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TAOK3 as a Biomarker for Bone Destruction and Potential
Therapeutic Target in RA

Despite significant advances in the treatment
of rheumatoid arthritis (RA), bone destruc-
tion in active RA remains a major clinical
challenge. Advances in plasma proteomics

offer new insightsinto the
P. 1 045 molecular mechanisms
I underlying different RA
stages and may help identify novel thera-
peutic targets. In thisissue, Xin et al. (p.
1045) report that TAOK3, a serine/threo-
nine kinase in the TAO kinase family, is
found in the lining and sublining layers of
RA synovium and is a potential biomarker for
bone destruction in active RA. It modulates
key signaling pathways, including MAPK,
JNK/SAPK, and Hippo, and thus could serve
as a therapeutic target for precision moni-
toring and intervention.

Using mass spectrometry for proteomic
analysis on plasma samples from 160
patients with active or remitted RA and 40
healthy controls, the investigators identi-
fied 506 plasma proteins with significantly
different expression between active RA and

Dose-Related Benefits

As ophthalmic examination methods have
advanced, an increased detection rate of
hydroxychloroquine (HCQ) retinopathy has
attracted considerable attention. HCQ use,

longer duration of use,
pl114
I

and cumulative dose all

increase the risk of retinal

toxicity; however, a focus on reducing HCQ
exposurein patientswith systemic lupuserythe-
matosus (SLE) may affect disease management.
In thisissue, Li et al. (p. 1114) report
that they found no dose-related differencein
the risk of HCQ retinopathy among patients
with SLE aged younger than 45 years. More-
over, in patients with SLE, higher-dose HCQ

Figure 4C. Multiplex immunohistochemistry
shows that CD90+TAOK3+ FLSs are distributed
in both the lining and sublining areas of the
synovial tissue.

remission. Proteins significantly elevated in
patients with active RA included TAOK3,
CRP,SAAT1,and SAA2. TAOK3 levels were
positively associated with Sharp scores, and
high TAOK 3 expression was associated with
increased relapse frequency relative to low
TAOK3 expression. In addition, combining

analysis of TAOK3 and CRP improved diag-
nostic accuracy for RA compared with CRP
alone.

Treatment of fibroblast-like synovio-
cytes (FLSs) with lipopolysaccharide or
tumor necrosis factor markedly increased
intracellular TAOK3 protein levels, whereas
no significant changes were detected when
the cellswere stimul ated with culture super-
natants. Functional studies also revealed
that TAOK3 knockdown suppressed the
tumor-like phenotype of FLSs and down-
regulated matrix metalloproteinases 1/2/3
and cathepsin K, whereas TAOK3 overex-
pression promoted pannus cell-mediated
bone erosion, a phenotype mitigated by a
TAOK3-targeted inhibitor. Moreover, inhi-
bition of TAOK3 had therapeutic effectsin
a collagen-induced arthritis mouse model.
Taken together, the results demonstrate that
TAOKS3 plays a critical role in promoting
the pathogenic phenotype and bone-inva-
sive behavior of synovial cells and may be a
useful therapeutic target.

and Risks of Hydroxychloroquine in SLE

(=400 mg/day) improves effectiveness while
reducing the risk of coronary artery disease
(CAD) and venous thromboembolism (VTE)
compared with lower-dose HCQ (<400 mg/
day), indicating that different HCQ doses have
distinct therapeutic effects.

Using Taiwan’s Nationwide Health Insur-
ance Research Database, the researcherswere
able to evaluate a large number of people for the
relatively rare outcome of HCQ retinopathy.
The database included 878 (3.8%) patients
on higher-dose HCQ and 22,405 (96.2%)
on lower-dose HCQ. When the investigators
performed inverse probability weighting, they
found that higher-dose HCQ was associated

with an approximately 15% reduction in the
risk of CAD and a 60% reduction in the risk
of VTE. They identified no dose-related differ-
encesintherisk of ischemic stroke, end-stage
renal disease, or malignancy over a mean
follow-up of six years. Therewasan increased
risk of HCQ retinopathy among SLE patients
aged =45 years receiving higher-dose HCQ
(HR 1.87,95% CI 1.45-2.42). Despite earlier
suggestions that antimalarials may have anti-
neoplastic properties, the current study did not
show evidence of this. The authors conclude
that their findings underscore the need to weigh
the benefits and risks of optimal HCQ dosing
in managing SLE.
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Transcriptomic Stratification of Antiphospholipid Syndrome

Previous use of whole-blood RNA sequencing
to analyze transcriptomic profiles of patients
with antiphospholipid syndrome (APS) have
identified marked changes in gene expression

compared with healthy
P. 1 1 24 controls, particularly
I in interferon-regulated
genes. In this issue, Ambati et al. (p. 1124)
describe four endotypes of patients with APS
or persistent positive antiphospholipid anti-
body (aPL). Their pathway-informed strati-
fication of patients into biologically distinct
clusters, each with diverse immune activation
patterns and clinical features, represents a step
toward personalized medicine for APS.

The investigators performed whole-blood
RNA sequencing on 174 aPL-positive patients,
including those with primary APS (n=102),
secondary APS (n=29), and aPL-positivity

without classifiable APS (n=43). By inte-
grating the sequencing data with unsupervised
machine learning and immune cell deconvolu-
tion, they were able to achieve a level of strat-
ification that would not have been possible
through clinical or serological data alone.
Patients in Cluster 1 had upregulated ribosomal
and metabolic pathways and downregulated
mTOR, NETosis, and Hippo/IL-6 signaling.
Patients in Cluster 2 demonstrated modest
enrichment in mMRNA processing and amino
acid metabolism, whereas those in Cluster 3
showed biosynthetic suppression with mild
Hippo/IL-6 activation. Cluster 4 exhibited
the opposite pattern of Cluster 1, with strong
upregulation of mTOR, NETosis, and Hippo/
IL-6 signaling. Patients in Cluster 4 also had
distinct clinical features compared with the
other clusters, including higher anticardiolipin

Journal Club

and anti—3,-glycoprotein I positivity, elevated
neutrophil counts, and increased urine protein-
to-creatinine ratios.

The results reinforce the role of neutro-
phil-driven inflammation in a subset of APS
patients and further implicate NETS in disease
pathogenesis. In their discussion, the authors
suggest that the upregulation of Hippo/IL-6
signaling seen in Cluster 4 also expands the
understanding of pathophysiology beyond
NETosis to a potential role of APS-associ-
ated immune remodeling, particularly in the
context of myeloid cell activation and inflam-
mation. The results also highlight the rela-
tionship between immune cell composition
and the molecular heterogeneity of APS and
suggest that nonthrombotic APS manifesta-
tions are associated with distinct gene expres-
sion profiles.

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

Decision Tree Analysis as a Preliminary Evidence-Based Tool for

Identifying SURF in Children

Papa et al. Arthritis Rheumatol. 2026;78:1166—1175.

Syndrome of undifferentiated recurrent fever (SURF) represents
a growing clinical challenge in pediatric autoinflammatory dis-
ease. Patients with recurrent fever are frequently encountered
in practice but the conditions causing it remain poorly classified,
limiting comparability across studies and the development of
targeted therapies. Establishing evidence-based classification cri-
teria is therefore essential to improve cohort homogeneity for
clinical and translational research. In this study, we investigated
SURF in children, defined as a heterogeneous group of patients
with periodic inflammatory flares who do not meet criteria for
hereditary recurrent fevers (HRF) or periodic fever, aphthosis,
pharyngitis, and adenitis (PFAPA) syndrome and lack a definitive
genetic diagnosis.

We analyzed |12 pediatric SURF patients followed at a single
tertiary referral center and compared them with well-characterized
disease controls (HRF and PFAPA) from the Eurofever registry.
Using a decision tree approach, we developed classification mod-
els integrating clinical features with and without genetic test
results, then compared their performance with logistic regression
models. Decision trees were chosen because they are data-driven,
transparent, and easily interpretable, making them particularly
suitable for clinical application. Models incorporating genetic data
showed the highest accuracy, but clinically based decision trees

A18

still achieved good discriminative performance and high specificity.
External validation in an independent, multicenter cohort con-
firmed the robustness of the decision tree approach. Overall, our
findings demonstrated that decision tree analysis can identify key
clinical variables associated with SURF and provide a practical,
evidence-based tool for classifying patients, particularly when
genetic testing is unavailable or pending.

Questions

I. What is currently known about SURF, and how does this
study advance the conceptualization of SURF as a distinct
clinical entity?

2. How does the decision tree approach compare with
traditional regression-based methods for developing
classification criteria in autoinflammatory diseases?

3. How might the inclusion or exclusion of genetic testing
influence both classification accuracy and real-world
applicability?

4. What alternative methods (e.g., machine learning
models, expert consensus) could have been considered,
and how might they have affected the findings?
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Clinical Connections

Romosozumab and Denosumab Combination
Therapy After Denosumab in Postmenopausal
Osteoporosis

Adami et al. Arthritis Rheumatol. 2026;78:1176—1183.

CORRESPONDENCE
Giovanni Adami, MD, PhD; giovanni.adami@univr.it
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SUMMARY

Osteoporosis treatments, including denosumab, are not 100% effective, leaving patients vulnerable to fractures
despite ongoing therapy. In this study, Adami et al. explored whether adding romosozumab to long-term denosumab
treatment could further strengthen bone.

Romosozumab successfully stimulated new bone formation even when denosumab was continued, leading to
meaningful gains in bone density, especially at the lumbar spine. Adding romosozumab to ongoing denosumab
increased spine bone density by ~6% in |2 months, compared with minimal additional gains with denosumab alone.
Importantly, this combined approach appeared to preserve the bone-building (modeling) benefits of romosozumab
without triggering potentially harmful denosumab discontinuation rebound effect, a key concern of long-term
denosumab treatment. The findings suggest that combining anabolic and antiresorptive therapies may offer a
promising strategy for patients with severe osteoporosis who do not have adequate response to standard treatment.
Larger studies are needed to confirm long-term benefits and fracture prevention.
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Risk Factors for Relapse in AAV After
Induction of Remission With Rituximab

Romich et al. Arthritis Rheumatol. 2026;78:1 134—1 144.
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SUMMARY

Relapses in ANCA-associated vasculitis (AAV) are common during maintenance treatment and after treatment is
discontinued. The RITAZAREM clinical trial compared rituximab and azathioprine for maintenance treatment after
induction of remission with rituximab in relapsing AAV and demonstrated that rituximab is superior to azathioprine
for maintaining remission.

Using data from the RITAZAREM trial, Romich et al. evaluated risk factors for short-term relapse (i.e., within three
to six months) during maintenance treatment and after withdrawal of treatment among |70 patients with AAV. Risk
factors differed depending on the phase of treatment. During maintenance treatment, shorter disease duration,
musculoskeletal involvement and worse patient global assessment were associated within increased likelihood of relapse.
After withdrawal of treatment, higher markers of inflammation and immune reconstitution were associated with
increased likelihood of relapse. These results highlight that withdrawal of treatment presents a high-risk time for relapse.
Monitoring of laboratory tests at regular intervals may help to identify patients with AAV at risk for relapse.

withdrawal
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ACR Presidential Address: The American College
of Rheumatology in 2025 - The Strength, Resilience,
and Importance of Our Rheumatology Community

Carol A. Langford

Introduction

It is my great pleasure to welcome all of you to Chicago and
to the American College of Rheumatology (ACR) Convergence
2025. Whether you are here at this opening session in person or
listening to this on demand, the ACR welcomes each of you as
we come together at ACR Convergence to learn, share, and cele-
brate the latest advances in rheumatology.

| want to begin by thanking our Annual Meeting Planning
Committee (AMPC), led by Dr Gregory Gardner, for their hard
work and dedication. They have developed an outstanding pro-
gram, with wide-ranging content, innovative formats, and net-
working options that are designed to meet your professional
goals.

Our annual meeting holds a special place for me, as it is
where | was first introduced to the ACR. While presentations of
the latest science and education represent the foundation of this
conference, what keeps me returning every year is the community
within rheumatology that is brought together by the ACR. As we
open ACR Convergence 2025, it is important, though, that
we begin by reflecting on our past year.

The ACR guiding principles and 2025

For many of you, 2025 has represented a period of chal-
lenges and uncertainties. During times of challenge, the mes-
sages of our professional organizations take on even greater
significance. The ACR remains steadfast in upholding its guiding
principles (Figure 1), as seen through its mission, which is to
empower rheumatology professionals to excel in their specialty,
and through unwavering support for its core values. These speak
to the necessity of innovation and collaboration in the advance-
ment of rheumatology, the importance of inclusion that recog-
nizes the dignity and belonging of every person and the value of

Presented at the American College of Rheumatology Convergence 2025,
Chicago, IL, October 25, 2025.

Department of Rheumatic and Immunologic Diseases and Center for Vas-
culitis Care and Research, Cleveland Clinic, Cleveland, Ohio.

Author disclosures are available at https://onlinelibrary.wiley.com/doi/10.
1002/art.70064.

their perspective, and that holds fast to the true meaning of com-
munity. It is through this path of respect for science and for each
individual that the ACR demonstrates its commitment to the spe-
cialty of rheumatology.

In November 2024, when | had the honor of becoming the
88th President of the ACR, | spoke to the membership of my goal
to shine a light on the three mission areas of education, research,
and our connections as a community. Little did | know then how
important these would become in 2025 and how the ACR’s role
in supporting these missions would take on a much deeper
meaning.

ACR education

Much of my time as an ACR volunteer focused on
education such that it was only natural that this would represent
one of my focus areas. The rapid advancement of discoveries that
benefit patients is one of many rewarding aspects of rheumatol-
ogy. With these advancements, though, comes the responsibility
and privilege of lifelong learning. During this year, | made it a goal
to engage in every aspect of the ACR’s educational portfolio in
support of this vital mission. Through its spectrum of offerings, |
saw firsthand how the ACR and Association of Rheumatology
Professionals (ARP) provide learing opportunities that allow each
person to choose the method and content that addresses their
individual needs and preferences. These educational options are
delivered through our ACR and ARP journals and publications
(Arthritis & Rheumatology, Arthritis Care & Research, ACR Open
Rheumatology, and The Rheumatologist), podcasts, webinars,
and virtual and face-to-face meetings.

Our meetings include differing locations and topics through
our Winter Rheumatology Symposium in Colorado; the Pediatric
Rheumatology Symposium (PRYSM), which in 2026 will celebrate
the 50th anniversary of the first meeting of pediatric

Address correspondence via email to Carol A. Langford, MD, MHS, at
langfoc@ccf.org.
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Figure 1. Guiding principles of the American College of Rheumatology.

rheumatology; and the State-of-the-Art Clinical Symposium
(SOTA) held here in llinois, all of which culminate at the end of
our year here at ACR Convergence. Through this wide range
of programs, the ACR and ARP strive to be the place where you
choose to come to enhance your professional knowledge.

Practice innovation. One aspect recognized by our com-
mittees and meeting planners is that education at ACR Conver-
gence is best defined broadly, covering a wide range of topics
impactful to every career path. This year saw the launch of the
Practice Innovation Summit, a novel advanced programming ses-
sion designed to provide clinicians, office managers, and interpro-
fessional team members in practice settings with strategies and
expert insights to thrive in today’s health care landscape. During
the 2025 meeting, you will see exciting new program innovations
such as this, combined with familiar aspects of ACR Convergence
we know and love, including our plenaries, poster hall, and Meet
the Professor sessions.

Artificial/augmented intelligence. Another aspect of
ACR Convergence, well recognized by our AMPC, is that it needs
to include discussion of areas that have emerged in recent times
that will impact our field. 2025 saw a dramatic expansion of artifi-
cial/augmented intelligence in medicine and health care manage-
ment, which will continue to grow in the years ahead. This brings
exciting opportunities for accelerating research, developing new
educational models, and improving efficiencies in clinical practice.
With this, though, comes a responsibility to guide its use toward
enhancing what must always remain at the core of the practice

of medicine, which is individualized and compassionate care
delivered by the provider in making shared decisions with their
patient. Maintaining our understanding about this rapidly develop-
ing tool provides the most reliable way to ensure it is used in a
manner that strengthens and enhances well-reasoned, humanis-
tic medical care.

Addressing medical misinformation. The importance
of education has also risen to the forefront in 2025 as we face an
environment that has increasingly been filled with medical misin-
formation that places the safety of our patients at risk. The com-
mitment our rheumatology community has consistently
demonstrated toward maintaining evidence-based knowledge
and then sharing this knowledge with their patients and others
represents an empowering strategy in dispelling inaccuracy and
enhancing trust.

Threats to research and barriers to the delivery
of care

This evidence base comes to us as a direct result of
research, which was the second ACR mission area | sought to
focus on during this year. No matter your individual career path,
research is critical to each and every one of us because research
represents the source of advances that benefit our patients.

2025 has seen many developments that threaten the pace of
scientific discovery through impacts on our academic institutions,
federal organizations, medical publications, funding levels, and
what lines of investigation that funding may be directed toward.
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One of the greatest concerns is for our investigators, both those
currently engaged in research and the next generation, who rep-
resent the future of our field. It is essential to rheumatology that
the light of innovation and scientific curiosity be enabled to shine
brightly without threat of being dimmed or extinguished.

During this same time, we have also seen barriers placed on
the ability of dedicated clinicians to bring those research findings
to the care of their patients. This continuum of the pursuit and
application of knowledge that improves health represents the very
best of humanity that all of us must strive to protect.

The ACR stands side-by-side with investigators and practi-
tioners in driving forth the importance of research and the effective
delivery of medical innovations to the care of people with rheu-
matic disease. This message has been advanced by the ACR
through many different avenues.

ACR advocacy. The ACR is extremely fortunate to have a
skilled and experienced advocacy team. Their impact has never
been more apparent than in 2025, and | want to express my
thanks to our advocacy and communications volunteer and staff
members for their efforts toward ensuring that the voice of rheu-
matology is heard throughout all federal, state, and local levels.
The ACR has a Washington, DC, office that allows us to be at
the forefront of emerging policy decisions and executive actions,
to attend briefings, and to request meetings with our legislators
and their staff (https://rheumatology.org/about-acr-advocacy).

Since the beginning of 2025, the ACR has engaged in issuing
over 120 op-eds, letters, media mentions, comments, and public
statements (as of September 22, 2025). These have been
released by the ACR both as a single organization and in coalition
partnerships with other medical associations and state societies,
advocating for issues important to rheumatology. The ACR’s
positions on critical issues are guided and reinforced by our ACR
Health Policy Statements developed by our Government Affairs
Committee, which are reviewed annually and can be updated at
any time to address a newly emerging issue (https://
rheumatology.org/policy-position-statements). Key policy areas
include expanding patient access to rheumatology care, remov-
ing barriers to treatment, and increasing support for rheumatol-
ogy research and training.

In May 2025, the ACR held our annual Advocates for Arthritis
meeting in Washington, DC. Over 100 ACR, ARP, and patient del-
egates attended 123 meetings with bipartisan lawmakers and
their staff from 27 states. In these meetings, the ACR brought for-
ward vital messages to our nation’s leaders in support of National
Institutes of Health—funded research, preserving access to care
for Medicare patients, opposing cuts to Medicaid, and urging
pharmacy benefit manager reform to lower prescription drug
costs and increase access to treatments for patients. During the
year, the ACR Executive Committee also met with the US Food
and Drug Administration Commissioner and the Deputy Adminis-
trator of the Centers for Medicare & Medicaid Services.

As a result of these collective efforts, we have seen a number
of successes where the voice of rheumatology has brought about
meaningful change. Throughout this time, the ACR advocacy and
communications teams have worked hard to keep our member-
ship informed through biweekly messages, as well as postings
on the ACR website and social media. We appreciate, though,
that there remain challenges that many of you and your col-
leagues, fellows, and patients continue to face at both state and
federal levels. Please be assured that the ACR’s advocacy efforts
remain steady and ongoing to address the concerns of our mem-
bership and patients.

In addition to the actions of our advocacy team, the message
of one remains powerful and there are many ways you can individ-
ually make a difference. Through the Legislative Action Center, the
ACR provides easy ways to contact your legislators about rheu-
matology issues that matter to you. You can volunteer for ACR
advocacy committees; join us in Washington, DC, at our 2026
advocacy event; and support RheumPAC. You can schedule time
to speak to the ACR’s advocacy team to discuss health care pol-
icy issues of concern to you. At ACR Convergence, you will also
see signs around the convention center highlighting the ACR’s
advocacy on current issues and ways in which you can help.

Rheumatology Research Foundation. Another way
that you can sustain research growth is through partnership with
the Rheumatology Research Foundation, celebrating its 40th
anniversary in 2025. The Foundation provides funding that
increases the rheumatology workforce and enhances research
through project grants and investigator career development
awards. As one of largest private funders of rheumatology
research, the Foundation’s role in accelerating discovery and pro-
tecting the future of rheumatology has never been more critical. |
hope that you will pursue learning more about our Foundation
and join the ACR and me in supporting its vital mission (https://
www.rheumresearch.org).

Our rheumatology community

My third and final focus area was directed toward enhancing
connections between the ACR and its members. The ACR is your
community. It has continued to grow and is now over 10,200
members strong.

Whether you are a clinician in practice; a clinical, translational,
or basic science investigator; a clinician educator; a fellow; a Mas-
ter; or a rheumatology professional, you are an essential part of
that community who is recognized and respected by the ACR
(Figure 2). All of us stand together with one shared goal, which is
to improve the lives of those with rheumatic disease.

Having a thriving rheumatology workforce is necessary to
achieve that goal. Protecting our workforce means not only grow-
ing the number of new rheumatologists and rheumatology profes-
sionals but maintaining and supporting those who are already in
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Figure 2. The American College of Rheumatology reflects the many disciplines within rheumatology that together represent one unified

community.

our field. Burnout and other forms of occupational distress repre-
sent a growing threat in medicine and can affect anyone.”™ In
addition to its potential to reduce our rheumatology workforce,
occupational distress is important because of its negative effect
on the individual experiencing it. When you are part of a commu-
nity, it means caring about the well-being of those who are within
it. It is for these reasons that the ACR chose to invite as our
speaker, Dr Tait Shanafelt, a practicing hematologist-oncologist
at Stanford University and an internationally recognized thought
leader in system approaches to enhance clinician well-being and
the impact of burnout in health care, and | am looking forward to
his discussion later in this opening session.

An important part of each member’s connection to the ACR
is in seeing their individual objectives and priorities reflected
through the ACR’s commitment to our mission. Although this
was an aspect of the ACR | had long appreciated, | gained a much
deeper understanding of these important links through the Presi-
dent’s Corner, which appeared in The Rheumatologist (https://
www.the-rheumatologist.org/category/professional-topics/
presidents-perspective). Each of these articles focused on a
different aspect of the College and | am grateful to the many ACR,
ARP, and Foundation staff and volunteers who helped me review
these articles and for the encouragement of Physician Editor Dr
Bharat Kumar in making this possible.

The meaning and impact of these connections between the
ACR and its member community also became clear from discus-
sions held during the past year with the ACR Board of Directors.
At the beginning of each meeting, Board members shared their
individual “mission moments,” a time meaningful to them when

they saw in action the ACR’s mission to empower rheumatology
professionals to excel in their specialty. This easily became my
favorite part of the meeting, and by the end of the year, seeing
how these moments cut across every aspect of the ACR and
reflected each discipline within our membership was truly
inspiring.

These moments occurred as a direct result of ACR volun-
teers and staff working together. Providing care to people with
vasculitis and participating in the ACR have been the greatest
privileges of my career. Being a volunteer with the ACR over the
past 31 years has enriched my life. It has allowed me to get to
know amazing people | would have never had the opportunity
to meet, it enabled me to gain skills | would not have had the
chance to learn, and it provided me with an additional way to con-
tribute to this specialty that | care about so deeply. | would
encourage all of you to volunteer with the ACR, ARP, or Rheuma-
tology Research Foundation, as your voice is welcomed and
needed.

No goals are achieved alone

| have many to thank for the past year. | am grateful to have
served under remarkable ACR Past Presidents Drs Kenneth
Saag, Douglas White, and Deborah Dyett Desir. | have had the
honor of working with fantastic colleagues within the committees
and Board of Directors, all of whom have exemplified the true
meaning of dedication. | particularly wish to recognize and thank
our 2025 Executive Committee: ARP President Dr Adam Goode,
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Foundation President Dr Liana Fraenkel, and our ACR leaders Drs
William Harvey, Anne Bass, and Angus Worthing. Their experi-
ence, guidance, and wisdom were deeply appreciated and
essential in 2025.

None of what the ACR achieves, though, would be possible
without our incredible staff, all of whom are deeply committed to
the ACR and its mission. | wish to express my personal thanks
to our Executive Vice President Mr Steven Echard and our entire
staff team for everything they do for the ACR, its members, and
the patients we serve.

As a child of the 1970s, the song “Dream On” by Aerosmith
spoke to me of the future hopes of dreams coming true. Reaching
our goals, though, takes a great deal more than dreams. It takes
hard work, the strength to learn from those times when things
don’t go your way, humility and appreciation for when they do,
and the recognition that those dreams were cultivated, sup-
ported, and made possible by the actions of others. My standing
here would never have occurred were it not for mentors present
at every stage of my career who not only taught me rheumatology
and clinical research but who most importantly believed in me.
These have included Dr James Louie (medical school); Dr Timothy
Laing (residency); Drs Rex McCallum, E. Wiliam St. Clair, and
David Pisetsky (fellowship); Drs Anthony Fauci and Michael Snel-
ler (National Institutes of Health); and Dr Gary Hoffman (Cleveland
Clinic). The vital role these physicians played in my life serves as a
valuable reminder that mentorship must continue to be sustained,
encouraged, and celebrated for its essential place in passing for-
ward both the science and art of medicine.

| also wish to thank my many accomplished collaborators
within vasculitis and my own rheumatology family at Cleveland
Clinic, particularly my Chair, Dr Abby Abelson. The wonderful
people in these communities have sustained me not only during
this year but throughout my clinical and research career. There is
really nothing better than working together with those you respect
who are not just colleagues but also friends.

None of this would, of course, have been possible without
my family. My dear late parents, who immigrated here from
England, raised me to believe that anything could be possible if |
just tried. They taught me the importance of service to others
and that the joy of life is not in its accomplishments but in its jour-
ney. Finally, I would not be here without the support of my hus-
band, Dr Matthew Bunyard, whom | met during fellowship. His

belief is what sustains me, and the greatest blessing | was ever
given was in having him by my side to share life with.

Looking ahead with optimism

ACR Convergence is where rheumatology mesets. In
between hearing the latest research advances and attending edu-
cational sessions, | hope you will take the opportunity to spend
time with mentors, fellows, colleagues, and friends, as celebrating
these connections is what makes ACR Convergence special. This
meeting is more than just a conference—it is a place where all are
welcomed and encouraged to engage and to grow.

Our collective commitment to serving people with rheumatic
disease fills me with optimism for the years to come. The contribu-
tions each of us makes will allow rheumatology to face any chal-
lenge through our unity, strength, and resilience. It is in that spirit
that | welcome each of you to ACR Convergence 2025, where
we meet as one community looking ahead with confidence
toward the exciting future of rheumatology.
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Getting It Right for Our Patients

Marie Hudson, MD, MPH'

Immune checkpoint inhibitors (ICls) have transformed cancer
care, offering long-term remissions or durable disease control in
patients with cancers that were once considered fatal. In a subset
of patients, these responses have been likened to “functional
cures.” ICIs work by blocking receptors that normally down-
regulate immune cells. The resulting up-regulation of immune cells
by ICls results in powerful antitumor immunity. However, these
treatments are not specific to tumor cells. Instead, they modulate
the immune system broadly, which can lead to off-target immune-
related adverse events (irAEs) affecting normal tissue. Given this
broad immune stimulation, the use of ICls in patients with
pre-existing autoimmune diseases has been the subject of some
controversy. These patients were generally excluded from ran-
domized clinical trials of ICls for a number of reasons, including
the risk of inducing flares of the underlying disease, subjecting
them to higher risks of irAEs given their underlying autoimmune
dysregulation, inferior efficacy in those requiring baseline immu-
nosuppression, and possible medication interactions. However,
numerous retrospective studies have provided real-world evi-
dence showing that these additional risks are manageable.” The
general consensus is that pre-existing autoimmune diseases are
not a contraindication to treatment with an ICI. The question has
now shifted to whether glucocorticoids as well as other immuno-
suppressants used to treat pre-existing autoimmune disease
may blunt the efficacy of the ICI.

In this issue of Arthritis and Rheumatology, Jannat-Khah
et al® ask the question, “Are glucocorticoids associated with
worse survival among rheumatoid arthritis patients with lung can-
cer treated with immune checkpoint inhibitors?”. They identified
patients with rheumatoid arthritis (RA) from a large Medicare
claims database who were treated with an ICI for stage IV (meta-
static) non—small cell lung cancer (NSCLC). Their primary expo-
sure was oral glucocorticoids (excluding dexamethasone) within
91 days of ICl initiation. The primary outcome was overall survival.
Of the 663 patients included in the study, mean age was 75 years,
87% were White, 65% were women, and 368 (46%) patients

1Jewish General Hospital, McGill University, Montreal, Quebec, Canada;
2Brigham and Women's Hospital, Harvard Medical School, Boston,
Massachusetts.

Author disclosures are available at https://onlinelibrary.wiley.com/doi/10.
1002/art.70049.

1022

and Daniel H. Solomon, MD, MPH?

were exposed to glucocorticoids (median prednisone-equivalent
dose was 6.6 mg/day; interquartile range [IQR] 3.3-12.3). Using
statistical methods that account for immortal time bias, they found
that glucocorticoid use was not associated with a reduction in
survival. In a Cox proportional hazards model with time-varying
exposure windows, the risk of survival was identical between
patients who were not exposed to glucocorticoids and those
exposed to <4.9 mg/day, 5 to 9.9 mg/day, and >10 mg/day (all
three doses were associated with hazard ratios of survival of
1.00 and confidence intervals of 1.00-1.00 compared with no
glucocorticoids). Similarly, in a 91-day landmark analysis, the haz-
ard ratio of glucocorticoid exposure (in 5-mg increments) was
1.01 (95% confidence interval 0.93-1.10). These alternative mod-
els, including adjustments for dose, support the conclusion that
low-dose glucocorticoids are not associated with a reduction in
survival in patients with RA with NSCLC treated with an ICI. Of
note, in a sensitivity analysis including 116 additional patients
exposed to dexamethasone in the same time window, dexameth-
asone use (vs nonuse) was associated with a significantly
increased risk of death (hazard ratio 1.48; 95% confidence inter-
val 1.09-2.02). The authors concluded that exposure to gluco-
corticoids (other than dexamethasone) at the time of ICl initiation
and at dosages used to treat RA had a negligible effect on survival
in patients with RA with stage IV NSCLC.

Other studies that have examined the impact of glucocorti-
coids at the time of IClI initiation had considerable limitations,
including small heterogenous samples and confounding by
indication (by lumping different types of glucocorticoids that
may have different indications and associations with out-
comes).® This study overcomes these limitations by including
a large sample of patients with the same pre-existing autoim-
mune disease and cancer type and stage. In addition, although
the indication for glucocorticoids is difficult to attribute with cer-
tainty, it is plausible that the low median dose and exclusion of
dexamethasone were to treat RA and not cancer-related
indications.
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Recommendations for the management of immunosuppres-
sion at the time of ICl initiation in patients with pre-existing inflam-
matory arthritis have recently been developed using the Grading
of Recommendations Assessment, Development, and Evaluation
approach by the Canadian Research Group of Rheumatology in
Immuno-Oncology (CanRIO).*° However, the level of evidence
supporting the recommendations was low or very low, and the
strength of the recommendations were correspondingly weak.
Nevertheless, the panel formulated a Good Practice Statement
to the effect that “Glucocorticoids should be tapered to the lowest
effective dose possible, ideally to <10 mg prednisone equivalent
daily.” The study results from Jannat-Khah et al® suggest that
low-dose glucocorticoids (prednisone-equivalent dose of 6.6
mg/day; IQR 3.3-12.3) are not associated with worse survival in
patients with RA with lung cancer treated with ICl and provide
data-driven evidence in support of the CanRIO statement.

The question posed by Jannat-Khah et al® is very important,
and the results may influence the practice of physicians caring for
patients with RA who develop cancer and require ICls. They may
be comforted by the idea that low-dose glucocorticoids are
“safe.” However, perhaps the more relevant question is whether
there ever is a safe dose of glucocorticoids. Getting the answer
to this question right is of particular importance in the setting of
ICls. This question led us to consider whether the methods used
in this article were the most appropriate and, therefore, the results
robust. A major challenge of observational real-world evidence
studies is correctly assessing the effects of exposure on outcome.
Immortal time bias occurs when an exposure is defined after
follow-up begins and during which time an outcome cannot
occur, thereby creating a false survival advantage in the exposed
group.

In this article, landmark analyses and time-dependent Cox
proportional models were used as alternative methods to address
the concern of immortal time bias. However, these methods are
not without their own limitations. In a landmark analysis, a specific
time point called “the landmark’ is chosen after the start of the
study, exposure is defined among patients who are event-free
as of the landmark, and follow-up starts from that point forward.
While mitigating immortal time bias, one of the limitations of a
landmark analysis is that it excludes patients who had an event
before the landmark time, potentially introducing selection bias.
As can be seen from Table 1 and Figure 1, the landmark analysis
excluded almost one-third of the study population.? Could the
association between glucocorticoid exposure and early death be
different than what is reported with the landmark analysis? A
time-dependent Cox proportional hazards model is an alternative
method that has the advantage of including all the subjects. It
addresses immortal time bias by allowing exposure status to vary
over time instead of fixing it at the start of the study. Although this
alternative model has the benefit of generalizability by including all
of the study cohort and addresses immortal time bias by including
a time-dependent exposure variable, it is still susceptible to other

time-related biases, including time-dependent confounding. For
example, irAEs (which by definition occur after the start of the
study, defined as ICI initiation) could be associated with both
the exposure (glucocorticoids) and outcome (survival). In addition,
irAEs are associated with better survival. Thus, if glucocorticoids
were started to treat irAEs rather than RA, the presence of an irAE
could cancel out the negative effect of glucocorticoids on survival.
The rates of irAEs in the study population are not reported in the
study, but a recent systematic review reported rates of any grade
irAE of 40.0% (37.3%—42.7%) and high grade of 19.7% (15.8%—
23.7%) in real-world settings.” Alternative methods for observa-
tional real-world evidence studies that address time-varying
biases and emulate randomized clinical trials, such as incident
and prevalent new-user designs, exist and could be considered
in future studies.®®

Finally, the report by Jannat-Khah et al® nicely addresses a
narrow yet important question, but it raises the question of
whether baseline treatment of RA with disease-modifying anti-
rheumatic drugs (DMARDs), including biologics, is better or worse
than glucocorticoids. On this specific question, the CanRIO
guidelines conditionally recommend considering de-escalating
immunosuppression in patients with preexisting RA, particularly
in those who have low disease activity or inactive disease”; this
was based on low evidence. Unfortunately, the Jannat-Khah
et al® dataset could not address this question as <5% of the
patients were exposed to DMARDs in the first three months after
ICl initiation (Table 1). This finding may speak to the fact that cli-
nicians might be uncomfortable with baseline immunosuppres-
sion in patients with pre-existing autoimmune disease initiating
ICl treatment and thus prefer glucocorticoids. However, preclin-
ical studies suggest that biologics such as anti-tumor necrosis
factor inhibitors or anti-interleukin-6 inhibitors may in fact
enhance the antitumor effect of ICIs,'®'" and there are ongoing
trials designed to test the safety and efficacy of combining these
biologics and ICls in patients without RA (eg, ClinicalTrials.gov
ID NCT03293784 and NCT03999749). In addition, two studies
reported that JAK inhibition in patients also without RA
enhanced checkpoint blockade in NSCLC'? and Hodgkin lym-
phoma."® Jannat-Khah et al® have contributed to the evidence
base for managing ICls in rheumatic diseases, but many ques-
tions remain unanswered. The onus is on the research commu-
nity to get it right for our patients with RA.
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Where You Live Shouldn’t Dictate Your Care: Multilateral
Strategies Are Needed for National and Regional Equity

in Psoriatic Arthritis Treatment

Jihwan Hwang," Ashira Blazer,? and Irene Blanco?

The cross-sectional study by Banbury et al in the April issue
of Arthritis & Rheumatology, entitled, “Where we live matters: var-
ied disease burden and treatment in psoriatic arthritis in the
United States” used the Rheumatology Informatics System for
Effectiveness (RISE) registry to assess the clinical characteristics,
social deprivation, insurance coverage, and medication use
among patients with psoriatic arthritis (PsA) across different
regions of the United States.! This article reveals disparities in
PsA care at a time when new therapies and medications are con-
tinuously being developed. To ensure equitable outcomes for vul-
nerable populations, it is critical that advanced therapies be
distributed effectively across regions, practice settings, and insur-
ance types, especially as current legislation may lead to millions of
Americans losing health insurance coverage.?

Overall, Banbury et al found the cohort was composed of a
higher proportion of women (58%) than men. Women with PsA
were more likely to have high disease activity (HDA) and high mul-
timorbidity compared to men yet were less likely to receive bio-
logic disease modifying antirheumatic drugs (bDMARDs). In
addition, Black patients with PsA, those with Medicare or Medic-
aid, and those who clustered within Medicaid-serving provider
practices all had greater odds of HDA. Regionally, patients resid-
ing in the South and the Midwest had greater odds of HDA com-
pared to those in the West and Northeast. When controlling for
age and sex, patients in the Northeast had the lowest odds of
HDA compared to the other regions. The authors also found
regional differences in treatment practices. The Midwest had the
lowest use of bDMARD therapy but the highest use of glucocorti-
coids and conventional synthetic DMARDs. Patients seen in RISE
practices in the South and the Midwest had overall higher socio-
economic deprivation, as measured by the Area Deprivation Index
(ADI), which may have contributed to decreased access to

Dr Blazer's work was supported by the National Institute of Allergy and
Infectious Diseases, NIH (grant K23-Al-163359), a Career Development Award
from the Lupus Research Alliance, and the University of Maryland FIRST pro-
gram (grant U54CA272205).

TIcahn School of Medicine at Mount Sinai, New York, New York; 2Univer-
sity of Maryland School of Medicine, Baltimore, Maryland; 3Feinberg School
of Medicine, Northwestern University, Chicago, lllinois.

bDMARD therapy. Likewise, authors identified access to care
challenges in the subset of patients with PsA receiving Medicaid
and living in high ADI areas. Among 198 RISE sites, only 14 prac-
tices were shown to provide care for half of all Medicaid-insured
patients with PsA in this registry, and only 20 practices were
shown to care for half of all patients with PsA with high social dep-
rivation. Although this study was likely underpowered to detect
differences in treatment across specific ethnic and racial groups
within the geographic regions studied, it captures a detailed over-
view of these disparities in the US.

The RISE registry currently reports on the practices of over
1,000 rheumatology providers, representing a comprehensive
view of treatment strategies across the US.® Notably, the authors
were the first to report important regional differences in PsA
disease activity and treatment patterns in the context of the ADI.
This aids in understanding the role of adverse social determinants
of health in PsA treatment disparities. By incorporating
neighborhood-level indices, this study shifts the focus from indi-
vidual health behaviors to broader community-level factors that
may be systematic and policy driven. An inherent limitation to the
use of RISE is that most rheumatology practices that participate
in the registry are in private and community practice settings.”
This may lead to a selection bias for patients who are more likely
to be insured. Therefore, there may be an underrepresentation
of patients with PsA that are on public insurance plans, such as
Medicare and Medicaid. This is likely reflected in the fact that so
few of the RISE practices care for the large majority of such
patients. Moreover, the registry cannot currently assess differ-
ences in time to DMARD use, time to diagnosis, or chronicity of
disease. These nuances could identify important temporal rela-
tionships between disease onset and DMARD administration
across the regions. Similarly, this study only assesses distance
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from a patient’s address to the practice, but it does not account
for population density, practice size, or rural versus urban setting.
These factors could further influence treatment patterns, as deliv-
ery of bDMARDs may be more challenging in rural settings. Lastly,
the choice to dichotomize continuous variables such as ADI could
have limited clinical inferences across the spectrum of socioeco-
nomic status.

In the US, the average annual incidence of PsA cases was
estimated to be 8.5 per 100,000 between 2000 and 2017, with
a point prevalence of 181.8 per 100,000 in 2015 and an increas-
ing incidence in women.® Despite the increasing prevalence and
more severe presentations of PsA among women, authors found
a concerning trend toward decreased bDMARD prescriptions
among this population.® Likewise, the authors showed higher
odds of HDA among Black patients compared to White patients.
The literature supports delayed treatment initiation and signifi-
cantly longer time to DMARD therapy among Black patients newly
diagnosed with PsA.” Similar ethnic, racial, and regional dispar-
ities in outcomes are also observed in patients with systemic
lupus erythematosus (SLE). Black/African American patients with
SLE have significantly greater disease severity, multimorbidity,
and mortality rates compared to White patients. Racial and ethnic
minority patients with SLE also disproportionately reside in disad-
vantaged neighborhoods, as measured by the ADI, which is nota-
bly a risk factor for poor retention in care.® Patients with SLE living
in the Northeast were also shown to be more likely to receive
immunosuppressive therapy than those residing in the South.
Given the parallels between SLE and this study’s findings in
patients with PsA, similar challenges may influence treatment out-
comes across multiple systemic autoimmune rheumatic disease
populations.

In a 2021 Medicare and Medicaid database study, the prev-
alence of PsA was found to be 320 per 100,000 persons for
Medicare enrollees and 132 per 100,000 persons for Medicaid
enrollees.® The 63% of patients enrolled in commercial insurance,
the 38% of those enrolled in Medicaid, and the 21% of those
enrolled in Medicare were prescribed biologic or targeted-
synthetic DMARDs. Therefore, congruent with the findings pre-
sented by Banbury et al, access to these medications remains
an unmet need for many patients due to limited insurance cover-
age and costs, among other factors.'® Numerous variables have
been shown to perpetuate inequitable access to care; however,
this study adds regional variations as a potential factor. This phe-
nomenon may be attributed to a myriad of issues such as closure
of local pharmacies, delivery limitations for bDMARDs in rural
areas, or differences in Medicaid expansion across regions and
states. However, even regional differences may be mitigated by
insurance status. For example, a study of US veterans with rheu-
matoid arthritis showed smaller variations in bDMARD use
between rural and urban dwelling patients. This is likely due to
the more homogenous insurance coverage by the Veterans
Affairs system compared to other payers.'’

The 2018 ACR guidelines on PsA management stress the
importance of early identification and initiation of therapy for
improving long-term outcomes. '? Notably, the recommendations
focus on immunomodulatory agents, such as DMARDSs, for long-
term management rather than addressing acute symptoms
through intra-articular injections or systemic glucocorticoids. Sim-
ilarly, in treatment-naive patients with active PsA, the use of tumor
necrosis factor inhibitors is recommended over oral small mole-
cules as a first-line option, especially in severe presentations. In
addition, given the chronic and heterogenous nature of PsA, the
use of bDMARDs and, more importantly, the individualization of
PsA therapy is important. This necessity for personalized treat-
ment plans emphasizes the importance of addressing regional
medication access challenges in PsA care.

Although the RISE registry highlights regional differences in
the distance traveled to clinical rheumatology practices, regional
differences in pharmacy access may also contribute to differ-
ences in bDMARD prescribing practices. Approximately 15.8 mil-
lion people (4.7%) in the US live in pharmacy deserts,
encompassing both rural and urban settings.'® Prior studies have
illustrated these pharmacy deserts and their impact on observed
disparities in treatment patterns. For example, the higher preva-
lence of pharmacy deserts in the Midwest and South were signif-
icantly associated with COVID-19 deaths during the pandemic
(Figure 1).' Moreover, neighborhood-level indices, like the ADI
or the Social Vulnerability Index (SVI), may be used as tools to
identify neighborhoods with disparities in PsA detection, treat-
ment, and management. Greater socioeconomic disadvantage
as measured by the SVI has been shown to be associated with
lower screening rates for various conditions including cancer.'®
Therefore, beyond provider practice settings, disparities in phar-
macy access, social vulnerability, and screening may underlie
the regional differences in access to medications.

This study effectively identifies disparities and regional varia-
tions in treatment patterns in the US and offers a timely emphasis
on the importance of addressing systemic barriers to care in PSA
treatment. Systemic factors such as access to rheumatology
practices and social deprivation are major drivers of care differ-
ences. Although systemic factors that influence geographic
differences in prescribing patterns are critical to inform policy,
individual-level provider/patient interactions can also impact dis-
parities in care. This study highlights the importance of consider-
ing PsA across genders and racial and geographic groups for
differences in treatment culture. Efforts to address these dispar-
ities will require interventions that encompass both individual and
community-wide factors. Leveraging continuing medical educa-
tion opportunities by national and regional rheumatology societies
could ensure more uniform, evidence-based long-term PsA man-
agement and improved outcomes. Likewise, future studies inves-
tigating variables such as time to diagnosis and time to DMARD
may be beneficial to provide a holistic assessment of treatment
variations and equip individual providers with useful metrics to
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Figure 1.

COVID-19 Mortality —»

Increasing

Increasing
Pharmacy Isolabion —»

Bivariate map of county-level COVID-19 mortality rates and pharmacy isolation index. Tertiles of cumulative mortality rates per 100,000

persons through December 31, 2020, and pharmacy isolation index are visualized.'*

mitigate disparities within their own practice. All in all, the data
presented by Banbury et al underscore the national and regional
disparities faced by patients with PsA. It will be through integrative
and multilateral approaches that we achieve equitable care for this
patient population.

No original data were shared in this editorial. Data for the fig-
ure can be downloaded from the US Census Bureau.
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Optimizing Hydroxychloroquine in Lupus Treatment:
Looking Beyond the 5-mg/kg Weight-Based Dosing Cutoff

April Jorge (2 X

Hydroxychloroquine (HCQ) remains the backbone of sys-
temic lupus erythematosus (SLE) treatment today, 70 years after
its initial US Food and Drug Administration approval, but the opti-
mal dosing remains controversial. Due to its many benefits,
including protection against lupus disease activity and flares,
organ damage, cardiovascular and thrombotic events, pregnancy
morbidity, and premature death, HCQ is strongly recommend in
routine treatment of all people with SLE, unless contraindicated,
and is generally continued indefinitely.! However, long-term
HCQ use carries a well-recognized risk of HCQ retinopathy and
a rare but increasingly recognized risk of cardiac toxicity,?
and the risks increase with greater prolonged exposure to the
medication. When considering the impact of HCQ dose, the risk
of HCQ retinopathy is over three times higher with >5 mg/kg/day
than with lower dosing, which has informed current ophthalmol-
ogy and rheumatology guidelines on HCQ dosing.® In fact, there
is a relatively linear association between higher weight-based
dose and higher retinopathy risk rather than a safe dosing thresh-
old.* Other factors that impact HCQ exposure, including kidney
function, genetic polymorphisms in cytochrome P450 enzymes,
and medication adherence, also influence toxicity risk. At the
same time, observational studies in recent years have demon-
strated that lower HCQ exposure—through either the intentional
use of lower HCQ dosing or due to poor medication
adherence—reduces the efficacy of HCQ in preventing SLE flares
and related acute care use.®® This presents a challenge for opti-
mizing the use of HCQ to improve SLE outcomes and minimize
toxicity. Two articles in this issue of Arthritis & Rheumatology pro-
vide useful insights into this challenging situation.

The first article of interest in this issue is by Li et al.° The
authors address the impact of HCQ dose on other adverse out-
comes aside from SLE flares and disease activity, including car-
diovascular and thrombotic events, malignancy, and end-stage
kidney disease. They conducted a retrospective observational
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matology Research Foundation K Supplement.

"Division of Rheumatology, Inflammation, and Immunity, Massachusetts
General Hospital, Mass General Brigham and Harvard Medical School,
Boston.

study using a nationwide health insurance database in Taiwan to
compare outcomes of patients prescribed an HCQ dose of
>400 mg/day versus <400 mg/day. The key finding was a lower
risk of coronary artery disease and venous thrombosis associated
with dosing of >400 mg/day. No differences in the comparative
risks of ischemic stroke, end-stage kidney disease, or malignancy
were observed. Of note, a minority of patients (only 4%) received
>400 mg/day dosing in this cohort, and the median dose in the
primary “low dose” comparator group was 350 mg/day, still on
the higher end of the typical dosing range (200-400 mg/day).
They also compared >400 mg/day dosing with alternative thresh-
olds of lower HCQ dosing, <800 and <200 mg/day, and their find-
ings were similar. As this was an observational study using
administrative health data, the possibility of misclassification and
confounding by indication must be acknowledged, although the
authors took steps to minimize potential bias by following the tar-
get trial emulation framework.'®

Li et al® also found no difference, over a mean six years, inthe
risk of HCQ retinopathy according to HCQ dose. However, cau-
tion is warranted in interpreting this finding, as this HCQ retinopa-
thy increases in frequency after more than 10 years of use, and
their study had a limited follow-up time. In addition, diagnosis
codes have limited accuracy in identifying cases of HCQ retinopa-
thy."" Furthermore, prior studies that adjudicated outcomes of
HCQ retinopathy and observed patients through longer periods
have demonstrated a strong relationship between higher risk of
HCQ retinopathy with higher dosing.” This study was also limited
by the lack of data on body weight, so weight-based HCQ dosing
could not be assessed or compared. Nonetheless, 400 mg/day
exceeds 5 mg/kg dosing for the majority of people with SLE.
Thus, this study adds to the growing body of evidence that
greater HCQ exposure in a dose range that often exceeds the
5 mg/kg weight-based dosing threshold seems to improve the
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efficacy of HCQ, including its cardiovascular and thrombotic
benefits.

With increasing evidence that current guideline-recommended
HCQ dosing® under 5 mg/kg may not be the optimal dose for all
patients with SLE, HCQ blood level monitoring has been pro-
posed as an alternative strategy to guide the safe use of HCQ.
The preferred assays assess HCQ levels in whole blood, but
serum levels are generally considered a reasonable alternative
and can be interpreted with a conversion factor.'2 Trough levels
are preferred to minimize variability, but random HCQ blood
levels may also be used.'® In recent years, multiple studies have
identified very low HCQ levels (<200 ng/mL in whole blood or
<106 mg/mL in serum) as a marker of severe nonadherence,
and uncovering/addressing nonadherence is recognized as an
increasingly accepted indication for HCQ blood level monitor-
ing."*"® However, the potential use of HCQ blood levels to iden-
tify subtherapeutic and/or supratherapeutic HCQ dosing and to
guide dose adjustments remains controversial. The recent
American College of Rheumatology guidelines for the treatment
of SLE did not provide consensus recommendations on the
use of HCQ blood level monitoring but acknowledged the poten-
tial to inform HCQ dosing in the future, pending further evidence
and wider availability of the laboratory testing.’

In the second article of interest in this issue of Arthritis &
Rheumatology, Garg et al'® sought to identify a target range for
HCQ blood levels to maximize clinical efficacy while minimizing
major toxicity. They combined data from multiple lupus cohorts
from Wisconsin, France, and the international Systemic Lupus
International Collaborating Clinics Inception Cohort to assess
one-time HCQ blood levels (some cohorts used whole blood,
whereas others used serum) in over 2,000 patients with SLE.
They compared clinical information, including SLE disease activity
scores (Systemic Lupus Erythematosus Disease Activity Index
2000 [SLEDAI-2K]) at the time of HCQ blood level assessment,
and assessed HCQ toxicity outcomes over subsequent follow-
up. They report a 5% risk of HCQ toxicity over variable follow-up
periods, with most cases reported from retinopathy.

Using these data, Garg et al'® identified and proposed an
upper limit HCQ blood level threshold of 1,150 ng/mL, above which
the risk of toxicity increases without additional observed benefit in
controling SLE disease activity. The authors found that HCQ blood
levels above 1,150 ng/mL were associated with nearly double the
risk of HCQ toxicity than lower blood levels, and dose-response
curves demonstrated a greater increase in HCQ toxicity risk with
HCQ blood levels above this threshold. The authors additionally
found that higher HCQ blood levels were associated with lower
baseline SLE disease activity scores (SLEDAI-2K) until the HCQ
levels approached 1,150 ng/mL, above which there was not a fur-
ther reduction in disease activity observed. Of note, this study did
not assess the association between HCQ blood levels and the
future risk of SLE flares or future disease activity scores, which limits
the inference of causation.

A prior smaller study led by Dr Garg did demonstrate a lower
risk of subsequent lupus-related acute care visits in patients with
HCQ blood levels between 750 and 1,200 ng/mL than in patients
with lower levels,'” and several cross-sectional and cohort stud-
ies have similarly demonstrated associations between HCQ blood
levels above 500 to 750 ng/mL and lower SLE disease activity
scores.'® Of additional importance in the current study, Garg
and colleagues'® demonstrated that 18% of patients who were
prescribed weight-based HCQ dosing of <5 mg/kg had HCQ
blood levels exceeding their proposed 1,150-ng/mL “suprathera-
peutic” threshold. As expected, the likelihood of supratherapeutic
HCQ levels was higher among those with chronic kidney disease
stage >3, given that the medication is partly cleared by the
kidneys.

Based on the overall findings of their study, Garg et al'® pro-
pose a rationale for the optimal therapeutic HCQ blood level rang-
ing from 750 to 1,150 ng/mL for patients with SLE. The potential
use of HCQ blood level monitoring to improve the personalized
use of HCQ is increasingly compelling, and a safer and more
effective approach to HCQ dosing could have a major impact on
SLE care. However, there remains a lack of evidence as to
whether changing the HCQ dose in response to HCQ blood levels
either above or below the proposed therapeutic blood level range
will lead to improved SLE outcomes. Future longitudinal studies
are needed to determine whether HCQ blood levels can guide
HCQ dose adjustments to improve SLE disease control, prevent
toxicity, and prevent other adverse outcomes, including cardio-
vascular and thrombotic events.
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NOTES FROM THE FIELD

National Mortality Databases to Assess Disease Burden
in Systemic Autoimmune Diseases: A Valuable

Resource But With Limitations

Ram Raj Singh

Introduction

Disease-specific mortality statistics are useful measures
of disease burden. Population-based studies from a few US
counties have reported mortality in systemic autoimmune dis-
eases (SAIDs). However, due to substantial differences in the
population structure of these counties as well as relatively small
numbers of SAID deaths in these counties, it is difficult to extrap-
olate their findings to assess SAID national burden. In this
regard, national mortality databases offer a large reference pop-
ulation, which is hard to assemble in individual SAIDs. However,
two concerns are persistently raised regarding mortality data-
bases for SAIDs: misclassification and underrecording.
Although misclassification of SAIDs is common in health records
and administrative databases, it appears to be rare on death
certificates among decedents who did not have an SAID. How-
ever, SAIDs are underrecorded in death certificates. The under-
recording of SAIDs does not differ by sex and race and ethnicity,
but it is common in older adults who die of cardiovascular dis-
eases, neoplasms, and chronic obstructive pulmonary disease.
Underrecording of SAIDs may occur because it may be difficult
to assign a specific SAID manifestation or treatment complica-
tion responsible for death. Furthermore, an SAID is commonly
listed as a contributing, rather than as the underlying, cause of
death on death -certificates, which advocates using the
multiple-causes-of-death database for SAIDs. Nevertheless,
until we have large-scale prospective outcomes data, mortality
data from the National Vital Statistics System offer valuable esti-
mates of SAID national burden, which can be used for setting
research priorities, health care policy planning, resource alloca-
tion, and precision public health.
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Department of Medicine, Department of Pathology and Laboratory Medicine,
Molecular Toxicology Interdepartmental Program, and Jonsson Comprehen-
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Los Angeles.

Additional supplementary information cited in this article can be found
online in the Supporting Information section (https://acrjournals.
onlinelibrary.wiley.com/doi/10.1002/art.43410).
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The unmet need

SAIDs, such as systemic lupus erythematosus (SLE), sys-
temic sclerosis (SSc), rheumatoid arthritis (RA), dermatopolymyo-
sitis (DPM), systemic vasculitis, and Sjogren disease, are chronic
immune-inflammatory conditions with increasing prevalence.'™
With their onset at younger ages, SAIDs can incur substantial dis-
ease burden. Disease-specific mortality statistics are important
measures of disease burden that can be used for setting research
priorities, health care policy planning, resource allocation, and
precision public health.

Most mortality reports on SAIDs are based on patient
cohorts at referral centers,® but they do not capture changes in
the incidence of these diseases over time and will not reflect the
true burden of disease in the population. For example, it is well
documented that Black persons experience worse morbidity
and mortality from SSc.5” However, in well-cared-for cohorts,
such as the Scleroderma Lung Study cohort, time to death and
survival were not different between Black and non-Black partici-
pants with SSc.®

A few studies have used population-based designs to quan-
titate mortality burden from SAIDs,*°~"® but they were limited to
specific regions, specific patient populations, small samples, or
relatively short durations (Table 1).291%"* The racial and ethnic
makeup of these counties/study populations was substantially
different compared to the US population: White persons repre-
sented 85% of population in Olmsted County, Minnesota, from
1999 to 2018 as compared to 66% of the US population during
the same time period; Asian persons represented 35% of the
population in San Francisco County, California, versus 5% in
the US population; Black persons represented 49% of the popu-
lation in DeKalb and Fulton Counties, Georgia, versus 13% in the
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Table 1. Population structure in recent population-based studies on SLE mortality in the United States*
DeKalb and Fulton Olmsted San Francisco Nationwide,
Location Counties, GA'® County, MN®  County, CA°  Medicaid, 47 states'* 50 states and DC'®
Duration 2002-2006 1999-2018 2007-2017 2000-2006 2000-2015
No. of SLE deaths 400 22 135 2,058 28,411
Population in the study period 7,451,017 2,816,126 9,125,648 1,226,467,530° 4,833,578,708
Population by race and ethnicity, %
Al or ANP 02 03 03 1.1 0.8
Asian or PI° 45 5.7 354 33 5.0
BlackP 49 5 6.1 22.7 127
Hispanic 7.4 39 15.1 26.9 154
White® 38.8 85.1 431 427 66.0
Population by age groups, %
<44y 69.2 62.4 60.2 61.8
45-64y 22.6 24.9 25.6 25.1
>65 8.2 12.7 14.2 13.1

* Al, American Indian; AN, Alaska Native; CA, California; DC, District of Columbia; GA, Georgia; MN, Minnesota; PI, Pacific Islander; SLE, systemic

lupus erythematosus.

@ US population in the 18- to 65-year age group during the study period.

® Non-Hispanic.

US population; and Hispanic persons represented 27% of those
on Medicaid versus 15% in the US population (Table 1). These
limitations pose challenges in extrapolating their data to assess
national disease burden.

Recognition of the need for large population-based data on
SAIDs has led to the creation of databases such as the Rheuma-
tology Informatics System for Effectiveness registry, which would
be useful to assess SAID outcomes. In the meantime, a database
maintained by the Centers for Disease Control and Prevention’s
(CDC) National Vital Statistics System provides a valuable
resource 1o assess the national burden of SAIDs.

CDC's national mortality database

The CDC’s database encompasses more than 99% of
deaths of all US residents. Death certificates provide the Interna-
tional Classification of Diseases codes for the underlying or con-
tributing cause of death (Supplemental Figure).'® Information
from death certificates can be used to assess disease-specific
outcomes in an unbiased manner over a long time period in a
large sample size. These data have been used to identify public
health challenges and guide funding priorities. For example, to
address the underdocumentation of maternal mortality, death
certificates were changed in 2003."© The data obtained led to pol-
icy changes, such as expanding Medicaid coverage for women to
a year after delivery.

For the mortality datasets to accurately capture disease bur-
den, it is vital that primary physicians or nurse practitioners who
usually fill death certificates have a clear understanding of the
patient. However, some states allow individuals who have never
interacted with the patient to sign the death certificate, which
can lead to inaccuracy. Autopsies were performed to verify the
accuracy of the cause of death in 40% to 60% of hospital deaths
in the United States before 1970, but this rate has now gone

below 5%."" Thus, difficulty to verify the accuracy of the coding
on death certificates is a limitation of mortality datasets.
Changes in physicians’ reporting/attributing a disease as a
cause of death, the practice of recognizing a disease, and
changes in diagnostic tools could influence trends in disease-
specific mortality. Finally, data on clinical, laboratory, and socioen-
vironmental parameters are not available in mortality databases.

Assessing population-level mortality burden for
SAIDs using national mortality databases

Population-level mortality statistics, such as the leading-
causes-of-death ranking and mortality rates, serve as useful tools
for assessing the relative burden of cause-specific mortality. For
example, the cause-of-death ranking analysis revealed that SLE
ranked among the top 10 leading causes of death in 15- to
24-year-old females.'® Mortality databases have also been used
to highlight persistent mortality burden in SAIDs over time.>"'°
Notably, the ratios of SLE or SSc mortality rates to all-cause mor-
tality rates were higher in 2010s than in the 1970s.”'® However,
there are at least two persistent concerns: (1) misclassification
(ie, a specific disease recorded on the death certificate when the
decedent did not have the disease) and (2) underrecording (ie,
the decedent had the disease, but it was not recorded on the
death certificate).

Is there a misclassification of SAIDs on death
certificates?

In a chart review of patients in administrative biling and hos-
pitalization databases, the specificity of SAID diagnoses ranged
from 72.5% (lupus) to 96.4% (myositis).'® However, unlike admin-
istrative databases, where possible and probable diagnoses are
often recorded, death certificates usually have the most
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proximate illness recorded as the cause of death. Due to a limited
awareness about these diseases among primary physicians and
hospitalists who often care for dying patients, SAIDs are unlikely
to be perceived and recorded as a cause of death for decedents
who did not have these diseases. In contrast, cardiovascular dis-
eases are often perceived to be the iliness at the time of death;
hence, death certificates tend to overestimate cardiovascular dis-
ease mortality.° In a study designed to capture all patients with
SLE, for the 731 decedents for whom SLE was recorded on the
death certificate, only 2 (0.27%) had SLE erroneously recorded
as a cause of death (when decedents did not have SLE).?!
Although studies are needed to determine the extent of SAID mis-
classification on death certificates, it is unlikely to influence SAID
mortality assessments in a substantial way.

Underrecording of SAIDs on death certificates

Patients with SAIDs die prematurely of complications such
as cardiovascular events, pulmonary complications, infections,
cancer, and renal failure. These proximate causes of death may
be perceived by physicians who care for the patients at the time
of death to be unrelated to SAIDs, when in fact the SAID or the
medications used for it predispose the patients to these causes
of death.

In cohorts for which the extent of SAIDs not being recorded
on death certificates could be deduced, the extent of underre-
cording for SLE varied from 32% to 59% (Table 2).Cardiovascular
diseases, heart failure, pneumonia, neoplasms, and chronic
obstructive puimonary disease were among the most prevalent
causes of death among individuals with SLE who had SLE absent
from their death certificate.?’

The age at death was higher among those for whom SLE
was omitted on the death certificates than those who had
SLE included in death certificates.?>® Decedents 60 to 79 years
old at death were approximately 2.5 times as likely to have SLE
missing from their death certificates compared with those aged
<40 years.2" The extent of SLE underrecording was even higher

(64%) among those aged over 80 years.?! Some proportions of
these deaths in older adults could be due to causes unrelated to
SLE. Thus, older age and diseases that are the leading causes
of death in older adults are associated with the lack of recording
of SLE on death certificates. As a corollary, younger decedents
and those who had renal failure listed as a cause of death were
less likely to have SLE absent from their death certificate com-
pared to those without renal failure listed.?! Likewise, younger
age, a greater number of deformities, higher Sharp score, lower
socioeconomic status, and a certified physician’s signature on
the death certificate were associated with recording RA on death
certificates, whereas comorbidities were inversely associated with
listing RA on the death certificate.*

Is there a selective underrecording of SAIDs on
death certificates in certain subpopulations?

SAID outcomes differ by sex and race and ethnicity. For
example, the SLE mortality risk was higher in females (odds ratio
[OR] 5.3, 95% confidence interval [CI] 5.1-5.6) than males and in
Black (OR 3.9, 95% CI 3.8-4.1) and Hispanic persons (OR 1.4,
95% Cl 1.3-1.4) relative to White persons.’® SSc mortality rates
were also higher in females than males and in Black persons than
in White persons.” Black persons had a 13-year lower median
age at death and 5.1 times higher odds of premature death from
SSc compared to White persons.® Such disparities are unlikely
to be artifacts from underrecording or misclassification of cause
of death because greater underreporting would lead to greater
underestimation of mortality in the underprivileged groups, but
we found the mortality to be higher, for example, in females and
Black and Hispanic persons. Furthermore, in the Lupus in Minor-
ities, Nature Versus Nurture (LUMINA) and Carolina Lupus Study
(CLU) cohorts, no difference in education and poverty levels was
found between SLE decedents who had lupus recorded on their
death certificates and those who did not.??

To address the differential recording of SAIDs in death certif-
icates, | tabulated SLE deaths by sex and race and ethnicity in the

Table 2. Underrecording of SLE on death certificates in the United States*

No. of SLE deaths

SLE recorded on

Location Duration in the cohort death certificates® SLE not recorded® % not recorded
LUMINA and CLU cohorts?*© 1999-2004 76 46 30 395
Olmsted County, MN?3 1999-2018 22 15 7 31.8
DeKalb and Fulton Counties, GA'®  2002-2006 400 190 210 525
San Francisco County, CA° 2007-2017 135 55 80 59.3
Total - 633 306 327 51.7

* CA, California; CDC, Centers for Disease Control and Prevention; CLU, Carolina Lupus Study; GA, Georgia; LUMINA, Lupus in Minorities, Nature
Versus Nurture; MN, Minnesota; SLE, systemic lupus erythematosus.
@ SLE death counts were obtained from the CDC WONDER database for the corresponding county and study period, except for the LUMINA and
CLU cohorts, for which the information was extracted from the death certificates obtained from the Offices of Vital Statistics.

Assuming that potential relocation in and out of the counties did not majorly affect SLE death counts.
€ LUMINA is a multiethnic (Hispanic [Mexican or Puerto Rican ancestry], African American, or White race and ethnicity), multicenter (the Univer-
sity of Alabama at Birmingham, the University of Texas Health Science Center at Houston, and the University of Puerto Rico Medical Sciences
Campus) cohort.
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Table 3. Underrecording of SLE on death certificates by sex, race and ethnicity, and age in recent studies*

DeKalb and Fulton
Counties, GA'%2

(2002-2006) (1999-2004)

LUMINA and CLU cohorts??

San Francisco
County, CA%?
(2007-2017)

Medicaid (18-65 y)'*
(2000-2006)

Olmsted County, MN?
(1999-2018)

Cohort CDC  SLE recorded Notrecorded Medicaid CDC Cohort CDC Cohort CDC

SLE death count 400 190 46 30 2,058 9,402 22 15 135 53
Female sex, % 87 89 91 80 - - - - 88 83
Race, %

Asian - - - - 1 4 - - 33 41

Black 81 84 63 53 51 41 - - 31 15

Other - - - - 2 1 - - 3 2

White 19 16 13 33 40 41 - 93 33 42
Hispanic ethnicity, % = = 22 13 6 13° = = 14 19
Race and sex, %

Black female 72 75 - - - - - - - -

White female 16 14 - - - - - - - -
Age, %

10-34y - - - - - - - - 19 20

45-64y - - - - - - - - 44 40

>65y - - - - - - - - 37 40

* SLE death counts reported in recent patient cohorts are tabulated by sex, race, ethnicity, and age (“Cohort”). SLE death counts were then
obtained from the CDC WONDER database for the corresponding county/geographic location, age, and study duration (“CDC”). CA, California;
CDC, Centers for Disease Control and Prevention; CLU, Carolina Lupus Study; GA, Georgia; LUMINA, Lupus in Minorities, Nature Versus Nurture;

MN, Minnesota; SLE, systemic lupus erythematosus.
@ Racial groups were not separated by Hispanic origin.
b p <0.001, Fisher's exact test.

published population-based cohort studies and deduced the pro-
portions of SLE deaths for the corresponding years, county/
geographic region, and age from the CDC WONDER database.
As shown in Table 3, the proportions of SLE deaths in females,
Black persons, and Black females were similar or slightly higher
in the CDC database than in the DeKalb and Fulton Counties
cohort. There were also no statistically significant differences in
the portions of SLE deaths in other cohorts versus the CDC data-
base, except for an unusually low SLE death count in Hispanic
persons on Medicaid (Table 3). These observations argue against
differential underascertainment of SAID deaths by sex and race
and ethnicity in national mortality databases in a substantial way.

Population-level mortality rates versus
prevalence-adjusted mortality

Mortality rates measure disease burden in the general popu-
lation but cannot distinguish whether differences in mortality rates
are due to differences in the incidence/prevalence of disease or
disease severity. This can be addressed by linking mortality data
with prevalence data to estimate the mortality rate normalized for
prevalence in a specific disease population (ie, case fatality rate).

For SLE, which is nine times more prevalent in females, the
predicted annual mortality rate was only 5.3 times higher in
females than males,'® suggesting a relatively higher fatality rate
in males with SLE. Consistently, when adjusted for prevalence,
the case fatality rate was higher in males than females with SLE
(RRS: unpublished observations). Likewise, in DPM, which is
two to three times more common in females, the age-

standardized mortality rate was only 1.6 times higher in females
than males.2® In SSc, which is four to seven times more prevalent
in females, age-standardized mortality rates were only 1.9 to 3.5
times higher in females than males,” suggesting worse outcomes
in males. Consistently, the median age at death was five years
lower for males, and the risk of premature SSc death was higher
for males than females (OR 1.8, 95% Cl 1.6-2.0).° Hence, large
population-based prevalence data are needed to address
whether changes in SAID mortality rates are due to changing inci-
dence/prevalence or SAID severity.

Underlying versus contributing causes of death in
SAIDs

Cause of death is recorded as the underlying or a contribut-
ing cause on the death certificate. Because many patients with
SAIDs die of complications of disease or of treatment, an SAID is
likely to be listed as a contributing, rather than as the underlying,
cause of death. For example, of 47,337 deaths from 1999 to
2020 in the United States, SLE was recorded as the underlying
cause of death in 57% and as a contributing cause in 43%. These
observations advocate using the multiple-causes-of-death data-
base in SAID assessments.

Conclusions

The increasing prevalence of SAIDs calls for action to under-
stand their population-level burden. National mortality databases
offer a large reference population to assess disease burden.
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Importantly, misclassification of SAIDs in death certificates
appears to be rare among decedents who did not have an SAID.
Furthermore, underrecording of SAIDs on death certificates,
which is substantial, does not differ by sex and race and ethnicity
and mostly occurs in older adults with comorbidities. Because an
SAID is commonly listed as a contributing, rather than as the
underlying, cause of death on death certificates, | suggest using
the multiple-causes-of-death database in SAID assessments.
Increasing awareness of the importance of death certificates,
enhancing certifier-of-death training, timely audits of death certifi-
cates, increasing autopsies, and enhancing awareness about the
multiorgan and varied complications of SAIDs at the time of death
may reduce overall errors on death certificates and help improve
SAID recording. Nevertheless, until we have large-scale prospec-
tive outcomes data, national mortality statistics offer valuable esti-
mates of SAID burden. An unequal assignment of the national
burden of disease may have implications for research and health
care allocation of our limited public health dollars.
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Are Glucocorticoids Associated With Worse Survival Among
Patients With Rheumatoid Arthritis and Lung Cancer
Treated With Immune Checkpoint Inhibitors?

Deanna Jannat-Khah,"? (2 Jeffrey R. Curtis,®>* {*) Fenglong Xie,* Ashish Saxena,® and Anne R. Bass'

Objective. Glucocorticoids are commonly used for rheumatoid arthritis (RA) treatment and to palliate some malig-
nancies, but it is unclear whether glucocorticoids attenuate the benefits of immune checkpoint inhibitor (ICI) cancer
therapy. We examined the association between glucocorticoid use and survival among ICI-treated patients with RA
and metastatic nonsmall cell lung cancer (IMNSCLC).

Methods. A cohort of patients with RA enrolled in Medicare were identified based on the following: age >66 years,
RA diagnosed before mNSCLC, and having initiated nivolumab, pembrolizumab, or atezolizumab (2015-2019, when
approved only for mNSCLC). Landmark Kaplan-Meier curves and time-varying adjusted Cox models were used to
examine the association between early glucocorticoid use (within 91 days after ICl initiation) and survival. Dexametha-
sone users were excluded from the primary analysis and included in a sensitivity analysis.

Results. We identified 663 ICl-treated patients with RA and mNSCLC, with a mean age of 75 years, 86.9% being
White, 64.7% being female, and 363 (46%) receiving glucocorticoids. Among users, the median average prednisone
equivalents was 6.59 mg/d (interquartile range 3.30, 12.31). In a time-varying Cox model, glucocorticoid use was not
associated with survival. Additionally, in a 91-day landmark model, glucocorticoid dose was not associated with sur-
vival (hazard ratio 1.01; 95% confidence interval 0.93, 1.10).

Conclusion. Glucocorticoids, at the dosages used to treat ICI-treated patients with RA and mNSCLC, had a negli-

gible effect on survival in the 91 days after ICl initiation.

INTRODUCTION

Patients with autoimmune diseases such as rheumatoid
arthritis (RA) were excluded from oncology clinical trials of immune
checkpoint inhibitors (ICls)" for fear they would experience exac-
erbations of their autoimmune disease or excessive immune
related adverse events (rAEs). As the use of ICls for cancer
becomes standard of care, however, more patients with RA are
receiving ICls. In fact, 5.9% of patients with nonsmall cell lung
cancer (NSCLC) treated with ICls have pre-existing RA.? It is esti-
mated that about 14% of patients with lung cancer and an auto-
immune disease receive concomitant glucocorticoid treatment
for management of their underlying autoimmune disease,'® and
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an important evidence gap is whether glucocorticoid use inter-
feres with the efficacy of ICls. There are only a few studies that
have investigated concomitant glucocorticoid use among
patients with pre-existing autoimmune disease on ICls, and most
are retrospective cohorts that include a mixture of cancers and/or
a mixture of autoimmune diseases. Results from these studies are
conflicting and encompass a wide range of glucocorticoid dos-
ages given the heterogeneity of the autoimmune diseases they
are being used to treat.®>"® These inherent biases, including small
sample size and inclusion of multiple autoimmune diseases
and/or multiple cancers, lead to substantial heterogeneity in the
populations studied and uncertain generalizability of these stud-
ies’ results with poor precision.

Additional supplementary information cited in this article can be found
online in the Supporting Information section (https://acrjournals.
onlinelibrary.wiley.com/doi/10.1002/art.43445).
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Currently, it is unknown whether glucocorticoid use among
ICl-treated patients with RA and cancer could interfere with the
benefits of ICls as cancer therapies. Additionally, it is unknown
what a “safe” daily dosage of glucocorticoid might be in ICI-
treated patients with RA that would have limited or no impact on
mortality. To address these unanswered questions, we investi-
gated the association between glucocorticoid use after ICl initia-
tion and overall survival in patients with a single autoimmune
disease (RA) and a single cancer (NSCLC) in a large real-world
data set.

PATIENTS AND METHODS

Study population. This retrospective cohort studied Medi-
care fee-for-service patients >66 years of age with two diagnoses
made by an oncologist for a malignant neoplasm of lung and
bronchus (International Classification of Diseases, Ninth Revision
[ICD-9] 162.9, ICD-10 C34.X) and treated with an ICI. Specifically,
patients had to have initiated treatment with nivolumab between
March 4, 2015 and August 16, 2018, pembrolizumab
between October 2, 2015 and April 11, 2019, or atezolizumab
between October 18, 2015 and March 18, 2019. These periods
reflect the US Food and Drug Administration (FDA) approval for
ICl treatment for metastatic NSCLC (MNSCLC) and preceded
the first FDA approval for stage Il disease (May 2020) or for small
cell lung cancer.”® As there is no ICD-9 or ICD-10 code to indi-
cate cancer stage or subtype in this data set, this restriction
serves as an effective proxy for metastatic (stage IV) NSCLC,
allowing us to homogenize cancer type and stage. Patients who
initiated treatment with durvalumab (only approved for stage |lI
disease) or cemiplimab, approved in 2021, were not included in
the cohort. Additionally, patients were excluded if they had a his-
tory of other cancer types. All patients had at least one year of
continuous enroliment in Medicare with part A, B, and D for one
year prior and one year after ICl initiation, unless they died.
Patients were followed through December 31, 2019 or until
death. All available prior data were used to determine the line of
therapy (ICl as first line vs prior receipt of chemotherapy, ie, sec-
ond or later line of therapy). We excluded patients treated with
dexamethasone from our primary analysis because dexametha-
sone is typically used for cancer palliation rather than RA or irAE
treatment but included dexamethasone-treated patients in a sen-
sitivity analysis.

Data source and definition of exposure. Fee-for-
service Medicare claims from the Centers for Medicare and Med-
icaid Services (CMS) Chronic Conditions Data Warehouse that
consisted of a 100% sample of patients with RA were used to cre-
ate the analytic data set. Patients with RA were defined as having
two Medicare claims at least 30 days apart associated with an
ICD-9 or ICD-10 diagnosis code for RA (714.XX, M05.*, M06.%,
except M06.1 and M06.4) from a rheumatologist and a claim for

any disease-modifying antirheumatic drug (DMARD) before initia-
tion of an ICL.° The accuracy of this definition exceeds 85%.°
Allowable DMARDs included conventional synthetic DMARDs
(methotrexate, leflunomide, hydroxychloroquine, sulfasalazine),
biologic DMARDs (etanercept, adalimumab, infliximab, golimu-
mab, certolizumab, tocilizumab, sarilumab, abatacept, rituximab),
or targeted synthetic DMARDs (tofacitinib, upadacitinib, bariciti-
nib). Oral glucocorticoid use during the 91 days before and after
ICl initiation was calculated by determining the total cumulative
dosage and dividing it by the number of days prescribed and then
converted into the average daily prednisone equivalent dose.
Patients who were on glucocorticoids before ICI initiation and
continued them were included in the glucocorticoid group. A var-
iable for any dexamethasone use (yes/no) during the 91 days after
ICl initiation was created.

Covariates. Demographic variables such as age, sex, and
race and ethnicity were included. An Elixhauser comorbidity score
was calculated with an algorithm based on ICD-9 and ICD-10
codes in the 12 months before ICI initiation.’® Chronic lung dis-
ease was defined using ICD-9 and ICD-10 codes for interstitial
lung disease and chronic obstructive pulmonary disease. Addi-
tionally, the following cancer treatment characteristics were
examined: radiation (yes/no) and chemotherapy procedures,
kinase inhibitors, and antiangiogenic therapy (defined as chemo-
therapy yes/no). Healthcare Common Procedure Codes and
National Drug Codes were used to identify cancer treatments,
glucocorticoids, and DMARDs.

Primary outcome. Overall survival was the primary out-
come. Recorded date of death from Medicare files was used to
define death. In survival analyses, time was defined from ICl initia-
tion to date of death or censoring (December 31, 2019).

Statistical methods. Frequencies, means, SDs, medians,
and interquartile ranges (IQRs) were calculated via descriptive sta-
tistics. P values were calculated using ¥° tests, t-tests, and Wil-
coxon rank sum tests as appropriate. Kaplan—Meier curves were
generated, and the log rank test was performed to determine if
the Kaplan—Meier curves were different. We took two approaches
to investigate the association between glucocorticoid use and
overall survival. First, we investigated the association between
glucocorticoid use in the first 91 days after ICl initiation and sur-
vival, using a time-varying adjusted Cox proportional hazard
model. Second, we used a 91-day landmark Cox proportional
hazard model. Landmark and time-varying adjusted Cox propor-
tional hazard models were performed to allow for post-ICI charac-
terization of glucocorticoid dose and to avoid immortal time bias.
Immortal time bias occurs when patients are classified in treat-
ment groups based on their future exposure. For the time-varying
analysis, glucocorticoid use was evaluated in four different lagged
time segments (-30 days to ICI initiation, 0-30 days after ICI
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initiation, 31-60 days after ICl initiation, and 60-90 days after ICI
initiation) and was allowed to vary over time. The data were set
up so that there were four periods of time (four rows per person),
and glucocorticoid use in the previous 30 days was included in
the model as a categorized variable: none, 0 to 4.9 mg, 5 t0 9.9
mg, and >10 mg. In this analysis, the primary outcome was sur-
vival within the first 91 days. We also analyzed overall survival over
all time. In the landmark analysis, patients had to survive 91 days
after ICl initiation to be included, at which time follow-up began.
To be classified as a glucocorticoid user, they had to have a glu-
cocorticoid prescription during the first 91-day period. Patients
who had a dexamethasone prescription were excluded from the
main analysis. A separate sensitivity landmark analysis was con-
ducted that included dexamethasone users. Model covariates
were selected based on subject matter expertise, and models
controlled for age, race, sex, Hispanic ethnicity, year of ICl initia-
tion, previous radiation treatment ever (yes or no), the modified
Elixhauser comorbidity composite score (which removed RA,
chronic obstructive pulmonary disease, and cancer), type of
first- or second-line ICI treatment (using all available prior data),
ICl monotherapy or ICI with concomitant chemotherapy, and
chronic lung disease. Variables were removed from the model if
they violated the proportional hazards assumption and were
simultaneously not statistically significant.

Schoenfeld residuals were used to test the proportional haz-
ard assumption. SAS version 9.4 (SAS Institute Inc) and Stata ver-
sion 18.0 (StataCorp LLC) were used for analysis. An alpha of
0.05 was used to determine statistical significance. The institu-
tional review board at the Hospital for Special Surgery determined
that the study was exempt. The institutional review boards at the
University of Alabama at Birmingham and at the Foundation for
Advancing Science, Technology, Education and Research
(FASTER) Medicine have approved this study. Data are available
from CMS.

RESULTS

The cohort included 663 patients with RA and mNSCLC
(after exclusion of 116 patients with RA treated with dexametha-
sone). Overall, the mean age was 75 (SD 7) years, 86.9% were
White, and 64.7% were female. Despite all patients with RA hav-
ing received DMARDs before ICl initiation as an inclusion criterion
for the cohort, few patients with RA (4.2%) received DMARDs
after ICl initiation. A history of chronic lung disease was present
in 45.9% of patients. Based on the Elixhauser score, patients
had a median of 2 (IQR 1.26, 2.6) comorbidities. In 2015, 5% of
patients with mNSCLC initiated ICI treatment when it was first
approved for metastatic/stage 4 NSCLC, increasing to 26.5% in
2016, 30.5% in 2017, 29.9% in 2018, and 7.5% in 2019 (the
“drop” in 2019 reflects the fact that we excluded patients started
on an ICl after it became FDA approved for earlier-stage NSCLC).
A majority (60.8%) had ICl treatment as second-line therapy. Most

of the patients, 78.3%, died during follow-up, and median time
from ICl initiation to death was 217 (IQR 75, 452) days (Table 1).

Comparing glucocorticoid users versus nonusers.
Among the 663 patients with RA, 368 (55.5%) were treated with
glucocorticoids in the first 91 days after ICl initiation. Of these,
70% (258 of 368) were on glucocorticoids before ICI initiation
and continued them, suggesting that glucocorticoids were being
used to treat RA. The remainder (110 of 368) initiated glucocorti-
coids after ICl initiation. Similar to the overall RA cohort, glucocor-
ticoid users had a mean age of 74.7 (SD 7) years, 88.6% were
White, and 61.1% were female (Table 1). The median average
daily glucocorticoid dose in the 91 days after ICl initiation among
glucocorticoid users was 6.59 (IQR 3.30, 12.31) mg/day. Com-
paring patients with RA prescribed versus not prescribed gluco-
corticoids, there were no difference in demographics (except
sex), DMARD use, chronic lung disease, and number of comor-
bidities using the Elixhauser score. There was no significant differ-
ence in the year of ICl initiation between glucocorticoid users and
nonusers. However, glucocorticoid-treated patients had a signifi-
cantly longer time from ICl initiation to death (median 247.5 [IQR
106, 482] days) compared to patients who did not take glucocor-
ticoids (median 175 [IQR 48, 386] days) (P < 0.001; Table 1).

Time-varying model of glucocorticoid use and
survival. To evaluate the association between glucocorticoid
use in the first 91 days after ICl initiation and overall survival, a
time-varying adjusted Cox model was performed. In this model,
glucocorticoid use at any dose was not associated with overall
survival (Table 2). Specifically, compared to no glucocorticoids,
0 to 4.9 mg (adjusted hazard ratio [aHR] 1.00; 95% confidence
interval [CI] 1.00, 1.00; P = 0.683), 5 t0 9.9 mg (aHR 1.00; 95%
Cl 1.00, 1.00; P = 0.590), and >10 mg (aHR 1.00; 95% CI 1.00,
1.00; P = 0.640) were not associated with survival. Female sex
(@HR 0.81; 95% CI 0.68, 0.98) and lung disease (aHR 0.74;
95% Cl 0.62, 0.89) were associated with better overall survival,
and Elixhauser score (@HR 1.22; 95% CI 1.11, 1.34) was associ-
ated with worse overall survival (Table 2).

91-day landmark analysis. Figure 1 displays the Kaplan—
Meier analysis of overall survival comparing glucocorticoid use
(defined as yes/no) in the first 91 days of ICI treatment. There is
no significant relationship between glucocorticoid use in the first
91 days after ICI initiation and overall survival after 91 days (log
rank P = 0.47). Supplemental Table 1 displays the characteristics
of the cohort that survived at least 91 days (n = 495). Other than
female sex and ICI duration, there were no statistically significant
differences between the no glucocorticoid and glucocorticoid
groups. In the 91-day landmark multivariable Cox proportional
hazard model, there was no association between average daily
steroid dose and overall survival (@HR 1.01; 95% CI 0.93, 1.10).
However, Elixhauser score was associated with worse overall
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Table 1.
care fee-for-service claims data*

Demographic and clinical characteristics in patients with rheumatoid arthritis and nonsmall cell lung cancer treated with ICls from Medi-

No glucocorticoids in Glucocorticoids in

Factor Total n (%) the first 91 days n (%) the first 91 days n (%) Pvalue

n 663 295 (44.5) 368 (55.5)
Age, mean (SD), y 75 (7) 75.3(6.9) 74.7 (7) 0.23
White race 576 (86.9) 250 (84.7) 326 (88.6) 0.15
Hispanic ethnicity 3(3.5) 13.7) 12 (3.3) 0.31
Female 429 (64.7) 204 (69.2) 225(61.1) 0.032
Chronic lung disease® 304 (45.9) 131 (44.4) 173 (47) 0.5
DMARDs in the 91 days after ICl initiation 28 (4.2) <11 Redacted® 0.18
Modified Elixhauser score, median (IQR) 2(1.2,2.6) 2(1.2,2.6) 1.8(1.2,2.6) 0.57
Radiation ever 430 (64.9) 195 (66.1) 235 (63.9) 0.55
Second-line therapy 403 (60.8) 169 (57.3) 234 (63.6) 0.099
ICl plus chemotherapy 84 (12.7) 48 (16.3) 36(9.8) 0.013
ICl duration, median (IQR), days 91 (21, 247) 94 (0, 265) 91 (29, 243) 0.19
Death 519 (78.3) 236 (80) 283 (76.9) 0.34
Time from ICl initiation to death, median (IQR), days 217 (75, 452) 175 (48, 386) 247.5 (106, 482) <0.001
Glucocorticoid use in the 91 days after ICl initiation

Any glucocorticoid use 363 (55.5) N/A 363 (100) N/A

Average glucocorticoid dose, median (IQR) 6.59 (3.30, 12.31) N/A 6.59 (3.30, 12.31) N/A

* Unknown or missing values: race n = 36 (4.7%); Hispanic ethnicity n = 70 (9%). COPD, chronic obstructive pulmonary disease; DMARD, disease-
modifying antirheumatic drug; ICI, immune checkpoint inhibitor; ILD, interstitial lung disease; IQR, interquartile range.

@ Chronic lung disease is defined as ILD or COPD.

b per the data use agreement with the Centers for Medicare and Medicaid, values less than 11 are not reported.

survival (aHR 1.25; 95% CI 1.08, 1.44; Table 3). In two additional
91-day landmark Cox models, we found no association between
overall survival and glucocorticoid dose above 10 mg or glucocor-
ticoid dose categorized by quartiles (Supplemental Tables 2
and 3).

We investigated the physician specialty that prescribed the
glucocorticoids after ICI initiation and found that 37.8% were pre-
scribed by oncologists, 22.7% by rheumatologists, 18.6% by
internal medicine/hospitalist/general medicine, 14% by nurses or

Table 2. Time-varying Cox proportional hazard model for overall
survival in ICI-treated patients with rheumatoid arthritis and nonsmall
cell lung cancer in the first 91 days after ICl initiation*

Hazard ratio

Variable (95% confidence interval)

Glucocorticoid dose?®

None Reference

0-4.9 mg 1.00 (1.00, 1.00)
5-9.9 mg 1.00 (1.00, 1.00)

>10 mg 1.00 (1.00, 1.00)

Age (5-y interval) 0.99 (0.93, 1.05)
Female sex 0.81(0.68, 0.98)

Lung disease (COPD or ILD)
ICl + chemotherapy

Elixhauser score (5-point interval) 1.22 (1.11, 1.34)
Second-line ICl therap 1.17(0.97,1.41)

* Glucocorticoids dose was assessed in 4 different 30 day time
periods and varied over time. Race, Hispanic ethnicity, radiation,
year of ICl initiation, ILD, and COPD were removed from the model
as they were not statistically significant. Bolded values indicate sta-
tistical significance at the 0.05 level. COPD, chronic obstructive pul-
monary disease; ICl, immune checkpoint inhibitor; ILD, interstitial
lung disease.

@ Time-varying covariate: P values were not statistically significant
for 0-4.9 mg (P =0.683), 5-9.9 mg (P =0.590), and 210 mg (P = 0.640).

0.74 (0.62, 0.89)
1.23(0.92,1.63)

physician assistants, and 6.9% by other specialties including car-
diology, endocrinology, geriatrics, gastroenterology, dermatol-
ogy, critical care, urology, nephrology, and others.

Sensitivity analysis including all glucocorticoid
users (dexamethasone included). In a sensitivity analysis,
we included the n = 116 patients who were treated with dexa-
methasone in the glucocorticoid cohort. Supplemental Table 4
displays comparisons between the dexamethasone users and
nonusers. Compared to non-dexamethasone-treated patients,
dexamethasone users were slightly younger, had a mean age of
73 years versus 74.98 years (P = 0.008), had fewer comorbidities
(median 1.6 [IQR 1, 2.4] vs median 2 [IQR 1.2, 2.6]; P = 0.004),
were less likely to have ICls as second-line therapy (47.4% vs
60.8%; P = 0.007), and were more likely to be receiving concom-
itant chemotherapy (30.2% vs 12.7%; P < 0.001) (Supplemental
Table 5). Dexamethasone users had a 48% shorter time to death
(median 153 [IQR 85, 347] vs 217 [IQR75, 452] days).

In a Kaplan-Meier curve, glucocorticoid use (including dexa-
methasone and defined as yes/no) in the first 91 days of ICl treat-
ment was associated with a nonsignificant trend toward worse
overall survival (Supplemental Figure 1). In a separate, 91-day
landmark Kaplan-Meier curve, dexamethasone use was associ-
ated with significantly worse survival compared to nonusers (log
rank P = 0.02; Supplemental Figure 2). In an adjusted landmark
Cox proportional hazard model, dexamethasone use (defined as
yes/no) was associated with worse overall survival (@aHR 1.48;
95% CI [1.09, 2.02]; Supplemental Table 4).

We investigated the physician specialty that prescribed
dexamethasone and found that 76.1% of prescriptions were from
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Figure 1. 91-day landmark Kaplan-Meier curve by glucocorticoid exposure in the first 91 days after ICI initiation. ICl, immune checkpoint

inhibitor.

oncologists, 10.3% from physician assistants/nurse practitioners,
9.3% from internal medicine/hospitalist/general medicine, 2.6%
from rheumatologists, and 1.4% from a hospice provider, lending
credence to the idea that dexamethasone was being prescribed
for cancer palliation.

DISCUSSION

In this observational study of 663 ICI-treated patients with
pre-existing RA and mNSCLC, we demonstrated that glucocorti-
coids (exclusive of dexamethasone) had no adverse effect on
overall survival after controlling for covariates. Of note, the dose

Table 3. 91-daylandmark Cox proportional hazard model for overall
survival in ICl-treated patients with rheumatoid arthritis and nonsmall-
cell lung cancer*

Hazard ratio
[95% confidence interval]

0.92(0.84,1.01)
0.78 (0.59, 1.04)
0.83(0.63, 1.10)
0.83(0.43, 1.59)
0.98 (0.57, 1.68)
1.25(1.08, 1.44)
1.16 (0.86, 1.55)
1.01(0.93, 1.10)

Variable

Age (5-y interval)

Female sex

Lung disease (COPD or ILD)

DMARD use in 91 days after ICl initiation

ICl + chemotherapy

Elixhauser score (5-point interval)

Second-line ICI therapy

Average daily glucocorticoid dose

(5-mg increments)

* Values are the hazard ratio (95% confidence interval). Race, His-
panic ethnicity, radiation, year of ICl initiation, ILD, and COPD were
removed from the model as they were not statistically significant.
Bolded values indicate statistical significance at the 0.05 level. COPD,
chronic obstructive pulmonary disease; DMARD, disease-modifying
antirheumatic drug; ICl, immune checkpoint inhibitor; ILD, interstitial
lung disease. Dexamethasone users were excluded from this model.

of non-dexamethasone glucocorticoids used in these patients
with RA was low, a median of only 6.6 mg/day.

There is concern that the use of glucocorticoids could diminish
the positive effect of ICI treatment. Glucocorticoids induce apoptosis
of T cells, which could lead to a reduction in T lymphocytes generally,
and of CD8 positive T cells specifically, potentially reducing the effect
of ICI treatment.''~"® Skribek et al found that glucocorticoids pre-
scribed for irAEs were not associated with death, whereas glucocor-
ticoids prescribed for palliation were.'* There is some evidence that
IrAEs are associated with better survival'® and that steroids may
blunt that benefit'®'®; however in our study, the median glucocorti-
coid dose was 6.6 mg, suggesting that it was being used to treat
RA rather than an irAE. Although we cannot determine from the data
the reason for the glucocorticoid prescription, the prescriber spe-
cialty could give us some insight. We found that 37.8% of prescrip-
tions were from oncologists, 22.7% from rheumatologists, and
6.9% from various specialties that included small portion of critical
care and palliative medicine. In studies of glucocorticoids used to
treat irAEs, high doses (eg, 160 mg vs 40 mg) have been shown to
be associated with worse overall survival.” In patients with RA, lower
doses of glucocorticoids are typically used, and the rheumatologist
may have other treatment options, even in the ICl setting (eg, con-
ventional or biologic DMARDs). In our study the median glucocorti-
coid dose was only 6.59 mg/day (IQR 3.29, 12.25) in prednisone
equivalents, which supports the theory that glucocorticoids were
being used to treat RA flares. Thirty percent of patients with RA initi-
ated glucocorticoids after ICl initiation, which corresponds to the rate
of RA flares after ICl initiation identified by McCarter et al.'®

Some studies suggest that timing of glucocorticoid adminis-
tration may influence their association with overall survival.'"19-20
For example, one study found that patients had worse overall
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survival if they initiated glucocorticoids within the first 30 days after
ICI initiation.?" Similarly, Arbour et al found that baseline (at the
time of ICl initiation) glucocorticoid use was associated with worse
progression-free survival and overall survival.'? These studies did
not distinguish between the type of glucocorticoids or the indica-
tion for their use. These results differ from ours, as we found no
association between glucocorticoid use in the first 91 days after
ICl initiation and overall survival (after excluding dexamethasone).

Previously, we demonstrated that few patients with RA in this
cohort were on DMARDSs before ICl initiation.?? In this study, we
found that only 4.4% of patients with RA were treated with
DMARDs in the first 91 days after ICl initiation. This may explain
why 54.8% of the patients were on glucocorticoids, a much
higher percentage than among patients with RA outside the can-
cer context.2® Presumably, glucocorticoids could have been used
for their RA or potentially for new-onset irAEs.

Our study has several limitations. As we used Medicare claims
data, patients were older, which could reduce generalizability. How-
ever, based on population-based data for NSCLC, 71.6% of patients
with NSCLC are 65 years of age or older.? With this in mind, we
believe that usage of the Medicare data reflects the experience of a
majority of patients with NSCLC in the United States. Cancer specific
information, such as cancer stage or cancer type, is not included in
Medicare claims data; however, we only included people who initi-
ated ICls during the time that the FDA approved ICls for metastatic/
stage IV disease to homogenize these factors. As an alternative data
source, the Surveilance, Epidemiology, and End Results Program—
Medicare 5% database does include information about cancer
stage, but the Medicare 5% sample does not have enough patients
with pre-existing RA and mNSCLC to adequately power this study.?
Another limitation is the potential for misclassification of glucocorti-
coid use in the time-varying Cox proportional hazard models. Al
available prescription data from Medicare part D were used to mini-
mize misclassification. Patients could also have been prescribed
non-dexamethasone glucocorticoids for palliation or for manage-
ment of cancer manifestations, for example, brain metastases,
dyspnea, or fatigue,'>1*2" which even if occurring in sizable num-
bers of patients, likely would not have changed our results. Our study
did include patients who were already on glucocorticoids before ICl
initiation (median 10 [IQR 5, 16.7] mg); however, we have previously
demonstrated that non-dexamethasone glucocorticoids in the three
months before ICI initiation are not associated with worse survival in
patients with NSCLC.?? Finally, we could not account for smoking
in our cohort as identification of tobacco use is difficult in claims
data.?® In conclusion, glucocorticoids, which were largely prescribed
at low doses, were not associated with worse overall survival in ICI-
treated patients with NSCLC and RA.
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Plasma Proteomics Identifies Thousand-and-One-Amino
Acid Kinase 3 as a Potential Biomarker of Rheumatoid
Arthritis Activity and a Novel Therapeutic Target

Pengfei Xin,"*3 Wenzhen Li,* Xinyu A,"? Jun Shen,"? Xiaohui Meng,® Yangin Bian,"? Haihui Han,” Zheng Xiang,"*
Lei Ran,” Songtao Sun," Jun Xie," Tao Yue," Qi Zhu," Xiaoming Zhang,® Lu Xie,* ' and Lianbo Xiao'?

Objective. Bone destruction associated with active rheumatoid arthritis (RA) remains a major therapeutic chal-
lenge, with a lack of reliable molecular markers reflecting bone injury. This study aims to identify novel biomarkers
linked to bone destruction in active RA through proteomic analysis, providing new strategies for precise monitoring
and targeted therapy.

Methods. Data-independent acquisition mass spectrometry was used for proteomic quantification and bioinfor-
matic analysis on plasma samples from 160 patients with RA and 40 healthy controls. Key proteins associated with
bone destruction were screened by integrating Sharp scores with synovial single-cell RNA sequencing data and sub-
sequently validated in two independent cohorts (N; = 50 and N, = 10) using enzyme-linked immunosorbent assay
and multiplex immunohistochemistry. Functional studies were conducted using fibroblast-like synoviocytes (FLSs)
in vitro and a collagen-induced arthritis (CIA) mouse model in vivo.

Results. A total of 4,998 plasma proteins were identified, with 506 showing significant differential expression
between active and remitted RA. Thousand-and-one—amino acid kinase 3 (TAOKQ) levels were positively associated
with Sharp scores and markedly elevated in patients with active RA. Combining TAOKS3 with C-reactive protein
improved diagnostic accuracy for active RA (area under the curve = 0.915). High TAOKS expression was also associ-
ated with increased relapse frequency. Functional studies showed that TAOK3 knockdown suppressed the tumor-like
phenotype of FLSs and down-regulated matrix metalloproteinase 1/2/3 and cathepsin K, whereas TAOK3 overexpres-
sion promoted pannus cell-mediated bone erosion, mitigated by TAOK3-targeted inhibitor. In vivo, its inhibition
showed therapeutic effects in CIA mice.

Conclusion. TAOKS serves as a potential biomarker for bone destruction in active RA and as a therapeutic target

for precision monitoring and intervention.
INTRODUCTION

Rheumatoid arthritis (RA) is a chronic autoimmune disease
with a global prevalence of approximately 0.25% to 1%, 2 char-
acterized by systemic inflammation and joint destruction. Without
standardized treatment, RA can lead to severe joint deformities,
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functional disabilities, and significantly reduced quality of life.>™
Bone destruction, including bone erosion and periarticular osteo-
porosis, is a hallmark pathologic feature of RA, causing irrevers-
ible joint damage with profound clinical consequences.®
Although early diagnosis and the use of disease-modifying anti-
rheumatic drugs (DMARDs) have shown potential to control
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disease progression and prevent long-term complications,®’
approximately 30% of patients respond poorly to current thera-
pies because of the heterogeneity of RA pathogenesis, and effec-
tive predictors of treatment response are still lacking.>®
Therefore, developing novel strategies for the prevention and
treatment of bone destruction remains an urgent need.

Fibroblast-like synoviocytes (FLSs), the main cellular compo-
nent of synovial tissue, are recognized as key drivers of bone
destruction in RA.®~"" Under inflammatory conditions, FLSs adopt
a tumor-like aggressive phenotype upon activation.'? They pro-
mote cartilage and bone erosion directly by secreting matrix metal-
loproteinases (MMPs), inflammatory cytokines, and chemokines
and indirectly by sustaining synovial inflammation through interac-
tions with immune cells.>'® Additionally, FLSs are characterized
by enhanced proliferation, resistance to apoptosis, and increased
migratory and invasive behavior.>'® Targeting FLSs has emerged
as a promising therapeutic approach for RA intervention.'® Our
previous single-cell RNA sequencing (scRNA-seq) study revealed
significant heterogeneity among FLSs in active synovial tissues,
identifying specific subsets with high bone-destructive potential.™
However, molecular targets in the blood associated with bone
destruction during active RA remain poorly defined. Given the inva-
sive nature of synovial tissue biopsy, discovering reliable blood-
based biomarkers for precise monitoring and intervention of
RA-related bone damage is critically important.

The rapid advancement of plasma proteomics has opened
new avenues for disease research and clinical translation.'® Hu
et al'® identified ORM1 as significantly up-regulated in the serum
of patients with RA compared with healthy individuals and corre-
lated with disease activity. Similarly, Liu et al'” proposed FGL1
as a novel biomarker for predicting RA disease activity and prog-
nosis. However, plasma proteomic studies specifically focusing
on bone destruction in RA are still extremely limited, necessitating
further exploration to uncover underlying mechanisms and novel
therapeutic targets.

Although treat-to-target strategies have significantly
improved RA management, reliable molecular signatures to accu-
rately reflect remission, active disease, and disease cure are still
lacking.'®'® Therefore, our team has been dedicated to profiing
proteomic features across different stages of RA to better evalu-
ate disease status. By analyzing molecular differences between
the active and remission phases, we aim to elucidate the mecha-
nisms driving disease progression and provide insights into novel
targets to prevent bone destruction.

In this study, we employed high-resolution data-independent
acquisition (DIA) mass spectrometry to systematically analyze
200 plasma samples, mapping the proteomic landscapes of RA in
active and remission phases. For the first time, we identified and val-
idated thousand-and-one—amino acid kinase 3 (TAOKS) as a novel
biomarker and potential therapeutic target for RA-related bone
destruction by integrating plasma proteomic profiing, scRNA-seq
data, and functional validation both in vitro and in vivo.

PATIENTS AND METHODS
Ethical approval and informed consent

This study was approved by the Ethics Committee of Shang-
hai Guanghua Hospital of Integrative Medicine (approval
no. 2023-K-44) and conducted in accordance with the principles
of the Declaration of Helsinki. Written informed consent was
obtained from all participants. All animal experiments were
approved by the Laboratory Animal Ethics Committee of Shang-
hai University of Traditional Chinese Medicine (approval
no. PZSHUTCMZ2503070001) and were performed in strict
accordance with the “Guide for the Care and Use of Laboratory
Animals in China.”

Participant recruitment

This study included a discovery cohort and two indepen-
dent validation cohorts. A total of 160 patients with RA were
recruited between August 2023 and February 2024 at Shang-
hai Guanghua Hospital of Integrative Medicine, according to
the 2010 American College of Rheumatology/EULAR classifi-
cation criteria for RA.2° The inclusion criteria were as follows:
(1) aged between 20 and 75 years, (2) diagnosed with RA
based on established diagnostic criteria; and (3) signed the
informed consent. The exclusion criteria were (1) the presence
of severe diseases or malignancies involving the heart, liver,
brain, kidneys, or hematopoietic system; (2) long-term use of
glucocorticoids within the past 6 months in patients with sus-
tained remission; (3) psychiatric disorders that impaired the
ability to participate; (4) pregnancy or breastfeeding; and
(5) the coexistence of other rheumatic or autoimmune dis-
eases, such as systemic lupus erythematosus, ankylosing
spondylitis, or systemic sclerosis. Additionally, 40 healthy
controls (HCs) matched for age, sex, and body mass index
(BMI), and without a history of autoimmune diseases, were
recruited.

To ensure balanced representation of disease states and
enable robust comparative analysis, we employed a predefined
stratified recruitment strategy. Disease activity was evaluated
based on the Disease Activity Score 28 with erythrocyte sedimen-
tation rate (DAS28-ESR) score. Patients with DAS28-ESR scores
< 2.6 maintained for >6 months were prospectively assigned to
the remission group (n = 80), whereas those with DAS28-ESR
scores > 3.2 were assigned to the active disease group (n =
80).'*2" For independent validation, an additional 50 patients with
RA (25 with active RA and 25 with remission RA) were recruited
from the same hospital under identical criteria. In addition, syno-
vial tissues and matched plasma samples were collected from
10 patients with RA at the same institution for further validation.
All patients with RA were receiving stable DMARD therapy (details
in Supplementary Tables S1 and S2).
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Clinical data and sample collection

Clinical information and laboratory data of all enrolled partici-
pants were collected (Supplementary Tables S1 and S2). In the
discovery cohort, all patients underwent hand x-ray imaging,
and bone erosion and joint space narrowing were evaluated at
the metacarpophalangeal, proximal interphalangeal, and wrist
joints using the Sharp/van der Heiide scoring method.?? Two
experienced radiologists independently scored the images, and
discrepancies were resolved by averaging their scores.

Fasting blood samples were collected from all participants.
Plasma was separated by centrifugation at 3,000 rpm for
10 minutes at room temperature, aliquoted into Eppendorf tubes,
and stored at —80°C for long-term preservation.

Plasma proteomics sample preparation

Protein concentrations were measured using the bicinchoni-
nic acid (BCA) assay (Beyotime, P0012). For each sample, 15 ug
of protein was mixed with 5X loading buffer and boiled for
5minutes. Proteins were separated on 4% to 20% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) gels (con-
stant voltage 180V, 45 minutes) and visualized by Coomassie bril-
liant blue R-250 staining. Equal amounts of protein from each
sample were pooled for quality control (QC). Dithiothreitol (Bio-
Rad, #161-0404) was added to reduce disulfide bonds at 37°C
for 1.5 hours, followed by alkylation with iodoacetamide (Bio-Rad,
#163-2109) in the dark at room temperature for 30 minutes. Tryp-
sin (Promega, #V5111) was added at a 1:50 enzyme-to-protein
ratio, and samples were incubated at 37°C for 15 to 18 hours.
Digested peptides were desalted using an MCX desalting column
(Omicsolution, OS-MCX-1ML), concentrated by vacuum centrifu-
gation, and reconstituted in 20 pL of 0.1% formic acid (Fluka,
#06450) in water. Peptide concentrations were estimated by UV
absorbance at 280 nm. Indexed retention time calibration peptides
were spiked into each sample for DIA analysis.

DIA mass spectrometry analysis

Peptides were analyzed using an Orbitrap Astral mass
spectrometer (Thermo Scientific) coupled with a Vanquish Neo
ultra-high—performance liquid chromatography system (Thermo
Scientific) in DIA mode. Precursor ions were scanned over an
m/z range of 380 to 980; MS1 resolution was set at 240,000 at
200 m/z, with a normalized automatic gain control (AGC) target
of 500% and a maximum injection time of 5 ms. MS2 scans in
DIA mode used 299 isolation windows with a width of 2 m/z, a
collision energy of 25 eV, a normalized AGC target of 500%, and
a maximum injection time of 3 ms.

DIA raw data were processed using DIA-NN version 1.8.1. Major
parameters included trypsin as the proteolytic enzyme, maximum of
one missed cleavage allowed, carbamidomethylation (C) as a fixed

maodification, and oxidation (M) and acetylation (protein N-terminus)
as variable modifications. Protein identification was based on a 99%
confidence threshold with a false discovery rate < 1%.

Differential protein analysis and enrichment
analysis

Proteins expressed in >50% of samples were selected for
differential expression analysis. One-way analysis of variance
(ANOVA) was used to compare protein expression levels among
the remission, active, and HC groups. P values were not adjusted
for multiple testing; instead, proteins with a P value < 0.05 and a
fold change > 1.5 or <0.67 were considered differentially
expressed proteins (DEPs). Pairwise comparisons between
groups were performed using two-sample t-tests. DEPs were
subjected to Gene Ontology (GO) annotation and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathway enrichment anal-
ysis using Blast2GO (https://www.blast2go.com/)*®> and KEGG
databases,?” with a significance threshold of P < 0.05.

Protein trend clustering analysis

To characterize protein expression trends specific to active
RA, fuzzy c-means clustering analysis was performed using the
Mfuzz package in R,%° based on the proteomic profiles of HCs,
patients with remission RA, and patients with active RA.

Random forest analysis

To explore the potential value of bone destruction-related
proteins in distinguishing active from remission RA, we performed
feature importance analysis using a random forest classifier imple-
mented in the randomForest package (v4.7-1.1) in R. The input
features were Z score-normalized expression levels of bone
destruction—related proteins within profile 3, and the outcome
variable was clinical disease status (active vs remission RA). Given
the exploratory aim of identifying important features rather than
building a predictive model, the random forest was trained on
the full cohort without a training-validation split. The model was
run with default parameters (ntree = 500 and mtry = \p, where p
is the number of input proteins). To ensure robustness, the model
was repeated five times, and the mean Gini-based importance
scores (IncNodePurity) across runs were calculated for each pro-
tein. The top 20 proteins were ranked and visualized for interpre-
tation. The Gini impurity at a node is defined as follows:

G=1->p?
i=1
where C is the number of classes and p; is the proportion
of samples belonging to class i. A greater reduction in Gini
impurity when splitting on a feature indicates higher importance.
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Followed-up information

All 160 patients in the discovery cohort were prospectively
observed for 1 year. Follow-up was primarily conducted through
outpatient visits every 3 to 6 months, which included clinical
assessments and laboratory testing. When patients were unable
to attend scheduled visits, follow-up data were supplemented by
review of electronic medical records to ensure complete docu-
mentation of disease status. Disease relapse during follow-up
was defined as DAS28-ESR scores > 3.2.

scRNA-seq data acquisition and analysis

scRNA-seq data of RA synovial tissues were obtained from
the National Genomics Data Center (https://ngdc.cncb.ac.cn;
accession number PRJCA013514), based on our previous study.
After QC, normalization, and feature gene selection, a total of
22,925 cells from patients with active RA (n = 3) and 32,236 cells
from patients with remission RA (n = 3) were used for downstream
analysis.

Dimensionality reduction (t-distributed stochastic neighbor
embedding and uniform manifold approximation and projec-
tion) and clustering analyses were conducted using the Seurat
R package, with further cell-type annotation based on marker
genes. Given the crucial role of FLSs in RA bone destruction,
differentially expressed genes between active and remission
pannus FLSs were analyzed, and violin plots were generated.
Potential targets related to bone destruction were further
screened by intersecting differentially expressed genes with
bone destruction-related proteins.

Multiplex immunohistochemistry

Tissue sections were deparaffinized with xylene, followed
by rehydration, antigen retrieval, and blocking of nonspecific
binding. Multiplex staining was performed according to the
manufacturer’s instructions (PerkinElmer, Opal Kit) using pri-
mary antibodies against CD90 (Abcam, #ab16449) and
TAOKS (Proteintech, #67451-1-lg). After washing, sections
were incubated with horseradish peroxidase (HRP)-
conjugated secondary antibodies at room temperature for
30 minutes. Nuclei were counterstained with DAPI, and sec-
tions were scanned and analyzed using the PerkinElmer Vec-
tra8 platform. The proportion of positive cells was quantified
using ImagedJ software.

Enzyme-linked immunosorbent assay

In the independent validation cohorts, plasma levels of
selected proteins were quantified using commercial enzyme-
linked immunosorbent assay (ELISA) kits (Mlbio). In validation
cohort 1, concentrations of C-reactive protein (CRP) and

TAOK3 were measured, whereas in validation cohort
2, TAOK1, TAOK2, and TAOKS3 were assessed to further
determine the specificity of TAOK3. To investigate the mecha-
nism of TAOK3 release in FLSs, primary pannus FLSs were
stimulated with lipopolysaccharide (LPS; 1 ug/mL; MedChem-
Express [MCE]) or tumor necrosis factor a (TNF-a; 10 ng/mL;
MCE) for 0, 24, 48, and 72 hours.?® At each time point, both
culture supernatants and cell lysates were collected. Cell
lysates were prepared by resuspending 2 x 10° cells in 1 mL
of phosphate-buffered saline (PBS) followed by sonication for
1 minute. Total protein concentrations were determined using
the BCA method to ensure equal loading, and TAOKS levels
were then quantified with ELISA according to the manufac-
turer’s instructions.

Isolation and culture of primary pannus FLSs

Primary pannus FLSs were isolated from synovial pan-
nus tissues of patients with RA undergoing knee synovec-
tomy at Shanghai Guanghua Hospital of Integrative
Medicine, as previously described by our group.' Tissues
were digested with 100 U/mL type Il collagenase at 37°C,
and CD457/CD31~ fibroblasts were sorted using the Miltenyi
system. Cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM; Gibco, #11965092) with 10% fetal bovine
serum (FBS; Gibco, #10091148) and 1% penicillin/
streptomycin (Gibco, #15140148) at 37°C in 5% CO,. When
the cells reached approximately 80% to 90% confluence,
they were passaged using trypsin (Gibco, #25300062). Pan-
nus FLSs between passages 3 and 6 were used for all
experiments.'©

Cell transfection

Pannus fibroblasts were seeded into six-well plates at a
density of 1 x 10° cells/well and cultured in DMEM containing
10% FBS for 24 hours. At approximately 50% confluence,
cells were transfected with Lipofectamine 2000 (Invitrogen,
#11668030) following the manufacturer’s protocol. Briefly,
small interfering RNA (siRNA; 50 nM) or plasmid DNA was
diluted in Opti-MEM (Gibco, #31985070), mixed with Lipofec-
tamine 2000, and incubated at room temperature for
20 minutes to form complexes, which were then added to
the cells. After 6 hours at 37°C, the medium was replaced with
complete DMEM containing 10% FBS. Cells were transfected
with  TAOK3 siRNA (Si-TAOK3) or negative-control siRNA
(Si-NC) (GenePharma). For overexpression, cells were trans-
fected with a TAOKS overexpression plasmid (CV702; Gene-
Chem) or empty vector. Cells were harvested 48 hours after
transfection for downstream experiments.
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Quantitative real-time polymerase chain
reaction assay

Total RNA was extracted from FLSs using Trizol reagent
(Invitrogen, USA) and reverse-transcribed into cDNA using the
PrimeScript RT kit (Takara, Japan). Quantitative real-time poly-
merase chain reaction (qQRT-PCR) was performed using a T100
PCR system (Bio-Rad) according to the manufacturer’s protocol
to measure TAOKS expression levels. GAPDH was used as an
internal control, and relative messenger RNA levels were calcu-
lated using the 2724°* method. Primer sequences are listed in
Supplementary Table S3.

Cell Counting Kit-8 assay

Cell proliferation after TAOK3 knockdown was assessed
using a Cell Counting Kit-8 (CCK8, Beyotime). FLSs transfected
with Si-TAOKS or Si-NC were seeded into 96-well plates at a den-
sity of 1 x 10° cells per well. At 0, 24, and 48 hours, 10 pL of
CCKS8 solution was added to each well and incubated at 37°C in
a 5% CO, incubator for 2 hours. Absorbance at 450 nm was
measured using a microplate reader to evaluate cell proliferation.

Flow cytometry

Cells were harvested, washed twice with PBS, and stained
with an Annexin V-FITC apoptosis detection kit (Beyotime) accord-
ing to the manufacturer’s protocol. Briefly, cells were incubated
with Annexin V-FITC and propidium iodide (Pl) at room temperature
for 15 minutes in the dark. Apoptotic cells were analyzed by flow
cytometry, and data were processed using CytExpert software.

Wound healing assay

Pannus fibroblasts were seeded into six-well plates and
allowed to grow beyond 80% confluence. A straight scratch was
made in the monolayer using a 200-uL pipette tip. Detached cells
and debris were removed by washing with culture medium.
Phase-contrast images were acquired at O hours and 24 hours
using an inverted microscope (Leica DMI3000) at identical magni-
fication. Wound closure was quantified using Imaged software by
consistently segmenting the wound area (cell-free region) at each
time point. The migration area rate (%) was calculated as ([wound
area at 0 hours — wound area at 24 hours] / wound area at
0 hours) x 100%.

Transwell migration and invasion assays

Transwell chambers with 8.0-um pores (Corning, #3422)
were used to assess pannus FLSs migration and invasion. For
migration assays, transfected FLSs were suspended in serum-
free DMEM and seeded into the upper chamber at a density of

1 x 10° cells per well, whereas the lower chamber was filled with
600 uL of DMEM supplemented with 20% FBS. After incubation
at 37°C for 48 hours, nonmigrated cells on the upper side of the
membrane were removed with a cotton swab, and migrated cells
on the lower side were fixed with 4% paraformaldehyde and
stained with crystal violet. For invasion assays, the upper cham-
ber was precoated with 100 L of Matrigel (ABW, #082701) and
incubated at 37°C for 2 hours before cell seeding. The remaining
steps were identical to those of the migration assay. Migrated
and invaded cells were imaged using an inverted microscope
(Leica DMI3000) and quantified with ImageJ software.

Western blot assay

Total proteins were extracted from pannus fibroblasts and
synovial tissues of collagen-induced arthritis (CIA) mice using
radioimmunoprecipitation assay lysis buffer (Beyotime,
#P0013B) supplemented with protease and phosphatase inhibi-
tors. Protein samples were separated by SDS-PAGE and trans-
ferred onto polyvinylidene fluoride membranes (Millipore,
#IPVHO0010). Membranes were blocked with 5% nonfat milk for
1 hour, followed by overnight incubation at 4°C with primary anti-
bodies. After washing, membranes were incubated with HRP-
conjugated secondary antibodies (Proteintech, #SA00001-1 and
#SA00001-2) at room temperature for 1 hour. Signals were devel-
oped using an enhanced chemiluminescence kit (Tanon,
#180-501) and imaged using a GelView 6000 Plus imaging sys-
tem. Band intensities were quantified using ImagedJ software. Pri-
mary antibodies included MMP1 (Abcam, #ab134184), MMP2
(CST, #40994S), MMP3 (Abcam, #ab52915), P38 MAPK
(Abclonal, #A4771), Phospho-p38 MAPK (Abclonal, #AP1311),
cathepsin K (CTSK; Proteintech, #11239-1-AP), receptor activa-
tor of nuclear factor kB ligand (RANKL; Proteintech,
#23408-1-AP), TAOK3 (Abcam, #ab150388), and B-Actin
(Proteintech, #66009-1-Ig).

Bone slice invasion assay

Bone slice invasion assays were performed as previously
described.'  Sterile bovine cortical bone slices (IDS, DT-
1BON1000-96) were placed in 96-well plates. Primary pannus
cells were seeded at a density of 1 x 10° cells per slice and cul-
tured in DMEM supplemented with 10% FBS for 72 hours to allow
adhesion and invasion. Experimental groups included (1) a blank
control group (bone slices without cells or interventions), (2) Si-
TAOKS or Si-NC, (8) TAOKS overexpression plasmid or empty
vector, and (4) TAOKS3 inhibitor SBI-581 (100 nM; MCE, HY-
139439).2” Rescue experiments with SBI-581 were performed
only in the TAOKB-overexpression group. After an additional
72 hours of culture, bone slices were collected, rinsed with chlo-
roform/isopropanol (24:1), treated with diluted sodium hypochlo-
rite to remove adherent cells, dehydrated through a graded
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ethanol series, and stained with 0.1% toluidine blue. Resorption
pits were Vvisualized using bright-field microscopy (Leica
DMIB000), and resorption areas were quantified in Imaged with
consistent thresholding.

CIA mouse model

Male DBA/1 mice (aged 8-10 weeks) were purchased from
Beijing Vital River Laboratory Animal Technology Co., Ltd, and
housed in the Animal Center of Shanghai University of Traditional
Chinese Medicine under standard conditions (22°C, 12-hour
light/dark cycle) with free access to food and water. After a
1-week acclimatization period, mice were randomly divided into
four groups (initial N = 8 per group): control group, CIA model
group, CIA + SBI-581 treatment group, and positive treatment
group. The CIA model was established as follows: for the primary
immunization, bovine type Il collagen (2 mg/mL, dissolved in
0.05 M acetic acid; Chondrex) was emulsified with an equal vol-
ume of complete Freund adjuvant (Chondrex) on ice. Successful
emulsification was confirmed when a drop remained intact on
the water surface, and the emulsion was then subcutaneously
injected at the base of the tail. Twenty-one days after the primary
immunization, a booster injection was administered using bovine
type Il collagen emulsified with an equal volume of incomplete
Freund adjuvant (Chondrex).?® Mice were assessed for arthritis
severity before treatment. On day 35, mice with a total
arthritis score > 1 (scored 0-4 per paw; maximum total = 16) were
considered arthritic and included in the analysis (final n = 6 per
group).’” Drug interventions then began as follows: the CIA +
SBI-581 group received intraperitoneal injections of SBI-581
(10 mg/kg/day),?”?° and the positive treatment group received
intraperitoneal injections of methotrexate (MTX, 2 mg/kg every
3 days),8 continuing for 28 days. From the second immunization
onwards, two independent, blinded observers assessed arthritis
severity until the end of the experiment (day 63)."" Treatment
and assessments were randomized, and cage positions were
rotated weekly to minimize environmental confounders.

Micro-computed tomography

Ankle joints were analyzed by micro-computed tomography
(micro-CT; PINGSENG SCIENTIFIC). Scanning parameters were
set at 90 kV tube voltage and 40 pA tube current, with a nominal
voxel size of 15 um. Image reconstruction and analysis were per-
formed using Avatar3 software, and radiographic joint destruction
scores were evaluated according to previously established
methods. 40

Histologic analysis

Ankle joints were fixed in 10% neutral-buffered formalin for
48 hours, decalcified in 10% EDTA solution (Pasitong, China),

embedded in paraffin, and sectioned at a thickness of 5 um. Sec-
tions were stained with hematoxylin and eosin (H&E) and safranin
O/fast green (SO/FG) according to the manufacturers’ standard
protocols. Histopathologic scoring was performed according to
the Standardised Microscopic Arthritis Scoring of Histological
sections guidelines.®"2 Briefly, synovitis was graded based on
synovial lining thickness and inflammatory infiltrates (0-3), carti-
lage damage was graded according to the extent of structural
loss and surface irregularities in the articular cartilage (0-3), and
bone erosion was graded based on the depth and extent of corti-
cal bone destruction (0-3). All evaluations were performed inde-
pendently by two blinded observers.

Statistical analysis

Statistical analyses and data visualization were conducted
using SPSS software (version 25.0) and R software (version
4.1.2). For variables requiring standardization, Z score normaliza-
tion was applied so that each continuous variable had a mean of
0O and an SD of 1. For normally distributed variables, comparisons
between two groups were performed using Student’s t-test, and
multiple-group comparisons were analyzed by one-way ANOVA
followed by the least significant difference post hoc test. When
the assumption of homogeneity of variances was violated, the
Brown-Forsythe test was applied. For nonnormally distributed
variables, the Mann-Whitney U test or the Kruskal-Wallis test fol-
lowed by the Dunn post hoc test was used. Categorical variables
were compared using the chi-square test or Fisher exact test, as
appropriate. Correlation analyses were conducted using Pearson
or Spearman correlation coefficients according to data distribu-
tion. Relapse-free survival between the high- and low-TAOKS3
expression groups was evaluated using Kaplan-Meier survival
analysis with the log-rank test. P values <0.05 were considered
statistically significant.

Data availability

The original contributions presented in the study are detailed
in the article and Supplementary Materials. For further inquiries,
please direct them to the corresponding authors.

RESULTS

Study design, characteristics of patients with RA,
and overview of proteomic analysis

In this study, we applied DIA-based plasma proteomics to
analyze samples from 80 patients with RA in sustained remission,
80 patients with active RA, and 40 HCs (discovery cohort). Addi-
tionally, two independent validation cohorts were included:
50 patients with RA from the outpatient department (validation
cohort 1) and 10 from the inpatient department (validation
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Figure 1. Overview of study design and proteomic analysis. (A) Schematic of the study design, including cohort construction (discovery and val-

idation cohorts), plasma proteomic profiling, identification, and validation of

bone destruction—related proteins; and subsequent functional valida-

tion in cellular and animal models. (B) Distribution of the number of proteins identified per plasma sample. (C) Dynamic range of protein abundance
based on mass spectrometry signal intensity across the HC, Rem-RA, and Act-RA cohorts, with high- and low-abundance proteins annotated.
(D) Spearman correlation between CRP levels measured by mass spectrometry and clinical assays in 200 paired samples. The shaded area rep-
resents the 95% confidence interval. Act-RA, active rheumatoid arthritis; CRP, C-reactive protein; HC, healthy control; LC-MS, liquid
chromatography—-mass spectrometry; mIHC, multiplex immunohistochemistry; RA, rheumatoid arthritis; Rem-RA, remission rheumatoid arthritis;
ROC, receiver operating characteristic; TAOK3, thousand-and-one—amino acid kinase 3.

cohort 2). The overall study design is illustrated in Figure 1A. In the
discovery cohort, participants ranged in age from 36 to 75 years,
with  women accounting for 80.5% (n 177). The mean
DAS28-ESR score in patients with active RA was 4.78, signifi-
cantly higher than the 1.94 observed in patients in sustained
remission (P < 0.001). Detailed demographic and clinical charac-
teristics of participants are summarized in Supplementary
Table S1. No significant differences were observed among
groups regarding age, sex, BMI, total cholesterol, triglycerides,
or aspartate aminotransferase levels.

A total of 4,998 plasma proteins were identified across all
samples. The average number of proteins identified per group

was 2,697 for HCs, 2,858 for patients with remission RA, and
2,618 for patients with active RA (Figure 1B). Protein quantifica-
tion was based on the intensity-based absolute quantification
algorithm and normalized using the fraction of total method as
previously described.®® The dynamic range of protein abundance
spanned approximately six orders of magnitude, demonstrating a
significantly deeper detection capability compared with previous
studies (Figure 10)."®'7** Protein abundance distributions
across samples showed high consistency within each group,
confirming the stability of the mass spectrometry platform
(Supplementary Figure S1A). Analysis of all QC plasma sam-
ples yielded an average Pearson correlation coefficient of
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0.97, further supporting the high stability and reproducibility of
the mass spectrometry platform (Supplementary Figure S1B).
Moreover, CRP levels measured by mass spectrometry
showed a strong correlation with clinical test results (R =
0.86, P < 0.05; Figure 1D), validating the reliability of the prote-
omic data. Subcellular localization prediction using CELLO
(http://cello.life.nctu.edu.tw)®® indicated that most identified
proteins were located in the nucleus and cytoplasm, with no
significant differences observed among the three groups
(Supplementary Figure S1C).

Collectively, through large-scale plasma proteomic profiling
using high-depth and high-coverage detection technology, we
established a solid foundation for characterizing RA-specific pro-
teomic features and discovering novel bone destruction-related
proteins.

Proteomic profiling reveals distinct features of
active versus remission RA

Proteomic analysis of the discovery cohort revealed signifi-
cant differences in quantitative protein expression among HCs,
patients with remission RA, and patients with active RA
(Figure 2A, P < 0.05). A total of 1,235 DEPs were identified across
the three groups (Figure 2B; Supplementary Table S4A). Compar-
ison between patients with active and remission RA identified
506 DEPs, comprising 306 up-regulated and 200 down-
regulated proteins. Several previously reported active-associated
markers were validated, including CRP, serum amyloid A (SAA),
MMP3, FGL1, PLA2G2A, ORM1, and ORM2.'6:17:26:36 Notably,
novel DEPs such as AKAP1 and TAOK3 were identified for the
first time in active RA (Figure 2C; Supplementary Table S4B).

GO and KEGG enrichment analyses revealed that DEPs
between remission and active RA were predominantly associated
with inflammation, immune response, angiogenesis, metabolic
processes, and cell proliferation (Figures 2D and E). Interestingly,
beyond the activation of classical RA pathways, active RA exhib-
ited significant up-regulation of key regulators in lipid metabolism,
particularly the phospholipase D (PLD) signaling cascade
(Figure 2F and G), suggesting a potential link between active and
lipid metabolic dysregulation.

Furthermore, pairwise GO and KEGG enrichment
analyses were conducted among all comparison groups
(Supplementary Figures S2A-F; Supplementary Table S4C
and D). Of note, the comparison between patients with remis-
sion RA and HCs revealed 86 DEPs, of which 30 were signifi-
cantly up-regulated. Enrichment analysis showed that
these up-regulated proteins were exclusively involved in the
interleukin-17 signaling pathway and fatty acid degradation.
This observation suggests that even during clinical remission,
patients with RA may exhibit mild immune activation and dis-
turbances in lipid metabolism.

Identification of bone destruction-related
proteins in active RA

To identify potential targets mediating bone destruction and
to monitor disease progression in active RA, trend clustering anal-
ysis was performed on DEPs between patients with remission RA
and active RA. All DEPs were categorized into eight distinct
expression patterns (Supplementary Figure S3). Of particular
interest, proteins in profile 3 were markedly up-regulated in
patients with active RA but showed no significant changes
in patients with remission RA or HCs (Figure 3A and B). KEGG
enrichment analysis indicated that profile 3 proteins were primarily
involved in key signaling pathways associated with RA-related
bone destruction,®”*® suggesting that these proteins may play
critical roles in the bone erosion process (Figure 3C). To further
identify key bone destruction—related proteins, we analyzed the
correlation between protein expression levels in profile 3 and
Sharp bone erosion scores in 160 patients with RA. A total of
114 proteins were found to be associated with bone destruction,
including SAA2, ATE1, SYNCRIP, and TAOK3 (P < 0.001;
Figure 3D; Supplementary Table S5).

To explore the relationship between bone destruction-related
proteins and active disease, and to evaluate their potential diagnostic
value, we employed a random forest model to assess feature impor-
tance and selected the top 20 key features. The analysis revealed
that SAA2, CRP, SAA1, and TAOKS exhibited markedly higher
importance scores compared with other features, indicating their crit-
ical roles within the predictive model, and the importance scores of
the remaining features were relatively evenly distributed (Figure 3E
and F). Of note, CRP and SAA are widely used clinical biomarkers
for diagnosing active RA.%9C Our study revealed that combining
TAOKS with CRP significantly enhanced predictive performance
(area under the curve [AUC] = 0.915), outperforming either marker
alone (Figures 3G and H). These findings suggest that TAOKS may
serve as a novel biomarker that, in combination with existing
markers, improves the accuracy of active prediction in RA. To vali-
date these results, we measured plasma levels of CRP and TAOK3
by ELISA in the independent validation cohort 1. Consistent with
the discovery cohort, both CRP and TAOK3 were significantly ele-
vated in patients with active RA, and their combination further
improved diagnostic performance (AUC = 0.894; Figures 3l and J).

TAOK3 as a potential protein associated with bone
destruction in active RA

Given the critical role of FLSs in RA-related bone
destruction,®'® we further sought to identify potential cellular tar-
gets linked to bone erosion in active RA. To this end, we inte-
grated our previously obtained scRNA-seq data of synovial
tissues from patients with active RA, for whom FLSs were classi-
fied into four subpopulations: CD55* lining fibroblasts (FB Ling),
CXCL12* sublining fibroblasts (FB Subling), MFAP5* sublining
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Figure 4. TAOKS as a key biomarker of bone destruction and poor prognosis in active RA. (A) Single-cell transcriptomic landscape of FLSs in syno-
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fibroblasts (FB MFAP5), and VEGFA® sublining fibroblasts
(FB VEGFA)'* (Figure 4A). Intersecting the 114 plasma proteins
associated with bone destruction and the differentially expressed
genes of FLSs revealed five commonly up-regulated targets in
both the plasma and FLSs of patients with active RA, including
TAOKS, MMP3, ARF3, CYFIP1, and BZW1 (Figure 4B). The pro-
tein DTD1, which exhibited opposite expression trends between
plasma and FLSs, was excluded (Supplementary Figure S4A
and B). Interestingly, the identification of classical bone destruc-
tion markers such as MMP3 supported the robustness of our
screening strategy. Among the identified candidates, TAOK3
exhibited the strongest association with bone erosion. Therefore,
we propose that TAOK3 may play a pivotal role in bone destruc-
tion associated with active RA and may represent a promising
therapeutic target.

To further validate this finding, we analyzed TAOKS3 expres-
sion levels in synovial tissues and plasma samples from
10 patients with RA in validation cohort 2. Detailed clinical infor-
mation of the patients is provided in Supplementary Table S2.
Multiplex immunohistochemistry analysis revealed a significant
increase in the proportion of CD90"TAOKS* FLSs in the synovial
tissues of patients with active RA, distributed in both the lining
and sublining areas (Figures 4C and D). Consistently, ELISA
results showed a significant elevation of plasma TAOK3 levels in
patients with active RA, whereas no significant changes were
observed in TAOK1 or TAOK2 expression (Figure 4E; Supple-
mentary Figure S4C and D), suggesting a specific role for TAOK3
in the progression of bone destruction in active RA.

Previous studies have reported that elevated TAOK3 expres-
sion is associated with tumor resistance and poor prognosis.*'
To investigate the relationship between TAOK3 and RA progno-
sis, patients with RA in the discovery cohort were stratified into
three groups based on the number of relapses over a 3-year
period: infrequent relapse (no more than one time), occasional
relapse (two times), and frequent relapse (at least three times).
Sharp scores and DAS28-ESR scores progressively increased
with the number of relapses (Figure 4F; Supplementary
Figure S4E), indicating a strong association between frequent
relapses and disease progression. Furthermore, TAOK3 expres-
sion levels were significantly higher in the frequent relapse group
compared with the infrequent and occasional relapse groups,
reinforcing the potential link between TAOK3 and RA bone
destruction progression. We observed 160 patients with RA in
the discovery cohort for 1 year, with 10 patients lost to follow-
up. Based on the median plasma TAOKS expression level,
patients were divided into high- and low-expression groups.
Kaplan-Meier survival analysis revealed that patients with low
TAOKS expression had significantly prolonged relapse-free sur-
vival (Figure 4G). Spearman correlation analysis further demon-
strated that TAOKS levels positively correlated with ESR and
CRP but not with other baseline clinical parameters (Figure 4H).
Cumulatively, these findings suggest that TAOKS is a potential

protein associated with bone destruction in active RA and may
serve as a prognostic indicator for RA progression.

TAOKS3 inhibition suppresses tumor-like
phenotypes of FLSs and ameliorates bone
destruction in CIA mice

As a key member of the MAPK cascade, TAOKS3 has recently
attracted attention as a potential therapeutic target in cancer.?” 42
To explore its functional role in RA, we evaluated the effects of
TAOKS3 knockdown (Si-TAOKS) on FLS proliferation, apoptosis,
migration, and invasion. CCK-8 assays showed that Si-TAOK3
significantly inhibited FLS proliferation compared with Si-NC
(Supplementary Figure S5A). Annexin V-FITC/PI staining indi-
cated that Si-TAOK3 markedly increased FLS apoptosis
(Supplementary Figure S5B). Furthermore, transwell assays dem-
onstrated that Si-TAOKS significantly reduced the migratory and
invasive capacities of FLSs (Figure 5A), which was further con-
firmed by wound healing assays (Figure 5B).

To explore the underlying mechanisms, Western blot analy-
sis showed that Si-TAOK3 markedly reduced the level of phos-
phorylated p38 MAPK (p-p38), as reflected by the decreased
ratio of p-p38 to total p38, whereas RANKL expression remained
unchanged (Supplementary Figure S5C). In addition, Si-TAOK3
decreased the expression of bone resorption-related proteins,
including MMP1, MMP2, MMP3, and CTSK (Figure 5C and D).
In pannus cell-mediated bone resorption assays, TAOKS knock-
down significantly reduced bone resorption, whereas TAOK3
overexpression enhanced bone-invasive activity. Importantly,
treatment with the TAOKS inhibitor SBI-581 attenuated bone ero-
sion induced by TAOKS3 overexpression (Figures 5E and F; Sup-
plementary Figure S5D). Collectively, these findings indicate that
TAOKS plays a critical role in regulating the tumor-like phenotype
of FLSs and in pannus cell-mediated bone destruction.

To further evaluate the therapeutic potential of TAOKS tar-
geting, we examined the effects of the TAOKS inhibitor SBI-581
in a murine CIA model. SBI-581 is a promising small molecule
inhibitor that has been recently reported to exert significant antitu-
mor effects.2”?° In vivo, CIA mice were treated with intraperito-
neal injections of PBS, SBI-581, or MTX (Figure 6A). After
28 days of treatment, SBI-581 significantly attenuated arthritis
progression compared with the untreated group (Figures 6B
and C). Micro-CT analysis revealed that SBI-581 treatment mark-
edly reduced bone erosion (Figure 6D). Histologic examination by
H&E staining and SO/FG staining further confirmed that SBI-581
effectively ameliorated pathologic damage in the ankle joints,
including synovial hyperplasia, bone erosion, and cartilage degra-
dation (Figure 6E and F). Moreover, Western blotting of synovial
tissues showed elevated TAOKS3 expression in CIA mice, which
was significantly decreased by MTX or SBI-581 treatment
(Supplementary Figure S6A). Taken together, both in vitro and
in vivo experiments demonstrate that TAOKS is critically involved
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Figure 5. TAOKS knockdown in vitro attenuates the tumor-like properties of FLSs and mitigates bone erosion induced by pannus cells.
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in the pathologic phenotypes and bone destruction associated
with RA and that targeting TAOK3 may represent a promising
new therapeutic strategy for RA-related bone erosion.

DISCUSSION

Despite significant advances in RA treatment— particularly
with the widespread use of DMARDs —bone destruction in active
RA remains a major clinical challenge.'**® FLSs are central to dis-
ease pathogenesis, driving chronic inflammation and contributing
to bone erosion."! However, blood-based biomarkers reflecting
FLS pathogenic activity are still lacking, limiting accurate assess-
ment and early intervention. In this study, we performed high-
depth plasma proteomic profiling in a clinical cohort and mapped
the proteomic landscape of active RA. By integrating Sharp
scores and previously published single-cell transcriptomic data
of synovial tissue, we identified and validated TAOKS for the first
time as a bone destruction-associated biomarker. Functional
experiments in vitro and in vivo confirmed TAOKS3's critical role in
RA-related bone erosion, highlighting its potential as a target for
precision monitoring and therapy.

The application of proteomic technology offers new perspec-
tives for understanding the molecular mechanisms underlying dif-
ferent stages of RA. In this study, comparative analysis of plasma
proteomic profiles between patients with active and remission RA
revealed substantial differences in protein expression. In addition
to classical inflammation- and immunity-related pathways, enrich-
ment analysis highlighted significant activation of lipid
metabolism-associated signaling in active RA, suggesting that
lipid dysregulation may play a key role in active disease and joint
damage. This notion is supported by previous findings, including
our earlier observation of increased arachidonic acid and linoleic
acid metabolism in synovial tissues during active RA.'*4* Simi-
larly, Ye et al*® reported enhanced activity of arachidonic acio—
regulated calcium-selective channels in CD4* T cells from
patients with RA, promoting T cell hypersensitivity and persistent
inflammation. Gan et al*® further demonstrated a positive correla-
tion between triglyceride levels and markers of inflammation such
as CRP and ESR in RA. In the present study, we also found that
the PLD signaling pathway was significantly up-regulated in active
RA. As a key lipid metabolism pathway, PLD regulates cell prolif-
eration and apoptosis by generating phosphatidic acid and acti-
vating MAPK signaling.*”*® These findings collectively suggest
that lipid metabolic dysfunction may serve as a potential driver of
active RA, although the precise mechanisms remain to be
elucidated.

In addition, we observed significantly elevated levels of sev-
eral inflammation-related proteins in the plasma of patients with
active RA, including CRP, SAA1, and SAA2. Among these, CRP
showed the most prominent differential expression; its elevated
levels were positively correlated with disease activity (DAS28
score) and are widely used in clinical practice to assess RA

activity.? However, genetic polymorphisms can introduce sub-
stantial interindividual variability in CRP levels, potentially limiting
its reliability for disease monitoring.*® Accordingly, some studies
have advocated for the combined use of multiple biomarkers to
improve assessment accuracy.® In our study, frequent relapse
in patients with RA was strongly associated with progressive
bone destruction. To identify biomarkers with the potential for
monitoring both disease activity and bone destruction, we applied
a random forest model and found that TAOKS ranked among the
top features in importance. Notably, combining TAOKS3 with CRP
significantly enhanced the accuracy of active prediction, highlight-
ing its promise as a dual-purpose biomarker for disease monitor-
ing and prognosis in RA.

TAOKS, a serine/threonine kinase belonging to the TAO
kinase family, modulates key signaling pathways such as MAPK,
JNK/SAPK, and Hippo.*2®" Aberrant TAOK3 expression has
been implicated in diverse diseases, particularly malignancies,
autoimmune disorders, and neurodegenerative conditions. Most
current studies have focused on its oncogenic roles; TAOKS is
reportedly overexpressed in several solid tumors, including breast
and esophageal cancers, where it facilitates cellular invasion and
metastatic spread.?”?®*! These observations align well with our
findings, wherein TAOKS knockdown markedly suppressed FLS
proliferation, migration, and invasion while enhancing apoptosis.
Moreover, single-nucleotide polymorphisms in TAOKS3 have been
associated with increased susceptibility to systemic lupus
erythematosus,®? highlighting its broader relevance in autoim-
mune pathology.

Although the role of TAOK3 in RA pathogenesis has not been
clearly defined, our study provides novel insights into its potential
functions. We found that TAOKS3 knockdown significantly
reduced the expression of MMP1, MMP2, MMP3, and CTSK,
accompanied by a marked attenuation of pannus cell-mediated
bone resorption. MMPs are well-established mediators of joint
destruction in RA, contributing to cartilage degradation,
cytokine-driven disruption of intra-articular homeostasis, and
enhanced cell migration and angiogenesis.>® Similarly, CTSK, a
critical osteolytic enzyme, promotes bone erosion by regulating
osteoclast differentiation and amplifying inflammatory signaling.®*
These downstream pathways may represent mechanisms
through which TAOKS influences FLS pathogenicity. In contrast,
TAOKS overexpression further augmented pannus cell-induced
bone resorption, underscoring its pathogenic role in RA-
associated bone destruction. Building on these findings, we fur-
ther investigated the therapeutic potential of TAOKS inhibition in
a CIA mouse model. Treatment with the TAOKS3-targeted inhibitor
SBI-581 significantly alleviated bone destruction. These findings
underscore the pivotal role of TAOKS3 in RA-associated bone
damage and highlight its potential as a therapeutic target in
bone-destructive RA.

To further investigate the mechanisms underlying elevated
plasma TAOK3, we assessed TAOKS expression in FLSs
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stimulated with inflammatory cytokines. LPS or TNF-a treatment
markedly increased intracellular TAOK3 protein levels, whereas
no significant changes were detected in culture supernatants
(Supplementary Figure S6B and C). Combined with our apoptosis
assays showing that TAOKS3 knockdown promotes FLS apopto-
sis, these findings suggest that increased plasma TAOKS may
be linked to inflammatory stimulation and FLS apoptosis. Never-
theless, the precise mechanisms remain to be elucidated in future
studies.

This study has several limitations. First, all participants were
recruited from a single center and were exclusively of Han Chi-
nese descent, which may constrain the extrapolation of findings
to broader populations. Second, although independent validation
cohorts were included, heterogeneity in treatment regimens
might have affected plasma protein profiles. Although medica-
tion usage was adjusted for in baseline analyses, further stud-
ies are needed to delineate its influence on biomarker
expression. Third, although our proteomic screening identified
several candidate proteins associated with RA-related bone
destruction, only TAOK3—the most prominent candidate—
underwent systematic functional validation. The roles of other
potential targets remain unexplored and warrant further inves-
tigation to establish a more comprehensive molecular frame-
work of RA-associated bone damage. Finally, the
downstream signaling cascades of TAOKS3 in RA pathogenesis
remain incompletely defined.

In conclusion, this study identified and validated TAOKS as a
potential plasma biomarker for bone destruction in patients with
active RA. We further demonstrated its critical role in promoting
the pathogenic phenotype and bone-invasive behavior of synovial
cells. With both prognostic and therapeutic relevance, TAOK3
represents a promising target for the precision diagnosis and
treatment of RA-associated bone damage.
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Tumor Necrosis Factor-Induced Neuropilin-2
in Fibroblast-Like Synoviocytes Exacerbates
Rheumatoid Arthritis
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Objective. We investigated tumor necrosis factor (TNF)-induced neuropilin-2 (NRP2) in rheumatoid arthritis
(RA) and focused on its role in inflammation and disease progression and its potential as a therapeutic target in
fibroblast-like synoviocytes (FLS).

Methods. Serum and synovial fluid (SF) samples were collected from healthy volunteers (serum, n = 30), patients
with osteoarthritis (OA) (SF, n = 20), and patients with RA (serum, n = 76; SF, n = 21) for NRP2 quantification. Synovial
tissues from patients with OA (n = 6) and RA (n = 6) were obtained to analyze NRP2 expression and its clinical rele-
vance. Systemic or conditional NRP2 knockout mice were generated, and disease severity was evaluated in serum-
transfer-induced arthritis (STIA) models. RA-FLS were transfected with NRP2-specific small interfering RNA to assess
the effects on proliferation, apoptosis, and pro-inflammatory cytokine secretion. Chromatin immunoprecipitation
sequencing (ChlP-seq) was performed to identify p65-binding sites in the NRP2 locus.

Results. NRP2 levels in RA serum (n = 76) were elevated and correlated with disease activity. TNF up-regulated
NRP2 expression in FLS via the transcription factor p65, and elevated NRP2 in turn, amplified local inflammation and
tissue damage by increasing FLS proliferation and promoting the release of cytokines, chemokines, and matrix metal-
loproteinases (MMPs). Both systemic and conditional knockout of NRP2 alleviated joint inflammation and damage in
STIA models. The inflammatory regulation mediated by NRP2 was derived primarily from a*THY1" subset within the
synovial sublining layer.

Conclusion. TNF-induced NRP2 drives inflammatory persistence in RA and serves as a promising diagnostic bio-

marker. Targeting the TNF-p65-NRP2 axis in FLS may offer a novel strategy for mitigating arthritis progression.

INTRODUCTION

The hallmark features of rheumatoid arthritis (RA) include
synovial hyperplasia with persistent inflammation, accompanied
by articular cartilage destruction and bone erosion.”? Sustained
inflammatory proliferation of synovial tissue, immune cell
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infiltration, and inflammatory pannus formation confer tumor-like
properties to the synovial microenvironment.“ Despite emerging
evidence revealing spatially distinct cell subpopulations with
autonomous biologic functions within the synovium, the mecha-
nisms by which these cellular subsets remodel the immunoinflam-
matory microenvironment via inflammatory signaling, thereby

Innovation Center for Biotherapy, Chengdu, China; ®West China Medical Pub-
lishers, West China Hospital of Sichuan University, Chengdu, China; 7Key Lab-
oratory of Viral Pathogenesis and Infection Prevention and Control, Ministry
of Education, School of Medicine, Jinan University, Guangzhou, China;
8Department of General Practice, General Practice Medical Center, West
China Hospital, Sichuan University, Chengdu, China.

Additional supplementary information cited in this article can be found
online in the Supporting Information section (https://acrjournals.
onlinelibrary.wiley.com/doi/10.1002/art.70028).

Author disclosures and graphical abstract are available at https://
onlinelibrary.wiley.com/doi/10.1002/art.70028.

Address correspondence via email to Ke Jin, PhD, at jinke@wchscu.edu.
cn; to Haitao Niu, PhD, at htniu@jnu.edu.cn; to Geng Yin, MD, at
yingeng1975@163.com; or to Qibing Xie, MD, at xieqibing1971@163.com.

Submitted for publication May 27, 2025; accepted in revised form
November 17, 2025.


https://orcid.org/0000-0001-5371-3440
https://orcid.org/0000-0003-1189-4102
https://doi.org/10.1002/art.70028
https://doi.org/10.1002/art.70028
https://onlinelibrary.wiley.com/doi/10.1002/art.70028
https://onlinelibrary.wiley.com/doi/10.1002/art.70028
mailto:jinke@wchscu.edu.cn
mailto:jinke@wchscu.edu.cn
mailto:htniu@jnu.edu.cn
mailto:yingeng1975@163.com
mailto:xieqibing1971@163.com

NEUROPILIN-2 EXACERBATES RHEUMATOID ARTHRITIS

1063

perpetuating the self-reinforcing cycle of inflammation—prolifera-
tion—inflammation, remain poorly characterized.

During the progression of RA, the release of pro-
inflammatory cytokines initiates the remodeling of the synovial
inflamlmatory microenvironment, in which necrosis factor-a (tumor
necrosis factor [TNF]) plays a central role.>® Within synovial tis-
sues, fibroblast-like synoviocytes (FLS) serve as primary effector
cells for TNF. TNF amplifies pro-inflammatory cascades through
FLS, promotes FLS proliferation by inhibiting ferroptosis, and
induces the sustained activation of arthritogenic genes in these
cells.”® Consequently, early intervention with TNF-blocking bio-
logic agents significantly improves patient prognosis and prevents
RA-related disability.>'® However, a substantial proportion of
patients exhibit a primary nonresponse to anti-TNF therapy and
fail to achieve clinical remission.''? Notably, systemic TNF
blockade in RA increases the risk of venous thromboembolism
and serious infections, particularly during the initial six-month
treatment period.'®'* These limitations highlight the need to iden-
tify key TNF-inducible effector proteins within FLS that amplify
inflammatory cascades. Targeted inhibition of such mediators
may mitigate the adverse events associated with global TNF
blockade while providing novel therapeutic strategies for FLS-
directed precision therapy.

Neuropilin-2 (NRP2) is a single-pass transmembrane non-
tyrosine kinase receptor that regulates the development and
physiologic functions of blood vessels, lymphatic vessels,
and the nervous system.’®'® As a tumor biomarker and
driver of metastasis, NRP2 plays a critical role in tumor
progression.' 9722 Recent studies highlight its immunomodula-
tory functions: Efzofitimod, an NRP2-targeting immunomodu-
lator, has demonstrated efficacy against pulmonary
sarcoidosis and is currently in phase Il clinical trials.?*2° A
striking finding was the sustained high expression of NRP2 in
FLS. Although it is only transiently induced in macrophages,
its expression in FLS not only escaped repression but also
reached levels dozens of times higher than the peak observed
in macrophages.® Our previous research identified NRP2 as a
TNF-induced immunoregulatory protein in myeloid cells, which
has an expression that is sensitive to TNF stimulation and sup-
pressed by inhibiting the TNF-activated NF-«kB signaling path-
Way.26 However, the clinical relevance of TNF-induced NRP2
expression in RA progression and its specific role in RA patho-
genesis remain unknown. Clarifying these questions will elucidate
the mechanisms of NRP2-mediated immune microenvironment
regulation in synovial tissues and provide novel insights into FLS-
targeted therapeutic strategies for RA.

Here, we show that NRP2 expression is positively correlated
with RA disease activity and is predominantly localized to the pro-
inflammatory FAPa*THY1" FLS subset in the synovial sublining
layer. In FLS, TNF promotes NRP2 transcription and translation
via the transcription factor p65, which in turn enhances the
release of inflammatory cytokines, chemokines, and matrix

metalloproteinases (MMPs). Genetic ablation of NRP2 alleviated
synovial inflammation and joint damage in a murine arthritis
model. Collectively, our findings reveal that TNF-induced NRP2
amplification of inflammatory cascades in synovial tissue drives a
self-sustaining inflammatory—proliferative feedback loop. These
results identify NRP2 as a potential fioroblast-specific therapeutic
target for RA synovitis.

METHODS
Human samples

All human clinical samples used in this study were approved
by the Ethics Committee on Biomedical Research, West China
Hospital of Sichuan University (Ethical Approval Number:
2020-1151), and participants involved in the study voluntarily
signed informed consent forms. In this study, patients with RA
met the American College of Rheumatology (ACR) 1986 or
EULAR 2010 classification criteria,®'* and patients with osteoar-
thritis (OA) met the ACR classification criteria. Clinical history,
signs, and serologic test results were used to ensure that the
samples used in this study were RA or OA, rather than other dis-
eases that could also cause arthritis or arthralgia. The basic infor-
mation of the study participants is summarized in Supplementary
Table 1.

Mice

Rosa26-SA-CreERT2 mice and Nrp2"" transgenic mice
based on C57BL/6J background were purchased from Gem-
pharmatech Co., Ltd (Nanjing, China). DBA/J1 mice purchased
from Beijing HFK Bioscience were used for collagen-induced
arthritis (CIA) modeling. All the mice were housed in the Animal
Experimentation Center of West China Hospital of Sichuan Uni-
versity under specific pathogen-free conditions, following institu-
tional guidelines. All animal experiments were approved by the
Animal Ethics Committee, West China Hospital of Sichuan
University (Ethical Approval Number: 20240621015). To generate
systemic knockout mice, Nrp2™ mice were crossed with
Rosa26-SA-CreERT2 mice.

CIA and serum-transfer-induced arthritis (STIA)
murine models

The CIA murine model was constructed via the immune
response of 8- to 10-week-old male DBA/J1 mice to chick type
Il collagen. To prepare the chick type Il collagen immunogen,
chick type Il collagen (Chondrex, 20011) (2 mg/mL) was mixed
with complete Freund’s adjuvant (Chondrex, 7023) (56 mg/mL) in
equal volume, and chick type Il collagen was slowly dripped into
the stirred complete Freund’s adjuvant on ice and emulsified for
60 to 90 minutes, until the emulsion added to the water did not
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disperse. The mice were immunized twice with this immunogen.
For the first immunization (day 0), mice were anesthetized with
pentobarbital sodium, and 100 pL of the emulsion was slowly
injected at 1.5 to 2 cm from the root of each mice’s tails. The sec-
ond immunization was performed on day 21, with care taken to
replace the adjuvant with incomplete Freund’s adjuvant, and
other procedures were performed identically. On days 35 through
49, the model was successfully constructed if the knee joints,
ankle joints, paws, and toe joints of the mice were inflamed.

To induce the STIA murine model!, Nro2™ (control) and Nrp2™™
Rosa26-SA-CreERT2 (NRP2 knockout, KO) mice were used. In
addition, knee, and ankle joint-specific NRP2 conditional knockout
(cKO) mice generated via adeno-associated virus (AAV) infection
were subjected to a local NRP2-deficient STIA model. The virus
was purchased from Nanjing Gausia Biotechnology Co., Ltd. To
obtain cKO mice, 20 seven-week-old N2 mice were divided into
two groups. The AAVO-GFP group had bilateral intra-articular injec-
tions of AAVO-GFP (titer: 4.24 x 1,013 vg/mL) that were adminis-
tered into both knee and ankle joints. The AAV9-Cre group had
bilateral intra-articular injections of AAV9-Cre (titer: 2.63 x 1,013 vg/
mL) that were delivered into the knee and ankle joints. The injection
volumes, 6 ul per knee joint (via a medial patellar ligament approach)
and 2 uL per ankle joint (via a dorsal tibiotalar joint approach), were
determined and optimized during preliminary studies. Three weeks
after the injection, the mice were used for modeling. Nrp2"" and
N2 Rosa26-SA-CreERT2 mice were injected intraperitoneally
with 150 pL of K/BxN serum (day 0), and the ankle joints of the mice
were noticeably inflamed on day 9. In addition, AAV-GFP and AAV-
Cre mice were injected intraperitoneally with 150 pL of K/BxN serum,
and arthritis was evident on day 9.

Multiple immunohistochemical staining
(tyramide signal amplification)

The tissue slides were baked, deparaffinized, and hydrated,
after which the slides were immersed in 10% neutral formalin for
20 minutes. After antigen repair and cooling, the slides were blocked
at room temperature for 10 minutes with sealing solution. The sam-
ples were incubated with the corresponding primary and secondary
antibodies listed in Supplementary Table 2 at room temperature;
then, the samples were stained at room temperature for 10 minutes.
After that, the cells were subjected to nuclear staining with DAPI.
Finally, the slides were washed with saline-sodium citrate buffer
and sealed with an anti-quench sealer. A multispectral automated
quantitative tissue system (Perkin Elmer) was used to scan the
slides, and the data were analyzed with Quapth software.

Flow cytometry

P3 generation of FLS were stained with a phycoerythrin-
conjugated anti-human-FAPa antibody (R&D Systems) to assess
the purity of FLS. In this study, P3-P8 generation of FLS were

used to construct an in vitro model. In addition, heterogeneous
subpopulations and infiltrating immune cell numbers and frequen-
cies in mouse synovial tissue were also detected with the antibod-
ies listed in Supplementary Table 2 via flow cytometry. The data
were analyzed by Flow Jo software.

Statistical analysis

All experiments were performed with at least three biologic
replicates, and the data used in this study were statistically ana-
lyzed and graphed via Graph Prism 9.0.0 software. If the data
were normally distributed, two-tailed Student’s t-test or one-way
analysis of variance was used. The detailed sample size and sta-
tistical methods used for each analysis are specified in the figure
legends, and P < .05 was considered statistically significant.
More details of the materials and methods are available in the
Supplementary Materials.

RNA sequencing and chromatin immunoprecipitation
followed sequencing (ChIP-seq) raw data are deposited in Science
Data Bank (ScienceDB, https://www.scidb.cn/en) under the DOls
10.57760/sciencedb.24014 and 10.57760/sciencedb.24038. All
data are available in the paper and/or the Supplementary Materials.
Additional data related to this paper may be obtained from the corre-
sponding author upon reasonable request.

RESULTS

NRP2 functions as a TNF-induced inflammation-
sensing protein and an inflammation-sustaining
protein in synovial tissues

Unlike synovial tissue from patients with OA, synovial tissue
from patients with RA exhibited abnormal hyperplasia and a
greater than 5-fold upregulation of NRP2 expression (Figure 1A
and B). Compared with healthy controls, patients with RA showed
a two-fold increase in mean serum NRP2 protein level (Figure 1C).
Furthermore, higher disease activity (Disease Activity Score in
28 joints [DAS28] > 5.1) in patients with RA correlated with
increased serum NRP2, whereas patients in clinical remission
(DAS28 < 2.6) presented NRP2 levels comparable with those of
healthy controls (Figure 1D). Additionally, the mean NRP2 protein
level in synovial fluid (SF) of RA patients was approximately three-
fold higher than that in the patients with OA (Figure 1E). These
findings demonstrate a strong clinical correlation between NRP2
expression in serum or synovial tissue and RA. To validate this
correlation, we examined NRP2 expression in the synovial tissue
and front paws of STIA mice. NRP2 expression was significantly
greater in both synovial tissue and front paws than in controls
(Figure 1F and G). Similarly, CIA mice exhibited elevated NRP2
expression in hind paws relative to controls (Figure 1H).

Based on the observed upregulation of NRP2 in RA syno-
vium, we isolated and purified FAPa* FLS from RA synovial tissue
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Figure 1. NRP2 acts as a TNF-induced inflammation-sensing and inflammation-sustaining protein in synovial tissues: (A) NRP2 expression (left/
middle) and histology of synovial tissues (right) from patients with OA/RA were analyzed by IHC and H&E staining. (B) Western blot analysis of
NRP2 expression in synovial tissues. (C-E) NRP2 concentrations in serum from healthy controls and patients with RA (C-D) and in SF from
patients with OA/RA (E) by ELISA. (F) Upper: representative histology images of ankle joints of control and STIA mice; lower: NRP2 expression
in ankle joints of control and STIA mice. (G-H) Western blot analysis of NRP2 expression in front paws and hind ankle joints from control and STIA
mice (G), and in hind paws from control and CIA mice (H). (I) Cytokines in supernatant of RA-FLS were analyzed by Luminex assay. (J) Relative
expression of NRP2, IL-18, IL-6, IL-8, MMP1, MMP3, MMP9, and MMP13 in RA-FLS was detected by gRT-PCR. RA-FLS were transfected with
control siRNA or siNRP2 for 24 hours, followed by treatment with or without TNF for 20 hours (I-J). Data are presented as mean + SD. Statistical
significance was determined by one-way ANOVA (D) or two-tailed Student’s ¢ test (C), (B), (I), and (J), (*P < 0.05, **P < 0.01, **P < 0.001).
ANOVA, analysis of variance; CIA, collagen-induced arthritis; ELISA, enzyme-linked immunosorbent assay; FLS, fibroblast-like synoviocyte;
H&E, hematoxylin and eosin; IHC, immunohistochemistry; IL, interleukin; MCP, monocyte chemoattractant protein; MMP, matrix metalloprotei-
nase; MRNA, messenger RNA; NRP2, neuropilin-2; OA, osteoarthritis; gRT-PCR, quantitative reverse-transcription polymerase chain reaction;
RA, rheumatoid arthritis; SD, standard deviation; SF, synovial fluid; siRNA, small interfering RNA; STIA, serum-transfer-induced arthritis; TNF,
tumor necrosis factor.
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(Supplementary Figure 1A and B) to investigate NRP2 expression
and its role in inflammatory responses. RA-derived FLS presented
higher basal NRP2 expression than OA-derived FLS did
(Supplementary Figure 1C). The pro-inflammatory cytokines TNF
and interleukin (IL)-1B significantly induced both NRP2 messen-
ger RNA (mRNA) and protein expression in RA-FLS, with TNF
exerting a stronger inductive effect (Supplementary Figure 1D
and E). Notably, TNF rapidly up-regulated NRP2 protein expres-
sion in FLS in a time-dependent manner, and this increase per-
sisted for over 72 hours without significant attenuation
(Supplementary Figure 1F-H), indicating that TNF could sustain
long-term NRP2 overexpression in FLS.

Knockdown of NRP2 in RA-FLS attenuated the
TNF-induced increase in the NRP2 protein level (Supplementary
Figure 2A and B). Compared with controls, NRP2 knockdown
suppressed the release of pro-inflammatory factors (IL-1, IL-6,
and IL-8) and the chemokine monocyte chemoattractant
protein-1 (MCP-1) in response to TNF or IL-1B-stimulation and
promoted the secretion of anti-inflammatory cytokines IL-10
and IL-13 (Figure 11 and Supplementary Figure 2C). Similarly,
regardless of TNF or IL-18 stimulation, NRP2 knockdown
reduced mRNA levels of pro-inflammatory cytokines (IL-7, IL-6,
and /L-8) and metalloproteinases (MMP1, MMP3, and MMP9)
(Figure 1J and Supplementary Figure 2D). These results demon-
strate that NRP2 in synovial tissue acts both as a TNF-induced
inflammation-sensing protein and a key mediator that sustains
inflanlnmatory responses.

Systemic and conditional knockout of NRP2
attenuates synovial inflammation and damage in
STIA mice

On day nine post-STIA induction, littermate Nrp2™
mice exhibited pronounced swelling in the ankles, hind paws,
and toe joints, whereas Nrp2""Rosa26-SA-CreERT2 mice dis-
played only mild swelling or complete resolution (Figure 2A). Fur-
thermore,  Np2""Rosa26-SA-CreERT2  mice  showed
approximately 50% reductions in ankle/hind paw thickness and
clinical arthritis scores compared with Nrp2"™ mice (Figure 2B-D).

Histopathological evaluation of ankle and knee joints
revealed elevated osteoclast activity, varying degrees of cartilage
erosion, and structural degradation in Nrp2"" mice, in contrast
with the preserved joint integrity in Nrp2""Rosa26-SA-CreERT2
mice (Figure 2E-F and Supplementary Figure 3A-B). Quantifica-
tion of the severity of synovitis, pannus formation, and inflamma-
tory cell infiltration via hematoxylin and eosin staining confirmed
that scores of the Nrp2V"Rosa26-SA-CreERT2 mice were
approximately half of those in controls (Figure 2G and Supple-
mentary Figure 3C). Micro-computed tomography (CT) imaging
highlighted bone erosion, articular surface roughness, and joint
deformity in Nro2"" mice, whereas Nrp2""Rosa26-SA-CreERT2
mice maintained smooth articular surfaces and minimal

subchondral bone destruction (Figure 2H). Trabecular bone loss
was exacerbated in Nrp2™ mice compared with Nrp2""Ro-
sa26-SA-CreERT2 mice (Supplementary Figure 3D). Nrp2"'Ro-
sa26-SA-CreERT2 mice exhibited superior bone metrics,
including increased bone mineral density (BMD), bone volume
(BV), BV/total volume (TV), trabecular thickness (Tb.Th), and tra-
becular number (Th.N), alongside reduced trabecular separation
(Tb.Sp) in femurs and tibiae (Figure 21 and Supplementary
Figure 3D). STIA-challenged Nrp2fl/flRosa26-SA-CreERT2 mice
showed significant downregulation of the levels of pro-
inflamsnmatory cytokines (TNF, IL-1B, and IL-6) in serum and of
synovial MRNA (Tnf, iI-1B, and 11-6) levels vs Nrp2"" counterparts
(Figure 2J and Supplementary Figure 3F). Flow cytometry further
revealed reduced infiltration of myeloid cells in the synovial tissues
of Nrp2""Rosa26-SA-CreERT2 mice (Figure 2K and Supplemen-
tary Figure 3G and H). Collectively, these data indicate that sys-
temic Nrp2 knockout alleviates synovitis and joint damage in the
STIA model.

To further delineate the tissue-specific effects of NRP2 on
knee/ankle joint inflammation and tissue injury in the STIA model,
we constructed an STIA mouse model with conditional NRP2
knockout localized to the knee/ankle joints. On day nine post-
modeling, compared with Nrp2V"+AAVO-GFP controls, the
N2V AAVO-Cre group exhibited reduced swelling in the ankle
joints, hind paws, and digit joints, with only mild edema
(Supplementary Figure 4A). The Nrp2""+AAV9-Cre group exhib-
ited an approximately 30% reduction in ankle/hind paw thickness
and clinical arthritis scores vs the Nrp2V"+AAVO-GFP group
(Supplementary Figure 4B-D). Histopathological analysis revealed
that Nmp2""+AAVO-GFP mice displayed pronounced joint
destruction in ankle/knee joints, characterized by bone erosion
at articular cartlage and increased periarticular osteoclasts,
whereas Nrp2""+AAV9-Cre mice showed preserved joint integ-
rity (Supplementary Figure 4E-F and 5A-B). Quantitative assess-
ments of synovitis severity, pannus formation, and inflammatory
cell infiltration confirmed significantly lower pathologic scores in
N2V AAVO-Cre mice than in Np2""+AAVO-GFP  mice
(Supplementary Figure 4G and 5C). Nrp2""+AAVO-GFP joints
exhibited rough, irregular articular surfaces with overt bone ero-
sion, whereas Nrp2"1+AAV9-Cre joints maintained near-normal
bone architecture (Supplementary Figure 4H). Micro-CT analysis
revealed increased trabecular number (Supplementary Figure 5D)
and elevated BMD, BV, and BV/TV in Nrp2"1+AAV9-Cre femurs/
tibiae vs Nmp2Vi+AAVO-GFP femurs/tibiae  (Supplementary
Figure 41 and 5E). Furthermore, Nrp2""+AAV9-Cre mice showed
greater Th.Th and Tb.N with reduced Th.Sp (Supplementary
Figure 4l and 5E).

Compared with Nrp2""+AAV9-GFP control, local NRP2
knockout significantly decreased the mRNA levels of pro-
inflamsmatory cytokines (II-18, lI-6, and Tnf) in synovial tissue and
reduced serum protein levels of these cytokines (Supplementary
Figure 4J and 5F). Flow cytometry revealed a decreased



NEUROPILIN-2 EXACERBATES RHEUMATOID ARTHRITIS 1067

>

Nrp2™ Nrp2™Rosa26-SA-CreERT2 -e- Nrp2"“"+ Nrp2"”’Rosa26-SA-CreERT2

§ gs Anklejointpij = Cs, Hind paw /‘ 22&
F: > | !
P, . prad £ petidy pe
3 s = 3
{8 g i N == £ 10] )/L/ﬂ
I £ c 21 £ A
® © 5 £ 5. i ¥
3 E 1 E 14 < /;/i' !
ﬂl T T T T T T 1 1 I 1 e T T T T T T T T T 1 D_ .
012345678910 ) 12345678 910 ) 12345678910
Ankle ioint Time (d) Time (d) Time (d)
nkie join ioi Ankle joint
= Nrp2"Rosa26-SA-CreERT2 F Anklie joint o SBRINEas
TRAP / Es0l 5
¥ & // 2
- 4 g_ ’/ g'ls—
s - s
§ . { 310-
(=] < —— —
% .ﬁ 1 :.'? //,/ = 5-
i S 0-
© Rt §ﬁ //
Eh - 5‘:3 ’ we
0 2 500 pm el 100 pm
= — ‘u? ‘ee
G ® Nrp2" e Nrp2""Rosa26-SA-CreERT2 ¢

2® 54
g 2
=¥ £ 3
- o
22_ Ez
o s &
£ z
s 1- c 14
s ;
L o

J e Nrpz“'“ o Nrp2"Rosa26-SA-CreERT2
25 600

e

1.5 3
b § =
£ 1.0 €
1 s
[=] 2|
Sos =
m

0.0-

8 |Nrp2"" [&] Nrp2""Rosa26-SA-CreERT2

Neutrophils Monocytes Macrophages = Eosinophils - DCs CD4* T cells CD8* T cells
= 80 * F 100 ] 10 ¥ < 3 z ta?:n:l
o s n = » = £
- = 80 8 b L) @

,__3 60 -0 :-.E 5‘.8 =8 ?ﬁ 5=30

o 4 Q. o = o s ° g8

cQ 2 60 £8 6 ) 50 34 8 &

g€ 40 ge ER g2 E gd 2820
) 2 40 Tw o4 22 g = 20 20O

g:ﬂ gb 2o w @ 2 O ] frag

LT g (ol w = = w = o o 10
- = 2 5 2 = 5 3] o
o ) o 3 ) s 5,
S 0 5 0 s 0 e s

Figure 2. Systemic NRP2 knockout alleviates synovitis and joint damage in STIA mice: (A) Representative images of ankle joints from NRP2-deleted
(left) and control (right) STIA mice. (B-C) The thickness of ankle joints (B) and hind paws (C) in NRP2-deleted and control STIA mice was measured at
indicated time. (D) Arthritis score of NRP2-deleted and control STIA mice. (E) Histologic analysis: H&E staining (top), safranin O-fast green staining (bot-
tom). (F) Representative images of TRAP staining. Magnified views are shown on the right (E-F). (G) Pathologic scoring of synovial hyperplasia of ankle
joints, pannus formation, and inflalmatory infiltration in ankle joints (NRP2-deleted vs control STIA mice). (H) Micro-CT images of ankle and knee joints;
arrows indicate damaged areas. (I) Quantitative femoral parameters. (J) Serum levels of TNF, IL-1b, and IL-6 in NRP2-deleted and control STIA mice was
measured by ELISA. (K) Flow cytometry analysis of frequency of immune cell subsets in synovial tissue of NRP2-deleted and control STIA mice. Data are
presented as mean + SD. (n = 6 mice per group); *P < 0.05, P < 0.01. Statistical analysis was performed by using two-tailed Student’s t-test (B-D, F—
G, and I-K). CT, computed tomography; ELISA, enzyme-linked immunosorbent assay; H&E, hematoxylin and eosin; IL, interleukin; micro-CT, micro—
computed tomography; NRP2, neuropilin-2; STIA, serum-transfer-induced arthritis; TNF, tumor necrosis factor; TRAP, tartrate-resistant acid phospha-
tase. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.70028/abstract.

frequency and absolute counts of infiltrating neutrophils, mono- both systemic and joint-specific NRP2 ablation robustly mitigated
cytes, and macrophages in Nrp2""+AAVO-Cre synovium synovitis and osteoarticular damage in STIA mice. These findings
(Supplementary Figure 4K and 5G). Overall, we confirmed that substantiate the conclusion that NRP2 functions as an
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inflammation-sustaining protein induced during inflammatory
processes.

NRP2 in FLS promotes TNF-induced inflammation
via the chemokines CCL2 and CCL5

Given that NRP2 is a TNF-induced inflammation-sensing
protein and that FLS represents the primary effector cells in syno-
vial tissue responsive to TNF, we further investigated how NRP2
modulates TNF-driven inflasmmatory responses in FLS. Com-
pared with controls, NRP2-knockdown in FLS (siNRP2 FLS)
exhibited substantial downregulation of inflammation-related
genes (eg, CCL5, RIPK3, FOS, NR4A1, TEK, CXCL2/3/6, and
MMP1) within two hours of TNF stimulation (Figure 3A). Most of
these down-regulated genes were enriched in TNF- and
RA-associated signaling pathways (Figure 3B). Similarly, after
20 hours of TNF stimulation, siNRP2 FLS markedly suppressed
the expression of infllmmatory genes (eg, CCL5, FOSB,
CXCL9/10/11, and TEK) (Figure 3C), which were also predomi-
nantly enriched in TNF/RA-related pathways (Figure 3D). We
selected several genes (CCL2, CCL5, FOS, LIF, TEK, and the
necrosis-related gene RIPK3) that were consistently down-
regulated in siNRP2 groups under both 2-hour and 20-hour
TNF stimulation for quantitative reverse-transcription polymer-
ase chain reaction (QRT-PCR) validation. This analysis confirmed
their reduced expression across all the TNF exposure conditions
compared with that of the controls. The most pronounced
downregulation was observed for CCL2 and CCL5 (Figure 3E
and F and Supplementary Figure 6A and B). Further analysis
confirmed that NRP2 knockdown significantly inhibited CCL2
and CCL5 secretion after 20 hours of TNF stimulation
(Figure 3G and H). Conversely, NRP2-overexpressing FLS
exhibited increased CCL2 and CCL5 secretion following TNF
stimulation (Supplementary Figure 6C-F).

The focus on CCL2 and CCLS5 is highly relevant to RA patho-
genesis. CCL5 is abundant in the serum and synovium of patients
with RA, whereas CCL2 is a master regulator of immune cell recruit-
ment, inflammation, angiogenesis, and osteoclastogenesis.?’2°
Consistent with these findings, we found that the SF levels of CCL2
and CCL5 were approximately six-fold and one-fold greater,
respectively, in patients with RA than in controls with OA
(Figure 3l and J), underscoring their clinical relevance and reveal-
ing that the TNF-NRP2-CCL2/CCL5 axis is a potential contribu-
tor to RA inflammation.

THY1™ cells serve as the primary inflammatory regulators in
the sublining layer of RA synovial tissue.2*° Compared with syno-
vial tissue from patients with OA, RA synovium contained a
greater number of THY1* cells. Furthermore, among RA synovial
tissues, those with high NRP2 expression demonstrated more
extensive infiltration of CD68* macrophages and CD4*/CD8" T
cells than those with low NRP2 expression did (Figure 3K), indi-
cating a positive correlation between NRP2 expression levels

and the degree of synovial inflammation in RA. Collectively, these
results demonstrate that NRP2 in FLS promotes TNF-induced
synovitis through the chemokines CCL2 and CCL5.

The TNF-induced inflammation-sensing protein
NRP2 is predominantly enriched in the
FAPa'THY1" cell subset localized within

the sublining layer of synovial tissues

Podoplanin (PDPN) and thymus cell antigen 1 (THY1, also
known as CD90) are established biomarkers of RA-FLS, whereas
FAPa has also been implicated in the pathologic progression of RA
synovial tissues.>%%! To further characterize these markers, we
examined their expression in synovial tissues from patients with OA
and RA. Compared with OA synovial tissues, RA synovial tissues
exhibited higher FAPa expression in the lining layer, and PDPN was
expressed in both the lining and sublining layers. Notably, THY1
expression was elevated in the sublining layer of RA synovial tissues,
and its expression regions significantly overlapped with those of
NRP2 (Figure 4A). We then sorted FAPa*PDPN* FLS from RA syno-
vial tissues and analyzed the proportions of THY1"NRP2" and
THY1"NRP2™ cell subsets. The results indicated that cells with high
THY1 positivity also displayed increased NRP2 positivity
(Figure 4B). In both CIA and STIA murine models, NRP2 expression
was predominantly localized to THY1* sublining cells rather than to
THY1™ lining cells, as assessed by the cell proportions and absolute
cell counts (Figure 4C-F). These findings further support the pre-
dominant enrichment of NRP2 in THY1* sublining cells. We also per-
formed long-term culture of FAPa*THY1~ and FAPa*THY1" RA-
FLS isolated by fluorescence-activated cell sorting. After extended
culture, baseline NRP2 expression levels were comparable between
the two FLS subsets, likely because of diminished inflammatory sig-
naling under culture conditions. However, after TNF stimulation, the
FAPa"THY1" subset exhibited significantly higher NRP2 expression
than did the FAPa*THY1~ subset. These results indicate that
NRP2 is predominantly expressed in the sublining layer of RA syno-
vial tissues, specifically within the FAPa"THY1* subset, and its
expression in this subset is more sensitive to TNF stimulation.

TNF-induced NRP2 promotes the proliferation of
FLS and enhances their resistance to apoptosis

Synovial thickening in patients with RA, driven by FLS hyper-
plasia, underlies bone erosion, joint destruction, and disability. "2
We therefore investigated whether TNF-induced NRP2 promotes
FLS proliferation. Knockdown of NRP2 in FLS significantly
attenuated their proliferative capacity compared with controls
(Figure 5A). TNF stimulation enhanced FLS proliferation, yet
NRP2-deficient FLS still exhibited markedly reduced proliferation
relative to controls (Figure 5A and Supplementary Figure 7A
and B).
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Figure 3. NRP2 in FLS promotes TNF-induced inflammation through CCL2 and CCL5: (A) Heatmap of inflammation-associated genes expression in
FLS after 2 hours TNF treatment. (B) KEGG enrichment of down-regulated pathways (siNRP2 vs siCon.) in FLS treated with TNF for two hours.
(C) Heatmap of differentially expressed inflammation-associated genes in FLS after 20 hours TNF treatment. (D) KEGG enrichment analysis of down-
regulated pathways (SINRP2 vs siCon.) in FLS treated with TNF for 20 hours. (E-F) gRT-PCR of CCL2 E, and CCL5. (F) mRNA in siRNA-transfected
FLS following TNF stimulation. (G—H) ELISA of CCL2 (G) and CCL5 (H) levels in the supernatant of siRNA-transfected FLS after TNF treatment. (-J) ELISA
of CCL2 |, and CCL5 J, levels in SFs from patients with OA/RA. (K) Histologic analysis of synovial tissues from patients with OA/RA. Left: NRP2 expression
was detected by IHC (zoomed area in red box); middle (merged images) and right (separate images): multiplex staining for THY1, CD4, NRP2, CD8,
CD68, and DAPI. FLS were transfected with control siRNA or siNRP2 via electroporation for 24 hours before TNF treatment (A-H). Data are presented
as mean + SD; *P < 0.05, ™*P < 0.001. Statistical analysis was performed by using two-tailed Student’s t-test (E-J). CCL, C-C motif chemokine ligand;
CD, cluster of differentiation; DAPI, 4',6-diamidino-2-phenylindole; ELISA, enzyme-linked immunosorbent assay; FLS, fibroblast-like synoviocyte; IHC,
immunohistochemistry; IL, interleukin; KEGG, Kyoto Encyclopedia of Genes and Genomes; mRNA, messenger RNA; NRP2, neuropilin-2; OA, osteoar-
thritis; gRT-PCR, quantitative reverse-transcription polymerase chain reaction; RA, rheumatoid arthritis; SF, synovial fluid; siCon, small interfering RNA con-
trol; sSINRP2, small interfering RNA targeting NRP2; siRNA, small interfering RNA; THY1, thymocyte differentiation antigen 1; TNF, tumor necrosis factor.
Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.70028/abstract.

Because TNF is known to induce Caspase-3/Gasdermin E Immunoblot analysis revealed increased levels of GSDME cleav-
(GSDME)-mediated pyroptosis in RA, we hypothesized that age fragments in RA synovial tissues compared with those in OA
NRP2 might promote proliferation by suppressing cell death. synovial tissues, suggesting the occurrence of GSDME-
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Figure 4. The TNF-induced inflammation-sensing protein NRP2 is predominantly enriched in the FAPa™THY 1" cell subset localized within the
sublining layer: (A) Multiplex immunohistochemical staining of synovial tissues from patients with OA and RA for FAPa, NRP2, THY1, PDPN, and
DAPI. Representative merged images (upper) and individual channel images (lower) are shown. (B) Gating strategy for the flow cytometric analysis
of cell subsets in FLS. (C-F) Flow cytometry was performed to determine the frequency and cell number of the THY1~"NRP2* cell subset (lining
layer) and the THY1*NRP2™" cell subset (sublining layer) in CIA model (C-D) and STIA model (E-F). (G) FAPa*THY1~ and FAPa*THY1* cell subsets
in RA-FLS were isolated by flow cytometry. (H) Western blot analysis of NRP2 expression in the FACS-isolated FAPa*THY 1~ and FAPa* THY1" cell
subsets in FLS treated with or without TNF for 20 hours. Data are presented as mean + SD (n = 9 mice per group for [C], [D]; n = 3 mice per group
for [E], [F]); P < 0.01. Statistical analysis was performed by using two-tailed Student’s t-test (C-F). CIA, collagen-induced arthritis; DAPI,
4’ 6-diamidino-2-phenylindole; FACS, fluorescence-activated cell sorting; FAPq, fibroblast activation protein alpha; FLS, fibroblast-like synovio-
cyte; NRP2, neuropilin-2; OA, osteoarthritis; PDPN, podoplanin; RA, rheumatoid arthritis; STIA, serum—-transfer-induced arthritis; THY1, thymo-
cyte differentiation antigen 1; TNF, tumor necrosis factor. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.
wiley.com/doi/10.1002/art.70028/abstract.

dependent pyroptosis in RA (Figure 5B). Activated Caspase-3, prominent Caspase-3 and GSDME cleavage (Supplementary
triggered by granzyme B and perforin from NK cells, cleaves Figure 7C). However, NRP2 knockdown neither altered cleavage
GSDME to execute pyroptosis.®?®® In an NK-92MI/RA-FLS patterns (Figure 5C) nor affected Caspase-3/7 enzymatic activity
coculture system (4 x 10° NK cells), TNF stimulation induced (Figure 5D). Similarly, NRP2 overexpression failed to modulate
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GSDME cleavage under TNF stimulation (Supplementary TNF upregulates NRP2 in FLS through
Figure 7D), indicating that NRP2 does not play a significant role p65-mediated NF-kB activation
in TNF-induced pyroptosis.

We next investigated apoptosis-related mechanisms.
When Raptinal was used to induce apoptosis in TNF-
stimulated FLS, NRP2-knockdown cells showed elevated
cleavage of Caspase-3 and PARP-1 and higher Caspase-3/7
activity compared with those in control cells (Figure 5E and F).
The increased apoptosis of NRP2-deficient FLS under TNF
challenge was further confirmed by Annexin V/PE staining and
cell morphology analysis (Figure 5G and H and Supplementary
Figure 7E). Together, these results demonstrate that TNF-
induced NRP2 expression promotes inflammatory hyperplasia
of FLS through two mechanisms: increasing proliferation and
conferring resistance to apoptosis, independent of pyroptosis
regulation.

TNF plays dual roles in regulating cell fate by promoting both
cell survival and cell death. Its pro-survival effects typically depend
on activation of the canonical NF-kB signaling pathway.®*3° In our
previous studies, we observed that TNF significantly enhanced
the proliferation of FLS, and we identified NRP2 as a TNF-induced
inflammation-sensing protein. To elucidate the molecular mecha-
nism underlying the role of NRP2 as a TNF-inducible inflammatory
mediator in FLS, we first investigated whether NRP2 overexpres-
sion in FLS was correlated with NF-kB pathway activation. Nota-
bly, inhibitors targeting the canonical NF-kB pathway —including
the IKK1/2 inhibitor BMS-345541 (which blocks IKK complex
activity), the p-IkBa inhibitor BAY 11-7082 (which inhibits [kBa
phosphorylation), and QNZ (EVP4593, an inhibitor that triggers
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TNF production through off-target effects)—all suppressed TNF-
induced NRP2 expression in FLS. BMS-345541 and BAY
11-7082 exhibited particularly potent inhibitory effects
(Figure 6A). These results suggest that TNF-induced NRP2
expression is regulated by the canonical NF-«B pathway.

However, co-immunoprecipitation assays revealed no direct
interaction between NRP2 and core components of the NF-«xB
pathway (eg, IKK, IkBa, p50, or p65) (Figure 6B). To explore alter-
native regulatory mechanisms, we analyzed DNA methylation
levels at the NRP2 promoter in TNF-stimulated RA-FLS. BiSe-
quencing PCR (BSP) revealed comparable methylation levels
(Me-CpG = 2.7%) between TNF-treated and untreated groups
after 24 hours (Figure 6C), indicating that epigenetic methylation
is unlikely to mediate TNF-driven NRP2 upregulation.

Given that TNF elevates both NRP2 mRNA and protein
levels, we hypothesized that it is transcriptionally regulated. Small
interfering RNA (siRNA)-mediated knockdown of the NF-kB sub-
unit p50 in FLS had no significant effect on TNF-induced NRP2
expression (Supplementary Figure 8A-C). In contrast, p65 knock-
down markedly reduced TNF-induced NRP2 mRNA and protein
expression (Supplementary Figure 8D-F), implicating p65-
dependent transcriptional activation. Intriguingly, NRP2 knock-
down itself attenuated TNF-induced nuclear translocation of p65
(Supplementary Figure 8G), suggesting a feedforward loop that
sustains the inflammatory microenvironment. ChiP-seq analysis
of p65-bound DNA regions revealed direct binding of p65 to the
NRP2 promoter (Figure 6D and E). Peak annotation confirmed
specific p65-binding motifs  within  the NRP2 promoter
(Figure 6F). Collectively, these findings demonstrate that TNF
upregulates NRP2 expression in FLS via p65-dependent tran-
scriptional activation within the canonical NF-kB pathway
(Figure 6G).

DISCUSSION

RA is an immune-mediated chronic inflammatory disease. Its
pathologic features include both autoimmune responses (medi-
ated by autoantibodies) and nonspecific inflammatory responses
(mediated by inflammatory cytokines and immune cells). Antibod-
ies that mediate RA autoimmune responses primarily include
rheumatoid factor (RF) and anti-citrullinated protein antibodies
(ACPAs) (Specifically antibodies that target cyclic citrullinated
peptide). The combined detection of these antibodies in serologi-
cal assays results in high sensitivity and specificity, significantly
improving the accuracy of early RA diagnosis.>®*” Notably, pro-
tein biomarkers that indicate the extent of nonspecific inflamma-
tion remain scarce in RA diagnosis. Additionally, a significant
proportion (at least 30%) of patients with RA are seronegative for
both RF and ACPAs.®® Therefore, identifying inflammation-
sensitive biomarkers to monitor RA disease progression is of sub-
stantial clinical significance. In this study, we discovered that
NRP2 expression in patients with RA was rapidly induced and

highly sensitive to TNF stimulation. Its serum levels were markedly
elevated compared with those of patients with OA and were pos-
itively correlated with RA disease activity. Correspondingly, NRP2
expression in SF and synovial tissue of patients with RA was sig-
nificantly higher than that in patients with OA. These findings indi-
cate that NRP2 is consistently associated with RA progression at
both serological and histologic levels, suggesting its potential as a
novel biomarker for the auxiliary diagnosis of RA.

FLS are a specialized subset of mesenchymal-derived cells
within synovial tissue that exhibit heightened sensitivity to prolifer-
ative signaling pathways, including the IL-6-Yap-Snail signaling
axis and Notch3 signaling pathway.>°=*! The inflammatory micro-
environment of the synovium is established by pro-inflammatory
cells, cytokines, and chemokines. Within this milieu, FLS serve
as critical signaling hubs that orchestrate these pro-inflammatory
components through coordinated molecular interactions, thereby
triggering sustained inflammation and tissue hyperplasia. This
pathologic cascade ultimately culminates in articular cartilage
destruction and bone erosion.*>** Consequently, identifying key
proteins that promote FLS inflammatory proliferation may reveal
promising therapeutic targets. Although epigenetic studies have
revealed sustained NRP2 overexpression in FLS, the molecular
mechanisms underlying this persistent expression and the spe-
cific biologic functions of NRP2 in FLS remain uncharacterized.
Our study demonstrated that TNF-enhanced NRP2 expression
in FLS through the transcription factor p65. Elevated NRP2
exerted multiple pathobiological effects:

1. Sustaining inflammatory microenvironment: NRP2 main-
tained the capacity of FLS to secrete pro-inflammatory
cytokines (IL-1a/B, IL-6, and IL-8).

2. Amplifying inflammatory responses: NRP2 promoted the
secretion of chemokines (CCL2 and CCLY), facilitating
the recruitment of pro-inflammatory immune cells (partic-
ularly myeloid-lineage cells) to exacerbate local
inflammation.

3. Promoting bone erosion: NRP2 maintained FLS produc-
tion of MMPs, accelerating articular cartilage degradation.

4. Driving inflammatory hyperplasia: NRP2 enhanced FLS
survival through anti-apoptotic mechanisms and stimu-
lated proliferative activity.

In STIA murine models, both systemic and conditional NRP2
knockout significantly attenuated synovial inflammation and joint
damage. These findings collectively demonstrate that TNF-
induced NRP2 in FLS establishes a self-perpetuating inflamma-
tory circuit linking proliferation and inflammation, thereby promot-
ing RA initiation and progression (Figure 6G).

Research on the inflammation-related functions of NRP2
protein remains in its nascent stage, and we have noted several
paradoxical findings. For example, NRP2 has been shown to alle-
viate airway inflammatory responses. Both our work and studies
by Mucka et al demonstrated that NRP2 knockout exacerbates
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inflammatory reactions, suggesting its anti-inflammatory role,?%44~¢

Conversely, NRP2 blockade has proven effective in treating pulmo-
nary sarcoidosis, indicating its pro-inflammatory potential.?® This
dual functionality of NRP2 in inflammation may be partially attributed
to its association with chromatin states. A key outcome of TNF-
enhanced chromatin accessibility in FLS is the establishment of a
persistent “immune memory.” This leads to the sustained high
expression of certain TNF-induced pro-inflammatory genes, such
as NRP2, whereas in macrophages, the expression of these same
genes is both transient and significantly weaker.24 In this study,
we identified NRP2 as a TNF-induced inflammatory sensitizer.

TNF-triggered NRP2 expression promoted pro-inflammatory micro-
environment remodeling through FLS, with predominant localization
in THY1* sublining cells. Under TNF stimulation, NRP2 overexpres-
sion was predominantly enriched in FAPa*THY1* cell populations.
Intriguingly, the FAPa*THY1™" subset has been implicated in driving
severe and persistent arthritis, whereas the FAPo"THY1~ subset
contributes to articular cartilage damage.>° These findings collec-
tively substantiate the pivotal role of NRP2 in mediating the pro-
inflammatory functions of FLS.

In summary, NRP2 promotes the initiation and progression
of RA by remodeling the synovial pro-inflammatory microenvironment


http://onlinelibrary.wiley.com/doi/10.1002/art.70028/abstract

1074

JINETAL

and serves as a promising biomarker for RA auxiliary diagnosis. The
TNF—p65-NRP2 axis in FLS may represent a potential therapeutic tar-
get for synovitis modulation.
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Objective. To explore whether biologic levels of specific per- and polyfluoroalkyl substances (PFAS) and a mixture
of PFAS —reflecting the overall effect and accounting for correlations among PFAS —relate to incident hand osteoar-
thritis (HOA) and progression.

Methods. Among a case-cohort sample from the Osteoarthritis Initiative (n = 1,878), we examined associations of eight
PFAS in serum with odds of developing over the subsequent 4 years (1) symptomatic HOA and (2) an increased number of
joints with radiographic osteoarthritis (Kellgren-Lawrence >2; yes/no). We used weighted logistic regression to assess single
PFAS (continuous and quartiles) and quantile g-computation to assess the PFAS mixture in relation to our primary outcomes.

Results. Participants were primarily female (58%) and on average aged 62 years and overweight (mean body mass
index = 28.6 kg/m?). Participants with higher perfluorodecanoic acid (PFDA) and perfluorononanoic acid (PFNA; contin-
uous variables) had greater odds of incident symptomatic HOA (odds ratio [OR] [95% confidence interval (Cl)] per inter-
quartile range increment: PFDA 1.12 [1.05-1.20]; PFNA 1.07 [1.00-1.13]), but associations were not monotonic when
these PFAS were represented in quartiles. Participants with higher perfluorohexane sulfonic acid had lower odds of
incident HOA (eg, OR 0.94 [95% CI 0.88-1.00] per interquartile range increment). We observed no other consistent
associations between PFAS and either outcome.

Conclusion. We observed possible associations of PFDA and PFNA serum concentrations with symptomatic HOA
incidence, but we otherwise found no consistent evidence that greater PFAS concentrations relate to a greater chance

of developing HOA incidence or progression.
INTRODUCTION

Hand osteoarthritis (OA) is a painful disorder that impairs an
individual’s ability to perform activities of daily life. The prevalence
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of hand OA has doubled in the United States over the past half
century,? a finding that cannot be solely explained by increases
in longevity,? raising the possibility that environmental factors
may play a role.®
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Per- and polyfluoroalkyl substances (PFAS) are synthetically
produced water-, grease-, or stain-resistant chemicals in a wide
range of products (eg, food packaging and water-resistant fabric).
These compounds are universally detectable in the US popula-
tion*® and may exacerbate OA development.5’ PFAS,
endocrine-disrupting chemicals with long biologic half-lives of
3 to 8 years,®? elicit numerous responses pivotal to OA patho-
physiology, including bone loss,'®"" insulin resistance,'>'®
adiposity,''® and inflammation.'®~'® Specifically, PFAS increase
the production of inflammatory mediators (eg, interleukin-1g) by
mast cells and macrophages, '®'” which exacerbate inflammation
of articular structures (eg, synovitis), a driving factor in the patho-
genesis of hand OA."®™" In cross-sectional studies, exposure to
PFAS has been associated with self-reported OA diagnosis.®”

Given the ongoing use of PFAS and the scale of contamina-
tion, there is an urgent need for longitudinal studies to clarify the
relationship between PFAS serum levels and specific OA pheno-
types (eg, symptomatic hand OA) to inform public health policies
and clinical monitoring. Hand OA is particularly interesting
because it is influenced by systemic factors and less susceptible
to local biomechanical risk factors (eg, knee trauma and hip
shape). Hence, we explored whether specific PFAS and a mixture
of PFAS, reflecting the overall effect and accounting for the corre-
lations among each PFAS, relate to hand OA incidence and
progression.

MATERIAL AND METHODS

Study sample. We leveraged a case-cohort sample of
1,900 participants from the OA Initiative (OAI) cohort. We used
the case-cohort design because it is an efficient and cost-
effective study design that enables us to investigate multiple out-
comes using the same data framework.

The original OAIl cohort comprised 4,796 individuals aged
45 to 79 years, recruited from 2004 to 2006 at four clinical sites
in the United States. The OAI staff recruited participants who
had or were at high risk for symptomatic knee OA and 122 partic-
ipants without symptomatic knee OA and at low risk. The OAI par-
ticipants underwent hand radiographs at baseline and 48-month
visits.

Participants in the case-cohort sample had (1) hand radio-
graphs at baseline and 48 months (n = 3,604), (2) no radiographic
evidence suggestive of pathology other than OA (eg, psoriatic
arthritis or ankylosis; n = 3,588), and (3) no evidence of symptom-
atic erosive hand OA at baseline (because they could not develop
any incident outcomes; n = 3,467) (Supplementary Figure S1).
From these participants, we selected a random sample of 1,351
participants to represent the eligible cohort. We then selected an
additional 549 “cases” based on the development of at least
one of seven outcomes at the 48-month follow-up visit: radio-
graphic hand OA, symptomatic hand OA, radiographic erosive
hand OA, symptomatic erosive hand OA, radiographic thumb-

base OA, symptomatic thumb-base OA, and erosive thumb-base
OA (not considered in analyses because of sample size, n = 14).

By design, the case-cohort sample includes people who
meet the baseline criteria for one or more of the seven case defini-
tions above (excluding symptomatic erosive hand OA). If a case
status was prevalent at baseline, then we excluded that person
from analyses for that outcome (Supplementary Table S1).
Among the 1,900 participants in the original case-cohort sample,
1,878 had sufficient baseline serum samples to perform the PFAS
assays.

PFAS measurement. WWe measured PFAS in archived
serum from the OAIl baseline examination. We sent serum sam-
ples that had not undergone a freeze-thaw cycle to the New Jer-
sey Department of Health’s Environmental and Chemical
Laboratory Service for PFAS measurement.

The laboratory performed analysis of the serum specimens in
singlicate for 12 PFAS, using a high-throughput online solid phase
extraction (Spark Holland, Emmen, the Netherlands) system and
a highly sensitive tandem mass spectrometer (Sciex QTrap
6500, Framingham, MA; iChromQtrap). The PFAS included: per-
fluorooctanoic acid (PFOA), perfluorooctane sulfonic acid
(PFQOS), perfluorodecanoic acid (PFDA), perfluorohexane sulfonic
acid (PFHxS), 2-(N-methyl-perfluorooctane sulfonamido) acetic
acid (MeFOSAA), perfluorononanoic acid (PFNA), perfluorounde-
canoic acid (PFUnA), perfluorododecanoic acid, perfluoro-
2-proproxypropanoic  acid,  4,8-dioxa-3H-perfluorononanoic
acid, 9-chlorohexadecafluoro-3-oxanone-1-sulfonic acid, and
perfluoroheptanesulfonic acid (PFHpS). The laboratory estab-
lished the validity of their methods®22® and reported the limits of
detection (LODs; ranging from 0.001 to 0.025 ng/mL).2%:22

Radiographic readings. At the baseline and 48-month
visits, participants had posteroanterior radiographs of the domi-
nant hand. Although hand OA is often present bilaterally, the OAI
focused on the dominant hand because most people with unilat-
eral interphalangeal OA are affected in the dominant hand.?*
Details about determining hand dominance and radiographic
acquisition have been described in detail.22°

A trained reader performed the radiographic readings,
blinded to chronology and clinical information for radiographic
severity using a modified Kellgren-Lawrence (KL) scale,?” which
had excellent intrarater agreements (weighted k > 0.84 across
16 joints). A second trained reader reviewed paired radiographs
in known chronologic order and provided semiquantitative read-
ings, including the presence of central erosions (dichotomous var-
iable) via a validated approach that expanded the OA Research
Society International atlas®® and had good reproducibility (x =
0.79-1.00 across 70 hands). The readers focused on 16 joints:
4 distal interphalangeal joints, 4 proximal interphalangeal joints,
5 metacarpophalangeal joints, thumb interphalangeal joint, and
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thumb-base joints (first carpometacarpal joint and scaphotrape-
ziotrapezoidal joint).

Primary outcomes. /ncident symptomatic hand OA. We
classified a participant as having incident symptomatic hand OA
if at the 48-month visit, but not at baseline, they had at least two
distal or proximal interphalangeal joints on at least two separate
digits with at least a small osteophyte or mild joint space narrow-
ing (modified KL grade >2) and self-reported hand symptoms
(hand/finger pain, aching, or stiffness on more than half of the
30 days before the radiograph). It is common practice to require
OA in more than one joint?®*®? to reduce misclassification
because of prior trauma. This definition is consistent with the
American College of Rheumatology criteria for classifying
hand OA.2°

Change in disease burden (number of joints with OA). We
measured disease burden as change in the number of hand joints
(excluding thumb-base joints) with radiographic OA at 48 months
versus baseline using established criteria for radiographic OA
(modified KL grade > 2).2” The advantage of this outcome com-
pared with studying OA progression is the inclusion of people with
and without radiographic hand OA, reducing concerns about
index event (collider) bias that may be introduced by conditioning
on baseline disease severity.3%4

Secondary outcomes. As an alternative strategy to define
change in disease burden from baseline to 48 months, we
assessed change in the sum of KL grades across hand joints
(including thumb-base joints). We also examined the odds of
developing each of five hand OA phenotypes at the 48-month
visit: radiographic hand OA, radiographic thumb-base OA, symp-
tomatic thumb-base OA, radiographic erosive hand OA, and
symptomatic erosive hand OA. We classified radiographic hand
OA as having a hand with at least two finger joints (digits two to
five) on at least two separate digits with a modified KL grade >2;
radiographic thumb-base OA as KL grade >2 in either thumb-
base joint; symptomatic thumb-base OA as KL grade >2 in either
thumb-base joint and ipsilateral self-reported hand symptoms;
radiographic erosive hand OA as having radiographic hand OA
and at least one central erosion; and symptomatic erosive hand
OA as having radiographic erosive hand OA and self-reported
hand symptoms.

Covariates. At baseline, participants reported date of birth,
and race (open-ended question). The OAl questionnaire asked,
“What is your gender, male or female?” Participants also reported
education using six categories (ranging from less than high school
graduate to graduate degree). At baseline, study staff measured
weight and height, which were used to calculate body mass index
(BMI; kg/m?). For participants who identified as female, we esti-
mated menopause status at baseline based on self-reported last
natural period or age at hysterectomy: last natural period within

past 12 months (premenopause), last natural period 1 to 4 years
ago or hysterectomy <5 years before baseline (perimenopause),
and last natural period or hysterectomy >5 years before baseline
(postmenopause).

Statistical analyses. For analyses, we a priori included
PFAS with 60% detectability in samples, ensuring consistency
with prior studies.®>3® Eight PFAS met this threshold (Tables 1
and 2). In cases where PFAS were less than the LOD, we
replaced “<LOD” with the LOD/v/2.5%® We assessed distribu-
tions and Spearman correlations of serum PFAS concentrations.

Next, we evaluated the proportion of incident symptomatic
hand OA and distributions of continuous outcomes (eg, change
in number of dominant hand joints with radiographic OA). In a
small number of participants with improved radiographic severity
at the 48-month follow-up compared with baseline, we assumed
no change and imputed the value as zero (n = 10 for number of
joints with OA and n = 43 for the sum of KL grades across joints).
Because of the high proportions of participants without a change
in the number of hand joints with OA (81%) and sum of KL grades
(56%), and for consistency across primary and secondary out-
comes, we dichotomized both disease burden outcomes
(change of >1 vs not).

We then examined the linearity of associations of single
PFAS with hand OA using generalized additive models. As some
of these models indicated possible nonlinear associations, we
represented PFAS in our analyses in two ways: (1) a continuous
variable per interquartile range (IQR) increment and (2) a categor-
ical variable by quartiles.

We first ran unadjusted logistic models. Then, we ran
adjusted models using prior literature on PFAS®"%63 and hand
OA2526:88:39. \ya g priori adjusted for gender/menopause status
(male; female, premenopause; female, perimenopause; or female,
postmenopause), race (Black, yes/no), education (college gradu-
ate, yes/no), and age at baseline (continuous). In a further
adjusted model, we included BMI at baseline (continuous). We
avoided adjusting for other metabolic comorbidities (eg, hyper-
tension, diabetes, or dyslipidemia) because they may be media-
tors on the causal pathway between PFAS and hand OA. We
did not explicitly account for other racial categories because of
small sample sizes. With sparse missingness of values for the
adjustment covariates (<0.5%), we used single imputation to
replace missing values with the overall mode (for race and educa-
tion), age group-specific mode (for menopause status), or
gender-specific median (for BMI). For all models, we used sam-
pling weight to account for case-cohort study design. Specifically,
cases received a weight equal to 1, and noncases received a
weight equal to 1/sampling fraction.*°

As humans are not exposed to PFAS in isolation but rather
multiple PFAS at a time, we also evaluated the joint effect of the
PFAS mixture on our primary outcomes. We used quantile-based
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Table 1.
this subcohort study”

Descriptive statistics of serum PFAS concentrations among 1,878 Osteoarthritis Initiative participants in

Minimum  25th percentile  Median 75th percentile Maximum % detected LOD
PFAS, ng/mL

PFOS 0.10 9.0 12.7 17.9 85.5 100 0.008
PFOA 0.33 39 52 6.9 66.3 100 0.025
PENA 0.07 0.8 1.1 1.5 134 100 0.010
PFHXS 0.10 2.0 3.0 4.6 66.7 100 0.012
MeFOSAA 0.03 03 0.4 0.7 16.3 100 0.019
PFHpS <LOD 0.2 0.4 0.6 3.0 97 0.005
PFDA <LOD 0.1 03 0.4 35 96 0.024
PFUNA <LOD 0.1 0.2 03 34 92 0.006
PFDoA <LOD <LOD <LOD 0.03 0.39 44 0.011
HFPO-DA (GenX) <LOD <LOD <LOD <LOD 0.02 2 0.009
ADONA <LOD <LOD <LOD <LOD 0.13 5 0.013
9CI-PF30ONS <LOD <LOD <LOD <LOD 0.54 5 0.008

* 9CI-PF30NS, 9-chlorohexadecafluoro-3-oxanone-1-sulfonic acid; ADONA, 4,8-dioxa-3H-perfluorononanoic acid;

HFPO-DA (GenX), perfluoro-2-proproxypropanoic acid; LOD, limit of detection;

MeFOSAA, 2-(N-methyl-

perfluorooctane sulfonamido) acetic acid; PFAS, per- and polyfluoroalkyl substances; PFDA, perfluorodecanoic acid;
PFDoA, perfluorododecanoic acid; PFHpS, perfluoroheptanesulfonic acid; PFHxS, perfluorohexane sulfonic acid;
PFNA, perfluorononanoic acid; PFOA, perfluorooctanoic acid; PFOS, perfluorooctane sulfonic acid; PFUnA, perfluor-

oundecanoic acid.

g-computation, a mixtures approach that (1) allows for estimation
of the joint effect of an exposure mixture on a given outcome and
(2) generates output of individual weights for each component in
the mixture, which represents the relative contribution of that
exposure component to either the positive or negative scaled
effect size, taking into account collinearity with other exposures.*
The estimates reflect the overall effect of a quartile increase of all
PFAS in the mixture simultaneously on the odds of hand OA
outcome.

Female gender, older age, and higher BMI are risk factors for
hand OA, and PFAS may have a more pronounced impact on
hand OA among individuals with these risk factors. Hence, we
ran separate adjusted models stratified by gender, age group
(greater than or equal to or less than the median of 61 years),
and BMI category (greater than or equal to or less than 30 kg/m?
[ie, obese vs nonobese]) at baseline to explore whether associa-
tions of individual PFAS with the two primary hand OA outcomes
differed by these strata. Among women, we also ran an explor-
atory analysis restricted to postmenopausal women; we did not

restrict to premenopausal and perimenopausal women because
of small sample sizes.

In secondary analyses, we used weighted logistic regression
to evaluate covariate-adjusted associations of single PFAS with
incidence (vs not) of each hand OA phenotype at 48 months. Par-
ticipants with that hand OA phenotype at baseline were excluded
(eg, n = 149 people with prevalent symptomatic hand OA at base-
line) (Supplementary Table S1). In secondary analyses, we also
used weighted logistic regression to examine associations of
PFAS with an increase (vs not) in the sum of KL grade across
joints.

Lastly, we conducted a post hoc covariate-adjusted analysis
of single PFAS and baseline symptomatic hand OA to examine
whether cross-sectional associations were more closely aligned
with prior literature than longitudinal analyses within the OAI. We
used SAS for data management and performed all statistical anal-
yses in R (version 4.4.1; Core Team, 2018). For continuous PFAS
exposures, the sample size for the incident symptomatic hand OA
analysis provides 80% power at a conservative 0.01 significance

Table 2. Spearman correlations® of serum per- and polyfluoroalkyl substances concentrations among 1,878 Oste-

oarthritis Initiative participants in this subcohort study*

PFOA PFNA PFHXS MeFOSAA PFHPS PFDA PFUNA
PFOS 0.64 067 0.46 0.24 0.76 061 0.44
PFOA - 052 0.48 022 061 043 021
PFNA - - 027 0.22 0.55 0.86 0.73
PFHXS - - - 0.16 052 017 0.07
MeFOSAA - - - - 021 0.18 0.13
PFHPS - - - - - 0.42 030
PFDA - - - - - - 0.82

* All correlations had P values < 0.05. MeFOSAA, 2-(N-methyl-perfluorooctane sulfonamido) acetic acid; PFDA, per-
fluorodecanoic acid; PFHpS, perfluoroheptanesulfonic acid; PFHxS, perfluorohexane sulfonic acid; PFNA, perfluoro-

nonanoic  acid;  PFOA,
perfluoroundecanoic acid.

perfluorooctanoic

acid;

PFOS, perfluorooctane sulfonic acid; PFUnA,

9 Correlation coefficients among eight per- and polyfluoroalkyl substances with >60% detectability.
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level to detect an odds ratio (OR) of 1.26 per one IQR increase in
exposure, using logistic regression models and accounting for
the case-cohort design. The data and codebook will be shared
by the corresponding author upon request.

RESULTS

Participant characteristics. Participants were mostly
female (58%) and White (83%). On average, participants were
aged 62 years with a mean BMI of 28.6 kg/m?. The 519 partici-
pants who developed symptomatic hand OA (ie, “cases”) tended
to be older (65 vs 60 years) and more commonly female (63% vs
54%) than peers without incident symptomatic hand OA (Table 3).

Tables 1 and 2 report the distribution of the 12 measured
PFAS and the correlations among the eight PFAS included in
analyses. Serum PFAS concentrations were all positively corre-
lated, with weak to moderately strong correlations (Spearman
coefficients: 0.07-0.76). PFAS concentrations among partici-
pants in the OAIl were generally comparable to those in the gen-
eral US population during overlapping years (participants aged
>45 years in the National Health and Nutrition Examination Survey
[NHANES] 2005-2006 cycle). However, serum PFOS concentra-
tions were lower in OAl versus NHANES participants (geometric
mean: 12.4 vs 20.0 ng/mL), and PFHxS concentrations were
slightly higher in the OAI (geometric mean: 3.0 vs 1.7 ng/mL)
(Supplementary Table S2).

Symptomatic hand OA. Higher serum PFDA and PFNA
were associated with greater odds of incident symptomatic hand
OA (adjusted OR [aOR] [95% confidence interval (CI)] per IQR
increment: 1.12 [1.05-1.20] for PFDA and 1.07 [1.00-1.13] for
PFNA) when we represented each PFAS as a continuous

measure. When we represented each PFAS in categories, the
highest quartile of PFDA (vs quartile 1) was also associated with
greater odds of hand OA; however, the quartile estimates were
nonmonotonic and PFNA was not associated with hand
OA. Additionally, higher PFHxS was associated with lower odds
of incident symptomatic hand OA (eg, aOR [95% CI] per PFHxS
IQR increment: 0.94 [0.88-1.00]) when represented as a continu-
ous measure. The highest quartile of PFHpS (vs quartile 1) was
also associated with lower odds of hand OA (Table 4). Otherwise,
we observed no consistent associations between individual PFAS
(Table 4) or the mixture of PFAS with incident symptomatic hand
OA (Figure 1). Consistent with the single PFAS models, PFDA
had the strongest weight in the positive scaled direction (ie, higher
odds) after accounting for co-exposures in the quantile
g-computation model (Figure 1) and was the PFAS with the larg-
est magnitude estimate in relation to the outcome of incident
symptomatic hand OA (Table 4).

Change in disease burden (number of joints with
OA). In unadjusted and adjusted models, individual PFAS were
not monotonically associated with an increased number of hand
joints with radiographic OA over the follow-up (Table 5). Similarly,
the mixture of PFAS was not associated with an increase in the
number of hand joints with radiographic OA (Figure 1).

Exploratory analyses (stratification by gender, age,
and BMI). As in the overall cohort, women with higher PFDA
had higher odds of incident symptomatic hand OA. However,
women with higher PFHpS had lower odds of incident symptom-
atic hand OA. Men with higher MeFOSAA had higher odds of inci-
dent symptomatic hand OA. There were no other statistically
significant monotonic associations of PFAS with hand OA in men

Table 3. Participant characteristics of those included in the analytic dataset, overall and stratified by whether they
had developed symptomatic hand OA at the 48-month follow-up visit*

Symptomatic hand OA incidence (n = 1,729)*°

Case-cohort sample Yes No
Characteristics (N=1,878)? (n=519) (n=1,210)

Age, mean £ SD, y 61.5+9.0 65.1 + 8.0 59.5+ 8.9
Gender and menopause status, n (%)

Male 789 (42) 193 (37) 558 (46)

Female, premenopause 149 (8) 17 (3) 128 (11)

Female, perimenopause 150 (8) 28 (5) 112 (9)

Female, postmenopause 790 (42) 281 (54) 412 (34)
Race, n (%)

White 1,555 (83) 444 (86) 979 (81)

Black 284 (15) 66 (13) 205 (17)

Other reported races® 39 (2) 9(2) 6(2)
Body mass index, mean + SD, kg/m? 286 +4.7 284 +4.7 28 7+48
College graduate, n (%) 1,198 (64) 306 (59) 808 (67)

* OA, osteoarthritis.

a Values reflect descriptive statistics from a single imputation dataset.
b A total of 149 participants had symptomatic hand OA at baseline.

¢ Self-reported Asian or “Other” as race.
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Table 4. Associations (odds ratio [95% confidence interval]) of baseline serum per- and polyfluoroalkyl substances
concentration with symptomatic hand osteoarthritis incidence among the cohort without baseline hand osteoarthritis

(n=1,729)"

Model 12 Model 2° Model 3¢
PFOS
IQR (8.90 ng/mL) 1.0 (0.93-1.09) 0.97 (0.89-1.06) 0.97 (0.89-1.06)
Q1(0.10-9.00 ng/mL) Reference Reference Reference
Q2(9.01-12.73 ng/mL) 0.98 (0.79-1.21) 0.87 (0.69-1.10) 0.87 (0.69-1.10)
Q3(12.74-17.90 ng/mL) 1.08 (0.87-1.34) 1.04(0.83-1.31) 1.03(0.82-1.30)
Q4 (17.91-85.50 ng/mL) 0.92 (0.74-1.14) 0.81 (0.64-1.03) 0.81 (0.64-1.03)
PFOA
IQR (3.01 ng/mL) 0.99 (0.92-1.06) 0.95 (0.88-1.02) 0.95(0.87-1.02)
Q1 (0.33-3.87 ng/mL) Reference Reference Reference
Q2 (3.88-5.18 ng/mL) 0.86 (0.69-1.07) 0.81 (0.64-1.02) 0.80 (0.64-1.01)
Q3 (5.19-6.88 ng/mL) 0.86 (0.69-1.07) 0.74 (0.59-0.93) 0.74 (0.59-0.93)
Q4 (6.89-66.30 ng/mL) 1.00 (0.81-1.23) 0.90(0.72-1.12) 0.88 (0.70-1.11)
PENA
IQR (0.74 ng/mL) 1.03(0.98-1.09) 1.07 (1.01-1.13) 1.07 (1.00-1.13)
Q1 (0.07-0.76 ng/mL) Reference Reference Reference
Q2 (0.77-1.05 ng/mL) 1.18 (0.95-1.46) 1.20(0.95-1.50) 1.19(0.95-1.49)
Q3 (1.06-1.50 ng/mL) 1.00 (0.80-1.24) 0.99 (0.79-1.25) 0.98 (0.78-1.24)
Q4 (1.51-13.40 ng/mL) 1.08 (0.87-1.34) 1.18 (0.93-1.50) 1.17 (0.92-1.48)
PFHXS
IQR (2.62 ng/mL) 0.99 (0.93-1.04) 0.94 (0.88-1.00) 0.94 (0.88-1.00)
Q1 (0.10-1.96 ng/mL) Reference Reference Reference
1.09 (0.88-1.36) 0.90 (0.71-1.14) 0.91 (0.72-1.15)

(

Q2 (1.97-2.97 ng/mL)

Q3(2.98-4.58 ng/mL)

Q4 (4.59-66.70 ng/mL)
MeFOSAA

IQR (0.46 ng/mL)

Q1(0.03-0.25 ng/mL)

Q2 (0.26-0.43 ng/mL)

Q3(0.44-0.72 ng/mL)

Q4 (0.73-16.30 ng/mL)
PFHpPS

IQR (0.34 ng/mL)

Q1 (<LOD-0.21 ng/mL)

Q2 (0.22-0.36 ng/mL)

Q3 (0.37-0.55 ng/mL)

Q4 (0.56-2.97 ng/mL)
PFDA

IQR (0.25 ng/mL)

Q1 (<LOD-0.15 ng/mL)

Q2 (0.16-0.25 ng/mL)

Q3(0.26-0.40 ng/mL)

Q4 (0.41-3.54 ng/mL)
PFURA

IQR (0.24 ng/mL)

Q1 (<LOD-0.08 ng/mL)

Q2 (0.09-0.16 ng/mL)

Q3(0.17-0.32 ng/mL)

Q4 (0.33-3.41 ng/mL)

1.11 (0.90-1.38)
1.04(0.84-1.29)

1.03(0.98-1.08)
Reference
1.13(0.91-1.41)
1.25 (1.00-1.55)
1.23(0.99-1.53)

1.02 (0.93-1.12)
Reference
0.92 (0.73-1.14)
1.20(0.97-1.49)
1.00 (0.80-1.24)

1.05(0.99-1.11)
Reference
1.10(0.89-1.36)
0.89 (0.72-1.11)
1.07 (0.86-1.32)

1.01 (0.94-1.07)
Reference
0.90(0.72-1.12)
1.02 (0.83-1.27)
0.95(0.77-1.18)

0.92 (0.73-1.17)
0.83 (0.65-1.04)

1.01 (0.96-1.06)
Reference
1.10(0.87-1.38)
1.18(0.94-1.48)
1.10(0.88-1.38)

0.91 (0.82-1.00)
Reference
0.75 (0.59-0.95)
0.93(0.74-1.17)
0.75 (0.59-0.95)

1.12 (1.05-1.20)
Reference
1.26 (1.00-1.58)
1.06 (0.84-1.34)
1.30 (1.03-1.64)

1.05(0.97-1.12)
Reference
0.93 (0.74-1.16)
1.15(0.92-1.44)
1.04 (0.82-1.31)

0.93 (0.74-1.18)
0.84 (0.66-1.06)

1.01 (0.96-1.06)
Reference
1.10(0.87-1.38)
1.18(0.94-1.49)
1.10 (0.87-1.38)

0.90 (0.82-1.00)
Reference
0.75 (0.59-0.95)
0.92 (0.73-1.16)
0.74 (0.58-0.94)

1.12(1.05-1.20)
Reference
1.25(1.00-1.57)
1.06 (0.84-1.33)
1.30 (1.03-1.64)

1.05(0.98-1.12)
Reference
0.93 (0.74-1.16)
1.15(0.92-1.44)
1.05 (0.83-1.32)

* The analyses had inverse probability weighting to account for oversampling of cases with the case-cohort study
design. Bolded estimates indicate P < 0.05. IQR, interquartile range; LOD, limit of detection; MeFOSAA, 2-(N-
methyl-perfluorooctane sulfonamido) acetic acid; PFDA, perfluorodecanoic acid; PFHpS, perfluoroheptanesulfonic
acid; PFHxS, perfluorohexane sulfonic acid; PFNA, perfluorononanoic acid; PFOA, perfluorooctanoic acid; PFOS,
perfluorooctane sulfonic acid; PFUnA, perfluoroundecanoic acid; Q, quartile.

9 Model 1 is unadjusted.

 Model 2 is adjusted for gender/menopause status (male, premenopausal female, perimenopausal female, or
postmenopausal female), race (Black, yes/no), education level (college graduate, yes/no), and age at baseline.

“ Model 3 is model 2 with additional adjustment for body mass index at baseline.

or with odds of an increase in the total number of hand joints with Higher continuous PFNA, PFDA, and PFUNA were associ-
radiographic OA among women or men (Supplementary ated with higher odds of incident symptomatic hand OA in older
Table S3). participants (aged >61 years). In contrast, higher PFOS, PFHXS,
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A Symptomatic hand OA incidence

PFOS17.4%]
PFUnA -
OR (95%CI) per
PFHpS1 quartile increase of mixture:
PFOA | 0.97 (0.86, 1.10)
PFHxS _
PFNA 1
MeFOSAA 1
PFDA-
-20 -10 0 10 20 5

Percent contributions of PFAS to overall mixture effect

B Increase in total number of joints with a KL grade 22

PFHpS {29.1%
PFNA
OR (95%Cl) per
PFUNA quartile increase of mixture:
1.02 (0.90, 1.16)
PFDA-
PFHxSA
PFOS1
MeFOSAA
PFOA
-30 -20 -10 0 10 20

Percent contributions of PFAS to overall mixture effect

Figure 1. Odds of (A) symptomatic hand OA incidence and (B) an increase (vs not) in total number of joints with a KL grade >2 per quartile
increase of all PFAS in the mixture simultaneously, and the percent contribution of each PFAS to the overall mixture (calculated using quantile
g-computation output and accounting for the scaled effect size in each direction, ie, [absolute value of scaled directional effect/sum of the absolute
values of scaled positive and negative effects] x PFAS weight x 100). Models are adjusted for gender/menopause status (male, premenopausal
female, perimenopausal female, or postmenopausal female), race (Black, yes/no), education level (college graduate, yes/no), age at baseline,
and body mass index at baseline. Models incorporated inverse probability weighting to account for oversampling of cases with the case-cohort
study design. Cl, confidence interval; KL, Kellgren-Lawrence; MeFOSAA, 2-(N-methyl-perfluorooctane sulfonamido) acetic acid; OA, osteoarthri-
tis; OR, odds ratio; PFAS, per- and polyfluoroalkyl substances; PFDA, perfluorodecanoic acid; PFHpPS, perfluoroheptanesulfonic acid; PFHXS,
perfluorohexane sulfonic acid; PFNA, perfluorononanoic acid; PFOA, perfluorooctanoic acid; PFOS, perfluorooctane sulfonic acid; PFUNA,
perfluoroundecanoic acid.

and PFHpS were associated with lower odds of hand OA in youn- associations between PFAS and an increase in total number of
ger participants (aged <61 years) (Supplementary Table S4). In hand joints with radiographic OA in either age stratum
older participants, higher PFHxS quartiles (vs quartile 1) were (Supplementary Table S5).

associated with higher odds of an increase in the total number of Higher PFOA, PFOS, PFHxS, and PFUNA were associated
hand joints with radiographic OA. There were no other monotonic with lower odds of incident symptomatic hand OA in participants
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Table 5. Associations (odds ratio [95% confidence interval]) of baseline serum per- and polyfluoroalkyl substances
concentration with having an increase (vs not) in the total number of joints with a Kellgren-Lawrence grade >2 between

baseline and the 48-month follow-up visit (N = 1,878)*

Model 12 Model 2° Model 3¢
PFOS
IQR (8.90 ng/mL) 0.96 (0.88-1.05) 0.98 (0.89-1.08) 0.98 (0.90-1.08)
Q1(0.10-9.00 ng/mL) Reference Reference Reference
Q2(9.01-12.73 ng/mL) 1.05 (0.83-1.32) 1.03(0.81-1.30) 1.03(0.81-1.31)
Q3(12.74-17.90 ng/mL) 0.98 (0.77-1.24) 1.02 (0.80-1.30) 1.02 (0.80-1.30)
Q4 (17.91-85.50 ng/mL) 0.95(0.75-1.21) 1.01 (0.79-1.30) 1.01 (0.79-1.30)
PFOA
IQR (3.01 ng/mL) 1.04(0.96-1.11) 1.03(0.96-1.11) 1.04(0.96-1.12)
Q1 (0.33-3.87 ng/mL) Reference Reference Reference
Q2 (3.88-5.18 ng/mL) 0.84 (0.66-1.08) 0.84 (0.65-1.08) 0.84 (0.65-1.08)
Q3 (5.19-6.88 ng/mL) 1.29 (1.03-1.63) 1.31 (1.03-1.66) 1.32 (1.04-1.67)
Q4 (6.89-66.30 ng/mL) 1.03 (0.81-1.31) 1.05 (0.82-1.34) 1.06 (0.83-1.36)
PENA
IQR (0.74 ng/mL) 0.98 (0.92-1.04) 0.99 (0.93-1.05) 0.99 (0.93-1.05)
Q1 (0.07-0.76 ng/mL) Reference Reference Reference
Q2 (0.77-1.05 ng/mL) 0.79 (0.63-1.01) 0.79 (0.62-1.01) 0.80 (0.63-1.01)
Q3 (1.06-1.50 ng/mL) 1.08 (0.87-1.36) 1.07 (0.85-1.35) 1.08 (0.86-1.36)
Q4 (1.51-13.40 ng/mL) 0.77 (0.61-0.98) 0.80(0.62-1.03) 0.81 (0.63-1.04)
PFHXS
IQR (2.62 ng/mL) 1.01 (0.95-1.06) 1.01 (0.95-1.06) 1.01 (0.95-1.06)
Q1 (0.10-1.96 ng/mL) Reference Reference Reference

(

Q2 (1.97-2.97 ng/mL)

Q3(2.98-4.58 ng/mL)

Q4 (4.59-66.70 ng/mL)
MeFOSAA

IQR (0.46 ng/mL)

Q1(0.03-0.25 ng/mL)

Q2 (0.26-0.43 ng/mL)

Q3(0.44-0.72 ng/mL)

Q4 (0.73-16.30 ng/mL)
PFHpPS

IQR (0.34 ng/mL)
Q1 (<LOD-0.21 ng/mL)
Q2 (0.22-0.36 ng/mL)
Q3 (0.37-0.55 ng/mL)
Q4 (0.56-2.97 ng/mL)
PFDA

IQR (0.25 ng/mL)

Q1 (<LOD-0.15 ng/mL)

Q2 (0.16-0.25 ng/mL)

Q3(0.26-0.40 ng/mL)

Q4 (0.41-3.54 ng/mL)
PFURA

IQR (0.24 ng/mL)

Q1 (<LOD-0.08 ng/mL)

Q2 (0.09-0.16 ng/mL)

Q3(0.17-0.32 ng/mL)

Q4 (0.33-3.41 ng/mL)

~ e~~~

1.28 (1.01-1.62)
1.06 (0.83-1.35)
1.13(0.89-1.44)

0.99 (0.93-1.05)
Reference
1.27 (1.00-1.61)
1.27 (1.00-1.62)
1.17 (0.92-1.50)

0.94 (0.85-1.04)
Reference
1.17 (0.93-1.47)
0.91(0.71-1.16)
0.92 (0.73-1.18)

0.98 (0.91-1.04)
Reference
1.10(0.87-1.39)
0.96 (0.76-1.22)
0.91 (0.72-1.16)

0.98 (0.91-1.04)
Reference
1.19 (0.94-1.49)
0.94 (0.74-1.19)
0.94 (0.74-1.20)

1.31 (1.02-1.67)
112 (0.87-1.44)
1.18 (0.92-1.52)

0.99 (0.92-1.04)
Reference
1.24(0.97-1.58)
1.27 (1.00-1.62)
1.13(0.88-1.44)

0.95 (0.85-1.06)
Reference
1.13(0.89-1.43)
0.90 (0.70-1.15)
0.94 (0.73-1.21)

0.99 (0.92-1.07)
Reference
1.12(0.89-1.42)
1.00(0.79-1.27)
0.95(0.74-1.21)

0.99 (0.91-1.06)
Reference
1.18 (0.93-1.49)
0.96 (0.75-1.22)
0.95(0.74-1.22)

1.31 (1.02-1.67)
1.11(0.87-1.43)
1.17(0.91-1.50)

0.98 (0.92-1.04)
Reference
1.24(0.97-1.58)
1.27 (1.00-1.62)
1.13(0.89-1.45)

0.96 (0.86-1.07)
Reference
1.13 (0.90-1.44)
0.91 (0.70-1.17)
0.95 (0.74-1.23)

0.99 (0.92-1.06)
Reference
1.13(0.89-1.43)
1.01 (0.80-1.28)
0.94 (0.73-1.21)

0.98 (0.91-1.06)
Reference
1.18 (0.93-1.49)
0.96 (0.75-1.22)
0.94 (0.74-1.21)

* The analyses had inverse probability weighting to account for oversampling of cases with the case-cohort study
design. Bolded estimates indicate P < 0.05. IQR, interquartile range; LOD, limit of detection; MeFOSAA, 2-(N-
methyl-perfluorooctane sulfonamido) acetic acid; PFDA, perfluorodecanoic acid; PFHpS, perfluoroheptanesulfonic
acid; PFHxS, perfluorohexane sulfonic acid; PFNA, perfluorononanoic acid; PFOA, perfluorooctanoic acid; PFOS,
perfluorooctane sulfonic acid; PFUnA, perfluoroundecanoic acid; Q, quartile.

@ Model 1 is unadjusted.

 Model 2 is adjusted for gender/menopause status (male, premenopausal female, perimenopausal female, or
postmenopausal female), race (Black, yes/no), education level (college graduate, yes/no), and age at baseline.

“ Model 3 is model 2 with additional adjustment for body mass index at baseline.

with higher BMI (=30 kg/m?). In contrast, higher PFDA and PFNA
were associated with higher odds of hand OA in participants with
lower BMI (<30 kg/m?) (Supplementary Table S4). There were no

statistically significant associations of PFAS with an increase in the
total number of hand joints with radiographic OA in either stratum
of BMI, except for nonmonotonic associations of quartiles of
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PFOS and PFOA with higher odds of an increase in the total num-
ber of hand joints with radiographic OA among those with higher
BMI (Supplementary Table S5).

In postmenopausal women, higher PFDA was associated
with higher odds of incident symptomatic hand OA, and higher
PFHpS was associated with lower odds of hand OA when repre-
sented as a continuous variable but not when represented in
quartiles. Other PFAS were not monotonically associated with
incident symptomatic hand OA or an increase in the total number
of hand joints with radiographic OA (Supplementary Table S6).

Secondary outcomes. We found no consistent associa-
tions of PFAS concentrations with an increase in the sum of KL
grades during the follow-up (Supplementary Table S7). Partici-
pants with higher PFOS, PFHxS, and PFHpS had lower odds of
incident central erosive OA. PFAS were not consistently and
monotonically associated with other OA  phenotypes
(Supplementary Table S8).

Post hoc analyses. In cross-sectional analyses, higher
PFNA and PFUNA were associated with higher odds of baseline
symptomatic hand OA. There were no other associations
between PFAS and symptomatic hand OA at baseline
(Supplementary Table S9).

DISCUSSION

Investigators have hypothesized ubiquitous risk factors that
have emerged within the last 70 years to explain the increase in
OA prevalence.? We observed possible associations of PFDA
and PFNA with symptomatic hand OA incidence but otherwise
found no consistent evidence that higher PFAS concentrations
relate to greater risk of hand OA incidence or progression.

By employing a prospective evaluation and objective OA
measures, our work advances the prior literature, which exam-
ined self-reported OA cross-sectionally. Our findings contrast
with a cross-sectional 2003 to 2008 NHANES study, which found
that US adults with higher serum concentrations of PFOA and
PFOS had greater odds of self-reported OA,® and a study of indi-
viduals in the mid-Ohio Valley (2005-2006) with high drinking
water exposure to PFOA from a chemical plant, which found that
although adults with higher PFOA had higher likelihood of self-
reported OA, adults with higher PFOS had lower likelihood.”
Cross-sectional analyses are susceptible to reverse causation
(eg, if PFAS are released more readily from osteoarthritic bone),
but this does not appear to explain the discordance in results
from our study versus prior studies, as neither PFOS nor PFOA
were associated with baseline symptomatic hand OA in our
cross-sectional analyses. Although PFAS concentrations in the
OAl are lower than in the mid-Ohio Valley, they are similar to those
of NHANES. Rather than differences in variability of serum PFAS
concentrations, a more likely reason for the discordant results

may be that we examined associations of PFAS with well-
characterized hand OA versus self-reported OA in the prior stud-
ies. Self-reported OA is strongly influenced by knee OA, the most
prevalent OA phenotype.*? PFAS may relate more strongly to
knee OA than hand OA, and this is an important topic for future
investigation.

By looking at multiple PFAS, individually and as a mixture, our
work also advances prior literature, which focused only on PFOS
and PFOA. We found that adults with higher concentrations of
PFDA and PFNA had higher odds of incidence of symptomatic
hand OA in single PFAS models. These associations are biologi-
cally consistent because PFDA and PFNA are longer-chain per-
fluorinated carboxylic acids, and their binding may differ from
PFAS with different functional groups or carbon chain
lengths.*®*® We confirmed these associations in each age stra-
tum and among those without obesity. Evidence for PFDA was
further corroborated by the mixture models in which it had the
strongest weight in the positive scaled direction after accounting
for co-exposures. Notably, associations of PFDA and PFNA with
incident symptomatic hand OA were nonmonotonic when repre-
sented as quartiles, and we observed these signals for incident
symptomatic hand OA but not the other phenotypes or radio-
graphic outcomes, suggesting the association may be phenotype
specific or related to hand OA symptoms. Unfortunately, the OAI
lacks joint-specific and other validated patient-reported out-
comes (eg, Australian/Canadian OA Hand Index), which could
offer greater insights into the relationship between PFAS and
hand OA symptoms. Few population-based studies have exam-
ined PFDA or PFNA, and serum PFDA had relatively low variability
in concentrations in the OAI. Thus, additional research is needed
on the potential role of these lesser studied perfluorinated carbox-
ylic acids in OA.

Our results infer that some PFAS may exhibit a protective
effect for incident symptomatic hand OA (eg, PFHpS), especially
among women (PFHpS), younger participants (PFHpS and
PFOS), or those with obesity (PFHpS, PFOS, PFOA, and PFUNA).
The negative relationship complements prior results from the
cross-sectional mid-Ohio Valley study, which showed a negative
association of PFOS with self-reported OA.” Innes and colleagues
hypothesized that although PFOS has pro-inflammatory effects, it
can also elicit anti-inflammatory effects by activating peroxisome
proliferator-activated receptor y (PPAR-y), which could reduce
the risk of incident OA.”*®*" Indeed, there is evidence that the
extent and potency of PPAR-y activation differ by PFAS com-
pound.*® However, we must be cautious in interpreting these
results because they primarily emerged from numerous explor-
atory analyses within strata of the overall case-control sample.

The OAI offered an unprecedented opportunity to explore
the associations between PFAS and OA in a well-characterized
study sample with longitudinal data. Our studly is the first to exam-
ine PFAS and hand-specific OA outcomes. Despite these
strengths, our study had limitations. First, the purposeful
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recruitment of people aged 45 to 79 years with risk factors for OA
could influence the generalizability of our results. The age of this
cohort enabled us to observe a high rate of incidence and pro-
gression during a 4-year observation period (eg, 30% had inci-
dent symptomatic hand OA) and allowed us to generalize results
to ages when the incidence of hand OA is greatest.*® This age
range was also ideal because only 8% of the study sample had
prevalent symptomatic hand OA at baseline, which reduced the
risk of selection (index event) bias. Although the OAI purposefully
recruited participants at high risk for knee OA (eg, participants
with knee symptoms, repetitive knee bending, or history of knee
injury or surgery), it has generated similar estimates for the preva-
lence of hand OA as population-based cohorts?®?"°° and offers
a more diverse population than population-based cohorts, along
with a rich dataset of covariates.

We also performed numerous analyses without correction
for multiple comparisons; however, we a priori identified two pri-
mary outcomes. We focused on those results and used the
results from secondary outcomes to help identify consistent pat-
terns of association. Findings of secondary outcome analyses
should be interpreted with caution, as we cannot rule out the risk
of selection bias for outcomes with high baseline prevalences
(eg, incident radiographic hand [47%] or thumb-base [45%]
OA). Future studies investigating these secondary outcomes
may be warranted in younger populations with lower baseline
prevalence. We also cannot generalize our findings to people
exposed to high PFAS concentrations, because the OAl lacked
participants with very high PFAS exposure. We also focused
on hand OA because OA development in these joints is more
likely attributable to systemic exposures, unlike the knee, which
can be heavily influenced by local risk factors (eg, knee injury or
aberrant joint loading). However, it is unclear how PFAS may
relate to other OA phenotypes. Finally, although PFAS concen-
trations in blood samples represent only part of the total body
burden of PFAS, measuring PFAS in other tissues is not feasible
in large cohort studies. Therefore, as in other epidemiologic
studies of PFAS, we used blood PFAS concentrations as a
proxy of overall exposure. Furthermore, we were unable to ana-
lyze short-chain PFAS because they tend to have shorter half-
lives and are not detectable on routine biomonitoring.®' Future
studies using animal models could help us better understand
the health impacts of total PFAS body burden, PFAS in specific
tissues (eg, articular cartilage, subchondral bone), and short-
chain PFAS.

In conclusion, our findings suggest that individuals with
higher PFDA and PFNA may have a greater risk of developing inci-
dent symptomatic hand OA. However, we found no other consis-
tent evidence that greater PFAS concentrations relate to a greater
likelihood of developing hand OA incidence or progression. The
field will benefit from future studies investigating the potential
associations of elevated levels of PFDA and PFNA with symptom-
atic hand OA incidence or hand OA symptomatic progression.
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Myeloid-Derived Suppressor Cell-Derived Interferon-3
Promotes T Follicular Helper Cell Response and
Exacerbates Lupus Development

Ke Rui," Zixiang Chen,"? Jun Liu,"* Wei Huang," Xiaomeng Wang,"? Fan Xiao,? Yingbo Zhou,? Xiaogiu Dai,*
Yuan Tang,® Mengna Zhao,® Na Peng,” Xiaoran Wang,” Bo Zhu," Shengjun Wang,' ©* Liwei Lu,® * and Jie Tian"?

Objective. Increasing evidence highlights a critical role of T follicular helper (Tfh) cells in autoimmune pathogenesis.
This study aimed to identify inflammatory cytokines involved in driving Tth cell responses in systemic lupus erythema-
tosus (SLE).

Methods. The circulating Tfh frequencies and interferon (IFN)-B levels were analyzed for correlations with disease
activities in patients with SLE. Both lupus mice with IFN-B treatment and Ifnar1 ™~ mice with lupus induction were
assessed for Tfh cell responses and disease progression. Sorting-purified naive CD4*T cells from Ifnar1™~ mice were
adoptively transferred to lupus mice for monitoring Tfh cell differentiation in vivo. In culture, mouse CD4*T cells treated
with IFN-f were examined for Tth cell differentiation and intracellular signaling pathway. The underlying mechanism for
IFN- secretion by myeloid-derived suppressor cells (MDSCs) was investigated by co-immunoprecipitation and West-
ern blotting.

Results. We found that increased Tth cells with IFN-I-inducible gene signatures correlated with disease activities in
patients with SLE. Consistently, IFN- treatment markedly enhanced Tfh cell response and exacerbated disease pro-
gression in lupus mice. Moreover, mice with IFNAR1 deficiency exhibited attenuated lupus progression with signifi-
cantly decreased Tfh response. Mechanistically, IFN-B activated the indoleamine 2,3-dioxygenase/kynurenine/aryl
hydrocarbon receptor (IDO/Kyn/AhR) axis to promote Tth cell differentiation. Notably, expanded MDSCs in lupus were
found to produce high levels of IFN-B. Further studies showed that the autoantigen activated lymphocyte-derived DNA
stimulated IFN-B production by MDSCs via the cyclic GMP-AMP synthase-stimulator of IFN genes (cGAS-STING)-
dependent pathway.

Conclusion. These results have demonstrated a novel function of IFN-B in promoting Tfth cell response during

lupus progression, which may facilitate the identification of new therapeutic targets for the treatment of SLE.

INTRODUCTION

Systemic lupus erythematosus (SLE) is a chronic autoim-
mune disease affecting multiple organs and systems. "2 Dysregu-
lated T cell responses have been implicated in the pathogenesis
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of SLE. Numerous studies, including our previous findings, have
demonstrated a pivotal role of interleukin (IL)-17—producing
CD4* T helper (Th17) cells in promoting plasma cell response
and autoantibody production, a hallmark feature of SLE develop-

ment.>* Increasing evidence has indicated the critical
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involvement of enhanced CD4* T follicular helper (Tfh) cell
response in promoting B cell activation for autoantibody overpro-
duction.>® Tth cells are characterized by the expression of spe-
cific transcription factor Bcl6 and surface expression of CXCR5,
which allows their localization into the germinal centers (GCs)
to facilitate follicular B cell differentiating into antibody-
secreting plasma cells.” Several studies have shown that aber-
rant differentiation of Tth cells induces lupus-like autoimmunity
in mice, whereas inhibition of Tth cell expansion alleviates the
severity of murine lupus.®° However, it remains poorly under-
stood how inflammatory cytokines promote Tth cell differentia-
tion and exacerbate lupus pathogenesis.

Recent studies have revealed a pathogenic role of type | inter-
ferons (IFNs) during the development of SLE.” In patients with
SLE, elevated serum level of type | IFNs and up-regulated expression
profile of type | IFN-induced gene transcripts in leukocytes are
observed, which are positively correlated with SLE disease
activity."~'® The type | IFN family includes IFN-a, IFN-B, and several
other subtypes. It is recognized that the production of type | IFN sub-
types is regulated by distinct cell types and microenvironment
milieu. Currently, blocking the type | IFN pathway has been demon-
strated as an effective therapeutic approach for the treatment of SLE.
Recent reports from clinical trials showed that an IFNAR-specific
monoclonal antibody (anifrolumalb) has been approved for the treat-
ment of SLE™® although the anti-IFN-a antibody failed, '® suggesting
arole of other type | IFNs in SLE, such as IFN-B. To date, it remains
largely unclear whether IFN-B plays a role in regulating T cell
response and promotes lupus pathogenesis. Thus, further investiga-
tion may facilitate the identification of new therapeutic targets for the
effective treatment of patients with SLE.

Early studies have reported that the main cellular source of
type | IFNs is plasmacytoid dendritic cells (pDCs). However, a
recent study revealed that pDCs were not effector cells in SLE
and were not associated with disease activity and blood IFN sig-
naling. Keratinocyte-derived IFN-k was found to be a major
source of type | IFNs in the skin of patients with lupus.'” Addition-
ally, increasing evidence shows that myeloid cells can also pro-
duce high levels of type | IFNs.'® Myeloid-derived suppressor
cells (MDSCs) are a heterogeneous population of immature mye-
loid cells with immunosuppressive activity, which are expanded
during the development of various autoimmune diseases,'®
including multiple sclerosis,?®?" rheumatoid arthritis,?>2* primary
Sjégren disease,>*?° and SLE.?"?® Our previous studies have
demonstrated that dysregulation of MDSCs contributes to the
development of primary Sjdgren disease.?® However, it is unclear
whether MDSCs produce IFN-B and modulate Tth cell response
during lupus development.

In this study, we identified a novel function and the underlying
effector mechanism of IFN- in promoting Tth cell differentiation dur-
ing lupus development. Moreover, we demonstrated that MDSCs
were the major cellular source of IFN-B during lupus development
whereas IFN-B played a pivotal role in driving Tth cell response via

activating aryl hydrocarbon receptor (AhR) and exacerbated lupus
progression, suggesting that targeting IFN-8 may provide a promis-
ing therapeutic strategy for the treatment of SLE.

PATIENTS AND METHODS
Human samples

Blood samples were collected from patients with SLE (n =
32) and healthy controls (n = 41). Serum samples were col-
lected from 35 patients with SLE and 30 healthy individuals.
All patients were diagnosed according to the 2019 EULAR/
American College of Rheumatology (ACR) classification criteria
for SLE.?® Age-matched healthy donors without a personal
history of cancer or autoimmune diseases were enrolled as
controls. The study protocols and consent forms were
approved by the ethics committee of the Affiliated Hospital of
Jiangsu University (approval number: KY2022K0602). The
characteristics of the patients with SLE and healthy controls
are shown in Supplementary Tables S1 and S2.

Mice

C57BL/6 (CD45.2) mice and B6.SJL-Ptprca Pepcb /Boyd
(CD45.1) mice were obtained from Cavens Laboratory Animal
Co., Ltd (Jiangsu, China), and /fnari-deficient (ifnari™")
C57BL/6 mice were obtained from Cyagen Biosciences Co., Ltd
(Guangzhou, China). All mice were maintained in the Animal Cen-
ter of Jiangsu University (Jiangsu, China). All experiments were
approved by the Committee on the Use of Live Animals in
Research and Teaching of Jiangsu University. Female
MRL/MpJ-Fas®/J (MRL/Lpr) mice were purchased from The
Jackson Laboratory (Bar Harbor, Maine, USA) and maintained at
the Laboratory Animal Unit of the University of Hong Kong. The
animal experiments using MRL/Lpr mice were approved by
the Committee on the Use of Live Animals in Teaching and
Research (no: 3392-14) at the University of Hong Kong. Methods
in all experiments, statistics, and related references are described
in the Supplementary Methods (Supplementary Tables S3
and S4).

Data availability. The authors verify that all other data
supporting the findings of this study are provided in the article
and its Supplementary Materials.

RESULTS

Increased Tfh cells with IFN-I-inducible gene
signatures correlate with disease activity in
patients with SLE and lupus mice

To determine the role of Tth cells in lupus pathogenesis, we
first examined the circulating Tfh cells in peripheral blood
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mononuclear cells (PBMCs) of patients with SLE by flow cytomet-
ric analysis (Figure 1A). It was found that the frequencies of circu-
lating Tth cells were significantly increased in patients with SLE.
To further examine the correlation of circulating Tfh cells with
disease activity, we divided patients with SLE into active (SLE
Disease Activity Index [SLEDAI] > 6) and inactive groups
(SLEDAI < 6).* When compared with patients with inactive
SLE, patients with active SLE exhibited a significantly higher
percentage of Tth cells in PBMCs. Moreover, the single-cell
transcriptome analysis detected increased circulating Tth cells

in patients with SLE when compared with healthy controls
(Figure 1B). The dot plots displaying canonical marker genes
for distinct CD4" T cell subsets were shown in Supplementary
Figure S1A.

Interestingly, the gene expression profile of Tfh cells in
patients with SLE markedly differed from that in healthy con-
trols at a genome-wide level, among which IFN-I-inducible
genes including ISG15, ISG20, IFITM3, and IFITM2 were pro-
foundly enriched in Tfh cells from patients with SLE
(Figure 1C). Moreover, gene ontology terms analysis revealed
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Figure 1. Increased IFN-B correlates with expanded Tfh cells in patients with SLE. (A) Representative flow cytometric profiles show frequen-

cies of CD4*CXCR5*ICOS*PD-1* Tth cells in peripheral blood mononuclear cells (PBMCs) from patients with active SLE (SLEDAI > 6, n = 10),
inactive SLE (SLEDAI < 6, n = 15) and healthy individuals (n = 20). (B) UMAP visualization and percentages of CD4* T cell clusters in healthy
individuals and patients with SLE by single-cell RNA sequencing. (C) Heatmaps showing the differential expression of genes in Tth cell cluster
between HCs and patients with SLE. Violin plot comparing the expression of ISG15, ISG20, IFITM3, and IFITM2 in each group. (D) GO catego-
ries enriched for differentially expressed genes in Tth cells from PBMCs of patients with SLE. (E) The serum level of IFN-B in patients with SLE
(n = 35) and healthy controls (n = 30) by enzyme-linked immunosorbent assay. (F) Correlation of serum levels of IFN-g with Tth cells in PBMCs
from patients with SLE. (G) Concentrations of IFN-B in the serum of lupus mice during the disease development (n = 4 per group). (H) IFNAR1
and IFNAR2 mRNA expression were measured in Tfh cells and pro-Tth cells (CD4*CXCR5* and CCR7'°PD-1M) from WT mice and lupus mice
by reverse transcription quantitative polymerase chain reaction (n = 4 per group). Data are shown as mean + SD of three independent exper-
iments. Statistical analysis was determined by one-way analysis of variance in parts A, E, and G; the Pearson correlation coefficient in part F;
and Student’s t-test in part H. **P < 0.001; **P < 0.01; *P < 0.05. GO, Gene Ontology; HC, healthy control; IFN, interferon; mRNA, messenger
RNA; SLE, systemic lupus erythematosus; SLEDAI, SLE Disease Activity Index; Tth, T follicular helper; UMAP, Uniform Manifold Approximation
and Projection; WT, wild-type.
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a significant enrichment for genes encoding molecules associ-
ated with type | IFN-mediated response (Figure 1D). However,
other T cell subsets, including Th1, Th17, and Treg cells, did
not show pronounced enrichment of the IFN-B-mediated
response or upregulation of IFN-I-inducible genes in patients
with SLE (Supplementary Figure S2). We further detected the
expression of IFN-B in both patients with SLE and lupus mice.
Notably, the serum level of IFN-B was significantly increased in
patients with SLE and positively correlated with increased frequen-
cies of circulating Tth cells (Figure 1E and F). Consistently, IFN-B
expression was also increased during the disease development
in lupus mice (Figure 1G). Moreover, both Tfh cells and
CCR7"°PD-1"CXCR5*Tfh precursors (pre-Tfh) from lupus mice
expressed higher levels of IFNAR1 and IFNAR2 transcripts
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(Figure 1H), suggesting a potential role of IFN-B signaling in medi-
ating Tth cell response.

IFN-B enhances Tfh cell response and exacerbates
disease progression in lupus mice

To identify the role of IFN-B in regulating Tfh cell response,
lupus mice were treated with recombinant IFN- and monitored
for disease progression. It was found that IFN-B treatment mark-
edly increased the serum levels of anti-double-stranded DNA
(dsDNA) autoantibody, creatinine, and urea, as well as protein
levels in the urine (Figure 2A). Moreover, histologic analysis
showed pronounced glomerular damage and renal IgG deposition

in IFN-B-treated lupus mice (Figure 2B and C). Both the
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IFN-B enhances Tth cell response and promotes the development of murine lupus. C57BL/6 mice were subjected to induce lupus, and

recombinant IFN-B (1,000 U per mice) or control was intravenously administered at 5, 6, and 7 weeks after the firstimmunization. Mice were eutha-
nized at 8 weeks (n = 4 per group). The histologic evaluation was conducted at 15 weeks. (A) Concentrations of serum anti-dsDNA IgG, urea, and
creatinine, as well as protein levels in the urine, were detected in different groups. Representative images show kidney sections with H&E staining,
(B) PAS staining, and (C) immunofluorescent staining of IgG. Scale bar = (B) 20 um and (C) 20 um. (D-F) Representative flow cytometric profiles
and data plots show the frequencies and numbers of (D) CD4*CXCR5*PD-1" Tfh cells, (E) GB cells, and (F) plasma cells in SP, LNs, and BM from
each group. Data are shown as mean + SD of three independent experiments. Statistical analysis was determined by one-way analysis of vari-
ance. P < 0.001; *P < 0.01; *P < 0.05. BM, bone marrow; CREA, creatinine; dsDNA, double-stranded DNA; GB, germinal center B; H&E,
hematoxylin and eosin; IFN, interferon; LN, lymph node; PAS, Periodic acid-Schiff; PBS, phosphate-buffered saline; SP, spleen; Tfh, T follicular
helper. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.70004/abstract.
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percentages and numbers of Tth cells, GC B cells, and plasma cells
were greatly increased in the spleens (SPs), lymph nodes (LNs),
and bone marrow (BM) from IFN-B-treated Iupus mice
(Figure 2D-F). Similar results were also observed in lupus-prone
MRL/Lpr mice, among which IFN-B treatment led to significantly
increased percentages of Tth cells and IL-21" CD4*CXCR5"PD-
1% cells in SPs and LNs when compared with the control group
without IFN-B treatment (Supplementary Figure S3A-C). These
data suggest that IFN-B may play a pathogenic role in lupus devel-
opment, possibly by promoting Tfh cell-mediated immune
response.

To further determine the function of IFN-B signaling in regu-
lating Tth cell response during lupus development in vivo, purified
naive CD4*T cells from Ifnar1 ™~ or wild-type (WT; CD45.2)
mice were adoptively transferred into Boy/J (CD45.1) recipient
mice, followed with lupus induction (Figure 3A). Compared with
control groups transferred with WT CD4* T cells, lupus mice
transferred with Ifnari™~ CD4* T cells showed significantly
reduced frequencies of Tfh cells and IL-217CD4"CXCR5*PD-
1* cells in the SPs and LNs (Figure 3B and C), indicating that
IFN-B signaling is critical for the differentiation and homeostatic
maintenance of Tfh cells in vivo. Furthermore, mice receiving
WT CD4* T cells exhibited greater disease severity than those
receiving Ifnar1 ~/= CD4™ T cells, which was manifested as ele-
vated levels of serum anti-dsDNA autoantibody, creatinine,
urea, and urinary protein, along with pronounced glomerular
damage (Supplementary Figure S4). In addition, the sizes of
SPs and LNs from Ifnar1™~ mice were markedly smaller than
those from WT mice during lupus development (Figure 3D
and E).

Compared with the control group, Ifnar1™~ mice displayed
greatly reduced levels of serum anti-dsDNA autoantibody, creati-
nine, and urea, as well as protein levels in the urine (Figure 3F).
Compared with WT lupus mice, Ifnar1™~ mice did not show any
obvious glomerular damage as revealed by histologic examination
(Figure 3G). Notably, [fnar1™~ mice showed markedly reduced
Tth cells, IL-21*CD4*CXCR5*PD-1* cells (Figure 3H and ), GC
B cells, and plasma cells (Supplementary Figure S5A and B) in
SPs, LNs, and BM. In contrast, the frequencies of Th17 and Treg
cells remained largely unchanged, and only a mild decrease was
observed in Th1 cels from the SPs of Ifnart™ mice
(Supplementary Figure S5C and D). To determine whether IFN-B
is directly involved in inducing Tfh cell differentiation, naive
CD4*T cells from normal mice were cultured with recombinant
IFN-B. In culture, IFN-B potently promoted the differentiation of
Tth cells (Figure 3J), and the expression level of key transcript fac-
tor Bcl-6 was significantly increased (Figure 3K). Moreover, we
also measured the capacity of IFN-a to drive Tth cell differentia-
tion. In contrast to IFN-B, IFN-a with a 10-fold higher concentra-
tion only induced a slight increase in the proportion of Tth cells,
suggesting a much weaker capacity of IFN-a in promoting Tth cell
differentiation (Supplementary Figure S6).

/-

IFN-B promotes Tfh cell differentiation via AhR
activation

Upon IFN-B stimulation, naive CD4*T cells exhibited signifi-
cantly up-regulated AhR-related genes, including AHR, AHRR,
CYP1A1, and CYP1B1, as revealed by reverse transcription
quantitative polymerase chain reaction (RT-gPCR) analysis
(Figure 4A). AhR is a critical cytoplasmic transcription factor that
can sense multiple xenobiotics and endogenous metabolites,
which has been found to regulate various biologic processes.*°
AHRR, cytochrome P450 1A1 (CYP1A1), and CYP1B1 are the
main target genes of AhR.3" Upon IFN-B treatment in culture, we
detected substantial AhR translocation from the cytoplasm to the
nucleus in CD4* T cells by Western blotting and flow cytometric
analysis (Figure 4B-D), indicating that IFN-B could activate AhR sig-
naling in T cells. Furthermore, AhR activation was also increased in
Tth cells from patients with SLE, which was correlated with disease
activity (Supplementary Figure S7). As an endogenous ligand for
AhR, kynurenine (Kyn) is a major metabolic intermediate of indolea-
mine 2,3-dioxygenase 1 (IDO1)-catalyzed tryptophan. To assess
whether the IDO-Kyn-AhR axis was involved in IFN-B-mediated
Tth cell differentiation, we detected the expression of IDO1 and
Kyn in vitro. Notably, both IDO1 and Kyn expression levels were
significantly increased after IFN-B treatment at the messenger
RNA and protein levels (Figure 4E-G). To further verify the role of
AhR in IFN-B—-mediated differentiation, AhR inhibitors CH-223191
and 3,4’-dimethoxyflavone (DMF) were used in T cell culture.
Indeed, treatment with either CH-223191 or DMF led to the
decreased Tth cell differentiation in culture (Figure 4H), and the
expression levels of BclB, Ascl2, CD40L, and IL-21 were also signif-
icantly decreased (Figure 41).

Expanded MDSCs express a high level of IFN-B
during lupus development

During lupus development in mice, we found a marked
expansion of CD11b*Gr-1*MDSCs. The frequencies of MDSCs
in the SP, LN, and peripheral blood were significantly increased
during lupus progression, reaching the peak value at 5 weeks
(Figure 5A and B). RT-gPCR analysis showed that levels of IFN-B
transcripts in MDSCs were higher than other immune cells. Flow
cytometric analysis further confirmed the high level of IFN-B
expression in CD11b*Gr-1*MDSCs (Figure 5C and D), and the
monocytic MDSC (M-MDSC) and polymorphonuclear MDSC
subsets expressed similar levels of IFN-B (Supplementary
Figure S8). Moreover, the immunofluorescent microscopic exam-
ination revealed that most MDSCs were located at the T-B cell
borders, indicating that accumulated MDSCs may support the
differentiation of Tth cells (Figure 5E). Furthermore, after depleting
MDSCs in MRL/Ipr lupus mice, the serum levels of anti-dsDNA
autoantibody, creatinine, and urea, as well as protein levels in
urine in lupus mice were significantly decreased. In addition,
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Figure 3. IFN-B induces the differentiation of Tfh cells both in vitro and in lupus mice. (A) Naive CD4*T cells from WT or IFNAR™~ mice were
transferred into Boy/J (CD45.1) mice, which were immunized for systemic lupus erythematosus induction (n = 3 per group). Frequencies and num-
bers of (B) CD45.2*Tfh cells and (C) CD45.2*IL-21*Tfh cells in spleens and LNs were analyzed by flow cytometry. (D) WT and IFNAR™~ mice were
subjected to activated lymphocyte-derived DNA-induced lupus (n = 5 per group). (E) Representative images show the sizes of SPs and LNs.
(F) Concentrations of serum anti-dsDNA IgG, creatinine, and urea as well as protein levels in the urine were detected in different groups.
(G) Representative images show the kidney sections with H&E staining and PAS staining. Scale bar = 20 um. Representative flow cytometric pro-
files and data plots show the frequencies of (H) CD4"CXCR5"PD-1"Bcl-6"Tth cells and (I) IL-217Tfh cells in SPs and LNs from each group. A total
of 2 x 10° murine naive CD4*T cells were cultured under anti-CD3 monoclonal antibody (1 ug/mL) and anti-CD28 monoclonal antibody (1 pg/mL)
stimulation. IL-6 (25 ng/mL) together with IL-21 (20 ng/mL), or different concentrations of IFN-B (100 U/mL) were added to culture for 3 days.
(J) Representative flow cytometric profiles and data plots show the frequencies of CD4*CXCR5*PD-1* Tth cells. (K) The expression of Bcl6 in each
group was analyzed by flow cytometric analysis. Data are shown as mean + SD of three independent experiments. Statistical analysis was deter-
mined by Student’s t-test in parts B and C and one-way analysis of variance in parts F, H, |, J, and K. **P < 0.001; **P < 0.01; *P < 0.05. CREA,
creatinine; dsDNA, double-stranded DNA; H&E, hematoxylin and eosin; IFN, interferon; IL, interleukin; LN, lymph node; MFI, mean fluorescence
intensity; OD, optical density; PAS, Periodic acid-Schiff; SP, spleen; Tth, T follicular helper. Color figure can be viewed in the online issue, which
is available at http://onlinelibrary.wiley.com/doi/10.1002/art.70004/abstract.
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Figure 4. IFN-B activates AhR to promote T follicular helper (Tth) cell differentiation. A total of 2 x 10° murine naive CD4™T cells were cultured
under anti-CD3 monoclonal antibody (mAb; 1 pg/mL) and anti-CD28 mAb (1 pg/mL) stimulation. IFN-g (500 U/mL) was added to culture for 3 days
and induced Tth cell differentiation. (A) The gene expression profiles in the IFN-p-treated group and control group were analyzed by reverse tran-
scription quantitative polymerase chain reaction (RT-gPCR) analysis. (B) Immunofluorescence staining showed the localization of AhR in the IFN-
B—treated group and control group by confocal microscopy (AhR in red and DAPI in blue; scale bar = 10 pm). (C) Western blot was used to detect
the AhR expression in cytosol and the nucleus after different concentrations of IFN-B (100 U/mL and 500 U/mL) treatment for 3 days. The data plot
shows the quantitation of AhR. (D) Representative flow cytometric profiles show the AhR level in cytosol and whole cells after IFN-B (500 U/mL)
treatment. The data plot shows the AhR expression in cytosol and nucleus in each group. Both mRNA and protein levels of IDO were measured
after IFN-B treatment by (E) RT-gPCR and (F) Western blot, respectively. (G) The Kyn level was detected by a kit in each group. Murine naive
CD4™T cells were cultured under anti-CD3 mAb and anti-CD28 mAb stimulation. CD4*T cells were pretreated with AnR inhibitors (CH223191
or DMF) for 1.5 hours, and then IFN-B was added to culture for 3 days. (H) The percentage of Tth cells was measured by flow cytometry. () The
gene expression profiles in each group were analyzed by RT-gPCR analysis. Data are shown as mean + SD of three independent experiments.
Statistical analysis was determined by one-way analysis of variance in parts C and H and Student’s t-test in parts D, E, and G. **P < 0.001; **P
<0.01; *P < 0.05. AhR, aryl hydrocarbon receptor; DMF, 3',4’-dimethoxyflavone; IDO1, indoleamine 2,3-dioxygenase 1; IFN, interferon; IL, inter-
leukin; Kyn, kynurenine; mRNA, messenger RNA. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/

doi/10.1002/art.70004/abstract.


http://onlinelibrary.wiley.com/doi/10.1002/art.70004/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.70004/abstract

IFN-B DRIVES Tfh CELL RESPONSES IN LUPUS 1095

A B
== \IDSC i
E=1CD8* T cell s
E=SCD4* Teell & 5_: s
== Macrophage 2 n_‘_ d: Ifl
= NK cell 8
== B Cell LA A
== DC £,
= Others B
c D o Jilhw
Relative expression of ” S
IFN-B mRNA (107) — e [FN-f e 1 v i R
Mbgg'— — z
’
CD4'T Cellmm - |
Macrg?(h agel— + eM_C_)__S_C )
& el -\
CD8'T Cell] . L 1
QQ Q"’ '\Q "P o @ e = IFN_B

mmiNaive CDE* TemNKTe==CD4* TemE Cells mmMyelod Cells

mmNaive CD4* TemmDC ==CD8* TemNK ~ mmPlasma
Plasma Flasma
10+ Fielis Tges
oc 0C
o EBBLT COaT
o d T s Myelgd Celis @Tn iy Myefod Celis
o i MNKT . & NKT %
2JB cell zone 2N ® chs- T e Tcn’m T
= T o T T T T T T T T 1
G 40 5 0 5 10 -0 5 0 5 10
UMAP 1 HC SLE HC SLE
HC
a4 MDSE-1 1 J
MDSC-2
alMonocytes-2 Galed HLA-DR- SLE = ' 3
= T SLE r=0.6574
oo 60%8 Heallhy SLEDAI low SLEDAI high Q 15) a 2™ P=0.0004
o S0% 8 231 [ 761 | @ 5 A s D, %
o, o 10f == H tad o v .
< 40% il = | = 8 £ B
= " Monocyles-1 : Muncx.ylcs‘ 30‘%“'"' 1 2 ! 1 & | a5 L * T a w 9 qre -+
T 3 ;"‘ — 3 X Q| ‘i. ’ "‘E 8 Q *
umap 1+ “.@ . 14 80_£L__3 Doy
=Monocytes-1(coeecD163°)  mIMDSC-1(1SG1SCD14) g0, 8 i 1# = HC > SLEEG 8 ke = : = "
mMonocyles-2(CDT4°) mMDSC-2(1SG15°C0M4 ) ’ CD1‘Ib NS M A S P {'j—‘ IFN B — Tth Cells in CD4" Clls(%)

SLEDAI

mMonocyles-3(ISG15) EMDSC-3(C014415G15%) HC SLE

Figure 5. Accumulated MDSCs express plenty of IFN-B in lupus mice. (A) Frequencies of different immune cells in SPs from WT C57BL/6 mice and
lupus mice. (B) Kinetic changes of CD11b*Gr-1" MDSCs in SPs, LN, and blood during lupus development in mice. The (C) mRNA and (D) protein levels
of IFN-B in different cell populations from the SP of lupus mice were analyzed by reverse transcription quantitative polymerase chain reaction and flow
cytometry, respectively. (E) Immunofluorescence staining of an SP section from lupus mice, showing the localization of MDSCs (CD4, white; B220, blue;
CD11b, green; and Gr-1, red) in the T cell zone (white dashed line) and B cell zone (blue dashed ling) by confocal microscopy (scale bar = 100 um).
(F) UMAP visualization and percentages of immune cell clusters in healthy individuals and patients with SLE by single-cell RNA sequencing. (G) UMAP visu-
alization and percentages of myeloid cell clusters in HCs and patients with SLE. Representative flow cytometric profiles and data plots show (H) frequencies
and (I) IFN-B levels of HLA-DR™CD11b*CD33" MDSCs in PBMCs from patients with inactive SLE (SLEDAI < 6, n = 15), with active SLE (SLEDAI > 6, n =
10), and in healthy individuals (n = 20). (J) The correlation of MDSCs and Tth cells was analyzed. Data are shown as mean + SD of three independent exper-
iments (n = 4 per group for parts A-E). Statistical analysis was determined by one-way analysis of variance for parts B and H and the Pearson correlation
coefficient for part J. “*P < 0.001; *P < 0.01; *P < 0.05. DC, dendritic cell; HC, healthy control; IFN, interferon; LN, lymph node; MDSC, myeloid-derived
suppressor cell; MRNA, messenger RNA; NK, natural killer; NS, no significance; PBMC, peripheral blood mononuclear cell; SLE, systemic lupus erythema-
tosus; SLEDAI, SLE Disease Activity Index; SP, spleen; Tth, T follicular helper; UMAP, Uniform Manifold Approximation and Projection; WT, wild-type. Color
figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.70004/abstract.

histologic analysis showed ameliorated glomerular damage and
immune complex deposition. Notably, the frequencies of Tth cells
and IL-21*CD4*CXCR5*PD-1* cells in SPs and LNs were also
decreased. These results demonstrated that the depletion of
MDSCs led to the reduced Tth cells and attenuated lupus devel-
opment in mice (Supplementary Figure SOA-F).

To further characterize the phenotypic and functional fea-
tures of the increased MDSCs in murine lupus, we examined the
expression pattern of costimulatory molecules and the suppres-
sive capacity of MDSCs on T cell proliferation. During the disease
progression, the suppressive effect of MDSCs on CD4*T cell

proliferation was gradually decreased with diminished levels of
arginase and nitric oxide (NO) expression (Supplementary
Figure S10A and B). However, up-regulated levels of CDA40,
CD80, CD86, and major histocompatibility complex Il expression
on MDSCs were detected, indicating a mature phenotype
(Supplementary Figure S10C). Together, these results showed
increased IFN-B production by MDSCs with decreased immuno-
suppressive capacity during murine lupus development.

Next, we analyzed the circulating MDSCs in PBMCs from
patients with SLE by flow cytometry. Compared with healthy con-
trols, the frequencies of myeloid cells were significantly
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increased in patients with SLE (Figure 5F). To further analyze the
transcriptomic profiles of myeloid populations in SLE, we reclus-
tered myeloid cells into six clusters, including MDSC 1-3 and
monocytes 1-3. The dot plots displaying canonical marker
genes for distinct cell subsets were shown in Supplementary
Figure S1B. The dataset analysis showed increased frequencies
of MDSCs in SLE (Figure 5G). Flow cytometric analysis showed
an increased percentage of MDSCs in patients with SLE, espe-
cially those with active disease. Moreover, the expanded
MDSCs secreted significantly higher levels of IFN-B, which were
positively correlated with increased circulating Tfh cells
(Figure 5H-J).

MDSC-derived IFN-B promotes Tfh cell
differentiation and lupus progression

To elucidate whether MDSCs promote the differentiation of
Tth cells in lupus mice, MDSCs under different treatment were
adoptively transferred into lupus mice (Supplementary
Figure S11A). Compared with the control lupus mice, adoptive
transfer of MDSCs led to exacerbated disease severity, displaying
bigger sizes of the SP and LN; elevated serum levels of anti-
dsDNA autoantibody, creatinine, and urea; and elevated protein
levels in urine samples, accompanied by increased glomerular
damage and immune complex deposition in kidneys. Further-
more, the frequencies and numbers of Tth cells, GC B cells, and
plasma cells in SPs, LNs and BM were profoundly increased.
However, the effects of transferred MDSCs with IFN-B gene
knockdown in aggravating the disease severity was almost abro-
gated. When compared with the MDSC-transferred control
group, the transfer of MDSCs with silenced IFN-B showed mark-
edly decreased serum levels of anti-dsDNA autoantibody, creati-
nine, urea, and protein levels in urine in lupus mice. The
histologic analysis showed ameliorated glomerular damage,
whereas the frequencies and numbers of Tth cells, GC B cells,
and plasma cells in SPs, LNs, and BM were also decreased in
mice transferred with IFN-g knockdown MDSCs (Supplementary
Figure S11B-H). Furthermore, to determine if MDSCs can pro-
mote the Tfh cell differentiation via producing IFN-B, we cocul-
tured MDSCs with naive CD4™T cells under Tfh polarization
conditions. Notably, MDSCs potently promoted the Tfh cell differ-
entiation whereas MDSCs with IFN-B gene silenced showed no
significant effect in coculture (Supplementary Figure S111). Taken
together, these data demonstrated that MDSCs play a critical role
in enhancing Tth cell response via producing IFN-.

Activated lymphocyte-derived DNA stimulates
MDSCs to produce IFN-§ via cyclic GMP-AMP
synthase-stimulator of IFN genes pathway

To elucidate the molecular mechanism mediating IFN-
B upregulation in MDSCs, we found a significant increase of

IFN-I-inducible genes (eg, the Isg75 and /fi gene families) in
MDSCs from patients with SLE by single-cell transcriptome anal-
ysis. We further conducted pairwise comparison of gene expres-
sion levels in the MDSC2 and 3 clusters vs the MDSC1 cluster.
Gene ontology analysis revealed a significant upregulation of
IFN-I-inducible genes in the MDSC2 and 3 clusters (Figure 6A
and B). It has been reported that activated lymphocyte-derived
DNA (ALD-DNA) can modulate the innate immune response
mediated by myeloid cells.>? To investigate whether ALD-DNA
can regulate the function of MDSCs, the gene expression files in
MDSCs from lupus mice with or without ALD-DNA treatment
were determined by RNA sequencing (RNA-seq) analysis. Inter-
estingly, IFN-I (fnb7) and IFN-I-inducible genes (eg, Isg15, Ifi gene
families, and Irf gene families) were strikingly up-regulated
(Figure 6C) after ALD-DNA stimulation, which was confirmed by
RT-gPCR analysis, showing that ALD-DNA up-regulated expres-
sion of IFN-B and IFN-I-inducible genes (lsg15, Irf7, Mx, Oas1,
and /fi gene families) in MDSCs. Moreover, the protein level of
IFN-B was also increased after ALD-DNA stimulation, which was
blocked by stimulator of IFN genes (STING) inhibition
(Figure 6D-F).

These data suggest that ALD-DNA induces the production of
IFN-B in MDSCs whereas IFN-B may probably further act on
MDSCs. Notably, ALD-DNA treatment significantly impaired the
immunosuppressive activity of MDSCs, accompanied by a pro-
nounced maturation phenotype. Conversely, upon the blockade
of IFN-I signaling, ALD-DNA failed to modulate the function of
MDSCs (Figure 6G—l), suggesting that ALD-DNA affects the func-
tion of MDSCs in an IFN-I-mediated autocrine pattern. It is known
that upon binding with dsDNA, cyclic GMP-AMP synthase (CGAS)
is activated and initiates the cGAS-STING-IFN-I pathway.>® As
expected, phosphorylated TBK1 and IRF3 increased after ALD-
DNA stimulation whereas STING was ubiquitinated in MDSCs,
showing primarily K63-linked ubiquitination (Figure 6J-L).
Together, these results demonstrated that ALD-DNA impaired
the immunosuppressive capacity of MDSCs via the cGAS-
STING-IFN-I axis in an IFN-I-mediated autocrine pattern.

DISCUSSION

In this study, we have identified the role of accumulated
MDSCs in promoting Tth cell differentiation and function via IFN-
B production in lupus pathogenesis. We showed that IFN-
B secreted by MDSCs drives Tth cell responses via activating
AhR. Moreover, MDSCs with the IFN-B gene silenced showed
no significant effect on Tth cell differentiation. Notably, the transfer
of MDSCs with silenced IFN-B showed markedly decreased
serum levels of anti-dsDNA autoantibody, creatinine, urea, and
urine protein levels in lupus mice. Together, these results suggest
that targeting IFN-B may serve as a promising therapeutic strat-
egy for the treatment of patients with SLE.
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Figure 6. ALD-DNA stimulates MDSCs to produce IFN-B via cyclic GMP-AMP synthase-STING pathway. (A and B) Peripheral blood mononuclear
cells from patients with SLE and HCs were collected for single-cell RNA sequencing analysis. (A) Heatmaps show the differential expression of genes
in MDSC clusters between HCs and patients with SLE. (B) Pairwise comparison of gene expression levels in MDSC1 versus MDSC2 and MDSCS clus-
ters from patients with SLE (mean log of biologic duplicates). Genes showing more than a two-fold overexpression with false discovery rate < 0.05 in
MDSC2 and MDSCS clusters are highlighted in red; select gene names are indicated. (C) MDSCs from the spleen of lupus mice (7 weeks) were stimu-
lated with ALD-DNA (8 pg/mL) for 24 hours, RNA sequencing was performed to analyze the differential expression of IFN-I target genes. (D) The expres-
sion of IFN-I targeted genes in MDSCs treated with ALD-DNA for 24 hours was detected by reverse transcription quantitative polymerase chain reaction.
(E) Flow cytometric analysis and (F) enzyme-linked immunosorbent assay were used to measure IFN- released by MDSCs stimulated with or without
ALD-DNA for 48 hours, and the STING inhibitor (H-151; 2 uM) was added in some cases. MDSCs isolated from lupus mice (7 weeks) were pretreated
with anti-IFNAR1 monoclonal antibody (mAb; 1 ug/mL) to block the IFN-I signaling and then followed by ALD-DNA stimulation for 48 hours. (G) CD4™ T
cells were isolated from the spleen of C57BL/6 mice. MDSCs under different treatments were then collected to co-culture with CD4™ T cells (MDSC/T
cell ratio of 1:1) in the presence of anti-CD3 mAb (1 ug/mL) and anti-CD28 mAb (1 pg/mL) for 72 hours. CD4* T cell proliferation was evaluated by stain-
ing with Carboxyfluorescein Succinimidyl Ester (CFSE, 5 uM ). (H) Expression of CD40, CD80, CD86, and major histocompatibility complex Il on MDSCs
were analyzed by flow cytometry. (I) The activity of arginase and NO level were measured in MDSCs. (J) MDSCs were treated with ALD-DNA for different
times as indicated; cells were harvested to analyze STING, p-TBK1, and p-IRF3 by Western blot. (K) Immunoblot analysis of Ub and STING in lysate and
immunoprecipitated samples from MDSCs treated with or without ALD-DNA. (L) Endogenous K63-linked poly-Ub chains were immunoprecipitated
using anti-Ub (linkage-specific K63) antibody. (M) Schematic illustrations of IFN-B secreted by MDSCs drive Tth cell responses via activating AhR. Data
are shown as mean + SD of three independent experiments. Statistical analysis was determined by Student’s t-test in part D and one-way analysis of
variance in parts F, G, H, I, and J. **P < 0.001; *P < 0.01; *P < 0.05. AhR, aryl hydrocarbon receptor; AIP, AhR-interacting protein; ALD-DNA, activated
lymphocyte-derived DNA; GC, germinal center; HC, healthy control; IB, immunoblotting; IDO1, indoleamine 2,3-dioxygenase 1; IFN, interferon; IL, inter-
leukin; IP, immunoprecipitation; Kyn, kynurenine; MDSC, myeloid-derived suppressor cell; MFI, mean fluorescence intensity; MHCII, major histocompat-
ibility complex II; mRNA, messenger RNA; NO, nitric oxide; NS, no significance; SLE, systemic lupus erythematosus; STING, stimulator of IFN genes;
Tfh, T follicular helper; Trp, tryptophan; Ub, ubiquitin; WCL, whole cell lysate. Color figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.70004/abstract.
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Extensive evidence indicates that type | IFNs are closely
associated with lupus pathogenesis, but the effector mechanisms
by which IFN-I contributes to enhanced T cell dysregulation and
autoantibody overproduction are not fully understood. Here, we
find that IFNAR-deficient mice are resistant to lupus induction
and exhibit significantly decreased Tth cells when compared with
WT controls. Notably, adoptive transfer of IFNAR-deficient CD4*T
cells into lupus mice showed greatly diminished capability in dif-
ferentiating into Tfh cells, which supports the notion that IFN-I
plays a key role in promoting Tth cell responses during lupus
development. Currently, blocking the IFN-I pathway has been
considered a new therapeutic application for the treatment of
patients with SLE."® However, further investigations are needed
to characterize the differential roles played by IFN-a or IFN-B in
lupus pathogenesis.>*

Currently, the available data from clinical trials of blocking
IFN-Is have shown varying efficacy in the treatment of SLE.>® Sev-
eral clinical trials of blocking IFN-a failed to achieve the desired
effect, but the anti—IFN-I receptor monoclonal antibody anifrolu-
mab has shown positive outcome for SLE treatment,'®® indicat-
ing a potential involvement of IFN-B in lupus pathogenesis.
Interestingly, IFN-B has been demonstrated to exhibit higher affin-
ity with IFN receptors, leading to different receptor trafficking,
phosphorylation, and signaling kinetics. In addition, it has been
reported that IFN-B can uniquely ligate to IFNAR1 indepen-
dently of IFNAR2.%” Because IFN-B appears more potent in
activating signal transduction than IFN-a,%8°° we have sought
to determine a role of IFN-B in lupus pathogenesis. In 2021, a
randomized, double-blind, placebo-controlled, first-in-human,
dose-escalation study (NCT02766795) indicated that the
anti—IFN-B monoclonal antibody (PF-06823859) exhibited an
acceptable safety, tolerability, and pharmacokinetic profile.*°
Based on these findings, the subsequent Phase Il trial evaluat-
ing PF-06823859 in adult participants with active cutaneous
lupus erythematosus or SLE with cutaneous manifestations
has reached primary completion. Notably, the potential bene-
fits must be tempered by the consideration that modulating
the type | IFN pathway may disrupt vital antiviral defenses,
potentially increasing susceptibility to viral infections or tumors
and triggering systemic side effects. Nevertheless, further
investigation is required for a comprehensive risk-benefit
assessment.

Here, we show that Tfh cells from patients with SLE are
potentially regulated by IFN-B as revealed by single-cell sequenc-
ing analysis. Moreover, we provide strong evidence that IFN-B
can regulate the differentiation and function of Tfh cells both
in vitro and in vivo. In addition, we also explored whether other T
cell populations could be regulated by IFN-B. The human single-
cell RNA-seq data showed that the Tth cell subset is most signifi-
cantly modulated by IFN-I, although only several IFN-I-inducible
genes were modestly increased in Th1 and Treg cells. Further-
more, Ifnart™~ lupus mice exhibited no significant changes in

the proportions of Th17 and Treg cells, and only a mild decrease
in Th1 cells from the SPs. Nevertheless, the minor changes in
other T cell subsets require further investigation to determine
if they are affected directly by IFN-I or indirectly by other effec-
tors during the disease progression. Early studies have sug-
gested pDCs as the main source of IFN-a.'® Increasing
evidence indicates that IFN-B can be produced by various
cells, including lymphocytes, natural killer cells, fibroblasts,
and macrophages.*' However, the source of increased IFN-B
has not been systematically investigated in lupus development.
In this study, we found that MDSCs accumulated in the murine
lupus expressed plenty of IFN-B, much more than other mye-
loid cells, T cells, and B cells.

For decades, MDSC accumulation has been described in
diverse pathologic conditions.*? In recent years, clinical observa-
tions and animal model studies have shown that MDSCs accu-
mulate during the development of various autoimmune
diseases.*? However, the current evidence suggests the diverse
functions of MDSCs in different autoimmune diseases.'® For
example, MDSCs have been shown to induce the expansion of
Breg cells through inducible NO synthase and ameliorate autoim-
munity in murine lupus.?® Intriguingly, Tan et al found that low
FoxO1 expression was predominantly expressed in M-MDSCs
from both patients with SLE and lupus mice and that M-MDSC-
specific FoxO1 deficiency enhanced aberrant B cell function in
aggressive SLE.*® A clinical study proposed that MDSCs from
patients with SLE were highly potent in promoting Th17 cell differ-
entiation and disease progression in an arginase-1-dependent
manner.2” Additionally, lupus MDSCs were demonstrated to pro-
mote TLR7 pathway activation and lupus pathogenesis through
the S100A8/9-IFN-y axis.** These data indicate the diverse func-
tions of MDSCs during SLE development, which is probably
because of their extraordinary heterogeneity and functional
plasticity.

Here, we observed a population of MDSCs accumulated at
the T-B cell border, implying they might assist the differentiation
of Tfh cells. MDSCs from lupus can promote Tfh cell
differentiation both in vitro and in vivo, whereas IFN-B-silenced
MDSCs almost lost the corresponding effect, indicating the criti-
cal role of IFN-B in regulating Tfh cells. Interestingly, MDSCs from
lupus also expressed increased IFNAR with the disease progres-
sion, which further received IFN- signal in an autocrine pattern,
resulting in the impaired suppressive function and enhanced mat-
uration. In view of this, MDSCs in lupus appears to be extremely
different from those in cancer, as MDSCs from the tumor micro-
environment exhibited reduced levels of IFNAR, thus maintaining
their immunosuppressive capacity.*® Just because of the distinct
expression of IFNAR in different pathologic conditions, MDSCs
displayed different functions and phenotypes, which might be
the predominant reason for their failure in controlling the autoim-
mune response in lupus. Nonetheless, we cannot exclude the
possibility that MDSCs may mediate Tth cell responses through
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the production of other cytokines, which remains to be investi-
gated in future studies.

In recent years, it has been reported that apoptosis-derived
membrane vesicles in the serum of patients with SLE could drive
the cGAS-STING pathway to enhance IFN-I production and even-
tually lead to the damage of multiple organs and tissues.*® It is
known that dsDNA fragments are mainly derived from the apo-
ptotic cells and exist in SLE. Previous studies have demonstrated
that ALD-DNA is immunogenic and can induce lupus-like mani-
festations in mice.*” Here, we show that ALD-DNA could activate
the STING-TBK1-IRF3 pathway in MDSCs, thus inducing the pro-
duction of IFN-B. STING activity is tightly regulated by posttransla-
tional modifications, particularly  ubiquitination. K63-linked
polyubiquitination at specific STING residues promotes its signal-
ing by triggering dimerization and aggregation. This facilitates the
recruitment of TBK1 and IRF3, ultimately enhancing the activity
of the cGAS-STING pathway and subsequent IFN-B production.
Notably, PBMCs from patients with SLE have been identified to
exhibit significantly elevated levels of K63-linked ubiquitination on
STING.*® Here, we also show that ALD-DNA could induce the
K63-linked ubiquitination of STING in MDSCs and activate the
downstream signaling, thus inducing the production of IFN-B.

Classical IFNAR signaling depends on JAK1, tyrosine kinase
2, signal transducers and activators of transcription (STAT)
1, STAT2, and IFN regulatory factor 9.*" An early study showed
that type | IFNs could induce Bcl6 and promote CXCR5 and
PD-1 expression, and the ability of IFN-a/p to drive these Tth cell
features was entirely dependent on STAT1.%° Recently, IFN-I sig-
naling was identified to drive the production of IL-21 and IFN-y by
Tth cells in murine and human lupus, which is dependent on
STAT4 activation.®® However, unlike other members of the IFN-|
family, the IFN-B signaling pathway has attracted attention
because of its unique activation of the STAT1/STAT2-AhR path-
way. It has been reported that IFN-B activates AhR to regulate
the activity of astrocytes and alveolar epithelial cells and the dor-
mancy of tumor regenerative cells.®'~5°

In this study, we revealed that IFN-B activated the IDO1/
Kyn/AhR pathway to induce the differentiation of Tth cells and
blocking the AhR activation effectively reversed IFN-B-
mediated Tth cell differentiation. Indeed, several studies have
clarified the role of AhR in SLE pathogenesis. Clinical data from
patients with SLE showed that AhR expression was signifi-
cantly increased in Th17 cells, and the AhR-overexpressing
Th17 cells were correlated with SLE activity. In addition, UV
light is known to trigger LE, and patients with LE exhibited
cutaneous AhR activation, which correlated with the increase
of proinflammatory cytokines and skin lesions. Thus, AhR has
been considered an independent predictor of skin lesions in
patients with SLE.>* Besides, a potential drug that can induce
lupus, propranolol, was identified to activate AhR, thus mediat-
ing a significant increase of proinflammatory cytokine secre-
tion.®® However, there are some contrasting findings about

the effect of blocking AhR in a lupus animal model.®®°” Knock-
ing out AhR strikingly increased the levels of autoantibodies
and proinflammatory cytokines in lupus mice.®®

Interestingly, an imbalance in CD4* T cell subsets with
increased CXCL13" T cells and reduced IL-22" T cells is
observed in patients with SLE. IFN-I was further identified to
oppose AhR and Jun to promote CXCL13" T cells and inhibit IL-
22" T cells, therefore driving the progression of SLE.%° Because
AnhR is a nuclear receptor and ligand-dependent transcription fac-
tor that can be activated by ligands with diverse structure and dif-
ferent sources, AhR may play a double-edged sword role that can
drive or inhibit inflammation, depending on the site of AhR activa-
tion and the ligand triggering the response.

In sum, our study identifies a novel function of MDSC-derived
IFN-B in driving Tth cell response, which subsequently promotes
the humoral immune response during SLE progression and fur-
ther exacerbates disease severity. Therefore, inhibition of the
MDSC/Tth axis in lupus may attenuate disease progression. Fur-
thermore, blockade of MDSC-secreted IFN-B represents a new
therapeutic option for patients with SLE.
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Defining Optimally Safe and Effective Blood Levels
of Hydroxychloroquine in Lupus: An Important Step
Toward Precision Drug Monitoring
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Objective. Using a hydroxychloroquine (HCQ) dose of 5 mg/kg/day in systemic lupus erythematosus (SLE) is asso-
ciated with a higher risk of flares; HCQ blood level monitoring could be a better way to adjust the HCQ dose. We stud-
ied the upper threshold for a reference range of HCQ levels to inform routine monitoring.

Methods. This observational study included patients (N = 2,010) across the Systemic Lupus International Collabo-
rating Clinics, Wisconsin, international, and French studies who underwent HCQ blood level measurements. Using
adjusted spline and logistic regression analyses on the cross-sectional data, we first identified an HCQ blood level
associated with higher HCQ toxicity. Next, we tested if this upper threshold level was supratherapeutic (no further risk
reduction for the Systemic Lupus Erythematosus Disease Activity Index 2000 [score >6]). Finally, we examined associ-
ations between chronic kidney disease (CKD) stage and supratherapeutic (toxic) HCQ blood levels.

Results. Among 1,842 patients (excluding 168 patients with very low HCQ blood levels), 4.9% had HCQ-related toxicity.
Odds of toxicity were 2.1-fold higher with blood levels >1,150 ng/mL and 1.7-fold higher with the cumulative HCQ dose per
1,000-g increase. Blood levels >1,150 ng/mL were associated with a saturation in therapeutic effect, indicating supratherapeu-
tic levels. Patients with CKD stage >3 had 2.3-fold higher odds of having supratherapeutic levels (>1,150 ng/mL).

Conclusion. The therapeutic reference range for HCQ blood level monitoring is 750 to <1,150 ng/mL. HCQ level
monitoring could optimize HCQ use, particularly in patients with CKD stage >3. Future longitudinal studies are needed
to validate the use of HCQ blood level monitoring in optimizing dosing.

INTRODUCTION armamentarium, as it prolongs disease-free and damage-free
survival in patients.’ However, committing a patient to long-term
HCQ use can be challenging due to concerns, although rare, of
eye and cardiac toxicity. Concerns for irreversible eye or cardiac

Hydroxychloroquine (HCQ) is a foundational therapy in the
systemic lupus erythematosus (SLE or lupus) therapeutic
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toxicity exacerbate patient fears, leading to early discontinuation
of medicine and nonadherence, which increases the risk of lupus
flares and hospitalizations.?™* Moreover, clinicians’ and patients’
concerns for toxicity are further amplified in patients with kidney
disease given that over 60% of HCQ is cleared by the kidneys
and HCQ is primarily dosed based on body weight.>® Without
clear guidance on adjusting HCQ doses in patients with chronic
kidney disease (CKD), doses are either not adjusted or arbitrarily
reduced, which could accelerate toxicity risk or increase the risk
of SLE flares.*®" Balancing efficacy and toxicity for HCQ is partic-
ularly difficult, especially amid an ongoing debate regarding the
optimal dose.&1°

The conundrum to identify an optimal HCQ dose that mini-
mizes harms and maximizes efficacy could be addressed by ther-
apeutic HCQ blood level monitoring, which bypasses clinical
variables affecting HCQ absorption or clearance and could guide
optimal HCQ dosing in SLE.'®'® Studies, including a global
meta-analysis, have established the clinical significance of using
HCQ blood levels as an objective measure to monitor severe non-
adherence and also clinical efficacy (lower risk of active lupus or
flares)."®'® The proposed cutoffs to monitor for clinical efficacy
are 750 and 1,000 ng/mL.""'%""® These cutoffs have a 96% neg-
ative predictive value (NPV) for active lupus with levels at or above
these thresholds. However, cutoffs for HCQ blood levels associ-
ated with higher toxicity risk need further elucidation, as the pub-
lished literature is conflicted. For instance, one population-based
cohort study reported significant associations between HCQ
whole blood level tertiles (>1,183 ng/mL) and eye toxicity,
whereas another cohort study of more adherent patients noted
no associations between blood levels and systemic toxicity
risk.®2° Clarity on HCQ whole blood levels associated with toxic-
ity and the saturation of therapeutic effect, defined as no further
clinical benefits in lowering SLE activity, is needed. These data
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are vital to inform the upper threshold of the therapeutic reference
range for HCQ blood level monitoring to guide optimal HCQ use in
SLE, balancing efficacy versus safety, delaying toxicity, and
potentially alleviating patient worries regarding toxicity.! Finally,
having a defined therapeutic range for HCQ whole blood levels
could enhance clinical uptake and guide clinicians with precise
HCQ dosing based on individual patient risk factors, such
as CKD.

In this study, we leveraged cross-sectional data from diverse
cohorts—including one cohort from the United States, data from
two French studies and one international prospective study cen-
tralized in France, and data from a multicenter lupus cohort, the
Systemic Lupus International Collaborating Clinics (SLICC) Incep-
tion Cohort—to clarify the upper threshold of HCQ blood levels
associated with toxicity. Finally, we used recurrent visit data from
the US cohort to examine the thresholds of kidney function asso-
ciated with supratherapeutic HCQ levels to guide safe HCQ dos-
ing in patients with lupus and CKD.

PATIENTS AND METHODS

Population. Cross-sectional data were pooled from differ-
ent sources: three cross-sectional studies (n = 1,081), one longi-
tudinal registry (n = 269), and one multinational cohort (n = 660)
for a total of 2,010 patients. Three previously published cross-
sectional studies (n = 1,081) were centralized in Paris, France,
and measured HCQ whole blood levels. These three studies
included 203, 573, and 305 individuals from a single-center study
conducted in France, a multicentric study conducted in France,
and a multicentric international study, respectively.’” 1822 A few
patients could have been included in more than one study over
the years, but the numbers were small."”"'822 The next data
source was a longitudinal registry from Madison, Wisconsin
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(institutional review board [IRB]: UW 2019-0942), that included
269 patients with SLE. The final data source consisted of
660 patients from the SLICC Inception Cohort.'® Although the
SLICC cohort was recruited between 1999 and 2011 from
33 centers in 11 countries within North America, Europe, and Asia
(parent IRB: Toronto, IRB# 00-0279),%%24 HCQ serum levels were
measured retrospectively at the laboratory of Cochin Hospital
(Paris, France).'® For the current study, the validated published
hematocrit-based adjustment described by Blanchet et al was
used to estimate whole blood concentrations from serum val-
ues.'®25 Per the 2020 study, the ratio of serum to whole blood
HCQ levels was 0.53 + 0.15.'%2% This method accounts for the
distribution of analytes between plasma and red blood cells and
has been shown to yield accurate and reproducible results across
a range of hematocrit values. Therefore, for the current study, the
validated 0.53 conversion factor was used to extrapolate equiva-
lent levels of HCQ in whole blood from the serum levels in the
SLICC cohort, similar to other studies.

Because we were interested in testing the upper limits of
therapeutic blood levels, we excluded 168 patients with HCQ
whole blood levels <200 ng/mL, as such very low levels have
been associated with severe nonadherence,'® and included the
remaining 1,842 patients in the main analysis. All patients
(N =2,010) were included in the sensitivity analyses.

Variables. We abstracted key variables for each patient,
including age, sex, and race or ethnicity, from the baseline or
enrollment visit (TO). For the analysis, the weight-based HCQ
dose (TO) was categorized as <5 versus >5 mg/kg/day at the
enrollment visit when HCQ blood levels (TQ) were collected.?®
Additionally, the duration of HCQ use was abstracted to calculate
the cumulative HCQ dose (HCQ dose x duration of HCQ use).
Cumulative HCQ dose was calculated until the last visit or the visit
when HCQ-related toxicity was noted (Tast visit). Kidney function
and the Systemic Lupus Erythematosus Disease Activity Index
2000 (SLEDAI-2K) score were abstracted on the day of the base-
line study visit (TO), when HCQ whole blood levels (TO) were mea-
sured. Kidney function (estimated glomerular filtration rate [eGFRY])
was calculated using the 2021 Chronic Kidney Disease Epidemi-
ology Collaboration equation. Active SLE on the study visit
(TO) was defined as an SLEDAI-2K score >6. Data on other vari-
ables such as steroid dose and other immunosuppressives at
study visit (TO) were not uniformly available for all cohorts. HCQ
levels from the baseline study visit (TO) were included and mea-
sured using a validated high-performance liquid chromatography
mass spectrometry assay. The assays were done in a research
laboratory but are now commercially available through leading
national laboratories (Exagen, Labcorp, ARUP, Mayo Clinic, Hop-
kins)?>"28 and covered by major payers under the Current Proce-
dural Terminology (CPT) code 80020 in the United States. Again,
as previously stated, HCQ levels measured in serum (SLICC
cohort) were converted to whole blood levels using the following

formula: HCQ serum levels/0.53."6 Finally, data on systemic irre-
versible HCQ toxicity (eg, eye [abnormal macular examination],
heart, or muscle per biopsy findings; skin per clinical observation)
over time (T ast visit) Were abstracted and categorized as present or
absent. It is important to note that analyses included HCQ levels
at TO for all data sources, and HCQ levels at HCQ toxicity and
the time to HCQ toxicity were not available. Only data on retinal
toxicity were available for the SLICC cohort. One study
(n = 305)"" did not have toxicity data. We performed a single con-
dition imputation analysis using median HCQ toxicity incidence
rates per our cohorts and literature.2°=2 This analysis revealed
similar results when data from that single study were
excluded.'”®? Given similar results, we used the single imputation
analysis for the final models to avoid sample size reduction.

Primary analysis: HCQ blood levels (T0) and HCQ-
related toxicity (Tjast visit): e used a validated three-step
approach to define the upper threshold for HCQ whole blood
levels that are supratherapeutic and/or associated with a higher
risk of systemic toxicity in 1,842 patients." First, we used the
cut point analysis in R to identify an optimal HCQ blood level cutoff
with a high NPV for toxicity. Additionally, the NPV of other cutoffs
was tested in R as part of the sensitivity analysis. Next, we per-
formed adjusted restricted cubic spline regression analysis to
compare the estimated odds ratio (OR) of toxicity at higher HCQ
blood levels (eg, 1,000 to <1,050 ng/mL, 1,050 to <1,100 ng/mL,
1,100to <1,150 ng/mL, 1,150 to <1,200 ng/mL, 1,200 to <1,250
ng/mL, and 1,250 to <1,300 ng/mL) versus the upper cutoff for
HCQ blood levels obtained from the optimal cut point analysis.
This spline analysis informed the upper threshold for HCQ blood
levels associated with higher toxicity odds. Finally, using multivar-
iable logistic regression models, we tested different cutoffs for
HCQ whole blood levels to identify the threshold significantly
associated with higher toxicity risk. All models were adjusted for
variables known to increase HCQ toxicity risk, including age,
sex, cumulative HCQ dose, weight-based HCQ dosing <5 versus
>5 mg/kg/day, and eGFR. A separate sensitivity analysis was per-
formed including all patients (N = 2,010). Finally, given heteroge-
neity between HCQ serum levels (data from SLICC cohort) and
blood levels (other data sources), we performed a sensitivity anal-
ysis by separately analyzing associations in the SLICC cohort
reporting HCQ serum levels and other data sources (US cohort
and data from French studies) reporting HCQ whole blood levels.

Secondary analysis: HCQ blood levels (T0) and active
SLE (defined as SLEDAI-2K score 26 at T0) to define
supratherapeutic levels. Given low toxicity rates with HCQ,
we completed optimal cut point, adjusted restricted spline regres-
sion, and multivariable logistic regression analyses to test if the
upper threshold level was also supratherapeutic. Supratherapeu-
tic levels were defined if levels beyond the upper threshold for
HCQ blood levels led to no further change in odds of active SLE
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(a ceiling/saturation effect in response). All models were adjusted
for variables known to increase active SLE risk, including age,
sex, weight-based HCQ dosing <5 versus >5 mg/kg/day, and
eGFR. Finally, as described previously, additional sensitivity analy-
ses were performed in all patients (N = 2,010) and separately in
the SLICC cohort and data from other sources.

Subgroup analysis to identify associations between
weight-based HCQ dose categories (<5 and >5 mg/kg/
day) at TO and supratherapeutic levels (T0). A plot was
generated to summarize frequency of subtherapeutic, therapeu-
tic, and supratherapeutic HCQ blood levels (TO) by weight-based
HCQ dose categories (TO). Next, we used the chi-square test to
check if counts were statistically significant and if HCQ level mon-
itoring would be useful in the weight-based dose categories.

Identifying kidney function thresholds associated
with supratherapeutic levels. Using data from all patients
(n = 1,842), we first performed a restricted spline analysis to
examine associations between HCQ blood levels (TO) and eGFR
thresholds (T0), adjusting for age, sex, weight-based HCQ dos-
ing, and SLEDAI-2K (T0). Next, significant eGFR thresholds were
used in logistic regression analyses to estimate the odds of having
supratherapeutic HCQ blood levels by eGFR thresholds (eg, >90
vs <90 mL/min/1.73 m? or >60 vs <60 mL/min/1.73 m?). Addi-
tionally, regression plots were created to estimate changes in
HCQ blood levels across a range of weight-based dosing incre-
ments in patients with significant eGFR thresholds.

Finally, for longitudinal mixed-effects modeling, we included
patients in the Wisconsin registry with recurrent visits and eGFR
<60 mL/min/1.73 m? (CKD stage >3) and who had data on eGFR
and HCQ blood levels at each visit (n = 32 unique patients,
median visit frequency = 2). Using these longitudinal (recurrent
visit) data, we performed a linear mixed-effects model analysis
with random intercepts to estimate the change in HCQ blood
levels per unit eGFR decline relative to HCQ dose category (>5
vs <5 mg/kg/day). These models were adjusted for age, sex,
and weight-based HCQ dose.

RESULTS

Baseline characteristics of population. Among 2,010
total patients, 168 patients with very low HCQ levels <200 ng/mL
were excluded, and a total of 1,842 patients were included in the
main analysis (238 patients from the Wisconsin registry
[United States], 1,002 patients from three different published
studies centralized in France, and 602 patients from the SLICC
cohort). Forty-six percent of the study population was from the
multicenter international SLICC cohort and the US cohort.
The mean + SD age was 39 = 14, 90.4% were female, 56% were
White, 29% were Black, 10% were from other ethnic groups, the
mean + SD weight was 68 + 17 kg, the mean + SD HCQ dose

was 349 + 88 mg/day, and 44% of patients were taking a
<5-mg/kg/day HCQ dose. On the day of HCQ blood level mea-
surement (T0), 559 patients had active SLE (SLEDAI-2K score
>6). Baseline characteristics are shown in Table 1 (all cohorts)
and Supplementary Table 1 (by data sets/cohorts).

HCQ blood levels and systemic toxicity. The overall
HCQ-related toxicity rate was 4.9% (1% in Wisconsin cohort,
6.2% in data from three previously published studies [France
and international], 4.7 % in the SLICC cohort). After excluding data
from 305 patients without toxicity data, the HCQ-related toxicity
rate was 5.1%. Given similar results, we show the results from
the single conditional imputation analysis. The overall HCQ

Table 1. Baseline characteristics of the participants*

Value
Baseline characteristics (baseline visit = TQ)

Participants included in analysis, N 1,842°
Age in years, mean = SD 39+14
Sex, n (%)

Female 1,665 (90.4)

Male 177 (8.6)
Race and ethnicity, n (%)

Asian 54 (3)

Black 541 (29)

Hispanic 31(2)

Other racial and ethnic groups 189 (10)

White 1,027 (56)
Weight in kg, mean + SD 68+ 17
eGFR in mL/min/1.73 m?, mean + SD 102 + 33
eGFR =60 mL/min/1.73 m?, n (%) 1,738 (94.4)
eGFR 245 and <60 mL/min/1.73 m?, n (%) 55(3.0)
eGFR <45 mL/min/1.73 m?, n (%) 49 (2.6)
HCQ dose in mg/day, mean + SD 349 + 88
HCQ dose <5 mg/kg/day, n (%) 781 (42)
HCQ dose >5 mg/kg/day, n (%) 1,061 (58)
Cumulative HCQ dose in g, mean + SD 2,068 + 1,053
Total HCQ duration in years, mean + SD 16.0+6.8
HCQ blood levels at TO in ng/mL, mean + SD® 916 + 424

Outcome variables

SLEDAI at baseline visit (T0), mean + SD 41+46

Active lupus (SLEDAI score >6) at 559/1,842 (30)
baseline visit (TO), n/N (%)
Systemic HCQ-related toxicity®

at T\astws‘\t: n/N (%)

* eGFR was calculated using the race-neutral Chronic Kidney Dis-
ease Epidemiology Collaboration 2021 equation. eGFR, glomerular
filtration rate; HCQ, hydroxychloroquine; SLEDAI, Systemic Lupus
Erythematosus Disease Activity Index; SLICC, Systemic Lupus Inter-
national Collaborating Clinics; TO, at the time of enrollment; Tastisit
at the time of the last follow-up visit.

@ One hundred sixty-eight patients with very low HCQ whole blood
levels <200 ng/mL (shown to be associated with severe nonadher-
ence) were excluded from analysis.

P HCQ blood levels were extrapolated from serum levels for the
SLICC cohort using a conversion factor of 0.53.

“Includes all systemic toxicity, 85% retinopathy, 9% cardiomyopa-
thy, and 6% skin or muscle toxicity.

4 One cohort (SLICC) only reported retinopathy as HCQ-related sys-
temic toxicity, one study (multicentric international, n = 305
patients) did not report long-term toxicity data, and a single condi-
tion imputation analysis was used to impute toxicity for this cohort
using the median HCQ toxicity incidence rate (4.7%).

91/1,842 (4.9)
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Figure 1. Adjusted restricted cubic splines to show associations between HCQ whole blood levels at baseline and HCQ-related toxicity over
time using data from (A) 1,842 patients (not including 168 patients with very low HCQ blood levels <200 ng/mL) and (B) all patients (N = 2,010).
eGFR, estimated glomerular filtration rate; HCQ, hydroxychloroquine.
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retinopathy was 4.2%. Using the cut point analysis, we found that
levels >1,150 ng/mL had a >93% NPV of identifying toxicity, indi-
cating a potential optimal cut point or upper threshold for HCQ
blood levels that could be associated with higher toxicity. Next,
the estimated OR of toxicity using 1,150 ng/mL as a reference
point revealed a linear increase in estimated OR of toxicity for
levels >1,150 ng/mL (Figure 1A). Finally, comparing levels
informed by the aforementioned analysis, levels >1,150 ng/mL
were associated with 2.1-fold higher odds of toxicity compared
to levels of 750 to <1,150 ng/mL (Table 2), even after adjusting
for covariables. These analyses underscored 1,150 ng/mL as an
optimal upper threshold for HCQ blood levels linked with toxicity.
Similar associations were noted when all patients were included
(N =2,010) in sensitivity analyses (Supplementary Table 2A and
Figure 1B). Similar results were noted when serum levels in the
SLICC cohort and blood levels from the Wisconsin registry and
three published studies (France and international) were analyzed
separately (Supplementary Figures 1A and 2A). Finally, even after

Table 2. Multivariable logistic regression analysis showing factors
at baseline visit (TO) associated with HCQ toxicity over time using data
from different populations (n = 1,842)*

Variables Adjusted OR? (95% Cl) P value
Age per 10-y increase 1.02 (1.01-1.05) 0.02
Female 0.80(0.42-1.67) 0.53
White race Ref -
Black race 0.97 (0.59-1.57) 0.90
Asian race 0.90(0.14-3.13) 0.89
Other race or ethnicity 1.67 (0.73-3.50) 0.19
Hispanic ethnicity NAP 0.98
Weight-based HCQ dose, 0.82 (0.47-1.43) 0.48

>5 mg/kg/day

Cumulative HCQ dose 1.74 (1.34-2.30) <0.0001
per 1,000-g increase

eGFR per 10-mL/min/1.73 m? 0.93(0.85-1.01) 0.10
increase

Therapeutic HCQ blood levels Ref® -
750 to <1,150 ng/mL

Subtherapeutic HCQ blood 1.40(0.80-2.51) 0.24
levels <750 ng/mL

Supratherapeutic HCQ blood 2.09 (1.22-3.67) 0.01

levels 1,150 ng/mL

* One hundred sixty-eight patients with very low HCQ whole blood
levels <200 ng/mL (shown to be associated with severe nonadher-
ence) were excluded from analysis. Statistically significant P values
(<0.05) are shown in bold. Cl, confidence interval; eGFR, estimated
glomerular filtration rate; HCQ, hydroxychloroquine; NA, not appli-
cable; OR, odds ratio.
@ The model was adjusted for age (continuous, T0), sex (patient
reported, TO), race or ethnicity, weight-based HCQ dose (>5 vs <5
[reference group] mg/kg/day at T0), eGFR (continuous at T0), HCQ
whole blood level categories (750 to <1,150 [reference group] vs
<750 vs 21,150 ng/mL at T0), and cumulative HCQ dose (continuous
and calculated between baseline visit and last visit or day of HCQ
tOXiCity [Tlast visit])-

Unreliable estimates due to small sample size.
¢ The therapeutic range for HCQ blood levels of 750 to <1,150 ng/mL
was used as a reference group to demonstrate the ceiling or satura-
tion effect in clinical response with levels >1,150 ng/mL and to dem-
onstrate higher odds of active systemic lupus erythematosus with
levels below the therapeutic range.

excluding data from one study that did not have HCQ toxicity
information, similar odds of toxicity 1.9-fold (95% confidence
interval [CI] 1.2-3.1) were noted with HCQ whole blood levels
>1,150 ng/mL. Likewise, even after including only HCQ retinopa-
thy, 1.3-fold higher odds of HCQ retinopathy were noted with
HCQ whole blood levels >1,150 ng/mL (adjusted OR = 1.3, 95%
Cl 1.2-3.3, P =0.007).

Supratherapeutic HCQ whole blood levels. We then
tested if this HCQ blood level threshold linked with higher toxicity
was associated with any additional benefits in reducing odds of
active SLE, defined as an SLEDAI-2K score >6. Using cut point
analysis, levels 1,150 ng/mL had an NPV of 96% for active lupus
(SLEDAI-2K score >6). Next, we completed a restricted cubic
spline analysis using 1,150 ng/mL as the reference point. We
noted only a slight change in estimated active lupus (SLEDAI-2K
scores 26) odds with levels above 1,150 ng/mL (Figure 2A).
These findings highlighted a ceiling effect at 1,150 ng/mL. Thus,
in our multivariable analysis, we used the HCQ levels categories
<750 versus 750 to <1,150 versus >1,150 ng/mL, informed by
the aforementioned findings and published literature, including a
global meta-analysis. In logistic regression analysis adjusted for
variables that could potentially lead to active lupus and using
750 to <1,150 ng/mL as the reference category, no significant
reduction in odds of active lupus was noted with levels >1,150
ng/mL (Table 3), whereas subtherapeutic levels of <750 ng/mL
were associated with 1.36-fold higher odds of active lupus
(Table 3). This finding suggests that levels beyond this threshold
(>1,150 ng/mL) were indeed supratherapeutic and potentially
associated with higher risk of toxicity. Finally, an HCQ dose >5
mg/kg/day was associated with 0.54-fold lower odds of active
lupus (Table 3). Similar associations were noted when all patients
were included (N = 2,010) in sensitivity analyses (Supplementary
Table 2B and Figure 2B) and when serum levels in the SLICC
cohort and blood levels from the Wisconsin registry and three
published studies (France and international) were analyzed sepa-
rately (Supplementary Figures 1B and 2B).

Associations between weight-based HCQ dosing,
kidney function thresholds, and supratherapeutic HCQ
blood levels. We noted a significant number of patients
(n = 142 [18%]) had supratherapeutic and potentially toxic levels
>1,150 ng/mL despite weight-based dosing (Supplementary
Figure 3A), whereas 37% had supratherapeutic levels with doses
>5 mg/kg/day (Supplementary Figure 3B). Next, adjusted logistic
regression analyses noted an eGFR threshold of <60
mL/min/1.73 m? was associated with 2.3-fold higher odds of hav-
ing supratherapeutic HCQ blood levels (Supplementary Table 3).
In the CKD Stage 3a (eGFR 45-59 mL/min/1.73 m?) and CKD
Stage 3b or above (€GFR <45 mL/min/1.73 m?) subgroups, a
positive association was noted between weight-based HCQ daily
dose (mg/kg/day) and predicted HCQ whole blood levels (ng/mL),
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Figure 2. Adjusted restricted cubic splines to show associations between HCQ whole blood levels at baseline visit (TO) and active SLE (SLEDAI
score >6) at baseline visit (TO) using data from (A) 1,842 patients (not including 168 patients with very low HCQ blood levels <200 ng/mL) and (B) all
patients (N = 2,010). eGFR, estimated glomerular filtration rate; HCQ, hydroxychloroquine; SLE, systemic lupus erythematosus; SLEDAI, Systemic
Lupus Erythematosus Disease Activity Index.
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Table 3. Multivariable logistic regression analysis showing factors
at baseline visit (TO) associated with active SLE (SLEDAI-2K score
>6) at baseline visit (TO) using data from different populations (n =
1,842)

Variables Adjusted OR? (95% Cl) P value
Age per 10-y increase 0.99 (0.98-1.00) 0.02
Female 1.44 (1.00-2.09) 0.05
White race Ref -
Black race 0.95 (0.74-1.21) 0.68
Asian race 4.12 (2.32-7.55) <0.0001
Other race or ethnicity 2.17 (1.56-3.03) <0.0001

Hispanic ethnicity 1.87(0.88-3.89) 0.10

Weight-based HCQ dose, 0.54 (0.44-0.68) <0.0001
>5 mg/kg/day

eGFR per 10-mL/min/1.73 m? 1.01 (0.97-1.05) 0.72
increase

Therapeutic HCQ blood levels Ref® -
750 to <1,150 ng/mL

Subtherapeutic HCQ blood 1.33(1.05-1.70) 0.02
levels <750 ng/mL

Supratherapeutic HCQ blood 0.94 (0.71-1.24) 0.67

levels >1,150 ng/mL

* One hundred sixty-eight patients with very low HCQ whole blood
levels <200 ng/mL (shown to be associated with severe nonadher-
ence) were excluded from analysis. Statistically significant P values
(<0.05) are shown in bold. Cl, confidence interval; eGFR, estimated
glomerular filtration rate; HCQ, hydroxychloroquine; OR, odds ratio;
SLE, systemic lupus erythematosus; SLEDAI-2K, Systemic Lupus Ery-
thematosus Disease Activity Index 2000.

?The model was adjusted for covariables at baseline visit (T0),
including age (continuous, TO), sex (patient reported, T0), race or
ethnicity (T0), weight-based HCQ dose (>5 vs <5 [reference group]
mg/kg/day at T0), eGFR (continuous at T0), and HCQ whole blood
level categories (750 to <1,150 [reference group] vs <750 vs >1,150
ng/mL at TO). SLEDAI-2K scores at baseline visit (TO) were used as
the outcome and categorized as active SLE (SLEDAI-2K score =6).

P The therapeutic range for HCQ blood levels of 750 to <1,150 ng/mL
was used as a reference group to demonstrate the ceiling or satura-
tion effect in clinical response with levels >1,150 ng/mL and to dem-
onstrate higher odds of active SLE with levels below the therapeutic
range.

with an estimated mean + SD slope of 136 + 59 ng/mL and 166
+59 ng/mL per 1-mg/kg/day increase, respectively
(Supplementary Figure 4). In patients with CKD Stage 3a and
CKD Stage 3b or above, even with weight-based dosing of
5 mg/kg/day, the predicted HCQ blood levels were near the
supratherapeutic (toxic) threshold. A slight increase in the dose
or decline in eGFR would tip levels over to the supratherapeutic
threshold, risking toxicity over time in patients with CKD
Stage 3 or above (Supplementary Figure 4). This was validated
in our adjusted linear longitudinal mixed-effects model, which
showed a steeper slope of change in HCQ blood levels relative
to eGFR decline in patients with an eGFR <60 mL/min/1.73 m?
and taking an HCQ dose >5 mg/kg/day (mean +SD 6.11

+2.04 ng/mL) versus those taking a dose of <5 mg/kg/day
(mean + SD 4.82 + 2.72 ng/mL) (Figure 3). Per these slope esti-
mates, significant changes in eGFR, such as a 20-unit decrease,
would result in a 122-ng/mL (95% CI 82-162 ng/mL) and
96-ng/mL (95% CI 42—-150 ng/mL) increase in HCQ blood levels
with doses of >5 and <5 mg/kg/day, respectively.

DISCUSSION

In this study leveraging cross-sectional data from diverse
SLE cohorts, HCQ whole blood levels >1,150 ng/mL at TO (base-
line) were associated with a 2.1-fold higher risk of systemic HCQ-
related toxicity. HCQ-related systemic toxicity was infrequent, and
only 4.9% of the population experienced toxicity; therefore, we
tested the therapeutic effect of having levels >1,150 ng/mL. We
noted that levels >1,150 ng/mL did not significantly reduce the
odds of active SLE, indicating a ceiling effect in clinical response
with levels >1,150 ng/mL and qualifying levels >1,150 ng/mL as
supratherapeutic levels. Finally, our findings highlight that CKD
stage >3 was associated with 2.3-fold higher odds of having
supratherapeutic levels (=1,150 ng/mL), and not adjusting HCQ
dose in this group could significantly increase levels by 122 ng/mL,
with eGFR decline of 20 units. Together these findings establish the
clinical significance of HCQ blood level monitoring in not only
assessing for severe nonadherence but also guiding clinicians with
optimal HCQ use to balance treatment efficacy and safety. Finally, a
2020 single-center prospective cohort study led by Dr Petri'®
highlighted that HCQ whole blood levels >1,200 ng/mL were asso-
ciated with higher risk of retinopathy. Those findings are consistent
with this study’s findings. These findings suggest that careful HCQ
dose adjustments via HCQ blood level monitoring, particularly in
high-risk groups (eg, CKD stage >3), could be beneficial in person-
alizing HCQ dosing. Additional multicenter longitudinal studies are
needed in the future to establish a roadmap for dose adjustments
based on individual patient risk factors.

Following the first study published in 2006 showing that low
HCQ levels predict disease exacerbations in patients with SLE,*®
studies from other lupus cohorts'''3253*% and a global meta-
analysis® confirmed 750 or 1,000 ng/mL as a lower threshold for
the reference range for HCQ blood levels associated with better
efficacy. In 2020, evidence on the upper threshold of the refer-
ence range for HCQ blood level monitoring was reported, and
levels >1,183 ng/mL were associated with higher retinopathy risk
(incidence of retinopathy = 4.3%).'® Consistent with prior find-
ings, the current study highlights the reliability of the upper thresh-
old (=1,150 ng/mL) of the reference range for HCQ blood levels by
establishing associations with higher toxicity risk without addi-
tional clinical benefits across global SLE populations (N = 2,010).
Although a portion of the data was derived from French cohorts,
over 46% of the study population was drawn from the multicenter
international SLICC cohort and a US-based registry, enhancing
the generalizability of our findings. The demographic characteris-
tics of the cohort, including a mean + SD age of 39 + 14 years,
90.4% female representation, and racial and ethnic diversity with
56% White, 29% Black, and 10% from other racial or ethnic
groups, are consistent with the known epidemiology of SLE.
Additionally, the mean + SD body weight (68 + 17 kg) and HCQ
dosing patterns reflect real-world clinical practice, supporting the
applicability of our findings to broader SLE populations.



1110

GARG ET AL

Panel A. Panel B.
HCQ levels change slope in dose >5 mg/kg/day: HCQ levels change slope in dose <5 mg/kg/day:
6.10£2.01 ng/mL per unit eGFR change 4.83+2.70 ng/mL per unit eGFR change

A B

2500~- 2500~

L]
.

2000~ 2000 -
j —
= g2
£ £ .
S £
= 1500~ 2 1500-
8 3
@ . 2 2 .
E k. . § 8 .
= S
) @
i i
g g
%1000- = . . ::E 1000~
z <
g S

L] L]
L]
500~ 500-
L]
0 20 do €0 &0 0 20 4 €0 €0
eGFR (centered & scaled), HCQ dose >5mg/kg/day eGFR (centered & scaled), HCQ dose =5mg/ka/day

Estimates on HCQ Whole Blood levels change with eGFR decline by HCQ dose category

Change in HCQ whole blood levels (in ng/mL)

eGFR change HCQ dose >5 mg/kg/day HCQ dose <5 mg/kg/day
10 mL/min/1.73m? 61120 48127
15 mL/min/1.73m? 92+30 73441
20 mL/min/1.73m? 122+41 96154
25 mL/min/1.73m? 153450 121168
30 mL/min/1.73m? 183161 145181
35 mL/min/1.73m? 214170 169495
40 mL/min/1.73m? 244+80 192+108

Figure 3. Longitudinal modeling showing change in HCQ whole blood levels with kidney function decline over time in patients with CKD
(82 patients with CKD stage >3 had two or more follow-up visits) by HCQ daily dose category: (A) >5 mg/kg/day versus (B) <56 mg/kg/day.
CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; HCQ, hydroxychloroquine.
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Routine HCQ whole blood level monitoring bypasses clinical
variables (eg, absorption, clearance) that can drive interindividual
variability in drug levels, is easier to collect, and guides clinicians
in adjusting HCQ doses when levels are supratherapeutic, partic-
ularly in patients at higher risk of HCQ toxicity, such as those with
CKD.®° This study provides important data highlighting that 18%
of patients had supratherapeutic and potentially toxic levels
despite taking <56 mg/kg/day of HCQ (44% of the total popula-
tion). This finding underscores a role of HCQ blood level monitor-
ing even in patients with weight-based dosing. This study sheds
new evidence on thresholds of kidney function (eGFR <60
mL/min/1.73 m? associated with a 2.3-fold higher risk of
supratherapeutic (or toxic) HCQ blood levels. This threshold high-
lights the need to adjust HCQ doses or perform closer monitoring
in patients with low kidney function (€GFR <60 mL/min/1.73 m?).

Additionally, our study highlights a dose-dependent relation-
ship in patients with impaired renal function (CKD Stage 3a or
above) and may have implications for individualized dosing strate-
gies in the CKD subgroup. Although data on how HCQ dose
should be reduced in patients with CKD to balance efficacy ver-
sus toxicity are lacking, our study delivers preliminary data on
changes in HCQ blood levels with eGFR decline relative to
weight-based HCQ dose over time. In patients with CKD stage
>3 taking HCQ doses >5 mg/kg/day, a clinically significant
increase in HCQ blood levels by 122 ng/mL was noted with an
eGFR decline of 20 units. Despite HCQ dosing (>5 or <5 mg/kg/
day), variations in HCQ blood levels with eGFR decline of 20 units
were above the diurnal variation threshold of <80
ng/mL. Moreover, we noted that patients with eGFR <60
mL/min/1.73 m? had higher chances of having supratherapeutic
(toxic) levels even if they were receiving weight-based dosing of
<5 mg/kg/day, as shown in Figure 3. Thus, close monitoring of
HCQ blood levels to guide HCQ dose adjustments could prevent
toxicity?® and maximize efficacy in patients with SLE and CKD
stage >3. Our preliminary findings, along with recent interpretation
of HCQ blood levels offered by Balevic et al, provide essential data
to design a future clinical trial leveraging HCQ blood level monitor-
ing to inform dose or formulation changes in patients with SLE
and CKD."* However, given the variability in HCQ blood levels,
especially in case of variation in adherence to treatment or even
eGFR fluctuations,'* a decision to adjust HCQ dose, particularly
when the dose is weight based, should not be made based on a
single HCQ blood level measurement. We recommend repeat
measurement of HCQ levels to obtain a better estimate on the
median levels and inform clinical decision-making.

The feasibility of HCQ blood level monitoring in the target
population is an important consideration. In our view, incorporat-
ing HCQ blood level monitoring into clinical care is feasible and is
already being routinely implemented in France, other parts of
Europe, and some US centers. Supporting this, qualitative studies
reported that patients are generally receptive to drug level moni-
toring, particularly when clinicians initiate open, empathetic

conversations during visits.**" Moreover, HCQ level testing is
covered by the public health system in France (cost <€30) and
by most insurance providers in the United States (copay cost
$0-200) and has an established CPT code (80220) in the United
States, which supports its practical implementation. Furthermore,
drug level monitoring is already a standard practice in other spe-
cialties, such as gastroenterology, nephrology, and transplanta-
tion medicine, in which patient acceptance has been high. It is
also close to the monitoring of international normalized ratio in
patients taking warfarin. Finally, HCQ level testing should guide
nonjudgmental communication and support physicians and
patients in optimizing HCQ dosing.*® Indeed, in addition to giving
important information on adherence to treatment, HCQ level
monitoring can offer clinicians the opportunity to optimize HCQ
dosing based on each patient’s factors, such as CKD and
absorption, which are otherwise not accounted for when routinely
dosing HCQ. This approach, already used in France for more than
20 years, could shift from traditional “one-size-fits-all” dosing
toward a more precise, personalized approach to HCQ manage-
ment in SLE. Two US longitudinal, prospective mixed-methods
studies are currently under way (SHIELD and EMS-HCQ), and a
French study is currently being designed to compare both strate-
gies (weight-based HCQ dosing vs personalized HCQ dosing per
HCQ blood levels). These ongoing studies will provide valuable
insights on HCQ blood level monitoring frequency, cost-
effectiveness, and patient—clinician engagement to develop best
practices. Additionally, a shared decision-making tool that guides
clinicians and patients in decisions to continue HCQ dose with or
without changes could be a vital resource for clinical use and
should be a research priority.

Despite several strengths of this study, including a large
study with diverse populations and appropriate testing of HCQ
levels, study limitations include the retrospective design and the
inability to control for all confounders affecting outcomes, such
as other immunosuppressive medications and steroid dose.
Additionally, whole blood levels in the primary population were
assayed in each local laboratory as part of routine practice. We
cannot demonstrate the interchangeability of all bicanalytical
methods due to the lack of an external quality assessment system
between laboratories, which is a limitation of our analysis.
Besides, HCQ serum levels in the SLICC cohort were measured
retrospectively, and whole blood levels were extrapolated from
serum levels, which can represent a bias in our analysis because
there could be stability issues of HCQ serum levels over time
and potential variability introduced by individual hematocrit differ-
ences, and the implications for interpreting our findings. Third,
the data on the time to HCQ toxicity and HCQ levels at the time
of HCQ toxicity were not available. Given the goal of HCQ levels
is to determine the chance of future toxicity, these findings remain
significant. Moreover, the supratherapeutic effect of the upper
threshold for HCQ levels (=1,150 ng/mL) was tested using HCQ
levels and SLEDAI-2K measurements done on the same day
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(TO). This bolsters the fact that the upper threshold is suprathera-
peutic and potentially toxic. However, given that our study shows
that HCQ levels could vary with significant kidney function decline
and given that our models’ testing associations with HCQ toxicity
assumed that HCQ levels remain stable over time, we need to test
the upper threshold in longitudinal studies, particularly in patients
with CKD stage >3. Additionally, longitudinal studies should test
if a single HCQ blood level measurement versus an average of
two or more HCQ blood level measurements should be used to
guide HCQ dose adjustments. Fourth, one cohort did not report
on long-term eye toxicity; therefore, a single condition imputation
was performed to avoid sample size reduction. Results from the
single condition imputation analysis and sensitivity analysis
excluding data from this cohort were similar. Additionally, our
study might underestimate the overall HCQ-related side effects
rate given that data on preclinical HCQ toxicity (abnormal eye
examination) might not have been abstracted. Finally, only a few
patients with CKD stage >3 had recurrent visit data (n = 32). Thus,
a prospective study is needed to test the efficacy of HCQ blood
level monitoring in guiding safe and optimal HCQ use in patients
with CKD and SLE, and similar analyses in patients with hepatic
dysfunction and gastric bypass are needed.

In conclusion, this study is the first to define a potential thera-
peutic reference range for HCQ whole blood levels (750-1,150
ng/mL) in SLE, using data from diverse multinational cohorts. It also
identifies key patient-specific factors, particularly CKD stage >3,
that significantly increase the risk of supratherapeutic levels,
despite weight-based dosing. By providing quantitative estimates
of how HCQ levels change with dose and kidney function decline,
our findings offer clinicians a practical framework for safer and more
individualized, data-driven dosing decisions. Although our data are
cross-sectional, they still lay a strong foundation for future longitudi-
nal studies to evaluate the clinical effectiveness of routine HCQ
blood level monitoring. Ultimately, this work supports a shift from
traditional “one-size-fits-all” dosing toward a more balanced, pre-
cise, and personalized approach to dose HCQ in SLE, potentially
bypassing the current issues with weight-based dosing.
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Weighing Dose-Related Benefits and Risks of
Hydroxychloroquine Treatment in Patients With Systemic
Lupus Erythematosus

Brian Meng-Hsun Li, MClinPharm, -
Edward Chia-Cheng Lai, PhD,"

Jia-Horung Hung, MD,*** Po-Cheng Yang,® Swu-Jane Lin, PhD,®
and Meng-Yu Weng, MD, PhD’

Objective. To weigh higher-dose hydroxychloroquine (HCQ; 2400 mg/day) and lower-dose HCQ (<400 mg/day) for
effectiveness and safety among patients with systemic lupus erythematosus (SLE).

Methods. This nationwide study retrieved data from Taiwan’s National Health Insurance Research Database from
2010 to 2021. We included patients with SLE aged over 10 years and initiating HCQ who had no other systemic auto-
immune disease at baseline and no historical outcomes of interest. Patients were classified into higher-dose (=400
mg/day) or lower-dose (<400 mg/day) treatment strategies based on the dosage of their first HCQ prescription. The
outcomes were coronary artery disease (CAD), ischemic stroke, venous thromboembolism (VTE), end-stage renal dis-
ease, malignancy, and HCQ retinopathy.

Results. Eight hundred seventy-eight (3.77%) patients taking higher-dose HCQ and 22,405 (96.22%) taking lower-
dose HCQ were included. After inverse probability weighting, higher-dose HCQ was associated with lower risks of CAD
(hazard ratio [HR] 0.86, 95% confidence interval [CI] 0.80-0.93) and VTE (HR 0.40, 95% CI 0.33-0.49). We found no
dose-related difference in the risk of ischemic stroke, end-stage renal disease, malignancy, and HCQ retinopathy
through a mean follow-up of six years, except for the HCQ retinopathy among patients with SLE aged over 45 years
(HR 1.87, 95% CI 1.45-2.42).

Conclusion. For patients with SLE, higher-dose HCQ improves effectiveness, with reduced risks of CAD and VTE.
There was no dose-related difference in the risk of HCQ retinopathy for patients with SLE aged younger than 45 years.

Our study emphasizes the need for weighing the benefits and risks of optimal HCQ dosage in managing SLE.

INTRODUCTION

Hydroxychloroquine (HCQ) is an established immunomodu-
lator for systemic lupus erythematosus (SLE).'"® The medication
can improve survival and reduce SLE activity.*® HCQ is recom-
mended in the treatment of every patient when there is no contra-
indication for SLE, according to American College of
Rheumatology and EULAR guidelines.”” In a new era of targeted
therapies, HCQ continues to be used as the initial pharmacother-
apy for SLE.
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The estimated overall risk of retinopathy induced after taking
HCQ was 0.65%, according to a study published in 2010 that
included data from the National Data Bank for Rheumatic Dis-
eases on 3,995 patients with SLE or rheumatoid arthritis
(RA) treated with HCQ.8 This study concluded that HCQ toxicity
is uncommon but increases markedly with the duration of ther-
apy, rising about 1% after five to seven years. However, modern
advanced modalities, including spectral domain optical coher-
ence tomography (SD-OCT) combined with automated 10-2
visual field assessment (VFA) as well as multifocal
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electroretinography (mfERG) and fundus autofluorescence, have
enabled detection of the early signs of HCQ retinopathy, which
in turn increased estimated overall prevalence of HCQ retinopa-
thy. A 2010 study using modern standard screening modalities
(detection by SD-OCT or VFA) reported that the overall preva-
lence of HCQ retinopathy was 7.5%, which was nearly 10 times
higher than a preceding report.® Guidelines from the American
Academy of Ophthalmology (AAO) proposed a baseline fundus
examination and annual screening with automated visual fields
and SD-OCT after five years of HCQ treatment. Both mfERG
and fundus autofluorescence can also be used to improve the
accuracy of diagnosis.

In arecent cohort with active surveillance retinopathy screen-
ing, the cumulative incidences of retinopathy at 15 years were
21.6% for higher than 6 mg/kg/day, 11.4% for 5 to 6 mg/kg/
day, and 2.7% for 5 mg/kg/day or lower."° To prevent HCQ reti-
nopathy, the AAO and updated EULAR recommendations sug-
gested a maximum daily HCQ use of <5.0 mg/kg real weight.""'°
However, studies have suggested that an HCQ dose of less than
6.5 mg/kg/day (400 mg or less daily) may not be able to prevent
SLE activity and organ damage.''~"® Moreover, low HCQ blood
levels are associated with thrombotic events in SLE."*

The optimal daily dose that balances efficacy and safety
remains a topic of debate. A maximum daily dosage of <5.0
mg/kg may reflect a prioritization of concerns about HCQ retinop-
athy over managing SLE activity and the complications of SLE.
Recent case-crossover studies revealed an association between
higher-dose HCQ and decreased risk of lupus flare—related hospi-
talization among patients with SLE.'®'® Balancing the effective-
ness of managing SLE disease severity against the safety of
HCQ retinopathy is crucial. The objective of our study is to weigh
the dose-response relationship of HCQ for both effectiveness
and safety in patients with SLE, using a target trial emulation study
framework.'?

METHODS

Data source. This nationwide study retrieved data from
Taiwan’s National Health Insurance Research Database (NHIRD)
from 2010 to 2021. The NHIRD includes demographic informa-
tion and medical claims for outpatient, inpatient, and emergency
care services of about 23 million people (nearly 99.9% of the
entire population of Taiwan).'”'® Several diagnosis codes for
major diseases in the claims database have been validated by
previous studies.'®2° We linked the NHIRD and Taiwan Cancer
Registry to capture the diagnosis of malignancy.?' We also used
catastrophic iliness certification (CIC) to capture the current diag-
nosis of SLE; CIC is necessarily reviewed by experts, ensuring
high accuracy in the diagnosis.'® The National Cheng Kung Uni-
versity Human Research Ethics Committee approved this study
(NCKUH IRB no. B-ER-110-524).

Specification of the target trial. We hypothesized an
open-labeled, randomized, pragmatic trial to evaluate safety and
effectiveness outcomes relating to coronary artery disease
(CAD), ischemic stroke, venous thromboembolism (VTE), end-
stage renal disease (ESRD), malignancy, and retinopathy among
patients with SLE receiving different doses of HCQ. The key com-
ponents of the trial emulation are presented in Supplementary
Table 1. Specifically, we included patients with SLE aged 10 years
and older who were receiving their first dose of HCQ and had no
history of outcomes of interest and no other systemic autoim-
mune disease at baseline. The average body weight for patients
with SLE in Taiwan was 60 kg, as the majority were young
women. Each HCQ tablet contained 200 mg, and the typical clin-
ical dose was either one tablet per day (ie, 200 mg/day) or two
tablets per day (ie, 400 mg/day). We selected at random patients
who were receiving either a higher dose (>400 mg per day) or a
lower dose (<400 mg per day) of HCQ. The causal contrasts of
interest were the intention-to-treat effect.?

Emulation of the target trial. We emulated the trial
using Taiwan’s NHIRD. The study design diagram is provided in
Supplementary Figure 1. All eligibility criteria were analogous to
the target trial. Specifically, the index date was defined as the first
prescription date of HCQ. We retrieved data covering one year
before the index date to ensure patients were new users of
HCQ, had no outcome-of-interest history, and had no other sys-
temic autoimmune disease at baseline. We confirmed the
patients’ diagnosis of SLE by using the International Classification
of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM)
codes 710.0 or ICD-10-CM codes M32 together with CIC.

We classified patients into higher- or lower-dose treatment
strategies based on the dosage of their first HCQ prescription.
To emulate the randomization of the target trial with the two com-
parison treatment strategies sharing the same probability of treat-
ment assignment, we implemented a propensity score with
inverse probability weighting. We estimated the target of inference
as the average treatment effect for the entire SLE population.
Briefly, we calculated the propensity score using logistic regres-
sion based on the measured covariates listed in Supplementary
Tables 2 to 5. These covariates were identified based on a litera-
ture review and expert opinions, including patient age at index
date, sex, insurance premium, and index year. We also consid-
ered patients’ comorbidities and medication use based on the
medical records from one year before the index date
(Supplementary Figure 1).

Study outcomes and follow-up period. In parallel with a
target trial, the effectiveness outcomes of interest were CAD,
ischemic stroke, VTE, ESRD, and malignancy. The safety out-
come of interest was HCQ retinopathy. The definitions of these
outcomes, validated by previous studies with positive predictive
values of 92.0% for CAD, 97.9% for ischemic stroke, and 93.6%
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for malignancy, are provided in Supplementary Table 6.'92° We
employed as-started analysis, an analogue of intention-to-treat
effect, and observed patients from the index date until the occur-
rence of study outcomes, loss to follow-up, death, or end of the
study period (December 31, 2021), whichever occurred first.

Statistical analysis. \We calculated the standardized mean
differences (SMDs) to assess differences in the covariates
between the two groups. An SMD value of less than 0.1 was con-
sidered as indicating no difference between the groups.?* We
estimated the cumulative incidence curves for each study out-
come using the Kaplan-Meier function. We applied the Cox pro-
portional hazards models to estimate the hazard ratio (HR) and
95% confidence interval (Cl) for each outcome. We conducted a
Bonferroni correction across all analyses to address multiplicity.
All statistical analyses were conducted with SAS software, version
9.4 (SAS Institute, Inc).

Sensitivity analyses. \We conducted a series of sensitivity
analyses to test the robustness of the analysis. First, we reported
the rate of patients receiving eye examinations within one and five
years after initiating HCQ to determine if the probability of detect-
ing HCQ retinopathy differs between two treatment strategies.
Second, to minimize extreme weighting, we calculated the
propensity score and stabilized weights by the prevalence of

higher-dose HCQ. Third, to avoid undue influence of outliers, we
truncated the weights at the 99.5th percentile. Fourth, to estimate
the target of inference separately from the main analysis in the
entire SLE population, we implemented a propensity score with
matching and determined the average treatment effect among
patients initiating a higher dose of HCQ. Fifth, to evaluate the
per-protocol effect among patients fully adhering to treatment
strategies, we repeated the analyses using on-treatment causal
contrasts of interest. In the on-treatment analysis to emulate the
per-protocol effect, follow-up began at the index date and ended
at either the occurrence of study outcomes, loss to follow-up,
death, the censoring of patients whose treatments changed or
discontinued, or end of the study period. Sixth, we conducted a
series of sensitivity analyses with alternative dose thresholds for
higher- and lower-dose treatment to assess robustness to dose
definition.

Subgroup analyses. To examine if the risk profiles
changed, we repeated the analyses for different patient sub-
groups by patient age (<45 or >45 years), sex (male or female),
and index year (2010-2013, 2014-2017, or 2018-2021). Fur-
thermore, to examine if other systemic autoimmune diseases
had resulted in effect modification impacting the risk of study out-
comes, we included patients with systemic autoimmune diseases

27 838 Patients with SLE newly receiving HCQ in NHIRD during 2010-2021

A 4

A 4

4 555 Excluded
61 Diagnosed with malignancy
295 Diagnosed with other systemic autoimmune disease
355 Diagnosed with venous thromboembolism
596 Diagnosed with stroke
2 055 Diagnosed with coronary artery disease
72 Diagnosed with end-stage renal disease
69 Diagnosed with retinopathy
65 Previously received tamoxifen
659 Incomplete demographic information (e.g., age, sex)
328 Incomplete HCQ dosage information

23 283 Eligi

ble patients

!

l

878 Received high-dose HCQ
(>= 400mg/day)

22 405 Received low-dose HCQ

(< 400mg/day)

Figure 1.

Flowchart of study population selection. HCQ, hydroxychloroquine; NHIRD, National Health Insurance Research Database; SLE, sys-

temic lupus erythematosus. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.

70022/abstract.
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Table 1. Baseline characteristics before and after weighting*

Original population Weighted cohort with IPTW
Higher-dose Lower-dose Higher-dose Lower-dose
Baseline characteristics®® HCQ (n=878) HCQ (n=22405) SMD HCQ (n=21,963) HCQ (n=23,293) SMD
Age, mean (SD), y 39(18.9) 43.7(17.2) -0.259 43.1(18.4) 43.5(17.6) -0.005
Sex, n (%)
Male 155(17.7) 3,261 (14.6) 0.084 3,305 (15) 3,406 (14.6) 0.012
Female 723 (82.3) 19,144 (85.4) -0.084 18,658 (85) 19,888 (85.4) -0.012
Insurance premium level, n (%)
<30,000 NTD 387 (44.1) 10,463 (46.7) -0.053 10,332 (47) 10,853 (46.6) 0.009
30,001-45,000 NTD 107 (12.2) 3,819 (17) -0.138 3,447 (15.7) 3,927 (16.9) -0.031
>45,000 NTD 0(9.1) 2,649 (11.8) -0.089 2419(11) 2,729 (11.7) -0.022
Dependent 304 (34.6) 5474 (24.4) 0.225 5,765 (26.2) 5,785 (24.8) 0.032
Index year, n (%)
2010-2013 313 (35.6) 8,776 (39.2) -0.073 8,443 (38.4) 9,147 (39.3) -0.017
2014-2017 309 (35.2) 7,621 (34) 0.025 7,601 (34.6) 7,933 (34.1) 0.012
2018-2021 256 (29.2) 6,008 (26.8) 0.052 5,920 (27) 6,213 (26.7) 0.006
Lupus nephritis, n (%) 286 (32.6) 2,309 (10.3) 0.564 3,079 (14) 2,607 (11.2) 0.085
Daily dose of steroids, n (%)
<7.5 mg/day 127 (14.5) 4,017 (17.9) -0.094 5,234 (23.8) 6,141 (26.4) -0.058
7.5-15 mg/day 186 (21.2) 5,957 (26.6) -0.127 2,905 (13.2) 2,901 (12.5) 0.023
15-30 mg/day 163 (18.6) 2,739 (12.2) 0.176 3,345 (15.2) 4,143 (17.8) -0.069
>30 mg/day 316 (36.0) 2,116 (9.4) 0.668 2,912 (13.3) 2,446 (10.5) 0.085
Physical comorbidities, n (%)
Antiphospholipid syndrome 21(2.4) 382 (1.7) 0.049 382 (1.7) 404 (1.7) 0.000
Anxiety disorders 63(7.2) 2,407 (10.7) -0.125 2,520(11.5) 2,471 (10.6) 0.028
Cataract 51 (5.8) 1,587 (7.1) -0.052 1,221 (5.6) 1,638 (7) -0.061
Chronic kidney disease 83(9.5) 1,171(5.2) 0.163 1,250 (5.7) 1,256 (5.4) 0.013
Liver disorders 80(9.1) 1900 (8.5) 0.022 1,519 (6.9) 1979 (8.5) -0.059
Congestive heart failure 571 (5.8) 491 (2.2) 0.185 743 (3.4) 545 (2.3) 0.063
Depressive disorders 40 (4.6) 1,229 (5.5) -0.043 1,051 (4.8) 1,270 (5.5) -0.03
Diabetes mellitus 65 (7.4) 1,534 (6.8) 0.022 1,185 (5.4) 1,600 (6.9) -0.061
Fibromyalgia 14(1.6) 768 (3.4) -0.117 834 (3.8) 782 (3.4) 0.024
Glaucoma 16 (1.8) 474 (2.7) —-0.021 624 (2.8) 491 (2.1) 0.047
Hypertension 124(14.1) 2,568 (11.5) 0.08 2,679(12.2) 2,696 (11.6) 0.019
Hyperlipidemia 94 (10.7) 2,812 (12.6) -0.058 2,320(10.6) 2,907 (12.5) -0.06
Osteoporosis 31(3.5) 841 (3.8) -0.012 1,164 (5.3) 873 (3.7) 0.075
Medication use, n (%)
Immunosuppressants 118 (13.4) 2,352 (10.5) 0.091 3,207 (14.6) 2,474 (10.6) 0.12
Antacids 305 (34.7) 7,963 (35.5) -0.017 7,844 (35.7) 8,272 (35.5) 0.004
Antiarrhythmic drugs 9 (4.4) 534 (2.4) 0.114 576 (2.6) 574 (2.5) 0.01
Antidepressants 2(2.5) 681 (3) -0.033 553 (2.5) 703 (3) -0.03
Antiosteoporotic drugs 1 16 (13.2) 2,669 (11.9) 0.039 2,938 (13.4) 2,788 (12) 0.042
Antiplatelet drugs 120(13.7) 2,693 (12) 0.049 2,462 (11.2) 2,817 (12.1) -0.027
Anxiolytics 304 (34.6) 6,660 (29.7) 0.105 6,627 (30.2) 6,970 (29.9) 0.006
Beta-blockers 169 (19.2) 3,787 (16.9) 0.061 3,759 (17.1) 3,961 (17) 0.003
Calcium-channel blockers 204 (23.2) 3,233 (14.4) 0.227 3,430 (15.6) 3,444 (14.8) 0.023
Glucocorticoids 792 (90.2) 14,829 (66.2) 0.608 14,395 (65.5) 15,631 (67.1) -0.033
Diuretics 359 (40.9) 3,378 (15.1) 0.6 4,319 (19.7) 3,751 (16.1) 0.093
H> blockers 459 (52.3) 9,145 (40.8) 0.231 9,225 (42) 9,610 (41.3) 0.015
Hypnotics and sedatives 163 (18.6) 3,590 (16) 0.067 3,792 (17.3) 3,755(16.1) 0.031
Hypoglycemic agents 3(9.5) 1,298 (5.8) 0.138 1,221 (5.6) 1,383 (5.9) -0.016
Nonsteroidal anti-inflammatory drugs 728 (82.9) 17,750 (79.2) 0.094 17,249 (78.5) 18,485 (79.4) -0.02
Proton pump inhibitors 175(19.9) 2,715(12.1) 0.214 3,094 (14.1) 2,896 (12.4) 0.049
Renin system inhibitors 211 (24) 3,501 (15.6) 0.212 3,680 (16.8) 3,720 (16) 0.021
Statins 72 (8.2) 1,857 (8.3) -0.003 1,860 (8.5) 1932 (8.3) 0.006

*HCQ, hydroxychloroquine; IPTW, inverse probability of treatment weighting; NTD, new taiwan dollar; SMD, standardized mean difference.

@ All covariates listed in the table were used to calculate the propensity score with inverse probablllty of treatment weighting.

P Type 1 diabetes and the use of medications for lupus nephritis were included as covariates in the propensity score model. The number of
prevalent cases of these covariates was less than 3, considered identifiable. Due to privacy protection, these numbers were not reported.

© The daily dose of steroids is calculated by prednisolone-equivalent dose.
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as a distinct target population separate from the main analysis,
and we repeated the analyses.

Patient and public involvement. Taiwan’s NHIRD
contained anonymized patient-related data to enhance confiden-
tiality. The research questions and study design were indepen-
dently determined without the involvement of patients. We
intend to share the findings of this study with all participants and
to make them available to relevant communities upon request.

RESULTS

Patient characteristics. We included a total of
878 (3.77%) patients initiating higher-dose HCQ and 22,405
(96.22%) patients initiating lower-dose HCQ, with a mean age of
39 years (SD 18.9) and 43.7 years (SD 17.2), respectively
(Figure 1). The median doses of HCQ were 453.37 mg/day and
350.00 mg/day in the higher-dose HCQ and lower-dose HCQ
groups, respectively. After applying inverse probability weighting
of propensity score methods, the weighted population comprised
21,963 patients in the higher-dose HCQ group and 23,293
patients in the lower-dose HCQ group (Supplementary Figure 2).
Table 1 shows the baseline characteristics of the weighted cohort
with the average treatment effects among the entire population.
All measured covariates were well balanced between the two
treatment groups (Supplementary Figure 3). The overall median
follow-up durations in the higher-dose HCQ and lower-dose
HCQ groups were 5.35 and 6.15 years, respectively.

Effectiveness outcomes. For CAD, the incidence rates for
the higher- and lower-dose groups were 1.48 (95% Cl 1.42-1.55)
and 1.73 (95% Cl 1.67-1.81) per 100 person-years, with an HR of
0.86 (95% CI 0.80-0.93). For ischemic stroke, the incidence rates
for the higher- and lower-dose groups were 0.48 (95% Cl 0.45—
0.52) and 0.45 (95% CIl 0.42-0.49) per 100 person-years, with
an HR of 1.06 (95% CI 0.91-1.23). For VTE, the incidence rates
for the higher- and lower-dose groups were 0.13 (95% CI 0.11-
0.15) and 0.32 (95% CI 0.29-0.35) per 100 person-years, with
an HR of 0.40 (95% CI 0.33-0.49). For ESRD, the incidence rates
for the higher- and lower-dose groups were 0.35 (95% CI 0.32-
0.38) and 0.36 (95% CIl 0.33-0.39) per 100 person-years, with
an HR of 0.99 (95% CI 0.84-1.17). For malignancy, the incidence
rates for the higher- and lower-dose groups were 0.64 (95% CI
0.60-0.68) and 0.66 (95% CI 0.61-0.70) per 100 person-years,
with an HR of 1.02 (95% CI 0.93-1.12) (Table 2).

HCQ retinopathy. For HCQ retinopathy, the incidence
rates for the higher- and lower-dose groups were 0.12 (95% ClI
0.11-0.14) and 0.14 (95% CI 0.12-0.16) per 100 person-years,
with an HR of 0.92 (95% CI 0.70-1.21) (Table 2). We further per-
formed subgroup analyses and found that in patients aged
>45 years, the HR of retinopathy for higher-dose HCQ versus
lower-dose HCQ was 1.87 (95% Cl 1.45-2.42). Additionally, the
rates of patients receiving eye examinations within one year after
initiating HCQ were 14.4% and 14.8% in the higher-dose HCQ
and lower-dose HCQ groups, respectively. The rates slightly
increased within three and five years after initiating HCQ but did

Table 2. Study outcomes in patients newly receiving higher-dose HCQ and lower-dose HCQ*

Original population

Weighted cohort with IPTW

Events, Incidence rate® Events, Incidence rate®
Study outcomes n (95% Cl) HR (95% Cl) n (95% Cl) HR (95% CI)°

Coronary artery disease

Higher-dose HCQ 55 1.17 (0.88-1.52) 0.67 (0.51-0.87) 1,854 1.48 (1.42-1.55) 0.86 (0.80-0.93)

Lower-dose HCQ 2,295 1.74(1.67-1.82) 1.00 (reference) 2,376 1.73(1.67-1.81) 1.00 (reference)
Ischemic stroke

Higher-dose HCQ 29 0.61(0.41-0.87) 1.34(0.92-1.94) 626 0.48 (0.45-0.52) 1.06 (0.91-1.23)

Lower-dose HCQ 623 0.45 (0.42-0.49) 1.00 (reference) 651 0.45 (0.42-0.49) 1.00 (reference)
Venous

thromboembolism

Higher-dose HCQ 10 0.21(0.10-0.38) 0.65(0.35-1.21) 167 0.13(0.11-0.15) 0.40 (0.33-0.49)

Lower-dose HCQ 435 0.31(0.28-0.34) 1.00 (reference) 455 0.32(0.29-0.35) 1.00 (reference)
End-stage renal disease

Higher-dose HCQ 33 0.58 (0.39-0.84) 1.85(1.26-2.71) 461 0.35(0.32-0.38) 0.99 (0.84-1.17)

Lower-dose HCQ 470 0.32 (0.29-0.35) 1.00 (reference) 514 0.36 (0.33-0.39) 1.00 (reference)
Malignancy

Higher-dose HCQ 26 0.43(0.27-0.66) 0.69 (0.45-1.06) 1,087 0.64 (0.60-0.68) 1.02(0.93-1.12)

Lower-dose HCQ 952 0.66 (0.62-0.70) 1.00 (reference) 982 0.66 (0.61-0.70) 1.00 (reference)
HCQ retinopathy

Higher-dose HCQ 6 0.12 (0.05-0.27) 0.88 (0.39-1.97) 164 0.12(0.11-0.14) 0.92 (0.70-1.21)

Lower-dose HCQ 196 0.14(0.12-0.16) 1.00 (reference) 205 0.14 (0.12-0.16) 1.00 (reference)

* Cl, confidence interval; HCQ, hydroxychloroquine; HR, hazard ratio; IPTW, inverse probability of treatment weighting.

@ Per 100 person-years.

P The HRs with 95% Cls were adjusted by using a Bonferroni correction to address multiplicity.



BENEFITS AND RISKS OF HCQ IN PATIENTS WITH SLE 1119

Sensitivity analyses

Sensitivity analyses

High-dose HCQ vs. low-dose HCQ
Coronary artery disease

HR (95% CI)

Main analysis 0.86 (0.80t0 0.93) =
Propensity score with stabilized weights 0.76 ( 0.58 to 1.00 ) ——
2.5% and 97.5% weights truncation 0.86 (0.81t00.91) =
Propensity score matching 0.89 (0.59t01.36) —a—
On-treatment analysis 0.54 (0.48t0 0.60) -
Ischemic stroke
Main analysis 1.06 (0.91101.23) -
Propensity score with stabilized weights 1.04 ( 0.58 to 1.87 ) ——
2.5% and 97.5% weights truncation 1.06 (0.95t0 1.19) =
Propensity score matching 1.21(0.66 t0 2.22) —
On-treatment analysis 0.66 (0.55t00.81) -
Venous thromboembolism
Main analysis 0.40(0.33t00.49) ——
Propensity score with stabilized weights 0.51 (0.17 to 1.52)) =
2.5% and 97.5% weights truncation 0.40(0.34t00.48) -
Propensity score matching 0.58 (0.23t01.48) —
On-treatment analysis NA
End-stage renal disease
Main analysis 0.99(0.84t01.17) -
Propensity score with stabilized weights 1.08 ( 0.57 to 2.05) —
2.5% and 97.5% weights truncation 0.99 (0.87t01.12) i+
Propensity score matching 0.91(0.55t01.50) —
On-treatment analysis 1.08 (0.7810 1.38) —m—
HCQ retinopathy
Main analysis 0.92(0.70t0 1.21) ——
Propensity score with stabilized weights 0.99 (0.22 10 4.49) i
2.5% and 97.5% weights truncation 0.92(0.75t01.13) —|-
Propensity score matching 0.44 (0.14t01.44) =
On-treatment analysis NA
-2 -1 0 1 2
Log HR

Figure 2. Hazard ratios of study outcomes in sensitivity analyses. The solid line indicates no difference between the two groups (HR = 1). Due to
the limited number of events in the on-treatment analyses, we did not report the HRs for venous thromboembolism and HCQ retinopathy. Cl, con-
fidence interval; HCQ, hydroxychloroquine; HR, hazard ratio; NA, not applicable.
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not differ between the two treatment strategies (23.3% vs 24.1%
within three years and 27.4% vs 29.5% within five years).

Sensitivity analyses. All sensitivity analyses yielded results
consistent with the main analyses, summarized in Figure 2, Sup-
plementary Figure 4, Table 7 and 8. After we included antiphos-
pholipid syndrome as a covariate, the HRs for both effectiveness
and safety outcomes remained consistent with the main analyses.
Although the Cls from propensity score matching analyses are
wide due to the limited sample size, the trends in effectiveness
and safety outcomes were similar. Furthermore, the on-treatment
analyses also showed consistent HRs for effectiveness out-
comes. Due to the limited number of events in the on-treatment
analyses, we did not report HRs for VTE and HCQ retinopathy.

Subgroup analyses. We did not find significant interac-
tions between patient subgroups in the stratified analyses by
patients’ baseline age, sex, or index year, as summarized in
Figure 3. Additionally, the stratified analyses of rare outcomes,
such as VTE and HCQ retinopathy, did not reach sufficient statis-
tical power within patient subgroups.

DISCUSSION

Our findings suggested that different doses of HCQ did have
distinct therapeutic effects among patients with SLE. We found
higher-dose HCQ was associated with a reduced risk of CAD
and VTE, but there was no associated risk of ischemic stroke,
ESRD, and malignancy compared to lower-dose HCQ in patients
with SLE. Additionally, we observed no dose-related difference in
the risk of HCQ retinopathy, except for patients with SLE aged
over 45 years.

Our findings suggested around a 15% reduction in risk of
CAD and a 60% reduction in risk of VTE in patients receiving
higher-dose HCQ. In a recent nested case-control study including
patients with SLE and RA, researchers found that reduced risks of
combined cardiovascular events and VTE were associated with
current HCQ use.?® Randomized clinical trials have demonstrated
that treatment with 400 mg/day of HCQ resulted in a significant
improvement of lipid metabolism, with a decrease in total choles-
terol and serum low-density lipoprotein levels and an increase in
high-density lipoprotein cholesterol.?>?° Some prospective
cohort studies also showed improvement of proinflammatory
cytokine profiles in SLE treated with HCQ.2”?® HCQ might reduce
the risk of antiphospholipid syndrome.'2° The previous studies
showed decreased risk of CAD and VTE among patients with
SLE treated with HCQ.%%3 Further to this, our study results con-
firmed that HCQ dosage also affects efficacy.

Antimalarials may have antineoplastic properties, as
assessed in a previous study.>* Results from a meta-analysis
showed that HCQ might be a protective factor for cancer in
patients with SLE.®> Our findings indicate no difference in the risk

of malignancy and ESRD between patients with SLE in the higher-
dose HCQ group and those in the lower-dose HCQ group. The
cancer protection effect of HCQ may not be influenced by
the dose.

In recent years, due to advancements in ophthalmic exami-
nation methods, the detection rate of HCQ retinopathy has
increased. This has brought considerable attention to the side
effects of this drug. The daily dose of HCQ and how best to com-
promise between efficacy and safety is a matter of debate. Our
study showed no significant risk of HCQ retinopathy among
patients receiving higher-dose HCQ compared to those receiving
lower-dose HCQ, which contrasts with previous studies.'®%6:3"
However, we observed an increased risk of HCQ retinopathy in
patients with SLE aged over 45 years receiving higher-dose
HCQ compared to lower-dose HCQ. Two possible explanations
could account for these differences. First, our database predomi-
nantly consists of Asian populations, which may have unique
genetic backgrounds that could theoretically influence drug sus-
ceptibility differently when compared to Western populations.®®
Second, the mean age of our study population was less than
45 years. Retinal thickness is known to decrease with age; thus,
patients with SLE aged over 45 years may be more vulnerable to
the retinal effects of HCQ.®”*° A previous study has shown that
older age at the time of initiating HCQ treatment was associated
with retinopathy risk.®” In our subgroup analyses, we observed
an increased risk of HCQ retinopathy in patients with SLE aged
over 45 years receiving higher-dose HCQ compared to lower-
dose HCQ.

Previous studies related to HCQ retinal toxicity have mostly
focused on whether HCQ was taken, the duration of HCQ use,
and the cumulative dose of HCQ that leads to the risk of retinal
toxicity. Recent case-crossover studies found that a higher HCQ
weight-based dose (>5 vs <5 mg/kg/day) and a non-weight-
based dose (=400 vs <400 mg/day) were each associated with
decreased risk of lupus flares and hospitalization for active
SLE."®"® However, there has been little discussion on whether
different doses affect both the treatment effectiveness and side
effects at the same time.

We have several strengths in our study. First, we conducted
the research using the NHIRD, which allowed us to include the
largest number of participants to evaluate this relatively rare out-
come. Second, we pursued a target trial emulation framework to
explicitly specify the protocol of the target trial and its observa-
tional emulation. This can align the time of eligibility criteria and
treatment strategy assignment to avoid potential selection bias.*°

There are some limitations to our study. First, residual con-
founding cannot be ruled out. We did not have information on
smoking status, obesity, contraceptive use, or laboratory test val-
ues or detailed information on SLE disease activity, which pre-
vented a detailed evaluation of SLE disease activity using the
national database. However, we have considered the daily dose
of steroids and comorbidities and medication as a proxy for SLE
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Subgroup analyses
Subgroup analyses HR (95% CI)

High-dose HCQ vs. low-dose HCQ
Coronary artery disease

Main analysis 0.86 (0.80t0 0.93) =
Age >=45 0.88 (0.79t00.98) -
Age <45 0.96 (0.90 to 1.03) u
Male 0.88 (0.77 to 1.00) -
Female 0.87 (0.82t00.93) L
Index year 2010-2013 1.07 (0.99t0 1.15) =
Index year 2014-2017 0.46 (0.411t00.52) -
Index year 2018-2021 1.03(0.86t0 1.23) -
Ischemic stroke
Main analysis 1.06 (0.911t0 1.23) -
Age >=45 1.95(1.641t02.32) e
Age <45 0.72(0.62t00.84) -
Male 0.62(0.47t00.83) —a—
Female 1.19(1.06 to 1.34) -
Index year 2010-2013 1.01(0.88t0 1.16) -
Index year 2014-2017 1.25(1.04t0 1.50) -
Index year 2018-2021 0.57 (0.37t00.89) ——
Venous thromboembolism
Main analysis 0.40(0.33t00.49) -
Age >=45 0.56 (0.45t00.69) —u-
Age <45 0.29 (0.22t00.38) —a—
Male NA
Female 0.51(0.43t00.60) -
Index year 2010-2013 0.52(0.42t00.64) &
Index year 2014-2017 0.40 (0.29t0 0.55) ——
Index year 2018-2021 NA
End-stage renal disease
Main analysis 0.99(0.84t01.17) -
Age >=45 1.03(0.88t0 1.22) -
Age <45 0.87 (0.71t0 1.06 ) o
Male 0.81 (0.60 to 1.08) —&—
Female 1.01(0.88t0 1.16) 1
Index year 2010-2013 0.71 (0.59t0 1.83) -
Index year 2014-2017 1.07 (0.87 t0 1.32) -
Index year 2018-2021 1.91(1.40t02.62) ——
HCQ retinopathy
Main analysis 0.92(0.70t0 1.21) ——
Age >=45 1.87 (1.45t02.42) ——
Age <45 NA
Male 1.15(0.63t02.11) —
Female 0.94 (0.77t0 1.16)) -
Index year 2010-2013 1.11(0.881t01.40) -
Index year 2014-2017 0.87 (0.57t01.34) ——
Index year 2018-2021 0.34(0.141t00.86) —
-2 -1 0 1 2
Log HR

Figure 3. Harzard ratios of study outcomes in subgroup analyses. The solid line indicates no difference between the two groups (HR = 1). Due to
the limited number of events in the subgroup analyses, we did not report the HRs for venous thromboembolism and HCQ retinopathy in patients
aged less than 45 years old and index date 2018 to 2021. Cl, confidence interval; HCQ, hydroxychloroquine; HR, hazard ratio; NA, not applicable.
Color figure can be viewed in the online issue, which is available at http://onlineliorary.wiley.com/doi/10.1002/art.70022/abstract.
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disease activity in different groups to avoid potential confounding
by indication. Additionally, the dose of HCQ depended on the cli-
nician’s preference, with no recommendations for higher-dose
HCQ for patients with specific indications, such as SLE disease
activity. Second, the screening rates for HCQ retinopathy were
relatively low. Our findings indicate the clinical need to increase
screening rates among patients with SLE receiving HCQ. As the
screening rates were nondifferential between the two treatment
strategies in our study, this may cause underestimation of the risk
of HCQ retinopathy. Third, because the number of patients
receiving higher-dose HCQ was small, the weighted population
was larger than the actual study population. To address this
issue, we conducted sensitivity analyses by stabilizing weights
according to the prevalence of higher-dose HCQ. This approach
ensured that the sum of the stabilized weights reflected the actual
sample size, and the result remained consistent. Fourth, our study
may have underestimated the risk of HCQ retinopathy due to a
limited follow-up duration of up to 6.15 years. A previous study
using the Rochester Epidemiology Project found that the cumula-
tive incidence rate of HCQ retinopathy at year 5 was 0%, which
increased to 3.9% by 10 years.*' Fifth, the average body weight
in the Taiwanese population (approximately 60 kg) may limit the
generalizability of our findings to countries with higher rates of
excess weight and obesity. Although the lower-dose group had
a median of 350 mg/day, which is higher than lower-dose defini-
tions in previous studies, sensitivity analyses comparing >400
mg/day versus <300 mg/day showed results consistent with the
main analyses. Sixth, the small sample size of patients using
higher-dose HCQ may limit our ability to evaluate certain rare
study outcomes, including ischemic stroke, malignancy, ESRD,
and HCQ retinopathy.

For patients with SLE, higher-dose HCQ improves effective-
ness, with reduced risks of CAD and VTE. We observed no
dose-related difference in the risk of HCQ retinopathy, except for
patients with SLE aged over 45 years. Our study emphasizes
the need for weighing the benefits and risks of optimal HCQ dos-
age in managing SLE.
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Molecular Stratification of Antiphospholipid Syndrome
Through Integrative Analysis of the Whole-
Blood RNA Transcriptome

Amala Ambati,"? Feiyang Ma," Katarina Kmetova,' {’ Sherwin Navaz," Claire K. Hoy," Cyrus Sarosh,’
Ajay Tambralli," Erika Navarro-Mendoza,* Johann E. Gudjonsson,’? ]. Michelle Kahlenberg,'*
Jacqueline A. Madison," Ali Duarte-Garcia,* ' Jason S. Knight," 2 and Yu Zuo'

Objective. Antiphospholipid syndrome (APS) is a thromboinflammatory disorder characterized by clinical and mech-
anistic heterogeneity that complicates early diagnosis and hinders targeted treatment. We aimed to identify distinct
molecular endotypes among antiphospholipid antibody (aPL)—positive patients using whole-blood transcriptomics.

Methods. Whole-blood RNA sequencing was performed on 174 aPL-positive patients, including those with primary
APS (n = 102), secondary APS (n = 29), and aPL positivity without classifiable APS (n = 43). Unsupervised machine
learning and immune cell deconvolution defined transcriptomic clusters and immune landscapes.

Results. Four transcriptionally distinct clusters were identified. At one end of the spectrum, cluster 1 showed up-
regulation of ribosomal and metabolic pathways and down-regulation of mechanistic target of rapamycin (mTOR),
NETosis, and Hippo/interleukin-6 (IL-6) signaling. In contrast, cluster 4 exhibited the opposite pattern, with strong
up-regulation of mTOR, NETosis, and Hippo/IL-6 signaling. Cluster 2 demonstrated modest enrichment in messenger
RNA processing and amino acid metabolism, and cluster 3 showed biosynthetic suppression with mild Hippo/IL-6 acti-
vation. Clinically, cluster 4 stood out with higher IgG anticardiolipin and anti—B,-glycoprotein | positivity, elevated neu-
trophil counts, and increased urine protein-to-creatinine ratios. Immune deconvolution revealed distinct cell type
profiles: cluster 1 was lymphoid predominant; cluster 2 had a balanced composition; cluster 3 was enriched in Treg
cells, natural killer cells, macrophages, mast cells, and memory B cells; and cluster 4 was dominated by myeloid cells,
including neutrophils, eosinophils, and dendritic cells. Distinct immune pathway activations were linked to clinical fea-
tures, including white matter lesions, seizures, and cardiac valve disease.

Conclusion. This study reveals four endotypes of aPL-positive patients, a step toward personalized medicine for
APS through pathway-informed stratification and therapy.

INTRODUCTION

Antiphospholipid syndrome (APS) is a thromboinflammatory,
multisystem autoimmune disorder characterized by persistently
positive antiphospholipid antibodies (aPL). These aPL are
detected by positive testing for IgG/IgM anti-B, glycoprotein |
(anti-BoGPI), IgG/IgM anticardiolipin (aCL), or lupus anticoagulant,
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the latter a functional assay that screens for various aPL." APS
may occur as a standalone condition, referred to as primary
APS, or it may occur alongside other systemic autoimmune dis-
eases (typically systemic lupus erythematosus [SLE]), which is
sometimes referred to as secondary APS. The clinical
presentations of APS are highly diverse. Although APS was clas-
sically considered in the setting of thrombotic events and
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recurrent first-trimester or late-term pregnancy complications as
defined by the 2006 APS classification criteria, additional clinical
manifestations of APS were incorporated into the newest iteration
of classification criteria by the American College of Rheumatology
(ACR)/EULAR? in 2023. These clinical manifestations include
livedo reticularis/racemosa, aPL nephropathy, pulmonary hemor-
rhage, cardiac valve abnormalities, thrombocytopenia, and
others. Furthermore, though not included in the classification cri-
teria, patients sometimes experience other nonthrombotic clinical
manifestations, such as white matter lesions, movement disor-
ders, and cognitive dysfunction. Additionally, some individuals
may have persistently positive aPL without any classifiable APS
manifestations. This clinical heterogeneity presents significant
challenges for both effective management and accurate risk
stratification.

The pathogenesis of key aPL-mediated clinical manifesta-
tions has been shown to involve the interplay of endothelial cells,
neutrophils, monocytes, platelets, coagulation factors, and com-
plement proteins.® These findings suggest that the pathophysiol-
ogy of APS is characterized by disruptions in a complex mosaic
of molecular pathways, converging into overlapping clinical
phenotypes.

Although the 2023 ACR/EULAR classification criteria have
highlighted the clinical heterogeneity of APS, it can be challenging
to achieve the precise early patient subtyping needed for proac-
tive management and reliable outcome prediction.? Leveraging
modern high-throughput “omics” technologies offers the poten-
tial to define distinct molecular endotypes—subgroups of APS
driven by specific pathophysiologic mechanisms—that might
inform earlier and more personalized interventions.*® Advances
in this area of research are essential for transforming the diagno-
sis, treatment, and long-term outcomes of patients with APS.

The goal of our study was to apply integrative whole-blood
RNA transcriptomic analyses to cluster aPL-positive patients
according to their gene expression profiles. Our design focused
on characterizing within-disease heterogeneity —stratifying aPL-
positive patients—rather than defining APS-specific transcrip-
tional signatures relative to healthy controls. By identifying poten-
tially pathogenic pathways, we seek to advance precision
diagnosis, reveal novel therapeutic targets, and inform more per-
sonalized management strategies for APS.

METHODS

This study complied with all relevant ethical regulations and
was approved by the University of Michigan Institutional Review
Board (HUM00122519, HUM00044257, and HUMO0151834)
and the Mayo Clinic Institutional Review Board (20-000476).

Human samples. A PAXgene Blood RNA tube by PreAna-
IytiX (REF 762165) was collected from 102 patients with primary
APS, 29 patients with secondary APS, and 43 individuals with

persistently positive aPL at least 12 weeks apart but without
thrombotic or obstetric manifestations of APS. Our cohort was
established before the publication of the 2023 ACR/EULAR cri-
teria. As a result, some patients were classified as having APS
based on multiplex aPL testing; however, all met the Sapporo cri-
teria, with persistently positive aPL documented at least 12 weeks
apart.® In terms of clinical manifestations, we confirmed that all
patients designated as having APS fulfilled the clinical require-
ments for APS classification in the 2023 criteria. However, we
were not able to fully capture microvascular or nonthrombotic
manifestations as outlined in the 2023 criteria.? Lupus was
defined according to the 2012 Systemic Lupus International Col-
laborating Clinics classification criteria.” Calprotectin (S100A8/
S100A9) levels were measured in citrated plasma using the
human S100A8/S100A9 Heterodimer DuoSet enzyme-linked
immunosorbent assay (ELISA) (DY8226-05, R&D Systems) per
the manufacturer’s instructions. Soluble E-selectin and ICAM-1
were quantified in citrated plasma by ELISA (DY724, R&D
Systems).

RNA extraction and sequencing. RNA was extracted
from the samples, and quality control was performed to ensure a
minimum RNA integrity number greater than 6. Whole-blood
RNA sequencing was then conducted at the University of Michi-
gan Advanced Genomic Core using an lllumina NovaSeq 6000
sequencer. Each sample was sequenced to a depth of at least
45 million reads, generating 150 bp paired-end reads and librar-
ies. All RNA samples were processed, prepared for sequencing,
and sequenced together in a single batch using the same library
preparation protocol and sequencing run.

RNA sequencing data analysis. RNA sequencing reads
were aligned to the human genome (hg38) using STAR
v2.7.11a. Gene-level counts were obtained with quantMode Gen-
eCounts, and all other alignment parameters were set to default.
Raw counts were normalized using DESeqg2 to account for
sequencing depth and library size. Genes expressed in fewer than
five samples were excluded as lowly expressed. A log2(x + 1)
transformation was applied to the normalized counts for down-
stream analyses.

Principal component analysis was performed on the log-
transformed data, and the first 50 principal components were
used for hierarchical clustering to generate the sample dendro-
gram. The choice of 50 components was guided by our prior
experience and the widely accepted convention in single-cell
RNA sequencing analyses—also the default in the commonly
used Seurat package—as this number reliably captures the major
biologic variation while diminishing noise.® Based on dendrogram
structure, four distinct clusters were identified. Differential expres-
sion analysis among these clusters was conducted using DESeq2
with default parameters. Genes with adjusted P values <0.05
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were considered significantly differentially expressed and were
subjected to enrichment analysis using Metascape.

To identify coexpression patterns and their associations with
sample traits, weighted gene coexpression network analysis
(WGCNA) was performed on the log-transformed data. A signed
weighted correlation network was constructed using pairwise
Pearson correlations, and an adjacency matrix was generated
using a soft-thresholding power of 10. This matrix was trans-
formed into a topological overlap matrix (TOM) to quantify net-
work connectivity. Genes were hierarchically clustered based on
TOM dissimilarity, and gene modules were identified using
dynamic tree cutting with a minimum module size of 50. Similar
modules were merged, resulting in 22 distinct modules. Module
eigengenes were correlated with clinical traits using Pearson cor-
relation, and functional enrichment of each module was assessed
via Metascape.

Pathway enrichment was performed using Metascape
(www.metascape.org). For each WGCNA module, the corre-
sponding gene list was uploaded and analyzed with default
Metascape settings, which simultaneously query multiple annota-
tion databases, including Gene Ontology (GO) Biological Process,
GO Cellular Component, GO Molecular Function, KEGG Path-
ways, Reactome Gene Sets, and CORUM protein complexes.
Metascape applies a false discovery rate correction and defines
statistical significance as enrichment q < 0.05. Only pathways
meeting this built-in false discovery rate threshold were consid-
ered significant and are reported. Because some modules share
genes and can therefore produce overlapping enriched path-
ways, Metascape reduces redundancy by clustering enriched
terms into nonoverlapping groups based on gene overlap. Enrich-
ment analysis was performed independently for each module,
and our interpretation emphasizes robust, recurrent pathways
that appeared across multiple modules and remained significant
after adjusting for false discovery rates.

Cell type composition was estimated with CIBERSORTXx
using the LM22 signature matrix to deconvolute immune cell
populations in each sample. LM22 reference matrix was used
because it is a widely validated immune cell deconvolution panel
optimized for peripheral blood transcriptomes.®'® Because this
was an exploratory study aimed at identifying molecular and cellular
heterogeneity in APS, we did not perform a priori power calcula-
tions for immune cell deconvolution. To minimize the potential
impact of the smaller cluster size, which could reduce sensitivity
for detecting subtle shifts in cell proportions, we focused our inter-
pretation on moderate to large changes (>15%—-20%) in immune
cell fractions. Pearson correlations were then computed between
pathway enrichment scores and cell type abundance estimates.
We applied multiple-testing corrections throughout the study using
the Benjamini-Hochberg false discovery rate method for differential
expression, WGCNA module-trait correlations, immune cell
deconvolution correlations, and the built-in false discovery rate
adjustment in Metascape for pathway enrichment analyses.

Pathway-specific gene enrichment score
calculation. Gene sets for neutrophil extracellular traps (NETs) and
Hippo pathways were assembled from published studies, including
our own autoimmune transcriptomic work, as well as curated pathway
databases and public gene lioraries."” From these sources, we
retained only genes that were reliably detected in our peripheral blood
RNA sequencing data set and consistently represented in prior blood-
based signatures. For each sample, the pathway gene score was then
computed as the mean nomalized expression of all genes in the set,
yielding a single quantitative measure of relative pathway activity.

Together, these integrative analyses aimed to reveal key
transcriptomic signatures and potential biomarkers across pri-
mary APS, secondary APS, and persistently aPL-positive individ-
uals without classifiable APS.

Data availability. Transcriptomic data are not publicly
available due to privacy and consent restrictions. All other data
supporting the findings of this study, including the main text and
supplementary materials, are available from the corresponding
author upon reasonable request (Yu Zuo, yzu@umich.edu).

RESULTS

Molecularly stratifying aPL-positive patients
reveals distinct immune signaling pathways. Whole-
blood RNA sequencing was performed on 174 patients, including
102 with primary APS, 29 with secondary APS (all meeting SLE
classification criteria’), and 43 with persistently positive aPL but
without classifiable APS manifestations. Log-transformed whole-
blood gene expression data from these patients were subjected
to principal component analysis, and the first 50 principal compo-
nents were used to perform hierarchical clustering. A sample den-
drogram was constructed based on this analysis, from which four
distinct patient clusters were identified (Figure 1A and B). To vali-
date this four-cluster solution, we performed consensus cluster-
ing, which likewise supported the four-cluster structure and
demonstrated stable cluster assignments. To further explore tran-
scriptomic differences, we used WGCNA, which identified 22 dis-
tinct gene modules. These modules were subsequently analyzed
to determine their enrichment in specific biologic pathways and
processes, providing insight into the molecular landscape under-
lying each cluster (Figure 1C). Relative to the other aPL-positive
patient clusters, cluster 1 showed the strongest up-regulation of
pathways involved in cytoplasmic ribosomal proteins, base exci-
sion repair, tyrosine metabolism, and fatty acid biosynthesis. Con-
versely, it was down-regulated in mammalian target of rapamycin
(mTOR) signaling, NET formation, and Hippo/interleukin-6 (IL-6)
signaling pathways. Cluster 2 demonstrated modest relative up-
regulation of messenger RNA (mRNA) processing and amino
acid—-metabolism pathways. Cluster 3 exhibited modest relative
down-regulation of MRNA processing, amino acid biosynthesis,
and fatty acid biosynthesis, accompanied by mild relative
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Figure 1. Molecularly stratifying aPL-positive patients. (A) Schematic illustration of study design and whole-blood RNA sequencing. The figure
was created at www.biorender.com. (B) Unsupervised hierarchical clustering stratified aPL-positive patients into four distinct clusters, each repre-
sented by a different color. Each code within the clusters corresponds to an individual patient’s RNA sample. (C) Dot plots illustrate the associa-
tions between pathway-specific gene modules and each cluster of aPL-positive patients. Only statistically significant associations are displayed.
The specific genes composing each pathway-associated module are detailed in the Supplemental Data. aPL, antiphospholipid antibody; APS,
antiphospholipid syndrome; EBV, Epstein-Barr virus; HSV, herpes simplex virus; mRNA, messenger RNA; mTOR, mammalian target of rapamy-
cin; NET, neutrophil extracellular trap; NLR, nucleotide-binding oligomerization domain-like receptor.

up-regulation of the Hippo/IL-6 signaling pathway. Cluster 4 dis- signaling and relative down-regulation of cytoplasmic ribosomal
played the inverse pattern of cluster 1, with strong relative up- proteins, base excision repair, tyrosine metabolism, and fatty acid
regulation of mTOR signaling, NET formation, and Hippo/IL-6 biosynthesis.
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We performed sensitivity analyses to ensure our findings
were not driven by confounding factors. First, we included
immune cell-proportion estimates from CIBERSORTx (LM22) as
covariates in the linear models testing the association between
each WGCNA module and cluster membership; this adjustment,
after correcting for multiple comparisons, did not alter the results,
as the NET formation and Hippo/IL-6 signaling gene modules
remained highly and significantly associated with cluster 4. To
evaluate the influence of APS subtypes (primary APS, secondary
APS, or aPL-only without classifiable APS), we added subtype
as a covariate and again found both modules were strongly asso-
ciated with cluster 4; cluster membership also remained
unchanged when the analysis was restricted to patients with pri-
mary APS. Finally, to test for possible medication effects, we
adjusted for hydroxychloroquine (HCQ) use and for a combined
indicator of other immunosuppressive therapy (mycophenolate,
rituximab, methotrexate, azathioprine, leflunomide, or belimu-
mab). Both the NET formation and Hippo/IL-6 signaling gene
modules remained highly significantly associated with cluster
4 after these adjustments (NET formation: adjusted cluster
P = 3.86 x 107*"; Hippo/IL-6 signaling: adjusted cluster P =
4.98 x 10724, and the results were unchanged even after
excluding all patients receiving HCQ or any immunosuppressive
therapy. These analyses demonstrate that the strong association
of these gene modules with cluster 4 is robust and independent
of immune cell composition, APS subtype, and medication use.

Table 1 summarizes the clinical and demographic features of
these patients across four transcriptomic clusters. Although the
clusters showed similar distributions of age and sex, as well as
history of thrombosis, obstetric morbidity, thrombocytopenia,
livedo reticularis, cardiac valve disease, and APS nephropathy,
notable differences still emerged. Cluster 4 had a higher preva-
lence of IgG aCL and IgG anti-B,GPI positivity compared to clus-
ters 1 to 3. Individuals in cluster 4 also had elevated absolute
neutrophil counts, circulating calprotectin levels—a marker of
neutrophil activation and NET formation—and urine protein-
to-creatinine ratios. Patients in cluster 4 were also more likely to
receive immunosuppressive therapy, whereas circulating
E-selectin levels, a marker of endothelial activation, did not differ
significantly among clusters.

Across the 22 gene modules, NET formation and Hippo/IL-6
signaling pathways showed some of the most pronounced posi-
tive and negative correlations (Figure 1C). To explore this further,
we generated pathway-specific enrichment scores by selecting
genes ranked by their contribution to NETs pathway enrichment
(5 genes) and Hippo pathway activation (11 genes), based on
our prior work and public gene libraries (Supplemental Table 1).
These NET and Hippo enrichment scores were applied across
the patient cohort. We found that both NET and Hippo scores
varied significantly among the clusters. Cluster 4 had the highest
enrichment scores for both pathways, whereas cluster 1 had the
lowest (Table 1). A higher NET score was associated with

increased levels of circulating calprotectin (a marker of neutrophil
activation and NET formation), elevated absolute neutrophil
counts, higher positivity for IgG aCL and IgG anti-g-GPI, and
increased urine protein-to-creatinine ratios  (Supplemental
Table 2). Similarly, a higher Hippo score correlated with elevated
levels of calprotectin, C-reactive protein (CRP), E-selectin
(a marker of endothelial activation), absolute neutrophil counts,
and urine protein-to-creatinine ratios (Supplemental Table 2).

Immune cell composition across the four clusters.
Deconvolution analysis revealed distinct immune cell type distri-
butions among the four clusters (Figure 2A and B). Cluster 1 was
enriched in lymphoid cells, including B cells, plasma cells, CD4*
T cells, and CD8* T cells. Cluster 2 displayed a relatively uniform
distribution of all analyzed immune cell types. Cluster 3 showed
enrichment in Treg cells, natural killer (NK) cells, macrophages,
mast cells, and memory B cells. Cluster 4 was characterized by
a predominance of myeloid cells, including neutrophils, eosino-
phils, dendritic cells, macrophages, NK cells, and T cells. We
also observed several significant associations between spe-
cific immune cell types and pathway-specific gene modules
(Figure 2C). Neutrophils demonstrated strong positive correla-
tions with NET formation, Hippo/IL-6 signaling, and mTOR sig-
naling pathways and significant negative correlations with fatty
acid biosynthesis, tyrosine metabolism, and cytoplasmic ribo-
somal protein pathways. B cells were positively correlated with
intestinal IgA production, whereas plasma cells did not show
notable associations with any gene modules. Resting T cells
exhibited moderate negative correlations with Hippo/IL-6 sig-
naling, sphingolipid metabolism, and choline metabolism,
alongside moderate positive correlations with mRNA process-
ing and amino acid metabolism (Figure 2C). To validate our
deconvolution estimates, we correlated CIBERSORTx-derived
neutrophil proportions with absolute neutrophil counts
obtained from clinical complete blood cell counts. The correla-
tion was moderate to strong and highly significant, providing
confirmation of the accuracy of our deconvolution results
(Supplemental Figure 1).

The association of gene modules with
nonthrombotic/nonobstetric clinical manifestations
among patients with APS and aPL-positive patients.
Analysis of the associations between pathway-specific gene
modules and nonthrombotic, nonobstetric clinical manifestations
of APS revealed several statistically significant findings
(Supplemental Figure 2). White matter lesions were linked to up-
regulation of genes involved in NF-«B signaling and cytoplasmic
ribosomal proteins. Seizures were associated with increased
expression of genes related to choline and sphingolipid
metabolism. Cardiac valve disease showed up-regulation of
genes associated with Hippo/IL-6 signaling and NET formation,
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Table 1. Clinical and demographic characteristics of aPL-positive patients across four clusters (N = 174)*
Cluster 1 (n = 50) Cluster 2 (n =59) Cluster 3 (n = 36) Cluster 4 (n = 29) Pvalue
Diagnoses, n (%)
Primary APS (thrombotic or 30 (60.0) 34 (57.6) 20 (55.6) 18 (62.1) 0.976
obstetric manifestations)
aPL positive without 12 (24.0) 10(17.0) 12 (33.3) 9(31.0) 0.233
classifiable APS
Demographics
Age, mean + SD, y 43+13 46 +18 46 + 14 45+ 17 0.879
Male, n (%) 15 (30.0) 15(25.4) 12(33.3) 9(31.0) 0.859
aPL positivity profile, n (%)
lgG aCL 26 (52.0) 40 (67.8) 26(89.7) 22(75.7) 0.022
lgM aCL 27 (54.0) 26 (44.1) 12(33.3) 11(37.9) 0.076
1gG anti-B,GPI 29 (58.0) 42(71) 26 (72) 26 (90) 0.005
IgM anti-B,GPI 26 (52.0) 26 (44.1) 12(33.3) 14 (48.3) 0.405
Lupus anticoagulant 20 (40.0) 34 (57.6) 21 (58.3) 16 (55.2) 0.149
Triple positive® 12 (24.0) 26 (44.1) 15(41.7) 12 (41.4) 0.116
Laboratory studies, mean + SD
Neutrophil count, 10%/uL” 3.29+1.89 448 +1.91 428 +0.35 6.29+2.16 <0.0001
CRP, mg/dL 0.32+0.36 0.52 +0.54 0.80+0.72 0.69 + 0.81 0.050
C3, mg/dL 7435 +17.62 77.79 +17.08 78.76 + 15.82 76.76 +21.28 0.770
C4, mg/dL 19.85 +4.52 20.38 +5.07 2021 +4.54 19.39 +6.02 0.871
Platelet count, 10%/uL® 24111 +78.25 263.35+90.84 221.68 +77.97 216.21 +73.85 0.074
Creatinine, mg/dL® 1.05 +0.65 0.98 +0.36 1.03+0.33 1.00 £ 047 0.679
Urine protein/creatinine ratio® 0.09+0.14 0.41 £0.91 0.31 £0.52 0.49 £ 0.90 0.043
E-selectin, pg/mL 29,530 + 15,851.60 32,143.89 +21,024.42 34,87552+17,41636 38,409.11 +21,422.65 0.284
Calprotectin, pg/mL 1.28+1.17 174+ 154 245 +1.65 3.15+3.23 <0.001
Clinical history, n (%)
Venous thrombosis 22 (44) 29 (49.2) 22 (61.1) 14 (48.3) 0.386
Arterial thrombosis 10(20.0) 15(25.4) 6(16.7) 5(17.2) 0.580
Pregnancy morbidity 12 (24.0) 7(11.9) 5(13.9) 4(13.8) 0.234
Cardiac valve disease 5(10.0) 7(11.9) 8(22.2) 6(20.7) 0.091
Livedo reticularis 18 (36.0) 13(22.0) 9(25.0) 12 (41.4) 0.77
APS nephropathy 4(8.0) 4(6.8) 2(5.6) 1(3.4) 0.411
Immunosuppressive
medications, n (%)
Hydroxychloroquine 26 (52.0) 30 (50.8) 20 (55.6) 20 (69.0) 0.03
Other immunosuppressive 7 (14) 11 (18.6) 8(22) 9(31) 0.03
medications®
NET and Hippo scores, mean + SD
NET score -2.23+0.96 -0.46 +1.89 047 +2.36 421 +6.67 <0.0001
Hippo score -5.04+3.72 -0.29 + 4.86 0.15+ 549 9.1 +9.52 <0.0001

* Intergroup differences for categorical variables were assessed using the Jonckheere-Terpstra trend test, whereas differences for continuous
variables were evaluated using one-way analysis of variance for normally distributed data and the Kruskal-Wallis test for skewed distributions.
Bold P values indicate p < 0.05. aCL, anticardiolipin; anti-B,GPI, anti-B, glycoprotein I; aPL, antiphospholipid antibody; APS, antiphospholipid
syndrome; CRP, C-reactive protein; NET, neutrophil extracellular trap.
@ Triple positive includes positive lupus anticoagulant, positive IgG or IgM aCL, and IgG or IgM positive anti-B,GPI.
P platelet counts, absolute neutrophil counts, and serum creatinine levels were obtained from clinical laboratory test results collected on the
same day as the research RNA samples. Among the 174 participants, 123 had these clinical laboratory tests performed on the corresponding
date. Similarly, urine protein-to-creatinine ratios were extracted from clinical laboratory data when available on the same day as RNA sample

collection; 124 of 174 participants had this measurement.

¢ Other immunosuppressive medications: mycophenolate, rituximab, methotrexate, azathioprine, leflunomide, or belimumab.

alongside down-regulation of genes involved in intestinal IgA pro-
duction (Supplemental Figure 2).

DISCUSSION

Using whole-blood RNA sequencing integrated with unsu-
pervised machine learning and immune cell deconvolution, our
study stratified patients with APS or persistently positive aPL
across diverse clinical presentations into four biologically distinct
clusters. These clusters were defined by coordinated gene

expression modules and predicted immune cell compositions.
Cluster 1 was marked by up-regulation of cytoplasmic ribosomal
proteins, base excision repair, tyrosine metabolism, and fatty acid
biosynthesis pathways, with down-regulation of mTOR signaling,
NET formation, and Hippo/IL-6 signaling. In contrast, cluster 4 dis-
played the inverse pattern, with strong up-regulation of mTOR
signaling, NET formation, and Hippo/IL-6 pathways. Cluster
2 showed modest enrichment in mRNA processing and amino
acid—-metabolism pathways, whereas cluster 3 exhibited relative
suppression of similar biosynthetic pathways, alongside mild
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Figure 2. Deconvolution analysis unveils the immune cell composition across four distinct clusters. (A) Schematic illustration of deconvolution
analysis of whole-blood transcriptomic data. Cell type deconvolution was performed using CIBERSORTx with the LM22 (22 immune cell types)
as the signature matrix. The figure was created at www.biorender.com. (B) Dot plot demonstrating associations between immune cell types and
each cluster of aPL-positive patients. (C) Dot plot showing associations between pathway-specific gene modules and immune cell types. Only
associations that remain statistically significant after multiple-comparison adjustment are displayed. aPL, antiphospholipid antibody; APS, anti-
phospholipid syndrome; EBV, Epstein-Barr virus; HSV, herpes simplex virus; IL, interleukin; mRNA, messenger RNA; mTOR, mammalian target
of rapamycin; NET, neutrophil extracellular trap; NK, natural killer; NLR, nucleotide-binding oligomerization domain-like receptor.

up-regulation of Hippo/IL-6 signaling. Cluster 4 also stood out for
its clinical associations—higher rates of IgG aCL and anti-B.GPI
positivity, elevated neutrophil counts, and increased urine
protein-to-creatinine  ratios. Immune deconvolution further
revealed distinct cellular landscapes: cluster 1 had a lymphoid-
predominant profile; cluster 2 displayed a balanced mix; cluster

3 was enriched in Treg cells, NK cells, macrophages, mast cells,
and memory B cells; and cluster 4 was myeloid-skewed, with
neutrophils, eosinophils, and dendritic cells. Our cohort of
174 aPL-positive patients represents, to our knowledge, the larg-
est whole-blood RNA sequencing study in APS to date. Although
cluster 4 included only 29 patients, several analyses confirm
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adequate power. Associations of cluster 4 with the NET formation
and Hippo/IL-6 signaling modules were exceptionally strong
(P <1 x107% and remained highly significant after 5,000 per-
mutation tests (empirical P < 1 x 107%). These findings were
robust to sensitivity analyses; removing 20% of samples pre-
served significance in >95% of resamples, and even downsam-
pling cluster 4 to 10 patients retained significance in 100% of
runs. A formal one-way analysis of variance power analysis further
indicated >0.99 power to detect the observed effect sizes. Thus,
despite its smaller size, cluster 4 is sufficiently powered to support
the stability of these associations.

Whole-blood RNA sequencing has previously been applied
in APS research to compare transcriptomic profiles between
patients and healthy controls, consistently revealing marked gene
expression changes—particularly in interferon-regulated genes
(IRGs)."27'® For instance, a study of 62 patients with thrombotic
primary APS and 29 healthy controls identified 34 differentially
expressed genes, 33 of which were up-regulated by at least
two-fold, including 14 IRGs—highlighting the prominent role of
interferon signaling in APS pathogenesis.'® Gene expression pro-
filing in that study distinguished patients with APS from controls
with 79% accuracy, which improved to 82% when analysis was
focused exclusively on IRGs, underscoring their promise as
potential biomarkers. In contrast, our study did not detect signifi-
cant variation in IRGs signatures within the APS cohort. This is
likely due to differences in comparison strategies. Although
patients with APS typically show elevated baseline interferon
activity relative to healthy individuals, the variation within the APS
or aPL-positive group is likely more limited, making it difficult to
detect statistically significant differences across subgroups.
Building on prior work, our study uniquely applies whole-blood
RNA sequencing in combination with unsupervised clustering to
stratify aPL-positive individuals into four transcriptionally distinct
subgroups. This approach moves beyond conventional primary
versus secondary APS classification and reveals underlying
molecular heterogeneity. The presence of such distinct molecular
signatures supports the concept that APS comprises a spectrum
of immune and vascular phenotypes. This stratification highlights
the need for more personalized approaches to APS care, guided
by the dominant immunopathogenic mechanisms in each
subgroup.

Our study reinforces the role of neutrophil-driven inflamma-
tion in a subset of APS patients, further implicating NETs in dis-
ease pathogenesis. Pathway enrichment analysis revealed
significant up-regulation of NET formation genes in cluster
4, whereas these pathways were down-regulated in
cluster 1. NETs—extracellular DNA and chromatin structures
released by activated neutrophils—have been implicated in pro-
moting vascular inflamsmation, endothelial damage, and hyperco-
agulability. Prior studies, including our own, have demonstrated
that aPL directly trigger NETosis and that increased circulating
NET-associated biomarkers are associated with thrombotic risk

in APS.3"" Transcriptomic analysis of APS neutrophils further
supports this link, revealing an activated neutrophil signature that
enhances adhesion and NET formation.'® Our study builds on
these findings by showing that patients with APS in cluster 4 have
elevated NET enrichment scores, which correlate with increased
circulating calprotectin levels—a marker of neutrophil activation
and NET formation—as well as a higher protein-to-creatinine
ratio, indicating renal damage and potential inflammation. This
aligns with a recent transcriptomic study of APS kidneys, which
revealed up-regulated NET-related genes in affected kidneys.'®
Additionally, patients in cluster 4 had higher levels of IgG aCL
and IgG anti-p>GPI. Notably, this mirrors a recent lupus transcrip-
tomic study showing that aPL positivity in patients with lupus is
associated with up-regulation of neutrophil and myeloid gene
modules,?° further supporting the hypothesis that neutrophil-
driven inflammation exacerbates APS autoimmunity.

Beyond NETosis, the up-regulation of Hippo/IL-6 signaling in
cluster 4 offers potential insights into APS-associated immune
remodeling, particularly in the context of myeloid cell activation
and inflammation. The Hippo pathway regulates the transcrip-
tional coactivators YAP and TAZ, which, when activated, translo-
cate to the nucleus and drive proinflammatory gene expression
programs, including IL-6 production, and enhance immune cell
survival and chemotaxis.?"?? In myeloid cells such as neutrophils
and macrophages, YAP/TAZ activity has been shown to promote
inflamsnmatory polarization, prolong cell lifespan, and support tis-
sue infiltration—all features consistent with the innate immune
activation observed in APS.2"22 |n our study, elevated expression
of Hippo pathway genes in cluster 4 was accompanied by
increased calprotectin and CRP levels, supporting a potential
mechanistic link between Hippo signaling and systemic inflamma-
tion. Additionally, Hippo signaling is known to be activated by
mechanical and cellular stress, which is particularly relevant in
APS, in which endothelial dysfunction is a key feature of vascular
pathology. We observed a positive association between Hippo
pathway enrichment and circulating E-selectin levels—a marker
of endothelial activation—suggesting that this signaling axis may
represent an immune cell response to vascular stress. Taken
together, these findings suggest that Hippo pathway activation
may contribute to a proinflammatory, myeloid-driven endotype in
a subset of patients with APS. This pathway could serve as a
potential new therapeutic target to mitigate thromboinflammatory
risk, and future studies should investigate its functional role in APS
pathogenesis more directly.

Our study further highlights the relationship between immune
cell composition and the molecular heterogeneity of APS. Decon-
volution analysis of immune cells highlighted variation in immune
system involvement across APS subtypes. Patients in cluster
4 exhibited a dominant myeloid signature, characterized by
increased neutrophils, eosinophils, and dendritic cells, whereas
cluster 1 was enriched in lymphoid cells, including B cells, plasma
cells, and CD8" T cells. These findings reinforce the notion that
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APS pathogenesis is associated with distinct immune mecha-
nisms in different patient subsets. Although prior research has
focused on B cell-mediated autoantibody production in APS,
our data emphasize the critical role of innate immune cells in the
disease process. This myeloid-driven inflammatory signature fur-
ther supports the involvement of neutrophils in APS-related vas-
cular complications and thrombosis, suggesting potential
avenues for targeted therapeutic intervention.

Our findings suggest that nonthrombotic APS manifestations
are associated with distinct gene expression profiles, providing
mechanistic insights that align with prior research. Seizures were
linked to up-regulation of genes involved in choline and sphingoli-
pid metabolism—pathways previously implicated in seizure gen-
eration, epileptogenesis, and drug-resistant epilepsy across
human studies, animal models, and monogenic metabolic
disorders.?®>2° Cardiac valve disease was associated with
increased expression of genes related to Hippo and IL-6 signal-
ing, consistent with growing evidence that persistent IL-6 eleva-
tion plays a direct pathogenic role in vascular and degenerative
valve disease rather than serving solely as a marker of inflamma-
tion.?%2” Together, these findings support the biologic relevance
of these pathways in APS-related organ damage.

We acknowledge several limitations in our study. Chief
among them is the absence of healthy control samples. Because
our study was specifically designed to stratify aPL-positive
patients and examine within-disease heterogeneity, the study
does not directly define APS-specific transcriptional signatures
relative to healthy individuals. Next, relying on whole-blood tran-
scriptomics may mask cell-specific contributions to APS patho-
genesis. Single-cell RNA sequencing could provide a more
precise view of immune cell involvement. Additionally, our cross-
sectional design limits the ability to assess dynamic gene expres-
sion changes. Longitudinal studies tracking transcriptomic shifts
over time and responses to treatment could offer deeper insights
into disease progression. We also acknowledge that estimating
cell type composition with CIBERSORTx may introduce indirect
compositional effects, so correlations between gene modules
and cell types should be interpreted with caution. The underlying
biologic relationships will require validation using independent
experimental approaches. The clinical significance of the four
molecular endotypes requires further validation. To gain deeper
insight into APS pathogenesis, future studies should investigate
the direct contribution of the novel gene expression modules
identified in our study. Pathways such as Hippo signaling that
have not been previously implicated in APS warrant further inves-
tigation to clarify their role in driving the underlying immunologic
and vascular abnormalities characteristic of the disease. Finally,
the derived NETs and Hippo pathway scores were used solely in
an exploratory framework to illustrate relative pathway activity
across APS/aPL-positive patient clusters. They are not intended
as validated diagnostic tools or definitive pathway signatures.
Although these gene sets capture key elements of NETosis and

Hippo signaling, they are not comprehensive. Future studies
incorporating broader gene panels and orthogonal validation
methods—such as protein-level measurements or functional
NET assays—will be necessary to confirm these findings and
assess their potential clinical utility.

In summary, our study establishes the potential to stratify
patients with APS and aPL-positive patients based on whole-
blood transcriptomic profiles, uncovering biologically distinct sub-
groups with diverse immune activation patterns and clinical fea-
tures. This level of stratification could not have been achieved
through clinical or serologic data alone and offers clinicians a pre-
viously inaccessible layer of insight into APS heterogeneity. Nota-
bly, the identification of NETosis and Hippo pathway activation as
key differentiators among patient subgroups points to possible
novel therapeutic targets and could lay the groundwork for more
personalized approaches to APS management. Looking ahead,
integration of single-cell RNA sequencing and proteomic data will
be critical to refine these molecular signatures and to delineate the
specific cellular drivers of APS immunopathogenesis. Further-
more, longitudinal studies are needed to assess the temporal sta-
bility of these transcriptomic clusters and their relationship to
disease progression and treatment response. By leveraging tran-
scriptomic profiling to define biologically meaningful APS endo-
types, we hope to move the field closer to precision medicine
strategies tailored to the underlying immune mechanisms of indi-
vidual patients.
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Risk Factors for Relapse in Antineutrophil Cytoplasmic
Antibody-Associated Vasculitis Among Patients With

Relapse After Induction of Remission With Rituximab
Ellen Romich, MD, MSCE," 7 Joshua F. Baker, MD, MSCE," ( Thomas R. Riley IV MD, MSCE,’

lan Green, MD, MPH," ( Rennie L. Rhee, MD, MSCE," {2 Carol A. McAlear, MA," ¥ Ulrich Specks, MD,?
Rona M. Smith, MD,** () David R. Jayne, MD,*>

and Peter A. Merkel, MD, MPH,"? () for the RITAZAREM Investigators

Objective. The objective of the study was to determine risk factors for relapse of antineutrophil cytoplasmic antibody
(ANCA)-associated vasculitis (AAV) after reinduction of remission with rituximab and discontinuation of maintenance therapy.

Methods. This is a post hoc analysis of the RITAZAREM clinical trial. Patients aged 15 years or older with AAV and a
positive test for anti-proteinase-3 or anti-myeloperoxidase-ANCA who achieved remission after reinduction with ritux-
imab and glucocorticoids were randomized at month 4 to receive continued rituximab or azathioprine for a mainte-
nance period up to 24 months, followed by observation until relapse or up to 48 months. Generalized estimating
equations logistic regression identified baseline and time-varying risk factors for relapse by the next visit for the two
study phases: maintenance (months 4-24) and off-treatment (months 24-48).

Results. Among 170 patients (median [interquartile range] age 59 [48-68] years, disease duration 5 [2-10] years), 99
relapses occurred (46 during maintenance). During maintenance, musculoskeletal involvement (odds ratio [OR]: 2.8,
95% confidence interval [CI]: 1.1-7.2; P = 0.03) and higher patient global assessment (OR: 1.1, 95% ClI: 1.0-1.2;
P = 0.04) were associated with relapse. During the off-treatment phase, presence of CD19" B cells (OR: 2.5, 95% Cl:
1.2-5.1; P = 0.01) and reappearance of ANCA (OR: 3.2, 95% CI: 1.3-7.7; P = 0.01) were each associated with higher
relapse risk. Multivariable analysis identified markers of inflammation (changes in platelets, white blood cells, and
IgA) associated with relapse.

Conclusion. Risk factors for relapse in AAV vary by treatment phase. Monitoring markers of inflammation and

immune reconstitution may identify patients at risk for relapse, particularly after treatment withdrawal.

INTRODUCTION

Antineutrophil cytoplasmic antibody (ANCA)-associated
vasculitis (AAV), including granulomatosis with polyangiitis and

Supported by the Penn Vasculitis Center. The RITAZAREM trial was sup-
ported by the Arthritis Research UK (now Vs Arthritis; grant 18706) and
Roche/Genentech (MA28150). Roche/Genentech also provided rituximab for
the study. The Vasculitis Clinical Research Consortium (VCRC) is part of the US
Rare Diseases Clinical Research Network, NIH, which is an initiative of the
Office of Rare Diseases Research, National Center for Advancing Translational
Science (NCATS). Dr Romich's work was supported by National Institute of
Arthritis and Musculoskeletal and Skin Diseases, NIH, Rheumatology Research
Training Grant (5T32-AR076951-05). Dr Baker's work was supported by two
Rehabilitation Research and Development Merit Awards (grants RX003644
and RX004770). Dr Riley’s work was supported by the Clinical Pharmacoepide-
miology Training Grant (grant 5T32GM075766-17). The VCRC was supported
by the NCATS, National Institute of Arthritis and Musculoskeletal and Skin Dis-
eases (grant U54 AR057319), National Center for Research Resources (grant
U54 RR019497), and Research Committee on Intractable Vasculitides, the Min-
istry of Health, Labour and Welfare of Japan. Drs Smith’s and Jayne's work was
supported by the National Institute for Health Research, Cambridge Biomedi-
cal Research Centre, and the Cambridge Clinical Trials Unit.

1134

microscopic polyangiitis, is a group of multisystem autoimmune
diseases that often presents with organ- and life-threatening
manifestations and is treated with prolonged use of immunosup-
pressive medications. Approaches to induction of remission in
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new or relapsing disease and maintenance of remission have
advanced considerably, resulting in improved survival.? Despite
these advances, relapses are common during maintenance treat-
ment and particularly once treatment is discontinued.®* However,
prolonged immunosuppression carries risks including secondary
immunodeficiency, and not all patients experience relapse after
completion of an induction and maintenance regimen.® Optimal
dosing and treatment duration is not known.

Prior studies demonstrated that factors associated with
relapse in AAV include disease manifestations such as pulmo-
nary, renal, and sinonasal disease; treatment phase (maintenance
vs postmaintenance); return of a positive test for ANCASs or rising
ANCA levels; return of detectable CD19* B cells (peripheral
blood); and patient-reported outcomes.®'® Genetic polymor-
phisms may also influence response to treatments, such as
response to rituximab with Fcy receptor or B cell-activating factor
variants.'®'” However, the ability to predict relapses in clinical
practice remains limited. Existing studies commonly evaluate
relapse risk over a several-year follow-up period, whereas in clini-
cal practice it may be more practical to identify patients at high
short-term risk of relapse if such predictions could guide treat-
ment or monitoring strategies.

The RITAZAREM clinical trial enrolled patients with ANCA-
positive AAV with clinical relapse. Following reinduction and
achievement of remission with rituximab, patients were random-
ized to rituximab every four months or daily azathioprine, for a
total of two years of treatment. '® Patients were observed off treat-
ment for an additional 12 to 24 months after completion of the
maintenance regimen. Compared to azathioprine, rituximab
reduced risk of relapse by 60%.'®

The objective of this post hoc analysis of the RITAZAREM
data set was to identify risk factors for short-term relapse in
patients with AAV after successful reinduction of remission with
rituximab, focusing separately on risk factors for relapse during
maintenance treatment and off-treatment observation phases.
This approach reflects the clinical scenario of desiring to know a
patient’s risk of relapse within a few months, which could influ-
ence treatment decisions in real time.

METHODS

Study design. This study is a post hoc analysis of the RITA-
ZAREM clinical trial. The primary aim of this analysis was to deter-
mine predictors of disease relapse by the next study visit for two
study phases as defined in the trial protocol: (1) treatment for
maintenance of remission (months 4-24) and (2) off-treatment
observation (months 24-48)."° In RITAZAREM, all patients
received rituximab, 375 mg/m2 per week for four weeks, at month
0 for treatment to re-induce remission, and patients who achieved
remission by month 4 were randomized to receive either rituximab
or azathioprine with the goal of maintaining remission."® During
the maintenance phase, patients randomized to rituximab

received doses (1,000 mg) at months 4, 8, 12, 16, and 20, and
patients randomized to azathioprine (2 mg/kg per day) received
this medication from month 4 through 24, with the drug tapered
off from month 24 to month 27 (Supplementary Figure S1). For
the current study, maintenance and off-treatment phases were
analyzed separately to test if there were distinct drivers of relapse
for patients during maintenance therapy versus observation off-
treatment. Data will be shared upon reasonable request. See
Appendix for RITAZAREM Trial Investigators.

Study participants. Major inclusion and exclusion criteria
for the RITAZAREM trial were as previously described.'® Briefly,
patients were aged 15 years or older with a diagnosis of AAV,
had a current or prior positive test for proteinase-3 (PR3)-ANCA
or myeloperoxidase (MPO)-ANCA, and experienced a disease
relapse after previously achieving remission. Patients were
included in this subanalysis if they completed treatment with ritux-
imab for reinduction of remission in the RITAZAREM trial,
achieved remission again by month 4, and moved on to mainte-
nance treatment. All patients gave written, informed consent for
trial participation, and de-identified data were used for this study.

Outcomes. The main outcome for this study was relapse,
assessed as a binary outcome at each visit and defined as a
return of disease activity by or at the subsequent study visit (3-
to 6-month interval). This was chosen to reflect the clinical sce-
nario of desiring to know a patient’s risk of relapse before the next
follow-up visit. Relapse was defined as in the RITAZAREM trial as
the return or first appearance of at least one item on the Birming-
ham Vasculitis Activity Score for Wegener's granulom
atosis (BVAS/WG).2°

Covariates. Variables collected at enroliment. Data col-
lected at trial enrollment included age; sex; body mass index; dis-
ease duration; ANCA type (anti-PR3 or anti-MPQO); cumulative
disease manifestations by organ system (constitutional, mucous
membranes, ear/nose/throat, lung, kidney, musculoskeletal, skin,
neurologic, cardiac, gastrointestinal, other); relapse severity at trial
entry (severe or nonsevere); prednisone regimen at induction (1
mg/kg or 0.5 mg/kg); prior treatment with rituximab, azathioprine,
or cyclophosphamide; and cumulative prior rituximab exposure.
Treatment assignment in the maintenance phase, with rituximab
or azathioprine, was determined upon randomization at month 4
among patients who achieved remission after induction therapy.

Genotyping was performed for the FCGR2A R131H (G>A
variant) in a subset of patients with adequate samples available.
The A allele corresponds to the missense variant R131H that influ-
ences the function of the Fcy receptor; the AA genotype has been
associated with complete remission and earlier time to remission
among rituximab-treated patients with AAV.'® Therefore, R131H
genotype (categorical) was evaluated with an interaction with
treatment (see Supplementary Methods for further detail).
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Variables collected throughout follow-up period (time-
varying). Data collected at enrollment and follow-up visits included
prednisone dose, body mass index (certain visits only), number of
months since last rituximab dose, laboratory measures (white
blood cell count, hemoglobin, platelets, creatinine, erythrocyte sed-
imentation rate, C-reactive protein, alanine aminotransferase, IgG,
IgM, and IgA), MPO and PR3 positivity (binary), MPO and PR3
level, CD19" B cell counts or percentage, BVAS/WG, physician
global assessment (010, higher is worse), patient global assess-
ment (0-10, higher is worse), EuroQOL five dimensions question-
naire visual analogue Scale (0-100),2" Patient-Reported
Outcomes Measurement Information System (PROMIS) Fatigue
(short-form 4a v1.0 T-score®?), PROMIS Pain Interference (short-
form 4a v1.1 T-score®®), and PROMIS Physical Function (short-
form 4av2.0 T-score®?). Laboratory values were converted/harmo-
nized to common units. Change in laboratory values and patient-
reported outcomes was operationalized as the percentage change
relative to the month 4 value (remission). As a sensitivity analysis
based on a prior study demonstrating that changes in the patient
global were predictive of relapse, absolute change in the patient
global assessment from the prior visit was also evaluated.®

ANCA values. MPO-ANCA or PR3-ANCA positivity was
determined at local sites during the trial. Additionally, MPO-ANCA
or PR3-ANCA levels were determined semiquantitatively by a
central laboratory (Mayo Clinic) using an automated addressable
laser-bead immunoassay (BioPlex 2200, Bio-Rad) after comple-
tion of the trial.2° A positive value was >1.0 antibody index unit.
ANCA positivity for this study was based on the central laboratory
result when available and otherwise was based on the local trial
result. This approach minimized missing data (ANCA positivity
<1% missing). Because patients were identified to have one
ANCA type (MPO or PR3) at trial enrollment and ANCA type was
prespecified to be included in the models, ANCA positivity was
defined as either MPO or PR3 positive. Change in ANCA positivity
during follow-up was categorized as negative to negative, nega-
tive to positive, positive to positive, or positive to negative com-
pared to the prior visit.

CD19* B cell values. CD19* B cell results were determined at
local sites during the trial and reported as cell counts and/or as a
percentage of white blood cells. Cell counts were converted to
common units (cells per 10%/L). Test results recorded as less than
the lower limit of the assay were recoded as zero (ie, <0.01 cells
per 10%L was recoded as 0 and <1% recoded as 0). The presence
of B cells (binary) was defined as either >0.01 cells x 10%/L or 1%,
similar to prior studies.®'® When B cell presence was missing for a
given visit but the preceding and subsequent visits had identical
results (ie, both present or both absent), that result was carried for-
ward to replace the missing value. With this approach, data regard-
ing B cell presence were missing in <10% of visits.

Statistical analysis. The statistical approach can be found
in the Supplementary Methods. Enrollment characteristics and

month 4 (remission) laboratory and outcome measure results
were summarized. Characteristics at month 4 were compared
among patients who did and did not experience relapse during
trial follow-up using t-test, Wilcoxon rank-sum test, or chi-square
test, as appropriate. To allow comparison of effect sizes across
variables with different units of measurement, laboratory values
and patient-reported outcome measures were natural log-trans-
formed to fit a normal distribution and then standardized to month
4 remission values by subtracting the mean of the month 4 values
and dividing by the SD of the month 4 values.

Logistic regression incorporating generalized estimating
equations was used to identify risk factors for relapse by the next
visit in each study phase following a prespecified modeling
approach and including all available outcomes over time. For the
maintenance phase analysis, data from months 4 to 20 were
included, whereas for the off-treatment phase analysis, data from
months 24 to 42 were included. Regression coefficients from
these models can be interpreted as the relative odds of relapse
before or at the next study visit among those with the exposure
compared to those without the exposure.

Enrollment characteristics (static variables) were assessed first
for their association with relapse. Variables associated in univariate
analyses (P < 0.10) were explored as potential predictors for a multi-
variable model. Treatment group and ANCA type were prespecified
to be included given their clinical relevance. Variables with P < 0.05
in the multivariable model were retained to establish a base model.

Time-varying predictors were then assessed by evaluating
their association with relapse when added to the base model
(see Supplementary Table S2 for variable list). Time-varying mea-
sures with P < 0.10 were included as potential predictors. Finally,
the full multivariable model retained only variables with P < 0.05.
Prespecified interactions between treatment and month, between
ANCA positivity and B cell presence/return, and between treat-
ment and B cell presence/return were also explored. The inclu-
sion of a treatment and month interaction allows time-effects to
vary by treatment, thereby accounting for differences in medica-
tion exposure over time between treatment groups.

Generalized estimating equations with logistic link function,
robust SEs, and exchangeable correlation structure was used,
accounting for repeated measures per patient. Alternative corre-
lation structures were also explored. Variables in the full multivari-
able models were assessed for collinearity using variable inflation
factors, and neither model had variable inflation factors >10. Anal-
yses were conducted using Stata (StataCorp; 2023. Stata Statis-
tical Software: Release 18. StataCorp LLC.).

RESULTS

This study included 170 patients with a median (interquartile
range) age of 59 (48-68) years and disease duration of 5 (2-10)
years who were randomized to rituximab or azathioprine at month
4 after achieving remission (Table 1). During follow-up, there were
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Table 1. Enrollment characteristics by relapse status*
Total (N =170) Relapse (n =99) No relapse (n =71) Pvalue
Age at enrollment, y 59 (48-68) 58 (46-67) 61 (53-72) 0.10
Female sex 86 (51) 47 (47) 39 (55) 0.34
Body mass index 28 (24-32) 29 (26-32) 26 (24-32) 0.02
Treatment group <0.001
Rituximab 85 (50) 38 (38) 47 (66)
Azathioprine 85 (50) 61 (62 24 (34)
Prednisone induction regimen 0.72
0.5 mg/kg/d 122 (72) 70(71 52 (73)
1.0 mg/kg/d 48 (28) 29(2 19 (27
Relapse type at enrollment 0.38
Nonsevere 64 (38) 40 (40) 24 (34
Severe 106 (62) 59 (60) 47 (66)
ANCA type at enrollment (ever) 0.06
anti-MPO 47 (28) 22(22) 25(35)
anti-PR3 123(72) 77 (78) 46 (65)
Disease duration at enrollment, mo 5(2-10) 4(2-9 6(3-13) 0.04
Organ involvement (ever)
Constitutional 91 (54) 52 (53) 39 (55) 0.76
Musculoskeletal 125 (74) 79 (80) 46 (65) 0.03
Skin 54 (32) 38(38) 16 (23) 0.03
Mucous membranes/eyes 58 (34) 37 (37) 21 (30) 0.29
Ear/nose/throat 127 (75) 75 (76) 52 (73) 0.71
Cardiac 6 (4) 5(5) T 0.40
Gastrointestinal tract 3(2) 2(2) () 1.00
Lungs 103 (61) 57 (58) 46 (65) 0.34
Kidneys 114(67) 64 (65) 50 (70) 0.43
Nervous system 47 (28) 29 (29) 18 (25) 0.57
Other 40 (24) 28 (28) 12(17) 0.08
Prior azathioprine treatment 126 (74) 75 (76) 51(72) 0.56
Prior rituximab treatment 60 (35) 34 (34) 26 (37) 0.76
Cumulative rituximab dose before enrollment, g 3.9(2.8-6.0) 4.0 (3.0-6.0) 3.0(2.5-6.0) 0.43
Prior oral or IV cyclophosphamide 133 (78) 75 (76) 58 (82) 0.36
FCGRZA R131H genotype, n 128 50 78
GG 39 (31) 16 (32) 23 (30) 0.93
AG 59 (46) 23 (46) 36 (46)
AA 30 (23) 11 (22) 19 (24)

* Values presented as n (%) or median (interquartile range) unless otherwise specified. ANCA, antineutrophil cytoplasmic antibody; FCGR2A
R131H, Fcy receptor lla R131H variant; IV, intravenous; MPO, myeloperoxidase; PR3, proteinase-3.

99 relapses, with 46 during the maintenance phase (months 4—
24) and 53 during the off-treatment phase (months 24-48). Sev-
enteen patients were censored due to death (n = 4), withdrawal
(n = 8), or loss to follow-up (n = 5). The probability of relapse by
the next study visit by month and treatment increased over time
and was higher for the azathioprine group at each time point
except for between months 30 and 36 (Figure 1).

Patients who experienced a relapse at any time during fol-
low-up after randomization were more likely to receive azathio-
prine and have higher body mass index, shorter disease
duration, and more frequent involvement of joints and skin
(Table 2). They were also more likely to have lower serum creati-
nine, higher alanine aminotransferase, and higher IgG and IgA
levels at month 4 (remission) (Supplementary Table S1).

Maintenance phase. In unadjusted analyses, disease
duration, musculoskeletal involvement (includes arthritis and/or
arthralgia), cumulative prior rituximab dose, and prior

cyclophosphamide treatment were associated with relapse
(P < 0.1) (Table 2). Within the base model, disease duration at
enrollment was associated with lower odds of relapse (odds ratio
[OR]: 0.9, 95% confidence interval [Cl]: 0.8-1.0; P = 0.005),
whereas musculoskeletal involvement was associated with 2.8-
fold higher odds of relapse (OR: 2.8, 95% Cl: 1.1-7.2; P =0.029).

In univariate analyses for follow-up variables, higher (worse)
patient global assessment was associated with relapse (Figure 2;
Supplementary Table S2). In the multivariable model, musculo-
skeletal involvement (OR: 2.8, 95% CI: 1.1-7.5; P = 0.038) and
higher patient global assessment scores (OR: 1.1, 95% ClI: 1.0-
1.2; P = 0.043) were associated with higher odds for relapse,
whereas treatment with rituximab (OR: 0.3, 95% Cl: 0.2-0.7;
P = 0.001) and longer disease duration were associated with
lower odds for relapse (OR: 0.9, 95% CI: 0.9-1.0; P = 0.018)
(Table 3). Laboratory values, ANCA status, CD19" B cells, and
FCGR2A R131H genotype were not associated with relapse dur-
ing this phase. Percentage change in patient global assessment
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Figure 1. Predicted probability of relapse by month and treatment. Predicted probability of relapse by next visit from unadjusted generalized esti-
mated equations logistic regression including treatment by month interaction. Probability of relapse is higher for the azathioprine group (red) at all
time points except for month 30. The last scheduled rituximab maintenance treatment occurred at month 20 in the rituximab group (blue), while
azathioprine was tapered off during months 24 to 27. The vertical line at month 24 divides the maintenance and off-treatment phases for the

analysis.

from month 4 (remission) and absolute change in patient global
from the prior visit were not associated with relapse by next visit
during the maintenance phase.

Off-treatment phase. In unadjusted analyses, higher
body mass index and skin involvement at enroliment were associ-
ated with higher odds of relapse by the next visit. Additionally,
relapses were more common at month 30 (OR: 3.3, 95% Cl:
1.4-7.8; P = 0.005) (Table 2). There was a higher proportion of
patients with relapse at month 30 in the rituximab group; there-
fore, an interaction between treatment and study month was
included. The interaction suggested that the risk of flare was
higher at month 30 among patients in the rituximab arm, but not
in the azathioprine arm (P = 0.019 for interaction) (Table 3). Thus,
the base model for the off-treatment phase includes treatment
assignment, ANCA type (both prespecified), study month, and
the interaction between treatment and month.

Time-varying follow-up variables evaluated included labora-
tory values, patient-reported outcome measures, and the per-
centage change in these variables compared to month 4
(remission). Results are shown in Figure 2 and Supplementary
Table S2. Individually, higher C-reactive protein, IgA, and percent-
age change in platelet count, white blood cell count, IgA, and C-
reactive protein were associated with increased odds of relapse
by next visit (P < 0.05). Additionally, ANCA positivity (OR: 2.0,
95% CI: 1.1-3.6; P = 0.028), change in ANCA from negative to
positive compared to the prior visit (OR: 3.2, 95% Cl: 1.3-7.7;
P =0.011), and CD19" B cell presence (OR: 2.5, 95% ClI: 1.2—

5.1; P = 0.017) were each associated with two- to three-fold
increased risk of relapse by the next visit during the off-treatment
phase, independent of treatment arm. The final full multivariable
model for the off-treatment phase included variables in the base
model (treatment, ANCA type, study month, and treatment and
month interaction), along with IgA level and changes (percentage)
inlgA, platelet count, and white blood cells from month 4 (Table 3).
ANCA status and CD19* B cell presence were not significant in
the full multivariable model. The patient global assessment and
percentage change in the global assessment compared to month
4 were not associated with relapse during the off-treatment
phase. In a sensitivity analysis, the change in the patient global
assessment from the prior visit during the off-treatment phase
was associated with relapse in unadjusted analyses (OR: 1.14,
95% Cl: 1.02-1.28; P = 0.019) but was not significant in the mul-
tivariable model.

There was no interaction between treatment and the pres-
ence of CD19" B cells in the off-treatment phase (P = 0.109). Sim-
ilarly, there was no significant interaction between treatment and
ANCA positivity (in place of ANCA change) (P = 0.490). Replacing
ANCA positivity (vs negativity) with ANCA level during the model-
ing process did not substantially change results.

As a sensitivity analysis, stratification by treatment group for
the off-treatment phase was explored. In the rituximab group,
adjusting for ANCA type and month, CD19* B cell presence was
associated with relapse by the next visit (OR: 5.3, 95% CI: 1.5—
19.4; P = 0.01), whereas ANCA positivity was not (OR: 1.6, 95%
Cl: 0.7-4.1; P = 0.292). In contrast, in the azathioprine group,
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Table 2. Univariable logistic generalized estimating equations models for odds of relapse by next visit for each phase using enrollment charac-

teristics and study month*

Maintenance phase

Off-treatment phase

Univariable models OR (95% Cl) P value OR (95% Cl) P value

Age at enrollment 0.99 (0.97-1.01) 0.30 1.00 (0.98-1.01) 0.71
Male (vs female) 0.90 (0.49-1.65) 0.74 1.58 (0.90-2.78) 0.11
Body mass index at enrollment® 1.49 (0.47-4.66) 0.50 3.05(1.01-9.20) 0.05
Disease duration (years) at enroliment 0.91 (0.85-0.98) 0.01 0.98 (0.94-1.03) 0.50
Lung involvement 0.81 (0.44-1.48) 0.49 0.71 (0.40-1.26) 0.25
Ear, nose, throat involvement 0.94 (0.49-1.80) 0.85 1.17 (0.56-2.42) 0.68
Renal involvement 0.87 (0.46-1.63) 0.66 0.76 (0.42-1.37) 0.36
Musculoskeletal involvement 2.67 (1.12-6.39) 0.03 1.15(0.61-2.19) 0.66
Skin involvement 1.16(0.61-2.19) 0.65 1.77 (1.00-3.13) 0.05
Anti-PR3 (vs anti-MPQ) at enrollment 0.97 (0.48-1.94) 0.92 1.68 (0.81-3.50) 0.16
Rituximab (vs azathioprine) 0.32(0.17-0.62) 0.001 0.47(0.27-0.83) 0.01
1.0 mg/kg/d (vs 0.5 mg/kg/d) induction prednisone regimen 1.27 (0.67-2.41) 0.46 1.03 (0.55-1.95) 0.93
Severe (vs nonsevere) relapse type at enroliment 0.62 (0.34-1.13) 0.13 0.90 (0.49-1.62) 0.72
BVAS/WG score at enrollment 1.00 (0.85-1.18) 0.98 1.10(0.97-1.24) 0.14
Prior rituximab treatment 0.68 (0.35-1.32) 0.25 1.17 (0.66-2.08) 0.60
Cumulative prior rituximab dose (grams) 0.89 (0.79-1.00) 0.05 1.03(0.96-1.11) 0.39
Prior azathioprine treatment 1.05 (0.53-2.06) 0.90 1.39(0.70-2.74) 0.35
Prior oral or IV cyclophosphamide treatment 0.57 (0.29-1.10) 0.10 1.06 (0.50-2.24) 0.88
FCGR2A R131H genotype by treatment
AG (vs GG), rituximab 1.71(0.25-11.82) 0.59 2.85(0.63-12.92) 0.18
AA (vs GG), rituximab® - - 411 (0.77-21.89) 0.10
Study month (vs mo 4)

8 0.82 (0.33-2.00) 0.66 - -

12 0.77 (0.30-1.94) 0.57 - -

16 1.06 (0.44-2.55) 0.89 - -

20 0.80 (0.31-2.11) 0.66 - -
Study month (vs mo 24)

27 - - 1.29 (0.50-3.32) 0.60

30 - - 3.33(1.44-7.75) 0.005

36 - - 1.47 (0.52-4.16) 0.46

42 — — 1.89 (0.66-5.39) 0.23

* BVAS/WG, Birmingham Vasculitis Activity Score for Wegener's granulomatosis; Cl, confidence interval; FCGR2A R131H, Fcy receptor lla; IV,
intravenous; MPO, myeloperoxidase; OR, odds ratio; PR3, proteinase-3.

@ Values log-transformed.
b Category omitted due to limited data.

ANCA positivity was associated with relapse (OR: 2.4, 95% Cl:
1.0-5.9; P = 0.047), whereas CD19+ B cell presence was not
(OR:1.5,95% CI: 0.6-3.5; P = 0.389). Due to small sample sizes,
treatment-stratified models with additional variables and time
interactions were not feasible.

DISCUSSION

This study identified risk factors for relapse after reinduction
treatment with rituximab in patients with AAV at high risk of further
relapse and identified distinct risk factors that differ according to
each treatment phase. Shorter disease duration, musculoskeletal
involvement, and higher (worse) patient global assessment were
associated with relapse by the next visit during maintenance
treatment. Markers of inflammation and immune reconstitution,
meaning the presence or reappearance of serologic measures of
systemic inflammation (eg, acute phase reactants), autoanti-
bodies, and B cell function, were associated with relapse during
the off-treatment phase. In the full multivariable model, these

include higher IgA level and an increase in IgA level, platelet count,
and white blood cell count compared to remission values. Overall,
these findings suggest that monitoring of these laboratory values
to identify patients at higher risk of short-term relapse may be
most informative after treatment withdrawal.

Notably, there was a much higher risk of relapse by the next
visit at study month 30 among patients who had been receiving
maintenance rituximab (last maintenance dose administered at
month 20) compared to azathioprine (tapered off during months
24-27). Patients receiving rituximab had 27-times higher odds of
relapse between month 30 and 36, although the wide Cl indicates
uncertainty about the true magnitude of increased odds. The
potential for relapse may have differed owing to more patients
with early relapse in the azathioprine group and continued azathi-
oprine exposure during months 24 to 27. Nevertheless, this find-
ing supports that withdrawal of treatment is significantly
associated with relapse and highlights a high-risk timeframe for
relapse in patients treated with rituximab for maintenance of
remission (approximately 10-16 months after the last infusion).
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Maintenance phase Off-treatment phase

Laboratory values’
Hemoglobin (agiL) =
Platelet count (107/L)*
White blood cell count (10°/L)
Creatinine (mg/dL)*
Alanine aminotransferase (U/L)"
Erythrocyte sedimentation rate (mm/hr)* -
C-reactive protein (mg/L)* - ——
Immunoglobulin G (g/L)*
Immunoglobulin M (g/L)* -

Immunoglobulin A (g/L)* —-—
ANCA status and CD19+ B-cells

PR3 positive at visit - ——

MPO positive at visit *
ANCA positive at visit ——
ANCA change: negative to positive - &

CD19+ B-cells present =
New return of CD19+ B-cells . —

Patient-reported outcomes’
EQ-5D Visual Analogue Scale* -
PROMIS Fatigue T-score*

PROMIS Pain Interference T-score*
PROMIS Physical Function T-score*
Patient global assessment -

Change in laboratory values®
Hemoglobin (giL) -
Platelet count (109!L) =
White blood cell count (10°/L)
Creatinine (mg/dL)
Alanine aminotransferase (U/L) -
Erythrocyte sedimentation rate (mm/hr)
C-reactive protein (mg/L) -
Immunoglobulin G (g/L)
Immunoglobulin M (g/L)
Immunoglobulin A (g/L)

Change in patient-reported outcomes®
EQ-5D Visual Analogue Scale -
PROMIS Fatigue T-score -
PROMIS Pain Interference T-score
PROMIS Physical Function T-score —
Patient global assessment

I I I I 1 I I | I I I

0 2 4 6 8 100 2 4 6 8 10
QOdds ratio QOdds ratio

Figure 2. Odds ratios for relapse by next visit during the maintenance and off-treatment phases for individual follow-up variables. Odds ratios
and 95% confidence intervals for relapse by next visit for laboratory values, ANCA status, and CD19* B cells, patient-reported outcomes, and
change in these values compared to remission during the maintenance and off-treatment phases. Each follow-up variable was evaluated individ-
ually, and models were adjusted for the base model for each phase. Patient global assessment was associated with relapse by next visit during the
maintenance phase (red). C-reactive protein, IgA, ANCA positivity, change in ANCA from negative to positive, and CD19" B cell presence are each
associated with relapse by next visit during the off-treatment phase (blue). *Continuous values were standardized to month 4 (remission) values.
*Indicates variable is log-transformed. °0dds ratios for change in laboratory values and patient-reported outcomes are scaled to represent 10%
change compared to remission. ANCA, antineutrophil cytoplasmic autoantibody; EQ-5D, EuroQOL five dimensions questionnaire; MPO, myelo-
peroxidase; PR3, proteinase-3; PROMIS, Patient-Reported Outcomes Measurement Information System.
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Table 3. Full multivariable logistic generalized estimating equations model for odds of relapse by next visit during observation and maintenance

phases*

Maintenance phase

Off-treatment phase

OR (95% Cl) P value OR (95% Cl) P value
Enrollment variables

Treatment assignment: Rituximab (vs azathioprine) 0.3(0.2-0.7) <0.001 0.1 (0.0-0.6) 0.02
ANCA type at enrollment: anti-PR3 (vs anti-MPO) 0.9 (0.4-2.0) 0.80 1.7(0.8-3.7) 0.20
Disease duration (years) at enrollment 0.9 (0.9-1.0) 0.02 -
Musculoskeletal involvement 2.8(1.1-7.5) 0.04 -
Month (vs mo 24)

27 - - 1.0(0.3-3.3) 0.95

30 - - 0.8(0.2-3.4) 0.81

36 - - 0.4(0.1-2.3) 0.28

42 - - 0.9 (0.2-4.6) 0.91
Treatment by month interaction

Rituximab, mo 27 - - 1.3(0.1-29.8) 0.88

Rituximab, mo 30 - - 26.8 (1.7-428.3) 0.02

Rituximab, mo 36 - - 21.1(0.9-496.2) 0.06

Rituximab, mo 42 - - 3.8(0.2-73.1) 0.37

Follow-up variables

Patient global assessment (0-10) 1.1(1.0-1.2) 0.04 - -
IgA level (g/L)? - - 1.6(1.1-2.4) 0.02
Percent change in IgA level (g/L) from month 4P - - 1.1(1.0-1.2) 0.004
Percent change in platelet count (10%/L) from month 4° = = 1.2(1.0-1.5) 0.02
Percent change in white blood cells (1 0%/L) from month 4° - - 1.04(1.0-1.1) 0.04

* ANCA, antineutrophil cytoplasmic antibody; Cl, confidence interval; MPO, myeloperoxidase; OR, odds ratio; PR3, proteinase-3.

@ Values log-transformed and standardized to month 4.
P Odds ratio scaled to represent 10% change in value.

This timeframe coincides with B cell repopulation after treatment
with rituximab.?®

The full models in the off-treatment phase also suggest that
immune reconstitution is a strong predictor of flare. Several vari-
ables were associated with relapse in univariate analyses, includ-
ing higher C-reactive protein, increases in C-reactive protein
compared to remission, presence of detectable CD19* B cells,
ANCA positivity, change in ANCA from negative to positive com-
pared to the prior visit, and change in the patient global assess-
ment from the prior visit. Although not all of these factors were
retained in the final multivariable model, likely in part due to the
interrelatedness of these measures as markers of inflammation
and immune activity and a lack of granular assessments of B cell
populations and ANCA levels over time, these findings provide
further support that markers of immune reconstitution and inflam-
mation are associated with short-term relapse risk. Thus, multiple
approaches to identifying patients with immune reconstitution
may be informative.

Prediction of relapse in AAV is an area of considerable inter-
est, with prior attention given to the utility of ANCA levels and
CD19* B cell counts.® 22728 This study identified associations
between each of these measures and relapse in the off-treatment
phase but not the maintenance phase. CD19" B cell repopulation
coincides temporally with loss of drug effect. However, these
measures did not remain in the final multivariable models, mean-
ing that an independent predictive value was not found for the
presence of CD19" B cells or ANCA positivity above what could

be predicted from the timing of dosing. The findings that IgA, C-
reactive protein, and white blood cell counts are associated with
relapse are consistent with risk factors identified from the MAIN-
RITSAN clinical trials.?® However, other commonly recognized
risk factors for relapse, such as lung involvement, sinonasal dis-
ease, and anti-PR3 antibody type, were not redemonstrated.'*
Differences between studies may reflect distinct patient popula-
tions. The patient population from the current study was selected
to include ANCA-positive individuals with known relapsing dis-
ease. By enriching for relapsing disease and ANCA positivity,
baseline disease manifestations differ from other trial populations
that included patients with relapsing or nonrelapsing disease.?®
The current study also confirms an association between patient
global assessment of disease activity and subsequent relapse.®
Strengths of this study include standardized prospective
data collection at international expert centers within a clinical trial
setting, randomized treatment assignment, minimal loss to fol-
low-up, and centralized ANCA testing. A sequential modeling
approach identified predictors with incremental benefit in the
model while avoiding overfitting. Limitations to consider include
generalizability from a clinical trial setting with selective enroliment
of patients. Additionally, defining on- and off-treatment phases
poses challenges. For this analysis, treatment phases were
based on a two-year maintenance treatment period defined by
the trial protocol. However, the end of rituximab’s biologic effect
is challenging to define, and patients receiving azathioprine
tapered the medication off over months 24 to 27. Inclusion of a
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treatment and month interaction term in the off-treatment phase
models allows for time-dependent differences in relapse likeli-
hood between treatment groups, which may help to mitigate
confounding arising from differences in medication exposure.
Missing data were encountered for some laboratory values, par-
ticularly for CD19* B cell measures, which were available as
counts, percentages, or both. This limited the ability to include
a single quantitative measure of B cells. Therefore, presence of
B cells was defined based on thresholds for cell counts or per-
centages to accommodate the available data and reflect the
ways B cell values are commonly encountered in practice. Simi-
larly, although ANCA status was available from the trial data with
minimal missingness, ANCA levels were determined separately
at a central laboratory and only available for a subset of patients.
However, in a sensitivity analysis, replacing ANCA status with
quantitative ANCA binding level in the model building process
yielded similar results.

These findings demonstrate that risk factors for short-term
relapse in AAV differ by phase of treatment and suggest that
laboratory monitoring at regular intervals for markers of immune
activity (acute phase reactants, immunoglobulins, ANCA status,
CD19" B cells) may be most informative after withdrawal of
maintenance treatment. These results indicate that none of
these tests in isolation is highly predictive of relapse. These find-
ings highlight the efficacy of rituximab for maintenance treat-
ment and the increased risk of relapse after treatment
withdrawal, which can inform clinical practice. Additional longi-
tudinal studies are needed to develop predictive tools to identify
patients with increased risk of relapse over a short period and
determine clinically significant thresholds of change in labora-
tory and immunologic parameters that influence risk of relapse.
This may inform treatment and monitoring decisions, particu-
larly after withdrawal of maintenance treatment. A prior study
evaluated extended dosing of rituximab after completion of
two years of fixed-schedule maintenance rituximab using return
of B cells versus rise in ANCA levels to determine when to read-
minister rituximab and found that administration based on B cell
repopulation resulted in fewer clinical relapses but also more
frequent infusions of rituximab and COVID-19 infections.'®
Consideration of other markers of immune activity may help to
tailor management of individual patients after maintenance
treatment. Studies to predict risk of treatment-related infections
will also be important to balance the risks and benefits of differ-
ent approaches to maintenance treatment and observation
after treatment withdrawal.

In conclusion, this study identified that among patients with
AAV, markers of inflammation and immune reconstitution are
associated with disease relapse within three to six months during
the period of observation off treatment after completion of a regi-
men to maintain remission. These data support monitoring of
these laboratory tests at regular intervals to help identify patients
with AAV at risk for relapse after withdrawal of treatment.
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Objective. Systemic sclerosis (SSc) is an autoimmune disease characterized by autoantibody production, fibrosis,
and vasculopathy. The coexistence of antineutrophil cytoplasmic autoantibody (ANCA)-associated vasculitides (AAV)
in SSc is rare and poorly characterized, with limited data on the impact of treatments, particularly high-dose glucocor-
ticoids (GCs), on both conditions. This study aimed to describe the clinical phenotype, management, and outcomes of
patients with overlapping SSc and AAV.

Methods. We conducted a multicenter retrospective study in 18 French centers, including patients who met the
2013 American College of Rheumatology (ACR)/EULAR criteria for SSc and the 2022 ACR/EULAR criteria for AAV.
Clinical, biologic, and radiologic data were collected.

Results. We included 30 patients (median age 51.5 years, 83% female). SSc preceded AAV in all cases; 27% had
diffuse cutaneous SSc, whereas 73% had limited cutaneous SSc. Anti-Scl70 antibodies were detected in 50%, and
interstitial lung disease (ILD) was present in 80%, predominantly with a fibrosing nonspecific interstitial pneumonia pat-
tern (54%). AAV was microscopic polyangiitis in 90%, with myeloperoxidase (MPO)-ANCA positivity in 93%. Renal
involvement was common (76%), with a median serum creatinine level of 170 umol/L (interquartile range [IQR]
120-361 umol/L) and proteinuria (urine protein to creatinine ratio of 2 g/g creatinine [IQR 0.9-2.3 g/g creatinine]). All
patients received GCs in combination with cyclophosphamide (50%) or rituximab (47%). No cases of scleroderma
renal crisis were observed. SSc manifestations, including ILD and skin involvement, remained stable during follow-up.

Conclusion. AAV, predominantly microscopic polyangiitis with MPO-ANCA, can occur in SSc, particularly in
patients with fibrosing ILD and anti-Scl70. Standard vasculitis treatments appear to be effective and do not worsen
outcomes in SSc.

INTRODUCTION

Antineutrophil cytoplasmic autoantibody (ANCA)—associated
vasculitides (AAV) are a group of necrotizing vasculitides
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teil (AP-HP), Institute Mondor of Research Biomedical, Créteil, France;

characterized by inflammation of small blood vessels.! The three
main entities are microscopic polyangiitis (MPA), granulomatosis
with polyangiitis (GPA), and eosinophilic GPA (EGPA). AAV are
commonly associated with two major ANCA patterns: anti—
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proteinase 3, which is predominantly observed in GPA, and anti-
myeloperoxidase (MPO-ANCA), which is more commonly associ-
ated with MPA and, to a lesser extent, EGPA.?>® Renal
involvement, often manifesting as rapidly progressive glomerulo-
nephritis, is a hallmark of AAV. Treatment typically combines
high-dose glucocorticoids (GCs) with immunosuppressive agents
such as rituximab or cyclophosphamide.*™® Although AAV is pri-
marily idiopathic, it can also occur as a result of other conditions,
including drug exposure or underlying autoimmune disease. Sec-
ondary AAV is most commonly associated with MPO-ANCA.”®

Systemic sclerosis (SSc) is a complex autoimmune disease
characterized by autoantibodies production, cutaneous and vis-
ceral fibrosis, and widespread vasculopathy.® SSc is classified
into diffuse cutaneous SSc (dcSSc), in which skin fibrosis extends
beyond the elbows and knees, and limited cutaneous SSc
(IcSSc), in which fibrosis is restricted to the distal extremities.'®
Interstitial lung disease (ILD) is a common complication in SSc
and a leading cause of death, typically presenting as nonspecific
interstitial pneumonia (NSIP). Vasculopathy, including Raynaud
phenomenon, is often an early manifestation of SSc, whereas
scleroderma renal crisis (SRC) is the most severe renal complica-
tion, characterized by hypertensive emergency, acute kidney
injury, and thrombotic microangiopathy. GC use is a well-
established risk factor for SRC."'~1®

The prevalence of ANCA in SSc ranges from 0% to 12% in
published studies,*'® with MPO-ANCA being the most com-
monly reported subtype. The coexistence of AAV and SScis rare,
with only anecdotal reports describing this overlap.’” Data on
how SSc affects the management of AAV, particularly in the con-
text of high-dose GC use, are scarce. Similarly, the impact of AAV
treatments on SSc progression, including ILD and vasculopathy,
remains poorly understood.

This study aimed to characterize the rare association
between SSc and AAV, describe the clinical phenotype and man-
agement of this complex overlapping syndrome, and assess the
impact of treatments on both diseases.

METHODS

Study design. This retrospective multicenter study was
conducted in 18 centers in France. Patients with a diagnosis of
SSc and AAV were included. SSc diagnoses were made between

Universitaire, Rennes, France; "*Department of Internal Medicine, Centre de
référence des Maladies Auto-Immunes et Auto-inflammatoires Systémiques
rares de I'Adulte du Nord, Nord-Ouest, Méditerranée et Guadeloupe, site
d'Angers Centre Hospitalier Universitaire, Angers, France; '®Department of
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ment of Internal Medicine, Centre Hospitalier Universitaire, Reims, France;
"“Department of Nephrology, Centre Hospitalier Universitaire, Clermont-
Ferrand, France; 2°Department of Internal Medicine, Centre Hospitalier Uni-
versitaire, Clermont-Ferrand, France; 21Department of Internal Medicine,
Hépital d'instruction des Armées Saint Anne, Toulon, France.

1990 and 2020, whereas AAV diagnoses were made
between 2001 and 2021. Patients were eligible for inclusion if they
were over 18 years of age and met both the 2013 American Col-
lege of Rheumatology (ACR)/EULAR classification criteria for
SSc? and the 2022 ACR/EULAR criteria for AAV.'®

Data collection. The following clinical and biologic data
were collected for each patient: date of SSc diagnosis, clinical
manifestations, immunologic biomarkers (additional SSc-related
antibodies, including anti-RNA polymerase Ill and anti-Ku, were
assessed in 57% of patients), previous treatment, date of AAV
diagnosis, disease duration of SSc at the diagnosis of AAV, type
of vasculitis, clinical manifestations, presence of ANCA, histologic
confirmation, therapeutic management, and renal and overall out-
come. The chest scans of all patients were reviewed by an expe-
rienced radiologist and classified according to the American
Thoracic Society/European Respiratory International Multidisci-
plinary Consensus of the Idiopathic Interstitial Pneumonias.'®

Statistical analysis. Descriptive statistics were used to
summarize baseline characteristics. Continuous variables were
expressed as medians with interquartile ranges (IQRs) for nonnor-
mally distributed data, and categorical variables were expressed
as frequencies (percentages).

Comparisons between subgroups were performed using the
Mann-Whitney or Wilcoxon signed rank test for continuous vari-
ables and the chi-square test or Fisher’s exact test for categorical
variables. A two-tailed P value <0.05 was considered statistically
significant.

Ethical considerations. The study was conducted in
accordance with the tenets of the Declaration of Helsinki and
was approved by our local institutional review board. Informed
consent was not required due to the retrospective nature of the
study. However, patient confidentiality was strictly maintained
throughout the study.

RESULTS

Patients’ characteristics at the diagnosis of SSc. A
total of 30 patients with concurrent SSc and AAV were included
in the study (Table 1). The cohort was predominantly female

Additional supplementary information cited in this article can be found
online in the Supporting Information section (https://acrjournals.
onlinelibrary.wiley.com/doi/10.1002/art.70032).
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Table 1. Patients’ characteristics at the time of SSc diagnosis*
Value (n = 30)

Characteristics

Demographics
Female sex, n (%) 25(83)

Age at diagnosis (IQR), y 51.5 (46-71)
Clinical manifestation of SSc, n (%)
Raynaud phenomenon 30 (100)
Calcinosis 2(7)
Gastroesophageal reflux 21 (70)
Arthralgia 10 (33)
Myalgia 3(10)
Interstitial lung disease 24 (80)
NSIP with fibrosis 13/24 (54)
NSIP 3/24.(12)
ulP 5/24 (21)
PH 3(10)
SRC 2(7)
Myocardial damage 1(3)
Laboratory tests, n (%)
Positive ANA 30 (100)
Anti-Scl70 16 (53)
Anticentromere 6 (20)
Anti-RNA polymerase Il 1(3)
Anti-Ku 13)
Nonspecific 6 (20)

* ANA, antinuclear antibody; IQR, interquartile range; NSIP, nonspe-
cific interstitial pneumonia; PH, pulmonary hypertension; SRC,
scleroderma renal crisis; SSc, systemic sclerosis; UIP, usual intersti-
tial pneumonia.

(83%), with a median age of 51.5 (IQR 46-71) years at diagnosis
of SSc.

In all cases, SSc preceded the diagnosis of AAV. The median
interval between the onset of SSc symptoms and the diagnosis of
AAV was 6 years (IQR 1-10 years), providing a more accurate
estimate of disease chronology.

Nine patients (27 %) had dcSSc, whereas the remaining 73%
had IcSSc. The median modified Rodnan skin score (MRSS) at
diagnosis of AAV was 4 (IQR 4-6) for IcSSc and 24 (IQR 16-29)
for dcSSc. Raynaud phenomenon was observed in all patients.
ILD was present in 80% of patients, with high-resolution com-
puted tomography (HRCT) showing NSIP with fibrosis in 54%,
NSIP without fibrosis in 13%, usual interstitial pneumonia (UIP) in
21%, and an indeterminate pattern in 12%. Two patients had an
SRC before the diagnosis of vasculitis.

Antinuclear antibodies (ANAs) were detected in all patients.
The most common autoantibody subtype was anti-Scl70, identi-
fied in 53% of patients. Anticentromere antibodies were found in
six patients (20%), nonspecific ANAs were found in six patients
(20%), and anti-RNA polymerase Il antibodies were found in
one patient (3%).

Previous treatments for SSc included GCs alone in five
patients and GCs and immunosuppressive therapy in seven
patients. The different immunosuppressants were cyclophospha-
mide (n = 4), azathioprine (n = 2), methotrexate (N = 2), and
mycophenolate mofetil (N = 2); two patients received multiple
immunosuppressants: mycophenolate mofetil, cyclophosphamide,

azathioprine, and methotrexate for the first patient and cyclophos-
phamide and mycophenolate mofetil for the second.

Patients’ characteristics at diagnosis of AAV. MPA
was the predominant AAV subtype, observed in 27 patients
(90%), followed by GPA in 2 patients (7%) and EGPA in 1 patient
(3%) (Table 2). ANCAs were present in 29 patients (97 %), with anti
MPO-ANCA specificity in 28 patients (93%).

Renal involvement was the most common manifestation of
AAV, affecting 76% of patients. The median serum creatinine level
at diagnosis was 170 umol/L (IQR 120-361 pumol/L), with a
median urine protein to creatinine ratio of 2 g/g creatinine (IQR
0.9-2.3 g/g creatinine). Pulmonary involvement was reported in
seven patients (23%), including six cases of diffuse alveolar hem-
orrhage and one case of pulmonary nodules. Peripheral neuropa-
thy and skin involvement were observed in four patients
(13%) each.

Histologic confirmation of AAV was available in 25 patients,
including 21 renal biopsies, 2 muscle biopsies, 1 skin biopsy,
and 1 paranasal sinus biopsy. Pauci-immune glomerulonephritis

Table 2. Characteristics at the time of AAV diagnosis*

Characteristics Value (n = 30)
AAV subtype, n (%)
MPA 27 (90)
GPA 2(7)
EGPA 103)
Baseline clinical characteristics of AAV, n (%)
Constitutional signs 15 (50)
Arthralgia 6 (20)
Myalgia 3(10)
Cutaneous involvement 4(13)
Purpura 2(7)
Livedo 2(7)
Ear, nose, and throat involvement 5(17)
Sinusitis 3(10)
Otitis 13)
Crusty rhinitis 1(3)
Ocular involvement 2(7)
Blepharitis 1(3)
Scleritis 1(3)
Pulmonary involvement 7 (23)
Intra-alveolar hemorrhage 6 (20)
Nodules 1(3)
Peripheral nervous system involvement 4(13)
Mononeuritis multiplex 3(10)
Polyneuropathy 103)
Glomerulonephritis 23(77)
Laboratory tests
Serum creatinine, median (IQR), umol/L 170 (120-361)
Proteinuria, urine protein to creatinine 2 (0.95-2.26)

ratio, median (IQR), g/g
Positive ANCA, n (%) 29 (97)
MPO-ANCA, n (%) 28/29(93)
PR3-ANCA, n (%) 1/29 (3)

* AAV, ANCA-associated vasculitis; ANCA, antineutrophil cytoplasm
antibody; EGPA, eosinophilic granulomatosis polyangiitis; GPA,
granulomatosis with polyangiitis; IQR, interquartile range; MPA,
microscopic polyangiitis; MPO, myeloperoxidase; PR3, proteinase 3.
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was found in all renal biopsy samples (n = 25). In one patient, the
renal biopsy showed concomitant features of pauci-immune
vasculitis and SRC. In this patient, the clinical presentation was
dominated by AAV with a pulmonary-renal syndrome combining
intra-alveolar hemorrhage and rapidly progressive glomerulone-
phritis, whereas the SRC component appeared to be an inciden-
tal finding.

Therapeutic management and progression of AAV.
All patients received GCs as part of their induction therapy, with
a median initial dose of 0.8 mg/kg/day (IQR 0.5-1.0 mg/kg/day)
(Table 3). Fifteen patients (50%) received pulses of methylprednis-
olone (between 250 and 1,000 mg per day for three days), pri-
marily those with more severe renal impairment (median
creatinine level of 322 umol/L in those receiving pulses vs
120 umol/L in those not receiving pulses; P = 0.03).

Plasma exchanges were performed in five patients: two for
rapidly progressive glomerulonephritis, two for peripheral neurop-
athy, and one for pulmonary-renal syndrome. Induction immuno-
suppressive regimens included cyclophosphamide in 15 patients
(60%) and rituximab in 14 patients (47%). Only one patient
received GC monotherapy. This patient had EGPA and a
Five-Factor Score of 0, consistent with current therapeutic rec-
ommendations for this low-risk form. Patients who received
cyclophosphamide were diagnosed with AAV in earlier years
compared with those treated with rituximab, whereas age at diag-
nosis and disease severity were similar between groups.

The GC tapering strategy was intermediate between the
standard and reduced-dose regimens described in the PEXIVAS
protocol (Figure 1, Supplementary Figure 1). Maintenance immu-
nosuppressive therapy was initiated in 26 patients, with rituximab
in 16 patients, azathioprine in 6 patients, and mycophenolate
mofetil in 4 patients. All but one patient with kidney involvement
were treated with angiotensin-converting enzyme inhibitors at
the time of diagnosis.

After a median follow-up of 4 years (IQR 2-10 vyears),
9 patients achieved durable remission of AAV without sequelae,
17 patients were in durable remission with sequelae (chronic renal

Table 3. Therapeutic management of AAV*

AAV management n (%)
Glucocorticoids 30 (100)
Pulse of methylprednisolone 15 (50)
Plasma exchange 5(17)
Induction therapy 29(97)

Cyclophosphamide 15(52)
Rituximab 14 (48)
Maintenance therapy 26 (87)
Rituximab 16 (62)
Azathioprine 6(23)
Mycophenolate mofetil 4(15)

* AAV, ANCA-associated vasculitis; ANCA, antineutrophil cytoplas-
mic antibody.

100

20

Prednisone dose (mg/d)

0 3 6 9 12 15 18 21 24
Months

Figure 1. Reduction of glucocorticoids in the treatment of antineu-
trophil cytoplasmic antibody—associated vasculitis.

failure in 13 patients and neuropathic pain in 2 patients), and
4 patients experienced an AAV relapse, with renal involvement in
3 (median delay of relapse was 24 months).

SSc evolution after AAV treatment. After a median
follow-up of 4 years (IQR 2-10 years), no cases of SRC were
observed after the use of high-dose GCs for AAV treatment. SSc
manifestations remained stable during follow-up, with no signifi-
cant progression of skin involvement or ILD (Figure 2). Changes
in MRSS were analyzed only in patients with dcSSc, whereas pul-
monary function evolution was evaluated exclusively in patients
with established ILD.

DISCUSSION

This study sheds light on the rare association between SSc
and AAV, highlighting unique clinical phenotypes and critical con-
siderations for diagnosis and management. By characterizing this
overlap syndrome, we underscore the importance of heightened
vigilance in patients with SSc, especially those with specific risk
factors.

Our results show that patients with SSc who develop AAV
are predominantly women in their 50s, reflecting the general
demographics of SSc.2° Most patients had IcSSc, which is classi-
cally associated with anticentromere antibodies and a lower risk
of ILD. However, more than half of the patients in this cohort had
anti-Scl70 antibodies and fibrosing ILD, a pattern typically associ-
ated with dcSSc.2! This atypical association is consistent with
previous studies, including those by Quéméneur et al®® and
Zanatta et al,?® which demonstrated that anti-Scl70 antibodies in
patients with IcSSc are strongly associated with ILD. Interestingly,
the most common HRCT pattern in our cohort was fibrosing
NSIP, in contrast to the predominance of UIP in AAV-ILD
cases.?*?% Our data suggest that patients with IcSSc, anti-Scl70
antibodies, and fibrosing ILD represent a unique phenotype at
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Figure 2. Changes in mRSS in patients with diffuse cutaneous systemic sclerosis and FVC in patients with interstitial lung disease during AAV
management. AAV, antineutrophil cytoplasmic antibody—associated vasculitis; FVC, forced vital capacity; LFU, last follow-up; mRSS, modified

Rodnan skin score.

increased risk of developing AAV; this observation should be
interpreted with caution due to the small sample size and the ret-
rospective design of the study. Early identification of these
patients is critical because this overlapping syndrome requires
management strategies different from those used for typical SSc
or AAV alone. It should be noted because of the long inclusion
period that testing for certain SSc-related antibodies, such as
anti-RNA polymerase Il or anti-Ku, was not systematically per-
formed in earlier cases, which may have introduced a potential
selection bias.

In our cohort, AAV occurred relatively early in the disease
course, with a median time of five years from SSc diagnosis to
AAV onset. Nearly all cases were MPA with MPO-ANCA positivity,
a pattern consistent with the known prevalence of MPO-ANCA in
secondary AAV. Renal involvement was predominant, affecting
more than three-quarters of patients. Clinical presentations were
consistent with rapidly progressive glomerulonephritis, and histo-
logic findings revealed pauci-immune extracapillary glomerulone-
phritis. Distinguishing between AAV and SRC is critical for
patients with SSc with renal manifestations. SRC typically occurs
in dcSSc and is associated with anti-RNA polymerase Ill antibod-
ies, severe hypertension, and features of thrombotic microangi-
opathy in 50% of the cases. In contrast, our study confirms that
AAV-associated renal involvement is characterized by higher pro-
teinuria, MPO-ANCA positivity, and a lower prevalence of

hypertension. These findings are consistent with those reported
by Arad et al,2® who highlighted the diagnostic and prognostic dif-
ferences between AAV and SRC in patients with SSc. Differentiat-
ing between these two conditions is critical because their
management is fundamentally different. AAV treatment requires
high-dose GCs and immunosuppressive therapy, whereas SRC
management focuses on angiotensin-converting enzyme inhibi-
tors and blood pressure control. In cases of renal involvement
among patients with IcSSc with anti-Scl70 antibodies, AAV
should be strongly considered, especially in the presence of pro-
teinuria, hematuria, and MPO-ANCA positivity.

The tolerability of AAV treatment in this cohort was favorable.
Notably, no cases of SRC were reported despite the use of high-
dose GCs. This is a significant finding, given that GCs are a known
risk factor for SRC in SSc. Additionally, lung function remained
stable, with no significant decline in forced vital capacity, during
follow-up. Interestingly, GC tapering followed a pattern closer to
the reduced-dose regimen outlined in the PEXIVAS protocol,?”
whereas the vast majority were treated before the publication of
the PEXIVAS trial results, likely reflecting the need to mitigate the
risk of SRC in patients with SSc. Maintenance therapy was pri-
marily based on rituximab and azathioprine, and after a median
follow-up of four years, most patients achieved durable remission,
albeit in some cases with sequelae, including chronic kidney dis-
ease and neuropathic pain. For patients at high risk of SRC,
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avacopan,?® a C5aR1 antagonist, may be an option for reducing
GC therapy. Therefore, tolerance of GC treatment should be ana-
lyzed in relation to the time elapsed between SSc and AAV diag-
nosis. If more than five years have elapsed, the risk of SRC is
much lower, making it safer to prescribe GC therapy. If the time
is shorter, avacopan could be a better option.

This study is one of the largest to examine the rare overlap
between SSc and AAV, using a multicenter design to provide
robust and generalizable findings. The rigorous inclusion criteria,
requiring validation of both the ACR/EULAR 2013 classification
criteria for SSc® and the ACR/EULAR 2022 classification criteria
for AAV,'® enhance diagnostic accuracy and reliability. However,
the retrospective design may introduce selection and recall bias,
and the small sample size inherent to the rarity of this overlap limits
statistical power for subgroup analyses. Additionally, the absence
of a comparator group prevents a direct evaluation of the impact
of AAV on SSc progression and vice versa. Despite these limita-
tions, the study offers valuable insights into the phenotype, man-
agement, and outcomes of SSc-AAV overlap. It also
underscores the necessity of prospective studies to further eluci-
date its pathophysiology and optimal management strategies.

In conclusion, AAV is a rare but clinically significant complica-
tion of SSc that predominantly manifests as MPO-ANCA MPA
with renal involvement. Patients with IcSSc, anti-Scl70 antibodies,
and fibrosing ILD seem to be at the highest risk. Treatment for
vasculitis, including high-dose GCs and immunosuppressive
agents such as rituximab and cyclophosphamide, was well toler-
ated and did not exacerbate SSc-related manifestations. These
findings underscore the necessity of personalized treatment strat-
egies and additional research to improve outcomes in this distinc-
tive overlapping syndrome.
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Single-Cell Profiling Reveals Divergent Mechanisms of
Fibrosis in Localized Scleroderma and Systemic Sclerosis

Xue Han, MS," (2 Xiuyuan Wang, MD," ¥/ Liuting Huang, MS," Manna Lin, MS,’
Linzhu Kang, BS," Yuging Huang, BS," Feifei Hu, MD," Xinzhi Xu, MD,? Xue Yang, MD,**
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Cheng Chen, MS,’
and Ji Yang, MD'

Objective. Localized scleroderma (LoS) and systemic sclerosis (SSc) are both fibrotic diseases, but LoS is limited
to the skin, whereas SSc involves systemic organ fibrosis. This study aimed to elucidate the mechanisms underlying
these differences.

Methods. Skin biopsies from three healthy controls, three patients with LoS, and three patients with SSc under-
went immunofluorescence and single-cell RNA sequencing (scRNA-seq). Key molecular functions were validated
using in vitro assays and murine models.

Results. Immunofluorescence revealed a high prevalence of tertiary lymphoid structures (TLS) in LoS lesions
(65.7%) compared with SSc (14.3%, P = 0.0013). scRNA-seq identified T follicular helper (Tth) cells enriched within
TLS in LoS. Tth cells likely promote B cell recruitment via the CXCL13/CXCRS5 axis, and integrin a4 may support Tfh cell
retention, contributing to TLS stability. These organized immune aggregates, together with elevated transforming
growth factor B (TGF-B) expression, may drive localized fibroblast activation and skin fibrosis in LoS. In contrast, SSc
lesions contained fibroblasts with high CREB3L1 expression. CREB3L1 overexpression increased Type | collagen,
fibronectin 1, and periostin levels in fibroblasts, whereas knockdown reduced them. In a SSc mouse model, CREB3L1
upregulation worsened skin and lung fibrosis, whereas knockdown alleviated it.

Conclusion. These findings suggest that LoS fibrosis is driven by TLS-mediated local immune activation, whereas
the systemic activation of CREB3L1-expressing fibroblasts plays an important role in SSc fibrosis. Targeting local

inflammation may benefit LoS, whereas targeting CREB3L1 offers a promising antifibrotic strategy in SSc.

INTRODUCTION

Localized scleroderma (LoS) and systemic sclerosis (SSc)
are rare, chronic autoimmune diseases characterized by inflam-
matory cell infiltration and fibrosis, yet they exhibit distinct clinical
features and outcomes." LoS is typically limited to the skin and
subcutaneous tissue, causing localized skin sclerosis without
internal organ involvement (eg, pulmonary fibrosis).> In contrast,
SSc is a systemic disorder that affects both the skin and multiple
internal organs, including the lungs, heart, kidneys, and
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gastrointestinal tract.* Both diseases share histopathological
features in the skin, including collagen deposition, immune cell
infiltration, and abnormal vascular intimal hyperplasia that culmi-
nates in vascular narrowing. However, LoS demonstrates pro-
nounced inflammation during early disease stages,® whereas
advanced SSc progresses to vascular occlusion, loss of skin
appendages, and visceral fibrosis.® This paradoxical overlap in
histopathology yet disparity in clinical outcomes underscores the
need to identify distinct molecular drivers underlying each
disease.
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Transcriptomic profiling of both skin and blood has high-
lighted important mechanistic differences between LoS and
SSc. LoS shows a predominant contribution of T cell dysregula-
tion with relatively little activation of fibrotic programs. By contrast,
SSc exhibits systemic profibrotic transcriptional signatures, even
though the two conditions share certain inflammatory compo-
nents.® These findings underscore key differences in fibroproli-
ferative mechanisms underlying LoS and SSc. Tertiary lymphoid
structures (TLS) are ectopic, organized lymphoid aggregates that
arise in settings of chronic inflammation. They have been
observed in both autoimmune diseases and cancer, where they
influence local immune activity and inflammatory responses.”® A
previous report reported TLS in LoS lesions containing CD21* fol-
licular dendritic cells,® suggesting a potential role in localized
immune activation. However, the mechanisms governing TLS for-
mation in LoS and the functional contributions of T follicular helper
(Tfh) cells within these structures remain poorly understood.

Patients with SSc commonly develop multiorgan fibrosis,
whereas LoS is confined to the skin, indicating disease-specific
regulation of fibroblast activity. Single-cell RNA sequencing
(scRNA-seq) has revealed considerable heterogeneity among
fioroblasts in SSc. In the lung, a subset of myofibroblasts with ele-
vated COMP, POSTN, and COL1A1 expression is associated
with pulmonary fibrosis, '® whereas in the skin, fibroblast subpop-
ulations correlate with autoantibody profiles.’ Although both LoS
and SSc share core pathogenic features such as immune dysreg-
ulation and fibroblast activation, the spatial regulation and extent
of fibrotic progression appear to differ, and the cellular mecha-
nisms underlying these differences remain poorly defined. To
address this gap, we applied scRNA-seq to directly compare
the cellular and molecular landscapes of skin with LoS and SSc
and integrated these data with histology, immunofluorescence,
and murine models. We aimed to identify molecular determinants
that distinguish localized from systemic fibrotic pathways.

METHODS
Patients and healthy donors

Patients with SSc and LoS along with healthy controls (HC) were
recruited from Shanghai Zhongshan Hospital. SSc diagnoses adhered
to the 2013 American College of Rheumatology/European League
Against Rheumatism classification criteria.'® Clinical metadata for all
patients undergoing scRNA-seq, including organ involvement, immu-
nosuppressive therapy at the time of biopsy, and disease progression
status, are detailed in Supplementary Table 1. Disease progression
was defined as new or worsening skin or internal organ involvement
during follow-up, including progressive skin fibrosis (modified Rodnan
skin score increase >5 and >25% from baseline to 12 + 3 months'®),
progressive interstitial lung disease (forced vital capacit [FVC] decline
>10%, or FVC decline 5-9% with diffusing capacity of the lung for car-
bon monoxide decline >15%), or radiographic progression on high-

resolution computed tomography.’® This study protocol was
approved by the Institutional Review Board for Clinical Research of
Shanghai Zhongshan, Hospital of Fudan University (approval number:
B2023-414). scRNA-seq was performed on skin biopsies from three
patients per group (LoS, SSc, HC).

scRNA-seq and analysis

Skin biopsies (5 mm) were obtained from the skin of healthy
donors and patients with LoS or SSc. Tissues were dissociated
using sCelLive Tissue Dissociation Solution (Singleron Biotechnol-
ogies, Nanjing, China) on a Singleron PythoN Tissue Dissociation
System. Single-cell suspensions were prepared following the GEX-
SCOPE Single Cell RNA Library Kits protocol.’ Libraries were
sequenced on an llumina NovaSeq 6000 platform with 150 bp
paired-end reads. Samples were sequenced in multiple runs, and
batch effects were corrected using Harmony v1.0 with the top 20
principal components from principal component analysis. Cells with
fewer than 200 detected genes, cells with the top 2% gene or unique
molecular identifier (UMI) counts, and cells with >20% mitochondrial
content were excluded. Genes detected in fewer than five cells were
also removed. After filtering, 75,283 cells were retained for down-
stream analyses, with a mean of 1,204 detected genes and 3,995
UMIs per cell; 12.6% of the reads were mitochondrial. Data
processing—including quality control, dimensionality reduction,
and clustering—was performed using Scanpy v1.8.1 in Python
3.7. Cell clusters were visualized using uniform manifold approxima-
tion and projection (UMAP) with Seurat functions (Run UMAP). The
enrichment preferences of the cell clusters were evaluated using
Rose values (R, >1 indicates enrichment and <1 indicates relative
depletion).'® Differentially expressed genes were identified via Wil-
coxon rank-sum test with default parameters, retaining genes
expressed in over 10% of cells per group and showing an average
log2 (fold change) >1. Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes pathway analyses were conducted with the
“clusterProfiler” R package (version 3.16.1), considering pathways
with an adjusted P value less than 0.05 as significantly enriched. Cell-
cellinteraction (CCl) among vascular endothelial cells (VECs), capillary
endothelial cells (CapECs), Tt cells, CD8 T cells, B cells, and fibro-
blasts were predicted using NicheNet in R'” based on known ligand-
receptor pairs. Pseudotemporal trajectories were constructed with
Monocle2 (version 2.10.0). Transcription factor regulatory networks
were analyzed using pySCENIC (v0.11.0) by integrating scRNA-seq
data with transcription factors from AnimalTFDB. GRNBoost2 was
used to infer co-expression networks, followed by CisTarget for motif
enrichment analysis. Regulon activity scores were quantified with
AUCell and visualized as heatmaps.

Immunofluorescence staining

Fresh skin tissues from patients with LoS (n = 35), patients
with SSc (n = 34), and healthy donors (n = 6) were fixed,
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embedded, and sectioned into 5-um-thick slices. The three LoS,
three SSc, and three HC samples analyzed by scRNA-seq were
included within this larger histology cohort. Detailed clinical and
histologic information is provided in Supplementary Tables 2 and
3. Sections were deparaffinized in xylene and subjected to anti-
gen retrieval using citrate buffer. Following blocking with 3% goat
serum albumin, the sections were incubated overnight at 4°C with
primary antibodies (listed in Supplementary Table 4). After phos-
phate-buffered saline (PBS) washing, sections were incubated
with fluorescent secondary antibodies, counterstained with DAPI,
and imaged using a confocal microscope. Histologic evaluation of
skin biopsies was independently conducted by two dermato-
pathologists who were both blinded to the patients’ clinical diag-
noses and disease status.

Primary skin fibroblast isolation and culture

Full-thickness skin samples were obtained from the forearms
of patients with SSc or healthy donors. Skin pieces were digested
with 0.1% type | collagenase and 0.25% trypsin for 1 hour at
37°C. The resulting cell suspension was filtered through a
70-um nylon mesh and plated for adherence. Fibroblasts (pas-
sages 3 to 6) were cultured in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% to 15% fetal bovine serum,
5 mM glucose, 0.7 mM glutamine, and 1% penicillin-
streptomycin.

Cell transfection

For CREB3L1 overexpression, primary skin fioroblasts at
70% confluence were transduced with recombinant lentivirus
(Hanbio Biotech) in DMEM containing Polybrene (4 ug/mL) at an
multiplicity of infection (MOI) of 80. After 48 hours, the medium
was replaced with fresh complete medium, followed by puromy-
cin selection (4 pg/mL) for 72 hours. The expression vector
pHBLV-CMV-MCS-3FLAG-EF1-ZsGreen-T2A-PURO was used.
For CREBS3L1 knockdown, primary skin fibroblasts were trans-
duced with short hairpin RNA (shRNA) lentivirus (MOI = 25) target-
ing CREB3L1 (sh-CREB3L1: 5'-GCTGAAGAGCTACATCAACAA-
3') or nontargeting control (sh-NC) (Hanbio Biotech) in the presence
of Polybrene (8 ug/mL). Puromycin selection (2.5 pg/mL) was per-
formed for 72 hours before analysis by Western blotting (WB).

CREB3L1 modulation in a bleomycin-induced
mouse model of SSc

All animal procedures were approved by the Institutional Animal
Care and Use Committee of Zhongshan Hospital (Approval
No. 2024-016), and the animals were housed in a specific
pathogen-free facility at the hospital’s experimental animal center.
Adeno-associated viruses (AAVs)'® used in this study, including
AAVB-shCreb3/7 (Creb3l1 knockdown) and AAV6-oeCreb3I1

(Creb3I1 overexpression), were custom designed by Hanheng Bio-
technology Co., Ltd (Shanghai, China).

Eight-week-old male C57BL/6 mice were randomly divided
into the following four groups: HC, BLM-ctrl (bleomycin with con-
trol virus), BLM-OE (bleomycin with Creb3/1 overexpression
virus), and BLM-sh (bleomycin with Creb3/7 knockdown virus)
(eight mice per group, two independent experiments). Dermal
fibrosis was induced by daily intradermal injection of bleomycin
(100 pg in 100 pL; Nippon Kayaku, Japan) into a 2 cm? dorsal skin
area for three weeks. Control mice received equivalent volume
PBS injections before bleomycin injection and were anesthetized
with sodium pentobarbital and administered intratracheally with
AAVs (5 x 10" vector genomes in 75 pL PBS). Control groups
received AAV-mock particles. Skin and lung samples were har-
vested on day 22 for analysis.

WB

Protein lysates from fibroblasts and mouse tissues were
extracted using radioimmunoprecipitation assay buffer containing
protease and phosphatase inhibitors. Equal amounts of protein
were separated by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis, which were transferred to polyvinylidene difluoride
membranes and probed with primary antibodies (Supplementary
Table 4) followed by horseradish peroxidase-conjugated second-
ary antibodies. Signals were detected by chemiluminescence,
and band intensities were quantified using ImageJ.

Immunohistochemistry and imaging

Skin and lung tissues from mice were fixed in 4% paraformal-
dehyde, paraffin-embedded, sectioned, and stained with hema-
toxylin and eosin for histology or Masson’s trichrome for
collagen deposition assessment. Immunohistochemical staining
for collagen | and collagen Ill was performed using primary anti-
bodies from Servicebio (Wuhan, China).

Statistical analysis

Data are presented as mean + SD from at least three inde-
pendent experiments. Statistical comparisons were performed
using unpaired Student’s t-test (two-group comparisons) or
one-way analysis of variance (ANOVA) with Tukey’s post hoc test
(multiple groups), whereas pairwise comparisons involving small
sample sizes or zero counts in HCs were assessed by Fisher’s
exact test. The significance level was set at P < 0.05. Statistical
analyses were conducted using GraphPad Prism 9.0 (GraphPad
Prism Software, Inc., San Diego, CA).

The single-cell sequencing data generated in this study have
been deposited in the NCBI Sequence Read Archive (BioProject:
PRJINA1280955). A read-only access link can be obtained from
the corresponding author on request. Individual-level patient data
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are not publicly available because of privacy and ethical
considerations.

RESULTS

Histologic identification of TLS in LoS and SSc
lesions

Histologic analysis of hematoxylin and eosin (HE)-stained sec-
tions revealed distinct pathologic features in skin lesions from
patients with LoS and SSc. Both conditions exhibited increased col-
lagen deposition and thickened collagen bundles; however, LoS
lesions demonstrated more pronounced perivascular clustering of
immune cells compared with those in SSc (Figure 1A). LoS skin
lesions exhibited well-organized immune cell aggregates resembling
lymphoid follicles, which were often arranged around blood vessels
(Figure 1B).

Immunofluorescence staining confirmed these structures as
TLS. Multiplex immunolabeling identified the cellular constituents
of TLS, including CD4™ T cells, CD8* T cells, B cells (CD20™), fol-
licular dendritic cells (CD21%), and macrophages (CD68Y)
(Figure 1C). Fisher’s exact test demonstrated significantly higher
TLS in LoS (65.7%, 23 of 35) compared with those with SSc
(14.3%, 5 of 34, P = 0.0013) and HCs (0%, O of 6, P < 0.0001)
(Figure 1D). Subgroup analysis further indicated that TLS
were significantly enriched in early-stage LoS (<1 year: 17 of
20, 85.0% vs >1 year: 6 of 15, 40.0%; P = 0.01). Among LoS sub-
types, TLS were more frequently observed in plaque (13 of
17, 76.5%) and generalized (6 of 8, 75.0%) forms, compared with
linear (3 of 8, 37.5%) and deep (1 of 2, 50.0%) forms, although
these differences did not reach statistical significance (P = 0.12)
(Supplementary Table 2).

These findings raise the question of why TLS formation is
markedly more prominent in LoS than in SSc. The perivascular
immune niches characteristic of LoS may help elucidate the
mechanisms underlying TLS formation in fibrotic skin disorders.

Distinct cellular composition of LoS and SSc
lesions

To elucidate mechanisms underlying TLS development in
LoS compared with SSc, we employed scRNA-seq of lesional
skin complemented by immunofluorescence staining, primary
fibroblast functional assays, and in vivo validation (Figure 2A).
Clinical metadata for all samples is provided in Supplementary
Tables 1 and 3.

Droplet-based scRNA-seq was performed on skin biopsies
from three patients with LoS, three patients with SSc, and three
HC. After quality filtering, we retained transcriptomes from 26,774
HC skin cells (36.6% of total), 28,621 LoS skin cells (39.1%), and
17,797 SSc skin cells (24.3%). UMAP analysis revealed 11 major
clusters: B cells, endothelial cells (ECs), fibroblasts, keratinocytes,

mononuclear phagocytes, mast cells, melanocytes, mural cells,
Schwann cells, sweat gland cells, and T and NK cells.

Cell-composition analysis using the R.'® metric showed
enrichment of ECs in both LoS and SSc relative to HC (LoS 1.48
vs 0.47; SSc 1.30 vs 0.80) and a marked enrichment of immune
cell clusters, including B cells (1.77 vs 0.15) and T and NK cells
(1.36 vs 0.60) in LoS (Figure 2B), consistent with histopathological
findings of frequent TLS formation. Group-specific UMAP plots
revealed distinct spatial distributions of cell clusters among LoS,
SSc, and HC samples, underscoring differences in cellular organi-
zation across conditions (Figure 2C). Differential gene expression
analysis identified cluster-specific marker genes that further char-
acterized each cell population (Figure 2D).

These findings reveal different cellular compositions in LoS
and SSc lesions, characterized by prominent immune cell expan-
sionin LoS and increased endothelial cell proportions in both con-
ditions, highlighting key cell populations potentially involved in TLS
formation and fibrosis.

Enhanced TGFp signaling associated with VEC and
CapEC hyperplasia in LoS and SSc

To investigate the mechanisms underlying endothelial
expansion observed in LoS and SSc lesions, we performed unsu-
pervised clustering of ECs, identifying four subpopulations: arte-
rial endothelial cells (AECs), CapECs, lymphatic endothelial cells
(LECs), and VECs.

CapEC subclusters were increased in LoS (4.2-fold vs HC,
P = 0.025) and in SSc (3.5-fold vs HC, P = 0.032). VECs were
increased in LoS (1.9-fold vs HC, P = 0.040) but showed no signifi-
cant change in SSc (1.3-fold vs HC, P = 0.063) (Figure 3A), consis-
tent with the vascular remodeling observed in these lesions.®?° To
assess potential signaling pathways involved, we valuated TGFB
receptor (TGFBR) signaling, a well-established mediator of vascular
remodeling and fibrosis.?'22 Enrichment analysis revealed increased
TGFBR pathway activity in CapECs and VECs from both LoS and
SSc samples relative to controls (Figure 3B). Additionally, TGFBR2
expression was consistently elevated across AEC, CapEC, and
VEC subclusters in LoS and SSc lesions (Figure 3C).

Immunofluorescence confirmed the upregulation of TGFBR2
and CD31 (pan-endothelial marker) in LoS and SSc lesions
(Figure 3D-F). These findings indicate that TGFB signaling, partic-
ularly through TGFBR2, is associated with endothelial cell expan-
sion and contributes to the distinct vascular features observed in
LoS and SSc skin lesions.

Tfh cell-enriched interactions with ECs in LoS and
their association with TLS development

To investigate mechanisms underlying TLS formation in LoS,
we performed unsupervised clustering on T and NK cells, identify-
ing five distinct subpopulations. Analysis of cell proportions
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Figure 1. Histologic and immunofluorescence analysis of TLS in LoS and SSc skin lesions: (A) HE-stained sections of skin from HC and patients
with LoS and SSc (magnification, 5x). (B) Magnified view of the LoS section, showing lymphocyte clusters forming TLS within the dermis (magni-
fication, 20x). (C) Immunofluorescence staining of LoS skin lesions, displaying clustered CD4" T cells, CD8" T cells, CD20" B cells, and CD217 fol-
licular dendritic cells and CD68" macrophages collectively defining the TLS structure (magnification, 20x). (D) Prevalence of TLS in HC, LoS, and
SSc groups, identified by the aggregation of CD4, CD8, CD20, CD21, and CD68 positive cells. Pairwise comparisons among groups (HC, LoS,
SSc) were conducted using Fisher’s exact test. HC, healthy control; HE, hematoxylin and eosin; LoS, localized scleroderma; SSc, systemic scle-

rosis; TLS, tertiary lymphoid structures.

revealed a marked increase in Tth cells in both LoS (19.83%) and SSc
(19.44%) compared with HC (8.23%) (Figure 4A). Given the estab-
lished role of Tth cells in the organization of lymphoid follicles, we
examined their interactions within lesional tissues. CCl analysis
revealed frequent crosstalk between Tth cells and ECs in LoS lesions,
primarily mediated by ligand-receptor pairs such as CXCL12-CXCR4,
SELL-CD34, and ICAM1-ITGAL (Figure 4B). These interactions were
infrequent in SSc lesions. Given the frequency of these interactions,
Tfh—endothelial crosstalk in LoS lesions may reflect the formation of
perivascular immune niches associated with TLS development.
Further analysis demonstrated frequent interactions between
Tfh cells and B cells in LoS, indicative of coordinated immune cell

clustering (Figure 4C). Key ligand-receptor pairs driving
these interactions include CXCL13-CXCR5, IFNGII-IFNR,
TNFSF9-TNFRSF9, TNF-ICOS, and TNF-VSIR, supporting the
hypothesis that Tth cells recruit B cells and promote lymphoid
follicle-like structures.

Expression analysis showed that CXCL73 was predomi-
nantly expressed by Tth cells (Supplementary Figure 1A). In con-
trast, CXCR5 expression was largely restricted to B cells
(Supplementary Figure 1B) and was significantly up-regulated in
B cells from LoS compared with HC (Figure 4D), suggesting
enhanced chemotactic responsiveness in the LoS immune
microenvironment. Functional profiling indicated that B cells in
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Figure 2. scRNA-seq reveals distinct cellular compositions in LoS and SSc skin lesions: (A) Schematic of the full experimental workflow.

(B) UMAP of scRNA-seq data from HC, LoS, and SSc skin, identifying 11 cell clusters; adjacent bar plots show the proportions of major cell types
across groups (n = 3 each). Tissue preference of each cluster was assessed by the R '°. (C) UMAP plots showing the distribution of cell clusters
within each group (HC, LoS, SSc). (D) Expression profiles of marker genes across cell clusters, indicating genes that define specific subpopula-
tions within the skin lesions. HC, healthy control; LoS, localized scleroderma; NK, natural killer; sScRNA-seq, single cell RNA-sequencing; SSc, sys-
temic sclerosis; UMAP, uniform manifold approximation and projection. Color figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.70039/abstract.

Gene expression analysis further confirmed high expression of
major histocompatibility complex class II molecules (HLA-DMA,
HLA-DPAT, HLA-DPB1, HLA-DQB1, HLA-DRA, and HLA-DQAT)

LoS were enriched for immune activation pathways rather than anti-
body production (Figure 4E), consistent with clinical observations
that LoS is generally not associated with autoantibody positivity.
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Figure 3. The hyperplasia VECs and CapECs in LoS and SSc skin show a higher TGFB signal: (A) UMAP plot of endothelial cell clustering, iden-
tifying four subpopulations: AECs, CapECs, LECs, and VECs, color-coded by type. Bar plots show fold-change in CapEC and VEC proportions in
LoS and SSc compared with HC. (B) TGFBR signaling pathway enrichment scores in CapECs and VECs across HC, LoS, and SSc groups.
(C) Violin plot showing TGFBR2 expression levels in AECs, CapECs, LECs, and VECs across HC, LoS, and SSc groups. (D) Representative immu-
nofluorescence images showing CD31 (green) and TGFBR2 (red) expression in skin lesions from HC (n = 8), LoS (n = 8), and SSc (n = 8) groups. Nuclei
were counterstained with DAPI (blue). Images were captured at 63x magnification. (E) Quantification of CD31 fluorescence intensity across HC, LoS, and
SSc groups. (F) Quantification of TGFBR2 fluorescence intensity in HC, LoS, and SSc groups. Results are expressed as mean + SD, using one-way
ANOVA. *P < 0.05, ™ P < 0.01, ™ P < 0.001, *** P < 0.0001. AECs, arterial endothelial cells; ANOVA, analysis of variance; CapECs, capillary endothelial
cells; HC, healthy control; LoS, localized scleroderma; LECs, lymphatic endothelial cells; ns, not significant; SSc, systemic sclerosis; TGFBR, transforming
growth factor B receptor; UMAP, uniform manifold approximation and projection; VECs, vascular endothelial cells. Color figure can be viewed in the online
issue, which is available at http://onlineliorary.wiley.com/doi/10.1002/art.70039/abstract.
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(Supplementary Figure 1C), whereas transcripts for Ig isotypes
(IGHAT, IGHA2, IGHD, IGHM, IGHG, IGHG2, IGHG3, and IGHG4)
were low (Supplementary Figure 1D). These data suggest that B cells
in LoS lesions primarily function as antigen-presenting and immune-
coordinating cells, rather than antibody-secreting effectors.

Integrin a4 expression and Tfh cell retention in
LoS lesions

Comparison of [TGA4 gene expression in Tth cell clusters
revealed significantly higher transcript levels in LoS lesions compared
with HCs (Figure 4F), suggesting that integrin a4 may contribute to
the retention of immune cells within TLS. Immunofluorescence stain-
ing confirmed elevated a4 expression within TLS in LoS skin
(Figure 4G—H), supporting its potential role in anchoring Tth cells in
situ. In contrast, the expression level of other retention-associated
molecules— TIGAE (encoding CD103), CD69 (encoding CD69),
and LTA and LTB (encoding LTa1B2)—did not differ between
groups (Supplementary Figure 1E). These integrins have been
reported as key molecules mediating the retention of immune cells
within TLS,232* put their unchanged expression in LoS suggests
they may not play a major role in this context. Collectively, these find-
ings identify integrin a4 as a potentially unique contributor to TLS sta-
bilization in LoS.

To explore the connection between immune—-stromal inter-
actions and fibrotic remodeling, we next examined TGFB signaling
in LoS lesions. T and NK cells exhibited elevated total expression
of TGFB1 (Figure 4l), whereas fibroblasts showed increased
enrichment scores for TGFBR signaling pathway (Figure 4J).
Given the established role of TGFB’s in promoting collagen
synthesis,?® these findings suggest a model in which immune-
derived TGFp activates fibroblast TGFBR signaling, contributing
to localized fibrotic responses in LoS skin.

CREB3L1 upregulation drives fibroblast activation
and collagen production in SSc skin and lung
fibrosis

To investigate the mechanisms contributing to skin fibrosis in
SSc and assess potential parallels in pulmonary fibrosis, we ana-
lyzed fibroblast differentiation trajectories. Pseudotime recon-
struction identified three distinct trajectories among fibroblasts in

the HC, LoS, and SSc groups, with SSc fibroblasts predominantly
enriched in the Fatel trajectory (Figure 5A). Regulon specificity
score (RSS) analysis of Fate1-associated genes revealed SOX4
(129), HDACT (368g), CREB3L1 (392g), CREB (95g), and NELFE
(340q) as the top five transcription factors (Figure 5B). Among
these, CREB3L1 regulated the largest number of Fate1-specific
genes, suggesting it as a key transcriptional driver of this differen-
tiation pathway in SSc fibroblasts. This finding is consistent with
previous studies linking CREBSL1 to SSc-related skin and lung
fibrosis.2® Comparative analysis of CREB3L1 expression across
groups confirmed its elevated expression in SSc fibroblasts rela-
tive to HC and LoS (Figure 5C).

To validate the reproducibility of this observation, we reana-
lyzed an independent public scRNA-seq data set (GSE138669)
comprising skin biopsies from 12 patients with SSc and 10 HCs.
Unsupervised clustering identified 14 fibroblast subpopulations
(C1-C14) (Supplementary Figure 2A), among which C1, C7, and
C14 exhibited high CREB3L1 expression, with markedly higher
levels in SSc samples (Supplementary Figure 2B). GO enrichment
analysis revealed that all three subclusters (C1, C7, C14) were
enriched in extracellular matrix-related pathways, such as “extra-
cellular matrix organization” and “extracellular structure organiza-
tion” (Supplementary Figure 2C-E). Pseudotime analysis further
revealed that the Fate 1 trajectory was predominantly enriched
with SSc fibroblasts compared with HC, and this enrichment
was largely attributable to the preferential alignment of C1 and
C14 subclusters along this path (Supplementary Figure 2F). This
independent analysis confirms the reproducibility of our findings
and supports an association between CREB3L1 expression and
profibrotic fioroblast states in SSc. We next explored whether
CREBSL1 upregulation also occurs in lung fibrosis associated
with SSc. Analysis of bulk RNA-seq data from lung fibroblasts
(GSE215841) revealed significantly higher CREB3L1 expression
in SSc samples compared with controls (Figure 5D). This obser-
vation was corroborated by single-cell transcriptomic analysis of
SSc-interstitial lung disease (ILD) lung tissues (GSE128169),
which confirmed CREB3L1 upregulation across multiple lung cell
populations, including fibroblasts, with the highest expression
observed in alveolar epithelial cells (Figure 5E).

To elucidate the downstream targets of CREB3L1 in SSc
fibroblasts, we identified the top 10 regulated genes from pySCE-
NIC regulon analysis, 5 of which are associated with collagen

Figure 4. Increased frequency of Tth cells cluster in LoS skin lesion induced tertiary lymphoid like structure: (A) Unsupervised clustering of T and NK

cells identified five subpopulations—CD4" memory T, NK, CD4* naive T, CD8" Teff, and Tth cells—color-coded with bar plots showing their propor-
tions in HC, LoS, and SSc. (B) CCl between Tth cells and CapEC/VEC clusters in HC, LoS, and SSc. (C) CCl between B cells and Tth cells/CD8 Teff
cells clusters in LoS and HC. (D) CXCR5 expression in B cell subpopulations from HC and LoS. (E) GO enrichment of B cells showing up-regulated
pathways. (F) Violin plot showing ITGA4 expression in Tth subcluster in HC and LoS. (G-H) Immunofluorescence staining and quantification for a4
in HC (n = 8) and LoS (n = 8) skin lesions (magnification, 40x40X). () TGFB1 expression in all T and NK cells from HC and LoS. (J) TGFAR signaling
pathway U scores in fibroblast clusters in HC and LoS. Data are mean + SD, with statistical analysis performed using unpaired Student’s t-test or
one-way ANOVA. * P <0.05, * P < 0.01, ™ P < 0.001, ** P < 0.0001. ANOVA, analysis of variance; BP, biological process; CapEC, capillary
endothelial cell; CCl, cell-cell interaction; GO, gene ontology; HC, healthy control; LoS, localized scleroderma; NK, natural Killer; ns, not significant;
SSc, systemic sclerosis; Tth, T follicular helper; TGFB, transforming growth factor B; TGFBR, TGFp receptor; VEC, vascular endothelial cell. Color fig-
ure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.70039/abstract.
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synthesis and fibrosis, including COL1A7, COL11A1, COL3A1,
COL5AT, and COL1A2 (Figure 5F). Immunofluorescence staining
showed co-localization of CREB3L1 and COL1A1 in fibroblasts,
with CREB3L1 expression significantly elevated in SSc lesions rel-
ative to HC and LoS (Figure 5G-H). WB further validated the co-
upregulation of CREB3L1 and COL1A1 in primary fibroblasts
from SSc skin (Figure 51-J).

To functionally validate the role of CREB3L1 in fibrosis, we
performed overexpression and knockdown experiments in SSc-
derived primary fibroblasts using viral vectors. CREB3L1 overex-
pression led to increased expression of fibrosis markers, including
FN1, COL1A1, Periostin, and a-smooth muscle actin (a-SMA)
(Figure 5K-L), whereas CREB3L1 knockdown reduced the
expression of these markers (Figure 5M-N). In addition, scratch
assay results demonstrated that CREBSLT overexpression
enhanced fibroblast migration, whereas its knockdown impaired
motility (Supplementary Figure 3A-B). Together, these findings
highlight that CREB3L1 may play a critical role in fibroblast activa-
tion and collagen production, contributing to the fibrotic pro-
cesses observed in both skin and lung tissues of patients
with SSc.

CREB3L1 promotes fibrosis in models of SSc

To validate the profibrotic role of CREB3L1 in vivo, we
employed bleomycin-induced murine models of SSc. C57BL/6
mice received daily intradermal injections of bleomycin for three
weeks. Before induction, mice were administered adeno-
associated viral vectors via intratracheal instillation: HC, BLM-
ctrl (bleomycin with control virus), BLM-OE (bleomycin with
Creb3I1 overexpression virus), and BLM-sh (bleomycin with
Creb3I1 knockdown virus). On day 22, skin and lung samples
were harvested for analysis (Figure 6A). WB analysis of both skin
and lung tissues revealed increased expression of the fibrosis
markers FN1, COL1A1, and Periostin in BLM-treated mice
compared with HC. These markers were further elevated in the
BLM-OE group and reduced in the BLM-sh group (Figure 6B-C;
quantified in Supplementary Figure 4A-B). Ultrasound imaging
demonstrated increased dermal thickness in BLM-OE mice and
attenuation in BLM-sh mice relative to BLM-ctrl (Figure 6D and

Supplementary Figure 4C). Masson’s trichrome staining
confirmed enhanced collagen deposition in the skin and lungs of
BLM-OE mice and reduced deposition in the BLM-sh group
(Figure 6E-F). Immunohistochemical staining showed increased
Col1 expression in skin and both Col1 and Col3 in lung tissues
of BLM-OE mice, with corresponding reductions in the BLM-sh
group (Figure 6G-l). Additionally, body weight monitoring
revealed more pronounced weight loss in BLM-OE mice and par-
tial preservation of weight in BLM-sh mice (Supplementary
Figure 4D). Together, these findings support a key role for
CREBSL1 in driving tissue fibrosis in SSc and show consistent
effects in in vivo models. These results further highlight CREB3L1
as a potential therapeutic target for fibrotic diseases.

DISCUSSION

LoS and SSc are fibrotic disorders that share histopatholog-
ical features, such as dermal fibrosis and immune cell infiltration,
but differ markedly in their clinical manifestations. We found that
LoS lesions were characterized by the presence of TLS enriched
with immune cells, which may drive localized fibroblast activation,
whereas fibroblasts with higher CREB3L1 expression in SSc were
associated with systemic fibrotic progression.

TLS act as local hubs of immune activation under chronic
inflammation. In LoS, they were more frequent and localized near
neovascularized regions, where CXCR4-CXCL12 signaling may
attract Tfh cells and CXCL13-CXCR?5 interactions facilitate B cell
clustering and TLS formation.?’° Previous studies have shown
that integrins such as CD103 and LTal1B2 contribute to
immune cell retention and TLS formation in chronic inflammatory
settings.?*2* In our study, we found that integrin a4, but not
CD103 or LTa1B2, was specifically up-regulated in LoS, suggest-
ing a disease-specific mechanism of TLS stabilization. These
immune cell infiltrates, through upregulation of TGFB expression,
further activate fibroblasts and promote localized fibrosis in LoS
skin.%® In contrast, SSc lesions exhibited weak Tfh interactions
and low integrin a4 expression, corresponding to the rare pres-
ence of TLS.

SSc fibrosis is characterized by a shift toward extensive
fibroblast-driven collagen production. We identified a fibroblast

Figure 5. Pseudotime reconstruction and CREB3L1 expression in fibroblast differentiation and fibrosis in SSc: (A) Pseudotime trajectories of
fibroblast differentiation in HC, LoS, and SSc. (B) RSS in Fate1 cells highlighting the top five transcription factors. (C) Bubble plots of CREB3LT,
CREB3, and NELFE expression across HC, LoS, and SSc. (D) CREB3L1 expression in fibroblasts from SSc (n = 12) and HC (n = 11) lungs
(GSE215841). (E) CREB3L1 expression across lung cell subpopulations in SSc-ILD patients (8 samples/4 patients) and HCs (5 samples/4 donors)
(GSE128169). (F) Chord diagram of the top 10 CREB3L1 downstream targets in SSc fibroblasts identified by pySCENIC. (G-H) Immunofluores-
cence and quantification of Col1A1 and CREBS3L1 in HC, LoS and SSc (100x). (I-J) WB and quantification of CREB3L1 and Col1A1 in primary skin
fibroblasts from HC and SSc. (K-N) WBs of CREB3L1 and fibrosis-associated proteins (FN1, COL1A1, Periostin, a-SMA) in fibroblasts transfected
with OE-NC, OE-CRE, sh-NGC, or sh-CRE (n = 3/group, 3 independent experiments). Data are mean + SD; unpaired Student’s t-test; * P < 0.05, **
P <0.01, ™ P <0.001. a-SMA, a-smooth muscle actin; EC, endothelial cell; HC, healthy control; ILD, interstitial lung disease; LoS, localized
scleroderma; NK, natural killer; ns, not significant; OE-CRE, CREB3L1 overexpression; OE-NC, control lentivirus; RSS, Regulon specificity score;
SSc, systemic sclerosis; sh-CRE, short hairpin RNA targeting CREB3L1; sh-NC, nontargeting short hairpin RNA; WB, Western blot. Color figure
can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.70039/abstract.
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trajectory (Fatel) in SSc defined by high CREB3L1 expression
and activation of profibrotic genes, supporting its role as a key
transcriptional driver of fibrosis. This finding was validated in
an independent scRNA-seq data set (GSE138669), where
CREBS3L1 was similarly elevated in fibroblast subpopulations
enriched for extracellular matrix pathways, indicating a conver-
gent profibrotic trajectory across data sets. Consistent with our
results, previous studies have shown that CREB3L1 promotes
collagen secretion and myofibroblast activation in other fibrotic
contexts, such as thyroid and kidney tissues.?6-31-32

To further assess the role of CREB3L1 in SSc-associated
pulmonary fibrosis, we analyzed transcriptomic and single-cell
data sets from lung tissues. Bulk RNA-seq (GSE215841%%)
revealed increased CREB3L1 expression in SSc lung
fibroblasts compared with controls, and single-cell RNA-seq
(GSE128169'%) confirmed its upregulation across multiple lung
cell types, particularly in alveolar cells. This cross-tissue expres-
sion pattern supports a role for CREB3L1 in mediating multior-
gan fibrosis in SSc, involving both skin and lung
compartments. Consistently, in bleomycin-induced mouse
models, CREB3L1 overexpression aggravated collagen deposi-
tion and fibrosis-related gene expression, whereas CREB3L1
knockdown mitigated fibrotic changes in both skin and lung
tissues.

Collectively, our study provides new insights into the diver-
gent fibrotic mechanisms of LoS and SSc. In LoS, fibrosis
appears to be driven primarily by local immune activation and
TLS formation, leading to immune—fibroblast interactions within
lesional skin. In contrast, SSc is characterized by widespread
filoroblast activation associated with CREB3L1 upregulation in
both skin and lung tissues, reflecting a systemic fibrotic program.

Although both diseases involve immune-stromal crosstalk,
their spatial and mechanistic contexts differ: LoS displays local-
ized TLS-rich inflammation, whereas SSc exhibits diffuse
CREB3L1-associated fibrosis. Although TLS are rare in SSc, cir-
culating Th17 and Tfh cells have been implicated in systemic
fiorotic priming,®* which suggests that CREBS3L1-expressing
fibroblasts may sustain a persistent profibrotic state under sys-
temic immune influence.

A limitation of this study is that two patients with SSc in the
scRNA-seq cohort were receiving cyclophosphamide at the time

of biopsy, which might have affected lymphoid aggregate forma-
tion. Future studies with larger, treatment-naive cohorts are war-
ranted to validate and extend these findings. Together, these
results lay the groundwork for targeted therapeutic strategies tai-
lored to the distinct pathophysiologic processes in LoS and
SSc—addressing localized immune-mediated fibrosis in LoS
and systemic fibroblast activation in SSc.
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Decision Tree Analysis as a Preliminary Evidence-Based Tool
for Identifying the Syndrome of Undifferentiated Recurrent
Fever in Children Compared With Hereditary Recurrent
Fevers and Periodic Fever, Aphthosis, Pharyngitis,

and Adenitis Syndrome
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Objective. To develop evidence-based criteria to classify patients with syndrome of undifferentiated recurrent
fevers (SURF).

Methods. One hundred twelve patients with SURF observed in a single tertiary referral center were analyzed.
Patients with genetically confirmed hereditary recurrent fever (HRF) or with periodic fever, aphthosis, pharyngitis, and
adenitis (PFAPA) syndrome already analyzed for the Eurofever classification criteria were used as disease controls. A
decision tree approach was tested by randomly splitting the available data in a training set and in an internal test set.
An alternative model using a classical regression model was also analyzed. An external validation for both approaches
was performed on 123 patients recruited from four other centers.

Results. The decision tree model integrating clinical and genetic data identified 91% of patients with SURF. A deci-
sion tree model based solely on clinical variables identified up to 88% of patients with SURF. The logistic regression
model including genetic tests exhibited an overall accuracy of 89.2% (95% confidence interval [Cl] 81.1-94.7). In con-
trast, the logistic regression model exclusively based on clinical manifestations displayed an overall accuracy of 66.7 %
(95% CI 56.1-76.1). When the classification criteria including genetic tests were applied to the external validation
cohort, the model demonstrated a strong discriminative power, with areas under the receiver operating characteristic
curve of 96.3% using the decision tree model and 88.0% with the logistic regression model.

Conclusion. The study shows the possibility of achieving evidence-based criteria that can classify SURF at least
with respect to the main HRF and PFAPA syndrome and may be considered as a preliminary tool for the enroliment
of more homogeneous cohorts of patients in future studies.

INTRODUCTION self-resolving, inflammatory flares of unknown etiology separated

by intervals of overall well-being over a period of at least six months.
Differential diagnosis includes several monogenic conditions

Syndrome of undifferentiated recurrent fevers (SURF)
classifies a group of patients affected by stereotypic, usually
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collectively referred to as hereditary recurrent fevers (HRF). The most
common HRF is familial Mediterranean fever (FMF), caused by MEFV
mutations.”? Other diseases are mevalonate kinase deficiency
(MKD), caused by MVK mutations®*; tumor necrosis factor
receptor-associated periodic fever syndrome (TRAPS), secondary
to TNFSRF1A mutations®; and cryopyrin-associated periodic syn-
dromes (CAPS), caused by NLRP3 mutations.® The emergence of
the next-generation sequencing (NGS) technique has revealed a
growing number of novel ultrarare monogenic diseases in which
recurrent fever episodes may be part of the clinical phenotype.” Peri-
odic fever, aphthosis, pharyngitis, and adenitis (PFAPA) syndrome is
a multifactorial condition and represents the most common form of
recurrent fever in childhood.®

Recently, increasing attention has been directed toward a
group of patients presenting with recurrent fever in whom
genetic analysis does not provide an explanation and who do
not fulfil the PFAPA syndrome criteria.° These patients have
been recently grouped under the term “SURF.”'%"* According
to some recent studies, despite a certain degree of variability,
patients with SURF display a distinctive clinical presentation,
dominated by the presence of abdominal pain and musculo-
skeletal manifestations and a good response to colchicine.'
Recent studies have shown a distinct pattern of activation of
the pyrin inflammasome in patients with SURF when compared
to FMF and PFAPA syndrome.'®

Evidence-based classification criteria have been recently
developed for HRF and PFAPA syndrome.'® Classification criteria
are crucial for the proper identification of patients being recruited
into biologic and clinical studies and in therapeutic trials. Some
preliminary empirical indications for the clinical suspicion of SURF
have been proposed."

The aim of the present study is to compare a homogeneous
group of pediatric patients with SURF observed in a single tertiary
care center with patients affected by HRF and PFAPA syndrome
previously included in the study that developed the Eurofever
classification criteria (members of the Eurofever study group are
listed in Appendix A) in order to identify the clinical variables asso-
ciated with SURF by an evidence-based approach.

METHODS

Selection of patients with SURF. One hundred twelve
consecutive pediatric patients with SURF observed at Gaslini

’Department of Pediatric Rheumatology and Immunology, University of
Muenster, Muenster, Germany; 8Department of Pediatrics Rheumatology,
Hacettepe University Faculty of Medicine, Ankara, Turkey; °General Univer-
sity Hospital in Prague and Department of Paediatrics and Inherited Meta-
bolic Disorders, Charles University, Prague, Czech Republic; "°UOSD Area
Aggregazione Laboratori della Ricerca, IRCCS Istituto Giannina Gaslini,
Genoa, Italy.

Drs Papa and Bovis are co-first authors and contributed equally to
this work.

Institute in Genoa, ltaly, since 2012 were included in the study.
The inclusion criteria for patients with SURF has already been
described'" and are the following: (1) patients with stereotypic
fever episodes separated by a regular or irregular interval of gen-
eral well-being; (2) absence of an alternative diagnosis achieved
during the follow-up; (3) availability of the results of genetic tests
for at least the four best known HRF (FMF, MVK, TRAPS, and
CAPS); (4) absence of pathogenic variants, likely pathogenic vari-
ants, or variants of unknown significance (VUS) in genes associ-
ated with HRF (Sanger and/or NGS panel) and pathogenic
variants with a compatible inheritance pattern identified in genes
tested through an extended autoinflammatory disease panel fol-
lowing whole-exome sequencing (WES); (5) a persistent recurrent
disease course for at least 12 months; and (6) negativity of the
Eurofever classification criteria for PFAPA syndrome.'2® Patients
were included in the Eurofever longitudinal registry'” after
informed consent, and this study was approved by the Ethical
Review Board of Regione Liguria.

Selection of patients with control diseases from the
Eurofever registry. Pediatric patients with HRF (FMF, MVK,
TRAPS, and CAPS) or PFAPA syndrome already involved in the
development of the Eurofever classification criteria'® were used
as disease controls. The process of classification of the patients
has been previously described.'® Briefly, 60 patients for each dis-
ease (FMF, TRAPS, MKD, CAPS, and PFAPA syndrome) were
selected from the Eurofever registry. Twenty-five international
experienced clinicians/researchers and eight geneticists (total
33 panelists) in the field of systemic autoinflammatory diseases
blinded to patients’ original diagnoses were invited to participate
in a multiround secured web process to classify each of the
patients into one of mutually exclusive diagnoses.'® At the end
of the fourth round, consensus was achieved for a total of
188 pediatric patients (56 with MKD, 32 with TRAPS, 32 with
FMF, 31 with CAPS, and 37 with PFAPA syndrome)."®

To assess the generalizability of the SURF classifiers to a
broader population, an external validation pediatric cohort was
established, comprising 40 patients with SURF, 40 patients with
PFAPA syndrome, 35 patients with FMF, and 8 patients
with MKD from four centers (Ankara, Mlnster, Prague, and
Rome). Because of the higher degree of clinical similarity of SURF
with FMF, PFAPA syndrome, and MKD, we decided to focus the
external validation on these four conditions.

Additional supplementary information cited in this article can be found
online in the Supporting Information section (https://acrjournals.
onlinelibrary.wiley.com/doi/10.1002/art.70019).

Author disclosures are available at https://onlinelibrary.wiley.com/doi/10.
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Variables description. All demographic and clinical vari-
ables recorded in the Eurofever registry have been considered
for the diagnostic assessment. Clinical characteristics encom-
passed all the manifestations, from disease onset to diagnosis
and initiation of the proper treatment. The items examined were
as follows: (1) nature of the fever episodes (duration, frequency,
regular frequency pattern, etc), (2) clinical manifestations associ-
ated with fever episodes and presence of the symptoms (always
or often/sometimes), and (3) presence of triggers. For the statisti-
cal analysis, the PFAPA syndrome-related clinical features (exu-
dative or erythematous tonsillitis, stomatitis, cervical lymph
nodes) were also evaluated for their frequency: never, sometimes
(less than 50% of episodes), or often/always.'®

Statistical analysis. Continuous variables were summa-
rized using mean and SD or median (and range or interquartile
range) as appropriate, and categorical variables were described
as frequencies (and percentage). For group comparisons, stan-
dardized mean differences were calculated according to Cohen’s
d effect size. Cohen’s d effect size >0.1 denotes meaningful
imbalance in the baseline covariates.'® No data imputations were
performed.

The decision tree approach was tested by randomly splitting
the available data in a training set (70%) and in an internal valida-
tion set (30%). A decision tree approach was chosen because it
produces very clear results and is easy to interpret and apply to
everyday clinical practice.

The recursive partitioning (fPART) method'® was used to
identify the optimal split of the data that would best classify
patients with autoinflammatory diseases as with or without SURF.
All demographic and clinical variables collected in the Eurofever
registry were initially considered as candidate predictors. The
rPART algorithm automatically selected variables and determined
their hierarchy in the decision tree by identifying the splits that
maximized discrimination between patients with and without
SURF, without prior manual selection or weighting.

Two fully grown decision tree classifiers with no limit on the
complexity parameter were developed. In the first decision tree
model, demographic and clinical features were combined with
the information coming from the genetic analysis (confirmatory,
nonconfirmatory, negative). In the second decision tree model,
genetic data were not included, and only demographic and clini-
cal features were considered. This approach was performed in
an attempt to identify, with an evidence-based approach, the clin-
ical variables possibly associated with SURF, independently of the
need to perform a genetic analysis. We then calculated the area
under the receiver operating characteristic curve (AUC), accuracy,
sensitivity, and specificity of the decision tree classifier for predict-
ing SURF versus non-SURF.

To support the decision tree results, an alternative model
was created using a classification methodology previously
described?® and detailed in Supplementary material point 1.

Briefly, the score was obtained in the training set by summing all
the weights (estimated by a multivariable logistic regression
model) associated with the presence or absence of symptoms in
each patient. The discriminative ability of the score was assessed
by receiver operating characteristic curve analysis, and the opti-
mal cutoff value that provided the best discrimination between
patients with and without SURF was identified through the You-
den index criterion.

External validation was performed using an independent
cohort of patients that was not involved in model training. This
allowed for an assessment of the model’s generalizability and
helped ensure that the observed performance was not a result
of overfitting. Software used to analyzed data were SAS (v 9.4)
and R version 4.1.3, as well as the packages “rpart,” “party,”
and “r.part plot.”

RESULTS

Patient description. A total of 300 patients were included
in the study. The demographic and clinical features of patients
with SURF are reported in Table 1 and compared with those
observed in the disease control patients with HRF and PFAPA
syndrome, previously used in developing the Eurofever classifica-
tion criteria for autoinflammatory recurrent fevers.'® Patients were
randomly split into a training set (n = 207) and a testing set (n = 93)
(Supplementary Table 2). The clinical and demographic charac-
teristics were similar between the training and testing cohorts. Al
patients with SURF were of western European Caucasian origin
(Table 1). Eighteen patients with SURF were studied with a
4-gene mini panel for recurrent fevers, 20 patients were studied
with an 11-gene NGS panel, 24 patients were studied with exome
sequencing with an applied in silico panel for recurrent fevers, and
58 patients were studied with exome sequencing with an applied
in silico extended panel for autoinflammatory diseases. Colchicine
treatment was used in 82% of patients with SURF, with a partial or
complete response in 89% of them. In other patients with SURF,
on-demand steroids was the alternative therapeutic approach to
colchicine (Table 1).

Diagnostic performance of two statistical models
for classifying patients with SURF. Decision tree classifier.
Figure 1 and Supplementary Table 3 illustrate the decision bound-
aries of the decision tree, which integrates demographic and clin-
ical information with genetic analysis, classified as positive in case
of pathogenic mutations in genes associated with HRF or nega-
tive for NGS panels. As expected, the probability of being classi-
fied as having SURF with a positive genetic test result is 0%.
According to this model, the probability rises to 91% if the genetic
test result is negative for pathogenic variants and if the patient
does not present with exudative or erythematous pharyngitis or
does so only occasionally (Figure 1).
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positive geﬁl\

negative genetic test

erythematous tonsillitis (always/often)

erythematous tonsillitis (never or sometimes)

exudative tonsillitis (always/often)

0% 14%

exudative tonsillitis (never or sometimes)

40% 91%

Figure 1. Decision tree to classify syndrome of undifferentiated recurrent fever based on clinical variables and genetic test results.

According to a decision tree model based solely on clinical
variables, patients with SURF are classified by the absence of trig-
gers for the fever episodes, conjunctivitis, and constant presence
of erythematous tonsillitis. Moreover, the duration of the fever epi-
sodes (range three to six days) and the presence of myalgia dur-
ing flares allow for the correct classification of 81% of patients
with SURF (Figure 2). In the same model, the absence of fatigue

any trigger (yes) any trigger (no)

conjunctivitis (yes . i
’ (y }conjunctlwtls (no)

erythematous tonsillitis
{ne\rergr sometimes)

erythematous tonsillitis
(always/often)

duration of episodes

during attacks, the presence of lymphadenopathy at any site,
and fewer than 14 fever episodes per year were additional vari-
ables that accurately identified patients with SURF (Figure 2).
The likelihood of being classified as having SURF increases with
the presence or absence of these specific variables, ranging from
64% to 88% (Figure 2 and Supplementary Table 4). Supplemen-
tary Figures 1 and 2 show the number of patients classified as

duration of episodes
7

N ’ d uratlon)c;fseplsodes

duration of episodes Vs =
<3 \

0% 0% 12% 23%

myalgia (no)

/ fatigue (no)

myalgia (yes)

fatigue (yes)
any lymph node
involvement (no)
any lymph node
involvement (yes)
n. episodes/year
>=14
n. episodes/year
29% 25%

33% 64% 88% 81%

Figure 2. Decision tree to classify syndrome of undifferentiated recurrent fever solely based on clinical variables. Color figure can be viewed in the
online issue, which is available at http://onlineliorary.wiley.com/doi/10.1002/art.70019/abstract.
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Table 2. Performance values of classifiers of SURF using the decision tree classifier in the testing set (n = 93)*

Accuracy% Sensitivity% Specificity%
Classifier AUC% (95% Cl) (95% CI) (95% Cl) (95% Cl)
Decision tree with genetic 95.7(92.1-99.3) 92.5(85.1-96.9) 91.2 (76.3-98.1) 93.2 (83.5-98.1)
testing
Decision tree without genetic 87.2(79.5-94.9)  84.9(76.0-91.5) 70.6 (52.5-84.9) 93.2 (83.5-98.1)
testing

* AUC, area under the curve; Cl, confidence interval; SURF, syndrome of undifferentiated recurrent fever.

having SURF, PFAPA syndrome, or HRF according to the deci-
sion trees used for the genetic and clinical classification of SURF
in the entire study population (N = 300).

As expected, models that include genetic information dem-
onstrate superior performances compared to those without
genetic information (Table 2 and Supplementary Table 5). When
genetic data are excluded, the AUC of the decision tree model in
the testing set decreases from 96% (95% confidence interval
[Cl] 92%-99%) to 87% (95% Cl 79%-95%), and sensitivity drops
from 91% (95% Cl 85%-97%) to 71% (95% Cl 76%—-91.5%).
However, specificity remains consistent at 93% in both models
(Table 2).

Logistic regression model. Univariable and multivariable
logistic regression analyses incorporating all the variables listed
in Table 1 and the genetic test results were conducted on the
training set, with detailed findings presented in Supplementary
Table 1. The logistic regression model that included the
genetic test results exhibited high predictive performance. The
variables included in the model were the absence of a positive
genetic test result with a score of 78, the absence of persis-
tent presence of cervical lymph node involvement with a score

of 18, and sporadic enlargement of cervical lymph nodes with
a score of 4.

The threshold for predicting a patient with SURF was set at
78, achieving an AUC of 89.7% (95% CI 81.6%-95.0%), indicat-
ing excellent discriminative power. The model demonstrated an
overall accuracy of 89.2% (95% Cl 81.1%-94.7%), with a sensi-
tivity of 91.2% (95% Cl 76.3%-98.1%) and a specificity of
88.1% (95% Cl 77.1%-95.1%) (Table 3).

In contrast, the logistic regression model exclusively based
on clinical manifestations and excluding the results of genetic
tests retained in the final model the absence of triggers (score of
72), the sporadic presence of cervical lymph node enlargement
with a score of 8, and the absence of a constant presence of
lymph node enlargement with a score of 16. The absence
of fatigue during attacks had a score of 4. The score threshold
for predicting a patient with SURF was set at 76, resulting in an
AUC of 71.2% (95% CI 60.9%—-80.2%) and indicating a moderate
predictive capability. The overall accuracy of the model was
66.7% (95% Cl 56.1%-76.1%), with a sensitivity of 88.2% (95%
Cl 72.5%-96.7%) and a specificity of 54.2% (95% Cl 40.7%-—
67.3%) (Table 3).

Table 3. Performance values of classifiers of SURF using a logistic regression model in the testing set (n = 93)*

Score Cutoff

(95% Cl)

Accuracy%
(95% Cl)

Sensitivity%
(95% Cl)

Specificity%
(95% Cl)

Logistic regression with
genetic testing®
Positive genetic test
result

Cervical lymph nodes
(sometimes vs
never)

Cervical lymph nodes
(always vs never)

Logistic regression

without genetic
testing®

Any trigger

Cervical lymph nodes
(sometimes vs
never)

Cervical lymph nodes
(always vs never)

Fatigue

78 (for absence) >78

4 (for presence)

18 (for absence)

72 (for absence) >76

8 (for presence)

16 (for absence)

4 (for absence)

89.7 (81.6-95.0)

71.2 (60.9-80.2)

89.2(81.1-94.7)  91.2(76.3-98.1)  88.1 (77.1-95.1)

66.7 (56.1-76.1)  88.2(72.5-96.7) 54.2(40.7-67.3)

* AUC, area under the curve; Cl, confidence interval; SURF, syndrome of undifferentiated recurrent fever.

@ Cutoff > 78.
b Cutoff > 76.
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Table 4. Performance values of classifiers of SURF in the external validation set (n = 123; 40 patients with SURF, 40
patients with PFAPA syndrome, 35 patients with FMF, 8 patients with MKD)*

Accuracy% Sensitivity% Specificity%
Classifier AUC% (95% Cl) (95% ClI) (95% Cl) (95% Cl)
Decision tree with genetic test 96.3(91.3-98.9) 95.9(90.8-98.7) 97.5(86.8-99.9) 95.2 (88.1-98.7)

Decision tree without genetic
test

Logistic regression with genetic
test®

Logistic regression without
genetic test”

77.1 (68.7-84.2)
88.0(80.9-93.1)

65.0 (55.9-73.3)

80.5(72.4-87.1)
83.7 (76.0-89.8)

54.5 (45.2-63.5)

67.5(50.9-81.4) 86.7 (77.5-93.2)

100.0(91.2-100.0)  75.9 (65.3-84.6)

95.0 (83.1-99.4) 34.9 (24.8-46.2)

* AUC, area under the curve; Cl, confidence interval; FMF, familial Mediterranean fever; MKD, mevalonate kinase
deficiency; PFAPA syndrome, periodic fever, aphthosis, pharyngitis, and adenitis; SURF, syndrome of undifferenti-

ated recurrent fever.
@ Cutoff > 78.
P Cutoff > 76.

External validation sample. When the classification criteria,
including the genetic test, were applied to the external validation
cohort, the model demonstrated strong discriminative power,
with AUCs of 96.3% using the decision tree model and 88.0%
with the logistic regression model (Table 4). The decision tree
model based solely on clinical variables showed high specificity
(86.7%) but lower sensitivity (67.5%), whereas the logistic regres-
sion model achieved high sensitivity (95%) but very low specificity
(35%). In the decision tree model based exclusively on clinical
variables, sensitivity varied across centers. The Prague center
demonstrated the lowest sensitivity (50%), whereas the Turkish
center achieved perfect sensitivity (100%). Both the Rome and
Muinster centers reported a sensitivity of 60%. Specificity was
consistently high (>85%) across all centers, with the exception of
the Turkish center, where it was reduced to 76%.

DISCUSSION

The present study represents the first attempt to develop an
evidence-based approach for the identification and classification
of pediatric patients with autoinflammatory recurrent fever lacking
a precise genetic etiology or nosological definition (as in the case
of PFAPA syndrome), currently grouped under the definition of
SURF. A decision tree model was able to identify the clinical vari-
ables that may aid in the better definition of this subgroup of
patients for future studies (ie, duration of attacks 3-6 days, <14
episodes/year, absence of triggers, conjunctivitis, tonsillitis or
fatigue during attacks, and presence of myalgia or lymph node
involvement) with a higher accuracy when associated with nega-
tive genetic analysis results (Supplementary Table 10).

The definition and even the actual existence of SURF as a dis-
tinct clinical group remain under discussion. Over the last decade,
several clinical studies have attempted to better characterize this
group of patients, who display typical features of recurrent fevers
but do not meet the clinical criteria for PFAPA syndrome or have a
positive genetic test result for the most common forms of
HRF."®'* The need for a better definition of this group of patients

arises from clinical observations in daily practice, which show that
a significant number of these “undefined” patients with recurrent
fever visit clinics for autoinflammatory diseases.

The variability in patient selection, including ethnicity, geo-
graphic distribution, and the extent of genetic analysis across dif-
ferent cohorts of patients with SURF described in the literature,
has led to significant heterogeneity in terms of clinical presenta-
tion, treatment response, and outcomes. However, despite these
limitations, some general features appear to be shared across all
studies: (1) absence or minimal involvement of the classic PFAPA
syndrome triad; (2) prevalence of specific clinical features such as
arthralgia, myalgia, abdominal pain, and skin rash; (3) negative
genetic test results; and (4) a generally good response to colchi-
cine or anti-interleukin-1 (anti-IL-1) treatment.'®= In light of this
distinctive response to colchicine, the activation pattern of the
pyrin infammasome was recently analyzed, revealing that
patients with SURF responsive to colchicine exhibit a different
activation pattern compared to those with FMF or PFAPA syn-
drome and healthy controls.'® Additionally, a distinctive overex-
pression of the IL-1 signature was observed in the tonsils of
patients with SURF compared to patients with PFAPA syn-
drome.'? These data provide the first biologic evidence of a differ-
ence in the pathogenic mechanisms leading to these patient
subgroups. An extensive analysis of activated pathways during
inflammatory response in SURF monocytes may show novel
details.

With the aim of obtaining a more homogeneously selected
cohort of patients with SURF, we decided to include in the pres-
ent study only patients coming from a single center, confirming
the selective inclusion criteria used in previous studies'® and thus
avoiding excessive heterogeneity in their recruitment. Patients
were compared with an historical group of patients already used
for the definition of the evidence-based Eurofever criteria, which
were validated by a group of international experts.'®

Our study was able to identify clinical variables that, when-
ever present in the decision tree, can identify patients with SURF
with good accuracy. As expected, a negative genetic test result,
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associated with the lack or persistent presence of exudative or
erythematous tonsillitis, was the best classifier for patients with
SURF. This result is secondary to the higher prevalence of
patients with persistent tonsillitis in PFAPA syndrome when com-
pared to SURF. A more detailed definition of the frequency of
PFAPA syndrome-related clinical features during the flare could
help for a better definition of the actual differences of these mani-
festations between PFAPA syndrome and SURF for the develop-
ment of future definitive criteria.

The application of the decision tree model in a purely clinical
setting led to the identification of several clinical variables capable
of distinguishing, with relatively high accuracy, patients with SURF
from those with other forms of recurrent fever. Notably, patients
with SURF do not report clear triggers for their fever episodes. In
addition, conjunctivitis is generally not observed during these epi-
sodes. The median duration of fever episodes in SURF is four
days, '® which is a distinguishing feature compared to FMF. Arthral-
gia and myalgia are frequently observed in patients with SURF.'®
The present study demonstrates that myalgia more effectively dif-
ferentiates SURF from PFAPA syndrome, in which arthralgia was
reported in nearly 30% of patients, consistent with previous stud-
ies.’ Finally, in the decision tree model, the presence of lymph
node involvement at any site was able to distinguish patients with
SURF from those with CAPS and FMF, although its prevalence
was notably higher still in those with MKD and PFAPA syndrome.

Although the present preliminary classification criteria should
not be used for diagnostic purposes in clinical practice, the results
of the comparative analysis among different recurrent fevers may
help to highlight certain clinical features that can assist clinicians
in considering a possible diagnosis of SURF based on clinical
evaluation. Overall, the decision tree was able to identify
clinical features that accurately predicted the likelihood of a
patient being classified as having SURF compared to other recur-
rent fevers, even in the absence of genetic testing, and performed
better than the classic regression tree model. External validation
using patients from other pediatric centers demonstrated a gen-
erally satisfactory performance, particularly for the decision tree
model. However, a certain degree of variability was observed in
the prevalence of clinical features associated with SURF across
the different centers, possibly related to a different approach in
patient selection. This reinforces the need to develop an
evidence-based common tool that could help to better classify
this group of patients for future clinical studies.

General reduction of costs of genetic analysis and increas-
ing availability of molecular analysis in different countries strongly
support the indication to perform a genetic test in patients with
recurrent fevers, especially if not consistent with a PFAPA syn-
drome classic phenotype. However, these tests are still not
available in all countries or not covered by different health sys-
tems or insurance companies. Therefore, in the absence of a
genetic test or while waiting for the results of genetic testing,
application of the decision tree could help the physician to

identify patients with a higher probability to have SURF and start
a trial with colchicine.
The present study has a number of limitations:

1. The use of patients observed in a single center might have
introduced a bias of selection of patients with SURF
mainly related to their response to colchicine, which in
our experience represents one of the most characteristic
features of this subgroup of patients.

2. Although most of the patients with SURF underwent
extensive exclusion of the most frequent genes associ-
ated with recurrent fevers through NGS panels or an in
silico panel after WES, it is possible that some of them
could carry mutations in genes not yet identified at the
time of genetic analysis. In any case, the present study
was able to distinguish SURF only from the four main
HRF and PFAPA syndrome. For this reason, an extensive
investigation via whole-genome sequencing of all patients
with SURF in our cohort is currently under analysis, and it
would be suggested, whenever possible, in all patients
with recurrent fevers.

3. The exclusion of patients carrying VUS of genes associ-
ated with HRF in the present study does not allow us to
shed light on the actual interpretation of these variants in
real life. In this ling, it is worth noting that a recent study
conducted on a group of patients bearing the R92Q vari-
ant of the TNFRSF1A gene enrolled in the Eurofever regis-
try showed that this subgroup of patients displayed a high
degree of similarity, in terms of clinical manifestations
associated with recurrent fevers and colchicine response,
with patients with SURF rather than TRAPS and PFAPA
syndrome.?

Even with these limitations, the present study shows the pos-
sibility of achieving evidence-based criteria that can classify SURF,
at least with respect to the main HRF and PFAPA syndrome, and
may be considered as a preliminary step for the enrollment of more
homogenous cohorts of patients in future studies. Moreover, iden-
tifying possible patients with SURF may prompt the initiation of col-
chicine treatment while awaiting the results of genetic analysis. The
elaboration of definitive criteria would need the collection of patients
with SURF from different centers and blind evaluation with con-
founding conditions by a panel of experts possibly involving both
pediatric and adult patients.
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Romosozumab and Denosumab Combination Therapy After
Denosumab in Postmenopausal Osteoporosis

Giovanni Adami, MD, Francesco Pollastri, MD, Angelo Fassio, MD, Filippo Montanari, MD, Anna Piccinelli, MD,
Camilla Benini, MD, Emma Pasetto, MSc, Carmen Dartizio, MD, Davide Gatti, MD, "/ Maurizio Rossini, MD,
and Ombretta Viapiana, MD

Objective. Transition from long-term denosumab (Dmab) to parathyroid hormone-analogs or romosozumab
(Romo) might expose patients to the risk of the so-called rebound phenomenon. Adding Romo to Dmab might repre-
sent an option in patients experiencing a fracture while on Dmab. The aim of this study was to investigate the effects
of the combination of Romo to Dmab in postmenopausal osteoporosis.

Methods. We did a 36-month combined retrospective and prospective study analyzed with prospective score
matching. Postmenopausal women were divided into two groups: patients on Dmab who added Romo to Dmab (Dmab
from baseline [M-24] to Romo initiation [MO] - Dmab + Romo from MO0 to M+12), and matched controls on Dmab con-
tinuing Dmab (Dmab from M-24 to MO - Dmab from MO to M+12). Bone mineral density and bone turnover markers
(CTX, P1nP) were assessed at follow-up time points.

Results. A total of 50 women were included in the study: 25 patients in the Dmab - Dmab + Romo group and 25
matched controls in the Dmab - Dmab group. The between-group difference at M+12 was 3.3% (95% confidence
interval —5.2 to 11.8), indicating a nonsignificant trend toward greater improvement with combination therapy. Adding
Romo to Dmab increased P1nP significantly between M0 and M+3 (+22.5 ng/mL, SE = 8.7; P = 0.028).

Conclusion. Ongoing treatment with Dmab did not blunt the anabolic response of Romo, indicating sustained

modeling-based bone formation activity. Adding Romo in patients failing Dmab might be a valuable option.

INTRODUCTION

Osteoporosis is characterized by decreased bone mass and
deterioration of bone microarchitecture, with increased fracture
risk. Current approved treatments for postmenopausal osteopo-
rosis include antiresorptive drugs (bisphosphonates and Dmab),
anabolic agents (teriparatide and abaloparatide), and romosozu-
mab (Romo), an antisclerostin monoclonal antibody with dual
action on bone formation and resorption. Osteoporosis treatment
regimens often include sequential therapies involving drugs with
complementary mechanisms, and the sequential approach
with anabolic first has been proved to be the most effective on
bone mineral density (BMD) changes and fracture risk reduction.”
However, in real life, most patients start with an antiresorptive
agent as first line. Switching from bisphosphonates to an anabolic
agent is considered safe and effective, albeit with attenuated
effects on BMD. However, transitioning from denosumab (Dmab)
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to teriparatide or Romo may expose patients to increased fracture
risk due to the simultaneous activation of multiple bone remodel-
ing units upon treatment cessation, known as the “rebound
effect.” In such patients, anabolic initiation is usually prompted
by treatment failure, defined as significant bone density loss
and/or fragility fractures. Sequential therapy with Romo has also
shown variable outcomes.? Romo after long-term alendronate
led to lower BMD gains than observed in treatment-naive
patients. Switching from long-term Dmab to Romo vyielded only
minimal BMD improvements and did not protect against multiple
vertebral fractures upon Dmab discontinuation.>* Our preliminary
study demonstrated that adding Romo to ongoing Dmab treat-
ment improved lumbar spine BMD significantly in six months.®
Moreover, we previously showed that Dmab increased circulating
sclerostin levels,® supporting the hypothesis that adding Romo
could exploit this mechanism to enhance BMD responses in
patients already on Dmab. In the present study, we aimed to
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evaluate the effects of 12 months of combination therapy with
Romo and Dmab.

MATERIAL AND METHODS

We designed a combined retrospective and prospective
36-month study analyzed with prospective score matching to
evaluate the effects of Romo and Dmab combination therapy on
postmenopausal women with severe osteoporosis. We did a
12-month prospective observational study starting at month O
(MO) (Romo initiation), complemented by retrospective data col-
lection at 24 months before initiation (M-24) and M-12 from the
patients’ medical records. The study design can therefore be
described as a hybrid observational study, with retrospective
and prospective components. Figure 1 depicts the study design.
If a patient refused or was not eligible to be treated with combina-
tion, she was still considered for the Dmab-only group and treated
according to clinical practice. The study population was divided
into two cohorts based on treatment exposure: (1) combination
group, in which patients were treated with Dmab for two years,
at which point Romo was added to ongoing Dmab: Dmab (M
—24 to M0) = Dmab + Romo (MO to M+12), and (2) Dmab-only
group: patients who were stable on Dmab, and for whom con-
tinuing Dmab treatment alone was deemed appropriate by the
treating physician: Dmab (M—-24 to MO0). Patients in the Dmab +
Romo group were prospectively enrolled at MO (when Romo
was added to ongoing Dmab therapy). Study protocol is given in
the Supplementary Materials. Enrollment occurred between
December 2022 and January 2024. For these patients, we also
retrieved retrospective data (M-24 to MO) from their charts to
ensure longitudinal comparability. Patients were instructed to
receive Dmab (60 mg subcutaneously) first, followed by Romo
(210 mg subcutaneously) within seven days. This sequence was
chosen to maintain the antiresorptive effect of Dmab while initiat-
ing the anabolic action of Romo without delay. All administrations
were verified by patient report.

Patients in the second group (Dmab only) were selected from
the overall pool of postmenopausal women treated with Dmab
referring to our outpatient clinic (between January 2016 and
March 2024) who had available baseline (M—24) and follow-up
dual-energy x-ray absorptiometry (DXA) scans and serum

Denosumab

Denosumab

samples collected (n = 388). Patients were then matched through
propensity score matching to balance baseline characteristics
between the treated and control groups. The propensity scores
were estimated using a logistic regression model. The following
baseline covariates, selected based on clinical relevance and prior
literature, were included in the model: age, sex, T score at femoral
neck, total hip and lumbar spine, prior vertebral and nonvertebral
fractures, and procollagen | intact N-terminal peptide (P1nP) and
C-terminal telopeptide of type | collagen (CTX) serum levels.
Patients were matched 1:1 using nearest-neighbor matching
without replacement, with a caliper width of 0.2 SDs of the logit
of the propensity score to ensure close matches. Matching was
performed at MO.

Inclusion and exclusion criteria for the combination
treatment (MO to M+12). The inclusion criteria were as fol-
lows: postmenopausal women with severe osteoporosis, defined
as 10-year major osteoporotic fracture risk >20%, assessed
using the deDeFRA tool (a validated fracture risk assessment tool
derived from FRAX)"~® and T score at the spine or femur of less
than —2.5 (or less than —2.0 if there were two or more moderate
or severe vertebral fractures or a femoral fracture in the previous
two years).

The exclusion criteria were as follows: history of myocardial
infarction or stroke, bone diseases other than osteoporosis (eg,
Paget disease), history of bone malignancy, severe liver or kidney
disease (estimated glomerular filtration rate [eGFR] <80 mL/min or
Child-Pugh grade B/C), uncontrolled endocrine disorders (eg,
hypocalcemia, primary hyperparathyroidism), treatment with bis-
phosphonates for more than 6 months in the 12 months preced-
ing Dmab initiation, and prior or active treatment with
glucocorticoids or hormone blocking therapy.

Data collection. BMD measurements were taken at base-
line (M-24) and at M—12, MO, M+6 and M+12 of therapy, at the
femoral neck, total hip, and lumbar spine (L1-L4) using DXA with
the QDR Hologic Delphi machine. The variation coefficient for the
vertebral site was 1%, whereas it was 1.2% for the femoral neck.
Blood samples were collected in the morning after fasting at MO,
M+3, M+6, and M+12. The serum samples were aliquoted and
stored at —80°C until they were assayed for bone turnover

Denosumab
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Figure 1. Study design. M, month.
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markers (BTMs): CTX (a marker of bone resorption) and P1nP
(@ marker of bone formation)

To provide a comprehensive analysis of the BTMs trends, we
also collected M-24 and M-12 data retrieving the information
from electronic medical records (M-24 to MO). These included
CTX and P1nP, collected at M-24 and M-12 (ie, 24 and
12 months before MO, + 1 month). This approach allows for a lon-
gitudinal view of BTMs and BMD both before and after the initia-
tion of Romo or continuation of Dmab, enabling the comparison
of treatment effects over time. All participants received calcium
and vitamin D according to clinical practice (>1,000 |U/day of vita-
min D) +1,200 mg/day of calcium (dietary + supplements com-
bined if needed).

Sample size considerations. \We previously observed
that the difference in lumbar spine BMD between combination of
Romo and Dmab versus Dmab alone was around 6% at lumbar
spine, which corresponds to an effect size of |6| = 1.5.° We there-
fore needed a sample size of 11 in each group to reliably (with
probability >0.9) detect an effect size of |5] > 1.5, assuming a
two-sided criterion for detection that allows for a maximum Type
| error rate of a = 0.05. We finally aimed to conservatively include
25 patients in both groups to account for missing data.

Statistical analysis. Group comparisons were performed
with analysis of variance post hoc tests with P value adjusted with
Holm method. Categorical variables were compared with the chi-
squared test. All differences were considered significant when
P value < 0.05. Between-group percentages and absolute
changes in BMD and BTMs were assessed with a mixed model
for repeated measures (MMRM) using Satterthwaite and
restricted maximum likelihood method with treatment sequence,
time, treatment-by-time interaction, and baseline BMD as fixed
effects and with patients as random effect. Sensitivity analyses
missing data (if <6%) were imputed using a random forest algo-
rithm (Orange, version 3.37.0). The imputation process was itera-
tive and used a random forest model with 10 trees; the model
allowed for an unlimited number of features and unrestricted tree
depth. Splitting of nodes continued until each node contained
fewer than five instances. To assess the robustness of the primary
propensity score-matched analysis, we conducted a sensitivity
analysis using inverse probability of treatment weighting (IPTW)
based on the full cohort (n = 388 Dmab only, n = 25 Dmab +
Romo). Propensity scores were estimated through logistic
regression, including the same covariates used for matching
(age, sex, T score at femoral neck, total hip and lumbar spine,
prior vertebral and nonvertebral fractures, P1nP and CTX serum
levels). Stabilized inverse probability weights were applied to
everyone to create a pseudopopulation in which baseline covari-
ates were balanced between the two groups. To reduce the
impact of extreme weights, we performed trimming of propensity
scores at the first and 99th percentiles. Covariate balance after

weighting was assessed by standardized mean differences, with
values <0.10 considered indicative of good balance. Weighted
analyses were then conducted using MMRM for repeated mea-
sures to estimate the treatment effect on BMD and BTMs similarly
to the primary analysis. All statistical analyses were performed
using SPSS Version 26 (SPSS, Inc.), GraphPad Prism version
9.5.1 (GraphPad Software), JASP (version 0.19.0), and R (version
4.5.1). This study was approved by the University of Verona ethic
committee (prot. registration: REUMABANK 1483CESC). All
patients provided informed consent to participate in the study
and/or retrospective collection of the data. Patients provided con-
sent for publication of anonymized data. Data of the analysis is
available upon reasonable request.

RESULTS

Fifty patients were included in the prospective study, and
data before inclusion were retrieved from electronic medical
records. Supplementary Figure S1 shows the study flowchart.
Twenty-five women received Dmab alone, and 25 women
received Dmab first and then had Romo added to ongoing Dmab
(Dmab + Romo). Characteristics of the population included are
shown in Table 1.

Retrospective study results (M-24 to M0). BMD and
BTMs changes from M-24 and MO are shown in Figures 2
and 3, respectively. BMD significantly increased in both groups
between M-24 and MO. Lumbar spine increased by 5.2% (95%
confidence interval [Cl] 3.8-6.6; P < 0.001) and 5.5% (95% CI
3.9-7.1; P<0.001), femoral neck increased by 2.1% (95%
Cl 0.9-3.3; P = 0.028) and 2.2% (95% CI 1.0-3.4; P = 0.027),
and total hip increased by 2.3% (95% CI 1.3-3.3; P < 0.001)
and 0.8% (95% CI 0.2 to 1.8; P = nonsignificant [ng]).

We found a statistically significant decrease in P1nP levels
from M-24 to M-12 (-48.5 ng/mL, 95% CI -54.4 to -42.6;
P <.001 and -52.7 ng/mL, 95% Cl -58.2 to -47.2; P < .001)
and from M-24 to MO (-49.1 ng/mL, 95% Cl —61.8 to —-36.4;
P<0.001 and -48.3 ng/mL, 95% ClI -60.3 to -36.3;
P < 0.001). CTX decreased significantly in all Dmab users at M
-12 (-0.267 ng/mL, 95% CI -0.31 to -0.22; P < 0.001 and
—-0.262 ng/mL, 95% Cl —-0.32 to -0.21; P < 0.001) and remained
suppressed thereafter.

Prospective study results (MO to M+12). BMD and
BTMs changes from M-24 and MO are shown in Figures 2 and
3, respectively.

Dmab-alone continued. BMD slightly increased at all
sites between MO and M+12 but did not reach statistical signifi-
cance at any site. Between M-24 and M+12, the overall increases
in the Dmab-alone group were as follows: lumbar spine, 8.3%
(95% ClI 1.8-14.8; P = 0.042); femoral neck, 2.8% (95% CI -1.9
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Table 1. Study population characteristics*
Denosumab to Matched Unmatched
denosumab + denosumab to denosumab to Abs. SMD Abs. SMD
romosozumab denosumab denosumab Pre-matching Post-matching
Characteristics (n=25) (n=25) (n =388) or Abs. Diff. Pre, % or Abs. Diff. Post, %
Age, mean + SD, y 73.5+89 741 +£9.1 68.2 +10.5 0.51 0.07
BMI, mean + SD 246+29 244 +30 248 +3.2 0.06 0.07
Comorbidities, n (%)
Rheumatoid arthritis 1(4) 1(4) 28 (7) 3 0
MACE 0(0) 1(4) 28(7) 7 4
Hypertension 14 (56) 15 (60) 252 (65) 9 4
VTE 0(0) 3(12) 31(8) 8 12
CKD 2 (8) 3(12) 58 (15) 7 4
MGUS 0(0) 1(4) 12(3) 3 4
Prevalent vertebral fractures, n (%) 24 (96) 23(92) 310 (80) 16 4
Recent vertebral fractures (<2 y), n (%) 13(52) 12 (48) 116 (30) 22 4
Nonvertebral MOF fractures, n (%) 16 (64) 15 (60) 155 (40) 24 4
Hip fractures, n (%) 14) 1(4) 12 (3) 1 0
M-24 BMD and markers
Lumbar spine BMD, mean + SD, g/cm? 0.811+£0.113 0.801 £0.120 0.850 + 0.130 03 0.09
Femoral neck BMD, mean + SD, g/cm? 0.659 +0.169 0.670 + 0.167 0.700 + 0.180 0.23 0.07
Total hip BMD, mean + SD, g/cm2 0.686 + 0.187 0.690 £ 0.179 0.720 £ 0.190 0.18 0.02
Lumbar spine T score, mean + SD -1.9+09 -1.9+1.0 -1.6+1.1 0.28 0.01
Femoral neck T score, mean + SD =19« 10 =204 1,0 =M.7% 1.2 0.17 0.01
Total hip T score, mean + SD -23+12 -23+1.1 -20+13 0.23 0.01
CTX, mean + SD, ng/mL 0.387 +0.195 0.375 +0.200 0.410 £ 0.220 0.11 0.06
P1nP, mean + SD, ng/mL 81.2+22.7 825+235 75.0+25.0 0.25 0.07
PTH, mean £ SD, pg/mL 441 +18.1 425+ 188 40.0+20.0 0.21 0.09
Vitamin D, mean £ SD, ng/mL 38.1+135 39.0+138 35.0+15.0 0.21 0.07
MO BMD and markers
Lumbar spine BMD, mean + SD, g/cm2 0.853+£0.123 0.845+0.131 0.891 £0.170 0.23 0.06
Femoral neck BMD, mean + SD, g/cm? 0.673+0.175 0.685+0.174 0.712 £ 0.190 0.21 0.07
Total hip BMD, mean + SD, g/cm? 0.702+0.194 0.696 + 0.187 0.731 +0.201 0.15 0.03
Lumbar spine T score, mean + SD -14+0.7 -1.4+09 -1.1+£1.0 0.30 <0.01
Femoral neck T score, mean + SD -1.8+1.0 -19+1.1 -13+09 0.55 0.09
Total hip T score, mean £ SD -22+1.1 -22+1.1 -1.7+12 0.41 <0.01
CTX, mean £ SD, ng/mL 0.120 £ 0.081 0.113+£0.078 0.093 £ 0.070 0.38 0.08
P1nP, mean + SD, ng/mL 321 +214 342+223 36.6+20.3 0.22 0.09
PTH, mean £ SD, pg/mL 491 +21.1 485+ 22.8 45.0+20.0 0.20 0.03
Vitamin D, mean + SD, ng/mL 41.1+16.5 420+17.8 350+ 150 0.40 0.05

* Abs. diff., absolute difference; BMD, bone mineral density; BMI, body mass index; CKD, chronic kidney disease stages 3a-3b by KDIGO guide-
lines; CTX, C-terminal telopeptide of type | collagen; Dmab, denosumab; M, month; MACE, major adverse cardiovascular events; MGUS, mono-
clonal gammopathy of undetermined significance; MOF, major osteoporotic fractures; P1nP, procollagen | intact N-terminal peptide; PTH,
parathyroid hormone; Romo, romosozumab; SMD, standardized mean difference; VTE, venous thromboembolism.
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Figure 2. BMD changes over the study period for LS (left), TH (middle), and FN (right). Between-group differences were tested with a mixed
model for repeated measures using Satterthwaite and restricted maximum likelihood method with treatment sequence, time, treatment-by-time
interaction, and baseline BMD as fixed effects and with patients as random effect. a, P < 0.05 versus baseline; b, P = 0.074 for Dmab - Dmab
versus Dmab - Dmab + Romo. Error bars show 95% confidence interval. BMD, bone mineral density; Dmab, denosumab; FN, femoral neck;
LS, lumbar spine; Romo, romosozumab; TH, total hip.
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Figure 3. Bone turnover markers changes over the study period. P1np (left) and CTX (right). Between-group differences were tested with a
mixed model for repeated measures using Satterthwaite and restricted maximum likelihood method with treatment sequence, time, treatment-
by-time interaction, and baseline bone mineral density as fixed effects and with patients as random effect. a, P < 0.05 versus baseline; b, P <
0.001 for Dmab - Dmab versus Dmab - Dmab + Romo; ¢, P = 0.057 for Dmab - Dmab versus Dmab - Dmab + Romo. Error bars show
95% confidence interval. CTX, C-terminal telopeptide of type | collagen; Dmab, Dmab; P1nP, procollagen | intact N-terminal peptide;

Romo, Romo.

to0 7.5; P = ns); and total hip, 2.7% (95% Cl -1.4 t0 6.8; P = ng).
P1nP and CTX remained stable between MO and M+12.

Dmab + Romo. BMD significantly increased at lumbar
spine between MO and M+6 (3.4%; 95% Cl 0.1-6.7; P = 0.034)
and between MO and M+12 (6.1%; 95% Cl 0.6-11.6;
P = 0.028). Between M-24 and M+12, the overall increases in
the Dmab + Romo group were lumbar spine 11.6% (95% CI
5.7-17.5; P = 0.010), femoral neck 3.9% (95% CI 0.1-9.6;
P =0.042), and total hip 3.9% (95% Cl 0.1 to 7.6; P = 0.054).

P1nP increased significantly between MO and M+3 (+22.5
ng/mL, 95% CI 5.4-39.6; P = 0.028). P1nP decreased thereafter
(=17.6 ng/mL, 95% Cl -37.4 10 2.2; P = ns at M+12). CTX did not
change between MO and M+12.

Group comparisons. In the MMRM, we found a trend
toward significance at lumbar spine M+12 between the Dmab +
Romo and Dmab-alone groups (difference between groups
3.2%, 95% Cl -5.4 10 11.8; P = 0.074). We did not find any signif-
icant difference in femoral neck and total hip between groups at
M+12.

We found a significant difference at M+3 in P1nP levels between
the Dmab-alone and Dmab + Romo groups (difference between
groups 24.4 ng/mL, 95% Cl 0.3-49.1; P = 0.033). We found a trend

toward significance at M+6 in P1nP levels between the Dmab-alone
and Dmab + Romo groups (difference between groups 13.4 ng/mL,
95% Cl 1.7 10 28.5; P = 0.057). In the sensitivity analysis using IPTW,
after weighing, baseline characteristics were well balanced (all stan-
dardized mean differences <0.1), similar to the propensity score
matching.

The weighted analysis confirmed a trend toward greater lumbar
spine BMD gain at M+12 in the Dmab + Romo group compared to
Dmab alone: mean difference 3.1% (95% ClI -15 to 7.5
P =0.064). Similar trends were observed at the femoral neck (differ-
ence 1.0%, 95% Cl -1.8 to 3.9) and total hip (difference 1.2%,
95% Cl —1.3 10 3.8). For BTMs, P1nP at M+3 remained significantly
higher in the combination group (difference 21.0 ng/mL, 95% CI 5.0~
37.0; P =0.022), consistent with the primary analysis.

DISCUSSION

Herein we investigated the effects of Romo in combination
with ongoing Dmab treatment in postmenopausal women with
severe osteoporosis. In aggregate, we showed that ongoing
Dmab did not blunt the anabolic response to Romo.

When evaluating the percentage change from M-24 (24
months before initiation of Romo) to M+12, the final BMD gains
were around 11%. In contrast, the Dmab-only group exhibited a
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modest, nonsignificant, 3% increase in BMD between MO and M
+12, leading to a total gain of 8% over the 36-month study period.
However, the between-group difference at the lumbar spine was
modest (3.3%, 95% Cl -5.2 to 11.8), and due to the limited sam-
ple size, the study was underpowered to detect the expected 6%
difference used for sample size estimation. At the femoral neck
and total hip, the patterns were similar, albeit of a smaller magni-
tude, with the combination group showing greater BMD response
than the Dmab-only group.

The analysis of BTMs adds another layer of understanding to
the anabolic effects of Romo. After the initiation of Romo in the
combination group, P1nP increased markedly, with a similar
magnitude to what has been reported in patients on Romo naive
to treatment,®'° indicating a preserved anabolic response
despite continued CTX suppression. Interestingly, we previously
demonstrated that Dmab and bisphosphonates increased circu-
lating sclerostin levels, supporting the opportunity of a combined
approach with Romo to boost the BMD response.®'" In aggre-
gate, our finding suggests that Romo can stimulate bone forma-
tion through modeling-based mechanisms even in the context of
continued Dmab treatment. Indeed, the deep suppression of
CTXin this group further indicates a net anabolic effect with new
bone mass created. Interestingly, a recently published study
showed that, in mice, Dmab did not blunt the anabolic model-
ing-based effect of Romo, with overall similar BMD findings com-
pared to our study.'® The greater BMD gains reported in naive
patients receiving Romo'%'® can be attributed to the simulta-
neous stimulation of modeling-based and remodeling-based
bone formation. The latter was indeed not fully engaged in
patients who had already experienced remodeling suppression
during Dmab therapy. Indeed, the resorptions cavities were
already filled during the first period on Dmab (M-24 to M0), and,
therefore, the BMD gain, in terms of remodeling-based bone for-
mation, were already accrued in those patients.

In our study we included patients who had been on Dmab for
a long time to ensure they were in the fully closed remodeling
phase, where the response to ongoing Dmab is consistent, and
any additional BMD changes did not reflect remodeling-based
bone formation but only modeling-based bone formation as
observed in the extension phase of the FREEDOM trial.'* More-
over, the choice of a two-year prior Dmab exposure was mainly
pragmatic, aiming to ensure a homogeneous cohort, and we
believe that a longer prior exposure would not have significantly
altered the outcomes. Indeed, although the treatment duration’s
influence is critical in the context of discontinuation (rebound risk),
it should not affect the therapeutic response to combination ther-
apy with Romo in this specific study.

Combining Dmab with anabolic treatments has already been
done in the literature. Our group previously showed that Romo
combined with ongoing Dmab for 6 months increased BMD and
PinP more than Dmab alone®; herein we presented the
12-month findings with additional insight on the BMD and BTMs

trends before Romo treatment initiation. The efficacy of combin-
ing teriparatide and Dmab was reported in the Dmab and Teri-
paratide Administration (DATA) study.'®'® However, the results
of the DATA study and ours should not be directly compared.
Indeed, the DATA study included only Dmab-naive patients. Teri-
paratide acts primarily through stimulating remodeling-based
bone formation and needs opened remodeling units to be maxi-
mally effective on BMD. It could be speculated, therefore, that in
patients with fully closed remodeling surfaces due to long-term
Dmab therapy, the addition of teriparatide would lose part or even
most of its efficacy. Another study exploring combination of treat-
ments was conducted by our group in 2016."" In that study, teri-
paratide was introduced three months after Dmab initiation with
superimposable results to the DATA study. Nevertheless, the
short three-month period on Dmab before teriparatide addition
may be not sufficient to fully close all remodeling units, and the
reversal phase may still have been incomplete. In contrast, in the
present study Dmab was administered for two years, and, there-
fore, we can speculate that the P1nP and BMD increases were
mainly due to modeling-based bone formation, which was not
affected by ongoing Dmab treatment. Kumar and colleagues
recently published a small case series of three patients in whom
Romo was added to Dmab after three months from the last Dmab
dose."® Romo was then continued for 12 months, and Dmab was
restarted after 9 months from the last dose. In this scheme the
overlap between the two drugs was shorter, with three months
off Dmab between month 3 and month 6 of Romo treatment.
Despite the small number of patients included, the authors found
somehow similar results to ours, with larger increases at the lum-
bar spine. The off-Dmab period might permit a reopening of the
bone remodeling units with greater efficacy of Romo (ie, overflow
remodeling-based bone formation). However, this strategy may
not be optimal. First, a slight decrease in BMD for the reopening
of remodeling units with subsequent refill would not really increase
bone mass but just merely play with the remodeling space. Sec-
ond, prior studies showed that Romo cannot effectively prevent
the rebound associated Dmab withdrawal.># 92" Indeed, in the
study by Kumar et al, CTX serum levels steeply increased above
the normal postmenopausal range despite Romo treatment.'®
More recently, Hong and colleagues showed that the transition
from Dmab to Romo resulted in a significant increase in lumbar
spine BMD but not total hip BMD.?2 Of note, patients
were treated for a median period of two years with Dmab,
limiting the generalizability to short-term Dmab users. More
importantly, Hong and colleagues reported a significant increase
in CTX serum levels (greater than +100% at month 12) that paral-
leled the somewhat similar P1nP increase, after the transition from
Dmab to Romo. Nonetheless, even if the combination might rep-
resent an effective strategy, our results should consider broader
clinical and economic contexts, as the combination is significantly
more costly and might not be fully reimbursed by many health
systems.
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The more pronounced BMD gains observed at the lumbar
spine compared to the femoral neck and total hip likely reflect
site-specific differences in bone composition and responsiveness
to Romo. The lumbar spine, with its higher trabecular content, is
particularly sensitive to modeling-based bone formation, whereas
cortical sites such as the femoral neck and hip rely more on
remodeling-based bone formation and overflow remodeling-
based bone formation with closure of cortical porosity. In our
cohort, the prolonged suppression of bone turnover induced by
prior Dmab therapy may have attenuated the remodeling
response at these cortical-rich sites. Consistently, Kashii et al
reported that hip BMD increases with Romo were observed only
in patients with normal or elevated baseline P1nP levels, highlight-
ing the role of active bone formation in driving gains at the femoral
neck and hip.%®

Our study should be interpreted in light of the strengths and
limitations. The major strength is the detailed collection of data in
the prospective phase of the study with single-batch analysis of
BTMs and systematic collection of BMD data. Albeit potentially
of scientific interest, we did not include a group that switched
from Dmab to Romo. Indeed, we felt that this strategy would not
have been ethical due to the potential risk of rebound effect upon
Dmab discontinuation. It has been shown that Romo does not
totally prevent the rebound in BTMs associated with Dmab dis-
continuation, and there are reports of multiple vertebral fractures
in patients transitioning from Dmab to Romo.®* However, Hong
et al reported no vertebral fractures in 86 patients who transi-
tioned to Romo after a median of four Dmab doses.?? Yet, this
finding should be interpreted with caution. The absence of frac-
tures in that study could be influenced by factors such as the
shorter duration of prior Dmab treatment and chance, rather than
providing definitive evidence against the risk of rebound fractures.
We also acknowledge that body mass index (BMI) and renal func-
tion (€GFR) were not included in the propensity score model or
IPTW, although patients with severe chronic kidney disease were
excluded and BMI was well balanced between groups; residual
confounding from unmeasured variables cannot be completely
ruled out. Further adequately powered randomized controlled tri-
als are needed to confirm our findings; however, a randomized
controlled trial design was not feasible in our setting due to ethical
considerations. Our study may therefore serve as a basis for
future sample size estimations. The lack of fracture outcomes is
another limitation of our study, and future studies with larger
cohorts are needed to evaluate this endpoint.

In conclusion, our data suggest that Romo can retain its
anabolic potential when introduced in combination with Dmab.
The findings support the combination of Romo and Dmab in
patients with severe osteoporosis treated with long-term Dmab
in whom the response to treatment is not deemed adequate.
Yet, these findings should be interpreted as exploratory and
hypothesis-generating, pending confirmation in larger, pro-
spective studies.
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Clinical Images: Alkaptonuria: a conundrum

The patient, a 74-year-old hypertensive man, presented with generalized aches and pains, flexor contractures in both palms for five years, and
tingling and numbness in both hands and feet for two years. Physical examination revealed blackish pigmentation in the bilateral pinna and sclera
of the eyes (A). The patient had synovitis in both knees, with crepitus and restricted range of motion. Thoracic kyphosis with loss of lumbar lor-
dosis was noted (B). Neurologic examination revealed impaired touch sensation below the left knee. Cardiovascular evaluation revealed a grade
3 pansystolic murmur over the apex. Two-dimensional echocardiography revealed thickened calcified anterior and posterior mitral leaflets with
mild mitral regurgitation. Nerve conduction study confirmed axonal neuropathy affecting both lower limbs. Radiographs revealed calcification
over the intervertebral discs and menisci of the bilateral knee joints (B and C). Pelvic ultrasonography revealed prostatic calcification (D). His urine
turned black upon exposure to sunlight (E). His urine homogentisic acid was positive (qualitative), which confirmed the diagnosis. Alkaptonuria
(AKU) is characterized by a deficiency of the enzyme homogentisate 1,2-dioxygenase, leading to homogentisic acid deposition in tissue and mul-
tiorgan involvement. AKU is a diagnostic dilemma owing to its mimicry of other conditions such as spondylarthritis. The essence of diagnosis is to
identify the triad of symptoms: dark urine, ochronosis, and ochronotic arthropathy, corroborated by biochemical or genetic assessment. A new
overview map has recently been created that reports 1,233 patients with AKU worldwide. Early intervention with treatments such as nitisinone?
may help to manage disease progression and improve patient outcomes.

Author disclosures are available at https.//onlinelibrary.wiley.com/doi/10.1002/art.43438.
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Clinical Images: Sevoflurane-induced periostitis
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A 25-year-old patient was treated with the volatile anesthetic sevoflurane for approximately three months due to agitation unresponsive to
intravenous anesthetics. The patient had septic multiorgan failure resulting from a Bartholin abscess and COVID-19 pneumonia with bac-
terial superinfection and empyema. Chronic medical conditions included GAD65 antibody—positive autoimmune encephalitis, temporal
lobe epilepsy, and Ig deficiency syndrome. The patient developed clinical signs of monoarthritis at the right elbow, raising suspicion for
septic or autoimmune arthritis. Arthrosonography revealed severe pericapsulitis without distinct synovitis and joint effusion. Arthrocentesis
yielded no fluid. X-ray imaging demonstrated signs of calcifying periostitis (red arrows), amorphous calcifications at the medial aspect of
the joint capsule (white arrows), and altered trabeculation in the juxtaarticular distal humerus. A subsequent chest computed tomography
identified periostitis with new bone formation of ribs two to eight bilaterally, both scapulae, and both proximal humeri (yellow arrows). Fluo-
ride levels were elevated in serum (1.62 mg/L; normal <0.1 mg/L) and urine (47.0 mg/L; normal <1.0 mg/L). This led to a diagnosis of
sevoflurane-induced skeletal fluorosis. Three weeks after discontinuing sevoflurane, clinical and ultrasound signs regressed, and fluoride
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levels in serum (0.24 mg/L) and urine (1.7 mg/L) dropped. Unfortunately, the patient died soon thereafter due to refractory septic shock.
Approximately 5% of inhaled sevoflurane are metabolized to hexafluoroisopropanol with release of inorganic fluoride and carbon dioxide.
Although skeletal fluorosis from environmental exposure? and long-term voriconazole exposure® is recognized, to our knowledge, this is
the first reported case associated with volatile anesthetics. Informed consent could not be obtained because the patient was deceased.
All efforts were made to ensure that no personally identifiable information was disclosed.
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Nociplasticity, rather than fibromyalgia, best
conceptualizes symptoms not linked to well-defined
organ disease in systemic lupus erythematosus:
comment on the article by Pisetsky et al

To the Editor:

Pisetsky et al suggest that nociplasticity, rather than fibromy-
algia (FM), be adopted as a unifying term and concept to account
for the widespread pain, fatigue, cognitive, mood, and sleep
disturbances in systemic lupus erythematosus (SLE) that cannot
be explained by characteristic immune or inflammatory mecha-
nisms." They comment that “lupus-associated nociplasticity
(LAN)” integrates these diverse symptoms within an immunologic
framework, providing a mechanistic understanding lacking in FM.

SLE, as the authors note, is the prototypic systemic autoim-
mune disease. Its pathogenesis, diagnosis, and therapy are
based on aberrant autoimmunity driving systemic inflammation.
In contrast, FM is the prototypic nociplastic pain condition. Its
pathogenesis, diagnosis, and therapy are based on central sensi-
tivity. FM and nociplastic pain, present in 3% to 5% of the general
population, is found in 20% to 30% of patients with systemic
autoimmune diseases, including SLE, rheumatoid arthritis, and
spondyloarthropathies.? However, FM is also present in 20% to
30% of a variety of chronic pain conditions, including osteoarthri-
tis and chronic low-back and neck pain, not considered autoim-
mune in nature.

Pisetsky et al propose that neuroimmune dysfunction
integrates classic SLE autoimmunity, including anti-DNA antibod-
ies and tissue inflammation, to nociplastic symptoms, including
levels of pain, fatigue, mood, stress, dysautonomia, and intero-
ception.” Neuroimmune dysfunction has been evaluated in FM,
other chronic pain disorders, and depression.? Nonspecific, sub-
tle alterations in cytokines have been detected in FM, but elevated
acute phase reactants and characteristic anti-DNA and anti-RNA
autoantibodies are absent. There is no evidence of central
nervous system inflammation or structural damage, and pain
severity correlates with functional changes in neuro-connectivity.

Associating the severity of these nociplastic symptoms in
SLE to autoimmunity would result in unwarranted testing and
overtreatment. In SLE and rheumatoid arthritis, the severity of
pain and fatigue often do not correlate with traditional disease
activity measures, and the presence of comorbid FM and
nociplastic pain has been associated with failure to respond to
immune therapy.®

FM and nociplastic pain are firmly established as a chronic
illness, characterized by widespread pain, fatigue, and sleep
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disturbances that cannot be attributed to another disease. The
ambiguity, uncertainty, and lack of prestige inherent in FM noted
by the authors is no different than that of chronic headaches,
low-back pain, and depression. Such symptoms may be
aggravated by a comorbid disease, but their pathogenesis and
treatment are independent of that disease. LAN fits the illness
model of FM but not the autoimmune disease profile of SLE.

Author disclosures are available at https://onlinelibrary.wiley.com/doi/
10.1002/art.43426.
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erythematosus. Arthritis Rheumatol 2025;77(8):966-970.

2. Clauw DJ. From fibrositis to fibromyalgia to nociplastic pain: how
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Ann Rheum Dis 2024;83(11):1421-1427.

3. Chmielewski G, Majewski MS, Kuna J, et al. Fatigue in inflammatory
joint diseases. Int J Mol Sci 2023;24(15):12040.

DOI 10.1002/art.70040
Reply

To the Editor:

We thank Dr Goldenberg for his thoughtful comments on our
proposal for new terminology for symptoms of systemic lupus
erythematosus (SLE)." Specifically, we suggested the term
“lupus-associated nociplasticity” (LAN) to encompass pain and
related symptoms (ie, fatigue, mood disturbance, cognitive
dysfunction) that occur prominently in lupus. We suggested that
new terminology could increase understanding of lupus symp-
tomatology as well as facilitate both research and clinical care.

At present, three types of pain are now distinguished:
nociceptive, neuropathic, and nociplastic.? Nociplastic pain, the
newest addition to the classification, basically involves pain that
cannot be readily categorized as nociceptive (tissue injury) or
neuropathic (nerve abnormality). Although the mechanism of
nociplastic pain is not known, disturbance in neural processing
is likely and is usually denoted as central sensitization.® Peripheral
sensitization may also occur.
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For rheumatologists, fioromyalgia is the most frequent
condition linked with sensitization.* As Dr Goldenberg correctly
indicates, fioromyalgia can occur with a variety of diseases. In this
framework, fibromyalgia is a diagnosis, nociplastic pain is a
descriptor (or classifier), and central and/or peripheral sensitiza-
tion is a presumed mechanism. We have proposed the term
nociplasticity rather than nociplastic pain as the descriptor to
account better for the abnormalities in sensory processing that
extend beyond pain and expand symptomatology.

Two main reasons have prompted this proposal. First, the
current construct for nociplastic pain includes symptoms other
than pain (ie, fatigue). We think that nociplasticity provides a more
apt description of the symptom complex. The second reason
relates to communication with patients. Many patients consider
pain as their “lupus.”® Identifying this pain as LAN can promote
better clinical care by validating symptoms of patients as lupus
rather than another diagnosis (ie, fiboromyalgia), which can be
confusing, leading to discordance between patient and provider
and fragmenting care.

Because of the frequency of nociplasticity in SLE, an
important issue concerns the role of the immune system.® As pro-
vocative studies have now demonstrated, antibodies in the blood
of patients with fioromyalgia can mediate pain behavior when
transferred into mice.” These findings, along with the role of
immune mediators in brain function (neuroinflammation), raise
the possibility that immune disturbances drive nociplasticity.®

In contrast to Dr Goldenberg, we think that the use of the term
LAN, rather than leading to unwarranted testing, will encourage
more diverse and relevant testing (eg, pain maps, inventories for
central sensitization) to anchor the determination of nociplasticity in
routine care.®'° Because assessing disease activity in SLE is chal-
lenging, we think that recognition of nociplasticity as a cause of
symptoms can potentially limit overtreatment with immunosuppres-
sive agents, whose use may be prompted by patient reports of flare.
It may also direct attention to managing symptoms such as depres-
sion and use of pharmacologic or nonpharmacologic therapies.

The future will likely see important advances in diagnosis and
treatment of pain and other features of nociplasticity wherever
they occur. We hope that rheumatologists will be leaders in this
advance and look forward to further discussion to improve under-
standing and treatment of the most common and debilitating
symptoms in our field.

Author disclosures are available at https.//onlinelibrary.wiley.com/doi/
10.1002/art. 70040.
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Rituximab versus cyclophosphamide for IgA vasculitis

To the Editor:

Adult-onset IgA vasculitis (IgAV) carries a substantial risk of
progressive glomerulonephritis and chronic renal dysfunction.”
Although cyclophosphamide is frequently prescribed for severe
adult IgAV based on evidence from other vasculitides, a small trial
failed to demonstrate renal benefit."? Conversely, promising data
on rituximab’s efficacy for renal disease are limited to small
uncontrolled case series, leaving comparative effects on definitive
renal outcomes largely undefined.® This study addresses a critical
evidence gap by comparing renal outcomes between these ther-
apies, providing data to guide evidence-based treatment
selection.

We conducted an emulated trial with patients across
76 health care organizations using electronic medical record data
from a deidentified database, TriNetX, from 2017 to 2025. This
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study was deemed exempt from approval by the Mass General
Brigham Institutional Review Board. This study adhered to
Strengthening the Reporting of Observational Studies in Epidemi-
ology guidelines.

Using International Statistical Classification of Diseases and
Related Health Problems, Tenth Revision (ICD-10) and BRxNorm-
based algorithms utilized in prior research, we identified a cohort
of 1,190 adults diagnosed with IgAV and concurrent glomerular
disease who also received a first prescription for rituximab or
cyclophosphamide within one year of diagnosis.* To emulate an
intention-to-treat analysis, patients were analyzed according to
their initial treatment assignment. To emulate randomization, pro-
pensity score matching (1:1, using a nearest neighbor greedy
matching algorithm) was applied to balance treatment groups on
demographics, comorbidities, laboratory data, and medication
use (Table 1, Supplementary Table S1).

Table 1.

Primary outcomes were five-year incidences of end-stage
renal disease (ESRD), dialysis dependence, kidney transplanta-
tion, and chronic kidney disease (stage Ill-V), excluding patients
with prior such diagnoses. Varicose vein and trauma (laceration)
diagnoses served as negative controls. Outcomes and comor-
bidities were identified utilizing previously validated ICD-10
codes.®® Hazard ratios (HRs) for all outcomes were estimated
using Cox regression models on weighted samples.

After matching, 368 patients were analyzed in each group,
with minimal differences in baseline characteristics between
groups (standardized mean difference < 0.10) (Table 1). Among
368 matched pairs, those treated with rituximab had lower risks
of ESRD (HR 0.65; 95% confidence interval [CI] 0.45-0.93), dialy-
sis dependence (HR 0.66; 95% CI 0.45-0.97), kidney transplan-
tation (HR 0.50; 95% CI 0.29-0.87), and stage Il to V chronic
kidney disease (HR 0.65; 95% CI 0.49-0.88) compared to those

Baseline patient characteristics in patients with IgA vasculitis treated with rituximab versus cyclophosphamide®

Before PSM

After PSM

Rituximab cohort Cyclophosphamide

Rituximab cohort Cyclophosphamide

Characteristic (n=472) cohort (n=758) SMD (n=368) cohort (n = 368) SMD
Age at index, mean (SD), y 50.9 (21.4) 47.8(23.4) 0.137 50.2 (21.8) 496 (21.9) 0.025
Sex, n (%)
Female 253 (53.7) 347 (50.1) 0.072 187 (50.8) 201 (54.6) 0.076
Male 199 (42.3) 331 (47.8) 0.112 168 (45.7) 156 (42.4) 0.066
Unknown sex 19 (4.0) 14 (2.0) 0.118 13(3.5) 11 (3.0) 0.031
Race and ethnicity, n (%)
American Indian or Alaska Native 10(2.1) 10 (1.4) 0.051 10(2.7) 10(2.7) <0.001
Asian 19 (4.0) 48 (6.9) 0.128 17 (4.6) 18 (4.9) 0.013
Black or African American 48(10.2) 77 (11.1) 0.030 33(9.0) 37(10.1) 0.037
Native Hawaiian or other 10(2.1) 10(1.4) 0.051 10(2.7) 10(2.7) <0.001
Pacific Islander
Other race 18 (3.8) 34(4.9) 0.053 18 (4.9) 13(3.5) 0.068
Unknown race 66 (14.0) 74(10.7) 0.101 48 (13.0) 47 (12.8) 0.008
White 312 (66.2) 451 (65.2) 0.023 245 (66.6) 247 (67.1) 0.012
Comorbidities, n (%)
Hypertension 309 (65.6) 385 (55.6) 0.205 226 (61.4) 224 (60.9) 0.011
Hyperlipidemia 190 (40.3) 216 (31.2) 0.191 139 (37.8) 135 (36.7) 0.022
Diabetes mellitus 122 (25.9) 115 (16.6) 0.228 82 (22.3) 81 (22.0) 0.007
Chronic kidney disease 278 (59.0) 307 (44.4) 0.297 199 (54.1) 201 (54.6) 0.011
Sjogren disease 5(5.3) 13(1.9) 0.185 10 (2.7) 11 (3.0) 0.016
Rheumatoid arthritis 57 (12.1) 33 (4.8) 0.266 23(6.3) 30(8.2) 0.074
Systemic lupus erythematosus 62 (13.2) 97 (14.0) 0.025 45(12.2) 59 (16.0) 0.109
Smoking status (nicotine dependence) 110 (23.4) 125 (18.1) 0.131 76 (20.7) 86 (23.4) 0.066
Chronic viral hepatitis B 10(2.1) 10(1.4) 0.051 10(2.7) 10(2.7) <0.001
without delta agent
Chronic viral hepatitis C 22 (4.7) 1(1.6) 0.178 10 (2.7) 10(2.7) <0.001
HIV disease 10 (2.1) (1.4 0.051 0(2.7) 0(0.0) 0.236
Laboratory values
GFR, mean + SD, mL/min/1.73 m? 553 +39.8 494 +35.0 0.159 50.8 +35.3 491 +33.2 0.083
GFR 60-90 mL/min/1.73 m?, n (%) 139(29.5) 225(29.7) 0.005 109 (29.5) 109 (29.7) 0.005
GFR =90 mL/min/1.73 m?, n (%) 95(20.1) 158 (20.8) 0.017 74 (20.1) 77 (20.8) 0.017
Medications, n (%)
Mycophenolate mofetil 101 (21.4) 75 (10.8) 0.291 63 (17.1) 60 (16.3) 0.022
Tacrolimus 52 (11.0) 17 (2.5) 0.347 20 (5.4) 17 (4.6) 0.037
Azathioprine 52 (11.0) 33 (4.8) 0.234 24 (6.5) 32(8.7) 0.082

* GFR, glomerular filtration rate; PSM, propensity score matching; SMD, standardized mean difference.
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Table 2. Associations of rituximab versus cyclophosphamide for risk of incident renal, cardiac, and thromboembolic
complications and negative control outcomes in patients with IgA vasculitis*

Rituximab cohort  Cyclophosphamide
incident cases cohort incident Log-rank

Outcome (n=368) cases (n = 368) Hazard ratio (95% Cl) P value
End-stage renal disease 49 72 0.65 (0.45-0.93) 0.019
Dialysis dependence 42 64 0.66 (0.45-0.97) 0.034
Kidney transplantation 18 36 0.50(0.29-0.87) 0.014
Stage IlI-V chronic kidney disease 76 105 0.65 (0.49-0.88) 0.004
Cardiovascular events
Myocardial infarction 13 22 0.71 (0.36-1.42) 0.33
Stroke 14 17 0.93 (0.46-1.89) 0.84
Thromboembolic events
Venous thromboembolism 18 19 1.07(0.47-2.48) 0.87
Pulmonary embolism 15 18 0.89 (0.45-1.77) 0.74
Negative controls
Trauma (laceration of the head) 14 16 0.99 (0.41-2.35) 0.98
Varicose veins 11 11 1.00(0.42-2.37) 0.99

* Cl, confidence interval.

treated with cyclophosphamide (Table 2). There was no
difference in risks of myocardial infarction (HR 0.71; 95% CI
0.36-1.42), stroke (HR 0.93; 95% Cl 0.46-1.89), or venous
thromboembolism (HR 1.07; 95% CI 0.47-2.48). There was no
increased risk of negative control outcomes.

Among patients with IgAV, we found that rituximab com-
pared to cyclophosphamide treatment was associated with a
reduced risk of long-term renal complications. Study strengths
include its large sample size given disease rarity, extensive covar-
iate matching, and negative control analysis. Study limitations
include confounding by indication (though controlling for labora-
tory data may reduce disease severity—related bias), inability to
stratify risk between skin-limited and renal-involved disease, lack
of medication dosing and exposure data, generalizability consid-
erations given the large academic center representation, inability
to evaluate combination therapy due to limited sample sizes, mis-
classification risk due to reliance on structured clinical data, and
other potential unmeasured confounders. For instance, the lack
of urinalysis or histopathologic data may bias estimates toward
the null or overstate rituximab’s benefit if cyclophosphamide is
preferentially used in severe cases.

In the context of scarce high-quality evidence, these findings
offer novel real-world evidence to inform therapeutic decision-
making in adult patients with IgAV and renal involvement.

Data used in this study were obtained from the TriNetX Research
Network, a federated health research network. Due to proprietary
restrictions and institutional data sharing agreements, individual-level
data cannot be shared publicly. Drs Sparks, LaChance, and Piette con-
tributed equally and should be considered co-senior authors. Mr Maha-
jan’s work was supported by the Rheumatology Research Foundation

Future Physician Scientist Award. Dr Sparks’ work was supported by
the National Institute of Arthritis and Musculoskeletal and Skin Diseases
(grants RO7-AR-080659, RO1-AR-077607, P30-AR-070253, and
P30-AR-072577) and the National Heart, Lung, and Blood Institutes,
NIH (grantR0O1-HL-155522); the R. Bruce and Joan M. Mickey Research
Scholar Fund; and the Llura Gund Award funded by the Gordon and
Llura Gund Foundation. All listed funders had no role in the preparation
or decision to publish this article.
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