, temperature and body weight. No TEAEs
related to these were reported.
DISCUSSION

Zasocitinib is an investigational, oral, allosteric, highly selec-
tive, and potent TYK2 inhibitor in late-stage clinical development
for the treatment of IMIDs. In this phase 2b trial of patients with
active PsA, the primary endpoint (ACR20 response at week 12)
was met in the 30 mg and 15 mg groups. Treatment with once
daily 30 mg or 15 mg zasocitinib was associated with numeri-
cally greater improvements in musculoskeletal and skin signs
and symptoms, as well as in patient-reported and physician-
assessed outcomes, compared with placebo. Notably, the ACR20
response curve observed with 30 mg or 15 mg zasocitinib
increased over 12 weeks; studies of a longer duration will help
determine whether the ACR20 response will further increase
with treatment with zasocitinib.

PsA prevalence is equal in male and female patients; how-
ever, female patients typically exhibit higher disease activity,
greater disease burden, increased pain, and poorer physical
function than male patients [18−21]. Additionally, female
patients appear more likely than male patients to experience a
poorer clinical response to bDMARDs (including IL-17 and IL-23
inhibitors) versus targeted synthetic DMARDs (tsDMARDs)
[22]. This was an all-comers study design, and a greater propor-
tion of patients in the 30 mg and 15 mg groups were female
compared with the 5 mg and placebo groups. Treatment with
30 mg and 15 mg zasocitinib resulted in greater ACR20
responses than placebo, regardless of sex, supporting the
hypothesis that female patients may exhibit improved out-
comes versus bDMARD treatment with tsDMARD treatment
like zasocitinib [23]; these findings would need to be vali-
dated in studies of a longer duration.

The patient population in this study was not selectively
enriched for elevated hsCRP levels. As such, baseline mean
hsCRP concentrations across the study groups were compara-
tively low compared with some hsCRP levels reported in other
PsA clinical trials [24−26]. However, as hsCRP levels are not
consistently elevated in active PsA, the hsCRP levels in this



Figure 4. A, Proportion of patients achieving MDA. B, Change from baseline in DAPSA score. C, DAPSA state. D, PASDAS state at week 12 (FAS). *P ≤
.05. P values in secondary endpoints are nominal. FAS included all randomised patients who received ≥1 dose of the study drug. Patients were
included in the analysis as randomised. LDA = 4<DAPSA≤14 or 1.9<PASDAS<3.2; REM = DAPSA ≤4 or PASDAS ≤1.9. MDA is measured as the
patient meeting ≥5 of the 7 criteria. The criteria are 1) tender joint count ≤1; 2) swollen joint count ≤1; 3) PASI score ≤1 or ≤3% BSA; 4) Patient
Global Assessment of psoriatic arthritis pain, VAS ≤15; 5) Patient Global Assessment of psoriatic arthritis, VAS ≤20; 6) HAQ-DI score ≤0.5; 7) tender
entheseal points, using the LEI score ≤1. DAPSA, Disease Activity in Psoriatic Arthritis; FAS, full analysis set; HiDA, high disease activity; LEI, Leeds
Enthesitis Index; LowDA, low disease activity; LS, least squares; MDA, minimal disease activity; ModDA, moderate disease activity; PASDAS, Psoriatic
Arthritis Disease Activity Score; PASI, Psoriasis Area and Severity Index; REM, remission; VAS, visual analogue scale.
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Table 2
Number of patients with TEAEs, reported by treatment group (SAS)

n (%) [#] Placebo
(N = 72)

Zasocitinib
5 mg once daily
(N = 71)

Zasocitinib 15 mg
once daily
(N = 75)

Zasocitinib 30 mg
once daily
(N = 72)

Any TEAE 39 (54.2) [87] 42 (59.2) [88] 45 (60.0) [106] 56 (77.8) [135]
Drug-related TEAEs 11 (15.3) [13] 15 (21.1) [23] 20 (26.7) [49] 29 (40.3) [61]
TEAEs leading to study drug discontinuation 4 (5.6) [4] 6 (8.5) [6] 7 (9.3) [9] 9 (12.5) [11]
TEAEs leading to study discontinuation 1 (1.4) [1] 0 3 (4.0) [5] 5 (6.9) [5]
Serious TEAEs 4 (5.6) [4] 4 (5.6) [4] 3 (4.0) [3] 2 (2.8) [2]
Grade 3 or higher TEAE 7 (9.7) [8] 6 (8.5) [6] 7 (9.3) [9] 3 (4.2) [3]
TEAEs leading to death 0 0 0 0
TEAESIa 19 (26.4) [27] 33 (46.5) [43] 22 (29.3) [25] 38 (52.8) [50]
Serious infections 0 2 (2.8) [2] 0 1 (1.4) [1]

Most frequent TEAEs, n (%)b

Nasopharyngitis 3 (4.2) [4] 6 (8.5) [6] 7 (9.3) [7] 7 (9.7) [7]
URTIs 2 (2.8) [3] 8 (11.3) [8] 3 (4.0) [4] 7 (9.7) [7]
Headache 3 (4.2) [3] 2 (2.8) [3] 6 (8.0) [6] 4 (5.6) [6]
Rash 0 3 (4.2) [4] 6 (8.0) [6] 4 (5.6) [4]
Blood CK increasedc 3 (4.2) [3] 2 (2.8) [2] 4 (5.3) [4] 1 (1.4) [1]
Dermatitis acneiform 0 0 2 (2.7) [4] 6 (8.3) [7]
Psoriatic arthropathy 5 (6.9) [6] 0 2 (2.7) [2] 1 (1.4) [1]
Rash papular 0 1 (1.4) [1] 3 (4.0) [3] 4 (5.6) [4]
Aphthous ulcer 0 0 1 (1.3) [1] 6 (8.3) [7]
Dermatitis allergic 0 1 (1.4) [1] 1 (1.3) [1] 4 (5.6) [5]
Rash maculopapular 0 0 2 (2.7) [4] 4 (5.6) [5]

Any TEAEs related to cytopeniac

Anaemia 0 0 0 3 (4.2) [4]
Leukopeniad 1 (1.4) [1] 1 (1.4) [1] 0 0
Lymphopeniad 2 (2.8) [2] 4 (5.6) [5] 1 (1.3) [2] 3 (4.2) [3]

Any rash-related TEAEse 0 6 (8.5) [7] 11 (14.7) [13] 13 (18.1) [15]
Rash erythematous 0 2 (2.8) [2] 0 2 (2.8) [2]

AE, adverse event; CK, creatine kinase; CTCAE, Common Terminology Criteria for Adverse Events; MedDRA, Medical Dictio-
nary for Regulatory Activities; SAS, safety analysis set; TEAE, treatment-emergent adverse event; TEAESI, treatment-emergent
adverse event of special interest; URTI, upper respiratory tract infection.
AEs were coded using MedDRA Version 26.0 or higher. The SAS included all randomised patients who received ≥1 dose of the
study drug. Patients were included in the analysis based on actual treatment received, regardless of the treatment group to
which they were randomised.
[#] is the number of individual occurrences of the TEAE in that category.

a Patients with at least one TEAESI including laboratory TEAESIs.
b TEAEs occurring at >5% in any treatment group, categorised by preferred term.
c According to the defined criteria in the study protocol, CTCAE Grade ≥2 cytopenia and ≥3 CK elevations are considered

AESIs.
d One patient in the placebo group reported both a leukopenia and lymphopenia AE.
e Rash-related TEAEs included rash, rash popular, rash macropapular, and rash erythematous.

Table 3
Laboratory parameters: shift from baseline to postbaseline visits (SAS)

Placebo
(N = 72)

Zasocitinib
5 mg once daily
(N = 71)

Zasocitinib
15 mg once daily
(N = 75)

Zasocitinib
30 mg once daily
(N = 72)

Haematology: shift from normal to low values, n (%)
Haemoglobin 10 (13.9) 9 (12.7) 10 (13.3) 10 (13.9)
Lymphocytes 7 (9.7) 8 (11.3) 3 (4.0) 6 (8.3)
Neutrophils 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Platelets 1 (1.4) 3 (4.2) 0 (0.0) 1 (1.4)

Serum chemistry: shift from normal to high values, n (%)
ALT 9 (12.5) 7 (9.9) 11 (14.7) 11 (15.3)
AST 6 (8.3) 3 (4.2) 10 (13.3) 9 (12.5)
CK 13 (18.1) 14 (19.7) 10 (13.3) 10 (13.9)
Creatinine 5 (6.9) 6 (8.5) 11 (14.7) 8 (11.1)

Lipids: shift from normal to high values, n (%)
Cholesterol 8 (11.1) 7 (9.9) 11 (14.7) 8 (11.1)
LDL cholesterol 5 (6.9) 9 (12.7) 7 (9.3) 12 (16.7)
Triglycerides 5 (6.9) 3 (4.2) 6 (8.0) 5 (6.9)

ALT, alanine aminotransferase; AST, aspartate aminotransferase; CK, creatine kinase; LDL, low-density lipopro-
tein; SAS, safety analysis set.
Laboratory parameter values were categorised as low, normal, or high based on the reference range for each lab-
oratory variable. Data represent laboratory parameter shifts in patients who had normal values at baseline. The
lowest/highest postbaseline value for each laboratory parameter was used to determine whether patients had
shifted from a normal to a low/high value.
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Figure 5. Key laboratory parameter changes over 16 weeks (SAS). A, Neutrophils. B, Platelets. C, Haemoglobin. D, Lymphocytes. E, Cholesterol.
F, Triglycerides. Data are observed values from the safety analysis set and presented as mean ± SD. Dashed lines represent upper and lower limits of
the normal range for each parameter. aFor graphs with 4 dashed lines, the black lines represent the male limits, and the grey lines represent the female
limits. ALC, absolute lymphocyte count; ANC, absolute neutrophil count; SAS, safety analysis set.
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study may be more reflective of a real-world PsA population
[27].

Skin disease is one of the core domains of PsA [28,29], and it
is estimated that as many as 82% of patients with PsA have coex-
isting psoriasis [30]. Patients with PsA and psoriasis exhibit
worse physical function and higher disease activity scores, uti-
lise more health care resources, and report greater impairment
on HRQoL than those with PsA or psoriasis alone [31−35].
However, treatment with zasocitinib demonstrated early and
1670
greater improvements versus placebo across skin efficacy end-
points. Differences in PASI scores were observed between
patients receiving zasocitinib 30 mg and placebo as early as
week 2. At week 12, 26.1% of patients with skin involvement
treated with 30 mg of zasocitinib experienced complete skin
clearance (PASI 100), and 32.8% achieved clear or almost clear
skin (PGA-PsO score of 0 or 1 with a ≥2-point improvement
from baseline). The skin activity response data from this study
are consistent with those observed in the phase 2b study of
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zasocitinib in moderate-to-severe plaque psoriasis, in which
one-third of patients receiving 30 mg zasocitinib achieved com-
plete skin clearance after 12 weeks of treatment [16].

Several guidelines for PsA treatment support LDA and REM
as treat-to-target goals [4,7,36,37]. MDA is a PsA specific com-
posite measure, and achievement is shown to correspond with
quality of life and a level of symptoms that are acceptable to
patients [37]. Treatment with 30 mg and 15 mg zasocitinib con-
sistently ameliorated disease activity, assessed by achievement
of MDA and improvement in DAPSA and PASDAS. By week 12,
30 mg or 15 mg zasocitinib treatment resulted in higher rates of
patients achieving LDA or REM versus placebo across multiple
disease activity composite instruments.

Zasocitinib was generally well tolerated at all doses, with a
low proportion of patients discontinuing the study owing to
TEAEs across all groups. However, the number of discontinua-
tions was numerically higher in the zasocitinib groups than the
placebo group. These findings were consistent with those
observed in healthy volunteers and patients with plaque psoria-
sis [16,38]. In the present study, an increase in dermatological
TEAEs was observed with increasing doses of zasocitinib. How-
ever, these were generally mild to moderate in severity and
resolved within a mean duration of 34 days mostly without
pharmacological intervention; only 1 event led to study drug
discontinuation. Few serious infections were observed. MACEs,
systemic opportunistic infections, thromboembolic events, and
malignancies were not observed in any zasocitinib group; larger
studies will be needed to confirm the safety profile of zasociti-
nib. Over the study period, zasocitinib did not result in any
dose-dependent clinically meaningful changes in the laboratory
parameters, and there were no notable differences in laboratory
shifts or frequency of Grade ≥2 changes between placebo and
treatment groups. No correlations between laboratory changes
associated with JAK1, JAK2, and JAK3 inhibitors (eg, cytopenia,
renal and liver enzyme elevations, and lipid elevations) and
zasocitinib were observed, consistent with the high selectivity
of zasocitinib for TYK2.

This study had some limitations, including a potential lack of
statistical power and a lack of hierarchical testing approach for
secondary and exploratory endpoints, owing to the small sample
size. This was particularly evident for endpoints with impacts on
domains only present in subsets of patients, such as dactylitis
and enthesitis. Larger studies are required to further assess the
effect of zasocitinib on these disease domains. As shown by the
lack of a plateau observed in ACR20 response at week 12, longer
studies are also required to determine the timing of the maximal
response associated with zasocitinib treatment across various
endpoints representing the core domains of the disease. Finally,
patient recruitment focused on 4 countries, with the majority of
patients being recruited from Eastern Europe. The numerical dif-
ferences in ACR20 responses for the placebo group between
regions in this study are not uncommon and have also been
observed between other randomised, placebo-controlled PsA tri-
als; such variability in response may be due to several factors
including differences in csDMARD treatment, publication year,
and number of study sites [39].

In conclusion, 30 mg and 15 mg zasocitinib demonstrated
efficacy versus placebo across key PsA domains (musculoskele-
tal and skin activity), with the highest dose consistently provid-
ing numerically superior responses on skin activity measures.
Safety results were consistent with data previously reported in
patients with plaque psoriasis and healthy volunteers [16,38].
The lack of safety events associated with JAK1, JAK2, or JAK3
inhibition is reflective of the highly selective TYK2 inhibition of
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zasocitinib. These results highlight the potential of zasocitinib
as a new oral therapeutic option in patients with active PsA.
Consequently, phase 3 studies are ongoing (NCT06671483
and NCT06671496) to explore its full potential and to con-
firm these preliminary results in larger, more diverse patient
populations, aiming to improve management and outcomes
for patients with PsA.
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A B S T R A C T

Objectives: This study aims to evaluate the safety and efficacy of anti-B cell maturation antigen
(BCMA)-targeting chimeric antigen receptor (CAR) T cells in treating refractory lupus nephritis (LN).
Methods: This is an open-label, single-arm clinical trial assessing anti-BCMA CAR T cells in treat-
ing refractory LN patients. CAR T cells were infused following lymphodepletion therapy with
cyclophosphamide and fludarabine. Patients were regularly followed up, in which clinical
assessments were performed and laboratory indices were collected. Repeated renal biopsies and
single cell RNA sequencing in certain patients were performed to help evaluate the therapeutic
efficacy. The primary endpoints were the safe dosage of single infusion and the occurrence of
adverse events, while the secondary endpoints focused on the therapeutic efficacy (eg, changes
of Systemic Lupus Erythematosus Disease Activity Index 2000 [SLEDAI-2000]).
Results: Seven biopsy-confirmed LN patients were enrolled in this study with a median follow-up of
9 months, whose peripheral B cells were effectively eliminated within the first month postinfusions
and restored within 3 months except one patient. Hypogammaglobulinemia was frequently observed
in this study. Only one case of grade 1 cytokine release syndrome was noted, and no immune effec-
tor cell-associated neurotoxicity syndrome or severe infection was reported. SLEDAI-2K scores
decreased from a median of 18 (range 10-22) at baseline to 0 (range 0-4) at the last follow-up, and
5 out of 7 patients achieved definition of remission in systemic lupus erythematosus (DORIS) com-
plete remission. Decreased deposition of immune complex, reduced clonal abundance, and alleviated
proinflammatory status of peripheral lymphocytes were also observed in repeated renal biopsy and
transcriptomic analyses,.
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Conclusions: Anti-BCMA CAR T therapy can help LN patients inducing and maintaining disease
remission status safely and effectively, which indicated the potential feasibility of the BCMA-
only-targeting strategy in treating autoimmune diseases with abnormal humoral immune
responses through CAR products.
WHAT IS ALREADY KNOWN ON THIS TOPIC

� Conventional treatments for refractory lupus nephritis (LN)
often fall short of consistent effectiveness, with one-third of
patients experiencing relapses, and the potential side effects
posing significant challenges to medication adherence and
management.

� CD19-targeting chimeric antigen receptor (CAR) T products
(both CD19 and CD19-anti-B cell maturation antigen (BCMA)
targeting) have demonstrated effectiveness in inducing com-
plete remission in systemic lupus erythematosus, while the
knowledge of potential therapeutic efficacy of BCMA-targeting
strategy is still limited.

WHAT THIS STUDY ADDS

� Anti-BCMA only CAR T cell can treat LN patients safely and
effectively, indicating its potential to be a feasible therapeutic
strategy in treating autoimmune diseases with abnormal
humoral immune responses.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

This study indicates that anti-BCMA strategy is potentially effec-
tive for CAR T cell based therapy in treating refractory LN.

INTRODUCTION

Lupus nephritis (LN), one of the most severe organ manifesta-
tions of systemic lupus erythematosus (SLE), occurs in 25% to
50% of patients with SLE [1,2]. LN remains a significant cause
of morbidity and mortality in patients with SLE, with 5% to 30%
of patients with LN potentially progressing to end-stage renal
disease, which poses a life-threatening risk [3,4]. Conventional
treatment for LN, including glucocorticoids and immunosup-
pressive agents, such as cyclophosphamide (CTX) and mycophe-
nolate mofetil (MMF), are not uniformly effective, with
approximately 35% of patients who initially respond to treat-
ment experiencing a relapse [3].

The production of large amounts of pathogenic autoanti-
bodies by antibody-secreting cells (ASCs) derived from autor-
eactive B cells, and the following formation of immune
complexes either in situ or in circulation, are one of the fun-
damental contributors to SLE [2,5,6]. Most of the ASCs
exhibit low or absent expression CD20 and are predomi-
nantly located in bone marrow or inflamed tissues; therefore,
these ASCs may be refractory to anti-CD20-only biologics
with limited deep tissue depleting capacity, which might be
the reason of their poor therapeutic response in a part of
patients [7−10].

In the past few years, anti-CD19 chimeric antigen receptor
(CAR) T cell therapy has demonstrated effectiveness in deep
tissue depletion of targeted cells, and in inducing complete
clinical and serological remission in autoimmune diseases,
including SLE [8,11−13]. Currently, no study has evaluated
the efficacy of anti-B cell maturation antigen (BCMA)-only
strategy in treating LN, which is a molecule expressed on the
surface of ASCs (plasmablasts and plasma cells) and some
memory B cells [14]. Therefore, in this study, we initiated a
1676
single-arm study to evaluate the safety profiles and therapeu-
tic efficacy of a novel BCMA-only targeting CAR T cell prod-
uct in treating refractory LN.
METHODS

Study design and participants

This is an investigator-initiated, open-label, single-arm clini-
cal trial. The main inclusion criteria for this study are as follows:
(1) Participants aged 18 to 70 years; (2) A classification of SLE
in accordance with the European League Against Rheumatism/
American College of Rheumatology 2019 criteria [15]; (3)
Patients with active LN, confirmed by renal biopsy, specifically
classified as active, proliferative LN classes III to V, according to
the 2003 International Society of Nephrology/Renal Pathology
Society classification [16]; and (4) Failure to respond to multiple
therapies including glucocorticoids combined with 2 or more
immunosuppressants or biological agents (eg, mycophenolate
mofetil, cyclosporin A, cyclophosphamide, rituximab, belimu-
mab, and etc.). The main exclusion criteria for this study are as
follows: (1) Pregnant or breastfeeding women; (2) Patients with
severe extrarenal clinical manifestations such as lupus encepha-
lopathy, pulmonary haemorrhage, lupus myocarditis, lupus
enteritis, and lupus crisis; (3) Individuals with known allergies,
hypersensitivity, intolerance, or contraindications to any com-
ponents of BCMA CAR T cells or drugs that may be used in the
study; (4) Subjects with a malignant tumour within the past 5
years; (5) Subjects that have received the following drug therapy
within the prescribed time before apheresis: (a) Have received B
cell depleting agents such as rituximab treatment within 24
weeks; (b) Have received treatment with biologics (such as beli-
mumab, telitacicept, etc.) within 4 weeks or within 2 half-lives;
(c) Have received treatment with immunosuppressants or simi-
lar therapies within 2 weeks or 5 half-lives; (d) If long-term use
of systemic glucocorticoids is required within 2 weeks prior to
apheresis and during the study period, the dosage of the hor-
mone must not exceed 10 mg per day; (e) Have received plasma
exchange or immunoadsorption therapy within the past 24
weeks, or intravenous immunoglobulin (IVIG) treatment within
the past 4 weeks; (6) Having received or planning to receive live
vaccines/attenuated live vaccines within 4 weeks prior to aphe-
resis or during the study period; (7) Chronic and active hepatitis
B (HBV, excluding cases where the hepatitis B core antibody is
positive and HBV DNA test is below 500 IU/mL), hepatitis C,
HIV infection, or syphilis infection; (8) Subjects with other con-
ditions determined by the investigator to be unsuitable for lym-
phocyte clearance or cell infusion, or who are otherwise
unsuitable for study participation. The detailed inclusion and
exclusion criteria are provided in the study protocol (Supple-
mentary Table S1).
Outcome measures

The primary endpoint of this study focused on the safety pro-
files of anti-BCMA CAR T therapy. Adverse events (AEs) and
severe AEs (SAEs) were assessed by investigators according to
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Common Terminology Criteria for Adverse Events version 5.0.
Hypogammaglobulinemia was recorded. Cytokine release syn-
drome (CRS) and immune effector cell-associated neurotoxicity
syndrome (ICANS) were defined according to published criteria
[17]. The secondary endpoints included the efficacy of LN, as
evaluated by Systemic Lupus Erythematosus Disease Activity
Index-2000 (SLEDAI-2K) score [18], physician global assess-
ment (PGA) score [19], the functional assessment of chronic ill-
ness therapy fatigue (FACIT-F) score [20], and CAR expressions.
Key exploratory outcomes included the levels of autoantibodies,
renal function, immunoglobulins, and complements. Additional
details are provided in the supplemental materials.

CAR products, therapeutic procedure, and follow-ups

BCMA CAR T cells were produced for each patient individu-
ally (personalised therapy) by Shenzhen Pregene Biopharma
Co., Ltd, of which the CAR construct is comprised of a human-
ised anti-BCMA single domain antibody, along with the CD8α
hinge and transmembrane domains, a 4-1BB costimulatory
domain, and a CD3ζ activation domain (Supplementary Fig S1).

Before CAR T cells were infused on day 0, patients received
lymphodepleting chemotherapy (from day −5 to day −3) with
fludarabine (25 mg/m2/d) and cyclophosphamide (300 mg/m2/
d) after leukapheresis. All patients received a single dose CAR T
cell (2.5 × 106 cells/kg or 35 × 106 cells) infusion following
scheduled lymphodepletion regimen, specifically, 300 mg/m²/
day cyclophosphamide and 30 mg/m²/day fludarabine for 3 con-
secutive days (D-5 to D-3). During the whole procedure, the use
of immunosuppressants and biologics were discontinued, and the
dose of glucocorticoids was tapered to no more than 10 mg pred-
nisone per day prior to the leukapheresis. The prednisone dosage
was gradually reduced to 5 mg per day before the infusion and
subsequently discontinued within 1 month following the infusion.
Signs of CRS and ICANS were observed for at least 28 days after
cell infusion. To prevent the potential infections, IVIG was admin-
istered prophylactically to patients exhibiting IgG reduction with
infection risks (eg, recent viral outbreaks or household exposure).
Several infection-preventing measures were applied, including
strict laminar air flow isolation (during the first 14 days after infu-
sion) and postdischarge hygiene education. In order to avoid
potential nephrotoxicity exacerbation in LN patients, and balance
the infection prevention with minimising additional renal injury,
prophylactic antimicrobial treatment and renal protective agents
were discontinued during the trial. However, we implemented a
strict monitoring protocol: regular follow-up examinations were
conducted, and anti-infective agents were initiated only upon
confirmation of infection (clinical symptoms or microbiologically
confirmed pathogens), with dose adjustments guided by renal
function.

Patients were regularly followed up according to the proto-
col, with the longest follow-up duration extending to 12 months
postinfusion, in which therapeutic efficacy was evaluated, and
laboratory indices including titres of serum autoantibodies, lev-
els of urine protein, serum cytokine (interleukin-6), immunoglo-
bulins, complements, and composition of lymphocyte subsets
were detected. The copies of CAR and levels of soluble BCMA
(sBCMA) were also screened based on the schedule. Repeated
renal biopsy was made in patient 2 at the sixth month.

Detection of antibodies against certain pathogens

Vaccination antibody titres were examined via enzyme-
linked immunosorbent assay (ELISA) method based on stored
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(−80 °C) serum collected from participants at the corresponding
follow-up. IgG antibodies against measles (cut-off: 0.17
OD450nm) (optical density (absorbance) measurement at a wave-
length of 450 nanometers), mumps (cut-off: 0.15 OD450nm) and
coronavirus disease (COVID)-19 (cut-off: 10 AU/mL) were ana-
lysed with kits from Beier (catalogue number: 60019,60082)
and YHLO Biotech company (catalogue number: C86095G), sep-
arately. IgG antibodies against tetanus (cut-off: 0.09 OD450nm)
were detected with kit from Etebio (catalogue number: ET-
2019000). Antibodies against hepatitis B surface antigen (cut-
off: 10 mIU/mL) were analysed using an ELISA from Abbott.

Single cell RNA sequencing and statistical analyses

The single cell RNA sequencing (scRNA-Seq) of the periph-
eral T and B cells of patient 3 were performed and analysed pri-
marily based on the procedures illustrated in our previous study
[21]. Briefly, peripheral blood mononuclear cells of patient 3
before leukapheresis and at the third month after infusion were
separated for fluorescence-activated cell sorting (CD3+ for T
cells and CD19+ for B cells). The 10X Genomics platform was
applied for scRNA-Seq library construction. Gene quantifications
were realised with CellRanger software and further analysed pri-
marily with R package Seurat and scRepertoire, and annotated
based on known marker genes. Gene set variation analysis
(GSVA) based on the Gene Ontology Biological Process database
at single cell level were performed with the GSVA package.
Paired comparisons of laboratory indices between 2 different
time points were performed with paired Wilcoxon rank-sum
test, and a P value <0.05 (2-sided) was regarded as statistic sig-
nificant. Visualisation of individual clinical laboratory data, and
their descriptive analyses were conducted with Prism software.

RESULTS

Patient characteristics

Seven patients (5 females and 2 males) with SLE were
enrolled in this study, with a median age of 35 years (range 27-
61), confirmed with LN via renal biopsy (median time before
infusion: 1.5 months, ranging from 1 to 5). Specifically, 4
patients (patients 1, 3, 6, and 7) were classified as class IV,
whereas the remaining 3 patients (patients 2, 4, and 5) were
classified as class III+V, III, IV+V, separately. All patients had
previously been exposed to several drugs, including glucocorti-
coid (7/7), C (5/7), MMF (6/7), CTX (4/7), cyclosporin A (4/7),
tacrolimus (4/7), belimumab (2/7), and telitacicept (3/7). Addi-
tionally, 3 patients (patients 2, 3, and 7) have received plasma
exchange treatment (Table 1, Fig 1A). Despite the repeated
treatment of oral glucocorticoids and immunosuppressants or
biologics previously, patients enrolled in this study continued to
exhibit high disease activity, as indicated by a median SLEDAI-
2K score of 18 (range 10-22).

Therapeutic efficacy and safety profiles

After lymphodepletion, produced CAR T cells were infused
on day 0 (Fig 1A). The dynamics of CAR copies and sBCMA lev-
els were recorded in Figure 1B, which indicated a median 3
months duration of CAR T cells and realisation of the elimina-
tion of BCMA expressing cells within 60 days. All 7 patients
demonstrated a significant decrease in their SLEDAI-2K scores
(Fig 1C, Supplementary Table S2), of which the median values
declined from 18 (ranging from 10 to 22) at baseline to 0



Table 1
Patient characteristics at baseline

Pat. 1 Pat. 2 Pat. 3 Pat. 4 Pat. 5 Pat. 6 Pat. 7

Demographics
Sex F M F F F M F
Age 61 33 44 38 27 35 37
Disease duration (y) 10 12 1 2 5 0.33 6
Follow-up (mo) 12 12 9 6 6 6 6
SLEDAI-2K 20 10 22 18 18 12 18

Laboratory values (baseline)
Haemoglobin (g/L) 86 139 128 109 96 98 85
White blood cells (103 N/μL) 8.58 5.31 12.6 6.96 5.1 5.9 7.05
Lymphocytes (103 N/μL) 1.33 1.28 0.87 1.26 0.86 1.08 1.09
Platelets (103 N/μL) 126 248 306 189 242 185 276
C3 (g/L) 0.41 0.9 0.46 0.64 0.45 0.83 0.42
ANA (titre) 1000 1000 320 1000 1000 100 320
Anti-dsDNA (IU/mL) 10.1 13.23 48.47 11.36 31.75 11.04 11.31

Urine
Proteinuria (g/24 h) 1.24 1.10 12.22 1.95 1.14 7.28 7.0
Protein/creatine (μg/mg) 1.95 0.50 3.36 0.96 0.72 8.25 4.81
RBC count (N/μL) 71.8 4 289.1 59.2 9.5 187 92
WBC count (N/μL) 0.6 1 795.6 87.7 63.8 21.1 93.6
Pathological tube type (N/μL) 0 0 5.5 0.1 5.5 0.1 5.5
Renal biopsy stage IV III + V IV III IV + V IV IV

Treatment
Glucocorticoid + + + + + + +
Hydroxychloroquine + + + + + − −
Mycophenolate Mofetil + + + + + + −
Cyclophosphamide + + − − − + +
Tacrolimus − + + − + − +
Cyclosporin A + − − + + − +
Belimumab + − − − − − +
Telitacicept − − + + − + −
PLEX − + + − − − +

ANA, antinuclear antibody; anti-dsDNA, anti-double-stranded DNA antibody; C3, complement compo-
nent 3; Pat, patients; PLEX, plasma exchange; RBC, red blood cell; SLEDAI-2K, Systemic Lupus Erythe-
matosus Disease Activity Index 2000; WBC, white blood cell.
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(ranging from 0 to 4) at the last follow-up. Significant decrease
of PGA (from 2.5 at baseline, ranging from 2 to 3, to 0 at the last
follow-up, ranging from 0 to 0.5) and elevation of FACIT (from
28 at baseline, ranging from 6 to 39, to 44 at the last follow-up,
ranging from 32 to 50) median scores were also observed (Sup-
plementary Fig S2A). Five patients satisfied the definition of
remission in systemic lupus erythematosus (DORIS) complete
remission (CR) criteria at the last follow-up, and all 7 patients
met the Lupus Low Disease Activity State criteria 6 months post-
infusion. Among these patients, patient 1 and patient 2 achieved
drug-free remission at the second and first month, respectively,
and maintained this state without recurrence until the 12th
month postinfusion. Patient 5 also achieved drug-free remission
in the second month and maintained it until the ninth month,
while patient 4 and 6 both achieved DORIS CR at month 9. Sig-
nificant disease improvements were observed in both patients 3
and 7. In these patients, serum albumin levels came back to nor-
mal at the sixth month, and urinary protein levels decreased
from 12.21 g/24 h to 2.79 g/24 h at the ninth month and from
7.03 g/24 h to 2.39 g/24 h at the sixth month, respectively
(Fig 1C-E; Supplementary Fig S3). Levels of immunoglobulins
(IgG, IgM, and IgA) and titres of autoantibodies (eg, anti-dsDNA,
anti-Ro52, anti-SSA, and anti-U1-RNP) decreased rapidly and
significantly in all 7 patients following CAR T cell infusion,
accompanied with increase of complement levels throughout
the follow-up period (Fig 1D; Supplementary Fig S2B). A signifi-
cantly lower total level of 24-hour urine protein and urine pro-
tein-to-creatinine ratio were also observed at sixth month after
infusion, while limited changes in the estimated glomerular
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filtration rate were detected (Fig 1E). Repeated renal biopsy of
patient 2 further revealed significant reduction of immunocom-
plex deposition and improvements in the disease condition
(Fig 1F).

For the safety profile of BCMA-targeting CAR T cell therapy
(Tables 2 and 3), during the therapeutic process, no instances of
ICANS or severe infections related to CAR T cell therapy were
reported. Only one case of grade 1 CRS was observed. Fever
(<38 °C) lasting no more than 3 days was observed in 6 patients
following cell infusion, whereas fever exceeding 38 °C (no more
than 39.5 °C) was noted only in 1 patient (patient 6). All instan-
ces of fever were effectively managed through physical cooling
or the administration of non-steroidal anti-inflammatory drugs
(Supplementary Fig S3). Haematological toxic effects (leukope-
nia and neutropenia) were noted in relation to lymphodepletion
regimen, and were resolved within 4 weeks. Titres of vaccina-
tion antibodies were also examined (Supplementary Fig S4),
which revealed that the majority of patients exhibited decreased
pathogen-specific antibody (measles, mumps, tetanus, COVID-
19, and HBV) levels following CAR T treatment. However, it is
worth mentioning, that patient 3 experienced a COVID-19 infec-
tion near the third month follow-up, in which an elevated titre
of anti-COVID-19 antibody compared with that at baseline was
detected. Despite no severe infection occurred, hypogammaglo-
bulinemia was observed in all 7 cases, for which IVIG supple-
mentations were performed (Supplementary Table S3).

The dynamics of peripheral B cells after infusion may help
explain the therapeutic effects and safety profiles of BCMA CAR
T cells (Fig 2A). Peripheral B cells were totally depleted within



Figure 1. Therapeutic efficacy of BCMA CAR T therapy in treating refractory LN. A, Information of medication before screening, therapeutic process,
and follow-up of enrolled patients. B, Dynamics of copy numbers of CAR gene, and levels of soluble BCMA. C, SLEDAI-2K. D, Levels of serum immuno-
globulins, complement, and autoantibodies during the follow-ups. Note: The dashed line on plots of C3 and C4 indicated their lower limit of normal
(LLN). E, Renal function: levels of 24-hour urine protein, UPCR, serum creatinine, and eGFR during the follow-ups. F, Representative histopathological
images before and after CAR T cell infusion of patient 2. BCMA, anti-B cell maturation antigen; CAR T, chimeric antigen receptor T cell; C4, comple-
ment component 4; C3, complement component 3; eGFR, estimated glomerular filtration rate; LN, lupus nephritis; SLEDAI-2K, Systemic Lupus Erythe-
matosus Disease Activity Index 2000; UPCR, urine protein-to-creatinine ratio.
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the first month after infusion, and returned to normal levels
within 3 months in 5 of 7 patients. In patient 7, level of B cells
returned to normal at the sixth month postinfusion. Although B
cells in patient 1 remained nearly undetectable at the 12th
month after infusion, her drug-free remission state was main-
tained. An in-depth analysis of the reconstructed immune phe-
notyping of B cells in these 7 patients revealed that the majority
of the reconstituted B cells are naive B cells (CD19+CD27-IgD
+), comprising more than 90%. Nonswitched memory B cells
(CD19+CD27+IgD+) gradually returned to normal levels
within 2 to 3 months, and the number of switched memory B
cells (CD19+CD27+IgD−) and plasmablasts (CD19+CD27
+CD38high) also recovered gradually. scRNA-Seq was also
applied to investigate the changes of immune receptor reper-
toire and functional phenotypes of lymphocytes after CAR T cell
infusion in patient 3 sorted T and B cells before leukapheresis
and at the third month postinfusion were sequenced, clustered,
and annotated based on known markers (Fig 2B) [22−24].
Decreased ratios of memory B cells, CD8+ effector memory T
cells (Tem), and CD4+ Tem were observed, whereas the ratios
of other annotated cell types increased (Supplementary
Fig S5A). Decreased clonal abundance and diversity in both B
cell receptors (BCRs) and T cell receptors can be observed
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(Fig 2C). V-gene usage and top clones also changed after infu-
sion, particularly in the BCR (Fig 2D, Supplementary Fig S5B).
The single cell GSVA analyses further revealed significant lower
scores of Janus kinase activation, and monocyte chemotaxis pro-
cesses in both B cells and CD4+Tem cells at third month postin-
fusion, indicating a relative lower proinflammatory status of
lymphocytes (Fig 2E). In addition, B cells and CD4+Tem at the
third month after infusion showed an increased antigen presen-
tation process score and an increased B cell chemotaxis score,
respectively. Significant decrease of signatures of response to
interferon (IFN)-α and IFN-β in B cells at the third month after
infusion were also observed (Supplementary Fig S6).

DISCUSSION

Although B cell-targeting biologics (eg, rituximab and beli-
mumab) have been successfully applied in the treatment of LN,
repeated therapies are needed, and not all patients respond well
to them [25−27]. These may result from several limitations of
biologics: the limited capacity of deep tissue penetration and/or
the inability of targeting pathogenic auto-ASCs. BCMA is a mole-
cule expressing on ASCs and some mature B cell subsets, indicat-
ing its potential to be the target of B cell depletion therapy.



Table 2
Short-term safety of BCMA CAR T therapy in LN

Events ALLa Pat. 1 Pat. 2 Pat. 3 Pat. 4 Pat. 5 Pat. 6 Pat. 7

CRS (grade) 1 0 0 0 0 0 1 0
ICANS (grade) 0 0 0 0 0 0 0 0
TOC treatment (N) 0 0 0 0 0 0 0 0
GC treatmentb (N) 0 0 0 0 0 0 0 0
Low IgG (N) 7 1 1 1 1 1 1 1
IgG substitution (N) 5 1 1 1 0 0 1 1

BCMA, anti-B cell maturation antigen; CAR T, chimeric antigen receptor T; CRS, cytokine release
syndrome; GC, glucocorticoid; ICANS, immune effector cell-associated neurotoxicity syndrome;
IgG, immunoglobulin G; IVIG, intravenous immunoglobulin; LN, lupus nephritis; N, number; Pat,
patients; TOC, tocilizumab.
Among the 7 patients, only 1 case developed CRS (grade 1), and no ICANS was observed. Regard-
ing therapeutic management, none of the patients received tocilizumab after CAR T cell infusion.
All 7 patients exhibited serum IgG hypogammaglobulinemia (<8 g/L), and 5 patients received
IgG substitution (IVIG).

a The total number of events that occurred among the 7 patients.
b Glucocorticoid therapy was administered to control CRS. No glucocorticoid was used postin-

fusion to control CRS (as illustrated in Fig 1A, glucocorticoid was tapered to 5mg/day at the time
of CAR T cell infusion, and subsequently discontinued within one month following the infusion).
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Alexander et al [28] reported that teclistamab, a BCMA/CD3 bis-
pecific antibody, induced rapid depletion of autoreactive B cells
and plasma cells in refractory SLE, achieving complete clinical
remission with normalised serological markers in a case study.
This promising case highlights the potential efficacy of targeting
BCMA in treating SLE. Additionally, Tur et al [8] demonstrated
that CAR T cells exhibit enhanced tissue infiltration compared
to rituximab, enabling elimination of B cells within secondary
lymphoid tissues. Furthermore, M€uller et al [29] recently
reported a case of anti-CD19 CAR T-refractory idiopathic inflam-
matory myositis patient who responded to anti-BCMA CAR T
therapy, further indicating the potential efficacy of anti-BCMA
CAR T in autoimmune diseases. Effective treatment using a
CD19/BCMA dual targeting strategy has been observed in SLE
[30]. However, whether narrower-spectrum B cell depletion
realised via a BCMA-only targeting strategy could also achieve
comparable therapeutic efficacy is still unclear. Therefore, this
study may not only offer a novel therapeutic paradigm for SLE,
but also advance mechanistic insights into LN’s pathogenesis by
Table 3
Overall safety of BCMA CAR T therapy in LN

30 days post-CAR T i

Adverse events Any grade (all patients) G

AE haematologic
Leukopenia 7 (100%) 6
Neutropenia 6 (85.7%) 6
Lymphocytopenia 7 (100%) 7
Anaemia 7 (100%) 4

AE infections
COVID-19 infection 0 (0%) 0
Herpes zoster virus infection 0 (0%) 0
Oral herpes simplex virus infection 1 (14.3%) 0

AE gastrointestinal
Nausea/vomiting 5 (71.4%) 0
Diarrhoea 1 (14.3%) 0

AE others
Fever 5 (71.4%) 0
Hypotension 0 (0%) 0
AST increased 2 (28.6%) 0
ALT increased 3 (42.9%) 0

AE, adverse event; ALT, alanine aminotransferase; AST, aspartate amin
ric antigen receptor; LN, lupus nephritis.

1680
dissecting the differential roles of B cell subsets in disease pro-
gression.

Significant improvements in clinical symptoms and labora-
tory indicators were observed in all 7 patients with LN. Notably,
5 of these patients achieved drug-free CR, and 3 of them have
maintained for more than 6 months. Furthermore, no obvious
immune complex deposition was observed in the renal tissue of
patient 2 at 6 months postinfusion. These findings indicate the
preliminary clinical efficacy of BCMA CAR T therapy in the
treatment of LN. Although clinical symptoms and laboratory
indicators improved in all patients after CAR T treatment, the
urine protein levels of 2 patients did not decrease below the
upper limit of normal, which might be related to the potential
irreversible damage existed before CAR T therapy. However, the
specific cause and whether CAR T therapy should be applied at
an earlier stage of the disease to avoid the potential irreversible
tissue damage remain to be explored.

In addition to significant therapeutic efficacy, in our study,
no SAEs related to CAR T cell therapy were reported throughout
nfusion >30 days post-CAR T infusion

rade 3 or higher Any grade (all patients) Grade 3 or higher

(85.7%) 3 (42.9%) 1 (14.3%)
(85.7%) 3 (42.9%) 2 (28.6%)
(100%) 3 (42.9%) 1 (14.3%)
(57.1%) 7 (100%) 1 (14.3%)

(0%) 1 (14.3%) 0 (0%)
(0%) 2 (28.6%) 0 (0%)
(0%) 0 (0%) 0 (0%)

(0%) 0 (0%) 0 (0%)
(0%) 1 (14.3%) 0 (0%)

(0%) 1 (14.3%) 0 (0%)
(0%) 0 (0%) 0 (0%)
(0%) 2 (28.6%) 0 (0%)
(0%) 2 (28.6%) 0 (0%)

otransferase; BCMA, anti-B cell maturation antigen; CAR, chime-



Figure 2. Features of peripheral lymphocytes during the BCMA CAR T therapy. A, Dynamics of B cells and B cell subsets during the follow-up. Note:
Ratios of B cell subsets were derived from the cell number of subsets/number of CD19+ B cells. B, Annotated UMAP of the sequenced CD3+ and
CD19+ cells sorted from the peripheral blood patient 3 before leukapheresis and 3 months after infusion. C, Abundances and composition of clones
with different TCR and BCR sizes from different samples. D, The V-gene usage of BCR heavy chains (up) and TCR β chains (down). E, Single cell GSVA
analyses based on GO BP database of all CD19+ B cells, and CD4+ effector memory T cells (Tem). BCMA, anti-B cell maturation antigen; BCR, B cell
receptor; BP, biological process; CAR T, chimeric antigen receptor T cell; CD, cluster of differentiation; GO, gene ontology; GSVA, gene set variation
analysis; TCR, T cell receptor; Tem, effector memory T cells; UMAP, uniform manifold approximation and projection.
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the follow-up period. Cytopenia was one of the most prevalent
AEs observed in our patients, typically occurring in the initial
days postinfusion, possibly attributable to lymphodepletion
therapy. Hypoimmunoglobulinemia was another common side
effect observed in this study. Notably, Frerichs et al [31]
reported that IgG supplementation (<4 g/L) in teclistamab-
treated myeloma patients significantly reduced infection rates,
providing reference for postimmunosuppressive therapy man-
agement. There is no report on the IgG supplementation strategy
after CAR T treatment for autoimmune diseases. In this trial, in
order to prevent severe infections related to CAR T therapy,
strict laminar airflow isolation was implemented from lympho-
depletion initiation through day 14 postinfusion in all patients,
complemented by postdischarge hygiene education. IVIG was
prophylactically administered to patients exhibiting IgG reduc-
tion with concurrent infection risks/signs. Although several
infection-related AEs, primarily involving herpes zoster virus,
oral herpes simplex virus and COVID-19 infections, were still
reported, none of these cases required hospitalisation. Remark-
ably, none of the patients developed ICANS, and only one case
of grade 1 CRS was recorded, possibly due to the lower antigen
burden in LN compared to multiple myeloma (MM). The number
of plasma cells in LN patients is significantly less than that in
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MM patients, as evidenced by the baseline levels of sBCMA in
LN (median 13504.7 pg/mL) were markedly lower than those
reported in MM patients (median >100000 pg/mL) [32,33].
Overall, the AEs observed throughout the study were manage-
able, indicating that BCMA CAR T cell therapy is relatively safe.

Although CAR T cell therapy has offered a promising new
direction for achieving drug-free remission in patients with
autoimmune diseases, it is crucial to consider the long-term
preservation of normal immune cells and to further reduce the
risk of infection [34]. In our study, a continuous reduction of
autoantibodies accompanied with increasing serum IgG and IgM
levels and a relatively rapid recovery of the peripheral B cell
pool were recorded in the majority of enrolled patients, which
might be one of the potential reasons that no severe infection
occurred during the study. The elevation in the anti-COVID-19
titre in patient 3 after infection at the third month postinfusion
may also indicate the recovery of capacity of the humoral
immune response within a relatively short period of time after
anti-BCMA CAR T cell infusion.

This study has limitations. First, this study is an investigator-
initiated, single-arm clinical trial with a small sample size.
Research with larger sample sizes and longer follow-up periods
is needed to further confirm the safety and efficacy of BCMA
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CAR T cell therapy. Second, we did not explore the potential rea-
sons for anti-BCMA CAR T cell persistence in LN patients.
Peripheral CAR gene detection accompanied with the absence
of B cell recovery and the low sBCMA levels was observed in 2
patients even 6 months after infusion, which potentially resulted
from the long-term persistence or reactivation of functional CAR
T cells. The persistence of CAR T cells was reported to have asso-
ciations with the features of preinfusion CAR T products, in
which CD4+ CAR T subsets exhibiting upregulated CD44/cyto-
toxic molecules (granzyme A and granulysin, GZMA/GNLY) and
low L-selectin expression. This suggested that CAR T persistence
may depend on autologous cell differentiation states, particu-
larly CD4+ T cell subsets [35]. The functional persistence might
be a key characteristic of durable clinical responses in leukae-
mias [36]. The precise reason and clinical indication of this
persistence in SLE patients remain to be elucidated. Third,
despite our prophylactic IgG supplementation strategy seemed
to prevent patients from infections efficiently; however, the
different immunology states among different diseases and
patients necessitate further validation in large cohorts to
determine optimal IgG supplementation strategies for certain
conditions. In addition, it should also be mentioned that
BCMA-only targeting may not be suitable for all refractory LN
patients due to the complexity of LN’s immunopathogenesis,
and further studies focusing on the immune/molecular pheno-
types and strategies for precise CAR selection for individual
LN patient are recommended.

In summary, our data demonstrate that anti-BCMA CAR T cell
therapy can deplete B cells in patients with LN, promote immune
reconstitution, and induce drug-free remission safely and effec-
tively, indicating the feasibility of BCMA-only-targeting strate-
gies for treating autoimmune diseases with abnormal humoral
immune responses using CAR products.
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A B S T R A C T

Objectives: To evaluate brain functional connectivity (FC) with resting-state magnetic resonance
imaging (rs-fMRI) in adolescents with childhood-onset systemic lupus erythematosus (cSLE)
compared to healthy controls (HCs) and to evaluate associations among FC, disease characteris-
tics, and cognitive performance.
Methods: Patients with cSLE aged 11 to 17 years, and age- and sex-matched HCs, underwent
rs-fMRI at 3T and clinical (current and cumulative cSLE activity and glucocorticoid dose, anti-
dsDNA positivity, nephritis diagnosis) and cognitive (attention, working memory, processing
speed, inhibition) data collection. Group differences in FC between brain regions of interest
(ROI) within/across resting-state networks as well as associations between FC and clinical and
cognitive variables were evaluated with age-adjusted general linear models. Analyses were cor-
rected for multiple comparisons with family-wise error (FWE) methods (threshold-free cluster
enhancement P-FWE < .05, individual pairs of ROI connections P < .01).
Results: Participants included 60 patients (14.9 ± 1.84 years, 52 females) with cSLE and 59 HCs.
Patients had lower FC compared to HCs in frontoparietal connections that were exacerbated in
subgroups with active cSLE features (all P-FWE ≤ .049). In cSLE patients, lower FC in frontocere-
bellar connections were associated with higher cumulative disease activity and glucocorticoid
use (P-FWE ≤ .018). Positive associations were found between FC in frontoparietal−occipital
connections and processing speed scores in cSLE patients (P-FWE= .010) but not in HCs.
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Conclusions: Adolescents with cSLE, compared to HCs, exhibited lower brain FC in frontoparietal
regions of the dorsal attention and somatosensory regions, which was associated with greater
disease activity. Higher FC in frontoparietal−occipital regions, critical for visual attention, was
associated with better processing speed, which could be compensatory to disease effects.
WHAT IS ALREADY KNOWN ON THIS TOPIC

� Diffuse neuropsychiatric manifestations, such as cognitive dys-
function, are prevalent in patients with systemic lupus erythe-
matosus (SLE), yet clinical care is challenging due to the
limited accuracy of clinical diagnostic tools.

� Resting-state functional magnetic resonance imaging (rs-fMRI),
measuring the intrinsic functional organisation of the brain,
has shown brain abnormalities in adults with SLE with and
without clinical diagnosis of neuropsychiatric SLE.

� Rs-fMRI studies are needed in childhood-onset SLE (cSLE) to
better understand the impact of cSLE on the developing brain.

WHAT THIS STUDY ADDS

� The results of this rs-fMRI study examining brain function in
adolescents diagnosed with cSLE indicate that regional func-
tional brain abnormalities may occur early in the disease
course.

� Higher disease activity and cumulative glucocorticoid doses
could be drivers of abnormal brain function.

� Moreover, brain functional changes associate with performance
in cognitive domains such as processing speed through visual
pathways.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

� The study identifies frontoparietal brain regions as early indica-
tors of atypical brain function and abnormal neurodevelopment
in cSLE that might inform clinical radiological readings.

� Given that neurodevelopment in youth shapes functional brain
organisation in adults, this study emphasises which brain
regions could be targets of future neurocognitive training ther-
apies in SLE.

� It also highlights the need for further neuroimaging research in
children with cSLE, specifically of longitudinal studies evaluat-
ing brain function changes with disease evolution and treat-
ment.
INTRODUCTION

Neuropsychiatric manifestations are highly prevalent (over
50%) in patients with systemic lupus erythematosus (SLE), and
they tend to be more severe when diagnosed in childhood-onset
(cSLE) compared to adult-onset patients [1,2]. A wide range of
symptoms have been described in association with neuropsychi-
atric SLE (NPSLE). Diffuse symptoms such as headaches and cog-
nitive dysfunction (CD) are the most common but are difficult to
definitively attribute to NPSLE as they are driven by multiple
pathologic mechanisms [3]. Affected cognitive domains in SLE
include attention, processing speed, and executive functioning
(eg, working memory, inhibition) [4]. In children, NPSLE can
occur in approximately 15% to 95% of cSLE patients [2], who
may be at high risk for disease damage and persistent CD [5].
However, our clinical tools, including conventional magnetic
resonance imaging (MRI) have limited accuracy for clinical
NPSLE diagnosis, and its underlying mechanisms remain poorly
understood.
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Brain function in patients with SLE can be examined by mea-
suring changes in the blood oxygen level-dependent (BOLD) sig-
nal, a proxy of regional neuronal activity, with functional MRI
(fMRI). Temporal correlations between functionally connected
regions, referred as functional connectivity (FC), can be mea-
sured with resting-state fMRI (rs-fMRI), and they can reveal the
intrinsic functional organisation of the brain [6,7]. Furthermore,
rs-fMRI is especially suitable for evaluating brain function in
paediatric populations and in patients who may have difficulties
following task instructions [8]. Functional brain abnormalities
have been detected in a number of regions across large-scale net-
works in adult patients with and without clinical NPSLE. Some
studies have yielded heterogeneous results (eg, hypo- and hyper-
connectivity across frontoparietal and hippocampal regions in
SLE patients versus controls) [9−12], and connections to the
frontal cortex have been associated with disease characteristics,
mostly to active/flaring status in SLE patients [12−15]. This het-
erogeneity could be related to differences in imaging and analyt-
ical protocols. Nevertheless, the reliability of rs-fMRI to study
SLE populations is supported by a recent whole-brain rs-fMRI
meta-analysis study spanning different types of rs-fMRI analyses
that reported higher FC in the bilateral hippocampus and right
superior temporal gyrus and lower FC in the left superior/infe-
rior frontal and middle temporal gyrus, right cerebellum, and
thalamus as common abnormalities in patients with SLE com-
pared to healthy controls (HCs) [16]. Few studies have specifi-
cally evaluated FC related to cognitive performance in SLE and,
again, their results are heterogeneous (eg, higher and lower FC
within and across frontoparietal, and medial temporal cortical
regions of the default mode and task-positive networks corre-
lated with various cognitive functions) [9,10,17,18] This may
also suggest the co-occurrence of adaptive (ie, compensatory
mechanisms including cortical reorganisation to partially limit
cognitive/clinical deficits) and maladaptive (ie, detrimental
changes to overall brain function, potentially leading to cogni-
tive/clinical deficits) responses within networks, which might
vary according to SLE patients’ clinical characteristics, as it has
been postulated in other neurological conditions [19]. Further-
more, modest sample sizes and not addressing medication
effects have been indicated as common deficiencies in prior
work [20].

Additionally, there is a paucity of rs-fMRI studies in cSLE
populations and, to date, only 2 task-based fMRI studies have
evaluated brain function in small cohorts of children with cSLE
[21,22]. These 2 studies reported greater activation of regions
involved in attention (insula and superior temporal gyrus),
working memory (parietal inferior gyrus), language (somatosen-
sory cortex), and visuoconstructional ability (occipital and fron-
tal cortices) in response to task-based stimuli and
undersuppressed activity in the hippocampus and medial pre-
frontal cortex at rest in patients with cSLE with and without CD
compared to controls. Generally, children and adolescents with
cSLE are early in the disease course, have fewer confounding
disease effects, little presence of comorbid conditions, and could
evolve into more aggressive disease phenotypes compared to
adults. Hence, they are the ideal population to understand early
brain functional changes in patients with SLE. The aims of our
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study therefore were to (i) examine if there are brain FC differ-
ences in adolescents with cSLE and HCs; (ii) evaluate if FC is
associated with disease characteristics and glucocorticoid treat-
ment in cSLE; and (iii) evaluate if FC is associated with cognitive
performance in patients and controls and if these associations
differ between groups.
METHODS

Study design and participants

This cross-sectional study utilised baseline data from a pro-
spective longitudinal study examining the effects of cSLE on the
structure and function of the developing brain conducted at The
Hospital for Sick Children in Toronto, Canada. Patients between
10 and 17 years of age were consecutively recruited from the
outpatient lupus clinic and age- and sex-matched HCs were
recruited via advertising. Inclusion criteria for patients with
cSLE included meeting 1997 American College of Rheumatology
(ACR), System Lupus International Collaborating Clinics
(SLICC), or 2019 European League Against Rheumatism/ACR
SLE classification criteria [23−25]. Exclusion criteria for
patients and HCs were a history of head trauma, current psycho-
tropic medication use, and major hearing/vision problems or
English language barriers that preclude the completion of cogni-
tive assessments. Additional exclusion criteria for HCs were
chronic illness, major neuropsychiatric conditions that signifi-
cantly affect cognition, and glucocorticoid use. The study was
approved by the institutional Research Ethics Board, and all par-
ticipants and their parents provided written informed consent
and/or assent as appropriate.
Study measures

Demographic and clinical variables
Collected demographic variables were age, biological sex,

self-reported ethnic or cultural origins, and level of education
(eg, sixth grade is equivalent to 6 years of education). Data col-
lection on ethnicity and Indigenous identity was categorised as
Black, East Asian, Indigenous, Latin American, Middle Eastern,
South Asian, Southeast Asian, White, or another ethnicity-based
category, including multiple categories, in agreement with
Canadian Institute for Health Information standards [26]. cSLE-
related data included the following: SLE Disease Activity Index
2000 (SLEDAI-2K) collected most proximal to MRI scan date
(within 2 months prior or following MRI scan date) with active
disease defined as SLEDAI-2K ≥ 4; adjusted mean SLEDAI-2K
(AMS), which is a cumulative measure of disease activity calcu-
lated as the area under the curve of SLEDAI-2K over time for the
past 2 years or since cSLE diagnosis [27], whichever is shortest;
presence of disease damage defined as SLICC/ACR Damage
Index > 0; disease duration (from diagnosis date to MRI scan
date); presence of anti-dsDNA antibodies (positive > 35 IU/mL
from blood test most proximal to MRI scan date, range values of
9.8-666.9 IU/mL); proportion of patients with lupus nephritis
(biopsy-proven or clinician diagnosis when biopsy unavailable);
clinical NPSLE diagnosis (NPSLE manifestations requiring diag-
nostic work-up, eg, psychiatric consultation and/or neuroimag-
ing, requiring specific treatment and demonstrating treatment
response), and documented NPSLE concern (suspected NPSLE
requiring diagnostic work-up, but subsequently not given clini-
cal NPSLE diagnosis with specific treatment and documented
response); current and cumulative glucocorticoid doses
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(prednisone equivalent dose in milligrams); and other current
treatments.

Cognitive assessments
The following cognitive domains were assessed for all partici-

pants: visual attention, working memory, processing speed, and
inhibition. Visual attention, specifically inattentiveness, was
evaluated with the combined detectability, omissions, and com-
missions T-scores from the Conners Continuous Performance
Test Third Edition (higher scores mean higher inattentiveness)
[28]. Auditory working memory was assessed with the com-
bined digit-span and letter-number sequencing scaled scores
from either the Wechsler Intelligence Scale for Children Fifth
Edition or the Wechsler Adult Intelligence Scale Fourth Edition,
and lower scores indicate worse working memory [29]. The
Delis−Kaplan Executive Function System-Color-Word Interfer-
ence (DKEFS-CWI) test, specifically the naming/reading com-
bined scaled score was utilised as a proxy for processing speed,
because deficits in processing speed have been reported as sig-
nificant contributors to decreased performance on these tasks
[30,31]. Inhibition was evaluated with the DKEFS-CWI inhibi-
tion and inhibition/cognitive flexibility contrast scaled scores
(minus naming/reading scores) [31,32]. For the DKEFS-CWI
test, lower scores indicated worse performance.

MRI acquisition, preprocessing, and analysis
Brain MRI was performed on a 3T Siemens Prisma Fit scanner

with a 32-channel head coil and included whole-brain rs-fMRI,
high-resolution T1-weighted anatomical, and dual-echo gradi-
ent-recall echo MRIs. Technical parameters for these acquisi-
tions are described in the Supplementary Material (Acquisition
Parameters). Anatomical and functional MRIs were prepro-
cessed with the integrative software pipeline fMRIPrep, and all
subsequent analyses were carried out with CONN 22.a in Mat-
LabR2022. For further details on MRI preprocessing, see the
Supplementary Material (fMRI Preprocessing-Technical Details)
[33−35]. Voxel-wise group independent component analysis
(ICA) was performed with G1 FastICA and GICA3 back-projec-
tion algorithm [36]. The total number of independent compo-
nents was chosen in agreement with prior work [9];
components that spatially overlapped with CONN resting-sate
networks were selected with a template-matching procedure
and visually inspected [37]. Group maps of selected components
were thresholded to z = 3.29 (P < .001) and converted into net-
work ROIs. Then, ROI-to-ROI FC matrices were calculated for all
participants.

Statistical analyses

Demographics were compared between groups using inde-
pendent samples t-tests, chi-square test, or Mann−Whitney U
tests, and cognitive variables were compared with analyses of
covariance (ANCOVA) adjusted for education levels. ROI-to-ROI
FC differences between patients and HCs and between patient
subgroups classified according to features of ‘active’ disease and
HCs were evaluated with age-adjusted general linear models.
Post hoc sensitivity analysis was performed by removing
patients with a clinical NPSLE diagnosis and NPSLE symptoms
of concern and rerunning the main group analysis. Associations
between FC and disease duration, current and cumulative dis-
ease activity scores, and glucocorticoid doses as well as their
interactions were evaluated in the full cSLE group. Associations
between FC and cognitive performance were evaluated in each
group with age- and education-adjusted regression models and



Table
Demographics and clinical characteristics for cSLE and healthy control groups

Demographic variable, median (IQR) cSLE (n = 60) HC (n = 59)

Age (y) 16 (13-16) 15 (14-16)
Biological female sex, n (%) 52 (86.7) 49 (83.1)
Ethnicity-based categories, n (%)a

Black 8 (13.3) 4 (6.8)
East/South/Southeast Asian 12 (20) / 9 (15) / 8 (13.3) 5 (8.5) / 5 (8.5) / 2 (3.4)
Latin American 2 (3.3) 5 (8.5)
White 15 (25) 35 (59.3)
Otherb 3 (5) 0
Multiple categories 3 (5) 3 (5.1)

Education level (y) 10 (9-12) 11 (9-12)
Disease characteristics, median (IQR)
Duration (years since diagnosis) 0.93 (0.60-1.82) -
SLEDAI-2K (current activity) 2.5 (0.75-5.25) -
AMS (cumulative activity) 3.0 (1.48-7.03) -
SDI (damage) 0 (0,0) -
Anti-dsDNA positive, n (%) 35 (58.3) -
Nephritis diagnosis, n (%) 23 (38.3) -
NPSLE diagnosis, n (%) 2 (3.3) -
Current glucocorticoid dose (mg) 0 (0,10) -
Cumulative glucocorticoid dose (×103 mg) 1.89 (0-6.03) -
Immunosuppressant treatment, n (%) Mycophenolate mofetil, 26 (43.3) Azathioprine, 3 (5.0)

Methotrexate, 2 (3.3)
-

Cognitive assessments, median (IQR)
CPT-3 (attention) 45 (41.1-52.7) 48 (44.2-56.5)
WISC/WAIS (auditory working memory) 10 (8-11.1) 10 (8.5-12.0)
DKEFS-CWI (processing speed)a 10.5 (8-12) 11 (10-12)
DKEFS-CWI (inhibition) 11 (9.75-12) 11(9-12)
DKEFS-CWI (inhibition/switching) 10 (9-12) 10 (9-12)

AMS, adjusted mean SLEDAI-2K; ANCOVA, analyses of covariance; cSLE, childhood-onset systemic lupus erythematosus; HC,
healthy control; NPSLE, neuropsychiatric SLE; SDI, SLICC/ACR Damage Index; SLE, systemic lupus erythematosus; SLEDAI-2K, SLE
Disease Activity Index 2000.
Conners Continuous Performance Test Third Edition (CPT-3)−6 patients with cSLE and 4 HC had missing scores; Wechsler Intelli-
gence Scale for Children Fifth Edition (WISC)/Wechsler Adult Intelligence Scale Fourth Edition (WAIS)−4 HC had missing scores;
Delis−Kaplan Executive Function System−Color-Word Interference (DKEFS-CWI)−2 HC had missing scores.

a P < .05, independent t-tests, ANCOVA, Mann−Whitney U tests, or chi-square tests.
b ‘Other’ ethnicity-based category includes patients of Indigenous and Middle Eastern ethnicity.
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compared between groups for those showing significant within-
group associations. For each analysis, cluster-level inferences
were calculated with family-wise error (FWE) threshold-free
cluster enhancement (TFCE) nonparametric statistics (connec-
tion threshold P-few < .05, 10,000 permutations) [38]. Only
pairs of ROI-to-ROI connections with P < .01 were considered as
part of significant clusters, given the number of group analyses
performed (HCs versus patient group/subgroups) and variables
of interest (5 clinical disease and 5 cognitive variables).
RESULTS

Group characteristics: demographic, clinical, and cognitive
findings

Sixty adolescents with cSLE and 59 HCs aged 11 to 17 years
were included in the study. Participant demographic informa-
tion, cSLE disease characteristics, and cognitive scores for cSLE
patients and HCs are reported in the Table. There were no differ-
ences in age, sex, and education level between the groups.

For the cSLE group, 46 (77%) patients were diagnosed with
cSLE less than 2 years prior to the assessment, 26 (43%) had cur-
rent active disease, 23 (38%) had lupus nephritis, and 5 (8%)
had disease damage. Only 2 patients had clinical NPSLE (patient
#1: headaches, chorea/movement disorder, diplopia, and
slurred speech; patient #2: severe anxiety, CD). Additionally, 15
cSLE patients (25%) had documented NPSLE concern, with
headaches (11/15), mood disorders (7/15), anxiety disorders
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(6/15), transient psychotic symptoms (5/15), and CD (5/15) as
the most common symptoms, although no clinical diagnosis of
NPSLE was made. All patients were taking hydroxychloroquine,
and 31 (52%) were on immunosuppressant treatment, mainly
mycophenolate mofetil (43%). In addition, 26 (43%) were on
glucocorticoid treatment, while 16 (27%) were never exposed to
glucocorticoids. All 23 patients with nephritis were exposed to
glucocorticoids at some point during the disease course. In addi-
tion, 18 of them (78%) were currently prescribed glucocorti-
coids, and 22 of them (96%) were on immunosuppressant
treatment.

There were no group differences in most cognitive domains
except for processing speed assessed with the combined colour-
naming/word-reading scores from the DKEFS-CWI test, which
were on average 9% lower in participants with cSLE compared
to HCs (ANCOVA, F = 4.89, P = .029). The DKEFS-CWI com-
bined measure of processing speed was mainly driven by the col-
our-naming scores (data not shown).
FC analysis across all participants

No participants were excluded for more than 20% of their
BOLD timeseries volumes marked as outliers. Eleven networks
(1 cerebellar, 2 default mode, 1 frontoparietal, 3 visual, 2 dorsal
attention, 2 sensorimotor; Fig 1) were identified from 40 compo-
nents decomposed with ICA (spatial similarity, correlation coef-
ficient ≥ 0.33; spatial overlap, Dice coefficient ≥ .30), and their
spatial maps were thresholded into 44 ROIs. The list of 44 ROIs,



Figure 1. Eleven networks that spatially matched resting-state network templates were identified across all participants with independent component
analysis (superimposed in sagittal and axial views−white box): cerebellar−IC 1; default mode−IC 2 and IC 6; frontoparietal−IC 3; visual−IC 4, IC 7, and
IC 10; dorsal attention−IC 6 and IC 9; sensorimotor−IC 8 and IC 11. Group IC spatial maps (showed as axial cuts in MNI space) were thresholded and par-
cellations transformed into nodes/regions of interest (Z-score > 3.29, P < .001). IC, independent component; MNI, Montreal Neurological Institute.
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brain regions underlying their peak locations, peak coordinates,
and sizes are summarised in the Supplementary Table. There
were no significant associations between FC and age or level of
education in the entire cohort nor in each group separately.
FC differences between groups

From the connectome of 44 ROIs (Fig 2, top panel), a cluster
of 5 connections between 5 superior frontoparietal ROIs
(TFCE = 66.07, P-FWE = .0001) overlapping with the dorsal
attention network differed between cSLE and HC groups (Fig 2,
bottom panel). Lower FC in the bilateral superior parietal lobule
and superior frontal and left precentral gyri was observed in
cSLE patients when compared to HCs (Fig 3).

When patients were categorised into subgroups according to
cSLE characteristics (current/cumulative ‘active’ cSLE−SLEDAI-
2K/AMS ≥ 4 versus ‘nonactive’ cSLE, nephritis diagnosis versus
not nephritis diagnosis, presence of anti-dsDNA antibodies ver-
sus absence of anti-dsDNA antibodies from blood test), subgroup
differences compared to HCs were driven by those subgroups of
patients displaying each of these features (current active cSLE
status, Fig 4; nephritis diagnosis, Fig 5; presence of anti-dsDNA
antibodies, TFCE = 54.62, P-FWE = .003, Supplementary Fig
S1 top panel; cumulative active cSLE status, TFCE = 43.62, P-
FWE = .019, Fig S1 bottom panel) and included consistent clus-
ters of frontoparietal ROIs located within the dorsal attention
network and that expanded to the sensorimotor network. For
example, the subgroup of patients with current ‘active’ disease
status exhibited lower FC between extensive superior
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frontoparietal regions (eg, supplementary motor cortex, precen-
tral gyrus, supramarginal gyrus, right insular cortex; Fig 4A, B)
and the left cerebellum (Fig 4C) when compared to HCs; yet,
these differences were not found between the subgroup of
patients with current ‘nonactive’ cSLE status and HCs or
between cSLE subgroups. The subgroup of patients with nephri-
tis also displayed superior frontoparietal connections (eg,
medial portion of the precentral gyrus) with lower FC when
compared to HC (Fig 5); no differences were found between the
subgroup of patients without a nephritis diagnosis and HCs or
between cSLE subgroups. Post hoc sensitivity analysis revealed
that FC differences were only moderately driven by patients
with NPSLE diagnosis/concern as reflected by slightly decreased
but statistically significant TFCE statistics (TFCE = 52.21, P-
FWE = .007 in the modified cSLE group compared to HCs) and
no low FC between the right superior frontal gyrus and left supe-
rior parietal lobule in the modified cSLE group compared to con-
trols (Supplementary Fig S2). There were no significant
differences between patients with and without NPSLE diagno-
sis/concern.
FC associations with disease activity scores and glucocorticoid
dose in cSLE

In patients with cSLE, higher cumulative disease activity
(AMS) scores were negatively associated with lower FC within
regions of the dorsal attention network, specifically in portions
of the precentral and the superior frontal gyri (left side) and the
right cerebellum VIIb (Fig 6, left panel). The effects of AMS on



Figure 2. Lower functional connectivity within superior frontoparietal regions was observed in patients with cSLE when compared to HCs. Connec-
tions from 44 ROIs (connectome ring with numbered ROIs) in the cSLE and the HC groups (top panel) were compared with age-adjusted models.
Lower FC (cSLE minus HC; bottom panel) was found between the bilateral superior frontal, parietal and the left precentral gyri in patients with cSLE
when compared to HC. cSLE, childhood-onset systemic lupus erythematosus; FC, functional connectivity; FWE, family-wise error; HC, healthy control;
ROI, region of interest; TFCE, threshold-free cluster enhancement.

Figure 3. Lower functional connectivity was observed within superior frontoparietal regions of the dorsal attention network in patients with cSLE
when compared to HCs (ROIs as spheres and lower FC as navy-blue lines). Brain structures that were consistently abnormal across all analyses were
labelled as per Harvard-Oxford atlas and shown in orange in a thumbnail brain (lower right corner). cSLE, childhood-onset systemic lupus erythemato-
sus; FC, functional connectivity; HC, healthy control; ROI, region of interest.
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Figure 4. Lower functional connectivity (ROIs as spheres and lower FC as navy-blue lines; A) in 5 clusters spanning frontoparietal and cerebellar
regions of the dorsal attention and sensorimotor networks (B, C) was observed in a subgroup of patients with current active cSLE status when com-
pared to HCs. Brain structures that were consistently abnormal across all analyses were labelled as per the Harvard-Oxford atlas and shown in orange
in a thumbnail brain (lower right corner). cSLE, childhood-onset systemic lupus erythematosus; FC, functional connectivity; FWE, family-wise error;
HC, healthy control; ROI, region of interest; TFCE, threshold-free cluster enhancement.
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FC remained significant, although slightly decreased, when
the cumulative glucocorticoid dose was adjusted for
(TFCE = 45.85, P-FWE = .019). Higher cumulative glucocorti-
coid dose was associated with lower FC between the lateral por-
tion of the right precentral gyrus (dorsal attention network) and
the left cerebellum VI (sensorimotor network; Fig 6, centre
Figure 5. Lower functional connectivity (ROIs as spheres and lower FC as nav
attention and sensorimotor networks (B) was observed in a subgroup of patien
sistently abnormal across all analyses were labelled as per the Harvard-Oxfo
cSLE, childhood-onset systemic lupus erythematosus; FC, functional connecti
TFCE, threshold-free cluster enhancement.
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panel). The effects of cumulative glucocorticoid dose on FC
remained significant when the AMS score was adjusted for.
Additionally, the strength of these effects increased to supple-
mentary ROIs of the sensorimotor network, specifically in por-
tions of bilateral pre/postcentral gyri and the insula (Fig 6, right
panel). This highlights the unique although not completely
y-blue lines; A) in 2 clusters spanning frontoparietal regions of the dorsal
ts with nephritis when compared to HCs. Brain structures that were con-
rd atlas and shown in orange in a thumbnail brain (lower right corner).
vity; FWE, family-wise error; HC, healthy control; ROI, region of interest;



Figure 6. Lower functional connectivity (ROIs as spheres and negative associations with FC as navy-blue lines) between interhemispheric frontoparie-
tal and cerebellar regions of the dorsal attention and sensorimotor networks was correlated with greater cumulative disease activity scores and gluco-
corticoid dose. Brain structures that were consistently abnormal across all analyses were labelled as per the Harvard-Oxford atlas and shown in orange
in a thumbnail brain. FC, functional connectivity; FWE, family-wise error; ROI, region of interest; TFCE, threshold-free cluster enhancement.
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independent contributions of the cumulative effects of disease
activity and glucocorticoid dose on brain FC. There were no sig-
nificant linear relationships between FC and disease duration,
current disease activity (SLEDAI-2K) scores, or current glucocor-
ticoid dose in the entire cSLE cohort.
FC associations with cognitive performance in the cSLE and HC
groups

There was a positive association between FC and processing
speed in a cluster of 4 connections within visual and sensorimo-
tor networks. This cluster was comprised by the bilateral occipi-
tal pole, supracalcarine, right insular/opercular cortex, and the
medial portion of the precentral gyrus (TFCE = 55.48, P-
FWE = .010). Also, the effects of FC on processing speed scores
between these ROIs in patients with cSLE strengthened after
adjusting for the current glucocorticoid dose (Fig 7A). These
associations were not found in the HC group. Moreover, correla-
tions between weaker positive FC (and higher negative FC)
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averaged across the 4 cluster connections and worse processing
speed within the cSLE group appeared to be driven by patients
with low scores, especially those with values 1.0 SD below the
normative mean scaled score (DKEFS-CWI < 7.0; Fig 7B). No sig-
nificant relationships between FC and other cognitive domains
were found in the cSLE or HC groups.
DISCUSSION

This study contributes to the limited research on functional
brain abnormalities in adolescents with cSLE. We identified
brain regions that are part of established resting-state networks
and found FC differences between cSLE patients and HCs that
were driven by patient subgroups with active disease features.
We also found linear associations among FC, cumulative disease
activity, and glucocorticoid doses in cSLE patients. Furthermore,
our findings indicated relationships between FC and cognitive
performance, specifically with respect to processing speed in



Figure 7. Higher functional connectivity (ROIs as spheres and positive associations with FC as red lines) between frontoparietal and occipital brain
regions classified as part of visual and sensorimotor networks was correlated with greater (higher) processing speed scores in patients with cSLE (A).
Participant’s cluster FC values (averaged between all pairs of ROI connections) were displayed as a scatterplot against processing speed scores (B).
Associations between FC and processing speed reported in the cSLE group were not observed in HCs. cSLE, childhood-onset systemic lupus erythema-
tosus; FC, functional connectivity; FWE, family-wise error; HC, healthy control; ROI, region of interest; TFCE, threshold-free cluster enhancement.
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cSLE. Our results therefore provide new insight into the impact
of lupus on the functional organisation of the developing brain.

Less than 2 years had passed since the initial cSLE diagnosis
in 77% of our patients, and the prevalence of clinical NPSLE
(3%) and accumulated systemic organ disease damage (5%) in
our cohort was low. Despite these mild clinical disease charac-
teristics, our results revealed functional brain changes in cSLE
patients when compared to controls. They suggest that patholog-
ical brain involvement may occur early in cSLE and often with-
out a clinical NPSLE diagnosis. These group differences showed
lower FC within superior frontoparietal regions, which are
known for their role in visuospatial attention. Our results are in
keeping with the results of a meta-analysis of 12 rs-fMRI studies
that reported decreased brain activity in the superior frontal
gyrus as part of a consistent pattern of functional abnormalities
in adults with SLE [16]. Moreover, our results agree with other
metrics of decreased brain activity, including lower degree cen-
trality (DC) and fractional amplitude of low-frequency fluctua-
tion, in the superior frontal and central gyri in non-NPSLE
patients, and lower hemodynamic lag and DC in the superior
parietal lobule in non-NPSLE/NPSLE patients [39−43]. Fronto-
parietal regions are vulnerable to inflammatory and immune-
mediated injury in part due to their proximity to neuroimmune
interfaces such as the blood−brain and the blood−cerebrospinal
fluid barriers, their high levels of specific glutamate receptors
and other synaptic proteins targeted by SLE autoantibodies, and
their high metabolic demand. Furthermore, these regions, espe-
cially the prefrontal cortex, continue to develop through the
adolescence, potentially making their functional connections
more susceptible to immune-mediated processes during key
neurodevelopmental stages [44]. Therefore, dysfunction in
these frontoparietal areas might be a robust indicator of atypical
brain function in cSLE.

In addition, FC differences across more extensive frontoparie-
tal regions, including the supplementary motor cortex, and the
cerebellum were found in groups of patients with features asso-
ciated with active disease phenotypes when compared to the
control group. Likewise, higher cumulative disease activity
scores and cumulative glucocorticoid doses were negatively cor-
related with decreased long-range interhemispheric frontocere-
bellar FC. These results agree with 2 rs-fMRI studies that
reported lower regional homogeneity, another indicator of func-
tional activity, in the frontal and pre/postcentral gyri negatively
correlated with higher SLEDAI scores in patients less than 2 years
since SLE diagnosis and with glucocorticoid dose in non-NPSLE
patients [12,15,39]. Thus, our results suggest that the
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cumulative effects of lupus activity and flaring states over time
combined with cumulative glucocorticoid exposure may nega-
tively influence brain function in adolescents with cSLE ahead
of a clinical NPSLE diagnosis and/or overt CD.

Our cSLE cohort displayed lower processing speed scores
than controls. This was also the only domain where positive
associations between visual-sensorimotor network FC and cogni-
tive performance were found in cSLE but not in controls. It is
noteworthy that several patients with decreased FC also had
atypically low processing speed scores, suggesting a link
between functional dysconnectivity across visual-motor net-
works and mild visual processing impairment in cSLE. No other
SLE work has showed resting-state functional abnormalities
across visual pathways associated with processing speed.
Although, 1 rs-fMRI study reported opposite trends, specifically
high FC within ‘task-negative’ (default mode) and between
‘task-negative’ and ‘task-positive’ (dorsal attention, visual) net-
works associated with low psychomotor speed and reaction time
in SLE, and it was hypothesised that this might relate to subopti-
mal compensatory mechanisms in SLE patients [17]. Beyond
SLE, 1 rs-fMRI study examined the effects of reading-training
programs in older children and reported higher FC in visual-sen-
sorimotor regions in children with reading difficulties versus
typical readers before reading training and in visual-attention
regions in both groups after reading training [45]. Additionally,
a multimodal structural-functional MRI study in paediatric mul-
tiple sclerosis reported atrophy, diffusion abnormalities, and
reduced FC in posterior parietal regions of adolescents with cog-
nitive impairment when compared to those not impaired and
HCs [46]. Given the crucial roles of occipital regions in visual
pathways, associations between frontoparietal−occipital FC and
processing speed may be an early compensatory mechanism
employed by cSLE patients to achieve and sustain adequate cog-
nitive performance [47].

It is noticeable that in our study, cSLE patients displayed
regional FC patterns, specifically lower homotopic (connectivity
between mirror regions across hemispheres) and heterotopic
(mirrored connectivity between 2 different regions across hemi-
spheres) FC when compared to controls and related to clinical
variables. Two recent rs-fMRI studies reported abnormal homo-
topic connectivity in frontoparietal, temporal, and occipital
regions of SLE patients compared to controls and associated
with anxiety, attention, and abstraction in the SLE group
[48,49]. This may be a consequence of early microstructural
injury to commissural white matter (WM) fibres connecting
equivalent cortical regions across hemispheres, specifically the
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corpus callosum, as postulated in a structural MRI study in SLE
patients and should be evaluated in future work [50].

There are some limitations to our study. First, we did not
adjust for sex effects. We decided to not consider this variable as
our study groups were matched by sex, and our cSLE cohort was
imbalanced (87% of cSLE patients were females); therefore, the
samples of certain subcategories were too small to make proper
statistical inferences (eg, male cSLE patients). Nevertheless, we
suggest considering biological sex when studying cohorts with a
comparable number of female/male participants in each group.
Second, the lack of an alternate disease group (eg, an additional
control group diagnosed with a chronic autoimmune condition
with a low risk of neuropsychiatric manifestations such as juve-
nile dermatomyositis) to test if, within these type of rheumatic
disorders, abnormal brain FC is specific to cSLE. Third, we lim-
ited our analysis to static FC. Other rs-fMRI studies have com-
bined FC with graph theory-based metrics and/or utilised
dynamic analyses that allow to investigate specific timepoints/
windows of the BOLD signal timeseries [11,14,42]. We per-
formed several statistical tests; therefore, we limited our analy-
sis to one metric of rs-fMRI activity to accomplish multiple
comparisons without underpowering our analyses. Future work
might include dynamic FC analyses and methods that might
focus on FC between reciprocal voxels/regions across hemi-
spheres such as voxel-mirrored homotopic connectivity. Future
longitudinal work in larger cohorts could also help to distin-
guish between beneficial and nonbeneficial neuroplastic
changes in cSLE with disease variability and to understand glu-
cocorticoid effects with disease activity through time.

In conclusion, our study found lower FC in frontoparietal
areas of adolescents with cSLE when compared to controls.
These FC differences were stronger in patients with active dis-
ease features and higher disease activity scores. Moreover,
increased FC between occipital and precentral regions was asso-
ciated with better processing speed in patients with cSLE but not
in controls. Taken together, these findings suggest that in ado-
lescents with cSLE, brain functional abnormalities may occur
early in the disease process, are influenced by cSLE activity, and
can affect cognitive performance.
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A B S T R A C T

Objectives: Idiopathic inflammatory myopathies (IIMs) are rare autoimmune disorders. Genetic
association studies have highlighted the role of human leukocyte antigen (HLA) polymorphisms
in IIM. We aimed to characterise the nonadditive effects (dominance and interaction) of HLA
alleles on IIM risk.
Methods: This study included a total of 3206 IIM cases and 11,697 controls of European ancestry. HLA
alleles were imputed using a multiancestry HLA reference panel. Logistic regressions were conducted to
estimate the nonadditive effects of HLA alleles. Clinical subgroup analysis, calculation of phenotypic vari-
ance explained, and stepwise conditional analyseswere conducted to further characterise these effects.
Results: We identified significant nonadditive effects in 5 HLA genes, particularly in the core alleles
of ancestral haplotype 8.1 (8.1 AH), including HLA-B*08:01 (P = 3.93 × 10−13), HLA-C*07:01
(P = 3.14 × 10−8), HLA-DQA1*05:01 (P = 3.03 × 10−9), HLA-DQB1*02:01 (P = 3.53 × 10−23),
and HLA-DRB1*03:01 (P = 8.47 × 10−21). Notable risk difference between heterozygotes and
homozygotes was observed in IIM, such as HLA-DRB1*03:01 (homozygote odds ratio [OR], 2.17;
heterozygote OR, 3.13). In the interaction model, HLA-DQA1 and HLA-DRB1 showed specific signif-
icant allelic interactions. The nonadditive effect model explained a larger proportion of phenotypic
variance than the model with additive effects alone. Conditional analysis indicated the independent
nonadditive effect of HLA-DRB1*03:01 in 8.1 AH and amino acid residue Arg-74 in HLA-DRB1.
Conclusions: This study identified significant nonadditive effects within the HLA region of IIM. A
genetic risk model including nonadditive effects could provide more accurate individual risk
estimates. These findings highlight a complex role of HLA heterozygosity in the development of
IIM and support further research into HLA nonadditive effects with clinical relevance.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

� Previous studies have identified multiple human leukocyte
antigen (HLA) alleles significantly associated with the risk of
idiopathic inflammatory myopathies (IIMs).

� HLA heterozygotes carry expanded antigen response reper-
toires, increasing the risk of autoimmunity.

WHAT THIS STUDY ADDS

� This study characterised distinct risk patterns in the HLA and
non-HLA regions associated with IIM.

� We identified significant nonadditive effects (dominance and
interaction) within the HLA region.

� The nonadditive effect model explained a larger proportion of
phenotypic variance than the model with additive effects
alone.

� Conditional analysis identified independent HLA alleles and
amino acid residues with nonadditive effects.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

� Nonadditive effects in the HLA region highlight the potential
impact of HLA heterozygosity on IIM pathogenesis and support
further research into its clinical relevance.

� A genetic risk model incorporating nonadditive effects could
provide more accurate individual risk estimates.
INTRODUCTION

Idiopathic inflammatory myopathies (IIMs) are a group of
rare autoimmune disorders primarily characterised by muscle
weakness and inflammation [1]. Clinically, IIM can be classi-
fied into dermatomyositis (DM), juvenile DM (JDM), poly-
myositis (PM), and inclusion body myositis (IBM) [2,3].
Each IIM subgroup has its own unique symptoms and recom-
mended treatment. Myositis-specific autoantibodies (MSAs)
can serve as a further tool to classify IIM cases [3,4]. The
association of serological markers with clinical outcomes
implicates their complicated role in abnormal autoimmune
activation and persistence [1,3,5]. The most common MSAs,
anti-Jo1 autoantibodies, are detected in nearly 30% of adult
IIM patients in Europe [6].

In the past decade, the International Myositis Genetics Con-
sortium (MYOGEN) aggregated the largest collection of IIM
genome-wide association studies (GWAS) comprising individu-
als of European ancestry [7,8]. The GWAS identified the human
leukocyte antigen (HLA) region as the locus with the strongest
IIM association signal, pinpointing the elevated genetic risk of
the HLA 8.1 ancestral haplotype (8.1 AH) [7,8]. HLA variants
have long been linked to autoimmune conditions due to their
unique role in presenting internal peptides and external antigens
[9,10]. The later MYOGEN investigation of MSAs confirmed
their association with specific HLA alleles [11]. However, it
remains unclear how HLA polymorphisms affect the antigen-
presenting process, the subsequent autoimmune response, and
antibody production.

Elucidation of the HLA allele risk pattern may shed light on
immunogenetic mechanisms. The additive genetic model
assumes that each allele contributes independently, and the log-
risk of disease accumulates in a linear manner [12]. Additive
effects have been widely observed in non-HLA variants,
although not in the HLA region [13−15]. Widespread nonaddi-
tive effects, including dominance and interaction, were identi-
fied within the HLA region in 4 autoimmune conditions,
including rheumatoid arthritis, type 1 diabetes, psoriasis, and
1697
celiac disease [13]. An early study of familial IIM suggests that
homozygosity of the HLA-DQA1 locus is a unique genetic risk
factor that is not observed in sporadic cases [16]. Recent MYO-
GEN studies also observed a lower risk in HLA-DRB1*03:01 and
HLA-DRB1*01:01 homozygotes with IBM, implying potential
deviations from additivity [17]. The deviation in heterozygote
risk could derive from the expanded antigen-presenting reper-
toire, as 2 HLA alleles function divergently [9,18].

Here, we systematically examined the nonadditive risk of
HLA alleles of IIM and their subtypes to more accurately reflect
individual risk. Conditional analysis of the 8.1 AH and amino
acids further clarified independent signals with nonadditive
effects.
METHODS

Study population

This study used 2 IIM cohorts established by MYOGEN.
Before deduplication, the ImmunoChip and GWAS Illumina
array cohorts consisted of 2688 and 1710 IIM cases of European
ancestry, respectively. After removing duplicated or highly
related samples between the 2 cohorts, 2589 cases and 7482
controls in the ImmunoChip dataset and 617 cases and 4215
controls in the GWAS Illumina array dataset were retained. Con-
trol samples were obtained from geographically matched con-
sortia. The IIM subtypes included PM, DM, JDM, IBM, and anti-
Jo1. The dataset in this study is consistent with the recent MYO-
GEN meta-analysis [19], with the addition of IBM cases. More
details on the clinical and serological classification criteria can
be found in previous MYOGEN studies [7,8,19].
Genotyping, quality control, and imputation

Genotyping of the MYOGEN cohorts was conducted at the
University of Manchester, UK and the Feinstein Institute, US.
Standard quality control was then applied, and highly related
and duplicated samples between the 2 cohorts were excluded.
HLA alleles were imputed using the multiancestry HLA reference
panel on the Michigan Imputation Server [20]. Genome-wide
imputation was performed using the Trans-Omics for Precision
Medicine reference panel [21]. Details regarding genotyping,
quality control, and imputation are available in previous meta-
analyses [19]. In the nonadditive effect analysis, we further
compared imputed HLA allele frequencies in cohort controls
with those in the European population and reviewed the correla-
tion between imputation quality and P value significance to
avoid imputation artefacts [20].
Homozygote and heterozygote risk

To compare the risk patterns of HLA and non-HLA variants,
we calculated the odds ratios (ORs) for heterozygous and homo-
zygous carriers against noncarriers. The HLA alleles in this study
have at least 10 homozygous cases of IIM or the tested subtype.
Non-HLA single-nucleotide polymorphisms (SNPs) were
selected based on the P value in the MYOGEN fixed-effects
meta-analysis (P < 5 × 10−6) [19]. The OR and CI calculations
were performed using the ‘epitools’ package [22] in R (R Foun-
dation for Statistical Computing). The heterozygote proportions
were calculated using Plink 1.9 [23] and visualised as De Finetti
diagrams.



Figure 1. Human leukocyte antigen (HLA) and non-HLA variant risk pat-
terns in idiopathic inflammatory myopathies (IIMs). (A) Comparison of
odds ratios (ORs) for common high-resolution HLA allele heterozygotes
and homozygotes in the ImmunoChip cohort. The allele noncarriers served
as the reference group, with a risk set to 1. The solid line represents the
expected relationship under the additive assumption. Error bars indicate
95% CIs. (B) Comparison of ORs for non-HLA variants in the ImmunoChip
dataset (P value < 5 × 10−6 in previous meta-analysis). The OR calculation
and visualisation used here are the same as those of HLA alleles. The SNP
noncarriers served as the reference group, with a risk set to 1. (C) De Finetti
diagrams of common high-resolution HLA alleles in the ImmunoChip
cohort cases and controls. Dots represent observed frequencies of homozy-
gotes and heterozygotes, while the solid line shows the expected proportion
of heterozygotes under the Hardy-Weinberg equilibrium. (D) De Finetti dia-
grams of non-HLA variants in the ImmunoChip dataset (P value < 5 × 10−6

in the previous meta-analysis). Chr, chromosome ; HET, individuals carry-
ing one copy of the HLA allele (heterozygous); HOM1, individuals carrying
two copies of the allele (homozygous); HOM2, individuals carrying no cop-
ies of the allele (non-carriers).
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Nonadditive effect analysis

The classical HLA class I and II genes (HLA-A, -B, -C, -DRB1,
-DQA1, -DQB1, -DPA1, and -DPB1) were included in the nonad-
ditive association tests, with only alleles meeting the criterion of
10 homozygotes in the cases included. The statistical framework
we used is similar to previous studies on nonadditive effects
[13,24,25]. Briefly, logistic regression was used to construct the
case-control allele risk model. The nonadditive terms capture
both dominance and intralocus interaction effects between the 2
alleles at a single HLA locus. After including nonadditive terms,
the likelihood ratio test was employed to assess model fit
improvement. In all models, 5 principal components (PCs;
derived from the genetic relationship matrix using Plink) and
sex (biological characteristics) were included as covariates [23].
The analysis details and model formulae are available in the
Supplementary Methods. In the omnibus gene model, the most
common allele was designated as the reference. Noncarriers
were used as the reference group for effect size estimation of
individual alleles. Statistical significance levels were corrected
using the Bonferroni method. We primarily applied the statisti-
cal test to the ImmunoChip cohort, with the GWAS array cohort
serving as an independent validation. HLA alleles were imputed
and represented in 2 formats: allele dosages, representing the
expected allele copy number (ranging from 0 to 2) based on pos-
terior imputation probabilities, and best-guess genotypes,
defined as the most probable genotype at each locus. Initial anal-
yses employed best-guess genotypes in both cohorts, while dos-
age data were used for validation.

Conditional analysis

Linkage disequilibrium (LD), as measured by r2, was calcu-
lated in the ImmunoChip cohort controls using Plink 1.9 [23].
Forward stepwise conditioning analysis was conducted in 8.1
AH and HLA-DRB1. The amino acid sequences of HLA-DRB1
alleles were obtained from the International Immunogenetics
Information System HLA database [26]. In the analysis, the
model started with only covariates (5 PCs and sex). We subse-
quently added the additive term and nonadditive dominance
variable to the model and reported their significance in model
fitness improvement. After the inclusion of both additive and
dominance terms, the alleles’ contribution to model fit improve-
ment was compared to select which allele was to be added to
the model in the next conditioning. The model details are avail-
able in the Supplementary Methods. This process was repeated
to identify independent significant alleles until none met a Bon-
ferroni corrected significance threshold (P < .05).

Calculation of phenotypic variance explained

The liability threshold model was used to calculate the pro-
portion of phenotypic variance explained by a specific HLA locus
[13,27]. The model posits that the underlying distribution of
genetic factors contributes to an individual’s liability to develop
the disease. An individual will manifest the disease when their
liability exceeds a certain threshold. The explained phenotypic
variance was calculated by measuring differences among geno-
type liability distributions [27].

The prevalence of IIM was set at 0.01% [5]. The OR of HLA
allele combinations approximates the relative risk (RR) in the
population. The RR of specific allele combination groups were
calculated using effect sizes from the additive model, nonaddi-
tive dominance model, and nonadditive interaction model. Rare
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alleles were aggregated into the complementary allele group.
Using these genetic RRs, we constructed n distributions (each
with a different mean) for n allele combinations. After determin-
ing the penetrance of each combination and calculating the vari-
ance among mean liabilities, we quantified the proportion of
variance in liability attributed to the specific HLA locus by Vexp �

Vbetween
Vwithin�Vbetween

� Vbetween
1�Vbetween

. Vexp is the proportion of variance in liabil-
ity explained by the specific HLA locus. Vbetween is the variance
between geneotype-specific liability distributions. Vwithin is the
variance within genotype-specific liability distributions.

RESULTS

HLA region shows evidence of nonadditive effects in IIM

The cohort characteristics and imputation quality are pro-
vided in Supplementary Tables S1 and S2. For the IIM analysis,
36 common HLA alleles were determined based on the criterion
of a minimum of 10 homozygous cases (Supplementary Table
S3). We calculated the ORs and 95% CIs of common HLA alleles
for homozygotes and heterozygotes vs noncarriers to observe
the risk pattern of the variants in IIM (Supplementary Table S4).
In the HLA region, 5 alleles, all part of the 8.1 AH, including
HLA-B*08:01, HLA-C*07:01, HLA-DQA1*05:01, HLA-
DQB1*02:01, and HLA-DRB1*03:01, showed deviations from
log-OR additivity (Fig 1A and Supplementary Table S4). How-
ever, non-HLA variants did not show similar additivity devia-
tions (Fig 1B). The elevation of heterozygote ORs was also
observed in the GWAS array dataset (Supplementary Table S4
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and Supplementary Fig S1A). The departure from Hardy-Wein-
berg equilibrium (HWE) in IIM cases could be another indicator
of nonadditive effects. We calculated the homozygote propor-
tions of HLA alleles and non-HLA variants in cases and controls.
Only HLA alleles in IIM cases showed significant HWE deviation
(Fig 1C,D and Supplementary Fig S1B).
Five HLA alleles show a significant nonadditive effect in IIM

We used logistic regression to test whether the inclusion of
the dominance term improves risk model fit. The dominance
term represents potential dominant, recessive, or heterozygote
advantage/disadvantage effects. The multiallelic HLA locus
omnibus nonadditive test identified significant improvement in
risk model fit for 5 HLA genes (HLA-B: P = 1.01 × 10−11; HLA-
C: P = 1.93 × 10−6; HLA-DQA1: P = 1.50 × 10−8; HLA-DQB1:
P = 1.40 × 10−21; HLA-DRB1: P = 1.10 × 10−19). Excluding
individuals without 2 imputed dosage alleles or using comple-
ment alleles yielded similar omnibus test results (Supplementary
Table S5). Subsequent tests of each specific allele revealed that 5
alleles of these HLA genes showed significant nonadditive
effects: HLA-B*08:01, HLA-C*07:01, HLA-DQA1*05:01, HLA-
DQB1*02:01, and HLA-DRB1*03:01 (Table). After adjusting for
sex and population structure in the logistic model, heterozygotes
carrying these alleles showed elevated risk of IIM. The most sig-
nificant nonadditive effect was HLA-DRB1*03:01, where the het-
erozygote risk (OR, 3.13; 95% CI, 2.84-3.46) was higher than
the homozygote risk (OR, 2.17; 95% CI, 1.62-2.91), suggesting a
potential overdominance effect. The validation analysis of
imputed allele dosages in the ImmunoChip dataset produced
results consistent with the best-guess approach (Supplementary
Table S6). We also validated the 5 significant HLA alleles in the
MYOGEN GWAS array cohort. Their nonadditive effect P values
remained significant for all previously significant HLA alleles in
the ImmunoChip dataset except HLA-DQA1*05:01, despite the
smaller sample size and different subtype composition (Supple-
mentary Table S7).
Table
Additive and nonadditive effect sizes of HLA alleles in IIM

HLA allele Additive model

P value OR 95% CI P

HLA-B*07:02 7.75 × 10−12 0.69 0.62-0.77 9
HLA-B*08:01 7.84 × 10−97 2.59 2.37-2.83 3
HLA-C*03:04 4.85 × 10−8 0.71 0.62-0.80 6
HLA-C*06:02 1.20 × 10−4 0.79 0.70-0.89 2
HLA-C*07:01 2.00 × 10−64 2.00 1.85-2.17 3
HLA-C*07:02 3.97 × 10−11 0.71 0.64-0.79 3
HLA-DQA1*01:02 8.80 × 10−18 0.68 0.63-0.75 3
HLA-DQA1*02:01 7.04 × 10−5 0.81 0.72-0.90 1
HLA-DQA1*05:01 2.27 × 10−39 1.62 1.50-1.74 3
HLA-DQB1*02:01 1.21 × 10−64 1.92 1.78-2.07 3
HLA-DQB1*03:01 1.46 × 10−5 0.83 0.76-0.90 7
HLA-DQB1*06:02 2.22 × 10−16 0.64 0.57-0.71 7
HLA-DRB1*03:01 7.51 × 10−96 2.49 2.28-2.71 8
HLA-DRB1*07:01 6.62 × 10−5 0.80 0.72-0.90 3
HLA-DRB1*15:01 8.63 × 10−19 0.62 0.55-0.69 2

HLA, human leukocyte antigen; IIM, idiopathic inflammatory my
The P values reflect the significance levels of the model fit impr
quently included in the baseline model with only covariates. Th
nonadditive models. The noncarriers of the respective alleles we
erozygous and homozygous genotype ORs were also calculated
nonadditive model P values are marked in bold.
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Using the effect sizes of both additive and nonadditive mod-
els, we calculated the RR of different genotypes and estimated
the explained phenotypic variance on the liability scale. The 5
HLA genes (HLA-B, HLA-C, HLA-DQA1, HLA-DQB1, and HLA-
DRB1) accounted for a larger proportion of heritability com-
pared with other HLA genes (Supplementary Table S8). The
inclusion of nonadditive effects further increased their propor-
tion of phenotypic variance explained, consistent with the
improvement in model fit. For example, the genetic risk of HLA-
DRB1 in the purely additive model explained 1.38% of pheno-
typic variance (6.28% of heritability). Including nonadditive
effects added an additional 0.35% to the phenotypic variance
(1.58% of heritability). For HLA-B, HLA-C, HLA-DQA1, and HLA-
DQB1, the nonadditive model improved phenotypic variance by
0.21%, 0.18%, 0.25%, and 0.49%, respectively.

Nonadditive effects of sex stratification and IIM subtypes

The sex-stratified HLA dosage-based nonadditive effects
remained significant, as observed in the main analysis (Supple-
mentary Table S9). Males showed higher additive ORs for all 5
HLA alleles, while females exhibited a potentially stronger addi-
tivity deviation between heterozygote and homozygote ORs. In
females, the heterozygote effect of HLA-DRB1*03:01 (OR, 2.95;
95% CI, 2.61-3.34) was larger than the homozygote effect (OR,
1.56; 95% CI, 1.06-2.28), which was not seen within the male
group (Supplementary Table S9).

Nonadditive models of IIM subtypes demonstrated a better fit
compared with purely additive models (Supplementary Table
S10). Except for HLA-C*07:01 in DM, the nonadditive effects of
the 5 HLA alleles (HLA-B*08:01, HLA-C*07:01, HLA-
DQA1*05:01, HLA-DQB1*02:01, and HLA-DRB1*03:01) in IIM
remained significant in the DM, PM, IBM, and anti-Jo1 subtypes.
Only HLA-C*07:01 (nonadditive P = 6.15 × 10−3) reached the
significance threshold for JDM, while HLA-DQA1*05:01 and
HLA-DQB1*02:01 did not meet the significance level after multi-
ple testing correction. HLA-B*08:01 and HLA-DRB1*03:01 were
not tested for JDM due to low homozygote numbers.
Nonadditive model (dominance)

value Homozygote effect Heterozygote effect

OR 95% CI OR 95% CI

.58 × 10−2 0.32 0.18-0.54 0.72 0.64-0.81

.93 × 10−13 2.76 2.04-3.73 3.09 2.79-3.42

.98 × 10−1 0.54 0.30-0.96 0.70 0.61-0.80

.97 × 10−1 0.81 0.47-1.39 0.77 0.67-0.88

.14 × 10−8 2.62 2.07-3.32 2.33 2.12-2.57

.69 × 10−2 0.32 0.19-0.52 0.75 0.67-0.84

.07 × 10−3 0.31 0.22-0.44 0.74 0.67-0.82

.97 × 10−1 0.48 0.29-0.81 0.83 0.74-0.94

.03 × 10−9 1.99 1.68-2.36 1.96 1.78-2.17

.53 × 10−23 2.04 1.67-2.49 2.60 2.36-2.86

.58 × 10−1 0.69 0.53-0.90 0.82 0.74-0.91

.09 × 10−3 0.19 0.10-0.37 0.68 0.60-0.77

.47 × 10−21 2.17 1.62-2.91 3.13 2.84-3.46

.46 × 10−1 0.52 0.32-0.86 0.82 0.73-0.93

.44 × 10−2 0.21 0.11-0.39 0.65 0.58-0.73

opathy; OR, odds ratio.
ovement when additive and nonadditive terms were subse-
e ORs and 95% CIs are displayed for both the additive and
re used as the reference group, with their risk set to 1. Het-
using the nonadditive model. HLA alleles with significant
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Nonadditive effects of HLA-DQA1 and HLA-DRB1 on specific
allelic combinations

Nonadditive effects may result from heterozygous interac-
tions between different alleles within the HLA locus rather than
simple allele dominance. We constructed a nonadditive risk
model incorporating allelic interactions and tested whether this
model showed an improved fit compared with the dominance
model. Among the 5 nonadditive HLA loci, HLA-DQA1
(P = 8.58 × 10−7) and HLA-DRB1 (P = 1.59 × 10−7) demon-
strated improved model fit when the dominance term was
replaced by the allelic interaction term (Supplementary Table
S11). The additional phenotypic variance explained by HLA-
DQA1 (0.22%) and HLA-DRB1 (0.22%) using allelic interaction
effect sizes further confirmed the model improvement (Supple-
mentary Table S6). In contrast, the phenotypic variance
explained by HLA-B, HLA-C, and HLA-DQB1 remained largely
unchanged.

The effect sizes of allelic interactions within HLA-DQA1 and
HLA-DRB1 were tested (Fig 2). HLA-DQA1*05:01 and HLA-
DRB1*03:01 were identified with significant nonadditive domi-
nance effects. In the allelic interaction model, HLA-
DQA1*01:02-HLA-DQA1*05:01 (OR, 1.89; P = 2.6 × 10−8),
HLA-DRB1*03:01-HLA-DRB1*01:01 (OR, 2.56; P = 1.08 ×
Figure 2. Nonadditive interaction effect of HLA-DQA1 and HLA-DRB1 combi
model with an interaction term in the HLA-DQA1 and HLA-DRB1 regions. C
model. The additive odds ratio (OR) of human leukocyte antigen (HLA) allel
ORs and their 95% CIs are presented in the upper triangle; corresponding P v
interaction). The HLA-DQA1*05:01 and HLA-DRB1*03:01 were used as the re
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10−7), and HLA-DRB1*03:01-HLA-DRB1*15:01 (OR, 3.11;
P = 1.47 × 10−8) significantly increased the genotype risk.
HLA-DRB1*03:01 also interacted with ‘other alleles’ (OR, 2.33;
P = 2.1 × 10−19), which included rare and nonclassical
HLA alleles that could not be tested independently in the
model. Other HLA allelic interactions did not meet the signifi-
cance level after adjustment. Notably, the genotype risks of
HLA-DRB1*03:01-HLA-DRB1*01:01 (OR, 2.01; 95% CI, 1.42-
2.85), HLA-DRB1*03:01-HLA-DRB1*15:01 (OR, 1.25; 95% CI,
0.88-1.76), and HLA-DRB1*03:01-Others (OR, 1.58; 95% CI,
1.17-2.14) exceeded the risk of the HLA-DRB1*03:01 homozy-
gotes reference group (Supplementary Table S12).

Independent nonadditive effect of HLA-DRB1*03:01 and HLA-
DQB1*02:01 on 8.1 AH

As the core alleles of the HLA 8.1 AH, the LD between HLA-
B*08:01, HLA-C*07:01, HLA-DQA1*05:01, HLA-DQB1*02:01,
and HLA-DRB1*03:01 was assessed (Fig 3A). HLA-B*08:01 and
HLA-C*07:01, HLA-DQB1*02:01 and HLA-DRB1*03:01, and
HLA-B*08:01 and HLA-DRB1*03:01 showed moderate LD (r² >
0.5). We used the HLA-B*08:01-HLA-DRB1*03:01 as a proxy
haplotype for 8.1 AH, which exhibited strong significance in
both additive and nonadditive effects (Fig 3B).
nations in idiopathic inflammatory myopathies. (A, B) Logistic regression
ommon alleles and others (rare alleles aggregated) were included in the
es represents individual risk without interaction with others. Interaction
alues are shown in the lower triangle (red colour indicates a significant
ference (ref) allele, with a risk set to 1.



Figure 3. Additive and nonadditive effects of the 8.1 ancestral haplotype (8.1 AH). (A) Linkage structure of core alleles within the 8.1 AH. (B) P values
and effect sizes of the additive and nonadditive effect tests for the 8.1 AH proxy (HLA-B*08:01-HLA-DRB1*03:01). The additive and nonadditive bars
correspond to the model fit improvement test after including the additive and nonadditive term of HLA-B*08:01-HLA-DRB1*03:01. The odds ratios
and 95% CIs for the additive model, heterozygotes, and homozygotes are reported relative to noncarriers of the haplotype. (C) Conditional analyses of
the 8.1 AH alleles using both additive and nonadditive effects. P.additive and P.nonadditive indicate the significance level of the alleles at each round
of conditioning. Conditioning alleles were selected based on the model fit improvement P value after including both additive and nonadditive terms.
The dotted lines represent the Bonferroni-corrected significance threshold (P < .05). Odds ratios and CIs for the additive model, heterozygotes, and
homozygotes at each step are shown in the third column. The 3 rows of the plot show allele significance and effect with no allele conditioning, condi-
tioned on HLA-DRB1*03:01, and conditioned on both HLA-DRB1*03:01 and HLA-B*08:01.
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The conditional analysis further differentiated the indepen-
dent additive and nonadditive effects within the 8.1 AH alleles
(Supplementary Table S13). All 5 alleles showed significant
additive and nonadditive effects when no alleles were condi-
tioned. HLA-DRB1*03:01 was identified as having the strongest
joint genetic effect (Fig 3C). After conditioning on HLA-
DRB1*03:01, HLA-B*08:01 and HLA-C*07:01 remained signifi-
cant for additive effects, although no nonadditive effects per-
sisted. HLA-DQB1*02:01 was the only allele showing a
nonadditive effect after conditioning on HLA-DRB1*03:01. After
HLA-B*08:01 was added to the conditioned allele list, the addi-
tive effect of HLA-C*07:01 was no longer significant, but the
nonadditive effect of HLA-DQB1*02:01 remained.

Independent nonadditive effect of Arg-74 on HLA-DRB1

The LD between HLA-DRB1*03:01 amino acids was evalu-
ated (Supplementary Fig S2). The residues 26:tyrosine (26:Y),
71:lysine (71:K), 73:glycine (73:G), 74:arginine (74:R), and 77:
asparagine (77:N) formed a tightly linked block in HLA-DRB1,
which also showed a strong additive and nonadditive effect in
the IIM risk model (Fig 4A and Supplementary Table S14). After
conditioning on 74:R, the genetic effect of the remaining amino
acids was largely decreased (Fig 4B and Supplementary Table
S14).

DISCUSSION

In this study, we observed a different risk pattern among sev-
eral HLA alleles compared with non-HLA variants. We systemati-
cally investigated HLA nonadditive effects in IIM and its
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subtypes, revealing allele dominance and allelic interaction
effects.

Previous studies have established that HLA polymorphisms
are strongly associated with autoimmune diseases [9]. Many
association studies and meta-analyses of IIM have also identified
significant signals in the HLA region [7,19,28−35]. These strong
associations are rooted in the unique and indispensable role of
HLA proteins in antigen presentation during the immune process
[9,36]. Recent studies hypothesised that 2 different alleles at an
HLA locus may expand the antigen-binding repertoire and
increase the risk of presenting autoantigens, potentially leading
to a greater heterozygote risk than expected [9,18]. Deviation
from additivity of HLA alleles has been reported in several auto-
immune conditions in European and Asian ancestry populations
[13,14,25]. The divergence of risk patterns between HLA and
non-HLA regions in IIM suggests that considering the impact of
nonadditive effects is important when conducting association
analyses in rare autoimmune diseases such as IIM. Selecting an
appropriate risk model can increase statistical power and more
precisely attribute risk to variants [37].

The nonadditive model showed a significant improvement in
model fit compared with the additive model for the 8.1 AH IIM
risk alleles HLA-B*08:01, HLA-C*07:01, HLA-DQA1*05:01, HLA-
DQB1*02:01, and HLA-DRB1*03:01. The 5 HLA alleles with non-
additive effects also contributed the strongest additive effect in
IIM. Their nonadditive effect reflects allele dominance, with the
heterozygote having a greater risk than expected. The nonaddi-
tive effect directions are more diverse in other autoimmune dis-
eases. In the analysis by Lenz et al [13], 12 out of 14
nonadditive effect alleles had positive dominance components,
but some HLA alleles exhibited a recessive effect. Interestingly,



Figure 4. Stepwise conditional analyses of amino acid residues in HLA-DRB1*03:01. (A) Unconditioned. (B) Conditioned on 74:arginine (74:R). The
conditioning residues were selected based on their combined additive and nonadditive effects. The ‘additive effect’ and ‘nonadditive effect’ panel dis-
plays the significance levels of amino acids in each round of conditioning. The dotted lines indicate the Bonferroni-corrected significance threshold (P
< .05). The top amino acids with the strongest significance are labelled. Colours represent the linkage disequilibrium (r²) between the marked residues
and the residue with the strongest significance. 71:K, 71:lysine; 77:N, 77:asparagine; 73:G, 73:glycine; 26:Y, 26:tyrosine, -1:A, -1:alanine; 47:F, 47:phe-
nylalanine; 98:K, 98:lysine; 104:S, 104:serine.
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some studies have reported that homozygous genotypes are at
increased risk of infectious diseases or cancer, which manifests
the ‘heterozygote advantage’ of certain variants in preventing
the acquisition of these diseases [38−40]. It is reasonable to
speculate that the divergence in HLA allele antigen-binding
affinity leads to an expanded antigen-presenting repertoire in
heterozygotes, increasing the risk of autoimmunity but poten-
tially preventing infections or cancer. However, the mechanism
could be more complex for specific autoimmune conditions. For
example, the nonadditive effect in ulcerative colitis suggests
that HLA homozygosity might impair the ability to appropriately
control colonic microbiota [41]. Some studies suggest that
homozygosity is associated with antibody production, indicating
that the immune response may be more intense in homozygotes
[42]. This hypothesis needs further experimental validation
in IIM.

In the subtype analysis, several HLA alleles did not meet the
minimum homozygote number required for the nonadditive
test, including HLA-DRB1*03:01 and DRB1*01:01 in IBM. Previ-
ous IBM studies reported a low risk associated with their homo-
zygous genotype [17]. Although their nonadditive effect could
not be tested, the significance of the correlated HLA-
DQA1*05:01 suggests a potential deviation from additivity in
HLA−DRB1, which is consistent with the previously identified
high frequency of HLA-DRB1 heterozygotes in cases [17]. The
nonadditive effect of HLA-DRB1 should be validated in a larger
cohort. The subtypes DM, PM, IBM, and Jo-1 showed similar
nonadditive effect results to IIM, except for HLA-C*07:01 in DM,
which did not reach the significance level. Additionally, HLA-
DQA1*01:02 in PM showed a nonadditive effect with recessive
protection against IIM. This allele has previously been reported
to have a protective effect in IIM, DM, and IBM, but it did not
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show a significant nonadditive effect in DM and was not tested
in IBM in our analysis. In JDM, only HLA-C*07:01 exhibited a
nonadditive effect, and the additive effects of other alleles were
smaller than those of other subtypes. This may stem from the
heterogeneity of JDM cases or from divergent immune genetic
mechanisms. It is noteworthy that the Jo-1 autoantibody sub-
type showed the strongest significance in both additive and non-
additive effects compared with other clinical subtypes, despite
having a relatively small sample size. This finding supports the
hypothesis of greater homogeneity in autoantibody classifica-
tion in IIM. Anti-Jo1 is the most common autoantibody in the
antisynthetase antibody family, which defines the antisynthe-
tase syndrome subtype of IIM [4,33]. Unfortunately, there was
insufficient data on other autoantibodies to assess their nonaddi-
tive effects in this study. Other subtypes, such as immune-medi-
ated necrotising myopathies (IMNM), amyopathic DM, and
overlap myositis, could be the subject of future investigation. In
the sex-stratified analysis, we validated the significant nonaddi-
tive effect in males and females separately. The potential differ-
ence in their nonadditive effects requires a larger external
cohort for validation.

In the allelic interaction model, we identified a significant
nonadditive effect of specific allele combinations within the
HLA gene. In HLA-DQA1, the interaction effect of DQA1*01:02
and DQA1*05:01 increased the risk of IIM. A recent IBM analysis
reported that carrying DQA1*01:02 negates the risk associated
with DRB1*03:01 [43]. The interaction effect between HLA-
DRB1 and HLA-DQA1 alleles would require a larger cohort to
validate these findings. For HLA-DRB1, we also identified an
interaction effect of DRB1*03:01-DRB1*01:01 and DRB1*03:01-
DRB1*15:01. Their heterogeneous genotype risks were higher
than those of DRB1*03:01 homozygotes, suggesting a potential
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overdominance effect. The DRB1*03:01-DRB1*01:01 interaction
has also been associated with a nonadditive increased risk in
rheumatoid arthritis [13].

The analysis of phenotypic variance explained validated the
better fit of the nonadditive model. For example, the single locus
of HLA-DRB1 accounted for a proportion of 8.8% in known IIM
heritability [44], with an additional 2.6% of heritability com-
pared with the additive models. It is noteworthy that the pheno-
typic variance of other HLA genes may arise from a single causal
HLA gene, such as HLA-DRB1, due to strong LD between HLA
genes. It remains a challenge to calculate the exact contribution
of each HLA gene or its combined effects. In addition, multiple
rare variants were aggregated into a single complementary allele
in our analysis. Their genotype variance was considered as
within-genotype variance instead of between-genotype vari-
ance, which will lead to an underestimation of phenotypic vari-
ance explained.

The 5 HLA alleles with a nonadditive effect are known as the
core alleles of the 8.1 AH [45]. The 8.1 AH has been associated
with multiple autoimmune diseases, including myositis, myas-
thenia gravis, celiac disease, and Sj€ogren’s syndrome [45]. The
haplotype’s nonadditive effect has been partly documented in
type 1 diabetes (HLA-DRB1*03:01-HLA-DQA1*05:01-HLA-
DQB1*02:01) and celiac disease (HLA-DQA1*05:01-HLA-
DQB1*02:01) [13]. Their nonadditive effect with a positive
dominant component in risk is similar to our findings in IIM.
However, the nonadditivity of 8.1 AH risk remains unclear for
some related autoimmune diseases like myasthenia gravis.
Investigation of the nonadditivity pattern of 8.1 AH across mul-
tiple autoimmune diseases may offer insights into the immune
genetic mechanisms involved. Given the strong LD between
alleles of the 8.1 AH, we investigated the independent nonaddi-
tive effect signal within this haplotype. HLA-DRB1*03:01
showed strong significance for both additive and nonadditive
effects. It is notable that HLA-DQB1*02:01 exhibited a stronger
nonadditive effect when no other alleles were conditioned, and
it remained significant even after conditioning on HLA-
DRB1*03:01 and HLA-B*08:01, suggesting an independent,
although weak, nonadditive effect. Further amino acid condi-
tional analysis identified 74:R and 77:N as the top residues in
HLA-DRB1. These residues, located in the antigen-binding
groove, have been reported to be associated with multiple auto-
immune diseases [46]. HLA protein structure analysis indicated
that the replacement of alanine or glycine with positively
charged arginine alters the pocket structure and promotes effi-
cient autoantigen presentation to CD4+ T cells [43,46].

A limitation of conditional analysis is that major histocom-
patibility complex (MHC) class III genes were not included to
clarify their potential nonadditive effects. These genes may rep-
resent an additional mechanism contributing to the nonadditive
genetic risk of IIM. The C4A null allele and the TNF-α-308 G>A
polymorphism, both of which are in LD with the HLA 8.1 AH,
have been implicated in various autoimmune diseases and the
presence of autoantibodies [47−49]. A recent study indicated
that C4A deficiency independently increases the risk of DM and
JDM, HLA-DRB1*03 is a prominent risk factor for IBM, and both
factors independently and interactively increase the risk of PM
[47]. In contrast, the effect of the TNF-α allele is not indepen-
dent of HLA-B*08 in adult IIM [50]. Given their strong LD with
HLA 8.1 AH, these MHC class III alleles may show similar nonad-
ditive genetic patterns in IIM susceptibility, although this
requires further investigation.

Beyond the HLA region, numerous immune-related genes
contribute to IIM autoimmunity and are associated with disease
1703
severity [1]. Increasing evidence highlights the importance of
interferons (IFNs) in perpetuating inflammation in IIM. Clini-
cal research reveals a correlation between IFN scores and
IIM severity, with distinct patterns observed among different
subtypes [51]. Type I IFN-associated genes are predominant
in DM, whereas type II IFN signatures are more characteristic
of IBM and anti synthetase syndrome (ASyS) [51]. Despite
differences in IFN signatures among IIM subtypes, the nonad-
ditive patterns of the HLA 8.1 AH across these subtypes
remain consistent. A study of Sj€ogren’s syndrome reported
that the DRB1*03:01-DQA1*05:01-DQB1*02:01 haplotype is
associated with IFN-α levels [52]. It remains uncertain
whether this association extends to IIM and how HLA hetero-
zygosity affects the severity and chronicity of autoimmunity
in the progression of IIM.

This study is limited to the nonadditive effect of HLA
alleles on IIM susceptibility. Further research is needed to
clarify the nonadditive effects of MHC class III alleles and
clinical phenotypes in IIM. Another limitation of our study is
the relatively small number of IIM cases, particularly for spe-
cific IIM subtypes. The classification of IIM does not include
recently defined subtypes, such as ASyS, IMNM, and other
autoantibody-defined subtypes. Additionally, our findings on
the nonadditive effects of IIM in individuals of European
ancestry require further investigation in more diverse popu-
lation groups.

In summary, this is the first study to focus on the nonadditive
effects in IIM using the largest cohort to date. The divergence
between HLA and non-HLA risk models and the nonadditive
effects of HLA molecule residues support further mechanistic
investigation into HLA antigen presentation in immune
responses. Our nonadditive risk model could also provide more
precise individual risk estimation and warrants exploration of
its clinical relevance.
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A B S T R A C T

Objectives: This study aimed to investigate the spatial transcriptomic landscape of muscle tissue
from patients with treatment-naive juvenile dermatomyositis (JDM) in comparison to healthy
paediatric muscle tissue.
Methods: Muscle biopsies from 3 patients with JDM and 3 age-matched controls were analysed
using the Nanostring GeoMx Digital Spatial Profiler. Regions of interest were selected based on
muscle fibres without immune cells, immune cell infiltration and CD68+ macrophage enrich-
ment. Differential gene expression, pathway analysis and pathways clustering analysis were con-
ducted. Key findings were validated in 19 cases of JDM using immunohistochemistry and
chemical stains, and a bulk RNAseq dataset of 4 cases of JDM.
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Results: JDM muscle tissues exhibited significant interferon pathway activation and mitochondrial
dysfunction compared to controls. A 15-gene interferon signature was significantly elevated in JDM
muscle and macrophage-enriched regions, correlating with clinical weakness. In contrast, mitochon-
drial dysregulation, characterised by downregulated respiratory chain pathways, was present
regardless of interferon activity or muscle strength. The interferon-driven and mitochondrial signa-
tures were replicated in an independent RNAseq dataset from JDM muscle; the lack of association
between interferon signature and mitochondrial dysregulation was validated in 19 cases by conven-
tional staining methods. Clustering analysis revealed distinct transcriptomic profiles between JDM
and control tissues, as well as between patients with JDMwith varying clinical phenotypes.
Conclusions: This study highlights mitochondrial dysfunction as a consistent pathological feature
in JDM muscle, which may be independent of interferon-driven inflammation. These findings
highlight the potential for mitochondrial-targeted therapies in JDM management and emphasise
the need for further studies to explore their therapeutic value.
WHAT IS ALREADY KNOWN ON THIS TOPIC

� Juvenile dermatomyositis (JDM) involves interferon (IFN)-
driven inflammation and immune-mediated muscle damage.

� Mitochondrial abnormalities in blood immune cells persist
despite treatment and contribute to disease pathology.

WHAT THIS STUDY ADDS

� Mitochondrial dysfunction is present in both muscle fibres and
tissue-infiltrating immune cells within JDM muscle.

� These abnormalities are detectable even in clinically less severe
muscle weakness.

� Degree of mitochondrial abnormality at transcript and protein
level may be independent of the strength of IFN-driven signal.

� Mitochondrial dysregulation detected at the transcriptional
level correlates with abnormal transcription of muscle (sarco-
mere) and the subcellular peroxisome organelle.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

� Targeting mitochondrial dysfunction could enhance treatment
outcomes for JDM, especially in patients whose disease is
refractory to current therapies.

� Insights from this study support the development of stratifica-
tion tools to detect aspects of pathology which are not tightly
correlated with IFN-driven pathology.

INTRODUCTION

Idiopathic inflammatory myopathies of childhood, of which
the most common is juvenile dermatomyositis (JDM), are severe
paediatric autoimmune conditions characterised by chronic
inflammation of muscle, skin and in some cases major organs. A
clear understanding of pathogenic mechanisms at the sites of tis-
sue damage is lacking, and there is a significant unmet need for
more targeted treatments [1,2]. We have previously detailed
transcriptional changes detectable in blood immune cells in
JDM [3]. We identified that blood CD14+ monocytes from
patients with active disease have severe mitochondrial dysfunc-
tion. Furthermore, we showed that alterations in mitochondrial
biology and morphology in monocytes led to accumulation of
oxidised mitochondrial DNA, which was able to trigger inter-
feron (IFN)-signalling pathways. Interestingly, while the well-
characterised IFN-driven signature detectable at diagnosis was
reduced on treatment, we observed that mitochondrial abnor-
malities detected in peripheral blood monocytes persisted
despite treatment.

Our previous studies on JDM muscle tissue obtained before
treatment showed that proinflammatory, CD68+ tissue
1707
macrophages are frequently detectable [4,5] and that CD68+
cell infiltration correlates with weakness [6]. Macrophage infil-
tration may be throughout the endomysium, or in perivascular
clusters, where they are frequently colocalised with infiltrating
T cells [5,6]. Abnormal macrophage polarisation has been impli-
cated in perpetuating inflammation and tissue damage in myop-
athies [7−9]. A recent study in a myositis animal model
suggests a self-perpetuating loop between mitochondrial dys-
function and inflammation [10].

To start to define at tissue level the complex interactions
between immune and muscle cells in JDM-affected muscle tis-
sue, we employed spatial transcriptomics. This method enables
in-situ gene expression analysis while preserving critical tissue
architecture, allowing precise localisation of cell types and their
potential involvement in the pathogenic processes associated
with myositis [11]. We employed the Nanostring GeoMx Digital
Spatial Profiler (DSP) to interrogate the transcriptome of muscle
tissue sections from patients with JDM and age-matched healthy
controls. GeoMx facilitates the staining, selection and sequenc-
ing of specific spatial niches within the tissue known as regions
of interest (ROIs) [12]. We opted to focus initially on CD68
+-enriched areas in the analysis of inflammatory infiltrate.

We confirm that JDM muscle tissue exhibits significant
upregulation of IFN pathways and dysregulation of mitochon-
drial pathways, particularly affecting the electron transport
chain. By comparing tissue areas, we show that muscle weak-
ness correlates with increased IFN signalling in both muscle-
and CD68+-cell-derived transcriptome. Importantly, mito-
chondrial abnormalities were clearly demonstrated even in
muscle with only moderate clinical weakness, and these were
detected in both muscle fibres as well as in the CD68+ infil-
trate. We replicated our findings in another cohort, analysing
bulk RNAseq data, and validated the lack of correlation
between IFN-driven changes and mitochondrial abnormality
at protein level in a larger cohort. We believe that our study is
the first to provide spatial transcriptional insights into JDM
pathogenesis, and will facilitate significant steps towards the
delineation of the contributions of immune and muscle cells,
to JDM pathology. Our results suggest that mitochondrial
abnormalities, which we previously defined in blood cells, are
also present in both muscle and infiltrating monocyte/macro-
phages in JDM even before significant clinical weakness is
apparent.
METHODS

All methods are provided in supplementary information.



Table
Demographics and clinical characteristics of patients with JDM and con-
trols included in the study

Characteristic Value

Sample ID JDM1 JDM2 JDM3 HC1 HC2 HC3

Age at sample (y) 5.83 3.58 4.75 6.28 10.02 4.81
Sex F F F M M F
Disease duration at
time of biopsy,
months

1.05 5.91 3.28 NA NA NA

Myositis-specific
antibody

TIF1-γ TIF1-γ Negative NA NA NA

Disease activity at time
of biopsy:

Physician global assess-
ment score, PGA
(0.0-10.0 cm)

8.0 7.8 6.3 NA NA NA

CMAS (0-52) 30 12 52 NA NA NA
MMT8 (0-80) 44 42 78 NA NA NA
CK, U/L 2611 125 131 NA NA NA
sDASa 4 3 5 NA NA NA
Muscle biopsy score
datab

Inflammatory domain
(0-12)

7 8 7 NA NA NA

Muscle-fibre domain
(0-10)

8 7 7 NA NA NA

Vascular domain (0-3) 2 1 1 NA NA NA
Connective tissue
domain (0-2)

1 2 1 NA NA NA

Total biopsy score (0-
27)

18 18 16 NA NA NA

Histopathology visual
analogue score (0.0-
10.0)

7.0 8.0 7.0 NA NA NA

CMAS, childhood myositis assessment scale; DAS, disease activity score; ID,
identification; JDM, juvenile dermatomyositis; MMT8, manual muscle testing
of 8 muscles; NA, not applicable; PGA, physician global assessment; sDAS,
skin disease activity score.

a Skin disease activity score, or modified skin DAS as defined in Lam et al
[13].
b Data generated using validated JDM muscle biopsy score tool from Var-

sani et al [6].
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RESULTS

Patients and controls

Clinical and demographic features of the 3 patients with JDM
and controls analysed by transcriptome profiling are shown in
Table [6,13]. Of note, 2 of the patients were significantly weak at
the time of biopsy as assessed by the Childhood Myositis Assess-
ment Scale (CMAS) and Manual Muscle Testing of 8 muscles
(MMT8) while the third was less weak but had more severe skin
disease activity. Two patients with JDM tested positive for TIF1γ,
while the third patient was negative for myositis-specific autoanti-
bodies (MSAs). For histological analysis, a total of 19 cases were
included: the 3 transcriptome-profiled patients, along with an
additional 16 JDM cases (Supplementary Table S1).
Selection of ROIs for analysis of areas with or without leukocyte
infiltration in JDM muscle biopsies

To determine the dominant pathways that are altered in the
muscle of patients with JDM compared to healthy muscle and to
test whether mitochondrial pathways are altered in muscle tis-
sue early in JDM, we used spatial transcriptome analysis. Imag-
ing of quadriceps muscle biopsy sections from all 6 cases was
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performed on the Nanostring GeoMx scanning platform. Immu-
nofluorescence staining was performed to enable selection of
ROIs for sequencing using a nuclear marker and morphology
markers laminin, CD45, and CD68, for identification of muscle
fibres, leukocytes, and macrophages, respectively. For focused
transcriptome analysis of infiltrating macrophages, segmenta-
tion was used, as described [12]. Figure 1A shows control mus-
cle tissue, where no significant immune cell infiltration or
inflammation is observed; Figure 1B shows JDM muscle ROI
without immune cells, while Figure 1C reveals an area with sub-
stantial inflammatory infiltration (CD45+), which was not
observed in the control samples. Figure 1D shows an area with
infiltrating CD68+ cells within JDM muscle with Figure 1E fur-
ther illustrating the ‘segmented’ view of CD68+ cells, allowing
for transcriptomic profiling of this specific cell type. Thus, we
selected 3 different ROI types for sequencing analysis: muscle-
fibre, muscle with immune cell infiltration, and CD68-enriched,
generating a total of 28 ROIs. The breakdown of the ROIs
selected is shown in Supplementary Table S2.

Histological analysis of the muscle biopsy sections is pre-
sented in Supplementary Figure S1. All 3 control cases were
found to have no significant pathology or inflammation, with no
infiltration by CD3+ or CD68+ immune cells, confirmed by a
senior histopathologist (AM) [6,14]. None of the 3 control cases
had a genetic abnormality in known mitochondrial-related dis-
eases. A representative hematoxylin and eosin (H&E)-stained
section from a control case is shown in Supplementary Figure
S1A. Active inflammation in a representative JDM case is dem-
onstrated by H&E staining (Supplementary Fig S1B), CD3 (Sup-
plementary Fig S1C), CD68 (Supplementary Fig S1D), and CD20
staining (Supplementary Fig S1E). These classical signs of JDM
muscle inflammation are reflected in the biopsy scores (inflam-
matory domain) [6] (Table).

Principal component analysis confirms distinct transcriptomic
differences between ROI types and JDM vs control tissues

Initial data quality checks were performed on the Nanostring
platform, assessing tissue and sequencing quality, as well as the
performance of negative control probes. None of the 28 ROIs or
control probes were flagged as unsuitable for analysis. Further
quality control and normalisation techniques were applied to
address technical variation across data generated from ROIs.
Relative log expression plots were used to visualise effects of
normalisation: Supplementary Figure S2A shows unnormalised
data, with Supplementary Figure S2B displaying log counts per
million normalised data. This normalisation method, integrated
into the voom function of the limma-voom pipeline [15], effec-
tively centred the median expression levels of all ROIs around
zero. This indicates successful removal of unwanted technical
variation, enhancing comparability across samples.

We employed principal component analysis (PCA) to assess
variance within the dataset, between patients, and between
types of ROIs (Supplementary Fig S2C and D). Initial PCA analy-
sis by patient revealed that all data from patients with JDM (22
ROIs) clustered into 2 clusters, with clear separation of patients
with JDM from control samples (Supplementary Fig S2C). When
data were labelled by ROI type, the 2 distinct clusters of data
from JDM biopsies were clarified by cell type. As expected,
CD68+-selected ROIs (JDM samples only) formed a separate
cluster (Supplementary Fig S2D blue symbols). Interestingly,
JDM muscle-only (Supplementary Fig S2D red symbols) and
JDM muscle plus-immune ROIs (Supplementary Fig S2D yellow
symbols) clustered together (Supplementary Fig S2D). Note that



Figure 1. Immunofluorescent imaging of the muscle biopsy regions of interest (ROIs). (A-E) Representative fluorescent images of ROI types selected
for sequence analysis and associated staining markers: (A) control muscle; (B) JDM muscle ROI with no infiltrating immune cells; (C) JDM muscle
enriched with immune cells (CD45+); (D) CD68+ macrophage-enriched region. (E) Segmented CD68+ cells in the same region shown in (D). Stain-
ing antibodies: laminin (green), DNA nuclear stain (blue), CD68 (red), and CD45 (cyan), indicating muscle fibres, nuclei, macrophages, and leuko-
cytes, respectively. (B-E) are derived from patient JDM3. JDM, juvenile dermatomyositis.
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segmentation was not performed on CD45+ cells. Again, con-
trol muscle ROIs (Supplementary Fig S2D pink symbols) clus-
tered away from all JDM data.
Differential gene expression analysis confirms a high IFN-driven
signature and demonstrates abnormal mitochondrial gene
signature in JDM muscle compared to control muscle

To investigate differences in the gene expression profiles of
JDM muscle compared to control muscle, the data from muscle-
only ROIs were initially used in the limma-voom differential
gene expression (DGE) analysis pipeline. The analysis revealed
448 genes that were significantly differentially expressed in
JDM muscle (|Log2FC| ≥ 0.58 and adjusted P value ≤.05, using
the Benjamini-Hochberg procedure for multiple testing correc-
tion), of which 336 genes were identified as upregulated and
112 as downregulated in JDM muscle compared to control sam-
ples (Fig 2A). Pathway enrichment using over-representation
analysis (ORA) on significantly differentially expressed genes
(DEGs) was used to identify dysregulated pathways in JDM mus-
cle. The gene ontology (GO) cellular component (CC) gene sets
were initially used to identify differentially expressed pathways.
The GO CC annotations detail the subcellular structures and
complexes involved, making this appropriate for highlighting
mitochondrial functional pathways. Conversely, the GO biologi-
cal process (BP) gene sets were then used to capture dynamic
biological activities and signalling processes, such as immune
response mechanisms, which are central to JDM. The first ORA
(GO CC) indicated 101 significantly differentially expressed
pathways in JDM muscle compared to controls (adjusted P value
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≤.05, Benjamini-Hochberg procedure) while the second (GO
BP) gave 310 significant pathways.

To simplify the interpretation of these numerous, often over-
lapping pathways, Advanced Pathway Enrichment Analysis
Representation (aPEAR) cluster network analysis was performed
[16], resulting in the construction of plots that visually organise
and group related pathways into coherent clusters, for each of
the 2 GO gene sets that were used. The GO CC network
highlighted several clusters of mitochondria-related pathways,
including clusters such as the ‘respiratory chain complex’, the
‘mitochondrial proton-transporting adenosine triphosphate
(ATP) synthase complex’, and the ‘mitochondrial respiratory
chain complex III’ (Fig 2B). Interestingly, pathways related to
endoplasmic reticulum (ER) to Golgi protein transport were also
differentially expressed in JDM muscle (Fig 2B). The GO BP net-
work highlighted clusters of IFN and immune-related pathways,
with the most prominent clusters being ‘interferon-mediated
signalling pathway’, ‘pattern recognition receptor signalling
pathway’, and ‘T cell mediated immunity’. In addition, several
clusters related to muscle development and function were noted,
including ‘muscle cell development’ and ‘regulation of muscle
contraction’ (Fig 2C).

We were intrigued that a cluster of pathways annotated as ‘T
cell immunity’ was enriched in JDM muscle-only regions
(Fig 2C). Scrutiny of pathways that generated this annotation
revealed 22 pathways ascribed to T cells and 85 others labelled
as antigen processing, regulation of immunity, major histocom-
patibility complex (MHC), or other immune cells (Supplemen-
tary Table S3). Across these pathways, the top DE genes were
HLA (human leukocyte antigen, the human MHC) genes or those
involved in MHC processing such as TAP2 (Supplementary Table



Figure 2. Differential gene expression analysis demonstrates a high interferon-driven signature and abnormal mitochondrial gene signature in JDM
compared to control muscle. (A) Volcano plot illustrating differentially expressed genes (DEGs) between JDM and control muscle ROIs. Genes with an
adjusted P value ≤0.05 and |log2FC| ≥ 0.58 are considered statistically significant (n = 448). Red points represent significantly upregulated genes,
and blue significantly downregulated genes. The 20 genes with the smallest adjusted P values were annotated. (B) Network cluster plot of enriched
gene ontology cellular component (CC) pathways among the 448 DEGs, generated using the aPEAR R package. Each cluster represents groups of simi-
lar cellular components, derived from gene ontology terms. Pathways with an adjusted P value ≤0.05 (Benjamini-Hochberg procedure) were included
in the clustering and network analysis. (C) Network cluster plot of enriched gene ontology biological process (BP) pathways among the 448 DEGs, gen-
erated using the aPEAR R package. Each cluster represents groups of related BPs, highlighting functional pathways involved in JDM. Pathways with an
adjusted P value ≤0.05 (Benjamini-Hochberg procedure) were included in this clustering and network analysis. For (B) and (C), larger dots represent
pathways associated with a higher number of significant genes (shown in key, pathway size). Dot colour intensity corresponds to significance, with
deeper red shades indicating smaller P values (shown in colour bar, adjusted P value). aPEAR, advanced pathway enrichment analysis representation;
FC, fold change; JDM, juvenile dermatomyositis; NS, not significant; ROI, regions of interest.
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Figure 3. Interferon-driven signature is elevated across each cell type analysed in JDM tissue. (A) Heatmap showing the normalised, scaled expression
levels of the 15-gene interferon score across the ROIs. Distinct ROI types (top row) are allocated colours pink, blue, red and yellow as shown; individ-
ual patients (second row sample ID) are allocated colours as shown. Unsupervised clustering groups the ROIs into 3 distinct clusters: one including
ROIs patient JDM1 (light blue ID) and JDM2 (white bordered ID), a second cluster for patient JDM3 (purple ID), and a third for control ROIs (black,
grey and green IDs). The coloured scaled bar red to blue highlights the Z-score ranges, with red indicating a positive Z-score and blue indicating a neg-
ative Z-score. (B, C) Boxplots showing the 15-gene interferon score, calculated as the sum of Z-scores for the 15 ISGs, compared across: (B) different
ROI types and (C) individual patients and controls. For (B), statistical differences between the groups were assessed using the Kruskal-Wallis test, fol-
lowed by post hoc pairwise comparisons using Dunn’s test. For (C), statistical differences were assessed using one-way ANOVA, followed by post hoc
pairwise comparisons using Tukey’s HSD test. ANOVA, analysis of variance; HSD, honestly singnificant difference; ID, identification; ISG, interferon-
stimulated gene; JDM, juvenile dermatomyositis; ROI, regions of interest.
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S4). It is well established that both muscle and endothelium in
adult and juvenile idiopathic inflammatory myopathy (IIM)
express high levels of HLA class I and II proteins which can be
independent of inflammatory infiltrates [17−20]. Therefore, we
ascribe this result to the expression of HLA genes (driven by
IFN) in muscle fibres or endothelium.

To determine whether differentially expressed pathways
were upregulated or downregulated in JDM against controls,
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gene set enrichment analysis was performed using the Fast Gene
Set Enrichment Analysis (fGSEA) method [21]. This analysis
provides complementary insights by considering the entire
ranked gene list, identifying pathways with subtle but coordi-
nated expression changes. Using fGSEA, 79 and 269 significant
pathways (adjusted P value ≤.05, Benjamini-Hochberg proce-
dure) were identified with the GO CC and GO BP gene sets,
respectively, many of which overlapped with the ORA results.
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Full lists of the significant pathways identified via fGSEA and
their associated fold changes and clusters can be found in Sup-
plementary Tables S5 (GO CC) and S6 (GO BP).

Clustering of the 79 pathways (GO CC) using aPEAR vali-
dated the previous results, with the generated network plots
reinforcing involvement of ER to Golgi transport pathways
(upregulated) and mitochondrial-related pathways (downregu-
lated, Supplementary Fig S3A and Table S5). In contrast, cluster-
ing of the 269 GO BP pathways highlighted the significant
upregulation of IFN signalling pathways, which fall under the
cluster of ‘regulation of response to external stimulus’ (Supple-
mentary Fig S3B and Table S6). Supplementary Figure S3C
shows the 15 most downregulated and 15 most upregulated
pathways from both GO CC and GO BP analyses, visualised by
comparing normalised enrichment scores.

IFN-driven signature is elevated across tissue cell types analysed
in patients with JDM

We next used our previously validated 15-gene IFN-stimu-
lated gene signature [3] to visualise variations in the expression
patterns of IFN-stimulated genes across the different ROIs, from
patients and controls [22]. All 15 of these genes are associated
with both type I and type II IFN signalling as annotated in the
Interferome database [23]. Heatmap visualisation of normal-
ised, scaled expression levels across ROIs revealed distinct pat-
terns of IFN-stimulated gene (ISG) expression between patients,
with unsupervised clustering of ROIs primarily by patient. One
patient with JDM (JDM3) exhibited lower ISG expression com-
pared to the other 2 patients with JDM (Fig 3A). Notably, this
patient was less weak at the time of biopsy than patients JDM1
and JDM2 (Table).

Quantification of the 15-gene ISG score (IFN score) demon-
strated significant elevation in all ROI types from JDM tissues
compared to controls. However, pairwise comparisons using
Dunn’s multiple comparisons test revealed no statistically signif-
icant differences between different ROI types within the JDM
group, indicating a consistent IFN activation signature across
muscle cells, immune-infiltrated regions, and CD68+ macro-
phage-enriched regions (Fig 3B). Analysis of IFN score values by
ROI confirmed that all 3 patients had significantly higher IFN
scores than controls, but that the IFN score of JDM3 was signifi-
cantly lower than scores of JDM1 or JDM2 (Fig 3C).

Mitochondrial dysfunction is consistent across all patients with
JDM

To further analyse mitochondrial involvement within JDM
muscle tissue, the 448 DEGs identified in JDMmuscle ROIs com-
pared to controls (Fig 2A) were further examined based on their
associated GO terms. Of these 448 genes, 75 were annotated
with the GO term ‘mitochondrion’. This list was carefully
curated, removing known ISGs, including 5 which were part of
our IFN score, and other genes which are not specific to mito-
chondrial function, or only interact with mitochondria under
specific conditions (see Supplementary Methods). Unsupervised
clustering of the 41 remaining genes revealed clusters by ROI
type (and therefore cell type), rather than by patient, suggesting
that mitochondrial gene expression patterns are shaped by cell
type and disease state, but were largely consistent across
patients (Fig 4A). Genes included in analysis shown in Figure 4
are listed in Supplementary Table S7. Quantification of the mito-
chondrial gene score using these 41 genes demonstrated signifi-
cant differences between all JDM ROIs and controls (Fig 4B).
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Pairwise comparisons (Tukey’s multiple comparisons test)
revealed that among the JDM patient data, CD68+ macrophage
regions exhibited significantly distinct mitochondrial scores
compared to both JDM muscle (adjusted P < .0001) and control
muscle ROIs (adjusted P < .0001) indicating cell-specific varia-
tion in mitochondrial gene expression patterns (Fig 4B), unlike
the uniformity across cell types seen in IFN dysregulation in
JDM (Fig 3B). No statistically significant difference was
observed between the muscle and muscle+immune cell JDM
mitochondrial scores (Fig 4B, adjusted P = .1438). Analysis of
the 41-gene score across patients confirmed that each patient
had a highly significant altered mitochondrial score compared
to controls, but there were no significant differences in mito-
chondrial scores between patients (Fig 4C). Together, these
results suggested that while the degree of IFN-driven pathology
varied between cases, the mitochondrial abnormality was
observed consistently across these 3 cases.

To validate these findings in an independent cohort, fGSEA
analysis was performed using a publicly available RNAseq data-
set, comparing 4 JDM with 5 control muscle biopsies [24]. As
these data were bulk RNAseq, analysis was performed at the
whole-biopsy level but not for specific regions or cell types
within each biopsy. Analysis confirmed upregulation of IFN-
driven and immune activation pathways, and downregulation of
mitochondrial pathways (including oxidative phosphorylation,
respiratory electron transport chain, ATP synthesis coupled elec-
tron transport), Supplementary Figure S4A. This dataset also
enabled transcriptome-wide quantification, including mitochon-
drial-encoded gene transcripts not captured by the GeoMx
whole transcriptome atlas. Of the 37 mitochondrial-encoded
genes, 20 were significantly (adjusted P value <.05, |Log2FC| ≥
0.58) downregulated in JDM muscle compared to controls (Sup-
plementary Fig S4B), and this was consistent across all cases
(Supplementary Fig S4C). Furthermore, 10 of the 41 mitochon-
drial score genes were significantly and consistently downregu-
lated in JDM in the replication cohort (Supplementary Fig S4D,
E), while 13 genes of the 15-gene IFN score were significantly
upregulated in this cohort (Supplementary Fig S4F). Again, we
observed clear patient heterogeneity in levels of IFN-driven
gene expression (Supplementary Fig S4G).

Relationship between IFN-driven and mitochondrial
abnormalities in JDM muscle

Given our intriguing finding of a lack of correlation between
IFN and mitochondrial pathological gene expression, we investi-
gated this at the protein level using conventional immunohis-
tochemistry and chemical stains in a larger cohort (n = 19),
including 16 further UK Juvenile Dermatomyositis Cohort Bio-
marker Study & Repository (JDCBS) JDM cases and the index 3
JDM cases, all treatment naive. Sections were stained and scored
for IFN-driven MxA protein expression (Fig 5A-D) and mito-
chondrial abnormality (Fig 5E-J) (see Supplementary Methods).
JDM cases exhibited a range of mitochondrial deficiency sever-
ity (6 severe, 10 mild, and 3 none) and IFN-driven MxA protein
expression. However, there was no correlation between these 2
features (Fig 5K, P= .657). In contrast, the level of MxA protein
upregulation on muscle fibres correlated with clinical weakness
measured by MMT8 (adjusted P = .0369, Benjamini-Hochberg
procedure) and CMAS (adjusted P= .0084), replicating our pre-
vious findings in 103 cases [25].

The histological feature of perifascicular atrophy (PFA) is
well recognised in dermatomyositis and has been shown to cor-
relate with COX deficiency and mitochondrial abnormalities in



Figure 4. Abnormal mitochondrial signature is consistent across all patients with JDM but distinct between cell types. (A) Heatmap showing the nor-
malised, scaled expression levels of the 41-gene mitochondrial score differentially expressed in JDM muscle against control ROIs. Distinct ROI types
(top row) are allocated colours pink, blue, red and yellow as shown; individual patients (second row sample ID) are allocated colours as shown. All
ROI types are included in the heatmap analysis. Unsupervised clustering groups the ROIs into 3 distinct clusters: one including JDM muscle ROIs and
muscle + immune cell ROIs, a second for CD68+ ROIs, and a third for control muscle ROIs. The coloured scaled bar highlights the Z-score ranges,
with red indicating a positive Z-score and blue indicating a negative Z-score. (B, C) Boxplots of 41-gene mitochondrial scores, calculated as the sum of
Z-scores for the 41 mitochondrial genes, compared across: (B) different ROI types and (C) individual patients and controls. For (B) and (C), statistical
differences were assessed using one-way ANOVA, followed by post hoc pairwise comparisons using Tukey’s HSD test. ANOVA, analysis of variance;
HSD, honestly significant difference; ID, identification; JDM, juvenile dermatomyositis; ROI, regions of interest.
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JDM and adult DM [26]. We tested whether PFA within the ROIs
analysed by GeoMx was associated with mitochondrial abnor-
mality. All 3 JDM cases demonstrated evidence of PFA. Of the
22 ROIs, 18 contained the edge of a fascicle allowing analysis
for PFA (Supplementary Fig S5A). PFA was present in 55% (10/
18) of these ROI including regions from all 3 cases. In this small
sample, no correlation was observed between PFA and mito-
chondrial abnormality, assessed in the 8 muscle/muscle
+immune ROIs (Supplementary Fig S5B). However, this result
may relate to small sample size, the fact that GeoMx does not
measure expression of mitochondrial-encoded genes, or that
each ROI covers areas with PFA and others without, while
GeoMx generates a bulk-like average 41-gene mitochondrial
score for the whole ROI.
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To define other biological pathways associated with mito-
chondrial dysfunction, 2 complementary approaches were per-
formed. First, for each pathway cluster shown in Supplementary
Figure S3A, B, the most commonly shared genes within each
cluster were used to generate cluster-specific expression scores.
In the second approach, fGSEA was run using MSigDB Hallmark
gene sets, and scores calculated from the leading-edge genes of
each pathway (see Supplementary Methods). Across both meth-
ods, lower mitochondrial gene expression was consistently asso-
ciated with reduced activity in metabolic pathways, including
oxidative phosphorylation, fatty acid metabolism, glycolysis and
genes involved in reactive oxygen species response as expected
(Fig 6A, B). In addition, decreased expression of peroxisome-
related genes and downregulation of sarcomere organisation



Figure 5. Lack of association between interferon dysregulation and mitochondrial deficiency assessed at protein level in an independent JDM cohort.
(A-D) Representative immunohistochemical staining for myxovirus-resistance protein A (MxA), used to assess interferon-driven protein expression in
muscle fibres. Scoring was performed using a 4-point scale: 0 = no staining (A), 1 = weak (B), 2 = moderate (C), and 3 = strong (D). (E-J) Represen-
tative staining for mitochondrial deficiency, assessed using combined COX−SDH histochemistry and supported by immunohistochemistry for MTCO1
(complex IV) and NDUFB8 (complex I). Cases were categorised as having no (0), mild (1), or severe (2) mitochondrial deficiency. (E-G) Representative
staining from a JDM biopsy with mild mitochondrial deficiency: (E) COX−SDH staining, (F) MTCO1, and (G) NDUFB8. (H-J) Representative staining
from a JDM biopsy with severe mitochondrial deficiency: (H) COX−SDH, (I) MTCO1, and (J) NDUFB8. (K) Summary bar plot of 19 JDM muscle biop-
sies, showing the distribution of mitochondrial deficiency scores (0 = none, 1 = mild, 2 = severe) across each level of interferon activity (MxA score
0−3). Bar colours indicate the level of mitochondrial deficiency (none, mild, severe) as shown. Statistical analysis was performed using the U-statistic
permutation test. JDM, juvenile dermatomyositis.
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Figure 6. Pathway-level transcriptional signatures associated with mitochondrial dysfunction in JDM muscle. Dot plots show the significant correla-
tion between the mitochondrial gene score and pathway-specific expression scores across muscle regions of interest (ROIs) from JDM biopsies
(adjusted P ≤ .05, Benjamini-Hochberg procedure). The mitochondrial gene score was calculated per ROI based on z-scores of 41 curated mitochon-
drial genes, using the mean and SD from control muscle as a reference. (A) Correlation with GO-based pathway clusters, derived from fGSEA of JDM
ROIs compared to controls. For each cluster, a core gene signature was defined by selecting genes that appeared in the leading edge of ≥75% of constit-
uent pathways. (B) Correlation with significantly enriched MSigDB Hallmark pathways (adjusted P ≤ .05, Benjamini-Hochberg procedure) identified
through gene set enrichment analysis of JDM vs control muscle. For both (A) and (B), each dot represents a single pathway or cluster. Dot size reflects
the strength of the correlation (r coefficient), and dot colour indicates the statistical significance of the correlation, with deeper red shades correspond-
ing to smaller adjusted P values. The colour scale bar reflects the adjusted P value. GO, gene ontology; JDM, juvenile dermatomyositis.
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were observed to be correlated with more severe mitochondrial
abnormalities.

Transcriptomic differences between distinct regions of affected
muscle and between patients

Since we observed differences in IFN-driven signature
between cases, we tested for other transcriptomic differences
across patients, comparing patient JDM3 with JDM1 and JDM2.
Initially, muscle and muscle-immune ROIs were combined to
increase statistical power. Analysis comparing JDM3 vs JDM1
+JDM2 revealed 176 DEGs between groups (100 upregulated,
76 downregulated genes in patients JDM1+JDM2,
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Supplementary Fig S6A). Pathway analysis indicated 208
enriched GO BP pathways; cluster network analysis highlighted
IFN and immune-related pathway clusters, including ‘positive
regulation of type I interferon production’ (confirming our 15-
gene IFN score result, Fig 3), ‘antigen processing and presenta-
tion via MHC Class I via ER pathways’, and ‘antibacterial
humoral response’ (Supplementary Fig S6B). In this comparison
between patients, mitochondrial pathways were not differen-
tially expressed, confirming earlier results suggesting consistent
mitochondrial abnormalities in all cases. Separate DGE analysis
performed between the CD68+ cell ROIs of patient JDM3
against those of patients JDM1+JDM2 revealed 63 DEGs
(43 upregulated, 20 downregulated in JDM1+JDM2,



Figure 7. Gene set enrichment analysis reveals increased immune pathways and decreased mitochondrial functional pathways in JDM immune cell-
rich muscle regions compared to JDM muscle-only regions. (A, B) Cluster plots of enriched gene ontology pathways, based on fGSEA performed on all
genes for each comparison ranked by P value and fold change. (A) Plot of enriched GO cellular component pathways. (B) Plot of enriched GO biologi-
cal process pathways. (C) Dot plot of the 20 GO BP and CC pathways with the highest absolute normalised enrichment score (NES). In panels (A-C),
larger dots represent pathways associated with a higher number of genes (shown in key, pathway size), and the dot colour reflects the NES, with blue
indicating negative NES and red indicating positive (shown in colour bar, NES). BP, biological process; CC, cellular component; GO, gene ontology;
JDM, juvenile dermatomyositis.
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Supplementary Fig S7A). Within this analysis, 148 GO BP path-
ways were significantly enriched, with the most prominent clus-
ter being ‘negative regulation of viral genome replication’
(Fig 7B), indicating that expression of ISGs in muscle-infiltrating
CD68+ cells also differed between the patients with JDM. We
also conducted DGE analysis for each ROI type comparing JDM1
+JDM3 vs JDM2, and JDM2+JDM3 vs JDM1. Those compari-
sons did not reveal meaningful differences, yielding between 0
and 4 DEGs only (data not shown).
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Finally, we explored transcriptional patterns in muscle-
immune ROI (which had dense infiltrates of CD45+ immune
cells, including CD3+/CD68+/CD20+ cells), compared to
muscle-fibre only regions. Initial DGE analysis using the
limma-voom pipeline suggested no significant DEGs between
these ROI groups, based on the same fold change and adjusted
P value criteria (data not shown). However, fGSEA analysis
revealed 28 significant pathways in the GO CC gene set and
317 significant pathways in the GO BP gene set (Fig 7A, B,
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respectively). These pathway-level findings suggested that
immune-infiltrated muscle regions exhibited further downre-
gulation of mitochondrial and metabolic pathways, alongside
increased expression of immune-related and leukocyte activa-
tion pathways (Fig 7C). While not captured at the significant
DEG level, these transcriptional differences are consistent with
the expected biological impact of immune infiltration. These
significant pathways are found in Supplementary Tables S8
(GO CC) and S9 (GO BP).

DISCUSSION

Our previous work and that of others studying affected mus-
cle in JDM, a key target tissue of pathology, has demonstrated
upregulated expression of IFN-driven gene and protein expres-
sion. In muscle fibres, this includes overexpression of class I
MHC protein (also known as HLA class I) [6,20,27], and myxovi-
rus-resistance protein A [25]. Expression of IFN-driven proteins
is variable between cases, but typically correlates with the
degree of weakness [25]. Many studies have confirmed a strong
IFN-driven transcriptional signature in both muscle and blood of
both adult and paediatric patients with IIM [3,28−31]. Thera-
pies which target IFN or IFN signalling are increasingly being
tested in myositis [32].

Our previous gene expression analysis of peripheral blood
lineage-sorted immune cells from patients with JDM revealed
not only this known IFN-driven signature, but also a signature of
mitochondrial dysfunction, most marked in blood monocytes
[3] which was confirmed at the functional level and found to
persist, and was not restored to normal by treatment, despite
clear reduction in expression of ISGs on treatment. Furthermore,
we showed that mitochondrial DNA was abnormally released in
patient monocytes and could drive production of IFN and down-
stream ISGs, an effect that was mediated via C-GAS-STING and
TLR9 pathways.

To date, the majority of transcriptional studies published
using muscle tissue of patients with IIM have used bulk RNA
sequencing. In these datasets, it is challenging to understand or
define the role of different cells, or to identify how specific tissue
microniches contribute to pathology. In this study, we have for
the first time used spatial transcriptomic methods to analyse
muscle tissue from children with JDM obtained at diagnosis
before starting treatment compared to age-matched healthy
muscle. Thus, our data are not confounded by the effects of med-
ication. We used Nanostring GeoMx DSP to generate transcrip-
tional data of 3 specific region types within the muscle. This
allowed comparison of regions within the disease tissue includ-
ing those where infiltrating immune cells are scarce, or not
detected, in regions of dense clusters of inflammatory cells, and
in regions where CD68+ infiltrating macrophages were pre-
dominant. Our data confirm successful use of this platform for
analysis using historical cryopreserved muscle tissue.

Initial analysis of JDM compared to control tissue confirmed
high expression of IFN-stimulated genes in all regions analysed.
Furthermore, strong upregulation of pathways related to protein
transport through the ER and Golgi, and ER stress, was observed,
aligning well with our previous studies in human muscle and a
transgenic mouse myositis model [4,33,34]. We also demon-
strate that, as previously observed in blood monocytes, in the
JDM tissue itself, muscle fibres have a highly dysregulated mito-
chondrial signature. Dysregulated pathways included those
related to mitochondrial function, respiratory chain, and mito-
chondrial proton transport: their expression was downregulated
in muscle. In addition, the signal for mitochondrial and
1717
respiratory chain-related genes was distinct in CD68-enriched
regions. By analysing RNAseq data from a second JDM cohort,
we validated our results for these nuclear-encoded mitochon-
drial genes and additionally showed downregulation of mito-
chondrial-encoded genes. We investigated the relationship of
the signatures to clinical activity as assessed by muscle weak-
ness. We observed a correlation between IFN signature and
weakness, whereby 1 patient who was minimally weak (MMT8
score 78) had lower expression of IFN-induced signature than
the 2 patients who were significantly weak (MMT8 scores 44
and 42). Interestingly, this was different for the mitochondrial
signature detected in tissue, which was independent of the IFN
signature. The downregulation of mitochondrial pathways was
consistently observed for the index 3 patients, regardless of mus-
cle strength, and across the 3 patients this result showed mini-
mal variance for the 41-gene mitochondrial score we defined.
We extended these findings in 19 cases at protein level, and rep-
licated the observation of no correlation between level of IFN-
driven protein expression with mitochondrial abnormality. A
recent study suggested that IFNg itself leads to mitochondrial
dysfunction and oxidative stress in both a mouse model and
patients with adult IIM [10]. In contrast, our previous work in
JDM monocytes suggested that circulating oxidised mitochon-
drial DNA itself may activate IFN pathways. The current study
suggests that mitochondrial dysfunction can be equally promi-
nent in patients with either low or high IFN score at both RNA
and protein level, implying that IFN-independent drivers of
mitochondrial dysfunction exist. If so, blocking of IFN by new
therapeutic agents may not adequately control all aspects of dis-
ease pathology. Supporting this, recent evidence in Inclusion
Body Myositis (IBM) and Polymyositis (PM) suggests that mito-
chondrial-encoded gene mutations lead to inflammation and
immune cell infiltration, activating the cGAS/STING pathway,
in the absence of IFN [35]. In a model of Parkinson’s disease
(PD) and patients with PD, mitochondrial DNA damage triggers
neuron pathology, which is, remarkably, exacerbated in the
IFN-deficient mouse [36]. Collectively, these findings suggest
that the intersection between mitochondrial biology and IFN is
bidirectional and complex, and that pathologies driven by
altered mitochondrial DNA and function can act independently
of IFN. Our demonstration that mitochondrial dysfunction corre-
lates with altered function of the peroxisome, an organelle key
to metabolic pathways which communicates with mitochondria,
may reveal further potential novel treatment targets [37].

Our analysis of JDM muscle compared to healthy muscle also
revealed other dysregulated pathways associated with disease,
including ER to Golgi transport, sarcomere and T cell activation.
We attribute this to the highly upregulated HLA class I and II
DEGs which are known to be upregulated in muscle fibres them-
selves in JDM.

Direct comparison of muscle-only to muscle+immune regions
revealed pronounced downregulation of mitochondrial and meta-
bolic pathways, alongside increased expression of immune-related
pathways, in immune-infiltrated regions. This indicates that rela-
tive mitochondrial abnormalities differ between cell types in
inflamed tissue, and concurs with evidence that the mitochondrial
transcriptome differs across tissue types [38]. To precisely dissect
specific tissue niches and cell interactions in JDM, future single-
cell spatial analyses will provide a more precise understanding of
cell-specific contributions and define cell-cell interactions in JDM
muscle tissue. Single-cell spatial analysis of JDM muscle is under-
way to allow us to distinguish these issues.

This study has several limitations. The initial sample size
(n = 3 in each group) was small which limited our ability to
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detect gene expression differences with a small effect size, which
may still be important to pathology: therefore, our findings
should be interpreted with caution, especially when comparing
2 patients to one other. In addition, the 3 initial JDM and 3 con-
trol cases are not perfectly matched for sex or age, and in this
group size it was not possible to adjust for these variables. Thus,
despite close clustering of the control case data in both PCA and
gene score analyses, larger studies are needed to assess the effect
of these variables on muscle transcription in myositis.

Despite this, key significant differences between patients and
controls were replicated in a second cohort and our findings
were validated at protein level in a larger cohort. Our previous
analysis of 103 JDM muscle biopsies showed significant histo-
logical heterogeneity across cases which varied in part by MSA
status [25]. The current study was not powered to analyse for
association between specific MSA status and transcriptional dif-
ferences. A larger cohort will therefore be essential to capture
the full variance in patient phenotype, MSA status, clinical
severity, and pathology, to provide a robust understanding of
JDM-associated gene expression changes. Furthermore, analysis
of tissue-infiltrating CD68+ macrophages lacked a control com-
parison group due to the absence of CD68+ cells in normal mus-
cle tissue limiting our ability to identify the unique
transcriptomic signature of infiltrating macrophages against
healthy macrophages.

This study represents the first application of spatial transcrip-
tomics to muscle biopsies from a patient with JDM using the
GeoMx technology, unveiling critical insights into mitochon-
drial and immune dysregulation at the tissue level. Importantly,
we have defined parallel gene expression patterns in both the
muscle and macrophage-rich regions of JDM muscle, as previ-
ously identified in blood monocytes. Together, these data sug-
gest that mitochondrial dysfunction is present across tissues
and, that within the muscle itself, this signal is readily detect-
able in both CD68+ infiltrating cells and muscle fibres. Our
results also indicate that this mitochondrial dysfunction is
uncoupled from the characteristic IFN-driven signature. Given
that almost 50% of patients with JDM are not well-controlled on
standard first-line treatments [2], which are currently focused
on the suppression of immune pathways, our demonstration
that mitochondrial dysfunction is present in the muscle of the
majority of cases of JDM in this study has important implica-
tions. First, adjunctive therapies that target the mitochondrial
pathology could be tested in combination with current treat-
ments. Second, this signature may be readily tested and used to
drive treatment choices in the future. Future work to define
whether the mitochondrial signature in tissue correlates with
that in blood will be important for the design of stratification
tools in trials of novel agents targeting the mitochondrial abnor-
mality.

Our findings advance the understanding of JDM pathogenesis
and lay the groundwork for future research into the use of thera-
pies which specifically target mitochondrial dysfunction and
immune-mediated damage.
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Objectives: Most patients with systemic sclerosis (SSc) experience gastrointestinal (GI) dysmotil-
ity. The enteric nervous system (ENS) regulates GI motility, and its dysfunction causes dysmotil-
ity. A subset of SSc patients harbour antimitochondrial M2 autoantibodies (AM2A). Here, we
investigate whether M2 is expressed by specific ENS cells, and if AM2A are associated with GI
dysmotility in SSc patients.
Methods: Sera from 154 well-characterised patients with SSc were screened for AM2A by
enzyme-linked immunosorbent assay. Clinical features and GI transit data were compared
between AM2A-positive and AM2A-negative patients. Hepatocellular carcinoma cell line 2
(HepG2) cells were cultured with these sera and costained with AM2A.
Results: Nineteen of 147 patients (12.9%) were AM2A-positive. AM2A positivity was significantly
associated with slower transit in the oesophagus (β −14.4, 95%CI, −26.2, −2.6) and stomach (β
−7.9, 95% CI, −14.1, −1.6). Immunostaining demonstrated pan-mitochondrial antigens TOM-
20 and M2 enrichment in human ENS neurons, specifically in mesoderm-derived enteric neurons
(MENS). Autoantibodies in SSc sera penetrated live adult murine MENs and HepG2 cells when
adult murine longitudinal muscle containing myenteric plexus tissue and HepG2 cells were cul-
tured in the presence of SSc sera. Upon penetrating live cells, AM2A localised to mitochondria,
and immunoprecipitation demonstrated binding to the M2 antigen. Seahorse assays show that
penetration of HepG2 cells with SSc-AM2A altered cellular respiration suggesting that penetrat-
ing AM2A is pathogenic.
Conclusions: AM2A in SSc patients are associated with slower GI transit. SSc autoantibodies pene-
trate live cells in vitro, and SSc-AM2A penetrates live cells to target the mitochondrial M2 anti-
gen and cause functional deficits. Because a subset of enteric neurons (MENs) is enriched in
mitochondria, which are similarly penetrated by SSc-AM2A in vitro, the presence of GI dysmotil-
ity in SSc patients harbouring AM2A suggests that SSc-AM2A may penetrate MENs in vivo, driv-
ing ENS and GI dysfunction. Further studies are warranted to test how AM2A alter ENS functions
in vivo to contribute to GI dysmotility in SSc.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

� A subset of SSc patients have antimitochondrial M2 autoanti-
bodies (AM2A). Whether AM2A inform the presence or severity
of GI dysfunction in SSc is unknown.

WHAT THIS STUDY ADDS

� AM2A in SSc patients are associated with slower upper GI transit.
� Mitochondria are enriched in a recently identified mesoderm-
derived lineage of enteric neurons (MENs), which play a major
role in GI motility. This suggests that MENS may be more mito-
chondrial-dependent than other cell types and thus more sus-
ceptible to mitochondrial dysfunction. This may contribute to
dysmotility in AM2A-positive SSc patients.� SSc-AM2A penetrate live MENs and human cell lines to target
the M2 antigen, causing functional deficits in cellular respira-
tion.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

� AM2A in SSc patients may penetrate MENs in vivo, driving enteric
nervous system dysfunction and subsequent GI dysmotility

� This potentially novel mechanism in SSc-GI disease could
inform our current approach to diagnosing and managing these
patients.
INTRODUCTION

Systemic sclerosis (SSc) is a chronic and progressive autoim-
mune disease characterised by vascular abnormalities and degen-
erative and fibrotic changes in the skin, joints, and internal
organs. Among these, gastrointestinal (GI) involvement is the
most common, affecting over 80% of patients [1]. GI dysfunction
in SSc, primarily due to impaired motility, is strongly associated
with worse outcomes [1−3]. Our previous work has characterised
the extent and severity of GI dysmotility in SSc patients and iden-
tified novel intracellular autoantigens in those with significant GI
involvement (SSc-GI) [3−13]. These findings suggest that the full
spectrum of autoantigens associated with SSc-GI remains unde-
fined, which limits our understanding of the serological diversity
among SSc-GI patients and how this diversity contributes to the
heterogeneous clinical manifestations of SSc-GI disease. Identify-
ing these autoantibodies may also reveal key biological pathways
relevant to different SSc-GI subsets.

Among the autoantibodies present in SSc patient sera, antimi-
tochondrial antibodies (AMA), specifically targeting the mito-
chondrial M2 antigen, are found in 8% to 15% of patients
[14,15]. Fregeau et al [16] determined that all AMA in limited
SSc/CREST syndrome (calcinosis, Raynaud’s, esophageal dys-
motility, sclerodactyly, telangiectasia) patients were immunore-
active against the M2 antigen, which is designated as AM2A.
Antibodies against AM2A are an important diagnostic marker
for primary biliary cholangitis (PBC), a condition in which
patients also experience oesophageal dysmotility [17]. Notably,
although antibodies against AM2A are found in a significant sub-
set of SSc patients and are associated with GI dysfunction in PBC
patients, the association between GI dysfunction and AM2A
prevalence in patients with SSc is not yet defined.

AMA (specifically AM2A) are thought to arise either from pri-
mary disease-driven cellular damage that results in the exocyto-
sis of mitochondrial antigens or disease-driving autoantibodies
that impair mitochondrial function [18,19]. In either scenario,
mitochondrial dysfunction is associated with the presence of
1722
AMA. Mitochondrial disorders (MID), arising from genetic
abnormalities in mitochondria, are associated with severe GI
dysfunction. This often manifests as poor appetite, gastroesoph-
ageal reflux disease (GERD), dysphagia, vomiting, gastroparesis,
constipation, GI pseudo-obstruction, and diarrhoea [20,21]. The
presence of severe GI dysfunction in MID, whose manifestations
mirror SSc-GI dysfunction, and the presence of AMA in SSc
patients raises questions about the prevalence of AMA/AM2A in
SSc patients with significant GI dysfunction and whether AM2A
levels associated with GI severity in SSc patients.

This study assessed the AM2A status in a cohort of SSc
patients with well-characterised GI dysfunction. We found that
AM2A are present in ∼ 13% of patients with SSc and GI disease
and that these antibodies are associated with slower GI transit.
We also determined that mitochondria are enriched in a recently
identified mesoderm-derived lineage of enteric neurons (MENs),
which play a major role in GI motility. This suggests that MENS
may be more mitochondrial-dependent and thus more suscepti-
ble to mitochondrial dysfunction than other cell types. Using
immunofluorescence-based and immunoprecipitation-based
approaches, we demonstrate that these antibodies are internal-
ised, and navigate to and bind mitochondria—and specifically
mitochondrial M2 antigen—providing an opportunity for AM2A
to impact function. These findings provide intriguing new
insights into the potential aetiology of GI dysfunction in patients
with SSc-GI disease.
METHODS

Patient cohorts

The Gastrointestinal Assessment Protocol (GAP) cohort is a
prospectively enrolled National Institutes of Health (NIH)−spon-
sored GI cohort of well-characterised patients with SSc from the
Johns Hopkins Scleroderma Center. It includes a subset of the
Johns Hopkins Scleroderma Center Research Registry. Patients
were consecutively recruited during routine clinical visits from
July 2016 to April 2022 if they met either the 2013 American
College of Rheumatology (ACR)/EULAR criteria for SSc or had at
least 3 of the 5 features of CREST syndrome (calcinosis, Raynaud
Phenomenon, oesophageal dysfunction, sclerodactyly, telangiecta-
sias). During routine clinical visits, the treating physician (rheuma-
tologist or gastroenterologist) screened for significant symptoms of
GI dysfunction. Such symptoms included refractory gastroesopha-
geal reflux disease, early satiety, nausea/vomiting, unintentional
weight loss, distension, bloating, diarrhoea, and/or constipation.
Patients with significant upper GI disease or lower and upper GI
dysfunction symptoms who agreed to complete a whole gut transit
study were included.

The Johns Hopkins Institutional Review Board approved all
human patient protocols, and all individuals signed written
informed consent. Paraffin sections of the adult small intestinal
full-thickness gut from deidentified human tissues were
obtained from the Department of Pathology at Beth Israel Dea-
coness Medical Center, and the Institutional Review Board
approved using the deidentified human tissues.
Clinical phenotyping of SSc

Demographic characteristics included age, sex, and race
based on the standard data collection practice in the Johns Hop-
kins Scleroderma Center Research Registry. Clinical data such as
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disease duration, smoking status, SSc subtype, presence (yes/no)
of telangiectasia, calcinosis, arthralgia, synovitis, and tendon
friction rubs were documented by the physician at the patient’s
first clinical encounter and longitudinally at 6-month intervals
during routine clinical follow-up. Disease duration was defined
as the interval between the first non-Raynaud symptom and the
whole gut transit study (WGT). SSc subtype (diffuse or limited
cutaneous disease) was determined based on the extent of skin
involvement. GI, cardiac, muscle, and lung involvement and
severity were also captured at baseline, and at the maximum
severity, measures were captured longitudinally using Medsger
Severity Scores [22]. Specifically, the modified Medsger GI
severity score includes 5 categories: (a) score 0 = normal (no GI
symptoms), (b) score 1 = requiring gastroesophageal reflux dis-
ease (GERD) medications (including H2 blocker or proton-pump
inhibitor), (c) score 2 = high-dose GERD medications or antibi-
otics for bacterial overgrowth, (d) score 3 = episodes of pseudo-
obstruction or malabsorption syndrome, and (e) score 4= severe
GI dysmotility requiring enteral or total parenteral nutrition.
Sicca symptoms were defined as the presence of any of the fol-
lowing: dry eyes for > 3 months, the sensation of sand or gravel
in the eyes, the use of artificial tears 3 times daily, dry mouth
for > 3 months, swollen salivary glands, and/or the requirement
of liquids to swallow due to dry mouth. The presence of overlap
PBC was identified through a retrospective chart review of the
cohort. Participants were classified as having overlap PBC if
they possessed a persistently elevated serum alkaline phospha-
tase with subsequent imaging and/or pathology consistent with
this diagnosis. Participants without a persistently elevated alka-
line phosphatase or a workup that revealed an alternative hepa-
tobiliary pathology were classified as not having overlap PBC
disease [23].
Whole gut transit scintigraphy

All participants underwent WGT scintigraphy. Patients fasted
the night before the study and were told to avoid promotility
agents, antibiotics, opiates, benzodiazepines, and stool softeners
3 days before the study. Per protocol, patients ingested a stan-
dard amount of radiolabeled In-111 water to evaluate oesopha-
geal and liquid gastric emptying and a radiolabeled Tc-99m egg
meal to evaluate solid gastric emptying. A gamma camera was
used to capture anterior and posterior images of the GI tract at
predetermined time points (one-half hour, 1 hour, 2 hours,
4 hours, 6 hours, 24 hours, 48 hours, and 72 hours) to assess
transit throughout the entire GI tract [24].
Assessment of AM2A by enzyme-linked immunosorbent assay

155 serum samples from SSc-GI patients were screened for
AM2A using the INOVA Quanta Lite M2 EP (MIT3) enzyme-
linked immunosorbent assay kit from INOVA-WERFEN (Cat. No.
704540). Per the manufacturer’s recommendations, results
were interpreted as negative for < 20 units, equivocal for 20.1
−24.9 units, and positive for > 25 units.
Animal experiments

Tissues were derived from euthanised Wnt1-cre:tdTomato
that were housed and then euthanised at the Beth Israel Deacon-
ess Medical Center (BIDMC) animal colony under approved pro-
tocol from the BIDMC Animal Care and Use Committee.
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Uptake of SSc autoantibodies and immunostaining of HepG2 cells

Hepatocellular carcinoma cell line 2 (HepG2) cells were grown
to 70% confluence on sterile four-chamber slides in DMEM/high
glucose (Life Technologies) supplemented with 10% fetal bovine
serum (FBS) (Life Technologies) at 37 °C and 5% CO2. The cells in
2 chambers were cultured without human serum, whereas cells in
the other 2 chambers were cultured overnight with AM2A-positive
and AM2A-negative SSc sera diluted 1:50 (AM2A-positive: FW-
2530 and AM2A-negative: FW-2340). The culture medium was
then removed, and the cells were washed, followed by fixation in
ice-cold 4% paraformaldehyde (10 minutes), permeabilisation, and
blocking (performed together for 30 minutes at room temperature
with blocking permeabilizing buffer (BPB) comprising 5% goat
serum (Life Technologies), 0.1% Triton X100 (Sigma), in phos-
phate-buffered saline [PBS]). The cells were then washed and incu-
bated with antibodies against the M2 antigen (pyruvate
dehydrogenase complex E2 [PDC-E2] protein encoded by the Dlat
gene, Proteintech Cat. 13426-1-AP, 1:500 dilution for 1 hour at
room temperature). The cells were subsequently counterstained
with secondary antibodies antihuman 647 and antirabbit 488 (Life
Technologies, 1:500 dilution for 1 hour at room temperature).
Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI),
and imaging was performed using Olympus confocal microscopy.
Tissues were imaged under a × 40 oil-immersion objective lens,
with laser settings selected to ensure no overlap between fluoro-
phores. Images were analysed using the Fiji ImageJ software.

Uptake of SSc-AM2A autoantibodies in adult small intestinal
myenteric neurons

Freshly peeled and isolated adult small intestinal longitudinal
muscle containing myenteric plexus (LM-MP) tissues from a
male Wnt1-cre:tdTomato neural crest-specific lineage fate map-
ping mouse was used for this experiment. LM-MP tissues were
incubated with FW-2530 SSc patient serum containing AM2A
for 24 hours. Postincubation tissues were washed in sterile PBS
and then fixed with freshly prepared ice-cold 4% paraformalde-
hyde (PFA) for 5 to 10 minutes. After washing off the 4% PFA
solution, the tissues were blocked and permeabilised with BPB
for 1 hour at room temperature. Next, the tissues were immu-
nostained overnight at 16 °C with commercially available anti-
M2 (Proteintech, 1:500) antibody. After washing away the pri-
mary antibody, the tissues were incubated with antihuman 647
and antirabbit 488 secondary antibodies for 1 hour at room tem-
perature. The tissues were then washed with sterile PBS, nuclei
were labelled with DAPI, and imaging was performed using a
Leica Stellaris 5 confocal microscope and analysed using Fiji
ImageJ software.

Immunofluorescence staining of adult small intestinal murine LM-
MP layer

Freshly peeled and isolated ileal longitudinal muscle-myen-
teric plexus (LM-MP) tissues from an adult male Wnt1-cre:tdTo-
mato neural crest-specific lineage fate mapping mouse, which
we have previously used to label all neural crest derivatives in
the GI tract with the red fluorescent reporter tdTomato, were
isolated as described [25]. Within 30 minutes of isolation, the
LM-MP tissues were fixed with freshly prepared ice-cold 4%
paraformaldehyde (PFA) for 5 to 10 minutes. After washing off
the 4% PFA solution, the tissues were blocked and permeabilised
with BPB for 30 minutes at room temperature. Next, the tissues
were immunostained overnight at 16 °C either with (a)
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paraneoplastic disease patient-derived antineuronal nuclear
antibody type 1 (ANNA1) antisera with demonstrated and vali-
dated specific anti-Hu immunoreactivity (1:1000), and with
commercial anti-TOM20 antibody (1:500), or with (b) ANNA1
antisera (1:1000) and commercially available anti-M2 (PDC-E2/
Dlat, Proteintech, 1:500) antibody. Secondary immunostaining
was performed for 1 hour at room temperature using antihuman
647 (cyan) and antirabbit 488 (green) secondary antibodies
(both 1:500). Nuclei were stained with DAPI, and imaging was
performed and analysed as described above.

Immunoprecipitation and Western blot

HepG2 cells were grown (6W dish, 0.5 × 106 cells/well) in
DMEM/high glucose supplemented with 10% FBS and 1% anti-
biotic solution (Invitrogen). Cells were treated with FW-2530
SSc patient serum containing AM2A (1:500 dilution) for 24 hours
at 37 °C and 5% CO2. After treatment, cells were lysed by sonica-
tion in an IP lysis buffer (Invitrogen, Cat. No. 87787), and sam-
ples were centrifuged at 14,000 g for 30 minutes. The resulting
supernatant was collected, and the total protein was quantified
using the bicinchoninic acid (BCA) kit (Pierce). A set of total
protein lysate was kept aside to be used subsequently for posi-
tive control (called PC Lysate), whereas 500 µg of total protein
lysate was incubated with 50 µL of Protein G Dynabeads (Invi-
trogen) overnight at 4 °C. Beads were then collected after centri-
fugation at 1000 g for 3 minutes and washed with lysis buffer
3 times. To elute the protein complex, beads were boiled with
50 µL reducing sample buffer for 10 minutes. This set of IgG-
bound immunoprecipitated proteins was called IP.

Protein samples from both IP and PC Lysate were separated
using sodium dodecyl sulfate−polyacrylamide gel electrophore-
sis (SDS−PAGE) with a 12% resolving and a 4% stacking gel.
Proteins were separated by electrophoresis at constant voltage
(100 V) in a running buffer and then transferred to a preacti-
vated polyvinylidene difluoride membrane with constant volt-
age (90 V) at 4 °C for 90 minutes in a transfer buffer (0.1 M Tris
base, 0.1 M glycine, 20% methanol). The membrane was
blocked with 2.5% (w/v) bovine serum albumin (BSA) for
1 hour. Primary antibodies for PDC-E2/Dlat (Proteintech,
1:1000) and beta-actin (mouse monoclonal, MP Biochemicals,
1:5000) were added directly to the blocking solution and incu-
bated overnight at 4 °C. The membrane was washed thrice for 5
minutes each with TBST buffer and incubated with IRDye-800
conjugated antirabbit and IRDye-680 conjugated antimouse sec-
ondary antibodies (Licor) in 2.5% BSA in Tris-buffered saline
with Tween 20 (TBST) buffer for 90 minutes on a shaker at
room temperature. After incubation, the membrane was washed
thrice for 5 minutes each with TBST buffer. The membrane was
developed using the Licor Odyssey M imager system.

Immunofluorescence staining of adult small intestinal human
tissue specimens

Formalin-fixed paraffin-embedded tissue sections of full-
thickness adult human small intestine were obtained from a
non-SSc patient with no known motility disease or dysfunction.
Sections were immunostained with ANNA1 antisera (1:1000)
and commercially available anti-M2 antibody (1:500, Protein-
tech). Briefly, the tissue sections were baked (60 °C for 10
minutes) and then blocked and permeabilised with 5% horse
serum and 0.5% Triton X-100 in PBS for 1 hour. The tissues
were washed and then immunostained with primary antibodies
overnight at 16 °C. Counterstaining was performed with
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antihuman 647 (cyan) and antirabbit 488 (green) secondary
antibodies (both 1:500) for 1 hour at room temperature. After
washing, the sections were mounted with a prolong antifade
mounting medium. Nuclei were counterstained with DAPI, and
imaging was performed and analysed as described above.

Seahorse assay for determining functional effects of penetrating
SSc-AM2A

A day prior to the assay, HepG2 cells were seeded on the rat
collagen-coated XFe24 cell culture plates at 40,000 cells/well in
DMEM culture medium containing 10% FBS either FW-2530 SSc
patient serum containing AM2A or with serum from a healthy
donor without any gastrointestinal motility or autoimmune con-
dition (1:500 dilution). The cells were incubated at 37 °C, 5%
CO2 for 24 hours. The XFe24 cartridge plate was hydrated using
1 mL/well of calibrant and kept overnight at 37 °C in a nontissue
culture incubator. On the day of the assay, cells in the culture
plate were washed with freshly prepared assay media (XF Base
DMEM medium, supplemented with 25 mM glucose, 1 mM pyru-
vate, and 2 mM glutaMAX, and adjusted to pH 7.4). Cells were
incubated in 675 µL assay media in a nontissue culture incubator
at 37 °C for 60 minutes prior to the experiment. Meanwhile, the
mitochondrial stressors oligomycin A (50 µg, 10 ×), carbonyl
cyanidep-trifluoromethoxyphenylhydrazone (FCCP, 50 µg, 10
×), and the mixture of rotenone/antimycin A (50 µg, 10 × each)
were loaded in ports A, B, and C of the cartridge plate, respec-
tively. At the start of each experiment, 3 initial baseline Oxygen
consumption rate (OCR) measurements were recorded. After
injection of mitochondrial stressors further 4 measurements of
OCR were recorded. Each measure followed a 3-minute mixing,
a 2-minute wait, and a 3-minute reading time. At the end of the
experiment, cells were lysed using radioimmunoprecipitation
assay buffer, and the protein content was measured by BCA assay
(Thermo Fisher Scientific). The recordings were normalised to
the total cellular protein content in each well.

Statistical analysis

Clinical and demographic features were compared between
AM2A-positive and AM2A-negative patients using chi-square or
Fisher’s exact tests, Student’s t tests, or Mann-Whitney Wilcoxon
tests according to the type and distribution of the data. Spear-
man correlation was used to assess the correlation between 2
continuous variables. Regression models were used to determine
whether AM2A were associated with GI transit. Adjusted multi-
variable models were developed and adjusted for potential con-
founders. STATA15 (STATA Corporation) and GraphPad Prism
were used for statistical analyses. A P value of < 0.05 was con-
sidered statistically significant.

RESULTS

AM2A are present in an SSc cohort enriched for GI disease

The SSc cohort studied (GAP) is enriched for patients with GI
dysfunction. It is an NIH-funded cohort that was developed to
study GI manifestations in SSc [7]. Among patients in this
cohort, we determined that 12.9% (19/147) were AM2A-posi-
tive (> 25 units). Of these, none was scored as Medsger severity
group 0 (‘normal’ GI function). Compared with patients in the
cohort who were AM2A-negative, the antibody-positive patients
were also less frequently classified as having mild GI severity
(Medsger group 1; gastroesophageal reflux disease [GERD])
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(16% versus 28%). However, more severe physician-determined
upper GI disease (Medsger 2; GERD with high doses of medica-
tions required or small bowel dilation on radiographs) was seen
among AM2A-positive compared with AM2A-negative patients
(73% versus 52%). AM2A positivity was less frequent among
patients with Medsger group 3 (malabsorption or intestinal
pseudo-obstruction) (11% versus 13%) and was observed in
none of the 7 patients in Medsger group 4 (requiring total paren-
teral nutrition [TPN]). No demographic or extraintestinal clini-
cal features differed significantly between AM2A-positive and
AM2A-negative patients (see Supplementary Table S1). Among
the patients who were AM2A-positive, 15.8% (3/19) had docu-
mented PBC; there was one patient who was classified as having
unknown PBC disease status due to lack of documented hepato-
biliary evaluation in the setting of a persistently elevated serum
alkaline phosphatase.
AM2A-positive SSc patients have slower oesophageal and gastric
transit

We then sought to determine whether AM2A positivity in SSc
is associated with GI transit. Using data acquired from scintigra-
phy-based WGT studies, we determined that AM2A-positive
patients were significantly more likely to have slower median
oesophageal percent emptying at 10 seconds than antibody-nega-
tive patients (69% [39, 84] versus 82% [68, 90]; P = 0.03). Fur-
thermore, higher levels of AM2A correlated with worse
oesophageal transit (rho = −0.27; P < 0.01). Univariate
Figure 1. A subset of human small intestinal myenteric neurons is enriched
small intestinal tissue with ANNA1 antisera containing antibodies against H
subset of enteric neurons (white arrows) is enriched in the PDC-E2 protein,
also shows that other cells of the gut wall are not similarly enriched in the PD
ANNA1, antineuronal nuclear antibody type 1; M2, mitochondrial antigen; PD
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regression analyses demonstrated an inverse relationship between
AM2A levels and percent emptying of the oesophagus at 10 sec-
onds (β = −0.31; 95% CI, −0.49, −0.13; P < 0.01) and percent
emptying of solids in the stomach at 4 hours (β = −0.11; 95%
CI, −0.20, −0.01; P = 0.04). Interestingly, there were no associa-
tions between AM2A levels/positivity and transit in the small
bowel and colon. The above associations remained statistically sig-
nificant, even after adjusting for age, race, and disease duration.
Specific neurons in the gut wall are enriched in mitochondria and
the M2 antigen

Intestinal motility is regulated by neurons and glial cells of
the enteric nervous system (ENS), which are housed within the
gut wall [26]. GI dysmotility in SSc patients and the positive
association between delayed GI transit and higher AM2A levels
suggest that ENS dysfunction may correlate with dysfunctional
mitochondria. To examine the presence of the M2 antigen (PDC-
E2 protein) in neurons of the human ENS, we immunostained
sections of full-thickness small intestinal tissue obtained from a
patient without SSc and any known GI motility disorder. This
was performed with a commercially available anti-M2/PDC-E2
antibody and with the ANNA1 antiserum (from a patient with
paraneoplastic disease and validated to contain antibodies spe-
cifically against the neuronal Hu proteins). We observed that
compared to other cells in the gut wall, a subset of human
enteric neurons in the myenteric ganglia showed a robust
enrichment of M2 antigen (Fig 1).
in M2/PDC-E2 antigen. Immunostaining of a section of an adult human
u (green) and antibodies against M2 antigen (PDC-E2; red) shows that a
whereas other neurons are not (green arrow). The representative image
C-E2 protein. Nuclei are labelled with DAPI (blue). Scale bar = 75 mm.
C-E2, pyruvate dehydrogenase complex.



Figure 2. Mesoderm-derived enteric neurons (MENs) are enriched in M2/PDC-E2 antigen. Immunostaining of adult murine small intestinal longitudi-
nal muscle-myenteric plexus (LM-MP) tissue with ANNA1 antisera containing antibodies against Hu (green) and antibodies against M2 antigen (PDC-
E2; cyan). LM-MP is derived from an adult neural crest lineage-specific mouse Wnt1-cre:tdTomato, where tdTomato (red) labels neural crest-derived
cells. The representative image shows that tdTomato- Hu+ neurons (MENs, white arrows) are enriched in PDC-E2, while the neural crest-derived neu-
rons (NENs, yellow arrow) are not. Nuclei are labelled with DAPI (blue). Scale bar = 10 mm. ANNA1, antineuronal nuclear antibody type 1; DAPI,
4′,6-diamidino-2-phenylindole LM-MP, longitudinal muscle-myenteric plexus; M2, mitochondrial antigen; MENs, mesoderm-derived enteric neurons;
NENs, neural crest-derived neurons; PDC-E2, pyruvate dehydrogenase complex.
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We recently showed that the adult mammalian ENS com-
prises neurons of 2 developmental lineages: the canonical
lineage of neural crest-derived enteric neurons (NENs) and
postnatal-born MENs. These 2 subsets of ENS cells are molecu-
larly distinct and contain significantly different neurochemical
codes [25]. Whether NENs and MENs differ in their abun-
dance of mitochondria and M2 antigen, thus making one of
the neuronal lineages more significant in the pathophysiology
of SSc patients with AM2A, is unknown. To address this, we
immunolabeled adult murine small intestinal longitudinal
muscle containing myenteric plexus (LM-MP) tissue from the
neural crest lineage fate mapping mouse model Wnt1-cre:
tdTomato with neuron-specific ANNA1 antiserum and with
anti-M2/PDC-E2 or pan-mitochondrial anti-TOM-20 antibod-
ies. We observed that both M2 and TOM-20 immunoreactivity
are highly enriched in the tdTomato-MENs compared with
other tdTomato+ ENS cell populations in the myenteric plexus
tissue that are derived from the neural crest (Figs 2 and 3).
These data show that in addition to the M2 antigen, mitochon-
dria are enriched within the ENS cells compared with the rest
of the gut wall tissue. Furthermore, within the ENS, a subset
of MENs (not the neural crest-derived cells) was enriched in
mitochondria.
1726
SSc autoantibodies penetrate viable murine MENs and localise to
their target antigens

The presence of AM2A and the enrichment of M2 antigen in
MENs suggest that MENs may be impacted in AM2A-positive SSc
patients with GI dysmotility. It is currently unknown whether
AM2A is generated due to MEN cell death and whether it regu-
lates MEN function. Prior reports have postulated that autoanti-
bodies against intracellular antigens may penetrate live viable
cells [27]. Here, we tested whether AM2A penetrates viable
adult murine MENs in peeled preparations of small intestinal
LM-MP cultured ex vivo. We found that AM2A penetrated viable
MENs and that their subcellular localisation also showed the
presence of immunostaining with a commercially available anti-
M2 antibody (Fig 4). This suggests that upon penetration of via-
ble cells, AM2A is localised to the mitochondria of MENs.
SSc autoantibodies penetrate viable human cells and bind to their
target antigen

Because the presence of MENs in the postnatal ENS is a very
recent discovery [25], optimal conditions supporting their viabil-
ity in culture have not yet been established. Thus, it is plausible



Figure 3. A subset of mesoderm-derived enteric neurons (MENs) are enriched in mitochondria. Immunostaining of adult murine small intestinal lon-
gitudinal muscle-myenteric plexus (LM-MP) tissue with ANNA1 antisera containing antibodies against Hu (green) and antibodies against the pan-mito-
chondrial antigen TOM20 (cyan). LM-MP is derived from an adult neural crest lineage-specific mouse Wnt1-cre:tdTomato, where tdTomato (red)
labels neural crest-derived cells. The representative image shows that tdTomato− Hu+ neurons (MENs, yellow arrows) are enriched in TOM20,
whereas the neural crest-derived neurons (NENs, red arrow) and a subset of MENs (green arrow) are not. Nuclei are labelled with DAPI (blue). Scale
bar = 10 mm. ANNA1, antineuronal nuclear antibody type 1; DAPI, 4′,6-diamidino-2-phenylindole LM-MP, longitudinal muscle-myenteric plexus;
MENs, mesoderm-derived enteric neurons; NENs, neural crest-derived neurons; PDC-E2, pyruvate dehydrogenase complex; TOM20, pan-mitochon-
drial antigen.

Figure 4. SSc-AM2A penetrate viable MENs ex vivo. Adult murine small intestinal LM-MP tissues from the Wnt1-cre:tdTomato lineage fate mapping
mouse when cultured with SSc patient sera containing AM2A (FW-2530; annotated in figure as SSc sera) and immunostained with commercially avail-
able anti-DLAT antibodies post-culture show that tdTomato-negative mesoderm-derived enteric neurons (MENs) in the myenteric ganglia show pres-
ence of SSc autoantibodies (AM2A; cyan) within their soma which colocalises with the presence of DLAT (green) immunostaining (white arrows).
Nuclei are labelled with DAPI (blue). Scale bar = 10 mm. AM2A, antimitochondrial M2 autoantibodies; ANNA1, antineuronal nuclear antibody type
1; DAPI, 4′,6-diamidino-2-phenylindole; DLAT, dihydrolipoamide acetyltransferase; LM-MP, longitudinal muscle-myenteric plexus; MENs, mesoderm-
derived enteric neurons; NENs, neural crest-derived neurons; PDC-E2, pyruvate dehydrogenase complex; SSc, systemic sclerosis; TOM20, pan-mito-
chondrial antigen.
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that suboptimal culture conditions and the nature of peeled tissues
may create conditions for the uptake of AM2A in MENs that do
not reflect antibody penetrance in healthy viable cells. To test
whether AM2A can similarly penetrate cells whose culture condi-
tions have been optimised and are not primary cells that suffer
from isolation-driven artefacts, we used cultured hepatocyte
HepG2 cells, a cell line of GI origin that has been used to study
mitochondrial biology [28], to test the ability of SSc autoantibod-
ies to penetrate healthy human cells. By culturing HepG2 without
patient sera, and then with 2 different SSc sera (with and without
AM2A), we found that autoantibodies from both SSc sera gained
access to the intracellular compartments of live viable HepG2
cells. However, only autoantibodies from the AM2A-positive
1728
serum colocalised with the M2/PDC-E2 antigen (detected with a
commercially available anti-M2 antibody). In a total of 7 wells,
where we observed a total of 221,409 cells, we found that an
average of 18.77 ± 0.67% of all DAPI-labelled HepG2 cells
showed the presence of intracellular antibodies when cultured
with AM2A-positive serum overnight. In contrast, autoantibodies
from the AM2A-negative patient did not label the cellular com-
partment containing the M2 antigen (Fig 5).

To determine whether AM2A localise specifically to mito-
chondria by binding the M2 antigen, we incubated HepG2 cells
with AM2A-positive sera for 24 hours. The cells were then lysed,
and human IgG-bound proteins were isolated using standard
immunoprecipitation techniques. Western blots were performed
Figure 5. SSc autoantibodies penetrate viable cells and
engage intracellular targets upon uptake. HepG2 cells when
cultured with and without SSc antisera (red) can be used to
test intracellular uptake. Live HepG2 cells cultured (A) with-
out SSc antisera, and with (B) AM2A+ SSc antisera (patient
FW-2530), and (C) AM2A− SSc antisera (patient FW-2340),
were subsequently fixed and immunostained with commer-
cially available anti-M2/PDC-E2 antibody (green) and with
antihuman secondary antibodies to detect patient sera, and
imaged to observe that SSc autoantibodies were present
within cells cultured with SSc patient antisera. The presence
of patient-derived autoantibodies in cells, detected by antihu-
man secondary secondary antibody, is denoted as Antihuman.
Furthermore, AM2A+ antisera was detected in PDC-E2-
expressing mitochondria (B, white arrow), but the AM2A-
antisera labelled cellular compartments other than the PDC-
E2-expressing mitochondria (C, white arrows). Nuclei are
labelled with DAPI (blue). Scale bar = 10 μm. AM2A, antimi-
tochondrial M2 autoantibodies; HepG2, hepatocellular carci-
noma cell line 2; M2, mitochondrial antigen; PDC-E2,
pyruvate dehydrogenase complex; SSc, systemic sclerosis.



Figure 6. Western blot analyses show that cell-penetrating AM2A binds to the M2 antigen. Western blot analyses with antibodies against PDC-E2/M2
and against beta-actin of 2 fractions of proteins isolated from HepG2 cells, PC Lysate fraction—derived from lysate of HepG2 cells that were cultured
either with SSc-AM2A patient sera or with non-SSc patient sera (HC)—and IP fraction—derived from immunoprecipitated fraction of lysate of HepG2
cells that were cultured either with SSc-AM2A patient sera or with non-SSc patient sera (HC). Although the PC Lysate fraction of both HC and SSc-
AM2A cultured cells show the presence of PDC-E2/M2 and beta-actin proteins, the IP fraction of only the SSc-AM2A cultured cells but not of the HC
cultured cells show the presence of PDC-E2/M2 protein. The IP fraction of neither the HC nor the SSc-AM2A cultured cells show the presence of beta-
actin protein. This data show that SSc-AM2A specifically binds the PDC-E2/M2 protein. AM2A, antimitochondrial M2 autoantibodies; HepG2, hepato-
cellular carcinoma cell line 2; PDC-E2, pyruvate dehydrogenase complex; SSc, systemic sclerosis.
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on total cell lysates (positive control) and on the immunopreci-
pitated (IP) fraction using commercial antibodies against the M2
antigen and beta-actin. The IP fraction contained the M2 antigen
(PDC-E2) but not beta-actin, whereas the positive control lysate
showed both proteins (Fig 6). These results indicate that AM2A
from SSc patient sera penetrate viable cells, localise to mito-
chondria, and specifically bind their target antigen.

Penetrating AM2A causes functional changes to cellular
respiration

Seahorse assays help assess changes in cellular metabolism.
Using the seahorse-mitostress assay, we assessed how exposure
to penetrating AM2A in SSc patient sera alters mitochondrial res-
piration when compared to cells that were exposed to sera from
healthy controls (HC). Oxygen consumption rate of cells exposed
to SSc-AM2A is observably different from those exposed to HC
sera (Fig 7A). By performing analyses of the individual parame-
ters, we observe that AM2A-exposed cells show significantly ele-
vated rates of nonmitochondrial oxygen consumption (Fig 7B), a
near significant increase in proton leak (Fig 7C), and a strong
tendency of decreased coupling efficiency (Fig 7D), but no other
changes in basal respiratory rate, maximal respiration, spare
respiratory capacity, and adenosine triphosphate (ATP) produc-
tion (Fig 7E-H). These data support the fact that AM2A penetrate
cells and target the mitochondrial M2 antigen (PDC-E2), a key
enzyme in converting pyruvate to acetyl-CoA. Furthermore, the
marked increase in nonmitochondrial oxygen consumption,
despite preserved ATP production, suggests that AM2A function-
ally disrupt cellular respiration.

DISCUSSION

Our study is the first to define AM2A in a subset of SSc
patients with well-characterised GI dysfunction and to identify a
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correlation between AM2A levels and GI transit in patients with
SSc. Our findings highlight a previously unappreciated link
between immune responses targeted towards a specific neuron
lineage in the ENS and the presence of GI disease. In addition,
we show that SSc autoantibodies against mitochondrial and
other antigens can penetrate viable cells to home in to their tar-
get antigens and that these interactions are functional and
impact cellular respiration. This study was performed on a large
cohort of SSc patients with well-defined GI symptoms and objec-
tively measured WGT. We found that a significant proportion (∼
13%) of SSc patients with GI dysfunction harbour autoantibod-
ies against one defined mitochondrial antigen (M2). We also
established that higher levels of AM2A are associated with
slower oesophageal and gastric transit in SSc patients. Using an
immunostaining approach, we showed that the M2 antigen and
mitochondria are enriched in enteric neurons, specifically in the
recently discovered lineage of MENs, relative to surrounding
cell types within the ENS or the gut wall.

Prior studies have reported AMA and specifically AM2A in
SSc patients [14,16], but the relevance of AM2A to GI dysfunc-
tion in SSc has not been described. Hoppner et al., in their SSc
cohort with known cardiovascular dysfunction, estimated the
prevalence of AM2A to be ∼ 10% [29]. In our cohort of SSc
patients with well-characterised GI dysfunction, a similar pro-
portion (∼ 13%) of patients were anti−M2 antibody-positive.
However, it is unclear whether the antibody titers differed
between the Hoppner cohort and ours. This is important, as it
was the AM2A levels that correlated with worse GI transit (ascer-
tained by the percent emptying of the oesophagus at 10 seconds
and the percent emptying of the stomach at 4 hours), suggesting
a disease-associated correlation between AM2A levels and the
severity of GI dysfunction.

The M2 antigen contains 2 components, the E2 subunit of
the PDC-E2 and the E2 subunit of the Branched Chain 2-Oxo
Acid Dehydrogenase Complex (BCOADC-E2) [30]. Using



Figure 7. Seahorse analyses show that SSc-AM2A effect changes to cellular respiration. A, Using MitoStress Seahorse assay, oxygen consumption rate
(OCR) of HepG2 cells cultured with or without SSc-AM2A show observable differences. Standard OCR calculations show that nonmitochondrial respi-
ration rate is significantly elevated in SSc-AM2A-exposed cells than controls (B), proton leak shows a strong tendency for increase in SSc-AM2A-
exposed cells than controls (C), and coupling efficiency (in percentage) shows a tendency for decrease in SSc-AM2A-exposed cells than controls (D).
Panels E-H shows that other aspects of cellular respiration basal respiration rate, maximal respiration rate, ATP production, and spare respiratory
capacity are not impacted after exposure for the given time to SSc-AM2A. AM2A, antimitochondrial M2 autoantibodies; ATP, adenosine triphosphate;
OCR, oxygen consumption rate; SSc, systemic sclerosis.

Z.H. McMahan et al. Ann Rheum Dis 84 (2025) 1721−1732
commercially available antibodies against one of the M2 anti-
gens (PDC-E2) as well as against a pan-mitochondrial marker
(TOM20), we showed that the M2 antigen and mitochondria are
abundant in murine and human ENS cells and are enriched in
the lineage of MENs. We previously identified the lineage of
MENs distinct from NENs. Enrichment of mitochondria and M2
antigens in neurons of this lineage suggests that the dysmotility
observed in the AM2A-positive SSc-GI patients negatively
impacts this lineage of neurons. The significant impact of AM2A
on altering cellular respiration of HepG2 cells suggests that simi-
lar mechanisms would drive shifts in vivo in the metabolism of
cells enriched in mitochondria, such as MENs. Clarifying how
altered cellular metabolism in MENs contributes to AM2A-medi-
ated pathogenesis of GI dysmotility will require dedicated mech-
anistic studies using animal models.

In contrast to prior reports suggesting an association between
AMAs—particularly the AM2A subtype—and features of limited
cutaneous systemic sclerosis (lcSSc), such as anticentromere
antibody (ACA) positivity [14], our study did not identify a simi-
lar relationship. The earlier study, which reported AMA positiv-
ity exclusively among patients with limited disease, involved a
small cohort (n = 61), with only 4 AMA-positive cases, and may
have been subject to selection bias. In our broader cohort, AM2A
were not significantly associated with any specific cutaneous or
serologic SSc subtype, including ACA positivity. Rather, they
appear to be more closely linked to gastrointestinal (GI) mani-
festations, both within SSc and in other autoimmune conditions
such as PBC.

Although ACA and AMA have both been associated with
autoimmune liver disease [31], prior studies suggest potential
cross-reactivity between target antigens, which may underlie
the co-occurrence of these antibodies in patients with PBC. Our
findings support the emerging hypothesis that AM2A may reflect
a GI-predominant autoimmune phenotype, rather than a specific
SSc clinical subtype.

Of note, we observed that higher AM2A levels correlated with
worse oesophageal transit, supporting their relevance to GI
involvement. Although ACA positivity has traditionally been
associated with oesophageal complications in SSc, more recent
1730
data challenge this assumption. For example, absent contractil-
ity—the most severe form of oesophageal dysfunction—is pre-
dominantly seen in patients with diffuse cutaneous disease and
is rarely observed in ACA-positive individuals [32]. Instead,
ACA-positive patients are more likely to exhibit ineffective oeso-
phageal motility, a milder dysfunction. Furthermore, oesopha-
geal dysmotility detected by scintigraphy has been shown to
correlate with absent contractility on manometry. These find-
ings suggest that ACA is not typically associated with severe
oesophageal dysmotility, and our data raise the possibility that
AM2A may identify a subset of patients at higher risk for more
severe oesophageal dysfunction.

Our study has several key strengths. First, we demonstrate
that AM2A—autoantibodies capable of penetrating viable cells
and altering cellular respiration—are present in a significant
proportion of SSc patients and inversely correlate with GI tran-
sit. We also show that ENS neurons, particularly enriched in
mitochondria and mitochondrial antigens, may be especially
vulnerable to mitochondrial-targeting autoantibodies like
AM2A. Notably, our findings further reveal that this enrichment
is specific to a subset of ENS neurons—those we recently identi-
fied as MENs—highlighting MENs as the lineage most reliant on
mitochondrial function. These results suggest that mitochon-
drial dysfunction driven by AM2A predominantly affects MENs,
contributing to GI dysmotility in SSc.

Our study has several limitations. The patient cohort was rel-
atively small and included a few individuals with intestinal dys-
motility, making it difficult to assess the broader relevance of
AM2A to small bowel dysfunction. Additionally, MEN culture
conditions are suboptimal, and culturing LM-MP tissue likely
alters cellular metabolism in MENs and NENs, as suggested by
PDC-E2 immunolabeling in a subset of cultured Wnt1-cre:tdTo-
mato+ NENs. Moreover, the in vivo effects of AM2A on gut physi-
ology remain unaddressed. Future studies using model systems
are needed to determine whether AM2A directly contributes to
GI dysfunction.

Importantly, our finding that SSc autoantibodies can pene-
trate live cells, transit intracellularly, and bind their cognate
antigens—thereby exerting functional effects—is noteworthy.
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This raises the intriguing possibility that such autoantibodies
may disrupt organelle function and cellular behaviour, ulti-
mately impairing tissue and organ function. A recent lupus study
similarly demonstrated the pathogenic potential of cell-penetrat-
ing autoantibodies [33]. Our findings underscore the need to
study GI dysmotility across different GI organs in well-character-
ised AM2A-positive SSc patients. Such research will provide
valuable insights into the role of AM2A in the pathophysiology
of GI dysmotility in SSc and other autoimmune diseases.
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Objectives: Study the efficacy and safety of mycophenolate mofetil (MMF) combined with metho-
trexate (MTX) compared to cyclophosphamide (CYC) followed by azathioprine (AZA) to treat
active Takayasu arteritis (TAK).
Methods: Adults with active TAK were randomised in a 2:1 ratio to receive oral MMF plus MTX or
intravenous CYC followed by oral AZA. All subjects also received high-dose oral glucocorticoids
with a predefined taper. The primary endpoint was overall response rate at week 52, defined as
achieving a complete response (CR) or partial response (PR). Secondary endpoints included
rates of CR and PR at weeks 28 and 52.
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Results: A total of 111 patients with TAK were enrolled: 74 in the MMF+MTX group and 37 in
the CYC/AZA group, with comparable baseline demographic and clinical features. The overall
response rates at 28 and 52 weeks were 58.1% and 55.4% in the MMF+MTX group, respec-
tively, higher than 32.4% at both time points in the CYC/AZA group (P = .011 and .022). CR
and PR rates at 28 and 52 weeks were also higher in the MMF+MTX group. Relapse occurred in
4 patients in the MMF+MTX group and 2 in the CYC/AZA group. One serious adverse event,
neutropenia with fever, occurred in 1 patient in the CYC/AZA group.
Conclusions: Treatment of active TAK with MMF+MTX has more favourable efficacy compared
to CYC/AZA. These findings provide evidence to use the combination of MTX and MMF, 2 gener-
ally well-tolerated and inexpensive therapies, to treat TAK.
WHAT IS ALREADY KNOWN ON THIS TOPIC

� The management of Takayasu arteritis (TAK) remains challeng-
ing due to the scarcity of high-quality, large-scale clinical stud-
ies, particularly randomised clinical trials (RCTs).

� Cyclophosphamide (CYC) is commonly used to treat TAK but
poses reproductive risks, which is particularly concerning given
the predominance of TAK in women of childbearing age.

� Mycophenolate mofetil (MMF) and methotrexate (MTX) have
emerged as potential alternatives, though currently supported
only by observational data.

WHAT THIS STUDY ADDS

� The CommittedTA trial is an open-label, multicentre RCT eval-
uating the efficacy and safety of MMF combined with MTX ver-
sus CYC followed by azathioprine in adults with active TAK.

� This is only the second RCT investigating conventional disease-
modifying antirheumatic drugs in TAK and the largest to date,
enrolling 111 patients with this rare condition.

� The trial demonstrated that MMF plus MTX has superior effi-
cacy in inducing and maintaining remission, along with a more
favourable safety profile over 52 weeks of treatment.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

� This study provides much-needed trial-level evidence and
offers important clinical guidance for the management of TAK,
particularly in resource-limited settings where access to biolog-
ics is limited.

� The findings support the use of MMF plus MTX, 2 well-toler-
ated and affordable therapies to treat TAK.

� The trial also supports limiting the use of CYC in TAK treat-
ment, considering both its relatively lower efficacy and its
known reproductive toxicity.
INTRODUCTION

Takayasu arteritis (TAK) is a rare chronic systemic vasculitis
of the aorta and its major branches. TAK predominantly affects
young women and typically has an insidious onset, triggering
systemic inflammation and arterial damage that can lead to irre-
versible organ damage and even life-threatening events [1]. Cer-
tain Asian regions, including China, bear a heavier disease
burden of TAK compared to Western countries [2].

Managing TAK is challenging due to the scarcity of high-qual-
ity, large-scale clinical studies, particularly randomised clinical
trials (RCTs) [3]. Current therapeutic approaches are primarily
adapted from treatments for other autoimmune diseases, espe-
cially other forms of systemic vasculitis. Although glucocorti-
coids (GCs) are the mainstay of first-line treatment for TAK,
additional immunosuppressive drugs are often added to the
treatment regimen to both more effectively treat disease and to
1734
allow for reduction of GCs [4−6], including both the so-called
traditional disease-modifying antirheumatic drugs and targeted
biologic agents.

In some countries, cyclophosphamide (CYC) is a commonly
used agent for TAK, given its perceived efficacy as an immuno-
suppressive agent and its relatively low cost of administration
compared to biologic drugs. To reduce the cumulative dose and
toxicity of CYC, it is often replaced by azathioprine (AZA) once
remission is achieved. However, given the significant adverse
effects of CYC, including bone marrow suppression, infertility,
and increased risk of malignancies, it is imperative to identify
effective treatment regimens with at least comparable or
improved efficacy and lower toxicity to treat patients with
TAK [4].

Mycophenolate mofetil (MMF) and methotrexate (MTX) are
promising alternative treatments to CYC due to their potent
immunosuppressive effects, lack of impact on fertility, and suit-
ability for long-term use. MMF has gradually replaced CYC in
treating various severe rheumatic diseases, including systemic
lupus erythematosus and systemic sclerosis. An observational
study with a small sample size showed that MMF was effective
in 80% of patients with active TAK with minimal adverse effects
[7]. Similarly, the use of MTX to treat TAK is supported by sev-
eral case series [8,9]. Combining immunosuppressive agents is a
common approach to treating systemic inflammatory diseases,
including rheumatoid arthritis, systemic lupus erythematosus,
inflammatory bowel disease, and many others.

This clinical trial aimed to evaluate the efficacy and safety of
GCs+MMF+MTX (experimental group) compared to GCs
+CYC followed by GCs+AZA (control group) in treating active
TAK.
METHODS

Trial design

This investigator-initiated, open-label, randomised con-
trolled trial (the ‘CommittedTA’ trial) was conducted across 9
centres in China and registered on clinicaltrials.gov
(NCT03096275). Patients with active TAK were recruited and
randomised in a 2:1 ratio into the experimental (MMF+MTX)
and active control (CYC/AZA) groups. The experimental group
received MMF combined with MTX, while the control group
received CYC followed by AZA. All subjects were followed for
52 weeks to evaluate the efficacy and safety of the treatments.
MMF was supplied by Hunan Warrant Pharmaceutical, which
had no role in the trial design, conduct, data analysis, or manu-
script preparation. The trial was approved by the ethics commit-
tees at Peking Union Medical College Hospital and other
participating sites. Written informed consent was obtained from
each participant.
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Participants

Patients were eligible if they met the 1990 American College
of Rheumatology (ACR) classification criteria for TAK [10],
were at least 18 years old, and considered by the investigator to
have active disease defined by at least 2 of the following 3 crite-
ria: (1) one or more clinical manifestations of active disease; (2)
one or more findings on imaging of progressive disease; or (3)
elevated erythrocyte sedimentation rate (ESR) or C-reactive pro-
tein (CRP). Clinical criteria included constitutional symptoms
such as fever, fatigue, and weight loss, musculoskeletal symp-
toms, vascular pain, neurological or visual symptoms, abdomi-
nal pain or angina, new or worsening limb claudication, loss of
pulses, and worsening hypertension. Imaging criteria included
new or worsening vascular stenosis or aneurysms detected by
ultrasound, computed tomography angiography (CTA), or mag-
netic resonance angiography. Exclusion criteria involved prior
use of MTX with dose reduction or discontinuation due to
adverse events (AEs), discontinuation of MMF or CYC due to
failed response or AEs, severe renal or liver disease, uncon-
trolled diabetes, hypertension, or heart failure, active infections,
recent upper gastrointestinal bleeding, heterozygosity or homo-
zygosity for the TPMT gene mutation, current or planned preg-
nancy during the trial period, severe coronary artery disease, or
severe involvement of large head and neck vessels requiring
urgent invasive procedures.
Randomisation

Patients were randomly assigned in a 2:1 ratio to receive
MMF combined with MTX or CYC followed by AZA without
masking. The randomisation process was performed on the
RheumCloud App supported by the Chinese Rheumatism Data
Center [11].
Interventions

All study subjects received high-dose GCs. Patients weighing
less than 50 kg started prednisone 50 mg or equivalent dose of
other GC daily, with a weekly reduction of 5 mg/d starting after
4 weeks, reaching 20 mg daily by week 12, followed by a weekly
reduction of 2.5 mg/d until reaching 10 mg daily by week 16,
the dose was maintained until week 52. Patients weighing 50 kg
or more started prednisone 60 mg or equivalent dose of other
GC daily, with a weekly reduction of 5 mg starting after 4 weeks,
reaching 30 mg daily by week 8, followed by a weekly reduction
of 2.5 mg/d until reaching 10 mg daily by week 16, the dose
was maintained until week 52.

MMF was prescribed as 750 mg (body weight <50 kg) or
1000 mg (body weight ≥50 kg) twice daily, and MTX was given
orally as 15 mg weekly. CYC was intravenously infused at
15 mg/kg (maximum dose of 1200 mg) every 2 weeks for the
first 3 doses and then every 3 weeks, for a total of 10 infusions,
followed by oral AZA 100 mg daily from weeks 28 to 52.
Withdrawal

Patients were withdrawn from the study if they exhibited
worsening ischaemia symptoms, new arterial lesions on imag-
ing, or if ESR or CRP levels remained higher than twice the
upper limit of normal after 6 months. Additionally, withdrawal
occurred if patients required emergent surgery due to disease
progression or demonstrated poor tolerance or noncompliance
1735
with the study treatment. Other conditions warranting early
withdrawal were determined by the investigators.

Measurement and endpoints

Study visits occurred at baseline and weeks 4, 16, 28, 36, and
52 after the initiation of treatment. Demographic features, medi-
cal history, clinical symptoms, physical examinations, routine
blood and urine tests, levels of CRP and ESR were obtained at
baseline and each follow-up visit. Vascular Doppler ultrasonog-
raphy was performed in all patients at baseline, week 28, and
week 52. The mural thickness and lumen diameter of the acces-
sible arteries (right and left carotid, vertebral, subclavian, axil-
lary and renal arteries, mesenteric arteries, and descending and
abdominal aorta) were measured. Cervical and aortic CTA were
performed using a 64-slice or higher CT scanner in all patients
at baseline and week 52. The scan range for cervical CTA
extended from the aortic arch to the skull vertex, and for aortic
CTA, from the thoracic inlet to the iliac bifurcation. Meglumine
diatrizoate was injected via an antecubital vein at 4 to 5 mL/s:
50 mL for cervical CTA and 100 mL for aortic CTA, followed by
a 30 to 40 mL saline flush, and scanning started when enhance-
ment reached 100 to 150 HU. Pulmonary artery and coronary
CTA were performed in patients presenting with symptoms
indicative of potential involvement in these vascular territories;
electrocardiogram gating was applied in coronary CTA. Vascular
imaging was independently assessed in a standardised fashion at
each participating centre by radiologists and ultrasonographers
who specialise in vascular imaging.

The primary endpoint was the overall response rate at week
52. Secondary endpoints included response rates at weeks 28 and
52, relapse rates, and stability or improvement in imaging. Safety
endpoints included the frequency of AEs. A complete response
(CR) was defined as the complete resolution of signs and symp-
toms of active disease, normalisation of both ESR and CRP, no
progression on imaging of involved arteries, and the dose of GC
<15 mg daily. A partial response (PR) was defined as the same as
CR except that ESR and CRP were not normal but were lower
than twice the upper limit of normal or decreased by 50% com-
pared to baseline. Overall response is the combination of CR and
PR. If withdrawal from the study or switch to a different therapy
occurred due to poor efficacy of the original treatment, the
patient was assumed not to have achieved remission at subse-
quent follow-up assessments. A major relapse was defined as the
recurrence of active disease, indicated by either clinical features
of ischaemia or new-onset or progression of vessel dilation, steno-
sis, or occlusion. A minor relapse was defined as the recurrence of
active disease, not fulfilling the criteria for a major relapse.

Severe AEs included death, life-threatening events, irreversible
organ damage, hospitalisation, or prolongation of existing hospi-
talisation. Other adverse reactions were classified as mild AEs.

Sample size

Sample size was calculated based on the hypothesis that an
equivalence test for the overall remission rate at week 52 in 2
study arms. According to a previous study, the overall effective
rate of therapy including MMF in treating TAK is 80% [6]. Due
to lack of data regarding the efficacy of CYC for the treatment of
TAK, the reported 52% response rate for treatment with CYC for
proliferative nephritis was used to estimate the sample size cal-
culation [12]. Comparable effectiveness of MMF+MTX versus
CYC/AZA in treating TAK was assumed in this study. With a
power of 90% and an alpha error of 5%, a minimum of 88
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subjects in the MMF+MTX group and 44 subjects in the CYC/
AZA group were required. After considering a potential dropout
rate of 15%, the final sample size was 150 patients, including
100 in the experimental group and 50 in the control group.

Statistical analysis

Efficacy analyses were performed on the intention-to-treat
(ITT) and per-protocol (PP) populations. The ITT population
included all randomised subjects, while the PP population
included those without substantial protocol deviations, includ-
ing premature discontinuation of study medicine for more than
1 month, taking any biologic drugs, or failure of tapering the
dose of GCs to 10 mg daily at week 52. Patients who prema-
turely changed treatment due to inefficacy were included in the
PP population as per their group assignment. Subgroup analyses
on efficacy were performed based on prior use of MTX and dis-
tribution of vascular lesions, according to both Numano classifi-
cation and a validated classification based on cluster analytics
[13,14]. Safety profile assessment was performed in all subjects
who received any study treatment and reported AEs.

Data are presented using descriptive statistics: normally dis-
tributed data are represented by the mean and SD and non-nor-
mally distributed data are expressed by the median and IQR.
Categorical variables are represented by counts and percentages.
The Shapiro-Wilk test was used to examine whether the varia-
bles were normally distributed. Chi-square test, t-test, or median
test were used to identify differences in demographical or clini-
cal characteristics at baseline between the intervention (MMF
+MTX) and control (CYC/AZA) groups. Chi-square test was
used to compare the effectiveness and safety profiles. All statisti-
cal analyses were performed using SPSS ver. 26 and Graphpad
Prism ver. 9.5.

RESULTS

Patient population

Between February 2017 and September 2021, 130 patients
with active TAK were screened for eligibility at 9 clinical
centres. Of these, 111 patients were enrolled: 74 were randomly
assigned to the MMF+MTX group, and 37 to the CYC/AZA
group. Twelve patients were excluded based on the exclusion
criteria: 6 for failure to respond to prior treatment with CYC, 1
for failure to respond to prior treatment with MMF, 4 due to the
presence of the TMPT gene mutation, and 1 for severe coronary
artery involvement requiring urgent invasive intervention.
Seven patients declined to participate in this trial. After enrol-
ment, all subjects were re-evaluated according to the 2022
ACR/European Alliance of Associations for Rheumatology
(EULAR) classification criteria for TAK [15]. Only 2 patients in
the MMF+MTX group and 1 patient in the CYC/AZA group did
not meet the 2022 criteria, both due to a lack of clinical criteria
for active disease. However, all 3 of these patients had new or
worsening imaging lesions and elevated inflammatory markers,
with other potential causes excluded; therefore, their diagnoses
of TAK were confirmed, and they were included in the analysis.
In the MMF+MTX group, 11 patients were excluded from the
PP population at week 52, including 4 due to AEs, 2 due to loss
of follow-up, and 5 for other reasons. In the CYC/AZA group, 8
patients were excluded from the PP population at week 52, 5
due to AEs, and 3 for other reasons (Fig 1).

The baseline characteristics of the patients were comparable
between the 2 study arms (Table 1). Ninety-five (85.6%)
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patients were women. The median age at recruitment and dis-
ease onset was 30.0 (26.0-33.0) and 27.0 (21.0-31.0) years,
respectively, with a median disease duration of 1.4 (0.9-4.7)
years. The median body weight was 55 kg and about one-fourth
of the patients had a body weight less than 50 kg. Overall, 13
patients used MMF at a dose of 1.5 g daily due to their low body
weights. Overall, 83 (74.8%) patients had relapsed, and 25.2%
had new-onset disease. At baseline, 24 (21.6%) patients were
currently using GCs, with a median dosage of 10 mg/d of predni-
sone or equivalent. Fourteen (12.6%) patients had previously
used MTX and 2 (1.8%) patients had previously used biologic
drugs: 1 with tocilizumab and 1 with a TNF inhibitor. The
median baseline levels of serum CRP and ESR at baseline were
28.4 (10.5-59.1) mg/L and 46.5 (29.5-73.3) mm/h, respec-
tively.

Efficacy endpoints

The primary endpoint, achieving an overall response at week
52, occurred in 41 of 74 patients (55.4%) in the MMF+MTX
group and 12 of 37 patients (32.4%) in the CYC/AZA group,
with an odds ratio (OR) of 2.59 (95% CI: 1.13-5.92, P = .022)
(Table 2 and Fig 2). In the PP population, the overall response at
week 52 was achieved by 37 of 63 patients (58.7%) in the MMF
+MTX group and 12 of 29 patients (41.4%) in the CYC/AZA
group, OR 2.02 (95% CI: 0.83-4.93, P = .121).

With respect to secondary outcomes, CIs and P values were
not adjusted for multiple comparisons. Both the CR and PR rates
at week 52 were higher in the MMF+MTX group (41.9% and
13.5%, respectively) compared to the CYC/AZA group (29.7%
and 2.7%, respectively), although these differences were not sta-
tistically significant. At week 28, 43 of 74 patients (58.1%) in
the MMF+MTX group and 12 of 37 patients (32.4%) in the
CYC/AZA group achieved an overall response, OR 2.89 (95% CI:
1.26-6.62, P = .011). A significantly higher PR rate at week 28
was observed in the MMF+MTX group compared to the CYC/
AZA group (21.6% versus 5.4%, OR = 4.83, P = .031). The CR
rate at week 28 was comparable between the 2 groups.

Although the conclusion regarding the primary endpoint was
achieved, because the planned sample size was not reached, a
post hoc power analysis was conducted for secondary endpoints.
Specifically, for the differences in CR and PR at week 52, and CR
at week 28 between the treatment groups, the estimated powers
were 23.1%, 41.8%, and 16.1%, respectively, assuming a 2-sided
alpha level of 0.05. Among those who achieved CR or PR at
week 28 and week 52, all were maintained on 10 mg/d of pred-
nisone or equivalent, a dosage aligned with the recommenda-
tions for maintenance of remission in TAK [4−6]. The PP
analysis yielded similar results (Table 2). A subgroup analysis
based on disease phase (new-onset versus relapsed) was per-
formed. In both subgroups, patients treated with MMF+MTX
achieved higher overall response rates compared to CYC/AZA
(59.1% versus 33.3% in new-onset patients; 58.8% versus 32.3%
in relapsed patients). Although these differences were not statis-
tically significant due to limited sample sizes, the direction and
magnitude of treatment effects were consistent with the primary
analysis.

Among patients who achieved an overall response at week
28, 1 patient (2.3%) in the MMF+MTX group experienced a
relapse at week 36, and 3 patients (7.0%) relapsed by week 52.
All 4 patients had elevated inflammatory markers, and 2 devel-
oped new-onset arterial stenosis and thickening. Two of the
relapses were minor, both occurring in treatment-naïve patients;
one was managed by increasing GC to the last effective dose,



Figure 1. Enrolment and randomisation of patients. AE, adverse event; AZA, azathioprine; CYC, cyclophosphamide; ITT, intention-to-treat; MMF,
mycophenolate mofetil; MTX, methotrexate; PP, per-protocol.
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and the other by switching to a TNF inhibitor. The remaining 2
relapses were major and were managed with reinstitution of
high-dose GC and a switch to alternative drugs. In the CYC/AZA
group, 2 (16.7%) patients experienced major relapses at week
52. One patient had elevated inflammatory markers, and 2
patients showed progression on vessel thickening and stenosis.
These relapses were managed with the reinstitution of high-
dose GC and a switch to alternative drugs (Supplementary Table
S1). The changes in white blood cell counts, lymphocyte counts,
CRP, ESR, and rates of patients with stable or improved imaging
findings at weeks 28 and 52 were similar between the MMF
+MTX and CYC/AZA groups (Fig 3 and Supplementary Table
S2).
Safety endpoints

AEs were reported in 29 of 74 patients (39.2%) in the MMF
+MTX group and 18 of 37 patients (48.6%) in the CYC/AZA
group, P = .342. The most common AEs included abnormal
liver function tests, gastrointestinal discomfort, and infections
(Table 3). Only 1 severe AE was documented in the CYC/AZA
group in a patient who experienced neutropenia with fever and
grade 4 thrombocytopenia after the initiation of AZA. This
patient was immediately discontinued from the study treatment
and supportive treatments were administered, including granu-
locyte colony-stimulating factor, thrombopoietin receptor ago-
nist, and broad-spectrum antibiotics. The patient recovered
without severe complications. All other AEs were mild.

Infections were observed in 8 (10.8%) patients in the MMF
+MTX group and 2 (5.4%) patients in the CYC/AZA group over
1737
the 52-week period, P = .491. One patient in the MMF+MTX
group developed herpes zoster, while all other infections were
upper respiratory tract infections. These infections were all mild
and did not require intravenous antibiotics or hospitalisation.
Bone marrow suppression and hair loss were reported only in
the CYC/AZA group, in 4 (10.8%) patients and 3 (8.1%) patients,
respectively. Four patients (10.8%) developed bone marrow sup-
pression during treatment with AZA, including one severe case
mentioned above. The other cases were mild and completely
resolved after withdrawal of AZA, without complications such
as infections or bleeding. Hair loss occurred in 3 patients (8.1%)
during treatment of CYC and was mild and transient. Liver test
abnormalities were more common in the MMF+MTX group,
affecting 17 patients (23.0%). Four patients (5.4%) had alanine
aminotransferase elevated 2 times the upper limit of normal and
resulting in discontinuation of MTX. The remaining cases were
mild and resolved without withdrawal of treatment regimens.
Gastrointestinal discomfort was more frequently reported in the
CYC/AZA group (6 patients, 16.2%) with all cases mild and the
immunosuppressive treatments were not held or discontinued.
The differences between groups in liver enzyme abnormalities
and gastrointestinal discomfort were not statistically significant.
DISCUSSION

TAK is a chronic, systemic large-vessel vasculitis character-
ised by remissions and relapses. Although most patients with
TAK achieve disease remission with treatment with high-dose
GCs; however, nearly half of such patients will experience a dis-
ease relapse or progression during tapering of GCs [16].



Table 1
Characteristics of the study patients at entry into the trial

Characteristics Mycophenolate
mofetil +
methotrexate (N = 74)

Cyclophosphamide followed by
azathioprine (N = 37)

P value

Female sex, no. (%) 61 (82.4%) 34 (91.9%) .181
Age at recruitment, median (IQR) (y) 29.5 (24.0-33.0) 32.0 (29.0-38.5) .253
Age at disease onset, median (IQR) (y) 26.5 (19.8-30.3) 29.0 (25.0-32.5) .122
Disease duration, median (IQR) (y) 1.3 (0.9-5.1) 1.6 (0.9-4.0) .638
Body weight, median (IQR) (kg) 55.0 (50.0-66.3) 54.0 (50.0-62.5) .637
BMI, median (IQR) (kg/m2) 20.7 (18.5-23.4) 20.3 (18.3-23.7) .946
Numano classification, no. (%) .313

I 10 (13.5%) 4 (11.1%)
IIa 7 (9.5%) 8 (22.2%)
IIb 8 (10.8%) 6 (16.7%)
III 0 (0%) 0 (0%)
IV 2 (2.7%) 1 (2.8%)
V 47 (63.5%) 17 (47.2%)

New classification, no. (%) .695
Cluster 1 26 (35.1%) 10 (27.0%)
Cluster 2 39 (52.7%) 21 (56.8%)
Cluster 3 8 (10.8%) 5 (13.5%)

Pulmonary artery involvement, no. (%) 8 (10.8%) 4 (10.8%) 1.000
Coronary artery involvement, no. (%) 1 (1.4%) 1 (2.7%) 1.000
Relapsed patients, no. (%) 52 (70.3%) 31 (83.8%) .122
History of invasive intervention, no. (%) 12 (16.2%) 3 (8.1%) .378
Current use of glucocorticoids, no. (%) 13 (17.8%) 11 (30.6%) .146
Glucocorticoid dose, median (IQR), mg/d of pred-
nisone or equivalent

10.0 (7.5-12.5) 10.0 (5.0-15.0) .456

Prior use of methotrexate, no. (%) 7 (9.6%) 7 (19.4%) .222
Prior use of a biologic agent, no. (%) 2 (2.7%) 0 (0.0%) 1.000
WBC, median (IQR) (109/L) 8.3 (6.5-9.4) 8.2 (6.7-10.9) 1.000
LYM, median (IQR) (109/L) 2.0 (1.5-2.3) 2.0 (1.6-2.5) 1.000
CRP, median (IQR) (mg/L) 27.8 (9.2-56.8) 30.6 (11.7-62.3) .945
ESR, median (IQR) (mm/h) 45.5 (30.0-73.3) 47.0 (23.5-77.5) .839

BMI, body mass index; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; LYM, lymphocyte count; WBC, white
blood cell count.

Table 2
Response to treatment at 28 and 52 weeks by intention-to-treat and per-protocol analysis

AZA, azathioprine; CYC, cyclophosphamide; MMF, mycophenolate mofetil; MTX, methotrexate; OR, odds ratio.
aIn the per-protocol population at week 28, 70 patients in the MMF+MTX group and 30 patients in the CYC/AZA group were included.
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Figure 2. Response to treatment at 28 and 52 weeks by
intention-to-treat analysis. AZA, azathioprine; CYC,
cyclophosphamide; MMF, mycophenolate mofetil; MTX,
methotrexate.

Figure 3. Changes in levels of (A) white blood cell counts (WBC), (B) lymphocyte counts (LYM), (C) C-reactive protein (CRP), and (D) erythrocyte sed-
imentation rate (ESR) during the 52-week follow-up of patients in the (i) mycophenolate mofetil combined with methotrexate (MMF+MTX) and
(ii) cyclophosphamide followed by azathioprine (CYC/AZA) treatment groups. Horizontal lines and boxes show the median and the 25th-75th percen-
tile range of distribution; whiskers represent 10th-90th percentile.
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Therefore, early initiation of immunosuppressive agents in addi-
tion to GCs is suggested by both EULAR recommendations and
ACR guidelines [4,5]. Despite the development of biological dis-
ease-modifying agents, conventional synthetic disease-modify-
ing agents (csDMARDs) remain a mainstay of GC-sparing agents
for TAK, especially in resource-limited areas. However, the choice
of csDMARDs in the treatment of TAK is currently based on low-e-
vidence data from observational studies with limited sample sizes
or expert opinions, making these choices controversial [17]. This
1739
RCT study compared the efficacy and safety of 2 regimens of
csDMARDs to treat TAK: MMF+MTX versus CYC/AZA.

A prior questionnaire-based investigation indicated that CYC
is commonly the first choice of csDMARDs for active TAK in
China [18]. However, this preference is mainly based on experi-
ence with other systemic vasculitides, such as ANCA-associated
vasculitis, and not high-quality evidence from RCTs for TAK.
Previous Chinese cohort studies reported that the effectiveness
rates of CYC were 74% to 82% for treating TAK [19,20].



Table 3
Adverse events during the trial

Adverse events Mycophenolate mofetil plus
methotrexate (N = 74)

Cyclophosphamide followed by
azathioprine (N = 37)

OR (95% CI) P value

All adverse events 29 (39.2%) 18 (48.6%) 0.68 (0.31-1.51) .342
Severe adverse events 0 (0%) 1 (2.7%)a 0.97 (0.92-1.03) .333
Infection 8 (10.8%)b 2 (5.4%) 2.12 (0.43-10.54) .491
Bone marrow suppression 0 (0%) 4 (10.8%) 0.89 (0.80-1.00) .011
Abnormal liver function 17 (23.0%) 5 (13.5%) 1.91 (0.64-5.66) .239
Gastrointestinal discomfort 7 (9.5%) 6 (16.2%) 0.54 (0.17-1.74) .297
Hair loss 0 (0%) 3 (8.1%) 0.92 (0.84-1.01) .035

OR, odds ratio.
a The patient experienced neutropenia with fever and grade 4 thrombocytopenia after the initiation of azathioprine. All

other adverse events were mild.
b One patient in the mycophenolate mofetil + methotrexate group developed herpes zoster. All other infections in both

groups were upper respiratory infections.
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However, the current trial found that only one-third of patients
responded well to treatment with CYC at 28 and 52 weeks. This
discrepancy may be due to differences in patient selection as the
previous studies included only treatment-naïve patients,
whereas the majority of participants in the current trial had
relapsed disease. Additionally, this trial adopted stricter criteria
for remission and collected data in a protocolised prospective
fashion. It is interesting that CYC is not as effective as expected
in treating TAK despite being a potent immunosuppressive
agent. CYC is also a drug to particularly avoid in treating TAK as
most patients are females who present during their childbearing
years.

MMF has shown promising efficacy for treating TAK in sev-
eral studies. A meta-analysis of 2 cohort studies involving 31
patients demonstrated significant reductions in ESR, CRP, and
GCs dose after treatment with MMF [21]. A prospective study of
30 Chinese patients with TAK found that MMF combined with
GCs was effective in 80% of patients [7]. MTX is also commonly
used to treat TAK, mainly supported by case series [8,9]. In a
cohort study including 28 Chinese patients with initial-onset
TAK, nearly 70% of patients achieved CR at 12 months with
MTX at a dose of 10 to 15 mg weekly [22]. Similarly, the current
trial used a lower dose of MTX (15 mg weekly) compared to the
typical dose used in Caucasian populations (20-25 mg weekly)
due to the low body weight and tolerability of the medication in
Chinese patients. Additionally, it is important to recognise that
in this study MTX was combined with MMF; when drugs are
combined, it is common to reduce the dose of one or both
agents.

The 2018 EULAR recommendations suggest both MMF and
MTX as potential first-line csDMARDs for TAK. However, previ-
ous studies were mainly uncontrolled cohorts or retrospective
case series with limited sample sizes. A recent RCT comparing
MMF and MTX for the treatment of TAK found that both drugs
were effective and well-tolerated, with a response rate of 71%
for MMF and 64% for MTX [23]. Thus, evidence of the efficacy
of these 2 medications or their combination for relapsed disease
is lacking. In addition, the sample size of this prior study was
small, and the duration of follow-up was short. The current trial
provides the highest quality evidence to date of the effectiveness
of MMF combined with MTX in treating TAK, with the largest
sample size, and a randomised controlled design. The observed
nearly 60% response rates at 28 and 52 weeks after treatment
with MMF combined with MTX were significantly higher than
those for treatment with CYC/AZA. Additionally, the relapse
rate, particularly for major relapses, was also lower in the MMF
+MTX group compared to the CYC/AZA group. However, given
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the limited sample size and relatively short follow-up duration,
these findings warrant validation in future studies. All together,
these results strongly support the use of MMF and MTX as
csDMARDs over CYC to induce and maintain remission in TAK.

In this trial, the side effects of MMF+MTX and CYC/AZA
were generally well-tolerated, except for 1 case of severe bone
marrow suppression linked to AZA, and consistent with the
known toxicities of these drugs. The risk of infection was similar
between the 2 groups, with all infections being mild and not
requiring intravenous antibiotics or hospitalisation. Liver test
abnormalities were common in both treatment groups at similar
rates, and all patients’ liver tests returned to normal after with-
drawal of the study medications. Although not severe, bone mar-
row suppression, gastrointestinal discomfort, and hair loss were
all more frequent in the CYC/AZA group.

This trial has several notable strengths. First, it is a rando-
mised controlled trial with a large sample size for such a rare
disease. The randomised design, together with the exclusion of
biologic drugs and the implementation of a standardised GC
tapering strategy, allowed for a more accurate comparison of
the responses to MMF+MTX and CYC/AZA. Second, vascular
ultrasound studies and CTA were performed regularly, enabling
a comprehensive and objective assessment of disease activity.
Third, despite the impact of the COVID-19 pandemic, the rates
of loss to follow-up were quite low in both treatment arms,
reducing potential selection bias. Lastly, the study adds to the
limited pool of high-quality evidence regarding management of
TAK and has strong clinical implications.

This study also has some limitations to consider. The sample
size calculation was based on efficacy estimates from studies of
lupus nephritis, which may not be directly transferable to stud-
ies of TAK. The efficacy of lupus nephritis was used as the refer-
ence for sample size calculation was due to the lack of data in
patients with TAK; using the high estimates of efficacy in lupus
nephritis to ensure a conservative sample size calculation by
assuming a smaller treatment difference. This approach may
have helped increase the power of this trial, but the evidence to
support the sample size calculation is weak. Because the
intended sample size was not reached, primarily due to the
COVID-19 pandemic which made the access to nonemergent
medical services difficult, the study period was extended to
about 5 years. Nevertheless, the sample size was sufficient to
compare the primary endpoints between the 2 study arms.
Although the differences in some secondary endpoints did not
reach statistical significance, this may be attributable to the
insufficient statistical power caused by reduced sample size, sug-
gesting that these negative findings should be interpreted with
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caution. Future studies with larger sample sizes are warranted to
validate these findings. Additionally, the follow-up period was
52 weeks, which is relatively short for a chronic disease prone
to relapse, although this was similar or longer compared to prior
trials in TAK [23−25]. The long-term efficacy of MMF+MTX in
maintaining remission remains uncertain and should be investi-
gated in future studies with longer follow-up periods. The
majority of trial participants had relapsed disease, possibly par-
tially explaining the low overall response rate, and highlighting
the challenges in managing relapsing TAK. However, it is
patients with more extensive and relapsing disease who are the
most in need of treatment with extended courses of immunosup-
pressive drugs. The open-label design in this trial may have
introduced bias in outcome assessment. To minimise this risk,
all patients underwent standardised evaluations at every visit,
including comprehensive physical examinations and laboratory
tests for inflammation. Additionally, vascular ultrasound and
CTA were repeated and interpreted by physicians who were
blinded to treatment allocation. Importantly, disease activity
assessment was based on a combination of objective indicators,
such as clinical symptoms and signs, inflammatory biomarkers,
and imaging findings, rather than subjective reports alone.
These measures substantially reduce the potential bias caused
by the open-label design. Vascular imaging was not centrally
reviewed; however, standardised protocols were applied at each
participating centre. Lastly, as the analyses of CR and PR were
secondary and exploratory, and given that the 2 are mutually
exclusive and related, the risk of type I error inflation is lower
than testing multiple independent outcomes, although should
always be considered a possibility.

In conclusion, this 52-week RCT comparing treatment of TAK
with MMF+ MTX versus CYC/AZA demonstrated that MMF
+MTX has more favourable efficacy in inducing and maintain-
ing remission and a superior safety profile. These results provide
much-needed trial-level evidence for immunosuppressive treat-
ments in TAK, including the use of drugs that are currently
much less expensive than biologic agents, an important factor in
many countries with high prevalences of TAK.
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A B S T R A C T

Objectives: Chondrocalcinosis, a radiographic feature of calcium crystal deposition, is frequently
observed alongside osteoarthritis. Although cross-sectional studies suggest an association, it
remains unclear whether chondrocalcinosis is a consequence or a contributing factor in osteoar-
thritis development. This study investigates its role as a potential risk factor for incident knee
osteoarthritis and knee pain in 2 large longitudinal cohorts: the Rotterdam Study (RS) and the
Multicenter Osteoarthritis Study (MOST).
Methods: This prospective cohort study analysed 20-year follow-up data from 3737 participants
in RS and 7-year follow-up data from 2750 in MOST. We examined the association of baseline
knee chondrocalcinosis with (1) incident radiographic knee osteoarthritis and (2) incident knee
pain in participants with Kellgren and Lawrence grade (KLG) 0 or 1, including a subgroup
restricted to KLG = 0. Logistic regression models were adjusted for age, sex, and body mass
index, with results pooled using meta-analysis.
Results: Chondrocalcinosis was present in 5% of osteoarthritis-free participants at baseline. It was
significantly associated with incident knee osteoarthritis in both cohorts (pooled odds ratio
[OR]: 1.75, 95% CI: 1.35-2.27, P < .001), with significance maintained in KLG = 0 participants
(pooled OR: 1.77, 95% CI: 1.04-3.01, P = .035). No consistent association with incident knee
pain was observed.
Conclusions: Chondrocalcinosis was associated with an increased risk of incident knee osteoar-
thritis in 2 large cohorts. These findings suggest that chondrocalcinosis may contribute to osteo-
arthritis incidence and represent a distinct disease subgroup. Future research is needed to
explore potential targeted prevention and treatment strategies.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

� Knee chondrocalcinosis represents abnormal calcification
deposition which can be detected on radiographs. The co-
occurrence of chondrocalcinosis with late-stage osteoarthritis
has been observed. However, it is unclear whether chondrocal-
cinosis is a consequence of osteoarthritis or if it could also initi-
ate joint damage from calcium deposition, contributing to
osteoarthritis pathology.

WHAT THIS STUDY ADDS

� Using longitudinal data of 2 large independent cohorts, the Rot-
terdam Study (n = 3737) and Multicenter Osteoarthritis Study
(n = 2750), we found that chondrocalcinosis is a risk factor for
incident radiographic knee osteoarthritis, after consideration
of important confounders.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

� Our results suggest that chondrocalcinosis is a risk factor for
osteoarthritis and may highlight a possible specific subtype of
osteoarthritis.
Figure 1. The design of the Rotterdam Study and the Multicenter Osteo-
arthritis Study. Overview of the Rotterdam Study (RS) and the Multicen-
ter Osteoarthritis Study (MOST) data used for this study. For RS, RS-I-1
refers to the baseline measurement. RS-I-3, RS-I-4, and RS-I-5 refer to re-
examinations of RS. In RS, a total of 6253 knees from 3301 participants
were included for incident knee osteoarthritis analysis, and 3737 partici-
pants were included for incident knee pain analysis. For MOST, first, sec-
ond, and third follow-ups represent the re-examinations at 30, 60, and
84 months after baseline measurement. In MOST, a total of 5414 knees
from 2750 participants were included for incident knee osteoarthritis,
and 922 participants were included for incident knee pain analysis. OA,
osteoarthritis; RS-I, RS cohort.
INTRODUCTION

As the highest contributor to global disability, knee osteoar-
thritis is the most frequent joint disease in the elderly world-
wide, affecting 15% of individuals aged 30 years and older [1].
It is a chronic degenerative disease of the whole joint, affecting
multiple tissues within the joint, most notably the bone and car-
tilage [1]. The definitive clinical diagnosis of osteoarthritis is
made by the combination of the presence of clinical symptoms,
such as stiffness, pain, and swelling, alongside radiological find-
ings, which primarily include joint space narrowing and osteo-
phytosis [1]. However, another radiological feature has been
reported to be correlated with osteoarthritis: chondrocalcinosis
[2].

Chondrocalcinosis is defined as a cloudlike radiopacity in the
knee’s articular cartilage and meniscus on radiographs, reflect-
ing abnormal calcium-based crystal deposition [3]. These depo-
sitions primarily consist of basic calcium phosphate (BCP) and
calcium pyrophosphate (CPP) crystals [4]. Both BCP and CPP
crystals are common in end-stage knee osteoarthritis [5−8] and
have been associated with disease severity [8,9]. Due to this
well-observed coexistence of chondrocalcinosis and knee osteo-
arthritis, chondrocalcinosis is commonly considered a manifes-
tation of osteoarthritis pathology [8,10]. However, this
perspective fails to explain instances where chondrocalcinosis
appears before other radiographic signs of osteoarthritis devel-
opment [11]. This raises questions of whether chondrocalcinosis
is a cause or merely a consequence of end-stage osteoarthritis
[8,10].

Population studies have identified that 6.3% of individuals
have chondrocalcinosis in joints unaffected by osteoarthritis
[11]. These findings prompt the consideration of whether chon-
drocalcinosis may contribute to joint damage, rather than
merely coexisting with osteoarthritis. Mechanistically, chondro-
calcinosis is associated with the deposition of calcium-contain-
ing crystals, which have been shown to induce inflammation
[12], stimulate matrix-degrading enzymes [12−14], and pro-
mote chondrocyte hypertrophy [8,15] and apoptosis [16]. These
effects suggest a potential causal role for chondrocalcinosis in
the joint degeneration and pain symptoms seen in osteoarthritis.
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However, although previous studies have attempted to explore
the link between chondrocalcinosis and osteoarthritis, most
were limited by small sample sizes and short follow-up time,
and the findings remain inconclusive [17−19].

Given these limitations, we conducted a large-scale longitudi-
nal study to determine whether chondrocalcinosis contributes to
the development of osteoarthritis and knee pain. We analysed
20 years of follow-up data from 3737 participants in the Rotter-
dam Study (RS), a community-based prospective cohort in the
Netherlands, and 7 years of follow-up data from 2750 partici-
pants in the Multicenter Osteoarthritis Study (MOST), a prospec-
tive cohort in the United States consisting of individuals at high
risk for osteoarthritis.
METHODS

Study design and population

This longitudinal study used data from both the RS and the
MOST, as illustrated in Figure 1. Detailed information about the
RS has been reported previously [20]. Briefly, between 1990
and 1993, 7983 individuals aged 55 years and older who resided
in the Ommoord district of Rotterdam, the Netherlands, for at
least 1 year were included in the original RS cohort (RS-I). RS is
a community-based cohort that includes participants regardless
of osteoarthritis status. Participants underwent a home inter-
view and visits to the research center for examinations. Those
participants have been re-examined every 4 to 5 years since.
The present analysis includes data from the baseline (RS-I-1),
third (RS-I-3), fourth (RS-I-4), and fifth (RS-I-5) visits. The RS
has been approved by the Medical Ethics Committee of Erasmus
MC (registration number MEC 02.1015) and by the Dutch Minis-
try of Health, Welfare, and Sport (Population Screening Act
WBO, license number 1071272-159521-27 PG).

MOST is a National Institutes of Health-funded, longitudinal
study of community-dwelling adults. The original cohort con-
sisted of adults aged 50 to 79 years who either had pre-existing
knee osteoarthritis or were at high risk due to overweight status,
knee symptoms, or a history of knee injury or surgery, as deter-
mined during a baseline telephone screening [21]. Participants
were recruited from Birmingham, Alabama, and Iowa City,
Iowa, USA. The study was approved by the institutional review
boards at the University of Iowa, the University of Alabama at
Birmingham, the University of California at San Francisco, and
Boston University Medical Center. For this study, we included
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participants’ baseline, 30-month, 5-year, and 7-year study visits
with available radiographic and pain data.

Patient and public involvement

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

Knee chondrocalcinosis

In RS, the presence and severity of knee chondrocalcinosis
were measured using the same knee radiographs as noted in pre-
vious studies [22], obtained in a weight-bearing anteroposterior
position for both knee joints. The knee was extended with the
patella in a central position. Radiographs were obtained at
70 kV with a focus of 1.8 m to a film distance of 120 cm on Fuji
high-resolution G 35 × 43 cm film. Chondrocalcinosis was
assessed in 2 ways: (1) its presence and (2) its severity. To quan-
tify the severity of knee chondrocalcinosis, we developed a
chondrocalcinosis severity score for radiograph assessment. For
details about this severity score, see Supplementary Text and
Supplementary Figure. Briefly, this chondrocalcinosis severity
score assessed the following 4 joint compartments: right medial
femorotibial compartment, right lateral femorotibial compart-
ment, left medial femorotibial compartment, and left femoroti-
bial compartment. For each location, the radiographs were
graded by a radiologist-in-training (JDB) based on the area of
the joint space affected by chondrocalcinosis: grade 0, no chon-
drocalcinosis; grade 1, ≤20% chondrocalcinosis in the compart-
ment space; grade 2, 20%-50% chondrocalcinosis in the
compartment space; and grade 3, chondrocalcinosis >50% of
the compartment space affected. By adding the score of com-
partments together, each knee had a sum score ranging from 0
to 6 (for knee-level analysis), and each participant had a sum
score ranging from 0 to 12 (for individual-level analysis). The
presence of chondrocalcinosis in a knee or an individual was
defined if the sum score was ≥1. After developing the severity
score, we assessed its reliability through intra- and inter-reader
agreement and its validity by examining the known cross-sec-
tional associations between knee chondrocalcinosis, age, and
osteoarthritis. Further details are provided in Supplementary
Text.

In MOST, chondrocalcinosis was assessed from knee radio-
graphs using weight-bearing, semi-flexed posteroanterior and
lateral views obtained at baseline, following the MOST radiogra-
phy protocol [23]. Chondrocalcinosis was scored as present or
absent in the knee based on the presence of chondrocalcinosis in
either view and categorised as present in the posteroanterior
view’s medial or lateral tibiofemoral compartment.
Table 1
Baseline characteristics of the study population for the incident knee osteoa

Rotterdam Study

General characteristics Total study population Without knee CC Wit

N 3301 3159 (95.7%) 142
Age (SD) 65.43 (6.48) 65.25 (6.38) 69.3
Females, n (%) 1819 (55.1%) 1732 (54.8%) 87 (
BMI (SD) 26.12 (3.44) 26.10 (3.44) 26.5
Baseline KLG= 0, n (%) 2511 (76.1%) 2418 (76.5%) 93(6
Outcomes
Incident knee OA, n (%) 879 (26.6%) 817 (25.9%) 62 (
Follow-up time (SD) 10.44 (3.70) 10.49 (3.72) 9.48

BMI, body mass index; CC, chondrocalcinosis; KLG, Kellgren-Lawrence Grade; O
Variables are expressed in mean and SD unless otherwise indicated. Age and fol
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Intraobserver reliability among 3 readers for radiographic chon-
drocalcinosis (2 rheumatologists and one radiologist with exten-
sive experience) was good with a kappa of 0.79 to 0.91. Readers
scored femorotibial compartments from the same individuals in
a single session, with knowledge of the chronological order of
their baseline and follow-up images. The chondrocalcinosis
severity score was not measured in MOST.

Incident radiographic knee osteoarthritis

In both cohorts, knee osteoarthritis was determined previ-
ously based on the Kellgren and Lawrence grade (KLG) of the
same radiographs used for the chondrocalcinosis scoring, evalu-
ating the tibiofemoral compartment only [20,21,24]. Radio-
graphic osteoarthritis was defined as KLG ≥ 2 or having a knee
replacement at follow-up measurement(s) [24]. The inclusion
criteria for the incident radiographic osteoarthritis analysis
were having at least 2 measurements of knee osteoarthritis with
no radiographic knee osteoarthritis at the first measurement.
Incident radiographic knee osteoarthritis was defined as 1 knee
having KLG < 2 at the first measurement and KLG ≥ 2 or a knee
replacement at follow-up in that same knee. In the RS, incidence
was assessed from baseline across 3 follow-up visits, with a
mean follow-up duration of 10.4 years (range 2.5-19.9 years). In
MOST, incidence was determined from baseline over a 7-year
follow-up period (Fig 1, Table 1).

Incident knee pain

In RS, knee pain data were collected using questionnaire-
based home interviews. Participants were considered to report
knee pain if they provided positive answers to the question,
“Have you experienced pain in knee joints in the past month?”
This question was not asked separately for the left and right
knee. In MOST, the presence of knee pain was defined as a
response of yes to the question, “During the past 30 days, have
you had pain, aching, or stiffness in your knee on most days?”
that was assessed during each in-person study visit. Participants
with at least 2 measurements of knee pain and who did not
report knee pain at their baseline visit were included in this
analysis. The incidence of knee pain was assessed across 3 fol-
low-up visits over 17.5 years in the RS and 3 follow-up visits
over 7 years in the MOST cohort (Fig 1, Table 1).

Statistical analysis

Assessment of chondrocalcinosis progression in the RS
To examine the progression of knee chondrocalcinosis, we

analysed RS participants with at least 2 chondrocalcinosis
rthritis analysis

Multicenter Osteoarthritis Study

h knee CC Total study population Without knee CC With knee CC

(4.3%) 2750 2613 (95.0%) 137 (5.0%)
7 (7.32) 62.4 (8.03) 62.1 (7.98) 67.6 (7.27)
61.3%) 1645 (59.8%) 1570 (60.1%) 75 (54.7%)
7 (3.39) 30.6 (5.86) 30.7 (5.89) 29.3 (4.94)
5.5%) 1883 (68.5%) 1806 (69.1%) 74 (54.0%)

43.7%) 1520 (55.3%) 1425 (54.5%) 95 (69.3%)
(3.32) 7 7 7

A, osteoarthritis.
low-up time were expressed in years, and BMI was expressed in kg/m².



Figure 2. Sankey plot of chondrocalcinosis progression patterns. This
Sankey plot illustrates how the severity of chondrocalcinosis in femoro-
tibial compartments changed over a 10-year follow-up period in the Rot-
terdam Study. The score represents the chondrocalcinosis severity score,
indicating the proportion of the femorotibial compartment area affected:
0 = no chondrocalcinosis, 1 = ≤20% of the compartment affected,
2 = 20%-50%, and 3 = >50%. RS-I-1 refers to the baseline visit; RS-I-3
and RS-I-4 represent subsequent re-examinations. As shown in the plot,
chondrocalcinosis either worsened (an increase in severity score com-
pared to the previous visit) or remained stable (no change in score). No
regression (a decrease in severity score) was observed. RS-I, RS cohort.

Y. Wu et al. Ann Rheum Dis 84 (2025) 1743−1751
severity assessments, including baseline (RS-I-1) and at least one
follow-up visit (RS-I-3 or RS-I-4). Progression was determined
by an increase in the chondrocalcinosis severity score (0-12),
where 0 is no chondrocalcinosis, ≥1 is the presence of chondro-
calcinosis, and 12 is severe chondrocalcinosis in both knees. Pro-
gression was defined as an increase (of 1 or more) in the
chondrocalcinosis score compared to previous assessments,
whereas regression was defined as a decrease of 1 or more in
this score. Stability indicated no change in the score over time.

To explore the temporal relationship between chondrocalci-
nosis and osteoarthritis, we identified knees with available
radiographic assessments for both conditions at 2 or more time-
points across RS-I-1, RS-I-3, and RS-I-4. We classified knees that
exhibited chondrocalcinosis in the absence of osteoarthritis (or
vice versa) at the same visit and followed this over time to assess
whether the other condition developed at subsequent visits.

Longitudinal analysis of baseline chondrocalcinosis and incident
knee osteoarthritis and pain

We examined the association between radiographic chondro-
calcinosis and incident knee osteoarthritis in both cohorts using
logistic regression, adjusting for age, sex, and body mass index
(BMI). In the RS, the covariates age (years) and sex (male/
female) were obtained through in-home and telephone inter-
views [20]. Height (cm) and weight (kg) were measured at the
research center, and BMI (kg/m2) was calculated from these
data. In MOST, age (years), sex (male/female), and BMI (kg/m2)
were obtained from the baseline in-person study visits. The anal-
ysis was conducted at the knee level, and generalised estimating
equations (GEEs) were used to account for the inclusion of 2
knees from the same individuals. For RS, we further examined
the relationship between the severity of radiographic chondro-
calcinosis measured by the chondrocalcinosis severity score and
the outcome of incident knee osteoarthritis.

The association between the presence of radiographic chon-
drocalcinosis and incident knee pain was examined at the indi-
vidual level using multivariable logistic regression in both RS
and MOST. Model 1 was adjusted for age, sex, and BMI; Model 2
was additionally adjusted for baseline knee osteoarthritis status
(yes/no). To address fluctuations in knee pain over time, we
used a GEE model to account for repeated measures of pain and
2 knees within an individual. All knee pain measurements
resulting from each available follow-up were included in the
GEE model (Fig 1). For RS, we further examined the relationship
between the severity of radiographic chondrocalcinosis mea-
sured by the sum of chondrocalcinosis severity scores and the
outcome of incident knee pain.

Two predefined sensitivity analyses were performed to test
the robustness of the results. First, we repeated both incident
knee osteoarthritis and incident knee pain analyses restricted to
knees with KLG = 0 at baseline to provide a more homogenous
study population, as knees with KLG = 1 may represent early
stages of development for knee osteoarthritis. Second, to address
varying follow-up times, we conducted an interval-censored sur-
vival analysis using proportional hazards models by the
‘icenReg’ package in R [25], accounting for the duration of time
between chondrocalcinosis and incident osteoarthritis. Boot-
strapping was used to account for the clustering data structure
of knees from the same individuals, as suggested and imple-
mented by the ‘icenReg’ package [25].

For analyses available in both cohorts, we performed a meta-
analysis using the inverse variance weighting method with a
random-effects model using summary statistics from cohort-spe-
cific analysis results. This included incident knee osteoarthritis
1746
and incident knee pain, each analysed in (1) the entire study
population (KLG 0 or 1) and (2) a subset restricted to KLG = 0
only. Heterogeneity was assessed using Cochran’s Q test. All sta-
tistical analyses were performed using R version 4.4.0 [26]. Sta-
tistical significance was defined as P < .05.

RESULTS

Chondrocalcinosis was present in osteoarthritis-free individuals

To examine the longitudinal relationship between chondro-
calcinosis and osteoarthritis, we analysed individuals without
knee osteoarthritis at baseline from the RS (n = 3301) and the
MOST Study (n = 2750; Table 1). The general characteristics
are presented in Table 1. Knee chondrocalcinosis was seen in
4.3% to 5.0% (RS n = 145, MOST n = 137) of osteoarthritis-
free individuals (KLG ≤ 1) in both cohorts. This prevalence rate
is slightly lower compared to prior reports, which found knee
chondrocalcinosis in 5% to 15% of the general population
[2,11,27]. In the RS, the mean chondrocalcinosis severity score
was 3.1 (range 1-6) among knees with chondrocalcinosis.
Within this osteoarthritis-free study population, 76.1% of RS
(n = 2511) and 68.5% of MOST (n = 1883) participants did not
have any signs of radiographic osteoarthritis at baseline
(KLG = 0).

No regression of chondrocalcinosis over the years

In RS, knee chondrocalcinosis was assessed longitudinally at
multiple time points, allowing us an opportunity to see its pro-
gression pattern (Fig 2). In every subsequent measured follow-
up, we saw an increasing prevalence of chondrocalcinosis from
baseline 5.0% (RS-1-1) to 9.1% (RS-1-3) and 11.3% (RS-I-4).
Chondrocalcinosis is known to be more prevalent with increas-
ing age, explaining the increased prevalence over time [2,27
−30]. After a mean follow-up time of 7.8 years, nearly half of
those knee compartments (197 out of 431) with chondrocalcino-
sis at baseline showed progression (higher chondrocalcinosis
severity score), whereas the other half remained unchanged
(234 out of 431). No cases of regression (ie, follow-up chondro-
calcinosis severity score smaller than the previous visit) were
identified. This longitudinal observation suggests that calcium
deposition in the knee cartilage and meniscus does not diminish
over time but can increase in severity.
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Among 327 knees that showed chondrocalcinosis without
coexisting osteoarthritis at the same visit and had available fol-
low-up data, 18.7% (n = 61) subsequently developed osteoar-
thritis. Conversely, among 912 knees that presented with
osteoarthritis in the absence of chondrocalcinosis at the same
visit and had available follow-up data, 19.4% (n = 177) later
developed chondrocalcinosis.

Chondrocalcinosis is associated with incident knee osteoarthritis

To determine if chondrocalcinosis is a risk factor for incident
osteoarthritis, we conducted longitudinal analyses in individuals
without baseline radiographic knee osteoarthritis (KLG ≤ 1). We
observed that the presence of chondrocalcinosis at baseline was
significantly associated with increased odds of incident radio-
graphic knee osteoarthritis after adjusting for age, sex, and BMI,
in both cohorts (RS: n = 6235 knees, incident osteoarthritis
knees = 819 (13.1%), odds ratio [OR]: 1.63, 95% CI: 1.10-2.42,
P = .01; MOST n = 5414 knees, incident osteoarthritis
knees = 3069 (56.7%), OR: 1.85, 95% CI: 1.30-2.62, P < .001;
Table 2). The meta-analysis of these results yielded a significant
pooled OR of 1.75 (95% CI: 1.35-2.27; P < .001), with no evi-
dence of heterogeneity (P = .22). It may be possible that our
association between chondrocalcinosis and incident osteoarthri-
tis was driven by knees with KLG = 1, as these may represent
the early stages of osteoarthritis. Therefore, we ran a subgroup
analysis to include only individuals at baseline without any
radiographic signs of osteoarthritis (KLG = 0, n = 4428 knees
for RS and 3102 knees for MOST, baseline characteristics in Sup-
plementary Table S1). Here, we saw that the association
between knee chondrocalcinosis presence and incident radio-
graphic osteoarthritis was more prominent in RS (n = 4428
knees, incident osteoarthritis knees = 279 (6.3%), OR: 2.42,
95% CI: 1.29-4.55, P= .006, Table 2). In MOST, the OR was still
positive but of a smaller magnitude, and the P value was not sta-
tistically significant (n = 3102 knees, incident osteoarthritis
knees = 757 (24.4%), OR: 1.40, 95% CI: 0.87-2.26, P = .2,
Table 2).

After meta-analysis, the pooled result was significant (pooled
OR: 1.77; 95% CI: 1.04-3.01; P = .035; heterogeneity test
P = .175). We also performed an interval-censored survival
analysis to account for the varying follow-up times. Again, the
association between knee chondrocalcinosis presence and inci-
dent radiographic osteoarthritis remained statistically signifi-
cant (meta-analysis, hazard ratio: 1.26 (95% CI: 1.01-1.56,
P = .039), Supplementary Table S2). These results suggest that
chondrocalcinosis is not only a consequence of osteoarthritis
pathology, but it could also be a causal factor in osteoarthritis
pathology.

More severe chondrocalcinosis is associated with increased
osteoarthritis incidence

In RS, the OR for chondrocalcinosis severity score and inci-
dent osteoarthritis is positive but is not statistically significant
(RS: n = 6235 knees, incident osteoarthritis knee = 819
(13.1%), OR: 1.08, 95% CI: 0.97-1.21, P = .15, Table 2). When
we restricted to include only individuals without any radio-
graphic signs of posterior osteoarthritis at baseline (RS:
KLG = 0, n = 4428 knees), we found that a higher chondrocal-
cinosis severity score was associated with increased odds of
knee osteoarthritis in this subgroup (n = 4428 knees, incident
osteoarthritis knees = 279 (6.3%), OR: 1.19, 95% CI: 1.01-1.40,
P= .04, Table 2).
1747
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Chondrocalcinosis is associated with incident pain

The baseline characteristics of the study population for the
incidence of knee pain were summarised in Supplementary
Table S3. Over the follow-up visits, the incidence rate of knee
pain ranged from 24.7% to 34.0% in the RS and from 28.0% to
33.8% in MOST.

In RS, we observed that the baseline presence of chondrocal-
cinosis was associated with higher odds of incident knee pain
(model 1, n = 3577 individuals, incidence ranges from 24.7%
to 30.3%, OR: 1.47, 95% CI: 1.12-1.93, P= .006; Table 3). How-
ever, when adjusting for the presence of osteoarthritis at base-
line, this association in RS loses significance (model 2, OR: 1.28,
95% CI: 0.97-1.69, P = .08; Table 3). In contrast, greater sever-
ity of chondrocalcinosis was also found to be associated with
higher odds of incident knee pain (model 1, OR: 1.08, 95% CI:
1.03-1.13, P = .003; Table 3), even after adjusting for baseline
osteoarthritis status (model 2, OR: 1.06, 95% CI: 1.01-1.12,
P = .018; Table 3). In the MOST cohort, we did not observe a
statistically significant association between the presence of
chondrocalcinosis and incident knee pain (n = 922 individuals,
incidence ranges from 28.0% to 33.8%, model 1: OR: 1.10, 95%
CI: 0.76-1.58, P = .60, model 2: OR: 0.90, 95% CI: 0.64-1.27,
P = .33; Table 3). The pooled result from the meta-analysis also
suggested that the presence of chondrocalcinosis was not signifi-
cantly associated with incident knee pain (model 1: pooled OR:
1.31; 95% CI: 0.99-1.73; P = .06; heterogeneity test P = .21;
model 2: pooled OR: 1.09, 95% CI: 0.77-1.54; P= .63; heteroge-
neity test P= .12). When we repeated these analyses in the sub-
group with baseline KLG = 0 (n = 1943 individuals for RS and
420 individuals for MOST, baseline characteristics in Supple-
mentary Table S4), results from both cohort and meta-analysis
were not significant (Table 3).

DISCUSSION

This study evaluated the relationship between chondrocalci-
nosis and the risk of developing knee osteoarthritis and knee
pain using 2 large independent longitudinal cohorts. Our find-
ings showed a strong association between the presence of chon-
drocalcinosis and an increased risk of incident knee
osteoarthritis. We also observed that chondrocalcinosis severity
tended to remain stable or worsen over time, further supporting
its role in disease progression.

Our findings support the hypothesis that chondrocalcinosis
contributes to osteoarthritis development rather than being
merely a consequence of the disease. This hypothesis is strength-
ened by the observation that, when assessing the natural history
of chondrocalcinosis in the RS, we observed that the chondrocal-
cinosis severity score of participants remained the same or
increased compared to earlier visits. We did not observe decreas-
ing amounts of chondrocalcinosis over time, indicating that
crystal deposition in the cartilage or meniscus does not resolve
itself. Moreover, a higher chondrocalcinosis severity score was
associated with an increased incidence risk of knee osteoarthri-
tis. Taken together, these findings suggest that crystal deposition
may contribute to osteoarthritis progression [8,15,16], poten-
tially leading to further crystal accumulation.

Our findings are consistent with a prior study in the Osteoar-
thritis Initiative (70 individuals with chondrocalcinosis, and 70
matched controls), which found chondrocalcinosis on baseline
knee radiographs to be significantly associated with changes in
MRI cartilage score [19]. Moreover, a prior study in MOST
(n = 1673, 93 individuals with chondrocalcinosis), using
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computed tomography (CT)-detected intra-articular mineralisa-
tion as a measure of knee chondrocalcinosis [31], found the
presence of intra-articular mineralisation increased the risk of
cartilage damage on follow-up.

Our study did not find a significant association between the
presence of chondrocalcinosis and incident knee pain in either
the RS or MOST. In the RS, we did observe a significant associa-
tion between presence of chondrocalcinosis and incident knee
pain in model 1, but this association was no longer significant
after adjusting for baseline knee osteoarthritis, suggesting that
the observed effect may have been driven by pre-existing osteo-
arthritis rather than chondrocalcinosis itself. However, chondro-
calcinosis severity in the RS remained significantly associated
with incident knee pain even after adjustment of baseline knee
osteoarthritis. Unfortunately, we could not replicate this finding
in the MOST cohort due to the lack of chondrocalcinosis severity
data. Nonetheless, a previous study in the MOST cohort using
CT-detected chondrocalcinosis found that chondrocalcinosis
was associated with a risk of having more frequent, persistent,
and worsening knee pain over 2 years [32]. Further research is
needed to better understand the relationship between chondro-
calcinosis and knee pain.

Chondrocalcinosis may contribute to the risk of osteoarthritis
through several possible mechanisms, one of which is inflamma-
tion. These deposited crystals could induce the production of
inflammation markers (eg, IL-6 [12], PGE2 [33,34]), matrix-
degrading enzymes (eg, MMP13, MMP3 [12−14]), and induce
chondrocyte hypertrophy [8,15] or chondrocyte death [16].
These effects not only damage the joint but also form a positive
feedback loop to produce more calcium crystals [13]. Within
our study population, only a small subset of knees with incident
radiographic osteoarthritis had chondrocalcinosis at baseline
(4.5% to 6.2%), indicating that chondrocalcinosis is not the only
risk factor for osteoarthritis, which is in line with the heteroge-
neity of osteoarthritis pathology [35]. However, taking this
study’s results into account, it may also suggest that these indi-
viduals with chondrocalcinosis may represent a specific sub-
group of patients, for which a treatment targeting
chondrocalcinosis may present a viable strategy to prevent oste-
oarthritis.

The strengths of our study include using 2 independent
cohorts with large sample sizes and prospectively collected data,
where we replicate our findings in both cohorts. Further, we
were also able to examine chondrocalcinosis severity using our
semiquantitative score to assess the severity of radiographic
chondrocalcinosis at the knee. Our findings align with 3 key
principles from Bradford Hill’s criteria for causality [36]: consis-
tency, as the association between chondrocalcinosis and osteoar-
thritis was replicated in an independent cohort; temporality, as
chondrocalcinosis preceded the onset of osteoarthritis; and bio-
logical gradient (dose−response relationship), as greater sever-
ity of chondrocalcinosis was associated with a higher risk of
osteoarthritis. Together, these elements strengthen the argu-
ment that chondrocalcinosis may play a causal role in the devel-
opment of osteoarthritis. However, there are still several
limitations that should be acknowledged. First, our assessment
of chondrocalcinosis severity relied on a semiquantitative scor-
ing system, which may introduce some measurement errors
compared to precise area-based quantification. Similarly, CT
measures might also provide more accuracy in the presence of
chondrocalcinosis over radiographs [37]. Second, we were not
able to capture pain fluctuations that may occur between study
visits, limiting our assessment of the second primary outcome of
incident knee pain. Third, our study cohorts are subject to
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survivor bias because we only have radiographs from partici-
pants who are healthy enough to come to the research centres
during follow-up visits. Fourth, we were not able to determine
whether chondrocalcinosis was due to BCP or CPP deposition
based on radiographs [38]. We, therefore, cannot determine
whether BCP and/or CPP crystals are a risk factor for osteoar-
thritis. Fifth, despite the large overall sample sizes in both
cohorts, our results should still be read with caution because of
the relatively small number of individuals with chondrocalcino-
sis who developed incident knee osteoarthritis or knee pain,
which opens the possibility that some of the observed associa-
tions may be chance findings. Sixth, there are key differences in
selection criteria between cohorts. Participants from MOST
either had a high risk for (overweight, injury, or knee surgery
history), or had pre-existing, knee radiographic osteoarthritis
and complaints [21]. At the same time, the RS cohort consisted
of general community residents older than 45 years without any
other predefined selection criteria. Moreover, the presence of
dominant risk factors for knee pain in MOST, such as obesity
and prior knee injury, may have diminished the relative contri-
bution of chondrocalcinosis, making its independent effect more
challenging to identify. Lastly, like all observational studies, we
cannot rule out any residual confounding.

In summary, our findings robustly demonstrate that radio-
graphic knee chondrocalcinosis is associated with an increased
risk of incident radiographic knee osteoarthritis. These results
align with the known detrimental mechanisms through which
calcium depositions contribute to osteoarthritis development.
This suggests that chondrocalcinosis-related osteoarthritis may
represent a distinct osteoarthritis subgroup. Future studies
investigating the pathology of chondrocalcinosis could offer
new insights into the prevention and treatment of osteoarthritis.
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Letter
In immune-mediated
necrotising myopathy, anti-
HMGCR antibodies inhibit
HMGCR activity, leading to
the sarcoplasmic
accumulation of lipid droplets
and myofibres necrosis
Anti-3-hydroxy-3-methylglutaryl-coenzyme A reductase
(HMGCR) antibodies are a biomarker of immune-mediated
necrotising myopathy (IMNM), a subtype of inflammatory
myopathies (IMs) characterised by weakness and myofibre
necrosis whose mechanism is unknown [1]. It has recently been
shown that anti-HMGCR antibodies are internalized into the
myofibres of patients with IMNM [2]. Several observations indi-
cate that this may result in disrupted HMGCR function and a
subsequent myopathic effect: (i) anti-HMGCR antibodies target
the HMGCR enzymatic active site [3]; (ii) both the statin inhibi-
tion of HMGCR [4] and mutations impairing its activity [4] lead
to myofibre necrosis resembling IMNM [1]. However, no direct
evidence of this hypothesis has been reported [2].

In the present study, we investigated whether anti-
HMGCR antibodies interfere with HMGCR activity and have
a myopathic effect. Methods are presented in the Supplemen-
tary material.

To obtain polyclonal anti-HMGCR autoantibodies, the 6 pep-
tides identified as the epitopes of anti-HMGCR antibodies [3]
were synthesized and used to immunize a white New Zealand
rabbit. Antibodies from a nonimmunized animal served as con-
trol. The serum was collected on day 56. Additionally, plasma
samples from anti-HMGCR (n = 5) and anti-SRP (n = 2)
patients with IMNM were obtained from plasmapheresis eluates
performed for therapeutic purposes. Rabbit and human anti-
HMGCR antibodies were purified by affinity chromatography.
ELISA assays confirmed that purified anti-HMGCR antibodies
and the related crude serum/plasma recognized the 6 epitopes
(Supplementary Figure S1).

To test whether anti-HMGCR antibodies inhibit the function
of their target, HMGCR enzymatic activity was assessed in vitro
in the presence of anti-HMGCR, control antibodies and prava-
statin. A dose-dependent inhibition of HMGCR activity
was observed in the presence of anti-HMGCR (Fig 1A;
MG and GQ equally contributed to the work.
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Supplementary Figure S2A). Rabbit anti-HMGCR 5 µg/mL and
human anti-HMGCR 2 µg/mL had similar effects to that of prav-
astatin 0.5 μM (Fig 1A,B; Supplementary Figure S2A, B). IgG
from the nonimmunized rabbit and plasma from anti-SRP
patients did not affect HMGCR activity (Fig 1A,B; Supplemen-
tary Figure S2A, B).

The myopathic process underlying myofibre necrosis in anti-
HMGCR IMNM is unknown. HMGCR knockout disrupts fatty
acid beta-oxidation [5] that leads to muscle necrosis [5,6]. Lipid
droplet accumulation, a marker of fatty acid beta-oxidation
defect, and muscle necrosis have been observed in myofibres of
statin myopathy patients [7]. Hence, to test whether anti-
HMGCR internalization in myofibres [2] exerts a myopathic
effect, human myotubes were electroporated with human-puri-
fied anti-HMGCR, control IgG or pravastatin. Antibody presence
in the cytoplasm 4 days after electroporation was confirmed
(Supplementary Figure S3). Human myotubes electroporated
with purified anti-HMGCR and pravastatin, but not with control
IgG, showed lipid droplet accumulation on Oil red-O staining
and necrosis on haematoxylin and eosin as well as dystrophin
stainings [8,9] (Fig 1C).

A recent study reported more frequent accumulation of lipid
droplets in myofibres of anti-HMGCR patients compared with
other IM subtypes [2]. However, information on patient selec-
tion, medications, co-morbidities, muscle biopsy site, assess-
ment of lipid droplet accumulation and its extension were not
reported. To test the validity of this pioneer finding, the inter-
nalization of anti-HMGCR antibodies into the myofibres of
patients with IMNM was first confirmed (Supplementary Figure
S4). Next, two blinded myopathologists scored (from 0 to 4)
lipid droplet accumulation on oil red-O-stained cryosections of
deltoid muscle prospectively sampled in 34 patients with IM
(anti-HMGCR: n = 10; other IM n = 24) and 3 individuals with
myalgia without neuromuscular disease (n = 3), whose char-
acteristics are presented in Supplementary Table S1. None of
the patients were taking immunomodulators or statins at the
time of muscle biopsy. Lipid droplet accumulation score was
ten-fold higher in anti-HMGCR patients with IMNM com-
pared with patients with other IM and without neuromuscu-
lar disease (3.2 ± 0.6 vs 0.3 ± 0.5; vs 0.3 ± 0.6,
respectively; P = .0001), and a score ≥ 2 was a hallmark of
anti-HMGCR IMNM (Fig 1D,E). Additional studies will be
required to determine HMGCR activity in the muscles of
patients with anti-HMGCR IMNM.

Together, these data demonstrate that anti-HMGCR antibod-
ies inhibit HMGCR activity, leading to the sarcoplasmic accumu-
lation of lipid droplets and myofibre necrosis. These findings
blished by Elsevier B.V. All rights are reserved, including those for text and data

https://doi.org/10.1016/j.ard.2025.04.027
https://doi.org/10.1016/j.ard.2025.04.027
http://www.ScienceDirect.com
http://https://www.sciencedirect.com/journal/annals-of-the-rheumatic-diseases


Figure 1. Anti-hydroxy-3-methylglutaryl CoA reductase (HMGCR) antibodies inhibit HMGCR activity leading to lipid droplet accumulation in myofi-
bres. (A) Maximum (max) in vitro HMGCR activity in the presence of rabbit-purified polyclonal anti-HMGCR antibodies (5 µg/mL and 2.5 µg/mL), con-
trol antibodies (IgG, 5 µg/mL and 2.5 µg/mL) and pravastatin (0.5 μM). n = 6 for each condition; *P = .04, **P = .002, ****P = .0001; ns: not
significant (vs vehicle). (B) Maximum in vitro HMGCR activity in the presence of plasma (1 µL) and purified (2 µg/mL) autoantibodies from patients
with anti-HMGCR immune-mediated necrotising myopathy (IMNM) (n = 5), plasma (1 µL) from patients with anti-signal recognition particle
immune-mediated necrotizing myopathy (SRP IMNM) (n = 2) and pravastatin (0.5 μM, n = 4). *P < .05, **P < .01, ***P < .001 (vs activity);
#P = .002 (anti-HMGCR plasma vs anti-SRP plasma). (C) Representative images of human myotubes exposed for 4 days after electroporation to puri-
fied human anti-HMGCR antibodies (0.4 mg/mL) or human control antibodies (IgG, 1 mg/mL) or pravastatin (100 μM): i) oil red-O staining: green
arrowheads point to lipid droplets, scale bar: 50 μm; ii) haematoxylin and eosin staining: black arrows point to necrotic myotubes characterized by a
swollen and pale cytoplasm, loss of myonuclei staining, fusiform shape and sarcolemma. Scale bar: 50 μm and iii) dystrophin staining (green fluores-
cence): white arrows point to necrotic myotubes characterized by a loss of dystrophin expression. Nuclei were counterstained with DAPI (blue
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could have implications for both the diagnosis and treatment of
IMNM.
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tions of untreated patients with inflammatory myopathies (IM). Respective sc
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muscular disease (no NMD): 0. * indicates fibres with lipid droplet accumul
score in deltoid muscle cryosections of patients with IM. Each dot represent
***P= .0001 compared with anti-HMGCR IMNM. P= .0001, ns: not signific
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Correspondence on
‘Radiographic structural
damage in axial
spondyloarthritis: is there a
preferred way to quantify
progression over time?
Comparison of blinded versus
unblinded mSASSS scoring’
by Protopopov et al.
Critics of the progress of medical science have argued that,
over time, there exists an inverse relationship between the body
of medical literature (sharply increasing) and the discovery of
‘disruptive’ novelties (sharply decreasing) [1]. It is another way
of saying that the current literature is filled with duplication.
This bold statement came to mind while reading the paper by
Baraliakos et al [2], which compares blinded vs continuous scor-
ing of progression on spinal radiographs in patients with axial
spondyloarthritis (axSpA).

It is not that the article contains contentious or untrue mate-
rial; rather, the opposite is true. However, there is at least 1 sen-
tence in the paper that is demonstrably false, namely that this
study is the first to compare spinal radiograph scoring in both a
blinded and unblinded manner. Novelty is often the reason a
publication is accepted in a high-impact journal, such as the
Annals of the Rheumatic Diseases (ARD). The authors have
amply cited our historic work in this field, for which we want to
thank them graciously, but they have ignored our most impor-
tant study, one that has also appeared in ARD [3]. Wanders et al
[3] published their study with exactly the same study question
already in 2004! Needless to say, they found the same as Baralia-
kos et al [2]. One may argue that this adds to the credibility of
the communal results, but Baraliakos et al [2] seemed to be
agnostic towards the work by Wanders et al [3] and missed the
opportunity to learn from both studies in conjunction. Both stud-
ies differed slightly. While Baraliakos et al [2] used 5 readers, 2
of whom read with an ‘open reading frame’ (continuous) and 3
others scored blindly, Wanders et al [3] employed only 1 reader
who applied both methods with some time in between. An
expert in reading methodology would have advised that an
appropriate study for methods comparison requires the same
reader(s) scoring all radiographs in 2 tempi, once with blinded
Handling editor Josef S. Smolen.
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and once with known time order, so that one could exclude
reader-specific bias and attribute differences to reading order.
One or multiple readers are irrelevant here and uninformative
for this particular study question (even though the reader-spe-
cific error will be lower when the number of readers is higher).

The authors have cleverly waived responsibility for missing the
paper by Wanders et al [3] by adding the words ‘To our knowl-
edge’ (sic non). Should they want to use the argument of ‘entire
spectrum of axSpA’ (Wanders et al [3] only included patients with
radiographic axSpA (r-axSpA)) to claim novelty, we will cut the
grass from under their feet by stipulating that ‘entire spectrum of
axSpA’ is an irrelevant argument here. Comparing scoring methods
for imaging is about applying ubiquitous measurement properties
and goes beyond specific diseases. You may even apply these out-
side of rheumatology (eg, oncology trials), as has been done in the
past. After 30 years of research into methods comparison, we
appreciate how important the field has become in measuring prog-
ress in drug development and approval. We have also sadly learned
that the topic is not tremendously popular among clinical and epi-
demiological scientists, and we have seen embarrassing examples
of this in the rheumatological literature in the past. Field-specific
researchers, field-specific reviewers, and journal editors apparently
(and expectedly) can no longer oversee the entire realm of pub-
lished evidence on a topic that requires specific methodological
knowledge. This is disconcerting and is undoubtedly partly due to
the surge in publications, as well as the ‘publish or perish’ mantra.
On a more general note, scarce and valuable researcher time and
funding could perhaps be better used to address really novel clini-
cal and methodological research questions (after a thorough litera-
ture review). There are still many such questions left for further
research. We acknowledge that ‘novel’ medical research may gain
robustness by replication, especially when it comes to novel drugs,
but when similar results in the niche of methods comparison were
already amply presented in the past but are sadly missed in the
present, it feels like a missed opportunity; it makes us modest and
leaves us slightly unhappy.

Finally, we would like to refer the authors and readership to
the more recent work by Sepriano et al [4], in which the concept
of net progression is worked out in more detail (using axSpA as
an example). Net progression, requiring paired reading, is a
valuable extension of the principle that measurement error (the
‘left tile’ of the probability plots in Baraliakos et al [2]) should
be taken into consideration when judging progression in obser-
vational studies in order to arrive at a fairer comparison.

To conclude on a positive note, we absolutely would have
liked to give the authors of this work, who have all done seminal
research in the clinical field of axSpA, the thrill of the scoop, but
this means that nobody would have ever done it before.
blished by Elsevier B.V. All rights are reserved, including those for text and data
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Response to the
correspondence on
“Radiographic structural
damage in axial
spondyloarthritis: is there a
preferred way to quantify
progression over time?”

Dear Editor,

We would like to thank Prof Landew�e and Prof van der
Heijde for their attention to our recently published analysis on
the methodology of scoring radiographic spinal progression in
axial spondyloarthritis (axSpA) [1]. We value open scientific dis-
cussion and welcome the opportunity to clarify issues in the con-
text of our work. Constructive comments from experienced
researchers, such as our Dutch colleagues, play an important
role in improving scientific standards and collegial understand-
ing. We do, however, feel that such conversations should always
remain within the bounds of respectful scientific discourse. That
said, we hope that this answer to their comments may help to
bring the conversation back towards constructive scientific
exchange.

Let us remind everyone that our manuscript underwent the
customary rigorous blinded peer review process. We received
detailed and thoughtful feedback from several reviewers. This
input led to important methodological and statistical clarifica-
tions, including clarifications on the relevant literature that is
discussed here.

The central concern raised by Profs Landew�e and van der
Heijde relates to the novelty of our study. We acknowledge the
fact that Wanders et al [2] have published on the topic of
blinded vs unblinded scoring of the modified Stoke Ankylosing
Spondylitis Spinal Score (mSASSS) in the past. However, we felt
that, although this work was an important contribution to the
field at the time of its publication, it also needed confirmation
from the methodological and other points of view. The fact that
the article by Wanders et al [2] was not included in the refer-
ence list is simply explained by the inclusion of 2 subsequent
publications from the same group [3,4], both of which explicitly
addressed the results and implications of the original manu-
script.

Our carefully worded statement, “To our knowledge, this is
the first study to compare mSASSS reading in a blinded and
unblinded manner in patients with the entire spectrum of
https://doi.org/10.1016/j.ard.2025.08.004
Received 30 July 2025; Revised 3 August 2025; Accepted 4 August 2025
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axSpA” is clearly justified, given that this refers to the whole
spectrum of axSpA. Importantly, we have not claimed to have
discovered a previously unknown phenomenon. Even though
not much radiographic progression is expected to occur in non-
radiographic (nr)-axSpA, it is important to look at the whole
spectrum of the disease. Indeed, studies of nr-axSpA do assess
radiographic progression [5]. Because structural changes are
typically minimal in nr-axSpA, methodological challenges such
as floor effects may increase uncertainty in the evaluation of
progression as well as regression. These factors are known to
affect the performance, sensitivity, and reliability of scoring sys-
tems like mSASSS. Finally, the validation of scoring approaches
in early or nr-axSpA ensures their fit-for-purpose in clinical
research and practice.

In addition, our study design was different: we systematically
compared 2 reading strategies using multiple readers and a
whole range of statistical analyses. Thus, our study employed
multiple experienced readers for each imaging modality—3
unblinded and 2 blinded—allowing us to assess interreader vari-
ability, a key measure of reproducibility. This was not feasible
in the single-reader design used by Wanders et al [2]. In fact,
this methodology is no longer standard for scoring conventional
radiographs in larger clinical trials.

Therefore, we do not agree with the commentary that addi-
tional readers are inconsequential for methodological compari-
sons. We respectfully suggest the opposite: the assessment of
consistency across readers is essential to determine whether a
method is appropriate for use in clinical trials.

In addition, we expanded the analytic framework beyond
mean change scores. Our study includes shift analyses at the ver-
tebral corner level, definitions of fast, moderate, and slow pro-
gression, and subgroup assessments. These complementary
approaches provide greater granularity and practical insights
relevant to trial design and endpoint selection.

Furthermore, we found that the study by Wanders et al [2]
had other important methodological limitations. Specifically, as
acknowledged by the authors in a related publication [3]: ‘the
format of the radiographs was changed in some centres, which
made it possible for the observer to identify the point in time’.
This stresses the relevance of true time blinding and introduces
potential expectation bias even in ‘blinded’ reads. In contrast,
our use of the German Spondyloarthritis Inception cohort data-
set did avoid such pitfalls, allowing for a robust and clean com-
parison between truly blinded and unblinded scoring.

The reference to the concept and utility of assessing net-pro-
gression is important, particularly in time-blinded scoring sce-
narios. In such settings, where readers are unaware of
radiograph chronology, measurement error is typically assumed
to be symmetrical: misclassification of progression and
blished by Elsevier B.V. All rights are reserved, including those for text and data
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regression occurs with roughly equal probability. Net-progres-
sion, by subtracting regressors from progressors, helps to reduce
noise and isolate a more accurate signal of true structural
change. However, in unblinded scoring, where chronology is
known—as in our study—the symmetry breaks down. Readers
are generally more inclined to detect and score progression
rather than regression, reflecting the expectation that structural
damage in the spine is typically irreversible. For this reason, we
believe net-progression has less utility in the context of
unblinded methodologies and is best suited to contexts in which
error is more balanced.

Finally, we do believe that scientific inquiry, especially on
methodological questions, always benefits from replication, par-
ticularly when performed under different conditions, with novel
cohorts, and use of a more rigorous design. Thus, the presence
of prior publications clearly does not argue against the need for
more studies but rather invites them. Similar approaches have
recently been applied, also by our Dutch colleagues, specifically
in the context of spinal radiographic progression in axSpA, in
which the role of the lower thoracic spine was investigated using
more modern approaches [6,7]. These findings confirmed data
published by our group more than a decade ago [8]. This is
much appreciated and regarded as a valuable confirmation of
previous results.

In conclusion, the results of our recently published study [1],
though directionally consistent with Wanders et al [2], extend
and refine those findings in several important ways. The sensi-
tivity, specificity and reproducibility of assessing radiographic
progression in axSpA will remain an important topic in clinical
research. Whether conventional radiography will remain the
gold standard is unclear at present.

Statistical thinking has led to many insights into the nature of
truth. We are aware that one of the most important insights is
that truth is impossible to pin down definitively. Thus, the truth
is an unknown quantity that we can pursue, but never
completely attain.

Finally, we believe that scientific discussions should always
be respectful and in the spirit of the collaborative ethos that has
characterised our scientific community in axSpA for the last dec-
ades.
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Correspondence on
‘Pulmonary arterial
hypertension in adults with
Still’s disease: another
pulmonary manifestation
associated with
HLA-DRB1*15’
Boucly et al [1] provide detailed descriptions of 16 cases of
pulmonary arterial hypertension (PAH) confirmed by right heart
catheterisation in adult patients with Still disease (SD), the larg-
est such cohort reported to date. We would like to challenge
their conclusion that PAH is related to difficult-to-treat SD and
human leukocyte antigen (HLA)-DRB1*15 status. Since this
severe complication is associated with exposure to interleukin
(IL)-1/IL-6 inhibitors (ie, drug-associated pulmonary hyperten-
sion), the data presented support promptly discontinuing the
implicated medications according to expert guidance from the
European Society of Cardiologists and European Respiratory
Society, cited by the authors [2]. Our original discovery of strik-
ing enrichment for HLA-DRB1*15 haplotypes in SD was linked
to scoring as drug reaction with eosinophilia and systemic symp-
toms (DReSS) by RegiSCAR [3], implicating these cytokine
inhibitors. Those with HLA-DRB1*15 haplotypes did not have
severe SD compared to drug-tolerant controls before IL-1/lL-6-
inhibition or, for those stopping these drugs, after avoiding
these medications [4,5]. This includes enrichment of macro-
phage activation syndrome (MAS) only during IL-1/IL-6-inhibi-
tion, an inflammatory condition that is a DReSS-related risk [6].
Among the DReSS cases were cases of PAH, and the PAH+
cohort reported by Boucly et al [1] was similarly enriched for
HLA-DRB1*15. Additionally, during the reported disease course,
these PAH+ cases had an increased incidence of MAS, marked
eosinophilia, and clinical diagnosis of drug reaction implicating
IL-1/IL-6 inhibitors, as demonstrated in our previous publica-
tions [4,5,7].

Diagnosis of drug-induced lung injury, which includes PAH,
can be assessed by diagnostic criteria [8]. In the present study,
12 of 16 cases met 3 of these criteria: (i) identification of drug
exposure (i.e., treatment with IL-1/IL-6-inhibition); (ii) estab-
lished drug-disease association [5]; and (iii) exclusion of other
causes, which is the case considering PAH is not intrinsically
associated with SD. In our work, these 3 criteria were met, as
were the remaining 2 criteria: (iv) improvement (actually,
Handling editor Josef S. Smolen.
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resolution) after drug discontinuation and (v) exacerbation of
clinical manifestations after resuming drug administration (see
below), which is generally not recommended [5].

Additionally, there is inherent danger in misattributing
PAH as an HLA-associated SD risk and uncoupling PAH from
the development of diffuse lung disease. The authors noted
PAH without substantial parenchymal lung abnormalities. In
our studies [4,5,7], PAH occurring during IL-1/IL-6-inhibi-
tion, with or without diffuse lung disease, was diagnosed by
echocardiogram or right heart catheterisation and, if biopsy
or autopsy tissue was available, tissue confirmation of pul-
monary arterial vascular disease (Fig). Granular detail not
reported in our studies are represented by 2 adult patients
with SD. One with PAH diagnosed by right heart catheterisa-
tion was initially without computed tomography evidence of
parenchymal disease. With continued IL-1 inhibition, pro-
gressive and extensive parenchymal lung disease developed
prior to death. Another fatal case was a young adult, noted
above as tragically having return of PAH after resolution off-
drug with development of extensive parenchymal disease
after drug reintroduction. These 2 fatal adult cases were
found not to carry DRB1*15. The former had recurrent MAS,
and the latter never experienced MAS. Our recent report [5]
includes 8 of 9 patients with PAH that resolved after aban-
doning IL-1/IL-6-inhibitors; 5 had stopped during MAS. None
of the 8 patients with PAH who continued these drugs
reported resolution. The instance of return of PAH after rein-
troduction of these drugs was not included, ie, a ninth exam-
ple of resolution after stopping these drugs. Not considering
drug association precludes the therapeutic option to stop the
implicated class of drugs as expressly recommended [2] and
may deprive a patient of a better outcome.

Recognising this severe, delayed drug reaction in the con-
text of IL-1/IL-6 inhibition is difficult in the setting of SD as
there is potential for significant postdrug withdrawal inflam-
mation. Adding to the difficulty in recognising this condi-
tion, reaction features are asynchronous and discontinuous,
typically noted within the first months of drug initiation,
and these features may not reappear at the time of later rec-
ognition of PAH or other pulmonary complications [5,9].
Indeed, cases scored as DReSS that led to the striking HLA-
DRB1*15 link occurred in the typical time frame of a median
of 2 to 8 weeks after drug initiation [4,5,10]. In the present
SD-PAH paper, the latency from drug start to diagnosis of
PAH was long, as noted previously [7], a time when persis-
tence of scoring as DReSS was not characteristic in the pub-
lished cohorts. In addition, MAS may be associated with SD,
as well as with the adverse reactions to IL-1/IL-6 inhibition.
blished by Elsevier B.V. All rights are reserved, including those for text and data
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Figure. Severe pulmonary arterial pathology with and without diffuse lung disease. Examples of lung pathology during IL-1/IL-6 inhibition are
shown. Each patient had been treated continuously for >1 year with ≥1 of the drugs and had scored as DReSS, implicating each cytokine inhibitor.
Left panel: Hypertensive pulmonary arteriopathy with intimal fibrosis (arrow) is present within the postmortem lungs of a 2-year-old with sJIA, which
also shows extensive endogenous lipoid pneumonia. Right panel: Severe occlusive pulmonary arteriopathy (arrows) in the lung biopsy of a 14-year-
old with sJIA. (Movat pentachrome stain) DReSS, drug reaction with eosinophilia and systemic symptoms; IL, interleukin; sJIA, systemic juvenile idio-
pathic arthritis.
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Given this overlap in DReSS and SD-related inflammation, it
is not surprising that treatment of the related inflammation
overlaps with treatments for each condition, including ste-
roids in sufficient dose and consideration of cyclosporine or
other immune suppressive medications [10]. In this report,
attributing fatality to an SD flare without including the possi-
ble contribution or causality of this high-fatality drug-associ-
ated condition scoring as DReSS appears faulty.

We respectfully suggest that attention to drug-related PAH
in 12 of the 16 patients reported is imperative. Given the pop-
ulation frequency of HLA-DRB1*15 haplotypes is ∼20% across
ethnicities [11] and found to be drug reaction risk-related
rather than SD severity-related, it aligns with the finding that
PAH in SD was remarkably rare prior to the use of IL-1/IL-6
inhibitors and, as such, is at odds with the conclusion that
PAH is intrinsic to SD and related to these alleles. With atten-
tion to possible postdrug withdrawal inflammation, discontin-
uation of IL-1/IL-6-inhibitors, regardless of onset age, is an
approach to consider should PAH develop in SD during this
treatment.
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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
We thank Saper et al [1] for their thoughtful correspondence,
which allows us to clarify several major points and further
enrich the scientific debate on the important issue of pulmonary
involvement in Still’s disease (SD).

Our study highlights that pulmonary arterial hypertension
(PAH) may develop on the same background as other manifesta-
tions of SD-related pulmonary involvement, ie, in patients with
macrophage activation syndrome, especially when recurrent,
with eosinophilia, and carrying the HLA-DRB1*15 allele [1,2].
It is crucial to differentiate PAH (group 1 of pulmonary hyper-
tension [PH]), characterised by progressive remodelling of small
pulmonary arteries, from PH associated with interstitial lung
disease (PH-ILD), which falls under group 3 PH and results pri-
marily from parenchymal lung involvement and hypoxic vaso-
constriction [3]. In their important studies, Saper et al [4,5]
estimated PH incidence at 30% at the time of ILD diagnosis but
did not clearly distinguish PAH from other forms of PH. Indeed,
in the absence of systematic invasive hemodynamic evaluation
using right heart catheterisation, the reference standard for both
confirming the diagnosis of PH and distinguishing between pre-
or/and postcapillary mechanisms, the data should be inter-
preted with caution. It is equally important to note that Drug
Reaction with Eosinophilia and Systemic Symptoms (DRESS)
syndrome itself is not a recognised cause of PAH. PH in this set-
ting typically results from acute respiratory distress, a frequent
scenario in intensive care units, with a pathophysiology entirely
distinct from that of PAH. The fact that PAH can be isolated in
SD, ie, it can occur in the absence of major parenchymal involve-
ment, has major implications (Fig) [2].

Drug reactions are frequently hypothesised in patients with
SD and it is important to recall that a typical patient with SD
could fulfil the criteria for “possible/probable” DRESS according
to the RegiSCAR (European Registry of Severe Cutaneous
Adverse Reactions) classification criteria set [6]. Saper et al [5]
hypothesised that SD-related lung involvement could corre-
spond to a DRESS. While we do not exclude that biologics may
play a role in promoting the onset of pulmonary complications
https://doi.org/10.1016/j.ard.2025.07.003
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in a subset of patients, the DRESS criteria are not fully specific
and this hypothesis faces some conceptual hurdles [6]. Firstly,
anakinra, canakinumab, and tocilizumab do not share any anti-
gen-length peptides. The only excipient shared by these agents
is polysorbate-80, a ubiquitous emulsifier used in numerous
monoclonal antibodies and vaccines, making it an unlikely caus-
ative agent for DRESS [6]. Moreover, anakinra, canakinumab,
and tocilizumab are used in diseases other than SD, such as
rheumatoid arthritis, giant cell arteritis, and autoinflammatory
diseases, without any similar manifestation being reported. Con-
trary to the statement suggested by Saper et al [1], the
2022 European Society of Cardiology (ESC) European Respira-
tory Society (ERS) guidelines do not recommend discontinua-
tion of interleukin (IL)-1 or IL-6 inhibitors. These guidelines [3],
along with the seventh World Symposium on PH [7], provide an
extensive classification of drugs potentially associated with
PAH. IL-1 and IL-6 inhibitors were not considered likely causa-
tive agents by expert consensus, despite years of clinical use.
Additionally, most Human Leukocyte Antigen (HLA) associa-
tions with drug-induced hypersensitivity or DRESS are with
major histocompatibility complex (MHC) class I alleles, whereas
HLA-DRB1*15 is part of the class II MHC system [6]. Finally, in
our cohort, 25% of patients developed PAH although they had
never been exposed to IL-1 or IL-6 inhibitors, yet exhibited
highly inflammatory state, consistent with observations from
other series [2,7,8].

DRESS or drug-induced hypersensitivity is not the only
hypothesis to explain the development of SD lung disease. Bin-
stadt and Nigrovic [6] have put forward an explanation to SD-
related pulmonary involvement, the ‘Cytokine Plasticity
Hypothesis’, which suggests that targeted therapies, such as IL-1
and IL-6 blockers, modulate the milieu in which T cells differen-
tiate. This altered environment may foster a pathologic immune
response triggered through exposure to common microbes, or to
other exogenous or endogenous antigens, rather than to the
drugs themselves [6]. According to this hypothesis, elevated IL-
1 and IL-6 levels in SD lead to Th17 skewing in CD4+ Th and
Treg cells.Blocking IL-1 or IL-6 converts these cells into inter-
feron-γ-producing Th1 cells and/or IL-4-producing Th2 cells, in
particular CD4+ T cells recognising HLA-DRB1*15:XX-pre-
sented antigens (exogenous or endogenous). Notably, such anal-
ogous transitions could occur in some patients even in the
absence of IL-1 or IL-6R blockade.

IL-1 and IL-6R blocker withdrawal is probably not a relevant
option since several patients got worse after discontinuation of
targeted therapies. Instead, the alternative option is likely to
add T-cell-directed immunosuppressive agents. Recently, an
international group of paediatric and adult rheumatology
experts established recommendations for the management of SD
blished by Elsevier B.V. All rights are reserved, including those for text and data
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Figure. Algorithm for investigating dyspnoea in a patient with Still disease.
The fact that pulmonary arterial hypertension (PAH) can be isolated in Still disease (SD), ie, it can occur in the absence of major parenchymal

involvement, should encourage physicians to screen for it using echocardiography in cases of unexplained dyspnoea, before confirmation by catheter-
isation in the case of intermediate or high probability of PAH. CT, computed tomography; ILD, interstitial lung disease; PAH, pulmonary arterial hyper-
tension; PASP, pulmonary artery systolic pressure; RAP, qualitative assessment of right atrial pressure; SD, Still’s disease; TRVmax, tricuspid
regurgitation velocity.
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under the auspices of the European Alliance of Associations for
Rheumatology (EULAR) and the Paediatric Rheumatology Euro-
pean Society (PReS) [8]. The Task Force (TF) unanimously
acknowledged that there is insufficient evidence to withhold
first-line IL-1 or IL-6 inhibitors in patients with new onset SD
and lung disease risk factors (recommendation 13). Addition-
ally, given the potential involvement of T cells in lung disease
pathogenesis, some TF experts felt that it is reasonable to initiate
T cell-directed immunosuppression in patients at high risk for
lung disease or developing lung disease. This is consistent with
the fact that 7 patients in our PAH series showed improvement
precisely by maintaining the IL-1 or IL-6 inhibition and increas-
ing the treatment, ie, by adding an immunosuppressive treat-
ment targeting T cells, such as ciclosporin, tacrolimus, or
mycophenolate mofetil, an immunomodulator (leflunomide), or
a Janus kinase (JAK) inhibitor [2]. The observation that our
patients, as well as those reported in other series [9], demon-
strated clinical improvement while continuing treatment with
IL-1 or IL-6 inhibitors, provides a strong argument against
DRESS as the underlying mechanism.

In conclusion, PAH and SD-related pulmonary involvement is
a challenging and life-threatening complication in SD that
deserves precise diagnosis and individualised management. A
thorough evaluation, including right heart catheterisation and
collaboration between SD and PH specialists, is essential to iden-
tify the underlying PH mechanism and guide therapy. Although
the pathogenesis remains to be fully elucidated, current evi-
dence and international guidelines do not support discontinua-
tion of IL-1 or IL-6 inhibitors for SD patients who develop
PAH [8].
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Salpêtri�ere Hospital, Paris, France
CEREMAIA (Centre d’Etude et de R�ef�erence sur les Maladies

AutoInflammatoires et les Amyloses), FAI2R (Fili�ere de sant�e des
maladies auto-immunes et auto-inflammatoires rares) Network,

Paris, France
INSERMUMR 1136, Pierre Louis Institute of Epidemiology and

Public Health, Equipe PEPITES, Sorbonne University−APHP, Paris,
France

David Montani
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