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The beginning of 2025 has seen notable significant geopoliti-
cal developments resulting in adjustments to funding across var-
ious sectors, including scientific research. These changes have
parked reflections and concerns within the scientific commu-
nity, prompting the creation of the "Stand up for Science" move-
ment in support of international research.

Long regarded as a key hub for science, education, and tech-
nology, the United States (US), similar to other countries, now
appears to be adjusting its priorities with a stronger focus on
domestic economic policies, including the reintroduction of
trade barriers and tariffs. In addition, budgetary revisions have
reportedly led to situations where previously awarded grants
were withdrawn, causing certain research programs to be
paused. For instance, in the US, reductions in National Institutes
of Health (NIH) funding have reportedly led some laboratories
to scale down or suspend projects.

This evolving situation raises questions about its impact on
scientific research and international collaborations, particularly
in rheumatology. The COVID-19 pandemic demonstrated the
crucial value of pooling expertise to accelerate discoveries. In
this context, it is worth reflecting on how the future ties between
European and American rheumatology research might evolve?

Scientific research, similar to many other fields, is fundamen-
tally reliant on adequate funding. At the European level, various
financial support mechanisms are available, including the Hori-
zon 2020 framework, the Marie Skiodowska-Curie Actions
—designed to support researchers at all career stages while pro-
moting mobility and scientific excellence—and funding from the
Foundation for Rheumatology Research (FOREUM) and the
Assessment of SpondyloArthritis International Society (ASAS).
At a national level, European countries generally offer various
funding mechanisms for research, and often local rheumatology
societies also offer smaller research support.

In axial spondyloarthritis (SpA) research, among the 39 clinical
trials published in 2024, 15 (38%) involved collaboration between
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European and North American teams, highlighting the great trans-
atlantic relationship in this particular field with various and inter-
national fundings. This trend extends across rheumatology,
illustrating the mutual connections of research systems.

In 2024, the NIH budget was approximately $47 billion, of
which 132 projects totalling around $74.5 million, roughly 0.15%,
were allocated to researchers based in Europe. The direct conse-
quences of NIH budget cuts on European rheumatology research
remain modest but the potential indirect consequences are more
substantial. Recent cutbacks to science funding risk progressively
weakening transatlantic research ties, limiting opportunities for
collaboration, knowledge exchange, and joint innovation.

One of the most significant recent breakthroughs in SpA
research has involved American and several European teams.
The discovery of resident cells expressing the interleukin (IL)-23
receptor in entheses by Sherlock et al [1] was a pathophysiologi-
cal revolution for spondyloarthritis, even if today anti-IL-23
therapies have failed to treat axial SpA. This study resulted from
a collaboration between researchers from the University of Bir-
mingham and Oxford in the United Kingdom (UK), Stanford in
the USA, and the Institut Pasteur in France, emphasising the
importance of international cooperation.

From a therapeutic perspective, the history of tumour necrosis
factor (TNF) and its inhibition in inflammatory rheumatic diseases
is another example of the impact of international partnerships in
scientific research [2]. The demonstration of TNF overexpression
in rheumatoid arthritis dates back to the 1980s by Brennan et al
[3]. Preclinical studies conducted at the Kennedy Institute of
Rheumatology in the UK [4] laid the foundation for the develop-
ment of clinical research projects in rheumatology through collab-
oration with an American company (Centocor, which has since
been acquired by Johnson & Johnson), which developed a chime-
ric (mouse Fv, human IgG1) neutralising antibody with high affin-
ity for TNFa, now known as infliximab [5]. As for adalimumab,
the first fully human antibody, its development also resulted from
a transatlantic collaboration between Cambridge Antibody Tech-
nology, Knoll AG-BASF Pharma, and the American firm Abbott
[6]. The concept of TNF neutralisation was a collaborative effort
between several countries across the world.

The inhibition of IL-6 is also a prime example of international
collaboration. The role of IL-6 in inflammatory diseases such as
rheumatoid arthritis stems from Japanese studies [7], and the
development of tocilizumab also involved European teams [8].
Finally, regarding IL-17 in spondyloarthritis, the first study
highlighting increased serum IL-17 levels in spondyloarthritis
came from an European (French) team [9], which led to
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subsequent evaluation of IL-17 blockade with secukinumab in
inflammatory rheumatic diseases [10,11], developed by Novartis.

All of these examples demonstrate that the development of
pharmaceuticals is a global affair and the transatlantic scientific
partnerships have been particularly productive in rheumatology.

The joint development of criteria and treatment recommen-
dations by the American College of Rheumatology (ACR) and
the European League Against Rheumatism (EULAR) is a clear
example. This kind of international collaboration offers a stable,
independent platform to support scientific progress. It has also
been reinforced by joint funding mechanisms such as those
between the Foundation for Research in Rheumatology and the
Rheumatology Research Foundation (RRF).

If the current US policy changes and modifications in certain
grant mechanisms, were to continue or intensify, several aspects
of rheumatology research might be affected:

1. Potential reduction of transatlantic funding: a decrease in
bilateral fundings opportunities could limit the scope of
collaborative projects and reduce funding opportunities
for European and US researchers.

. Possible restriction on access to technology and reagents:
many reagents, automated systems and biomarkers are
developed by US-based firms. Any barriers to exchanges
could potentially slow European research and innovation.

. Impact on scientific mobility: young European researchers
might encounter fewer opportunities for training and col-
laborative experience in the US, reducing their exposure to
key expertise and network. In addition, visa restrictions
may reshape the global scientific landscape, potentially
creating new opportunities for European research centres
by increasing access to a broader pool of talented interna-
tional researchers for recruitment.

Given this evolving context, it seems timely to reflect on and
adapt funding and collaboration strategies in Europe. Several
avenues could be explored:

* Strengthening European cooperation: enhanced pooling of
infrastructures and resources within the European Union
could help mitigate the effects of changing geopolitical pri-
orities. The JAK-Pot study [12] and the EURO-SpA registry
[13] are examples of successful collaborations between
European countries.

Expanding European research funds: recent initiatives such
as “Choose Europe for Science” and similar national initia-
tives represent essential steps in strengthening European
support for scientific research in general, support from
which rheumatology research could clearly benefit. Diversi-
fying funding sources, particularly by enhancing support
from private foundations and European industries, would
offer valuable resilience.

Promoting collaborative research: highlighting intercontinen-
tal cooperation models could encourage the continuation of
partnerships regardless of political developments. Collabora-
tive efforts such as the development of recommendations and
classification criteria jointly endorsed by ACR and EULAR
remain prime examples to support and expand.
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* Supporting European and national task forces: initiatives,
such as ASAS which just celebrated its 30th anniversary
[14] has united researchers interested in SpA research and
has accelerated both clinical and basic studies.

+ Expanding new international collaborations including Can-
ada, Australia, and Asian countries.

Rheumatology research, and medical research more broadly,
can only thrive through strong international collaborations. A
potential decline in international collaborations should not be
seen as an inevitable setback, but as an opportunity to rethink
and strengthen research strategies. Strengthening European ini-
tiatives, developing national and continental consortia, and cul-
tivating diverse international partnerships will help secure the
future of scientific innovation.

In conclusion, although shifts in global policy and funding
landscapes may present challenges, they also provide an oppor-
tunity to reassess how we foster collaboration and innovation.
By remaining open, constructive, and forward-looking, the sci-
entific community can continue to build bridges across borders.
Strengthening European frameworks, diversifying partnerships,
and embracing flexibility will not only safeguard but also
enhance the resilience and impact of rheumatology research in
the years ahead.
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Medicine is not part of the fine arts. However, it is the art, scientifically informed, of care. Rheu-
matology in particular requires the ability to observe, listen, feel and interpret with humanity to
care for people with musculoskeletal diseases. This narrative review explores the reciprocal links
between art, artists, and musculoskeletal systems to seek to balance the debt of rheumatology to
art with the debt of art to rheumatology over time. Before the Renaissance, knowledge about
rheumatology was relatively poor and was largely restricted to Hippocratic theories and animal
descriptions provided by Galen, and therefore poorly represented by artists. From 1480 to 1520,
painters began to establish the field of artistic anatomy, focusing on the science of external
forms. Although its impact on understanding rheumatic diseases was minimal, it led to the iden-
tification of anatomical structures affected by these conditions. Thus, human anatomy was born.
After 1700, poor hygiene, a lack of physical activity, and overeating by the middle class were
believed to be likely external causes of joint diseases, particularly gout, which was often con-
flated with other arthritis. Inspired by painters who idealised thermal baths, spas and seaside
facilities were developed, promoting sports, hygiene, wellness, and healthy gastronomy. This
gave birth to hydrotherapy. Patients with rheumatic diseases began congregating in balneologi-
cal and thermal cities, allowing physicians to better describe the nosology of musculoskeletal
diseases. Thus, rheumatology was born. More than 200 musculoskeletal conditions were docu-
mented between 1800 and 2000. Art and rheumatology share a debt, and rheumatologists began
to engage with patients through art.

INTRODUCTION

Homo sapiens, who emerged in Africa, utilised dance, rhyth-
mic musical sounds, and paintings as cultural innovations with
symbolic social meanings rather than merely aesthetic purposes
[1]. Over time, art has allowed humans to represent their per-
ceptions of the world, their bodies, and diseases with varying

degrees of accuracy. There is no consensus definition of art,
other than its recognition as such by a group of individuals.
Today, art is defined as the expression or application of human
creative skill and imagination, producing works appreciated for
their aesthetic value or emotional power, thereby establishing a
link between the artist and the spectator [2,3]. The broadest def-
inition encompasses architecture, sculpture, visual arts
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(painting, drawing, photography), music, literature (poetry, dra-
maturgy), performing arts (theatre, dance, mime, etc.), cinema,
media arts, comics and gastronomy.

Some rheumatologists are involved in various art forms
through writing, drawing (anatomy description through ultra-
sound expansion) [4], painting, music, etc. Their example can
be highlighted to maintain the necessary link between art and
rheumatology, which was important in the past. For 2 years, the
French Society of Rheumatology welcomed the work of rheuma-
tologists and patients in a dedicated space called Rheum’ artist.
Better knowledge of history of both rheumatology and art may
help to understand their interconnection.

This narrative review explores the reciprocal links between
art, artists, and healthy and pathological musculoskeletal condi-
tions over time. In other words, we seek to balance the debt of
rheumatology to art with the debt of art to rheumatology. So,
the research question is: What are the contributions of rheuma-
tology to the arts, but equally, how does artistic practice affect
rheumatic conditions?

For this purpose, as art is poorly represented in medical liter-
ature, we conducted distinct literature reviews on PubMed and
Google using the key words ‘rheumatology’ or ‘musculoskeletal’
and the key words of various arts: ‘architecture’, ‘sculpture’,
‘visual arts’, ‘painting’, ‘drawing’, ‘photography’, ‘music’,
‘poetry’, ‘dramaturgy’, ‘theatre’, ‘dance’, ‘mime’, ‘cinema’,
‘media arts’, ‘comics’, and ‘gastronomy’.

We selected all academic articles describing any link between
these forms of art and rheumatology and classified them as debt
of rheumatology to art or debt of art to rheumatology.

This review begins with a succinct account of the historical
interactions between art and rheumatology. We then examine
the development of rheumatology, noting its roots in the ana-
tomical understanding cultivated by painters, the growing
movement towards improved hygiene practices, and artistic
conceptions of rehabilitation tailored for rheumatic patients.
Finally, we explore the influence of rheumatology on artistic
expression and its role in the creative achievements of artists.

THE HISTORY OF ART AND RHEUMATOLOGY IN BRIEF

No uncontroversial subsets can separate art history into peri-
ods, as artists find inspiration in time and space to make their
marks. In brief [1—3], cave art, which has been found on all conti-
nents and produced during prehistoric periods, primarily depicts
animals hunted (such as bison or antelope) and human symbols
(such as hands and faces). The intended purpose is still unknown
to us. During antiquity, cities were built where various events
(religious, historical, natural phenomena) were depicted on differ-
ent media by artisans or artists who could often be considered
inseparable. Art became predominantly religious during the Mid-
dle Ages and linked to divine punishment. The discovery of per-
spective by the Florentine architect Filippo Brunelleschi (1377-
1446), with Leon Battista Alberti as its first theorist [5], allowed
for the gradual emergence of realism. Paintings became coherent
spaces that included backgrounds, landscapes, characters, and
depth created by shadows and movement. The Renaissance period
in Europe aimed to represent reality based on scientific knowledge
(including anatomy and perspective architecture). Western art dis-
tanced itself from the arts of other regions, which evolved inde-
pendently, only to converge again with globalisation. From 1900
to 1945, neuroscience emerged in the medical field, whereas nihil-
ism arose as a consequence of wars, the Holocaust, and inequal-
ities stemming from colonisation and racism, leading to a loss of
religious meaning. The pathologies represented during this time
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by expressionists and surrealists were primarily mental illnesses,
psychological trauma, and psychic suffering. Contemporary art,
that is, art produced from 1945 to the present, primarily addresses
societal and personal themes such as ecology, terrorism, migra-
tion, gender issues, exclusion, societal anxiety, and indifference.

The majority of diseases that are recognised today did not
appear at all in the arts over the time, either because their preva-
lence has fluctuated over time (diabetes and metabolic diseases
were probably relatively rare before the Renaissance and auto-
immune and allergic diseases were probably rare before indus-
trialisation), because they were not named (cases were too rare
to be categorised and studied without grouping patients into
specific specialties, eg, cardiology, pneumology, etc.), because
they were only visible because of their complications (many
invisible diseases, such as diabetes or hypertension, are now
treated preventively, with the burden being more related to the
complexity of care rather than the symptoms), or because they
were considered expected (posttraumatic conditions, ageing-
related issues, divine punishments).

The representation on rheumatic diseases in art has been
poorly studied. Most rheumatic diseases, which can affect joints,
muscles, and bones, causing pain, swelling, and stiffness, poten-
tially leading to joint deformities, were unknown and also under-
represented in art. Indeed, before the Renaissance, knowledge
about rheumatology was limited and was largely based on the
Hippocratic theories (ap 460-377) and descriptions provided by
Galen (ap 129-216). Although arthritis suggestive of gout was
recorded by Egyptians and Greeks, gouty arthritis (podagra) was
clearly described by the English physician Thomas Sydenham
(1624-1689) in 1683 [6]. Rheumatoid arthritis was distinguished
from gout in 1800 by a French resident physician, Augustin Jacob
Landre-Beauvais (1772-1840) [7], and was named as such in Eng-
land by a physician, Sir Alfred Barring Garrod (1819-1907), in
1858 [8]. Various rheumatic diseases, including spondylarthritis,
were recognised around 1880 by 3 neurologists: the German
Adolf Von Striimpell (1853-1925), the Russian Vladimir Bekh-
terev (1857-1927) and the French Pierre Marie (1853-1940) [9].
Rheumatology was only fully differentiated as a distinct field dur-
ing the 20th century, with most rheumatic diseases being named
after 1900. Over 200 musculoskeletal conditions are currently
known. They arise from various mechanisms, including overuse,
genetic predisposition, infections, and autoimmunity. Common
diseases treated by rheumatologists include osteoarthritis, gout,
rheumatoid arthritis, and chronic back pain, including spondylar-
thritis, tendinitis/bursitis, and lupus, among others [10].

Rheumatology requires the ability to observe, listen, feel, and
interpret and clinical examination remains the main part of eval-
uation in 2025, when other specialties use machines rather than
clinical evaluation (eg, cardiology). Rheumatology is an art in
the sense that it is more artisanal than artistic but can feed itself
from the knowledge of the arts. For the philosopher André
Comte-Sponville, medicine, obviously, is not part of the fine
arts; its purpose is health, not beauty. However, it is an art in
that its purpose (the patient’s health) is part of its definition. It
is, therefore, the art, scientifically informed, of care [11]. The
Dutch painter Vincent van Gogh (1853-1890) [12] wrote to his
brother, “The more I think about it, the more I feel that there is
nothing more truly artistic than loving people”.

KNOWLEDGE OF MUSCULOSKELETAL ANATOMY DUE TO
PAINTERS AND SCULPTORS

The human body conceals an interiority that remained
largely unknown until the Renaissance, except through the
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Figure 1. Anatomy during Renaissance period. (A) Musculi exteriores laterales corporis humanis. Berengario da Carpi Commentaria cum amplissimis
additionibus super anatomia Mundini: Hieronymus de Benedictis, 1521. (B) Musculi corporis humanis. Andreas Vésalius Ouvrage: De humani corporis
fabrica libri septem, Bale, Ex officina Joannis Oporini, 1543. (C) Tabla primera del libro, secundo. Valverde de Amusco: Historia de la composicion del

cuerpo humano, 1556. Source: Public domain.

writings of Galen, which have survived the centuries and are
based on the work of his predecessors and animal dissection.
For centuries, the observation of deep lesions in arenas or battle-
fields, along with the extrapolation of animal anatomy to
humans, was the primary means of understanding the human
body. It was only from the 13th and 14th centuries onwards that
anatomists began moving beyond the superficial layers of the
body to gain a better understanding of its internal structures,
particularly for autopsy purposes [13]. Two anatomists are par-
ticularly associated with the first human dissections: Henri de
Mondeville (1220-1316), the surgeon to French King Philippe
Le Bel, and his contemporary, Mondino dei Luzzi (1270-1326),
a physician at the University of Bologna in Italy [14].

By the end of the 15th century, however, anatomical referen-
ces were still minimally related to musculoskeletal and joint anat-
omy. Three works were considered definitive at the time:
Mondino dei Luzzi’s Anathomia, first published in Pavia in 1478
and reprinted 33 times until 1541, with or without commentary;
Jean de Ketham’s Fasciculus medicinae [15], which partially repro-
duces Anathomia; and La Grande Chirurgie by the French Guy de
Chauliac (1300-1368), a pupil of Mondino. Unfortunately, the
anatomical illustrations included in these texts were rudimentary.
Similarly, in early 16th century Italy—the cradle of anatomy—
works by the renowned physicians Bartolomeo Compagnana,
Hieronymo Manfredi, Gabriele Zerbi, Alessandro Benedetti, and
Alessandro Achillini were published without iconography.

The first significant descriptions and representations of the
musculoskeletal system in the form of flayed figures are attrib-
uted to Jacopo Berengario da Carpi (1457-1530) [16], who
included these in his Commentaria cum amplissimis super anato-
mia Mundini, published in 1521, the first genuinely illustrated
book in the history of anatomy (Fig 1A). This was followed by
the De Humani Corporis Fabrica, published in 1543 and reprinted
in 1555 [17] (Fig 1B), written by the Dutch Andreas Vésalius
(1514-1564).
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Alongside anatomists, artists began to develop a fascination
with the human body, particularly during the High Renaissance
period (1480-1520), often regarded as the golden age of anat-
omy [18]. The inability of anatomists to accurately depict the
musculoskeletal system provided a significant opportunity for
artists, some of whom collaborated with doctors to illustrate sur-
gical studies. For example, the Italian Girolamo da Carpi (1501-
1556) created 54 plates for Giovanni Battista Canano’s treatise
on myology around 1541. In Florence, Italy, painters belonged
to the same guild as doctors and apothecaries—the Arte dei Med-
ici e Speziali—contributed to this collaboration, although it was
not the only factor.

As both an artist and an anatomist who practiced dissection,
the Italian Leonardo da Vinci (1452-1519) is an exception. He
produced drawings of remarkable accuracy and artistic value,
particularly those of the musculoskeletal system, around 1510
[19,20].

Independent of medical practitioners, artists established a
field known as artistic anatomy, which studied the external
forms of the body (morphology) and their relationship with the
deeper anatomical structures that comprise the skeleton. They
elevated anatomy to the level of a subject taught in fine arts
schools. The first such school, founded in 1563 under the aus-
pices of Giorgio Vasari (1511-1574), the biographer of Italian
painters, and Michelangelo (1475-1564), was the Accademia
delle Arti del Disegno in Florence, Italy.

Artists sought knowledge of anatomy not merely as support
for their creations, following the precepts of the Italian Leon Bat-
tista Alberti (1404-1472), the first theoretician of painting, who
advocated for an anatomical education for artists in his De Pic-
tura (published in 1435). Instead, they sought to theorise art by
establishing its scientific basis and elevating painters from the
status of mere craftsmen [21].

For artists, drawing, painting, or sculpting the body fuelled a
desire to represent its muscular reliefs as accurately as possible.
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Transitioning from the idealised form of Greek statuary to a
more authentic representation in Renaissance art was not a sim-
ple task. Apart from intentionally symbolic or metaphorical rep-
resentations, the results sometimes surpassed nature. This led
Leonardo da Vinci to critique contemporary painters for depict-
ing stereotypes or creating figures that looked more like bags of
walnuts than human forms and more like boots of radishes than
muscular nudes [17].

The study of anatomical subjects, often conducted with the
assistance of doctors or through dissections performed by artists
in hospitals, convents, or private settings, complemented the
observations of models and Greek statuary. This Italian move-
ment towards a ‘figuration of the body’, initiated by prominent
artists such as Luca Signorelli (1445-1523), Leonardo da Vinci,
Michelangelo, Raphaello Sanzio (1483-1520), and Baccio Bandi-
nelli (1493-1560), thrived within the cultural revival centres of
Florence—the ‘City of Lilies’—and Rome, the ‘Eternal City’.
This evolution began at the end of the 15th century and peaked
during the 16th century.

The Renaissance witnessed the emergence of a true ‘cult’ of
the nude and the ‘écorché’, the uomo scorticato, alongside a cul-
ture of anatomical drawings that focused on torsos, arms, and
legs. This was a fertile period for interactions among artists,
exemplified by a drawing by the Italian Bartolomeo Passarotti
(1529-1592) (in the Louvre Museum) that depicts a dissection
attended solely by artists. The depiction of the naked body at
the end of the Middle Ages, shifting from a biblical representa-
tion that emphasised modesty and moral beauty over physical
beauty, required a paradigm shift. This transformation aimed to
restore the beauty championed in ancient Greece, encompassing
both pagan mythological and biblical iconography. Certain
artists came to believe and assert that the representation of the
nude could be achieved only through a solid understanding of
anatomy.

Among the most famous ‘écorchés’ are the Spanish Juan
Valverde’s engraving of the flayed man holding his skin (Fig 1C)
[22] and the Italian sculptures Flayed Man Dancing by Baccio
Bandinelli, Michelangelo’s own ‘écorché’, and Marco d’Argate’s
‘écorché’ of Saint Bartholomew in the Duomo of Milan.

On this basis, figurative art uses knowledge of the musculo-
skeletal system to represent the human body authentically. In
1632, the Dutch painter and printmaker Rembrandt van Rijn
(1606-1669) painted the renowned Anatomy Lesson of Dr. Nico-
laes Tulp, depicting surgeons performing a dissection. In 1803,
the French Guillaume Dupuytren (1777-1835) and René Laen-
nec (1781-1826) founded the Society of Anatomy in Paris,
France. Prominent anatomists, such as Henry Vandyke Carter
(1831-1897) [23] and Frank H. Netter (1906-1991) [24], drew
artistic atlases of anatomy—Gray’s Anatomy and Netter’s Atlas,
respectively—which remain authoritative references to this day.

After 1900, many painters, such as the Italian artist Amedeo
Modigliani (1884-1920), who depicted models with deliberately
elongated necks (Fig 2); the French painter Chaim Soutine
(1893-1943), known for his asymmetrical faces; and contempo-
rary artists, such as the French painter Paul Bloas (1961-), who
illustrated workers at the Brest arsenal, represented dispropor-
tionate bodies to express their feelings rather than to faithfully
reproduce their models (Fig 2). Similarly, sculptors such as the
Italian Alberto Giacommetti (1901-1966) and Columbian Fer-
nando Botero (1932-2023) created thin and rounded sculptures,
respectively. I had the opportunity to discuss this point with
Paul Bloas (personal communication), who confirmed that his
objective was to create disproportionate hands in blue-collar
workers. This distortion was intended to express both their
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Figure 2. Examples of portraits that have been distorted. (A) Woman
with blue eyes, Amedeo Modigliani- 1918, Musée d’art moderne, Paris.
Source: Public domain. © Photo Alain Saraux (B) To our fathers, Paul
Bloas- 2023, Brest museum. With permission from Paul Bloas. © Photo
Alain Saraux.

manual labour and their desire for human connection, deliber-
ately breaking with the rules of proportion depicted and system-
atically employed by painters from the Renaissance through the
19th century. The body deformations seen in paintings and
sculptures from the Neolithic period to the Renaissance were
likely due more to an imperfect knowledge of proportion than to
a specific artistic intent to deform. This fact complicates the ret-
rospective iconodiagnosis of rheumatic diseases, which were
evoked in previous articles [25—29].

A HEALTHY LIFESTYLE RECOMMENDED BY 19TH AND
20TH CENTURY ARTISTS

Anatomy has had a limited impact on understanding rheu-
matic diseases; however, it has facilitated identifying involved
areas. Although artists were largely unaware of the mechanisms
underlying rheumatic diseases, they observed a link between
unhealthy lifestyles and joint swelling, leading them to advocate
for lifestyle changes for patients suffering from rheumatism.

The creation of thermal and balneological architecture

Water has long been used for health recovery and therapeu-
tic purposes across Arabic, Greek, and Roman cultures. Egyp-
tians also utilised seawater for its therapeutic benefits. The
idealisation of baths was propelled by painters such as the
French Jean-Auguste-Dominique Ingres (1780-1867) and his
pupil Theodore Chassériau (1819-1856), the Dutch painter
Lawrence Alma-Tadema (1836-1912), and the Brazilian Pedro
Weingartner (1853-1929). This resulted in establishing health
facilities in the 18th and 19th centuries, initially in England,
Germany, and France, and later across Europe and the world,
evolving into leisure facilities by the 20th century. Hydrother-
apy, encompassing balneotherapy (drinking and/or bathing in
medicinal water, as well as soaking in warm or cold water or
mud) and spa therapy (drinking and/or bathing in thermal or
mineral water) [30,31], emerged as curative and preventive
treatments for rheumatism.

European architects created grand resorts to attract wealthy
patrons from bustling cities, curists who would contribute to
economic vitality. The architectural styles of the thermal baths,
hotels, and casinos were characterised by the Regency, Victorian
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and Edwardian styles in England, the Belle Epoque style, often
adorned with mosaics, Art Deco elements, stucco decorations,
and Neo-Byzantine influences in France, and the Neo-Renais-
sance style in Belgium and Germany. So, many European vil-
lages with ancient springs or thermal baths (such as Bad Ems,
Baden-Baden, Bad Kissingen, Baden Bei Wien, Bath, Frantiscovi
Lazne, Kalovy Vary, Marianske Lazne, Montecatini or Vichy) as
well as seaside resorts (Brighton, Cabourg or Trouville, etc.)
developed rapidly, attracting affluent visitors. These magnifi-
cent resorts, where the 19th-century middle class mingled with
patients suffering from rheumatism and their entourages, served
as a source of inspiration for many artists. Notably, the French
novelist Marcel Proust (1871-1922) wrote while staying at the
Grand Hotel of Cabourg (Normandy, France). Many French
painters, such as Eugene Boudin (1824-1898) and René Xavier
Prinet (1861-1946), as well as the Spanish Joaquin Sorrolla
(1863-1923) and the American painter William Merritt Chase
(1849-1916), depicted the middle class and nobility enjoying
leisure time on the beaches. These artistic productions created
considerable public awareness, ultimately driving an influx of
patients suffering from rheumatic diseases, for which a dedi-
cated medical specialty had yet to fully develop.

As patients with rheumatic diseases were gathered in spas
and bathing establishments, a more refined nosology began to
emerge, driven particularly by early pioneers of rheumatology:
Vincenz Priessnitz (1799-1851) in Austria, Fortescue Fox (1858-
1940) in the UK, Jacques Forestier (1890-1978) in France, and
Max Hirsh (1875-1941) in Germany [32—35]. Vincenz Priess-
nitz established the world’s first hydrotherapy institute in Gra-
fenberg in 1822, laying the foundations for this new treatment
[32]. Fortescue Fox, the founder and president of the Interna-
tional League against Rheumatism, played a crucial role in
establishing an innovative outpatient clinic in the UK and is
regarded as a founding father of British rheumatology and medi-
cal rehabilitation [33]. Jacques Forestier, an Olympic medallist
and thermal physician in Aix-les-Bains, is known for describing
polymyalgia rheumatica, discovering the effectiveness of gold
salts in treating rheumatism, and developing advanced radiolog-
ical contrast products [34,35]. He is considered the father of
French rheumatology. Other thermal physicians, such as Marx
Hirsh in Germany, also contributed significantly to the field

Healthy life style
Painters/Architects/chefs [ XIX"-XX")
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Figure 3. Respective role of artists and rheumatolo-
gists in rheumatology knowledge.

Painters/Sculptors/anatomists
XV -XWI11)

Biomimetism and naturalism
Architects/Writers (XIXt)

[35]. The bath indices developed in the thermal city of Bath
serve as criteria for monitoring spondylarthritis [36], illustrat-
ing the always active role of thermal cities in advancing rheuma-
tological knowledge.

So, rheumatology has anatomy and hydrotherapy for parents,
which have been influenced by artistic movements, confirming
that both art and the field of rheumatology mutually enrich
each other. Figure 3 summarises these associated legacies. Anat-
omy is always a pillar of rheumatology, especially through ultra-
sonography. Hydrotherapy has almost disappeared from
rheumatological management, but physical activity, food
hygiene and rehabilitation remain essential in preventive man-
agement.

The chef of kings becomes the king of chefs

During this same period, the renowned gastronomist Antonin
Caréme (1783-1833), a prominent head chef who worked in St.
Petersburg (Russia), Vienna (Austria) and in London (England)
for future King George IV, attempted to alleviate the gout of
George IV through healthier cooking practices [37]. Caréme per-
sonified this gastronomic paradigm in his book L’Art de la cuisine
au XIXe siecle (1833), which outlined culinary standards that
gained acclaim through his successor, Auguste Escoffier (1846-
1935) [38]. Their influence was so profound that many of
Caréme’s proposals regarding kitchen organisation and table
services are still relevant today.

So, the frequency of gout cases in royal courts motivated a
shift towards lighter and more varied culinary practices, initially
within royal households and subsequently adopted by the
broader population, due to perceived health benefits. While not
traditionally categorised as an art form, gastronomy, particu-
larly since the era of Caréme, can be considered an art due to its
extension beyond mere sustenance. It encompasses the creation,
execution, and presentation of food as a form of artistic expres-
sion, in which chefs act as artists, using ingredients as their
medium to compose complex sensory experiences that evoke
emotions and cultural narratives. Like painting or sculpture, gas-
tronomic creations require technical skill, creativity, and a dis-
cerning eye for aesthetics.
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Famous artists impacted by rheumatic diseases before 1950

Artist Nationality =~ Birth—death  Art Disease

Albrecht Diirer German 1471-1528  Painter Rheumatoid arthritis
Peter Paul Rubens German 1577-1640  Painter

Marquise De Sévigné French 1626-1696 Writer

Pierre-Auguste Renoir French 1841-1919  Painter

Alexej Von Jawlensky Russian 1864—-1941 Painter

Manolo Hugué Spanish 1872—1945  Painter, Sculptor

Colette French 1873-1954  Writer

Raoul Dufy French 1877—-1953  Painter

Barrie Cook English 1929-2020  Painter

Niki de Saint Phalle French 1930—-2002 Painter, Sculptor

Aleijadinho Brazilian 1730—1814  Sculptor Systemic sclerosis

Paul Klee Swiss 1879-1940 Painter, Poet

Michelangelo Italian 1475-1564  Painter, Sculptor Gout

Jean-Baptiste Corot French 1796—-1875 Painter

Max Slevogt German 1868—-1932  Painter

Antoni Gaudi Spanish 1852-1926  Architect, Painter ~ Juvenile idiopathic arthritis
Maud Lewis Canadian 1903-1970  Painter

Benvenuto Cellini Italian 1500—-1571 Sculptor, Writer Reactive arthritis

Henri de Toulouse-Lautrec ~ French 1864—-1901 Painter Pycnodysostosis

Frida Kahlo Mexican 1907—-1954  Painter Back pain/fibromyalgia
Paul Scarron French 1610-1660  Writer Spondylarthritis
Dominique Séraphin French 1747-1800  Puppet theatre

Alexander Pope English 1668—1744  Writer Cyphoscoliosis

Niccolo Paganini Italian 1782-1840  Violinist Marfan

Serguei Rachmaninoff Russian 1873—-1943  Pianist Marfan (or acromegaly)

THE ARTS AS A MEANS OF COPING

Among artists living with rheumatic diseases (Table), cop-
ing with and adapting to rheumatism was effectively illus-
trated by Pierre-Auguste Renoir (1841-1919), a major figure of
the Impressionist movement [39,40]. His rheumatoid arthritis
developed around 1890 to 1895, and by 1901, he required a
cane to walk; by 1908, he depended on 2 canes; and by 1912,
he was confined to a wheelchair. Despite his physical limita-
tions, Renoir’s style remained unaffected by his illness (Fig 4).
He adapted by devising innovative strategies to continue paint-
ing, including creating a system of cylinders and cranks to
move his canvases. When he could no longer hold his brush, he
secured it in his clenched hand, protected by cloth, and often
painted in beloved settings, stabilising his palette with his
knees. For comfort, he surrounded himself with his cats and
engaged in physical exercises such as juggling to maintain
hand mobility. In this way, Renoir exemplified the beginnings

Figure 4. Example of painting of Pierre-Auguste Renoir (1841-1919),
who developed rheumatoid arthritis around 1891. This figure shows
paintings before (A), at the beginning (B) and after a long evolution (C).
(A) The reader, 1874 Paris, Orsay museum © Photo Alain Saraux;
(B) Two young girls at the piano, 1891 Paris, Orsay museum © Photo
Alain Saraux (C) Gabrielle a la rose, 1911, Paris, Orsay museum. ©
Photo Alain Saraux. Source: Public domain.
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of occupational therapy. Other artists, including French painter
Raoul Dufy (1877-1953) and Spanish artist Manolo Hugué
(1872-1945) [17,41], who also suffered from rheumatoid
arthritis, continued high quality painting despite rheumatoid
arthritis.

The Swiss painter Paul Klee (1879-1940), who was afflicted
with scleroderma [42,43], continued to produce art despite the
progression of his disease, demonstrating a perseverance that
prevented the quality of his work from diminishing. During the
5 years of his illness, he painted approximately 2500 works of
art. He nevertheless modified his technique, changing the mate-
rials he used and adopting peculiarly large brushes for easier
handling. In the advanced stages of the illness, he also adopted a
broad, flat style characterised by heavy, black-crayon-like lines
and rather dull colours [43].

Similarly, Frida Kahlo endured chronic and debilitating back
pain throughout her life, stemming from a severe bus accident.
She also experienced multiple miscarriages, including both
spontaneous and therapeutic abortions undertaken to avert com-
plications from her compromised pelvis. Furthermore, a positive
Wassermann test suggests the possibility of concurrent antiphos-
pholipid syndrome. She also suffered from severe fatigue,
chronic neck, back, and right leg pain, weight loss, and depres-
sion [44]. Most of her paintings represented her back pain and
psychological suffering [45].

Few writers have detailed the daily struggles associated with
these conditions. Madame de Sévigné (1626-1696), a writer
well-known for her letters to her daughter, described her experi-
ences with polyarthritis and the treatments she attempted,
including opium, quinine, and thermal baths [46]. Alexander
Pope (1688-1744), a pivotal poet of the 18th century who suf-
fered from kyphoscoliosis caused by tuberculous spondylitis,
employed biting irony to mock his condition [47]. In The Club of
Little Men, he creates the character Dick Distick, president of a
fictional club for short men, portraying him as a diminutive
figure dressed in black to appear even smaller, evoking haunting
imagery reminiscent of a spider or a windmill. In Epistle to Dr.
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Arbuthnot, Pope provides a transparent and satirical self-portrait,
addressing his short stature and various physical imperfections.
Colette (1873-1954) developed rheumatoid arthritis after 1940,
and her final book, The Blue Beacon Light, poignantly illustrates
the limitations imposed by her condition [48]. Flannery
O’Connor (1925-1964), a key figure in American literature, was
diagnosed with lupus in 1950 [49]. Prior to her diagnosis, she
faced numerous medical misdiagnoses and underwent arduous
cortisone treatments that resulted in significant complications.
O’Connor’s work, imbued with elements of violence and spiritu-
ality, reflects her personal experience of suffering and her world-
view. She regarded illness as a source of introspection and
insight, famously writing, ‘Sickness, before it is a limitation, is a
vocation’.

Examples of exhibitions of artistic photographs made by
patients as a way of coping include I Have Rheumatism by Leyla
Avsar  (https://leylaavsar.com/i-have-rheumatism),  Excep-
tion’elles by Barbara Grossmann (https://smileyaufeminin.fr), or
https://ungareumatiker.se/unga-reumatiker-rapporten.

Regarding cinema, we may also mention some actors affected
by rheumatological diseases, notably Kathleen Turner (1954-)
and James Coburn (1928-2002), who, despite having rheuma-
toid arthritis, made a comeback on the big screen.

Many studies have been made to demonstrate the usefulness
of art for coping and social interaction. Participatory theatre ini-
tiatives that enhance communication between patients and
physicians are exemplified by Leung’s work on systemic lupus
erythematosus education [50].

INSPIRATION FROM NORMAL MUSCULOSKELETAL
ANATOMY AND RHEUMATIC DISEASES

Interestingly, even during antiquity, as described by Marcus
Vitruvius Pollio (about 80-15 Bc) [51], architects drew inspira-
tion from the anatomy of the human body, both aesthetically
and structurally, to create innovative and functional spaces.
While Leonardo da Vinci did not apply his anatomical studies
directly to architecture in the modern sense, his research on
musculoskeletal structures indirectly influenced architectural
thought during the Renaissance and beyond. His observations of
the mechanics of the human body facilitated reimagining build-
ing structures, integrating biomechanical principles for
enhanced stability and efficiency. This approach paved the way
for organic and functionally inspired architectural designs, influ-
encing contemporary architects. Biomorphic architecture, which
draws from organic forms (animals, plants, and the human
body), was prevalent in the Art Nouveau movement of the late
19th century [52—-54]. For example, the Spanish architect
Antoni Gaudi (1852-1926), who suffered from idiopathic juve-
nile arthritis, designed the Casa Batllé and the Sagrada Familia,
transposing anatomical forms into architecture (Fig 5). Swiss
architect Charles Edouard Jeanneret-Gris, known as Le Corbus-
ier (1887-1965), pioneered modern architecture by developing
a universal system of proportions to harmonise architectural
design with the human body. His system, known as the Modulor,
was based on the proportions of an idealised human figure. The
Eiffel Tower, Gustave Eiffel’s masterpiece designed for the 1889
World’s Fair in Paris, drew inspiration from the structure of the
human femur (Fig 6). Indeed, Eiffel was known for drawing
inspiration from principles found in nature in his designs, such
as material strength and force distribution [55].

More recently, the Spanish architect Santiago Calatrava
(1951-) designed the Turning Torso in Malmo, Sweden, which
resembles a spine (https://calatrava.com/projects/turning-
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Figure 5. Example of biomimetism. (A) The Eiffel Tower (the basis of
each foot mimics a human femur, and the underlying lattice structure
makes them both solid and light). Source: Public domain. © Photo Alain
Saraux (B) The Sagrada Familia (the structure mimics bone architecture)
With permission from Sagrada familia. © Photo Sandrine Jousse-Joulin.

Figure 6. Example of media art: illustration by Sara Gironi Carnevale of
the BACHELOR study (comparing baricitinib 4 mg to placebo in poly-
myalgia rheumatica) on the cover of issue of The Lancet Rheumatology
published in April 2025. Reproduced with permission.

torso-malmoe.html), the Oculus train station of the World Trade
Center in New York, and the roof of the Milwaukee Art Museum
(https://mam.org/info/architecture/quadracci-pavilion), which
evokes the design of a rib cage.

Few descriptions of rheumatic diseases were documented in
literature before 1800, aside from autobiographical accounts.
William Shakespeare’s characters, suffering from gout [56],
were an exception, despite little knowledge about the disease
[57]. Even Victor Hugo (1802-1885), who wrote many books in
which various diseases were described, did not evoke gout or
other rheumatic diseases [58]. The first novel addressing rheu-
matic disease was Emile Zola’s The Joy of Living, published in
1884, featuring Mr Chanteau, who suffered from a severe form
of gout [59]. In this period, writers aimed to depict reality with-
out embellishment. Zola likely drew from descriptions published
by Alfred Baring Garrod in 1859. Mr Chanteau’s gout symbolises
not only his physical decline but also the moral decay of the
bourgeoisie, a class unable to rejuvenate itself amid its excesses.
The portrayal of the characteristics of rheumatic diseases
became somewhat common in the literature only after 1950.
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Today, representations of rheumatic diseases in literature are
more prevalent but are frequently authored by those experienc-
ing similar conditions (eg, fibromyalgia, back pain) [60—62].
The visibility of celebrity experiences with these ailments can be
a powerful tool for raising awareness and promoting research
efforts in rheumatology.

Similarly, painters rarely represented rheumatic diseases.
Most reviews made by rheumatologists consider only a few
paintings as likely iconodiagnoses of rheumatic disease [25
—29]: camptodactyly in several paintings by Leonardo da Vinci
or Dieric Bouts (1415-1475), such as Mater Dolorosa; hypermo-
bility syndrome in The Three Graces (1638-1640) painted by
Peter Paul Rubens and Boneless Valentin by Henri de Toulouse-
Lautrec; trapeziometacarpal osteoarthritis in Old Woman Frying
Eggs (1618) by Velasquez and An Old Man painted by Alma il
giovane; gout in The Gout by James Gillray (1799) and A Gouty
Man Who is Drinking Wine and Playing the Cello by H.W. Bunbury;
giant-cell arteritis in The Virgin with Canon Van der Paele (1436)
by Jan van Eyck and in the Portrait of Francesco Giamberti (1505)
by Piero di Cosimo; scleroderma in The Archangel Raphael and
Bishop Francisco Domonte (1680) by Murillo; juvenile idiopathic
arthritis in Sleeping Cupid (1608) by Caravaggio; Paget’s disease
(osteitis deformans) in A Grotesque Old Woman, attributed to the
Flemish artist Quinten Metsys (1465-1530); or osteoporosis in
Arrival of the English Ambassadors, painted by Vittore Carpaccio
in 1495. Frida Kahlo (1907-1954) painted many self-portraits
that suggested her back pain.

Some films have been dedicated to the most spectacular rheu-
matological diseases. The Hunchback of Notre-Dame (Wallace
Worsley, Universal Pictures, 1923) addressed social exclusion
and the stigma surrounding rare diseases (scoliosis), emphasis-
ing both the psychological and physical impact of such condi-
tions. Inflammatory rheumatic diseases are poorly represented
by cinema except for gout in The Favourite (Yorgos Lanthimos,
Film 4 production, 2018), Falstaff (Orson Welles, Chimes at Mid-
night, 1965), and Barry Lyndon (Stanley Kubrick, Warner Bros,
1975); juvenile arthritis in Maudie (Aisling Walsh, Calvary
Media, 2016); rheumatoid arthritis in Renoir (Gilles Bourdos,
Les films du fil, 2012) and La Vie en Rose (Olivier Dahan, La
mome production, 2017); and lupus in Standing Eight (Brian Kaz-
marck Films 2007) and Depois do universo and in Clouds (Mauro
Schwartz, O2 filmes, 2022). Noninflammatory diseases are
almost absent from these scenarios, except for osteoarthritis
with ageing (A Walk in the Woods, Ken Kwapis, 2015; The
Straight Story, David Lynch, 1999; and On Golden Pond, Mark
Rydell, 1981).

Digital art is a new way to represent diseases. Artists such as
Simone Rotella, Grace Russell, Chiara Vercesi, Jason Lyon, and
Sara Gironi Carnevale illustrated covers of The Lancet Rheumatol-
ogy. For example, the cover of a recent issue features our BACH-
ELOR thesis comparing baricitinib to placebo, illustrated by
Sara Gironi Carnevale (Fig. 6) [63]. If you have enjoyed the
paintings on the covers of the medical journal JAMA since 1964,
you will probably also be interested in these illustrations.

Bryan Robert Smith, a medical student studying biomedical
ethics at Stanford University, creatively explored rheumatology
through Rheumatology’s Animal Kingdom: A Digital Art Series
[64], an artistic study of 3 rheumatological conditions utilising
animal imagery to represent specific syndromes and symptoms.
This collection aims to extend the metaphor of animals in medi-
cal nomenclature and explore them through visual art.

Comics are used for education or art therapy in young
patients who have juvenile idiopathic arthritis [65,66], not for
entertainment.
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The scarcity of main characters suffering from rheumatic dis-
eases in artistic works by authors without these conditions sug-
gests a hesitance to depict lesser known, less visually striking
ailments compared with more dramatic afflictions such as infec-
tions or cancer. We hope that introducing representations of
rheumatic diseases with new support from artworks will
improve public knowledge of rheumatology.

RHEUMATIC DISEASES MAY ALSO HAVE A POSITIVE
IMPACT ON ARTISTIC CAREERS

Gaudi was probably more interested in nature than other
children were because juvenile arthritis limited his mobility,
explaining his interest in bone architecture, which inspired bio-
mimetics in architecture.

Some rheumatic diseases could benefit musicians, who may
be susceptible to various overuse complications [67—72]. Both
Niccolo Paganini (1782-1840), an Italian violinist, and Sergei
Rachmaninoff (1873-1943), a Russian pianist, likely had Marfan
syndrome [60,73,74]. Both artists transformed their conditions
into advantages, becoming virtuosos thanks to the extreme flexi-
bility of their fingers. Paganini’s techniques, such as bariolages,
pizzicati, and double harmonics, showcased the remarkable capa-
bilities afforded by his condition. In contrast, Rachmaninoff uti-
lised the condition’s advantages, which allowed him to extend
his fingers an octave and a half.

Other hypermobility syndromes may also increase the likeli-
hood of becoming a dancer [75,76] and explain the success of
Edme-Etienne-Jules Renaudin (1843-1907), nicknamed ‘the
boneless Valentin’, who probably suffered from Ehler—Danlos
disease. He was a French can-can dancer who was a star of the
Moulin Rouge in the 1890s and whose memory lives in paintings
and posters of the French painter Henri de Toulouse-Lautrec
(1864-1901).

This is also true for actors. For example, Vincent Schiavelli
(1948-2005), who also had Marfan syndrome, took advantage
of his morphology in the film One Flew Over the Cuckoo’s Nest
(Milos Forman, Fantasy films, 1975).

In contrast, spondylarthritis induces axial stiffness, which
results in a curved, forwards-leaning appearance, characteristic
features of both French Paul Scarron (1610-1660) and Domi-
nique Séraphin (1747-1800) [77]. Paul Scarron, a major figure
of 17th-century burlesque literature who likely had spondylar-
thritis, wrote with irony and a strong taste for the absurd,
reflecting his perspective on illness and society. Through his
works, he caricatures human flaws, challenges conventions, and
questions the perception of suffering bodies. Dominique
Séraphin, nicknamed ‘the facetious hunchback’, was the
founder of shadow puppetry in France. His axial deformity
seemed to have contributed to its popularity.

Notably, rheumatism inspired the modern photography of
the Norwegian Leyla Avsar (https://www.leylaavsar.com/i-
have-rheumatism), who had rheumatoid arthritis, and the Amer-
ican Riva Lehrer (1958-) (https://www.rivalehrerart.com/gal
lery/circle-stories), who practiced digital art.

CONCLUSION

Developing a link between art and rheumatology during edu-
cation, therapeutic education, and information in media, as well
as through exhibitions of art produced by rheumatologists and
patients, can serve as a compelling avenue for fostering this con-
nection. Rheumatologists, like all other physicians, need both
the arts and sciences to equip them with criticality and creativity
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of the mind as well as aesthetic and emotional capacities [78].
Rheumatologists need special empathy because a large part of
their activity relies on interrogation, listening ability, and the
gift of observation of patients, especially those who are chroni-
cally in pain and worried.
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Methods: A steering group (SG) convened a workgroup (WG), consisting of 13 ASAS members
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ommendations on reporting axSpA trials baseline features and outcomes were developed in 3
steps: (1) the SG identified relevant baseline features from key axSpA clinical trials and formu-
lated a proposal on how outcomes related to the instruments in the ASAS COS should be pre-
sented. (2) The SG proposal was presented, discussed, and modified in WG meetings. (3) WG
proposal was discussed and voted on by ASAS members during the 2024 annual ASAS workshop.
Results: Forty-two baseline features relevant for all axSpA clinical trials and 8 additional features
for disease-modifying drug trials were defined including descriptions on how to report them.
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timepoints were put forward. Finally, recommendations on how to report 11 outcomes of instru-
ments additionally endorsed by ASAS but not in the COS were formulated. Proposals for baseline
features, COS outcomes, and outcomes not in COS were approved by ASAS members (with 84%,
85%, and 93% of members in favour, respectively).

Conclusions: These ASAS-endorsed recommendations on axSpA clinical trial reporting provide a
standardised approach to reporting both baseline features as well as outcomes from axSpA clini-

cal trials.

INTRODUCTION

A clinical trial is the best method for assessing the effect of an
intervention. Moreover, clinical trials are crucial for regulatory
decision-making and the introduction of therapies into clinical
practice. To improve the overall quality of clinical trials, Consol-
idated Standards of Reporting Trials (CONSORT) published the
CONSORT statement providing a set of recommendations for
reporting randomised trials. The statement offers a standard
way for trialists to prepare reports of trial findings regardless of
the disease studied. The most recent version of the Statement—
the CONSORT 2010 Statement—contains a 25-item checklist
focusing on reporting how the trial was designed, analysed, and
interpreted and a flow diagram displaying the progress of partic-
ipants through the trial [1].

Apart from initiatives to improve the general reporting of
trial methodology, for many conditions including rheumatic and
musculoskeletal diseases, disease-specific core outcome sets
(COS) have been developed aimed at encouraging researchers to
measure a consistent set of clinical endpoints in studies. A COS
is an agreed standardised minimum set of outcomes that should
be measured and reported in all clinical trials in a specific area
and is intended to lead to research measuring relevant out-
comes. In addition, the use of COS as an agreed standardised set
of outcomes facilitates not only comparing trial outcomes but
also combining trial data such as in meta-analyses [2].

The Assessment of SpondyloArthritis international Society
—Outcome Measures for Arthritis Clinical Trials COS for anky-
losing spondylitis was developed almost 3 decades ago and
reflecting the progress made in the field, this original COS was
recently updated into a COS for the entire axial spondyloarthri-
tis (axSpA) spectrum. For the updated ASAS COS, first the
domain set, which instructs what to measure, was updated and
thereafter the instrument set, which tells how to measure, was
updated [3,4]. The current core domain set includes 7 manda-
tory domains for all studies and 3 additional mandatory domains
for studies evaluating disease-modifying antirheumatic drugs
(DMARDS). In the core instrument set, 7 mandatory instruments
were selected for all trials and 9 additional mandatory instru-
ments for DMARD trials. Furthermore, 11 extra instruments
were also endorsed by ASAS and can be used in addition to those
included in the COS [4].

While initiatives like the CONSORT statement aid in trial
methodology and the updated ASAS COS provide axSpA trialists
guidance on which instruments to use in axSpA clinical trials,
recommendations on how to report the outcomes of axSpA clini-
cal trials are not available. Moreover, recommendations on
which baseline features should be reported, as well as how to
report them to adequately describe the study population are
lacking.

The aim of this ASAS project was to develop expert recom-
mendations on which baseline features to collect, how to report
baseline features, and how to present axSpA trial outcome data
in text, tables, and graphs.

1771

METHODS

The project took place under the auspices of ASAS, the world-
wide organization of SpA experts. Following project approval in
September 2023, the steering group (FAvVG, VN-C, and DvdH)
convened a workgroup consisting of 8 additional ASAS members
(XB, RL, PMM, HM-O, DP, LSG, SR, and FvdB). The workgroup
was complemented by 2 Young ASAS members (IH, VRR).

The project consisted of 3 steps. First, the steering group col-
lected a limited set of recent publications of clinical trials in axSpA
covering the entire spectrum of the disease and treatment armamen-
tarium, including trials aimed at disease modification. The aim of
the scoping literature search was to provide the steering group with
an overview to be used in workgroup discussion of possible relevant
baseline features and examples of how baseline features and out-
comes are reported. For this, a literature search was performed on
23 January 2023 in the Web of Science database using the key-
words ‘spondyloarthritis’ and ‘clinical trial’ [5]. After limiting
results to the last 10 years and ranking these by highest cited trials,
all publications were selected until at least 2 examples of clinical tri-
als in radiographic axSpA, 2 in nonradiographic trials, and 2 axSpA
disease-modifying antirheumatic drug (DMARD) trials with imaging
outcomes had been included (Supplementary Table S1).

The steering group then identified relevant baseline features
based on the discussion of the literature review and made a pro-
posal on how baseline features and outcomes can be reported as
clearly and informatively as possible. As a second step, after hav-
ing received the proposals prior via e-mail, the workgroup dis-
cussed and modified the proposals in 2 online meetings in
November 2024.

The proposals as agreed on by the workgroup were sent to all
ASAS members 1 week before the annual ASAS workshop on the 12
and 13 January 2024, in Barcelona. During the workshop, the pro-
posals were discussed, additional proposals could be made, and final
proposals were voted on by ASAS members with full membership.

RESULTS
Baseline features for all trials

Table 1 shows the recommended baseline features for all tri-
als including DMARD trials and how to present them. Of the rec-
ommended 42 baseline features, the majority were selected by
the steering group from published axSpA clinical trials (Supple-
mentary Table S1).

The first 6 baseline features are demographics including sex
and age. Smoking and body mass index were added as recom-
mended baseline features by the workgroup. Highest level of
education completed as a baseline feature was added to the
steering group proposal by the ASAS members at the annual
meeting (89 votes with 70% in favour, 28% against and 2%
abstaining) (Supplementary Table S2).

Baseline features 7 to 20 provide details on the presence or
SpA features and disease duration based on axial symptoms. As
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Baseline features for all trials including disease-modifying antirheumatic drug (DMARD) trials

Demographics How

Comment

n (%)
Mean years (SD)

1. Biological sex

2. Age

3. Highest completed level of education
4. Geographic location

5. Smoking

n (%) per country

6. Body mass index Mean kg/m? (SD)
Spondyloarthritis symptoms and features How

7. Duration axial symptoms since disease onset Mean years (SD)

8. Symptom duration <2y n (%)

9. Duration since diagnosis Mean years (SD)

10. History of IBP n (%)

11. History of peripheral arthritis n (%)

12. History of enthesitis n (%)

13. History of dactylitis n (%)

14. History of uveitis n (%)

15. History of IBD n (%)

16. History of psoriasis n (%)

17. HLA-B27 positivity n (%)

18. Radiographic sacroiliitis (ever) n (%)

19. Inflammation on MRI-SIJ (ever) n (%)°

20. Structural lesions on MRI-S1J (ever) n(%)°
Previous and current treatment How

21. Previous b or tsDMARD
22. Previous TNFi n (%)
23. Previous IL-17A-i or IL-17A/F-i n (%)
24. Previous JAKi n (%)
25. Previous 2 b/tsDMARD classes n (%)
26. Previous 3 b/tsDMARD classes n (%)
27. Current NSAID n (%)
28. Current TNFi n (%)
29. Current IL-17A-i or IL-17A/F-i n (%)
30. Current JAKi n (%)
31. Current csDMARD n (%)
Clinical and laboratory measures How
32. ASDAS Mean score (SD)
33. ASDAS disease status” n (%) per category
34. Patient global disease activity Mean (SD)
35. Total back pain (BASDAI Q2) Mean (SD)
36. Severity/duration stiffness (BASDAI [Q5 + Q6]/2)  Mean (SD)
37. Fatigue (BASDAI Q1) Mean (SD)
38. BASFI Mean (SD)
39. ASAS health index Mean (SD)
40. ASAS health index status” n (%) per category
41. CRP (mg/L) Mean (SD)
42. Elevated CRP (>5 mg/L) n (%)

n (%) of primary, secondary, and tertiary

n (%) current/never/past

n (%) + mean /median number per patient

According to ISCED levels (see Supplementary Table 2)
Geographic location could be text only
If collected report mean (SD) pack years

Comment

According to ASAS SPa EARLy (SPEAR) definition
Definition according to ASAS classification criteria
According to physician

According to physician

According to physician

According to physician

According to physician

According to physician

Report if collected (mandatory for DMARD trials)
Report if collected (mandatory for DMARD trials)
Report if collected

Comment

Report ASAS NSAID score if collected

Comment

Last CRP value from clinical care may be used

ASAS, Assessment of SpondyloArthritis international Society; ASDAS, Axial Spondyloarthritis Disease Activity Score; BASDAI, Bath Ankylosing Spondylitis Disease
Activity Index; BASFI, Bath Ankylosing Spondylitis Functional Index; bDMARD, biological DMARD; CRP, C-reactive protein; csDMARD, conventional synthetic
DMARD; DMARD, disease-modifying antirheumatic drug; IBD, inflammatory bowel disease; IBP, inflammatory back pain; S1J, sacroiliac joints; NSAID, nonsteroi-
dal anti-inflammatory drug; i, inhibitor; Q, question; tsDMARD, targeted synthetic DMARD.

@ ASDAS categories: <1.3 inactive disease, >1.3 and <2.1 low disease, >2.1 and <3.5 high disease, >3.5 very high disease activity.

> ASAS health index categories: good < 5, moderate <5 to <12, poor >12.
¢ Definitions according to current ASAS classification criteria.

commented in Table 1, current but also past extramusculoskele-
tal manifestations (EMM) such as inflammatory bowel disease
and musculoskeletal manifestations like dactylitis should have
been diagnosed by a physician. As baseline features, the imaging
items radiographic sacroiliitis, magnetic resonance imaging
(MRI) inflammation, and MRI structural lesion were already
proposed mandatory by the steering group for DMARD trials but
in workgroup meeting it was decided that these are also useful
to be reported for trials other than DMARD trials. However,
while these imaging items set as mandatory for DMARD trials
(Table 2), they are optional for non-DMARD trials (ie, ‘report if
collected’).

Eleven features (items 21-31) in Table 1 are on current and
past pharmacological treatment of axial SpA with the steering
and workgroup having added several items not reported in pub-
lished clinical trials such as previous use of 3 biological or

1772

targeted synthetic DMARD classes and previous use of Janus
kinase inhibitor (JAK) inhibitors.

Items 32 to 42 in Table 1 are baseline values of instruments
like the Axial Spondyloarthritis Disease Activity Score (ASDAS),
a composite index to assess disease activity, the ASAS health
index (ASAS HI) for overall health and functioning, and results
from C-reactive protein (CRP) laboratory test. Apart from a CRP
value (>5 mg/L), all baseline features in the ‘Clinical and labo-
ratory measures’ category are also baseline values of the out-
comes in Tables 3 and 4.

Additional baseline features for DMARD trials

Table 2 lists recommended extra baseline features for trials
aimed at showing disease modification. In addition to the base-
line features for all trials from Table 1, for DMARD trials, it is
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Additional baseline features for disease-modifying antirheumatic drug (DMARD) trials

Item How Comment
1. SPARCC MRI activity of the SIJ Mean (SD)
2. SPARCC MRI activity of the spine Mean (SD)

3. 44 swollen joint count n (%) patients with >1 swollen joint and mean (SD) in patients with >1
swollen joint

4. MASES n (%) patients with score >1 and mean (SD) in patients with score >1 -

5. Dactylitis count n (%) patients with >1 and mean (SD) in patients with >1

6. mSASSS Mean (SD)

7. Syndesmophytes n (%) patients with >1 syndesmophyte

8. Radiographic sacroiliitis n (%) bilateral >grade 2 or unilateral >grade 3

Grading according to modified New York criteria

MASES, Maastricht Ankylosing Spondylitis Enthesitis Score; mSASSS, modified Stoke Ankylosing Spondylitis Spinal Score; SIJ: sacroiliac joints; SPARCC, Spondyloar-

thritis Research Consortium of Canada.

Table 3
Reporting outcomes of instruments in the ASAS Core Outcome Set

Item At baseline At follow-up timepoint(s)
For all trials
1. ASDAS Mean (SD) Mean (SD) and mean (SD) CFB and n (%) of pts with improvement of
>1.1 (clinically important-) and >2.0 (major- improvement)®
2. ASDAS disease activity status n (%) per category” n (%) per category and n (%) <2.1 and >2.1
3. Patient global disease activity Mean (SD) Mean (SD) and mean (SD) CFB
4. Total back pain (BASDAI Q2) Mean (SD) Mean (SD) and mean (SD) CFB
5. Mean stiffness severity (BASDAI Q5) and duration (BASDAI Q6)° Mean (SD) Mean (SD) and mean (SD) CFB
6. Fatigue (BASDAI Q1) Mean (SD) Mean (SD) and mean (SD) CFB
7. BASFI Mean (SD) Mean (SD) and mean (SD) CFB
8. ASAS 20 and ASAS 40 responses Not applicable n (%)
9. ASAS health Index Mean (SD) Mean (SD) and mean (SD) CFB and n (%) of pts with improvement >3
10. ASAS health Index status? n (%) per category  n (%) per category
Mandatory for DMARD trials only
11. SPARCC MRI-S1J activity Mean (SD) Mean (SD) and mean (SD) CFB
12. SPARCC MRI-spine activity Mean (SD) Mean (SD) and mean (SD) CFB
13. Acute anterior uveitis n (%) with history  n (%) since baseline/rate per 100 pt yrs and split by pts with and with-
out history
14. Psoriasis n (%) with history  n (%) since baseline®/rate per 100 pt yrs and split by pts with and with-
out history
15.1BD n (%) with history  n (%) since baseline/rate per 100 pt yrs and split by pts with and with-
out history
16. 44 swollen joint count Mean (SD) Mean (SD) and mean (SD) CFB’
17. MASES Mean (SD) Mean (SD) and mean (SD) CFB'
18. Dactylitis count Mean (SD) Mean (SD) and mean (SD) CFB'
19. mSASSS Mean (SD) Mean (SD) and mean (SD) CFB
20. Syndesmophytes n (%) with >1 n (%) with >1 syndesmophyte and n (%) with a new syndesmophyte

ASAS, Assessment of SpondyloArthritis international Society; ASDAS, Axial Spondyloarthritis Disease Activity Score; BASFI, Bath Ankylosing Spondylitis Functional
Index; CFB, change from baseline; IBD, inflammatory bowel disease; MASES, Maastricht Ankylosing Spondylitis Enthesitis Score; mSASSS, modified Stoke Ankylos-
ing Spondylitis Spinal Score; pt, patient; Q, question; SPARCC, Spondyloarthritis Research Consortium of Canada.

2 If flares are reported: n (%) of pts. with ASDAS of >0.9.

b ASDAS categories: <1.3 inactive disease (ASDAS-ID), >1.3 and <2.1 low disease (ASDAS-LDA), >2.1 and <3.5 high disease (ASDAS-HDA), >3.5 very high dis-

ease activity (ASDAS-VHDA).
¢ BASDAI (Q5 + Q6)/2.
4 ASAS health index categories: good <5, moderate <5 to <12, poor >12.
¢ For psoriasis ‘since baseline’ is restricted to new-onset since baseline.

f In pts with swollen joint count>0, MASES > 0 or dactylitis count>0 at baseline.

recommended to report the 44 swollen joint count, Maastricht
Ankylosing Spondylitis Enthesitis Score (MASES) and dactylitis
count as baseline features. Moreover, while radiographic sacroi-
liitis and inflammation on MRI of the sacroiliac joint according
to Table 1 are not mandatory and can be reported if collected,
for DMARD trials it is recommended to report radiographic sac-
roiliitis with grading according to modified New York criteria
and Spondyloarthritis Research Consortium of Canada
(SPARCC) MRI activity score of the sacroiliac joint.

Grading according to the modified New York criteria (88
votes with 81% in favour and 19% against) was proposed by the
ASAS members.

Additional imaging as a baseline feature recommended for
DMARD trials is to report the mean SPARCC MRI activity score
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of the spine, mean modified Stoke Ankylosing Spondylitis Spinal
Score (mSASSS), and the number of patients with at least 1 spi-
nal syndesmophyte at baseline

With the exception of the number of patients with at least 1
syndesmophyte, all these baseline features are also trial out-
comes. However, for swollen joint count, MASES and dactylitis
count there are subtle differences in reporting. As a baseline
feature, the 44 swollen joint count is recommended to be
reported as the number of patients with at least 1 swollen joint
plus the mean number of swollen joints in patients with at least
1 swollen joint, but as an outcome only the mean number of
swollen joints in patients with at least 1 swollen joint is to be
reported (Table 3). This is similar for MASES and dactylitis
count.
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Table 4
Reporting outcomes of instruments additionally endorsed by ASAS
but not in the Core Outcome Set

<If collected present this

way>

Item At baseline At follow-up timepoint(s)

1. BASDAI Mean (SD) Mean (SD) + mean (SD)
change from baseline

2. CRP (mg/L) Mean (SD) Mean (SD) + mean (SD)
change from baseline

3. Berlin MRI-SLJ activity Mean (SD) Mean (SD) + mean (SD)
change from baseline

4. Berlin MRI-spine Mean (SD) Mean (SD) + mean (SD)
activity change from baseline

5. Back pain at night Mean (SD) Mean (SD) + mean (SD)
change from baseline

6. Severity morning stiff- Mean (SD) Mean (SD) + mean (SD)
ness (BASDAI Q5) change from baseline

7. Duration morning Mean (SD) Mean (SD) + mean (SD)
stiffness (BASDAI Q6) change from baseline

8. SF-36 (PCS, MCS) Mean (SD) Mean (SD) + mean (SD)
change from baseline

9. 66 swollen joint Mean (SD) Mean (SD) + mean (SD)
count” change from baseline

10. SPARCC enthesitis” Mean (SD) Mean (SD) + mean (SD)
change from baseline

11. SPARCC MRI SSS for Mean (SD) Mean (SD) + mean (SD)

erosion change from baseline

BASDAI, Bath Ankylosing Spondylitis Disease Activity Index; CRP, C-
reactive protein; MCS, mental component summary; PCS, physical com-
ponent summary, Q, question; SF-36, 36-item Short Form Health Survey;
S1J, sacro-iliac joint; SPARCC, Spondyloarthritis Research Consortium of
Canada; SSS, Sacroiliac joint Structural Score.

2 In pts with swollen joint count>0, or enthesitis>0 at baseline.

Study outcomes

Table 3 presents recommendations on how outcomes from
the instruments in the COS should be reported. The first 10 out-
comes are for all clinical trials and the second 10 are outcomes
for DMARD trials only. In the second column of the table, the
outcomes are listed, in the third column how to report the out-
comes at baseline, and in the fourth column how to report at 1
or more follow-up timepoints in the study. The most commonly
recommended format for outcomes is to report the mean plus
the SD at baseline and the mean value plus SD at other time-
points of the study while adding the mean change with SD from
baseline for each timepoint. When more appropriate—for exam-
ple, for outcomes with a highly skewed distribution—the geo-
metric means may also be used.

While the recommendation to report the mean also applies to
the ASDAS and the ASAS HI, it is recommended for these outcomes
to also report the number and percentage of patient that achieve a
specific improvement, namely a decrease of >1.1 (clinically impor-
tant [CI]) and >2.0 units (major improvement [MI]) for the ASDAS
and a decrease in the score of >3 for the ASAS HI. In addition, if
disease activity flares are reported, the recommended threshold of
an increase of 0.9 units for the ASDAS should be used. For both
ASDAS and ASAS HI, it is recommended to also report the number
and percentage of patients with specific status at each timepoint.
For ASDAS, this is the number and percentage of patients with
ASDAS inactive (<1.3) (ASDAS-ID), low (>1.3 and <2.1) (ASDAS-
LDA), high (>2.1 and <3.5) (ASDAS-HDA), and very high (>3.5)
disease activity (ASDAS-VHDA) plus the number and percentage of
patients with an ASDAS score of <2.1 (ie, ASDAS-ID or LDA) and
>2.1 (ie, ASDAS-HDA or VHDA). For ASAS HI, the number and
percentage of patients with a good (< 5), moderate (<5 to <12),
and poor (>12) status should be reported.
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For ASAS20 and ASAS40 responses, it is recommended to
report the number and percentage of patients meeting response cri-
teria. ASAS 20 and 40 are improvement criteria than can be calcu-
lated from patient global disease activity, total back pain (Bath
Ankylosing Spondylitis Disease Activity Index [BASDAI] Q2), Bath
Ankylosing Spondylitis Functional Index (BASFI) and severity and
duration stiffness (mean of BASDAI questions 5 and 6).

Psoriasis, acute anterior uveitis and inflammatory bowel dis-
ease are EMMs of axSpA and new occurrences or flares are rec-
ommended to be reported as the number and percentage of
patients with flare or (re)occurrence since baseline plus the rate
per 100 patient-years while also splitting the results by patients
with and without a history of that particular EMM.

For spinal syndesmophytes, it is recommended to report the
number and percentage of patients with at least 1 at baseline
and outcomes plus the number and percentage of patients with
a newly developed syndesmophyte which, if not scored on
radiographs separately, can be derived from the mSASSS scoring
with a vertebral unit over time developing an mSASSS score of 2
or 3 from a score less than 2 counting as the development of a
syndesmophyte.

Table 4 lists the recommendations on how instruments addi-
tionally endorsed by ASAS but not in the COS should be reported
at both baseline and at follow-up timepoints. All outcomes are
recommended to be reported as mean with the SD of the mean
at baseline and at follow-up timepoints the mean with the SD
plus the mean changes from baseline with SD.

Voting

The final proposals were voted in by a majority of ASAS
members in 3 separate votes: 85 members voting on the pro-
posal for baseline features (Tables 1 and 2) with 84 % in favour,
11% against, and 6% abstaining, 81 members voting on the pro-
posals for reporting outcomes of COS instruments (Table 3) with
85% in favour, 9% against, and 6% abstaining, and 85 members
voting on reporting items of additional instruments not in the
COS (Table 4) with 93% in favour, 2% against and 5% abstain-
ing.

Presentation

All recommendations can be applied to reporting baseline
characteristics and outcomes in text and tables but also in
graphs. Figures 1-3 contain graph examples of 3 outcomes from
Table 3 in a bar graph, a line graph, and a cumulative probabil-
ity plot, respectively.

Figure 1 shows a bar graph of BASFI responses over time.
While the use of the bars allows the reader to immediately see
the difference between the 2 groups, the actual mean values can
be found including the mean changes over time. Without these
numbers, it would otherwise be difficult to accurately estimate
the exact results by eye (or even ruler) using the height of the
bars against the Y-axis. Apart from providing a more exact out-
come, this greatly facilitates the reuse of the data into, for exam-
ple, meta-analysis.

Similarly, in Figure 2, a line graph presents the mean ASDAS
over 52 weeks’ time in 2 groups of patients. While it is clear just
by looking at the graphs that over time the mean ASDAS
decreases in both groups, the exact means for each time point
can be found in the box below the graphs with the change from
baseline in the figure at each timepoint. Finally, Figure 3 shows
cumulative probability plots of the change in mSASSS for
patients receiving 2 different treatments.
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Week 52

Figure 1. Bar graphs of hypothetical data showing the mean Bath Ankylosing Spondylitis Functional Index (BASFI) at baseline and 52 weeks in 2
groups of patients. For both groups the mean baseline values plus SD at baseline, 52 weeks, and the change over 52 weeks can be found directly above

the graph. CfB, change from baseline.

CIB-06(0.1)

-+ Group A
-« Group B

§ R T~ CfB -1.6 (0.1)
§ | T
g I CiB -2.0 (0.1)
w ~-
- 3K ! ~
CB-1.3(0.1)
CIB-16 (0.1) 0
1
Cf8-2.0 (0.1)
]
Baseline Week 16 Week 24 Week 52
Group | Baseline | Week 16 | Week 24 | Week 52
Group A | 3.7(0.8) | 24 (0.7) | 2.1(0.6) | 1.7 (0.6)
| Group B | 3.8(0.9) | 3.2(0.8) | 22(0.7) | 1.8(0.5)

Figure 2. Line graphs of hypothetical data showing the mean Axial Spondyloarthritis Disease Activity Score (ASDAS) in 2 groups of patients over time
with the mean scores and SD at all timepoint in the box below the graphs with the change in ASDAS between baseline and the other timepoints in the

graph itself. CfB, change from baseline.

Each symbol represents the change score of an individual
patient ordered from the lowest to the highest change score by
treatment group and the mean scores at baseline, mean scores at
outcome, and mean change from baseline are shown in the
graph.

DISCUSSION

Recommendations on reporting axSpA clinical trials based on
a high degree of consensus from a large group of SpA experts are
presented, consisting not only of recommendations on which
baseline features to collect and how to report them but also
which outcomes from instruments in the ASAS COS to present
and how to present these outcomes.

While the recommendations on reporting outcomes build and
expand upon the updated COS instruments set, the recommen-
dations on the baseline features for clinical trials are novel. Base-
line data should adequately describe the population in a trial
including demographic variables, disease characteristics, and
known factors that influence the outcomes (including past and
current medications taken by participants). AxSpA is a heteroge-
neous disease and that is reflected in the number of clinical fea-
tures listed in the baseline features table. Moreover, the
relatively large number of items concerning pharmacological
treatment reflect the recent increase in the number of treatments
available for axSpA including whole new classes of biological
and target synthetic DMARDs [6]. That said, while the number
of recommended baseline features is substantial in particular
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Figure 3. Cumulative probability plot of change in modified Stoke Ankylosing Spondylitis Spinal Scores (mSASSS) over 2 years in 2 groups of patients
with mean scores plus SD at baseline, 2 years and the change over 2 years in the graph. Each symbol represents the change score of an individual
patient ordered from the lowest to the highest change score by treatment group.

specific items describing pharmacological treatment options
may not be applicable to all trials for obvious reasons, for
example, previous bDMARD use in a trial aimed at bDMARD-
naive patients. However, given that information on the back-
ground of patients participating in a clinical trial is needed for
correct interpretation of the results, it is important that the
appropriate information on baseline features—like the study
outcomes—can be found in the main manuscript and not only
in an appendix.

A limitation of the process of drafting the baseline recom-
mendations was that the number of publications consulted by
the steering group was relatively small based on reviewing
highly cited axSpA clinical trial publications. However, the rec-
ommendations were reviewed and commented on by a large
number of experts making it unlikely that important items are
missing. Nevertheless, apart from the recommended mandatory
features, trialists may want to add specific baseline items and
this should be analysed in future evaluations of these recom-
mendations.

Per clear recommendation of ASAS members, educational
level was added as a baseline feature. The steering group opera-
tionalized this by recommending the highest completed level of
education in terms of primary, secondary, and tertiary educa-
tion. The International Standard Classification of Education
which offers uniform and internationally agreed definitions on
education should be used to properly classify educational
achievements despite substantial differences in educational sys-
tems around the world (Supplementary Table S2) [7].

The recommendation to report the number and percentage of
axSpA with axial symptoms of less than 2 years as a baseline fea-
ture reflects the progress made in recent years in making earlier
diagnoses. Diagnostic delay is far longer in axSpA than in other
inflammatory disease and for many patients it can take years
before being diagnosed. Recently, ASAS has adopted a definition
of early axSpA as a duration of <2 years of axial symptoms and
data from the SPondyloArthritis Caught Early cohort were pub-
lished showing that rheumatologists are able to diagnose axSpA
in patients with chronic back pain with less than 2 years of
symptom duration [8,9].
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In addition to for the first time providing recommendations
on baseline features for axSpA trials, the project is a clear exten-
sion of the recently updated axSpA COS. The recommendations
expand on the publication of the updated COS domains and
instruments by advising how to actually report outcomes from
the COS instruments.

Notably, while in the COS there are 16 instruments (7 man-
datory instruments for all trials and 9 additional for DMARD tri-
als), Table 3 shows 20 items to report: 10 for all trials and 10
additional items for DMARD trials. While most COS instruments
correspond with 2 outcomes (eg, mean and mean change from
baseline), other instruments such as ASAS HI [10] and mSASSS
[11] but in particular the ASDAS inform more outcomes. Apart
from a COS instrument, ASDAS is the recommended instrument
for monitoring patients in clinical practice [6] and this is one of
the reasons that outcomes of the ASDAS are recommended to be
extensively reported including mean values at timepoints,
change from baseline, patients with CI and MI and flare [12,13].
In addition, CRP, the laboratory test in the ASDAS and an objec-
tive marker of inflammation may be reported separately as an
endorsed instrument but not in the COS.

Overall, these recommendations contain a substantial num-
ber of different axSpA features, definitions, and instruments.
Important background information on these items including
how to correct use instruments can be found in the original pub-
lications such as the ASAS20 and 40 improvement criteria
[14,15] but also the ASAS handbook available on the ASAS web-
site and which is currently in the process of being updated
[16,17].

There is a growing recognition that sufficient attention must
be paid to the outcomes measured and reported in clinical trials.
Having a COS available as an agreed minimum standardised set
of outcomes that should be measured is an important step in
reducing trial heterogeneity but so is consistent and precise
reporting of trial outcomes. With COSs having been developed
for most major rheumatic and musculoskeletal diseases, to our
knowledge not many include recommendations on reporting
outcomes of clinical trials. However, recommendations on
reporting clinical trials have been published before, for example,
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the European Alliance of Associations for Rheumatology
(EULAR)/American College of Rheumatology (ACR) collabora-
tive recommendations on reporting disease activity in clinical
trials of patients with rheumatoid arthritis and the EULAR rec-
ommendations for the reporting of clinical trial extension stud-
ies [18,19].

While this study is focused on recommendations for available
data, reporting missing data in clinical trials are a critical aspect
of ensuring transparency, reproducibility, and the integrity of
study findings. Both the European Medicines Agency and the
International Conference on Harmonization (ICH) (ICH E9) pro-
vide comprehensive guidelines on how to not only handle but
also report missing data in clinical trials [20,21].

Finally, the readership of clinical trials is diverse and may
include researchers, policy makers, patients, and clinicians.
Therefore, ensuring clinical trial reports are accessible to readers
with different training and educational backgrounds is impor-
tant and may—for example—require explaining context or
implications to nonclinicians and explanation of the interpreta-
tion of advanced methodology to readers with less extensive sta-
tistical training.

In summary, as the final step in updating the axSpA COS, we
present ASAS-endorsed expert recommendations for collecting
and reporting baseline features and presenting outcomes of
axSpA clinical trials using instruments from the COS with the
overall aim of improving the quality of evidence-based knowl-
edge in axSpA. Adherence to these recommendations will stan-
dardise presentation of results and thereby provide better
insight into trial outcomes and facilitate comparing outcomes
across studies.
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ARTICLE INFO ABSTRACT
Article history: Objectives: To estimate the effects of Janus kinase inhibitors (JAKis) vs biologic disease-modify-
Received 14 January 2025 ing antirheumatic drugs (bDMARDs) on the risk of incident malignancies (excluding nonmela-

Received in revised form 18 May 2025 ; X X . . . .
Accepted 20 May 2025 noma skin cancer) in patients and patient subgroups with rheumatoid arthritis.

Methods: Episodes of disease-modifying antirheumatic drug (DMARD) treatment initiated
between January 2017 and December 2020 and followed up to June 2024 in RABBIT, the
German register for the long-term observation of therapy with biologics and targeted disease-
modifying antirheumatic drugs in adult patients with rheumatoid arthritis, were analysed. Inci-
dence rates (IRs) per 1000 patient-years with 95% CIs were calculated, and incident malignancy
risk was estimated as hazard ratios (HRs) by inverse probability weighted adjusted Cox models.
Results: Among 2285 JAKi and 4259 bDMARD treatment episodes, 88 and 135 malignancies occurred,
respectively. JAKi treatments were dominated by baricitinib and tofacitinib, while most bDMARD
treatments comprised tumour necrosis factor inhibitors. IRs were 11.6 (95% CI: 9.3, 14.3) in JAKi- and
8.9 (95% CI: 7.4, 10.5) in bDMARD-treated groups. The adjusted HR comparing JAKis with bDMARDs
was 1.40 (95% CL: 1.09, 1.80). An increase in the malignancy risk for JAKi vs bDMARD treatment
could only be observed in treatment episodes lasting longer than 16 months. The risk appeared higher
in some subgroups of patients, including those who started treatment aged >60 years, patients with
>3 prior conventional synthetic DMARD treatments, and patients with high disease activity.
Conclusions: In this German observational cohort study, an overall small increase in malignancy
risk for JAKi vs bDMARD treatment was observed, with more pronounced risks in some sub-
groups of patients. The observed risk should be carefully counterbalanced to the known malig-
nancy risk associated with insufficient disease control.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

* The Oral Rheumatoid Arthritis Trial (ORAL) Surveillance study
found an increased occurrence of incident malignancies
(excluding nonmelanoma skin cancer) with the Janus kinase
inhibitor (JAKi) tofacitinib compared to tumour necrosis factor
inhibitors in patients with rheumatoid arthritis aged >50 years
and with >1 additional cardiovascular risk factor. This risk was
not observed in several register and claims data studies.

A warning was issued by the European Medicines Agency
regarding the use of all JAKis in patients aged >65 years, car-
diovascular high-risk patients, and patients with malignancy
risk factors for the approved indications.

.

WHAT THIS STUDY ADDS

* In a comprehensive real-world analysis, an increased risk for
malignancies in patients ever treated with JAKis compared to
those ever treated with bDMARDs was found, with risk esti-
mates comparable to those reported by the ORAL Surveillance
trial.

To detect this increased risk, a sufficiently long follow-up
period is crucial, as the increased risk for JAKi treatment is
only observed after 16 months of follow-up.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

* By being informed about the specific characteristics of patients
who are at a potentially increased risk of malignancy on JAKi
compared to bDMARD therapy, healthcare providers can improve
their treatment decisions and be guided regarding the intensity of
cancer screening in patients under and after JAKi treatment.

INTRODUCTION

Patients with rheumatoid arthritis (RA) are at an increased risk
of overall malignancies compared with the general population,
particularly lung cancer, lymphoma, and skin cancer, whereas
risks for colon cancer and breast cancer are lower [1—3]. This
increased risk was shown to be partly driven by the rheumatic dis-
ease activity, especially for lymphoma, highlighting the need for
appropriate treatment with disease-modifying antirheumatic drugs
(DMARDs). The overall excess cancer risk associated with treat-
ment of conventional synthetic (cs)DMARDs, mainly methotrex-
ate, and with biologic (b)DMARDs appears to be low based on
large observational studies [1,4], with a few individual analyses
indicating the possibility that some bDMARDs may even have an
overall protective effect [5,6].

Janus kinase inhibitors (JAKis) target Janus kinases (JAKSs)
within the JAK-STAT (signal transducer and activator of tran-
scription) pathway, which transmits signals from numerous
cytokines and growth factors, contributing to pleiotropic effects
on innate and adaptive immune responses as well as on regulat-
ing cell growth and differentiation [7]. JAK inhibition may
impair antitumour immunity and apoptosis, potentially influ-
encing tumour progression [8,9]. On the other hand, by reduc-
ing chronic inflammation as well as targeting overexpressed
JAK and/or STAT family members, tumour-promoting effects of
JAK-STAT metabolism are also counteracted [10,11]. This sug-
gests that JAK inhibition might alter malignancy risk, with
unclear clinical significance so far. The Oral Rheumatoid Arthri-
tis Trial (ORAL) Surveillance study included a risk-enriched pop-
ulation of RA patients with a minimum age of 50 years and >1
cardiovascular (CV) risk factor. It detected an overall malig-
nancy risk (excluding nonmelanoma skin cancer [NMSC]) of
1.47 (95% CIL 1.00, 2.18) for 5 mg tofacitinib twice daily
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compared to tumour necrosis factor inhibitors (TNFis) [12],
prompting the US Food & Drug Administration and the Euro-
pean Medicines Agency (EMA) to issue warnings regarding tofa-
citinib use [13,14].

Upon assessment of the final trial [14] and including observa-
tional study results [12,15], the EMA endorsed the safety alerts
and took a precautionary approach to all JAKis currently
approved for the treatment of several chronic inflammatory dis-
orders. For patients aged >65 years, for current or past long-
time smokers, and for patients at increased risk of major CV
events or cancer, the EMA is now advising to use JAKi treatment
only if no suitable treatment alternatives are available [16]. The
current European Alliance of Associations for Rheumatology
recommendations for the management of RA already take this
into account to some extent [17].

Several studies using register or claims data of RA patients
have attempted to replicate the ORAL Surveillance (OS) findings
in real-world settings [18—23]. While a significant increase of
cancer risk with JAKi compared to TNFi treatment has not been
shown yet, the Danish register of patients with rheumatoid
arthritis (DANBIO) has reported a hazard ratio (HR) of 1.41
(95% CI: 0.76, 2.37) for JAKis compared to bDMARDSs, which is
numerically similar to OS but with limited power due to a small
number of events among patients ever treated with JAKis
(n 19) [23]. Conversely, analyses from the Antirheumatic
Therapies in Sweden (ARTIS) register [18], a register from
Hong Kong [21], US collaborative claims data [24] as well as
Korean claims data [20,22] have all found HRs consistently
close to 1, indicating no evidence of an increased or decreased
risk associated with JAKi compared to TNFi treatment. In some
analyses, the risk estimate was higher, although not significant,
when investigating bDMARD-naive patients or when applying a
lag time beginning at treatment initiation (‘latency period,” LP)
during which events are not assigned to that treatment
[19,20,22]. It remains largely unclear what the differences in
the results of the individual studies can be attributed to.

To better understand the complex role of JAKis in cancer
development in RA patients, the aim of this study was to esti-
mate the effects of JAKis compared to bDMARDs on the risk of
malignancy (excluding NMSC) in patients with RA.

METHODS

Data source

The data for this study originate from RABBIT, the German
register for the long-term observation of therapy with biologics
and targeted disease-modifying antirheumatic drugs in adult
patients with rheumatoid arthritis. RABBIT is a nationwide pro-
spective observational longitudinal cohort study that ascertains
data from routine clinical care since 2001. Adult RA patients are
continuously enrolled into the register when starting a b/
tsDMARD or when starting a csDMARD after >1 prior DMARD
therapy. Information is reported by rheumatologists and patients
at regular time points for >5 years and <10 years, comprising
demographics, disease and treatment characteristics, comorbid-
ities, and patient-reported outcomes [25]. Prior to their partici-
pation, patients gave their written informed consent.

Study population

The study included patients with >1 follow-up and without a
history of prior malignancies except NMSC who began a new
JAKi or bDMARD treatment (Fig 1) between January 2017 and



M. Schaefer et al.

Ann Rheum Dis 84 (2025) 1779—1790

between 01/2017 and 12/2020
n=6846

Patients starting a DMARD treatment in RABBIT

Exclusion of patients

- Without follow-up (n=125)

I

- With prior history of malignancy

between 01/2017 and 12/2020
n=6398

Patients starting a DMARD treatment in RABBIT

except NMSC (n=323)

| Exclusion of patients

I

- Starting a csDMARD (n=869)

between 01/2017 and 12/2020
n=5529

Patients starting a JAKi or bDMARD treatment in RABBIT

bDMARD
n=3244

JAKi JAKi» bDMARD

n=1270

bDMARD = JAKi

n=677

n=338
|

of a JAKi or bDMARD
n=6544 treatment episodes

One treatment episode for each first start

JAKi bDMARD
n=2285 n=4259

Figure 1. Flow chart of patient and treatment episode selection for overall patients. Numbers of patients starting a treatment are given for patients
who only received a substance (or various substances) of 1 of the 2 compared treatment groups, as well as for patients who received substances from
both treatment groups, differentiated by the order in which substances from each treatment group were given. 1270 patients received JAKis but no
bDMARDs, 3244 patients received bDMARDs but no JAKis, 338 patients received first JAKis and then bDMARDs, and 677 patients received first
bDMARD:s and then JAKis. Thus there were 1270 + 338 + 677 = 2285 JAKi treatment episodes and 3244 + 338 + 677 = 4259 bDMARD treatment
episodes. bDMARD, biologic disease-modifying antirheumatic drug; csDMARD, conventional synthetic disease-modifying antirheumatic drug;
DMARD, disease-modifying antirheumatic drug; JAKi, Janus kinase inhibitor; NMSC, nonmelanoma skin cancer; RABBIT, German register for the
long-term observation of therapy with biologics and targeted disease-modifying antirheumatic drugs in adult patients with rheumatoid arthritis.

December 2020 (overall patients). This period was chosen to
cover the time between the European Union marketing authori-
sation of the first 2 JAKis and the first warnings of a potential
malignancy risk associated with JAKi treatment [16]. Consider-
ing the relationship between CV risk and malignancy as well as
to increase similarity with the OS cohort, an additional subgroup
with a CV risk-enriched population was defined employing some
OS eligibility criteria [12], selecting patients aged >50 years
and with >1 CV risk factor defined as hypertension, coronary
heart disease, diabetes, or hyperlipoproteinemia or current
smoking at treatment start (selected patients). Patients were fol-
lowed up until June 2024 or dropout, ensuring a potential fol-
low-up time of >3.5 years.

Outcomes

Overall incident malignancies (excluding NMSC) were investi-
gated as the primary outcome and individual cancer entities as sec-
ondary outcomes. For both outcomes, death from any cause except
malignancy, and for the secondary outcomes, malignancies other
than the one of interest, were considered as competing risks.

Assignment of treatment exposure

Treatment episodes from 2 exposure groups were evaluated in
this analysis: (A) JAKis (baricitinib, filgotinib, tofacitinib, or upa-
dacitinib) and (B) bDMARDs (abatacept, adalimumab, certolizu-
mab, etanercept, golimumab, infliximab, rituximab, sarilumab, or
tocilizumab). JAKis and bDMARDs could be applied as monother-
apy or combined with a csDMARD. One patient could contribute
observation time and, potentially, an event, to 1 or both exposure
groups. Switching substances within an exposure group did not
trigger a new treatment episode. For example, a patient who initi-
ated adalimumab in 2017 and etanercept in 2019 contributed 1
treatment episode to group B, whereas a patient who initiated
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adalimumab in 2017 and baricitinib in 2019 contributed 1 treat-
ment episode each to group A and group B. An LP of 6 months was
respected to account for the slow development of malignancies as
well as to deal with reverse causation and detection bias [26].
Therefore, the index date was defined as the day 6 months after
the initiation of the first drug from one exposure group. Treatment
exposure lasted from index date until (i) death, (ii) end of individ-
ual patient observation, (iii) end of study period, or (iv) first occur-
rence of a malignancy, whichever came first and regardless of
subsequent switches between exposure groups (‘once exposed,
always at risk’).

Statistical analyses

Patient characteristics were summarised per exposure group
at the time of treatment start (baseline). Numbers of events,
patient-years (PYs) at risk and crude incidence rates (IRs) per
1000 PYs including a descriptive 95% CI for the time after the
index date were calculated per exposure group assuming a Pois-
son distribution for observed event numbers [27]. Cumulative
incidence was assessed graphically. In the primary analysis,
adjusted HRs with 95% CIs were calculated to investigate the
risk of malignancies associated with JAKi compared with
bDMARD treatment. The Fine and Gray subdistribution hazard
Cox regression model [28] was employed, using robust sand-
wich estimates [29] and accounting for competing risks. When
the event probability is low, as in this analysis, the subdistribu-
tion hazard model’s coefficients can be interpreted as odds
ratios for the cumulative incidence function [30]. HRs and IRs
for the competing event of death/specific malignancy entities
were also calculated.

Inverse probability of treatment weighting (IPTW) was used
to reduce confounding with respect to exposure, estimating the
average treatment effect (ATE) [31]. Stabilised weights were
calculated by logistic regression using propensity scores,
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adjusting for the baseline covariates age, sex as reported by phy-
sician, smoking habits, number of prior TNFi/IL6i treatments,
number of prior b/tsDMARD treatments other than TNFis/IL6is,
number of prior c¢sDMARDs, rheumatoid factor/anti-citrulli-
nated protein autoantibody status, Disease Activity Score based
on erythrocyte sedimentation rate and 28 joints (DAS28-ESR),
C-reactive protein, disease duration, number of comorbidities
associated with malignancy risk (lung fibrosis, chronic obstruc-
tive pulmonary disease, coronary heart disease, heart failure,
stroke, diabetes, chronic kidney disease, chronic liver disease,
gastrointestinal disease without ulcus duodenii/ventriculi, pso-
riatic arthritis, Sjogren’s disease, chronic viral infection, tuber-
culosis, depression, obesity), concomitant glucocorticoid
therapy, and concomitant csDMARD therapy (Supplementary
Table S1). TNFis/IL6is and abatacept/rituximab/JAKi were
grouped for assessment of prior DMARD treatments, because for
TNFis and IL6is, preclinical data suggests the possibility of anti-
tumour effects [32—35]. Propensity score distributions were
assessed graphically. If a covariate showed a mean standardised
difference of >0.1 or <—0.1 after weighting, indicating insuffi-
cient balance between treatment groups, it was additionally
included as covariate in the Cox model. The Cox proportional
hazard assumption was assessed via Schoenfeld residuals.

Ten-fold imputation of missing values via fully conditional
specification [36] was applied. All analyses were conducted in
SAS (version 9.4) and R (version 4.3.0).

Subgroup and secondary analyses

Subgroup analyses were stratified by different covariates
(Supplementary Table S1). Due to the known effect of age and
considering the results of preliminary analyses, stratifications by
covariates (except age) were further applied using a binary age
cutoff (>60 years and <60 years). Several secondary analyses
were performed.

1. TNFi and non-TNFi bDMARDs were considered as refer-
ence category instead of all bDMARDEs.

. In an ‘on treatment’ analysis employing the Andersen-Gill
model [37—40], treatment episodes lasted from index date
until (i) death, (ii) treatment stop (switching substances
within the same exposure group did not trigger a new epi-
sode), (iii) end of individual patient observation, (iv) end of
study period, or (v) first occurrence of a malignancy, which-
ever came first. A risk window of 6 months (12 months for
rituximab) was added after treatment discontinuation.

. An unweighted Fine and Gray Cox model was fitted, both
with full covariate adjustment and adjusted only for age
and sex.

. For an intention-to-treat (ITT) analysis, only the first treat-
ment episode of each patient was considered, reducing
dependency between treatment episodes and events.

. The model was fitted without applying a LP.

. To assess the existence of possible change points, the
observation time of treatment episodes was split at differ-
ent time points and analysed in separate models.

. Inverse probability of censoring weighting (IPCW) was car-
ried out in addition to IPTW to adjust for different types of
informative censoring, employing the IPTW set of covari-
ates and without considering competing risks.

. A logistic generalised estimation equations (GEE) model
was fitted for comparison with the Cox model.

. ¢sDMARDs (without any of the treatments from exposure
groups A and B) were considered as an additional
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treatment group and compared to bDMARDs and (strati-
fied by prior TNFi/IL6i use) to JAKis.

Patient and public involvement

RABBIT collaborates closely with the Deutsche Rheuma-Liga,
the major German patient organisation for persons affected by
rheumatic and musculoskeletal disorders.

RESULTS

Between January 2017 and December 2020, a total of 6544
newly initiated treatment episodes from 5529 patients were eligible
for the analysis, of which 2285 were with JAKis and 4259 with
bDMARDs, corresponding to 7594 and 15,220 PYs excluding the
LP, respectively (overall patients, Fig 1). Median follow-up was 47
and 50 months including the LP, respectively (Supplementary Table
S2). When using the selected cohort more similar to OS inclusion cri-
teria, 1341 and 2381 episodes with 4391 and 8237 PYs excluding
the LP remained in the groups of JAKis and bDMARDSs, respectively
(selected patients). Unless stated otherwise, the following results
refer to overall patients. The Supplementary Material also contains
information on an additional treatment group with patients who
received csDMARDs without parallel treatment with b/tsDMARDs
(see Supplementary Section 5 for more information on this group;
Supplementary Fig S1 contains an overview flow chart comprising
all considered treatment comparisons).

Baseline characteristics

Age and sex distribution was comparable between the treat-
ment groups (Table 1, Supplementary Table S3). Compared with
patients starting a bDMARD, JAKi-treated patients on average had
a higher number of prior TNFi or IL6i treatment failures, a slightly
higher disease duration, and a slightly lower functional capacity
and were considerably less likely to receive concomitant csDMARD
therapy. When further stratifying by age (Supplementary Table
S4), patients aged >60 years in both groups had a longer disease
duration, more cancer-related comorbidities, and more frequent
joint erosions but a lower functional capacity and were less likely
to receive concomitant csDMARD therapy and to ever have
smoked than younger patients. When further stratifying by prior
TNFi/IL6i treatment (Supplementary Table S5), the discrepancy
between JAKi- and bDMARD-treated patients regarding concomi-
tant csDMARD therapy was notably higher among TNFi/IL6i-naive
patients than among patients with prior TNFi/IL6i treatment fail-
ures. In addition, among TNFi/IL6i-naive patients, the prevalence
of a number of comorbidities was higher in the JAKi group, while
among patients with prior TNFi/IL6i treatment failures, it was
higher in the bDMARD group. These comorbidities included coro-
nary heart disease, COPD, diabetes mellitus, chronic kidney dis-
ease, chronic liver disease, chronic gastrointestinal disease, or
depression. Among TNFi/IL6i-naive patients, JAKi-treated patients
had a longer disease duration than bDMARD-treated patients but
not among individuals with prior TNFi/IL6i treatment failures.

Crude IRs and adjusted HRs of malignancy

Of the 190 malignancies reported, 55 events were assigned
only to JAKis, 102 only to bDMARDs, and 33 to both groups.

The crude IRs per 1000 PYs for malignancies were 9.7 (95%
CIL: 8.3, 11.1) for both groups, and 11.6 (95% CIL: 9.3, 14.3) and
8.9 (95% CI: 7.4, 10.5) for JAKis and bDMARDs, respectively
(Table 2). Higher IRs were observed in the selected patient
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Table 1 Table 1 (Continued)
Patient characteristics at the time of starting treatment with JAKis and
bDMARDs JAKis bDMARDs
Patient characteristics #NA 2285 #NA 4259
JAKis bDMARDs

Concomitant corticosteroid

Patient characteristics #NA 2285 #NA 4259 therapy, mg/d
Baricitinib at start 1077 (47.1) None 100 1157(53.0) 130 2233 (54.1)
Tofacitinib at start 922 (40.4) <5 100 716(32.8) 130 1282(31.0)
Upadacitinib at start 278 (12.2) 5to <10 100 234(10.7) 130 484(11.7)
Filgotinib at start 10 (0.4) >10 100 78(3.6) 130 130(3.1)
TNFi at start 2617 (61.4) Sum of cancer risk related 327 1.0(1.1) 507 09(1.1)
Abatacept at start 364 (8.5) comorbidities, mean (SD)
Rituximab at start 681 (16.0) Educational attainment, y
IL6i at start 605 (14.2) <10 275 577(28.7) 556 1111 (30.0)
Concomitant csDMARDs" 975 (42.7) 2416 (56.7) 10 275 1012(50.3) 556 1716 (46.3)
Concomitant methotrexate® 906 (39.6) 2198 (51.6) >12 275 421(20.9) 556 876(23.7)
Treatment start 2019 or later 1149 (50.3) 1649 (38.7) Enrolling institution: rheuma- 399 (17.5) 797 (18.7)
Age, y, median (IQR) 59.3 (14.8) 58.8 (15.4) tology clinic”
<50 411 (18.0) 951 (22.3) Dropout due to death® 86 (3.8) 175 (4.1)
>50 to <55 349 (15.3) 579 (13.6) Selective dropout due to other 236 (10.3) 520 (12.2)
>55 to <60 428 (18.7) 786 (18.5) reasons*
§60 f0 <65 ‘2‘0; (11'8) 656 (12'4) ACPA, anti-citrullinated protein autoantibody; bDMARD, biologic disease-
;3(5) to <;g 120 (7 9'5) 2:132 (7 5'4) modifying antirheumatic drug; CDAI, Clinical Disease Activity Index; CRP, C-
;75 to< 948 (16 33 439 (16 ; reactive protein; csDMARD, conventional synthetic disease-modifying anti-
M_l . 531 §23'2§ 110; (2.6 3)) rheumatic drug; DAS28-ESR, Disease Activity Score based on erythrocyte sed-
s a ei(lf)an;n;s.t ' : imentation rate and 28 joints; DD, disease duration; IL6i, interleukin-6
néo lngt a lii 65 616 (27.0) 129 1156 (27.1) inhibitor; JAKi, Janus kinase inhibitor; NA, not available; TNFi, tumour
Urrent smoxing ) ’ necrosis factor inhibitor; tsDMARD, targeted synthetic disease-modifying
Ever smoked 65  1347(58.9) 129 2576 (60.5) antirheumatic drug
DD;;,’ median (IQR) ; 1261 ((6142151) : 491;0((111(;563) Results are based on treatment episodes, not patients, and are given as
;2 to <5 1 418 (lé 3 4 856 (20'1) median (IQR) or mean (SD) for continuous variables and number (percent-
S5 1o 21 0 1 575 (25'2) 4 1014 (2:3 8) age) for categorical variables. ‘#NA’ gives the number of missing values per
>10 to_ <15 1 42201 8'5) 4 769 (18 1 ) variable, if applicable. Treatments given at start refer to all treatments given
15 - 1 793 (31'7) 4 1166 (2'7 9 in the first month of a treatment episode from one of the exposure groups; the
Positive theumatoid factoror 104 1725 (79.1) 161 3218 (78.5) praeslgzg::gg;f ;“;izﬁl:egiit/?f:s;:}j:ggg‘sorr“n?g:tltsr:;’:i:ﬁ
ACPA N = S g
Joint erosions 76 1040 (47.1) 132 1899 (46.0) . ;‘“’nlt)ra“l,t" rheilmawl"gy practice.
DAS28-ESR, median (IQR) 388 42(20) 714 42(21) ota baseline value.
<2.6 388 267(141) 714 511(14.4)
ig’ :0 ::f ;Zi z;g 212.23 ; ;: ?226(1(}16121) cohort with 12.8 events per 1000 PYs (95% CI: 10.8, 15.1) over-
29.2 10 <0o. . .
>5.1 388 522(27.5) 714 994 (28.0) all, and'15.9 (95% CI: 12.4, 20.1') and 11.5 (95% CI: 9.3, 14.1)
CDAL median (IQR) 229 12.0(13.0) 426 11.0(12.0) for JAKis and bDMARDs, respectively (Table 2).
<2.8 229 133(6.5) 426 246 (6.4) Compared with bDMARDs, the adjusted HR was 1.40 (95%
>2.810 <10 229 809(39.3) 426 1645(42.9) CI: 1.09, 1.80) for JAKis in overall patients and 1.61 (95% CI:
i;g to£22 253 ;33 2114)2(2); Zg éﬁl(l(gg) 1.22, 2.13) in selected patients (Table 2). In the main model,
CRP, mg/L, median (IQR) 335 31(7.0) 703 3.06.1) IPTW achieved well balanced groups (SupPlementary Table S6).
<5 335 1217 (62.4) 703 2273 (63.9) The number of PYs under or after JAKi exposure needed to
>51t0 <10 335 318(16.3) 703 639 (18.0) observe 1 additional malignancy event, relative to bDMARDs
>10 ) 335 415(21.3) 703 644 (18.1) (number needed to harm, NNH), was 368 PYs for overall
Pefrlfs::;f ?j;gf;g?gg ! 184 722B6D 340 75B6.1) patients and 227 PYs for selected patients. The estimates regard-
<60% 184 778(37.0) 340 1241 (3L.7) ing the competing risk of death did not indicate any difference
Number of prior TNFis or IL6is, 1.4(1.3) 0.8 (1.1) in risk between JAKis and bDMARDs (Table 2). Estimates
mean (SD) regarding the additional treatment group of patients who
ll\l‘me 2;"1) gg)Z) 3225(2(?57?) received csDMARDs without parallel treatment with b/
5 507 (22.2) 575 (13.5) tsDMARDs are given in Supplementary Table S7.
>3 447 (19.6) 403 (9.5)
Number of prior b/tsbDMARDs 0.4 (0.6) 0.4 (0.7) Cumulative incidence plOt andfollow—up
other than TNFis/IL6is, mean
(SD) . )
Any prior non-TNFi/IL6i 663 (29.0) 1246 (29.3) Based on assessment of the adjl.lsteq [4}1] (Fig 2) and crude
bDMARD (Supplementary Fig S2) cumulative incidence plot and the
b/tsDMARD-naive patients 587 (25.7) 2150 (50.5) results of the Cox models assessing potential change points
Number of prior csDMARDs, 2.2(1.0) 2.1(1.0) (Table 2, Supplementary Table S8), the increased malignancy
D Lo .
?Z?; S0 504 (22.1) 1113 (26.1) risk in the JAKi group compared to the bDMARD group became
9 1041 (45.6) 1865 (43.8) detectable only after 16 months of follow-up. For months 1 to
3 494 (21.6) 852 (20.0) 16 (considering a LP), the HR for JAKis vs bDMARDs was 0.94
>4 246 (10.8) 429 (10.1) (95% CI: 0.46, 1.92), while for >16 months, the HR was 1.54
(continued) (95% CI: 1.17, 2.04). Deviations from the Cox proportional haz-

ards assumption are visible in all Schoenfeld residual plots for
JAKi treatment (Supplementary Fig S3).
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Table 2
Crude incidence rates and adjusted hazard ratios of malignancies estimated by Fine and Gray Cox model

Episodes PYs Events Crude incidence rate per 1000 PYs Relative risk estimate ~NNH
JAKi Ref. JAKi  Ref. JAKi Ref. JAKi Reference HR LCL UCL P
Considered treatment groups and model IR LCL UCL IR LCL UCL
JAKis vs bDMARDs—main model, LP = 6
Outcome: malignancy
Overall patients 2285 4259 7593.7 15,219.6 88 135 11.6 93 143 89 7.4 105 1.40 1.09 1.80 .008 368
Selected patients 1341 2381 4391.0 8237.1 70 95 159 124 20.1 11.5 9.3 141 1.61 1.22 213 .001 227
Outcome: death (competing risk)
Overall patients 2285 4259 7593.7 15,219.6 86 175 11.3 9.1 14.0 11.5 99 133 095 0.73 1.22 .673 NA
Selected patients 1341 2381 4391.0 8237.1 76 146 17.3 13.6 21.7 17.7 15.0 20.8 0.94 0.71 1.24 .643 NA
JAKis vs bDMARDs—time-split (overall
patients)
Only months 1-16, LP = 6 2285 4259 1809.0 33942 12 30 6.6 3.4 11.6 88 6.0 126 094 0.46 1.92 .868 NA
LP = 16 2048 3869 5785.5 11,829.9 76 104 13.1 10.3 164 88 7.2 10.7 1.54 1.17 2.04 .002 230
JAKis vs TNFis, LP = 6
Overall patients 2285 2826 7593.7 10,410.8 88 83 11.6 9.3 143 80 6.4 99 154 1.13 209 .007 277
Selected patients 1341 1529 4391.0 5488.6 70 57 159 124 20.1 104 7.9 13,5 1.82 1.29 257 .001 180
JAKis vs non-TNFi bDMARDs, LP = 6
Overall patients 2285 2180 7593.7 7381.2 88 72 116 9.3 143 98 76 123 1.30 0.98 1.71 .068 545
vSelected patients 1341 1262 4391.0 4125.0 70 55 159 124 20.1 13.3 10.0 17.4 1.25 091 1.71 .164 383
JAKis vs bDMARDs—on treatment model,
LP =6
Overall patients 2491 5764 5590.6 10,991.8 67 89 120 9.3 152 81 6.5 10.0 1.69 1.21 237 .002 257
Selected patients 1465 3288 3331.9 5853.0 52 63 15.6 11.7 20.5 10.8 83 13.8 1.75 1.19 2.58 .004 206
JAKis vs bDMARD—unweighted multivariable
model, LP = 6
Overall patients See main model 1.37 1.06 1.76 .016 368
Selected patients 1.57 1.18 2.08 .002 227

bDMARD, biologic disease-modifying antirheumatic drug; csDMARD, conventional synthetic disease-modifying antirheumatic drug; HR, hazard ratio; IR, incidence
rate; JAKi, Janus kinase inhibitor; LCL, lower confidence limit; LP, latency period; NA, not applicable; NNH, number needed to harm in PYs; PY, patient-year; Ref., ref-
erence; TNFi, tumour necrosis factor inhibitor; UCL, upper confidence limit.

Results are for outcome malignancy unless specified otherwise. Confidence intervals for crude incidence rates are descriptive. The number needed to harm (NNH) is
given as the number of patient-years of exposure to the target group (eg, JAKi) required to have 1 additional malignancy event, relative to the reference group (eg,
bDMARD:s). Events could be assigned to both treatment groups simultaneously. Death was considered as a competing event in Cox models. For regression models,
inverse probability of treatment weighting was applied unless specified otherwise. ‘Selected patients’ refers to patients aged >50 years and with >1 cardiovascular
risk factor defined as hypertension, coronary heart disease, diabetes, hyperlipoproteinemia, or current smoking at treatment start.

© 6%1
()
o
o
£
3
Q
o
o
)
o/ |
= 4%
C
o
©
S
—
(o]
o
S o
e 2%
o
o
[e)
2]
o
0%
0 6 12 18 24 30 36 42 48 54 60 66 72
Observation time in months
bDMARDs =JAKis
At risk
bDMARDs 4570 4330 4074 3838 3582 3330 3093 2772 2333 1882 1474 1054 719
JAKis 2414 2311 2167 2033 1900 1775 1648 1427 1119 873 650 410 248

Figure 2. Adjusted cumulative incidence plot for malignancy excluding NMSC for JAKis and bDMARD:s in overall patients. Adjustment was carried out by
weighting, employing the weights from the main Cox model. Numbers at risk for every 6 months of observation time denote the (weighted and rounded)
numbers of treatment episodes with JAKis and bDMARD:s lasting at least the corresponding number of months. Observation time >72 months was not con-
sidered due to small numbers. No latency period was considered in this figure. bDMARD, biologic disease-modifying antirheumatic drug; JAKi, Janus kinase
inhibitor; NMSC, nonmelanoma skin cancer.
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Figure 3. Stratified adjusted hazard ratios of malignancies for JAKi vs. bDMARD therapy. Hazard ratios are estimated by Fine and Gray Cox models
with inverse probability of treatment weighting, following the ‘once exposed, always at risk’ paradigm and considering a 6-month latency period. A
hazard ratio of 1 means that there is no risk difference between JAKi and bDMARDs (solid vertical line). The HR of 1.40 estimated for the overall
patient cohort is marked with a dotted vertical line. ABA, abatacept; bDMARD, biologic disease-modifying antirheumatic drug; CRP, C-reactive pro-
tein; csDMARD, conventional synthetic disease-modifying antirheumatic drug; DA, disease activity; DAS28-ESR, Disease Activity Score based on eryth-
rocyte sedimentation rate and 28 joints; IL6i, interleukin-6 inhibitor; JAKi, Janus kinase inhibitor; RTX, rituximab; TNFi, tumour necrosis factor
inhibitor; tsDMARD, targeted synthetic disease-modifying antirheumatic drug. Remission is defined as DAS28-ESR <2.6, low disease activity as
DAS28-ESR >2.6 to <3.2, moderate disease activity as DAS28-ESR >3.2 to <5.1, and high disease activity as DAS28-ESR >5.1.

Subgroup analyses

Subgroup analyses revealed that the HR of malignancy for
JAKis vs bDMARDs was increased for patients who started
treatment at age >60 years (HR: 1.93; 95% CI: 1.43, 2.60),
while this could not be proven for patients starting treatment
at age <60 years (Fig 3, Supplementary Tables S9-S11). Fur-
ther subgroups with an increased HR included patients with
>3 prior ¢sDMARD treatments (HR: 1.65; 95% CI: 1.08,
2.52) and patients with high disease activity (HR: 1.65; 95%
CL: 1.02, 2.70), as well as ever smokers, male patients,
patients with comorbidities, patients with a disease
duration >10 years, and patients without prior TNFi or IL6i
treatment failures (Fig 3). The HR for patients in remission
was also notably increased, although not statistically signifi-
cant. Particularly high HRs were observed in most of these
subgroups when combined with an age >60 years, whereas
the risk differences between the age groups were small for
patients with a disease duration <5 years or without prior
bDMARD or JAKi treatment failures (Supplementary Tables
S10 and S11). Among b/tsDMARD-naive patients, numeri-
cally, HRs were consistently >1.50 across age groups. IRs
were particularly elevated for male patients aged >60 years

in both JAKi and bDMARD groups but appeared low in the
absence of mentioned risk factors (Supplementary Table
S10).

Secondary analyses

When employing TNFis as reference category, the HR for JAKis
was 1.54 (95% CI: 1.13, 2.09) in overall and 1.82 (95% CI: 1.29,
2.57) in selected patients (see Table 2). When using non-TNFi
bDMARD:s as the reference, the HR for JAKis was 1.30 (95% CI:
0.98, 1.71) in overall patients (Table 2). The HR estimated by the
‘on treatment’ model was 1.69 (95% CI: 1.21, 2.37) for overall
and 1.75 (95% CI: 1.19, 2.58) for selected patients. The IRs of the
individual JAKi substances were only compared in an ‘on
treatment’ perspective. In overall patients, 34 malignancy events
occurring during JAKi therapy ‘on treatment’ were assigned to bar-
icitinib (IR: 13.0; 95% CI: 9.0, 18.2), 23 to tofacitinib (IR: 12.1;
95% CI: 7.7, 18.1), and 7 to upadacitinib (IR: 8.8; 95% CL: 3.5,
18.2) (Supplementary Table S12).

Results for the multivariable, unweighted regression models
are shown in Supplementary Tables S13-S16. An ITT analysis, a
Cox regression model employing IPTW and IPCW, and a GEE
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logistic regression model led to roughly similar results compared
to the primary Cox model (Supplementary Table S8).

Secondary outcomes

For most individual cancer entities, event numbers were
small (Supplementary Table S17). The most frequent malignan-
cies were lung cancer (JAKis: 15, bDMARDs: 31), breast cancer
(JAKis: 11, bDMARDs: 21), transitional cell/bladder cancer
(JAKis: 8, bDMARDs: 12), prostate cancer (JAKis: 8, bDMARDs:
10), and gynaecological cancer (ovarian, endometrial, cervical,
and vulva cancer; JAKis: 8, bDMARDs: 6). Compared to
bDMARDs, in patients treated with JAKis, significantly
increased HRs were observed for prostate cancer in male
patients and gynaecological cancers in female patients, both
overall and in patients aged >60 years (Supplementary Tables
S17 and S18).

DISCUSSION

This study, which analysed a substantial number of treatment
episodes started between 2017 and 2020, found a statistically
significant, increased HR of malignancy in JAKi-treated patients
compared to bDMARD-treated patients. Given that this HR is
small, it is of interest to identify patients for whom this result
may be clinically relevant. The result is consistent with the OS
safety trial’s results [12] and numerically similar to results from
the DANBIO study [23] but differs from findings in other regis-
ter and claims data studies [18—22]. The increased risk for
malignancy was observed both in the overall RABBIT patient
population (HR: 1.40; 95% CI: 1.09, 1.80) and in the selected
cohort more similar to the trial’s patient cohort with higher CV
risk (HR: 1.61; 95% CI: 1.22, 2.13). The reference group for
JAKis comprised all bDMARDs instead of only TNFis, as has
been used elsewhere [23], because the distributions of the num-
ber of prior bDMARD failures, crucial for comparing exposure
groups, are more similar between these groups. When employ-
ing TNFis as reference category, the risk observed for JAKi treat-
ment in the overall RABBIT population and in the selected
cohort was 1.54 (95% CI: 1.13, 2.09) and 1.82 (95% CI: 1.29,
2.57), respectively.

The IPTW models suggested an increased HR for JAKi therapy
compared to the unweighted model, which may seem counterintu-
itive. This is because JAKi-treated patients on average have experi-
enced more prior b/tsDMARD treatment failures, particularly
more TNFi and IL6i failures, than bDMARD patients in RABBIT.
IPTW downweights patients that are ‘typical’ and upweights
patients that are ‘atypical’ within their exposure groups to calcu-
late ATE weights. In stratified analyses, TNFi/IL6i-naive patients
presented a higher HR than nonnaive patients but at the same time
were ‘atypical’ within the JAKi group and were thus upweighted
in our analysis to guarantee a fair comparison. Conversely, more
‘typical’ JAKi-treated patients with prior TNFi/IL6i treatment fail-
ures (associated with a lower risk) were downweighted. This situa-
tion causes the IPTW to increase the overall risk estimate for JAKi
therapy. This is confirmed by the fact that within TNFi/IL6i-naive
patients, for which up- or downweighting due to differences
regarding previous TNFi/IL6i failures does not happen, the HR
for JAKi therapy estimated with the IPTW model is lower than
the HR from the unweighted model, as would normally be
expected (Supplementary Table S15). Differences between JAKi
and bDMARD treatment groups were relatively small for most
other patient characteristics, including comorbidities and disease
activity.

1786

Ann Rheum Dis 84 (2025) 1779—1790

RABBIT patients were considerably less often b/tsDMARD-
naive, more often current or past smokers, and slightly more
often male than those from the OS trial. In OS, the NNH was 274
PYs of tofacitinib exposure required for 1 additional malignancy
compared to TNFis, whereas in the selected patient cohort in
RABBIT, this number was lower (180 PYs, or 227 PYs when
comparing JAKis to bDMARDsS).

We consider differences in follow-up time as the key reason
for the discrepancies between results in RABBIT and other
observational studies: In both OS and RABBIT, although not in
DANBIO, the increased HR became evident only after 16 to 18
months [42], while the HR in ARTIS increased pronouncedly in
a numerical sense for follow-up times >24 months. This high-
lights the critical importance of sufficient follow-up time under
or after JAKi treatment to capture the time between cancer initi-
ation or promotion until cancer detection [26,43,44]. As a par-
ticular strength of the RABBIT analysis, it had median follow-up
times of 47 to 50 months in all exposure groups, similar to the
48 months reached by OS. Conversely, most other published
studies, such as from DANBIO, ARTIS, and Safety of Tofacitinib
in Routine Care Patients with Rheumatoid Arthritis (STAR-RA),
had significantly shorter follow-up times for JAKi treatment,
averaging 18, 23, and 10 months, respectively (Supplementary
Table S19). Of note, these studies not only had shorter study
periods but, unlike RABBIT, also permitted new treatment epi-
sodes to start until the end of the study period, leading to limited
maximum follow-up times for the episodes started late. In con-
trast to several other studies, RABBIT used a 6-month LP, eg, to
avoid the possibility of reverse causation [26,45], and further-
more assessed the impact of longer LP. Additionally, numerous
secondary analyses strengthened our results both clinically and
methodically.

Subgroup analyses revealed that the increased HRs in JAKi vs
bDMARD treatments is particularly high for patients starting
treatment at an age >60 years, for patients with >3 prior
c¢sDMARD failures, as well as for patients with high disease
activity (Fig 3, Supplementary Tables S9 and S10). Further sub-
groups with increased HRs included ever smokers, men, patients
with a disease duration >10 years, those with comorbidities,
and those without prior TNFi and IL6i treatment. The HR for
patients in remission was also pronounced, although without
statistical significance. The majority of these findings are consis-
tent with the OS results [46]. No increased HRs could be found
in our study for individuals starting treatment aged <60 years. It
should be noted, however, that for these patients, a numerically
pronounced, elevated HR was found in the absence of prior
bDMARD or JAKi failures. IRs in both the bDMARD and JAKi
groups were highest in men aged >60 years but appeared low in
the absence of the mentioned risk factors. The notably increased
HRs for patients in remission was unexpected. These patients,
however, are a small group and overall have a longer median
disease duration than patients with moderate or high disease
activity (10.7 years vs 8.8 years), so it is possible that the
DAS28-ESR values at treatment start do not capture relevant
prior long-term disease activity.

There are pronounced differences regarding the proportion
of bDMARD-naive patients across different studies. ARTIS,
STAR-RA, and one of the Korean claims data studies [22] per-
formed secondary analyses restricced to bDMARD-naive
patients, and their estimated malignancy risk among JAKi-
treated patients was consistently higher than the overall esti-
mate (Supplementary Table S19). In our study, compared to b/
tsDMARD-naive patients, the malignancy risk was notably lower
for patients with 1 or 2 prior b/tsDMARD failures in a numerical



sense, but not as much for patients with >3 prior b/tsDMARD
failures. This pattern could be explained by the fact that the first
and second b/tsDMARDs are mostly TNFis, while the later b/
tsDMARDs are mostly abatacept, rituximab, or JAKis, for which
a higher IR is found.

Claims data have known disadvantages such as lack of infor-
mation on disease activity and a high likelihood of incomplete
data on smoking habits, as indicated by extremely low reported
proportions of smokers (eg, 16% in STAR-RA). Modelling
choices may also explain part of the differences: ARTIS, the
Hong Kong biologics register, and one of the Korean claims data
studies [20] did not employ propensity score methods and opted
for a traditional multivariable Cox model; some models
accounted for competing risks but others did not.

In our analyses, we have assessed the choice of different ref-
erence groups. There is no clear clinical evidence on the effect
of TNFis, IL6is, or other bDMARDs on malignancy risk in RA
patients, although preclinical data suggest a protective effect for
TNFis and IL6is [32—35]. The HR observed for JAKis vs TNFis
was numerically higher than the HRs for JAKis vs non-TNFi
bDMARDs and the overall bDMARD group, indicating some
degree of heterogeneity in the bDMARD group regarding malig-
nancy risk.

These differences aside, it is important to note that the
increased risk of malignancy under or after JAKi therapy com-
pared to bDMARD therapy reflects the malignancy risk for JAKi-
treated patients relative to bDMARD-treated patients but not
compared to patients with an untreated chronic inflammatory
disorder. Neither the OS trial nor our study were designed to
assess whether patients with high disease activity lacking alter-
native treatment options are at lower malignancy risk with or
without a JAKi (and such assessments are difficult to perform
for practical and ethical reasons). Even in the presence of risk
factors, patients with uncontrolled disease who have exhausted
viable treatment alternatives to JAKis might possibly be better
served with a JAKi than without any effective DMARD treatment
due to uncontrolled disease itself being a risk factor for cancer.
The JAKi numbers needed to treat for achieving treatment tar-
gets such as American College of Rheumatology response crite-
ria have been reported as <10 [47], much less than the NNH for
malignancies reported in this study, with 368 PYs in the overall
cohort considering JAKis vs bDMARDs. In the absence of differ-
ing competing risks of death, this suggests a reasonable overall
safety profile. Finally, while the JAK/STAT pathway plays a role
in regulating cell growth, differentiation, apoptosis, and tumour
progression, the direction of its influence cannot be inferred
from preclinical data. Thus, further basic research is needed to
investigate a potential protumourigenic effect of JAK inhibition
in RA patients to confirm the results of an increased malignancy
risk, as reported in our study.

It remains to be clarified whether the increased HR is a JAKi
class effect. Selectivity for specific JAKs may influence the
role of JAK inhibition in carcinogenesis, but a thorough, fair
comparison of individual JAKi substances remains unfeasible in
RABBIT (and other studies) at this stage due to different lengths
of follow-up and the low exposure to filgotinib and, to some
extent, upadacitinib. We thus only compared the individual
JAKi substances by crude IRs, focusing on the ‘on treatment’
approach, which is probably least affected by differential fol-
low-up. While the upadacitinib rate is numerically smaller than
the rates for baricitinib and tofacitinib, further analyses based
on greater follow-up times and more events are needed before
inference on potential differences between specific JAKis can be
undertaken.
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JAKis are not associated with an increase in the risk of breast
cancer compared to bDMARDs in RABBIT, consistent with the
results from OS. The HR of lung cancer, surprisingly, was also
not significantly increased in overall patients; however, a
numerically larger signal is seen when only analysing male
patients. There were only few events in each of the other cancer
entities, thus results on those should be interpreted with cau-
tion. Due to the wide variations in growth rates depending on
cancer and subtypes [43] and due to the small numbers for most
entities, further studies with longer follow-up times are needed.

There are some limitations to our work. Exposure to 2 of the
JAKi substances, as well as to abatacept, rituximab, and IL6is,
was too limited to reliably estimate their associated risk, and
future studies are needed to address this. In an observational
study, persistence of residual confounding cannot be ruled out.
Assessment of Schoenfeld residuals in our Cox models indicated
some degree of violation of the proportional hazards assump-
tion. We are aware of the time-averaged nature of the model
estimates in such a case and employed a robust sandwich esti-
mator for the variance. It has been shown that this estimate is
robust to several misspecifications in the Cox model, including
the lack of proportional hazards [29,48]. As an additional mea-
sure, we have looked at models partitioning the time axis [48].
We further fitted GEE logistic models for comparison, yielding
similar results. While the ‘on treatment’ model likely does not
capture all events attributable to a treatment episode due to the
slow development of malignancies, in the primary ‘once
exposed, always at risk’ model, the time between measurement
of adjustment variables and outcome may be considerable. This
model also leads to overlap between treatment exposures and,
thus, dependency due to events potentially being assigned to
several episodes. In an ITT analysis, such dependencies can be
avoided, but likely at the cost of additional bias due to disre-
garding all treatment episodes after the first. However, results
from all these models point in the same direction, supporting
the stability of our results.

Disease activity may be an important driver in the development
of cancer in patients with RA. IPTW adjusted for disease activity at
the start of each treatment episode in our models; however, long-
term disease activity between RA diagnosis and enrolment is also
important but not available in RABBIT. It can be adjusted for only
indirectly and imprecisely by using disease duration and the num-
ber of previous DMARD therapies as proxies.

In this study, risk differences between patients aged
>60 years and younger patients were present. A major risk
change at the age of 60 years is biologically plausible [49]. The
age-related risk differences were, however, small for patients
without prior b/tsDMARD treatment failures or in patients with
a disease duration of <5 years. This raises the question of
whether the strong effect modification by age may in part be
owed to some kind of bias. First, this study is not primarily based
on a first-ever new user design due to the low number of b/
tsDMARD-naive JAKi episodes (n 587), so the existence of
some degree of prevalent user bias cannot be ruled out, which
could also be viewed as a form of collider bias [50]. However,
analyses restricted to patients without prior b/tsDMARD failures
support the increased risk of JAKis, so a potential prevalent user
bias should not affect the main result. There might be reasons
for patients to go directly from a csDMARD to a JAKi instead of
to a bDMARD that imply a higher risk for malignancy but are
incompletely adjusted for by the considered available covari-
ables (residual confounding). Among TNFi/IL6i-naive patients,
JAKi-treated patients have relatively more comorbidities associ-
ated with contraindications for methotrexate than bDMARD-
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treated patients compared to individuals with prior TNFi/IL6i
treatment failures, eg, they have more frequently chronic renal
disease and chronic liver disease. When adjusting for such indi-
vidual comorbidities instead of the sum of comorbidities, how-
ever, the HR for JAKi therapy does not change (Supplementary
Table S16). Second, in the OS trial, approximately 90% of
patients had received no prior b/tsDMARD therapies. The OS
study also found a higher risk for patients aged >65 years [46],
although the risk difference between the 2 age categories was
considerably smaller than that in this analysis.

To conclude, treatment with JAKis (predominantly bariciti-
nib and tofacitinib) was associated with an increased HR of
malignancies compared to treatment with bDMARDs in the
overall study cohort, consistent with results from the OS trial.
The increase in the HR could only be detected in treatment epi-
sodes with follow-up lasting longer than 16 months. Behind the
overall small risk increase attributed to JAKis compared to
bDMARDs, with uncertain clinical implications, a more pro-
nounced risk increase could be detected for some patient groups,
including older patients starting treatment aged >60 years,
patients with >3 csDMARD failures, as well as patients with
high disease activity. This can help physicians to assess the indi-
vidual risk of their patients and thus strengthen precision medi-
cine, as well as to decide which patients should be more closely
monitored.

Given the risk stratification, the aforementioned clinical
aspects, and the relatively high overall NNH, clinicians should
carefully assess whether the described increased malignancy
risk outweighs the potential risks of discontinuing a highly effec-
tive therapy like JAKis, including the known malignancy risk
associated with an uncontrolled disease activity.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

* The relationship between diet and the risk of rheumatoid arthri-
tis (RA) has been investigated as a part of its multifactorial aetiol-
ogy. Protective as well as disease risk promoting dietary habits
have been described. However, the results are variable, and the
underlying mechanisms are not fully elucidated.

WHAT THIS STUDY ADDS

* In this nested case—control study based on a prospective survey,
we demonstrated a dose—response relationship between higher
intakes of red and processed meat and the risk of developing sero-
positive but not seronegative RA, suggesting differences in the
diet related pathomechanisms for these subtypes. High intakes of
vegetables and fruit were associated with reduced risk of RA.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

* This study provides a valuable base for furthering our under-
standing of the mechanisms related to RA development and for
future preventative measures.

INTRODUCTION

Rheumatoid arthritis (RA) is an autoimmune, systemic dis-
ease that presents as polyarthritis [1].

The induction of the autoantibodies rheumatoid factor (RF)
and antibodies to citrullinated proteins (ACPAs) is considered to
be a part of the preclinical phase in RA development [2]. Fur-
thermore, these RA-related autoantibodies are markers of poor
prognosis [3].

Smoking is a major and well-established risk factor for RA [4].
Various other environmental- and lifestyle-related factors have
been suggested as potential predictors [5]. Diet and its relation to
RA risk have gained interest in the literature, but how the under-
lying mechanisms that are relevant for disease development are
driven by different dietary habits is still not fully understood.

There is limited evidence suggesting protective roles for high
intakes of fish, vegetables, and Mediterranean style diets [6].
Regarding meat intake, results are conflicting [6]. One study
indicated an increased risk of RA development with higher con-
sumption of red meat (7), but several other observational studies
did not find any such association [8—12]. A previous study from
our group demonstrated that recommended intakes of dietary
fibres, but not overall diet quality, associated with a decreased
risk of RA [13]. However, that study did not investigate the
impact of red meat consumption, which is included in more
recent Swedish dietary guidelines (SDGs) [14].

The aim of this nested case—control study was to examine the
relation between adherence to the food-based SDGs, including
those on limited red meat intake, and the risk of developing RA.
Furthermore, this study sought to perform analyses separately
for seropositive and seronegative RA, as we hypothesise that the
role of diet in the development of these subtypes could differ
and contribute to differences in pathomechanisms and clinical
presentation.

METHODS

Study population

This case—control study was nested in the population-based
Malmo Diet and Cancer Study (MDCS) cohort. Recruitment for
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the MDCS was carried out between January 1, 1991, and Sep-
tember 25, 1996. The background population included 74,138
adult individuals residing in Malmo at the time of baseline
examinations and born between 1926 and 1945. The cohort was
extended in 1995, to include women born between 1923 and
1950, and men born 1923—1945. Individuals with mental inca-
pacity and inadequate Swedish language skills (N = 1975) were
excluded. A total of 68,905 subjects met the inclusion criteria,
among whom 28 098 were considered complete participants,
with available data from all dietary assessments and other base-
line examinations. The overall participation rate for MDCS was
41% (28 098/68 905) [15]. The expected number of incident
cases of RA during the study period was estimated based on pop-
ulation statistics from Statistics Sweden, and using published
incidence rates from the same region in 2008 [16].

Data collection

Information on lifestyle habits, socioeconomics, and previous
medical history was collected using a self-administered ques-
tionnaire [17]. Leisure time physical activity was assessed using
a modified questionnaire adapted from the Minnesota Leisure
Time Physical Activity Questionnaire [18].

At baseline, diet was assessed using the modified diet history
method, a previously validated three-part methodology [19,20],
comprising a 7-day menu book, a 168-item quantitative diet
questionnaire, and a complementary in-person 45—60 minute
diet interview [21]. All cooked main meals, cold beverages (i.e.
milk, juice, soft drinks, water, alcoholic beverages), drugs, natu-
ral remedies, and dietary supplements were described by partici-
pants in the menu book during 7 consecutive days, reflecting
those meals eaten on a daily basis with daily variation. Fre-
quency and portion size of foods consumed regularly over the
prior year with low day-to-day variation (i.e. hot beverages,
sandwiches, edible fats, breakfast cereals, yogurt, milk, fruits,
cakes, candies, snacks) were recorded in the diet questionnaire.
Additional information on details regarding cooking methods
and estimations of portion sizes for meals that had been
recorded in the menu book were gathered during the interview.
Further, the menu books and questionnaires were reviewed for
overlap and to make sure that the previously completed infor-
mation seemed reasonable. All dietary data collected were con-
verted into nutrient and energy intakes (EI) by use of the
Swedish Food Database PC KOST2-93 [21].

Case and control selection

Incident cases of RA were identified from the time of study
enrolment until December 2016 by linking the MDCS cohort to
several national and local registers, as previously described
[22]. All registered RA cases were subjected to a validation pro-
cess through a structured medical records review. Validated
cases were considered to have a definite diagnosis of RA accord-
ing to expert opinion and fulfilled the 1987 American College of
Rheumatology (ACR) [23] and/or the 2010 ACR/European
League Against Rheumatism classification criteria for RA [24].
During the review process, data on RF and anti-cyclic citrulli-
nated peptide (anti-CCP) antibody status was retrieved. For
each validated RA case 4 controls were matched for sex, year of
birth (£1 year), and year of inclusion (+1 year) in the MDCS.
The controls were alive and free of RA when the index person
was diagnosed with RA. There was no exclusion based on other
incident inflammatory conditions. The choice of 4 controls per
case is standard for our nested case—control studies and reflects
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an established rule of thumb based on diminishing power gains
with increasing number of controls [25].

Variables

The Swedish Dietary Guidelines Score

The Swedish Dietary Guidelines Score (SDGS) is a dietary
index designed to portray a healthy dietary pattern according to
the Swedish dietary guidelines (SDG) from 2015. The SDG from
2015 are based on the Nordic Nutrition Recommendations from
2012. According to the SDG, increasing intakes of vegetables
and fruits, berries, fish and shellfish, nuts, and seeds should be
encouraged. Wholegrain varieties, vegetable-based fats, and
low-fat dairy products should be favoured over refined grains,
butter, and high-fat dairy products. Red and processed meat,
salt, sugar, and alcohol should be limited. The SDGS was devel-
oped for use in analysis based on the MDCS [26]. The 5 dietary
components included in the SDGS are fibres, vegetables and
fruits, fish and shellfish, added sugars, and red and processed
meat. A score of 1 is assigned to each component for which the
individual is compliant with the recommendation [26]. The
scoring for SDGS ranges from 0 (noncompliant to all recommen-
dations) to 5 (compliant to all recommendation).

Other variables

Based on reported smoking habits, participants were classi-
fied as regular and occasional current smokers, prior smokers,
and never smokers. Level of formal education was categorised
into 6 categories, as previously described [22]. Self-reported
intakes of alcohol were categorised into zero-consumers (based
on consumption from the questionnaire and the menu book)
and sex-specific quintiles (from the menu book), and self-
reported leisure time physical activity (based on questionnaire)
was categorised into predefined categories expressed in hours
per week of metabolic equivalent of task.

Patient and public involvement statement

A research partner, appointed by the Swedish Rheumatism
Association, a national patient organisation, was involved at the
stage of interpretation of the results. There was no patient or
public involvement at the other stages of the study. The research
partner will be involved in the dissemination of the results to the
wider patient community, through collaboration on channels for
such dissemination, and its format.

Statistics

The relationship for SDGS and its components with RA was
explored using logistic regression analysis. A group number was
given for each case and its matched controls, which was added
as a categorical covariate to the regression model to consider for
the matched design. Estimates were expressed as odds ratios
(OR) with 95% confidence intervals (CIs).

SDGS was analysed as a continuous variable (increment per
additional score) and divided into 3 categories defined as low
adherence (0—1 points), moderate adherence (2—3 points), or
high adherence (4—5 points) based on the total score. The odds
of RA were also examined for each dietary component both
dichotomously (as compliant with recommendation vs not com-
pliant) and as a continuous variable (total intake, per SD).

In the adjusted models, all potential misreporters of total EI
(defined by a ratio of EI to basal metabolic rate outside of the
95% limits of the calculated physical activity level) were
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excluded [27]. A separate model was run in which reported EI
was added as a covariate with the purpose of examining the
effect of diet separate from reported EI. The final multivariable
model was further adjusted for potential confounders (smoking,
alcohol, physical activity), and logistic regression analyses were
conducted to evaluate the impact of these covariates on the risk
of RA. To assess the robustness of results all adjusted models
were performed without exclusion of potential misreporters of
energy. Additionally, all dietary components were divided into
quartiles, and the ORs for each category, compared with the
lowest, were estimated.

All analyses described above were also stratified for seroposi-
tive (positive for RF and/or anti-CCP) and seronegative (nega-
tive for RF and anti-CCP) RA. In a post hoc analysis, we
stratified by age at screening (above vs below the median).

Spline analyses were performed to examine the linearity of
associations between intakes of SDGS components and outcome.
Restricted cubic splines (RCS) with 3 knots were fitted to uncon-
ditional logistic regression models adjusting for matching varia-
bles (baseline age, sex) and additionally for covariates (total EI,
smoking, alcohol, physical activity) excluding potential misre-
porters of EL

RESULTS

Characteristics of cases and controls

A total of 305 incident RA cases were identified in the study
population (76.1% women; 204 seropositive, 101 seronegative).
The expected total number of incident cases of RA in Malmo dur-
ing the study period was 1937. The mean age at screening was
56.8 years. The mean time from screening date at baseline to
date of diagnosis was 12 years. Baseline characteristics of the
pre-RA cases and controls are presented in Table 1. Baseline
characteristics of seropositive and seronegative cases and their
controls are presented in Supplementary Table S1. Descriptives
for the SDGS and its score distributions are presented in Table 2,
and those for seropositive and seronegative cases and their con-
trols are presented in Supplementary Table S2.

Predictors of RA overall

No significant associations were shown for moderate and
high SDGS adherences relative to the reference category or
when analysed as a continuous variable (0 to 5) in crude and
multivariable-adjusted analyses (Table 3).

When examining each dietary component separately, intakes
of vegetables and fruits and red and processed meat compliant
with dietary recommendations were associated with a decreased
risk of RA in the crude model including all cases (OR 0.70, 95%
CI 0.51-0.96; OR 0.60, 95% CI 0.41—0.87) (Table 3). For the
corresponding continuous variables, an inverse association for
intake of vegetables and fruits (OR per SD 0.81, 95% CI 0.69
—0.95) and a positive association for higher consumption of red
and processed meat (OR 1.27, 95% CI 1.09—1.49) with subse-
quent RA were shown (Table 3). The associations remained sig-
nificant and became somewhat stronger when excluding
potential misreporters and adjusting for potential confounders
(Table 3). Furthermore, in comparison to the first quartile, the
ORs for RA in the third and fourth quartiles of red and processed
meat intakes were 1.65 (95% CI 0.96—2.84) and 1.92 (95% CI
1.11-3.35), respectively (Table 4). Compared to the lowest veg-
etable and fruit intake quartile, a significantly reduced risk of
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Table 1
Baseline characteristics of pre-RA cases and controls

Ann Rheum Dis 84 (2025) 1791-1800

Pre-RA cases (N = 305) Controls (N = 1220)

Age at diagnosis (years), mean [SD]
Age at screening (years), mean [SD]

Time from screening date at baseline to date of diagnosis/index date” (years), mean [SD]

Female, n [%]
RF seropositive®, n [%]
Anti-CCP seropositive”, n [%]
RF and/or anti-CCP positive °, n [%]
Formal education <8 years, n [%]
Current smoker at time of screening, n [%]
Total energy intake (kJ), mean [SD]
Potential misreporters of total energy intake, n [%]
Alcohol consumption, N [%]

Zero-consumption

Quintile 1¢

Quintile 2¢

Quintile 3¢

Quintile 4¢

Quintile 5¢
Physical activity, N [%]

0-7.5 MET h/week

7.5—15 MET h/week

15—25 MET h/week

25—-30 MET h/week

>50 MET h/week

68.9 (8.1) NA

56.8 (7.1) 56.5 (7.0)
12.00 (5.7) 11.65 (5.60)
232 (76.1) 928 (76.1)
186 (61.8) NA

111 (51.4) NA

204 (66.9) NA

125 (44.3) 451 (39.8)
86 (30.4) 249 (21.9)
9404.5 (2770.8) 9246.7 (2602.8)
55(19.8) 204 (18.2)
16 (5.7) 69 (6.1)
50(17.9) 209 (18.5)
57 (20.4) 212(18.8)
46 (16.4) 207 (18.4)
53(18.9) 218(19.3)
58 (20.7) 213(18.9)
22(7.8) 108 (9.5)
44 (15.5) 183 (16.2)
60 (21.2) 252(22.2)
115 (40.6) 405 (35.7)
42(14.8) 185(16.3)

MET, metabolic equivalent of task; NA, not applicable; RA, rheumatoid arthritis; RF, rheumatoid factor.
@ Defined for the controls as date of diagnosis of the corresponding case.

b At diagnosis.

¢ Quintile 1: <0.9 g/day for women/ <3.4 g/day for men.
Quintile 2: 0.9—4.3 g/day for women/ 3.4—9.1 g/day for men.
Quintile 3: 4.3—8.1 g/day for women/ 9.1-15.7 g/day for men.

Quintile 4: 8.1-14.0 g/day for women/ 15.7—25.7 g/day for men.

Quintile 5: >14.0 g/day for women/ >25.7 g/day for men.

Missing data: current smoker at time of screening: 22 cases, 84 controls; physical activity: 22 cases, 87 controls; alcohol consumption: 25
cases, 92 controls; formal education: 23 cases, 88 controls; RF status: 4; anti-CCP status: 89.

RA was seen only for the fourth quartile of intake of this compo-
nent (OR 0.44, 95% CI 0.25—0.78) (Table 4).

A higher reported total intake of fibre was associated with a
decreased risk of RA in the multivariable model (adjusted OR
per SD 0.80, 95% CI 0.64—0.99) (Table 3). In particular, there

Table 2
Descriptives for Swedish Dietary Guidelines Score and its score distri-
butions for pre-RA cases and controls

Pre-RA cases Controls
SDGS components, mean [SD]
Fibre (g/MJ) 2.17 (0.61) 2.25 (0.65)
Vegetables and fruits (g/day) 363.0(178.4) 391.5(187.0)
Fish and shellfish (g/week) 324.9(209.1)  300.2(234.2)
Added sugar (E%) 10.0 (4.42) 9.75 (4.25)

Red and processed meat (g/week)
Adherence to recommendation, N [%]

832.2(446.0) 768.2(394.6)

Fibre (g/MJ) 85 (30.4) 396 (35.1)
Vegetables and fruits (g/day) 99 (35.4) 468 (41.5)
Fish and shellfish (g/week) 139 (49.6) 468 (41.5)
Added sugar (E%) 155 (55.4) 653 (57.9)
Red and processed meat (g/week) 52(18.6) 279 (24.7)
SDGS, N [%]

0 40 (14.3) 155 (13.7)
1 81 (28.9) 302 (26.8)
2 73 (26.1) 275 (24.4)
3 47 (16.8) 216 (19.1)
4 33(11.8) 136 (12.1)
5 6(2.1) 44 (3.9)

E%, percent of total energy intake; RA, rheumatoid arthritis; SDGS, Swed-
ish Dietary Guidelines Score.
Missing data for SDGS components: 25 cases and 92 controls.
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was a lower risk in those with fibre intake in the highest quartile
(OR 0.51, 95% CI 0.29—0.92) compared to the lowest quartile,
but no corresponding associations for the second and third quar-
tiles (Table 4).

Moreover, it was found that compliant intakes of fish and
shellfish were significantly associated with an increased risk of
RA (Table 3). However, there were no significant associations
for the total intake of this food group, when analysed as a con-
tinuous variable (Table 3). In the corresponding adjusted analy-
ses by quartile, no significant associations were seen (Table 4).

Among potential confounders adjusted for, smoking was
associated with increased risk of RA, but there was no significant
association with physical activity or alcohol intake (Supplemen-
tary Table S3).

In the post hoc analysis stratified by age at screening, there
were significant associations with compliance with recommen-
dations on intake of fibre, vegetables and fruit, and red/proc-
essed meat and reduced risk of RA. In addition, a corresponding
association with high SDGS was noted among individuals who
were younger at screening, but no such pattern among those
aged >55.8 years when participating in the MDCS (Supplemen-
tary Table S4).

Analyses stratified by RF/anti-CCP status

Higher SDGS, analysed as a continuous variable (0 to 5),
were significantly associated with a decreased risk of seroposi-
tive RA in crude and in multivariable analysis after adjustment
for potential confounders, with ORs per increment of additional
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Table 3
SDGS, its components, and the risk of developing RA (logistic regression)

Crude model  Adjusted for total energy intake, smoking, alcohol
(quintiles), leisure time physical activity”

OR 95% CI OR 95% CI
SDGS components Recommendation
Compliant with
recommendation
Fibre (g/MJ) >2.4 0.78 0.56—1.09 0.69 0.45-1.06
Vegetables and fruits (g/day) >400 0.70 0.51-0.96 0.64 0.43-0.94
Fish and shellfish (g/week)  >300 1.53 1.13-2.08 1.68 1.15-2.45
Added sugar (E%) <10 0.85 0.63-1.14 0.73 0.51-1.05
Red and processed meat (g/ <500 0.60 0.41-0.87 0.60 0.38-0.97
week)
SDGS
0-1 1.00 (Ref) 1.00 (Ref)
2-3 0.89 0.64-1.24 0.83 0.56—-1.23
4-5 0.75 0.48-1.19 0.65 0.36—1.17
Per additional score 0.91 0.81-1.02 0.88 0.76—-1.02
Reported intake, per SD”
Fibre 0.85 0.73-0.96 0.80 0.64-0.99
Vegetables and fruits 0.81 0.69-0.95 0.70 0.57-0.87
Fish and shellfish 1.14 0.98-1.31 1.09 0.92-1.30
Added sugar 1.10 0.95-1.27 1.17 0.98-1.41
Red and processed meat 1.27 1.09-1.49 1.31 1.07-1.59

Bold text indicates significant associations.
CI, confidence interval; E%, percent of total energy intake; OR, odds ratio; RA, rheumatoid arthritis; Ref, reference; SDGS,
Swedish Dietary Guidelines Score.

@ All potential energy misreporters excluded.

b SD for fibre 0.64; vegetables and fruits 185.60; fish and shellfish 229.58; added sugar 4.28; red and processed meat
406.01.

Table 4
SDGS components per quartile and the risk of developing RA (logistic regression)

Crude model Adjusted for total energy intake, smoking, alcohol
(quintiles), leisure time physical activity”

OR 95% CI OR 95% CI

SDGS components
Reported intake, per quartile (range; mean)

Fibre (g/MJ)

Q1 (0.45-1.80; 1.51) 1.00 (Ref) 1.00 (Ref)

Q2 (1.80-2.12;1.98) 0.90 0.60-1.35 0.83 0.52-1.35

Q3 (2.12-2.58; 2.36) 0.78 0.51-1.18  0.64 0.39-1.06

Q4 (2.58-5.63; 3.11) 0.60 0.38-0.93 0.51 0.29-0.92
Vegetables and fruits (g/day)

Q1 (46.9-255.7; 184.0) 1.00 (Ref) 1.00 (Ref)

Q2 (255.7—356.2; 305.7) 0.86 0.57-1.31 0.83 0.50—-1.38

Q3 (356.2—483.0; 416.9) 0.90 0.59-1.36 0.73 0.44-1.21

Q4 (483.0—-1393.3; 636.5) 0.57 0.36-0.88 0.44 0.25-0.78
Fish and shellfish (g/week)

Q1 (0.0—148.0; 64.3) 1.00  (Ref) 1.00 (Ref)

Q2 (148.0—266.3; 207.2) 1.47 0.95-2.28 1.24 0.73-2.11

Q3 (266.3—418.4; 335.0) 1.69 1.09-2.63 1.57 0.92-2.68

Q4 (418.4-2008.1; 614.1) 1.69 1.09-2.63 1.47 0.86—2.51
Added sugar (E%)

Q1 (0.51-6.85; 5.03) 1.00  (Ref) 1.00 (Ref)

Q2 (6.85-9.20; 8.12) 0.80 0.52-1.24 0.59 0.34-1.01

Q3(9.20-12.13;10.5) 1.18 0.77-1.79 1.16 0.69—-1.93

Q4 (12.13-31.61; 15.5) 1.19 0.78-1.81 1.26 0.75-2.11
Red and processed meat (g/week)

Q1 (0.0—509.5; 350.4) 1.00  (Ref) 1.00 (Ref)

Q2 (509.5-720.5; 613.1) 1.50 0.97-2.33 1.48 0.86—2.52

Q3 (720.5—981.3; 842.7) 1.56 1.01-2.41 1.65 0.96—2.84

Q4 (981.3—3386.1;1317.4) 1.89 1.20-2.96 1.92 1.11-3.35

Bold text indicates significant associations.
CI, confidence interval; E%, percent of total energy intake; OR, odds ratio; RA, rheumatoid arthritis; Ref, reference; SDGS,
Swedish Dietary Guidelines Score.

@ All potential energy misreporters excluded.
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Table 5

Ann Rheum Dis 84 (2025) 1791-1800

SDGS, its components, and the risk of developing RA based on RF/Anti-CCP status (logistic regression)

RF/Anti-CCP positive ~ RF/Anti-CCP negative

SDGS components

Compliant with recommendation

Fibre (g/MJ)

Vegetables and fruits (g/day)

Fish and shellfish (g/week)

Added sugar (E%)

OR? 95% CI OR* 95% CI
Recommendation
>2.4 0.63 0.37-1.07 0.96 0.46—1.99
>400 0.59 0.36—-0.96 0.75 0.40—-1.42
>300 1.59 1.01-2.52 2.08 1.05-4.13
<10 0.81 0.52-1.26 0.52 0.27-1.00

Red and processed meat (g/week) <500

SDGS
0-1
2-3
4-5
Per additional score

Reported intake, per SD”

Fibre

Vegetables and fruits

Fish and shellfish
Added sugar

Red and processed meat

0.30 0.15-0.57 2.03 0.91-4.52

1.00 (Ref) 1.00 (Ref)

0.81 0.50-1.31 0.94 0.46—1.93
0.52 0.25-1.10 1.06 0.38-2.97
0.82 0.69-0.99 1.03 0.80—-1.32

0.76 0.57-1.01 0.90 0.64-1.25
0.64 0.48-0.85 0.83 0.60-1.16
1.08 0.87-1.36 1.11 0.83-1.49
1.24 0.99-1.55 1.03 0.75-1.43
1.41 1.10-1.80 1.13 0.81-1.59

Bold text indicates significant associations.
CI, confidence interval; E%, percent of total energy intake; OR, odds ratio; RA, rheumatoid arthritis; Ref, refer-
ence; SDGS, Swedish Dietary Guidelines Score.

# Adjusted for total energy intake, smoking, alcohol (quintiles), leisure time physical activity. All potential
energy misreporters excluded.

b D — seropositive RA and controls for fibre 0.62; vegetables and fruits 179.1; fish and shellfish 223.1;
added sugar 4.31; red and processed meat 384.2. Seronegative RA and controls for fibre 0.68; vegetables and
fruits 198.4; fish and shellfish 242.6; added sugar 4.21; red and processed meat 447.7.

Table 6

SDGS components per quartile and the risk of RA, by RF/Anti-CCP status

(logistic regression)

RF/Anti-CCP positive

RF/Anti-CCP negative

OR® 95% CI OR? 95% CI

Reported intake,

per quartile®
Fibre (g/MJ)

Q1 1.00 (Ref) 1.00 (Ref)

Q2 0.60 0.33-1.10 1.27 0.54-2.96

Q3 0.79 0.43-1.45 0.54 0.21-1.36

Q4 0.45 0.22-0.93 0.71 0.27-1.91
Vegetables and

fruits (g/day)

Q1 1.00 (Ref) 1.00 (Ref)

Q2 1.35 0.73-2.51 0.32 0.12-0.84

Q3 0.73 0.38-1.38  0.71 0.30-1.68

Q4 0.53 0.25-1.05 0.31 0.12-0.82
Fish and shellfish

(g/week)

Q1 1.00 (Ref) 1.00 (Ref)

Q2 1.24  0.65-2.36 1.64 0.60—4.50

Q3 1.64 0.86—-3.14 2.22 0.8—6.04

Q4 1.36 0.70-2.65 2.18 0.79-6.03
Added sugar (E%)

Q1 1.00 (Ref) 1.00 (Ref)

Q2 0.70 0.36—1.36 0.38 0.14-0.99

Q3 1.01  0.53-1.92 1.33 0.54—3.24

Q4 1.44 0.75-2.75 1.06 0.44-2.59
Red and processed

meat (g/week)

Q1 1.00 (Ref) 1.00 (Ref)

Q2 2.14 1.07-4.27 0.43 0.16—-1.15

Q3 2.58 1.28-5.19 0.59 0.24-1.50

Q4 3.43 1.69-6.96 0.54 0.20-1.49

Bold text indicates significant associations.

CI, confidence interval; E%, percent of total energy intake; OR, odds ratio; RA,
rheumatoid arthritis; Ref, reference; SDGS, Swedish Dietary Guidelines Score.
@ Adjusted for total energy intake, smoking, alcohol (quintiles), leisure

time physical activity. All potential energy misreporters excluded.

Y For quartile limits and mean intakes per quartile, see Supplementary

Table S14.

score 0.85 (95% CI 0.74—0.98) and (OR 0.82, 95% CI 0.69
—0.99), respectively (Table 5).

In the multivariable analyses stratified by RF/Anti-CCP
status, associations with lower risks of seropositive RA were
observed for those reporting intakes adherent to the recom-
mendations for vegetables and fruits (OR 0.59, 95% CI 0.36
—0.96) and for red and processed meat (OR 0.30, 95% CI
0.15—-0.57) (Table 5). A completely different pattern was
observed for seronegative RA, with a trend towards reduced
risk among individuals reporting intakes of red/processed
meat adherent to dietary recommendations and across quar-
tiles of red/processed meat consumption (Table 6). Further,
there were associations for total intakes of vegetables and
fruits and red and processed meat that remained significant
throughout all models within the seropositive group but not
seronegative group (Table 5, Supplementary Tables S6,S7).
In comparison to the first quartile, the ORs for developing
seropositive RA increased gradually for the second, third,
and fourth quartile, thus suggesting a dose—response rela-
tionship (Table 6). The adjusted OR for those in the highest
quartile of red/processed meat intake (about 1 kg/week or
more) was 3.43 (95% CI 1.69—6.96) for seropositive RA, but
0.54 (95% CI 0.20—1.49) for seronegative RA (Table 6).

There was a trend towards decreased risk for seropositive RA
with a higher intake of fibre (Table 5), which reached significance
in the analysis comparing the highest quartile to the lowest (OR
0.45; 95% CI 0.22—0.93) (Table 6). No associations between fibre
intake and seronegative RA were observed (Table 6).

However, compliant intakes of fish and shellfish were associ-
ated with an increased risk of seropositive and seronegative RA
in the adjusted models (Table 5). The corresponding analyses by
quartile of fish/shellfish intake showed no significant associa-
tions (Table 6).

Similar results were obtained in analyses adjusted for total EI
only (Supplementary Tables S5-S8) and in multivariable models
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Figure. Restricted cubic spline models of intakes of fibre (A), vegetables and fruits (B), fish and shellfish (C), red and processed meats (D), and added
sugars (E) and the risk of rheumatoid arthritis (RA) fitted to unconditional logistic regression models adjusted for baseline age and sex and total energy
intake, smoking and physical activity, excluding energy misreporters. A—E, Histograms (blue) showing the population distribution across intake levels
of the SDGS dietary components. The red solid line shows the odds ratio (OR), and the shaded red area represents the 95% CI. The horizontal reference
line (dashed) indicates an OR of 1.0. The vertical reference line (dashed) indicates the recommended intake level of the dietary components. OR, odds

ratio; RA, rheumatoid arthritis; SDGS, Swedish Dietary Guideline Score.

when potential misreporters of energy were not excluded (Sup-
plementary Table S9-S14).

Restricted cubic splines

The fully adjusted RCS regression models are illustrated in
Figure. For intakes of vegetables and fruits an inverse linear
association was demonstrated in the fully adjusted model (P for
overall association = 0.013). By contrast, for intakes of red and
processed meat, a linear positive association was found (P for
overall association = 0.028). For fish and shellfish, a nonlinear
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association was observed (P for nonlinear association = 0.033,
P for overall association 0.072). Results of the analyses
adjusted for the matching variables only (Supplementary Fig
S1) were largely similar to the fully adjusted models.

DISCUSSION

This nested case—control study investigated the relationship
between adherence to the current food-based SDGs and the risk
of developing RA. We identified a dose—response relationship
between red and processed meat consumption and an increased



risk of RA, particularly seropositive RA. An opposite nonsignifi-
cant trend towards reduced risk of seronegative RA was
observed for adherence to recommendations on red/processed
and with increasing intakes of red/processed meat consumption.
Moreover, we found an association between higher intakes of
vegetables and fruits and a reduced risk of RA. Higher scores for
the SDGS, indicating adherence to the current Swedish food-
based dietary guidelines, were significantly associated with a
decreased risk of seropositive RA only in multivariable-adjusted
analysis. The effects appeared to be driven by compliance with
recommendations for red and processed meat as well as vegeta-
bles and fruits and to be stronger for younger individuals. This
pattern might reflect early disease mechanisms that are variable
by age [28]. For example, hormone-related risk factors for RA
[29,30] could be more important in older people.

Importantly, the majority of participants consumed meat and
reported limited intakes of vegetables and fruit. The present
study could not evaluate the impact of vegan or vegetarian diets
on the risk of RA, and there are no studies on this aspect in the
literature [6].

In line with our results, analyses based on the Nurses’ Health
Study demonstrated a significantly increased risk of RA with
higher intakes of red/processed meat in women aged <55 years
[7]. Further, results from a nested case—control study based on
the European Prospective Investigation of Cancer in Norfolk
cohort demonstrated that total meat intakes within the highest
tertile compared to the lowest were significantly associated with
an increased risk of developing inflammatory polyarthritis [31].
Further, a cross-sectional study based on the National Health
and Nutrition Examination Survey and a 2-sample Mendelian
randomisation study using data from the UK Biobank study sug-
gested associations between higher beef intakes and increased
risk of RA [32].

It should, however, be noted that these studies are not
directly comparable with regards to differences in study designs,
diet assessment methods, and definitions of meat. In addition,
none of these studies looked into the effects of red/processed
meat on seropositive and seronegative RA separately. There are
several other observational studies that have examined the
effect of meat on the risk of RA development, but these did not
find any significant associations with RA [8—12]. To the best of
our knowledge, no observational studies have suggested protec-
tive effects of red meat on RA development.

Our results demonstrated that intakes of red/processed meat
were associated with an increased risk of seropositive RA. In
contrast, the association with seronegative RA was in the oppo-
site direction, although not statistically significant. These find-
ings suggest potentially different roles of red meat on the
pathogenic mechanisms behind the development of these sub-
types. Early development of autoantibodies in seropositive RA is
a process which has been suggested to be initiated in the lung as
a result of smoking-induced protein citrullination triggering the
production of ACPA, particularly in genetically predisposed
individuals [33—35].

The association in models adjusted for smoking in the present
study suggests that other mechanisms may also be important.
Interestingly, the intestinal microbiota has been suggested to be
involved in the immune dysfunction present in RA [36]. There-
fore, the gut could be another relevant pathway for the produc-
tion of autoantibodies, a process possibly influenced by dietary
factors, as such as red and processed meats.

The impact of vegetables and fruits has been examined in
several studies with various design, mainly indicating a poten-
tial protective effect [37,38]. In the present study, there was
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no indication of a differential effect of vegetable and fruit
intakes in analyses stratified by seropositive and seronegative
RA. It therefore appears that intakes of vegetables and fruits
may protect against RA development in general, regardless of
serostatus. Although we did not find a significant association
between recommended fibre intake and RA, a decreased risk
for those reporting intake in the highest quartile was noted.
Hypothetically, fibres might explain part of the protective
effect of vegetables and fruits as a natural part of their nutri-
tional content.

The importance of dietary habits for different individuals
may be variable. Considering the multifactorial aetiology of RA,
it might be that at risk individuals, e.g. genetically predisposed
and/or seropositive for RA associated antibodies without signs
or symptoms of arthritis, may be particularly prone to develop
RA if nonadherent to dietary guidelines. Moreover, healthy die-
tary habits might be associated with a higher health literacy,
possibly due to higher awareness of dietary and nutritional rec-
ommendations overall.

We identified that recommended intakes of fish/shellfish
associated with an increased risk of developing RA. However,
contrary to intakes of red/processed meat and vegetables and
fruits, the associations between fish/shellfish and RA were
clearly nonlinear, indicating some uncertainty regarding its bio-
logical relevance for RA development.

In other observational studies on fish and the risk of RA,
intakes appear to be mostly associated with a lower risk of RA
[9,39—-43]. A varying nutritional composition in fish depending
on species, if wild-caught or farmed, and differences in cooking
methods might influence the course of RA development differ-
ently.

Intakes of fish and shellfish 2—3 times per week is encour-
aged according to the current food-based SDGs [14]. As a food
group, fish and shellfish are nutritious and contain a variety of
different healthy micro- and macronutrients. Intake of fish and
shellfish has been shown to lower the risk of cardiovascular dis-
ease and is found in diets associated with a reduced risk of obe-
sity. In contrast, red and processed meat consumption has been
associated with an increased risk of cardiovascular disease, and
in higher amounts, with colorectal cancer, thereby supporting
recommendations for limited use [14].

Based on a holistic approach to diet, it is reasonable to
assume that some differences exist regarding the overall nutri-
tional profiles between those consuming high amounts of red
and processed meat versus those consuming high amounts of
fish and shellfish, with the latter being more likely to have
healthier nutritional profiles compared to those with high
intakes of red meat. Therefore, given that the association we
found for fish and shellfish was nonlinear, the observed unex-
pected association direction for those with recommended fish
and shellfish intakes could be explained by residual confounding
and should be interpreted with caution.

There are some limitations to consider in this study. Although
diet was assessed using a validated methodology designed for
MDCS, it was registered only at baseline. Hence, it is possible
that participants changed their eating habits during the follow-
up period assessed in this study. Moreover, it has been demon-
strated that MDCS, with the primary aim of studying the rela-
tionship between diet and subsequent cancer, may introduce
selection bias by attracting certain individuals with systematic
differences compared to the true background population [15].
Furthermore, the participation rate in the MDCS was ~40% and
the study participants were middle-aged and older at the time of
dietary assessment in the 1990s, limiting the external validity.
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Our results should be interpreted in light of changes in dietary
guidelines over time, especially those concerning meat intake.

The classification of cases into either seropositive/seronega-
tive was based on data collected from the cases’ medical records
during the validation process. Therefore, serostatus for the
matched controls is unknown. Moreover, whereas the ACPA
tests most commonly used in clinical practice detect anti-CCPs,
alternative methods utilised mostly in research settings have
been developed using other citrullinated proteins [44]. The use
of retrospective data from standard tests could result in misclas-
sification of truly seropositive cases as seronegative RA.

This study has several strengths. Its prospective design elimi-
nates the risk of recall bias. Further, dietary assessment was per-
formed using a validated 3-phase method. Incident RA cases
were identified by register linkage with a following validation
process through review of medical records. In addition to the
high quality diet assessment and the adequately obtained out-
come data, information on relevant confounders were available
in the MDCS, enabling multivariable analyses. Despite this, the
risk of residual confounding cannot be fully excluded. Conse-
quentially to the extended follow-up period until 2016, we iden-
tified 305 incident RA cases (vs 174 cases in our prior study),
enabling stratified analyses by serostatus yielding valuable
information about the underlying differences between these
groups. Further, by performing spline analyses, we were able to
investigate linearity and shape of the relationships, preserving
statistical power in the analyses, which can be compromised
when categorising the exposure variable into quartiles. Finally,
results were largely similar in analyses of quantified diet compo-
nents when using different methods.

CONCLUSION

Our findings suggest a dose—response relationship between
red/processed meat intake and the risk of seropositive, but not
seronegative, RA. This study helps to improve our understand-
ing of the effects of dietary components in RA development, par-
ticularly for red and processed meats, but the exact mechanisms
behind our findings need further investigation.
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involvement was negatively correlated with lupus nephritis and thrombocytopenia. The network
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WHAT IS ALREADY KNOWN ON THIS TOPIC

* During the development of the European Alliance of Associa-
tions for Rheumatology (EULAR)/American College for Rheu-
matology (ACR) classification criteria for systemic lupus
erythematosus (SLE), meaningful associations between items
were found within organ systems only

* These findings led to the domain structure of the EULAR/ACR
classification criteria.

WHAT THIS STUDY ADDS

* Classification criteria domains and items both followed distri-
butions reminiscent of Gaussian curves, not of several peaks.

* Clustering of the domains resulted in 10 clusters, but without
an indication of defined subsets.

* A network analysis of items found relevant associations within
domains only; additional weak positive and negative associa-
tions were mostly reflective of known SLE pathophysiology.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

» The findings together suggest important random elements in
combinations of autoantibodies and clinical items, rather than
fixed subsets, and are in line with SLE as 1 disease.

* The associations within organ systems in this large cohort with
mostly long-standing SLE support the domain structure of the
EULAR/ACR SLE classification criteria.

INTRODUCTION

Systemic lupus erythematosus (SLE) is a highly variable auto-
immune disease, which, due to a range of autoantibodies and
ensuing immune complexes, can afflict essentially any organ
[1—-3]. Before the development of the European Alliance of
Associations for Rheumatology (EULAR)/American College for
Rheumatology (ACR) SLE classification criteria [4,5], potential
associations between manifestations (criteria items) had not
been systematically investigated in any of the previous classifi-
cation criteria approaches.

Within the EULAR/ACR classification criteria development
work, the SLE international expert panel suggested grouping
items that are clinically or physiologically related [6]. Analysis
of data from an early SLE cohort [7] and from the EuroLupus
cohort [8] led to the recognition of several associations
occurring between items within organ-specific domains.
However, these analyses did not reveal any meaningful connec-
tions between criteria items belonging to different criteria
domains [9].

As a result, the EULAR/ACR SLE classification criteria items
were organised into 10 domains, in each of which only the high-
est-scoring item contributed to the sum score [10]. This is also
highly relevant for the ongoing discussion on whether SLE is a
single disease entity or a syndrome consisting of several distinct
subdiseases. The latter would be expected to result in repro-
duced fixed combinations of criteria items and well-defined
clusters.

To address this question, the current study examined the dis-
tribution of SLE classification criteria items, representing SLE-
specific manifestations, and evaluated potential associations
between any of these items, both within and across organ-spe-
cific domains. In addition, we employed network visualisation
of the relationships between clinical features to evaluate for the
presence of disease subsets, and performed state-of-the-art
cluster analysis in the combined SLE cohort established in the
classification criteria project, which represents more than
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14,000 years of SLE disease duration, and thus the full array of
manifestations for most patients.

This study also serves as an important test of the appropriate-
ness of the cohort structure of the criteria, since the items
exactly match the criteria items in this cohort. In addition, even
weak associations between items in a large, well-defined cohort
may help to find clinical relationships.

PATIENTS AND METHODS
Cohort

Data on the presence or absence of EULAR/ACR SLE classifi-
cation criteria items were collected for 1196 patients with SLE
that were contributed by 21 expert SLE centres worldwide
[4,11]. The diagnosis of SLE was based on physician judgement
and adjudicated by 3 independent SLE experts regardless of
whether the patient’s classification score met the threshold for
classification.

Distribution

The number of positive domains and the number of positive
items were counted for each patient, and the ensuing distribu-
tion analysed.

Association

To assess the strength of associations between binary clinical
features, phi-coefficients were also calculated using the psych
package in R. The resulting phi-coefficient matrix provided a pair-
wise measure of the association between the features. Fisher’s
exact tests assessed the statistical significance of these associations.
P values were adjusted using the Benjamini-Hochberg procedure
to control for false discovery rates. Significant pairs of features
were identified by applying a significance level threshold of 0.05.

Subset analysis

Multiple correspondence analysis (MCA) was performed on
the 10 classification criteria domains, using R (version 4.3.2)
and the FactoMineR (version 2.11) package. Consensus cluster-
ing was performed using the ConsensusClusterPlus package
(Version 1.66.0), to formally investigate whether the EULAR/
ACR domains define patient clusters. The consensus cumulative
distribution function (CDF) was used to evaluate the stability of
clustering solutions across a range of possible cluster numbers
(k) in our dataset. The double angle identity of the cosine func-
tion (Cos2) values of the MCA plot was examined, which indi-
cates the degree of association between the domains and the
first 2 dimensions. In addition, a Scree plot was created to exam-
ine the proportion of the variance explained by increasing num-
bers of organ system domains.

Associations between individual items were analysed in an
unbiased approach. In this 23 X 23 table, associations were
accordingly tested for 529 pairs, and corrected by means of
Benjamini-Hochberg-adjusted phi-coefficients. In addition,
Bonferroni’s correction for multiple comparisons was employed,
with significance defined as a P value of lower than .05 divided
by 529, or P < 9.45e~°, independent of the r value.

Additionally, a network was constructed based on significant
associations identified from that pairwise analyses. Using the
tidygraph software package, a network was constructed with
clinical features as nodes and significant correlations as edges.
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The feature domains were incorporated as node attributes,
allowing each node to be assigned to its respective clinical cate-
gory. The network was visualised using the graph package with
a Fruchterman-Reingold layout to achieve a clear spatial
arrangement. Edge thickness was proportional to the strength of
the correlation, and the edges were coloured red for positive cor-
relations and blue for negative correlations. Only edges with
correlation coefficients greater than 0.1 were plotted to ensure
that the visualisation focused on the most relevant and meaning-
ful relationships. This network visualisation provided an intui-
tive representation of the relationships between clinical
features, with domain-based colouring of nodes, and edges
reflecting the strength and direction of associations.

Patient and public involvement

Patients or the general public were not actively involved in
this work.

RESULTS

Numbers of items and domains

The combined cohort included 1054 female and 142 male
patients with SLE, with a median age of 44 years (range 14-93)
and a median disease duration of 10 years (range 1-56), repre-
senting 14,032 years of cumulative SLE experience. Since classi-
fication criteria apply to the rule that the occurrence of a
criterion on at least 1 occasion is sufficient, the data show cumu-
lated fulfilment of criteria items, and do not include data on
activity or therapy.

These patients fulfilled a minimum of 1 and a maximum of 9
of the 10 domains (Fig 1), with a median of 4. On the item lev-
els, patients fulfilled a range of 1 to 15 of the 23 items, with a
median of 6 (Fig 1B). The distribution was slightly skewed, with
at least 100 patients each fulfilling 3, 4, 5, 6, 7, and 8 items.
Both the item and the domain curves were suggestive of a ran-
dom distribution. In particular, there was no indication of 2 or
more peaks (Fig 1).

Distribution and relationships between the different EULAR/
ACR domains

More than two-thirds of the patients had ever fulfilled criteria
items within the domain SLE-specific antibodies (n 955,
79.8%), the mucocutaneous (n = 862, 72.0%) and musculoskel-
etal (n 861, 71.9%) domains, and complements (n 857,
71.6%). The hematologic and renal domains, as well as the anti-
phospholipid antibody domain, were more equally distributed.
Less frequently involved were the constitutional (n 256,
21.4%) and serosal (n = 211, 17.6%) domains, and least com-
mon was the neuropsychiatric domain (n = 82, 6.9%) (Fig 2A).
Domains affected did not change relevantly over time (Supple-
mentary Table).

Using MCA to further analyse and visualise the relationships
between the different EULAR/ACR domains, the first 2 dimen-
sions of the lower-dimensional space collectively explained
28.2% of the data variability (Fig 2B). Dimension 1 (Dim1)
accounted for 16.4%, dimension 2 (Dim2) for 11.8% of the vari-
ability (Supplementary Fig S1A).

In the MCA biplot of variables (Fig 2B and Supplementary Fig
S1B), the positioning of the clinical features along the 2 dimensions
revealed their relationships. The constitutional, musculoskeletal,
and serosal domains clustered together, indicating that these 3
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domains were positively correlated and contributed significantly
to the second dimension. These domains separated from domains
including renal domain, complement levels, and SLE-specific anti-
bodies, which clustered together along the first dimension (Fig 2B
and Supplementary Fig S1B). The proximity of 3 domains, anti-
phospholipid antibodies, mucocutaneous, and neuropsychiatric, to
the origin of the plot suggested that these manifestations are of
lesser discriminative value (Fig 2B).

Cos2 values revealing the degree of association between the
domains and the first 2 dimensions of the MCA are shown in
Supplementary Figure S1B. For most domains, the presence
(indicated with a ‘1’ designation, eg, ‘Renal_1’) demonstrated a
higher quality of representation on the MCA dimensions than
absence (‘0’ designation). This suggests that the presence of
these clinical features shapes the multivariate pattern observed
in SLE. The most prominent exceptions are the musculoskeletal
and low complement domains, where absence (‘0’) had higher
representation than presence. Of note, antiphospholipid anti-
bodies and the mucocutaneous and neuropsychiatric domains
have Cos2 values <0.2, indicating that neither their presence
nor their absence had a relevant impact on the MCA model.

These data may indicate that patients tend to either present
with a pattern of constitutional, musculoskeletal, and serosal
domain manifestations, or with preferential renal domain
involvement, low complements, and SLE-specific antibodies.
However, the distribution of individual patients based on the
first 2 dimensions was not reflective of a relevant separation of
the cohort within those 2 dimensions (Fig 2C).

Consensus clustering based on the EULAR/ACR domains

Clustering became increasingly stable up to a plateau at
k=10, suggesting that the increase in stability was marginal
beyond this number of clusters (Fig 3A). The delta area curve
also levelled off at k=10, indicating that k>10 did not yield sig-
nificant improvements in stability (Fig 3B).

The heatmap in Figure 3C illustrates the clustering results,
where the rows represent EULAR/ACR domains, and the col-
umns represent the identified clusters. In this analysis, co-occur-
rence of clinical features does not refer to simultaneous
manifestation at a single point in time but rather reflects the
cumulative presence of these features throughout the entire dis-
ease duration of an individual patient. The bar chart above the
heatmap shows the size of clusters.

Most patients fell into cluster 5, where patients exhibited
musculoskeletal involvement as well as laboratory findings of
SLE-specific antibodies and low complements. Cluster 3 showed
a similar pattern, but with more common serositis and a com-
plete absence of antiphospholipid antibodies. Musculoskeletal
involvement was also prominent in cluster 2, differing from clus-
ters 5 and 3 by lower prevalence of renal or serosal involvement
or low complements.

Patients in cluster 6, the second largest cluster, exhibited
SLE-specific antibodies and low complements similar to cluster
5, but in combination with renal involvement, often mucocuta-
neous, serosal, and haematological involvement, and reduced
rates of arthritis. Patients with nephritis without mucocutaneous
and serosal involvement were grouped in cluster 10.

Clusters 7 and 8 were prominent for mucocutaneous symp-
toms, combined with musculoskeletal involvement in cluster 7
and with low complements in cluster 8. The remaining small
group of patients fell into cluster 9, with fever and serositis, but
no renal, musculoskeletal, or hematologic involvement and with
normal complements.
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Associations between items

While only the domains could be considered independent, a
detailed analysis of the classification criteria items within each
domain still seemed worthwhile, particularly to reconfirm asso-
ciations within domains. The lifetime prevalence of the items
ranging between 0.4% for delirium and 75.6% for anti-dsDNA
antibodies has already been published [12]. Figure 4 shows the
r values of the significant Benjamini-Hochberg-adjusted phi-
coefficients of all 529 pairs of potential associations. A total of
51 pairwise correlations remained significant, with the r values
of the 46 significant positive associations ranging from 0.07 to
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Figure 1. Distribution of EULAR/ACR criteria
domains and items per patient. Depicted are abso-
lute numbers of patients (of a total 1197) ever
having fulfilled the respective number of individ-
ual EULAR/ACR domains (left) and EULAR/ACR
classification criteria items (right). ACR, Ameri-
can College for Rheumatology; EULAR, European
Alliance of Associations for Rheumatology.

012345678 9101112131415
number of EULAR/ACR criteria items

0.54 and those of the 11 significant negative associations rang-
ing from —0.08 to —0.16. Of note, the items C3 AND C4 low and
C3 OR C4 would be mutually exclusive, by definition, but C3 sig-
nificantly correlated with C4 (r = 0.48), as expected.

Only correlations within organ domains had r values of 0.3 or
higher. Four significant negative r values lower than —0.10 were
found between joint involvement and either thrombocytopenia
or any of proteinuria, class II or V nephritis, or class III or IV
nephritis. Outside organ domains, associations with r values
>0.10 were found (1) between SLE-specific autoantibodies and
low complements and proteinuria, (2) between antibodies to
dsDNA and class III or IV nephritis, (3) between anti-Sm
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Figure 2. Distribution and relationships between the different EULAR/ACR domains. (A) Bar plots showing items ever present (black bars) or always
absent (grey bars) within each of the 10 EULAR/ACR classification criteria domains in the combined (derivation plus validation) EULAR/ACR criteria
cohort of 1197 patients with SLE. (B) MCA biplot for variables, showing the relationship and contribution of different clinical variables to the first 2
dimensions (Dim1 and Dim2). Dim1 and Dim2 explain 16.4% and 11.8% of the total variance, respectively. (C) MCA plot showing the distribution of
individuals (patients) on the first 2 dimensions (Dim1 and Dim2). Each dot and number represent an individual. ACR, American College for Rheuma-
tology; EULAR, European Alliance of Associations for Rheumatology; MCA, multiple correspondence analysis; SLE, systemic lupus erythematosus.
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numbers (k) from 2 to 20. The CDF represents the proportion of item pairs consistently clustered across multiple subsampling runs. A flatter CDF curve
suggests better clustering stability for the corresponding k value, indicating more robust and consistent clustering. (B) The Delta area plot visualises
the relative change in the area under the CDF curve for a range of cluster numbers (k) from 2 to 20. Each point on the plot corresponds to a specific k
value, with the vertical axis representing the relative change in area from each k to the next. A peak in the plot suggests the most significant gain in
cluster stability before diminishing returns on further increasing k. (C) The heatmap represents the presence (ever) of the 10 EULAR/ACR domains
across the 10 identified clusters. Darker shades represent higher prevalence. The bar plot on top shows the size of each cluster, the dendrogram on the
left groups the variables. ACR, American College for Rheumatology; EULAR, European Alliance of Associations for Rheumatology.

antibodies and nonscarring alopecia as well as leukopenia,
(4) between antiphospholipid antibodies and thrombocytope-
nia, (5) between low complements and haematological cytope-
nias, alopecia, proteinuria, or class III or IV nephritis,
(6) between haemolytic anaemia and both proteinuria and seiz-
ures and (7) between fever and effusion. A somewhat more con-
servative analysis with Bonferroni correction showed
31 significant associations with the same pattern (Supplemen-
tary Fig 2). Of note, the criteria items C3 and C4 low and C3 or
C4 low behaved similarly, except for autoimmune haemolytic

anaemia, which was significantly associated with C3 and C4 low
(r = 0.19), but not C3 or C4 low (r = 0.10)

Pairwise comparisons of autoantibodies and low complements

To better understand the associations, we investigated the
relationships of the significantly associated pairs in detail.

A
ﬁ?ﬁ&oﬁﬂ &&f*{ff&:‘\\

Figure 5 presents the autoantibody associations, except for the
likewise significant associations between antibodies to dsDNA
or Sm and low C3 or C4. Most of these associations, including
anti-dsDNA with proliferative nephritis and proteinuria as well
as anti-phospholipid antibodies with thrombocytopenia, were
expected. Not as clearly expected was the association between
anti-Sm antibodies and nonscarring alopecia. Almost half of the
23.6% anti-Sm positive, but less than a third of the 76.4% anti-
Sm negative patients had nonscarring hair loss. This still means
that about two-thirds of the patients with SLE with nonscarring
alopecia were anti-Sm negative.

In Figure 6, the significant associations between clinical
items are depicted. These include the (weak) negative associa-
tions of joint involvement with thrombocytopenia, proteinuria,
and both proliferative and class II or V lupus nephritis. The
lower panel shows the associations of haemolytic anaemia with
seizure and proteinuria, as well as the expected association of
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Figure 4. Correlation and network analysis of items of the domains. (A) Correlation matrix depicting significant phi-coefficients (Benjamini-Hochberg
adjusted P value of Fisher’s exact test < .05). Positive correlations are indicated in red, negative correlations in blue, and nonsignificant correlations
were left blank to emphasise statistically meaningful associations. (B) Network plot of the phi-correlation analysis. Nodes of the items are colour-coded

according to domains. Positive correlations are indicated by red edges, and negative correlations by blue edges. The weight of the line represents the
phi-coefficient only significant correlations above an absolute weight threshold of 0.1 are plotted
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Figure 5. Autoantibody associations. For full representation of the data, absolute numbers of patients are shown for each column. Percentages within
the subsets indicated on the x-axis are shown above the bars for easier comparison. P values derived from Fisher’s exact tests are uncorrected and nom-

inal only.

pleural or pericardial effusion and fever. Of note, none of the
associations are even close to being perfect, and combinations of
items are found throughout the spectrum.

DISCUSSION

In this study, we evaluated potential associations between
items and clusters within a multinational cohort of close to 1200
patients with SLE with mostly long-standing disease.

Above confirming the criteria domain structure, these analy-
ses have implications on how we perceive SLE, that is, whether
we see it as one variable disease entity or as a syndrome of
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several disease phenotypes. In combination, they reflect the first
comprehensive effort to fully address the question of potential
fixed disease subsets in a well-defined, large SLE cohort.

The analysis of both the numbers of criteria domains and cri-
teria items per patient showed that the per-patient numbers
peaked at 4 domains and 5 criteria items, with few patients ful-
filling less than 2 or more than 12 criteria items. The distribu-
tions of either items or domains resulted in rather typical
Gaussian distribution curves. This part is similar to a project by
Lupus Europe, the European SLE patient association, where the
number of symptoms per patient also resulted in a conventional
Gaussian curve [13]. We would interpret these findings as
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Figure 6. Negative and positive associations between organ manifestations. Negative associations are depicted in the upper, and positive associations
in the lower row. For full representation of the data, absolute numbers of patients are shown for each column. Percentages within the subsets indicated
on the x-axis (Thrombocyp thrombocytopenia) are shown above the bars for easier comparison. P values derived from Fisher’s exact tests are
uncorrected and nominal only. Note that the y-axis of the left lower panel (seizure vs haemolytic anaemia) has a different range (0-1250) than the

other panels
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suggestive of stochastic processes being at work, that is, in line
with a chance distribution, rather than fixed combinations of
items.

Looking at the individual domains, it is apparent that most
patients had involvement within the mucocutaneous and muscu-
loskeletal domains, reflective of patient populations most often
included in randomized controlled SLE trials [14—21]. Likewise,
most patients had SLE-specific antibodies, that is, antibodies to
dsDNA, or less commonly to Sm. On the other end of the spec-
trum, only a small group of patients had any of the 3 items
within the neuropsychiatric domain (seizures, psychosis, or
delirium). Fever and serositis were also relatively uncommon. In
the mid-range, around 40%, involvement in the haematological
and renal domains, as well as antiphospholipid antibodies, was
found.

The MCA analysis of the domains suggested some separation
of 2 groups, namely serositis, fever, and joint involvement on
the one hand, on dimension 1, and renal domain with low com-
plements and SLE-specific antibodies on the other, on dimension
2, with the remainder of domains close to the origin of the plot.
The analysis of all individuals in the first 2 dimensions, how-
ever, did not indicate meaningful clustering.

Both the CDF curves and the differences in area under the
curve (delta area plot) suggested saturation at k = 10 clusters.
The resulting cluster structure resulted in 3 larger clusters, clus-
ter 5, and slightly smaller clusters 1 and 6, as well as 7 smaller
ones. Both cluster 5 and 6 scored high in the SLE-specific anti-
body and low complement domains, but patients in these clus-
ters also commonly had involvement in the mucocutaneous and
haematological domains. Looking at the overall distribution,
however, none of these features were specific. SLE-specific anti-
bodies were also prominent in clusters 3, 9, and 10, low comple-
ments also in clusters 3 and 8, and mucocutaneous and
haematological involvement was even more prominent in clus-
ters 7 and 8, and 4, respectively.

While the interpretation is different, in that we do not see
meaningful subsets, the data do not relevantly differ from those
of cluster analyses other groups previously performed in SLE [22
—26], with similar methodology, but different kinds of input,
from the ACR criteria via a large set of 29 items mostly derived
from the EULAR/ACR and Systemic Lupus International Collabo-
rating Clinics (SLICC) criteria to laboratory values, autoantibodies
and cytokines, and anti-nuclear antibody (ANA) patterns and sub-
sets. Three of these analyses found 3 clusters each, 2 had a fourth
cluster [23,25]. However, despite the similarity in cluster count,
the defined clusters were not consistent across the studies. Rather,
all these studies showed associations between autoantibodies and
manifestations, with some overlap with disease severity.

Given that the previous analysis within the EULAR/ACR cri-
teria project had shown correlations within domains, our
approach had an advantage by analysing domains rather than
single items, which should reduce the risk of increasing the
weight of domains with co-occurring items. Still, the overall out-
come of consensus clustering failed to convincingly separate SLE
in defined subsets, thus being more consistent with the idea that
SLE is 1 disease entity comprising various inflammatory organ
manifestations rather than several.

For the examination of associations between items, both for
completing the analysis on possible SLE subtypes and to poten-
tially detect associations relevant for disease pathology, we next
analysed the whole set of 23 items against each other. Based on
the Benjamini-Hochberg procedure, this approach at least led to
57 associations that were statistically significant, 37 of which
had an r value of at least 10 or —10. Eleven of these associations
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were between items of the same domain, as were all associations
with an r value of higher than 0.3, as expected [9]. Associations
with an r value of at least 0.2 were also found between 4 pairs of
items in different domains, namely between low complements
and anti-dsDNA antibodies, proliferative lupus nephritis, or pro-
teinuria. These associations were likewise expected, given the
well-established link between anti-dsDNA immune complexes,
complement activation, and proliferative lupus nephritis [27].

With lower r values of 0.13 to 0.17, low complements are
also associated with leukopenia, thrombocytopenia, and haemo-
lytic anaemia. Lupus cytopenias are probably due to direct auto-
antibody effects, not to immune complexes [28,29].
Nevertheless, SLE activity is usually not limited to 1 organ sys-
tem, and some link via general SLE activity would indeed be
expected. Autoimmune haemolytic anaemia with its low fre-
quency of only 4.4% also showed weak associations with pro-
teinuria and seizure, likely in the wake of general SLE activity.

In contrast, the association between antiphospholipid anti-
bodies and thrombocytopenia is probably causal—mild throm-
bocytopenia is now included in the new ACR/EULAR
classification criteria for antiphospholipid syndrome [30]. Asso-
ciations found between pleural or pericardial effusion and fever
as well as between nonscarring alopecia and anti-Sm antibodies
are also in line with published evidence: An association of acute,
febrile SLE manifestations with serositis is well established
[31,32] and in line with clinical experience. Associations of
anti-Sm with both nonscarring [33] and scarring alopecia [34]
were previously reported from large Chinese cohorts. Inverse
relations with an r value of —0.1 or lower were found for joint
involvement only, namely with lupus nephritis, again in line
with published results [35], as well as with thrombocytopenia
(r —0.14). While some of these associations are interesting
confirmations, they are rather weak, which is also apparent
from the respective column blots.

Taken together, the various data sets offer evidence for SLE
being 1 disease entity instead of a syndrome of several diseases
with typical sets of SLE manifestations. Both the number of items
and the number of domains ever active followed distributions
that were suggestive of chance events. Our attempts to subgroup
the SLE population by domains gave no consistent patterns that
would be meaningful. Rather, positivity for items in each of the
10 domains differed greatly, but associations between domains
were found across the range. Moreover, meaningful associations
between items were found within domains only, confirming the
data within the project leading to the criteria [9]. Additional
weak associations were found between immune parameters and
clinical findings well known to be mechanistically linked. All
other, additional associations are weak. We thus interpret the
body of data as indicative of a mostly random distribution of
manifestations within the SLE spectrum.

It is important to stress again that these data refer to manifes-
tations that the individual patients have ever had. By the criteria
definition, criteria need not occur simultaneously, and occur-
rence on at least 1 occasion is sufficient [4]. The intraindividual
pattern commonly remains stable and so does the prevalence of
manifestations in this cohort over time. However, the data cap-
ture the overall disease manifestations of a patient, and not the
direct interaction in 1 episode of SLE activity. This fact may
have implications for the interpretation of the data, and in this
sense is a limitation of the current study. An additional weak-
ness is the absence of a broad array of possible additional symp-
toms and laboratory results and demographic information,
which were not collected for this cohort. Within the criteria
framework, however, strengths of the study include the data-



driven approach, the completeness of the data set, and the
robust amount of data.

In conclusion, this study of associations between SLE criteria
items within a well-characterised, multinational SLE cohort sup-
ports the classification criteria domain structure. Moreover,
findings are compatible with the concept of SLE as a single dis-
ease with a propensity to generate multiple autoantibodies and
distinct systemic organ manifestations, the exact nature of
which may highly depend on random events. This has implica-
tions for the ongoing discussion on whether SLE is 1 disease
entity or a syndrome of several autoantibody-mediated
disorders.
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Article history: Objectives: Given the efficacy of B-cell depletion therapy in systemic lupus erythematosus (SLE)
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Methods: Peripheral blood-derived NK cells were engineered with CAR.CD19/interleukin (IL)-15
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enrolled 3 patients with refractory SLE receiving XB-19.15 as a proof-of-concept study.
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What is already known on this topic?

* Systemic lupus erythematosus (SLE) is a chronic autoimmune
disease characterized by autoantibodies and autoreactive B-
cells, while B-cell elimination therapy, such as monoclonal
antibodies, offers benefits. Autologous anti-CD19 chimeric
antigen receptor (CAR)-T cell therapy has shown promise in
deep clearance of autoreactive B-cell and inducing remission in
refractory SLE but faces challenges including high cost,
manufacturing delays, poor T-cell quality in patients with SLE,
and potential toxicities. Universal allogeneic CAR-natural killer
(NK) cells would be a more scalable alternative to overcome
these obstacles.

WHAT THIS STUDY ADDS

* This study demonstrates, for the first time, the clinical feasibil-
ity and safety of peripheral blood mononuclear cells-derived
anti-CD19 CAR-NK cells (XB-19.15) in treating refractory SLE.
By incorporating IL-15 into the CAR construct, the engineered
NK cells showed enhanced expansion, persistence, and cytotox-
icity both in vitro and in vivo. In a pilot clinical trial, XB-19.15
achieved rapid and sustained B-cell depletion, symptom
improvement, and preserved immune homeostasis without
severe toxicities.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

* This study could shift the therapeutic landscape for autoim-
mune diseases by supporting CAR-NK cells as a safer, more
accessible alternative to CAR-T therapy. It may prompt further
clinical trials to validate efficacy, inform the development of
standardised, off-the-shelf cell therapy products, and influence
treatment guidelines to incorporate CAR-NK approaches in
refractory SLE.

INTRODUCTION

Systemic lupus erythematosus (SLE) is a severe, life-threaten-
ing autoimmune disease that affects approximately 0.1% of the
general population [1,2]. It is characterised by widespread
immune activation, pathogenic autoantibody production,
immune complex-mediated inflammation, and subsequent mul-
tiorgan dysfunction. Despite significant advances in SLE man-
agement, achieving a complete drug-free remission remains a
formidable challenge. Autoreactive B-cells play a pivotal role in
SLE pathogenesis by producing autoantibodies and presenting
self-antigens to autoreactive T-cells, making B-cell-targeted ther-
apy a promising treatment strategy [3]. Monoclonal antibodies
directed against B-cell activating factor or B lymphocyte stimu-
lator and CD20 have demonstrated partial efficacy in some
patients with SLE [4,5]. However, the limited depletion of cer-
tain B-cell subsets and poor tissue penetration can reduce the
effectiveness of this approach.

Cell therapy, particularly CD19 chimeric antigen receptor
(CAR) T-cells, has been a milestone in treating B-cell lymphoid
malignancies [3,6]. This approach has also been extended to
autoimmune diseases due to its potential for deep B-cell deple-
tion and a profound reset of the B-cell repertoire. Recently,
autologous anti-CD19 CAR-T cells have demonstrated sustained
remission in patients with SLE and other autoimmune diseases
involving autoreactive B-cells, including idiopathic inflamma-
tory myositis and systemic sclerosis [7—9]. Although further
controlled clinical trials with larger patient cohorts are neces-
sary to confirm their efficacy and safety, preliminary clinical
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data suggest new therapeutic possibilities for controlling SLE
disease activity through autologous anti-CD19 CAR-T cells
[10,11]. However, several obstacles limit the widespread adop-
tion of autologous anti-CD19 CAR T cells in SLE treatment. First,
the high cost poses a significant economic burden for patients
and society [1]. Background therapy of glucocorticoids in SLE
treatment would significantly affect the manufacture of autolo-
gous anti-CD19 CAR T cells [12]. Additionally, the production
time of the autologous CAR-T cells would limit the application
in severe patients with SLE who could not wait for manufactur-
ing [13]. Cytokine release syndrome (CRS) and immune effector
cell-associated neurotoxicity syndrome (ICANS), well docu-
mented in haematological disorders, have not been well
addressed in SLE [14,15].

To overcome these limitations, allogeneic CAR-natural killer
(NK) cells therapy is becoming an attractive choice due to its
off-the-shelf convenience, superior safety profile, and excellent
potency in depleting target cells [16]. Anti-CD19 CAR-NK cells
have been validated for their efficacy in treating relapsed or
refractory B-cell lymphoid malignancies and have indicated
their potential in SLE [17]. However, expansion and killing effi-
ciency would be a challenge for allogeneic CAR-NK cell therapy
[18]. Interleukin (IL)-15 can enhance the expansion and persis-
tence of CAR-NK cells. In this study, we genetically modified NK
cells with targeted CD19 CAR as well as soluble intrinsic IL-15
and investigated its underlying efficacy for SLE.

MATERIALS AND METHODS
Patients and healthy peripheral blood mononuclear cell donors

Peripheral blood from healthy donors was obtained from
Shanghai Xuanfeng Biotech Co., Ltd., with ethical approval
granted by the Clinical Research Ethics Committee of Xuanfeng
Biotech Co., Ltd. Peripheral blood from autoimmune disease
patients was obtained from Renji Hospital, Shanghai Jiaotong
University School of Medicine, with informed consent following
the Declaration of Helsinki. Ethical approval was granted by the
Clinical Research Ethics Committee of Renji Hospital. Peripheral
blood mononuclear cells (PBMCs) were isolated by density gra-
dient centrifugation, and B-cells were purified using the EasySep
human B-cell isolation kit (StemCell Technologies; 17954)
according to the instructions.

Cell lines and cell cultures

Raji-luc, Nalm6-luc, and K562 cell lines were obtained from
the American Type Culture Collection. These cells were cultured
in RPMI 1640 medium supplemented with 10% foetal bovine
serum (FBS) and 1% penicillin/streptomycin (Pen/Strep).

Construction of CAR-NK cells

Primary human NK cells were isolated from the peripheral
blood of healthy donors with informed consent and purified
using the EasySep Human NK Cell Isolation Kit (StemCell Tech-
nologies; 17955). On day 0, purified NK cells were stimulated
with irradiated K562-41BBL-IL21-B2M-KO feeder cells at a 2:1
ratio and expanded in NK MACS medium (Miltenyi Biotec, 130-
114-429) supplemented with 10% heat-inactivated FBS (Gibco,
10099-141C), 1% Pen/Strep, and 400 IU/mL of recombinant
human IL-2 (Sihuan, S20040008) for 6 days. After expansion,



primary human NK cells were transduced with retroviral par-
ticles containing supernatants in RetroNectin (TaKaRa, T202)
coated plates at 37°C for 2 hours. Retrovirus particles were pro-
duced in HEK293T cells by transfecting with the transfer vector
along with the 2 auxiliary packaging plasmids. The required vol-
ume of virus was added to each well and pelleted by centrifuga-
tion at 1000 g for 60 minutes at 32 °C (Multiplicity of
infection = 10). After aspirating the virus completely, NK cells
were replated, centrifuge at 500 g for 5 minutes at room temper-
ature and incubated. On day 13, CAR-NK cells were harvested
for downstream use. The CAR expression was determined by
flow cytometry, measuring CD56, CD19-CAR expression with
fluorescein isothiocyanate-labelled human-CD19 protein
(ACRO, CD9-HF251), PE-cy7-CD56 antibody (Biolegend,
362510), and Brilliant Violet 421 anti-human CD3 antibody
(Biolegend, 317344). The IL-15 levels were quantified using the
human IL-15 quantikine enzyme-linked immunosorbent assay
(ELISA) kit (R&D Systems, D1500) following the manufacturer’s
instructions.

The XB-19.15 or mock NK cells were coincubated with Raji-
luc, K562, and human primary B-cells to assess cytotoxicity
using single-round (4 hours at different effector-to-target ratios
[E/T]) coculture assays. Multiround stimulation was performed
using Nalm6-luc cells (luciferase-expressing) at decreasing E/T
ratios (4:1 for 24 hours, 2:1 for 48 hours, 2:1 for 72 hours). B-
cells derived from healthy donors and patients with SLE
received 2 cycles of stimulation (24 and 48 hours) at an E/T
ratio of 1:1. The cytotoxicity was determined by luciferase activ-
ity using the following formula: (luminescence of target cells
alone — sample luminescence)/target luminescence) X 100 for
Raji-luc and Nalm-luc cell lines. For killing potency in K562
cells, residual cells were stained with PE-cy7-CD56 antibody
(BD, 557747), and K562 cells were gated on the CD56-negative
population. The killing efficiency on human primary B-cells was
calculated by PE/Cyanine7 anti-human CD19 antibody (Biole-
gend, 363012) using flow cytometry results.

To evaluate proliferation, XB-19.15/XB-19.0 and mock NK
cells were cocultured with Nalm6-Luc cells in 2 sequential
rounds: first at a 2:1 E/T ratio for 72 hours, followed by replat-
ing with fresh target cells at the same ratio for 48 h. Prolifera-
tion was assessed using flow cytometry by measuring CD56,
CD19-CAR, and Ki-67 expression with PE-labelled human-CD19
protein (ACRO, CD9-HP2H3), PE-cy7-CD56 antibody (BD,
557747), and Ki-67 monoclonal antibody (Thermo Fisher,
350514, 10-fold dilution with phosphate-buffered saline)
through flow cytometry (BD FACSCanto II).

XB-19.15/XB-19.0 and mock NK cells were cocultured with
Nalmé6-Luc cells in 2 sequential rounds: first at a 2:1 E/T ratio
for 72 hours, followed by replating with fresh target cells at the
same ratio for 48 hours. Supernatants from both rounds were
collected. The IL-15 levels were quantified using the human IL-
15 quantikine ELISA kit (R&D Systems, D1500) following the
manufacturer’s instructions. Interferon-gamma (IFN-y) levels
were quantified by BD OptEIA human IFN-y ELISA set (BD,
555142) following the manufacturer’s instructions.
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The efficacy of XB-19.15 was evaluated across multiple in
vivo models. In NOD.Cg-Prkdc*® IL-2rg™!s“8/JicCrl mice
(NOG), xenografts were established by intravenous (IV) injec-
tion of 2.5E5 Nalmé6-Luc cells/mice to create Nalm6-luc-bearing
NOD mice. In Nalmé6 xenograft studies, efficacy and biodistribu-
tion were assessed: tumour-bearing mice received IV XB-19.15
(2 x 10°-8 x 10° cells/mouse) or controls, with biolumines-
cence imaging (D-luciferin) tracking tumour regression. Biodis-
tribution in NOG mice injected with 1 x 107 XB-19.15 cells
revealed persistence of CAR DNA in blood and tissues up to
56 days post injection, as determined by quantitative polymer-
ase chain reaction using primers/probes targeting the CAR
transgene.

In immune-humanised NOD.CB17-Prkdcs®id [12rgtmiBegen
[115™1ULLS)  Begen jBegeny  (NDG) mice (CD34+ stem cell-
engrafted), the human immune system was reconstituted by
transplanting human CD34 stem cells into immunodeficient
mice. The XB-19.15 (1 x 107—2 x 107 cells/mouse) were IV
injected into the animals. Peripheral blood was collected from
each mouse to detect B-cell depletion and CAR-NK persistence
in peripheral blood by flow cytometry.

SLE PBMC xenograft models (NOD.Cg-Prkdc*%H2-K1>
m1Bpep o Ab187-emIMvWi g ] btmiBper)orgtmIWil /575 NOD scid
gamma (NSG)-MHC I/II DKO mice) indicated dose-dependent B-
cell reduction (CD19+ /CD20 + flow panels) and reduced serum
immunoglobulin G (IgG)/anti-dsDNA levels (ELISA). The PBMC
were injected into the NSG-MHC I/1I DKO mice. The XB-19.15
(1.5 x 107 cells/mouse) were IV injected into the animals. Blood
was collected from each mouse to detect IgG/anti-dsDNA levels.
At the study’s endpoint, part of the spleen and bone marrow cell
suspensions were prepared from the mice for flow cytometry
analysis. Detailed methods are provided in the supplementary
methods.

Tumorigenicity was assessed using in vitro soft agar assays,
indicating no colony formation by XB-19.15 cells compared to
Hela/2BS controls. In vivo subcutaneous injection in NOG mice
(1 x 107 cells/mouse) indicated no tumour formation over
112 days, as confirmed by histopathological analysis. Repeat-
dose toxicity testing (NOG mice, 4 weekly IV doses of 1.5 x 107
XB-19.15 cells/mouse) revealed nonsignificant histopatholog-
ical changes or cytokine storm, as determined using a LEGEND-
plex panel (IL-2, IFN-y, and Granzyme B).

This phase 1 clinical trial was approved by the Ethics Com-
mittees of Renji Hospital, Shanghai Jiaotong University School
of Medicine (approval number: LY-2023-222C) and registered at
ClinicalTrials.gov (NCT06208280). The trial enrolled patients
aged 18-65 years with moderate-to-severe active SLE, diagnosed
according to the 2019 American College of Rheumatology and
the European Alliance of Associations for Rheumatology classifi-
cation criteria. The full eligibility criteria are present in the sup-
plementary methods. The dose-limiting toxicity (DLT) and
adverse events (AEs) were measured as the primary outcome.
Patients were required to have discontinued rituximab for at
least 6 months, and belimumab or telitacicept for at least 1
month before lymphodepletion. Additionally, all conventional
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immunosuppressants were withheld for at least 1 week before
CAR-T cell infusion. Patient 1 was in the low-dosage group
receiving 0.5 X 10° CAR-NK cells while patients 2 and 3
received 3 x 10° after lymphodepletion using fludarabine (25-
30 mg/m? for 3 days) and cyclophosphamide (250-300 mg/m?>
for 3 days). The primary outcome measures were the incidence
of DLT up to 4 weeks and the proportion of subjects with AEs
and serious AEs. The secondary outcome measures were efficacy
and cellular kinetics.

Statistical analysis

All data were analysed using GraphPad Prism software (ver-
sion 10.4.0). Group differences were analysed by 1-way or 2-
way analysis of variance, with post hoc multiple comparisons
(Tukey’s Honestly Significant Difference, Bonferroni, or
Dunnett’s test) as appropriate. A P < 0.05 was considered statis-
tically significant.

RESULTS
Construction of anti-CD19 CAR-NK cells with IL-15 secretion

We successfully constructed anti-CD19 CAR-NK cells with
(XB-19.15) or without coexpressing IL-15 (XB-19.0) in PBMC-
derived NK cells. The structural genes for XB-19.15 and XB-19.0
were inserted between the long terminal repeats of the retroviral
vector (Fig 1A). The CAR construct included an extracellular sin-
gle-chain variable fragment domain, a transmembrane domain,
and intracellular signalling domains combining CD28 and
CD3(¢-C termini, with soluble IL-15 added to enhance NK cell
function (Fig 1B). Flow cytometry analysis demonstrated a high
transduction efficiency, with a significant percentage of CAR-
positive NK cells in both XB-19.15 and XB-19.0 groups (Fig 1C).
Additionally, ELISA-based quantification confirmed IL-15 secre-
tion in the supernatant of XB-19.15 cells (Fig 1D).

XB-19.15 exerted strong cytotoxic activity against CD19+ cells
in vitro

To assess the cytotoxicity of XB-19.15, we cocultured it with
various cell lines, including Raji, K562, Nalm6, and B-cells
derived from patients with SLE. In the CD19 + Raji cell line, XB-
19.15 displayed significantly enhanced cytotoxicity compared
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to the mock NK cells across different E/T ratios from 0.5:1 to 4:1
(Fig 2A). In contrast, XB-19.15 did not increase cytotoxicity
against CD19-negative K562 cell across all E/T ratios as
expected (Fig 2B), indicating its specific killing effect to targeted
cells. Furthermore, continuous killing potency was elucidated by
multiround coincubation in Nalmé6 cell lines with XB-19.15 or
XB-19.0. Although both exhibited increased cytotoxicity in the
first round compared to mock NK cells, XB-19.15 indicated a
stronger Kkilling efficiency than XB-19.0 in the second and third
round (Fig 2C). As expected, XB-19.15 released high level IL-15
in supernatants during coculture while no IL-15 secretion was
detected from XB-19.0 or mock NK cells (Fig 2D). The IFN-y
release was increased in both CAR-NK cells compared to mock
NK cells but was more enhanced in XB-19.15 (Fig 2E). Following
antigen stimulation by Nalmé cells, all NK cells with or without
CAR indicated a higher Ki-67 positive proportion from XB-19.15
system than XB-19.0 and mock NK in both 2 round coculture
(Fig 2F). These suggested that IL-15 significantly enhanced the
proliferation capability of total NK cells and bolstered the persis-
tence of CAR-NK cells cytotoxicity.

Subsequently, the efficacy of XB-19.15 for human primary
cells was validated in vitro. In the 4-h killing assay and continu-
ous killing assay, XB-19.15 exhibited significantly higher killing
efficacy than mock NK groups in different E/T ratios and 2
rounds of coculture with B-cells derived from healthy donors
(Fig 2G) and patients with SLE (Fig 2H), indicating the potential
value in SLE treatment.

XB-19.15 indicated robust clearance of CD19-positive cells and
long-term persistence in vivo

To investigate the in vivo efficacy of XB-19.15 on depleting
CD19 positive cells, Nalmé6-luc-bearing NOD mice model was
created and treated with vehicle control, mock NK, and different
dosages of XB-19.15 (2 x 10°, 4 x 10°, 8 x 10%/mice for low,
medium, and high doses, respectively) at 1 day post Nalmé6
injection (n 10 for each group). Bioluminescence imaging
was used to evaluate the growth of Nalm6 in mice model
(Fig 3A). In this xenograft model derived from a human B-cell
malignancy, mice treated with vehicle or mock NK cells indi-
cated rapid tumour expansion, but XB-19.15 significantly inhib-
ited Nalm6 growth in mice model with dosage dependence
(Fig 3B, C). In the high-dose group, XB-19.15 would also
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Figure 1. Construction of chimeric antigen receptor (CAR)-natural killer (NK) cells. (A,B) Schematic representation of XB-19.15 and XB-19.0. (C) Rep-
resentative flow cytometry plots showing CD19 CAR expression (D) enzyme-linked immunosorbent assay (ELISA)-based quantification of interleukin

(IL)-15 in culture supernatant of XB-19.15 without stimulation.
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.01 versus Mock NK; #P < .05; ##P < .01 versus XB-19.0.

prolong the survival and decrease body weight loss, indicating
the reduction of disease activity (Supplementary Figs S1A,B). To
further assess long-term effect and tissue distribution of XB-
19.15, we analysed CAR DNA copies in peripheral blood, bone
marrow, spleen, and lymph nodes at days 8, 29, 43, and 56 post
infusion (n = 10 for each timepoint; Fig 3D). CAR DNA copies
increased during the first 4 weeks and remained stable through
8 weeks in both peripheral blood and lymphoid organs (Fig 3E),
suggesting the long-term persistence and well tissue penetration
of XB-19.15.

Moreover, we evaluated the in vivo function of XB-19.15 in a
CD34+ haematopoietic stem cell (HSC) humanised NDG xeno-
graft model. NDG mice with humanised CD45+ HSC greater
than 25% in peripheral blood were selected and randomised
into 3 groups which received vehicle, low-dosage (1 x 107 cells),
and high-dosage (2 x 107 cells) XB-19.15 in day 0, respectively
(n = 5 for each group) (Fig 3F). In initiation, CD45+ cells indi-
cated nonsignificant difference among these 3 groups (Supple-
mentary Fig S1C). After infusion, both treatment groups
exhibited sustained B-cell depletion until day 14, with high-
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dosage group indicating more robust B-cell clearance on day-1
and day-4 than low-dosage group (Fig 3G). At day 21, B-cell
reconstitution occurred in both groups that received CAR-NK
cells. XB-19.15 cells were also monitored during the follow-up.
From day 7, XB-19.15 was detected to gradually decrease in
peripheral blood and turned negative on day 21, consistent with
previous results of B-cell recovery (Fig 3H).

Safety and tumorigenicity evaluation of XB-19.15

To address the long-term safety concern of XB-19.15, we con-
ducted a tumorigenicity evaluation both in vitro and in vivo. In
the soft agar colony formation assay, no colony formation was
observed in both low-, middle-, or high-dose group until day 21,
while Hela cells in the positive control group indicated clear col-
ony proliferation (Supplementary Fig S2A). Furthermore, a sub-
cutaneous tumorigenicity assay was performed via a single
injection of XB-19.15 into NOG mice. Over a 112-day observa-
tion, no tumour formation was observed in various tissues
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through histopathological examination in the XB-19.15 group
(Supplementary Fig S2B).

XB-19.15 indicated promising therapeutic benefits in the SLE
PBMC xenograft model

To evaluate the therapeutic efficacy of XB-19.15 cells in SLE,
PBMC from active patients with SLE were injected into NSG
mice to establish a xenograft model. The NSG mice were divided
into 3 groups: vehicle control, single-dose group, and delayed
double-dose group; n = 5 for each group. The control and sin-
gle-dose group received an infusion 1 day after establishing the
mouse model. To fully understand the efficacy of XB-19.15 dur-
ing disease activity accumulation, we also set delayed double-
dose group which would have injection at days 7 and 11
(Fig 4A). During the follow-up, both single and delayed double
group indicated decreased total IgG level compared to control
(Fig 4B,C), as well as anti-dsDNA antibodies (Fig 4D,E), which
indicated XB-19.15 would inhibit the disease burden of SLE
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xenograft model. At the endpoint, CD19 + B-cells, CD38 4+ CD27
+ plasmablasts, and CD138 + plasma cells of XB-19.15 treat-
ment groups were significantly decreased in bone marrow
(Figs 4F-H) and spleen (Figs 4I-K). These results suggested that
XB-19.15 exhibited a well penetration and deep depletion of B-
cells in lymphoid tissue.

Clinical efficacy of XB-19.15 in patients with refractory SLE

A phase 1 multicentre, open-label clinical trial was conducted
to evaluate the safety and tolerability of FO1 (XB-19.15 CAR-NK
cells injection) in patients with autoimmunity disease. Three
patients with refractory SLE who received at least 2 standard
regimens for SLE and biologic agents before enrolment were
included in this study (Table). One patient was allocated to the
initial low-dosage group (0.5 x 10° cells) while the other 2
patients were escalated to the high-dosage group (3 x 10° cells)
due to the absence of DLT (Fig 5A). Most AEs were mild and
manageable, including lymphodepletion-related cytopenia and
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Figure 4. XB-19.15 effectively inhibited disease burden in systemic
lupus erythematosus (SLE) peripheral blood mononuclear cells
(PBMC) xenograft model. (A) Schematic of the experimental design
(n = 5 for each group). Dynamitic changes of concentration of total
IgG (B) and area under the curve (AUQC). (C) in different groups dur-
ing follow-up. Dynamitic changes of concentration anti-dsDNA (D)
and AUC (E) in different groups during follow-up. Count of bone
marrow CD19" B-cells (F), CD38*CD27* plasmablast (G) and
CD138* plasma cells (H) at endpoint. Count of spleen CD19* B-cells
(I), CD38"CD27* plasmablast (J) and CD138* plasma cells (K) at
endpoint. *P < .05; **P < .01.
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postinfusion fever. Patient 1 experienced a COVID-19 infection 1
month after treatment but recovered promptly. No other infec-
tion was recorded in these 3 patients (Supplementary Table S1).
Patients 1 and 2 had long-term lupus nephritis, and patient 3
experienced thrombocytopenia at baseline. No CRS or ICANS
was observed in any patient. Peripheral blood test revealed that
CAR transgene copies peaked at 8 h post infusion and decreased
to below the limit of quantification within 3 days (Fig 5B).
Despite multiple CAR-NK infusions, no anti-CAR antibody was
detected during the follow-up (Supplementary Fig S3A). Com-
plete B-cell depletion was achieved by week 4, with reconstitu-
tion occurring on approximately 12 weeks in all 3 patients
(Fig 5C). T-cells and NK cells were stable during the treatment
(Fig 5D,E). As expected, serum IL-15 has a synchronous trend of
CAR-NK cell copies during follow-up as well as IFN-y (Fig 5F
and Supplementary Fig S3B). In reconstitution of B-cell
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repertoires, plasmablast and memory B-cells significantly
decreased while naive and transitional B-cells were the majority
compared to baseline (Fig 5G). Meanwhile, decreased propor-
tions of naive T-cells were accompanied by increased propor-
tions of effector T-cells within both CD4 and CD8
compartments. Specifically, CD8 " TEMRA cells were elevated
relative to baseline levels (Supplementary Figs S4A-C).

All 3 patients achieved SRI-4 (SLE responder index-4)
response, with decreased SLEDAI-2000 score and an improve-
ment in cutaneous symptoms (Fig 5H and Supplementary Fig
S5). Two patients discontinued glucocorticoids after infusion
and remained steroid-free for approximately 6 months during
follow-up. One patient reached a lupus low disease activity state
at 4 months and Definitions Of Remission In SLE remission at 6
months after treatment (Supplementary Table S2). Patient 3,
who had baseline thrombocytopenia, indicated a rapid increase
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Baseline characteristics of patients with systemic lupus erythematosus treated with XB-19.15

Patient 1 Patient 2 Patient 3
Demographics
Age (y) 31 25 27
Sex Female Female Female
Disease duration (y) 18 9 6
SLEDAI-2K 10 8 11
SELENA-SLEDAI 6 8 11
Dose level 0.5%10° cells 3%10° cells 3%10° cells
Laboratory values
White blood cells(10°/L) ~ 4.19 6.69 4.59
Lymphocytes (10°/L) 0.83 1.46 1.87
Platelets (10°/L) 239 340 70
Haemoglobin (g/L) 127 114 123
IgG (mg/dL) 8.41 14.20 15.90
C3 (g/L) 0.865 0.83 0.915
Antinuclear antibodies 1:320 1:1280 1:320
Anti-dsDNA (IU/mL) 144.7 47.63 192.6
Other autoantibodies SSA-R060, Histone  AnuA, SSA60, Histone, b2-GP1 AnuA, SSA-Ro52, SSA-Ro60, RiP, b2GP1
Proteinuria (mg/24 h) 2926.4 1829.8 51.5
Previous treatments
Glucocorticoid pulses + + +
Hydroxychloroquine + + +
Mycophenolate mofetil + + +
Cyclophosphamide + + +
Tacrolimus + + +
Belimumab + + +
Telitacicept + —
Rituximab + - -
Outcome
SIR-4 at 4 mo Response Response LLDAS
SIR-4 at 6 mo Response Response DORIS

DORIS, Definitions Of Remission In SLE; LLDAS, Low Lupus Disease Activity State; SELENA-SLEDAI, Safety of Estrogens in Lupus
Erythematosus National Assessment — Systemic Lupus Erythematosus Disease Activity Index; SLEDAI-2K, Systemic Lupus Erythe-
matosus Disease Activity Index 2000; SRI-4, Systemic Lupus Erythematosus Responder Index-4.

in platelet count within 4 weeks (Fig 5I). Although proteinuria
did not completely resolve, patients 1 and 2 demonstrated a
gradual reduction in proteinuria during the follow-up (Supple-
mentary Fig S3C). Notably, the serum IgG and C3 levels
remained in normal range after infusion, indicating a good toler-
ance of XB-19.15 (Fig 5J,K). Concurrently, no substantial
decline in protection and vaccine antibody responses was
observed during follow-up (Supplementary Figs S6A-F).

DISCUSSION

In this study, we investigated the therapeutic potential of
PBMC-derived CAR-NK cells targeting CD19, with or without IL-
15 coexpression (designated XB-19.15 and XB-19.0, respec-
tively), for treating SLE in vitro and in vivo. Our results demon-
strated that CAR-NK cells, particularly XB-19.15, exhibit
enhanced cytotoxic activity, robust immune function, and sus-
tained in vivo persistence. These findings were supported by effi-
cient B-cell clearance from peripheral blood and secondary
lymphoid tissues, and detectable NK cell presence for approxi-
mately 56 days post infusion in NOG xenograft models. These
preclinical results justified the translation of XB-19.15 into a
first-in-human clinical trial, where treatment of 3 patients with
refractory SLE demonstrated a favourable safety profile, rapid B-
cell depletion, symptom alleviation, and reduced disease activ-
ity.

Autologous CD19-targeted CAR-T cell therapy has indicated
promise in treating autoimmune diseases such as SLE by elimi-
nating autoreactive B-cells and potentially inducing long-term
remission [19—21]. However, broader clinical implementation
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is limited by complex and time-consuming manufacturing and
high cost [22—25]. Universal allogeneic CAR-NK cells offer a
potentially transformative alternative [26]. As ‘off-the-shelf’
products derived from healthy donors, CAR-NK cells eliminate
the need for individualised cell production, improve batch con-
sistency, reduce costs, and allow for flexible dosing and repeat
administration. NK cells seldom trigger graft-versus-host disease
and are associated with minimal CRS or ICANS compared to
autologous CAR-T cells [27,28]. Furthermore, CAR-NK cells
exert cytotoxicity via both CAR-dependent and innate mecha-
nisms. Clinically, allogeneic CAR-NK cells have indicated
encouraging preliminary efficacy in patients who had been
heavily pretreated in B-cell lymphoma with minimal immune-
related toxicities [18,29—31]. These early data underscore the
therapeutic potential and safety of CAR-NK strategies and sup-
port their exploration in several ongoing clinical trials of auto-
immune diseases [32,33].

In current clinical studies and investigational therapies, NK
cells used for infusion, particularly in CAR-NK, are predomi-
nantly derived from cord blood or induced pluripotent stem cells
that are more amenable to transduction, while PBMC-derived
NK cells offer critical practical advantages, including easier
accessibility, better scalability, and tighter quality control in
manufacturing [34]. Our data confirmed that PBMC-derived NK
cells (XB-19.15) can be effectively transduced with a CD19-spe-
cific CAR and expanded to clinical scale. Notably, comparative
analyses indicated that PBMC-derived CAR-NK cells possess
potent cytotoxicity, supporting their use as a viable and poten-
tially superior platform for immunotherapy development [35].
Furthermore, tissue infiltration studies demonstrated effective
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Figure 5. Patients with refractory systemic lupus erythematosus (SLE) treated with XB-19.15. (A) Schematic of treatment design. (B) Chimeric antigen
receptor (CAR) copies in treated patients over time. (C) The absolute number of circulating B-cell, (D) T-cell, and (E) natural killer (NK) cells over time.
(F) The secretion of interleukin (IL)-15 in serum after infusion. (G) B-cell repertoires between baseline and reconstitution. (H) Dynamic changes of Sys-
temic Lupus Erythematosus Disease Activity Index (SLEDAI)-2000 after treatment in 3 patients. (I) Platelet count changes of patient 3 after treatment.

(J) Serum IgG and (K) C3 quantification levels over time.

biodistribution of XB-19.15 to lymphoid organs, supporting
their role in systemic B-cell depletion—a crucial therapeutic
goal in SLE [27]. Given the short in vivo lifespan of NK cells, we
incorporated IL-15 into the CAR construct to enhance expansion
and persistence. IL-15 is known to support NK cell survival and
proliferation [36], and our findings confirmed that its inclusion
significantly enhanced cytotoxicity and persistence of XB-19.15
in vitro and in vivo, particularly under repeated stimulation
assays. This strategy may address one of the key limitations of
NK cell-based therapies and further improve their therapeutic
window [37].

To our knowledge, this is one of the first reports describ-
ing the clinical application of CAR-NK cells in patients with
refractory SLE. Treatment with XB-19.15 resulted in rapid B-
cell depletion, accompanied by improvements in clinical
symptoms and disease activity scores. Importantly, lympho-
cyte reconstitution was rapid, and IgG remained within the
physiological range, suggesting that immune homeostasis
was preserved. B-cell recovery was observed approximately
12 weeks posttreatment, mirroring kinetics reported in CAR-
T-treated patients with SLE [38]. Considering the small sam-
ple size of our study, further investigations with larger
cohorts and more advanced techniques such as single-cell
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ribonucleic acid sequencing are needed to provide a compre-
hensive understanding of the reconstitution of B-cells and
the dynamic impact of the T-cell compartment. These find-
ings suggest that dose-escalation or repeat infusion may fur-
ther enhance efficacy and prolong remission.

Despite these encouraging findings, several limitations must
be addressed. First, the clinical sample size was small, and long-
term follow-up is needed to evaluate the durability of response
and safety over time. Second, the optimal dose and treatment
schedule for XB-19.15 remain to be defined. Future trials should
explore dose-escalation strategies, multiple infusion regimens,
and combination approaches with immunomodulatory agents to
enhance efficacy and extend remission.

In conclusion, our preclinical and early-phase clinical data
support the feasibility, safety, and therapeutic potential of
PBMC-derived CAR-NK cells, particularly XB-19.15, in targeting
autoreactive B-cells in SLE. This approach offers a novel, scal-
able, and potentially safer alternative to autologous CAR-T ther-
apy and paves the way for broader development of off-the-shelf
CAR-NK cell therapy for autoimmune diseases. Continued inves-
tigation in larger clinical trials is warranted to optimise thera-
peutic protocols and fully define the clinical utility of this
emerging platform.
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Article history: Objectives: This study aims to identify salivary gland (SG) transcriptomic signatures associated
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Methods: Bulk RNA-sequencing of labial SG from exploratory Queen Mary University of London
Handling editor Josef S Smolen (QMUL) cohort (SjD [n = 55] and non specific-chronic-sialadenitis [sicca, n = 44]) and trial for

anti-B-cell therapy in Sjogren’s syndrome (TRACTISS)validation cohort (SjD, n = 29) analysed
integrating transcriptomic, clinical, serological, and histological data.

Results: Unsupervised gene clustering confirmed clear transcriptome segregation between sicca
and SjD. The most differentially expressed genes were either common to all SjD’s versus sicca or
specific to SjD’s glands with lymphocytic infiltrates with features of ectopic lymphoid structures
(ELS). In SjD, principal component analysis identified a significant proportion of variability asso-
ciated with rheumatoid factor (RF)-seropositivity, exceeding that associated with SG-ELS and
anti-Ro/Sjogren’s syndrome antigen-A (SSA) seropositivity. Transcriptomes of SjD-SG with ELS
from patients with positivity for either RF, anti-Ro/SSA, and anti-La/SSB showed mainly genes
associated with germinal centre formation. Conversely, SG without ELS from patients with
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either RF or double anti-Ro (SSA)/anti-La (SSB) seropositivity (unlike patients with seronegative
or single anti-Ro/SSA seropositivity) displayed a unique extrafollicular B-cell gene set associated
with type-I interferon (IFN), through the retinoic acid-inducible gene-I (RIG-1) endogenous
RNAs (including viral) sensing pathway and E3-ubiquitin ligases. The identified IFN genes
showed strong positive correlations with serum RF levels in 2 independent cohorts (QMUL and

TRACTISS).

Conclusions: Comprehensive SG bulk-RNA sequencing provided the first transcriptomic evidence of
distinct RF and anti-La/SSB-driven SG transcriptomic signatures in patients with SjD with
and without ELS. These findings suggest that both classical follicular and extrafollicular viral-associ-
ated responses contribute to the selection of autoreactive B-cells in the glands of patients with SjD.

INTRODUCTION

Sjogren’s disease (SjD) is a systemic autoimmune disease that
targets preferentially the exocrine glands, in particular lacrimal
and salivary glands (SG) [1], leading to dry mouth and dry eyes.
Besides exocrine symptoms, SjD can cause systemic manifesta-
tions and confer an increased risk to develop mucosa-associated
lymphoid tissue B-cell lymphoma (MALT-L) [1]. Together with
circulating autoantibodies, focal lymphocytic infiltrates in the
SG, which can acquire features of ectopic lymphoid structures
(ELS), are the hallmarks of the disease [2]. The disease pathobi-
ology and the mechanisms leading to ELS formation and MALT-
L are still poorly understood [3—6]. In addition to classical clini-
cal predictors of lymphomagenesis, the presence of circulating
rheumatoid factor (RF), anti-La/SSB, and the development of
ELS forming ectopic germinal centres (GCs) are independent
risk factors for lymphoma [7—9] with at least 40% of parotid
MALT-L arising from RF-producing B-cells [10]. While the prev-
alence of RF-seropositivity is higher in patients with SjD with
ectopic GC [11], there is evidence from experimental models of
autoimmunity that RF-producing B-cells can be activated also at
extrafollicular sites [12,13]. The definition of ELS and ectopic
GCs is based on the histopathological assessment of SG biopsies,
which is prone to the intrinsic bias of interpretation [14]; con-
versely, bulk transcriptomic profiling of SG biopsies has recently
emerged as a powerful tool to better elucidate the molecular
diversity underlying the pathogenesis of SjD [15—22]. However,
currently published studies are limited by the relatively small
number of SG biopsies analysed [23,24].

Here, we report a comprehensive analysis of the largest SG
RNAseq of SjD and non-specific-chronic-sialadenitis (sicca) to

Table
Demographic, clinical, and laboratory parameters

date. By integrating peripheral and histological biomarkers,
including independent lymphoma risk factors, we identified
novel molecular endotypes of SjD underlying disease heteroge-
neity with the potential to redefine disease taxonomy.

MATERIAL AND METHODS
Patients’ samples

Labial SG biopsies were collected after informed consent
from patients with non-specific-chronic-sialadenitis (sicca)
(n = 44) or SjD (n = 55), according to the 2016 American Col-
lege of Rheumatology (ACR)/European League Against Rheu-
matism (EULAR) classification criteria [25]. The study was
approved by the ethics committee: REC 05/Q0702/1-Rheuma-
tology/Oral medicine clinic-Queen Mary University of London
(QMUL). The demographic, clinical, and histological character-
istics are summarised in Table. Of the 99 SG samples, 6 were
excluded (5 due to buccal tissue contamination and 1 due to a
diagnosis of lymphoma). The histology/bulk RNAseq from base-
line SG labial biopsies (n = 29) from the TRACTISS randomised
clinical trial cohort was used as a validation cohort [26].

Histological assessment of labial SGs

For histological analysis, formalin-fixed and paraffin-embed-
ded tissue sections were used (3 ym). Focus score was calculated
on haematoxylin/eosin staining using digital image analysis as
previously described [27]. The inflammatory infiltrate identifi-
cation and organisation were based on the immunohistochemis-
try/fluorescence staining for B-cells (CD20 +), T-cells (CD3 +),

Cohort Sicca (n = 42) Sjogren (n = 52) Sjogren
Sjogren ELS POS (n = 25)  Sjogren ELS NEG (n = 23)
Sex (F/M) 37F 5M 44F 8M 21F 4M 19F 4M
Age (y), mean (median) (SD) 56.62 (56.50) 13.02 55.04 (55.00) 13.26 54.88 (56.00) 14.36 54.70 (52.00) 12.23
Disease duration (y), mean (median) (SD) 4.65 (2.00) 5.34 7.26 (6.00) 6.13 5.30 (4.00) 4.70 9.00 (7.00) 7.22
ESSDAI at biopsy, mean (median) (SD) / 6.07 (5.00) 5.03 6.77 (5.50) 5.77 5.95 (5.50) 4.16
Serology
Anti-Ro (Ro/SSA) positive of total (%) 0/42 (0%) 33/52 (63.46%) 15/25 (60.00%) 16/23 (69.57%)
Anti-La (La/SSB) positive of total (%) 0/42(0%) 22/52 (42.31%) 11/25 (44.00%) 9/23 (39.13%)
Rheumatoid factor (RF-IgM) positive of total (%) 2/37 (5.41%) 26/48 (54.17%) 16/23 (69.57%) 7/21 (33.33%)
Antinuclear antibody (ANA) positive of total (%)  12/41 (29.27%) 30/38 (78.95%) 20/22(90.91%) 9/14 (64.29%)
Serum IgG (g/L), mean (median) (SD) 11.01 (11.20) 2.57 15.73 (14.00) 7.20 16.38 (14.55) 8.71 14.69 (13.50) 5.45

Serum IgA (g/L), mean (median) (SD)

Serum IgM (g/L), mean (median) (SD)

Serum C3 (g/L), mean (median) (SD)

Serum C4 (g/L), mean (median) (SD)
Histology

Focus score

ELS negative/positive/NA

2.75(2.30) 2.83
1.30(1.06) 0.80
1.29(1.31) 0.21
0.29 (0.27) 0.09

/
/

2.94(2.43)1.63
1.72(1.18) 2.31
1.23(1.20) 0.28
0.25(0.26) 0.11

1.09 (0.86) 0.99
23/25/4

3.17 (2.23) 1.97
1.91 (1.22) 3.09
1.14(1.14) 0.23
0.24 (0.23) 0.10

1.72(1.37) 1.00
/

2.77 (2.59) 1.31
1.26 (1.06) 0.64
1.31(1.25)0.33
0.27 (0.26) 0.13

0.49 (0.43) 0.49
/

ELS, ectopic lymphoid structures; ESSDAI, EULAR Sjogren’s syndrome disease activity index; NA, not available; NEG, negative; POS, positive; SSA, Sjogren’s
syndrome antigen A; SSB Sjogren’s syndrome antigen B.
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follicular dendritic cell network (FDCs) (CD21 +), and plasma
cells (CD138+), as previously described [26,28].

RNA isolation and RNA-sequencing

Labial SG lobules, stored in RNAlater solution, were extracted
with RNeasy Micro Kit (Qiagen), quantified, and checked for
integrity using Qubit-2.0 Fluorometer (Invitrogen) and TapeSta-
tion (Agilent Technologies), respectively. Total RNA (500 ng per
sample) was outsourced for bulk mRNA sequencing.

RNA-sequencing libraries were prepared with KAPA
Stranded RNA-Seq Kits with RiboErase (HMR) for NovaSeq plat-
form. mRNA was first enriched with Oligod(T) beads, frag-
mented for 15 minutes at 94°C, following first-strand and
second-strand cDNA synthesis; cDNA fragments were end-
repaired and adenylated at 3’ends, and universal adapters were
ligated to cDNA fragments, followed by index addition and
library enrichment by PCR with limited cycles. The sequencing
library was validated on TapeStation and quantified with Qubit
2.0 Fluorometer and quantitative PCR (KAPA Biosystems).
Libraries were sequenced on Illumina NovaSeq 6000, using
2 X 100 bp paired-end configuration, 50 million reads/sample.
One mismatch was allowed for index sequence identification.

Transcriptomic analysis: differentially expressed gene,
pathway analysis, enrichment, and estimating cell-type
enrichment analyses

RNA-sequencing (RNA-seq) data were analysed with R
(v.4.2.1) within RStudio (v1.2.5042). Principal component
analysis (PCA) was performed with PCAtools (v2.8.0) and
pcaExplorer (v2.22.0), identifying the most influential load-
ings using linear regression for continuous variables and
analysis of variance test for categorical variables. The
DESeq2 R-pipeline (v1.36.0) was used to extract differen-
tially expressed genes (DEGs) between sicca and SjD and
within SjD subgroups (eg, ELS+, RF+). Only protein-coding
genes were kept for the analysis, and the linear model was
adjusted using gender as a covariate, as for previous evi-
dence of gender-driven differences in SjD-SG transcriptomic
[26]. Variance stabilising transform normalised gene expres-
sion levels were used to draw heatmaps and volcano plots,
via the ComplexHeatmap (v2.6.2) and ggplot2 (V3.3.6) R
packages, respectively. Pathways and gene ontologies (GO)
associated with DEGs were derived through EnrichR (v3.0)
[29] from the GO/pathway library GO_Biological Pro-
cesses_2018. Co-expressed module genes were identified via
CEMItool (v1.20.0), using it for plotting module expression
heatmaps, interaction networks, and pathways. Cell-type
abundance in the SG was determined using xCell package
(v1.1.0) [30]. The radial volcano plots were generated as
previously reported [31]. Relative log expression counts
were Z-score normalised and mean Z-scores calculated for
the 3 pathotype groups (ELS+, ELS—, sicca) for each gene.
This 3-dimensional data were reduced to 2-dimensional polar
coordinate system analogous to colour space conversion of
red, green, blue colour space to hue, saturation, value allow-
ing the mapping of ELS+, ELS—, and sicca vectors to 3 axes
in the horizontal plane. Genes with false discovery rate
(FDR)-adjusted P value for likelihood ratio test <.05 were
considered significant. Significant genes were colour-coded
based on pairwise statistical tests using the minimum group
mean as reference. Gene signature scores were calculated
using the hacksig package (v0.1.2) [32].
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Data sharing statement

The RNA-seq data generated and analysed for the current
study are available on an interactive web interface for direct
data exploration: https://sjogren.hpc.qmul.ac.uk/. The datasets
can be downloaded from https://doi.org/10.6084,/m9.fig
share.29211473.

RESULTS
Transcriptomic profile distinguishes sicca and Sjogren’s SG

Transcriptomic profiles of labial SG biopsies from patients
with SjD and sicca were first compared, looking at the potential
molecular disease drivers. The DEGs analysis between SjD and
sicca SGs (Supplementary Table S1) identified 1749 genes upre-
gulated and 698 downregulated in SjD versus sicca (adjusted P
value < .01). In Figure 1A, the top upregulated (adjusted P value
< 107" and log2 [fold-change] > 2, coloured in gold) and
downregulated (adjusted P value < 10~° and log2 [fold-change]
< 0, coloured in blue) genes for each group are annotated. As
expected, SjD-SGs showed an upregulation of genes associated
with recruitment of immune cells, such as chemokine receptors
and their ligands (CCR7-CXCL9, CXCL13-CXCR5), and adaptive
immune cell activation (eg, CD19, CR2, FCRL3, FCRL4, IL21R,
MS4A1, PAX5, SLAMF6, TLR10), when compared to sicca SG
(Fig 1A). Activated CD4+ T-cells upregulate CCR7 expression
facilitating infiltration to the SG, where they differentiate into
Th1, Th17 cells, and T-follicular helper cells (Tfh) upon interac-
tion with B-cells (expressing CD19, and MS4A1 encoding for
CD20) recruited to the gland via the CXCL13/CXCRS5 axis. Tth
cells are pivotal to the local GC reaction that leads to B-cell
maturation and plasma cell differentiation (IL21R, PAX5, CR2,
CXCRb5) [33] within SG.

When performing over-representation analysis on the top
upregulated genes in SjD-SG transcriptome compared to sicca
(adjusted P value < .05, log2[fold-change] > 0), we found an
enrichment in pathways involving T and B-cells activation
(Fig 1B), confirming a strong immunomediated response taking
place in SjD-SG, in line with previous published RNAseq analysis
in SjD and sicca SGs [23,24]. In particular, over-representation
analysis confirmed the activation of pathways associated with
immune responses initiated by antigen-presentation via major
histocompatibility complex (MHC) molecules, which induces
lymphocytes proliferation and differentiation with mainly CD4
+ T-cell activation. Risk loci in HLA-DR and HLA-DQ regions
are known to be associated with SjD [34] and have been linked
to a loss of tolerance to self-antigens in the context of autoimmu-
nity. In our cohort as well, HLA-DRA, HLA-DRB5, HLA-DRBI,
HLA-DQA1, HLA-DQBI1, and HLA-DQB2 genes were all upregu-
lated in SjD versus sicca SG (adjusted P value <.001 and log2
[fold-change] > 1.2) (Supplementary Table S1). We also found
IL-17-related pathways among the most enriched in SjD, in line
with the role of Th17 cells in the formation/maturation of
ectopic GCs [35,36].

Genes with higher DEG in sicca group (ie, downregulated in
the SjD vs sicca comparison, adjusted P value <.05 and log2
[fold-change] < 0) were enriched in pathways associated with
negative regulation of cell-cell adhesion, O-glycan processing,
and glycoprotein metabolic processes which are necessary for
proper SG function including host-mediated defence mecha-
nisms but devoid of immune-related biological functions (Sup-
plementary Fig S1). The unsupervised clustering of the SG
transcriptomic profile, selecting genes with adjusted P value
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Figure 1. (A) Volcano plots showing differentially expressed genes (DEGs) between sicca (n = 42) and Sjogren’s disease (SjD) (n = 51) salivary gland
(SG) biopsies. Gold-coloured dots represent genes upregulated in SjD versus sicca (blue-coloured dots). Top upregulated (adjusted P value < 1074,
log2 [fold-change] > 2) and downregulated genes (adjusted P value <107>, log2 [fold-change] < 0) are annotated. The dotted line corresponds to
adjusted P value = .01. (B) Enricher over-representation pathway analysis using top upregulated genes in the SjD versus sicca comparison (adjusted P
value <.05) against the gene ontology (GO)-biological process database. Resulting enriched pathways were filtered for an enrichment-adjusted P value
< .01 (colour coded). Dot sizes are proportional to the overlap between the number of pathway-matching genes queried and those included in the
pathway. (C) Unsupervised heatmap of the most DEGs (adjusted P value <.01) from the SjD versus sicca comparison (annotated genes as in panel A),

TR,

and (D) their expression level (adjusted P value <.0001 marked as ****

<.01, shows a clear segregation between the 2 diagnoses
(Fig 1C). The same most upregulated and downregulated genes
in SjD compared to sicca annotated in Figure 1A were reported
in the heatmap in Figure 1C and the expression of selected indi-
vidual genes in Figure 1D.

Overall, these results confirm that transcriptomics profiling
involving key immune activation pathways can clearly distin-
guish SjD from sicca SGs.

Sjogren-specific genes in SG with and without ELS

The SjD-SGs were classified based on the histological evi-
dence of ELS, defined as large periductal foci (over 50 lympho-
cytes) displaying clear B and T-cell segregation and CD21 + FDC

, as calculated by DeSeq2).

network within the B-cell aggregates (Fig 2A), as originally
described by Barone et al [28]. To confirm and further quantify
differences in the SG cell infiltrate at the transcriptomic level in
sicca, SjD -ELS—, and SjD -ELS+ groups we used XCell cell-
enrichment analysis, as previously described [26]. As expected,
the SjD-ELS+ group exhibited substantial immune cell enrich-
ment compared to both sicca and SjD-ELS— SG, whereas the
SjD-ELS— group showed only minimal immune cell enrichment
relative to sicca. Notably, the enrichment of T-helper cells
observed in SjD-ELS+ was accompanied by increased memory
class-switched B-cells and activated DC, along with associated
plasma cell enrichment (Fig 2B, Supplementary Fig S2A). This
pattern reflects the development of functional GCs that support
the maturation of autoreactive plasma cells. These findings
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Figure 2. (A) Representative histological images showing semiquantitative grading for the evaluation of the aggregate organisation for the ectopic
lymphoid structures (ELS) classification. (B) Heatmap for the average xCell-score for each immune cell types for sicca, Sjogren’s disease (SjD)-ELS +,
and ELS— salivary glands (SGs). (C) Volcano plot showing differentially expressed genes (DEGs) in SjD between ELS— and ELS + SG biopsies. DEGs in
ELS+ versus ELS— are shown above the dotted line corresponding to adjusted P value = .05. In addition, significant genes were colour-coded based
on pairwise statistical tests using the minimum group mean as reference. Genes which were significantly upregulated in one group alone were col-
oured using red for SjD-ELS+ (n = 22), green for SjD-ELS— (n = 21) and blue for sicca (n = 42). Genes upregulated in 2 groups compared to the min-
imum reference group were depicted using gold for ‘SjD-ELS + & ELS-’ (vs sicca) and cyan for ‘SjD-ELS— & sicca’ (vs SjD-ELS +). Nonsignificant genes
were coloured in grey. Significant genes for the pairwise tests with adjusted P value <.05 and |log2(fold-change)| > 1 were annotated and plotted in
solid colours. (D) Three-way volcano plot of DEGs between ELS+ SG, ELS— SG and sicca groups. Vectors for pathotype mean Z-score per gene were
projected onto a polar coordinate space. SjD-ELS +, SjD-ELS— and sicca SG vectors are mapped to 3 axes (POS, NEG, and Sicca, respectively), using
polar coordinates in the horizontal plane. Colour-coding as described in (A). (E) Unsupervised heatmap with DEGs (adjusted P value < .05, fold change
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confirm the expected cellular infiltration between ELS+ and
ELS— SjD SG [2], further validating the reliability of transcrip-
tomic cell-enrichment analysis.

We then compared the SG transcriptomic profile of the 3
groups (SjD-ELS+, SjD-ELS— and sicca) using FDR-adjusted
likelihood ratio test and pairwise group tests for differential
expression, as previously reported [31]. In Figure 2C, DEGs
between SjD-ELS+ and ELS— are visualised using a standard
volcano plot and colour-coded based on the multiple pairwise
comparison (ELS+ vs sicca and ELS— vs sicca volcano plots are
reported in Supplementary Fig S2B). However, due to the 3-way
nature of the analysis, visualisation on 2 axes makes data inter-
pretation difficult. In alternative, a radial geometry was used to
visualise the 3-way comparison. By doing so, the polar angle of
each gene directly conveys the degree to which a gene is associ-
ated with one or more groups (SjD-ELS +, SjD-ELS—, and sicca,
DEGs for each pairwise comparison in Supplementary Table S2).
This analysis showed that only few genes were specific for ELS—
SjD-SG, whereas a greater number of genes were specifically
associated to ELS + SjD glands (Fig 2D). Interestingly, a substan-
tial number of genes were jointly upregulated in both ELS+ and
ELS— comparisons, highlighting the presence of a gradient in
the level of inflammation within the SjD-SG progressing from
sparse unorganised infiltrates (ELS-) to fully formed ectopic
GCs. This is also evident when plotting the heatmap for the
DEGs for the various pairwise comparisons (adjusted P value
<.05 and |log2(fold-change)|>1), where the ELS+ and sicca
SG form separate clusters with ELS— SG lying between the 2
(Fig 2E).

When running the over-representation analysis using the
most DEGs for the various pairwise comparisons among SjD-
ELS+, SjD-ELS—, and sicca, we observed further evidence of
this ‘continuum’ among SjD biopsies. Genes differentially
upregulated in SjD-ELS+ versus SjD-ELS— and sicca indi-
cated an enrichment in the type-II interferon (IFN-y) path-
way, along with T-cell recruitment and activation associated
with a Thl polarisation (Fig 2F). Type-II interferons were
reported alone and/or in combination with IL-21 in SG of
patients with SjD by T-follicular helper and T-peripheral
helper cells in ELS+ SjD-SG [5]. However, the pathways
upregulated in SjD (ELS+ and ELS—), compared to sicca,
confirmed the role of type-I interferons as initiator of innate
immune response in SjD-SG. In fact, the type-I interferon
(IFNa and IFNp) pathways were the most upregulated in
SjD. Type-I interferons are produced by all body cells upon
interaction with microbial or self-nucleic acids with mem-
brane-bound or cytosolic pattern-recognition receptors,
driving T-cell recruitment and activation first, followed by
B-cells, a process well known from the histological [26] and
transcriptomic analyses of SjD-SG [23,24].

Of note, when comparing the SG transcriptomic profile of the
SjD groups using the focus score (FS), to compare the degree of
similarity with the ELS classification, only a partial overlap in
the DEGs was observed. As previously reported [11], ELS+ SjD-
SG displayed significantly higher FS values compared to ELS—
SjD (Table and Supplementary Fig S3A). As expected, although
an enrichment in B-cell related gene expression was observed
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with the increasing FS (Supplementary Fig S3B-E), GC-related
genes were better captured by the ELS classification (Fig 2C)
compared to the FS classification reflecting the different nature
of the 2 classifications with the FS purely assessing focal aggre-
gation while ELS classification also assessing B/T-cell position-
ing and development of ectopic GC.

We next used the CEMItool R-package to perform weighted
Gene Co-expression Network Analysis across the 3 groups (sicca,
SjD-ELS— and SjD-ELS +) to identify unique and/or shared gene
modules across the spectrum of the SjD and sicca SGs. CEMItool-
identified 7 modules across the dataset (Fig 3A), and an interac-
tion network graph analysis was run for the modules specifically
associated with SjD-ELS+ (M1), SjD (ELS+ and ELS-) (M7),
and sicca (M6) SGs (Fig 3B). Network analysis of module M1
(SjD-ELS +) showed interactions among genes involved in B and
T-cell receptor signalling and maturation (eg, CD79A, CD79B,
CARD11, SCIMP, and TIGIT). In module M7, enriched in both
ELS— and ELS+ SjD-SG compared to sicca, network analysis
highlighted several interactions associated with antiviral
response and type-I interferon-related genes (eg, IRF7, MX1,
DDX58, DDX60, OAS1-3, and TRIM22). For module M6, specific
to sicca SG, the top interactions were with genes linked to epi-
thelial damage (eg, LCN2, S100A2) and homeostasis (eg,
TGFB2, MUC1, ERMP1, and CLDN1). The identified gene mod-
ules were run against the gene ontology (GO) biological process
database using Enrichr. Over-representation analysis further con-
firmed the activation of type-I interferon and antiviral responses
pathways for module M7, whereas for module M1, enriched
exclusively in SjD-ELS+ SG, the analysis highlighted pathways
linked to adaptive immune response activation. The modules
enriched in sicca (eg, M6) were associated with pathways linked
to the mechanisms regulating the secretory capacity (Fig 3C).
These findings align with the DEGs analyses shown in Figure 2.

Sjogren’s patients seropositive for RF show a distinctive SG
transcriptomic profile

The transcriptome analysis was next restricted to the SjD-SGs
only. The PCA was performed to assess the strength of associa-
tion of clinical, laboratory and histopathology features with the
principal components generated from the SjD-SG dataset. Of
note, the analysis identified a significant association between
serum RF positivity (IgM isotype) and the first principal compo-
nent (PC1, accounting for 34.2% of the variation in the data).
Conversely, anti-Ro/SSA positivity was significantly associated
with PC4, which contributed only 5% of the variation (Fig 4A).
Neither the presence of ELS nor FS grading significantly influ-
enced SG transcriptomic PCs. PCA loading analysis for PC1
showed that the top loading genes were linked to B-cell recruit-
ment, differentiation and activation in the GC reaction (eg,
PAX5, CXCL13, and MS4A1), and to type-I IFN activation
(Fig 4B, left side) upon mononuclear cell infiltration (eg, FCRL1,
2, 3 and 5, MMP9, PARP15) [37]. Fc-receptor ligands (FCRL) are
preferentially expressed in mature B-cells, with FCRL 2, 3, and 5
mainly upregulated on clonal CD21—/low marginal-zone B-
cells. Matrix metalloproteinase-9 (MMP-9) was described as
upregulated in SjD-SGs, where an imbalance between MMPs

> 1) from the 3-way comparisons between sicca, SjD-ELS— and SjD-ELS +. The distance between cluster pairs is defined as the Euclidean distance,
complete clustering. (F) Enricher over-representation pathway analysis using top upregulated genes (FDR-adjusted P value <.05, 1og2FC > 1) in ELS+
and ELS— group (top) and in ELS+ only group (bottom) against the gene ontology (GO)-biological process database. Resulting enriched pathways
were filtered for an enrichment-adjusted P value < .01 (colour coded). Dot sizes are proportional to the overlap between the number of pathway-

matching genes queried and those included in the pathway.
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Figure 3. (A) Plot of the normalised enrichment score (NES) for expressed gene modules as generated by CEMItool in sicca and patients with Sjogren’s
disease (SjD) with histological presence (POS) or absence (NEG) of ectopic lymphoid structures within salivary gland (SG) biopsy (size and colour of
the dots proportional to the NES). (B) Interaction network graph for selected modules (M1, M6, M7). Labelled genes represent the most connected
genes (hubs). Blue labels genes are those originally part of the module, while red labels indicate adjacent genes connected by network interaction.
The size of the node is proportional to its degree of connectedness. (C) Enricher over-representation pathway analysis using CEMItool-identified
module genes against the gene ontology (GO)-biological process database. Resulting enriched pathways were filtered for an enrichment-adjusted
P value < .01 (colour coded). Dot sizes are proportional to the overlap between the number of pathway-matching genes queried and those included in

the pathway.

and their inhibitors is associated with acinar damage [38]. Addi-
tionally, type-I IFN has been reported to induce PARP9 expres-
sion, which, along with PARP15, stimulates CXCL10, thereby
promoting mononuclear cell infiltration in SjD [39]. PCA load-
ing analysis for PC4 and their expression level are reported in
Figure 4B (right side), and Supplementary Fig S4A.
Furthermore, the genes identified as top loadings of PC1
were significantly upregulated in SG of RF-seropositive versus
seronegative SjD patients (Fig 4C), but not in Ro/SSA or La/SSB
seropositive versus seronegative patients (Fig 4D). Interestingly,
and in line with the findings above, RF seropositivity appeared
to better cluster the PCA plot when compared to histological
positivity for ELS in the SG, or anti-Ro/SSA and anti-La/SSB
autoantibodies (Fig 4E and Supplementary Fig S4B).

Autoantibody seropositivity and ELS define SG gene signatures of
functional GC and extrafollicular responses

Building on the above observations, we sought to understand
whether seropositivity for RF and other SjD-associated autoanti-
bodies was dependent on the SG-ELS or if both ELS-dependent
and ELS-independent gene signatures could be identified in the
SjD-SG.

Notably, in the present cohort, 40% of patients with SjD
exhibit overlapping seropositivity for RF, anti-Ro/SSA, and anti-
La/SSB, with complete overlap between anti-Ro/SSA and anti-
La/SSB positivity. Most of these patients show reactivity to both
anti-Ro52 and anti-Ro60 (Fig 5A,B, Supplementary Table S3).
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We analysed the gene expression of patients with SjD strati-
fied by the combined ELS and autoantibody seropositivity. The
RF seropositivity and histological evidence of ELS defined 4
groups: ELS+ /RF+, ELS-/RF+, ELS—/RF—, and ELS+ /RF—.
The same was applied for anti-Ro/SSA and anti-La/SSB seroposi-
tivity (Fig 5C,D).

The average expression of selected genes identified through
interaction analysis (top interactor for modules M1 and M7 in
Fig 3), as well as genes associated with humoral response, B/T-
cell interaction, and GC formation, was plotted across the SjD
subgroups. The number of DEGs identified from these group
comparisons is summarised in Supplementary Figure S5A,B.

Within the ELS+ subset, a gene signature typical of func-
tional GC (eg, IL21, CD4, CR2, LTB, CXCR5, AICDA, CD40) clus-
tered with RF seropositivity (also observed with anti-Ro/SSA
alone and, to a lesser extent, dual anti-La/SSB and anti-Ro/SSA
seropositivity) (Fig 5C,D, Supplementary Fig S5C). Notably,
cell-enrichment analysis showed the highest cellular enrichment
(primarily DC, T-helper and class-switched memory B-cells) in
patient with SjD with both RF seropositivity and ELS within
SGs, compared to those with either ELS or RF alone (Supplemen-
tary Fig S5D,E). This supports the association between RF posi-
tivity and ectopic GC activity within ELS + SGs.

By contrast, RF-seropositive SjD patients without ELS exhib-
ited a distinct gene signature characterised by the overexpres-
sion of genes involved in endogenous RNAs (including viral)
sensing through the retinoic acid-inducible gene-I (RIG-I) path-
way (DDX58, DHX58), activation of E3 ubiquitin ligase activity
(TRIM25, TRIM56, TRIM22), and downstream interferon-
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Figure 4. (A) Tile plot displaying the association between the top 10 principal components (PCs) of transcriptomic data and clinical variables. Black
outlined tiles show significant correlations (adjusted P value<.01). (B) Top (red) and bottom (blue) loadings plot for the 20 genes that have the largest
effect on PC1 and PC4. (C, D) Boxplot for the normalised expression levels of the top 5 (red) and bottom 5 (blue) loading genes for PC1 in patients
with SjD, compared by rheumatoid factor (RF) seropositivity (C) or anti-Ro/SSA and anti-La/SSB seropositivity (D). Adjusted P value, as calculated by
DeSeq2, is shown (* = adjusted P <.05, ** = adjusted P <.01, *** = adjusted P <.001, *** = adjusted P <.0001, ns = not significant). (E) Scatterplot
for PC1 and PC2 colouring by groups for RF-seropositivity (top panel) or ectopic lymphoid structures (ELS) presence (bottom panel). Ellipses show

95% confidence interval of the distribution of every group.

induced antiviral responses (IRF7, STAT2, PARP14, OASS3,
RSAD2, MX2, and RNF213) (Fig 5C,F, Supplementary Fig S5C).
Cell-enrichment analysis showed an intermediate SG transcrip-
tomic profile, marked by the enrichment of both activated DCs
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and switched memory B-cell compartments, suggesting an alter-
native RF-driven response independent of ELS (Supplementary
Fig S5D-E). Consistently, type-I IFN gene module was closely
associated with RF positivity, irrespectively from ELS status,
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Figure 5. Venn diagram showing the seropositivity overlap of (A) rheumatoid factor (RF) with anti-Ro/SSA and anti-La/SSB, (B) anti-Ro/SSA and
anti-La/SSB, and between anti-Ro52, anti-Ro60 and anti-La/SSB. (C, D) Heatmaps for the average normalised expression of genes upregulated in
Sjogren’s disease (SjD)-salivary glands (SGs) and the most connected genes from CEMItool modules M1 and M7 interaction analysis, grouped by histo-
logical evidence of ectopic lymphoid structures (ELS) combined with RF seropositivity (C) or anti-La/SSB and anti-Ro/SSA seropositivity (D). Correla-
tion matrix of the top 20 genes (false discovery rate [FDR] < 0.05) correlating positively and negatively with (E) serum RF titre and (G) IgG level. The
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representation of genes (highlighted in red the genes from correlations in [E]) involved in viral sensing through the retinoic acid-inducible gene-I
(RIG-I) pathway and downstream activation of type-I interferon (IFN)-induced and type-I IFN-regulating genes. (H, I) Representative plots of selected
correlations (positive correlations in red and negative correlations in blue) shown in the correlation matrixes (E, G).

1830



while type-II IFN gene module appears to be influenced primar-
ily by the presence of ELS (Supplementary Fig S6A,B).

Stratifying patients according to the combined RF seroposi-
tivity and ELS presence uncovered a previously undescribed SG
gene signature strongly associated with RF or dual anti-La/SSB
and anti-Ro/SSA seropositivity, but not anti-Ro/SSA alone,
which appeared entirely independent from ELS.

To confirm the identified genes linked to a follicular and
extrafollicular autoreactive B-cell responses, an unbiased
approach was applied. We looked for the top 20 genes with the
strongest positive and the negative correlation with serum RF
titre and with IgG level (Fig 5E-I). The interferon-regulating
antiviral response genes (DDX58 and its homologue DHX5S,
MX2, TRIM25) showed the strongest correlation with serum RF
titre (Fig 5E,H). Conversely, TENT5C and FCLR4, which primar-
ily drive T-cell independent B-cell response, emerged as the
most positively correlated with circulating IgG levels (Fig 5G,I),
further supporting the identification of an extrafollicular intra-
SG B-cell activation, alongside the classical follicular response in
ectopic GCs.

To validate the above findings from the single-centre QMUL
cohort, we performed a similar analysis in a validation cohort,
looking at patients with SjD recruited in the multicentre TRAC-
TISS trial for which SG transcriptomic (bulk RNAseq) from base-
line (ie, pretreatment) SG biopsies was available (extended
TRACTISS-bulk RNAseq cohort’s details are published in [26]).
Because anti-Ro/SSA positivity was an inclusion criterion in the
TRACTISS trial, the analysis focused on confirming the associa-
tion/correlation of the identified SG genes with RF titres, IgG
levels, and dual anti-La/SSB and anti-Ro/SSA seropositivity.
The positive correlation between interferon-regulating antiviral
response genes (TRIM25, DDX58, PARP14, IRF7, and OAS3), as
well as genes associated with interferon-induced, toll-like recep-
tor (TLR)-mediated extrafollicular B-cell response (TENT5C and
FCRL4), with RF titres, anti-La/SSB seropositivity, and IgG (but
not IgA or IgM) levels was independently confirmed (Fig 6A-C).

The transcriptome of target tissues in autoimmune disorders,
including SG biopsies in SjD, has the potential to elucidate the
heterogeneity underlying the pathophysiological processes lead-
ing to the typical histopathological lesions observed during
autoimmune responses [23,24]. Hereby portraying the tran-
scriptomic profile of labial SG biopsies stratifying patients for
the degree of lymphoid aggregates organisation and the pres-
ence of typical circulating autoantibodies, we identified previ-
ously unreported transcriptomic clusters selectively associated
with clinically relevant peripheral and histological biomarkers.

The pathophysiological role of ELS as local niches for matura-
tion and differentiation of autoreactive B-cells in autoimmune
conditions, such as SjD, is well recognised [2]. In SjD, ELS for-
mation within SG and their functional maturation in ectopic
GCs correlate with B-cell hyperactivity, local autoimmunity, and
a potentially pathogenic humoral immune response. The defini-
tion of ELS and their association with circulating autoantibodies
in SjD has so far relied on SG histopathology [11], which bears
significant limitations which have hindered its clinical relevance
as a reliable tool for patients’ stratification [14]. Conversely,
molecular pathology analysis through bulk RNA-sequencing
applied to rheumatic conditions such as rheumatoid arthritis
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(RA) synovial tissue proved vastly superior to histopathology in
defining disease heterogeneity and taxonomy [31] as well as
informing clinical response to targeted therapies through molec-
ular pathology stratification [40,41].

The present transcriptomic analysis (bulk RNA-sequencing)
of 99 SG tissues was first performed using 3-way comparison of
the sicca and SjD-SGs, with the SjD group further subclassified
on the histological evidence of ELS (absence or presence), then
combined with autoantibody seropositivity. Of note, only few
genes emerged differentially expressed specifically in SjD-SGs
without ELS compared to patients with sicca, whereas a greater
number of DEG in SG with ELS were jointly upregulated in both,
showing a gradient of increased expression from absence to a
proper organisation of the inflammatory aggregates into ELS in
SjD-SGs. This likely reflects the progressing evolution from
sparse T-cells to highly organised B-cell rich follicles typical of
ELS [26]. Despite any attempt at a dichotomic classification for
the presence or absence of ELS, each group bears inevitably a
certain degree of heterogeneity; accordingly, the application of
the marker-gene-based approach that we reported here con-
firmed the variability in the relative content of infiltrating
immune cell subsets in line with a gradient of immune cell orga-
nisation which is difficult to appreciate by SG histopathology.

Surprisingly, when we restricted our analysis to SjD-SGs to
identify drivers of transcriptional heterogeneity, the PCA identi-
fied serum RF as the variable responsible for the largest variance
in the SjD-SG transcriptomic, rather than FS, ELS or other sero-
logical markers (eg, anti-Ro/SSA). This suggested that the
nature of the autoreactivity of the infiltrating cells, rather than
their histological organisation, defined either as total aggrega-
tion (FS) or as lymphoid organisation (ELS), is a primary driver
of molecular heterogeneity. Looking at the genes responsible for
most of the variance (PCl loadings), the genes were mainly
linked to B-cell differentiation, recruitment, and activation
(PAX5, CXCL13, MS4A1l), alongside Fc receptor-like (FCRL1,
FCRL2, FCRL3, FCRL5) proteins. While FCRL proteins are prefer-
entially and differently expressed in mature B-cells at various
differentiation stages, FCRL proteins 2, 3, and 5 are increased on
clonal CD217¢8/1o marginal-zone B-cells [42]. This is of particu-
lar interest, as MALT lymphoma in SjD arises from post-GC B-
cells with a marginal-zone phenotype often bearing RF autoreac-
tivity [10]. RF seropositivity was also associated with the high-
est cellular enrichment (dendritic cells (DC), T-helper, and class-
switched memory B-cells) and a cluster of GC-related genes in
patients with SjD with combined RF seropositivity and ELS. This
evidence confirms previous meta-analysis identifying RF sero-
positivity as the main peripheral biomarkers associated with
ectopic GCs in SjD-SG [43]. When analysing the ELS + popula-
tion further stratified for autoantibody seropositivity, we dem-
onstrated that ELS + with either RF, anti-Ro/SSA alone and to a
lesser extent dual anti-La/SSB and anti-Ro/SSA seropositivity
show a strong expression of genes typically involved in func-
tional T-cell dependent ectopic GC responses (IL21, CR2, LTB,
CXCR5, AICDA, CD40, and CD4). On contrary, seronegative SjD
with ELS displayed a SG gene profile compatible with immature
follicular responses. Whether these represent evolutionary
stages of ELS remains unclear and would require longitudinal
studies.

The most novel and interesting observation of our studies
was the identification of an SG gene signature strongly associ-
ated with RF and anti-La/SSB seropositivity which appears inde-
pendent from follicular B-cell response and driven by a unique
set of genes associated with endogenous RNAs (including viral)
sensing through the RIG-I pathway and downstream activation
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Figure 6. TRACTISS-validation cohort. (A) Correlation matrix and (B) lollipop plots showing the correlation of salivary gland (SG) gene expression
with serum rheumatoid factor (RF) titre, IgG, IgM, and IgA level. In the correlation matrix, the size of the circle encodes for the magnitude of each cor-
relation, while the colour of the dot denotes the value of the Pearson’s correlation coefficient (r). The P values are adjusted for multiple testing with
false discovery rate (FDR) correction and are shown within the dots, when statistically significant. (C) Individual correlation plots of selected genes
and serum REF titre, IgG, IgA, and IgM level. Pearson correlation coefficient (r), P value, and the P value for regression linear model are shown. The box-
plots show the median values for each gene in SjD-SGs segregated for anti-La seropositivity. The vertical size of the boxes is the interquartile range
(IQR). The P value of unpaired Wilcoxon tests is shown on top of each boxplot.

of type-I IFN-induced/regulating genes. Although virus-driven
responses could not be directly assessed, the RIG-I pathway is
involved in sensing endogenous RNAs and also plays a role in
viral RNA recognition, with viral involvement considered a
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potential factor in SjD pathology. RIG-I and its homologue
(encoded by DDX58 and DHX58 genes, respectively, both highly
correlated with RF and anti-La/SSB), together with MDAS and
LGP2, is part of a family of key cytosolic sensors of virus



infection recognising primarily viral RNAs by sensing 5’ triphos-
phate groups through the helicase and carboxy-terminal
domains [44,45]. RIG-I is strongly expressed in epithelial and
infiltrating immune cells in the SG of patients with SjD [46] and
mediates the downstream transcriptional activation of type-I
IFN and other genes involved in the antiviral host response
through activation of its aminoterminal CARD domain [47].
Remarkably, several genes encoding key proteins downstream
of the RIG-I signalling pathway were also selectively upregu-
lated in the SG of patients with SjD with seropositivity for RF or
anti-La/SSB. Among these, DExD/H-box helicase 60 (DDX60)
promotes RIG-I-dependent antiviral IFN and IFN-stimulated
genes induction [48], while tripartite motif 25 (TRIM25), an E3
ubiquitin ligase, is required for the K63-linked ubiquitylation of
the RIG-I CARD [49], necessary for downstream signalling via
TBK1/IKKe leading to activation and nuclear translocation of
IRF3 and IRF7 and the transcription of type-I IFNs and other
IFN-stimulated genes [47]. Closely linked to RIG-I, we showed a
strong association between RF and double anti-La/SSB and anti-
Ro/SSA seropositivity with oligoadenylate synthetases (OAS)1
and OAS3, which, upon activation by cytosolic dsRNA, catalyses
the synthesis of 2°-5’- oligoadenylates, which activates the viral
restriction endoribonuclease RNaselL [50]. The association
among extrafollicular responses, upregulation of type-I IFN, and
an RF-driven signature in the SjD-SG is of particular interest
since RF+ B-cells are strongly activated by dual engagement
(cross-linking) between the B-cell receptor (BCR) and TLR7/
TLRO leading to increased B-cell proliferation and autoantibody
production [51] and type-I IFN is able to enhance TLR7 and
TLR9 expression and responsiveness in normal and autoreactive
B-cells via the IFNAR2 receptor [52,53]. The presence of extra-
follicular pathways driving B-cell autoreactivity in SjD SG is fur-
ther demonstrated by the strong correlation between circulating
autoreactive IgG responses with TENT5C and FcRL4 gene
expression in both QMUL and TRACTISS SG-RNAseq datasets.
Both gene are intimately involved in BCR-mediated and extrafol-
licular B-cell responses whereby TENT5C promotes antibody
production by the polyadenylation and stabilisation of immuno-
globulin mRNAs [54], and is strongly upregulated by selective
TLR signalling. Accordingly, knocking-out of TENT5C in B-cells
leads to decreased serum IgG concentrations and diminished
humoral responses upon immunisation with thymus-indepen-
dent antigens [55]. FcRL4 is expressed by a subset of memory B-
cells located in close association with epithelial cells at mucosal
sites which typically fail to proliferate in response to BCR liga-
tion [56]. Interestingly, FcRL4 is strongly upregulated upon
TLR9 signalling and enhances TLR-mediated activation upon
binding of soluble IgA, thus, switching from adaptive to innate
signalling in response to chronic antigenic stimulation [57]. In
SjD-SG, the majority, if not all, of the intraepithelial B-cells,
including those in advanced prelymphomatous lymphoepithelial
lesions express FcRL4, indicating a possible role in driving early
stages of B-cell lymphomagenesis in SjD.

In summary, our work suggests that molecular classification
of SjD-SG, combined with known peripheral and histological
biomarkers, can refine SjD disease taxonomy highlighting novel
and heterogeneous molecular pathways driving disease in differ-
ent subsets of patients. Using this approach, we provided the
first transcriptomic-based evidence at the molecular level of the
coexistence of follicular and an extrafollicular responses driving
autoreactive B-cells within the SG of patients with SjD. While, as
expected, follicular responses in patients with seropositive SjD
were associated with functional GC gene signatures, we unrav-
elled a novel disease endotype characterised by extrafollicular
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responses strongly and selectively linked to RIG-I endogenous
(including viral) RNAs sensing and downstream type-I IFN acti-
vation which appear to drive ELS-independent RF and anti-La/
SSB humoral autoimmunity. These novel molecular portraits,
which appear strongly linked to known independent lymphoma
risk factors, once validated in longitudinal cohorts and in
response to therapeutic intervention may inform patient
stratification and prediction of disease evolution and
response to treatment.
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proteins (DEPs) between groups by fitting linear mixed effects models and associated DEPs with
validated disease activity measures. We assessed for cell/tissue specificity using the Human Pro-
tein Atlas and JDM muscle single nuclei and skin single-cell transcriptomic datasets. Differences
within MSA subgroups were also analysed.

Results: We uncovered persistent dysregulation of innate immune activation, cell death, and redox sig-
nalling at 6 months despite multidrug immunosuppression. By leveraging tissue and cell-specific pro-
teomes, we identified overrepresentation of circulating endothelial proteins associated with disease
activity and verified endothelial cell marker expression in JDM muscle and skin. We discovered path-
ways associated with MSA subtypes that reflect JDM phenotypes. NXP2+ JDM-associated proteins
reflected angiogenesis and extracellular matrix remodelling and were expressed in endothelial cells and
fibroblasts. MDA5 + JDM was associated with circulating type III interferon and surfactant proteins.
Conclusions: These proteomic findings will inform future biomarker and treatment development

considering the unique tissue- and autoantibody-associated inflammation in JDM.

WHAT IS ALREADY KNOWN ON THIS TOPIC

e There are multiple emerging inflammatory and interferon-
related disease activity biomarkers in juvenile dermatomyositis
(JDM); however, there is still a limited understanding of molec-
ular mechanisms underlying disease heterogeneity and organ-
specific inflammation as well as a limited repertoire of bio-
markers to monitor lower levels of disease activity and vascular
health in patients with JDM posttreatment.

WHAT THIS STUDY ADDS

» This exploratory proteomics study in a diverse, multicentre
North American cohort of 56 newly diagnosed patients with
JDM with 24 paired 6-month follow-up samples uncovered mul-
tiple persistently dysregulated biological pathways not targeted
by current treatments, including redox, innate immune, protea-
somal, cell death, and DNA damage repair signalling. By leverag-
ing JDM single-cell datasets, candidate tissue and cell-specific
proteins were identified for muscle, skin and endothelial cells,
with endothelial-specific markers being over-represented in the
group of global disease activity-associated proteins. Through
analysing patient samples by myositis-specific autoantibody sta-
tus, specific proteomic signatures were identified for NXP2+
and MDAS5 + JDM reflective of clinical phenotypes.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

* These findings highlight the complex, multiorgan biological path-
way dysregulation contributing to JDM disease heterogeneity, tis-
sue-specific inflammation, and persistent disease activity, laying
the groundwork for alternate treatment targets and biomarkers as
well as precision medicine care for patients with JDM.

INTRODUCTION

Juvenile dermatomyositis (JDM) is a heterogeneous immune-
mediated disease characterised by muscle weakness, rash, and
vasculopathy. Children with JDM often have refractory disease,
with patients experiencing chronic muscle weakness, persistent
rashes, and long-term disability [1]. Reliable, individual, and tis-
sue-specific biomarkers to monitor disease activity are lacking.
Currently, blood biomarkers used to assess clinical disease activ-
ity, such as creatinine kinase (CK) and lactate dehydrogenase,
reflect only muscle involvement and are often unreliable [2,3].
Other clinically available biomarkers, including von Willebrand
factor antigen and neopterin, have variable prevalence and myo-
sitis-specific autoantibody (MSA) association [4—7]. While
many studies have demonstrated a high interferon (IFN) signa-
ture in JDM [8—12] associated with increased disease activity
[8,10,11,13], these IFN markers may not accurately reflect
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ongoing inflammation in patients with chronic/treatment-
refractory disease or low disease activity [9,14]. A subset of
patients also has an incomplete response to IFN-pathway target-
ing [15]. To improve outcomes for children with JDM, identifi-
cation of biomarkers reflective of biological pathways that
encompass the complexity of JDM multiorgan pathophysiology
and also a personalised approach to disease management linking
disease pathophysiology to phenotype is imperative.

The peripheral blood transcriptome does not generally reflect
tissue-specific information [16]; thus, several groups have utilised
proteomics to investigate candidate disease activity markers [17
—19]. These studies have corroborated serum biomarkers associ-
ated with systemic inflammation, such as CXCL10 and CXCL11
[17,20—22], identified galectin-9, CXCL10, and TNFR11 as predic-
tors of poor treatment response [21,22], and found anti-MDAS spe-
cific upregulation of type I IFN and proteasome pathways [18].
Investigations of endothelial-specific proteins have also identified
VCAM-1, ANGPT2, and sVEGFR-1 (FLT-1) as disease activity bio-
markers [21,22]. Recently, proteomic analysis utilising a larger,
multiplexed immunoassay of 282 proteins in JDM serum detected
high expression of MMP3 and GDF15 and identified IL1RL1 as a
candidate global disease activity biomarker [19]. Another study
applying a combined transcriptomic and proteomic analysis identi-
fied a prominent neutrophil degranulation signature in JDM [23].

Although these studies provide important clues to JDM patho-
physiology, they were often constrained by low sample size, geo-
graphic homogeneity, low disease activity state with concurrent
immunosuppression, or analysis of a limited number of proteins.
Furthermore, contextualising the cell- and tissue-specific origin of
these biomarkers and pathways has not been possible. To over-
come prior limitations, we utilised an exploratory proteomics
approach to assess 3072 plasma proteins in a multicentre North
American cohort of 56 newly diagnosed patients with JDM and 24
paired patient samples at 6-month follow-up. We uncovered path-
ways not targeted by existing treatments and discovered disease
activity-associated proteins that exhibit tissue- and cell-specificity
in JDM muscle and skin. We revealed unique proteins underlying
clinical heterogeneity by MSA phenotypes. Together, these results
identify persistent dysregulation of innate immune, cell death, and
redox pathways, provide a window into endothelial cell dysfunc-
tion in JDM, and highlight pathway differences by MSA.

METHODS

Patients

Subjects diagnosed with JDM by a paediatric rheumatologist
(n = 56) and paediatric controls (CTL, n = 8) were recruited
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from the University of Michigan (U-M) (JDMn = 7, CTLn = 4),
Duke University (JDM n = 9), the University of California San
Francisco (JDM n = 12, CTLn = 4), and the Childhood Arthritis
and Rheumatology Research Alliance (CARRA) Registry and
Biobank (JDM n = 28). The CARRA Registry is a North Ameri-
can rheumatologic disease registry that enrols patients from 72
sites in the United States and Canada with JDM diagnosed
within 6 months and no more than 12 weeks of treatment. No
patients met criteria for another autoimmune disease. Controls
were recruited from paediatric and rheumatology clinics who
had no evidence of autoimmune disease, and samples were proc-
essed the same as patients with JDM at the respective sites. Insti-
tutional Review Board (IRB) approval was granted from each
site and the CARRA Registry and Biobank. All subjects provided
informed consent and assent as appropriate. Of 56, 24 patients
had follow-up samples 6 months into treatment (CARRA n = 20
and Duke n 4). At each visit, International Myositis Assess-
ment and Clinical Studies Group core consensus data set compo-
nents [24] were collected, including the Physician’s Global
Activity Assessment (PGA), an overall assessment of disease
activity on a 0 to 10 visual analogue scale (VAS).

Proteomic analysis

We utilised the multiplexed Olink Explore 3072 Proximity
Extension Assay platform to measure proteins in plasma samples
(www.olink.com). The OlinkAnalyze R Package (v3.7.0) was
used for downstream analyses. Protein expression in Olink data is
provided as normalised protein expression (NPX) values, Olink’s
arbitrary unit, on a log2 scale. After removing proteins that were
designated with an assay warning by Olink (did not pass Olink’s
quality control n = 175), we analysed a total of 2897 proteins
(2879 unique). A principal component analysis (PCA) plot
revealed a potential for site-specific effects necessitating the use
of linear mixed effects (Ime) models to account for site (Supple-
mentary Fig S1). In each model, proteins with duplicate measures
within the Olink Explore panel were included, and downstream
results were then either averaged or filtered for the greatest esti-
mate. To identify differentially expressed proteins (DEPs), lme
models were fit to each protein using the ‘olink_lmer’ function
with ‘site’ as a random effect and ‘individual’ as a random effect
in models when longitudinal timepoints were included. In each
model, Benjamini-Hochberg adjusted P values were reported and
those meeting a threshold of P-adj < .05 were included in a post-
hoc analysis using the ‘olink lmer posthoc’ function to quantify
the direction and magnitude of the protein association account-
ing for the random effects. Significance threshold was a post-hoc
P-adj of <.05. A lme model analysis was used for baseline (BL) vs
CTL samples, follow-up (FU) longitudinal vs CTL samples, and
association of PGA VAS in all JDM samples. A paired t-test with
‘olink _ttest’ function was used for longitudinal samples (n = 24)
(P-adj < .05).

Tissue-specific analyses

The Human Protein Atlas (HPA) tissue-specific proteome tool
was utilised to identify protein lists that were ‘tissue-enriched’
and ‘tissue-enhanced’ for muscle and skin [25]. The HPA cell-
specific proteome tool was used to identify ‘cell type enriched’
and ‘cell type enhanced’ endothelial cell proteins. To identify
tissue- and cell-associated proteins, we evaluated the intersec-
tion of these lists with disease activity-associated proteins. To
determine tissue-specific markers of organ-associated clinical
assessments, the intersection of the HPA tissue lists and the
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Olink data set (n = 243 proteins) was used to fit Ime models to
Childhood Health Assessment Questionnaire (CHAQ), physician
muscle VAS (0-10), and physician skin VAS (0-10), with both
site and individual included as random effects as above.

MSA analysis

All MSA testing was performed using the ‘comprehensive
myositis autoantibody panel’ at Oklahoma Medical Research
Foundation on a clinical or research basis (omrf.org/research-
faculty/core-facilities/myositis-testing/). MSA-associated pro-
teins were identified by fitting a lIme to each protein in BL
(n = 55, 1 sample overlapping between 2 sites but obtained at
different time points was excluded) samples for anti-TIF1ly, anti-
NXP2, and anti-MDAS. Only BL samples were assessed to mini-
mise confounding by medication. One patient tested positive for
both anti-NXP2 and anti-TIF1ly on 2 occasions and was included
in both models. To increase discovery of MSA-associated pro-
teins in a smaller number of patients, proteins reaching a P-adj
< .1 were included in a post-hoc analysis. Those with post-hoc
P-adj < .05 were deemed significant.

Pathway enrichment analyses, heatmap and dot plot generation

MetaCore (www.clarivate.com) software, V24.3.71800, was
used to identify the ‘process networks’ or ‘Gene Ontology Biologi-
cal Process’ (GOBP) enriched in each set of DEP. Pathways with
false discovery rate (FDR)<0.05 were considered significant.
Heatmaps were generated using the Morpheus visualisation soft-
ware from the Broad Institute (https://software.broadinstitute.
org/morpheus), using the ‘transform values: subtract row mean,
divide by row standard deviation’ option (which generates colour
intensity based on the Row Z-score).

Single-cell data

Single nuclei RNAseq data were generated from JDM (n = 6)
and histopathologically normal CTL (n = 7) frozen muscle mul-
tiplexed in 2 batches using the 10 X Genomics multiome kit. A
technical replicate from 1 patient was included in both batches.
Freemuxlet was used to genetically demultiplex samples
(https://github.com/statgen/popscle). DoubletFinder was used
to remove heterotypic doublets [26]. Low-quality cells were fil-
tered. SoupX was used for ambient RNA filtering [27]. Libraries
were merged, scaled, and integrated using Harmony [28] and
variable features. Single-cell RNAseq data using archival forma-
lin-fixed, paraffin-embedded skin blocks from lesional JDM
biopsies (n = 12) and CTL skin (n = 4) were generated using
the 10 X Genomics Fixed RNA Profiling kit with ‘Chromium
Human Transcriptome Probe Set v1.0.1°. Low-quality cells were
removed. Doublet removal was performed using DoubletFinder
[26], and SoupX was used for ambient RNA filtering [27]. For
both datasets, Seurat (v4.3) was used to create uniform manifold
approximation and projection (UMAP) embeddings and clusters
were identified with the Leiden algorithm and manual annota-
tion. Both datasets were subset to include only tissue-specific
proteins of interest to evaluate cell-type-specific gene expres-
sion. N = 3 skin biopsies and n = 3 muscle biopsies were from
patients in the proteomics cohort; however, sampling was not
obtained at the same time.

Patient and public involvement

Patients with JDM and their families were involved in the
discussion of research priorities that led to this study. This
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project proposal was reviewed by a parent of a child with rheu-
matic disease within CARRA. Interim results were presented to
patients with JDM and their families at a Cure Juvenile Myositis
Town Hall.

RESULTS
Clinical cohort characteristics

An overview of the study design is represented in Figure 1.
The patient cohort included 56 patients with JDM from a broad
geographic area (Fig 1A). Patients with JDM had demographic
and clinical characteristics (Table 1) similar to that reported in
other registries [29,30] and moderate disease activity (median
BL PGA = 6.0, IQR 5.0-7.0) (Table 2). At BL visit, 86% of
patients with JDM were treatment naive, and all had received
<6 weeks of immune suppression. All but 1 patient had
improvement in PGA by 6 months (Table 2). The CTL group was
50% female sex, with a median age of 7.5 years, not significantly
different from the JDM group (Table 1).

JDM proteome at disease onset and posttreatment demonstrates
IFN and innate immune activation signatures

To identify biological pathways associated with disease
onset, we applied a linear mixed effects model comparing BL
JDM and CTL, which identified 1186 proteins (1172 unique)
DEPs, including 1126 increased and 46 decreased proteins
(Fig 2A, Supplementary Table S1). The top DEPs by greatest
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NPX difference in BL JDM were CXCL10, TNNI3, GBP1, TLR2,
RAD51, CCL7, MYOM2, and MYL3 (Fig 2B). BL DEP were
enriched in several inflammatory pathways and networks bridg-
ing innate and adaptive immunity, including IFN signalling, cell
adhesion and chemotaxis, neutrophil activation, interleukin and
Th17-derived cytokine signalling, and cell death signalling
(Fig 2C, Supplementary Table S1). The same model was then
used to compare 6-month FU JDM to CTL, which identified 232
DEP, including 222 increased and 10 decreased proteins
(Fig 2D, Supplementary Table S2). The top DEPs at 6-month FU
included DOCK9, TLR2, BCL2, IGDCC3, STAT5B, PTEN, IL1B
and SMAD2 (Fig 2E). Pathway and network analysis of the DEP
at 6-month FU highlighted multiple shared pathways at both BL
and FU, including persistently activated inflammatory pathways
such as Th17-derived cytokine and IFN signalling, neutrophil
activation and chemotaxis, as well as oxidative stress, cell death,
and ubiquitin-proteasome pathway activation (Fig 2C, Supple-
mentary Table S2). Due to few number of CTL samples (n = 8)
in these analyses, PCA plots comparing site and disease effects
with all proteins to only those significant in the analyses were
compared visually and by analysis of variance of PC1 and PC2,
which suggested DEPs were driven more by biological rather
than site-specific effects (Supplementary Figs S2 and S3).

Posttreatment JDM proteome highlights persistent dysregulation
of innate immune, cell death, and redox signalling

To identify proteins persistently dysregulated at 6 months
posttreatment, we compared the intersection of DEP from BL vs
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Figure 1. Study design overview. (A) Patient cohort details describing the number of patients with juvenile dermatomyositis (JDM) with baseline (BL)
and 6-mo follow-up (6 mo) plasma samples and number of paediatric controls (CTL). (B) The Olink proximity extension assay (PEA) Explore 3072
Panel was utilised for simultaneous measurement of 3072 proteins in JDM and CTL plasma samples. Olink PEA technology harnesses antibodies
labelled to DNA oligonucleotides followed by hybridisation, extension, and quantitative PCR amplification for protein quantification. Linear mixed
effects model analysis identified: (C) proteins and biological pathways enriched in JDM BL or JDM 6-mo groups as compared to CTL. It also lists the
physician global activity (median [IQR]), which is an overall disease activity measure on a 0 to 10 visual analogue scale (VAS). (D) Proteins associated
with the global activity (PGA) in all patients with JDM at both time points. Proteins were also evaluated for either muscle, skin, or endothelial-enrich-
ment/enhancement based on the Human Protein Atlas and evaluated for cell-type specificity in JDM muscle and skin single-nuclei and single-cell tran-
scriptomic datasets. (E) Proteins were associated with myositis-specific autoantibody (MSA) subtype (MDAS5, NXP2, TIF1y) in BL patients with JDM.
CARRA, Childhood Arthritis and Rheumatology Research Alliance; HC, healthy control; MDAS5, melanoma differentiation-associated protein 5; NGS,
next-generation sequencing; NXP2, nuclear matrix protein 2; PCR, polymerase chain reaction; TIF1-y, transcription intermediary factor 1-gamma;

UCSF, University of California San Francisco; U-M, University of Michigan.
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Table 1
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Baseline demographics and autoantibody testing of participants

Characteristic AllJDM (N = 56)* Healthy control (N = 8)*  JDM paired (N = 24)"
Age (y) 7.0 (4.0,11.3) 7.5(4.5,11) 7.5 (6.0, 11.5)
Time from symptom onset to diagnosis (mo) 3.1(1.6,5.3) 2.77 (1.56, 6.23)
Sex assigned at birth N = 56" N =8" N = 24"

Female 39 (70%) 4 (50%) 16 (66.7%)

Male 17 (30%) 4 (50%) 8 (33.3%)

Race and ethnicity

White 31 (55.4%) 5(62.5%) 15 (62.5%)

Hispanic or Latino 9(16.1%) 0 (0.0%) 2(8.3%)

2+ Race 8 (14.3%) 1(12.5%) 3(12.5%)

Black or African American 3 (5.4%) 0 (0.0%) 1(4.2%)

Middle eastern 2(3.6%) 0(0.0%) 1 (4.2%)

Other race 2(3.6%) 0(0.0%) 1(4.2%)

American Indian or Alaskan Native 1(1.8%) 0 (0.0%) 1(4.2%)

Native Hawaiian or Other Pacific Islander 0 (0.0%) 1(12.5%) 0(0.0%)

Asian 0(0.0%) 1(12.5%) 0(0.0%)
Treatment naive 48 (85.7%) 16 (67 %)
Myositis-specific antibodies® All JDM (N = 56)” JDM paired (N = 24)”

Anti-TIF1-y (formerly p155) 23/56 (41.0%) - 9(37.5%)

Anti-NXP2 (formerly MJ) 14/56 (25.0%) - 5(20.8%)

Anti-MDA5 9/56 (16.0%) - 6 (25.0%)

Anti-Mi2 12/56 (21.4%) - 6 (25.0%)

MSA negative 8/56 (14.3%) - 4(16.7%)
Myositis-associated antibodies® -

ANA 32/49 (65.3%) - 13 (54.6%)

Anti-Ro (SSA) 8/56 (14.3%) - 4(16.7%)

Anti-PMSCL 2/56 (3.6%) - 0 (0.0%)

ANA, anti-nuclear antibody; BL, baseline; HMGCR, 3-hydroxyl-3-methyl-glutaryl-coenzyme A reductase; JDM, juvenile derma-
tomyositis; MDA5, melanoma differentiation-associated protein 5; MSA, myositis-specific autoantibody; NXP2, nuclear matrix
protein 2; PMSCL, polymyositis scleroderma; SRP, signal recognition peptide; SSA, Sjogren’s syndrome-related antigen A; SSB,
Sjogren’s syndrome-related antigen B; TIF1-y, transcription intermediary factor 1-gamma.

Bold font is used within the table to emphasise sections.
& Median (IQR).
> n(%).

¢ Anti-Jol, SRP, HMGCR, La (SSB), and Ku are excluded because no patients were positive for these antibodies.

CTL and from FU vs CTL, which revealed that 83% (976/1172)
of BL DEP were no longer differentially expressed at FU. How-
ever, 84% (196,/232) of the 6-month FU DEP were also differen-
tially expressed at BL (Fig 3A), highlighting persistent
dysregulation of some DEP. Whereas many proteins related to
muscle structure (MYOM2, MYL3) and IFN signalling (IFIT3,
IFNL1) normalised at 6 months, those related to innate immu-
nity (TLR2, IL1IRN, IL6), oxidation-reduction (redox) enzymes
(PRDX5/6, SOD1/2), protein processing (PSME1/2, UBE2B)
and DNA damage repair (RAD23B, PARP1), remained differ-
entially expressed (Fig 3B). There was also a shift in the
expression ratio of specific proteins at FU with opposing roles
within biological pathways. For instance, in the IL1 signalling
pathway, IL1B was newly differentially expressed at FU, with
ILIRN (IL1 receptor antagonist) decreasing (Fig 3B). There
were similar shifts in cell death signalling proteins: at 6-month
FU, the proapoptotic protein, BAX, was no longer increased,
whereas the anti-apoptotic protein BCL2 further increased
[31] (Fig 3B). We also noted an inverse shift in chemotactic
proteins (CCL5 further increasing whereas CCL7 was decreas-
ing) (Fig 3B). The increase in IL1B at 6 months was intriguing,
so we further evaluated IL1B expression in the public periph-
eral blood mononuclear cell (PBMC) single-cell RNAseq data-
set to leverage the longitudinal nature of this dataset finding
that, in fact, IL1B expression, which is restricted to CD14 +
monocytes, is increased in inactive patients with JDM com-
pared to treatment-naive JDM (Supplementary Fig S4). To
determine if patients treated more aggressively might have
different profiles, we performed a sensitivity analysis remov-
ing 5 patients who received either mycophenolate or
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cyclophosphamide, which did not significantly change the
results (Supplementary Fig S5).

JDM paired proteome analysis at disease onset and posttreatment
reveals persistent inflammation and angiogenesis

To determine if similar DEP changes occurred within indi-
viduals, we next used the 1186 DEP (1172 unique) identified
in BL JDM vs CTL in a paired analysis with BL vs 6-month
FU (n = 24) (Supplementary Table S3), which revealed simi-
lar shifts in dysregulated pathways at an individual level.
Fifty-eight per cent (691/1186) of DEP from the prior BL
JDM vs CTL analysis showed differential expression at 6-
month FU within individuals, with nearly all showing
decreased expression (97%, 669/691). Notably, 42% (499/
1186) of proteins had no significant change at 6-month FU
in individuals, despite ongoing treatment. Enrichment analy-
sis of the 496 unique, nonsignificant or unchanged proteins
within individuals between BL and FU highlighted many of
the same pathways identified in the prior analysis, such as
Th17-derived cytokine signalling, neutrophil activation, pro-
tein folding and processing, cell death, endothelial-immune
cell interactions, and regulation of angiogenesis (Fig 3C,D),
supporting the findings using the entire dataset.

Disease activity-associated proteins reflect IFN signalling, muscle
inflammation, cell death, and endothelial-immune cell interaction

Next, we fit a model to identify proteins associated with
global disease activity by PGA of 80 JDM samples, including
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Clinical data for patients with JDM at BL and for paired JDM samples at BL and FU

Clinical characteristics

All JDM at BL (N = 56)*

Paired JDM at BL (N = 24)"  Paired JDM at FU (N = 24)*

Physician global VAS 6.0 (5.0,7.0)/0
Muscle VAS 4.0 (3.0, 6.25)/4
Skin VAS 5.0 (3.0, 6.0)/4
Patient/parent global VAS 5.0 (4.0,7.0)/6
CHAQ 1.0(0.375, 2.125)/8
CDASI Activity Score 12(6.0,17.5)/13
CMAS 31.5(24.3, 45.0)/30
MMT8 66 (49.5,73.8)/30
Laboratory tests (U/L)

CK 309 (82, 949)/2

LDH 520 (349, 1086)/5

Aldolase 15.9 (9.10, 33.975)/8

AST 75 (51.00, 132.75)/1

ALT 41 (20.75, 98.75)/1
History N = 56"

Elevated muscle enzymes 49 (87.5%)

Proximal muscle weakness 50 (89.2%)

Rash consistent with JDM 50 (89.3%)

Glucocorticoids/steroids 6 (10.7%)

Immune suppressants® 5(8.9%)
Symptoms due to JDM

Fever 11 (20.0%)

Fatigue 41 (75.9%)

Weight loss (>5%) 9(17.0%)

Arthritis 20 (36.4%)

Respiratory muscle weakness 3(5.7%)

Interstitial lung disease 1(2.0%)

Gottron’s papules or sign 48 (85.7%)

Heliotrope rash 42 (76.4%)

Cutaneous ulceration 5(09.1%)

Periungual capillary loop changes 43 (78.2%)

Current calcinosis 1 (3.4%)
Current medications

Glucocorticoids/steroids -

Oral steroid dose (mg) -

Methotrexate -

IVIG -

MMF/MPA -

Cyclophosphamide -

Rituximab —

6.0 (5.0, 7.0)/0

4.0 (3.0, 6.0)/3

5.0 (3.0, 6.0)/3

6.0 (3.75, 7.0)/0
0.875 (0.375, 2.127)/1
11 (6.8, 16.50)/8

38.5 (22.5, 48.5)/6
71.5 (53.5, 79.3)/14

3.0 (1.0, 3.25)/0

1.0 (0.0, 3.0)/3

2.0 (0.6, 2.4)/2

3.0 (1.0, 3.8)/2
0.125 (0.0, 0.625)/3
2.0 (1.0, 4.0)/5

47.0 (43.5, 50.5)/9
79.5 (69.75, 80.0)/8

115 (51,701)/1
551 (350, 1201)/2
10.7 (9.0, 30.5)/5

47.5(34.8,87.8)/4
578 (267, 663)/3
6.9 (5.7, 9.5)/9

61.0 (33.0,126.5)/1 38.5 (25.5, 52.5)/2
31.0(17.5, 78.5)/1 21.0 (16.0, 32.0)/1
N = 24° N = 24°

20 (83.3%) -

21 (87.5%) -

21 (87.5%) -

4(16.7%) -

3(12.5%) -

5(20.8%) 0 (0.0%)

16 (66.7%) 4(16.7%)

20 (83.3%) 0(0.0%)

10 (41.7%) 2(8.3%)

1 (4.2%) 1 (4.2%)
0(0.0%) 2(8.3%)

20 (83.3%) 12 (50.0%)

18 (75.0%) 4(16.7%)
3(12.5%) 1 (4.2%)

16 (66.7%) 14 (58.3%)

1 (0.0%) 0(0.0%)

- 22 (91.7%)

- 16.6 (9.9, 24.4)
- 21 (87.5%)

- 14 (58.3%)

- 3(12.5%)

- 2(8.3%)

- 0(0.0%)

ALT, alanine aminotransferase; AST, aspartate aminotransferase; BL, baseline; CDASI, Cutaneous Dermatomyositis Disease Area
and Severity Index Score; CHAQ, Childhood Health Assessment Questionnaire; CK, creatine kinase; CMAS, Childhood Myositis
Assessment Scale; FU, follow-up; IVIG, intravenous immunoglobulin; JDM, juvenile dermatomyositis; LDH, lactate dehydroge-
nase; MMF, mycophenolate mofetil; MMT8, Manual Muscle Testing and a Subset of Eight Muscles; MPA, mycophenolic acid;

VAS, visual analogue scale.
Bold font is used within the table to emphasise sections.
2 Median (IQR)/# missing data.

b 1 positive (% positive); percentage is out of those with complete data; history items only collected at BL; current medications

assessed at FU.

¢ Methotrexate (n = 5), IVIG (n = 2), plaquenil (n = 3); note that plaquenil monotherapy (n = 1) was not considered systemic

immune suppressant therapy.

paired measurements of the same individual. We identified
1075 proteins (1062 unique) associated with PGA (Fig 4A, Sup-
plementary Table S4). Many top proteins associated with PGA
reflected IFN signalling (GBP1, IFNL1, CXCL10) and muscle
structure and function (MYOM2, MYL3, MYBPC1) (Fig 4A). Top
enriched pathways included endothelial cell interactions, IFN
signalling, NK cytotoxicity, Th17-derived cytokine signalling,
apoptosis, chemotaxis, and proteolysis (Fig 4B). Because the ini-
tial analysis revealed that many DEP normalise by 6 months, we
investigated potential markers of lower disease activity. To do
this, we identified the intersection of proteins associated with
disease activity also differentially expressed at 6-month FU com-
pared to CTL, identifying CXCL10, PARP1, IL1RN, SOD2, and
IL6 as candidate markers that can potentially detect not only
higher baseline disease activity but also lower persistent disease
activity (Fig 4C).
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Candidate markers of tissue-specific disease activity reflect
endothelial cell dysfunction

To identify putative tissue-specific or cell-specific disease
activity markers, we found the intersection of PGA-associated
proteins with the HPA [25] ‘tissue enriched’ and ‘tissue
enhanced’ protein lists for muscle, skin, and endothelial cells
(Fig 5A,B, full list of HPA proteins included in Supplementary
Table S5). We identified 30 muscle, 20 skin, and 46 endothelial
cell-specific disease activity-associated proteins (Fig 5A,B, Sup-
plementary Table S5). A hypergeometric test was performed for
each tissue, which revealed that only endothelial cell-specific
proteins were over-represented among disease activity-associ-
ated proteins (P = .04, uncorrected) (Fig 5B).

To validate protein specificity within JDM target tissues and
investigate gene expression at the single-cell level, we utilised a



J. Neely et al.

Ann Rheum Dis 84 (2025) 1836—1851

A Significant + FALSE o TAUE D Significant « FALSE = TRUE
BLJDM v CTL FU JDM v CTL Lol
= 2 Prop
. cxeLn
. UBE2LE
L ¥ ad n.msp’ el 75 ARPT
X . . uP:]E HMI cept PDGFA
. » GRPEL1® IFITS o
.
— 8 * e e mifng ggey # - . L I
2 ‘f:- o dofus * o3 cxpuit o2 E PD-GFBNS EFse
] . [ . Adle  STATSB
a - oy, Sthsucd M3 Zs0 . . ..
7 |- = s oo’ Swcee e = o 0%, e EFO3 ONABY /S BCL2
g s h’}hﬁm.:;umom e § . * e e Spwise **, cert i
g 33 ® e FES o P e Wi
; . MINK1
N 2 B o 512350 .‘.i e erey 180eea
4 THRNIS o . s e
. b 25 o
MYOMZ g4
. o** o "cEPI0 SLE1AM -
'-g._ 8T oo
o
00
2 o 2 . 6
NPX Difference 25 o0 25
B E NPX Difference
CXCL10 TNNI3 GBP1 TLR2 DOCK39 TLR2 . BCL2 IGDCC3
6 0
[ ] @ o
4 sl ® 4 . ® ; ® 2 ® A ? H @
2 , + 2 “ o + -4 + 2 0
: 1 ¢ : $ -
. )
-2 + 2 Disease status 2 8 b Disease stalus:
x -
g RADS1 coL? MYOM2 MYL3 LA g STATSB PTEN IL1B SMAD2 ® Fu
6 25 o @ cn 5 @ 4 | ® cn
21 @& J e ool @ a o @ " ® y é
oo 3
. 2
IEE IR IR IR .
4 Ay Fo ¢ L1 - o I S
- r FU CT FU  CTL U cT U cTL
8L CTL BL cr[;isease statilus cn BL  CTL Disease status
c BL JDM v CTL F FU JDM v CTL
Inflammation Interferon signaling ® Immune response Th7-derived cytokines .
_— - . " y * Inflammation Neutrophil activation ®
IFN-gamma si [ ] Cell adhesion Leucocyte chemotaxis [ ]
L ™ Chemotaxis ®
is Anti=ap is mediated by external signals via NF=kB e Cell ion Platelet i 2 3
l i ignali ® Inflammation Interferon signaling L ]
Inflammation IL-4 signaling ® - Log,, (FOR) Dy L iesis, E jetin pathway ° - Log,, (FOR}
Immune response Thi7-derived eytokines ® 10 ignali ° "
Apoptosis Apoplosis stimulation by exiernal signals ® 8 Cell cycle G2-M . .
Inflammation TREM1 signaling ™ & Inflammation Jak-STAT Pathway .
4 Response to hypoxia and oxidative stress ®
Apoptosis Death Domain ptors & in L ] ) Protein Ratio
Immune response Antigen presentation . Protgin Ratio Inflammaticn IgE signaling L] . 006
. . . 020 is Ubiquiti N ® 008
Inflammation Neutrophil activation . ® 025 y biquitin . 4 olm
Chemotaxis ® @ 030 Inflammation MIF signaling ° ® 0i12
Immune response Phagocytosis Apoptosis Anti-Apoptosis mediated by external signals by Estrogen ®
Immune in antigen Inflammation TREM1 signaling ]
Cell adhesion Leucocyte chemotaxis . it o diated by external signals via MAPK and JAK/STAT .
Inflammation IL-6 signaling @ R ion Feeding and ignali
Inf jon IL-12,15,18 signaling ® Innate i ¥ .
Protein folding Folding in normal condition ° Inflammation IL~2 signaling ®

Figure 2. (A) Volcano plot displaying differentially expressed proteins (DEP) in baseline (BL) juvenile dermatomyositis (JDM) compared to control
(CTL) using a linear mixed effects model with site as a covariate. Significance was defined as P-adj < .05 in the linear mixed effects model and P-adj <
.05 in the post-hoc test. (B) Point range plots of the top 8 proteins with the greatest normalised protein expression (NPX) difference. The dots represent
the fixed effect NPX estimate and the line the 95% CI summarising the NPX difference between BL JDM and CTL accounting for site effect. (C) Dot plot
representing the top 20 Metacore process networks enriched at BL JDM vs CTL DEP, where dot size represents the protein ratio of DEP within each
pathway and the colour of the dot represents significance defined by the FDR (false discovery rate). (D-F) Same as A-C, except for follow-up (FU) com-
pared to CTL analyses. IFN, interferon; IL, interleukin; NF-kB, nuclear factor kappa B.

single nuclei RNAseq muscle dataset (n 6 JDM, n = 7
CTL, 26,638 total nuclei) and a single-cell RNAseq skin data-
set (n 12 JDM, n 4 CTL, 91,216 cells) generated by
our group. Several disease activity-associated proteins exhib-
ited tissue- and cell-specific gene expression (Fig 5C,D).
MYL3 was specifically expressed in type 1 muscle fibres,
whereas CAPN3 and ANK2 were more broadly expressed in
multiple muscle fibre types (Fig 5C). Skin-related markers
were primarily expressed in keratinocytes (Fig 5D).

Interestingly, endothelial-related genes, including FLT1, also
known as vascular endothelial growth factor receptor 1
(VEGFR1), were expressed in both muscle and skin endothe-

lial cells (Fig 5C,D).

To determine if tissue-specific proteins associated with clini-

cal muscle and skin measures, we fit models using the tissue- or
cell-specific proteins from HPA also represented in the Olink
panel (n = 243 proteins, Supplementary Table S6). While mus-
cle-specific proteins are most strongly associated with muscle
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Metacore process networks enriched in the set of nonsignificant proteins

disease measures (CHAQ, muscle VAS) (Fig 5D), a similar num-
ber of endothelial-specific proteins significantly associated
with these outcomes (Supplementary Table S6). Only 3 pro-
teins were significantly associated with physician skin VAS,
including IL34, a skin-specific marker, as the top associated

Figure 3. (A) Scatter plot comparing NPX difference of 196 common DEPs in BL compared to CTL (x-axis) and FU compared to CTL (y-axis). (B) Heat-
map displaying the NPX difference between BL JDM and CTL and FU JDM and CTL for select DEPs at BL JDM of interest grouped by biological pro-
cesses to highlight change in these proteins from BL to FU. Asterisks are used to indicate significance for the FU compared to CTL analysis. Of note,
IL1B is not differentially expressed in BL JDM but was included to highlight the increase in NPX difference at 6 months. (C) Heatmap displaying NPX
z-score expression of select proteins in 24 paired samples (and 8 CTL samples) grouped by biological pathways of interest. (D) Dot plot representing
in a paired analysis of n = 24 samples with BL and FU measurements, where
dot size represents the protein ratio of DEP within each pathway and the colour of the dot represents significance as defined by the FDR (false discov-
ery rate). BL, baseline; CTL, control; DEP, differentially expressed protein; FU, follow-up; IFN, interferon; IL, interleukin; JDM, juvenile dermatomyosi-
tis; NPX, normalised protein expression.

protein (Fig 5D). CK and aldolase, clinical muscle enzymes,
demonstrated low Spearman correlation with PGA, with CK
being particularly poor at FU (Fig 5E), highlighting the need
for improved markers of tissue inflammation, particularly with

lower disease activity.
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Figure 4. (A) (Left) Point range plot of the top 50 proteins with the greatest estimates in a linear mixed effects model with post-hoc testing evaluating
the association with disease activity measured by the physician global assessment (PGA) and (right) a heatmap of individual-level z-score NPX expres-
sion of this set of proteins. The dot represents the fixed effect NPX estimate, and the line the 95% CI summarising the association with PGA, accounting
for site effect and individual, where negative estimates represent proteins positively associated with PGA. A PGA score of 8.5 was the maximum value
in the cohort. (B) Dot plot representing Metacore process networks enriched in PGA-associated proteins where dot size represents the percentage of
DEPs within that pathway and colour represents significance defined by the FDR (false discovery rate). (C) Point range plot displaying the top 20 pro-
teins with the greatest estimates from the PGA analysis that are also differentially expressed in the FU compared to CTL analysis. BL, baseline; CTL,
control; DEP, differentially expressed protein; IL, interleukin; FU, follow-up; JDM, juvenile dermatomyositis; NF-kB, nuclear factor kappa B; NK, natu-

ral killer; NPX, normalised protein expression; TCR, T cell receptor.
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Figure 5. (A) Heatmap displaying individual-level Z-score normalised protein expression (NPX) expression of disease activity-associated proteins
overlapping with tissue-specific proteome lists from the Human Protein Atlas (HPA) organised by tissue and ordered by decreasing estimates within
each tissue. (B) Euler diagrams showing the overlap between tissue-specific lists from HPA, disease activity (DA) associated proteins (n = 1075) and
the complete Olink protein dataset (n = 2897). P values represent the significance of a hypergeometric test to assess for enrichment of the tissue-spe-
cific lists within the intersection of these lists. (C, D) Dotplots displaying average gene expression (indicated by colour) and per cent of cells (indicated
by size of dot) expression for select markers in (C) single nuclei RNA sequencing data from muscle (n = 6 JDM, n = 7 control, 26,638 total nuclei)
and (D) single-cell RNA sequencing data from skin (n = 12 JDM, n = 4 control, 91,216 total cells). (D) Point range plots displaying the top proteins
associated with Child Health Assessment Questionnaire (CHAQ), physician muscle visual analogue score (VAS), or physician skin VAS from linear
mixed effects models associating with tissue-specific markers as defined by HPA represented in the Olink dataset where the dot represents the fixed
effect NPX estimate and the line represents the 95% CI summarising the association with each outcome. Proteins are coloured by the associated tissue.
(E) Scatter plots demonstrating the Spearman correlation (rho) between creatinine kinase (CK) (left) and aldolase (right) and the PGA score for BL
samples and FU samples. BL, baseline; HC, healthy control; FU, follow-up; JDM, juvenile dermatomyositis; PGA, physician global assessment.

Anti-NXP2 JDM is associated with endothelial and fibroblast-
associated proteins and angiogenesis and extra-cellular matrix
remodelling pathways

To determine proteomic signatures associated with MSA sub-
type, we fit a model to proteins from BL JDM samples for 3 MSA
groups (n 14 anti-NXP2, n = 23 anti-TIFly, n = 9 anti-
MDADS). Clinical data stratified by MSA subtype are presented in
Supplementary Tables S7-S9, which revealed higher skin disease
activity and fewer constitutional symptoms in the TIFly+
group, higher muscle disease and less skin disease activity in the
NXP2+ group, and higher transaminase elevation and skin
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ulceration in the MDA5 + group. There were 11 proteins associ-
ated with anti-NXP2, no proteins associated with anti-TIF1y,
and 99 proteins associated with anti-MDAS5 (P-adj < .1 in lmer,
P-adj < .05 in post-hoc lmer, Fig 6A,E, Supplementary
Tables S10, S11). There was also a higher distribution of anti-
NXP2+ patients from U-M; however, PCA analyses of DEPs in
each group suggested that DEPs were driven more by MSA
group differences than site differences (Supplementary Figs S6-
S8). Despite a small number of DEP, anti-NXP2 associated pro-
teins were significantly enriched in processes related to
‘angiogenesis’, ‘vascular development’, and ‘extracellular
matrix organisation’ (Fig 6A,B, Supplementary Table S10).
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These proteins corresponded to specific cell types in JDM muscle
and skin single-cell gene-expression datasets related to these
processes: endothelial cells, pericytes, and fibroblasts (Fig 6C,
D), which is intriguing given anti-NXP2 is associated with severe
muscle disease, vasculopathy, and calcinosis [32]. LAMA4, a
structural component of the endothelial cell basement mem-
brane [33] with a role in trans-endothelial migration [34], was
the top protein associated with anti-NXP2 JDM.

Patients with anti-MDAS5 antibodies had strikingly high
expression of circulating IFNL1 (Fig 6E,F), a type III IFN, whose
receptor is more restricted to epithelial surfaces in the lung, gut,
and skin than type I IFN receptors, which are ubiquitously
expressed [35]. IFNW1, a type I IFN, was also significant. Anti-
MDA5 DEP were enriched in numerous metabolic processes,
including oxidative stress responses (Supplementary Table S11).
To our surprise, anti-MDAS patients also had higher surfactant-
related proteins SFTPA1l and SFTPA2 (Fig 6F), primarily
expressed by lung type II pneumocytes. Only 1 anti-MDA5
patient had known lung disease at sampling identified by com-
puted tomography imaging through routine screening.

Using exploratory plasma proteomics in a multicentre North
American JDM longitudinal cohort, we identified biological
pathways persistently dysregulated at 6 months despite treat-
ment, including multiple innate immune (IL1, IL6, TLR2), redox
(SOD2), proteasomal (PSME1/2, UBE2B), cell death (BCL2,
CASP4) and DNA damage repair (RAD23B, PARP1) pathways.
In addition to highlighting some less traditional pathways linked
to JDM pathogenesis, this study also independently validated
inflammatory and IFN-related proteins previously reported in
JDM, including CXCL10 [17,21] and CCL7 [23]. By integrating
tissue data from the HPA and JDM organ-specific single-cell
datasets, we defined circulating tissue and cell-type-specific dis-
ease activity-associated proteins, including MYL3 (muscle) and
IL34 (skin). We also highlighted overrepresentation of endothe-
lial cell-specific markers, including FLT1, in proteins associated
with disease activity, emphasising the central role of vasculop-
athy in JDM. We further described distinctive proteomic signa-
tures of NXP2 and MDAS5 JDM subgroups, laying the
groundwork for better understanding JDM disease heterogene-
ity.

Leveraging longitudinal analysis, we uncovered proteins and
pathways with subtle but persistent dysregulation that might be
obscured using other research designs. Notably, redox and pro-
teasomal signalling emerged as top dysregulated pathways, sug-
gesting ongoing oxidative stress and antigen processing
posttreatment. These findings are consistent with other studies
describing proteasomal upregulation [36], oxidative stress [37],
and mitochondrial dysfunction [38,39] in JDM. We also
observed shifts in IL1B, CCL5, and BCL2, which appear to rise at
6 months posttreatment, raising questions regarding the role of
these proteins in inflammation vs repair. Elevated circulating
CCL5, an immunoregulatory chemokine, has been described not
only in autoimmune myositis but also in hereditary muscle dis-
orders and may arise from chronic muscle damage or myokine
secretion [40]. CCL5 is a chemoattractant and can promote
angiogenesis, revascularisation, and muscle regeneration [41].
IL1B has been previously described in JDM with low disease
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activity states [14], posing hypotheses of chronic muscle dam-
age, especially as related to mitochondrial dysfunction [42,43].
Overall, these findings highlight multiple pathways with persis-
tent dysregulation that may represent alternate treatment
targets.

This study reinforces and expands upon emerging candidate
markers of JDM disease activity. While proteins related to IFN
signalling and muscle structure/function are most strongly asso-
ciated with disease activity, disease activity-associated DEP at 6-
month FU represented diverse biological processes. This sug-
gests that alternate proteins, or a combination of proteins, may
be useful to assess lower levels of disease activity. Notably, both
SOD2 and PARP1 function in response to cellular injury and oxi-
dative stress. Although SOD2 traditionally facilitates the produc-
tion of reactive oxygen species (ROS), it may also buffer ROS
effects under the mitochondrial unfolded protein response [44].
Notably, low SOD levels have been associated with poor progno-
sis and exacerbation of interstitial lung disease (ILD) in adult
anti-MDAS DM [45]. PARP1 similarly has dual roles, both as an
enhancer of ROS generation and a modulator of DNA repair.
Future longitudinal studies validating these biomarkers in a
range of disease activity states should be prioritised, especially
considering limitations of IFN and muscle-related biomarkers
that may normalise more rapidly with treatment.

We also identified candidate markers reflecting organ-spe-
cific disease activity that could be useful in distinguishing dis-
ease activity from damage and monitoring of organ-specific
disease activity. We found cell-type-specific muscle markers,
including MYL3 for type I fibres. We identified IL-34 as a skin
marker and FLT1, LIFR, and PECAM1 as endothelial markers.
Endothelial-associated markers were over-represented among
disease activity-associated proteins, including FLT1 (VEGFR1).
Interestingly, soluble FLT1 acts as a decoy receptor, serving to
inhibit rather than promote angiogenesis like the membrane-
bound form [46]. Thus, FLT1 elevation in plasma and its associ-
ation with disease activity may reflect impaired angiogenesis
and vascular repair in target tissues. These findings support a
central role for vascular dysregulation in JDM pathogenesis
[21,22] and emphasise the critical need for vascular markers for
JDM disease monitoring.

MSAs define clinical subgroups, and we found unique pro-
teins and pathways for specific MSAs. Within anti-NXP2 JDM,
we noted enrichment for angiogenesis and extracellular matrix
remodelling proteins, including LAMA4. LAMA4, a laminin sub-
unit which promotes migration of cells to inflamed tissue and
regulates angiogenesis [47], showed gene expression in endo-
thelial cells and fibroblasts in both JDM skin and muscle. It is
possible that elevated LAMA4 levels may reflect more severe
vasculopathy and could serve as a candidate marker of ongoing
vasculopathy in anti-NXP2 JDM. In anti-MDA5 JDM, we identi-
fied high circulating levels of IFNL1, a type III IFN, which is
highly expressed in lung, gut, and skin epithelium [35], all of
which are clinically affected tissues in anti-MDAS disease.
IFNL1 signals with JAK1 and TYK2, making JAK inhibitors an
attractive treatment for MDAS JDM [15,35]. Small studies have
indicated that anti-MDA5 JDM may have higher type I IFN-regu-
lated gene expression in blood and muscle [10,48]; however,
type I and type III IFN activate similar gene responses, so with-
out proteomic resolution, the IFN source or type may be unclear
[35]. We also identified elevated surfactant proteins (SFTPAI,
SFTPA2) in anti-MDAS5 JDM, despite the lack of clinically appar-
ent lung disease. Surfactant protein A has been reported as a
serum marker of nonmyositis-associated ILD [49]. Surfactant
protein D is a prognostic marker for mortality in adult MDA5-



ILD [50]. Since ILD is more common in anti-MDAS5 JDM, higher
circulating surfactant proteins may indicate subclinical lung
inflammation in anti-MDAS5 JDM.

A strength of our study is the inclusion of JDM plasma sam-
ples from multiple sites including CARRA Registry and Biobank;
however, we had to account for site differences and not all
patients had FU samples, overall decreasing power in the mod-
els. Given cost and sample constraints, we included a limited
number of controls from 2 sites, but the primary focus of our
study was to compare proteomic signatures between JDM sam-
ples, and we used strict cutoffs with multiple hypothesis testing
and emphasised only individual proteins with large effect sizes.
We had missing data for clinical disease activity measures in sev-
eral patients, including the Cutaneous Dermatomyositis Disease
Area and Severity Index Score activity, Manual Muscle Testing
and a Subset of Eight Muscles and Childhood Myositis Assess-
ment Scale scores, and relied on multiple physicians to score
clinical measures, which may have impacted those analyses.
While we were able to utilise the HPA to define tissue/cell-spe-
cific expression and used separate JDM tissue datasets to vali-
date expression at a single-cell level in muscle and skin, we have
not yet validated candidate plasma proteins in an independent
JDM cohort due to limited sample availability. There were also
relatively small numbers of individuals by MSA group, and we
were unable to detect proteins associated with the TIF1y group,
which may be due to statistical power or potentially clinical dif-
ferences of systemic disease in this cohort, as skin disease activ-
ity markers may not be as represented in plasma, highlighting
areas for further study. Future studies should focus on validation
of markers in an independent JDM cohort and longitudinal
assessments of candidate biomarkers beyond 6 months, to fur-
ther support the clinical utility of these findings. Mechanistic
studies to assess the role of persistently dysregulated pathways
highlighted here, as well as the MSA-associated pathways, will
help establish their roles in JDM pathogenesis.

By highlighting the multifaceted JDM disease biology and
heterogeneity through a proteomic lens, we lay the groundwork
for the development of a multiprotein biomarker panel for JDM
disease monitoring. We identify key persistently dysregulated
pathways in JDM despite treatment, highlight tissue and cell-
type-specific markers of disease activity, and define MSA-associ-
ated proteins in anti-NXP2 and anti-MDAS5 patients with JDM
that may serve to distinguish disease endotypes. These findings
are a key step towards the beginnings of precision medicine in
JDM.
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ABSTRACT

Objectives: Spatially nonresolved transcriptomic data identified several functionally distinct pop-
ulations of fibroblasts in health and disease. However, in-depth transcriptional profiling in situ
at the single-cell resolution has not been possible so far. We thus aimed to profile these popula-
tions by single-cell spatial transcriptomics using cyclic in situ hybridisation (cISH).

Methods: We studied fibroblast subpopulations in the skin of systemic sclerosis (SSc) patients and
heathy individuals using cISH as a novel approach for transcriptional phenotyping with subcel-
lular resolution. Clustering was performed using Building Aggregates with a Neighbourhood
Kernel and Spatial Yardstick (BANKSY) as a novel approach for spatially informed transcrip-
tional phenotyping. The findings were further validated by integration with single-cell RNA
sequencing in distinct SSc cohorts.

Results: BANKSY-based spatially informed clustering identified 9 fibroblast (FB) subpopulations,
with SFRP2+ reticular dermis (RetD) FB and CCL19+ nonperivascular (nonPV) FBs as novel
subpopulations that reside in specific cellular niches and display unique gene expression pro-
files. SFRP2+ RetD FBs and CCL19+ nonPV FBs as well as COL8A1 + FBs display altered fre-
quencies in SSc skin and play specific, disease-promoting roles for extracellular matrix release
and leukocyte recruitment as revealed by their transcriptional profile, their cellular interactions,
and ligand—receptor analyses. The frequencies of COL8A1 + FBs and their interactions with
monocytic cells and B cells are associated with the progression of skin fibrosis in SSc.
Conclusions: Our cISH-based, spatially resolved transcriptomic approach identified novel fibro-
blast subpopulations deregulated in SSc skin with specific pathogenic roles. COL8A1 + FBs and
their immune interactions may also have potential as biomarkers for future progression of skin

fibrosis.

.

WHAT IS ALREADY KNOWN ON THIS TOPIC

Single-cell RNA sequencing studies revealed that fibroblasts are
a heterogenous population of cells with functionally diverse
subpopulations. However, these studies lack spatial context
and did not enable characterisation of the local niches and the
cellular interactions in situ.

WHAT THIS STUDY ADDS

We provide the first cyclic in situ hybridisation (cISH)-based
characterisation of fibroblast subpopulations and their micro-
environment in systemic sclerosis (SSc) and control skin.

Using cISH in conjunction with a novel clustering approach
that considers spatial localisation, we identify 9 subpopulations
of fibroblasts, with recovery of previously described popula-
tions and identification of several novel subpopulations of
fibroblasts.

SFRP2+ reticular dermis (RetD), CCL19+ nonperivascular
(nonPV), and COL8A1 + fibroblasts are numerically altered in
SSc, reside in specific niches, and display unique cellular func-
tions in SSc.

SFRP2 + RetD, CCL19+ nonPV, and COL8A1 + fibroblasts dis-
play specific profibrotic, proinflammatory or dual profibrotic
and proinflammatory roles in SSc skin.

The frequencies of COL8A1 + fibroblasts and their interactions
with monocytic cells or B cells are associated with progression
of skin fibrosis.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

The newly identified fibroblast subpopulations may offer
potential for selective targeting of SFRP2+ RetD, CCL19+
perivascular, and COL8A1 + fibroblasts as disease-promoting
fibroblast subsets.

COL8A1 + fibroblast counts and cellular interactions may offer
potential as biomarkers for progression of skin fibrosis in SSc.
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INTRODUCTION

Systemic sclerosis (SSc) is a connective disease characterised
by autoimmunity and inflammation, which promote extensive
fibrotic remodelling of the skin and various internal organs [1].
The progressive accumulation of the extracellular matrix (ECM)
in affected tissues impairs organ function and commonly leads
to organ failure, resulting in high morbidity and mortality of SSc
patients [2]. Fibroblasts are the key effector cells for release of
the ECM in fibrosis [2—5]. However, fibroblasts are a heteroge-
nous population of cells with specific, functionally distinct sub-
populations. Understanding  fibroblast  heterogeneity,
particularly in the context of specific diseases, is still in its early
stages. Moreover, we are lacking information on the organisa-
tion of fibroblast subpopulations in vivo and the intricate cellular
interactions that occur within their native tissue environment.

Single-cell omics allows for the study of cellular subpopula-
tions at previously unattainable resolution. To date, nonspatially
resolved single-cell RNA sequencing (scRNA-seq) has been pre-
dominantly used to phenotype cellular changes in theumatic dis-
eases. SscRNA-seq revealed that fibroblasts constitute a
heterogenous population of cells with distinct transcriptional
patterns and functions [6]. scRNA-seq data from SSc skin
revealed between 6 and 10 distinct subpopulations of fibroblasts
[7—9]. However, scRNA-seq, like other existing single cell tech-
niques, requires tissue disaggregation and single cell separation.
As a result, these approaches cannot provide information on the
spatial localisation of cells inside the tissue, and they cannot
characterise tissue niches and the cellular interplay that occurs
within them. Spatial sequencing approaches overcome the lack
of spatial context, but approaches published so far have a mod-
est resolution of around 100 um and are thus not able to resolve
individual cells [7]. Here, we aimed to overcome these limita-
tions using cyclic in situ hybridisation as a spatial transcriptomic
approach with subcellular resolution of 120 nm.
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METHODS

Patient and public involvement

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

Statistics

Data are presented as dot plots with the median + IQR. Each
dot represents one biological replicate, unless indicated other-
wise in the figure legend. Protein expression levels are shown as
heatmaps representing the mean of the Z score-normalised val-
ues. GraphPad Prism 8 was used to generate dot plots and to per-
form statistical analyses. Heatmaps were generated using the
imcRtools R package [10]. Mann—Whitney U tests were applied
for the comparison between 2 groups, if not indicated otherwise.
Sensitivity analyses of fibroblast population frequencies were
conducted using beta regression models with sex and age
included as covariates using the betareg R package. Statistical
analysis of activity scores was performed by linear mixed model-
ling fitted with donor-specific random intercepts using ImerTest
R package. The comparison between SSc and controls was based
on the estimated marginal means obtained from the linear
mixed model using the emmeans R package.

RESULTS

Study design and identification of major cell types in SSc and
control skin by cISH

We performed cISH from skin samples of SSc patients
enriched for early, diffuse cutaneous involvement, with clini-
cally active disease and sex-matched and age-matched healthy
controls (Fig 1A; Supplementary Tables S1, S2, and Figure S1).
We recovered a total of 20,979 cells (patients with SSc: 9876
cells; healthy individuals: 11,103 cells) (Fig 1A-C). These single
cells included 3764 fibroblasts, identified by their high expres-
sion levels of COL1A1, COL1A2, COL3A1, and DCN (Fig 1B,D).
We further identified other major cell populations from human
skin, including keratinocytes (expressing KRT1, KRT10, KRT14,
and KRT15), immune cells (expressing the panleukocyte gene
PTPRC and specific genes for immune cells from the lymphoid
and myeloid lineages such as CD4, CD68, CD163, and LYZ),
endothelial cells (expressing PECAM1, CDH5, ENG, and VWF),
and vascular smooth muscle cells (expressing TAGLN, ACTA2,
and MYL9) (Fig 1D). These cell types had the expected spatial
distribution in human skin, further validating their identity
(Fig 1E).

Spatially informed phenotyping of fibroblasts in SSc and control
skin identifies new fibroblast subpopulations

Using Building Aggregates with a Neighbourhood Kernel and
Spatial Yardstick (BANKSY) as an algorithm that leverages the
spatial information to perform clustering based not only on the
own gene expression, but also on the average expression and
expression gradients among each cell’s neighbours [11], we
identified 9 subpopulations of fibroblasts and annotated them
based on their differential marker expression and on the spatial
localisation. In accordance with previous studies [6—9], we
identified COL8A1+ FBs, PI16+ FBs, ACKR3+ FBs, GSN+
FBs, and DUSP+ FBs, thus confirming the validity of this
approach (Fig 2).
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In addition, BANKSY-based clustering identified novel subpo-
pulations that were not resolved using nonspatial approaches
(Supplementary Fig S2). Two of the BANKSY-based clusters cor-
responded to the SFRP2 + FBs as defined by nonspatial cluster-
ing (Supplementary Fig S3A-C). In addition, 1 of the 2 SFRP2+
populations was located in spatial proximity to the epidermal
layer and was thus termed SFRP2+ papillary dermis (PapD) FB.
The other SFRP2 + population was located deeper in the dermis
and was thus termed SFRP2+ reticular dermis (RetD) FB (Sup-
plementary Fig S3D). The average expression and expression
gradients of the keratinocyte markers KRT14 and KRT5 were
higher among the neighbouring cells of SFRP2+ FB RetD than
those of the SFRP2 + FB PapD (Supplementary Fig S3F), further
confirming their distinct spatial distribution.

BANKSY-based clustering also identified 2 subpopulations of
the previously described CCL19 + FB cluster as defined by non-
spatial clustering (Supplementary Fig S3A-C). One of the CCL19
+ FB clusters that we termed CCL19+ perivascular (PV) FBs
was located around endothelial cells and consistently had a
higher expression of the endothelial cell marker PECAMI and
the pericyte marker RGS5 among its neighbours than the CCL19
+ nonperivascular (nonPV) FBs (Supplementary Fig S3E, G).
The latter subpopulation was diffusely distributed in the dermis
without enrichment in a particular dermal compartment (Sup-
plementary Fig S3E).

Of particular note, the SFRP2+ RetD and the CCL19 PV FBs
are not only distinct from the SFRP2+ PapD and the CCL19
nonPV FBs, respectively, with regards to their spatial location,
but also with regards to their own gene expression, demonstrat-
ing functional differences of these newly identified subpopula-
tions. For example, SFRP2+ RetD expressed higher levels of
COL1A1 and COL3A1 than SFRP2+ PapD FBs. CCL19+ nonPV
expressed higher levels of CXCL12 and PTGDS than the CCL19
+ PV FBs (Fig 2D).

In contrast, the other 5 subpopulations of fibroblasts defined
by nonspatial clustering were homogenous not only regarding
their own gene expression, but also to their spatial distribution
(Fig 2D, Supplementary Fig S3A-C).

Integration with 2 scRNA-seq datasets, i.e. GSE138669 [6]
and GSE195452 [8], demonstrated that neither of the label
transfer-based annotations from the scRNA-seq to the cISH data-
set could reliably distinguish between the SFRP2+ PapD and
RetD FBs or between the CCL19+ PapD and RetD FBs, respec-
tively (Supplementary Figs S4, S5). This finding highlights that
the spatially informed BANKSY-based annotation can refine the
fibroblast phenotyping performed with previous methods.

Changes in frequencies of fibroblast subpopulations in SSc skin

SFRP2+ RetD FBs and the COL8A1 + FBs had significantly
higher frequencies in SSc, whereas PI16 + FBs, DUSP + FBs, and
CCL19 + PV FBs had modestly lower frequencies in SSc (Fig 3).
These changes in the frequencies of COL8A1 + FBs and PI16 +
FBs are consistent with those reported by scRNA-seq-based stud-
ies [6—9]. Of note, the populations resolved only by BANKSY
clustering demonstrated distinct changes in SSc. SFRP2 + PapD
FBs were numerically decreased in frequency in SSc, whereas
SFRP2 + RetD FBs were increased. In addition, CCL19 + nonPV
FBs were numerically increased in SSc, whereas CCL19+ PVs
were decreased (Fig 3A,C,E). As cell composition may be influ-
enced by donor sex and age, we performed a sensitivity analysis
including these variables as covariates. This analysis excluded
those variables as major confounders for the frequencies of
fibroblasts in SSc (Supplementary Table S3).
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Figure 1. Characterisation of skin tissue organisation in SSc using cISH. A, Schematic overview of the experimental and analytic workflow. The tran-
scriptomic profiles of skin tissue from healthy and SSc donors were analysed with imaging-based spatial transcriptomics using cISH. The cell popula-
tions in the skin were characterised based on the transcriptional profile. Taking advantage of spatial information, we performed cellular interaction
analysis and evaluated whether changes in cell frequencies or spatial relationships might predict progression of skin fibrosis. B, UMAP plot showing
20,979 cells detected in the skin samples. The plot is coloured by the major cell types within the skin tissue. C, UMAP plot showing the cells detected
in the skin samples obtained from healthy donors and SSc patients. D, Dot plot indicating marker gene expression of the major cell populations in the
skin tissue. The size of the dot represents the percentage of the cells that expressed the specified gene. The dots were coloured by levels of the expres-
sion of specified gene. E, Representative images of HE staining and distribution of cISH-detected cells in the skin tissue. This figure was created with
BioRender.com. cISH, cyclic in situ hybridisation; HE, haematoxylin and eosin; SSc, systemic sclerosis; UMAP, uniform manifold approximation and

projection.

We next performed pseudotime analysis on the spatially
informed fibroblast subsets using Monocle [12]. We defined
PI16+ FBs as the root (starting point) of the pseudotime
because they were previously described as a fibroblast subset
with stem cell properties that can differentiate into specialised
fibroblasts [13,14]. The pseudotime analysis revealed 3 differ-
entiation trajectories: one trajectory going through SFRP2+
PapD FBs and ending with DUSP+ FBs; one trajectory going

through CCL19 + PV FBs, then through CCL19 + nonPV FBs, and
ending with GSN+ FBs; and a third trajectory going through
ACKR3+ FBs, followed by SFRP2 + RetD FBs, and ending with
COL8A1 + FBs (Supplementary Fig S6). The latter differentiation
trajectory started from a fibroblast subset with decreased fre-
quency in SSc and ended with 2 subsets that are highly enriched
in SSc. This suggests that the fibroblast subsets enriched in SSc
are terminally differentiated from precursor fibroblasts (among

1855



Y.-N. Li et al.

A Own gene expression

Cells in their spatial context

Neighbourhood 1

Mean gene exp ression

Ann Rheum Dis 84 (2025) 1852—1864

Spatially-informed cell
phenophenotyping

in the neighbourhood W °
t [ ]
T —— 20 N
0 REEET
Gradients of gene expression :
in the neighbourhood R AL o 2
Neighbourhood 2 ’ :
% E Z‘ Cell types resolved by
_ spatially-informed
S phenotyping
B Spatially-informed clustering D {—
of fibroblasts COLBA1+ FB
O'BI ACKRI+ FB
o6 SFRP2+ PapD FB
10 ® ACKR3+FB iszii pR:fa FB
o~ @ CCL19+ nonPV FB 04
8 . © CCL19+ PV FB e
2 ® COL8A1+FB L P
f| & DUSP+ FB 0 DUSP+ FB
= © GSN+FB
5 g Pl16+ FB
z S A v SFRP2+ PapD FB

SFRP2+ RetD FB

)

L
§ o
N

-10 5 o 5 10
UMAP_M1_lam0.25 1

3

"

® Healthy
@ ssc

UMAP_M1_lam0.25 2
dn -

3

10 10

-5 o L]
UMAP_M1_lam0.25 1

84 +45n0

na

84 Ad +61700

g
!
@

B4 Q1P +Zd44S

84 Qded +ZdHdS

Figure 2. Fibroblasts populations identified by spatially informed clustering. A, An illustration showing the workflow for spatially informed cell phe-
notyping using BANKSY-based spatial clustering. In addition to the expression matrix of the cell of interest, the transcriptional profiles of the local
environment, including averaged expression and the expression gradient of neighbouring cells, were computed using BANKSY and subjected to pheno-
typing by clustering. B, UMAP showing fibroblast populations identified by spatially informed clustering using BANKSY. C, UMAP showing the
BANSY-identified populations from healthy and SSc donors. D, Expression heatmap of the marker genes for the BANKSY-identified populations. This
figure was created with BioRender.com. BANKSY, Building Aggregates with a Neighbourhood Kernel and Spatial Yardstick; SSc, systemic sclerosis;

UMAP, uniform manifold approximation and projection.

other cell types), in line with previous publications [13—15]. Of
note, while the CCL19+ PV FB and CCL19+ nonPV FB subsets
aligned along one trajectory and are thus likely developmentally
related, the SFRP2 + PapD FB and the SFRP2+ RetD FB subsets
were located along 2 distinct trajectories.

Functional heterogeneity of the spatially informed fibroblast
subsets

We next aimed to further characterise the functional of spa-
tially resolved subpopulations. We first computed an ECM mod-
ule score, as well as scores for different ECM components with
the gene sets curated in the Matrisome project (Fig 4A, Supple-
mentary S7A) [16]. The SFRP2+ RetD FB subpopulation had
the highest ECM score and collagen score of all fibroblast
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subpopulations (Fig 4A), while the PI16+ FBs had the highest
glycoproteins and proteoglycans scores (Supplementary Fig
S7A), pointing to specific roles in ECM production for the differ-
ent subsets. Transforming growth factor (TGF) § pathway activ-
ity inferred using Pathway Responsive Genes for Activity
Inference signatures [17] was most enriched in SFRP2+ RetD
FBs (Supplementary Fig S7B). Comparison of fibroblast popula-
tions in SSc and normal skin revealed higher ECM and collagen
scores and TGFf activity for several fibroblast populations in
SSc skin, including in SFRP2+ PapD FBs and CCL19+ nonPV
FBs (Supplementary Fig S7C).

To validate these findings, we performed 2 complementary
computational approaches. We first applied the algorithm Cyto-
SPACE [18] to map to the cISH dataset 2 publicly available
scRNA-seq datasets of SSc and healthy skin (GSE195452 and
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GSE249279 [7,8]). The ECM and collagens scores as well as the
TGEFp pathway activity computed from the enhanced cISH data-
set were enriched in SFRP2+ RetD FBs (Supplementary Fig
S8A), whereas the glycoproteins and proteoglycans scores were
enriched in PI16 + FBs (Supplementary Fig S8B).

We next performed functional enrichment analysis using the
fast gene set enrichment analysis and the univariate linear
model (ULM) methods via decoupleR [19]. Both methods
revealed that the fibroblast subsets have both shared and
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distinct biological functions (Fig 4B, Supplementary Fig S9A).
The SFRP2+ RetD FBs are profibrotic, ECM-producing fibro-
blasts. They demonstrated the highest enrichment scores for
pathways related to fibrosis, such as ‘collagen formation’,
‘response to TGFf’, and ‘positive regulation of WNT signalling
pathway’ (Fig 4B, Supplementary Fig S9A). In contrast,
‘response to mechanical stimulus’ was specifically enriched in
SFRP2+ RetD FBs (Supplementary Fig S9A). SFRP2 + PapD FBs
demonstrated enriched pathways specific for this population, i.
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tion and projection.

e. ‘signalling by platelet-derived growth factor (PDGF)’, and de-
enriched for ‘immune response’ (Fig 4B and Supplementary Fig
S9A). CCL19 + nonPV FBs are an inflammatory fibroblast popu-
lation. Shared functions of CCL19+ PV and nonPV FBs included
several terms related to cytokine production and immune
responses. Specific functions of CCL19 + PV FB included a high
enrichment score on ‘regulation of monocyte chemotaxis’ and
de-enrichment of ‘immune system process’ compared to the
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enrichment of ‘calcium ion homeostasis’ and ‘lipid metabolic
process’ in CCL19+ nonPV FBs (Fig 4B, Supplementary Fig
S9A). These differences highlight that the fibroblasts popula-
tions separated by BANKSY clustering are not only distinct with
regards to their spatial location in their differentiation trajecto-
ries, but also with regards to their function.

The COL8A1+ FBs may have broad spectrum of roles in
modulating  fibrotic and inflammatory responses as
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demonstrated enrichment in pathways related to collagen orga-
nisation, but also in pathways such as ‘regulation of lymphocyte
migration’ and ‘regulation of monocyte chemotaxis’ (Fig 4B,
Supplementary Fig S9A). Furthermore, COL8A1 + FBs demon-
strated specific enrichment of ‘negative regulation of apoptotic
signalling pathway’, suggesting resistance to apoptosis. Of note,
we detected stronger activity of terms related to immune and
fibrotic modulation in these fibroblast populations in SSc com-
pared to healthy controls (Fig S7B, Supplementary Fig S9B).

Multicellular spatial domains in SSc skin

Given the profound effects of crosstalk with neighbouring
cells on cellular phenotype and function, we next aimed to char-
acterise the local microenvironment of individual subpopula-
tions of fibroblasts. We first annotated immune subpopulations
by label transfer, using the scRNA-seq dataset GSE195452 as a
reference (Supplementary Fig S10).

Identification of multicellular spatial domains, or cellular
neighbourhoods (CNs), by clustering cells based on the composi-
tion of their neighbouring cells yielded 14 CNs (Supplementary
Fig S11). We annotated the CNs according to their composition,
i.e. to the cell population with the highest relative frequency
inside each CN. Some of these CNs recovered histologically
defined domains of the skin, e.g. the epithelium in the epithelial
CN or the vascular region in the endothelial CN (Supplementary
Fig S11). Most of the other CNs were mainly defined by the pre-
dominant fibroblast population, e.g. CCL19 nonPV CN, COL8
CN, SFRP2 CN, PI16 CN or CCL19 PV CN. SFRP2+ PapD FBs
but not SFRP2+ RetD FBs were enriched in the subepithelial
CN, whereas the CCL19+ PV FBs but not the CCL19+ nonPV
FBs were enriched in the endothelial CN, confirming the spatial
segregation of these populations with a distinct method (Supple-
mentary Fig S11).

The composition of several CNs were remarkably different in
SSc compared to normal skin, with an enrichment of immune
cell subsets in the CCL19 nonPV CN, COL8 CN, and SFRP2 CN
and with a de-enrichment of immune cells in the PI16 CN and
CCL19 PV CN (Fig 5A). Furthermore, PI16 + FB were enriched
in COL8 CN and SFRP2 CN in SSc and thus in spatial proximity
to SFRP2+ RetD and COL8A1 + FBs. This indirectly supports
the hypothesis that PI16 + FBs can differentiate to profibrotic
fibroblast subsets in SSc (Fig 5A).

We reasoned that the changes in the composition of CNs in
SSc can lead to functional changes within the local niches.
Indeed, functional enrichment analysis demonstrated that fibro-
blast-enriched CNs, such as CCL19 nonPV CN, CCL19 PV CN,
SFRP2 CN, PI16 CN, or COL8 CN, are functionally distinct in SSc
compared to normal skin with changes in disease-relevant path-
way enrichment scores (Fig 5B). Changes in SSc included the
enhanced antiapoptotic and antigen processing activities in the
CCL19 nonPV CN and COL8 CN in SSc. Activation of lympho-
cyte-mediated killing, including CD8 TCR signalling and apopto-
sis, was detected in CCL19+ PV CN in SSc. The SFRP2 CN was
present exclusively in SSc skin and exhibited the highest scores
in pathways related to ECM remodelling among the fibroblast-
enriched CNs. These findings support the concept that the CNs
identified are functional units within the skin that undergo path-
ologic changes in SSc.

Cell—cell interaction and communication networks in SSc skin

We next aimed to unravel changes in cell—cell interaction
networks. Pairwise interaction analysis revealed distinct cellular
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interaction networks in SSc skin (Fig 5C, Supplementary Fig
S12). CCL19+ nonPV FBs demonstrated increased interactions
with several immune cell subsets, whereas CCL19 PV FBs
showed decreased interactions with mast cells, B cells, and
plasma cells in SSc compared to normal skin (Fig 5C). COL8A1
+ FBs transitioned from an immune-inert state, as shown by the
lack of interactions or even avoidance of immune cells, to an
immune-engaging state, interacting with macrophages, den-
dritic cells, natural killer (NK) cells, and plasma cells in SSc
(Fig 5C). In SSc skin, SFRP2 + PapD FBs interacted with T cells,
and SFRP2 + RetD FBs interacted with mast cells and NK cells.
These interactions were not observed in normal skin (Supple-
mentary Fig S12).

We further performed spatially informed cell—cell communi-
cation analysis using CellChat [20]. This analysis revealed pro-
found changes in the patterns of ligand-receptor (L—R)
interactions in SSc compared to control skin (Fig 6, Supplemen-
tary Figs S13, S14). SFRP2 + RetD FBs demonstrated L—R inter-
actions with several other fibroblast subsets and with mast cells,
NK cells, or dendritic cells in SSc, whereas in control skin they
were only communicating with other SFRP2+ RetD FBs
(Fig 6A). In contrast, the SFRP2+ PapD FBs lost communication
with multiple cell types in SSc (Fig 6A). Of note, CellChat analy-
sis without spatial distance constraints, which did not account
for spatial information, did not resolve these differences
between SSc and normal skin and showed comparable L—R
interactions for both SFRP2+ FB subsets (Supplementary Fig
S13A).

At the signalling level, SFRP2+ RetD FB in SSc demonstrated
an increased relative strength for outgoing, but a decreased
strength for incoming signals for collagen and fibronectinl com-
pared to normal skin, which may point towards a reduced capac-
ity for ECM sensing in SSc (Fig 6B, Supplementary Fig S13B).
Indeed, further analysis indicated decreased ECM signals
received by CD44, a receptor with well-characterised roles in
ECM sensing [21], on SFRP2+ RetD FBs compared to other
fibroblast populations in SSc (Supplementary Fig S14A). Fur-
thermore, the CCL19+ nonPV FBs demonstrated an increased
relative strength for outgoing signals for CXCL12 in SSc, suggest-
ing a higher chemotactic capacity (Fig 5C, Supplementary Fig
S14B). PDGEF signalling also demonstrate subpopulation-specific
differences in SSc skin:fibroblast subsets with increased fre-
quency in SSc. For example, SFRP2+ RetD and COL8A1 + FBs
started to receive PDGF signals in SSc. In contrast, in control
skin, only fibroblast subsets with lower frequencies in SSc, such
as SFRP2+ PapD and CCL19+ PV FBs, received PDGF signals,
indicating a switch from homeostatic to pro-fibrotic roles of
PDGEF signalling in SSc (Supplementary Fig S13C). Furthermore,
PDGF signals were sent by endothelial cells in SSc and by mono-
cytes/macrophages in control skin.

These spatially resolved analyses demonstrate major changes
in signalling between distinct fibroblast subsets and other cells
in SSc skin that could not be resolved in nonspatial datasets.

Predictors of progression of skin fibrosis in SSc

We investigated whether the frequencies of fibroblast subpo-
pulations—either on their own or stratified by their interaction
partners—at the time of biopsy could predict the progression of
skin fibrosis at follow-up. Patients with progression of skin fibro-
sis at follow-up had a higher frequency of COL8A1 + FBs than
those with stable skin fibrosis (Fig 7A). Other fibroblast popula-
tions were not significantly different between the 2 groups (Sup-
plementary Fig S15). Furthermore, COL8A1+ FBs in close
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sents the P value. C, Network visualisation showing the immune interaction of indicated fibroblast populations in healthy and SSc skin by pairwise
interaction analysis based on the cellular distribution in the tissue. Cellular attraction (red) and avoidance (blue) are indicated in the plots. The width
of the lines represents the proportion of samples exhibiting statistically significant interaction. B-C, The statistical significance was determined by
FGSEA (B) or using the permutation test (C). Results that did not reach statistical significance (P < .05) were excluded from the visualisations for clar-
ity. CN, cellular neighbourhood; FGSEA, fast gene set enrichment analysis; NES, normalised enrichment score; SSc, systemic sclerosis.

spatial proximity to macrophages/monocytes, mast cells, or B fibrosis at follow-up as outcome. The first model that included
cells had significantly higher frequencies in patients with pro- the frequencies of the fibroblast subsets with shifts in frequen-
gression of skin fibrosis, whereas COL8A1 + FBs with spatial cies in SSc skin as predictors for progression of skin fibrosis per-
proximity to other immune cell populations demonstrated only formed with a moderate accuracy and with an area under the
milder differences between the 2 groups (Fig 7B-D, Supplemen- curve (AUC) of 81% (Supplementary Fig S17). In a second
tary Fig S16A-D). model, we included the frequencies of COL8A1 + FBs with spa-

We further generated 2 least absolute shrinkage and selection tial proximity to macrophages/monocytes, mast cells, or B cells
operator predictive regression models with progression of skin instead of the frequencies of all COL8A1 + FBs, while keeping
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the other predictors unchanged. This model demonstrated
improved prediction accuracy, allowing a better separation
between the predicted progressors and predicted stable patients,
with an AUC of 95% (Fig 7E-H). The frequency of COL8A1 + in
proximity to monocytes/macrophages was the most important
feature of the second model, and increases in their frequency
were predictors of progression. The frequency of PI16 + fibro-
blasts was the second most important feature, and increases in
their frequency were associated with stable skin fibrosis (Fig 7E,
F). This finding suggests an active differentiation through the
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trajectory starting from PI16+ FBs and ending at COL8A1 +
FBs during the early stages of progression of skin fibrosis. These
findings highlight that incorporation of spatial information can
improve the prediction of skin fibrosis compared to analysing
changes in cell frequencies alone.

DISCUSSION

We present herein a novel approach for identification and
functional characterisation of cell populations based on
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transcriptional profiles as well as on spatial localisation using
cISH as an emerging technique, in conjunction with novel bioin-
formatical pipelines. We demonstrate the validity of this
approach by confirming deregulation of previously identified
subpopulations of fibroblasts [6,7,9]. Moreover, we complement
the cISH-based approach with analysis of a spatial transcriptom-
ics dataset from a second cohort of SSc patients and controls and
with integration with publicly available scRNA-seq datasets
from further SSc cohorts to combine the strengths of these differ-
ent approaches.

Analyses of our cISH data using the BANKSY algorithm,
which considers expression levels as well as spatial information,
enabled us to identify 9 different fibroblast subpopulations in
SSc and control skin. Our spatial phenotyping approach segre-
gated SFRP2+ FBs and CCL19 + FBs into 4 distinct populations.
We validated the distinct spatial localisation of these

0.50
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populations using 2 complementary methods, i.e. by spot decon-
volution of the Visium dataset and by the neighbourhood analy-
sis.

Of note, these spatially separated fibroblast populations do
not only show differences in spatial localisation but are also
functionally distinct. First, the spatially resolved fibroblast pop-
ulations show differences in the expression levels of fibrosis-rel-
evant genes and enrichment of distinct functional terms. For
example, in SFRP2+ PapD FBs, the regulation of haemostasis
was specifically enriched. However, in SFRP2+ RetD FBs, the
response to mechanical stimulus was specifically enriched, and
TGFp signalling was stronger than that noted in SFRP2 + PapD
FBs. The 2 populations of CCL19+ FBs also showed profound
differences in the enrichment of functional terms relevant to
fibrotic remodelling. Second, these pairs of fibroblasts segre-
gated by spatially informed phenotyping differed with regards



to cellular interactions. SFRP2+ RetD FBs interacted with a
wide range of immune cells. On the other hand, only a small pro-
portion of dendritic cells were found in the surroundings of
SFRP2 + PapD FBs. Third, these populations also displayed clear
differences in ligand—receptor interactions. For example, ECM
sensing by CD44 was specifically decreased in SFRP2 + RetD in
SSc; furthermore, only CCL19+ nonPV FBs, but not CCL19+
PV FBs, signalled to NK cells via CXCL12—ACKR3. Fourth, the
developmental trajectory differs for SFRP2+ PapD FBs and
SFRP2+ RetD FBs, as these populations were located on 2 dis-
tinct trajectories. Fifth, these populations also show specific
alterations in SSc skin. Together, these findings highlight that
the novel, spatially defined populations of SFRP2+ RetD and
SFRP2+ PapD FBs as well as CCL19+ PV and CCL19 + nonPV
FBs are functionally clearly distinct with unique roles in the
pathogenesis of SSc.

Our study also provides clear evidence that the profibrotic
phenotype of fibroblasts in SSc is the result of the combined
effects of different processes: (1) Our study demonstrates
changes in the frequencies of fibroblast populations with
increased frequencies in profibrotic populations. These changes
include the elevated abundance of SFRP2+ RetD FB, which had
demonstrated the highest collagen expression in our dataset.
Shift towards profibrotic subsets have also been reported in non-
spatially resolved scRNA-seq studies in SSc [6—9,22]. The
changes in frequencies might be partially caused by a shift in
the differentiation trajectory of precursor fibroblasts, particu-
larly PI16 + FB, towards profibrotic subsets. (2) In addition, sev-
eral individual populations are further biased towards a more
profibrotic phenotype in SSc skin with upregulation of profi-
brotic genes and pathways, including TGFf, Wingless/Int-1
(WNT), and ECM-modulating pathways. (3) The local neigh-
bourhoods change drastically in SSc, thereby providing a micro-
environment that fosters development of profibrotic fibroblasts.
We detected upregulation of immune cell subsets with potential
profibrotic roles such as monocytes/macrophages, mast cells, or
plasma cells in the CCL19+ nonPV, COL8, and SFRP2 CNs in
SSc. These changes in the interactions with immune cells are not
a simple reflection of increased leukocyte counts in SSc skin, as
the mentioned interactions are specific for certain leukocyte
subsets and occur only with certain fibroblast populations. In
contrast, other fibroblast subsets such as CCL19+ PV FBs dem-
onstrate decreased interactions with immune cells in SSc.

We also provide first evidence that the frequencies of 2 fibro-
blast populations and their interactions with immune cells may
help to predict the future course of skin fibrosis. The frequen-
cies of COL8A1 + FBs were associated with future progression
of skin fibrosis, whereas PI16 + FBs were associated with stable
disease. This correlates well with the functional role of these 2
fibroblast subpopulations and their developmental trajectory.
COL8A1 + FBs demonstrate enrichment in numerous pathways
related to both fibrosis and inflammation. COL8A1 + FBs are
also the end stage of differentiation of PI16 + FBs through a tra-
jectory that involved SFRP2+ RetD FBs, another population
with altered frequencies in SSc. This suggests that the active dif-
ferentiation of PI16+ FBs towards COL8A1 + FBs, with poten-
tial recruitment of immune cells by COL8A1 + FBs, might drive
progression of skin fibrosis. In line with this, the frequency of
COL8A1 + FBs interacting with monocytes/macrophages pro-
vided an improved predictive power compared to the frequen-
cies of all COL8Al + FBs alone. Thus, by providing spatial
information, our approach could provide an improved risk
stratification than that based on evaluation of cell frequencies
alone.
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Our study has limitations. Although the SSc and control sam-
ples were matched for sex and age, the SSc biopsies were taken
from the forearm, whereas the control samples were in part
obtained from other locations such as the trunk and the lower
extremities. Although our study provides extensive in silico vali-
dation of our findings, further experimental validation remains
to be performed in follow-up studies. These might, for example,
aim at confirming our findings at protein level by integration of
our data with spatially resolved multiplexed protein data in SSc
skin [23,24] or further functional studies on isolated subpopula-
tions in vitro. The clinical relevance of our findings should be
confirmed by performing cISH-based phenotyping on a higher
number of SSc samples stratified by progression of skin fibrosis.

In summary, we used cISH in conjunction with novel bioin-
formatical pipelines that consider spatial context to identify 4
novel fibroblast subpopulations and to study the microenviron-
ment and cellular interactions of fibroblasts in SSc and normal
skin. We characterise SFRP2+ RetD FBs as s prototypical profi-
brotic, ECM-producing population that resides within a specific
inflammatory niche, CCL19+ nonPV FBs as a proinflammatory
population that attracts and activates immune cells, and
COL8A1 + FBs as a population with roles in both ECM remodel-
ling as well as immune cell recruitment that is associated with
progression of skin fibrosis. These results may provide a ratio-
nale for specific therapeutic targeting of SFRP2+ RetD-, CCL19
+ nonPV-, and COL8A1+ fibroblasts as disease-promoting
fibroblast subsets and may stimulate follow-up studies to con-
firm the potential of COL8A1 + FB counts as a marker for fibro-
sis progression.
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ARTICLE INFO ABSTRACT
Article history: Objectives: Fibrosis progression in systemic sclerosis (SSc) has been attributed to matrix stiffness.
Received 6 February 2025 Despite extensive research on fibroblast heterogeneity and subset imbalances in fibrotic disor-

Received in revised form 15 April 2025 . . . ! . .
Accepted 21 May 2025 ders, the interplay between biomechanical cues and fibroblast dynamics remains largely unex-

plored. Here, we investigate how matrix stiffness alters fibroblast transcriptional state and
influences lineage specification in fibrotic skin.

Methods: We employed a collagen I-based 3-dimensional culture system to expose fibroblasts to
varying levels of matrix stiffness, followed by RNA sequencing to identify stiffness-responsive
gene expression signature. We integrated single-cell RNA sequencing data from SSc and healthy
skin samples to identify fibroblast subsets associated with this signature. Spatial transcriptomic
analyses were performed to localise these fibroblasts and their associations with the fibrotic niche.
Results: Fibroblasts subjected to increased matrix stiffness exhibited a distinct transcriptional signa-
ture, amplified in SSc patients and enriched in PI16™ progenitor-like cells within the SFRP2™ fibrotic
compartment. Further analysis indicated that PI16™* fibroblasts are predisposed to SFRP2* COMP™
PU.1" myofibroblasts differentiation, whereas blocking mechanotransduction by focal adhesion
kinase inhibition disrupts this process, suggesting that matrix stiffness is a key driver of this lineage
transition. Spatial mapping revealed colocalisation of the PI16" and COMP™ subsets in extracellular
matrix-dense regions, highlighting the functional relevance of this relationship in fibrotic progression.
Conclusions: Our findings suggest that increased matrix stiffness promotes fibroblast precursor
differentiation into SFRP2* COMP™ PU.1 ™" myofibroblasts, thereby sustaining the vicious cycle
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of persistent fibrosis in absence of inflammatory triggers. These insights reveal new aspects of
fibrosis pathogenesis and highlight biomechanical signals as therapeutic targets in SSc.

WHAT IS ALREADY KNOWN ON THIS TOPIC

* The heterogeneity of fibroblasts, their differentiation trajectories
and subpopulation imbalances have been investigated through
various transcriptomic and proteomic profiling techniques.
Matrix stiffness is considered as critical factor for fibroblast
activation; however, the interaction between biomechanical
signals and the activation of specific fibroblast subsets are
underexplored.

WHAT THIS STUDY ADDS

* We identify a distinct transcriptional signature in fibroblasts
exposed to elevated matrix stiffness, with a more pronounced
response observed in systemic sclerosis (SSc) fibroblasts com-
pared to controls.

Our findings reveal that this signature is enriched in a progeni-
tor-like fibroblast subset and provide evidence that this subset
differentiates into a fibrosis associated fibroblast subset during
myofibroblast formation.

Using spatial data analysis, we demonstrate the preferential
localisation of these fibroblast subsets in regions with high
extracellular matrix density.

Our study establishes a connection between matrix stiffness
and specific fibroblast subpopulations, elucidating their lineage
relationships.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

* This research underscores the potential of targeting matrix stiff-
ness-related pathways as therapeutic targets for modulating
fibroblast differentiation and myofibroblast activation in SSc.

INTRODUCTION

Systemic sclerosis (SSc) is a chronic fibroinflammatory dis-
ease marked by the excessive accumulation of extracellular
matrix (ECM) components in connective tissue, leading to struc-
tural alterations, increased tissue stiffness and potentially life-
threatening organ dysfunction [1,2]. While current therapies
primarily target the inflammatory aspects of the disease, these
approaches offer limited success as they fail to sufficiently
inhibit fibroblast activation, which is critical for effective tissue
remodelling [3—5]. The pathogenesis of SSc begins with the dis-
ruption of endothelial integrity, sparking inflammation and ini-
tiating excessive tissue repair mechanisms [5,6]. Although early
inflammatory features subside as the disease progresses, persis-
tently active myofibroblasts sustain the fibrotic process. Sub-
stantial understanding has been gained regarding the initial
mechanisms of fibrosis, yet the processes that drive its progres-
sion following initial injury remain less clear. Although a variety
of anti-fibrotic agents have shown promise in slowing disease
progression during the early stages, later phases of SSc are often
resistant to these treatments, allowing disease advancement
despite minimal inflammatory stimuli [3,5—7].

Myofibroblasts are recognised as key contributors to this pro-
cess of disease progression, as they generate excessive ECM that
results in skin thickening [1,8]. Recent single-cell RNA sequenc-
ing (scRNAseq) studies have identified specific subtypes of myo-
fibroblasts associated with heightened ECM production,
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especially in SSc [9—12]. Notably, the transcription factor SPI1
(PU.1) has emerged as a critical driver of the differentiation of
ECM-producing fibrotic fibroblasts, with end-differentiated
fibrotic fibroblasts characterised by COMP expression, marking
them as significant enhancers of fibrosis [13]. However, the per-
sistence of COMP™ fibroblasts within the fibrotic niche remains
an area of active investigation.

ECM, once seen merely as a pathological by-product of persis-
tent myofibroblast activation, is fundamentally important for
organ architecture. Composed primarily of collagen, the ECM
forms a dense, organised meshwork of complex macromole-
cules, including proteins and polysaccharides secreted by resi-
dent cells such as fibroblasts. Beyond its structural role, the ECM
serves as a microenvironment that regulates various cellular
behaviours, such as the proliferation, differentiation and metab-
olism of parenchymal cells. The physical properties of the ECM,
particularly its stiffness, are sensed through cell surface recep-
tors and transduced intracellularly, activating downstream sig-
nalling cascades that ultimately lead to transcriptional changes
and alterations in cellular behaviour [1,14—17].

Emerging evidence underscores the crucial role of ECM bio-
mechanical properties in modulating cellular function and main-
taining homeostasis. In fibrotic conditions, increased matrix
stiffness appears to be critically associated with the persistence
and chronic activation of myofibroblasts, creating a feedback loop
where elevated stiffness sustains myofibroblast activation [1,8,14
—16]. Although research into the transcriptomic and proteomic
heterogeneity of fibroblasts and the imbalances among their sub-
populations in fibrotic disorders has provided new insights, the
intricate interactions between matrix stiffness and fibroblast func-
tional states have not been thoroughly examined [9,11,18,19].
Consequently, the interplay between biomechanical signals and
fibroblast subset dynamics remains largely unexplored.

Here, we adopted a hybrid approach that involved utilising a
collagen I-based 3-dimensional (3D) cell culture model to ana-
lyse gene expression profiles of fibroblasts exposed to various
levels of matrix stiffness through RNA sequencing. Concurrently,
we employed scRNAseq and spatial transcriptomic analyses of
skin samples from SSc patients to identify fibroblast subsets and
their lineages associated with stiffness-related gene signatures.
This integrative strategy allowed us to elucidate the connections
between biomechanically induced gene expression profiles and
fibroblast subset dynamics, thereby advancing our understand-
ing of the fibrotic mechanisms underlying SSc.

METHODS
Sample collection and cell culture

Skin biopsies from forearm were obtained from patients with
SSc according to the 2013 American College of Rheumatology/
European League Against Rheumatism criteria [20]. Written
informed consent was obtained from all participants. The study
was approved by the Ethics Committee of the Universitatsklini-
kum Erlangen. Fibroblasts were isolated from punch biopsies by
enzymatic digestion with Dispase II (Boehringer-Mannheim) for
3 hours at 37 °C, followed by filtration through a 70 um filter,
centrifugation, and subsequent cell culture, as described in Sup-
plementary Methods.
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Surface preparation and 3D cell culture

The cell culture dishes (Ibidi glass bottom p-dishes 35mm)
were coated with (3-aminopropyl) triethoxysilane (Sigma-
Aldrich), followed by treatment with glutaraldehyde (Carl Roth)
as described in Supplementary Methods.

Then, 10x Dulbecco’s modified Eagle medium (DMEM)
(Sigma-Aldrich) and cells resuspended in 1x DMEM containing
supplements (4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid (HEPES), amphotericin B, penicillin, streptomycin, L-
glutamine, fetal calf serum) (all Thermo Fisher Scientific) were
added to the collagen type I mass (Corning Collagen I Rat Tail,
concentration: 10.98 mg mL™"). One batch of collagen solution
was used throughout the entire experiment. Supplements were
added in quantities that resulted in the same final concentra-
tions in the collagen matrices as were present in the 2-dimen-
sional preculture. Final collagen concentration was 3mg mL™".
Each matrix contained 100,000 cells. To prevent premature
polymerisation of the collagen, the experiment was conducted
on ice at acidic pH until the intended polymerisation step, which
was initiated by adjusting the pH to neutral.

To create collagen matrices with increasing stiffness, 300 uL
of the collagen—medium—cell suspension were polymerised in
coated microdishes for 1 hour at 16°C, 27°C or 37°C. To ensure
sample comparability one matrix of each stiffness/polymerisa-
tion temperature was prepared from one batch of ready pipetted
collagen—medium—cell suspension. Following polymerisation,
the matrices were overlaid with DMEM/F12 and incubated at
37°C in 90% humidity and 5% CO, for 48 hours. Preparation of
3D cell cultures was described by Doyle et al [21] with minor
modifications. Briefly, noncommercial rat tail collagen I was iso-
lated and used to prepare a stock solution on ice with 10X
DMEM and a reconstitution buffer (200 mM HEPES, 262 mM
NaHCOs). After adjusting the pH to 7.4 using 1N NaOH, cells
were added to achieve a final gel concentration of 3mgmL™.
Matrices, consisting of 150 uL of the cell-matrix—collagen solu-
tion, were cast in 35-mm MatTek dishes and polymerised at
varying temperatures. These matrices were then used to observe
cell migration and adhesion dynamics of single cells [21].

3D. matrix microscopy and characterisation

The matrices were stained with Carboxytetramethylrhoda-
min, Succinimidylester (TAMRA-SE;Invitrogen), as described in
the Supplementary Methods. Images were obtained with a Leica
Stellaris 8 confocal microscope. Fiji [22] was used to quantify
fibre diameter and porosity, as described in the Supplementary
Methods.

High-resolution visualisation of the collagen was obtained
using stimulated emission depletion microscopy with an Abbe-
rior stimulated emission depletion (STED) facility line micro-
scope. Collagen fibres were stained with STAR 580, N-
Hydroxysuccinimide ester (Abberior). The protocol for staining
the matrices corresponded to the protocol for staining with
TAMRA-SE.

Viability examinations

Cell viability was assessed based on the morphology of phal-
loidin-stained cells within the tissues in z-stack images, as
described in the Supplementary Methods.

Survival conditions and temperature exposure effect were
assessed in the RNA sequencing data and are provided in the
supplementary method.
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Visualisation of mechanical forces

To highlight cell-driven mechanical forces, their macroscopic
visibility was demonstrated by cultivating matrices on uncoated
and coated surfaces. As control, matrices without cells were cast
on uncoated glass. All matrices were polymerised at 27°C for
1 hour. Images of matrices were captured on days 1 and 3. On
day 3, the collagen fibres were visualised using the second-har-
monic generation (SHG) signal (Zeiss NLO-880 2 photon micro-
scope).

RNA isolation from collagen matrices

The collagen matrices were dissolved in RA1 lysis buffer pro-
vided with the NucleoSpin RNA isolation kit (Macherey-Nagel).
RNA was isolated according to the manufacturer’s protocol.
RNA concentration and purity were determined using NanoDrop
(Thermo Fisher Scientific).

Bulk RNA-seq generation and analysis

Library preparation, quality control, 150PE Illumina sequenc-
ing, alignment to reference genome (hisat2 v2.0.5 to the refer-
ence GRCH38 pl2) and quantification (FeatureCounts v1.5.0-
p3) were provided by the external provider Novogene in accor-
dance with the encyclopedia of DNA elements (ENCODE) guide-
lines for RNA-seq (revised version 2016). Count matrix was
converted to DESeq2 (1.42.0) objects [23]. Genes with expres-
sion more or equal to 10 in at least 3 of the samples were kept
for further analysis. Counts were normalised and ‘rlog’ trans-
formed using DESeq2. More details about the quality control of
the samples and DESeq2 differential gene expression analysis is
provided in the Supplementary Methods and Supplementary
Fig S1.

Single-cell RNA-seq preprocessing and integration

ScRNAseq datasets were obtained from GSE214088 [24],
GSE138669 [10] and GSE167339 [25]. Count matrices were
imported into R (4.3.2), converted to Seurat (5.1.0) objects and
subjected to quality control. More details about the quality con-
trol, normalisation and integration is provided in the Supple-
mentary Methods. GSE264508 was provided as a preprocessed
Seurat object. Annotation of fibroblasts for GSE138669 and
GSE264508 using GSE214088 as the reference was done with a
repeated Seurat’s reciprocal principal component analysis
(RPCA) integration followed by ‘FindTransferAnchors’ and
‘TransferData’ with default parameters.

Single-cell RNA-seq trajectory analysis

Potential of heat-diffusion for affinity-based trajectory
embedding (PHATE) dimension reduction was generated using
Harmony embeddings from the scRNAseq dataset of skin fibro-
blasts using the ‘phate’ function from phateR (1.0.7) package
[26]. Slingshot (2.10.0) [27] using the PHATE embeddings and
PI16* cluster as the start cluster was used for trajectory and
pseudotime identification.

Single-cell RNA-seq cluster similarity analysis

To identify transcriptional similarity among the fibroblasts
subclusters, first markers of each cluster were identified using
Seurat’s ‘FindAllMarker’ function. Top 100 genes from each
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cluster were selected based on highest log fold changes. Average
expression for each cluster and for each of the selected genes
was calculated using the ‘AverageExpression’ function, followed
by Pearson correlation estimation using the ‘cor’ function. Dis-
tance matrix (1-correlation matrix) was subject to hierarchical
clustering using the ‘hclust function in R with the method set to
‘ward D2’.

Single-cell RNA-seq meta cell generation

Meta cells (representative samples generated from summar-
ised count of transcriptionally similar cells) were generated
using hdWGCNA (0.3.03) [28]. Seurat’s identified top 2000 var-
iable features were used and the nondefault parameters for the
‘MetacellsByGroups’ function were as follows: ‘k’ 5,
‘max_shared’ = 4 and ‘min_cells’ = 10.

Spatial transcriptomic preprocessing and cluster alignment

Visium spatial transcriptomics datasets from skin of 4 SSc
patients were acquired from GSE249279 [12]. Each dataset was
separately imported into R and preprocessed using BayesSpace
(1.12.0) [29]. More details about the quality control and prepro-
cessing is provided in the supplementary method. Clusters iden-
tified in the scRNAseq dataset of SSc skin (GSE214088)
(Supplementary Fig S2) were aligned to the spots in each of the
Visium datasets using cytospace (1.1.0) [30] on python
(3.9.19), by running the pipeline with default parameters.

Statistical analysis

Statistical analysis of transcriptomic data is described in
detail above. For all other analysis, parametric and nonparamet-
ric analyses as well as paired and nonpaired testing were applied
as appropriate, with significance defined as P < .05. Adjust-
ments for multiple testing were performed when necessary. P
values are indicated in the figures, exact statistical test in the
figure legend.

Data availability

Bulk RNA-seq dataset generated in this study is available
from ArrayExpress with accession number: E-MTAB-14804.

RESULTS

3D. collagen matrix model recapitulates in vivo ECM
architecture

To investigate transcriptional changes in fibroblasts induced
by altering the mechanical properties of the surrounding ECM,
we developed type I collagen-based 3D matrices with varying
stiffness, following the methodology described Doyle et al [21].
Our goal was to maximise differences in matrix stiffness while
maintaining physiologically relevant conditions. Using polymer-
isation temperatures of 16°C, 27°C, and 37°C, we conducted
structural and functional analyses to ensure that our adapted
methodology replicated previously reported matrix characteris-
tics. Confocal and SHG imaging of TAMRA-SE-labelled collagen
matrices confirmed consistent polymerisation and revealed dis-
tinct variations in matrix architecture (Fig 1B, Supplementary
Fig S3A) with significant variations in fibre diameter and matrix
porosity with decreasing polymerisation temperature (Fig 1C,
D). We then used super-resolution STED microscopy to further
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elucidate the fibrous network, validating the larger fibres
formed from smaller fibrils as previously described (Fig 1E)
[21]. Given that these properties are consistent with previous
findings and that matrices containing fibres with increased bun-
dle thickness have been reported to result in elevated fibril-asso-
ciated stiffness, we concluded that additional -elasticity
measurements were not required for our intended applications
[21].

To assess matrix contractility, we cultured matrices with and
without fibroblasts. Macroscopic examination revealed notable
contraction in fibroblast-containing matrices, while acellular
counterparts remained intact over time (Supplementary Fig
S3B). Fibroblast-seeded matrices on uncoated surfaces detached
from the substrate as a result of cellular contraction forces, lead-
ing to greater contraction compared to matrices on coated surfa-
ces, which remained stably attached for at least 3 days. SHG
imaging demonstrated that collagen fibres in nonanchored
matrices transitioned from their initial linear alignment to a
wavy configuration upon contraction, highlighting the
enhanced resistance of anchored matrices to cellular contraction
forces, which are considered essential for cellular mechanotrans-
duction (Supplementary Fig S3B). Importantly, fibroblast viabil-
ity remained stable despite variations in cell density
(Supplementary Fig S3C). Furthermore, earlier studies have
proven physiological relevance of the matrix model, as they
demonstrated the fibres of all bundle diameters to be present in
vivo in mouse back skin [21].

Fibroblast gene expression is responsive to matrix stiffness

To investigate the transcriptomic dynamics of fibroblasts in
response to varying matrix stiffness, we performed bulk RNA
sequencing on fibroblasts isolated from skin of both patients
with SSc and healthy donors, cultured across the 3 stiffness lev-
els described above (Fig 1A, 2A). After adjusting for disease-
unrelated covariates, we identified significant transcriptional
changes in fibroblasts exposed to stiff matrices, irrespective of
their origin (Fig 2B). Notably, genes related to fibrotic processes
and mechanotransduction pathways, such as RACKI and
LGALS1, were significantly upregulated in these conditions [31
—371.

Identification of stiffness-responsive fibroblast subtypes in SSc
skin

To investigate how stiffness is associated with cellular hetero-
geneity in fibroblasts at the single-cell level during fibrosis, we
derived a transcriptional signature based on the differential
expressed genes in response to stiffness in our bulk RNA-seq
experiment and integrated it with scRNAseq data. Specifically,
we applied this signature to a publicly available scRNAseq data-
set of whole skin tissue from 5 SSc patients and 6 normal con-
trols (GSE214088) [24] (Fig 2A). Fibroblasts were isolated from
these datasets, and clustering at a low resolution revealed 4
major fibroblast clusters including SFRP2*, CXCL12", TNN™
and CLDN1™" (Fig 2C). Increasing clustering resolution identi-
fied 6 further subtypes within these clusters in line with previ-
ous reports [9,12,24], including SFRP2" PI16", SFRP2™
COMP™, CXCL12" CCL19*, CXCL12* FMO2™", TNN* ASPN™*
and TNN*' POSTN™* (Fig 2C).

Using UCell [38], fibroblast subtypes were evaluated for stiff-
ness-associated response. The PI16" cluster within the SFRP2*
fibroblast compartment exhibited the highest stiffness-response
score (Fig 2A,D). PI16* fibroblasts also showed the highest
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Figure 1. Polymerisation temperature-dependent microstructure variations in collagen matrices: multimodal imaging and quantitative analysis. A,
Experimental workflow for studying the effect of collagen matrix stiffness on fibroblast behaviour: A cell-collagen suspension was divided into 3 por-
tions and polymerised at 16°C, 27°C or 37°C to create stiff, medium, and soft matrices. NHDF or SSc cells were embedded, cultured for 48 hours at
37°C, and RNA was extracted for bulk RNA-Seq. B, Representative immunofluorescence images acquired using confocal microscopy of collagen matri-
ces with varying stiffness (stiff, medium and soft), polymerised at 16°C, 27°C and 37°C, respectively, and stained with TAMRA-SE dye (white). C-D,
Quantification of fibre diameters and matrix porosity in collagen matrices polymerised at 16°C, 27°C and 37°C; P values were calculated using Wil-
coxon rank sum test and corrected for multiple testing using (Benjamini-Hochberg) BH method. Median, quartiles, min—max and outliers are shown.
E, High-resolution images of individual collagen fibres stained with Abberior STAR 580 dye, captured using confocal microscopy and super-resolution
STED imaging. BH, Benjamini-Hochberg; NHDF, normal human dermal fibroblasts; RNA-Seq, RNA sequencing; SSc, systemic sclerosis; TAMRA-SE,
Carboxytetramethylrhodamin, Succinimidylester; STED, stimulated emission depletion.

increase of the stiffness-response score in SSc from the base line
when compared to the other fibroblast subclusters indicating
their high sensitivity to mechanistic properties of the ECM. Anal-
ysis of 2 additional scRNAseq datasets from fibrotic skin diseases
(GSE138669) [39] and (GSE264508) [40] revealed similar
heightened sensitivity to stiffness in the PI16* cells (Supple-
mentary Fig S4A,B,D,E). To further support this, we evaluated
the expression of PIEZO1 and PIEZO2, which are mechanosensi-
tive ion channels critical for sensing mechanical forces [41,42].
Furthermore, it has been shown that PIEZO-mediated sensing of
mechanical stress promotes myofibroblast activation [43,44].
Both genes were more highly expressed in PI16* fibroblasts
(Fig 2E), supporting their increased sensitivity to mechanical
forces in stiffened matrices.

SFRP2" PI16 ™ fibroblasts differentiate into myofibroblasts in
SSc

Fibroblasts expressing PI16 are previously identified as uni-
versal precursor fibroblasts capable of specialising under pertur-
bations, particularly into fibrosis associated fibroblast
[18,45,46]. Given their highest sensitivity to stiffness and their
association with myofibroblast differentiation in SSc, we
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hypothesised that SFRP2* PI16"* fibroblasts differentiate into
myofibroblasts during SSc progression. To test this, transcrip-
tional similarities between fibroblast subclusters were examined
using gene expression correlations followed by hierarchical clus-
tering, assuming that differentiated cells retain a high degree of
overall similarity with their precursor population. High similar-
ity was observed between PI16™ cells and COMP* fibroblasts,
another subtype within the SFRP2* compartment (Fig 3A). Dif-
ferential abundance analysis revealed a significant decrease in
the PI16 7 /COMP™ ratio in SSc, consistent with active transdif-
ferentiation of the PI16 ™ into COMP™* cells (Fig 3B).

To model this potential differentiation during SSc, we applied
the “potential of heat-diffusion for affinity-based trajectory
embedding” (PHATE) [26] dimensionality reduction to the
SFRP2* compartment. PHATE was chosen as it preserves both
local and global transcriptional relationships, making it particu-
larly well-suited for visualising differentiation processes. The
resulting PHATE embedding revealed a linear trajectory of PI16™
cells transitioning into a larger cluster of COMP™ cells, strongly
suggesting a differentiation pathway (Fig 3C). We then imple-
mented slingshot [27] on the PHATE embedding for trajectory
analysis. The resulting pseudotime estimation confirmed a trajec-
tory wherein PI16* cells transitioned to COMP* cells, where
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Figure 2. PI16™ fibroblasts show the strongest response to matrix stiffness among fibroblasts subsets in SSc. A, Analysis workflow for characterisation
of stiffness responsive fibroblasts in SSc: stiffness response signature was extracted from the bulk RNAseq experiment. SCRNAseq (GSE214088) and
spatial transcriptomic datasets (GSE249279) from healthy and SSc skin acquired from previous publications (GEO: Gene Expression Omnibus) and
analysed to identify stiffness response fibroblasts and their dynamics as well as their spatial localisation in the tissue (Created with BioRender.com) B,
Volcano plot of differential gene expression (DGE) between cells at 16°C and 37°C, adjusted for covariates. Top upregulated and downregulated genes
are highlighted. DGE was performed with DESeq2 and BH correction for multiple testing. C, (right) Uniform manifold approximation and projection
for dimension reduction (UMAP) plot of fibroblasts major clusters (cluster borders indicated with coloured dashed lines) and their subclusters (indi-
cated by point colour) in the skin scRNAseq dataset on normal and SSc skin (N = 5 SSc, N = 6 normal). (left) Expression of top markers of fibroblasts
subclusters. D, UCell stiffness signature scores compared across fibroblast subclusters, averaged per cluster per replicate (N = 11; 5 SSc, 6 normal). P
values were calculated with the Wilcoxon rank-sum test and BH correction. Median, quartiles and min—max are shown. (right) Comparison of UCell
stiffness scores between fibroblast subclusters and disease states, averaged per cluster per replicate (N = 5 SSc, 6 normal). P values were calculated
using the Wilcoxon rank-sum test with BH correction. Median, quartiles, and min—max are shown. E, Expression of PIEZ02 and PIEZO1 on fibroblasts
subclusters. BH, Benjamini-Hochberg; GEO, Gene Expression Omnibus; scRNASeq, single-cell RNA sequencing; SSc, systemic sclerosis; UMAP, uniform
manifold approximation.

gradient of expression of PI16 and CD34 were evident (Fig 3C). established in a previous study [12]. Scores for these profibrotic
Analysis of 2 additional scRNAseq datasets from fibrotic skin dis- signatures were elevated in COMP* cells and progressively
eases revealed similar trends (Supplementary Fig S4C,F). increased along the trajectory (Fig 3D), indicating that PI16™"

To validate the activation of myofibroblast pathways along differentiation is towards a myofibroblasts state. Moreover,
this differentiation trajectory, we scored SFRP2* fibroblasts pseudobulk differential gene expression analysis on the COMP™*
using transcriptional signatures of transforming growth factor f- cells in SSc confirmed significant upregulation of genes associ-
or interleukin 4-stimulated fibroblasts, based on a method ated with myofibroblast activation including COLIA1 and
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Figure 3. Increased matrix stiffness induces myofibroblasts transdifferentiation of the PI16* fibroblasts. A, Hierarchical clustering tree created from the
transcriptional correlation between different subclusters of fibroblast in the skin scRNAseq dataset of SSc and healthy patients. B, Comparison of ratio of
subclusters of SFRP2™* fibroblasts between SSc and normal skin (SS¢ N = 5, normal N = 6). P value is calculated using 2-sided Wilcoxon rank sum test.
Median is shown. C, Various parameters shown on the PHATE embeddings of the SFRP2™ fibroblasts compartment: subclusters of SFRP2* fibroblasts
(top left). Pseudotime values identified using slingshot (bottom left). Expression of CD34 and PI16 (right). D, UCell score for gene signatures of transform-
ing growth factor (TGF)J (top) and interleukin (IL)4 stimulations (bottom) on SFRP2™ fibroblasts subtypes. E, Volcano plot of DGE on COMP™ fibroblasts
between SSc and normal (SSc N = 5, normal N = 6). Top upregulated and downregulated genes are highlighted. DGE was performed on pseudobulk
with DESeq2 and BH correction for multiple testing. F, GOBP pathways significantly upregulated in the COMP™ cells in SSc. p-vales are calculated using
ClusterProfiler’s ‘enrichGO’ function and corrected for multiple testing using BH method. G, Expression of SPI1 on SFRP2™ fibroblasts. H, ALRA imputed
expression of SPI1 on SFRP2™ fibroblasts. I, Scatter plots showing the GOBP myofibroblast differentiation UCell score versus stiffness signature scores on
hdWGCNA-generated meta cells of PI16*, COMP™* or all fibroblasts in normal or SSc skin scRNAseq dataset. Correlation is calculated using 2-sided
Spearman’s method, and P values are corrected for multiple testing using BH. Blue lines show the linear fit, and the grey region shows the CI. ALRA, adap-
tively-thresholded low rank approximation; BH, Benjamini-Hochberg; DGE, differential gene expression; GOBP, gene ontology biological process; scRNA-
Seq, single-cell RNA sequencing; SSc, systemic sclerosis; PHATE, potential of heat diffusion for affinity-based transition embeddings

COL1A2 as well as significant activation of pathways consistent fibroblasts [13]. SPI1 expression was higher in COMP™ com-
with the functional characteristics of myofibroblasts pared to PI16* fibroblasts, although both the percentage and
including ECM production, remodelling and adhesion dynamics expression levels were low (Fig 3G), likely due to the challenges
(Fig 3E,F). of detecting transcription factors in scRNAseq data [47]. Using

To further characterise the differentiation of PI16* fibroblasts adaptively-thresholded low rank approximation imputation
into myofibroblasts, we analysed the expression of SPI1 (PU.1), (ALRA) [48], we improved signal recovery and confirmed
a transcription factor implicated in fibrotic polarisation of higher SPI1 expression in COMP™ fibroblasts, showing a
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Figure 4. Inhibition of mechanotransduction pathway blocks stiffness-induced myofibroblasts activation. A, Bar plot showing the log2 fold changes of
averaged UCell scores for subterms of GOBP ‘intracellular signal transduction GO:0035556° pathway in SFRP2™* fibroblasts when compared to other
fibroblasts in the scRNAseq dataset of SSc and normal skin (GSE214088). P values are calculated using the Wilcoxon rank sum test with BH correction.
B, Expression level of YAPI among the sub cluster of skin fibroblasts from a. C, Expression level of PTK2 among the sub clusters of skin fibroblast from
a, compared between normal and SSc skin. D, UMAP plot of fibroblasts in the human dermal scRNAseq dataset of fibroblasts cultured in 3D collagen
scaffolds with either no strain, strain or strain + FAK inhibition (FAKI) (GSE138669). E and F, Comparison of stiffness-response (E) COMP* and
PI16™ signature (F) UCell score between fibroblasts from d. P values are calculated using t-test with BH correction. Median, quartiles and min—max
are shown. BH, Benjamini-Hochberg; FAK, focal adhesion kinase, FAKI, focal adhesion kinase inhibitor; GOBP, gene ontology biological process;
scRNASeq, single-cell RNA sequencing; SSc, systemic sclerosis; UMAP, uniform manifold approximation; LFC, log2 fold changes.

gradient increase in the later stages of myofibroblast differentia-
tion (Fig 3H).

To assess whether the myofibroblast differentiation of the
PI16™ cells is associated with increased stiffness in SSc we eval-
uated the correlation of stiffness signature with the gene ontol-
ogy biological processes (GOBPs) myofibroblast differentiation
(GO:0036446) score. To overcome the potential errors due to
scRNAseq sparsity the correlation analysis was done on meta
cells generated using hdWGCNA [28]. A significant positive cor-
relation was observed between stiffness score and myofibro-
blasts differentiation score in the SSc-derived PI16™ fibroblasts
but not in the normal skin PI16™ fibroblasts, or in other sub-
types of fibroblasts in the skin (Fig 3I).

Inhibition of mechanotransduction pathway blocks stiffness-
induced SFRP2™ COMP " myofibroblasts differentiation

To characterise the intracellular signalling mechanisms of
myofibroblast differentiation in the SFRP2* compartment, we
performed pathway scoring analysis using all sub terms from
the GOBP ‘intracellular signal transduction GO:0035556°. Con-
sistent with prior findings [12], we observed significant upregu-
lation of the Hippo pathway (Fig 4A). As a key component of
Hippo signalling in mechanotransduction [49], the YAP/TAZ
axis was notably upregulated, with increased YAP1 expression
(Fig 4B).

To further explore the role of YAP/TAZ signalling in matrix-
driven myofibroblast activation, we analysed a scRNAseq data-
set from a dermal wound healing culture system (GSE167339)
[25], where mechanotransduction was modulated by focal adhe-
sion kinase (FAK/PTK2) inhibition. Notably, PTK2 was upregu-
lated in PI16* fibroblasts in SSc (Fig 4C). Reanalysis of this
dataset revealed that mechanical strain induced our stiffness-
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response signature, which was reversed by FAK inhibition
(Fig 4D,E). Moreover, strain increased the COMP* fibroblast sig-
nature, whereas FAK inhibition restored COMP* and PI16* sig-
natures (Fig 4F). These findings confirm mechanotransduction
as a driver of PI16* to COMP* myofibroblast transition in
response to matrix stiffness.

Spatial colocalisation of PI16" and COMP” fibroblasts in
stiffness-associated regions

To further investigate the spatial distribution of SFRP2™
PI16* precursor cells and their differentiated COMP* myofibro-
blasts state we analysed a publicly available spatial transcrip-
tomic dataset of skin SSc samples (GSE249279) [12]. We
implemented cytospace [30] to align the entire single-cell clus-
ters (Supplementary Fig S1B) to their corresponding spots in the
spatial transcriptomics data. Our analysis revealed that PI16*
and COMP* fibroblasts populations colocalised within the tissue
(Fig 5A,B). Hierarchical clustering of cytospace identifying rela-
tive abundances among all fibroblasts subsets further confirmed
this observation by showing distinct clustering of precursor and
COMP* myofibroblast populations (Fig 5C). Furthermore, we
scored the spatial spots using our stiffness-associated gene signa-
ture, as well as with previously suggested ECM score [12] based
on GOBP term for collagen containing extracellular matrix
(G0:0062023) as a measure of ECM deposition resulting from
ongoing fibrosis. We observed a significant correlation between
stiffness scores and ECM scores across the tissue regions (Fig 5D,
E). Notably, these scores were higher in regions where PI16*
and differentiated myofibroblasts colocalised, indicating that
increased stiffness and ECM remodelling are associated with the
myofibroblasts differentiation of the PI16" cells. The correlation
between stiffness and ECM scores suggests that these 2 factors
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Figure 5. PI16" and COMP™ fibroblasts colocalise within fibrotic niches characterised with increased matrix stiffness. A, Visium slide of human skin
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the relative cell number of PI16" and COMP™ fibroblasts on Visium spots identified using cytospace mapped from the scRNAseq dataset of normal
and SSc skin tissues. C, Hierarchical clustering tree created from the relative cell number correlation over Visium spots between different subclusters
of fibroblast. D, Stiffness signature (right) and extracellular matrix (ECM) (left) UCell score visualised on Visium spots. E, Scatter plots showing the
ECM vs stiffness signature UCell score across Visium spots. Correlation is calculated using 2-sided Spearman’s method. Blue line shows the linear fit. F
and G, Comparison of stiffness-response GSVA scores between paired early and late stage (F) and between late diffuse and late limited (G) SSc skin
fibrosis patients from the GENISOS (GSE58095) cohort. P values are calculated using limma while accounting for covariates. Median, quartiles and
min—max are shown. (N = 5 paired early-late, 38 late diffuse, 17 late limited). scRNASeq, single-cell RNA sequencing; SSc, systemic sclerosis; GSVA,

gene set variation analysis.

may act synergistically in driving fibrosis. Consistent with this,
data from early- and late-stage SSc patients (GSE58095) [50]
showed increased expression of our stiffness signature in late-
stage disease (Fig 5F), reflecting ECM accumulation and tissue
stiffening in advanced skin fibrosis. No significant difference
was observed between diffuse and limited disease (Fig 5G). This
was expected as disease distribution does not directly impact
stiffness levels.

DISCUSSION

In this study, we examined the complex relationship between
matrix stiffness and fibroblast dynamics in SSc, a debilitating
condition characterised by excessive skin and organ fibrosis and
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the consequent decline of organ function. Our findings provide
significant insights into the role of biomechanical cues in modu-
lating fibroblast behaviour and highlight specific cellular sub-
types that could serve as therapeutic targets to alleviate disease
progression.

One of the main results of our study was the successful estab-
lishment of a collagen-based 3D matrix model that mimics the
ECM architecture in vivo. This model allowed us to investigate
the cellular responses of fibroblasts subjected to varying stiffness
levels, reflecting the pathological changes observed in SSc. The
evident structural differences in fibre architecture and proper-
ties of our matrices, confirmed through advanced imaging tech-
niques, underline the importance of matrix properties in
regulating fibroblast activity. Our data align with previous
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research indicating that ECM stiffness is a significant modulator
of cellular behaviours, influencing processes, such as prolifera-
tion, differentiation and gene expression [1,8,14—17].

Through bulk RNA sequencing, we identified significant tran-
scriptional changes in fibroblasts exposed to stiff matrix, includ-
ing genes associated with mechanotransduction pathways and
fibrotic processes. This underlines the concept that fibroblasts
are finely adjusted to their mechanical microenvironment. Par-
ticularly notable was the identification of stiffness-responsive
fibroblast subtypes, including the SFRP2* PI16* population,
which exhibited heightened responsiveness to matrix stiffness.
This finding highlights the heterogeneity within the fibroblast
population in SSc and supports the idea that specific fibroblast
subtypes may have differential roles in disease pathogenesis [9].

The significant correlation between increased matrix stiffness
and the differentiation of SFRP2* PI16* precursor fibroblasts
into myofibroblasts provides a compelling explanation about
the mechanistic pathways behind fibrosis in SSc. Our trajectory
analyses demonstrated a clear differentiation pathway within
the SFRP2* compartment, suggesting that PI16" fibroblasts are
predisposed to develop myofibroblast characteristics in response
to mechanical cues. Moreover, our analysis revealed spatial
colocalisation of PI16* fibroblasts and COMP* myofibroblasts in
regions characterised by high stiffness and ECM remodelling.
This spatial arrangement suggests a localised mechanotransduc-
tion signalling that may further reinforce the activation of myo-
fibroblast pathways that challenges the conventional
understanding of fibrosis as a uniformly distributed process. Col-
lectively these findings reinforce the idea of a pathological posi-
tive feedback loop where heightened matrix stiffness
contributes to persistent myofibroblast activation and ongoing
ECM deposition, thereby sustaining fibrosis [14,16,17].

These findings not only deepen our understanding of the cel-
lular mechanisms behind fibrosis in SSc but also present new
opportunities for therapeutic intervention. However, to enhance
the critical evaluation of our study, it is essential to acknowledge
that the in vitro nature of our experiments, along with the spe-
cific methods employed for matrix preparation, may not fully
capture the complexities of the in vivo microenvironment. In an
effort to address this limitation, we compared our findings with
various existing datasets derived from in vivo studies and ex vivo
tissues, which serve as valuable references for validating our
results. Nevertheless, this comparative analysis has its own con-
straints and may not encompass all relevant biological nuances,
highlighting the necessity for future investigations to rigorously
explore these variables and alternative explanations. Such
efforts will contribute to a more comprehensive understanding
of the interplay between matrix stiffness and fibroblast dynam-
ics. In light of these insights, targeting the biomechanical prop-
erties of the ECM and their associated fibroblast-specific
signalling pathways could pave the way for developing novel
antifibrotic strategies. For instance, pharmacologic modulation
of matrix stiffness or direct targeting of specific fibroblast sub-
types that are predisposed to differentiation under stiff matrix
could offer potential in reducing fibrosis progression and
improving patient outcomes. Furthermore, therapeutic
approaches such as RNA interference targeting specific genes
involved in the transdifferentiation of PI16* fibroblasts into
COMP* myofibroblasts, along with the use of integrin antago-
nists to disrupt fibroblast-ECM interactions, require further eval-
uation to enhance their efficacy in clinical applications.

In conclusion, our study elucidates the critical role of matrix
stiffness in orchestrating fibroblast dynamics and myofibroblast
differentiation in SSc. By revealing the interactions between
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mechanical cues and fibroblast heterogeneity, we advance our
understanding of the pathogenesis of SSc and highlight potential
ways for therapeutic exploration. As our knowledge of ECM biol-
ogy and fibroblast behaviour evolves, it may provide the founda-
tion for more effective strategies to combat fibrosis and its
associated complications in SSc and other related disorders.
Future studies should aim to further dissect the molecular mech-
anisms governing these processes and explore the interplay
between mechanical signals and inflammatory pathways in
fibrosis progression.
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Objectives: This study seeks to create consensus-based definitions of signs and symptoms of giant
cell arteritis (GCA) for use by health care professionals, primarily in research settings.

Methods: Core definitions of signs and symptoms of GCA were extracted from 11 randomised
controlled trials of GCA previously reviewed in a systematic literature review conducted in the
context of the development of response criteria for GCA. This information was supplemented by
definitions from other sources, such as rheumatology textbooks. A 2-round Delphi was per-
formed within an international task force (32 members from 11 countries). The first round
aimed to obtain consensus on the descriptive terms defining each sign or symptom, and round 2
rated the importance of these terms. Based on the Delphi study method, preliminary definitions
were developed. In 4 online meetings, results of the Delphi were reviewed, and a consensus was
achieved on final definitions.

Results: Twenty-nine signs and symptoms of GCA were reviewed. Six signs or symptoms of GCA
had previously been defined in the literature. A high level of agreement was reached on the defi-
nition of 23 signs and symptoms with the following 12 considered characteristic of GCA: head-
ache, temporal artery abnormalities, scalp tenderness, scalp necrosis, jaw claudication, tongue
claudication, tongue necrosis, amaurosis fugax, permanent vision loss, fever, limb claudication,
and blood pressure inequality.

Conclusions: A glossary of definitions for 23 signs and symptoms of GCA was developed through
a consensus process involving international experts.

[1,2]. There are no standardised definitions of the clinical mani-
festations of GCA in the literature. Classification criteria related
manuscripts usually include definitions of individual parameters
(for example, classification criteria for spondyloarthritis),

WHAT IS ALREADY KNOWN ON THIS TOPIC

» The paucity of standardised definitions for clinical manifesta-
tions of giant cell arteritis (GCA) leads to variable interpreta-

tions in research settings. Thus, there is an unmet need to
establish uniform definitions of signs and symptoms of GCA to
ensure standardised patient enrolment into clinical trials and
characterisation of patients in clinical studies.

WHAT THIS STUDY ADDS

* This study defined 23 signs and symptoms of GCA. Of these, 12
were considered characteristic of GCA and are as follows: head-
ache, temporal artery abnormalities, scalp tenderness, scalp
necrosis, jaw claudication, tongue claudication, tongue necro-
sis, amaurosis fugax, permanent vision loss, fever, limb claudi-
cation, and blood pressure inequality.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

* These 23 definitions can complement inclusion criteria in clini-
cal trials and other clinical studies, allow precise application of
classification criteria, and lay the groundwork for developing
response criteria for GCA.

INTRODUCTION

Giant cell arteritis (GCA) is a large vessel vasculitis and the
most common form of vasculitis in adults over the age of 50
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whereas the classification criteria for GCA do not comprehen-
sively include definitions for all signs and symptoms [3—5]. This
lack of standardised definitions might lead to inconsistency in
application in research settings. Furthermore, the diagnostic
and therapeutic landscapes of GCA are rapidly expanding [6,7].
Inconsistent definitions of GCA features hinder the validity of
the data and the inclusion of a homogeneous group of patients
into clinical trials, thereby affecting the results and limiting the
comparability of studies.

An international task force supported by the European Alli-
ance of Associations for Rheumatology (EULAR) and the Ameri-
can College of Rheumatology (ACR) was established to develop
response criteria for GCA. For the development of these criteria,
a multistep approach is followed that includes but is not limited
to a systematic literature review and a Delphi exercise to evalu-
ate candidate descriptors in the response criteria [8]. During the
Delphi, features of GCA (for example, jaw claudication) were
defined to allow consistent interpretation when doing this exer-
cise. While defining those signs and symptoms of GCA, it was
noted that there were no standardised definitions in the litera-
ture. Therefore, it was decided to create a glossary of signs and
symptoms of GCA. This glossary is intended to be used in
research settings by health care professionals as a resource to
facilitate the recruitment of patients into clinical trials by stand-
ardising the definitions of commonly used features of GCA.
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METHODS

Initial development of the definitions of signs and symptoms of
GCA

An international task force endorsed by EULAR and ACR to
develop new response criteria for GCA conducted the current
glossary project [8]. The 32 task force members consisted of 28
rheumatologists, 1 internist, 1 health professional in rheumatol-
ogy, and 2 patient research partners from 11 countries (Austria,
Canada, France, Germany, Italy, Netherlands, Portugal, Spain,
Switzerland, United States of America, United Kingdom).

Two patient research partners were involved in each step of
this study including but not limited to the Delphi study and con-
sensus meetings.

Seven members (CAL, CD, ZT, SR, MS, MB, and CS-A) formed
the Steering Committee, 3 of which are fellows (MS, MB, and
CS-A). Using the systematic literature review (SLR) conducted
in the context of the response criteria for GCA project as a basis,
the fellows extracted definitions of the signs and symptoms of
GCA from 11 randomised controlled trials (RCTs) (Supplemen-
tary Table S1) [8]. To ensure comprehensiveness, this informa-
tion was supplemented by definitions from other sources,
including rheumatology textbooks [9—11], the 2022 ACR/EU-
LAR classification criteria for GCA [4], the ACR 1990 classifica-
tion criteria for GCA [12], and a Delphi exercise prepared as
part of the GCA response criteria project (which was different
from the Delphi described below) (Fig).

For each sign and symptom of GCA, keywords or features
(termed ‘descriptors’ in this paper) were extracted from each
definition (for example, ‘new onset’) by 2 of the fellows (MS
and MB). Descriptors that were frequently mentioned in the
above sources (for example, ‘new onset,” was mentioned in
most RCTs) were incorporated into the potential new definition,
whereas the other descriptors that were infrequently mentioned
were kept as potential options. A model was created with a basic
phrase that includes the common descriptors of the signs and
symptoms of GCA that cannot be changed and several descrip-
tors that can be added to make the definition comprehensive
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(Supplementary Fig S1). The information retrieved during this
step was used as a basis for the subsequent Delphi exercise.

Delphi

The preliminary descriptors for each sign and symptom of
GCA were refined via a 2-round Delphi performed among the
task force members.

During round 1, participants were asked to select the descrip-
tors that most appropriately matched each feature of GCA. Par-
ticipants were also allowed to propose new descriptors.

Any descriptive term with >70% consensus was added to the
definition of the respective sign/ symptom. Descriptors with
<30% agreement were excluded. Descriptors with 30% to 70%
agreement were reassessed in a second Delphi survey. The goal
of round 2 was to rate the importance of the descriptors that
most appropriately matched the features of GCA. The rating was
as follows: 0—3 = not important, 4—6 = important, and 7
—9 = critically important (Supplementary Fig S2).

Based on the results of the 2 Delphi rounds, a preliminary
definition of each feature of GCA was developed by the Steering
Committee as follows: those descriptors rated as critically
important by >70% of participants were included in the prelimi-
nary definition. The rest of the descriptors were shown to task
force members during subsequent meetings (below). The pre-
liminary definitions were discussed and refined by the Steering
Committee via e-mail and in online meetings until a final pro-
posal was achieved, which was then presented to the task force.

Based on the Delphi results, the Steering Committee identi-
fied fundamental overarching principles essential for contextual-
ising and interpreting the definitions of the features of GCA.
These were also proposed to task force members.

Consensus meetings

The results of the Delphi exercise and preliminary definitions
were presented to the task force members during 4 online meet-
ings (Supplementary Fig S3).

sources:
* Rheumatology textbooks

trials in giant cell arteritis®

Extracted definitions of signs/symptoms of giant cell arteritis from various \

¢ Previously conducted systematic literature review identifying randomized

*1990 ACR and 2022 ACR/EULAR classification criteria for giant cell arteritis |

Delphi exercise:

*Round 1: Consensus on descriptors to include or exclude
*Round 2: Rate importance of descriptors

Preliminary definitions developed based on Delphi results
Four consensus meetings to refine proposed definitions

Figure. Flow chart of the study process. The steps taken to develop the glossary of signs and symptoms of giant cell arteritis. ACR, American College of
Rheumatology; EULAR, European Alliance of Associations for Rheumatology.
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During the meetings, task force members discussed the Del-
phi results and the proposed definitions. Consensus among task
force members was achieved through an online live voting pro-
cess. Agreement was reached if at least 70% of participants con-
curred on a definition. If consensus was not achieved, the
definition under consideration was rediscussed. In the second
round, consensus was accepted if >67% of the members voted in
favour of the revised definition, and in the third round, >50%
was accepted.

Finally, each task force member anonymously indicated the
level of agreement (LoA) via an online survey (LoA, 0—10
numeric rating scale with 0 = donot agree and 10 = fully agree).
The mean and SD of the LoA, as well as the percentage of task
force members with an agreement >8, are presented.

RESULTS

A total of 29 out of 32 (92%) and 27 out of 32 (84%) task
force members participated in rounds 1 and 2 of the Delphi exer-
cise, respectively. Attendance by members at online meetings
was >75% (meeting 1, 81%; meeting 2, 87%; meeting 3, 87%;
meeting 4, 78%).

Overarching principles and definitions of signs/symptoms of GCA

The task force formulated 2 overarching principles forming a
framework for all the definitions of signs and symptoms of GCA
(Table 1).

Twenty-nine items were reviewed. Four were not defined
(polymyalgia rheumatica [13], stroke [14], transient ischaemic
attack [15], and myocardial infarction [16]) because they are
clinical diagnoses with established definitions in the literature.

Table 1
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Similarly, 2 other signs or symptoms (digital ulcers [17] and
fatigue [18]) were not defined due to their accepted definitions
in the literature. During online meetings, out of the 23 signs and
symptoms left to define, 12 were considered characteristic for
GCA, whereas 11 were regarded as self-explanatory or not
highly specific for GCA. Three online meetings were dedicated
to defining those 12 signs and symptoms of GCA, and 1 online
meeting was used for the remaining 11 signs and symptoms.

The 12 signs and symptoms of GCA with their definitions are
listed in Table 1 (including LoA) and discussed below. All state-
ments obtained a high LoA, ranging from 8.7 to 9.9. The remain-
ing 11 definitions of the symptoms considered self-explanatory
or not highly specific for GCA are reported in Table 2 (including
LoA), whereas the respective discussion points are included in
Supplementary Table S2.

Overarching principles

Overarching principle 1: All the definitions from this glossary refer to
signs or symptoms not better explained by other clinical conditions
(that is, they are primarily attributed to GCA)

The first principle emphasises that the definitions provided in
the glossary are specifically tailored to recognise signs or symp-
toms of GCA. This principle clarifies that these definitions are
most relevant when other clinical conditions cannot better
explain the symptoms, ensuring that the focus remains on identi-
fying GCA-related signs and symptoms.

All signs or symptoms described generally represent a new
occurrence (ie, not chronic). Additionally, signs and symptoms
that self-resolve or resolve with conventional treatments (eg,
headache responding to acetaminophen) are generally not
attributable to GCA.

Overarching principles and definitions of 12 signs and symptoms of giant cell arteritis

Overarching principles

LoA (0—-10) % with LoA >8

Mean (SD)

1. All the definitions from this glossary refer to signs or symptoms not better explained by other clini- 9.8 (0.5) 100
cal conditions (that is, they are primarily attributed to GCA).

2. The glossary should not serve to prevent patients who do not completely fit these definitions from 9.9 (0.4) 100
receiving the necessary diagnostic procedures or therapies.

Signs or symptoms of GCA Definitions

Headache New-onset pain localised to the head, not typical of headaches the patient previously experienced. 9.4 (0.8) 96.4
The pain is usually persistent, continuous, and not easily alleviated by analgesics.

Temporal artery abnormalities Any of the following features of a temporal artery: thick, firm, tender, or with a diminished or 9.6 (0.6) 100
absent pulse.

Scalp tenderness Pain/discomfort on touching the scalp, occurring on one or both sides, often elicited by brushing 9.7 (0.5) 100
or combing hair.

Scalp necrosis Ischaemic damage to the scalp marked by altered colour and compromised integrity of the skin. 9.5(0.8) 96.4

Jaw claudication Pain, fatigue, or discomfort in jaw muscles occurring when chewing and resolving shortly after 9.6 (0.7) 100
chewing stops.

Tongue claudication Pain, fatigue, or discomfort in the tongue when chewing or talking that resolves after chewing or 9.5(0.8) 100
talking stops.

Tongue necrosis Ischaemic damage to the tongue marked by altered colour and compromised integrity of the 9.3(1.0) 92.9
mucosa.

Amaurosis fugax Transient loss of vision in one or both eyes, without associated ocular pain, that is usually sudden 9.3 (1.09) 96.4
and resolves within minutes or rarely hours.

Permanent loss of vision Sudden and irreversible, partial, or complete, loss of sight in one or both eyes. 9.7 (0.6) 100

Fever Temperature >38°C (100.4°F). 8.7 (1.6) 78.6

Limb claudication Pain, fatigue, or discomfort in limb muscles that occurs with use and is relieved by rest. 9.17 (1.5) 89.3

Blood pressure inequality A difference of >20 mm Hg in systolic blood pressure between contralateral limbs. 9.4 (0.9) 92.9

GCA, giant cell arteritis; LoA, level of agreement.
Numbers in the columns ‘LoA’ indicate the mean and SD (in parenthesis) of the LoA (assessed on a scale from 0 = no agreement to 10 = full agreement), and the
proportion of task force members with a score of at least 8/10.
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Table 2
Definitions of 11 additional signs and symptoms of giant cell arteritis

Ann Rheum Dis 84 (2025) 1877—1887

Additional signs or symptoms of GCA  Definitions

LoA (0—10) % with LoA

Mean (SD) >8

Abdominal angina Recurrent pain or discomfort in the abdomen, usually occurring or worsening after eating, 9.3(1.1) 89.3

considered due to vascular insufficiency.
Anorexia Diminished desire to eat. 9.2(1.4) 89.3
Blurry vision A visual disturbance in which objects appear unclear, making it difficult to see things sharply. 9.3(1.3) 92.9

Typically sudden in onset.
Carotidynia Pain or tenderness over one or both carotid arteries. 9.8 (0.5) 100
Diplopia Transient or persistent visual disturbance in which an object is seen partially or fully in duplicate. 9.6 (0.7) 96.4
Dry cough A type of cough not accompanied by expectorated phlegm, mucus or blood. 9.6 (0.8) 96.4
Hearing loss Partial or complete inability to hear sounds in one or both ears. Typically rapidly progressive. 9.1(1.2) 92.9
Odynophagia Pain or discomfort with swallowing. 9.7 (0.7) 100
Peripheral arthralgia Pain or discomfort in the joints of the extremities. 9.3(1.4) 92.9
Pulse abnormalities Pulse that is difficult to detect or feels faint when palpating arteries in the extremities. 9.0(1.2) 89.3
Weight loss Reduction of body weight of at least 5%. 8.4 (2.4) 78.6

GCA, giant cell arteritis; LoA, level of agreement.

Numbers in the columns ‘LoA’ indicate the mean and SD (in parenthesis) of the LoA (assessed on a scale from 0 = no agreement to 10 = full agreement), and the pro-

portion of task force members with a score of at least 8/10.

Overarching principle 2: The glossary should not serve to prevent
patients who do not completely fit these definitions from receiving
necessary diagnostic procedures or therapies

The second principle ensures that the glossary definitions do
not hinder access to appropriate diagnostic procedures and treat-
ment for patients whose symptoms may not fully align with the
defined signs or symptoms. This principle acknowledges the vari-
ability in how diseases present and emphasises the importance of
clinical flexibility and discretion. It underlines that the glossary
serves as a guide, mainly for research, advocating for compre-
hensive patient care regardless of predefined signs or symptoms.

Definitions of signs and symptoms of GCA

Headache

Definition: New-onset pain localised to the head, not typical of
headaches the patient previously experienced. The pain is usually
persistent, continuous, and not easily alleviated by analgesics.

The concepts of new-onset (previously not experienced by
the patient) and atypical headache were commonly noted for
patients included in clinical trials [19—24] as well as in the ACR
1990 classification criteria for GCA [12]. However, aside from a
few research papers [21,23], the medical literature offered lim-
ited additional information to further characterise a GCA-related
headache. These 2 concepts were thus included in the initial
potential headache definition and other descriptors extracted
from the literature and textbooks were added as options for the
task force members to choose from (Supplementary Fig S1).

Task force members agreed that the definition should aim
to characterise the type of headache that makes a health care pro-
vider concerned about GCA rather than defining any type of head-
ache. The headache definition had to strike a balance between
avoiding oversimplification akin to other headache definitions
and not being overly restrictive, which can limit inclusion of
patients in clinical trials; it should thus provide some flexibility.

In contrast to the International Headache Society definition
of GCA-related headache [25], which emphasises the inclusion
of other symptoms of GCA (eg, scalp tenderness), it was decided
that such an association should not be incorporated in the defi-
nition. The task force was reluctant to combine different features
of GCA into a single definition, maintaining a distinct concept of
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GCA-related headache specifically for research purposes and
independent of the presence of other symptoms of GCA.

The appropriateness of including a specification regarding
headache characteristics such as inflammation (eg, heightened
intensity during the night or in the early morning) was also dis-
cussed. However, to maintain broad inclusivity, it was decided
to omit such specifications due to the heterogeneous nature of
headaches across patients and disease courses.

There was a debate about whether to include the lack of
response to treatment (ie, no or little improvement of headache
by analgesics) as there might be a subgroup of patients who do
not, or cannot, take analgesics. The addition of the adverbs
‘usually’ and ‘not easily’ in the definition was intended to
accommodate such exceptions, whereas the definition also aimed
to include descriptors typically associated with a GCA-related
headache, such as ‘persistent’ and ‘continuous’. Although new
onset is mentioned, the task force agreed that the definition can
also be extended to a patient who is relapsing if the character of
headache is referencing to the initial presentation of GCA.

Temporal artery abnormalities

Definition: Any of the following features of a temporal artery:
thick, firm, tender, or with a diminished or absent pulse.

Distinct features of temporal artery abnormalities that were
agreed upon include thickness, firmness, tenderness and a
diminished or absent pulse. Tenderness is pain elicited by touch-
ing the temporal artery. When discussing the difference between
thickness and firmness, thickness was felt to incorporate the
concept of being dense and not completely compressible, while
firmness would be synonymous to hard or cord-like. ‘Any’ was
intentionally added to have the flexibility of only having 1
abnormality, such as diminished pulse, and therefore increase
sensitivity. However, the more abnormalities that are present,
the higher the likelihood of being related to GCA. Particular
care was taken in the wording of pulse palpation: ‘absent pulse’
was chosen to convey a lack of prior knowledge regarding the
temporal artery’s condition in contrast to ‘loss of pulse’, which
implies previous awareness. The interpretation of the temporal
artery pulse should be considered in the absence of a prior tem-
poral artery biopsy, as the latter may alter the pulse characteris-
tics. When assessing the temporal artery for signs of GCA, the



examiner should have adequate experience with the anatomy of
the temporal artery and with GCA to ensure that the appropriate
amount of pressure is applied for evaluating tenderness, firm-
ness, and pulse characteristics. The task force did not include
bruits as a possible abnormality of the temporal artery because
auscultation of this artery is rarely conducted in clinical practice
and has not been mentioned as a possible descriptor in the litera-
ture (in contrast to bruits of extracranial arteries to indicate ves-
sel stenosis).

Definition: Pain/discomfort on touching the scalp, occurring on
one or both sides, often elicited by brushing or combing hair.

The term ‘discomfort” was introduced as an option to encom-
pass nuances related to tenderness when touching the scalp,
ranging from mild discomfort to pain. Hyperesthesia was also
discussed but finally not added, as the task force believed that
pain/discomfort touching the scalp catches the essence of the
definition. The definition included the adjective ‘often’ to allow
room for exceptions. Similar to the discussion on temporal
artery abnormalities, interpretation should be considered in the
absence of a prior temporal artery biopsy.

Definition: Ischaemic damage to the scalp marked by altered
colour and compromised integrity of the skin.

There was initial discussion on whether it should be defined
given it is such a rare occurrence but on the other hand, it is a
very specific feature of GCA and was thus included [26]. Ischae-
mia means diminished or absent blood flow. Gangrene, a possi-
ble consequence of ischaemia was initially included in the
definition of scalp necrosis but ultimately omitted, given its defi-
nition is restricted to the end-stage result of an ischaemic pro-
cess. The term ‘ischaemic damage’ provides greater flexibility in
the definition given that it encompasses altered colour and
integrity of the skin, as well as gangrene. The task force also
emphasised that a change of colour alone is not enough for this
process of ischaemic damage to happen. Usually, the subcutane-
ous tissue also undergoes damage. It would be exceptional that
necrosis occurred without also damaging the skin.

Definition: Pain, fatigue, or discomfort in jaw muscles occurring
when chewing and resolving shortly after chewing stops.

The challenge was formulating a definition that effectively
differentiated jaw claudication from other pathologies such as
temporomandibular joint disorders. The task force agreed that
the essence of the definition is that jaw claudication happens
with prolonged (usually minutes) chewing and resolves once
chewing stops. It does not typically occur with the first bites or
with the initiation of chewing. The task force decided against
including the word ‘prolonged’ into the definition given that its
interpretation could be heterogenous with no specific cut-off in
the literature. Discussing the meaning of ‘prolonged’ as part of
the definition would introduce substantial complexity. It is
important to note that GCA patients can express several jaw-
related symptoms, but jaw claudication was chosen to be
defined given its high diagnostic specificity [27]. Jaw muscle
was added rather than simply jaw to emphasise that this phe-
nomenon happens in the muscles of mastication and not else-
where. Fatigue and discomfort were added to the definition
because jaw claudication is not always perceived as pain by
patients.
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Definition: Pain, fatigue, or discomfort in the tongue when chew-
ing or talking, that resolves after chewing or talking stops.

The task force aimed for this definition to align with the same
conceptual framework as that of jaw claudication. Therefore, the
essence of the meaning of claudication was kept, where the
tongue pain, fatigue, or discomfort happens with activity (chew-
ing or talking) and resolves once the activity stops.

Definition: Ischaemic damage to the tongue marked by altered
colour and compromised integrity of the mucosa.

The task force wanted this definition to mirror the same
underlying principles as that of scalp necrosis. The fundamental
concept of necrosis was maintained by utilising the phrase
‘ischaemic damage’ characterised by changes in colour and
compromised mucosal integrity.

Definition: Transient loss of vision in one or both eyes, without
associated ocular pain, that is usually sudden and resolves within
minutes or rarely hours.

In defining amaurosis fugax, the task force advocated for
inclusivity by specifying that this GCA feature can involve one
or both eyes. Although predominantly unilateral, the less fre-
quent bilateral presentation was retained for the benefit of a
larger audience, aiming to be as inclusive as possible when
recruiting patients for trials. The central debate revolved around
the necessity of explicitly specifying the painlessness of vision
loss itself. Cranial GCA is typically characterised by a headache,
amaurosis fugax, and painless loss of vision in general (ie,
patients do not experience any pain in the eye) [28]. Moreover,
the task force wanted to highlight another crucial characteristic
of this symptom, which is its reversibility in a short time frame
in most cases [28]. However, for the sake of inclusiveness, the
rare circumstance where amaurosis resolves within hours is also
reported in the definition.

Definition: Sudden and irreversible, partial or complete, loss of
sight in one or both eyes.

The task force advocated for the explicit inclusion of the sud-
den onset and irreversibility of this feature. Vision loss in GCA is
an ischaemic complication occurring in 15% to 35% of patients,
almost exclusively before the start of treatment with glucocorti-
coids, and it may be preceded by amaurosis fugax but may also
occur as the first manifestation of disease [28—30]. Visual loss
encompasses a wide spectrum of visual impairment. Although
some individuals may notice specific areas of visual defects,
such as blind spots or scotomas, affecting their ability to per-
ceive objects in certain areas of their visual field, others may suf-
fer more severe impairment or blindness, importantly impacting
their daily activities and quality of life [31]. Most task force
members argued against the necessity of specifying the ischae-
mic cause in the definition, contending that the assumption of
relevance to GCA covers all potential causes, as specified in the
overarching principles.

Definition: Temperature of >38°C (100.4°F).

There was extensive discussion about whether this term war-
ranted definition, as a few task force members deemed it self-
explanatory. Although fever is defined by the Centers for Disease
Control and Prevention (CDC) as measured temperature of



>38°C [32], some experts expressed concerns that a proportion
of patients with GCA may have a temperature that is only
slightly higher than their baseline body temperature yet abnor-
mal for that patient and that these low-grade temperatures
might differ between individuals.

To capture the concept of low-grade fever, proposals dis-
cussed were 2 above-normal measurements or an elevation of at
least 0.5°C above the patient’s usual baseline temperature. The
debate extended to whether patients are even aware of their nor-
mal temperature and whether they regularly measure it. How-
ever, no agreement on these aspects was reached. The minimum
consensus among the task force was, therefore, to adopt the defi-
nition of fever used by the CDC as a temperature of >38°C and
not to formulate a definition for low-grade fever. Nevertheless,
all task force members acknowledged that a patient with active
GCA may have a body temperature that is slightly higher than
their usual baseline but not exceeding 38°C. Finally, fever in
GCA is typically not relapsing and remitting, but generally per-
sistent.

Definition: Pain, fatigue, or discomfort in limb muscles that occurs
with use and is relieved by rest.

Limb claudication occurs in patients with extracranial vessel
involvement may affect upper and lower limbs, and symptoms
may vary from mild to severe based on the degree of vascular
involvement and concomitant factors, such as (pre-existent) ath-
erosclerosis, heart failure, or anaemia. The reported definition
emphasises the muscular site of the symptoms and notes that
limb claudication is typically triggered by prolonged movements
(of at least several seconds to minutes) and rapidly reverses with
rest. These characteristics help distinguish it from other noni-
schaemic conditions such as osteoarthritis, muscle injury, or ten-
dinopathy.

Definition: A difference of >20 mm Hg in systolic blood pressure
between contralateral limbs.

Although the task force voted for a >20 mm Hg difference in
systolic blood pressure between contralateral limbs, respective
cut-offs varied markedly in the literature [33—35]. This choice
of the task force was influenced by the recently published classi-
fication criteria for Takayasu arteritis, which proposed the same
cut-off for blood pressure difference [36]. In GCA, such inequal-
ity in blood pressure is usually observed in the upper extremi-
ties. The task force also stressed the importance of clarifying
that the comparison of blood pressures should be between the 2
upper or the 2 lower limbs, not between 1 upper and 1 lower
limb. Finally, accurate measurement of blood pressure is key,
and guidelines on proper blood pressure measurements (for
example, the American College of Cardiology and American
Heart Association guidelines on blood pressure measurement
[37]) should be followed.

To the authors’ knowledge, this glossary reflects the first col-
laborative effort to establish comprehensive definitions for fun-
damental symptoms and signs of GCA. The task force agreed on
23 definitions for a more precise application of classification cri-
teria and outcome assessments in clinical trials, including remis-
sion, relapse, and response to treatment. Despite these
definitions being consensus based, there was substantial agree-
ment among both experts and patient representatives.
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No definition alone is assumed to possess the requisite sensi-
tivity and specificity to diagnose a patient with GCA in clinical
practice. Instead, these definitions are intended to be incorpo-
rated in inclusion criteria for research studies, standardise the
application of classification criteria (even though this effort was
not part of the classification criteria project), and serve as a basis
for the development of the new criteria for response to treat-
ment in GCA. Although not primarily intended for use in clinical
practice, these definitions and the detailed accompanying quali-
fying discussions by the task force members provide useful infor-
mation about the nuances of clinical features commonly
associated with GCA to health care providers who may have less
experience with this disease.

Obtaining clarity and homogeneity of definitions has been an
exercise performed by several groups to facilitate the develop-
ment of classification criteria in the field of rheumatology. For
example, the third phase of the development of the classification
criteria for systemic lupus erythematosus was dedicated to an in-
depth examination and refinement of definitions [38]. Similarly,
a glossary of definitions was incorporated in several classifica-
tion criteria (eg, spondyloarthritis) to improve the validity and
reliability of the final classification system [3,5]. Previous defi-
nitions were mostly based on literature review and consensus by
the working group, whereas this GCA glossary included multiple
rounds of refinement through iterative processes, encompassing
2 Delphi rounds and 4 consensus meetings of an international
task force. In contrast to classification criteria, however, this
glossary for GCA concentrated solely on clinical signs and symp-
toms as definitions of imaging and biopsy findings in GCA have
already been described.

One potential limitation of this study is the lack of compre-
hensive definitions in the literature for certain signs and symp-
toms of GCA (eg, limb claudication), whereas several definitions
are available for other features (eg, headache). Consequently,
the absence of initial components could have hindered the defi-
nition-building process. Therefore, a few definitions were pro-
posed and discussed by the task force members based on clinical
expertise (eg, tongue necrosis). Another limitation of this study
is that the generation of definitions was based on a SLR focused
on RCTs measuring treatment response and disease activity
changes in GCA. Although a dedicated SLR would have been
appropriate, the task force believed it would be redundant
because all relevant GCA trials had already been identified
[19—24,39—43]. Because RCTs include descriptions of GCA
signs and symptoms as part of the inclusion criteria, they were
considered the most important data source. To enhance com-
pleteness for the generation of definitions, multiple resources,
including GCA classification criteria, were also incorporated.

In conclusion, an international group of specialists in GCA
formulated a glossary of definitions for 23 signs and symptoms
occurring in GCA using a consensus process. These definitions
are designed for research purposes. Applying these definitions
should facilitate uniform characterisation of the features of GCA
and harmonise the patient populations enrolled into clinical
trials in GCA and outcome assessment.
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ABSTRACT

Objectives: To summarise the efficacy and safety of 2 years of anti-interleukin-5/receptor (anti-
IL-5/R) therapy in patients with eosinophilic granulomatosis with polyangiitis (EGPA).

Methods: Patients were randomised 1:1 to receive benralizumab or mepolizumab every 4 weeks
during the 52-week double-blind period of the MANDARA trial. Patients entered an open-label
extension (OLE) in which they continued benralizumab (benralizumab/benralizumab) or
switched from mepolizumab to benralizumab (mepolizumab/benralizumab). Remission (Bir-
mingham Vasculitis Activity Score = 0 and oral glucocorticoid [OGC] dose <4 mg/d), OGC use,
relapse, blood eosinophil count (bEOS), and safety up to year 2 (week 104) were reported.
Results: A total of 128 patients entered the OLE period (n = 66 benralizumab/benralizumab;
n = 62 mepolizumab/benralizumab). At week 104, 41 (62.1%) benralizumab/benralizumab
patients and 42 (67.7%) mepolizumab/benralizumab patients were in remission. During OLE
year 1, 51 (77.3%) benralizumab/benralizumab patients and 42 (67.7%) mepolizumab/benrali-
zumab patients had no relapses. By weeks 49 to 52, 27 (40.9%) benralizumab/benralizumab
patients and 16 (25.8%) mepolizumab/benralizumab patients had withdrawn from OGCs,
increasing to 29 (43.9%) and 27 (43.5%) at weeks 101 to 104, respectively; the median cumula-
tive OGC dose was 950 mg and 791 mg during OLE year 1, respectively. The median bEOS
among benralizumab/benralizumab-treated patients was 20 cells/uL (at weeks 52 and 100),
and in mepolizumab/benralizumab-treated patients, it decreased from 70 cells/uL to 20 cells/
uL 4 weeks after switching. Adverse events/serious adverse events were reported in 97.0%/
22.7% of benralizumab/benralizumab and 100%/35.5% of mepolizumab/benralizumab
patients.

Conclusions: In patients with EGPA, treatment for 2 years with anti-IL-5/R therapies is associated
with durable rates of remission, discontinuation of OGCs, bEOS depletion, and low relapse rates.
Switching from mepolizumab to benralizumab enhances bEOS depletion and OGC sparing.

WHAT IS ALREADY KNOWN ON THIS TOPIC

* Eosinophilic inflammation is a key pathogenic driver in eosino-
philic granulomatosis with polyangiitis (EGPA).

hypereosinophilia, necrotising small- to medium-vessel vasculitis,
extravascular granulomas, and the presence of asthma [1-3].
Long-term treatment with oral glucocorticoids (OGCs) and other
immunosuppressive therapies is considered standard of care for the

Current first-line treatment for EGPA includes oral glucocorti-
coids (OGCs) and other immunosuppressive drugs, which are
associated with adverse effects and dose-dependent toxicity.
Relapses are frequently seen during, and especially at tapering,
of these medications.

The anti-interleukin-5/receptor therapies mepolizumab and
benralizumab are effective in inducing remission in some
patients with EGPA.

WHAT THIS STUDY ADDS

Two-year efficacy and safety data of (1) continued treatment
with benralizumab, and (2) switching from mepolizumab to
benralizumab in adults with relapsing and/or refractory EGPA.
Two years of treatment with anti-interleukin-5/receptor thera-
pies in patients with EGPA demonstrated a durable, favourable
impact on remission rates, withdrawal of OGCs, relapse rates,
and blood eosinophil depletion.

Additional bEOS depletion and OGC sparing were seen in those
switching from mepolizumab to benralizumab.

No new safety signals were seen during the longer-term follow-
up period.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

These findings provide evidence of the efficacy and safety of ben-
ralizumab over 2 years in patients with EGPA, and the efficacy
and safety of switching from mepolizumab to benralizumab.

INTRODUCTION

treatment of EGPA, although these drugs are associated with toxic-
ity, and relapses are common when treatment is tapered [4—9]. In
most patients with EGPA, the disease follows a relapsing/remitting
course, with high glucocorticoid exposure. Hence, there is a need
for more effective, targeted, and better-tolerated treatments that
allow patients to withdraw or reduce OGCs, thereby reducing treat-
ment-related toxicity.

The monoclonal antibodies mepolizumab and benralizumab
have demonstrated efficacy and safety when used to treat EGPA
in clinical trials [10,11] and real-world settings [12—16]. Mepo-
lizumab targets interleukin-5 (IL-5) and inhibits eosinophil acti-
vation and differentiation [17]; it was the first targeted therapy
approved in the US and Europe for the treatment of EGPA
[18,19]. International guidelines recommend the use of mepoli-
zumab in patients with non—organ- or life-threatening relapsing
and/or refractory disease [9,20]. Benralizumab inhibits the IL-5
signalling cascade by binding to the a-subunit of the IL-5 recep-
tor expressed on eosinophils and depletes eosinophils via anti-
body-dependent cell-mediated cytotoxicity [21]; it was
approved in 2024 in the US, Europe, and Japan for the treatment
of EGPA [22—24].

In the double-blind period of the head-to-head phase 3 MAN-
DARA trial, the efficacy and safety of benralizumab vs mepolizu-
mab were compared over 52 weeks, and benralizumab was
shown to be noninferior to mepolizumab in adults with relaps-
ing or refractory EGPA, with almost 60% of the patients achiev-
ing remission [11]. At the end of the double-blind period, more
benralizumab-treated than mepolizumab-treated patients
completely withdrew their OGC use [11].

Eosinophilic granulomatosis with polyangiitis (EGPA) is a rare
inflammatory disorder, characterised by blood and tissue

This report, based on the combined 2-year data from the 1-
year double-blind period and the first year of the open-label
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extension (OLE) period, describes the extended safety profile
and efficacy of benralizumab, as well as the response among
patients switching from mepolizumab to benralizumab.

METHODS
Study design

MANDARA (NCT04157348) was a randomised, double-
blind, parallel-group, multicentre, 52-week, phase 3, noninfer-
iority, head-to-head study comparing benralizumab (1 X 30 mg)
and mepolizumab (3 X 100 mg) administered by subcutaneous
injection every 4 weeks (Fig 1A). The study was conducted at 50
sites across 9 countries. The trial design and primary results
from the double-blind period were published previously [11].

At the end of the 1-year double-blind period, patients were
invited to continue in the OLE period (planned to last up to
4 years in total), during which they all received benralizumab
1 X 30 mg administered by subcutaneous injection every 4
weeks. This report includes data from the double-blind period
(through week 52) and the first year (through week 104) of the

A

Ann Rheum Dis 84 (2025) 1888—1899

ongoing OLE. The data cutoff date for this analysis was August
28, 2024.

The trial was conducted in accordance with the ethical prin-
ciples of the Declaration of Helsinki and is consistent with the
International Council for Harmonisation Good Clinical Practice
guidelines, the applicable regulatory requirements, and the
AstraZeneca policy on bioethics. All patients provided written
informed consent [11].

Patients and treatment

The study population comprised adults aged >18 years who
had been diagnosed with EGPA at least 6 months before screen-
ing, based on medical history or the presence of asthma and
blood eosinophilia (>1.0 X 10°/L and/or >10% of leukocytes),
plus >2 additional features of EGPA and a history of relapsing/
refractory disease on OGCs (>7.5 mg/d) with or without stable
non-OGC immunosuppressive therapy. Patients with ongoing
organ- or life-threatening EGPA were excluded, as previously
described [11]. From week 4 of the double-blind period
onwards, investigators were encouraged to taper OGCs accord-
ing to standard of care practice and clinical judgement if there

Randomised 1:1

N=140

Double-blind study period

: J 52 weeks
~aglh =

O

-

Benralizumab 1 x 30 mg

SC Q4W (n=70)

Mepolizumab 3 x 100 mg
SC Q4W (n=70) OGCs could be tapered

in patients who

Open-label extension

Lo

Benralizumab 1 x 30 mg
SC Q4W (n=128)

achieved
BVAS = 0 after
4 weeks of treatment

Completed double-blind
period
N=136/140

Benralizumab 1 x 30 mg
n=69/70

3 Discontinued treatment

Mepolizumab 3 x 100 mg
n=67/70

5 Discontinued treatment

3 Withdrawal by patient

Entered OLE
N=128

3 Withdrawal by patient
1 Lack of efficacy
1 Other

Benralizumab 30 mg/
benralizumab 30 mg
n=66

5 Discontinued treatment
2 Withdrawal by patient
2 Lack of efficacy
1 Adverse event

Mepolizumab 300 mg/
benralizumab 30 mg
n=62

4 Discontinued treatment
3 Lack of efficacy
1 Other

Figure 1. (A) Study design and (B) patient disposition in the double-blind and open-label extension periods. BVAS, Birmingham Vasculitis Activity
Score; OGC, oral glucocorticoid; OLE, open-label extension; Q4W, every 4 weeks; SC, subcutaneous.

1890



was no disease activity (Birmingham Vasculitis Activity Score
[BVAS] = 0). A tapering schedule was provided in the study
protocol; however, investigators were not required to adhere to
it. After 6 months in the OLE period (week 76), investigators
could taper non-OGC immunosuppressive therapy in patients
according to clinical judgement. The OLE analysis set included
all patients who entered the OLE of the study and who received
at least 1 dose of benralizumab during the OLE treatment
period.

The outcomes of this analysis of the combined double-blind
period and the first year of the OLE period included (1) the pro-
portion of patients achieving remission up to week 104, defined
as BVAS = 0 and OGC dose <4 mg/d; (2) the proportion of
patients achieving European Alliance of Associations for Rheu-
matology (EULAR)-defined remission [25] up to week 104,
defined as BVAS = 0 and OGC dose <7.5 mg/d; the rate of
remission at both weeks 36 and 48 was also recorded (MAN-
DARA primary endpoint); (3) total accrued duration of remis-
sion for the following categories: 0 week, >0 to <12 weeks, 12
to <24 weeks, 24 to <36 weeks, 36 to <52 weeks, 52 to <78
weeks, and >78 weeks; and (4) the proportion of patients who
achieved remission within the first 24 weeks of the double-blind
period and remained in remission up to week 104.

Outcomes related to relapses included (1) the proportion of
patients who experienced a relapse (defined as active vasculitis
[BVAS > 0]; or active symptoms of asthma and/or signs with a
corresponding worsening in the 6-item Asthma Control Ques-
tionnaire [ACQ-6] score; or active nasal and/or sinus disease,
with a corresponding worsening in at least 1 of the questions on
the Sino-nasal Symptoms Questionnaire, warranting an increase
in the dose of OGC therapy to >4 mg/d; or an increased dose or
addition of immunosuppressive therapy; or hospitalisation
related to the worsening of EGPA); (2) the proportion of patients
who experienced a major relapse (defined as any organ- or life-
threatening EGPA event; or BVAS >6 [involving at least 2 organ
systems in addition to any general symptoms when present, eg,
myalgia, arthralgia/arthritis, fever >38°C, or weight loss >2
kgl; or an asthma or a sino-nasal relapse that required hospital-
isation); and (3) the annualised relapse rate.

Outcomes related to the use of OGCs included (1) the average
daily OGC dose (prednisolone/prednisone equivalent) per 4-
weekly periods up to weeks 100 to 104; (2) percent reduction in
OGC use from baseline (no reduction, <25%, 25% to <50%,
50% to <75%, 75% to <100%, and 100% reduction in the aver-
age daily prednisolone/prednisone dose); and (3) cumulative
OGC use, which included all OGCs administered regardless of
the reason, or only OGCs administered specifically for EGPA.
During the study, only systemic glucocorticoids (not inhaled,
topical, or intra-articular routes of administration) were consid-
ered part of the OGC dose calculations. Outcomes related to the
use of nonglucocorticoid immunosuppressive drugs were
assessed by the proportion of patients who completely withdrew
these immunosuppressive drugs, lowered their dose compared
with entry in the OLE period, initiated new immunosuppressive
therapies, or increased their dose.

Blood eosinophil count (bEOS) outcomes consisted of the
absolute bEOS from baseline through the 52-week double-blind
treatment period and up to week 104, as well as the proportion
of patients with a bEOS <30 cells/uL.

Other outcomes included disease activity assessed using the
BVAS; organ damage assessed using the Vasculitis Damage Index
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(VDI); lung function (prebronchodilator forced expiratory vol-
ume in 1 second [pre-BD FEV;]); asthma symptom control
(ACQ-6 scores and asthma response status rates [decrease from
baseline in the ACQ-6 score of >0.5]); sino-nasal symptom
severity (Sino-Nasal Outcome Test-22 [SNOT 22] scores);
health-related quality of life (Short Form 36-Item Health Survey
version 2 [SF-36v2]); and Work Productivity and Activity
Impairment Questionnaire—General Health (WPAI-GH) scores.

Safety and tolerability were evaluated based on adverse
events (AEs) classified using the Medical Dictionary for Regula-
tory Activities version 26.1.

Analysis included all patients who entered the OLE and
received at least 1 dose of study drug during the OLE treatment
period. Endpoints were summarised descriptively and analysed
using SAS version 9.4 (SAS Institute Inc).

Patient feedback was obtained on the study design. Patients
and/or the public were not involved in the conduct, reporting,
or dissemination plans of this research.

In total, 136 patients completed the double-blind period
(week 52), and 128 opted to enter the OLE period; 66 patients
continued benralizumab (benralizumab/benralizumab) while
62 switched from mepolizumab to benralizumab (mepolizu-
mab/benralizumab). Of these, 61 benralizumab/benralizumab
patients and 58 mepolizumab/benralizumab patients completed
the first year of the OLE period (week 104; Fig 1B). The mean
(SD) total exposure of benralizumab was 933.1 (328.76) days;
117 (91.4%) patients had >104 weeks of cumulative exposure.
During the OLE period, compliance with study treatment was
similar between groups (mean [SD], 98.9% [2.99%] of patients
in the benralizumab/benralizumab group and 98.4% [4.24%] in
the mepolizumab/benralizumab group).

Baseline demographics and characteristics were generally
similar between patients entering the double-blind period and
those entering the OLE period, as well as between treatment
groups; overall, 60.2% of patients were female, and the mean
(SD) age was 52.8 (13.97) years (Table 1). Among those enter-
ing the OLE period, the proportion of patients who had fully
withdrawn from OGCs at the end of the double-blind period was
40.9% of benralizumab/benralizumab patients and 25.8% of
mepolizumab/benralizumab patients, similar to those previ-
ously described for the full analysis set [11] (Supplementary
Table S1). There was a slight imbalance between treatment
groups in the annualised relapse rate during the double-blind
period among patients entering the OLE period. A higher inci-
dence of relapses during the double-blind period in the mepoli-
zumab arm was associated with study discontinuation, which
may explain why, among patients who continued to the OLE,
mepolizumab/benralizumab patients had a lower baseline
relapse rate than benralizumab/benralizumab patients.
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Table 1
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Baseline demographics and disease characteristics of patients with eosinophilic granulomatosis with polyangiitis in the open-label extension
period based on or prior to the date of randomisation into the double-blind period

Characteristics Benralizumab/benralizumab  Mepolizumab/benralizumab  Total
(n = 66) (n = 62) (N = 128)

Age, y

Mean (SD) 52.5(13.60) 53.0 (14.46) 52.8(13.97)

Median (min, max) 55.5 (20, 76) 55.5 (19, 79) 55.5 (19, 79)
Female, n (%) 42 (63.6) 35 (56.5) 77 (60.2)
Region, n (%)

North America 15(22.7) 14 (22.6) 29 (22.7)

Japan 4(6.1) 4 (6.5) 8(6.3)

Rest of the world 47 (71.2) 44 (71.0) 91 (71.1)
EGPA disease type, n (%)

Relapsing disease 41 (62.1) 44 (71.0) 85 (66.4)

Refractory disease 40 (60.6) 36 (58.1) 76 (59.4)

Relapsing and refractory 16 (24.2) 18 (29.0) 34 (26.6)
Time since diagnosis of EGPA, y

Mean (SD) 5.41 (5.31) 5.15(6.17) 5.28 (5.72)

Median (min, max)
ANCA status, n (%)

3.37 (0.6, 24.0)

2.18 (0.6, 38.0) 2.89 (0.6, 38.0)

Positive at screening 6(9.1) 4(6.5) 10 (7.8)

Positive at screening or history 17 (25.8) 18 (29.0) 35(27.3)
Blood eosinophil count, cells/uL

Mean (SD) 309.2 (228.86) 334.2(400.02) 321.3(322.22)

Median (min, max)
EGPA-related disease characteristics, n (%)

240.0 (30, 920)

205.0 (0, 2670) 225.0 (0, 2670)

Asthma 66 (100) 62 (100) 128 (100)
Eosinophilia 66 (100) 62 (100) 128 (100)
Biopsy evidence of eosinophilic vasculitis/inflammation” 19 (28.8) 31 (50.0) 50 (39.1)
Neuropathyb 34 (51.5) 42 (67.7) 76 (59.4)
Nonfixed pulmonary infiltrates 47 (71.2) 37 (59.7) 84 (65.6)
Sino-nasal abnormality 59 (89.4) 58 (93.5) 117 (91.4)
Cardiomyopathy (by ECG/MRI)* 17 (25.8) 12(19.4) 29 (22.7)
Glomerulonephritis 3(4.5) 1(1.6) 4(3.1)
Alveolar haemorrhage 1(1.5) 2(3.2) 3(2.3)
Palpable purpura 7 (10.6) 10 (16.1) 17 (13.3)
Dose of oral glucocorticoids (prednisolone or prednisone)
Mean (SD), mg/d 11.27 (4.65) 10.92 (6.09) 11.10 (5.38)
Median (min, max), mg/d 10.0 (5.0, 30.0)¢ 9.5 (7.5, 40.0) 10.0 (5.0, 40.0)
>12mg/d, n (%) 18 (27.3) 12(19.4) 30 (23.4)
<12 mg/d, n (%) 48 (72.7) 50 (80.6) 98 (76.6)
Immunosuppressive therapy at baseline, n (%) 23(34.8) 24 (38.7) 47 (36.7)
Birmingham Vasculitis Activity Score
Mean (SD) 2.0(3.21) 1.9 (3.05) 2.0(3.12)
>0, n (%) 31 (47.0) 28 (45.2) 59 (46.1)
Vasculitis Damage Index score
Mean (SD) 3.9(1.72) 4.1(1.72) 4.0 (1.71)
>5,n (%) 20 (30.3) 18 (29.0) 38(29.7)
ACQ-6, mean (SD) 1.39(1.18) 1.11 (0.95) 1.26 (1.08)
Prebronchodilator FEV;, L, mean (SD) 2.50 (0.92) 2.59 (0.81) 2.54 (0.87)
Postbronchodilator FEV,, % PN, mean (SD) 86.92 (20.35) 87.54 (16.75) 87.22 (18.60)

ACQ-6, 6-item Asthma Control Questionnaire; ANCA, antineutrophil cytoplasmic antibodies; ECG, electrocardiogram; EGPA, eosinophilic granulo-
matosis with polyangiitis; FEV, forced expiratory volume in 1 second; MRI, magnetic resonance imaging; PN, percent of predicted normal value.
@ A biopsy showing histopathological evidence of eosinophilic vasculitis, perivascular eosinophilic infiltration, or eosinophil-rich granulomatous

inflammation.

 Mono- or polyneuropathy (motor deficit or nerve conduction abnormality).

¢ Established by echocardiography or MRI.

4 One patient started tapering on the day of visit 2, making the oral glucocorticoid dose 5 mg/d. The screening dose had been stable at 7.5 mg/d.

Remission

The proportion of patients achieving remission (BVAS = 0;
OGC dose <4 mg/d) at week 52 was 45 (68.2%) patients in the
benralizumab/benralizumab group and 44 (71.0%) patients in
the mepolizumab/benralizumab group; at week 104, 41
(62.1%) and 42 (67.7%) patients achieved remission, respec-
tively (Fig 2A). The proportion of patients achieving EULAR-
defined remission (BVAS = 0; OGC dose <7.5 mg/d) [25] is
shown in Figure 2B. In total, 28 (42.4%) benralizumab/
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benralizumab patients and 32 (51.6%) mepolizumab/benralizu-
mab patients were in remission at the end of the double-blind
period (at both weeks 36 and 48) and also at the end of the first
year of the OLE period (week 104) (Fig 2C).

Approximately half the patients who achieved remission
within the first 24 weeks of the double-blind period and com-
pleted the OLE year 1 remained in continuous remission through
week 104: 14/29 (48.3%) in the benralizumab/benralizumab
group and 16/29 (55.2%) in the mepolizumab/benralizumab
group.
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Figure 2. (A) Proportion of patients who achieved remission, (B) European Alliance of Associations for Rheumatology (EULAR)-defined remission
during the study, and (C) flow of patients between remission and nonremission states at the end of the double-blind period and the end of the open-
label extension period (open-label extension analysis set). Remission was defined as a Birmingham Vasculitis Activity Score (BVAS) = 0 and oral glu-
cocorticoid (OGC) dose <4 mg/d at the set time points. EULAR-defined remission was BVAS = 0 and OGC dose <7.5 mg/d.

Relapses

During the combined double-blind and OLE periods, 39
(59.1%) benralizumab/benralizumab patients and 35 (56.5%)
mepolizumab/benralizumab patients had no relapses. During
the first year of the OLE period, 51 (77.3%) benralizumab/ben-
ralizumab patients and 42 (67.7%) mepolizumab/benralizumab
patients had no relapses; the 15 benralizumab/benralizumab
patients with at least 1 relapse experienced a total of 26 relapses,
while the 20 mepolizumab/benralizumab patients with at least

1 relapse experienced a total of 37 relapses. Few patients experi-
enced >3 relapses during the first year of the OLE period (2
[3.0%] in the benralizumab/benralizumab group and 1 [1.6%]
in the mepolizumab/benralizumab group). During the first year
of the OLE period, the majority of relapses involved airway-
related manifestations (44 [69.8%] asthma and/or sino-nasal),
while 12 (19.0%) relapses involved nonairway manifestations
(not asthma or sino-nasal); 7 (11.1%) relapses involved a combi-
nation of airway and nonairway manifestations. During the first
year of the OLE period, the mean (SD) annualised relapse rate
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Figure 3. (A) Median (IQR) daily dose of oral glucocorticoids (OGCs), (B) proportion of patients with complete withdrawal of OGCs from baseline,
and (C) flow of patients between different OGC doses between the end of the double-blind period and the end of the open-label extension period.

per patient was 0.40 (0.94) and 0.66 (1.15) in benralizumab/
benralizumab and mepolizumab/benralizumab patients, respec-
tively. One patient in each group experienced a major relapse.
Supplementary Figure S1 shows the number of relapses by treat-
ment group in the 2 years before study entry and on treatment.

Use of OGCs

The patient-level daily dose of OGCs throughout the study is
shown as a heatmap in Supplementary Figure S2 (see Supple-
mentary Fig S3 for a colour vision-friendly version) and as a spa-
ghetti plot in Supplementary Figure S4.
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During weeks 49 to 52 of the double-blind period, the
median dose of OGCs was 1.18 mg/d for benralizumab/benrali-
zumab patients and 2.96 mg/d for mepolizumab/benralizumab
patients (Supplementary Table S1). At weeks 101 to 104 of the
OLE period, the median dose of OGCs was 0.50 mg/d for benra-
lizumab/benralizumab patients and 1.36 mg/d for mepolizu-
mab/benralizumab patients (Fig 3A).

The percentage reduction from baseline in OGC use is shown
in Supplementary Table S2. In the benralizumab/benralizumab
patients, complete withdrawal of OGC use was achieved in 27
(40.9%) patients at weeks 49 to 52 and in 29 (43.9%) patients at
weeks 101 to 104, demonstrating a durable response of 2 years
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of benralizumab treatment (Fig 3B). Of the patients initially
receiving mepolizumab, 16 (25.8%) achieved complete with-
drawal of OGCs at weeks 49 to 52, and this percentage increased
following the switch to benralizumab, reaching 27 (43.5%) at
weeks 101 to 104 (Supplementary Fig S2). Of the patients with
complete withdrawal of OGCs at weeks 48 to 52, 22/27 (81.5%)
benralizumab/benralizumab patients and 15/16 (93.8%) mepo-
lizumab/benralizumab patients were still OGC-free at weeks
101 to 104 (Fig 3C).

During the first year of the OLE period, the median (min,
max) cumulative use of OGCs was 950 (0, 5904) mg in the ben-
ralizumab/benralizumab group and 791 (0, 4338) mg in the
mepolizumab/benralizumab group compared with 1813 (486,
5674) mg and 1794 (640, 7999) mg, respectively, during the
double-blind period. This represents a median percentage reduc-
tion of 61.0% in the benralizumab/benralizumab group and
62.5% in the mepolizumab/benralizumab group between the 2
study periods (Supplementary Table S3). The median (min,
max) cumulative EGPA-related OGC dose was 159 (0, 5551) mg
in the benralizumab/benralizumab group and 523 (0, 4262) mg
in the mepolizumab/benralizumab group during the first year of
the OLE period, compared with 1519 (486, 4761) mg and 1794
(640, 7999) mg, respectively, in the double-blind period. This
represents a median percentage reduction of 88.0% and 76.2%
in the benralizumab/benralizumab and mepolizumab/benrali-
zumab groups, respectively, between the 2 study periods (Sup-
plementary Table S3). There were differences in the cumulative
OGC use between the study periods, but not between the treat-
ment groups. The most common reasons for non—EGPA-related
use of OGCs during the double-blind period and first year of the
OLE period were AEs, which included COVID-19, adrenal insuf-
ficiency, sinusitis and bronchitis, and prophylaxis for adrenal
insufficiency (Supplementary Table S4). During the first year of
the OLE period, 7/20 patients in the benralizumab/benralizu-
mab group and 9/23 patients in the mepolizumab/benralizumab
group stopped or reduced their dose of non-OGC immunosup-
pressive therapies; 3 and 1 patients initiated immunosuppres-
sive therapies or increased their non-OGC immunosuppressive
dose, respectively. Heatmaps depicting patient-level doses of
azathioprine, methotrexate, and mycophenolate mofetil and the
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occurrence of any type of relapse during the double-blind and
OLE periods are shown in Supplementary Figure S5.

bEOS

bEOS remained low from week 1 throughout the first year of
the OLE period in benralizumab/benralizumab patients (median
[IQR], 20.0 [10.0, 40.0] cells/uL at weeks 52 and 100; Fig 4). In
mepolizumab/benralizumab patients, further depletion of bEOS
was seen at the first time point after switching to benralizumab,
from a median (IQR) of 70.0 (40.0, 90.0) cells/uL at week 52 to
20 (10.0, 50.0) cells/pL at week 56; low levels were maintained
through week 100 (Fig 4). Similar trends in the proportion of
patients with bEOS <30 cells/uL in the different arms are shown
in Supplementary Figure S6. Supplementary Figure S7 shows
bEOS counts in individual patients.

Other outcomes

There were minimal changes in disease activity as assessed
by the BVAS (Supplementary Fig S8) and minimal organ damage
as assessed by increases in the VDI score (Supplementary Fig
S9). Lung function was unchanged in both treatment groups
throughout the 2-year treatment period (Supplementary Fig
S10).

The mean ACQ-6 scores throughout the study are shown in
Supplementary Figure S11A. The ACQ-6 response rate (a
decrease from baseline in the ACQ-6 score of >0.5) was 45.5%
and 40.3% in benralizumab/benralizumab and mepolizumab/
benralizumab patients at week 104, respectively (Supplemen-
tary Fig S11B).

SNOT-22 scores were similar between groups (Supplemen-
tary Fig S12).

SF-36v2 physical and mental component scores remained
consistent and were similar between both treatment groups
throughout the double-blind and OLE periods (Supplementary
Fig S13A,B).

WPAI-GH showed that a larger proportion of benralizumab/
benralizumab-treated  patients (29/66 [43.9%]) than

—+— Benralizumab/benralizumab (n=66) —=- Mepolizumab/benralizumab (n=62)
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Figure 4. Absolute blood eosinophil count (bEOS) during the double-blind and open-label extension periods.
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mepolizumab/benralizumab-treated patients (22/62 [35.5%])
were employed through week 100 (Supplementary Table S5).

Safety

During the double-blind period and first year of the OLE
period, AEs were reported in 97.0% (64) of benralizumab/ben-
ralizumab patients and 100.0% (62) of mepolizumab/benralizu-
mab patients (Table 2). The most commonly reported AEs in
both the double-blind and 1-year OLE periods in the benralizu-
mab/benralizumab and mepolizumab/benralizumab groups
were COVID-19, nasopharyngitis, and sinusitis (Table 2 and
Supplementary Table S6). Serious AEs were reported in 22.7%
(15) of benralizumab/benralizumab patients and 35.5% (22) of
mepolizumab/benralizumab patients. Two (3.0%) benralizu-
mab/benralizumab patients and 3 (4.8%) mepolizumab/benrali-
zumab patients experienced AEs leading to the discontinuation
of treatment. There was 1 death in the mepolizumab/benralizu-
mab group during the OLE period, which was not considered
treatment-related (Table 2).

DISCUSSION

This study reports on a 2-year prospective description of
patients with EGPA managed with anti-IL-5/receptor (anti-IL-5/
R) therapies, and describes benralizumab treatment over 2 years
as well as switching from 1 year of treatment with mepolizumab
to 1 year of treatment with benralizumab. Benralizumab was
associated with durable responses over the 1 year of treatment
beyond the double-blind period, with over 60% of patients in
remission at week 104. Overall, approximately 50% of patients

Table 2
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achieved remission after 24 weeks of treatment and remained in
remission over the next 18 months until week 104. The propor-
tion of patients achieving remission was similar between
patients who continued to receive benralizumab and those who
switched from mepolizumab to benralizumab. Despite substan-
tial reductions in OGC use, the majority of patients had no relap-
ses over 2 years of treatment, which is similar to data available
in a real-world setting following 2 years of treatment with mepo-
lizumab [14] and benralizumab [16]. These high rates of contin-
ued remission contrast with relapse rates reported in smaller
series of patients with organ-threatening disease treated with
immunosuppressive therapies for remission induction, with 4/
14 (28.6%) and 6/14 (42.9%) patients who received rituximab
and cyclophosphamide, respectively, experienced a relapse fol-
lowing 3 years of treatment [26] and ~70% of azathioprine-
treated patients experienced a relapse after up to 24 months of
treatment [27]. However, it is difficult to directly compare the
study populations between these studies.

The efficacy of 2 years of benralizumab treatment was also
measured by patients’ ability to completely discontinue OGCs.
Over 40% of benralizumab/benralizumab-treated patients fully
withdrew from OGCs in the first year, with continued full with-
drawal of OGCs in the following year. In mepolizumab/benrali-
zumab-treated patients, the proportion of patients who fully
withdrew from OGCs increased after switching to benralizumab,
with ~43% achieving discontinuation of OGCs by week 104.
This proportion was similar to that in patients who continued
benralizumab treatment, suggesting an additional OGC tapering
effect in the patients who switched. Further benefits were also
seen regarding the cumulative dose of OGCs, with a marked
decrease in cumulative OGC dose in the second year of

Summary of adverse events during the double-blind and open-label extension periods

Open-label extension

Double-blind and open-label extension

Adverse events, n (%) Benralizumab/  Mepolizumab/  Benralizumab/  Mepolizumab/  Total while on
benralizumab benralizumab benralizumab benralizumab benralizumab
(n = 66) (n = 62) (n = 66) (n = 62) (N = 128)
Any AE 60 (90.9) 61 (98.4) 64 (97.0) 62 (100) 125 (97.7)
AEs by preferred term”
COVID-19 25(37.9) 33(53.2) 35(53.0) 47 (75.8) 68 (53.1)
Nasopharyngitis 8(12.1) 15(24.2) 12(18.2) 20 (32.3) 27 (21.1)
Sinusitis 16 (24.2) 7 (11.3) 20 (30.3) 10 (16.1) 27 (21.1)
Headache 4(6.1) 5(8.1) 13 (19.7) 14 (22.6) 18 (14.1)
Arthralgia 4(6.1) 4(6.5) 14 (21.2) 11 (17.7) 18 (14.1)
Influenza-like illness 10(15.2) 8(12.9) 13(19.7) 10 (16.1) 21 (16.4)
Bronchitis 8(12.1) 3(4.8) 12(18.2) 7 (11.3) 15(11.7)
Upper respiratory tract infection 5(7.6) 7 (11.3) 7 (10.6) 10 (16.1) 14 (10.9)
Back pain 4(6.1) 6(9.7) 6(9.1) 8(12.9) 12(9.4)
Urinary tract infection 4(6.1) 5(8.1) 8(12.1) 6(9.7) 13(10.2)
Any serious AE 14 (21.2) 18 (29.0) 15 (22.7) 22(35.5) 33(25.8)
Serious AEs by system organ class
Infections and infestations 6(9.1) 6(9.7) 6(9.1) 9(14.5) 12 (9.4)
Gastrointestinal disorders 1(1.5) 4(6.5) 1(1.5) 4(6.5) 5(3.9)
Immune system disorders 2(3.0) 3(4.8) 2(3.0) 3(4.8) 5(3.9)
Injury, poisoning, and procedural complications 2(3.0) 3(4.8) 2(3.0) 3(4.8) 5(3.9)
Respiratory, thoracic, and mediastinal disorders 2(3.0) 3(4.8) 2(3.0) 3(4.8) 5(3.9)
Nervous system disorders 1(1.5) 1(1.6) 3(4.5) 1(1.6) 4(3.1)
Cardiac disorders 1(@1.5) 2(3.2) 1(1.5) 2(3.2) 3(2.3)
Hepatobiliary disorders 0(0.0) 2(3.2) 0(0.0) 3(4.8) 2(1.6)
Endocrine disorders 0(0.0) 2(3.2) 0(0.0) 2(3.2) 2(1.6)
Any AE leading to discontinuation of treatment 2(3.0) 3(4.8) 2(3.0) 3(4.8) 5(3.9)
Any AE with an outcome of death 0(0.0) 1(1.6) 0(0.0) 1(1.6) 1(0.8)

AE, adverse event.

? Ten of the most common adverse events are listed (frequency of >3%). Adverse events were classified using the Medical Dictionary for Regu-

latory Activities version 26.1.
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benralizumab treatment and after treatment switch. Although
there was no control group of patients treated with mepolizu-
mab for 2 years for comparison, the long-term data from the
OLE period of the MIRRA trial of mepolizumab in patients with
EGPA were recently published [28]. This analysis showed that
long-term discontinuation of OGCs following treatment with
mepolizumab was achieved in 21% of patients with EGPA at 22
to 24 months of the OLE period and in 28% of patients at study
exit [28]. These proportions are numerically lower than those
observed with benralizumab treatment in the current study and
reflect a similarly lower proportion of mepolizumab-treated
patients in the double-blind period of the MIRRA study who
achieved remission and complete withdrawal of OGCs [10] com-
pared with the MANDARA study. These differences are likely
due to changes in clinical practice since the publication of
MIRRA, with increased confidence among investigators and
patients regarding the reduction of OGCs while patients are on
mepolizumab. Overall, the data from the randomised controlled
setting support the benefits of the anti-IL-5/R therapy class
regarding the total burden of OGC use and the potential to
reduce OGC-related toxicity in patients with EGPA [5].

bEOS remained low in patients who continued to receive
benralizumab. There was further depletion of blood eosinophils
in patients who switched from mepolizumab to benralizumab
after 4 weeks of switching (the first time point at which this was
measured), and this effect was maintained with similar levels in
both groups through week 104. This is consistent with the differ-
ent mechanisms of action of benralizumab and mepolizumab;
benralizumab has previously been shown to induce antibody-
dependent cell-mediated cytotoxicity of blood eosinophils, lead-
ing to a faster and more profound depletion [29]. The correla-
tion between greater eosinophil depletion and clinical benefits
in EGPA remains unclear.

Other benefits of 2 years of treatment with these anti-IL-5/R
therapies included maintaining asthma control, and lung func-
tion was unchanged in the second year of treatment, despite sub-
stantial reductions in the use of OGCs. Disease activity remained
low, and there was little progression to organ damage. Safety
was consistent with the known profile of benralizumab.

The results of this study are broadly consistent with retro-
spective data collected in real-world settings. Mattioli et al [30]
compared mepolizumab and benralizumab in patients with
EGPA and found that after 12 months, patients on benralizumab
had significantly higher rates of remission (48.1% in the benrali-
zumab group vs 32.4% among patients in the mepolizumab
group; p = .005); however, there were no differences between
the treatment groups in the proportion of patients withdrawing
from OGCs (37.5% vs 26.9%, respectively; p = .192).

In another study, treatment of EGPA with benralizumab dem-
onstrated that at 2 years, approximately 67.9% (36/53) of
patients achieved remission (defined as BVAS = 0 and OGC
dose <4 mg/d), and 68.3% (28/41) were fully off maintenance
OGCs [16]. Another observational, real-world study of 49
patients with EGPA demonstrated that 69.2% (18/26) of
patients treated with benralizumab and 43.5% (10/23) of
patients treated with mepolizumab achieved remission at 2
years; 32.0% of benralizumab-treated patients and 23.8% of
mepolizumab-treated patients discontinued OGC use [13]. Data
from the Cottu et al [31] study demonstrated reduced rates of
remission (36.7%) in benralizumab-treated patients who were
previously administered mepolizumab. However, these patients
did not respond to mepolizumab and thus may not be compara-
ble to the mepolizumab/benralizumab group described in MAN-
DARA, as many of the patients in the current study would have
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attained remission and OGC discontinuation before being
switched to benralizumab. It is difficult to directly compare the
results of the current study with prior publications due to (1) dif-
ferences in retrospective observational data vs data from a pro-
spective clinical trial, and (2) differences in the dosing of
treatments; the majority of patients in these published real-
world studies were treated with lower doses of mepolizumab
and a less frequent dosing schedule of benralizumab than was
used in MANDARA. Nonetheless, the overall data to date suggest
that anti-IL-5/R therapies should now be considered a founda-
tion for the management of EGPA.

Though the majority of patients in this combined 2-year analy-
sis, spanning the 1-year double-blind period and year 1 of the OLE
period, achieved remission and a majority experienced no relapses
during the second year of treatment, a small proportion continued
to experience frequent relapses, suggesting that in some patients,
non—eosinophil-mediated inflammatory disease mechanisms
remain active or non—eosinophil-based pathologic pathways are
involved in the disease process. Further research is needed to
understand what may be driving symptoms and disease activity in
patients who continue to experience relapses while on benralizu-
mab and mepolizumab, and how to best treat and manage patients
who do not respond to anti-IL-5/R therapies.

Strengths of this study include the large sample size for a rare
condition, the international representation of the study sites and
participants, the prospective protocol-defined data collection,
and the high level of retention of patients from the double-blind
period to the OLE and during the OLE period.

There are some limitations to this study to consider. There was
no mandatory tapering regimen for OGCs and other immunosup-
pressive drugs. Patients with newly diagnosed (<6 months), more
‘vasculitic’ disease manifestations or ongoing severe/life-threaten-
ing manifestations of EGPA were excluded from the trial, limiting
the generalisability of the efficacy and safety profile of anti-IL-5/R
therapies to these populations. It is not known if, in a large popula-
tion, 2 years of mepolizumab therapy would have resulted in the
same proportions of patients able to discontinue OGCs as those
who switched to or were treated with benralizumab for 2 years in
MANDARA. This limitation also applies to the decreases seen in
the cumulative OGC burden.

In conclusion, the 2-year data from the phase 3 MANDARA
study demonstrate that long-term treatment with benralizumab
has a durable effect in achieving remission and tapering of
OGC s in patients with EGPA. This tapering of OGCs was possible
with low relapse rates and without loss of control of asthma or
decline in lung function, suggesting that a substantial reduction
of OGCs may be possible in the majority of patients with EGPA
treated with anti-IL-5/R therapies.
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ARTICLE INFO ABSTRACT
Article history: Objectives: To assess the prevalence of mosaic loss of the Y chromosome (mLOY) in giant cell
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arteritis (GCA) and its impact on disease activity.

Received in revised form 19 June 2025 . X . . . .
Accepted 20 June 2025 Methods: Patients diagnosed with GCA were prospectively recruited, and their leukocyte mLOY

burden was analysed. The optimal mLOY threshold for predicting relapse was determined using
the receiver operating characteristic curve and Youden index. Relapse-free survival was assessed
using Kaplan-Meier analysis with the log-rank test. Levels of selected proinflammatory cytokines
were quantified using a multiplex array.

Results: A total of 74 GCA patients were enrolled (mean, 76.0 years; SD, 10.7). At inclusion,
25.7% (19/74) of patients exhibited active disease. Relapses occurred in 23.0% of patients. The
median mLOY burden was 17.8% (SD, 23.7%). An optimal threshold of 10.2% was identified for
predicting relapse. Patients exceeding this cutoff had a significantly higher relapse risk (P <
.001) with a shorter relapse-free survival (647 vs 992 days; P < .001). Multivariable Cox regres-
sion confirmed mLOY >10.2% as an independent predictor of relapse (hazard ratio, 17.4; 95%
CI, 3.5-86.0; P = .003). In multiplex analysis, mLOY was positively associated with interleukin
(IL)-6 (P = .045; r = 0.24) across the cohort, with elevated IL-6 levels in remission patients
with mLOY >10.2% (P = .010). In patients undergoing IL-6 receptor inhibitor treatment and in
remission, mLOY was significantly positively associated with IL-6 (P = .002; r = 0.54) and IL-
17A (P = .026; r = 0.40).

Conclusions: This study is the first to identify mLOY as a strong, independent predictor of
relapse risk and to link mLOY with modulated proinflammatory signalling in GCA. Our
findings suggest mLOY as a prognostic biomarker and underscore its possible role in the
pathophysiology of GCA.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

* Giant cell arteritis (GCA) is a systemic vasculitis affecting indi-
viduals over 50 years, characterised by immune dysregulation,
particularly involving Th1 and Th17 pathways.

Mosaic loss of the Y chromosome (mLOY) is the most common
somatic mutation in ageing men, associated with cancer, car-
diovascular disease, and increased mortality.

The presence of mLOY in leukocytes disrupts immune homeo-
stasis by altering key Y chromosome genes, contributing to
inflammation and the progression of age-related diseases.

The connection between mLOY and autoimmune diseases,
including GCA, is unexplored.

WHAT THIS STUDY ADDS

* This is the first study to identify mLOY as a strong, independent
predictor of relapse risk with a highly increased hazard ratio in
male GCA patients, with a threshold of 10.2% mLOY burden
linked to significantly shorter relapse-free survival.

A higher mLOY burden correlates with altered inflammatory
signalling, including elevated interleukin (IL)-6 and IL-17A lev-
els, particularly under IL-6 receptor inhibition, indicating acti-
vation of alternative inflammatory pathways.

Our findings suggest that mLOY modulates leukocyte-driven
inflammation, playing a mechanistic role in disease activity
and progression in GCA.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

* The study proposes that mLOY may be more than a simple epi-
phenomenon of ageing, potentially contributing to the initia-
tion or maintenance of pathological immune responses in GCA.

* The burden of mLOY could serve as a prognostic biomarker in
GCA, facilitating earlier identification of high-relapse risk
patients.

* Future research should focus on clarifying the molecular and
cellular mechanisms by which mLOY exacerbates GCA progres-
sion.

INTRODUCTION

As individuals age, they acquire somatic mutations across dif-
ferent cells, a process contributing to what is known as somatic
mosaicism. Mosaic loss of the Y chromosome (mLOY) in leuko-
cytes is the most common acquired somatic mutation in ageing
men [1], detectable via genome sequencing data or single-nucle-
otide polymorphism (SNP) arrays [2]. Prior research in popula-
tion-based studies has established a detection threshold of 10%
mLOY [2,3]. Genome-wide association studies showed that
mLOY in blood samples is <2% for men under 60 years of age,
reaching 15% to 40% in 70- to 85-year-old males [4—7] and
57% in males at 93 years of age [2,7]. Besides age, risk factors
include smoking, air pollution, and genetic predisposition
[3,6,8].

Pathophysiologically, mLOY is associated with genomic
instability, impaired DNA repair, and reduced p53 signalling
[2,4,9], as well as increased cancer risk and adverse outcomes in
solid and haematological cancer [4,10]. Beyond malignancy,
mLOY is associated with age-related conditions such as cardio-
vascular disease [11], stroke [12], Alzheimer disease [9],
chronic kidney disease [13], and increased overall mortality
[14]. While epidemiological associations are well-documented,
mechanistic insights remain scarce.

Recent studies have highlighted the functional consequences
of mLOY in leukocytes, primarily linked to the loss of epigenetic
modifiers located on the Y chromosome, such as UTY [15] and
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KDM5D [16]. Loss of these genes alters chromatin structure,
leading to the upregulation of gene expression, particularly in
MAPK signalling pathways [11,15,16]. Additionally, mLOY also
affects immune homeostasis by altering lymphoid subsets,
including (FOXP3 + ) regulatory T cells (Tregs), terminal effector
memory T cells, and interleukin (IL)-C3 subsets [17]. The proin-
flammatory and profibrotic effects of mLOY suggest a possible
role in age-dependent rheumatologic conditions. However, to
what extent mLOY occurs in and how it impacts the immunopa-
thology of specific age-dependent rheumatologic conditions has
not been studied.

An example of the immunopathologic potential of somatic
haematopoietic mutations is VEXAS (vacuoles, E1 enzyme, X-
linked, autoinflammatory, somatic) syndrome [18]. Caused by
acquired mutations in the UBA1 gene within haematopoietic
stem and progenitor cells, VEXAS syndrome manifests with
autoinflammatory symptoms that can mimic rheumatologic con-
ditions [18,19]. Vasculitis has increasingly been reported as a
clinical manifestation in VEXAS [19]. While cutaneous small-
vessel inflammation is most common, data indicate that up to
one-quarter of individuals develop large or medium-sized vessel
vasculitis [19—21]. Analogously, mLOY may represent a more
prevalent form of acquired somatic mosaicism, contributing to
age-related immune dysregulation and vasculitis.

Giant cell arteritis (GCA) is thus a promising candidate for
further investigation, as it exclusively affects individuals over
the age of 50, with a median age of 70 years [22]. It is the most
prevalent systemic vasculitis in Western populations, with a life-
time risk of 1.0% in women and 0.5% in men [23]. Severe
inflammation, neoangiogenesis, and vascular remodelling in
GCA can lead to stenosis, occlusion, and complications [22].
While standalone corticosteroid therapy often results in high-
relapse rates, IL-6 receptor blockade has improved outcomes
[24]. However, its limited efficacy in a subset of patients sug-
gests the presence of IL-6—independent immunotypes, which,
when uncovered, could inform stratification for alternative
treatment approaches [25].

Recent evidence underscores the complex innate and adap-
tive immune dysregulation in GCA [25]. Although initially
attributed to Thl+ cell-mediated pathways and subsequent
interferon (IFN)-y—driven immune cell migration, Th17 + cells
and associated cytokines (eg, IL-17 and IL-21) are now recog-
nised as pivotal in sustaining inflammation [26,27]. Both Thl +
and Th17+ cells release proinflammatory cytokines [28,29]
that contribute to the recruitment of cytotoxic CD8+ T cells
[30] and the activation of monocytes, which then differentiate
into macrophages, driving vascular damage [31—33]. Under-
standing the Thl+/Th17+ axis is crucial for explaining the
limited efficacy of IL-6 receptor blockade in the treatment of
GCA [24,34]. Primarily produced by macrophages in the adven-
titial layer [31—33], IL-6 is elevated in GCA and drives Th17 +
cell development via FOXP3 splicing in Tregs [28,35].

Given the overlapping evidence of mLOY and GCA-associated
immune dysregulation, we hypothesise that mLOY may contrib-
ute to GCA pathophysiology. Therefore, this study aimed to elu-
cidate the clinical impact, mechanistic relevance, and
pathophysiological role of mLOY in GCA.

METHODS

Patient characteristics and clinical assessment

Male patients diagnosed with GCA were recruited for a cross-
sectional study conducted at the Department of Rheumatology
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and Clinical Immunology, University Hospital Bonn, Germany.
Diagnosis was confirmed by a board-certified rheumatologist.
Inclusion criteria included age >50 years and fulfilment of the
American College of Rheumatology/European Alliance of Asso-
ciations for Rheumatology classification criteria for GCA [36].
The therapy decision was made by the treating rheumatologist.

Comprehensive demographic and clinical data were assessed
at diagnosis, study inclusion, and in the case of relapse. Col-
lected parameters included GCA-related symptoms, disease
manifestation, laboratory parameters (including C-reactive pro-
tein [CRP] and complete blood count), and glucocorticoid and/
or disease-modifying antirheumatic drug (DMARD) therapy.
Additionally, data on disease and treatment history, time of
diagnosis, follow-up duration, and the frequency and timing of
relapses were systematically documented in the AutoimmunitY
and Loss of Y (AYLo) trial. The study was registered on Clinical-
Trials.gov under the identifier NCT06696027.

Imaging data, including vascular ultrasound, magnetic reso-
nance imaging, and positron emission tomography-computed
tomography, were obtained to evaluate vascular involvement.
For vascular ultrasound, the Outcome Measures in Rheumatol-
ogy (OMERACT) GCA Ultrasonography (OGUS) score was calcu-
lated as previously described to assess and quantify vascular
abnormalities [37,38].

Assessment of mLOY

At the time of inclusion, whole blood was collected and sub-
sequently stored at the Biobank Bonn. DNA elution was con-
ducted using the GeneJET Whole Blood DNA Elution Mini Kit,
and DNA concentrations were normalised using a NanoDrop
(both Thermo Fisher Scientific). For loss of the Y chromosome
(LOY) analysis, a Droplet Digital PCR System (Naica) was used
with a 16.000-droplet chip employing a SNP assay targeting a
6 bp difference between the AMELX and AMELY genes (Thermo
Fisher Scientific, hCV990000001), with the fluorophore (VIC)
dye detecting AMELX and the 6-carboxyfluorescein (FAM) dye
detecting AMELY. Analysis was conducted using the man-
ufacturer’s software, and the extent of LOY was calculated as 1
—(Concentration AMELY/Concentration AMELX).

Assessment of proinflammatory signalling

To evaluate proinflammatory signalling, cytokine concentra-
tion in the serum of GCA patients was assessed after a 1:2 dilu-
tion using the LEGENDplex Human Inflammation Panel 1 (13-
plex) Assay Kit (BioLegend) according to the manufacturer’s
instructions. Data analysis was conducted using the LEGEND-
plex online software (https://legendplex.qognit.com).

Statistical analysis

Statistical analyses were performed utilising SPSS (version
29.0.2.0, IBM), R (version 4.4.2, R Core Team), and GraphPad
Prism 10 (GraphPad Software). Continuous data showing a
Gaussian distribution are presented as means with SD, and con-
tinuous data showing a non-Gaussian distribution are displayed
as medians with 95% Cls. Categorical data are expressed as per-
centages. The Shapiro-Wilk test was used to evaluate the nor-
mality of data distributions. For nonnormally distributed
continuous variables, comparisons were made using the Mann-
Whitney U test; categorical variables were assessed with the chi-
square test. Continuous variables following a normal distribu-
tion were analysed using the Student t-test. Receiver operating
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characteristic (ROC) curve analysis was performed to evaluate
model performance, with Youden index employed to identify
the optimal threshold for LOY in predicting relapse. Kaplan-
Meier survival analysis with log-rank testing was used to explore
univariate relapse-free survival. Multivariable Cox regression
analysis was conducted to adjust for potential confounders, with
proportional hazard assumptions validated through Schoenfeld
residuals. The association between mLOY and cytokine levels
was conducted with Pearson correlation (r) after log-transform-
ing the values to minimise outlier influence. A 2-tailed P value
of <.05 was considered statistically significant. Data visualisa-
tion was carried out using GraphPad Prism and SPSS.

Given the number of demographic characteristics assessed in
Table 1, we acknowledge the potential for statistical error due
to multiple comparisons. However, as the table is primarily
descriptive, no formal correction for multiple testing was
applied to avoid overlooking potentially meaningful differences
in the mLOY-stratified cohorts. This approach aimed to reduce
bias in exploratory subgroup analysis, particularly as some of
these variables may influence relapse risk.

Patient and public involvement statement

This project was discussed and reviewed in collaboration with
patient representatives as part of the Patient Advisory Board of the
Department of Rheumatology, University Hospital of Bonn to
ensure alignment with patient needs and perspectives.

Ethical approval

The AYLo study was conducted in accordance with the Decla-
ration of Helsinki and received approval from the ethics commit-
tee of the University Hospital Bonn, Germany (reference
number: 321/22).

RESULTS
Patient characteristics and clinical assessment

The AYLo study included 74 male patients with confirmed
GCA. The mean age at diagnosis was 76.0 years (SD, 10.7).
Detailed demographics are presented in Table 1.

At diagnosis, visual impairment was the most common GCA-
related symptom (48/74). Large vessel involvement was identified
in 28 patients, with aortic manifestations in 8. Laboratory analysis
showed elevated CRP levels at diagnosis (median, 29.0 mg/L; 95%
CL 0.9-252.8) and normal levels at study inclusion (median, 0.9
mg/L; 95% CI, 0.5-71.4). After diagnosis, all patients had received
prednisolone therapy per the Giant-Cell Arteritis Actemra (GiACTA)
protocol for 26 weeks, with additional intravenous prednisolone
(250 mg for 5 days) in case of visual symptoms.

At inclusion, 25.7% (19/74) of patients exhibited active dis-
ease, while 32 patients were receiving prednisolone therapy
with a mean cumulative dose of 3231.5 mg (SD, 3357.5).
Adjunctive biological DMARD therapy, which was exclusively
IL-6 receptor inhibition (tocilizumab), was administered to 32
patients at the time of inclusion.

During follow-up, 23.0% (17/74) of patients experienced at
least 1 relapse, with 4.0% (3/74) having multiple relapses. The
overall median follow-up time was 360 days (95% CI, 205-434).
In patients with mLOY <10.2%, the median follow-up was
384 days (95% CI, 332-547), and 300 days (95% CI, 255-518) in
those with mLOY >10.2% (P = .533). No deaths occurred dur-
ing follow-up.
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Table 1

Patient characteristics and clinical assessment
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Overall(n = 74) mLOY <10.2% (n = 47) mLOY >10.2% (n = 27)  Pvalue
Patient characteristics/clinical assessment
Age (y), mean (SD) 75.99 (10.7) 73.38(11.2) 80.27 (8.2) .006"
Follow-up (d), median (95% CI) 360 (205-434) 384 (332-547) 300 (255-518) .533
Aortal manifestation, n (%) 8(32) 6 (31.6) 2(33.2) 936
Large vessel involvement (yes), n (%) 28 (48.3) 20 (51.3) 8(42.1) 512
OGUS (at diagnosis), mean (SD) 0.91 (0.56) 0.93 (0.57) 0.87 (0.56) .690
Current prednisolone (yes), n (%) 32(47.1) 20 (46.5) 12 (48.0) 744
Dose prednisolone (mg), mean (SD) 3231.5(3357.5) 3306.6 (3673.3) 3107.5 (2822.2) .813
Current TCZ (yes), n (%) 32(43.2) 19 (41.3) 13 (50) 613
Duration TCZ (d), mean (SD) 172.6 (240) 164.1 (223.1) 187.4 (272.9) 901
CRP at diagnosis (mg/L), median (95% CI)  29.0 (0.9-252.8) 50.0 (1.0-259.9) 16.6 (0.7-162.9) .022°
CRP at inclusion (mg/L), median (95% CI) 0.9 (0.55-71.4) 0.75 (0.6-84.0) 1.21 (0.5-38.0) 949
Leukocytes (G/L), mean (SD) 9.1(3.8) 9.3 (4.0) 8.7 (3.5) .502
Symptoms (at diagnosis), n (%)
Visual impairment (yes) 48 (64.9) 30(65.2) 18 (64.3) .935
Shoulder/pelvic pain (yes) 16 (25.0) 11 (28.2) 4(16.0) .264
Night sweat (yes) 9(19.6) 7 (23.3) 2(12.5) .378
Weight loss (yes) 13 (27.7) 12 (37.5) 1(6.7) .028°
Fatigue (yes) 8(22.9) 5(21.7) 3(25.0) .827
Headache (yes) 28 (42.4) 19 (47.5) 9 (34.6) .301
Claudicatio (yes) 12 (19.4) 8(20.0) 4(18.2) .862
Preconditions, n (%)
Hypertension (yes) 47 (67.1) 27 (61.4) 20 (76.9) 181
Diabetes mellitus (yes) 24 (33.8) 13(28.9) 11 (42.3) 321
Apoplex/transient ischaemic attack (yes) 9(12.4) 4(8.9) 5(17.9) 137
Coronary heart disease (yes) 19 (27.9) 11 (26.2) 8(30.8) .683
Neurological precondition (yes) 4(5.5) 3(6.7) 1(3.6) 572
Ophthalmological precondition (yes) 11 (15.2) 5(11.1) 6 (21.5) .334
Autoimmune disease (yes) 9(12.2) 5(10.9) 4(14.3) .663
Malignant disease (yes) 13 (21) 6(16.2) 7 (28) .264

CRP, C-reactive protein; mLoY, mosaic loss of Y chromosome; OGUS, Outcome Measures in Rheumatology ultrasonography score;

TCZ, tocilizumab.

The table presents an overview of patient characteristics and clinical parameters stratified by the degree of mLoY (mLoY <10.2% vs

mLoY >10.2%).
# P < .05 indicates statistical significance and is marked bold.

Assessment of mLOY

The median mLOY burden in whole blood was 17.8% (SD,
23.7%), with 39.2% (29/74) displaying a mLOY >10.0%. Analy-
sis of the ROC curve and Youden index identified an optimal
mLOY threshold of 10.2% for predicting GCA relapse, demon-
strating adequate model performance (area under the curve
[AUC] = 0.706; P = .006) (Supplementary Fig). At inclusion,
36.4% (27/74) of patients exceeded this threshold.

Patients with mLOY >10.2% were older (mean, 80.27 vs 73.38
years; P = .006) and had significantly lower CRP levels at diagno-
sis (mean, 16.6 vs 50.0 mg/L; P = .022). Total cumulative prednis-
olone exposure did not significantly differ between groups (mean,
3107.5 mg vs 3306.6 mg; P = .813). Comorbidities, including
hypertension (P = .181), diabetes (P = .321), coronary heart dis-
ease (P = .683), and other cardiovascular conditions, as well as
previous autoimmune or malignant diseases, were comparable
between groups. Similarly, GCA-related symptoms, such as visual
impairment (P = .935) and headache (P = .301), as well as large
vessel involvement (P = .512) and vascular ultrasound (OGUS,
P = .690) results, showed no significant differences.

Within a 3-year follow-up, 43.1% of patients with mLOY
>10.2% suffered a relapse compared with only 8.7% of patients
with mLOY <10.2% (P < .001, univariate Kaplan-Meier log-rank
analysis) (Fig 1). The median relapse-free survival was 647 days
(95% CI, 468-827) in patients with mLOY >10.2% compared
with 992 days (95% CI, 898-1087) in those with mLOY <10.2%.
Multivariable Cox regression analysis, adjusted for age and clini-
cal factors associated with relapse risk [39], identified mLOY

>10.2% as the sole independent predictor of relapse (hazard
ratio [HR], 17.4; 95% CI, 3.5-86.0; P = .003) (Fig 2, Supplemen-
tary Table S1).

Assessment of proinflammatory signalling

Multiplex analysis revealed a significant association between
mLOY and proinflammatory cytokine expression. In the overall
cohort, mLOY, as a continuous variable, was positively associ-
ated with IL-6 (P = .045; r = 0.24; Fig 3). As IL-6 levels are
strongly influenced by treatment regimen (eg, IL-6 receptor
blockade) and disease activity, we performed stratified sub-
group analyses.

Among patients in remission (n = 45), individuals with
mLOY levels >10.2% exhibited significantly higher IL-6 concen-
trations compared with those with a lower mLOY burden
(P = .010; Table 2). In this subgroup, mLOY burden (as a con-
tinuous variable) also showed a positive correlation with IL-6
levels (P = .046; r = 0.24). This relationship was most pro-
nounced in patients in remission receiving tocilizumab, where
mLOY burden was significantly associated with IL-6 (P = .002;
r = 0.54) and IL-17A (P = .026; r = 0.40). Additionally, trends
were observed for IFN-y (P = .052; r = 0.35), tumour necrosis
factor (TNF)-a (P = .104; r = 0.30), and IL-23 (P = .063;
r = 0.34), which narrowly missed statistical significance. In
contrast, no significant associations between mLOY and cyto-
kine levels were observed in patients with active disease, treat-
ment-free remission, or other treatment regimens (all P > .05).
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Figure 1. Survival analysis for predicting relapse in patients with giant
cell arteritis. The figure depicts the relationship between mosaic loss of
Y chromosome (mLOY) burden and relapse risk in giant cell arteritis
patients. Kaplan-Meier survival analysis demonstrates that patients with
mLOY >10.2% had a significantly higher relapse risk (P < .001, univari-
ate log-rank test) and a shorter median relapse-free survival (647 days;
95% CI, 468-827) compared with those with mLOY <10.2% (992 days;
95% CI, 898-1087; P < .001).
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Furthermore, we investigated whether IL-6 levels at the time
of measurement were associated with relapse risk. This analysis
was conducted in the overall cohort and across relevant sub-
groups, stratified by mLOY status, disease activity, and treat-
ment regimen. No statistically significant association between
IL-6 levels and relapse risk was observed in any of these analyses
(all P > .05). The IL-6 levels stratified by tocilizumab treatment
and mLOY status are shown in Supplementary Table S2.

DISCUSSION

This is the first study to investigate the role of mLOY in GCA
and its impact on disease activity, relapse risk, and its possible
role in immunopathology. In our cross-sectional study, we iden-
tified a high prevalence of mLOY among male GCA patients,
with a median mLOY burden of 17.8% (SD, 23.7%) and 37.8%
of patients exhibiting mLOY >10%. This frequency substantially
exceeds previously reported rates of 10% to 20% in men over
50 years of age and 15% to 40% in 70- to 85-year-old males [3
—7,40]. However, caution is warranted when comparing mLOY
prevalence and threshold effects across studies, as detection
methodologies vary. Most large-scale cohorts have relied on
whole-genome sequencing, which detects mLOY at fractions
around 10%, depending on sequencing depth and quality.
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Table 2
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Inflammatory cytokine profile, mosaic loss of the Y chromosome, and disease activity in giant cell

arteritis patients

Cytokine Active disease Remission

mLOY >10.2% mLOY <10.2%  Pvalue mLOY >10.2% mLOY <10.2%  Pvalue

(n =10) (n=28) (n = 16) (n = 39)
IL-18 313.6 315.2 976 298.4 347.1 .307
IFN-a2 622.3 647.8 .875 515.1 618.3 .306
IFN-y 271.1 254.9 513 292.4 322.4 .332
TNF-a 266.6 257.6 817 363.1 268.8 .364
MCP-1 7970.0 6351.0 .664 9390.0 8487.0 .602
IL-6 603.2 483.5 .236 1623.0 911.2 .010"
IL-8 935.3 838.3 .670 804.2 850.9 .693
IL-10 620.0 644.5 .868 503.8 596.1 .218
IL-12p70  553.9 668.6 .390 556.3 609.8 453
IL-17A 532.0 674.7 .334 723.4 567.5 .156
IL-18 9585.0 100,093.0 .875 9225.0 8760.0 743
IL-23 505.6 471.1 277 513.4 520.5 .864
IL-33 594.6 544.4 .565 564.2 602.8 .648

IFN, interferon; IL, interleukin; mLOY, mosaic loss of Y chromosome; TNF, tumour necrosis factor.
The table presents the expression levels of 13 human inflammatory cytokines (pg/mL, mean) in relation to
mLOY burden (mLOY >10.2% vs mLOY <10.2%) and disease activity (active disease vs remission) in
patients with giant cell arteritis. A t-test was performed to assess differences between these groups. A signifi-
cant difference was observed in IL-6 among patients in remission.

@ P <.05 indicates statistical significance and is marked bold.

Beyond age, no clinical confounders, including cardiovascu-
lar comorbidities, autoimmune diseases, or malignancies, were
associated with mLOY status. Furthermore, mLOY burden did
not correlate with disease manifestation, including large vessel
involvement, vascular imaging abnormalities, visual
impairment, or typical GCA symptoms.

Our findings demonstrate a strong association between
mLOY and increased relapse risk in male GCA patients. A mLOY
threshold of 10.2% was identified as the optimal predictor of
relapse, supporting prior research defining 10.0% as a relevant
cutoff value [2,3]. Patients with mLOY >10.2% had a signifi-
cantly elevated relapse risk with a highly increased HR, even
after adjusting for age (P = .003; HR, 17.4; Fig 2). Importantly,
mLOY emerged as the sole significant predictor of relapse in this
cohort, while conventional clinical variables showed no associa-
tion. The median relapse-free survival was significantly shorter
in patients with mLOY >10.2% compared with those with
mLOY <10.2% (647 vs 992 days; Fig 1). The robustness of the
HR for mLOY >10.2% is particularly notable given the slightly
shorter median follow-up in this group (384 vs 300 days), which
may have led to an underestimation of relapse rates. These find-
ings align with prior studies linking mLOY to adverse outcomes
in haematologic, oncologic, and cardiovascular diseases, where
mLOY serves as an early biomarker for heightened disease risk
and is hypothesised to contribute to disease immunopathogene-
sis [2,4,10—14]. However, age itself was not associated with
relapse risk in our cohort. This apparent discrepancy may be
explained by the notion that mLOY reflects biological rather
than chronological ageing, marking a subset of older individuals
with haematopoietic alterations or immune dysfunction.

In this context, our study reveals that mLOY burden is associ-
ated with altered inflammatory signalling. Patients with mLOY
>10.2% displayed significantly lower CRP levels at diagnosis.
While CRP is typically elevated in inflammatory conditions, in
the context of mLOY in GCA, CRP levels appear to be lower in
patients with mLOY burden. This paradoxical finding supports
previous observations in broader populations, although the
underlying mechanisms remain unclear [41].
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In contrast, multiplex analysis revealed significant positive
associations between mLOY burden and IL-6 levels (Fig 3), a
cytokine central to GCA pathogenesis. This finding is consistent
with observations in cardiovascular disease and supports a
potential link between mLOY and persistent inflammation pre-
disposing to relapse [15]. The association was most pronounced
in patients in clinical remission under tocilizumab, where mLOY
positively correlated with IL-6 and IL-17A and was narrowly
missing significance for IFN-y, TNF-a, and IL-23. Our results sug-
gest that mLOY-associated immune activation may persist even
when the IL-6 pathway is pharmacologically inhibited. Notably,
despite elevated IL-6 levels in this subgroup, no direct associa-
tion with relapse risk was detected. This discrepancy may reflect
the multifactorial nature of inflammation in mLOY-positive
patients, limitations due to treatment heterogeneity and small
subgroup sizes, or the constraints of single-timepoint measure-
ments in capturing the dynamic immunologic changes preceding
relapse.

The observed alterations in proinflammatory signalling may
stem from several mechanisms. Recent evidence links circulat-
ing macrophages to the interplay between mLOY and cardiac
disease [42], potentially paralleling altered signalling in GCA.
One potential mechanism involves the loss of Y chromosome-
encoded ubiquitously expressed epigenetic modifiers, such as
UTY and KDM5D, which are critical for chromatin remodelling
and transcriptional regulation [15,16]. Dysregulation of these
processes in GCA may impair immune homeostasis and perpetu-
ate inflammation via the activation of transcription factors, such
as Elk3, Cuxl1, and Ctcf, as well as toll-like receptor pathways
[15]. Enhanced transforming growth factor-f/SMAD signalling
due to loss of UTY has been demonstrated to exacerbate cardiac
fibrosis in heart failure. Beyond macrophages, mLOY may
impact Tregs [17,43]. While mLOY in Tregs has been associated
with cancer progression and mortality, its role in GCA remains
unclear. In GCA, IL-6—driven alternative splicing of FOXP3 to
FOXP3A increases IL-17 production in regulatory CD161*CD25~
T cells, which are elevated during active disease [25,35]. Tocili-
zumab reduces these FOXP3A2 Tregs, highlighting potential
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Figure 4. Methodological approach and mosaic loss of the Y chromosome (mLOY) in giant cell arteritis. The figure illustrates the methodological
workflow for determining mLOY (upper panel) and its potential pathophysiological implications (lower panel). The upper panel provides a schematic
overview of the analytical steps used to assess mLOY in PBMCs. The lower panel depicts the development of mLOY burden in PBMCs, alterations in
proinflammatory signalling pathways and relapse risk, and potential mechanisms contributing to disease pathogenesis. gDNA, genomic DNA; IL, inter-
leukin; PBMC, peripheral blood mononuclear cell; PCR, polymerase chain reaction; TGF, transforming growth factor; Treg, regulatory T cell. Created

with BioRender.com.

crosstalk between IL-6 signalling and mLOY-related inflamma-
tory pathways [35]. Although IL-33, a cytokine implicated in
Treg and Th2 expansion, was not altered in our cohort, its estab-
lished role in GCA via the induction of IL-2, IL-10, and TGF-f
warrants further exploration [44]. A third potential mechanism
involves mLOY-associated nuclear factor kB [11] and subse-
quent CD28-mediated signalling. CD28 signalling promotes
early expression of Notch ligands (DLL1, DLL4, and JAG1) on
CD4* T cells [45]. In GCA, Notch signalling drives Th1 and Th17
differentiation by upregulating T-bet and RORyt transcription
factors [25]. Our findings position mLOY at the intersection of
these immune pathways, suggesting that it may have constitu-
tive proinflammatory effects, thereby contributing to chronic
inflammation in GCA (Fig 4). This could be particularly relevant
for the ~40% of patients with partial responses to IL-6 receptor
blockade [24].

As no studies to date have investigated the role of mLOY in
autoimmune diseases, expanding the scope to include other
somatic mutations, particularly clonal haematopoietic muta-
tions, may provide further valuable insights into the role of
mLOY in GCA. Clonal hematopoiesis of indeterminate potential
(CHIP), initially linked to haematologic malignancies, has since
been implicated in cardiovascular disease and all-cause mortal-
ity in the general population [46—48]. Mechanistically, the
increased cardiovascular risk associated with CHIP appears to
be driven by sustained proinflammatory signalling through
pathways such as the NLRP3 inflammasome, IL-14, IL-6, and
pathogenic T cell differentiation [49—51]. Mutated haemato-
poietic cells in CHIP evade replicative exhaustion induced by
chronic inflammatory signalling, gaining a selective advantage
over unaffected cells [8,52]. Importantly, an increased preva-
lence of clonal haematopoiesis has also been observed in various
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autoimmune conditions, including GCA. Specific CHIP-associ-
ated mutations have been linked to a higher risk of vision loss
and paradoxically lower CRP levels in GCA patients [53,54].
These findings correspond with our study’s observation of an
inverse relationship between mLOY burden and CRP levels.

A plausible unifying mechanism across CHIP, mLOY, and
other forms of acquired clonal haematopoiesis, such as that seen
in VEXAS syndrome, involves cell-intrinsic immune activation
and expansion of dysregulated myeloid or lymphoid lineages,
ultimately promoting chronic inflammation and adverse out-
comes [18]. While VEXAS represents a monogenic and severe
phenotype [18], mLOY may reflect a subtler, yet more preva-
lent, form of haematopoietic mosaicism that similarly contrib-
utes to immune dysregulation in older adults.

Due to the observational nature of this study, causality
between mLOY, relapse risk, and cytokine alterations cannot be
definitively established. However, our data raise the possibility
that mLOY could actively sustain proinflammatory immune
responses. In this context, mLOY burden may serve not only as a
biomarker of persistent immune activation, but also as a more
specific indicator of immune ageing or dysfunction than chrono-
logical age itself. Additionally, it may act as a contributor to hae-
matopoietic stress, particularly under IL-6 receptor blockade.
The markedly increased relapse risk observed in our study may
be explained by a hypothetical bidirectional model, in which
chronic inflammation facilitates the expansion of mLOY-positive
clones that, in turn, may contribute to immune dysregulation
and disease progression in GCA.

Notably, even if mLOY functions solely as a biomarker, its
strong association with relapse risk (HR, 17.4) provides clini-
cally significant prognostic value, surpassing established risk
factors. For instance, the current literature reports an odds ratio
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of 2.04 (P = .001) for large vessel vasculitis, a recognised
relapse risk factor [39]. Still, given the small sample size and
wide CI, further studies and validation cohorts are needed to
refine the exact HR estimate and validate mLOY as a predictive
biomarker.

In summary, this study is the first to propose and demonstrate
a role for mLOY in the immunopathology of GCA. Our findings
indicate that mLOY is not merely an epiphenomenon of ageing
but may actively contribute to dysregulated immune responses,
as evidenced by markedly elevated relapse rates and distinct
cytokine profiles in patients with a high mLOY burden. These
results also position mLOY as a promising prognostic biomarker
for GCA.

While our cross-sectional design offers important initial
insights into the prevalence and immunological correlates of
mLOY, it does not permit conclusions about causality or tempo-
ral dynamics. To elucidate the mechanistic and predictive rele-
vance of mLOY, prospective longitudinal studies with
harmonised follow-up intervals and serial assessment of both
mLOY burden and inflammatory markers are warranted. Addi-
tionally, future investigations should include cell-type—specific
analyses, as the functional impact of mLOY likely varies across
immune lineages. This will be particularly important in the con-
text of immunomodulatory therapies, as our data indicate that
mLOY-related immune activation may persist despite IL-6 recep-
tor inhibition. Finally, validation in larger, multicentre cohorts,
including appropriately matched healthy controls, will be criti-
cal to confirm the prognostic value of mLOY and to establish its
broader clinical utility for risk stratification, treatment guid-
ance, and disease monitoring in GCA.
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dosing strategies to serve as evidence supporting the updated European Alliance of Associations
for Rheumatology (EULAR) recommendations.

Methods: This was a systematic review (SR) of studies testing pharmacological treatments in FMF
patients, including targets, dosing, tapering, and uses in AA amyloidosis. MEDLINE, Embase, and
the Cochrane Library were searched, focusing on studies published after October 1, 2014. The
Cochrane Risk of Bias tool and the Newcastle-Ottawa Scale were used to assess the risk of bias in
the included randomised controlled trials (RCTs) and observational studies, respectively. Due to
excess heterogeneity, results were synthesised qualitatively.

Results: This SR included 42 studies for efficacy and safety (n = 1798 patients), 13 for tapering,
and 31 for amyloidosis. Based on 6 RCTs of interleukin (IL)-1 blockers and observational studies,
these biologicals seem to be effective in decreasing the number of attacks and acute-phase reac-
tants and improving disease activity scores and patient-reported outcomes. They also seem rela-
tively safe. An RCT showed the equivalence of once-daily vs twice-daily doses of colchicine. The
evidence of AA amyloidosis was entirely observational but reassuring for a deadly complication.
Conclusions: Biological agents, particularly IL-1 inhibitors, are effective and relatively safe
options for FMF patients who do not respond to colchicine. These treatments may be promising
alternatives for managing symptoms and preventing comorbidities in both paediatric and adult
populations.
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WHAT IS ALREADY KNOWN ON THIS TOPIC?

¢ Familial Mediterranean fever (FMF) is the most common mono-
genic autoinflammatory disease. Colchicine is the mainstay of
treatment, but 5% of patients are resistant to colchicine.

WHAT THIS STUDY ADDS?

* This systematic review provides more comprehensive evidence
on the efficacy and safety of the addition of biological DMARDs
(Disease Modifying Anti-Rheumatic Drugs) to colchicine treat-
ment in FMF patients.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY?

* The addition of biological DMARDs, particularly anti—interleu-
kin-1 agents, seems to be safe and effective in FMF patients
who are resistant to colchicine, as well as in patients with amy-
loidosis and renal transplantation.

* Despite the results of research involving patients with biallelic
pathogenic MEFV mutations not being very encouraging, taper-
ing strategies for FMF appear to be possible.

INTRODUCTION

Familial Mediterranean fever (FMF) is the most frequent auto-
inflammatory disease, and it is characterised by recurrent self-
limiting attacks of fever, abdominal pain, arthritis, and chest pain
[1]. The primary aim of treatment in FMF is to prevent attacks,
subclinical inflammation and, more importantly, the life-threat-
ening complication of AA amyloidosis. The first-line treatment is
colchicine [2,3]. Unfortunately, 5% to 10% of FMF patients expe-
rience intolerance (eg, diarrhoea, elevated liver enzymes, and leu-
kopenia) or resistance to colchicine treatment [4]. In these
patients, some clinicians prefer to switch to other colchicine prep-
arations, but usually, they end up starting biological DMARDs
(Disease Modifying Anti-Rheumatic Drugs), specifically anti-
interleukin (IL)-1 agents. The effect on specific characteristics of
the disease, such as protracted myalgia or sacroiliitis, or even in
patients with AA amyloidosis, is unclear. Also, considering long-
term treatment, some clinicians are considering different colchi-
cine dosing strategies, and others are starting to withdraw biolog-
icals once FMF enters remission or can be controlled with
colchicine only. Given all these practices, the European Alliance
of Associations for Rheumatology (EULAR) task force on FMF
decided not only to update the systematic review (SR) performed
in 2014 [2] but also to address these novel clinical questions by
reviewing the evidence critically.

Therefore, this review aimed to analyse the efficacy and
safety of different treatment strategies in FMF, including taper-
ing, after reaching a positive effect. As a secondary aim, we
examined the efficacy and safety of different treatment strate-
gies in patients with specific FMF-related characteristics, includ-
ing AA amyloidosis.

METHODS
Search strategy

This SR was performed based on the previous SR done for the
original recommendations [3]. The reviewers (E.S. and T.O.) estab-
lished the protocol with a methodologist based on the PICOT (Pop-
ulation, Intervention, Comparison, Outcome, Time) framework [5]
(see Supplementary Table S1 for the PICOT questions). Further
advice was obtained from an international panel of experts,
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including the convenor of the consensus. The following biblio-
graphic databases were searched: Medline through PubMed,
Embase, and Cochrane Central Trials Register, all up to August 15,
2023. We used comprehensive free text and MeSH (Medical Sub-
ject Headings) synonyms for FMF, as well as different treatment
options (Supplementary Tables S2-S4). We searched only pub-
lished articles in English and selected articles from October 1,
2014 (from the last search date of the previous recommendation
paper), except for the tapering search, which had no limits.

Eligibility criteria

Studies were eligible for each question if they fulfilled the corre-
sponding PICOT components. As for efficacy and safety of the dif-
ferent treatments, we used a hierarchical approach: we included
randomised controlled trials (RCTs), if not available, then quasi-
controlled trials (CCTs) were considered. If neither trial was avail-
able, we included studies that tested anti—IL-1 treatments in FMF
patients with at least 20 patients and any other biological DMARDs
in at least 1 FMF patient. Furthermore, studies were eligible if they
included at least 1 FMF patient with AA amyloidosis treated with
biological DMARDs. SRs were screened, and all eligible trials were
cross-checked with the primary studies selected regarding the out-
comes. Not only were studies assessing the effect on clinical out-
comes targeted, but also laboratory parameters.

Selection and data collection

Two reviewers (E.S. and T.O.) performed the study screening,
data collection, and synthesis. Both reviewers independently
screened the titles and abstracts of the retrieved articles using
the Rayyan web-based software (https://www.rayyan.ai). The
full texts of the selected articles were then read in detail, and
the eligibility criteria were checked. The PRISMA flow charts
(Preferred Reporting Items for Systematic Reviews and Meta-
Analyses) were produced with the PRISMA application [6].

The following variables were collected from the included stud-
ies: (1) related to the study design, type, and duration of the study;
(2) related to the sample studied: number of patients, mean age,
gender distribution, and specific subgroups (sacroiliitis, protracted
febrile myalgia, and AA amyloidosis); (3) related to the treatment
or strategy (tapering) and comparator; (4) efficacy results (as pre-
sented in the papers, eg, frequency of attacks, duration and severity
of attacks, acute-phase reactants, disease activity scores, such as
AIDAI (AutoInflammatory Disease Activity Index), FMF50 (familial
Mediterranean fever 50 score), PRAS, or Mor, or 24-hour urinary
protein excretion); (5) safety results (total adverse events, serious
adverse events, infections, and reasons for treatment discontinua-
tion); and (6) efficacy results related to amyloidosis studies (pro-
teinuria, end-stage renal disease, and death).

Risk of bias assessment and synthesis

We used the Cochrane Risk of Bias (RoB) tool to assess the
quality of the included studies on efficacy and safety [7]. The
studies on tapering were assessed with the Newcastle-Ottawa
Scale [8]. Studies and results were synthesised qualitatively by
research question and drug. We planned to perform a meta-anal-
ysis only if the design, population, intervention, and outcome
measure homogeneity were deemed acceptable.

RESULTS

The searches above identified 1244 records for efficacy and
safety, of which 126 were fully assessed for eligibility. After the
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Identification of new studies via databases and registers

Records identified from:
Databases (n = 0):

Medline via PubMed (n = 1,022)
Embase (n =317)
Cochrane Trials (n = 45)
Cochrane Systematic Reviews (n = 1)

Identification

Records removed before screening:

Duplicate records (n = 141)

Records screened Records excluded
(n = 1,244) (n=1,118)
Reports sought for retrieval = Reports not retrieved
(n = 126) (n=0)
4
g
Reports excluded:

Reports assessed for eligibility
(n = 126)

<20 patients (n = 31)
Abstract only (n = 28)

New studies included in review
[I"I = 42)

Included

No relevant data (n = 15)
Wrong design (n = 5)
Not English (n = 5)

Figure 1. PRISMA flow chart of the review of efficacy and safety of treatments in FMF.

full-text assessment, 84 were excluded, of which 31 were case
reports or small case series (less than 20 patients included for anti
—IL-1-related studies), 28 were conference abstracts with the same
results as another paper included, 15 had no relevant data, 5 had
the wrong study design, and 5 were in languages other than
English. Finally, 42 articles (Fig 1) provided information on 1798
patients. The search strategy identified 544 records for the tapering
of treatments in FMF patients, of which 24 were fully assessed for
eligibility. After the full-text assessment, 11 were excluded (Supple-
mentary Table S5), and 13 were included (Fig 2).

For AA amyloidosis secondary to FMF, 45 articles were fully
assessed for eligibility. After the full-text assessment, 19 articles
were excluded; 10 had no efficacy data, 5 had no definitive
treatment related to FMF, 2 were conference abstracts with the
same results as a paper, and 2 were not in English. Five more
studies were retrieved from the selected SRs by title and
abstract; 2 recent studies, including a relatively high number of
patients, were included due to expert recommendation. In total,
31 articles were included (Fig 3).

Information on the efficacy and safety of biological agents in
FMF was based on 8 clinical trials (n = 277) and 23 longitudinal
studies and case series (n = 910). Except for 1 study, all had at
least 1 domain with an unclear risk of bias, and 6 studies had all
domains with a high risk of bias; thus, we can say that, in general,
the studies had a risk of bias (Fig 4 and Supplementary Fig S1).
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Efficacy of different biological agents on FMF

Six RCTs with IL-1 blockers (1 anakinra: n = 25 patients; 4
canakinumab: total N = 190 patients; 1 rilonacept: n 14
patients) [9—14] and 2 RCTs with anti—IL-6 treatments (total
N = 48 patients) were identified [15,16]. Apart from these,
there were 16 longitudinal studies and case series with anti—IL-
1 treatments (including >20 patients; total N = 854 patients)
[17—32], 3 case series with anti—IL-6 (total N = 24 patients)
[33—35], 3 case series/case reports with tofacitinib (total N = 6
patients) [36—38], and 1 with antitumor necrosis factor (TNF)
treatments (n = 26 patients) [39] (Table 1) [9—40]. The end-
points were heterogeneous across studies, with the most fre-
quently used being a decrease in the frequency of attacks and
acute-phase reactants. The RCTs with anti—IL-6 treatment could
not reach the primary endpoint, but anti—IL-1 treatments
seemed effective in decreasing the number of attacks and acute-
phase reactants, together with improving the different disease
activity scores (such as AIDAI, FMF50, PRAS score, etc) and
patient-reported outcomes (patient visual analogue scale [VAS],
Child Health Questionnaire [CHQ], health-related quality of life
[HRQoL], etc). Table 2 [9—-16,40] shows the results of clinical
trials; for observational evidence, see Supplementary Table S6.
No meta-analysis was deemed reasonable due to the heterogene-
ity in designs, outcomes, and treatments.
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Identfication of new studies via databases and registers

Cochrane Systematic Reviews (n = 1)

5 Records identified from:

B e r:Eer:tl:ZsP:?ang ég;’ 208) Records removed before screening:
£ c : N Duplicate records (n = 37)

= ochrane Trials (n = 10)

T

Records screened . Records excluded
(n =544) (n =520)
- l
= Reports sought for retrieval Reports not retrieved
= S
g (n=24) (n = NA)
Y
Reports assessed for eligibility No ggz?i:zzxg:?:d'w)
(W 24) Amyloidosis (n = 1)
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§ New studies included in review
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E
Figure 2. PRISMA flow chart of the tapering review. NA, not available.
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Figure 3. PRISMA flow chart of the review on amyloidosis. FMF, familial Mediterranean fever.
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B Low risk of bias [ unclear risk of bias [l High risk of bias
Figure 4. Summary of the risk of bias assessment of the studies included.
Table 1
Characteristics of the studies on biological DMARDs in FMF
Study Design N Age 9, % Treatment Dose Comparator Outcome measures
Clinical trials
IL-1
Ben-Zvi, 2016 [9] RCT16wk 25" 38+10 58 Anakinra 100 mg/d Placebo Frequency of attacks
Attack site
APRs
QoL, VAS, modified
FMF50 score
Brik, 2014 [10] CCT%6mo  7° Median 29 Canakinumab 150 mg/4 wk Before-after Frequency of attacks
9.5(6.8-14.9) APR
HRQoL (CHQ-PF50)
Physician GA
de Benedetti, 2018 RCT16wk 63" 23+15 45 Canakinumab 150 mg (or 2mg/kg <  Placebo Complete response:
[11] 40 kg) every 4 wk Phy GA<2; CRP <
300 mg (or 4 mg/kg) 10 mg/L or >70%
every 4 wk for a flare reduction from base-
150 mg every 8 wk line
after a complete Flare: Phy GA >
response 2 + CRP > 30 mg/L
% Phy GA < 2, CRP <
10 mg/L, or SAA <
10 mg/L
Lachmann, 2021 [12] RCT52wk 60" 15 48 Canakinumab 150 mg or 300 mg Placebo HRQoL (CHQ-PF50, SF-
every 4 wk 12, health survey-
acute version 2, SDS)
Ozen, 2020 [13] RCT72wk' 60" Median 47 Canakinumab 150 mg or 300 mg Placebo Phy GA
18 (14-29.5) every 4 or 8 wk APRs
Cumulative dose:
<2700 mg (n = 44)
>2700 mg (n = 16)
Hashkes 2014 [40] RCT 24wk 14 24 +12 43 Rilonacept 2.2 mg/kg/wk, max Placebo Frequency of attacks
160 mg HRQoL (CHQ)
IL-6
Henes, 2022 [16] RCT32wk 25" Median 56 Tocilizumab 8 mg/kg monthly, max  Placebo Complete response at
31(18-53) 800 mg wk 16 (Phy GA < 2;
SAA, ESR, and/or
CRP < ULN)
Serological remission
(CRP < 5mg/L or
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SAA <10 mg/L)
Improvement VAS,

HRQoL (FFbH scale)
Phy GA

(continued)
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Table 1 (Continued)

Study Design N Age 9, % Treatment Dose Comparator Outcome measures
Koga, 2022 [15] RCT24wk 23" 38+15 73 Tocilizumab 162 mg every week Placebo No. of attacks at wk 24
Frequency of accompa-
nying symptoms
Time between attacks,
duration of attacks
CRP, SAA
SF-36, FMF50
Phy GA
Longitudinal studies and case series
1L-1
Akar, 2018 [17] LOS > 20 172 36 48 Anakinra Anakinra 100 mg/d Before-after ~ Attacks per year
Canakinumab (96.4%), 50- APR
300 mg/d 24-h urinary protein
Canakinumab serum creatinine
150 mg/4 wk (67%),
150 mg/8 wk (24%),
150 mg/12 wk (9%)
Atas, 2021[18] LOS > 20 101* 37 57 Anakinra 100 mg daily (n = 48), Before-after Attacks/3 mo
Canakinumab twice daily (n = 4), APR
every other day Creatinine, albumin
(n = 23), once every AIDAI
3d(n = 9) canaki- PGA and modified
numab 150 mg FMF50
monthly (n = 21),
bimonthly (n = 3),
and quarterly (n = 1)
Babaoglu, 2019 [19] LOS > 20 78° 34 60 Anakinra 2-5 d of anakinra Before-after Frequency of attacks
(15 on-demand) Duration and severity
of attacks
Patient GA, AIDAI,
work productivity
Babaoglu, 2020 [20] LOS > 20 23" 32 65 Canakinumab Before-after Frequency of attacks
Duration of attacks,
severity of attacks
Patient GA, AIDAI,
work productivity
Cetin, 2015 [21] LOS > 20 20°  Median 45 Anakinra 100 mg/d Before-after Frequency of attacks
23 (14 -50) Canakinumab 150 mg/8 wk
Eroglu, 2015 [22] Case series 14 13+7 Anakinra Ranging from 1-5mg/  Before-after ~AIDAI
Canakinumab kg/d APR
Etanercept 2 mg/kg/8-16 wk Patient and Phy VAS
0.8 mg/kg/wk
Karabulut, 2022 [23] LOS > 20 30°  32+10 70 Canakinumab 150 mg/mo Before-after Frequency of attacks
Duration of attacks
APR
PRAS score
Kucuksahin, 2016 [24] LOS > 20 26 37 65 Anakinra 100 mg/d Before-after APRs
Canakinumab 150 mg/4 wk Frequency of attacks
Kurt, 2020 [25] LOS > 20 25" 1442 56 Anakinra 2-5mg/kg/d Before-after APRs
Canakinumab 4 mg/kg/mo (max 150 Frequency of attacks
mg) Patient VAS, AIDAI,
school loss
Marko, 2021 [26] LOS > 20 44 44 +13 55 Anakinra 50-100 mg/d Before-after Frequency of attacks
Duration of attacks, no.
of sites
APRs
GAS: no. of attacks,
duration of attacks,
and no. of sites
affected
Pinchevski-Kadir, 2023 LOS > 20 22" 13+4 64 Anakinra Before-after Response to treatment
[271 Canakinumab PRAS severity score
Body weight and
height
Sag, 2020 [28] LOS > 20 40 12+5 62  Anakinra 2 mg/kg/d, max 100 Before-after Frequency of attacks
Canakinumab mg/d APRs
2 mg/kg/bimonthly, No. of sites
max 150 mg/dose
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Study Design Age 2, %

Treatment

Dose Comparator Outcome measures

Sahin, 2020 [29] LOS > 20 65"  32(17-60) 49

Ugurlu, 2020[30] LOS > 20 44° 44112 50

Ugurlu, 2021 [31] LOS > 20 106° 34+10 65

Varan, 2019 [32] LOS > 20 44 36 +12 57

IL-6

Honda, 2021 [33] Case 20

Ugurlu, 2017 [34] Case series 12"  35.2+10 50

Yilmaz, 2015 [35] Case series 11 38

Others

Karadeniz, 2020 [36] Case series 48 75

Garci-Robledo, 2019 1°

[37]

Case 16

Gok, 2017 [38] Case 27 100

Haj-Yahia, 2021 [39] LOS > 20 26 46 +12.5 57.7

Anakinra
Canakinumab

Anakinra
Canakinumab

Anakinra

Anakinra
Canakinumab

Tocilizumab

Tocilizumab

Tocilizumab

Tofacitinib

Tofacitinib

Tofacitinib

Anti-TNF®

100 mg/d Before-after

150 mg/8 wk

Frequency of attacks

Duration of attacks

Patient VAS, Phy VAS

APRs

24-h urinary protein

FMF50 score

APR

Changes in creatinine, cre-
atinine clearance, and
24-h urinary protein

QoL

Frequency of attacks

Patient GA

APRs

100 mg/d Before-after

150 mg/mo

100mg/d (n = 89) Before-after
100 mg every other

day (n = 14)
Other doses (n = 3)
100 mg/d

150 mg/mo

Before-after Frequency of attacks

Duration of attacks,
severity of attacks

SF-36

162 mg every Before-after
other week

8 mg/kg mo Before-after APR

Changes in creatinine,
creatinine clearance

24-h urinary protein

Renal function tests
(serum total protein,
albumin, serum cre-
atinine, BUN, and 24-

h protein excretion)

8 mg/kg 4 wk Before-after

APRs

Patient VAS

AIDAI

Remission of clinical
symptoms

APRs

APRs

VAS-pain

Frequency of attacks

Complete response: <1
FMF attack in 3 mo

Nearly complete
response:
<1 attack/mo but >1
attack per 3 mo

5 mg twice/d Before-after

5 mg twice/d Before-after
Before-after

5 mg twice/d

Before-after

Values are provided either mean + SD, median or median (IQR). APR, acute-phase reactants; BUN, blood urine nitrogen; CCT, quasi-controlled trial; CHQ-PF50,
Child Health Questionnaire-Parent Form 50; CRP, C-reactive protein; DMARD, Disease Modifying Anti Rheumatic Drugs; ESR, erythrocyte sedimentation rate;
FFbH, Hannover Functional Ability Questionnaire; FMF, familial Mediterranean fever; FMF50, familial Mediterranean fever 50 score; AIDAI, AutoInflammatory Dis-
ease Activity Index; GA, global assessment; GAS, Global Assessment Score; HRQoL, health-related quality of life; IL, interleukin; LOS, longitudinal observational
study; PGA, Physician’s Global Assessment; Phy, physician; QoL, quality of life; RCT, randomized controlled trial; SAA, serum amyloid A; SDS, Sheehan Disability
Scale; SF-12/36, Short Form 12/36; TNF, tumour necrosis factor; ULN, upper limit of normal; VAS, visual analogue scale.

a
b

FMF as defined by Tel Hashomer criteria.

By the Yalcinkaya-Ozen criteria.

By the new Eurofever/PRINTO criteria.

Open-label single arm.

Sixteen-week double-blind, placebo-controlled, 24-week withdrawal.
f Epoch 4 (weeks 41-113).

8 Adalimumab, etanercept, infliximab, and golimumab.

c
d

e

Safety of biological agents in FMF

The studies showed a relatively safe profile for the biologi-
cals used in FMF, similar to what is seen in other uses. The
most common adverse events were injection site reactions, fol-
lowed by mild infections, elevated liver enzymes, and transient
leukopenia. Although very rare, there were reports of severe
adverse events, such as anaphylactoid reactions, severe cytope-
nia, and pneumonia, where hospitalisation was needed
(Table 3) [9—40].
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Efficacy and safety of different colchicine preparations and
dosing

We evaluated the efficacy and safety of colchicine prepara-
tions and dosing options (Table 4) [42—49]. One RCT compared
once-daily vs twice-daily dosing [47], 3 studies compared a
domestic colchicine product with a different foreign preparation
[42—44], 2 studies compared age-related dosing practices
[45,46], and 2 studies evaluated compliance and intolerance
problems [48,49].
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Table 2
Efficacy results of clinical trials testing biological agents in FMF

Study Treatment % Reduction after treatment
No. attacks CRP SAA ESR Other outcome parameters
IL-1
Ben-Zvi, 2016 [9]  Anakinra ANA: 63% ANA:83% ANA:89% Anakinra Placebo
PBO:30% PBO:54% PBO:49% Before After Before After
QoL (10 cm VAS) 4+23 7.7 +2.3 39+15 42+29
Abdominal attacks 21+1.6 1+1.2 1.7+18 14+1.1
(/mo)
Chest attacks (/mo) 1.5+1.6 0.7+0.8 14+15 16+14
Joint attacks (/mo) 3+3.7 0.8+1.6 27+24 21+1.1
Skin attacks (/mo) 5.1+6.9 0 11+13 03+0.6
FMF50 score: ANA: 83.3%; PBO: 30.7%
Brik, 2014 [10] Canakinumab 89% 98% 99% 80% Before After
CHQ-PF50 physical domain 21 46
Psychosocial domain 31 40
Phy GA (0-5) 1.71 4.57
de Benedetti, 2018 Canakinumab Canakinumab, % Placebo, %
[11] Complete response 61 0
Patient GA score <2 65 9
CRP < 10 mg/L 68 6
SAA <10 mg/L 26 0
Lachmann, 2021 Canakinumab Baseline 17 wk (Epoch 2) 41 wk (Epoch 3)
[12] CHQ-PF50 physical 26 51 50
CHQ-PF50 43 56 51
psychological
SF-12 physical 38 47 49
SF-12 mental 42 46 50
SDS global function 18 6 3
impairment
SDS work/school 6 2
SDS social life 6 2 1
Ozen, 2020 [13] Canakinumab No flares: total 58%; <2700 mg (59%) vs >2700 mg (57 %)
70% entered Epoch 4 on low dose (150 mg q8w)
40% is sufficient to control the disease until the end
44% received an intermediate dose (150 mg g4w or 300 mg q8w)
16% titrated to the highest dose (300 mg q4w)
Low Phy GA: total 90%
CRP < 10 mg/L target maintained between wk 41-113
SAA 12-23 mg/L (<2700 mg group) vs 36-56 mg/L (>2700 mg group)
Hashkes, 2014 [40] Rilonacept RIL: 76% Rilonacept Placebo P
PBO: 39% Physical summary 33.66 +16.41 23.7 +14.51 .025
score
Psychosocial sum- 51.4+10.31 49.79 +12.37 .550
mary score
IL-6
Henes, 2022 [16]  Tocilizumab Tocilizumab Placebo
Responder at wk 16, 2 (15.4) 0 P =.089
n (%)
Secondary outcome  Before After Before After
wk 16:
Phy GA < 2,n (%) 3(23.1) 4(33.3)
SAA < ULN (10 mg/ 7 (53.8) 2(16.7)
L), n (%)
CRP < ULN (5 mg/ 9(69.2) 3(25)
L), n (%)
Phy GA (mm) 60.0 29.5 66.5 38.0
Patient GA (mm) 58.0 33.0 47.0 38.5
FFbH (%) 91.7 91.7 88.9 86.6

Koga, 2022 [15] Tocilizumab TCZ: 93%

PBO: 89%

TCZ: 100% TCZ: 100%
PBO: 23% PBO:5%

Achievement of FMF50 score: TCZ 20% vs PBO 8.3%
The change in Phy GA and SF-36 from baseline did not differ between TCZ and PBO.

ANA, anakinra; CHQ-PF50, Child Health Questionnaire-Parent Form 50; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; FFbH, Hannover Functional
Ability Questionnaire; FMF, familial Mediterranean fever; GA, global assessment; IL, interleukin; PBO, placebo; Phy, physician; q4w, every 4 weeks; q8w, every 8
weeks; QoL, quality of life; RIL, rilonacept; SAA, serum A-amyloid; SDS, Sheehan Disability Scale; SF-12/36, Short Form 12/36; ULN, upper limit of normal; VAS,

visual analogue scale; TCZ, tocilizumab.

Table 5 [42—49] shows the results of these studies. Colchi-
cine may cause transient and mild leukopenia, while intolerance
is associated with increased attacks, chronic inflammation, and
proteinuria [48,49]. In a randomised controlled study, Polat et
al. [47] showed that using colchicine daily in a single dose has a
similar efficacy without additional safety issues compared with

routine twice-daily usage. Bustaffa et al. [45] reported that par-
tial and/or nonresponders to colchicine are mostly undertreated
according to the patient’s age and body weight. Similarly, Gold-
berg et al. [46] showed that the efficacy and safety of colchicine
are comparable between FMF patients <4 years old and those 4
to 8 years old if they receive appropriate doses according to
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Table 3

Safety of biological agents in FMF

Study Treatment Total Serious Mild infections Others Discontinuation
Clinical trials
IL-1
Ben-Zvi, 2016 [9]  Anakinra Total AEs: 94
Drug-related AEs:
16.7%
Brik, 2014 [10] Canakinumab 11 AEs in 4 patients 1 moderate strepto-
coccal throat
infection
de Benedetti, 2018 Canakinumab Including fever and Including flares Abdominal pain 26.3%
[11] disease flare 926"  37.3" Headache 28.5
Excluding fever Excluding flares Diarrhoea 19.7%
and disease flare 30.7¢ Arthralgia 15.4%
6717 Infections 6.6” Injection site reaction
Infections 173* 43.9%
Lachmann, 2021 Canakinumab NR
[12]
Ozen, 2020 [13] Canakinumab <2700 mg group vs All 0.09" vs 0.04®  0.37" vs 0.33" AEs leading to discontinua-
>2700 mg group Infections: 0.02% tion: <0.01% vs 0%
rate (no. of vs 0.001° FMF flares: 0.12° vs 0.36
events during 72 Abdominal pain: 0.03" vs
wk) 0.12°%
Total AEs: Headache: 0.06" vs 0.06"
1.38%vs 1.92° Back pain: 0.03" vs 0.05%
Total AEs exclud- URTIs: 0.04° vs 0.08"
ing flares and Fever: 0.04" vs 0.06"
fever: 1.21% vs Arthralgia: 0.04" vs 0.06"
1.5%
Hashkes, 2014 [40] Rilonacept NR
IL-6
Henes, 2022 [16]  Tocilizumab 52 (26.5%) 1 ileitis 10 (19.6%) 10 (19.6%) FMF flare
9 (17.6%) gastroenter-
ology
6 (11.8%) skin disorder
6 (11.8%) joint com-
plaints
2 (3.9%) cardiac
8 (15.7%) other mild
AEs
Koga, 2022 [15] Tocilizumab Tocilizumab 90.9% Tocilizumab 18.2% 2 URTIs 8 hypofibrinogenemia
Placebo: 33.3% Placebo: 8.3% 2 folliculitis 2 injection site reac-
tions
2 headaches
Observational studies
Akar, 2018 [17] Anakinra or Anakinra: 22 Anakinra: 1 herpes infection 17 injection site reac- 35 patients discontinued
Canakinumab Canakinumab: 4 1 anaphylactoid 1 cellulitis tions (16 anakinra, 1 after a mean of 19.2 mo:
reaction, canakinumab) 11 due to AEs
1 serious neutrope- 1 psoriasis 5 primary and 8 secondary
nia, failures
1 pneumonia 3 patient decisions
Canakinumab: 2 pregnancies
1 fungal 6 unknown reasons
pneumonia
Atas, 2021 [18] Anakinra Anakinra 40.6% Anakinra: 2 ana- Anakinra: 22 injection Anakinra (38.6% in total)
Canakinumab Canakinumab phylactoid reac- side reaction, 12 skin 19.8% side effects, 13.8%
30.4% tions, 1 severe rash, 8 weight gain, 3  insulfficient response
neutropenia, 1 increased liver Canakinumab (18.5% in
severe skin rash enzymes, 3 mild neu-  total) 11.1% insufficient
that needed hos- tropenia response, 7.4%
pitalisation Canakinumab: 6 pregnancy
Canakinumab: weight gain, 1
none increased liver
enzyme
Babaoglu, 2019 Anakinra 2 2 transient leukopenia
[19]
Babaoglu, 2020 Canakinumab NR
[20]
Cetin, 2015 [21] Anakinra Anakinra:
Canakinumab 1 pneumonia
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Table 3 (Continued)

Study Treatment Total Serious Mild infections Others Discontinuation
Eroglu, 2015 [22]  Anakinra Anakinra: 3 Canakinumab: 1  Anakinra: 2 injection
Canakinumab Canakinumab: 1 pneumonia site reactions
Etanercept Etanercept: 1 1 urticarial skin reac-
tion
Etanercept: 1
neutropenia
Karabulut, 2022 Canakinumab NR
[23]
Kucuksahin, 2016  Anakinra 3 injection site reac-
[24] Canakinumab tions,
1 mild fatigue
Kurt, 2020 [25] Anakinra Anakinra: 3 1 severe dissemi- 2 headaches
Canakinumab Canakinumab: nated urticarial
none rash
Marko, 2021 [26]  Anakinra Hospitalisation: Diarrhoea: 2 Injection site reaction:
drug-related: 3 (4.5%) 11 (25%)
(7%); 2 respira- Headache: 4 (9%)
tory tract infec- Alopecia: 3 (7%)
tions and Neutropenia: 2 (5%)
1 acute coronary Leukopenia: 1 (2%)
syndrome fol-
lowed by an
infection with
influenza
Drug unrelated: 3
(7%); 1 soft tis-
sue bleeding,
1 acute kidney
injury, and 1
acute coronary
syndrome
Pinchevski-Kadir, = Anakinra 3 1 local skin reaction
2023 [27] Canakinumab 2 abdominal pains
Sag, 2020 [28] Anakinra 17 3 mild infections Anakinra:
Canakinumab 11 local skin reactions
2 transient leukopenia
Canakinumab:
1 transient
thrombocytopenia
Sahin, 2020 [29] Anakinra 1 (2.4%) severe URTI or UTI 7%- 8 (19.5%) allergic reac-
Canakinumab neutropenia 30% tion
1 (2.4%) patient 1 (2.4%) multiple scle-
who also had rosis after 2 y of
PAN and sacroi- treatment
liitis died due to
sepsis
Ugurlu, 2020 [30]  Anakinra 2 2 patients died:
Canakinumab 1 non-Hodgkin
lymphoma
1 cardiac
amyloidosis
Ugurluy, 2021 [31]  Anakinra 14 7 skin reaction
3 increased liver
enzymes
4 leukopenia
Varan, 2019 [41] Anakinra NR
Canakinumab
IL-6
Honda, 2021 [33]  Tocilizumab NR
Ugurlu, 2017 [34]  Tocilizumab 1 hypertensive 1 URTI 1 diplopia
encephalopathy 1 UTI 1 hypertension
Yilmaz, 2015 [35] Tocilizumab 2 1 elevated liver
enzyme,
1 mild
thrombocytopenia
Other
Karadeniz, 2020 Tofacitinib NR
[36]
Garcia-Robledo, Tofacitinib NR
2019 [37]
(continued)
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Study Treatment Total Serious

Mild infections Others Discontinuation

Tofacitinib NR

Anti-TNF (adalimu- 12
mab, etanercept,
infliximab, goli-
mumab)

Gok, 2017 [38]
Haj-Yahia, 2021
[39]

1 pneumonia 5 injection site reac-
tions

3 fevers

2 neurological manifes-
tations (1 drop wrist)

1 abdominal pain

Unless otherwise noted, rates are presented as the total or percent over the number of patients.
AE, adverse event; FMF, familial Mediterranean fever; IL, interleukin; NR, not reported; PAN, polyarteritis nodosa; TNF, tumour necrosis factor; URTI, upper

respiratory tract infection; UTI, urinary tract infection.
@ Rate per 100 patient-years.

Table 4

Characteristics of studies with different colchicine treatment dosing strategies

Study Design Patients Dose 1

Dose 2 Outcomes measured

Comparison of different colchicine products

Baglan, 2021 [42] LOS > 20 35 children”
Emmungil, 2020  LOS > 20 50 adults”
[43]
Tiirkucar, 2021 LOS > 20 29 children®
[44]
Comparison of age-related dosing
Bustaffa, 2021 [45] LOS > 20 125 children Colchicine
96 adults
Goldberg, 2019 LOS > 20 89 children® Colchicine
[46] 41, <4y
48,48y

Comparison of once-daily vs twice-daily dosing

C. Dispert and Kolsin® 1.72 mg/m?/d

C. Dispert and Kolsin® 1.85 + 0.47 mg/d

C. Dispert: 1.71 + 0.45 mg/d

oral

oral

C. Opocalcium:
1.74 mg/m?/d

Frequency of attacks

Attack duration

APR

C. Opocalcium®: Frequency of attacks
1.84 + 0.37 mg/d

C. Opocalcium®:

1.71 + 0.45 mg/d

Frequency of attacks
Attack duration
APR

FMF severity score

<5y 0.5-0.75 mg/d Complete response
5-10y 0.5-0.8 mg/d Partial response
(<1 episode/mo)
10-18y 1.0-1.5 mg/d Partial response
with unknown
frequency
>18y 1 mg/d Resistant (>1 epi-
sode/mo)
<4y 0.053 (0.039-0.066) mg/kg Frequency of
4-8y 0.050 (0.040-0.060) mg/kg  attacks
Duration of attacks
Complete/partial/

no response

Polat, 2016 [47] RCT 24 wk 79 children® Colchicine oral 1 X 1 mg Colchicine oral Mor severity score
noninferiority 2x0.5mg APRs

Safety

Other dose comparisons

Sag, 2020 [48] LOS > 20 213 children® Colchicine oral 0.027 mg/kg/d Safety

Satis, 2020 [49] LOS > 20 971" (172 intoler-  Colchicine oral 1 (1-2) mg (tolerant) Colchicine oral 1 (1- Safety

ant) 1) mg (intolerant) No. of attacks per year

Proteinuria
Amyloidosis
ADDI

ADD], autoinflammatory disease damage index; APR, acute-phase reactants; FMF, familial Mediterranean fever; LOS, longitudinal observational study;

RCT, randomized controlled trial.
# Turkish paediatric criteria (Yalcinkaya-Ozen).
b Tel-Hashomer criteria.
¢ Turkish preparation.
4 Non-Turkish preparation.

their body weight. Interestingly, changing colchicine tablets to
different brands improved disease activity and decreased the
number of attacks and acute-phase reactants with no safety
issues [42—44].

Efficacy and safety of biological agents in FMF-related
amyloidosis

No RCT investigated the efficacy and safety of biological agents
in patients with FMF-related AA amyloidosis; therefore, the

1919

evidence comes from longitudinal case series and case reports
(Table 6) [17,18,21,24—26,29,30,34—36,41,50—70]. Twenty stud-
ies provided information on patients with FMF-related amyloidosis
without renal transplantation, of whom 144 patients had been
treated with anti—IL-1 [17,18,21,24—26,41,50—55], 27 with anti
—IL-6 [34,35,56—59], and 1 with a JAK (Janus kinase) inhibitor
[36]. Additionally, 13 studies provided information on 338
patients undergoing renal transplants due to FMF-related AA amy-
loidosis: 164 who received IL-1 inhibitors [29,30,60—68], and 174
who received other or mixed treatments [69,70].
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Table 5

Efficacy and safety results of studies with different colchicine treatment dosing strategies

Study Efficacy Safety
Comparison of different colchicine products
Baglan, 2021 [42] Turkish product Non-Turkish product ~ Turkish product Non-Turkish product
Attacks per year 9.85 1.85 Elevated liver enzymes (n = 4)  No AEs
Diarrhoea (n = 4)
Leukopenia (n = 3)
Attack duration (h) 52.14 44.28
ESR mm/h 20.69 13.58
CRP mg/L 8.76 1.85
Emmungil, 2020 [43]  0-3 attacks/y, % 16 88 None reported
4-6 attacks/y, % 20 10
>7 attacks/y, % 64 2
Tiirkucar, 2021 [44] No. of attacks last 6 mo 5.22 + 2.09 1.17 + 1.66 None reported
Attack duration (h) 48 (48-51) 24 (24-30)
FMF severity score 9.26 +1.88 5.92 +2.08
CRP mg/L 1.54 (1.54-1.64) 0.02 (0.03-0.17)
ESR mm/h 44 (41.75-44) 23(21.25-23)
Comparison of age-related dosing
Bustaffa, 2021 [45] Overall, % <5y, % 5-10y, % 10-18y, % >18y, % Diarrhoea (n = 2)
Complete response 55.2 66.7 34.4 52.8 60.8 Vomiting (n = 1)
Partial (<1 episode/ mo) 29.4 16.7 34.4 26.4 30.0 Myalgia (n = 1)
Partial (unknown frequency) 7.7 0 18.7 13.2 3.1
Resistant (>1 episode/mo) 7.7 16.6 12.5 7.6 6.1
Goldberg, 2019 [46] <4y 48y <4y, % 4-8y, %
Attacks per month 2 1 Total AEs 26.9 30
Duration (d) 2 2 Severe AEs 0 4
Complete response, % 61 60.4 Lowered dose due to AEs ~ 12.2 16.7
Partial response, % 24.4 29.2 Colchicine failure 2.4 0
No response, % 14.6 10.4
Colchicine failure, % 7.3 12.5
Comparison of once-daily and twice-daily dosing
Polat, 2016 [47] Once daily Twice daily Once daily, %  Twice daily, %
Baseline Second visit Baseline Second visit Anorexia 16.7 16.2
Fever, % 66.7 19 54.1 16.7 Nausea 2.4 5.4
Duration of attacks (h) 48 +27.25 8.4 +21.77 44.57 + 31.42 5.6 +15.13 Diarrhoea 2.4 2.7
No. of attacks 3 0 3 0 Abdominal pain  11.9 8.1
ELE, % 7.1 4.8 5.4 0 Vomiting 0 5.4
Mor score 3.48+1.13 2.81+£0.83 3.27 +1.07 2.76 +0.93 Elevated ALT 7.1 2.7
High ESR, % 55.9 4.2 56.7 10.8 Elevated AST 11.9 14.3
Elevated CRP, % 40.5 14.3 37.8 10.8
Other dose comparisons
Sag, 2020 [48] AEs: 23 (10.8%)" Mild:
Moderate: 7 neutropenia
1 lymphopenia 11 leukopenia
2 neutropenia 2 lymphopenia and neutropenia
(continued on next page)
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Table 5 (Continued)

Safety

Efficacy

Study

Permanent cessation n = 18 (10.5%)

11 diarrhoea

All AEs

Colchicine intolerant

Colchicine tolerant

Satis, 2020 [49]

Diarrhoean = 99

4 liver toxicity
1 leukopenia

Liver toxicity n = 54
Leukopenian = 10

15.4 26.1

Chronic inflammation, %
No. of attacks per year

Proteinuria, %

2 muscle toxicity

Muscle toxicityn = 5

4(8
11.6

2(5)
5.9
4.4

Skin reactionn = 2

Nausea n

=4

13.3

Amyloidosis, %
ADDI

Infertility n = 2

1(1)

1)

ADD]I, autoinflammatory disease damage index; AE, adverse event; ALT, Alanine aminotransferase; CRP, C-reactive protein; ELE, erysipelas-like erythema; ESR, erythrocyte sedimentation rate; FMF, familial Mediterra-

nean fever.

@ All were transient and reversed after dose adjustment.
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Two patients died among the nontransplanted patients and
18 among the transplanted patients, all of whom were on IL-1
inhibitors. End-stage renal disease was observed only in 14 amy-
loidosis patients who had no renal transplantation (Supplemen-
tary Fig S1).

Proteinuria decreased in most patients (70.9%) treated with
biological agents, regardless of renal transplantation status
(Table 7) [17,18,21,24—-26,29,30,34—36,41,50—70]. No addi-
tional safety issues were reported.

Tapering

Except for 1 [71], all studies were observational, with the
majority being retrospective, and they all had a high risk of bias.
Five studies analysed the tapering of colchicine (Supplementary
Table S7) and 7 of canakinumab (Supplementary Table S8). The
studies’ descriptions and results are compiled in Supplementary
Table S8.

DISCUSSION

In this SR, we showed the efficacy and safety of different bio-
logical treatments in colchicine-resistant and intolerant FMF, as
well as patients with FMF-related AA amyloidosis. We also eval-
uated the effect of treatment with varying colchicine prepara-
tions and age and bodyweight-related dosing. This information
will guide the decisions taken in the EULAR task force on FMF.

FMF is the most common autoinflammatory disease, and the
first-line treatment is colchicine. The primary pathogenic mech-
anism is the overactivation of the pyrin inflammasome, which
causes increased proinflammatory cytokines, specifically IL-1
[72]. In light of this mechanism, anti—IL-1 agents were tested in
patients in whom colchicine cannot control the disease and sub-
clinical inflammation. The evidence we identified includes RCTs
that support using anti—IL-1 treatments in FMF. Other SRs found
similar results to ours [73,74], including a Cochrane review
[75]. In the review by Kilic et al. [74] and the Cochrane review
by Yin et al. [75], the authors performed meta-analyses. The for-
mer group pooled observational data without adjustment and
with high heterogeneity, and the latter used an endpoint chal-
lenging to prove efficacy in FMF: the ‘number of participants
experiencing an attack’. The studies identified in our SR nega-
tively surprised us with their endpoint heterogeneity, making a
proper meta-analysis very challenging.

IL-1 overproduction triggers the production of other inflam-
matory cytokines, such as IL-6 and TNF-q, leading to the activa-
tion of immune cells, including macrophages and T cells;
consequently, therapies that block IL-6 have gained attention as
potential treatments for autoinflammatory disorders, such as
FMF [76]. Besides, IL-6 has been shown to be elevated during
attacks [77]. Two recent RCTs on anti—IL-6 treatments in colchi-
cine-resistant FMF patients suggest efficient results [15,16].
Interestingly, JAK inhibitors have also been successfully tested
in 3 case series [36—38].

Colchicine resistance is an important problem during the
management of the disease [4]. In addition, colchicine is taken
orally; thus, adherence should be carefully assessed before
deciding on resistance to colchicine. One way to improve adher-
ence may be through using a single dose. An RCT was performed
to overcome this problem by offering patients treatment once
daily instead of twice daily [47]. Interestingly, there were no
differences in efficacy and safety between the groups, support-
ing that once-daily treatment might be an option for patients
who forget to take their medicine. In some countries, there is
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Table 6
Characteristic of studies testing treatments for FMF-related amyloidosis
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Study Design N* Age % Female  Treatment Dose
Without renal transplant
IL-1
Akar, 2018 [17] LOS > 20 52 m: 36 48 Anakinra 100 mg/d (96.4%), 50-300 mg/d remaining
Canakinumab 150 mg/4 wk (67%)/8 wk (24%)/12 wk (9%)
Atas, 2021 [18] LOS > 20 27 m: 43.3 52 Anakinra 100 mg daily (48%)/twice daily (4%)/2 d (23%)/3 d (9%)
Canakinumab 150 mg monthly (21%), bimonthly (3%), and quarterly (n = 1)
Cansu, 2021 [50] Casereport 1 40 100 Anakinra 100 mg/2d
Cetin, 2015 [21] LOS > 20 2 14 and 32 50 Anakinra 100 mg/d
Canakinumab 150 mg/8 wk
Kisla-Ekinci, 2019 [51] Case series 1 14 0 Canakinumab 3 mg/kg/mo
Kucuksahin, 2017 [24] LOS > 20 7 m: 39.2 86 Anakinra 100 mg/d
Canakinumab 150 mg/4 wk
Kurt, 2020 [25] LOS > 20 1 0 Anakinra 2-5 mg/kg/d
Canakinumab 4 mg/kg/mo (max 150 mg)
Marko, 2021 [26] LOS > 20 7 m: 44 55 Anakinra 50-100 mg/d
Nalcaczoglu, 2017 [52] Casereport 1 64 Anakinra 1 mg/kg/d
Sargn, 2019 [53] Case series 7 m: 42 83 Anakinra 100 mg/d
Varan 2019 [41] Case series 17 21 59 Anakinra 100 mg/d
Canakinumab ~ 150-300 mg/mo
Yazilitas, 2017 [54] Case series 3 m: 14.3 100 Canakinumab
Yildirim, 2021 [55] Case series 18 m: 35.8 +10.2 28 Canakinumab 150 mg/mo
IL-6
Aikawa, 2019 [56] Casereport 1 53 0 Tocilizumab 162 mg/2 wk
Hamanoue, 2016 [57] Casereport 1 51 0 Tocilizumab 400 mg/mo
Inui, 2020 [58] Casereport 1 51 0 Tocilizumab 8 mg/kg/mo
Serelis, 2019 [59] Casereport 1 32 100 Tocilizumab 8 mg/kg/mo
Ugurlu, 2017 [34] Case series 12 m: 35.2+ 10 50 Tocilizumab 8 mg/kg/mo
Yilmaz 2015 [35] Case series 11 m: 38 9 Tocilizumab 8 mg/kg/4 wk
Others
Karadeniz 2020 [36] Case series 1 24 0 Tofacitinib 5 mg twice/d
With renal transplant
IL-1
Hasbal, 2019 [60] Casereport 1 24 100 Anakinra 100 mg/d
Mirioglu, 2022 [61] LOS > 20 36 m: 35.2+12.3 38.9 Anakinra None specified
Canakinumab  None specified
Ozcakar, 2018 [62] Case series 5 m: 21.4 40 Anakinra 1 mg/kg/d
Canakinumab 2 mg/kg/4-8 wk
Ozcakar, 2016 [63] Case series 6 m: 16 50 Anakinra 1 mg/kg/d
Canakinumab 2 mg/kg/4-8 wk
Peces, 2017 [64] Case series 2 m: 38 0 Anakinra 100 mg/48 h
Sahin, 2020 [29] LOS > 20 15 m: 32 (17-60) 49.2 Anakinra 100 mg/d
Canakinumab 150 mg/8 wk
Sendogan, 2019 [65] Case series 4 m: 36 50 Canakinumab 150 mg/4-8 wk
Simsek, 2021 [66] LOS > 20 39 m: 39.3+11.5 43.5 Anakinra 100 mg/d
Canakinumab 150 mg/4 wk
Trabulus, 2018 [67] Case series 9 m: 39 44.4 Canakinumab 150 mg/mo
Ugurlu 2020 [30] LOS > 20 44 m:43.63+12.17 50 Anakinra 100 mg/d
Canakinumab 150 mg/mo
Y:ulderim, 2018 [68] Case series 3 m: 54.6 100 Canakinumab 150 mg/mo
Others
Bektas, 2023 [69] LOS > 20 137 m:43 48.2 Anakinra None specified
Canakinumab
Etanercept
Tocilizumab
Infliximab
Secukinumab
Adalimumab
Schwarz, 2024 [70] LOS > 20 37 m: 49.4 37.2 Anti—IL-1° None specified
Anti—IL-6"
Anti-TNF”

FMF, familial Mediterranean fever; LOS, longitudinal observational study; m, mean; TNF, tumour necrosis factor.
@ Patients with AA amyloidosis. The studies may investigate many more FMF patients.

> No specific drug names.

more than 1 colchicine preparation, in which the colchicine dose
remains the same, but the other components or the coating differ.
According to 3 interesting studies [42—44], a trial with another
colchicine preparation may be justified before moving forward
with anti—IL—1 treatment, which is costly in all countries.

1922

AA amyloidosis is the most important morbidity and compli-
cation of FMF. In the previous definition of colchicine resistance,
amyloidosis was recommended as a reason to intensify treat-
ment [3]. According to our results, biological agents, particu-
larly anti—IL-1 treatments, decrease disease activity,
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Table 7
Efficacy and safety of biological agents in FMF-related amyloidosis
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Study Treatment Site of amyloidosis Proteinuria mg/d Other outcome parameters
Before After
Without renal transplant
IL-1
Akar, 2018 [17] Anakinra or Canakinumab  Renal 5458 3557 47 patients had >500 mg/d urinary protein.

77% had a decrease after treatment, and 21% had nondetectable protein.
Serum creatinine decreased, but it was not significant.

Atas, 2021 [18] Anakinra Canakinumab Renal 3126 730 ANA: 22 patients with proteinuria evaluated.
24-h proteinuria decreased significantly.
Cansu, 2021 [50] Anakinra Renal 3900 7000 Haemodialysis and proteinuria continued, but the follow-up duration was only 2 mo
Uterine
Cetin 2015 [21] Anakinra Renal ANA: 9000/d ANA: 3700/d
Canakinumab CAN: 25.6 mg/m?>/d  CAN: 12 mg/m?/d
Kisla-Ekinci, 2019 [51]  Canakinumab Renal Proteinuria disappeared after 6 doses of monthly canakinumab treatment in a patient with renal amyloidosis.
Kucuksahin, 2016 [24] Anakinra Renal (n = 5) Two of these patients already had ESRD at the onset of anti—IL-1 treatment, and 1 patient showed stable
Canakinumab Systemic (n = 2) proteinuria under anti—IL-1 treatment
Kurt, 2020 [25] Anakinra Renal CAN increased attack frequency and proteinuria.
Canakinumab ANA decreased the frequency of attacks and proteinuria.
Marko, 2021 [26] Anakinra Renal 2500 2200 13 patients with proteinuria, of whom 5 remained stable, 4 improved, and 1 worsened
Nalcacioglu, 2017 [52] ~ Anakinra Systemic 118 mg/m?/d <20 mg/m?/d
Sargin, 2019 [53] Anakinra Renal 13,995 2508
Varan, 2019 [41] Anakinra Renal 1606 519
Canakinumab
Yazilitas, 2017 [54] Canakinumab Renal Proteinuria decreased in 2 patients, and 1 had a partial response.
Yildirim, 2021 [55] Canakinumab Renal Patients with GFR > 60 mL/min: 7670 mg/d decreased to 2462 mg/d
Patients with GFR < 60 mL/min: 8618 mg/d decreased to 7065 mg/d
IL-6
Aikawa, 2019 [56] Tocilizumab GIS Abdominal pain and watery diarrhoea resolved after treatment.
AA amyloidosis in endoscopic biopsies resolved.
Hamanoue, 2016 [57] Tocilizumab Renal 3800 300 Endoscopic biopsy revealed decreased amyloid deposition in the stomach.
GIS
Inui, 2020 [58] Tocilizumab Renal 3800 1400 Repeat renal biopsies showed a decrease of amyloid area up to approximately 19% of the AA amyloid area of the
first biopsy’s specimen.
Serelis, 2015 [59] Tocilizumab Renal 9000 3600
Ugurlu, 2017 [34] Tocilizumab Renal 6537 4745
Yilmaz, 2015 [35] Tocilizumab Renal Protein excretion significantly decreased in 4 patients, decreased in 2, and did not change or slightly
increased in 4
Others
Karadeniz, 2020 [36] Tofacitinib Renal 36,600 11200 A case of increased proteinuria with CAN and TCZ improved with TOFA
With renal transplant
IL-1
Hasbal, 2019 [60] Anakinra Renal Decrease in APRs, attack-free, acute kidney injury during attack resolved after treatment.
Mirioglu, 2022 [61] Anakinra Canakinumab Renal 200 200 Overall graft loss 10 (27.8%),

5-y graft survival 94.4%, 10-y graft survival 83.3%
Rejections 3 (8.3%)
9 patients in CAN: 8 inadequate response; 1 severe injection site reaction

(continued on next page)
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Table 7 (Continued)

Study Treatment Site of amyloidosis Proteinuria mg/d Other outcome parameters
Before After
Ozcakar, 2018 [62] Anakinra Renal 89.8 Mean age at amyloidosis 10.3 y
Canakinumab Mean age at ESRD 15.6 y
Mean age at transplant 17.3 y
Mean anti—IL-1 treatment duration 41.2 mo
None of the patients had proteinuria at the last visit.
2 had steroid-responsive acute rejection at the 4th and 8.5th mo
Ozcakar, 2016 [63] Anakinra Renal 190 mg/mz/h 12 mg/mz/h All patients became attack-free
Canakinumab 1 had chronic renal failure, 1 had ESRD, and 3 had renal transplantation
Peces, 2017 [64] Anakinra Renal 21,500 770
Sahin, 2020 [29] Anakinra Renal 4472 3960 3 patients switched to TCZ (2 refractory arthritis, 1 increased proteinuria with amyloidosis)
Canakinumab 1 progressed to ESRD under anti—IL-1 treatment and had a renal transplant
Sendogan, 2019 [65] Canakinumab Renal The patients had no attacks. Their serum CRP and SAA levels normalised; creatinine and proteinuria
levels were stable.
No graft loss
Simsek, 2021 [66] Anakinra Renal Vascular amyloid accumulation on pretreatment protocol biopsies of 4 patients persisted in repeated
Canakinumab biopsies after IL-1 antagonist treatment.
Untreated (n = 30), % Treated (n = 9), %
Acute rejection 13.3 22.2
Graft recurrence of 62.5 77.7
amyloidosis
Graft loss 14.2 0
Death 30 0
Trabulus, 2018 [67] Anakinra Renal 2381 710 No attacks after treatment
Canakinumab Renal
Canakinumab Systemic
Ugurlu, 2020 [30] Anakinra Renal 2361 2596 4 had renal transplants.
Canakinumab 1 had CAN, but GFR worsened, and haemodialysis was initiated.
3 had ANA; 1 had renal improvement from stage 3 to 2; 2 had stable disease
5 were on dialysis; 1 with ANA received a transplant; 1 died due to cardiac amyloidosis; 1 stopped ANA
due to insufficient response; 2 are still on treatment.
Yildirim, 2018 [68] Canakinumab Renal Abolition of attacks and normalisation of CRP levels; stabilisation of serum creatinine levels
Bektas, 2023 [69] Anakinra Systemic 4000 500 Chronic renal failure at admission: 61 (47.3%)
Canakinumab ESRD at admission: 22 (19.8%)
Etanercept Favourable outcome 83 (61.9%)
Tocilizumab Poor outcome: 51 (38.1%)
Infliximab
Secukinumab
Adalimumab
Schwarz, 2024 [70] Anti—IL-1 Renal Survival rates after transplant: 94% at 1y, 86% at 5 y.
Anti—IL-6 Cumulative incidences of allograft loss: 10.5% at 1y, 13.0% at5'y.
Anti-TNF Histologically proven AA amyloidosis recurrence: 5 (5.8%)

ANA, anakinra; APR, acute-phase reactant; CAN, canakinumab; CRP, C-reactive protein; ESRD, end-stage renal disease; FMF, familial Mediterranean fever; GFR, glomerular flow rate; GIS, gastrointestinal system; IL, interleukin; SAA, serum
amyloid A; TCZ, tocilizumab; TNF, tumour necrosis factor; TOFA, tofacitinib.
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proteinuria, mortality, and ongoing inflammation, even in renal
transplant patients.

Tapering strategies in FMF seem feasible, although the out-
come of studies that included patients with biallelic pathogenic
MEFV mutations was not so promising. As for tapering biologics,
there were only studies on canakinumab at the time of the
review, with varying intervals and dose protocols. Also, the time
when tapering was started differed across studies, making con-
clusions on tapering difficult.

This study also has some limitations. Although there are
some RCTs on this topic, most of the data come from case series,
and the risk of bias is relatively high. Even in RCTs, the outcome
measures were very heterogeneous, which prevented us from
performing a solid meta-analysis. Also, since this review was
performed as part of the update to the previous EULAR recom-
mendations, we only started our search after 2014, which might
have led us to miss some studies. We had to include 2 more
recently published papers beyond the search date limit recom-
mended by the expert panel, as they reported a very high num-
ber of patients and had a major impact on our topic of interest.

In conclusion, while patients should remain on colchicine,
the addition of biological DMARDEs, particularly anti—IL-1 and
anti—IL-6 agents, seems effective and relatively safe in FMF
patients who are resistant to colchicine, as well as in patients
with amyloidosis and renal transplantation. Future trials in FMF
should consider an outcome standardisation to facilitate clinical
decisions.
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ARTICLE INFO ABSTRACT

Article history: Objectives: Familial Mediterranean fever (FMF) is traditionally viewed as an autosomal recessive
Received § May 2025 autoinflammatory disorder. However, a significant subset of patients harbouring a single pathogenic
Received in revised form 22 July 2025 R ry o - ’ gn. - . p g glep . 8!
Accepted 2 August 2025 MEFV mutation exhibit a clinical phenotype indistinguishable from that of homozygous patients. We

aimed to compare the transcriptomic profiles of patients carrying a single pathogenic mutation who
exhibit the classical FMF phenotype with those of healthy carriers (with 1 pathogenic mutation), as
well as with homozygous or compound heterozygous patients (with 2 pathogenic mutations), to
identify differential molecular signatures and potential diagnostic pathways.

Methods: Peripheral blood mononuclear cells (PBMCs) from 10 patients with FMF (phenotypic
carriers/homozygotes) and 5 healthy MEFV mutation carriers were isolated during asymptom-
atic, treatment-naive phases. Transcriptome profiling employed globin mRNA-depleted, strand-
specific Qiaseq libraries sequenced on Illumina NextSeq 500/550 (paired-end). Differential
expression analysis applied TMM (trimmed mean of M values) based-normalised negative bino-
mial models (|log.FC| > 1, adjusted *P* < .01), with Reactome pathway enrichment. For immu-
noblotting, interferon (IFN)-a-stimulated monocytes/PBMCs of healthy individuals were lysed,
denatured, and probed with antibodies targeting key proteins (IRF-3, IFN-stimulated gene 15
[ISG15], Pyrin, STAT1, AIM2, caspase-5, f-actin). CXCL10 levels were quantified using
Luminex.

Results: PBMC profiling revealed 147 differentially expressed genes. Pathway analyses
highlighted enrichment in type I IFN signalling and inflammasome-related pathways, with
marked upregulation of type I ISGs: ISG15, IFIT2, STAT1, and the inflammasome sensor Pyrin
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encoded by the MEFV gene, mutated in FMF. Moreover, functional assays demonstrated that
type I IFN stimulation increases Pyrin protein levels in PBMCs and isolated monocytes, revealing
cross-talk between IFN responses and inflammasome signalling.

Conclusions: These findings suggest that type I IFN signalling acts as a critical ‘second hit’, ampli-
fying Pyrin expression in heterozygous individuals and enabling disease manifestation despite a
single MEFV mutation. This study offers an explanation for the much-debated issue of the car-
riers expressing disease phenotypes in diseases such as FMF and presents novel insights for preci-
sion diagnosis and therapeutic intervention.

WHAT IS ALREADY KNOWN ON THIS TOPIC

 Although familial Mediterranean fever (FMF) is largely autoso-
mal recessively inherited, heterozygous carriers may express
the disease phenotype. However, the underlying mechanism
driving the disease phenotype in heterozygous patients has
remained elusive.

WHAT THIS STUDY ADDS

* In this manuscript, transcriptomic profiling of peripheral blood
mononuclear cells from treatment-naive patients and well-con-
sidered control groups reveals a prominent upregulation of
type I interferon (IFN) signalling pathways in patients with het-
erozygous FMF. Our results indicate that the second hit
required for this inflammatory disease is the increased expres-
sion of type I IFN, which promotes upregulated expression of
the inflammasome sensor Pyrin (which is encoded by the MEFV
gene that is mutated in FMF).

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

* Clinically, these findings underscore the possibility that a
chronic type I IFN response may act as a critical modifier in
FMF by amplifying the pathogenic effects of a single MEFV
mutation. This ‘second hit’ mechanism not only explains the
clinical presentation observed in heterozygous patients but also
holds significant translational relevance by improving diagnos-
tic accuracy. Establishing IFN signalling as a biomarker could
refine patient stratification and aid in tailoring therapeutic
interventions. Our data will also shed light on similar cases for
other autoinflammatory diseases, such as the heterozygotes
with disease in mevalonate kinase deficiency.

INTRODUCTION

Familial Mediterranean fever (FMF) is the most common
monogenic autoinflammatory disease globally and has emerged
as a paradigm in the study of innate immune dysregulation [1].
Predominantly affecting populations of Mediterranean, Middle
Eastern, and North African ancestry, clinical hallmarks of FMF
are recurrent episodes of fever, serositis, and systemic inflamma-
tion, which, if left untreated, can culminate in the life-threaten-
ing complication of AA amyloidosis. Although mutations in the
MEFV gene—typically inherited in an autosomal recessive man-
ner—form the genetic cornerstone of FMF, the disease exhibits
striking clinical heterogeneity. This variability is particularly
evident in a significant subset of patients: approximately 10% to
15% of individuals diagnosed with FMF in specialised centres
harbour only a single pathogenic MEFV mutation, yet their clini-
cal manifestations mirror those seen in biallelic cases [2]. This
observation has fuelled debate regarding the pathogenic rele-
vance of heterozygous mutations and prompted their formal rec-
ognition in diagnostic frameworks such as the Eurofever criteria
for paediatric autoinflammatory syndromes [3].
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Despite advances in our understanding, several challenges
persist in our understanding of the aetiology and clinical man-
agement of FMF. Heterozygous carriers and patients with var-
iants of unknown significance pose a diagnostic dilemma.
Physicians must differentiate between FMF and other periodic
fever syndromes—such as PFAPA (Periodic Fever, Aphthous sto-
matitis, Pharyngitis, Adenitis) especially in children who present
with isolated febrile episodes [4]. The uncertainty surrounding
the disease trajectory in these patients has profound implica-
tions for genetic counselling and the initiation of lifelong treat-
ments like colchicine. Moreover, even though the risk of
amyloidosis in heterozygotes remains rare, its potential occur-
rence underscores the pressing need for more precise bio-
markers that can predict disease penetrance and progression.

In this study, we aimed to elucidate the molecular underpin-
nings that contribute to the phenotype in heterozygous FMF by
leveraging transcriptomic profiling of peripheral blood mononu-
clear cells (PBMCs). By focusing on treatment-naive patients with a
single pathogenic MEFV mutation who met the Eurofever criteria
[3], we performed a comprehensive comparison with asymptom-
atic healthy carriers of pathogenic MEFV alleles and patients with
homozygous FMF. This approach, which minimised the confound-
ing effects of colchicine therapy, allowed us to capture intrinsic dis-
ease-related molecular signatures. Notably, our multiomics
integration strategy—combining RNA sequencing with targeted
protein validation—revealed a distinctive activation of type I inter-
feron (IFN) signalling pathways, which appear to upregulate Pyrin
and core inflammasome components.

Our findings not only offer mechanistic insights into the
genotype-phenotype discordance observed in patients with het-
erozygous FMF but also highlight type I IFN signatures as prom-
ising biomarker candidates for refining diagnostic precision and
therapeutic decision-making. In bridging the gap between
genetic predisposition and clinical outcome, this study paves the
way for more personalised management strategies in FMF, ulti-
mately contributing to improved patient care in this complex
and heterogeneous disorder.

METHODS
Patients and sample collection

PBMCs were collected from a cohort comprising 10 patients
with FMF and 5 healthy carriers. Patients with FMF, recruited
from the Departments of Pediatric Rheumatology at Hacettepe
University Faculty of Medicine, Etlik City Hospital, and Erciyes
University Faculty of Medicine, fulfilled the 2019 Eurofever/-
PRINTO classification criteria for FMF [3], regardless of whether
they were homozygous or heterozygous for the pathogenic
mutation. Demographic and clinical data, including laboratory
parameters, were retrospectively compiled from medical
records. Blood sampling was scheduled during the patients’
asymptomatic periods and before the onset of colchicine
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therapy. Venous blood was drawn directly into EDTA tubes and
processed within 30 to 45 minutes. PBMCs were isolated using
the Ficoll-based density gradient method, aliquoted, and stored
at —80°C. The collection and storage protocols received
approval from the Hacettepe University Ethics Committee for
Non-Interventional Clinical Trials (GO 2021/03-14), and
informed written consent was obtained from patients or their
legal guardians. Clinical parameters, such as erythrocyte sedi-
mentation rate, C-reactive protein, and complete blood counts,
were documented at the time of blood collection.
Participants were classified into 3 groups:

* Group 1: patients exhibiting the clinical FMF phenotype
with a single pathogenic mutation that are free of confound-
ing diagnoses such as PFAPA, and who at the time of sam-
pling had not received any treatment for their FMF
phenotype.

* Group 2: healthy heterozygous carriers of a pathogenic
MEFV mutation that do not present with clinical disease.

* Group 3: patients with homozygous and compound hetero-
zygous FMF who at the time of sampling had not received
any treatment.

MEFV gene analysis identified homozygous/compound het-
erozygous exon 10 mutations in 5 patients, while another 5
patients with FMF and the healthy carriers harboured heterozy-
gous exon 10 mutations (8 with M694V/- and 2 with V726A/-).
A summary of demographic and clinical features is provided in
Table 1. All patients were treatment naive at the time of inclu-
sion, with acute-phase reactants generally within normal ranges
at sampling.

Transcriptome profiling
Total RNA was extracted from PBMCs (total) using the Nor-
gen Total RNA Purification Kit (Norgen). RNA quantity and

quality were assessed with a Qubit Fluorometer (Thermo Fisher
Scientific). Pooled RNA from each group (totalling 1000 ng per

Table 1
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pool) underwent library preparation using the Qiaseq Stranded
mRNA RNA Library Kit (Qiagen), following depletion of globin
mRNA with the Qiaseq Fast Select Globin mRNA Removal Kit.
Library quality was verified using the QIAxcel DNA High Resolu-
tion Kit. Sequencing was performed on the Illumina NextSeq
500/550 platform employing the High Output Kit v2.5 (300
cycles) to generate 2 X 74 bp paired-end reads per sample. Raw
data were processed with GenerateFASTQ v2.5.56.27, and
downstream analysis was conducted using CLC Genomic Work-
bench. Quality control steps—including adapter trimming and
alignment—were performed under criteria of up to 2 mis-
matches, a minimum 80% similarity fraction, and a maximum of
10 hits per read. Reads were aligned to the human reference
genome (hgl19). Differential gene expression analysis applied
TMM (trimmed mean of M values)-based normalisation and
used a general linear model with a negative binomial distribu-
tion. Genes with a FDR adjusted P value below .01 and an abso-
lute log, fold change exceeding 1 were considered significantly
differentially expressed. Furthermore, gene expression within
enriched pathways was analysed using the ExpressAnalyst plat-
form, with over-representation analysis based on the Reactome
database and visualised through Ridgeline diagrams.

Protein expression analysis in PBMCs and primary monocytes

For protein studies, PBMCs were isolated from buffy coats of
healthy donors who do not carry any MEFV mutations at Ghent
University using Ficoll-Hypaque density gradient centrifugation
(227288, Greiner Bio-One). Monocytes were purified with the
Pan Monocyte Isolation Kit (130-096-537, Miltenyi Biotec)
according to manufacturer instructions. After isolation, cells
were cryopreserved in 90% fetal bovine serum (FBS) and 10%
dimethyl sulfoxide until further use. Upon thawing, cells were
washed in cold DPBS (CA PBS-1A, Capricorn Scientific) and
seeded at a density of 1.5 x 10° cells per well in RPMI 1640
medium (CA RPMI-STA, Capricorn Scientific) supplemented
with 10% endotoxin-free, heat-inactivated FBS (S-FBS-SA-015,
Bodinco), 100 U/mL penicillin, and 100 pg/mL streptomycin

The demographic and clinical features of healthy donors and patients with FMF included in the transcriptomic analysis

Groups Gender Age (y) Age at disease Duration of the Presenting features MEFV mutation CRP level(mg/dL) WBC (/mm®)
onset (y) disease (y) (0-0.8)

Group 1 (patients  F 9 6 2 Fever, abdominal pain M694V/- <0.3 5880
with heterozy- F 8.5 8 0.5 Fever, arthritis, abdominal V726A/- <0.3 5460
gote FMF) pain

F 16 15 1 Fever, abdominal pain V726A/- <0.3 5800

F 9.3 9.1 0.17 Abdominal pain, protracted M694V/- 0.65 15,000
febrile myalgia

M 3 2.7 0.25 Fever, abdominal pain, M694V/- 0.15 11,360
arthralgia

Group 2 (healthy F 8.3 M694V/- 0.47 7880
carriers) F 11 M694V/- 0.02 4700

M 11 M694V/- 0.16 7100
F 15 M694V/- 0.05 7960
F 4 M694V/- 0.2 5100

Group 3 (patients M 6.4 5 1.4 Fever, abdominal pain M694V/M694V <0.3 6010
with homozygote M 14.5 6 8.5 Fever, abdominal pain, M694V/M694V <0.3 6260
FMF) arthralgia

M 6.8 4 2.8 Fever, abdominal pain M680I/M680I  0.14 6780

M 15.5 14 1.5 Fever, abdominal pain, M680I/V726A 0.4 5820
chest pain, arthritis

M 6.6 2 4.6 Fever, abdominal pain, V726A/M694V 0.3 6120

chest pain

CRP, C-reactive protein; FMF, familial Mediterranean fever; WBC, white blood cell.
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(LO DE17-602E, Lonza). Cells were then stimulated with
1000 U/mL of type I IFN-a. The study protocol for acquisition
and storage was approved by the Medical Ethics Committee of
the Red Cross and Ghent University (G20241030A).

Cell lysates were prepared by incubating the cells in NP-40
lysis buffer (20 mM Tris-HCI pH 7.4, 200 mM NacCl, 1% Nonidet
P-40), followed by denaturation with sample buffer (M00676,
GenScript) at 95°C for 10 minutes. Proteins were separated by
SDS-PAGE and transferred onto PVDF membranes. Membranes
were blocked with 5% nonfat dry milk in TBS containing 0.1%
Tween-20 (TBST), and then probed with primary antibodies
diluted in either 5% BSA or 5% nonfat dry milk in TBST, as spec-
ified by the manufacturers. Washing steps were performed with
1x TBST. The primary antibodies included IRF-3 (11904, Cell
Signaling), IFN-stimulated gene 15 (ISG15) (2743, Cell Signal-
ing), Pyrin (58525, Cell Signaling), STAT1 (14994, Cell Signal-
ing), AIM2 (12948, Cell Signaling), caspase-5 (46680, Cell
Signaling/Abcam), and f-actin (SC-47778HRP, Santa Cruz Bio-
technology). Detection was performed using a Peroxidase-Affini-
Pure Goat anti-rabbit secondary antibody (111-035-144,
Jackson Immunoresearch Laboratories) in conjunction with
enhanced chemiluminescence (34580, Thermo Fisher Scien-
tific).

CXCL10 levels in the culture supernatants were quantified
using a magnetic bead-based multiplex assay on the Luminex
platform (Bio-Rad), following the manufacturer’s protocol.

Data analyses were conducted using GraphPad Statistics for
MAC (Version 6.0). Baseline characteristics were summarised
with medians and IQR for continuous variables, and proportions
for categorical variables. A P value of .05 was set as the thresh-
old for statistical significance. Cytokine data were further ana-
lysed using Prism 10.0.2 (GraphPad), with results expressed as
mean + SEM from 3 or more independent biological replicates.
Following confirmation of normal distribution via the Shapiro-
Wilk test, a 1-way analysis of variance with Bonferroni’s multi-
ple-comparison test was employed for group comparisons.

A total of 10 patients with FMF (6 males/4 females) and 5
control subjects (1 male/4 females) were enrolled in the study.
The median age was 9 years (IQR 8.5-9.3) for patients with het-
erozygous FMF (group 1), 11 years (IQR 8.3-11.0) for healthy
carriers (group 2), and 6.8 years (IQR 6.6-14.5) for patients with
homozygous and compound heterozygous FMF (group 3). The
median disease duration was 0.5 years (IQR 0.25-1.0) in group
1 and 2.8 years (IQR 1.5-4.6) in group 3 (Table 1).

PBMCs were isolated from all subjects, and transcriptomic
profiling was performed. Importantly, all patients were treat-
ment naive at the time of inclusion to eliminate potential con-
founding effects of colchicine on NF-xB and inflammasome
signalling [5,6].

Differential gene expression analysis comparing patients with
heterozygous FMF to healthy heterozygous carriers revealed
147 significantly altered genes (FDR < 0.001; |log,FC| > 1),
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with 96 genes upregulated and 51 downregulated (Fig 1A,
Table 2). Notably, the upregulated genes included key ISG such
as ISG15, IFIT2, IFIT3, USP18, and STATI.

Gene ontology enrichment analysis identified significant
over-representation of biological processes related to type I IFN
response, cytokine-mediated signal transduction, and inflamma-
tory responses (P-adj < .01) (Fig 1B). At the cellular component
level, enrichment was noted in cytoplasmic inflammasome com-
plexes and IFN-stimulated gene complexes, while molecular
function analysis highlighted an increase in enzymatic activities
linked to JAK-STAT signalling (Fig 1B). These findings collec-
tively indicate a marked activation of type I IFN signalling in
patients with heterozygous FMF compared to healthy carriers.
Furthermore, Reactome pathway analysis confirmed significant
activation of the type I IFN response pathway (P-adj < .01), with
pronounced upregulation in both IFN-« and IFN-f gene clusters
(Fig 1C).

The protein-protein interaction network generated using
STRING database (Search Tool for the Retrieval of Interacting
Genes/Proteins) analysis further underscored these findings,
revealing robust interconnections among differentially
expressed genes involved in innate immune responses (Fig 2).
Within this network, proteins directly associated with the IFN
response, such as STAT1, IRF7, ISG15, IFIT2, and OAS1, were
tightly linked by an extensive protein interaction network,
underscoring the systematic enhancement of the IFN response in
patients with heterozygous FMF. These IFN-stimulated genes
were not upregulated in homozygous and compound heterozy-
gous patients (Fig 3).

In addition to IFN-related changes, significant upregulation
was observed in inflammasome-associated genes. Genes impli-
cated in the noncanonical inflammasome pathway, such as
CASP5 and GBP1, as well as the bacterial type III secretion sys-
tem sensor NLRC4 were differentially expressed between
patients with heterozygous FMF and healthy carriers (Table 2).
Notably, expression of the MEFV gene, which encodes the
inflammasome sensor Pyrin, was significantly upregulated (P-
adj < .05). This observation is consistent with previous reports
documenting IFN-a-induced upregulation of MEFV mRNA in pri-
mary monocytes [7], and it suggests that IFN signalling may
drive inflammasome activation via enhanced Pyrin expression.

Building on these insights, we hypothesised that type I IFN-
mediated inflammatory activation serves as a ‘second hit’ in het-
erozygous MEFV carriers, increasing expression of mutant Pyrin
and consequently triggering the inflammatory cascade charac-
teristic of FMF in heterozygous patients.

To explore this hypothesis further and validate these tran-
scriptomic findings at the protein level, we investigated the
expression of selected proteins following type I IFN stimulation
in PBMCs and isolated monocytes from healthy donors. Since
FMF-associated mutations are coding variants, usually located
in exon 10, we do not expect a differential response to type I I[FN
stimulation between wild-type and mutant MEFV alleles. We
included healthy donors who do not carry any MEFV mutations
for these setups. Stimulation with recombinant IFN-a elicited a
robust, time-dependent increase in the secretion of the IFN-
responsive chemokine CXCL10 (Fig 4A), which emerged as a
central node within our STRING network (Fig 2). Kinetic analy-
ses further demonstrated significant upregulation of key inflam-
masome proteins, including Pyrin (MEFV), caspase-5 (CASP5),
the dsDNA sensor AIM2, as well as IFN signalling mediators
STAT1 and ISG15 in IFN-a-stimulated monocytes (Fig 4B), while
IRF3 levels remained unchanged, consistent with our transcrip-
tome data. Similarly, IFN-a treatment of PBMCs from healthy
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donors resulted in elevated CXCL10 release and increased
expression of Pyrin and STAT1, with no change in IRF3 expres-
sion (Fig 4C,D).

In summary, these results confirm that type I IFN stimulation
leads to the upregulation of a specific set of proteins implicated
in the FMF inflammatory pathway and support our model in
which chronic IFN signalling acts as a critical ‘second hit’ that
exacerbates mutant Pyrin expression, thereby determining the
FMF phenotype in heterozygous patients.

DISCUSSION

Our study is the first to offer a mechanistic basis for the
observation that heterozygous carriers of what is traditionally

Table 2
Inflammasome-related differentially expressed
genes with fold changes and False discovery

rate (FDR) P value
Name Log, fold change  FDR P value
DUSP10  -1.69 7.97E-06
IL1B -1.48 2.92E-05
TLR2 1.00 2.99E-10
MEFV 1.03 3.29E-10
TLR8 1.07 6.85E-06
IL1IRN 1.17 1.07E-04
NLRC4 1.27 1.83E-05
DDX58 1.31 1.13E-10
DYSF 1.65 9.65E-12
EIF2AK2  2.04 6.73E-29
CASP5 2.29 7.99E-03
TLR7 2.46 3.16E-15
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Figure 1. Transcriptome analysis reveals a type I
interferon signature in unmedicated patients with
heterozygous familial Mediterranean fever (FMF).
(A) The volcano plot illustrates differentially
expressed genes (DEGs), marking upregulated
genes in red and downregulated ones in blue, for
those with a False discovery rate (FDR) adjusted
P value <.01 and a fold change >2. The plot’s
vertical axis, showing the —log10 (P value), indi-
cates the level of statistical significance, with
higher values denoting greater significance. (B)
This bar chart displays the gene ontology (GO)
enrichment results across 3 ontologies: Biological
processes (BPs), cellular components (CCs), and
molecular functions (MFs). Bars are colour-coded
to represent each ontology category: BPs in
orange, CCs in green, and MFs in blue. The
enrichment score on the x-axis quantifies the
degree to which each term is over-represented in
the dataset, with higher scores indicating greater
enrichment. (C) This Ridgeline diagram presents
the ordering of pathways according to their signif-
icance in the analysis, as determined by P values
from the Reactome database, with the most signif-
icant pathways displayed at the top. Pathways are
colour-coded, with darker shades indicating
lower, more significant P values. The density plots
illustrate the distribution of DEGs within each
pathway, highlighting the log2 fold change
(log,FC) values to show overall upregulation or
downregulation. Each DEG is marked as a point
along the baseline of its corresponding density
plot, providing a visual representation of gene
expression trends within significant biological
pathways.

viewed as an autosomal recessive disease can display the FMF
phenotype. It has long been recognised that FMF does not follow
a strictly recessive inheritance model [8]. Our results offer a
molecular explanation for these observations and lend support
to a gene-dosage effect in the clinical expression of FMF. Specifi-
cally, our data indicate that type I IFN signalling provides a criti-
cal ‘second hit’ that amplifies MEFV gene expression and
triggers the downstream inflammatory cascade in heterozygous
carriers. This aligns with earlier reports demonstrating that IFN-
a enhances MEFV mRNA levels in monocytes [7], and extends
this paradigm by implicating additional inflammatory modifiers
that act in concert with a single mutated allele.

Clinically, these insights are highly relevant for rheumatolo-
gists who frequently encounter patients with heterozygous FMF
presenting with inflammatory episodes. The dilemma of initiat-
ing lifelong colchicine therapy—despite its associated side
effects—hinges on whether a single mutation is sufficient to
drive pathology. Our study provides molecular evidence that
heterozygous patients exhibit a unique transcriptomic and
proteomic signature characterised by heightened type I IFN
activity. This ‘second hit’ mechanism may help to resolve diag-
nostic uncertainty, enabling clinicians to better stratify patients
based on their risk for disease progression and tailor therapeutic
strategies accordingly. Such an approach could minimise unnec-
essary treatment exposure while preventing severe sequelae like
AA amyloidosis.

Previous studies have focused on characterising the disease
manifestation in patients with heterozygous FMF at the genetic
level. Booty et al [9] evaluated patients with FMF with a single
mutation and found that haplotype analysis failed to identify a
common genetic marker that might convey a second FMF allele.
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Figure 2. Protein-protein interaction network of innate immune system-related differentially expressed genes (DEGs). The network diagram of
STRING database (Search Tool for the Retrieval of Interacting Genes/Proteins) analysis shows the upregulated genes associated with the innate
immune system. Nodes represent proteins, and edges indicate protein-protein interactions with the following colour codes: gene neighbourhood
(green), gene fusion (red), gene co-occurrence (blue), text-mining (light green), coexpression (black), experimentally determined (pink), and curated

from databases (sky blue).

Similarly, Marek-Yagel et al [10] were unable to detect addi-
tional mutations, large genomic deletions, or duplications in
their cohort of 18 patients with heterozygous FMF. Further
investigations examining single-nucleotide polymorphisms
along the cDNA ruled out allelic silencing as a cause for the phe-
notype. Based on these findings, we proposed that patients with
heterozygous FMF may be exposed to a combination of environ-
mental cues and genetic polymorphisms that predispose them to
disease through the action of additional inflammatory pathways
on the mutant disease allele—a concept reflecting an environ-
mental ‘second hit’ operating in a polygenic manner to drive the
clinical expression in these patients in response to such modify-
ing triggers. Our transcriptomic analysis was designed to delin-
eate these molecular signatures. Whereas homozygotes
experience inflammation primarily due to the presence of 2
pathogenic mutations, heterozygotes appear to require an extra
inflammatory stimulus, as evidenced by enhanced cytokine sig-
nalling pathways and increased Pyrin mRNA and protein expres-
sion. Our data suggest that type I IFN signalling functions as the
converging mechanism for this critical ‘second hit’, driving
MEFYV upregulation and triggering the FMF phenotype in hetero-
zygous patients, a necessity not observed in patients with bial-
lelic mutations.

We explored possible differences in IFN-related gene expres-
sion between patients carrying the M694V and V726A variants.
Although our sample size does not allow for robust statistical
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comparisons, we did not observe a consistent or significant dif-
ference in the IFN signature between these genotypes within our
cohort.

Type I IFN signalling interacts with inflammasome activation
in a complex manner, influencing key mediators such as IL-1/,
caspase-1, and gasdermin D (GSDMD) through both stimulatory
and inhibitory mechanisms. Specifically, type I IFN can diminish
pro-IL-15 expression while concurrently upregulating anti-
inflammatory mediators like IL-1Ra and IL-10 [11]. In human
monocyte-derived macrophages, IFN-a treatment progressively
elevates CASP1 and GSDMD mRNA levels [12]. Studies in
murine macrophages indicate that type I IFN downregulates
pro-IL-1§ and curtails caspase-1 activation by modulating
NLRP3 at the translational level [13], whereas in human mono-
cytes and epithelial cells, chronic IFN-@ exposure or cGAS-
STING pathway activation has been shown to enhance NLRP3
inflammasome activity [14—16]. Together, these findings illus-
trate a multifaceted regulatory network in which type I IFN
orchestrates inflammasome responses.

Interestingly, our findings point to a novel connection between
IFN-mediated signalling and inflammasome activation in patients
with FMF. Contrary to our initial expectation that NF-xB and type
IT IFN responses would dominate, we observed a robust type I IFN
signature in patients with heterozygous FMF, characterised by
elevated expression of IFN-stimulated genes (ISG15, IFIT2,
STATI) that coincides with upregulation of MEFV mRNA levels.
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Figure 3. Interferon pathway-related genes specifically upregulated in patients with heterozygous familial Mediterranean fever (FMF). Heatmap
showing the expression profiles of selected interferon-related genes that are significantly upregulated (False discovery rate (FDR) p-value < 0.01, log,-
Fold Change > 1) in peripheral blood mononuclear cells (PBMCs) samples of group 1 compared to group 2 and group 3. Normalised log,-transformed
expression values were z-score-scaled across genes. Rows represent genes and columns represent individual samples. Hierarchical clustering was
applied to both genes and samples. Colour intensity represents relative gene expression: blue indicates lower, and red indicates higher expression rela-
tive to the gene-wise mean. Sample groups are colour-coded as follows: group 1 (green), group 2 (red), and group 3 (blue). Group 1: patients exhibiting
the clinical FMF phenotype with a single pathogenic mutation. Group 2: healthy heterozygous carriers of a pathogenic MEFV mutation that do not pres-
ent with clinical disease. Group 3: homozygous and compound patients with heterozygous FMF.

This suggests that type I IFN may drive Pyrin inflammasome acti-
vation and autoinflammation in heterozygous patients. Further-
more, network analyses based on our transcriptomic data,
together with a reported in silico model of the Pyrin inflamma-
some pathway that highlights the roles of NF-xB and JAK1/TYK2
signalling [17] further substantiate IFN signalling as a critical
modifier in FMF pathogenesis. Consistent herewith this, we
showed that type I IFN stimulation increases Pyrin protein levels
in a time-dependent manner in human monocytes and PBMCs,
thus linking type I IFN pathways to Pyrin inflammasome-driven
autoinflammation. The elevated IFN responses, particularly in
patients with heterozygous FMF, potentially act as a secondary
modifier that increases MEFV expression or inflammasome activ-
ity beyond the threshold required for disease manifestation. This
offers a mechanistic explanation for variable penetrance and may
have therapeutic implications. In fact, there are 3 case series with
6 patients with colchicine-resistant FMF in whom tofacitinib
effectively suppresses inflammatory markers and provides remis-
sion in clinical symptoms [18—20].
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We have to stress that patients with heterozygous FMF
did not exhibit type I IFN levels comparable to those
observed in monogenic interferonopathies. The observed IFN
signature was modest, likely serving as a modulatory factor
that primes mutant FMF allele-driven inflammatory
responses rather than directly driving the hallmark clinical
features of interferonopathy. Consequently, patients do not
typically develop classic interferonopathy manifestations,
such as cytopenia.

It is also important to note that our strategy of enrolling
treatment-naive patients circumvents potential confounding
effects of colchicine on NF-xB and inflammasome signalling
pathways [5,6]. This careful patient selection likely accounts
for the absence of immunosuppressive signatures in our tran-
scriptome data, in contrast to findings from recent studies of
FMF monocytes from 7 homozygous patients on anti-inflam-
matory therapy—predominantly colchicine—which reported
downregulation of immune-related pathways during remis-
sion and the intervals between flares [21]. Such differences
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Figure 4. Validation of type I interferon (IFN)-induced protein expression

in monocytes and peripheral blood mononuclear cells (PBMCs) from

healthy donors. (A-D) Primary human monocytes (A, B) or PBMCs (C, D) from healthy donors who do not carry any MEFV mutations were stimulated

with 1000 U/mL IFN-« for the indicated times. Supernatants were analysed

for CXCL10 secretion (A, C). Data are presented as mean + SEM from

n = 3 (monocytes) or n = 4 (PBMCs) biological replicates. Statistical significance was determined by 1-way analysis of variance with Bonferroni’s
multiple comparisons test (P < .01; P < .05). Cell lysates were immunoblotted for the indicated proteins (B, D). Representative immunoblots from 3
independent healthy donors (monocytes) and 2 independent healthy donors (PBMCs) are shown.

underscore the critical value of analysing treatment-naive
patient samples to accurately capture the intrinsic molecular
mechanisms driving FMF.

While elevated type I IFN may act as a ‘second hit’ driving
disease in a subset of heterozygous individuals, the low pene-
trance of FMF in heterozygous individuals (2%-5%) remains
incompletely explained. We hypothesise that only heterozygotes
exhibiting an IFN signature manifest the FMF phenotype, likely
requiring additional genetic or epigenetic modifiers (eg, varia-
tions in MEFV expression, regulatory variants, other inflamma-
tory genes, or early-life exposures) to reach the disease
threshold. It is tempting to speculate that the modest IFN signa-
ture observed becomes pathogenic only in the context of such
susceptibility factors, highlighting the complex interplay deter-
mining heterozygote disease expression and underscoring the
need for future studies to define these modifiers.

In summary, our study provides compelling evidence that
type I IFN-mediated inflammatory activation can serve as a
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‘second hit’ in patients with heterozygous FMF, bridging the
gap between genetic predisposition and clinical manifestation.
By demonstrating that treatment-naive heterozygous patients
have a distinctive IFN-associated molecular signature—includ-
ing robust upregulation of MEFV and other ISGs—we not only
challenge traditional views of autosomal recessive inheritance
in FMF but also pave the way for enhanced patient stratification
and the development of targeted therapies. These findings have
far-reaching implications for understanding the pathogenesis of
autoinflammatory diseases and ultimately improving clinical
management through a precision medicine approach.

Limitations

One limitation of our study could be that although the
healthy heterozygotes did not describe any attacks, they may
have them in the future since they are still very young. Our find-
ings also need to be validated in non-Turkish populations.
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Longitudinal analysis in these heterozygotes may serve to
strengthen our hypothesis. Furthermore, it might be worth ana-
lysing the IFN signature in asymptomatic homozygous individu-
als, which may provide valuable insights into disease
penetrance and potential compensatory mechanisms, but such
cases are extremely rare, especially in Turkey, where most of the
individuals have exon 10 mutations.

CONCLUSIONS

Our findings identify a novel feedforward loop linking type I
IFN signalling to MEFV upregulation, suggesting IFN-a may
potentiate Pyrin inflammasome activation in heterozygous car-
riers as a plausible ‘second hit’ mechanism driving inflamma-
tion in patients with heterozygous FMF. The upregulation of
IFN-related genes appears to amplify inflammatory cascades,
including the induction of MEFV expression, providing mecha-
nistic insight into the pathogenesis of FMF in this subgroup.
These results underscore the importance of IFN signalling in
modulating FMF phenotypes and may guide future diagnostic
and therapeutic strategies.
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ARTICLE INFO ABSTRACT

Article history: Objectives: To compare osteoarthritis among individuals with osteoporosis initiating romosozu-
Received 20 February 2025 mab vs an active comparator

Received in revised form 5 June 2025 N p : ) . ) . ) o
Accepted 6 June 2025 Methods: This new user comparative effectiveness study, emulating a target trial, included indi-

viduals aged >50 years in the administrative claims database from 2019 to 2022. Individuals
who initiated romosozumab were compared with those who initiated teriparatide. The primary
outcome was the incidence of osteoarthritis, while secondary outcomes included joint-specific
osteoarthritis (knee, hip, and hand) at 1 year. Inverse probability of treatment weighting (IPTW)
was applied to balance baseline characteristics between romosozumab and teriparatide users,
and inverse probability of censoring weighting (IPCW) was employed to account for informative
censoring. Absolute risk reduction (ARR) and relative risk (RR) at 1 year were estimated using a
weighted Kaplan-Meier estimator.

Results: A total of 22,145 individuals were included in the study (87% female; mean age, 80
years). After IPTW-IPCW adjustment, romosozumab was associated with a lower risk of
osteoarthritis compared with teriparatide (ARR, 1.1% [95% CI, 0.5%-1.8%]; RR, 0.79 [0.66,
0.891]). Joint-specific analyses showed the following results: knee osteoarthritis: ARR, 0.8%
(95% CI, 0.3%-1.5%), RR, 0.79 (0.66, 0.92); hip osteoarthritis: ARR, 0.2% (95% CI, 0.0%-
0.5%), RR, 0.68 (0.37, 1.05); and hand osteoarthritis: ARR, 0.2% (95% CI, 0.0%-0.4%), RR,
0.61 (0.35, 1.06).

Conclusions: Romosozumab was associated with a lower risk of osteoarthritis than teriparatide
among individuals with osteoporosis, particularly for knee osteoarthritis. Similar trends were
observed for hip and hand osteoarthritis; however, the differences were not significant.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

» Osteoporosis contributes to a distinct subtype of osteoarthritis
characterised by subchondral bone fragility, progressive bone
loss, and high remodelling rates.

* Romosozumab, an osteoanabolic agent that inhibits sclerostin,
has demonstrated efficacy in improving bone mass and skeletal
strength. However, its impact on osteoarthritis risk remains
unclear due to conflicting preclinical evidence and a paucity of
human studies.

WHAT THIS STUDY ADDS

» This new user comparative effectiveness study, designed as a
target trial emulation, included adults who were newly pre-
scribed either romosozumab or teriparatide for osteoporosis
management.

After inverse probability treatment weighting and inverse prob-
ability of censoring weighting, romosozumab use was associ-
ated with a 21% lower risk of incident osteoarthritis compared
with teriparatide use in individuals with osteoporosis.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

* These findings suggest that romosozumab may serve as a poten-
tial therapeutic option for individuals with osteoporosis, offer-
ing dual benefits in both osteoporosis treatment and
osteoarthritis risk reduction.

INTRODUCTION

Osteoarthritis has been recognised as a condition influenced
by osteoporosis, contributing to a distinct subtype of the disease
[1]. Osteoarthritis preceded by osteoporosis is characterised by
subchondral bone fragility and distinctive bone loss, accompa-
nied by high remodelling rates [2—5]. These subchondral bone
alterations play a pivotal role in the development and progres-
sion of osteoarthritis [2—5]. Thus, improving bone mass and
strength is essential in managing individuals with osteoporosis
who are at risk of developing osteoarthritis. Recent studies have
emphasised potential links between antiosteoporotic drugs and
osteoarthritis outcomes. For example, denosumab, an antire-
sorptive agent that inhibits the receptor activator of nuclear fac-
tor kappa-B ligand, has demonstrated structural benefits in
erosive hand osteoarthritis, a condition considered a distinct
osteoporotic subtype of osteoarthritis [6—8].

Osteoanabolic drugs enhance bone mass by directly stimulat-
ing bone formation. By targeting and modulating subchondral
bone alterations, these drugs have the potential to reduce the
risk of osteoarthritis development in individuals with osteoporo-
sis [9,10]. Romosozumab, a monoclonal antibody that targets
sclerostin, has been approved as a novel osteoanabolic drug due
to its dual mechanism of action, promoting bone formation
while simultaneously inhibiting bone resorption [11]. In previ-
ous randomised trials, a 12-month course of romosozumab was
shown to increase areal bone mineral density at the spine and
hip in postmenopausal women with osteoporosis compared with
teriparatide [12—14].

Despite these benefits, preclinical studies present conflicting
evidence regarding the effects of romosozumab on osteoarthri-
tis. While some findings suggest that sclerostin exerts cartilage-
protective properties [15,16], others indicate that antisclerostin
antibodies may benefit joint health by promoting bone repair
and preventing local bone loss and cartilage damage [17—20].
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Nevertheless, human studies investigating whether romosozu-
mab use is associated with the risk of osteoarthritis in popula-
tions with osteoporosis remain limited [21,22]. These
conflicting preclinical findings and the scarcity of human evi-
dence highlight the need for further research to clarify the role
of romosozumab in joint health and its potential impact on oste-
oarthritis risk in individuals with osteoporosis.

Teriparatide, another widely used osteoanabolic drug, has
long been established as a standard treatment for osteoporosis
[23]. In Japan, teriparatide, like romosozumab, is specifically
indicated for individuals with osteoporosis at high risk of frac-
ture [24]. Therefore, teriparatide was selected as the comparator
drug in this study to reduce confounding by indication.

To address this critical knowledge gap, we employed a new
user cohort design, emulating a target trial, to evaluate the risk
of incident osteoarthritis in individuals with osteoporosis who
initiated treatment with romosozumab vs teriparatide using a
nationwide administrative claims database.

METHODS
Data source

The source population for the target trial was derived from
the DeSC database (DeSC Healthcare Inc). The details of this
database have been described elsewhere [25]. Briefly, the data-
base contains administrative claims submitted to health insurers
by clinics, hospitals, and pharmacies from April 2014 to Novem-
ber 2022. It encompasses data from 3 types of insurers: health
insurance for employees of large companies, national health
insurance for nonemployees, and the Advanced Elderly Medical
Service System for individuals aged >75 years [25]. The data-
base also includes information on annual health check-ups, cov-
ering approximately 30% of individuals registered within it.
Health check-up data include information on the date, partici-
pant demographics (including age, sex, height, and weight),
clinical laboratory test results, and lifestyle factors collected
through questionnaires.

In the DeSC database, diagnoses are recorded using the Inter-
national Classification of Diseases, 10th Revision (ICD-10)
codes. Prescribed medications are classified according to the
World Health Organization Anatomical Therapeutic Chemical
(WHO-ATC) system, while procedures are documented using
Japanese procedure codes.

Study design and population

We emulated a target trial for the outcomes of interest using
an active comparator and a new user cohort study design, incor-
porating the inverse probability of treatment weighting (IPTW)
and the inverse probability of censoring weighting (IPCW) (see
Supplementary Table S1 for the framework of the target trial
emulation) [26]. Individuals aged >50 years who initiated their
first-ever use of romosozumab or teriparatide between March 1,
2019, and November 30, 2022, were eligible for inclusion (see
Supplementary Fig S1). The study commenced in March 2019,
the year romosozumab was first approved in Japan. The target
trial index date was defined as the earliest first-ever prescription
date of the drug of interest during the study period. The drug of
interest included romosozumab (210 mg once monthly) and the
comparator, teriparatide, which was administered at one of 3
dosing regimens: 20 ug once daily, 28.2 ug twice weekly, or



56.5 ug once weekly. A 12-month run-in period preceding the
index date was used to determine eligibility for cohort entry.
Exclusion criteria included the following: simultaneous initia-
tion of both study drugs, lack of insurance enrolment for at least
12 months prior to the index date, initiation of the study drug
during hospitalisation, absence of an osteoporosis diagnosis
before the index date, history of osteoarthritis, conditions that
could lead to secondary osteoarthritis, hyperparathyroidism, or
cancer before the index date, prior total knee, hip, hand, or fin-
ger replacement before the index date, and lack of follow-up.
We did not exclude individuals with injuries associated with
osteoarthritis to ensure the inclusion of individuals with a his-
tory of insufficiency fractures. Diagnoses were confirmed based
on the presence of at least 2 ICD-10 codes recorded (see Supple-
mentary Table S2). The Japanese procedural codes correspond-
ing to the exclusion criteria are listed in Supplementary
Table S3.

The exposure group comprised individuals initiating romoso-
zumab (WHO-ATC code: MO05BX06) (romosozumab group),
while the comparison group consisted of those initiating teri-
paratide (WHO-ATC code: HO5AAQ2) (teriparatide group) dur-
ing the study period. Drug use was defined based on the
observational analogue of per-protocol effects. Thus, individuals
were followed until the earliest occurrence of one of the follow-
ing events: the study endpoint, treatment discontinuation,
switching to the other study drug, initiation of an additional
antiosteoporosis drug (including bisphosphonates, denosumab,
or selective oestrogen receptor modulators), outcome-related
joint replacement, 1 year after the index date, death, or the end
of the study period (November 30, 2022). Treatment discontinu-
ation was defined as the absence of drug administration within
60 days following the expected date of the next administration.
This expected date was determined by adding the number of days
supplied to the most recent administration date of the study drug.
Individuals who discontinued the study drug were monitored until
the last expected administration date, extended by a 60-day grace
period. Switching to the other study drug or initiating another anti-
osteoporosis drug resulted in immediate censoring.

The primary outcome was the new occurrence of knee, hip,
or hand osteoarthritis. The secondary outcomes were the new
occurrences of knee, hip, and hand osteoarthritis separately.
Osteoarthritis was defined as the presence of at least 1 ICD-10
code accompanied by at least 1 specific treatment prescribed
within 14 days of the initial consultation date (see Supplemen-
tary Table S4). We also assessed negative control outcomes
between the 2 treatment groups to examine potential unmea-
sured systematic biases. These included decubitus ulcers,
defined as the presence of at least 1 ICD-10 code, and cataract
surgery, identified using Japanese procedure codes [27]. The
ICD-10 and Japanese procedure codes for the outcomes are
listed in Supplementary Table S5.

Diagnostic information and healthcare utilisation measures
were collected during the run-in period, including each compo-
nent of the Charlson Comorbidity Index [28,29], each compo-
nent of the claims-based Frailty Index [30], hypertension, time
since the first recorded diagnosis of osteoporosis, sarcopenia,
hip fractures, vertebral fractures, and other insufficiency frac-
tures (fractures of the radius/ulna, pelvis, humerus, or femur).
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Hip and vertebral fractures were defined as diagnoses requiring
specific treatment. Additionally, we recorded the number of out-
patient and orthopaedic visits, hospital admissions, and whether
individuals had undergone bone biomarker testing or dual-
energy X-ray absorptiometry. Injuries that could contribute to
secondary osteoarthritis, including individuals who had under-
gone knee, hip, or hand injury-related surgery, were also docu-
mented before the index date. The ICD-10 codes and Japanese
procedural codes for covariates (excluding the Charlson Comor-
bidity Index) are listed in Supplementary Table S6. The claims-
based Frailty Index ranges from O to 1, with higher values
reflecting greater levels of frailty. Following prior studies [30],
we categorised frailty status into 3 groups: ‘robust’ (<0.15),
‘prefrail’ (0.15-0.25), and ‘frail’ (>0.25).

Prescription histories were assessed for the 6 months preced-
ing the index date. This included medications such as insulin,
hyperglycaemic drugs, beta-blockers, calcium channel blockers,
angiotensin-converting enzyme inhibitors/angiotensin receptor
blockers, diuretics, antiplatelet drugs, anticoagulants, cardiac
glycosides, antidepressants, systemic corticosteroids, nonsteroi-
dal anti-inflammatory drugs, calcium, vitamin D, vitamin K, and
chondroitin. Additionally, we documented the use of antiosteo-
porosis drugs, including bisphosphonates, denosumab, and
selective oestrogen receptor modulators during the run-in
period. The WHO-ATC codes for these covariates are listed in
Supplementary Table S7.

To account for the nonrandom allocation of individuals to
treatment groups, we applied stabilised IPTW to estimate the
average treatment effect on the entire population. The weights
were derived using logistic regression, with the administration
of romosozumab as the dependent variable and covariates
including age, sex, the Charlson Comorbidity Index score, frailty
status based on the claims-based Frailty Index, diagnostic and
prescription history, healthcare utilisation measures, and calen-
dar year of drug initiation. We also applied IPCW to address
potential biases arising from treatment assignment and informa-
tive censoring. To calculate the IPCW for the observational time,
we used Cox proportional hazards models to estimate the proba-
bilities of treatment changes, adjusting for covariates at the
index date. The balance of baseline characteristics between the
romosozumab and teriparatide groups was assessed using the
standardised mean difference (SMD), with an SMD > 0.1 indi-
cating considerable imbalance.

Absolute and relative treatment effects were estimated for
each outcome following IPTW and IPCW adjustment. We used a
weighted nonparametric Kaplan-Meier estimator to calculate
the absolute risk reduction (ARR) for each outcome within 1
year following romosozumab or teriparatide treatment. Addi-
tionally, we estimated the relative risk (RR) at 1 year by compar-
ing the cumulative incidence in the romosozumab group to that
in the teriparatide group. To derive 95% Cls, we employed a
nonparametric bootstrap approach with 100 samples. Weighted
cumulative incidence curves were plotted to visualise the out-
comes over time. There was no missing data for the covariates.

We conducted several subgroup and sensitivity analyses to
investigate potential treatment effect modifications. To evaluate
the potential impact of age on the treatment effect [31,32], we
conducted analyses stratified by age (>80 years and <80 years).
To examine the biological impact of initiating romosozumab in
relation to a history of insufficiency fractures [32,33], consid-
ered a surrogate for osteoporosis severity, we reanalysed the
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data, stratifying individuals by the presence or absence of insuf-
ficiency fractures during the run-in period. Additionally, to
assess the biological impact of initiating romosozumab concern-
ing prior osteoporosis treatment history [32], individuals were
categorised into treatment-naive and treatment-experienced
groups. Treatment-naive individuals were defined as those who
initiated romosozumab or teriparatide as their first antiosteopo-
rosis drug and had no recorded use of denosumab, bisphospho-
nates, or selective oestrogen receptor modulators during the
run-in period. Treatment-experienced individuals were defined
as those with a history of prior use of any of these drugs before
initiating romosozumab or teriparatide.

Eight sensitivity analyses were conducted to confirm the
robustness of our findings. First, to account for longer-term out-
comes, we evaluated the association between romosozumab and
teriparatide with respect to the primary outcome over a 2-year
follow-up period using an observational approach analogous to
intention-to-treat effects. In this analysis, individuals were fol-
lowed throughout the entire study period without censoring,
even if they discontinued the study drug or switched to another
antiosteoporotic drug during follow-up. Second, to test whether
the primary outcome was influenced by injuries that could con-
tribute to secondary osteoarthritis, we conducted the same anal-
yses after excluding individuals with any recorded injuries
associated with secondary osteoarthritis. Third, given that alter-
native dosing regimens for teriparatide are approved exclusively
in Asia, we performed an additional sensitivity analysis
restricted to teriparatide users receiving daily dosing. Addition-
ally, we calculated the average monthly dosage for romosozu-
mab and teriparatide in both the main and sensitivity analyses
as the total number of days supplied divided by each individu-
al’s follow-up time, up to a maximum of 1 year. Fourth, the
robustness of our findings was assessed by reanalysing the out-
comes using propensity score overlap weighting instead of IPTW
[34]. Fifth, to assess the potential impact of body mass index
(BMI) data on our results, we performed analyses restricted to
individuals for whom BMI data were available from health
check-up records during the run-in period. Sixth, to strengthen
the validity of identifying incident osteoarthritis, we reanalysed
our data using an extended 24-month run-in period to further
ensure the identification of true incident osteoarthritis cases.
Seventh, we performed an analysis restricted to individuals who
initiated treatment with either romosozumab or teriparatide
from March 2020 onwards, 1 year after both drugs became
simultaneously available in clinical practice. This approach
aimed to minimise potential confounding arising from differen-
ces in individual characteristics associated with the early adop-
tion of newly approved medications [35]. Eighth, we used an
alternative outcome algorithm to evaluate the possibility that
results might vary depending on the outcome definitions [36].
We performed the analysis by redefining the primary outcome
as the presence of at least 2 ICD-10 codes for osteoarthritis
recorded, together with at least 1 specific treatment.

To address the potential bias associated with using teripara-
tide as the sole comparator, particularly given emerging evi-
dence suggesting that teriparatide may reduce osteoarthritis risk
[37]1, we conducted a supplementary analysis using the follow-
ing oral bisphosphonates: alendronate (35 mg once weekly;
WHO-ATC MO5BA04), ibandronate (100 mg once monthly;
WHO-ATC MO5BAO06), risedronate (17.5 mg once weekly or
75 mg once monthly; WHO—ATC M05BA07), and minodronate
(50 mg once monthly; WHO—-ATC MO05BA), which are reported
to have neutral or minimal effects on osteoarthritis progression
[38]. The primary outcome was assessed using both per-protocol
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and intention-to-treat analyses. All statistical analyses were per-
formed using Stata version 18 (Stata Corporation).

Patient and public involvement

Our dataset included only deidentified patients, and data use
agreements precluded us from contacting these individuals.
Additionally, our funding did not support patient or public
involvement.

RESULTS
Participant characteristics

The study cohort included individuals diagnosed with osteo-
porosis between April 1, 2014, and November 30, 2022. Among
these, we identified 8504 new users of romosozumab and
13,641 new users of teriparatide who were free of known osteo-
arthritis and had not used either study drug at baseline (Fig 1).
Table 1 presents the baseline characteristics of the romosozu-
mab and teriparatide groups before IPTW. Overall, the mean
age was 79.9 years (SD, 7.5), and 19,167 (86.6%) individuals
were female. The mean follow-up time was 233 days (SD, 129)
in the romosozumab group and 209 days (SD, 132) in the teri-
paratide group. The most common reason for censoring was
reaching 1 year after baseline, followed by administrative cen-
soring (see Supplementary Table S8 for the distribution of cen-
soring events). There was negligible imbalance (SMD < 0.1)
between the groups after IPTW (Table 1 and Supplementary
Fig S2).

Primary outcome

Table 2 presents the results of the primary outcome analysis.
After IPTW-IPCW adjustment, the cumulative incidence of oste-
oarthritis within 1 year of follow-up was 3.9% for the romosozu-
mab group and 5.0% for the teriparatide group (Table 2). The
romosozumab group had a significantly lower incident risk of
osteoarthritis compared with the teriparatide group (ARR, 1.1%
[95% CI, 0.5%-1.8%]; RR, 0.79 [0.66, 0.89]) (Table 2).
Figure 2A shows that the cumulative incidence curve for the
romosozumab group consistently indicated a lower incidence of
osteoarthritis than that of the teriparatide group throughout the
follow-up period.

Secondary outcomes

Table 2 presents the results of the secondary outcomes. After
IPTW-IPCW adjustment, the cumulative incidence of knee osteo-
arthritis within 1 year of follow-up was 3.2% for the romosozu-
mab group and 4.1% for the teriparatide group (Table 2). The
cumulative incidence of hip osteoarthritis was 0.5% for the
romosozumab group and 0.7% for the teriparatide group
(Table 2). The cumulative incidence of hand osteoarthritis was
0.3% for the romosozumab group and 0.5% for the teriparatide
group (Table 2). The romosozumab group had a significantly
lower incident risk of knee osteoarthritis compared with the teri-
paratide group (knee osteoarthritis: ARR, 0.8% [95% CI, 0.3%-
1.5%]; RR, 0.79 [0.66, 0.92]) (Table 2). Similar trends were
observed for hip and hand osteoarthritis; however, the differen-
ces were not significant (hip osteoarthritis: ARR, 0.2% [95% CI,
0.0%-0.5%]; RR, 0.68 [0.37, 1.05]; hand osteoarthritis: ARR,
0.2% [95% CI, 0.0%-0.4%]; RR, 0.61 [0.35, 1.06]) (Table 2).
Figure 2B-D shows that the cumulative incidence curves for the
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Individuals who newly initiated romosozumab or teriparatide
between April 2014 and November 2022 (n=153,748)

E

4

luded (n=57,683)
57,499 : Previous use of the study drug
184 : Aged < 50 years

Individuals aged >50 years who newly initiated romosozumab or teriparatide
between March 2019 and November 2022 (n=96,065)

17,438 :
17,424 :
1,291 :
33,655
34:
372:
3,636 :

Excluded (n=73,920)

< Initiation of both types of study drug simultaneously

Lack of insurance enrolment for at least 12 months

Initiation of the study drug during hospitalisation

No diagnasis of esteaporosis

History of diagnosed osteoarthritis or conditions leading to secondary osteoarthritis
Having underwent total joint replacement

History of diagnosed hyperparathyroidism

History of diagnosed cancer

: Lack of follow-up

r

Study population (n=22,145)

1
|

}

New users of romosozumab
(n=8,504)

New users of teriparatide

(n=13,641)

Figure 1. Study flow chart.

romosozumab group consistently indicated a lower incidence of
knee, hip, and hand osteoarthritis than those of the teriparatide
group throughout the follow-up period.

Subgroup and sensitivity analyses

Across the subgroup analyses, similar trends were observed
for the primary outcome (Table 3). In the sensitivity analyses,
the lower risk associated with romosozumab remained generally
consistent (Supplementary Tables S9-S16). However, statistical
significance was not achieved in the 2-year follow-up intention-
to-treat analysis, the analysis using a 24-month run-in period, or
the analysis restricted to patients receiving daily teriparatide.

Negative control outcomes and supplementary analysis

For the negative control outcomes, no significant differences
were found in the risk of decubitus ulcers (ARR, 0.3% [95% CI,
—0.3% to 0.8%]; RR, 0.90 [0.75, 1.13]) or cataract surgery
(ARR, 0.1% [95% CI, —0.2% to 0.4%]; RR, 0.89 [0.61, 1.23])
(Supplementary Table S17).

In our supplementary analysis (Supplementary Table S18),
the per-protocol analysis showed a cumulative incidence of oste-
oarthritis of 4.3% for the romosozumab group vs 5.5% for the
oral bisphosphonate group (ARR, 1.2% [95% CI, 0.7%-1.9%]1;
RR, 0.78 [0.65, 0.87]). In the intention-to-treat analysis (2-year
follow-up), the incidence was 7.4% vs 10.0% (ARR, 2.6% [95%
CL 1.4%-4.0%]; RR, 0.74 [0.61, 0.86]), again indicating a lower
risk of osteoarthritis with romosozumab compared with oral
bisphosphonates.

DISCUSSION

In this new user comparative effectiveness study, designed to
emulate a target trial, romosozumab use was associated with a
21% reduction in incident osteoarthritis compared with
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teriparatide use in individuals with osteoporosis at 1 year in the
per-protocol analysis. The ARR was estimated to be 1.1% fewer
cases of osteoarthritis annually. Romosozumab was associated
with a lower risk of knee osteoarthritis than teriparatide. A simi-
lar pattern was observed for osteoarthritis of the hip and hand;
however, the differences were not significant.

Additionally, sensitivity analysis restricted to individuals
receiving daily teriparatide—the standard recommended dosing
regimen—demonstrated a similar protective trend against osteo-
arthritis; however, it did not reach statistical significance. The
point estimates remained similar to those of the primary analy-
sis; however, the CIs were wider in the sensitivity analysis, pos-
sibly owing to the smaller sample size in the teriparatide group
and the imbalance in group sizes between the romosozumab
and teriparatide groups [39]. As teriparatide users in the sensi-
tivity cohort had a higher average dosage than those in the pri-
mary analysis (Supplementary Table S19), dosage differences
may have partly influenced the varying precision between these
analyses [40].

Comparison with previous studies

Evidence directly comparing the effects of romosozumab and
teriparatide on osteoarthritis is scarce. A few large randomised
clinical trials involving 7180 and 4093 participants suggested
that romosozumab may slightly reduce the risk of osteoarthritis
compared with placebo (7.8% vs 8.8%) and alendronate (6.8%
vs 7.2%) over 12 months [21,22]. However, these trials lacked
prespecified evaluation criteria for osteoarthritis, raising con-
cerns that osteoarthritis was underreported as an adverse event.
In contrast, this emulated trial study focused on osteoarthritis as
the primary outcome in individuals with osteoporosis, providing
a clinically relevant endpoint with a specific comparison to teri-
paratide.

Our study results should be interpreted in light of previous
evidence from bisphosphonate studies, in which observational
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Table 1
Characteristics of individuals who initiated romosozumab or teriparatide before and after inverse probability treatment weighting

Before IPTW After IPTW

Romosozumab Teriparatide = SMD Romosozumab Teriparatide =~ SMD

group group group group
Total no. of individuals, n 8504 13,641 8500 13,671
Age (y), mean (SD) 80.4 (7.4) 79.6 (7.6) 0.100 79.9 (7.5) 79.9(7.6) —0.003
Sex (male), n (%) 890 (10.5) 2088 (15.3) —-0.145 1151 (13.5) 1834 (13.4) 0.004
Claims-based Frailty Index, n (%) 0.018 —0.003
Robust 6530 (76.8) 10,591 (77.6) 6555 (77.1) 10,526 (77.0)
Prefrail 1603 (18.8) 2471 (18.1) 1578 (18.6) 2551 (18.7)
Frail 371 (4.4) 579 (4.2) 366 (4.3) 594 (4.4)
Charlson Comorbidity Index, n (%) —0.007 0.003
0 3165 (37.2) 5045 (37.0) 3122 (36.7) 5039 (36.9)
1 2289 (26.9) 3684 (27.0) 2299 (27.1) 3692 (27.0)
2 1478 (17.4) 2396 (17.6) 1493 (17.6) 2388 (17.5)
3 832(9.8) 1254 (9.2) 800 (9.4) 1308 (9.6)
>4 740 (8.7) 1262 (9.3) 786 (9.3) 1245(9.1)
Osteoporosis duration, mean (SD) 3.0 (4.0) 2.5(3.9) 0.135 2.7 (3.9) 2.7 (4.1) 0.001
Calendar year of drug initiation, n (%) 0.074 —0.005
2019 2209 (26.0) 3240 (23.8) 2065 (24.3) 3306 (24.2)
2020 2041 (24.0) 4338 (31.8) 2466 (29.0) 3949 (28.9)
2021 2932 (34.5) 4494 (32.9) 2859 (33.6) 4610 (33.7)
2022 1322 (15.5) 1569 (11.5) 1110(13.1) 1806 (13.2)
Comorbidities, n (%)
Hypertension 5012 (58.9) 7993 (58.6) 0.007 5023 (59.1) 8048 (58.9) 0.005
Myocardial infarction 131 (1.5) 325(2.4) -0.061 181 (2.1) 282 (2.1) 0.005
Heart failure 1724 (20.3) 3011 (22.1) —-0.044 1840(21.6) 2947 (21.6) 0.002
Cerebrovascular disease 1450 (17.1) 2352(17.2) -0.005 1487 (17.5) 2368 (17.3) 0.005
Peripheral vascular disease 1089 (12.8) 1757 (12.9) -0.002 1095 (12.9) 1747 (12.8) 0.003
Chronic pulmonary disease 1524 (17.9) 2525(18.5) -0.015 1561 (18.4) 2500(18.3)  0.002
Renal failure 393 (4.6) 605 (4.4) 0.009 388 (4.6) 619 (4.5) 0.002
Liver disease 1237 (14.5) 2056 (15.1) -0.015 1262 (14.9) 2036 (14.9) -0.001
Sarcopenia 201 (2.4) 299 (2.2) 0.012 192(2.3) 312(2.3) -0.002
Hip fracture 412 (4.8) 412 (3.0) 0.094 319 (3.8) 535(3.9) —0.009
Vertebral fracture 533 (6.3) 855 (6.3) 0.000 539 (6.3) 862 (6.3) 0.001
Other insufficiency fractures 627 (7.4) 958 (7.0) 0.014 606 (7.1) 981 (7.2) —-0.002
Knee injury 186 (2.2) 267 (2.0) 0.016 168 (2.0) 275(2.0) -0.003
Hip injury 738 (8.7) 840 (6.2) 0.096 610 (7.2) 1009 (7.4) —0.008
Hand injury 136 (1.6) 226(1.7) -0.005 139(1.6) 227 (1.7)  -0.002
Medications, n (%)
Denosumab 650 (7.6) 268 (2.0) 0.268 354 (4.2) 599 (4.4) -0.010
Bisphosphonates 2443 (28.7) 3087 (22.6) 0.140 2143(25.2) 3429 (25.1)  0.003
SERM 615 (7.2) 966 (7.1) 0.006 600 (7.1) 972(7.1) —0.002
Vitamin D agents 3777 (44.4) 4227 (31.0)  0.280 3076 (36.2) 4964 (36.3) —0.003
Calcium agents 363 (4.3) 307 (2.3) 0.114 259(3.1) 425(3.1) -0.003
Vitamin K agents 84 (1.0) 125 (0.9) 0.007 81 (1.0) 129 (0.9) 0.001
Insulin 220 (2.6) 393(2.9) -0.018 232(2.7) 377 (2.8)  —-0.002
Hyperglycaemic drugs 860 (10.1) 1539 (11.3) -0.038 926 (10.9) 1485 (10.9) 0.001
Antiplatelet drugs 1595 (18.8) 2832(20.8) -0.05 1714(20.2) 2721 (19.9)  0.007
Anticoagulant drugs 437 (5.1) 800 (5.9) —0.032 482 (5.7) 781 (5.7) —0.002
Cardiac glycosides 49 (0.6) 108 (0.8) —0.026 60 (0.7) 95 (0.7) 0.002
Diuretic drugs 864 (10.2) 1507 (11.0) -0.029 908 (10.7) 1463 (10.7) —0.001
Beta-blockers 810 (9.5) 1582 (11.6) -0.067 917 (10.8) 1473(10.8)  0.000
Calcium channel blockers 3036 (35.7) 4955 (36.3) —0.013 3101 (36.5) 4955 (36.3)  0.005
ACE inhibitors/ARB 2627 (30.9) 4228 (31.0) —-0.002 2637 (31.0) 4240 (31.0) 0.000
Antidepressants 531 (6.2) 914 (6.7) -0.019 567 (6.7) 908 (6.6) 0.001
NSAIDs 4652 (54.7) 8567 (62.8) —0.165 5090 (59.9) 8165 (59.7) 0.003
Systemic corticosteroids 1135(13.3) 1941 (14.2) -0.026 1194 (14.1) 1906 (13.9) 0.003
Chondroitin 10(0.1) 33(0.2) -0.029 20 (0.2) 27 (0.2) 0.008
Healthcare utilisation measures
Mean (SD) no. of orthopaedic department visits per year 2.2(5.3) 2.1 (5.6) 0.027 2.2(5.1) 2.2(5.7) 0.002
Mean (SD) no. of hospital admissions per year 0.7 (1.5) 0.6 (1.4) 0.051 0.7 (1.4) 0.7 (1.5) —0.001
No. of outpatient visits per year, n (%) —-0.027 0.002
<12 1840 (21.6) 2879 (21.1) 1799 (21.2) 2909 (21.3)
12-24 3191 (37.5) 4978 (36.5) 3137 (36.9) 5031 (36.8)
>24 3473 (40.8) 5784 (42.4) 3564 (41.9) 5731 (41.9)
Dual X-ray absorptiometry, n (%) 4037 (47.5) 5162 (37.8)  0.196 3541 (41.7) 5721 (41.9) -0.004
Bone biomarkers, n (%) 4029 (47.4) 5490 (40.2)  0.144 3681 (43.3) 5928 (43.4) —0.001

ACE inhibitor/ARB, angiotensin-converting enzyme inhibitor/angiotensin receptor blocker; IPTW, inverse probability of treatment weighting;
NSAID, nonsteroidal anti-inflammatory drug; SERM, selective oestrogen receptor modulator; SMD, standardised mean difference.
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Table 2

Effects of romosozumab on outcomes relative to teriparatide: per-protocol analyses

Ann Rheum Dis 84 (2025) 1938—1947

No. of individuals

Cumulative incidence risk, %

% Absolute risk reduction (95% CI)*

Relative risk (95% CI)*

Primary outcome

Osteoarthritis

Teriparatide group 13,671 5.0
Romosozumab group 8500 3.9
Secondary outcomes

Knee osteoarthritis

Teriparatide group 13,671 4.1
Romosozumab group 8500 3.2
Hip osteoarthritis

Teriparatide group 13,671 0.7
Romosozumab group 8500 0.5
Hand osteoarthritis

Teriparatide group 13,671 0.5
Romosozumab group 8500 0.3

Reference Reference
1.1(0.5,1.8) 0.79 (0.66, 0.89)
Reference Reference
0.8(0.3,1.5) 0.79 (0.66, 0.92)
Reference Reference
0.2 (0.0, 0.5) 0.68 (0.37, 1.05)
Reference Reference
0.2 (0.0, 0.4) 0.61 (0.35, 1.06)

2 Absolute risk reduction > 0 (or <0) and a relative risk < 1 (or >1) indicate that individuals for whom romosozumab was initiated had a
lower (higher) risk of the outcomes than those for whom teriparatide was initiated.
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thritis (A), knee osteoarthritis (B), hip osteoarthritis (C), and hand osteoarthritis (D) after inverse probability treatment weighting are presented.

Table 3

Subgroup analyses of the comparative effects of romosozumab vs teriparatide: per-protocol analyses

Cumulative incidence

Romosozumab Teriparatide

No. of individuals Risk, % No. of individuals Risk, % % Absolute risk reduction (95% CI)" Relative risk (95% CI)*
Age (y)
<80 3685 4.1 6370 4.8 0.7 (—0.4,1.5) 0.85(0.71, 1.09)
>80 4816 3.7 7298 5.0 1.2(0.3,2.3) 0.75 (0.57, 0.94)
History of insufficiency fractures
Without history 4676 4.4 7655 5.8 1.4 (0.4, 2.6) 0.75 (0.59, 0.92)
With history 3827 3.3 6009 4.0 0.6 (—0.5,1.6) 0.84 (0.66, 1.16)
Prior osteoporosis treatment history
Treatment-naive 4976 4.2 9517 4.8 0.5(-0.3,1.5) 0.89(0.70, 1.07)
Treatment-experienced 3535 3.4 4131 5.3 1.9(0.4,2.9) 0.64 (0.49, 0.91)

@ Absolute risk reduction > 0 (or <0) and a relative risk < 1 (or >1) indicate that individuals for whom romosozumab was initiated had a lower (higher) risk of the
outcomes than those for whom teriparatide was initiated.
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studies showed promising associations with reduced osteoarthri-
tis incidence, but subsequent randomised controlled trials
showed no significant efficacy [38]. Such discrepancies are
likely due to selection bias, immortal time bias, and other meth-
odological limitations inherent in observational research, partic-
ularly when comparing drug initiators with noninitiators [26].
However, our study applied a rigorous pharmacoepidemiologi-
cal methodology, ie, a new user cohort design emulating a target
trial, which is recognised for strengthening causal inference and
reducing biases such as selection bias and immortal time bias
[26].

The biological mechanisms underlying the effects of romoso-
zumab remain unclear; however, its dual actions involving oste-
oblast-mediated bone formation and the suppression of bone
resorption may provide protective effects against osteoarthritis
[12,13,17—-20]. In weight-bearing joints affected by osteoporo-
sis, compromised subchondral bone integrity alters load distri-
bution, increasing stress on cartilage and causing microfractures
and collapse [41,42]. By inhibiting sclerostin and activating
Wnt/f-catenin signalling, romosozumab could improve cortical
and trabecular bone quality and enhance joint stability, which
might explain the observed reduction in osteoarthritis develop-
ment in this study [43,44]. Additionally, romosozumab may
have protective effects in hand osteoarthritis similar to denosu-
mab [6]. The antiresorptive activity of romosozumab, mediated
through Wnt/f-catenin pathways, could protect hand joints by
reducing osteoclast-driven erosion; however, the precise mecha-
nisms may differ from those described for denosumab [21,22].
These hypothetical mechanisms require further validation
through future basic and clinical studies.

Notably, the protective effect of romosozumab emerged rela-
tively early, which may not be owing to structural modifications
in joint tissues alone, as such changes typically require long peri-
ods to become apparent. An alternative explanation is that
romosozumab may prevent osteoarthritis-related pain before
detectable structural changes, potentially through mechanisms
involving the early stabilisation of subchondral bone [45].

Our study provides real-world evidence suggesting the bene-
fit of romosozumab, an agent combining anabolic and antire-
sorptive effects, in improving bone strength and possibly
reducing osteoarthritis risk in individuals with osteoporosis.
Given the paucity of effective preventive options for osteoarthri-
tis in osteoporotic populations and the practical challenges
inherent in conducting randomised controlled trials in this clini-
cal setting, observational evidence such as that provided by this
study may contribute to informing potential therapeutic strate-
gies. The observed protective effect of romosozumab against
osteoarthritis risk appears consistent across clinically relevant
factors, including age, history of recent insufficiency fractures,
and prior osteoporosis treatments, all of which are essential con-
siderations when selecting osteoporosis management strategies
[32,33]. However, the absolute reduction in osteoarthritis risk
observed in this study was modest, suggesting that the clinical
significance of this observed association may be limited. In the
2-year intention-to-treat analysis, the reduction in osteoarthritis
incidence observed at 1 year in the per-protocol analysis was
attenuated, possibly owing to romosozumab discontinuation. As
intention-to-treat analyses between active treatments of

1945

differing durations or adherence can underestimate true efficacy
[46], our 2-year intention-to-treat results should be interpreted
carefully, acknowledging that the actual efficacy of romosozu-
mab may be greater than what is observed.

Given the observational nature of this study and the potential
for residual confounding, including confounding by indication,
our findings should be carefully interpreted. Although our find-
ings provide valuable initial evidence regarding romosozumab’s
potential dual skeletal benefits, definitive conclusions regarding
its efficacy in preventing osteoarthritis require confirmation
through randomised controlled trials designed to evaluate struc-
tural and symptomatic outcomes. Moreover, our reliance on a
healthcare insurance claims database limits inferences about
osteoarthritis progression, as imaging findings and detailed clin-
ical symptom data were not available. In light of these con-
straints, future clinical trials, especially in individuals with
established osteoarthritis and osteoporosis, are warranted to
determine whether romosozumab can provide clinically mean-
ingful benefits in slowing or preventing osteoarthritis progres-
sion.

This study has several notable strengths. First, we employed
an active comparator and a new user design within an emulated
target trial framework, IPTW, to mitigate the risk of confound-
ing by indication and unmeasured clinical characteristics. Sec-
ond, the inclusion of sensitivity analyses and control outcomes
strengthens the internal validity of this study, ensuring a rigor-
ous assessment of the primary findings. The consistency of the
results with our primary analysis further underscores their
robustness. Third, the main analyses were conducted on a cohort
that excluded individuals with conditions that could lead to sec-
ondary osteoarthritis. This approach allowed for a more precise
evaluation of the natural history of osteoarthritis development
while minimising the risk of outcome misclassification. Finally,
to the best of our knowledge, no previous studies have investi-
gated the effects of romosozumab on osteoarthritis risk in indi-
viduals with osteoporosis. These findings underscore the
potential role of romosozumab as a therapeutic option for this
population, particularly in the context of osteoarthritis risk
reduction.

Despite these strengths, the study has some limitations. First,
the incidence of osteoarthritis may not have been fully captured
due to the relatively short follow-up period, as romosozumab is
approved for use only up to 12 months. Longer follow-up studies
are warranted to assess the long-term effects of romosozumab on
osteoarthritis following treatment cessation. Second, the data-
base lacked detailed information on dual X-ray absorptiometry
and bone biomarkers. Consequently, incident hip and vertebral
fractures occurring within 1 year before treatment initiation
were used as surrogate indicators of osteoporosis severity and
were adjusted for in the analysis. Third, residual or unmeasured
confounding factors may have biased our findings, especially as
patient or physician preferences could still influence treatment
choices. Fourth, the database did not contain information on
over-the-counter medication use, which may have led to an
underestimation of osteoarthritis incidence, potentially influ-
encing the study results. Fifth, the absence of BMI data, a well-
established risk factor for osteoarthritis, limits our findings. To
address this limitation, we conducted a sensitivity analysis using
BMI data from health check-ups performed during the run-in
period. Although the number of eligible individuals with health
check-ups was smaller, the results were consistent with our
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main findings, suggesting that the absence of comprehensive
BMI data may not have substantially biased our main results.
Sixth, reliance on ICD-10 diagnostic codes may have led to the
underreporting of osteoarthritis cases, potentially biasing our
findings [47]. Previous research has demonstrated substantial
underreporting when using claims data alone, particularly for
mild or asymptomatic osteoarthritis cases and for types less
likely to prompt healthcare visits, such as hand and generalised
osteoarthritis [47]. Although comprehensive validation studies
specific to Japanese claims data are currently unavailable, simi-
lar underreporting is likely. Therefore, caution is necessary
when interpreting our findings, as the true incidence of osteoar-
thritis may be underestimated.

Conclusions

This target trial emulation study suggests that romosozumab
treatment is associated with a lower osteoarthritis risk than teri-
paratide treatment in individuals with osteoporosis. This associ-
ation was consistently observed for knee osteoarthritis. Similar
trends were observed for hip and hand osteoarthritis; however,
the trends were not significant. These findings suggest that
romosozumab is a promising therapeutic option for addressing
osteoporosis and preclinical osteoarthritis related to osteoporo-
sis, potentially offering dual skeletal benefits in high-risk popu-
lations.
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Genetic susceptibility to
membranous lupus nephritis:
a genome-wide association
study

Dear Editor,

We present a comprehensive genome-wide association study
(GWAS) of lupus nephritis (LN) subtypes, focusing on the distinc-
tion between membranous lupus nephritis (MLN) and prolifer-
ative lupus nephritis (PLN). LN affects approximately 40% to 60%
of systemic lupus erythematosus patients, with 10% progressing
to end-stage kidney disease. Despite the widely used International
Society of Nephrology/Renal Pathology Society (ISN/RPS) classi-
fication system, the molecular pathogenesis of LN subtypes
remains unclear, necessitating further genetic exploration [1—3].

Our study included 2041 biopsy-proven LN patients and 524
healthy controls from 2 cohorts in China (Supplementary Meth-
ods). All patients and controls provided written informed con-
sent, and the study protocol was approved by the Ethical
Committee of the Peking University First Hospital (2020—Y158)
and the First Affiliated Hospital of Zhengzhou University (2019-
KY-0033-002). Patients were classified according to the ISN/
RPS system, with MLN defined as Class V, PLN as Class III or IV,
and mixed proliferative LN as Class III or IV + V. Genotyping
was performed using the Illumina Global Screening Array, fol-
lowed by imputation using the Michigan Imputation Server.
After quality control, we analysed 6 million single nucleotide
polymorphisms (SNPs). GWAS was conducted using logistic
regression in PLINK 1.9, with meta-analysis performed in
METAL [4]. Heterogeneity between discovery and validation
phases was assessed using Cochran’s Q and I? statistics for MLN-
specific signals. We used FINEMAP for fine-mapping and various
databases for functional annotation of SNPs.

Clinically, class V patients exhibited a distinct profile com-
pared to class III/IV, including older age of onset, lower blood
pressure, higher proteinuria but better renal function, and less
severe immunological abnormalities (Supplementary Tables S1-
S4 and Figs S1-S2). These findings suggest that class V may have
a different underlying pathophysiology and a potentially more
indolent course than class III/IV. This is further supported by
the long-term follow-up data, which demonstrated significantly
better renal outcomes for class V patients compared to class III/
IV (hazard ratio 0.14, 95% CI 0.03-0.59, P = .007).

Our GWAS identified 3 loci (HLA-DQA1, GTF2IRD1 and
BLK) significantly associated with LN compared to healthy

controls (P < 5 x 107%). Additionally, PLD4 was found to be
associated with LN, albeit at a less stringent significance level
(5x 1078 <P <5 x107%) (Supplementary Figs $3-S5).

To further explore the genetic underpinnings of class V LN, we
conducted GWAS using 2 comparison groups. First, we compared
the genetic profiles of LN subgroups to those of healthy controls.
This analysis revealed that HLA-DQA1 is associated with both class
V and class III/IV LN, while GTF2IRD1, BLK, and PLD4 are associ-
ated with class III/IV (Table). Notably, GTF2IRD1 and BLK also
showed associations with class V, although these did not reach
genome-wide significance due to possible sample size limitations,
with a significance level of 5 x 1078 < P < 5 x 1072 (Supplemen-
tary Table S5 and Figs S5-S6).

Second, when comparing MLN (class V) to PLN (class III/IV),
BLK and PLD4 showed associations with class V at a suggestive
significance level (5 X 1078 < P < 5 x 1072). These genes exhibit
a gradient in minor allele frequencies (class III/IV > class V >
healthy controls), suggesting they may be related to disease
activity rather than subtype-specific effects. However, a notable
exception is the rs609157 variant in the 3p25.3 region, which
emerged as a potential genetic marker specifically associated
with class V at genome-wide significance (P = 3.04 X 1079%).
This SNP consistently showed association across different ana-
lytical approaches (Supplementary Tables S5-S6), with fine-
mapping indicating it has the highest posterior probability
(67.9%) of being the causal variant.

The rs609157-T allele is in linkage disequilibrium with the
wild-type IRAK2 allele (rs708035-T; D’ = 1.0, 2 = 0.63),
whereas rs609157-C associates with the gain-of-function D431E
variant (rs708035-A). This linkage pattern indicates that carriers
of 1s609157-T predominantly inherit the wild-type IRAK2 config-
uration, which shows reduced nuclear factor (NF)-xB activation
compared to the D431E variant [5]. Blood expression quantita-
tive trait locus (eQTL) analyses (eQTLGen Consortium,
n = 31,684) confirm that rs609157-T correlates with lower
IRAK2 expression (f = —0.15, P = 1.65 X 1073?). The D431E
variant enhances NF-«xB signalling through accelerated TRAF6
ubiquitination and IxBa degradation, leading to elevated IL-6 pro-
duction [5]. While rs708035-A acts as an eQTL for IRAK2 in
blood, brain and pancreas, neither SNP shows significant IRAK2
expression associations in kidney tissue (the Nephrotic Syndrome
Study Network (NEPTUNE), n = 240; or Kidney eQTL Atlas,
n = 686) (Supplementary Table S7 and Figs S7-S11). Protein
—protein interaction analysis supports IRAK2’s role in NF-xB
pathway activation, interacting with key proteins like MYD8S,
IL1R1, TRAF6 and TLR4. For IRAK2, the allele associated with
class V risk corresponds to a lower pathogenicity allele, consistent
with protective effects observed for genes like BLK and PLD4
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when comparing class V to class III/IV. This finding is consistent
with GWAS results from primary membranous nephropathy (eg,
NFKBI1 and IRF4) [6], suggesting shared mechanisms and poten-
tial therapeutic targets. However, further studies are needed to
explore how rs609157-T and its linked missense variant influence
immune responses in class V. While the rs609157-T allele indi-
cates differences in pathophysiology between class V and class
III/1V, it does not confer protection but points to distinct regula-
tory pathways requiring further investigation. Class III/IV renal
tissues show greater NF-xB pathway activation than class V,
potentially reflecting reduced IRAK2 expression and a milder
inflammatory environment in class V [7].

This study highlights the distinct clinical, prognostic, and
genetic profiles of class V and class III/IV LN. Notably, the risk
allele associated with class V appears to reduce NF-xB activation,
which is consistent with previous observations that class V
involves less inflammation compared to class III/IV. While this
association may contribute to understanding the unique clinical
and pathological features of class V, it does not establish a direct
mechanistic link, and pathogenesis may involve more complex
regulation of inflammatory pathways than currently appreciated.
The observed odds ratios (OR) >2.0 in MLN and PLN compari-
sons are intriguing, but we stress that the limited sample size of
the MLN subgroup (resulting in 40-60% reduced power to detect
ORs <1.5 compared to the full cohort) necessitates cautious inter-
pretation. The tissue-specific expression patterns of IRAK2—
robust eQTLs in blood but not in kidney tissue—raise interesting
questions about the locus’s primary effects, which may be medi-
ated through systemic immune cell signalling rather than direct
renal modulation. However, compartment-specific studies are
required to investigate this further. Current kidney transcriptomic
datasets confirm IRAK2 expression in infiltrating macrophages
and neutrophils but lack sufficient resolution to compare MLN
and PLN subtypes directly. Future research should focus on class-
stratified kidney biopsies, especially examining glomerular and
tubulointerstitial compartments, and conduct targeted molecular
analyses in subtype-defined renal tissue to clarify these genetic
associations. IRAK2 should therefore be considered a candidate
locus of interest for MLN, pending further validation in indepen-
dent cohorts. While our findings raise the possibility of novel
therapeutic avenues—such as kidney-targeted immunomodula-
tion—these implications remain speculative and should be
explored in future studies. Ultimately, the translation of these
genetic insights into clinical applications will require functional
validation and replication in larger, multiethnic cohorts, as well
as mechanistic studies to elucidate how these variants influence
cellular processes across disease subtypes and tissue microenvir-
onments.
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Correspondence

Correspondence on ‘In
immune-mediated necrotising
myopathy, anti-HMGCR
antibodies inhibit HMGCR
activity, leading to the
sarcoplasmic accumulation of
lipid droplets and myofibres
necrosis’ by Giannini et al.

With much interest, we read the article by Giannini et al
[1] recently published in ARD lending further evidence to
the hypothesis that anti-HMG-CoA reductase (HMGCR) auto-
antibodies are pathogenic in immune-mediated necrotising
myopathy (IMNM) and not a mere bystander product of a
given immune process. The authors provide interesting in
vitro data that anti-HMGCR autoantibodies interfere with
HMGCR activity and have a myopathic effect [2]. Their
study is inspired by a recent article by Pinal-Fernandez et al
[3] published in 2024, who showed that the autoantibodies
are internalised into the cytoplasm of myofibres from
patients with anti-HMGCR-associated IMNM. They also found
APOA4.6 was the only differentially expressed gene in their
transcriptomic study, but internalisation of antibodies from
anti-HMGCR-positive patients into cultured myoblasts did
not lead to an increase in APOA4 expression. Studying the
extent of sarcoplasmic lipid droplets (LDs) in myofibres of
patients with anti-HMGCR autoantibodies using Oil Red O,
the authors identified 90% (18/20) of muscle biopsies from
anti-HMGCR-positive patients had excess lipid accumulation
compared with 8.3% (10/110) of patients with other types
of myositis (P < .001). HMGCR dysfunction was deemed to
induce accumulation of acetyl-CoA and the production of
excess lipids [3]. Oil Red O stains were used in the present
paper by Giannini et al [1] as well, and the authors describe
10-fold higher LD accumulation in patients with anti-
HMGCR-associated IMNM compared with those with other
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Carsten Dittmayer and Werner Stenzel share last authorship.

https://doi.org/10.1016/j.ard.2025.07.006
Received 4 July 2025; Accepted 5 July 2025

immune-mediated and without neuromuscular diseases.
However, their quantification method, using a semiquantita-
tive scoring system [4] that was not developed for LD accu-
mulation, may lack accuracy. We previously determined that
Oil Red O stains are not suited to precisely identify the qual-
ity and quantity of LDs [5].

It seems very likely that autoantibody-mediated inhibition
of HMGCR leads to triacylglyceride accumulation in the cyto-
plasm. HMG-CoA is formed by the condensation of 3 moles
of acetyl-CoA and is then reduced by HMGCR to mevalonate,
which is subsequently introduced into isoprene biosynthesis
to finally become cholesterol. A block (via the autoantibody)
may actually lead to accumulation of acetyl-CoA, which is
instead channelled towards fatty acid synthesis followed by
triacylglyceride biosynthesis. However, it remains unclear
how LDs are involved in this conundrum. Hence, the com-
plex interplay between LDs and cellular toxicity, particularly
within the domains of mitochondrial and cytosolic compart-
ments, remains poorly explored [6]. This is particularly
important when it comes to establishing a hypothetical link
between the necrotising aspect and the metabolic aspect of
the disease.

Analysing microphotographs obtained by 2D electron micros-
copy, we provide a precise method to quantify the volume den-
sity of LDs in muscle fibres in situ [7]. This method not only
offers unprecedented quality and quantification possibilities,
but also informs about additionally altered subcellular struc-
tures such as mitochondria, endoplasmic reticulum or autopha-
golysosomal mechanisms and their spatial relationships in
individual muscle fibres.

Quantification of LDs in muscle fibres of one patient’s vastus
lateralis muscles with HMGCR autoantibodies versus those of an
anti-signal recognition particle autoantibody-positive patient
and a nondiseased control as well as a patient with genetically
proven multiple acyl-CoA dehydrogenase deficiency shows that
the LDs can be precisely identified and quantified by calculation
of the volume density of LD/entire muscle volume. In addition,
qualitative data such as interaction with other subcellular organ-
elles (eg, mitochondria) and quality of sarcomere integrity, etc.
can be validated (Fig, Supplementary Fig and electronic Supple-
mentary Material).
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Figure. (A) Electron microscopic visualisation of skeletal muscle from a patient with anti-HMGCR + IMNM. Lipid droplets are faint grey (black
arrow). Original magnification, X 3000. (B) Electron microscopic visualisation of skeletal muscle from a patient with anti-SRP+ IMNM. Lipid
droplets are faint grey (black arrow). Original magnification, X 3000. (C) Electron microscopic visualisation of skeletal muscle from a patient
with riboflavin-responsive MADD. Lipid droplets are faint grey (black arrow). Original magnification, X 3000. (D) Mitochondria in close con-
tact with lipid droplets in a patient with anti-HMGCR+ IMNM. Original magnification, X 20,000. (E) Disrupted sarcomere structures* in a
patient with anti-HMGCR + IMNM. Original magnification, X 20,000. (F) Diffuse accumulation of minute autophagolysosomal compartments
within the sarcoplasm of a patient with anti-HMGCR + IMNM. Original magnification, X 4000. HMGCR, 3-hydroxy-3-methylglutaryl-coenzyme
A reductase; IMNM, immune-mediated necrotising myopathy; MADD, multiple acyl-CoA dehydrogenase deficiency; SRP, signal recognition
particle.
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Response to: ‘Lipid droplets at
center stage in IMNM? - An
ultrastructural 2D large scale
quantification’ by Focks et al.
New insights into pathology,
serology, and
pathophysiology highlight
IMNM as a heterogeneous
group of inflammatory
myopathies

We read with great interest the comment by Focks et al [1],
reporting quantitative and qualitative ultrastructural modifica-
tions of skeletal muscle fibres, obtained through large-scale 2-
dimensional automated electron microscopy, in a patient with
anti-HMGCR immune-mediated necrotising myopathy (IMNM)
compared with 3 others (1 with anti-signal recognition particle
(SRP) IMNM, 1 with multiple acyl-CoA dehydrogenase defi-
ciency, and 1 without neuromuscular disease). The increased
volume density of lipid droplets in the muscle fibres of anti-
HMGCR patients is consistent with both (1) our findings [2] and
those of others [3], as observed through optical microscopy, and
(2) our demonstration that anti-HMGCR antibodies block
HMGCR activity within the muscle fibres of these patients [2].
In addition, the observation by Focks et al [1] that mitochondria
are in close contact with lipid droplets, along with the diffuse
accumulation of minute autophagolysosomal compartments
within the sarcoplasm, may shed new light on the pathophysiol-
ogy of anti-HMGCR IMNM. Altogether, the clinical, serological,
pathological, and pathophysiological hallmarks of patients with
anti-HMGCR IMNM further delineate this condition as a distinct
myopathy within the IMNM spectrum, an entity originally
defined at the 2003 European Neuromuscular Centre (ENMC)
workshop [4] and revised in 2016 [5].

Beyond this, we would like to emphasise that, based on simi-
lar methodological approaches, additional subgroups have
recently been identified within the IMNM spectrum, suggesting
that IMNM is actually more heterogeneous than the 3 categories
proposed in the 2016 ENMC classification (anti-SRP+, anti-
HMGCR +, and seronegative).

Scleromyositis, for instance, is an increasingly recognised
inflammatory myopathy, characterised by a high rate of multi-
system involvement, notably cardiac and pulmonary, which cor-
relates with a poor prognosis [6]. Several autoantibodies have

https://doi.org/10.1016/j.ard.2025.07.027
Received 22 July 2025; Revised 28 July 2025; Accepted 29 July 2025

been specifically associated with this disease, some of which
may exert a pathogenic effect [3,7]. In up to half of the cases, no
autoantibodies are detected, making diagnosis particularly chal-
lenging. At the pathological level, approximately one-third of
scleromyositis patients fulfil the ENMC criteria for IMNM [8,9].
Nonetheless, in line with capillaroscopic studies [10], electron
microscopy performed by Focks et al [1] and others [11—-14]
has revealed distinctive capillary alterations in these patients,
including basement membrane thickening and reduplication.
The histopathological distinction of this entity is further sup-
ported by characteristic findings of skeletal muscle immunos-
taining [7,15]. Together, these clinical, serological, and
pathological features delineate scleromyositis as a distinct
myopathy within the classical IMNM spectrum.

More recently, immune-mediated megaconial myopathy has
been reported as a newly recognised separate entity based on
the observation of 5 patients with seronegative IMNM, all of
whom exhibited giant mitochondria in skeletal muscle fibres,
but no pathogenic variants in CHKB, a gene in which such elec-
tron microscopy findings were previously considered pathogno-
monic. These myopathic features, combined with a positive
response to immunomodulatory treatment and the presence of
pancreatic disease in all patients, support the recognition of this
condition as another distinct subtype within the IMNM spectrum
[16].

Altogether, these observations advocate for a refinement of
the IMNM framework, integrating advances in pathology
(including electron microscopy), autoantibody profiling, and
pathophysiology, in order to achieve the level of precision
needed for optimal patient management and to guide future
research.
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Correspondence on ‘Janus
kinase inhibitors enhance
prostanoid biosynthesis in
human whole blood in vitro:
implications for
cardiovascular side effects
and prevention strategies’ by
Alabbasi et al

Dear Editor,

We read with great interest the recent study by Alabbasi et al
[1], entitled ‘Janus kinase inhibitors enhance prostanoid biosyn-
thesis in human whole blood in vitro: implications for cardiovas-
cular side effects and prevention strategies.” The authors
reported that Janus kinase inhibitors (JAKis) increased throm-
boxane (TX)A, and prostaglandin (PG)E, biosynthesis in vitro in
human whole blood and hypothesised that low-dose aspirin
(ASA) may help mitigate these prothrombotic effects. However,
we would like to raise several methodological concerns.

First, the analysis of variance (ANOVA) did not match the
study design. Whole blood from the same donors was used
across multiple JAKi concentrations, constituting a classic
within-subject (repeated-measures) design. Nonetheless, the
authors analysed these data using one-way ANOVA, which
assumes that all groups are independent [2]. This violates the
assumption of independence and ignores the correlation struc-
ture inherent in repeated measurements from the same biologi-
cal source. Furthermore, this situation may underestimate the
variability attributable to individual donors, potentially exag-
gerating the consistency of the observed effects across subjects.
As a result, the derived P values may be artificially low, increas-
ing the likelihood of false-positive findings [2]. More appropri-
ate approaches would include repeated-measures ANOVA or
linear mixed-effects modelling, which accounts for intradonor
variability by including random intercepts for each subject [3].
Without this correction, conclusions about dose-response rela-
tionships and statistical significance may not be reliable.

Second, the authors used ASA at a final concentration of
100 uM in their in vitro experiments to demonstrate the suppres-
sion of TXB, biosynthesis and then extrapolated the observed
inhibitory effects to support the use of ‘low-dose ASA’ in clinical
settings. This inference is pharmacologically unjustified. A
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100 uM plasma concentration corresponds to intravenous or
high-dose ASA administration, whereas standard low-dose ASA
(75-100 mg/d) produces peak plasma concentrations between 1
and 7 uM [4]. At these lower levels, COX-1 inhibition in plate-
lets is well-documented [5], but its effects on JAKi-enhanced
TXB, and PGE,; biosynthesis are not established. The inhibition
of COX-2—dependent TXB, and PGE, synthesis generally
requires much higher systemic ASA concentrations. Thus, the
observed suppression of both TXB, and PGE, at 100 uM ASA
may reflect COX-2 involvement, which is unlikely to be inhib-
ited under standard clinical ASA dosing regimens. Without in
vitro validation at physiologic ASA levels or in vivo confirmation,
the translational claim overstates the clinical applicability of the
experimental results and may mislead readers into assuming
that low-dose ASA offers protective cardiovascular benefits in
JAKi-treated populations.

Third, the concentration range shown in Figure 1 as ‘0.04-
20 mM’ is inconsistent with the Methods description in the
Abstract, where the range is given as ‘0.04-20 yM.” Although
this may seem like a minor typographical issue, a 1000-fold dif-
ference in concentration is substantial. A value of 20 mM lies
well outside the pharmacologically relevant range and would
likely produce off-target or cytotoxic effects in most biological
systems. Such inconsistencies between the figure and text under-
mine clarity and may mislead readers regarding the actual dos-
ing used in the experiments.

Lastly, while the study provides valuable mechanistic
insights into the use of in vitro whole blood assays, the transla-
tional relevance of these findings remains uncertain. The com-
plex dynamics of in vivo inflammation, endothelial interactions,
hepatic metabolism, and platelet turnover are not captured in
this model. Moreover, limited information was provided about
the clinical status, disease activity, or background medications
of the patient groups, which could significantly influence prosta-
noid biosynthesis. Although the authors propose oxidative stress
as a contributing mechanism, the evidence based on 8-iso-
PGF,a measurements was derived from a small subset of sam-
ples, limiting the strength of this conclusion.

Clarification of these issues is essential to ensure valid inter-
pretation and to facilitate accurate clinical translation of the
findings.
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Response

Response to correspondence:
“Janus kinase inhibitors
enhance prostanoid
biosynthesis in human whole
blood in vitro: implications for
cardiovascular side effects
and prevention strategies”

We appreciate the opportunity to respond and clarify the
points raised.

1. Statistical analysis approach

Whole blood assays serve as capacity indices for prostanoid
biosynthesis, and the aim of the present study was to assess the
pharmacodynamics of Janus kinase (JAK) inhibitors in relation
to prostanoid biosynthesis at varying concentrations of the
drugs. This study was not designed to investigate differences in
drug responses between healthy individuals and patients. This
study included a single independent variable (drug concentra-
tion) and aimed to determine whether varying levels of this vari-
able significantly influence a dependent variable, such as
prostanoid biosynthesis. A one-way analysis of variance
(ANOVA) is deemed appropriate for verifying this hypothesis.
The 3 primary assumptions inherent in ANOVA were fulfilled:
the responses of each factor level conformed to a normal distri-
bution, these distributions exhibited homogeneity of variance
(ie, the ratio of the smallest to the largest sample SDs was main-
tained between 0.5 and 2), and the data demonstrated indepen-
dence. Whole blood samples obtained from various individuals
were put into tubes or wells and independently stimulated with
lipopolysaccharide (LPS) or allowed to clot. In the latter sce-
nario, endogenous thrombin was generated, leading to variabil-
ity in thrombin production across samples. Thus, different
whole blood samples were independently prepared and treated
with the inhibitors, thereby confirming that the assumption of
data independence is upheld.

To enhance transparency, in the LPS-stimulated whole blood
assay, we also reported unadjusted P values (from paired t-tests)
in the table and underlined those that remained significant fol-
lowing the conservative Bonferroni correction. This dual report-
ing approach provides a balanced view: unadjusted P values
may reveal trends and potential effects of other JAK inhibitors
beyond tofacitinib that merit further investigation in additional

DOI of original article: http://dx.doi.org/10.1016/j.ard.2025.05.018.

https://doi.org/10.1016/j.ard.2025.06.2122
Received 5 June 2025; Accepted 7 June 2025

individuals (thus reducing the risk of false negatives), while
Bonferroni-corrected values offer stringent control over false
positives. In the abstract and highlights, we emphasise findings
that remained statistically significant following Bonferroni
correction.

2. Interpretation of aspirin concentration and clinical
relevance

In this in vitro study, we utilised biomarkers of platelet cyclo-
oxygenase (COX)-1 activity, such as the assessment of thrombox-
ane B, (TXB,) generation in human whole blood allowed to clot
for 1 hour at 37°C and leukocyte COX-2 activity in LPS-stimu-
lated whole blood incubated at 37°C for 24 hours. These models
have been extensively used to examine the effects of drugs that
modulate the COX pathway of prostanoid generation, thereby
gathering information on their pharmacodynamics [1—4]. The
TXB, generated in serum after allowing whole blood to clot at
37°C is a biomarker of platelet capacity to generate TXA, from
COX-1 activity in response to thrombin. Paola Patrignani con-
tributed to the development of this assay, which was used to
define the dose of aspirin for cardiovascular disease prevention
[2]. Evidence suggests that serum TXB, that originates from pla-
telets (i) in mice with specific deletion of COX-1 (PTGS1) in
megakaryocytes/platelets, serum TXB, is almost completely
inhibited (>95%) [5]; (ii) the administration of very low doses
of aspirin, such as 0.45 mg/kg (approximately 30 mg/d), is asso-
ciated with very low circulating levels of the active drug but
leads to complete inhibition of serum TXB, levels after a week
due to the cumulative inhibition of COX-1 in platelets [2]. The
contribution of platelets is also supported by the time-dependent
recovery of serum TXB,, which requires approximately 10 days,
corresponding to the entry of new platelets into circulation with
intact COX-1 activity. Platelets do not express COX-2, at least
under physiological conditions, but only COX-1 [6]. The cumu-
lative inhibition of COX-1 by aspirin occurs because platelets
lack a nucleus and have a limited capacity for de novo protein
synthesis. Additionally, it is important to note that aspirin is an
irreversible inhibitor of platelet COX-1 due to the acetylation of
COX-1 at serine 529 [7]. After dosing with low-dose aspirin in
humans, the inhibitory effect of aspirin occurs primarily in the
presystemic circulation, while systemic levels of the drug con-
tribute to this effect to a lesser extent [7,8]. This explains why
achieving nearly complete inhibition of serum TXB, in vitro by
aspirin requires higher concentrations of the drug. Patrignani’s
group published several papers reporting the characterisation of
the concentration-dependent inhibition of serum TXB, by aspi-
rin. The maximal inhibitory effect (>95%), like that obtained in

0003-4967/© 2025 Published by Elsevier B.V. on behalf of European Alliance of Associations for Rheumatology (EULAR).
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vivo after chronic dosing with low-dose aspirin, is achieved at
100 uM [9,10]. At this concentration, an almost maximal level
of platelet COX-1 acetylation is attained [7]. Additionally, extra
COX-1 arachidonic acid metabolites, such as 12S-hydroxyeicosa-
tetraenoic acid, which is derived from platelet type 12-lipoxyge-
nase and produced at high concentrations in serum, are not
significantly affected [11]. Thus, employing 100 M of aspirin,
as detailed in the study by Alabbasi et al [12], effectively targets
platelet COX-1 activity and TXA, production in vitro, mirroring
the selective COX-1 inhibition of platelet COX-1 obtained in vivo
with low doses of aspirin.

The other assay used in this study involved generating prosta-
glandin E, (PGE,) and TXB, in whole blood after stimulation
with LPS for 24 hours. In this assay, the primary targets of LPS
are leukocytes, which produce prostanoids via COX-2 following
time-dependent expression in response to LPS stimulation
[3,13]. In this system, COX-2—dependent prostanoids become
detectable in a time-dependent manner, linked to COX-2 induc-
tion, which occurs through both transcriptional and posttran-
scriptional mechanisms. Most of the aspirin added at time zero
is profoundly inactivated before the high expression of COX-2
occurs in leukocytes. Aspirin is unstable in plasma due to ester-
ases converting it to salicylate, a weak inhibitor of COX iso-
zymes that requires concentrations in the millimolar range [9].
Additionally, acetylated COX-2 at serine 516, caused by aspirin,
can be resynthesised for de novo protein synthesis in nucleated
cells, such as blood leukocytes. Thus, in LPS-stimulated whole
blood, PGE, is primarily produced by induced leukocyte COX-2.
In isolated monocytes, we previously showed that 100 uM of
aspirin caused incomplete inhibition of COX-2—dependent PGE,
production [9]. As shown in Figure 6 in the paper by Alabbasi et
al [12], aspirin caused partial inhibition of COX-2—dependent
PGE, at 100 uM both without and with tofacitinib. These data
suggest that tofacitinib promotes increased COX-2—dependent
PGE; production, while aspirin partially inhibits this effect by
inhibiting COX-2 activity. In LPS-stimulated whole blood, TXB,
can arise from COX-2, but COX-1 contributions from platelets
and monocytes can also occur. The finding that aspirin was
more effective in inhibiting TXA, than PGE, suggests an inhibi-
tory effect on platelet TXA, generation.

Overall, these data indicate that platelet TXA, can be pro-
duced in response to the platelet agonist thrombin in platelets,
as well as from leukocytes and platelets in response to LPS. JAK
inhibitors modified the regulation of prostanoid biosynthesis in
response to proaggregatory and inflammatory stimuli. Aspirin
was able to largely eliminate the contribution of platelets to the
increased TXA, biosynthesis induced by JAK inhibitors.

3. Concentration typographical error

We thank the correspondents for identifying the inconsis-
tency in the reported concentration range. The correct range
used in the experiments is 0.04 to 20 uM, as stated in the
abstract, Methods section, and figures.

4. In vitro model limitations and translational relevance

According to the conclusions of the paper by Alabbasi et al
[12], a mechanistic study should be conducted in vivo in patients
before recommending aspirin to mitigate the potential increased
risk of cardiovascular events associated with JAK inhibitors. In
the study by Alabbasi et al [12], most of the data on JAK inhibi-
tors were obtained from healthy subjects, as we aimed to avoid
the possibility that the response could be influenced by the
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disease condition. We also demonstrated that patients’ whole
blood undergoes altered prostanoid generation in response to
JAK inhibitors. The findings of this study provide a rationale for
designing a clinical trial involving patients receiving JAK inhibi-
tors to confirm the altered generation of prostanoids and investi-
gate whether low-dose aspirin can mitigate it. Qur preliminary
data suggest that an increase in oxidative stress biomarkers in
response to JAK inhibitors requires validation in a mechanistic
clinical study involving patients.

We believe this response provides the necessary clarification
regarding the points raised.
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