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Cover image: The image on the cover (Lakin et al; pages 418-427) shows imaging mass cytometry of
diffuse cutaneous systemic sclerosis skin revealing distinct fibroblast microenvironments. In a patient
with disease duration of six months who clinically improved at 52 weeks, CD34+ fibroblasts localize
to superficial dermal layers with lower collagen density, whereas a-SMA+ fibroblasts predominate in
deeper dermal layers with higher collagen density.
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Cellular Mechanisms Underlying Transition from Psoriasis to

Psoriatic Arthritis

Multiple lines of evidence indi-
cate that T cells are key drivers i)
of immunopathology in psori-

asis and psoriatic arthritis. In~ §
this issue, & ° o o
p. 332 Grakhoff et & =
. (p. 332) £
report the results of the first
cross-sectional study to investi- = & psorisis .
gate the immunological charac- o Subclinical =
psoriatic arthritis 8

teristicsof 116 patientsacrossthe
spectrum of psoriatic disease. -6
The investigators found that
the transition from psoriasis to
psoriatic arthritis is associated
with distinct alterations in the
peripheral blood T cell compart-
ment, with T cytotoxic 17 (Tcl7)
cells being most predictive of

@ Psoriatic arthritis S O e

PLS Component 1: 70.36%

Figure 1. Patientswith psoriasis (red), subclinical psoriatic arthritis (green),
and psoriatic arthritis (blue) display overlapping T cell subset endotypes with
remarkable divergence in subclinical psoriatic arthritis, as shown by a partial
least squares—discriminant analysis (PLS-DA). Theresults areillustrated as a
PLS score plot with confidence ellipses set at 80%.

| earning—assi sted, unsupervised
clustering analysis identified
changes in Tcl7 cell frequen-
cies associated with transi-
tion to psoriatic arthritis and
the presence of enthesitis. The
investigators found higher Tc17
frequencies in patients with
subclinical psoriatic arthritis
compared with psoriasis and
definitive psoriatic arthritis, as
well asin patients with enthesitis
compared with those without
enthesitis.

The authors write that the
findings provide insight into
immunopathol ogic mechanisms
that drive disease progres-
sion from psoriasis to psoriatic

the transition.

Analysis of the frequencies of effector
memory CD4* T (TEM) cells, T helper 17
(Th17), and Tc17 cellsrevealed overlapping
T cell endotypes among patient subgroups
with psoriasis, subclinical psoriatic arthritis,

and psoriatic arthritis. In the study cohort,
approximately one-third of patients with
subclinical psoriatic arthritis and half
of those with rheumatologist-diagnosed
psoriatic arthritis had enthesitis. Machine

arthritis and suggest that CD4*
TEM, Th17, and, in particular, Tc17 cells
may migrate to joints and entheses during
this transition. If true, Tc17 cells may be
a novel potential therapeutic target for
preventing transition.

Skin Biopsies Can Enhance Prediction of SSc Outcomes

Although systemic sclerosis (SSc) clin-
ical trials frequently obtain skin biopsies to
evaluate treatment effects at the tissue level,
such biopsies are used less often in clinical

care. In thisissue, Lakin
p. 4 1 8 et al. (p. 418) report that
I skin biopsy assessments
provide insight into the heterogeneity of
diffuse cutaneous SSc (dcSSc). Specifically,
fibroblast immunophenotype varied with
baseline duration of disease and improved
performance of a logistic regression model
to identify patients who responded to myco-
phenolate mofetil (MMF).

Theinvestigators eval uated an international
cohort of 105 patients with dcSSc enrolled in
clinical interventional trials. Patients under-
went baseline biopsies and had 52-week, high-
quality, tria-level clinical data with minimal
missing values. Theauthors note that amajority
(70%) of patients receiving MMF in the trials
had clinical improvement, underscoring the
utility of MMF as treatment for dcSSc as well
asthechallengesclinical trialsfacewhenincor-
porating MMF as background therapy.

Baseline fibroblast immunophenotype, but
not the modified Rodnan skin score (mRSS),
varied with disease duration. Moreover, the

a-smooth muscle actin and CD34 fibroblast
markers coexisted in a substantial number of
patients, and imaging mass cytometry reveaed
regional variation of fibroblast subtypes within
samples. The researchers’ final model did not
identify RNA polymerase III antibody status
or baseline mRSS as independent predictors
of clinical improvement on MMF but relied
instead on patients’ fibroblast profile. The prog-
nostic impact of the fibroblast profile varied
by disease duration at the time of biopsy, and
the authors concluded that skin biopsies may
help refine dcSSc prognosis and guide patient
management decisions.

A17



Telomere Length Predicts SSc-1LD Disease Outcomes

Telomere dysfunction is associated with
several age-related diseases, as well as all-
cause mortality. Previous studies have found
shortened peripheral blood leukocyte telo-

mere length (PBL-TL)
p. 428 across several forms of
I interstitial lung disease
(ILD) and systemic sclerosis (SSc). These
findings have led researchers to hypothesize
that aberrant aging and telomere dysfunc-
tion may directly contribute to the onset
and progression of SSc lung disease. In
this issue, Yang et al. (p. 428) report study
results showing that short PBL-TL is asso-
ciated with pulmonary disease severity and
predicts worse SSc outcomes.

The investigators compared PBL-TL
measurements from a large, well-charac-
terized longitudinal cohort of SSc patients
against those from age-matched healthy
controls. PBL-TL was significantly shorter
in patients with SSc than in healthy controls,
with the shortest PBL-TL in individuals with
concurrent ILD and pulmonary hyperten-
sion. PBL-TL was not associated with skin
disease or peripheral vascular disease. More-
over, TL was shorter in lung epithelial cells
from SSc-ILD patients compared with those
from healthy controls, although no TL differ-
ence was found in skin epithelial cells of the
two groups.

Regardless of baseline length, PBL-TL

Journal Club

shortened more rapidly in SSc patients
than in the general healthy population and
faster in patients with early SSc compared
to those with longer disease duration. The
degree of telomere shortening was associ-
ated with worse clinical outcomes, including
increased hospitalizations for respiratory
failure and poorer event-free survival. The
authors suggest these findings could be used
to stratify SSc patients at risk of more severe
or progressive disease, particularly more
severe pulmonary involvement, and conclude
by calling for further investigation into the
role of telomere dysfunction in SSc pathogen-
esis and for validation of TL as a prognostic
biomarker in SSc.

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

Gut Microbiota Community Types and Response to Fecal Microbiota

Transplantation in Patients With PsA

Qin et al. Arthritis Rheumatol. 2026;78:320-331.

Psoriatic arthritis (PsA) is a systemic inflammatory disease
increasingly linked to changes in the gut microbiota.This random-
ized, controlled study examined whether gut microbiota compo-
sition before treatment might predict how well patients would
respond to fecal microbiota transplantation (FMT)—a procedure
that transfers gut microbes from a healthy donor to a patient to
restore microbial balance. Patients with a Bacteroides-dominated
community structure at baseline were more likely to experience
lasting clinical benefit after just one FMT.

Although only a few FMT studies have investigated the impact
of microbiota community types (or “enterotypes”), research in
obesity and inflammatory bowel disease has shown that people
with different enterotypes can display distinct immune and meta-
bolic profiles.When we observed two clearly separated commu-
nity types among PsA patients, we wondered whether this under-
lying microbial community could influence FMT outcomes. The
results supported this idea and suggested that community struc-
ture may be a key factor shaping the therapeutic response to
microbiota-based interventions.

We used shotgun metagenomic sequencing to characterize
the gut microbiota, which provided deeper insight into microbial
dynamics.This approach provides higher taxonomic and functional
resolution than traditional 16S rRNA amplicon sequencing and
allowed us to track donor and recipient strains after

A18

transplantation. By capturing these strain-level changes, we began
to link microbial engraftment patterns with clinical response.
Overall, the findings add a new perspective on the role of gut
microbiota in PsA and raise the possibility that baseline microbial
features could help guide future FMT strategies.

Questions

I. What are the strengths and limitations of shotgun
metagenomic sequencing compared with 16S rRNA
sequencing for characterizing gut microbiota in FMT
studies and beyond?

2. How were community types defined in this study, and
what statistical or bioinformatic methods can best
capture such clustering in microbiome data?

3. What factors might explain the greater donor strain
persistence observed in long-term responders?

4. Could repeated or personalized FMTs improve outcomes
in patients with non-Bacteroides-dominated microbiota?

5. Could gut microbiota community typing also be relevant
for predicting response to conventional therapies in
PsA and other autoimmune or inflammatory rheumatic
diseases?
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Clinical Connections

Performance of an ldiopathic Pulmonary
Fibrosis—Derived Multibiomarker Panel
for RA-ILD

Luedders et al. Arthritis Rheumatol. 2026;78:302—-310.

CORRESPONDENCE
Bryant England, MD, PhD: Bryant.england@unmc.edu

VA | toterans attairs  ———~y KEY POINTS
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3 @ Eotaxin * Overlapping peripheral biomarker
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SUMMARY

Rheumatoid arthritis—associated interstitial lung disease (RA-ILD) is an extra-articular manifestation of RA associated
with increased morbidity and mortality. VWhile ACR/CHEST guidelines recommend screening at-risk RA patients for
ILD, selecting which patients are most likely to benefit from screening remains a challenge in the clinical setting.

In this study by Luedders et al, a multibiomarker score incorporating peripheral blood biomarkers associated
with idiopathic pulmonary fibrosis (IPF) was derived in independent development cohorts and subsequently
validated within the Veterans Affairs Rheumatoid Arthritis (VARA) registry. Individuals with the highest quartile
multibiomarker scores were over two times as likely to have RA-ILD at baseline and to develop new RA-ILD
during follow-up. These findings suggest a potential role for IPF-associated peripheral blood biomarkers in RA-ILD
risk stratification that may also clarify the overlap in pathogenesis with IPF.
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Prognostic Value of Lupus Anticoagulant
and Anti-2GPI Antibody in Adverse
Pregnancy Outcomes

Nonobe et al. Arthritis Rheumatol. 2026,;78:37 | -384.
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Obstetric antiphospholipid syndrome (APS) is considered one of the most treatable causes of recurrent pregnancy
loss. To confirm a diagnosis of APS, international criteria require presence of antiphospholipid antibodies (aPLs),
including lupus anticoagulant (LA), anticardiolipin (aCL) IgG and IgM, and anti-f2-glycoprotein | (2GPI) 1gG and
lgM. Although the efficacy of these aPL assays has been demonstrated in studies of thrombotic APS, their utility in
obstetric APS has not yet been established. Nonobe et al. examined whether the presence of criteria and non-
criteria aPLs could predict adverse pregnancy outcomes in pregnant women.

Blood samples from more than 1,200 pregnant women living in Japan were tested using a variety of aPL-related
assays. Pregnancy outcomes were followed, and receiver operating characteristic curves and area under the curve
(AUC) were calculated to assess diagnostic performance. LA-RVVT and anti-B2GPI 1gG were each found to be
predictors of early-onset preeclampsia and intrauterine fetal death (IUFD), respectively. The AUC for early-onset
preeclampsia increased to ~0.8 when combined with complications of systemic lupus erythematous (SLE),
hypertension, chronic kidney disease (CKD) and heart failure.The AUC for IUFD increased to ~0.8 when combined
with a history of IUFD.
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Telomere Length Predicts SSc-1LD Disease Outcomes

Telomere dysfunction is associated with
several age-related diseases, as well as all-
cause mortality. Previous studies have found
shortened peripheral blood leukocyte telo-

mere length (PBL-TL)
p. 428 across several forms of
I interstitial lung disease
(ILD) and systemic sclerosis (SSc). These
findings have led researchers to hypothesize
that aberrant aging and telomere dysfunc-
tion may directly contribute to the onset
and progression of SSc lung disease. In
thisissue, Yang et al. (p. 428) report study
results showing that short PBL-TL is asso-

ciated with pulmonary disease severity and
predicts worse SSc outcomes.

The investigators compared PBL-TL
measurements from a large, well-charac-
terized longitudinal cohort of SSc patients
against those from age-matched healthy
controls. PBL-TL was significantly shorter
in patientswith SSc than in healthy controls,
with the shortest PBL-TL inindividualswith
concurrent ILD and pulmonary hyperten-
sion. PBL-TL was not associated with skin
disease or peripheral vascular disease. More-
over, TL was shorter in lung epithelial cells
from SSc-IL D patients compared with those
from healthy controls, although no TL differ-
encewasfound in skin epithelial cellsof the
two groups.

Regardless of baseline length, PBL-TL

Journal Club

shortened more rapidly in SSc patients
than in the general healthy population and
faster in patients with early SSc compared
to those with longer disease duration. The
degree of telomere shortening was associ-
ated with worse clinical outcomes, including
increased hospitalizations for respiratory
failure and poorer event-free survival. The
authors suggest these findings could be used
to stratify SSc patients at risk of more severe
or progressive disease, particularly more
severe pulmonary involvement, and conclude
by calling for further investigation into the
role of telomere dysfunctionin SSc pathogen-
esisand for validation of TL as a prognostic
biomarker in SSc.

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

Gut Microbiota Community Types and Response to Fecal Microbiota

Transplantation in Patients With PsA

Qin et al. Arthritis Rheumatol. 2026;78:320-331.

Psoriatic arthritis (PsA) is a systemic inflammatory disease
increasingly linked to changes in the gut microbiota.This random-
ized, controlled study examined whether gut microbiota compo-
sition before treatment might predict how well patients would
respond to fecal microbiota transplantation (FMT)—a procedure
that transfers gut microbes from a healthy donor to a patient to
restore microbial balance. Patients with a Bacteroides-dominated
community structure at baseline were more likely to experience
lasting clinical benefit after just one FMT.

Although only a few FMT studies have investigated the impact
of microbiota community types (or “enterotypes”), research in
obesity and inflammatory bowel disease has shown that people
with different enterotypes can display distinct immune and meta-
bolic profiles.When we observed two clearly separated commu-
nity types among PsA patients, we wondered whether this under-
lying microbial community could influence FMT outcomes. The
results supported this idea and suggested that community struc-
ture may be a key factor shaping the therapeutic response to
microbiota-based interventions.

We used shotgun metagenomic sequencing to characterize
the gut microbiota, which provided deeper insight into microbial
dynamics.This approach provides higher taxonomic and functional
resolution than traditional 16S rRNA amplicon sequencing and
allowed us to track donor and recipient strains after
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transplantation. By capturing these strain-level changes, we began
to link microbial engraftment patterns with clinical response.
Overall, the findings add a new perspective on the role of gut
microbiota in PsA and raise the possibility that baseline microbial
features could help guide future FMT strategies.

Questions

I. What are the strengths and limitations of shotgun
metagenomic sequencing compared with 16S rRNA
sequencing for characterizing gut microbiota in FMT
studies and beyond?

2. How were community types defined in this study, and
what statistical or bioinformatic methods can best
capture such clustering in microbiome data?

3. What factors might explain the greater donor strain
persistence observed in long-term responders?

4. Could repeated or personalized FMTs improve outcomes
in patients with non-Bacteroides-dominated microbiota?

5. Could gut microbiota community typing also be relevant
for predicting response to conventional therapies in
PsA and other autoimmune or inflammatory rheumatic
diseases?
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Your FLORA Matters: Microbiome Modulation

in Psoriatic Arthritis

Emilie Dumas and Dirk Elewaut

The last decade witnessed a paradigm shift in our under-
standing of immune-mediated inflammatory diseases (IMIDs), with
an emerging role of the microbiome in disease pathogenesis and
progression. Barrier sites, such as the gut, skin, and lung, are not
merely anatomic structures but active interfaces between host
and the environment, mediating complex host-microbe inter-
play."? Disruption of these interfaces —referred to as “barrier dys-
function”—is now a hallmark feature across multiple IMIDs,
including spondyloarthritides, inflammatory bowel disease (IBD),
psoriasis, psoriatic arthritis (PsA), and even rheumatoid arthritis.>™

Among these, PsA stands out as a particularly compelling
disease model. PsA is uniquely characterized by its multitissue
involvement—skin, joints, entheses, and gut—several of which
constitute critical barrier sites. A growing body of literature pin-
points intestinal dysbiosis in PsA pathogenesis, and recent stud-
ies suggest dysbiosis of the skin microbiome as well.>® These
findings raise a tantalizing question of whether targeted modula-
tion of the microbiome may improve outcomes in PsA.

In this issue of Arthritis & Rheumatology, Qin and colleagues
report a novel investigation into this question through the FLORA trial,
a randomized study evaluating the impact of fecal microbiota trans-
plantation (FMT) in patients with PsA receiving methotrexate.” The
authors applied high-resolution shotgun metagenomic sequencing
to samples from both donors and recipients, aiming to identify micro-
biome profiles associated with treatment response. Although FMT
has been trialed in other IMIDs with mixed results, FLORA represents
the first and only controlled study of FMT in a spondyloarthritis popu-
lation, making this work both timely and novel.

Setting the stage: dysbiosis and immune
modulation

The rationale for using FMT in PsA stems from compelling, if
still evolving, evidence that the gut microbiota modulates sys-
temic immunity. PsA shares genetic and immunopathologic

Dr Elewaut's work was supported by grants from VLAIO and
FWO-Flanders and by the Research Council of Ghent University.

VIB Center for Inflammation Research, Ghent University and
Department of Rheumatology, Ghent University Hospital, Ghent,
Belgium.

features with IBD, particularly Crohn disease, in which gut dysbiosis
is well characterized. Animal models have demonstrated that alter-
ations in gut microbial composition can drive Th17-mediated
inflammation at distal sites, including joints and skin. Clinical studies
in PsA have identified reduced microbial diversity and altered abun-
dance of key taxa, including Prevotella, Bacteroides, and
Faecalibacterium.

FMT, the transfer of fecal material from a healthy donor to a
recipient, has been most extensively studied in Clostridioides diffi-
cile infection, in which it has demonstrated high efficacy. Its appli-
cation to chronic inflammatory conditions, however, remains
experimental. Small trials in ulcerative colitis have shown promise,
with steroid-free remission achieved in a subset of patients. In
contrast, results in systemic lupus erythematosus and multiple
sclerosis have been variable. Thus, the field has been eagerly
awaiting controlled trials exploring the role of FMT in arthritides.

Key findings from FLORA

Qin et al randomized patients with active PsA (on stable
methotrexate therapy) to receive FMT from four different healthy
donors or a sham procedure consisting of colored saline.
Although the original trial’s primary endpoint was negative, with
FMT achieving lower treatment success (40%) compared to sham
(81%),8 the present microbiome-focused analysis provides rich
insights into microbial community dynamics and potential predic-
tive biomarkers of response.

The most notable finding was the identification of two distinct
baseline gut microbiota profiles among patients with PsA: a
P-type, dominated by Prevotella species, and a B-type, which is
dominated by Bacteroides species and associated with greater
microbial richness. Patients with B-type profiles appeared more
likely to benefit clinically from FMT. This stratification introduces
the possibility that microbial community type could serve as
a predictive biomarker for response to microbiome-based

Author disclosures are available at https://onlinelibrary.wiley.com/doi/10.
1002/art.43450.
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interventions —an idea that warrants urgent validation. However,
these results should be confirmed as microbiome trajectories
varied among clinical responders: three remained B-type, two
transitioned from B- to P-type, and one shifted from P- to
B-type. These transitions suggest that donor-recipient compat-
ibility may be critical and that pretreatment microbial profiling
could inform personalized donor selection strategies in future
FMT trials.

Limitations and unresolved questions

Although these findings are compelling, several limitations
stil need further consideration. First, the clinical endpoints
employed—treatment failure and the Health Assessment
Questionnaire Disability Index—are not standard metrics in PsA
trials. More widely accepted and broadly validated composite
indices, such as the Disease Activity index for Psoriatic Arthritis
or the Minimal Disease Activity criteria, would provide greater
granularity and enhance interpretability. Without these, it remains
difficult to align microbial changes with meaningful improvements
in disease activity.

Second, although the microbiome analysis is sophisticated,
it excludes data from sham-treated patients, limiting the ability to
discern natural variability and placebo-associated shifts. This is
particularly important given the unexpectedly high placebo
response (81%) in the original trial. Including all arms in future
analyses will be essential for robust interpretation.

Third, although the study includes multiple timepoints (base-
line, week 4, week 12, week 26), there is a missed opportunity for
integrated longitudinal analysis. Understanding the temporal
dynamics of microbial communities—how they shift, stabilize, or
regress—could shed light on whether FMT induces lasting eco-
logical reprogramming or only transient perturbations.

Finally, the functional implications of these microbial shifts
remain largely unexplored. Although taxonomic changes are infor-
mative, they do not necessarily reflect alterations in microbial
function or metabolite production. The integration of metabolo-
mics, transcriptomics, and immunophenotyping will be critical in
future studies to link microbial composition with downstream
effects on host immunity.

Moving toward precision microbiome therapy

Clearly, the field of rheumatology is entering an exciting era
when microbiome-based stratification may augment our thera-
peutic toolbox. The findings by Qin et al support a conceptual
model in which baseline microbiota composition influences
response to FMT and in which microbial richness and community
type could inform patient selection. This raises several testable
hypotheses for next-generation trials:

1. Donor-recipient matching may be critical to enhance FMT
efficacy. In this context, could microbial similarity or
diversity metrics guide optimal donor selection?

2. Sequential FMT or combination therapy: Would repeated
FMTs or adjunctive use with probiotics, prebiotics, or die-
tary interventions improve microbiome engraftment and
durability?

3. Microbiome engineering: Rather than whole-stool trans-
plantation, could defined microbial consortia or synthetic
ecology approaches yield more targeted and reproduc-
ible outcomes?

4. Mechanistic correlates: What are the immune signatures
associated with microbial shifts? Can we identify
microbial-derived metabolites that mediate inflammation?

Conclusions

Qin and colleagues should be commended for pioneering
the first FMT trial in PsA and for advancing our understanding
of microbiome-host interactions in this complex disease.
Despite the negative primary outcome, their post hoc analysis
reveals important microbial features that could inform future
therapeutic strategies. The identification of P- and B-type micro-
bial profiles, with differing associations to treatment response,
provides a foundation for precision microbiome interventions
in PsA.

To translate these insights into clinical practice, future trials
must incorporate validated disease activity metrics, sham-
controlled microbiome analyses, and integrated multi-omics
profiling. Only through such rigor can we unravel the complex
interplay between gut ecology and systemic inflammation and
harness the microbiome as a true therapeutic frontier in
rheumatology.
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A Polyamine Takes the Fast Track to Attack

Crystal-Induced Inflammation

Monica Guma and Robert Terkeltaub

Recent gout flare, diagnosis of gout, and initiation of urate-
lowering therapy (ULT) for gout are associated with increased
risk of cardiovascular events including myocardial infarction,
stroke, and deep venous thrombosis.'™® Acute calcium pyro-
phosphate (CPP) crystal arthritis also has been linked to
increased short- and long-term risk of a major adverse cardio-
vascular event.* In addition, there is evidence of decreased
cardiovascular event risk in patients with gout prescribed daily
low-dose colchicine prophylaxis when initiating pharmacologic
ULT. These two observations have galvanized interest in
means to prevent and treat both articular and systemic inflam-
mation in crystal arthropathy. In 2023, the US Food and Drug
Administration (FDA) approved a sustained, daily low-dose col-
chicine prophylaxis regimen for secondary prevention of cardio-
vascular events and death in adults with multiple risk factors for,
or with established, atherosclerotic cardiovascular disease.
However, clinical trials of colchicine prophylaxis specifically to
prevent assorted cardiovascular events have provided variable
results. In addition, colchicine and other anti-inflammatory drugs
commonly used for crystal arthritis flares (nonsteroidal anti-
inflammatory drugs, glucocorticoids, biologic interleukin 1 [IL-1]
inhibitor drugs) can trigger adverse effects, have limits in the
extent of quick pain relief, and do not always completely resolve
inflammation. Thus, there are compelling reasons to exploit nat-
ural mechanisms that limit and spontaneously resolve crystal-
induced arthritis flares.

Caloric restriction and inflammation interdiction

Several preclinical and clinical studies of nonpharmacologic
approaches to limit crystal-induced inflammation have focused
on high-intensity exercise® and on dietary measures and related
changes in mediators such as the ketone body B-hydroxybutyrate
(BHB).5® BHB is produced not only in the liver but also by myeloid
cells.” BHB limits monosodium urate (MSU) crystal-induced
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infammation largely by inhibithg NLRP3 inflammasome
activation.®® Systemic BHB levels markedly increase with caloric
restriction, low-carbohydrate ketogenic diet, and short-term
high-intensity exercise.®® In this issue of Arthritis and Rheumatol-
ogy, Pham et al demonstrated that a murine fasting regimen (two
nonconsecutive fasting days in one week) reproduced a pro-
nounced induction of BHB.® Fasting also elevated hepatic and
systemic levels of many other anti-inflammatory metabolites such
as corticosterone, oleic acid, and the omega-3 fatty acid eicosa-
pentaenoic acid (EPA) and many other anti-inflammatory lipids.
In addition, fasting led to downregulation of multiple proinflamma-
tory mediators and pathways.® The fasting regimen sharply lim-
ited acute MSU and CPP deposition (CPPD) crystal-induced
inflamsmation in the synovitis-like murine subcutaneous air pouch
model® (Figure 1).

Caloric restriction cannot be realistically sustained in most
patients with gout or CPPD. Also, fasting can lead to hyperinflam-
matory rebound upon refeeding.'®"" Specifically, prolonged fast-
ing (defined as >24 hours) acts partly by stimulating a temporary
monocyte mass migration into the bone marrow mechanistically
dependent on glucocorticoids and the glucocorticoid-inducible
chemokine receptor CXCR4, thereby promoting monocytope-
nia.'®"" Refeeding stimulates a monocyte proinflammatory burst
powered by relatively long-lived monocytes with a distinct tran-
scriptional program.’®'! Potential clinical significance of this
event cascade in crystal arthropathy merits further investigation.

The focus of Pham et al was unbiased searching for individ-
ual fasting-induced metabolites and associated gene program
changes sufficient to inhibit monocyte/macrophage lineage cell
and air pouch inflammatory responses to MSU and CPPD crys-
tals.® They analyzed data from metabolomics of the mouse liver,
serum, and air pouch membrane, and transcriptomics of mouse
liver and transformed human THP-1 macrophage lineage cells.
The results uncovered increased amino acid catabolism linked
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Figure 1. Model of how SPD supplementation suppresses experimental crystal arthritis flare employing some mechanisms similar to those
induced by fasting. The schematic diagram compares several putative mechanisms for suppression of murine experimental crystal-induced syno-
vitis flare by fasting (left panels) and prolonged SPD supplementation (right panels). The SPD supplementation model assumes promotion by SPD
of autophagy and tissue repair programming, mediated via posttranslational modification of the transcription factor elF5A, via binding at elF5A
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Adapted from Yurdagul A Jr et al, 2021.°

with polyamine generation, a novel potential target for therapeutic
intervention.®

Polyamines: seemingly everywhere, in everything,
all at once

Polyamines are ubiquitous organic molecules containing two
or more amino (NH,) groups, which allow interaction with and
modulation of negatively charged molecules.’® In humans
and mice, polyamines circulate at micromolar concentrations that
are regulated by diet and decline with age. Generation of the nat-
urally occurring human polyamines putrescine, spermine, and
spermidine (SPD) begins via catabolism of arginine, specifically
by arginase, followed by downstream metabolism of methionine
and the nonproteinogenic amino acid ornithine, supplemented
by the putrescine precursor agmatine from the diet and gut micro-
bial arginine metabolism.'?'® Polyamines influence the function of

ion channels, affect DNA and RNA stability and function, regulate
the growth of normal and tumor cells, modulate cell differentiation,
limit oxidative stress and inflammation, promote longevity, and
modulate multiple critical functions (eg, protein translation, apo-
ptosis and other cell death programs, insulin secretion, and
immune and inflammatory responses).'*”

Observations supporting the relevance of polyamine biology
to rheumatic diseases include marked elevation of polyamine
concentrations in rheumatoid arthritis (RA) joint tissue and periph-
eral and circulating mononuclear cells, the ability of methotrexate
to increase polyamines in immune cells, and the capacity of SPD
to suppress IL-2 production.'® SPD also inhibits activation of both
NF-kB and the NLRP3 inflammasome, validated by Pham et al
specifically for MSU and CPP crystal-induced macrophage acti-
vation.2 Moreover, several beneficial biologic effects of caloric
restriction are mediated by SPD and replicated by SPD supple-
mentation alone. These include the capacity of SPD to promote
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longevity and autophagy by inhibiting the mammalian target of
rapamycin (MTOR) and, in young K/BxN mice, to flatten peak
arthritis activity in the serum transfer model.® On the other hand,
Th17 cell pathogenicity has been linked with the metabolism of
arginine and downstream polyamines.'® Also, polyamine effects
on collagen-induced arthritis are unclear.®'® Hence, the effects
of polyamines on inflammatory synovitis may depend on the path-
ogenic trigger. Given the expanding universe of polyamine-related
therapeutic opportunities,®'27'® we need to connect the dots to
build the big picture of polyamine biology for rheumatic diseases.

The work of Pham et al now places SPD as an endogenous
and exogenous regulator of acute flare in crystal arthropathy®
(Figure 1). First, fasting increased the relative abundance of circu-
lating SPD by an undetermined mechanism. Second, MSU and
CPP crystal injection markedly decreased relative abundance of
SPD, BHB, and certain other anti-inflammatory metabolites and
inflammation-controlling pathways in the air pouch membrane.
Third, sustained SPD supplementation in drinking water >21 days,
combined with a single injection of SPD into the air pouch on the
fasting day immediately before crystal injection, robustly sup-
pressed the pouch inflammatory response and associated induc-
tion of IL-1B and the chemokine CXCL1.8

Injection of SPD into the air pouch 1 day before crystal injec-
tion was not sufficient to blunt the tissue inflammatory response.®
Also, MSU and CPP crystal-induced modifications in cultured
macrophage lineage cell polyamine metabolism and catabolism
gene programs included marked increase in messenger RNA
(mMRNA) of SPD/spermine acetyltransferase 1 (SATT), the rate-
limiting enzyme in polyamine catabolism. Conversely, SAT7
mRNA knockdown reduced crystal-induced IL-1B in vitro in cul-
tured macrophage lineage cells. These findings set the stage for
work to determine the overall impact of this putative SAT1 and
polyamine inflammation regulatory circuit® in vivo in MSU
and CPP crystal-induced synovitis.

Figure 1 compares a few of the broad anti-inflammatory
effects of fasting to the most likely actions of SPD supplementa-
tion that modulate responses to MSU and CPPD crystals.2 SPD
appears unlikely to be the predominant factor blunting the
crystal-induced inflammatory response by fasting.2 Metabolo-
mics analyses did not calculate absolute SPD serum and tissue
concentrations during the fasting protocol. Moreover, SPD and
other polyamines were immersed in a sizable pool of BHB, cor-
ticosterone, EPA, and other up-regulated anti-inflammatory
metabolites, with many down-regulated proinflammatory
mediators.® As such, increased endogenous SPD, which is
sufficient to promote autophagy upon caloric restriction,'®
can be insufficient to blunt the vicious acute tissue inflamma-
tory response to MSU and CPP crystals. Notably, inhibition of
polyamine production via sustained oral administration
of difluoromethylornithine (DFMO),"® an irreversible inhibitor of
ornithine decarboxylase (ODC; the rate-limiting putrescine-
generating enzyme in polyamine biosynthesis), did not reverse

the suppressive effects of fasting on crystal-induced air pouch
inflammation.® Dose-response experiments and alternative
approaches, such as studies of available ODC or SAT1 knock-
out mice models, should be more definitive.

Potential fit of SPD in the crystal arthropathy
therapy pipeline

Therapeutic potential of SPD supplementation for crystal-
induced inflammatory disease is bolstered by a web of biologic
mechanisms limiting, spontaneously resolving, and repairing tis-
sue injury. Clearly, caloric restriction taps into this network and
so does SPD. For example, in the macrophage efferocytosis pro-
cess, the import of SPD (and its active metabolite spermine) is
triggered by uptake of apoptotic neutrophils and other cell types
in macrophages; this activates a tissue repair program and
immune reprogramming.®2°-22 |L-1B, IL-6, and tumor necrosis
factor are suppressed, whereas IL-10 and other inflammation
resolving mediators are up-regulated.®2°-22

SPD supports posttranslational modification of the transcription
factor eukaryotic initiation factor 5A (elF5A), thereby promoting tis-
sue repair functions as well as macrophage autophagy, which pro-
teolytically degrades multiple proinflammatory mediators.®2% The
mechanism involves binding at elF5A lysine 50 of the unique, natural
amino acid hypusine, a catabolic product of SPD. Also, SPD pro-
motes not only epigenetic anti-inflammatory effects via certain his-
tone posttranslational modifications but also anti-inflammatory M2
macrophage polarizaton.® M2 macrophage expression of
arginase-1 launches arginine use specifically for polyamine genera-
tion rather than proinflammatory arginine metabolism predominant
in M1 macrophages. The latter metabolic pathway, which is up-
regulated in RA synovium, produces nitric oxide and citrulline.

Beneficial effects of SPD supplementation in animal models
include increases in microbial diversity, enrichment in short-chain
fatty acid—producing bacteria, and reduction of proinflammatory
taxa while strengthening the anti-inflammatory functions of intesti-
nal barrier integrity. However, potential off-target SPD effects can-
not be ignored in the clinical development of SPD and SPD
analogs. As a prime example, SPD metabolism has been impli-
cated in carcinogenesis, and SPD-induced autophagy can pro-
mote the survival of certain cancer cell types. Thus, DFMO is
being widely studied as a tumor growth inhibitor, cancer stem
cell-targeting agent, and adjuvant immunotherapy in cancer
treatment. DFMO is already FDA-approved as maintenance ther-
apy following conventional treatment of neuroblastoma at high
risk of relapse.2* Conversely, SPD analogs also are in clinical
development to suppress the growth of various tumors, target
cancer stem cells, and slow diseases of aging. 2

SPD diet supplements (many using wheat germ to deliver
SPD) are abundant in the nonpharmacologic marketplace. How-
ever, results have been inconsistent for numerous SPD clinical
studies and trials across the spectrum of disease.'? The source
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and formulation of SPD in in vivo studies should be high-purity,
pharmaceutical grade (eg, SPD trihydrochloride from non-wheat
germ sources). Further considerations include that dietary SPD
can be converted to spermine before systemic absorption.2®
SPD supplement dosing appears to require >15 mg/day to exert
substantial short-term biologic effects.?® Also, direct and indirect
biologic effects of the entire polyamine pathway beyond SPD are
considerable.

Conclusions

In conclusion, the work of Pham et al® poses provocative new
questions regarding polyamines in epidemiology, pathogenesis,
and unmet therapy needs in crystal arthropathy. The case for ther-
apeutic opportunities of SPD and SPD analogs in gout and CPPD
flare prophylaxis® may be particularly cogent in older adults and
patients with advanced chronic kidney disease, conditions com-
monly associated with systemic decrease in polyamines.'?'® Evi-
dence suggests that arthritis flare prophylaxis,® in the months
following the initiation of ULT, is a fitting clinical scenario for assess-
ing sustained SPD/SPD analog treatment. Susceptibility to gout
flares is sharply increased in this timeframe.® Moreover, we
reported that circulating SPD and spermine levels substantially
decreased (by ~25% and 50%, respectively, in a mechanistically
undefined manner), in the first 6 months of combined xanthine oxi-
dase inhibitor and low-dose colchicine flare prophylaxis therapy.2®

On-demand oral or intra-articular SPD therapy for acute gout
and CPP crystal arthritis flare could face a challenging road to the
clinic, because MSU and CPP crystals induced SAT1 in air pouch
membrane cells.? A synthetic SPD analog specifically designed
for resistance to acetylation by SAT1 would be a logical candidate
for further study. Nevertheless, the characteristically severe pain
in gout and CPPD flares raises a cautionary signal regarding ther-
apeutic boosting of intra-articular polyamines, because poly-
amines can increase the acute inflammatory pain response and
allodynia via effects on selective ion channels.'# 527
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Old Techniques Still Have Relevance in Personalized

Predictive Medicine

Kristina E. N. Clark’ ' and Christopher P. Denton?

As we advance toward personalized and precision medicine,
it is essential that new tools are developed to predict outcome or
response to treatment. This fuels interest in prognostic and pre-
dictive biomarkers. The hope of finding a robust and practical
predictor of treatment response has long been the holy grail in
many difficult-to-treat conditions, of which systemic sclerosis
(SSc) is included. Lakin et al present here a potential immunohis-
tochemical predictor of clinical trajectory and response to myco-
phenolate mofetil (MMF) in their paper published in this issue of
Arthritis & Rheumatology.

Although skin involvement is the hallmark of diffuse cutane-
ous SSc (dcSSc) and represents a major cause of morbidity and
an unmet need,? to date, very few clinical studies have shown sig-
nificantly greater improvement over placebo in skin disease in
SSc, as measured by the modified Rodnan skin thickness score
(MRSS). As a clinical tool, the MRSS itself carries drawbacks,
given the high documented variability among different assessors,
leading to an ongoing emphasis to find improved means of mea-
suring disease response going forward. With the natural tendency
of improvement in skin disease over time in both the placebo and
treatment arm, this has resulted in many clinical trials failing to
reach the required efficacy standard.®™® This is likely to be more
of an issue in the future as background therapy with MMF, which
appears to substantially enhance MRSS improvement, becomes
permitted in clinical trials that reflect the current standard of care.®
However, subgroup analyses have suggested specific patient
groups who would have had a significant benefit had the trial cor-
rectly been enriched, be it with autoantibody subgroups, skin
severity, or disease duration.?

With advancements in molecular and cellular research,
newer insights into patient subgroups and cellular basis for dis-
ease are being uncovered. Milano et al” used bulk RNA sequenc-
ing of skin biopsies to subgroup patients with SSc into their
molecular intrinsic subsets, namely fibroproliferative, inflamma-
tory, limited, or normal like. Early-phase clinical trials have
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lege London, London, United Kingdom.

Author disclosures are available at https://onlinelibrary.wiley.com/doi/
10.1002/art.43402.

suggested that, for example, fibroproliferative groups were more
likely to respond to dasatinib,® whereas the inflammatory subset
showed greater response to MMF compared to the fibroprolifera-
tive group.® Single-cell analysis, especially by RNA sequencing
platforms, has also provided insight into fibroblast subsets in
SSc, not only by how the subsets differ by stage and autoanti-
body subset'® but also highlighting different fibroblast subsets,
with differing roles at different stages of disease.'"'?

Despite these advances in technology, none have proven
reliable enough to either enrich clinical trials or be used in clinical
practice. Lakin et al highlight that more traditional readily available
techniques such as immunohistochemistry do still have a place in
SSc and benefit from the unique opportunity of relatively simple
sampling of lesional tissue in SSc through forearm punch skin
biopsy. Using fibroblast immunophenotyping of a-smooth muscle
actin (a-SMA) and CD34, they have devised a score to predict
patients more likely to respond to MMF for skin disease
management.

a-SMA has itself been used previously to support treatment
response to cyclophosphamide. Kissin et al used a semiquantita-
tive scoring (visual ruling) to show that the extent of a-SMA stain-
ing was proportional to MRSS, and an improvement in MRSS
during the study was reflected in a change in the a-SMA score.™®

The authors report a disease duration of <18 months, high
a-SMA, and high CD34 as being associated with an increased
likelihood of improvement in skin fibrosis on MMF, whereas high
a-SMA in >18 month disease duration is associated with lower
chances of improvement. Although initial transcriptomic studies
suggested the intrinsic subsets were stable, Skaug et al con-
firmed a trend of normalization over time in the intrinsic subsets
of patients with early dcSSc.' Therefore, it may be that
the reduced likelihood of responding to MMF over time reflects
the change in the intrinsic subset when whole-tissue gene
expression is examined, rather than being able to base it purely
on a-SMA staining.
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However, all the patients included were already taking a sta-
ble dose of MMF for at least eight weeks, with some patients not
having a clear disease duration available. We, therefore, do
not know whether this is also applicable to treatment naive
patients, as it is possible that levels of CD34 or a-SMA had
already started changing following MMF initiation. The subgroup
of a-SMA low and CD34 low were underrepresented in this study,
so therefore, conclusions as how to best serve this subset remain
unanswered.

This strategy does result in similar limitations to the MRSS,
with the potential for interrater variability for this semiquantitative
image analysis by a pathologist. More reliable techniques are still
required, which may include percentage saturation to aid with
reproducibility.

This study supports a potential accessible and relatively low-
cost way to predict patients who are those more likely to respond
to MMF. Those patients with minimal response to MMF, a disease
duration longer than 18 months, and high a-SMA on skin biopsy
can therefore be reassessed earlier and filtered into clinical trials,
rather than remaining on a therapy with a potentially lower chance
of improvement. The need for improved stratification in trials has
never been greater. As Lakin et al highlight, given the 70%
response rate to MMF, placebo-controlled trials would be unethi-
cal to not include background therapy. Therefore, it is important
to enrich a study with those patients that are less likely to improve
on MMF to ensure that the true benefit of any test compound is
fully assessed.

With an emerging repertoire of second-line therapies for skin
disease included in recent consensus treatment guidelines and
recommendations'®'® and further clinical trials on the horizon,
this study emphasizes the importance of specialist care early in
the disease course of patients with SSc. With an increasing land-
scape of potential treatment options, identifying tools to help us
stratify patients to differing treatments is key, and this study
begins to emphasize histologic tools for predicting response to
MMF and may prove invaluable for personalized medicine
approaches in the future.
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REVIEW

Mucosal-Associated Invariant T Cells in Rheumatic Diseases

Manon Lesturgie-Talarek," ) Virginie Gonzalez," Lucie Beaudoin," Noémie Sénot,' Corinne Miceli-Richard,?
Yannick Allanore,® Agnés Lehuen, and Jeréme Avouac®

Mucosal-associated invariant T (MAIT) cells are innate-like T cells defined by their semi-invariant T cell receptor and
restriction by the major histocompatibility complex class |-related molecule (MR1). These cells are primarily activated
by microbial-derived metabolites presented by MR1 or by cytokines. Upon activation, MAIT cells rapidly produce pro-
inflammatory cytokines, including interferon-y, tumor necrosis factor a, and interleukin-17, and secrete cytotoxic mol-
ecules, such as granzyme B. Because of their ability to interact with microbiota and accumulate in inflamed tissues,
MAIT cells have attracted great interest in autoimmune and inflammatory diseases. In this review, we summarize recent
findings on MAIT cells in major rheumatic diseases, including rheumatoid arthritis (RA), spondyloarthritis (SpA), psori-
atic arthritis (PsA), systemic lupus erythematosus, systemic sclerosis, primary Sjégren disease (pSD), and dermatomy-
ositis. Circulating MAIT cell frequency is reduced in these diseases. Interestingly, the residual MAIT cells exhibit an
activated profile and increased cytokine-producing capacity in some conditions. Moreover, an enrichment of MAIT
cells in inflamed tissues is described in RA, SpA, PsA, and pSD. This pattern suggests that MAIT cells may migrate from
circulation to inflamed tissues, contributing to local immune responses. Furthermore, they have been shown to play a
critical role in disease progression in two mouse models. All these findings suggest an involvement of MAIT cells in

inflammatory rheumatologic diseases and their potential therapeutic target.

Introduction

Autoimmune and inflammatory rheumatic conditions
encompass a broad spectrum of disorders, such as rheuma-
toid arthritis (RA), spondyloarthritis (SpA), psoriatic arthritis
(PsA), systemic lupus erythematosus (SLE), systemic sclerosis
(SSc), primary Sjoégren disease (pSD) and dermatomyositis
(DM). Mucosal-associated invariant T (MAIT) cells, a type
of innate-like T cells, are abundant in mucosal tissues. Their
ability to interact with gut microbiota’? and accumulate in
inflamed tissues® suggests that they may play a role in the
interplay between microbiota, inflammation, and autoimmune
diseases.

Human MAIT cells express a T cell receptor (TCR) a chain,
Va7.2-Ja33, in association with a limited set of B chains, " mainly
VB2 and VB13. MAIT cells are restricted by the major histocom-
patibility complex (MHC) class I-related molecule (MR1), which
presents riboflavin metabolites derived from bacteria and yeast.
Despite their conserved TCR specificity for these ligands, MAIT

"Manon Lesturgie-Talarek, MD, Virginie Gonzalez, BSc, Lucie Beaudoin,
MSc, Noémie Sénot, MD, Agnes Lehuen, PhD: Institut Cochin, INSERM
U1016, UMR 8104, Paris, France; >Corinne Miceli-Richard, MD, PhD: Rheuma-
tology Department, Cochin Hospital, AP-HP, Université Paris Cité, Paris,
France; 3Yannick Allanore, MD, PhD, Jerdme Avouac, MD, PhD: Institut Cochin,
INSERM U1016, UMR 8104 and Rheumatology Department, Cochin Hospital,
AP-HP, Université Paris Cité, Paris, France.

cells exhibit diverse functional characteristics, including Th1/Th17
cytokine secretion and cytotoxicity.” ™

In this review, we will initially outline the development, pheno-
type, activation, and functions of MAIT cells. Subsequently, we
will delve into the current understanding of MAIT cells in rheumatic
diseases. To these ends, we searched the following terms on
PubMed: “autoimmune diseases OR rheumatic diseases OR
arthritis OR rheumatoid arthritis OR spondyloarthritis OR ankylos-
ing spondylitis OR psoriatic arthritis OR Sjogren’s syndrome OR
systemic lupus erythematosus OR dermatomyositis OR systemic
sclerosis AND Mucosal-associated invariant T cells.” We found
140 references, and we selected 22 for the purpose of this review
after the reading of the abstract and/or the full text.

MAIT cell development. In contrast to conventional T
cells, which undergo selection on epithelial cells, MAIT cells
undergo selection on CD4" CD8* thymocytes that highly express
MR1.797'2 Although they exit the thymus as naive cells, MAIT cells
already exhibit a distinct differentiation program in both the
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thymus and cord blood.? This is highlighted by the expression of
promyelocytic leukemia zinc finger, '*'* which imparts innate-like
functionality, as well as the expression of the retinoic acid
receptor—related orphan nuclear receptor yt (RORyt) transcription
factor,'® along with CD161 and interleukin-18 receptor a (IL-
18Ra).'®

Consequently, upon leaving the thymus, MAIT cells are
already programmed in a way that influences their development
and function in peripheral tissues. Their expansion in the periphery
depends on commensal flora, as germ-free mice harbor only
small numbers of mature MAIT cells in the thymus.*'? Following
development during fetal life and expansion after birth, human
MAIT cells acquire a homogenous phenotype by the age of two
to four years, before gradually declining in older adults.'® It is
noteworthy that, at the same age, the proportion of circulating
MAIT cells is higher in women than men.'®

MAIT cell phenotype. A distinct developmental pathway
in the thymus during fetal life results in the acquisition of unique
phenotypic and functional properties of MAIT cells."” Until
recently, MAIT cells were identified by surface markers CDS3,
TCR Va7.2, and CD161.° TCR Va7.2* CD161~ T cells exhibit a
very different gene expression pattern compared to MAIT cells
but almost similar to that of TCR V7.2~ conventional T cells.’® In
tissues, the accuracy of these cell surface combinations in defining
MAIT cells remains uncertain.® A significant breakthrough in MAIT
cell research has come with the development of MR1 tetramers
loaded with 5-OP-RU, which has enabled new investigations and
direct evaluation of the efficacy of surrogate phenotypes for analyz-
ing MAIT cells in humans.”®

The majority of circulating MAIT cells are CD8* (around 70%),
whereas a smaller proportion are double negative (CD4~ CD8"),
comprising about 10% to 15% of the total population. There are
no apparent functional or phenotypic differences between these
subsets.?® A small fraction of MAIT cells are CD4*, although their
role remains unclear.'

Circulating MAIT cells exhibit a memory phenotype
(CD45R0O*, CD45RA-, CD27", IL2RB*)° but remain noncy-
cling, as indicated by the absence of Ki-67.2" They also display
an effector phenotype (CD95" CD62L7) and express chemo-
kine receptors (CCR6, CXCR6, CCR5, CCR2) that suggest
efficient tissue homing.® This aligns with their distribution:
10% to 35% of T cells in the liver, 1.5% to 4% in the intestine,
4% in the lungs, and 0.1% to 10% in the blood.?*?? High
expression of these receptors may facilitate their migration to
inflamed sites.®2°

MAIT cells also show heterogeneous CD56 expression, a
marker linked to natural killer cells. CD56" MAIT cells appear more
responsive  to innate cytokines, suggesting efficient
MR1-independent activation.?*2° Finally, MAIT cells have a proa-
poptotic profile (with increased susceptibility to apoptosis in vitro)

marked by higher active caspase levels compared to other T
cells.?®

MAIT cell activation and function. The context of stim-
ulation and/or avidity of the TCR influences the acquisition of
specific phenotypes and functional features.’®2” MAIT cells
share characteristics of both Th1 and Th17 features®?' and
exhibit cytotoxic capabilities.® They produce high levels of
granzyme B and tumor necrosis factor a (TNFa), similarly to
CD8 and CD4 memory T cells. They produce lower levels of
interferon-y (IFNy), IL-2, and IL-17 than CD4 T cells after
CD3/CD28 stimulation but similar levels following phorbol myr-
istic acetate (PMA) and ionomycin stimulation.?’

TCR-dependent activation. Although pathogen-derived
peptides are presented by molecules from the MHC to conven-
tional T cells, MR1 presents microbial antigens to MAIT cells.™®
MR1 is mainly intracellular and, similar to MHC molecules,
requires ligands as well as Bo-microglobulin for proper refolding.
Vitamin Bo—derived metabolites, upon association with glyoxal or
methylglyoxal, are the main agonist molecules presented by
MR1, whereas vitamin Bg—derived metabolites constitute nona-
gonist MR1-presented ligands.®""?® There are likely other MR1-
binding antigens that could potentially connect MAIT cells to auto-
immunity.®22 For instance, certain cells such as human B cells
express MR1 on their cell surface even without microbial
antigens.®

TCR stimulation up-regulates CD25/CD69 and induces
TNFa, IFNy, and IL-22 secretion while only low levels of Th2 cyto-
kines are produced.®?! Despite IL-23R and RORyt expression,
stimulation with infected antigen-presenting cells or CD3/CD28
alone does not results in IL-17 production. This is in contrast to
PMA/ionomycin stimulation, indicating that signals other than
TCR triggering are necessary for IL-17 production.?’?® Interest-
ingly, in contrast to memory CD8 T cells, MAIT cells express high
levels of IL-18Ra, IL-12B2, IFNy receptor 1, and IL-7Ra,?* which
may regulate MAIT cell effector activities. Indeed, CD3/CD28
stimulation with IL-7 or IL-1p increases IL-17 production, whereas
IL-18 and/or IL-23 are not sufficient.’® Nevertheless, combined
stimulation by CD3/CD28 with IL-7 and/or IL-18 is capable of
inducing high levels of IL-17F.3° MAIT cells also exhibit cytotoxic-
ity, secreting granzyme B after CD3/CD28 stimulation.?’

TCR-independent activation. MAIT cells can also be
activated directly by cytokines.®! Toll-like receptor ligands induce
MAIT cell activation through IL-12 and IL-18 produced by mono-
cytes, leading to increased secretion of IFNy and granzyme B.>®"
Cytokine-dependent activation of MAIT cells seems to require a
synergistic combination of cytokines rather than the action of a sin-
gle cytokine.®
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MAIT cells in rheumatologic diseases

MAIT cells have received significant attention in the context of
autoimmune diseases, as many studies indicate their role in the
development of immune-related disorders.®°2 In this review, we
focus on MAIT cells in prominent rheumatic diseases. Despite
the diverse nature of autoimmune and inflamsmatory disorders,
these diseases commonly involve both innate and adaptive
immune systems, with a key role of T cells®® and IL-17 secreting
cells.®** 8 In these autoimmune and inflammatory diseases, dys-
biosis contributes to the disruption of immune homeostasis and
exacerbation of inflammation.®° Therefore, MAIT cells may con-
tribute to pathogenesis by interacting with the microbiota and
producing Th1/Th17 cytokines.

Circulating MAIT cell frequency, phenotype, and
function. Circulating MAIT cell deficiency. Circulating MAIT cells
are decreased in RA,*'™° axial spondyloarthritis (axSpA),*>°
PsA,*247  SLE 14851 35¢52%  primary Sjégren disease
(pSD),%57°° and DM*° (Table 1, Figure 1). In healthy donors, the
majority of MAIT cells in the blood consisted of CD8" and
double-negative subsets. In RA*"*3 and SLE,*' the deficiency of
circulating MAIT cells affects these two subsets. In SLE,*,
pSD,%%57%° and DM,*° the predominant residual MAIT cells are
mainly of the CD4* subtype. Because CD4™ MAIT cells express
lower levels of IL-12R and IL-18R,%° the elevated production of
IL-12 and IL-18 in DM may preferentially activate CD8* MAIT cells,
leading to activation-induced cell death.*®

Various studies have reported conflicting findings regarding
the frequency of circulating MAIT cells in patients with rheumatic
diseases. In axSpA, van der Meer et al®' found no reduction in
the frequency of MAIT cells but only a decrease in the numbers
of central memory MAIT cells (CD45RO* CCR7™). In patients with
early untreated RA, Koppejan et al®? did not observe alteration of
MAIT cell frequency when using MR1 tetramer identification, in
contrast to previous studies that relied on TCR Va7.2* and
CD161M"9" |abeling. However, they observed a shift of CD8* MAIT
cells toward CD4* MAIT cells.®

Circulating MAIT cell phenotype. Activated profile. MAIT cells
exhibit an activated profile in SLE,*8*° $S¢,%* pSD,*® SpA,*€ and
DM, highlighted by their increased expression of CD69* and/or
CD25" (Table 1, Figure 1). In DM, a negative correlation between
MAIT cell frequency and the late activation marker CD25* has
also been described.*

Chiba et al*® suggested two potential mechanisms of MAIT
cell activation in SLE: heightened activating capability of mono-
cytes derived from patients with SLE and activation triggered by
inflammatory cytokines in the absence of exogenous antigens.
Direct contact with monocytes appears to play a role in sustaining
chronic activation, whereas during intense inflammation, cyto-
kines such as IL-6, IL-18, and IFNa may contribute to the exces-
sive activation of MAIT cells. This is indicated by the correlation

between plasma levels of these cytokines and CD69 expression
on MAIT cells.

Exhaustive and apoptotic profile. In patients with SLE and
DM, MAIT cells exhibit an exhaustive or even proapoptotic profile.
In patients with SLE, an increase expression of PD1, CD39, and
CTLA4, as well as apoptosis markers such as caspase 3 and
Fas ligand, is observed® (Table 1, Figure 1). In DM, an increase
of CD39* and CTLA4" MAIT cells, along with the CD45RAMS"
CD28™ subtype, associated with cellular senescence has been
described.*® Similarly, in pSD, increased MAIT cell mortality is
highlighted by 7-aminoactinomycin D staining.®® In SSc, tran-
scriptomic data highlight overexpression of inhibitory receptors
such as PD1, TIGIT, and LAG3.5® Interestingly, although MAIT
cells exhibit an exhaustive or apoptotic profile in these diseases,
an increase in Ki67" MAIT cells in lupus nephritis may reflect a
compensatory mechanism for their deficiency.*® By contrast, in
RA and SpA, MAIT cells show no significant increase in PD1 or
apoptosis markers, suggesting other factors contribute to their
deficiency.*! 4

Circulating MAIT cell function. Th17 secretion. Following
stimulation (CD3, CD28, recombinant IL-23, PMA/ionomycin),
circulating MAIT cells produce significantly more IL-17A in RA
and PsA compared to osteoarthritis*? (Table 1, Figure 1). This
increase correlates with IL-23R up-regulation on MAIT cells in
RA and PsA, which is functionally active, as evidenced by a strong
mitotic effect in the presence of recombinant 1L-23.%2 In individ-
uals with lupus nephritis, following stimulation by PMA/ionomycin,
circulating MAIT cells produce more IL-17 compared to controls,
especially in proliferative lupus nephritis® (Table 1, Figure 1).

In axSpA, MAIT cells are the main IL-17A producers after
stimulation by PMA/ionomycin, along with increased IL-22 secre-
tion*®7#° (Table 1). Because the increase of IL-17 production by
MAIT cells was not MR1 dependent,*® Gracey et al focused on
MAIT cell cytokine priming. IL-17 production is IL-23 independent
but is driven by IL-7R up-regulation and IL-7 stimulation.*® In
addition, at the transcriptomic levels, Rosine et al®® observed an
up-regulation of IL-18R1 and IL-18R accessory protein in MAIT
cells of patients with axSpA compared to other T cells subtypes.
Stimulation with IL-7 and IL-18 induced high transcript levels of
IL-17F in MAIT cells in axSpA.%° The ability to produce IL-17F is
particularly interesting because it is targeted by bimekizumab in
axSpA.%2 The independence of MAIT cells from IL-23 to secrete
IL-17 may explain the limited efficacy of IL-23 blockade in
axSp A 64,65

In pSD, CD8" MAIT cells show higher IL-7R expression com-
pared to conventional CD8" T cells, with this increase correlating
to lymphocytic focus scores, the percentage of IgA™ plasma cells
in salivary gland tissue, and serum IgG levels.®” This suggests
that, as in axSpA, IL-7R up-regulation may contribute to MAIT cell
activation and potentially promote IL-17 secretion in pSD.

Th1 secretion. As described in other autoimmune
diseases,®? following stimulation with PMA/ionomycin, MAIT cells
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Figure 1. MAIT cells in rheumatologic disorders. MAIT cells are abundant in mucosal tissues, allowing them to interact with the microbiota.

They can be activated through various means: either by TCR engagement, in which vitamin B derivatives are presented by MR1, or through cyto-
kines such as IL-12 and IL-18. Changes in the microbiota could alter these bacterial ligands, contributing to the creation of a proinflammatory set-
ting, ultimately triggering MAIT cell activation. The frequency of MAIT cells is decreased in all diseases studied in this review. MAIT cells exhibit an
activated profile in SLE (CD69, CD25), SSc (CD69), and DM (CD25) and an exhaustive and/or apoptotic profile in SLE (CD39, CTLA4, PD1, FAS,
caspase 3) and DM (CD29, CTL14). They produce higher levels of Th17 cytokines in RA, SpA, and PsA and reduced levels of Th1 cytokines in RA,
SpA, SLE, and pSD. One hypothesis is the migration of circulating MAIT cells into inflamed tissues. Circulating MAIT cells in RA, SpA, and PsA
could migrate into the joints. In RA, CCR6 and sLewis™ expression may facilitate the migration of these cells into the joint, where they accumulate
and secrete IL-17. They also accumulate in SpA and PsA, in which they produce higher levels of IL-17 and/or granzyme B (in SpA). MAIT cells are
also detected in the kidneys of patients with lupus nephritis and play a pathogenic role in lupus nephritis in mouse models. In pSD, MAIT cells,
which strongly express CXCR5 and CCR9, can migrate into the salivary glands, where they accumulate and produce high levels of IL-17. The
presence and function of MAIT cells in the lungs of patients with SSc remain to be elucidated. DM, dermatomyositis; GM-CSF, granulocyte—
macrophage colony-stimulating factor; IL, interleukin; MAIT, mucosal-associated invariant T; MMP, matrix metalloproteinase; MR1, major histo-
compatibility complex class I-related molecule; NO, nitric oxide; PsA, psoriatic arthritis; pSD, primary Sjégren disease; RA, rheumatoid arthritis;
SLE, systemic lupus erythematosus; sLewis™, sialyl-Lewis®; SpA, spondyloarthritis; SSc, systemic sclerosis; TCR, T cell receptor; TNF, tumor
necrosis factor.

produce fewer Th1 cytokines in individuals with RA, SpA, and SLE
compared to healthy donors. Specifically, IFNy and TNFa secre-
tion is reduced in RA,*® whereas only IFNy secretion decreases
in SLE*! and SpA*® (Table 1, Figure 1). In SLE, this reduction in
IFNy levels could be due to intrinsic dysregulation of the NFAT1

transcription factor.*! Conversely, increased IL-2 production by
MAIT cells has been observed in lupus nephritis, particularly in
proliferative forms.>® The Th1 cytokine profile in pSD remains
unclear, with some studies reporting decreased levels of IFNy
and TNFa,°® whereas others have observed increased
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expression of these cytokines in patients compared to healthy
controls.®®

Th2 secretion. In patients with lupus nephritis, circulating
MAIT cells exhibit an increased production of IL-4 compared to
in controls,®° especially in proliferative nephritis (Table 1).

Cytotoxicity. Data on circulating MAIT cell cytotoxicity are
limited. van der Meer et al®' reported reduced granzyme A pro-
duction in circulating MAIT cells in individuals with axSpA com-
pared to controls (Table 1, Figure 1). However, this reduction in
granzyme A production does not necessarily indicate a reduction
in cytotoxicity; it may also reflect cellular maturation or the degree
of activation of cytotoxic cells. In individuals with lupus nephritis
and pSD, MAIT cells are cytotoxic, as evidenced by increased
production of granzyme B, compared to healthy donors.5%%°
Therefore, in the peripheral blood, there is a reduction in MAIT cell
frequency, and the residual MAIT cells display an activated and/or
exhausted profile. Upon stimulation, they adopt a Th17-like profile
and produce lower levels of Th1 cytokines.

Association between circulating MAIT cell phenotype and
clinical data. Circulating MAIT cells as a marker of disease activity
and severity. Several studies have demonstrated association
between circulating MAIT cell counts and clinical characteristics.
MAIT cell counts correlate with disease activity in RA (Disease
Activity Score in 28 joints) and SLE (Systemic Lupus Erythemato-
sus Disease Activity Index [SLEDAI),*" whereas their frequency
correlate with the disease activity score in SpA (Ankylosing Spon-
dylitis Disease Activity Score [ASDAS] with C-reactive protein)*®
(Table 1). In SpA**4€ and SLE,*8%° higher disease activity scores
(ASDAS and SLEDAI, respectively) are associated with an
increased proportion of CD69" MAIT cells. However, although
MAIT cells are reduced in patients with lupus nephritis compared
to controls, their frequency does not differ between active and
nonactive lupus nephritis. In axSpA, adding the frequency of
CD69* MAIT cells to T1 sacroiliac magnetic resonance imaging
mapping significantly enhances disease activity assessment,*®
highlighting activated MAIT cells as potential biomarkers. In SSc,
MAIT cell frequency is reduced in interstitial lung disease
(ILD),%*%* with a stronger reduction in patients with severe ILD
with reduced forced vital capacity or reduced diffusing capacity
for carbon monoxide.®*

Treatment impact on MAIT cell profile. An important question
arises regarding whether the previous observations on MAIT cell
quantitative and qualitative characteristics (deficiency and altered
phenotype of MAIT cells) may be affected upon immunomodula-
tory therapies. In axSpA, deficiency and altered phenotype of cir-
culating MAIT cells do not appear to be affected by current
therapy. Indeed, Hayashi et al** did not find any differences in
MAIT cell frequency and alteration between patients with and
without anti-TNFa therapy. Similarly, in SSc, deficiency of circulat-
ing MAIT cells is not influenced by current biologic treatment or
conventional synthetic immunosuppression after adjustment for
ILD.5* The impact of treatment in a longitudinal trial has only been

studied in DM, in which MAIT cells were reduced in patients with
active DM compared to controls. Following DM treatment, MAIT
cell levels increased but did not return to normal control
frequencies,*°

In pSD, Hinrichs et al demonstrated, using an ex vivo culture,
that IL-7-stimulated MAIT cells exhibit reduced IL-21 production,
without affecting IFNy, when treated with leflunomide and/or
hydroxychloroquine. These results suggest that the activity of
the remaining MAIT cells could be targeted by disease-modifying
antirheumatic drug treatment, such as leflunomide and/or hydro-
xychloroquine.®” Further studies are required to evaluate the cor-
relation between the MAIT cell profile and patients’ response to
treatments. Some alterations in the MAIT cell profile may therefore
serve as biomarkers of treatment response.

Beyond their alteration under treatment, another crucial
question arises: could MAIT cells serve as predictors of clinical
response to immunomodulatory therapies? In SLE, patients
achieving complete renal remission after immunosuppressive
therapy initially exhibited a higher proportion of MAIT cells with
reduced proliferation (Ki67) and cytotoxicity (granzyme B produc-
tion) at inclusion.®® Consequently, granzyme B production may
serve as a defining factor in a predictive model for complete
remission.

MAIT cells in inflamed tissues. Although data on MAIT
cells in inflammatory rheumatic diseases remain limited, accumu-
lating evidence suggests their enrichment in inflammatory fluids
and their presence in target tissues.

Tissue localization of MAIT cells. Despite the limited number
of studies on synovial fluid, evidence suggests an increased fre-
quency of MAIT cells compared to peripheral blood in RA*!:6°
and SpA.*® Additionally, an accumulation of MAIT cells in synovial
fluid of patients with RA and PsA has been reported in compari-
son to osteoarthritis,*> without association with the patient’s dis-
ease severity (Table 1, Figure 1). Beyond their enrichment in
synovial fluid, MAIT cells have also been identified by immunofluo-
rescence in synovial biopsy samples from patients with RA and
SpA, characterized by CD3*, TCR Va7.2*, and CD161*
expression.®?

In patients with pSD, MAIT cells were enriched among sali-
vary gland mononuclear cells compared to patients with non-
pSD sicca and patients with mild sialadenitis®® or healthy
donors.®® These cells are predominantly CD8*, with a smaller
proportion exhibiting a double-negative phenotype, whereas
CD4* MAIT cells are absent.®® Immunohistochemistry analysis
further confirmed the presence of MAIT cells (TCR Va7.2* cells)
in salivary gland tissue, whereas they were not detected in con-
trols®>°9 (Figure 1). In SLE, MAIT cells (CD3*, TCR Va7.2",
IL18R* cells) have been observed in renal tissue (Figure 1),
specifically in glomeruli and the tubulointerstitium of patients
with class Ill and IV lupus nephritis, where they represent a high
proportion of CD3* cells.®”
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Phenotypic characteristics of MAIT cells in inflamed tissues.
In PsA, the majority of synovial fluid MAIT cells are CD8* subtypes
and express CD45R0O*, suggesting an effector memory pheno-
type.*? Synovial fluid MAIT cells also exhibit high levels of CD69,
a homing and/or activation marker, compared to MAIT cells in
blood in RA®® and SpA*® (Table 1, Figure 1). Single-cell profiing
of synovial tissues further supports the presence of an activated
MAIT cell population in the RA synovium.®®

Interestingly, synovial fluid MAIT cells express lower levels of
CCR6* compared to MAIT cells in blood in SpA*® (Table 1,
Figure 1), suggesting that high CCR6 expression may facilitate
their migration into inflamed tissues. In RA, MAIT cells express
higher levels of sialyl-Lewis® (sLewis®) in synovial fluid than in
blood,®® which could reflect the residency of MAIT cells highly
expressing sLewis™ in the joint.

Functional properties of MAIT cells in inflamed tissues.
Following stimulation, synovial fluid MAIT cells produce signifi-
cantly more IL-17A in PsA compared to osteoarthritis*® and more
IL-17A and granzyme B in SpA compared to MAIT cells in
blood.*® Interestingly, they secrete lower levels of TNFa and IFNy
in SpA compared to MAIT cells in blood, with similar levels
observed between SpA and RA*® (Table 1, Figure 1).

IL-23 appears to be a key driver in MAIT cell activation. Its
receptor, IL-23R, is up-regulated in synovial fluid MAIT cells stim-
ulated with CD3/CD28 and IL-23 in PsA and RA compared to
osteoarthritis.*? This stimulation enhances MAIT cell proliferation
significantly more than CDG/CD28 alone or PMA/ionomycin,
highlighting the mitogenic potential of IL-23 in PsA.*? Similarly, in
pSD, IL-7 and IL-23 drive IL-17 polarization of MAIT cells, as IL-
7 up-regulates STAT3/HIF1a, and IL-23 induces RORc expres-
sion®* (Table 1, Figure 1).

Although access to inflamed spinal enthesis in axSpA is chal-
lenging, Rosine et al®® identified MAIT cells in the spinal enthesis
of patients with osteoarthritis, where they exhibited a resident
memory phenotype and inducible IL-17A production. However,
no study has yet investigated MAIT cells in the spinal enthesis of
patients with axSpA.

Consequently, MAIT cells are present in target tissues and
appear to accumulate at sites of inflammation, where they secrete
Th17 cytokines, potentially driving inflammation and tissue dam-
age. Further studies are needed to confirm accumulation in
inflamed tissues and to better characterize their profile and role.

MAIT cell migration. The destiny of circulating MAIT cells
in these conditions, whether they undergo cell death or migrate
to inflamed tissues, remains unclear. In type 1 diabetes, circulat-
ing MAIT cells migrate into the pancreas of NOD mice during type
1 diabetes development.?®

As described previously, chronic inflammatory rheumato-
logic diseases are characterized by a depletion of circulating MAIT
cells alongside their accumulation in inflamed tissues. This prelim-
inary data, based on few studies with a small number of patients,

highly suggests that circulating MAIT cells could migrate into
inflamed tissues.

MAIT cells express a variety of chemokine receptors, such as
CCRB, CXCR6, CCR5, and CCR2, indicating their ability to
migrate. In RA, Kim et al®® investigated the trafficking ability of
MAIT cells in the inflamed joint. TNFa and IL-1 in RA synovial fluid
up-regulate E-selectin, intercellular adhesion molecule 1, and vas-
cular cell adhesion molecule 1 on endothelial cells, attracting cir-
culating MAIT cells that express high levels of sLewis® (Figure 1).
Additionally, TNFa induces CCL20 expression on endothelial
cells, leading to the attraction of CCR6* MAIT cells. In pSD, circu-
lating MAIT cells overexpress CCR9 and CXCR5,%” suggesting a
potential attraction to the salivary gland (Figure 1). This is sup-
ported by the expression of their corresponding ligands in the sal-
ivary gland: CCL25,%° which binds to CCR9, and CXCL13,”°
which binds to CXCRb.

In SSc, the decrease in circulating MAIT cells is more pro-
nounced in patients with SSc-ILD and is correlated with the
expression of the tissue-recruitment chemokine CCRB6. This sug-
gests that MAIT cells could migrate into lungs.®* In SLE, the
increase in circulating CCR6™ CD127~ MAIT cells could suggest
a migration of circulating CCR6* CD127*" MAIT cells into the kid-
ney.®® Enhancing our understanding of how MAIT cells are tar-
geted in inflamed tissues and providing evidence of their
migration in a mouse model are pivotal research areas.

Functional role of MAIT cells in disease progression.
MAIT cells have received limited attention in animal research, with
only two studies conducted in mouse models of RA and SLE. Ina
murine model of RA, MAIT cells were found to promote inflamma-
tion and exacerbate disease.”’ Specifically, the severity of
collagen-induced arthritis is reduced in MR1~~ mice, which are
deficient in MAIT cells. Conversely, the reconstitution of MAIT cells
in these mice led to severe arthritis characterized by an inflamma-
tory response rather than a specific type 2 collagen response.
This study, albeit conducted in only one RA mouse model, sug-
gests that MAIT cells may contribute to joint inflammation. Further
studies with complementary mouse models and other techniques
to modulate MAIT cells are necessary to fully elucidate their
role in RA.

In a spontaneous animal model of lupus, the FcyRIIb™ Yaa
mice, MAIT cells contributed to lupus pathogenesis by promoting
autoantibody production and exacerbating tissue inflammation.
Two approaches were used to study the role of MAIT cells:
MR1~~ animals, which lack MAIT cells, and treatment with the
synthesized inhibitory MR1 ligand isobutyryl 6-formylpterin, which
blocks MAIT cell activation. Both genetic deficiency and pharma-
cologic inhibition improved the lupus course by reducing autoan-
tibody production and mitigating the severity of lupus nephritis.
This improvement was evidenced by reduced proteinuria,
reduced IgG and C3 deposition, and diminished mononuclear cell
infiltration in the kidney.®”

/=
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Conclusions and perspectives

The proportion of circulating MAIT cells is decreased in
chronic inflammatory rheumatologic diseases, and those
detected in the circulation exhibit an activated profile and/or an
increased cytokine-producing capacity. Interestingly, MAIT cells
are enriched in the joints of patients with RA, SpA, and PsA, as
well as in salivary glands of patients with pSD. The expression of
markers implicated in joint homing, such as CCR8, or in the sali-
vary gland, such as CCR9 and CXCR5, coupled with the
decrease in circulating MAIT cells, suggests that MAIT cells could
migrate from the blood to the inflamed tissues.

This suggests that MAIT cells likely play a pathogenic role in
the development of these diseases. However, further studies are
needed to precisely elucidate their contribution. Specifically,
investigating the interaction between microbiota and alterations
of circulating MAIT cells could enhance our understanding of
MAIT cell activation (Box 1). Indeed, emerging evidence
underscores the pivotal role of microbiomes in the immunopatho-
genesis of rheumatic diseases.®® As detailed previously, micro-
biota-derived metabolites have been demonstrated to impact
the selection, expansion, and functional repertoire of MAIT cells.
For instance, in alcoholic liver disease, gut dysbiosis contributes
to MAIT cell dysfunction.”® Hence, it becomes imperative to
unravel the mechanisms through which microbiota influence
MAIT cell phenotypes by examining correlations between intesti-
nal permeability, dysbiosis, and MAIT cell phenotype in rheumatic
disorders.

Secondly, further investigations aim to demonstrate the
migration of circulating MAIT cells into inflamed tissues (Box 1).
Once activated, MAIT cells appear to rapidly migrate from periph-
eral blood to the inflammation site in inflammatory or autoimmune

Box 1. Research agenda

Research agenda

e How do circulating mucosal-associated invariant T (MAIT) cells
become activated? Do they undergo activation in peripheral
blood or within mucosal tissues before circulation?

¢ \What are the relationships between intestinal permeability, dys-
biosis, and the phenotype of MAIT cells?

e How are MAIT cells recruited and localized within inflamed tis-
sues? Provide evidence of their migration, potentially using
mouse models.

e \What is the in vitro functional behavior of MAIT cells? Do they
exhibit pathogenic or protective effects, and do they directly
interact with diseased cells or through intermediary cells and
cytokines?

e \What is the functional role of MAIT cells in the development of
diseases? This includes confirming or establishing their
involvement in disease exacerbation.

e (Can the proportion and/or profile of MAIT cells serve as bio-
markers for treatment response?

e Are MAIT cells promising targets for novel therapeutic
interventions?

diseases. The migration causes depletion of MAIT cell frequency
in the blood and aggregate at the inflammation site, where they
secrete proinflammatory cytokines, leading to inflammation and
damage of target organs.

Furthermore, conducting in vitro functional studies is essen-
tial to elucidate the precise role of MAIT cells in inflamed tissues
(Box 1). These studies could help determine whether MAIT cells
exhibit pathogenic or protective functions and whether they inter-
act directly with diseased cells or via other cells or cytokines.
Moreover, other murine models would be valuable to further sub-
stantiate their involvement in exacerbating these diseases (Box 1).

With a deeper understanding of the underlying mechanisms,
MAIT cells may emerge as an attractive therapeutic target (Box 1).
In rheumatologic diseases, MAIT cells exhibit reduced production
of IFNy and TNFa, while displaying increased levels of IL-17 and
IL-22 in both blood and tissues. Therefore, MAIT cells, as a source
of IL-17, a key cytokine in rheumatologic disorders, could be an
interesting target. Direct inhibition of MAIT cells can be achieved
using MR1-blocking antibodies, which have demonstrated efficacy
in reducing tumors by targeting MR1 up-regulation in mouse mod-
els.”® MAIT cell activation can also be inhibited by acetyl-6-formylp-
terin, a vitamin Bg metabolite, which is a nonagonist
MR1-presented ligand.®” Another potential approach is to block
cytokine secretion by MAIT cells. Selective inhibition of PISKS has
been shown to suppress IL-17A and IL-17F production by MAIT
cells from healthy donor peripheral blood,”* which could be effec-
tive in IL-17—driven diseases, such as psoriasis and SpA. Finally,
strategies aimed at blocking MAIT cell migration into inflamed tis-
sues could offer an innovative approach for therapeutic interven-
tion. Such treatments could be used in early rheumatism (early
RA, early SpA, etc) either alone or in combination with targeted
therapies to enhance their efficacy.

In addition to evolving into a therapeutic target for enhancing
the management of rheumatism, MAIT cells could potentially serve
as a biomarker indicating the response to current treatments
(Box 1). In SLE, patients in complete renal remission after immuno-
suppressive therapy exhibited a higher proportion of MAIT cells,
which were less proliferative (Ki67) and cytotoxic (granzyme B pro-
duction) at inclusion.*” The association of MAIT cell frequency
and/or activation profile with disease activity observed in SLE and
SpA*T 4448 strongly suggests their utility as biomarkers. Examining
the proportion and characteristics of MAIT cells over time, both
before and after treatment, through longitudinal studies could unveil
whether a specific MAIT cell phenotype serves as a predictive indi-
cator for a favorable therapeutic response.
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Examples of Treatments That May Be Highly Effective
for Osteoarthritis: Do They Provide Insights Into Future

Treatment Directions?

David T. Felson' ' and Francis Berenbaum?

Introduction

Osteoarthritis (OA), the most common form of arthritis, is a
major unconquered chronic disease. On the other hand, great
progress has been made in controling rheumatoid arthritis
(RA) and other inflammatory arthritides. Given the lack of success
in developing effective nonsurgical treatments for OA, new strate-
gies are needed.

The development of a successful treatment often depends
on an understanding of disease pathophysiology, with treatments
targeting causes of disease. The last 20 years have seen major
advances in our understanding of OA, especially the contribution
of inflammation to disease progression and as a cause of pain."
OA is often caused by a combination of joint injury and inflamma-
tory response. Animal models simulate OA either by inducing car-
tilage damage chemically (eg, monoiodoacetate) or by causing
physical injury to the joint (eg, destabilization of the medial menis-
cus). In the latter case, the development of OA is accelerated in an
inflacsnmatory environment. Human OA can be triggered entirely
by major joint injury, such as a meniscal tear or intra-articular frac-
ture, or by inflammatory damage to joint structures as in OA sec-
ondary to longstanding RA.

In this review, we will highlight two nonsurgical treatments that
have shown impressive efficacy for OA pain in human trials. These
treatments may provide examples of approaches likely to be highly
effective in two ways. First, the actual treatments may be highly
effective. Second, they may provide examples of general
approaches that underlie treatment efficacy, even though actual
treatments may be different from those we describe. We will
attempt to understand the mechanisms underlying the efficacy of
these treatments as models for treatment development. We cau-
tion the reader that the two treatments highlighted have each been
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tested so far in only one large well-done randomized trial, and to
better gauge their promise, additional trials are needed for each.
We shall focus on knee OA, the best studied site of disease; our
observations are likely to be generalizable to OA elsewhere.

Defining “highly effective”

To define “highly effective,” we cannot use P values because if
the trial testing a treatment versus placebo is large, results can
show statistically significant efficacy even if the treatment effect is
tiny. Because OA trials have generally used continuous outcomes
such as pain and quantitative cartilage loss, the most appropriate
measure of efficacy is the effect size. In a placebo-controlled trial,
the effect size is the mean change in the treated group score minus
the mean change in the placebo divided by a pooled SD. For this
assessment, we used the pooled baseline SD of active treatment
and placebo groups. Because treatment for RA is widely regarded
as successful for most patients, we shall use the standard treat-
ment widely regarded as highly effective, methotrexate. A compre-
hensive meta-analysis of randomized placebo-controlled trials of
methotrexate in RAZ has shown different effect sizes for different
outcomes, including an effect size of 0.61 for tender joint counts,
the outcome given most weight by rheumatologists when monitor-
ing treatment. Effect sizes greater than 1.00 were seen for both
patient and physician global assessments. Averaging effect sizes
yields an effect size of 0.75, a number we shall use (0.7-0.8) to
characterize a highly effective treatment.

Based on Cochrane meta-analyses of trial data, none of the
effect sizes for pain outcomes for guideline-recommended treat-
ments for OA attain the highly effective threshold. As noted in a
recent review of OA treartment by Kloppenburg and colleagues,®
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“Evidence of the last years have increased our knowledge of their
efficacy, which is unfortunately not high....”

Inflammation as a cause of OA and attempts to
abrogate it

A chorus of prominent scientific voices has argued, based on
animal models of disease, that inflammation is an essential com-
ponent to the pathogenesis of OA."** These models have shown
that, in an inflammatory environment, joint destruction and carti-
lage loss after joint injury are much greater than when inflamma-
tion is suppressed. In fact, in one animal model in which
inflamsmatory responses to injury were absent, cartilage loss did
not develop after joint trauma.®

Human studies suggest also that inflammation increases the
risk of disease worsening. For example, synovitis on magnetic
resonance imaging (MRI) accelerates cartilage loss and is associ-
ated with more severe joint pain. Authors have proposed that
suppression of the inflammatory cascade would provide thera-
peutic opportunities in OA.#

The promise of treating OA by abrogating inflammation has
led to multiple trials testing different approaches summarized in
arecent review.® For example, interleukin-1 (IL-1) is a central cyto-
kine activating catabolic processes within cartilage, yet OA trials
evaluating IL-1 inhibitors have not shown promise despite a car-
diovascular trial of an IL-1 inhibitor showing a reduction in knee
replacements over 3.7 years.® Other OA trials have tested treat-
ments for RA, including tumor necrosis factor (TNF) inhibitors
and an IL-6 inhibitor, and these trials have been negative, with
none achieving a highly effective threshold. Hydroxychloroquine
has shown no measurable efficacy.® Although methotrexate may
be modestly effective for hand OA,® its efficacy may not extend
to knees and, even in hand OA, does not meet a highly effective
threshold. Disappointing results from these trials may be due to
the heterogeneity of OA, whereby inflammation is critical in only
some patients.

Mechanics and OA: An example using knee
coronal plane malalighment

Coronal plane malalignment, a chronic mechanical insult,
markedly increases risk of OA progression” and causes bone
marrow lesions on MRI, which represent traumatic lesions to the
bone. Given that over 80% of knees with OA in the community-
based Multicenter Osteoarthritis Study (MOST) had varus or val-
gus malalignment and taking into account the increased risk of
disease progression in these knees,” over half of cases of radio-
graphic disease progression are caused in part by malalignment.

Malalignment can be measured standing using long-limb
x-rays or during walking, so-called dynamic malalignment. The
knee adduction moment is a measure of dynamic varus malalign-
ment (Figure 1), which, like standing malalignment, has been

Ground reaction
force

Knee adduction
moment

Figure 1. Adduction moment is the product of the length of the
moment arm and the ground reaction force. Treatment strategies
such as bracing, shoe wedges, and tibial osteotomies all work in part
by shortening the moment arm.

linked to disease progression and more severe pain. Therapeutic
efforts to reduce the adduction moment have involved moving
the knee closer to the ground reaction force vector, making the
knee less varus. Therapies that attempt knee realignment, such
as knee braces and heel wedges and other shoe modifications,
yield 4% to 6% reductions in the adduction moment® and have
not shown great clinical success.”

One unique approach consists of shoes with hemispheric
hard rubber balls screwed into tracks on the bottom of a special
shoe. The positions of these balls can be changed depending
on the desired gait modification. With ball position adjusted to
correct varus malalignment, knee adduction moment drops by
10% to 14%. After months of use, patients walking barefoot have
8% to 13% lower adduction moments than before use of the
shoe, suggesting muscle training has occurred.'® In a random-
ized controlled trial, this shoe successfully reduced knee pain
compared to sham at the preselected time point of six months,
with an effect size versus sham of 0.7, suggesting a “highly effec-
tive” treatment.™

Although not tested in a randomized trial, in joint distraction
procedures, a metal frame is inserted into bones above and
below the OA joint and pulls apart the joint for six weeks, followed
by removal of the frame and normal weight bearing. This
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procedure has also shown marked reductions in pain and even
improvements in structural disease,' confirming the promising
therapeutic value of unloading.

Weight loss and OA

Although malalignment increases focal load in the knee, obe-
sity confers an increased load, especially in those compartments
bearing most of the load. Persons with obesity have a markedly
increased risk of radiographic knee OA but have little increased risk
of radiographic hand OA,'® suggesting that the increased load
conferred by obesity amplifies the risk of structural deterioration in
the joint. Further, bariatric surgery in persons with obesity reduced
pain severity by a mean of 46% in one large study in those with
knee OA."

In a randomized placebo-controlled trial, semaglutide, a
glucagon-like peptide 1 (GLP-1) agonist,’® caused 10% greater
weight loss in patients with obesity than in controls and produced
a marked reduction in knee pain. Reductions in Western Ontario
and McMaster Universities Osteoarthritis Index pain scores in active
treatment versus placebo translated into an effect size of 0.8, meet-
ing criteria for highly effective therapy. GLP-1 agonists have anti-
inflannmatory effects, but not all cause this degree of weight loss.

The effects of weight loss on pain reduction are dose related
(dependent on the amount of weight loss'®) and are probably
mediated by several independent factors. First, there is the reduc-
tion in load sensed by mechanoreceptors in the joint, including in
sensory nerves mediated, in part, by the mechanosensitive ion
channel Piezo2.'” Further, weight loss may reduce mechanical
instability across the joint, alleviating stress on ligaments and
muscles with indirect effects on pain. Also, the reduction in adi-
pose tissue may lessen pain by lowering levels of proinflammatory
cytokines (eg, IL-6 and TNF) and adipokines synthesized and
released by adipose tissue.'® The adipokine leptin has been
especially implicated as a source of OA pain. Lastly, GLP-1 ago-
nists may have direct anti-inflammatory and analgesic effects on
pain independent of weight loss.

Weight loss also has favorable chondroprotective effects,
but these are less pronounced than effects on pain and may be
mediated differently. Using data from the Osteoarthritis Initiative,
Bacon and colleagues'® showed that those who lost cartilage
had almost no change in their knee pain. This idea was corrobo-
rated in the sprifermin trial,>® in which the medication prevented
cartilage loss in OA knees but had no effect on pain severity over
five years.

Conclusions

In conclusion, two potentially highly effective nonsurgical
treatments for OA provide insights into treatment approaches that
might be successful in the future. That realignment therapies for
osteoarthritic knees can reach the highly effective threshold

suggests that ignoring the mechanical contribution to OA may
make it nearly impossible to develop successful treatments. Sec-
ond, the success of GLP-1 agonists and attendant weight loss
suggests that either unloading combined with anti-inflammatory
treatments may be needed for success or that, to be successful,
a treatment may need to home in on multiple targets in the inflam-
matory cascade.

ACKNOWLEDGMENT

We appreciate valuable discussions with Dr Rick Bucala at Yale
University on this article.

AUTHOR CONTRIBUTIONS

Both authors contributed to at least one of the following manuscript
preparation roles: conceptualization AND/OR methodology, software,
investigation, formal analysis, data curation, visualization, and validation
AND drafting or reviewing/editing the final draft. As corresponding
author, Dr Felson confirms that all authors have provided the final
approval of the version to be published and takes responsibility for the
affirmations regarding article submission (eg, not under consideration
by another journal), the integrity of the data presented, and the state-
ments regarding compliance with institutional review board/Declaration
of Helsinki requirements.

REFERENCES

1. Berenbaum F. Osteoarthritis as an inflammatory disease (osteoarthri-
tis is not osteoarthrosis!). Osteoarthritis Cartilage 2013;21(1):16-21.

2. Lopez-Olivo MA, Siddhanamatha HR, Shea B, et al. Methotrexate for
treating rheumatoid arthritis. Cochrane Database Syst Rev 2014;(6):
CD000957.

3. Kloppenburg M, Namane M, Cicuttini F. Osteoarthritis. Lancet 2025;
405(10472):71-85.

4. Pelletier JP, Martel-Pelletier J, Abramson SB. Osteoarthritis, an inflam-
matory disease: potential implication for the selection of new thera-
peutic targets. Arthritis Rneum 2001;44(6):1237-1247.

5. Ward BD, Furman BD, Huebner JL, et al. Absence of posttraumatic
arthritis following intraarticular fracture in the MRL/MpJ mouse. Arthri-
tis Rheum 2008;58(3):744-753.

6. Schieker M, Conaghan PG, Mindeholm L, et al. Effects of interleukin-
1B inhibition on incident hip and knee replacement: exploratory analy-
ses from a randomized, double-blind, placebo-controlled trial. Ann
Intern Med 2020;173(7):509-515.

7. Sharma L, Song J, Dunlop D, et al. Varus and valgus alignment and
incident and progressive knee osteoarthritis. Ann Rheum Dis 2010;
69(11):1940-1945.

8. Arnold JB, Wong DX, Jones RK, et al. Lateral wedge insoles for
reducing biomechanical risk factors for medial knee osteoarthritis pro-
gression: a systematic review and meta-analysis. Arthritis Care Res
(Hoboken) 2016;68(7):936-951.

9. Parkes MJ, Maricar N, Lunt M, et al. Lateral wedge insoles as a con-
servative treatment for pain in patients with medial knee osteoarthritis:
a meta-analysis. JAMA 2013;310(7):722-730.

10. Haim A, Rubin G, Rozen N, et al. Reduction in knee adduction
moment via non-invasive biomechanical training: a longitudinal gait
analysis study. J Biomech 2012;45(1):41-45.

11. Reichenbach S, Felson DT, Hincapié CA, et al. Effect of biomechanical

footwear on knee pain in people with knee osteoarthritis: the BIOTOK
randomized clinical trial. JAMA 2020;323(18):1802-1812.



EFFECTIVE TREATMENTS FOR OA

301

12.

13.

14,

15.

16.

Wiegant K, van Roermund PM, Intema F, et al. Sustained clinical and
structural benefit after joint distraction in the treatment of severe knee
osteoarthritis. Osteoarthritis Cartilage 2013;21(11):1660-1667.

Jiang L, Xie X, Wang Y, et al. Body mass index and hand osteoarthritis
susceptibility: an updated meta-analysis. Int J Rheum Dis 2016;
19(12):1244-1254.

King WC, Chen JY, Belle SH, et al. Change in pain and physical func-
tion following bariatric surgery for severe obesity. JAMA 2016;
315(13):1362-1371.

Bliddal H, Bays H, Czernichow S, et al; STEP 9 Study Group. Once-
weekly semaglutide in persons with obesity and knee osteoarthritis.
N Engl J Med 2024;391(17):1573-1583.

Riddle DL, Stratford PW. Body weight changes and corresponding
changes in pain and function in persons with symptomatic knee

17.

18.

19.

20.

osteoarthritis: a cohort study. Arthritis Care Res (Hoboken) 2013;
65(1):15-22.

Obeidat AM, Wood MJ, Adamczyk NS, et al. Piezo2 expressing noci-
ceptors mediate mechanical sensitization in experimental osteoarthri-
tis. Nat Commun 2023;14(1):2479.

Binvignat M, Sellam J, Berenbaum F, et al. The role of obesity and adi-
pose tissue dysfunction in osteoarthritis pain. Nat Rev Rheumatol
2024;20(9):565-584.

Bacon K, LaValley MP, Jafarzadeh SR, et al. Does cartilage loss cause
pain in osteoarthritis and if so, how much? Ann Rheum Dis 2020;
79(8):1105-1110.

Hochberg MC, Guermazi A, Guehring H, et al. Effect of intra-articular
sprifermin vs placebo on femorotibial joint cartilage thickness in
patients with osteoarthritis: the FORWARD randomized clinical trial.
JAMA 2019;322(14):1360-1370.



Arthritis & Rheumatology
Vol. 78, No. 2, February 2026, pp 302-310
DOI 10.1002/art.43383

© 2025 The Author(s). Arthritis & Rheumatology published by Wiley Periodicals LLC on behalf of American College of Rheumatology.

AMERICAN COLLEGE
o RHEUMATOLOGY

Empowering Rheumatology Professionals

This article has been contributed to by U.S. Government employees and their work is in the public domain in the USA.
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited.

Performance of an Idiopathic Pulmonary Fibrosis-Derived
Multibiomarker Panel for Rheumatoid Arthritis-Associated
Interstitial Lung Disease
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Objective. To assess whether a panel of peripheral blood biomarkers associated with idiopathic pulmonary fibrosis
(IPF) is also associated with interstitial lung disease (ILD) in patients with rheumatoid arthritis (RA) using three indepen-
dent cohorts.

Methods. We first assessed the association of a panel of IPF-associated biomarkers with prevalent ILD among two
separate RA cohorts (n = 93 and n = 71). Concentrations of eight IPF-related biomarkers (eotaxin, FIt-3L, interleukin-8,
macrophage-derived chemokine, monocyte chemoattractant protein 1, and matrix metalloproteinase 2/7/9 [MMP-
2/7/9]) were measured, standardized, and summed to generate a multibiomarker score. We subsequently validated
the association of this score (minus MMP-2) with prevalent and incident ILD in an independent multicenter prospective
cohort of US veterans with RA (n = 2,507). Multivariable regression models were adjusted for relevant covariates in the
validation cohort.

Results. In both development cohorts, participants with RA-ILD had significantly higher IPF multibiomarker scores
than those with RA alone. In the independent validation cohort, participants in the highest quartile of multibiomarker
scores had a significantly higher likelihood of prevalent ILD (adjusted odds ratio 2.14 [95% confidence interval 1.18-
3.87]) and incident ILD (adjusted hazard ratio 2.45 [95% confidence interval 1.55-3.88]) than those in the lowest quar-
tile. The cumulative hazard of incident ILD approached 20% by 15 years for those in the highest quartile, compared to
<10% for all other quartiles.

Conclusion. A multibiomarker panel derived from IPF-associated biomarkers was associated with RA-ILD in sepa-
rate development and validation cohorts. This overlap supports the concept of shared etiopathogenesis of IPF and RA-
ILD and illustrates the potential for peripheral blood biomarker panels to stratify ILD risk among patients with RA.

INTRODUCTION

Interstitial lung disease (ILD) is a common extra-articular
manifestation of rheumatoid arthritis (RA), with clinically relevant
RA-ILD identified in approximately 5% to 15% of people with
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RA."™ The prognosis after the identification of RA-ILD is poor,
with most studies showing a median survival of approximately
three to eight years.* Given this poor prognosis, strategies to
identify RA-ILD at earlier stages are needed. The importance of
early identification of ILD is reflected in recent guidelines from the
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American College of Rheumatology (ACR)/American College of
Chest Physicians,® which recommend screening for ILD in
patients with RA at increased risk for ILD. However, guidance is
limited on which patients warrant screening and how often
screening should be completed. A number of clinical risk factors
for RA-ILD have been identified, including cigarette smoking, male
sex, older age, and higher articular disease activity,® but these
clinical risk factors alone are inadequate to accurately identify
RA-ILD.” Therefore, strategies to more precisely risk-stratify indi-
viduals at risk for RA-ILD are needed to help inform individual
patient monitoring and treatment, as well as to identify patients
at high risk for or with early RA-ILD to include in clinical studies.

Identification of peripheral biomarkers associated with
RA-ILD may not only help to inform risk stratification and screen-
ing but also further our understanding of the processes leading
to the development and/or progression of ILD. Indeed, a number
of candidate biomarkers have been evaluated in previous stud-
ies.8 Many of these were initially studied in idiopathic pulmonary
fibrosis (IPF), the most common idiopathic interstitial pneumonia
and a disease that shares epidemiologic and genetic risk factors
as well as histopathologic and radiologic features with RA-ILD.°
In previous work comparing the levels of 45 protein biomarkers
among individuals with RA-ILD or IPF and healthy controls, the
levels of eight were significantly higher in individuals with IPF
(eotaxin, Flt-3L, interleukin-8 [IL-8], macrophage-derived chemo-
kine [MDC], matrix metalloproteinase 2/7/9 [MMP-2/7/9], and
monocyte chemoattractant protein 1 [MCP-1])."® Moreover, the
levels of six of these (eotaxin, Fit-3L, IL-8, MMP-2/7/9) were also
increased in individuals with RA-ILD, demonstrating overlap in
peripheral blood biomarker profiles.™

The objective of this study was to evaluate the ability of IPF-
derived peripheral biomarkers to risk-stratify ILD in independent
RA cohorts. Due to the shared histopathologic and radiologic fea-
tures of RA-ILD and IPF, we hypothesized that a biomarker panel
linked to IPF would also be significantly associated with prevalent
and incident RA-ILD risk.

PATIENTS AND METHODS

Study design. We initially conducted a cross-sectional
study to derive a composite multibiomarker score for RA-ILD
using two cohorts of patients with RA with and without ILD. We
subsequently validated the score using an independent multicen-
ter prospective RA cohort, the Veterans Affairs Rheumatoid
Arthritis (VARA) Registry. Validation was performed with both
cross-sectional (prevalent ILD) and cohort (incident ILD) study
designs. The study was approved by the participating centers’

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.43383).

Author disclosures are available at https://onlinelibrary.wiley.com/doi/10.
1002/art.43383.

institutional review boards and by the VARA Scientific Ethics Advi-
sory Committee. All study participants provided informed
consent.

Analysis of IPF multibiomarker score. For initial
assessment of the IPF multibiomarker score, we used two sepa-
rate cohorts of patients with RA with and without ILD. Selection
of these cohorts has been previously described in detail.'®"
Briefly, individuals meeting the 1987 ACR RA classification cri-
teria'® were prospectively enrolled in separate Veterans Affairs
(VA) (n = 103) and non-VA (n = 71) cohorts. Participants in the
VA cohort were recruited prospectively from three VA facilities
(Miami, FL; Washington, DC; and Dallas/North Texas; n = 53) or
were enrolled in the VARA Registry (n = 50). Participants from
the non-VA cohort were recruited from the University of Pitts-
burgh and Brigham and Women'’s Hospital. Individuals were clas-
sified as RA without ILD, RA with subclinical ILD, or RA-ILD based
on a combination of clinical features, pulmonary function testing,
and high-resolution computed tomography (HRCT) findings that
included ground glass opacification, septal thickening, subpleural
reticulation, honeycombing, and/or traction bronchiectasis. Chest
HRCT scans were assessed by radiologists blinded to the clinical
data. Those with RA-ILD were further classified as having a usual
interstitial pneumonia (UIP) or non-UIP pattern based on the radi-
ologists’ determination.

Based on their association with IPF in previous work,'© we
measured concentrations of eotaxin, Flt-3L, IL-8, MDC, MCP-1,
and MMP-2/7/9 from serum samples using a Luminex XMAP
bead-based multiplex enzyme-linked immunosorbent assay
(ELISA) platform (EMD Millipore). Concentrations were standard-
ized based on cohort-specific means and SDs, in which the stan-
dardized concentration was equal to the difference between the
serum concentration and the cohort mean divided by the SD for
each analyte. We then calculated a composite multibiomarker
score for each participant by summing the standardized concen-
trations for individual analytes. MMP-9 was excluded from the
biomarker score in the non-VA cohort, as 15 of 71 patients had
MMP-9 concentrations above the upper limit of detection, pre-
cluding accurate calculation of cohort mean and SD. For each
cohort, we performed pairwise comparisons of the multibiomar-
ker score between the RA without ILD, RA with subclinical ILD
(imaging evidence of ILD without clinical manifestations of cough
or dyspnea), non-UIP RA-ILD, and UIP RA-ILD groups using
Mann-Whitney U tests.

Validation in VARA cohort. \We externally validated this
IPF-derived multibiomarker score in a cohort of US veterans with
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RA enrolled in the VARA Registry, a multicenter prospective
cohort of US veterans with RA."® All participants in the registry
meet 1987 ACR criteria for RA."? Clinical data were collected at
registry enrollment and longitudinally during clinical follow-up as
per standard of care. RA articular disease activity measured by
the Disease Activity Score in 28 joints (DAS28) was calculated at
registry enrollment. Serum and plasma samples were collected
at the time of registry enrollment and stored at —70°C. Anti—cyclic
citrullinated peptide (anti-CCP) antibody was measured by ELISA
using banked serum samples. Registry enrollment began in 2003,
and the current study included data collection through December
4,2023.

For those patients in the VARA Registry, ILD was identified
and validated by systematic medical record review as described
previously.'*'® Registry participants were screened for the pres-
ence of RA-ILD by diagnostic codes and were classified as having
RA-ILD if they were diagnosed with ILD by their treating provider
plus had either chest computed tomography (CT) or lung biopsy
features consistent with ILD. ILD pattern was classified as UIP if
this was either documented in the clinical radiology read or when
honeycombing was present and was classified as non-UIP for all
other reads. Prevalent ILD was defined as being present at the
time of registry enrollment, and incident ILD defined as developing
at any time after registry enrollment during longitudinal follow-up,
with censoring for death or the end of the study period.

Using banked samples collected at registry enrollment,
plasma/serum analytes included in the multibiomarker score
(eotaxin, FIt-3L, IL-8, MDC, MCP-1, and MMP-7/9) were mea-
sured using R-PLEX ELISA assays from MesoScale Diagnos-
tics.”® MMP-2 concentrations were not available in the VARA
cohort and therefore were excluded from the score. Concentra-
tions of the biomarkers were log-transformed to normalize their
distributions, and the multibiomarker score was calculated as
described for the development cohorts using standardized con-
centrations of the individual analytes. To account for the possibil-
ity of nonlinear associations between the multibiomarker score
and ILD, we also divided the cohort into quartiles based on the
multibiomarker score, with quartile 1 representing the lowest bio-
marker score values and quartile 4 representing the highest
values.

Statistical analysis. The association of the IPF multibio-
marker score with prevalent and incident RA-ILD in the VARA
cohort was assessed using logistic and Cox regression models,
respectively, adjusted for age, sex, race, smoking status,
anti-CCP antibody status, and DAS28. For prevalent analyses,
participants who developed incident RA-ILD during longitudinal
follow-up were excluded, and for incident analyses, participants
who had prevalent RA-ILD at baseline were excluded. Discrimina-
tion of prevalent RA-ILD was evaluated with receiver operating
characteristic (ROC) curves, initially with clinical predictors alone
and subsequently with the addition of the multibiomarker score.

In exploratory analyses, we evaluated score performance by
assessing the sensitivity, specificity, positive predictive value,
and negative predictive value at varying cutoff values. The predic-
tive ability of the multibiomarker score for incident RA-ILD com-
pared to clinical predictors alone was assessed with Harrell's C
statistic.

Beyond these assessments, we also performed exploratory
analyses in which we measured the association of the IPF bio-
marker score with RA-ILD stratified by radiographic pattern (UIP
vs non-UIP). Due to strong associations of both prevalent and
incident RA-ILD with MMP-7 concentrations in prior work,'® we
performed sensitivity analyses in which MMP-7 was excluded
from the multibiomarker score. Additionally, due to overlap of a
small number of participants between the VA development cohort
and the VARA validation cohort (n = 50), we performed a sensitiv-
ity analysis in which these participants were excluded from the
regression models in the VARA validation cohort. Due to the pos-
sibility of disease latency, we also performed a sensitivity analysis
in which the regression models were performed with prevalent
ILD defined as ILD identified before or within the first year after
registry enrollment and incident ILD defined as developing one
or more years after enrollment.

RESULTS

Patient characteristics in study cohorts. The develop-
ment cohorts consisted of 103 participants in the VA cohort and
71 participants in the non-VA cohort, characteristics of which
have been reported previously.'® Ten participants were excluded
from the original VA cohort due to having incomplete biomarker
measurements; therefore, 93 participants from the VA dev-
elopment cohort were included in the current analyses
(Supplemental Table 1). In the validation cohort from the VARA
Registry, a total of 2,507 participants with complete biomarker
measurements were included in analyses. Of these participants,
106 had prevalent ILD and 153 developed incident ILD during
20,142 (mean 8.4 years) patient-years of follow-up (Table 1).
Seven participants from the VARA Registry were excluded from
analyses because available information was indeterminate for the
presence/absence of ILD. Compared to participants without ILD,
those with prevalent ILD were older, had a longer duration of RA,
and were more likely to be anti-CCP positive and current/former
smokers (Table 1).

IPF multibiomarker score in RA development
cohorts. For both the VA and non-VA development cohorts,
patients with RA with ILD had significantly higher IPF multibiomar-
ker scores than those without ILD (mean biomarker scores: VA
1.1 [non-UIP] and 2.9 [UIP] vs —3.9 [RA alone], P < 0.0001; non-
VA 0.5 [non-UIP] and 4.0 [UIP] vs —1.8 [RA alone], P = 0.002;
Figure 1). The multibiomarker score was highest among those
with a UIP pattern of ILD compared to those with a non-UIP



MULTIBIOMARKER PANEL RA-ILD

305

Table 1. Baseline characteristics of participants in the Veterans Affairs Rheumatoid Arthritis Registry (validation

cohort)*
RA without ILD RA-ILD Pvalue
Cross-sectional study of prevalent RA-ILD
n 2,241 106 -
Age, mean (SD), y 63.8(11.2) 68.0(9.4) <0.001
Male sex, % 88.0 91.5 0.27
White race, % 777 77.4 0.94
Body mass index? 29.0 29.2 0.67
Smoking status, %° 0.015
Never 214 9.8 -
Former 53.8 64.7 -
Current 24.7 255 -
RA duration, mean (SD), y* 11.2(11.2) 14.3(13.8) 0.005
Anti-CCP positive, %° 76.1 85.8 0.021
DAS28, mean (SD)? 3.74(1.57) 4.03(1.20) 0.07
Multibiomarker score, mean (SD) -0.08 (3.78) 1.04(3.99) 0.003
Eotaxin 0.01(0.99) 0.09 (1.03) 034
Flt-3L -0.02 (0.97) 0.31(0.98) <0.001
IL-8 -0.01 (0.98) 0.04(1.01) 0.59
MCP-1 0.01(0.97) -0.01(1.17) 0.83
MDC 0.02 (0.96) -0.08(1.17) 0.29
MMP-7 -0.04(0.97) 0.54(1.27) <0.001
MMP-9 -0.04 (1.00) 0.15(0.99) 0.047
Cohort study of incident RA-ILD
n 2,241 153 -
Age, mean (SD), y 63.8(11.2) 64.6 (9.1) 0.37
Male sex, % 88.0 92.8 0.07
White race, % 77.7 70.6 0.043
Body mass index” 29.0 285 0.28
Smoking status, % 022
Never 214 17.1 -
Former 53.8 52.6 -
Current 24.7 30.3 -
RA duration, mean (SD), y° 11.2(11.2) 10.9 (10.8) 0.78
Anti-CCP positive, %° 76.1 83.0 0.052
DAS28, mean (SD)° 3.74(1.57) 4.08 (1.46) 0.010
Multibiomarker score, mean (SD) -0.08 (3.78) 0.60 (4.08) 0.031
Eotaxin -0.01 (0.99) 0.06 (1.12) 0.43
Flt-3L -0.02 (0.97) -0.06 (1.16) 0.61
IL-8 -0.01 (0.98) 0.15(1.15) 0.048
MCP-1 0.01(0.97) 0.04 (1.13) 0.72
MDC 0.02 (0.96) -0.04 (1.16) 0.45
MMP-7 -0.04 (0.97) 0.26 (0.94) <0.001
MMP-9 -0.04 (1.00) 0.19 (1.00) 0.005

* CCP, cyclic citrullinated peptide; DAS28, Disease Activity Score in 28 joints; IL, interleukin; ILD, interstitial lung dis-
ease; MCP, monocyte chemoattractant protein 1; MDC, macrophage-derived chemokine; MMP, matrix metallopro-

teinase; RA, rheumatoid arthritis.

@ Missing data: body mass index (n = 163 RA without ILD, n = 4 RA-ILD), smoking status (n = 59 RA without ILD, n =4
RA-ILD), RA duration (n = 56 RA without ILD, n = 3 RA-ILD), anti-CCP (n = 1 RA without ILD), DAS28 (n = 162 RA without

ILD, n = 6 RA-ILD).

b Missing data: body mass index (n = 163 RA without ILD, n = 3 RA-ILD), smoking status (n = 59 RA without ILD, n =1
RA-ILD), RA duration (n = 56 RA without ILD, n = 3 RA-ILD), anti-CCP (n = 1 RA without ILD), DAS28 (n = 162 RA without

ILD, n = 4 RA-ILD).

pattern, though this was only significant in the non-VA cohort.
Multibiomarker scores did not significantly differ between those
with subclinical ILD and those without ILD.

IPF multibiomarker score in RA validation cohort. In
the VARA validation cohort, participants with prevalent ILD had
higher IPF multibiomarker scores than those without ILD
(mean 1.04 vs —0.08; P = 0.003). Among individual analytes
in the multibiomarker score, FIt-3L, MMP-7, and MMP-9

concentrations were all significantly higher in participants with
prevalent ILD (Table 1). In adjusted analyses, higher multibio-
marker scores were associated with greater odds of prevalent
ILD (adjusted odds ratio [aOR] 1.07 [95% confidence interval
(Cl) 1.01-1.14] per one-point increase in multibiomarker
score). Those individuals in the highest quartile of IPF multibio-
marker scores had greater than two-fold increased odds of
prevalent ILD (aOR 2.14 [95% CI 1.18-3.87]; Table 2) com-
pared to those in the lowest quartile.
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IPF multibiomarker score correlates with stage of RA-ILD in independent development cohorts. Bar graphs correspond to composite

IPF multibiomarker scores in patients with RA without ILD, with subclinical ILD, or with clinically evident ILD (distinguished by the presence vs
absence of UIP-like abnormalities on chest CT). MMP-9 was excluded from the score in the non-VA cohort. Tables list P values resulting from sub-
group comparisons using Mann-Whitney U tests. CT, computed tomography; ILD, interstitial lung disease; IPF, idiopathic pulmonary fibrosis;
MMP, matrix metalloproteinase; RA, rheumatoid arthritis; UIP, usual interstitial pneumonia; VA, Veterans Affairs.

In ROC analyses, the addition of the IPF multibiomarker
score to clinical variables alone (age, sex, race, smoking status,
anti-CCP antibody positivity, and baseline DAS28) did not

Table 2. Associations of the IPF multibiomarker score with preva-
lent and incident RA-ILD in the VARA validation cohort*

Multibiomarker Adjusted odds or

score quartile hazard ratio (95% Cl)? Pvalue
Prevalent ILD
Quartile 1 Ref. -
Quartile 2 0.74 (0.35-1.55) 0.43
Quartile 3 1.45(0.78-2.72) 0.24
Quartile 4 2.14(1.18-3.87) 0.01
Ptrend - 0.005
Incident ILD
Quartile 1 Ref. -
Quartile 2 1.06 (0.63-1.78) 0.83
Quartile 3 1.32(0.80-2.19) 0.28
Quartile 4 2.45 (1.55-3.88) <0.001
P trend - <0.001

* Cl, confidence interval; ILD, interstitial lung disease; IPF, idiopathic
pulmonary fibrosis; RA, rheumatoid arthritis; VARA, Veterans Affairs
Rheumatoid Arthritis.

2 Prevalent ILD estimates are odds ratios, and incident ILD estimates
are hazard ratios. Models were adjusted for age, sex, race, smoking
status, anti-cyclic citrullinated peptide antibody positivity, and base-
line RA disease activity.

significantly improve prevalent RA-ILD discrimination (area under
the curve 0.667 vs 0.653, P = 0.32; Figure 2). We assessed the
sensitivity and specificity, as well as the positive and negative pre-
dictive values, of the multibiomarker score at varying cut points
(Supplemental Table 2). Although a multibiomarker score greater
than —1 had a sensitivity of 80% for RA-ILD, the specificity was
only 32%. Scores >4 had a specificity of >90% but were present
in only 11% of the cohort and had a sensitivity of 17%. Overall,
positive predictive values were low and negative predictive values
were high, reflecting the low prevalence of ILD in the VARA
cohort.

Participants who developed incident ILD during longitudinal
follow-up had higher IPF multibiomarker scores at registry enroll-
ment than those without ILD (mean 0.60 vs —0.08; P = 0.031).
Among individual analytes in the score, IL-8, MMP-7, and
MMP-9 concentrations were all significantly higher in participants
who developed incident ILD (Table 1). In adjusted analyses, higher
multibiomarker scores were associated with a greater risk of inci-
dent ILD (adjusted hazard ratio [aHR] 1.08 [95% CI 1.03-1.13]
per one-point increase). Those in the highest quartile of IPF multi-
biomarker scores had a greater than two-fold increased risk of
incident ILD (aHR 2.44 [95% CI 1.55-3.88]; Table 2). Over
15 vyears of follow-up, those in the highest quartile of



MULTIBIOMARKER PANEL RA-ILD

307

0.75

Sensitivity
o
(42
=

0.25 A

—®— Clinical predictors alone AUC = 0.653

—&— Clinical predictors + multibiomarker
score AUC = 0.667

0 -

T T T T T

0 0.25 0.50 0.75 1

1 - specificity

Figure 2. Receiver operating characteristic curves for clinical pre-
dictors versus multibiomarker score in cross-sectional analyses of
prevalent RA-ILD (validation cohort). Clinical predictors included age,
sex, race, smoking status, anti—cyclic citrullinated peptide antibody
positivity, and baseline DAS28. The multibiomarker score was mea-
sured as a continuous variable. AUC, area under the curve; DAS28,
Disease Activity Score in 28 joints; ILD, interstitial lung disease; RA,
rheumatoid arthritis.

multibiomarker scores had a cumulative hazard of incident ILD
approaching 20%, compared to <10% for quartiles 1, 2, and 3 (Fig-
ure 3). Relative to clinical predictors alone, the addition of the mullti-
biomarker score led to a significant but modest improvement in
discrimination of incident RA-ILD when divided into quartiles
(Harrell's C statistic 0.627 vs 0.666, P = 0.028) but not as a contin-
uous measure (Harrell’s C statistic 0.627 vs 0.644, P = 0.29).

Exploratory analyses in validation cohort. Among
VARA participants with prevalent ILD, 55 had ILD patterns classi-
fied as UIP and 51 had ILD patterns classified as non-UIP. As a
continuous measure, associations of the IPF multibiomarker
score with prevalent ILD were similar in non-UIP (aOR 1.10 [95%
Cl 1.00-1.21] per one-point increase) and UIP (@OR 1.05
[95% CI 0.97-1.14] per one-point increase). Those in the highest
quartile of multibiomarker scores had significantly higher odds of
prevalent non-UIP (aOR 3.07 [95% CI 1.20-7.83]), whereas odds
of UIP did not reach significance for those in the highest quartile
of multibiomarker scores (Supplemental Table 3).

Among participants who developed incident ILD, 85 had ILD
patterns classified as UIP and 68 had ILD patterns classified as
non-UIP. As a continuous measure, the IPF multibiomarker score
was similarly associated with incident non-UIP (@aHR 1.10 [95% CI
1.02-1.19] per one-point increase) and UIP (aHR 1.06 [95%
Cl 1.00-1.13] per one-point increase). Those in the highest quar-
tile of multibiomarker scores had a >2.5-fold increased risk of

0.21 Quartile 4

- - Quartile 3

Quartile 2

0.15 - Quartile 1
0.14

Cumulative hazard ratio

0.05

0 5 10 15

Follow up (years)

Figure 3. Cumulative hazard of incident RA-ILD by multibiomarker
score quartiles (validation cohort). Cumulative hazard plots were con-
structed using Cox models and adjusted for age, sex, race, smoking,
anti—cyclic citrullinated peptide antibody positivity, RA disease activity,
and period of enrollment. The x-axis indicates follow-up time (years),
and the y-axis indicates the cumulative hazard of incident RA-ILD in
adjusted models. ILD, interstitial lung disease; RA, rheumatoid arthritis.
Color figure can be viewed in the online issue, which is available at
http://onlinelibrary.wiley.com/doi/10.1002/art.43383/abstract.

incident ILD, with associations observed for both non-UIP and
UIP patterns (Supplemental Table 3).

Sensitivity analyses in validation cohort. When the
50 patients with overlapping data from the validation and devel-
opment cohorts were excluded from analysis of the VARA cohort,
associations of the IPF multibiomarker score (continuous and
quartiles) with prevalent and incident ILD were similar in magni-
tude and significance (Supplemental Table 4) to parallel analyses
including these individuals (Table 2). In sensitivity analyses exclud-
ing MMP-7 (which has previously been linked to prevalent and
incident RA-ILD in this cohort), the IPF multibiomarker score was
modestly attenuated and no longer significantly associated with
prevalent ILD as a continuous measure (@OR 1.04 [95% ClI
0.97-1.11] per one-point increase), and similarly the highest quar-
tile multibiomarker score was no longer significantly associated
with prevalent ILD (@aOR 1.66 [95% CI 0.92-3.00]). In contrast,
although results were attenuated relative to the primary analysis,
the IPF multibiomarker score remained significantly associated
with incident ILD after excluding MMP-7 (aHR 1.06 [95% CI
1.01-1.11] per one-point increase; aHR 2.00 [95% CI 1.26-
3.17] for the highest quartile). Following reclassification of ILD
identified within the first year after registry enrollment as prevalent
ILD (n = 132) and ILD identified more than one year after registry
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enrollment as incident ILD (n = 127), associations of the IPF multi-
biomarker score with ILD were similar to those observed in the
primary analyses, both as a continuous measure (aOR 1.06
[95% CI 1.00-1.12] per one-point increase for prevalent ILD,
aHR 1.10 [95% CI 1.04-1.16] per one-point increase for incident
ILD) and by quartile (data not shown).

DISCUSSION

In this observational study with independent development
and validation cohorts, we found that a panel of IPF-derived
peripheral biomarkers was similarly associated with prevalent
and incident ILD among participants with RA. These findings were
strongest for the development of incident RA-ILD, as those with
the highest quartile of multibiomarker scores demonstrated a
nearly 20% risk of developing incident RA-ILD over 15 years of
longitudinal follow-up. Moreover, these results persisted when
analyzing UIP and non-UIP RA-ILD separately. Together, these
findings provide further support for a shared etiopathogenesis
between RA-ILD and IPF and illustrate the potential value of
peripheral blood biomarker panels for RA-ILD risk stratification.

There exists an unmet need to accurately identify patients
with RA at an increased risk for the presence or development of
ILD, and routinely measured clinical and laboratory data have a
limited ability to fill this void.” Accurate measures to identify these
patients may help to select patients with RA who are more likely
to benefit from earlier or more frequent screening for RA-ILD with
chest HRCT and pulmonary function tests. The measurement of
peripheral blood biomarkers is an attractive, minimally invasive
approach with the potential for widespread application to help
bridge this gap. In this study, we found that a multibiomarker
score of seven IPF-derived peripheral blood biomarkers was
associated with both prevalent and incident RA-ILD risk. Even
when removing the known RA-ILD-associated biomarker
MMP-7 from the panel,'® the IPF multibiomarker score remained
significantly associated with incident, but not prevalent, RA-ILD.

Patients with RA with the highest quartile of IPF multibiomar-
ker scores had a greater than two-fold increased risk of prevalent
and incident RA-ILD, although the multibiomarker score did not
demonstrate sufficient clinical utility for the identification of preva-
lent ILD. Model performance metrics (eg, area under the ROC
curve) did not show improved discrimination over clinical risk fac-
tors alone, and none of the cut points demonstrated sufficient
sensitivity and specificity. These results exemplify the challenge
of constructing a clinically meaningful biomarker panel that is
associated with ILD risk. Further research is needed to identify
the clinical, laboratory, and genetic risk factors that can accurately
identify patients with RA with or at risk for ILD. An additional
unmet need is a strategy to identify patients with RA with subclin-
ical ILD at greater risk to progress to clinically apparent RA-ILD,
thus potentially warranting closer monitoring or earlier interven-
tion. In the development cohorts, there was no statistically

significant difference in multibiomarker scores between patients
with RA without ILD and those with subclinical ILD. However,
there was a numerical increase in the mean multibiomarker score
across higher stages of disease (no ILD vs subclinical ILD vs clin-
ically apparent ILD). Moreover, the statistically significant associa-
tion of the IPF multibiomarker panel with the development of
incident ILD in the VARA validation cohort suggests that this panel
may have clinical utility in identifying at-risk individuals without ILD
or with subclinical ILD who would benefit from heightened surveil-
lance for emergence of clinically significant ILD. Based on our find-
ings, future studies with large sample sizes and comprehensive
phenotyping of subclinical ILD status are clearly needed to more
adequately address this question.

Although this multibiomarker score does not add significantly
to established RA-ILD risk factors for the predictive value of RA-
ILD, the observed associations with prevalent and incident RA-
ILD do lend further support to the existence of common final path-
ways linking RA-ILD and IPF. RA-ILD shares a number of risk fac-
tors, histopathologic and radiologic findings, and clinical features
with IPF, suggesting an overlap in the etiopathogenesis of these
conditions.® Recent genetic studies finding the MUC5B promoter
variant, the strongest genetic risk factor for IPF, to also be associ-
ated with RA-ILD in a UIP pattern further support this connec-
tion.’®"” In this study, we have added to the growing body of
literature by observing associations of IPF-derived peripheral
blood biomarkers (eotaxin, Fit-3L, IL-8, MDC, MCP-1, and
MMP-2/7/9) with prevalent and incident RA-ILD. This observation
suggests that similar processes may be occurring on a molecular
level in IPF and RA-ILD. Importantly, this potential molecular over-
lap raises the possibility that treatment responses to pharmaco-
logic therapies could be shared between IPF and some patients
with RA-ILD. Indeed, recent studies have suggested that antifi-
brotic treatments used for IPF may similarly slow the rate of
decline in lung function in patients with RA-ILD.81° Given the lim-
ited body of evidence for effective immunomodulatory therapy in
RA-ILD and the general avoidance of immunomodulatory therapy
in IPF,2%2" it is unknown whether selected molecular “endotypes”
may define subsets of RA-ILD and/or IPF with greater response to
immunomodulatory therapy.

A recent meta-analysis including studies of RA-ILD reported
UIP as the most common pattern of RA-ILD, followed by nonspe-
cific interstitial |oneumonia.22 Consistent with this finding, we
observed a slightly higher proportion of UIP-ILD in this study, based
on the clinical radiology read. Because UIP is the pattern of IPF, we
performed secondary analyses evaluating the performance of the
IPF-associated multibiomarker score in patients with UIP versus
non-UIP RA-ILD. Inincident ILD analyses, the multibiomarker score
was associated with both a UIP and a non-UIP RA-ILD pattern.
However, in prevalent ILD analyses, associations were stronger
for the non-UIP pattern. This finding was unexpected. Given the
smaller sample sizes of this secondary analysis and potential mis-
classification of ILD pattern based on clinical radiology reads, our
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findings should be considered hypothesis generating. Of note, pre-
vious research in this cohort did show an association of the
MUC5B rs35705950 promoter variant (an established risk factor
for IPF and UIP RA-ILD) with UIP RA-ILD but not non-UIP RA-
ILD,"® suggesting validity of the case definitions for UIP RA-ILD
and non-UIP RA-ILD. It is possible non-UIP RA-ILD may later
evolve into UIP RA-ILD.2® In this situation, the molecular pathways
leading to UIP could be highly activated in advance of characteristic
radiographic abnormalities indicative of UIP. Future studies with
longitudinal, comprehensive phenotyping of RA-ILD subtypes are
warranted to better understand any potential differences in bio-
marker profiles that may be present among different clinical, radio-
graphic, and/or histopathologic subtypes.

Although we did not evaluate the progression of radiologic or
physiologic ILD parameters in this study, future studies should
also evaluate whether levels of these IPF-associated proteins, or
other peripheral blood biomarkers, are able to meaningfully pre-
dict RA-ILD progression. Not all patients with RA-ILD appear to
show substantial progression over time,?*2® and the identifica-
tion of patients at the greatest risk for progression may help to
identify patients most likely to benefit from immunosuppressive
or antifibrotic therapies. Similarly, we were not able to assess
whether biomarker measurements differ among patients with
early versus established RA-ILD in the validation cohort, which will
require studies with longitudinal clinical follow-up and serial bio-
markers measurements.

There are limitations to this study. The validation cohort used
was a US veteran population with a large proportion of older men
who were current or former smokers, which may impact general-
izability. However, this is a useful population to study because it
represents a high-risk group for the development of RA-ILD, and
findings from the non-VA development cohort suggest that similar
associations may be seen in other cohorts with more representa-
tive clinical/demographic profiles. There were also minor differ-
ences in the analytes included in the IPF multibiomarker scores
between the development and validation cohorts. Despite these
differences, the results consistently showed an association of a
composite IPF-derived peripheral biomarker score with RA-ILD.
Different methods were used to define the presence of RA-ILD in
the development and validation cohorts, but the reproducible
results across cohorts emphasize the consistency and generaliz-
ability of our findings. Finally, there was partial overlap in partici-
pants from the VA development cohort and the VARA validation
cohort (n = 50); importantly, however, excluding these partici-
pants in a sensitivity analysis did not meaningfully change results.

In conclusion, this study showed that an IPF-derived
peripheral blood biomarker panel was associated with RA-ILD in
multiple independent cohorts. These findings provide additional
evidence supporting a shared etiopathogenesis of RA-ILD and
IPF. However, the current multibiomarker score did not demon-
strate sufficient performance metrics for clinical utility. Future
studies incorporating additional peripheral blood biomarkers,

agnostic biomarker analyses, and other clinical measures are
needed to develop and validate clinically meaningful tools to strat-
ify ILD risk for patients with RA.
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Serum Urate Levels Alter the Spatial Distribution of Urate
Crystals in Synovium and Correlate With Synovitis and Pain
in Non-Gout Female Patients With Anteromedial

Knee Osteoarthritis

Hao Xu,' Peng Wang," Haiyang Fu,? Longxiao Zhang,? Fenggang Xiang,” and Shuai Xiang'

Objective. This study aimed to investigate alterations in the spatial distribution of urate crystals in the osteoarthritic
synovium of patients with different levels of serum uric acid (SUA). Additionally, we examined the association between
SUA levels and the severity of synovitis and pain in anteromedial osteoarthritis (AMOA) of the knee.

Methods. Patients who underwent knee arthroplasty due to AMOA were prospectively enrolled. Blood, synovial
fluid, and synovium samples were collected and UA levels were quantified. The degree of synovitis was evaluated his-
tologically, and the levels of inflammatory cytokines in the synovial fluid were measured. The spatial distribution of
urate crystals in the synovium was determined using Gomori methenamine silver staining, and the pain subscale of
the Western Ontario McMaster Universities Osteoarthritis Index was used to evaluate knee pain. The relationships
among SUA, degree of synovitis, and knee pain were assessed using Spearman rank correlation and multivariable
analyses.

Results. The pattern of urate crystal deposition in the osteoarthritic synovium was significantly altered in popula-
tions with different SUA levels. The capillary wall, sublining layer, and lining cells were sequentially affected. SUA level
was the only risk factor for high-grade synovitis and severe pain in the multivariate analysis. SUA level was also posi-
tively correlated with UA level in the synovial fluid and synovium, Krenn histologic score of the synovium, knee pain,
and inflammatory cytokine level in the synovial fluid.

Conclusion. Spatial urate crystal distribution in the synovium was altered when SUA levels were elevated. Elevated

SUA levels were also associated with aggravated synovitis and pain.

INTRODUCTION

Knee osteoarthritis (OA) is among the most disabling forms
of arthritis and is highly prevalent in the older population.” OA
development and progression are a consequence of a combina-
tion of factors rather than a result of a simple wear-and-tear
mechanism.? Although the level of inflammatory response in OA
is relatively low, ample evidence has shown that synovitis, the
characteristic inflammation in OA, has an etiopathogenic role.®
Instead of being considered a consequence of cartilage damage,
synovitis is now considered a precursor of OA that contributes to
all stages of the disease.” Osteoarthritic synovitis is characterized
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by synovial thickening and synovial fluid effusion and is associated
with knee swellng and inflammatory pain due to the secretion of
inflammatory mediators, including interleukin (IL)-6 and tumor necro-
sis factor-a (TNF-a).® Increased cartilage damage is also correlated
with increased activity of disintegrin and metalloproteinases with
thrombospondin motifs and matrix metalloproteinases produced by
inflamed fibroblast-like synoviocytes.® However, the factors associ-
ated with advanced synovitis in OA remain unknown.

Chronic low-grade inflammation has been linked with meta-
bolic disorders and contributes to aggravated symptoms and
accelerated progression of knee OA.° Therefore, the concept of
“metabolic OA” has been widely accepted in recent years.
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Hyperuricemia indicates excessive accumulation of serum uric
acid (SUA) due to abnormal purine metabolism and monosodium
urate (MSU) crystal deposits in tissues.® However, no significant
clinical manifestations are found in patients with hyperuricemia
before the first gout flare, especially in female patients.” Increasing
evidence has shown that rather than being asymptomatic, hyper-
uricemia increases the risk of multiple disorders, particularly car-
diovascular and cerebrovascular events.®  Accumulating
evidence has also shown that SUA is associated with an
increased prevalence of knee OA, radiologic severity,® faster joint
space narrowing, '® and higher effusion-synovitis scores on mag-
netic resonance imaging (MRI).2 Another study demonstrated that
synovial UA aggravates knee inflammation through inflamma-
some activation and regarded synovial UA as a danger signal for
OA progression.’

Clinically assessed OA often coexists with gout in the same
joint." Acute gouty arthritis, an inflammatory arthritis with promi-
nent synovitis, often presents with severe joint pain, swelling,
and rapid destruction of cartilage and bone. Although limited evi-
dence has shown that SUA level positively correlates with synovial
volume determined by contrast-enhanced MR, the relationship
between UA and the histologic features of an osteoarthritic syno-
vium has not been reported, and the spatial distribution of urate
crystals in the synovium is also unknown. We hypothesized that
SUA levels may be one of the major factors involved in advanced
osteoarthritic synovitis in patients with hyperuricemia. This pro-
spective cross-sectional study aimed to investigate the effect of
SUA on the distribution of MSU crystals in synovium, intraarticular
UA expression, and the relationship among UA level, synouvitis,
and pain in patients with OA.

PATIENTS AND METHODS

Design population. The severity of osteoarthritic synovitis
and pain can be affected by demographic, kinematic, and clinical
factors.'® As a result, patients with anteromedial osteoarthritis
(AMOA) were screened because AMOA presents a homogenous
pattern characterized by correctable varus deformity, anterome-
dially centered pain and cartilage damage, and preserved liga-
ment function, which could help minimize bias caused by
kinematic factors.' Moreover, to minimize the potential bias
caused by the different SUA levels for diagnosing hyperuricemia
between male (2420 umol/L) and female (=360 pmol/L)
patients,"" only female patients were included. In detail, consecu-
tive female patients who underwent primary unilateral unicom-
partmental knee arthroplasty or total knee arthroplasty for AMOA
at our institution between November 2020 and September 2023
were prospectively enrolled. The inclusion criteria were the follow-
ing: (1) 50 to 70 years old; (2) restricted pain in the
anteromedial knee; (3) radiographic evidence of OA in the medial
compartment (Kellgren and Lawrence [KL] grade 3) and lateral
and patellofemoral compartments (KL grade <1 each)

(Supplementary Figure 1); (4) intact function of the anterior cruci-
ate ligament and medial collateral ligament (MCL); (5) range of
motion >110°; (6) varus deformity <10°; (7) flexion deformity
<10°; and (8) no history of gout flare or the use of uric acid-
lowering drugs. Venous blood was collected from each patient
preoperatively after fasting for at least eight hours to measure
the level of SUA. Hyperuricemia was considered present when
the SUA level was >360 pmol/L. Patients with traumatic arthritis,
previous knee surgery, or inflammatory arthritis were excluded.

Radiographic and symptomatic assessment of knee
OA. All patients underwent weight-bearing anteroposterior, lat-
eral, and Merchant radiography of the affected knee. Two experi-
enced radiologists, blinded to patient identification and clinical
information, independently evaluated the KL grades of the medial,
lateral, and patelloferoral compartments.

Symptomatic assessment was performed preoperatively by
a senior orthopedic surgeon who was blinded to patient informa-
tion. The overall function of the affected knee was evaluated using
the Western Ontario McMaster University Osteoarthritis Index
(WOMAC). The WOMAC pain subscale was used to evaluate
knee pain, with scores ranging from 0 (no pain) to 20 (extreme
pain). The cutoff scores for mildly, moderately, and severely
symptomatic OA were set at 5 and 14 points, as previously
reported.” The WOMAC stiffness and physical function subscales
were also applied, and the values (0-8 and 0-68, respectively)
were recorded.

Synovial tissue and fluid collection. During each sur-
gery, a synovial fluid sample was collected using the superior-
lateral suprapatellar approach before incision. The synovium in
the medial condyle was collected during total knee arthroplasty
and unicompartmental knee arthroplasty and divided into three
sections. One section was fixed in 4% paraformaldehyde for his-
tologic analysis, and two sections were fixed in 100% ethanol for
Gomori methenamine silver (GMS) staining for urate crystals and
UA quantification.

Histologic analysis. The 4% paraformaldehyde samples
were embedded in paraffin, cut into 4-um sections, and stained
with hematoxylin and eosin to evaluate synovial activation using
Krenn synovitis scores.'® Three components of synovitis (lining
layer hyperplasia, stromal cell activation, and inflammatory infil-
trate) were each scored from zero to three and summed to obtain
a total score ranging from zero to nine, with scores of zero to four
indicating low-grade synovitis and scores of five to nine indicating
high-grade synovitis.'® Two senior pathologists, blinded to
patient information, independently evaluated the Krenn synovitis
scores. A high correlation was confirmed between the readers
(kappa for interrater agreement for scores was 0.81 and for histo-
logic gradings was 0.84).
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GMS staining. GMS staining is an accepted approach for
the detection of MSU crystals in multiple tissues.®'” Paraffin-
embedded sections of ethanol-fixed synovial specimens were
stained with GMS to detect urate crystals. Slides were deparaffi-
nized in xylene, rinsed three times with absolute alcohol, and incu-
bated for 30 minutes at 60°C with a preheated working solution
(methenamine silver). After rinsing with distilled water, the sample
was toned with gold chloride for three minutes and rinsed five
times with distilled water. We added 3% sodium thiosulfate for
five minutes and washed the specimens in tap water for five
minutes, followed by rinsing in distilled water. Counterstaining
was performed using a light-green working solution for 2 minutes.
Finally, the slides were dehydrated through two changes of 95%
alcohol followed by two changes of absolute alcohol, cleared in
xylene, and mounted with a synthetic mounting medium. All
stained sections of the synovial samples were reviewed by two
senior pathologists blinded to patient categorization.

Quantification of UA and inflammatory cytokines in
the synovium and synovial fluid. Synovial membrane and
fluid UA (smUA and sfUA, respectively) were quantified using a
UA content assay kit (BC-1365; Solarbio) within 24 hours after
sample collection. For the synovium, 0.1 g of tissue was weighed,
and 1 mL of an extraction agent was added for homogenization.
For the synovial fluid, a 0.5 mL sample was used. Samples were
centrifuged at 4°C and 10,000 revolutions per minute for
15 minutes. The supernatant was incubated with reagent A at
37°C for 30 minutes. The absorbance at 505 nm was recorded,
and the UA content was calculated and normalized. The levels of
smUA and sfUA were reported in ug/g and ug/mL, respectively.
The levels of IL-6 and TNF-a in synovial fluid were measured using
an enzyme-linked immunosorbent assay according to the manu-
facturer’s instructions (SEKH-0013 and SEKH-0047, Solarbio).

Statistical analyses. All statistical analyses were per-
formed using SPSS (version 26.0; IBM Corp., USA). The
Kolmogorov-Smirnov test was used to determine the normality
of the distribution of continuous variables in the two groups. The
unpaired t-test was used to compare two independent groups
with a normal distribution, and the statistical distribution is pre-
sented as mean + SD. Variables with an abnormal distribution
are presented as median (interquartile range [IQR]) and were
compared using the Mann-Whitney test. Fisher’s chi-square test
was used to compare categorical variables. Spearman rank cor-
relation was used to evaluate the association between SUA level
and clinical parameters, as well as histologic scores. Univariate
analysis and multivariable logistic regression analysis of SUA
levels associated with the severity of synovitis (per 6 umol/L [0.1
mg/dL] increase) and pain (per 12 umol/L [0.2 mg/dL] increase)
were performed to make the results more clinically interpretable.
The variables considered in the multivariable model were demo-
graphic factors such as age and body mass index; kinematic

factors including the degrees of varus deformity, flexion deformity,
and range of motion; and metabolic factors such as the levels of tri-
glyceride, total cholesterol, high-density lipoprotein, low-density lipo-
protein, and fasting blood glucose. These covariates have been
reported to be associated with the severity of synovitis and osteoar-
thritic pain.'® The level of significance was set at P <0.05.

RESULTS

Patient characteristics. The clinical data of 219 patients
were included in the final analysis, and synovial fluid samples were
obtained from 191 patients. Figure 1 shows a flow diagram of the
study design and patient recruitment. There were 74 patients in
the hyperuricemia group and 145 patients in the non-
hyperuricemia group. Higher SUA levels, serum triglyceride levels,
total cholesterol, and body mass index were found in the hyperuri-
cemia group. A higher rate of hypertension was also found in this
group (Table 1). Compared with those in the non-hyperuricemia
group, patients in the hyperuricemia group presented with higher
Krenn synovitis scores, WOMAC pain subscale scores, and
higher levels of synovial IL-6, TNF-a, sfUA, and smUA (Table 1).
The proportions of patients with high-grade synovitis and severely
symptomatic OA were also significantly increased (Table 1).

Elevated SUA levels alter the spatial deposition
pattern of MSU crystals in the synovium. Representative
images of hematoxylin and eosin staining and their corresponding
GMS staining are shown in Figure 2. Urate crystal deposition was
evaluated in terms of three synovial membrane structures: the
capillary wall, the sublining layer, and the lining layer after GMS
staining. Overall, MSU was detected in 147 patients (67.12%),
and the rate of positive MSU staining in each structure increased
with increasing SUA level. Positive staining was found indepen-
dently in the capillary wall in patients with lower SUA levels, and
the sublining layer was then affected. MSU was found in the lining
cells of 70 patients (94.59%) with hyperuricemia, whereas it was
only found in the lining layer of 11 patients (7.59%) without hyper-
uricemia. The spatial deposition pattern of MSU crystals in the
synovium was significantly different between patients with and
without hyperuricemia (Table 2).

Association between UA levels, synovitis, and pain.
In total, 81 patients were considered to have high-grade synovitis
and 28 were diagnosed with severely symptomatic OA. In the uni-
variate analysis, SUA, total cholesterol, and low-density lipopro-
tein levels were associated with high-grade synovitis, and only
SUA level was associated with severely symptomatic OA. After
adjusting for other confounders, SUA level was associated with
high-grade synovitis (odds ratio [OR] 1.417; 95% confidence
interval [CI] 1.278-1.570; P = 0.000) and severe knee pain
(OR 1.242; 95% CIl 1.154-1.336; P = 0.000) in the multivariate
analysis (Table 3). A positive correlation was found between SUA
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Assessed for eligibility (n=408)

Excluded (n=189)
» Older than 70 years old (n=27)
* Younger than 50 years old (n=5)
» Inflammatory arthritis (n=12)
* Previous knee trauma, surgery, or
ligament malfunction (n=19)
= Current usage of uric acid-lowering

L4

v

Total recruited (n=219)

drugs (n=4)

* OA in the medial compartment (KL
grade 4) (n=87)

* QA in the lateral and patellofemoral
compartments (KL grade >1) (n=26)

« Varus deformity >10° or flexion
deformity >10° (n=9)

Data missing
» Inadequate amount of synovial fluid

Analysed

» Parameters of clinical data, blood
samples and synovium samples
(n=219)

» Parameters of synovial fluid
samples (n=191)

A 4

samples (n=28)

Figure 1. Flowchart of patient deposition. KL, Kellgren and Lawrence; OA, osteoarthritis.

levels and Krenn synovitis scores (r = 0.296; 95% CI 0.166-
0.416; P <0.000) and WOMAC pain score (r = 0.335; 95% Cl
0.208-0.451; P < 0.000) (Table 4) in the included patients. The
levels of IL-6 and TNF-a in the synovial fluid were also found to
be correlated with SUA levels (Table 4).

The effect of SUA on intraarticular UA levels was further
investigated (Table 4). Elevated SUA levels were associated with
increased levels of sfUA (r = 0.505; 95% CI 0.388-0.606; P <
0.000) and smUA (r = 0.639; 95% Cl 0.543-0.718; P < 0.000).
However, regardless of the levels of SUA, the levels of sfUA of all
patients remained below the saturation point of UA. The sfUA
and smUA levels were also found to be associated with aggra-
vated intraarticular synovitis, as indicated by their positive correla-
tions with Krenn synovitis scores, synovial fluid levels of IL-6, and
TNF-a and WOMAC pain scores (Table 4).

DISCUSSION

This study presents several novel findings. We demonstrated
the alteration of the spatial distribution of urate crystals in the
synovium of non-gout patients with different SUA levels. Our

findings also suggest that SUA level is an independent risk factor
for advanced synovitis and severe pain in patients with AMOA of
the knee. Moreover, this study suggests that SUA, sfUA, and
smUA levels are strongly correlated with each other and are asso-
ciated with osteoarthritic inflammation. Our results provide a bet-
ter understanding of urate crystal deposition in the synovium and
offer new insights into the implication of hyperuricemia in OA path-
ogenesis. Our results also emphasize the effects of intraarticular
UA on osteoarthritic synovitis and pain, suggesting a potential
treatment target for alleviating inflammation in patients with OA
and hyperuricemia.

UA is a metabolically active end product of human purine
metabolism and is normally soluble in serum.™" The bidirectional
cause-effect relationship between SUA level and OA has
attracted much attention in recent years. Krasnokutsky et al found
that SUA level could predict joint space narrowing in non-gout
patients with medial knee OA during a two-year interval.'® Colchi-
cine 0.5 mg administered daily has also been reported to signifi-
cantly decrease the requirement of knee and hip replacements,
indicating a possible relationship between SUA level and OA.'®
However, a population-based longitudinal study failed to
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Table 1. Demographic, kinematic, metabolic, and clinical data of the included patients*
Hyperuricemia Non-hyperuricemia

Parameters All patients group (n = 74) group (n = 145) P value®

Demographic data
Age, mean +SD, y 65.00 + 5.00 66.00 + 5.00 65.00 + 5.00 0.280
Body mass index, mean + SD 25.89+5.40 2818 +4.42 26.56 +5.78 0.027

Kinematic data
Varus deformity, mean + SD, degree 9.90 + 5.50 9.20+4.98 10.10 £ 5.58 0.236
Flexion deformity, mean + SD, degree 5.00 £ 5.00 5.00 £ 10.00 5.00 £+ 5.00 0.382
Range of motion, mean + SD, degree 115.00 £ 15.00 115.00 £ 11.30 115.00 + 15.00 0.421

Metabolic data
Triglyceride, mean + SD, mmol/L 1.39+0.88 1.59+1.08 1.24 +0.81 <0.000
Total cholesterol, median (IQR), mmol/L 5.32(1.06) 5.55(1.16) 5.20(0.99) 0.021
High-density lipoprotein, median (IQR), mmol/L 1.54(0.27) 1.51(0.29) 1.56 (0.26) 0.128
Low-density lipoprotein, median (IQR), mmol/L 3.01(0.80) 3.07(0.83) 2.98 (0.79) 0.424
Fasting blood glucose, mean + SD, mmol/L 5.39(1.33) 5.46 (1.45) 5.26 (1.09) 0.280
SUA, mean + SD, pmol/L 323.00 + 108.00 400.00 + 85.50 287.00 £ 69.50 <0.000

Comorbidities
Hypertension, n (%) 156 (71.23) 60 (81.08) 96 (66.20) 0.027
Type 2 diabetes mellitus, n (%) 66 (30.14) 19 (25.68) 47 (32.41) 0.352
Arrhythmia, n (%) 7 (3.20) 4(5.41) 3(2.07) 0.230
Coronary heart disease, n (%) 7 (3.20) 3(4.05) 4(2.76) 0.691
Hepatitis, n (%) 5(2.28) 2 (2.70) 3(2.07) 0.999
Thyroid disorders, n (%) 9(4.11) 3(4.05) 6(4.14) 0.999
Breast disorders, n (%) 18(8.22) 3(4.05) 15(9.93) 0.190
Gastrointestinal tract disorders, n (%) 22 (10.05) 8(11.11) 14 (9.66) 0.812
Respiratory disorders, n (%) 5(2.28) 2(2.70) 3(2.07) 0.999
Cerebrovascular disorders, n (%) 17 (7.76) 4(5.41) 13(8.97) 0.432

Clinical data
Krenn synovitis score, mean + SD 4.00 +2.00 5.00 + 2.00 4.00 +£2.00 0.001
High-grade synovitis, n (%) 81 (36.99) 38 (51.35) 43(29.66) 0.002
IL-6, mean + SD, pg/ml° 4565 +91.35 69.59 +95.13 40.81 +81.48 0.007
TNF-q, mean + SD, pg/ml° 28.09 + 20.52 33.99 +30.28 24.47 +18.62 0.002
sfUA, mean + SD, pg/ml° 2541 £9.67 30.36 £8.76 22.76 £ 7.96 <0.000
SmUA, mean * SD, pg/g 19.10£16.18 37.86 £27.76 14.04 £12.51 <0.000
WOMAC pain subscale, mean + SD 8.00 + 5.00 9.00 +4.25 8.00 £ 4.50 0.000
WOMAC stiffness subscale, mean + SD 4.00 £4.00 4.00 +£3.00 4.00 £4.00 0.257
WOMAC physical function subscale, mean + SD 22.00 £ 10.00 23.00 £ 11.25 21.00 £ 11.00 0.150
WOMAC score, mean + SD 33.00 + 14.00 37.00 +£13.25 33.00 + 14.00 0.072
Severely symptomatic OA, n (%) 28 (12.79) 16 (21.62) 12 (8.28) 0.009
Moderately symptomatic OA, n (%) 149 (68.04) 52 (70.27) 97 (66.90) 0.649
Mildly symptomatic OA, n (%) 42 (19.18) 6(8.11) 36 (24.83) 0.003

*|L-6, interleukin-6; IQR, interquartile range; OA, osteoarthritis; sfUA, uric acid in synovial fluid; smUA, uric acid in synovial membrane; SUA,
serum uric acid; TNF-a, tumor necrosis factor-a; WOMAC, the Western Ontario McMaster University Osteoarthritis Index.

@ Compared between OA with hyperuricemia group and OA without hyperuricemia group.

P Synovial fluid samples were acquired from 191 patients, among which 64 patients were in hyperuricemia group and 127 were in OA group.

demonstrate SUA as a risk factor for knee OA progression.’® A
recent Mendelian randomization study also found that SUA level
was not associated with the risk of knee OA.2° Most studies have
defined OA progression using radiographic evidence of cartilage
damage. However, various confounding factors can be implicated
in cartilage damage in the long term, and it is difficult to eliminate all
confounding factors in any given population. Given that elevated
SUA level has been identified as a manifestation of an inflammatory
state in patients with or without gout, we hypothesized that the major
effect of UA is the aggravation of synovial inflammation. Synovitis
could be detected by MRI in patients with normal or minimal cartilage
damage, indicating that synovitis influences the early onset of OA
and is a precursor in OA pathogenesis®'; however, the role of osteo-
arthritic synovitis is underestimated. Although most studies assess

synovitis using MRI or ultrasound,?? biopsy remains the gold stan-
dard approach for evaluating the severity of synovitis. Advanced
synovitis induces severe pain.2*2* Osteoarthritic synovitis and pain
are determined by complex interactions between multiple factors,
including metabolic factors, degree of cartilage damage, and knee
instability.’® To accurately evaluate the relationship between UA
levels, degree of synovitis, and knee pain, we included patients who
presented with pain, cartilage damage in the anteromedial compart-
ment alone, and ligament stability. A sample of the synovium was
also acquired from the medial sulcus, which is adjacent to the site
of knee pain. We then included demographic, mechanical, and met-
abolic variables to comprehensively investigate the risk factors for
high-grade synovitis and OA symptoms. Our results showed that
SUA level was the only risk factor associated with advanced synovitis
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Figure 2. Representative images of hematoxylin and eosin staining and their corresponding GMS staining of patients with different SUA levels
(A-F). Positive uric acid crystal deposition in capillary wall, sublining layer, and lining layer are indicated by red arrow, yellow arrow, and blue arrow,
respectively. Magnification 10x. GMS, Gomori methenamine silver; HE, hematoxylin and eosin; SUA, serum uric acid.

and severe OA pain after adjustments for other confounders. The
SUA level was also found to positively correlate with higher histologic
scores for synovitis, higher levels of inflammatory cytokines in the
synovial fluid, and knee pain. These results provided histopathologi-
cal evidence for the previous studies, which reported that elevated
SUA level contributed to a higher effusion-synovitis score and quan-
titative synovial volume determined by contrast-enhanced MRIZ©
and further suggested the involvement of the SUA in the inflamma-
tion and pain in patients with AMOA of the knee.

Not surprisingly, patients with hyperuricemia showed higher
levels of intraarticular UA, which was separately defined as sfUA
and smUA in this study. The levels of intraarticular UA were corre-
lated with the SUA level, higher pain score, higher Krenn score,
and higher levels of inflammatory cytokines in the synovial fluid.
These results were similar to what has been previously reported
in knee OA that elevated sfUA level is associated with higher
SUA level, higher pain scores, and the activation of the intraarticu-
lar inflammasome. ™" In the same study, Denoble et al also found a

median drop of 1.15 mg/dL of UA from serum to synovial fluid and
considered this serum/synovial fluid gradient as precipitated uric
acid.”” However, it is commonly considered that UA precipitates
when the SUA level exceeds the limit of urate solubility (408 umol/L
or 6.8 mg/dL). In this study, the sfUA levels of all patients were
below the saturation point, indicating a more homeostatic status
of sfUA level than SUA level. Therefore, we considered that the
serum/synovial fluid difference might represent the MSU crystals
precipitated in synovium. Synovium modulates the synovial envi-
ronment by exchanging components between the systemic cir-
culation and synovial fluid.?®> However, MSU crystal deposition in
the synovium has not been emphasized in patients without gout;
although it has been noted for decades that MSU crystals are
deposited in the synovium long before a gout flare and that they
elicit an inflammatory response during acute gouty arthritis. Thus,
after quantifying smUA, we investigated the spatial distribution of
MSU crystals within the synovium. Our results demonstrated that
MSU crystal deposition occurred in nearly 40% of those with an
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Table 2. Alteration of the spatial deposition pattern of urate crystals in the synovium*

Capillary wall, Sublining Lining layer,
SUA levels, pmol/L n (%) Pvalue® layer,n (%) P value® n (%) P value?®
Hyperuricemia group (n = 74)
>408 (n = 33) 33(100) <0.000 33(100) <0.000 33(100) <0.000
360-408 (n = 41) 41 (100) 41 (100) 37(90.24)
Non-hyperuricemia group (n = 145)
300-360 (n = 60) 32(53.33) 17(28.33) 10 (16.67)
240-300 (n =59) 22 (37.29) 8 (13.56) 1(1.69)
<240 (n = 26) 2 (7.69) 0 0

* OA, osteoarthritis; SUA, serum uric acid.

@ Compared between hyperuricemia group and OA group.

SUA level of less than 360 pmol/L. Histologically, advanced syno-
vitis is often characterized by synovial lining hyperplasia and
enriched cellularity in the sublining layer, including inflammatory
and endothelial cell infiltration of blood vessels.'® The capillary
ensures nutrient and cell transport between the systemic circula-
tion and joints; therefore, the capillary wall seems to be the first
structure affected by MSU crystals, followed by the sublining
layer. The ability of the cells of the sublining layer to phagocytize
and degrade MSU crystals has been demonstrated in a recent
synovial organoid study.?® In patients with higher SUA levels,
MSU crystals extensively accumulate in the sublining layer and
eventually precipitates within the lining cells. The synovial lining
layer controls cellular and molecular transport between the syno-
vium and joint cavity and regulates synovial fluid composition.2®
The production of inflammatory cytokines and their release into
the synovial fluid might also be affected by MSU crystals deposi-
tion in the synovium,?” which is indicated by the associations of

intraarticular UA levels with the levels of inflammatory cytokines
found in this study. Our results preliminarily provide evidence of
a mutual interaction among the systemic circulation, synovium,
and synovial fluid for UA balancing. However, further studies are
still needed to validate the roles of the synovium and the mecha-
nisms to maintain intraarticular UA homeostasis in patients with
hyperuricemia.

The major limitation of our study was its cross-sectional
design. Although observed extensive MSU crystal staining even
in patients with SUA levels <360 umol/L, the lack of long-term
follow-up prevented us from determining whether the SUA level
of the patients reached 360 pmol/L or even higher. Longitudinal
changes in knee pain and severity of synovitis could not be
assessed because of the cross-sectional design. We also could
not determine whether MSU crystal deposition in the synovium
accelerated cartilage damage in OA, although SUA and sfUA
levels have been reported to contribute to increased joint space

Table 3. Univariate analysis and multivariable logistic regression analysis of SUA levels, demographic and clinical
factors associated with high-grade synovitis and severely symptomatic OA*

High-grade synovitis

Severely symptomatic OA

Variables OR 95% Cl P value OR 95% Cl P value

Univariate analysis
SUA? 1.417 1.278-1.570 0.000 1.242 1.154-1.336 0.000
Total cholesterol, mmol/L 1.455 1.106-1.913 0.007 0.864 0.604-1.236 0.424
Low-density lipoprotein, mmol/L 1.439 1.011-2.048 0.044 1.211 0.757-1.939 0.425

Multivariable model
Age, years 1.042 0.902-1.205 0.576 0.993 0.877-1.124 0.909
Body mass index 0.970 0.826-1.140 0.712 1.034 0.916-1.167 0.590
Varus deformity, degree 0.944 0.805-1.106 0.474 1.047 0.902-1.214 0.546
Flexion deformity, degree 0.991 0.852-1.152 0.904 0.990 0.867-1.132 0.887
Range of motion, degree 1.053 0.990-1.120 0.101 0.964 0.912-1.018 0.189
Triglyceride, mmol/L 0.748 0.312-1.797 0.517 0.772 0.391-1.525 0.456
Total cholesterol, mmol/L 1.259 0.639-2.479 0.505 0.670 0.376-1.194 0.174
High-density lipoprotein, mmol/L 0.541 0.065-4.517 0.571 1.722 0.291-10.185 0.549
Low-density lipoprotein, mmol/L 1.256 0.511-3.085 0.620 1.530 0.734-3.190 0.257
Fasting blood glucose, mmol/L 1.139 0.782-1.658 0.497 1.105 0.769-1.588 0.590
SUA? 1.443 1.290-1.614 0.000 1.273 1.169-1.386 0.000

* Multivariable model adjusted for age, body mass index, varus deformity, flexion deformity, range of motion, tri-
glyceride, total cholesterol, high-density lipoprotein, low-density lipoprotein, and fasting blood glucose. Cl, confi-

dence interval; OA, osteoarthritis; SUA, serum uric acid.

@ The increment of the levels of SUA used to model the association with high-grade synovitis and severely symp-
tomatic OA was per 6 pmol/L (0.1 mg/dL) increase and per 12 umol/L (0.2 mg/dL) increase, respectively.
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Table 4. Associations between uric acid and clinical parameters*

SUA, umol/L Uric acid in synovial fluid, pg/mL Uric acid in synovium, pg/g

Variables r(95% Cl) P value r(95% Cl) P value r(95% Cl) P value
Krenn synovitis score 0.296 (0.166-0.416) <0.000 0.385 (0.253-0.503) <0.000 0.428 (0.301-0.540)  <0.000
IL-6, pg/mL 0.377 (0.244-0.496) <0.000  0.335(0.199-0.459) <0.000 0.421(0.293-0.534)  <0.000
TNF-a, pg/mL 0.223 (0.080-0.358) 0.002 0.199 (0.055-0.336) 0.006 0.204 (0.059-0.340) 0.005
WOMAC pain subscale 0.335(0.208-0.451) <0.000  0.262(0.121-0.393) 0.000 0.389 (0.258- 0.507)  <0.000
WOMAC stiffness subscale -0.104 (-0.237t0 0.033)  0.124  0.062 (-0.085-0.206) 0397 0.058(-0.088t0 0.203)  0.420
WOMAC physical function subscale 0.165 (0.029-0.294) 0.015 0.175 (0.029-0.313) 0.016 0.273 (0.133-0.403) 0.000
WOMAC score 0.197 (0.062-0.325) 0.003 0.224 (0.081-0.359) 0.002 0.331 (0.194-0.455)  <0.000
Uric acid in synovial fluid, pg/mL 0.505 (0.388-0.606) <0.000 0.478 (0.356-0.583)  <0.000
Uric acid in synovium, pg/g 0.639 (0.543-0.718) <0.000 0.478 (0.356-0.583) <0.000

* Cl, confidence interval; IL-6, interleukin-6; SUA, serum uric acid; TNF-a, tumor necrosis factor-a; WOMAC, western Ontario McMaster Univer-

sity Osteoarthritis Index.

narrowing.'®"" The study included only female patients with
AMOA to control mechanical variables and unify the diagnostic
criteria of hyperuricemia. However, AMOA is only a subtype of
OA and often coexists with other lesions that are easily over-
looked in diagnosis, and hyperuricemia is increasingly defined
using the saturation point (408 umol/L or 6.8 mg/dL) in the popu-
lation regardless of sex in recent studies.?® As a result, the gener-
alizability of the results might be compromised and further
investigations are needed. We excluded patients with clinical
manifestations of gout in whom the absence of crystals in the
synovial fluid was not confirmed using polarizing microscopy;
therefore, the diagnostic significance of MSU crystal deposition
in synovium remains unclear. Some patients who underwent sur-
gery reported mild pain; however, all patients received proper but
ineffective conservative treatment before surgery, and the radio-
graphic severity was confirmed.

In conclusion, the results of this study highlighted the effect
of UA on osteoarthritic synovitis and pain and provided new
insights into the pattern of UA precipitation in the synovium, sug-
gesting that the lowering the SUA level might have the potential
in alleviating synovitis and pain in patients with OA.
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Clinical Significance of Gut Microbiota Community Types for
Long-Term Response to Fecal Microbiota Transplantation
in Patients With Psoriatic Arthritis

Dorte K. Holm,? Hans Christian Horn,* Anna Christine Nilsson,>
and Torkell Ellingsen®

Panpan Qin," (2) Maja S. Kragsnaes,”
Jens Kjeldsen,® Karsten Kristiansen,’

Objective. Fecal microbiota transplantation (FMT) holds promises as a beneficial supplement to methotrexate in
patients with psoriatic arthritis (PsA). We therefore investigated how gut bacterial signatures in patients and donor
strain engraftment were associated with long-term response to FMT.

Methods. This exploratory study is based on the FLORA trial cohort, encompassing 31 patients with moderate-
to-high PsA disease activity and four FMT donors. Of the 15 patients receiving one single-donor FMT, 13 were included
in the per-protocol (PP) population. Stool samples were collected before and after FMT (week 4, 12, and 26). We per-
formed shotgun metagenomics to characterize gut microbiota features.

Results. At baseline, 17 patients (55%) had a gut microbiota community type dominated by the Bacteroides genus
(B-type), whereas 14 (45%) had a Prevotella-driven community type (P-type). The B- and P-type patients did not differ
in disease activity or demographics, but the B-type had a significantly higher species diversity compared to the P-type
(P =0.005). In the PP population, five of seven B-type patients versus none of six P-type patients (P = 0.021) achieved a
long-term clinical beneficial response at week 26. Bacterial strain richness increased significantly from baseline to
week 4 and week 26 in B-type (P = 0.016), but not in P-type, patients. Eighteen engrafted strains persisted only in
B-type recipients by week 26, including a Bacteroides clarus strain, which demonstrated a negative effect size regard-
ing arthritis pain and the patients’ global assessment of disease.

Conclusion. Recipients with a Bacteroides-dominated community structure were more likely to achieve long-term

beneficial response following one FMT.
INTRODUCTION

Chronic inflammatory diseases such as psoriatic arthritis
(PsA) are associated with disturbances of the human gut micro-
biota, characterized by a general decrease in anti-inflammatory
short-chain fatty acids (SCFA)-producing microbes and an
enrichment of potential pro-inflammatory ones.’ Accumulating
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evidence suggests that these microbial abnormalities may be
important environmental factors contributing to the natural history
of disease and may affect drug responses in immune-mediated
conditions.”™ Because gut microbiota alterations are potentially
modifiable, targeting components of the gut microbiota could
prove to have complementary beneficial effects to established
disease-modifying antirheumatic drugs (DMARDs).> Promising
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therapies targeting the microbial milieu of the gastrointestinal sys-
tem include dietary and lifestyle programs,® probiotics,” and fecal
microbiota transplantation (FMT).8:°

FMT products contain minimally manipulated microbial com-
munities donated by healthy, screened individuals.'®!" In ulcera-
tive colitis, which shares overlapping bacterial abnormalities with
PsA,'? FMT increases the chance for achieving remission when
given as a supplement to conventional treatment.® Beneficial
effects of FMT have also been reported in treatment refractory
cases of rheumatoid arthritis,"® ankylosing spondylitis,’ and
PsA." In a previous trial investigating safety and efficacy of one
FMT in methotrexate (MTX)-treated patients with severe PsA
(FLORA trial), we observed transitory beneficial clinical effects
within weeks of the intervention, although sustained, long-term
effects were only observed in 40% treated."® This remission rate
is comparable with the ones reported for FMT-treated patients
with ulcerative colitis.® Investigation into biologic mechanisms that
can explain the observed differences in treatment outcome fol-
lowing FMT in chronic inflammatory diseases is limited,'” but a
few studies have highlighted specific bacteria and metabolic
pathways, including increased production of SCFAs, associated
with beneficial disease-modifying, anti-inflammatory effects in
ulcerative colitis.'®'® We have previously shown that FMT led to
a marked increase in levels of plasma interferon-y in patients with
PsA,?° whereas fecal and plasma metabolomic profiles reflected
beneficial clinical effects in long-term responders.?’

FMT recipient factors, donor factors, and donor-recipient
complementarity encompassing entire microbial communities to
individual strains may be determinants of strain population
olynamics,z2 whereas differential strain engraftment likelihoods
seem to be associated with microbial taxonomy and phenotypic
properties across various diseases.?> Patients with inflammatory
bowel disease have distinct gut microbiota community (GMC)
types,?*2® which have been shown to relate to FMT outcome,?*
but how patients with PsA’s GMC types and engraftment of spe-
cific strains affect long-term remission of FMT have yet to be
investigated. Because bacterial strains within the same species
can exhibit different biologic properties,?® strain-level composition
analysis is extremely valuable when exploring engraftment and
colonization of donor strains following FMT.

We therefore conducted an exploratory study performing
shotgun whole-genome metagenomic sequencing on fecal sam-
ples collected before and after FMT to explore how GMC types
of donors and recipients and engraftment of donor strains relate
to long-term (week 26) beneficial response in patients with active
peripheral PsA.

PATIENTS AND METHODS

Study setting and participants. This exploratory study is
based on the FLORA trial cohort in which 31 patients with PsA
with moderate-to-high peripheral disease activity (3 or more

swollen joints) despite ongoing MTX treatment were included in
a 26-week, double-blind, parallel-group, 1:1 randomized, sham-
controlled trial (FLORA; NCT03058900)."® Patients fulfiled the
Classification Criteria for Psoriatic Arthritis (CASPAR), had no
active axial disease, and had received treatment with steady-state
dose MTX (monotherapy) administered as subcutaneous injec-
tions (n = 25) or oral tablets (n = 6) for at least three months before
trial inclusion.’® They all continued with this MTX treatment
throughout the trial. Blood and fecal samples were collected at
baseline, week 4, week 12, and week 26.2' Six fecal samples
from four patients (R4, R10, R12, and R5) were missing out of
the planned collection of 124 fecal samples. Samples were stored
at —80°C until analysis.

Per-protocol population. Patients were randomly allo-
cated to receive either one gastroscopic-guided FMT (n = 15) or
a sham transplantation (n = 16). Of the 15 patients who were allo-
cated to FMT (the intention-to-treat [ITT] population), 13 of them
strictly followed the study protocol and were included in the per-
protocol (PP) population. The reason for excluding two patients
from the PP population was to minimize the risk of assessing
non-FMT effects that were likely to substantially influence the gut
microbiota. This included a major change in living environment
(moving to a non-Western country; R4) and not receiving the full
dose of the FMT product (R9).

Donors and FMT products. The stool donations came
from four healthy and thoroughly screened, HLA-B27 negative,
lean individuals who were unrelated to the recipients (two men
and two women with an age between 26 and 54 years).'® Each
FMT product was processed from 50-g stool from one of the
donors, prepared using standard Danish protocols.’® Donors
donated stool between four and eight times during a donation
cycle of 30 days. Both fecal samples and FMT product samples
were collected from each donation day. FMT products were
stored at —-80°C and thawed to 36°C just before the clinical appli-
cation. Each FMT-treated patient received one FMT product pro-
cessed from same-day stool collected from one donor. Only one
patient (R13) received a mixture of two donations collected from
the same donor within a two-day interval.

Primary trial outcome: treatment responder versus
failure. If the disease was not well controlled during follow-up
based on shared decision-making between the patient and the
rheumatologist in accordance with the European PsA recommen-
dations (2019)2” and/or if the patient was not in clinical remission
at week 26, or if the patient needed treatment escalation before
week 26 due to insufficient improvement of baseline arthritis
symptoms during the closely monitored 26-week follow-up
period, he/she was categorized as being treatment failure (pri-
mary trial outcome).'®
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Ethics. The study was approved by the Regional Commit-
tees on Health Research Ethics for Southern Denmark (DK-S-
20150080) and the Danish Data Protection Agency (15/41684).
All participants provided written informed consent in accordance
with the principles outlined in the Declaration of Helsinki.

Metagenomics DNA extraction, library construction
and sequencing. The procedures followed well-established
protocols. The detailed description is available in the
Supplementary Methods.

Metagenomic data processing, taxonomic profiling,
and functional annotation. The procedures followed well-
established protocols. The detailed description is available in the
Supplementary Methods.

Microbiota community typing. Following the method
of Frioux et al,?® Dirichlet Multinomial Mixtures was used for
microbiome community typing. First, the genus-level relative
abundance matrixes were multiplied by 10° and rounded to the
closest integer. Then the Dirichlet Multinomial package (version
1.44.0) in R was used for microbiota community typing.
Laplace, Akaike information criterion, and Bayesian information
criterion were used to select the optimal number of microbiota
communities.

Strain colonization. We analyzed the colonization of
engrafted strains at weeks 4, 12, and 26 in the PP population.
Based on the strain relative abundance profile, a strain was
defined as a week 4 colonized strain if its relative abundance in
donors was >0, its relative abundance in recipients at baseline
was 0, and its relative abundance in recipients at week 4 was
>0. A week 4 colonized strain was further defined as a week
12 colonized strain if its relative abundance in recipients at
week 12 remained >0 or as a week 26 colonized strain if its rela-
tive abundance in recipients at week 26 remained >0. In addition,
a strain was defined as a week 4 disappeared strain if its relative
abundance was >0 at baseline in recipients and its relative abun-
dance was 0 at week 4. A week 4 disappeared strain was further
defined as a week 12 disappeared strain if its relative abundance
in recipients at week 12 remained 0 or as a week 26 disappeared
strain if its relative abundance in recipients at week 26 remained 0.

Inflammation-associated plasma proteins. The analy-
sis of inflammation-associated proteins was performed using
the Olink inflammation panel encompassing 92 inflammation-
associated plasma proteins, as previously described.?°

Statistical analysis and visualization. Analysis of alpha
diversity, nonmetric multidimensional scaling (NMDS), and
distance-based redundancy analysis (dbRDA) were imple-
mented using the diversity, metaMDS, and dbRDA functions

in the vegan package®® of R. The distances used in NMDS
and dbRDA were measured using Bray-Curtis dissimilarity. An
analysis of variance test with 9,999 permutations was used to
evaluate the variation in community structure explained by each
clinical variable in the dbRDA model. The differences of baseline
characteristics, alpha diversity and Shannon index, microbial
species relative abundance, and the relative abundance of
genes encoding microbial enzymes between time points were
tested using the paired Wilcoxon test. P values less than 0.05
were considered statistically significant, whereas P values
between 0.05 and 0.1 were defined as indicating a trend.
The effect size of individual strains on the phenotype was mea-
sured using the Maaslin2 package®® in R (Benjamini-Hochberg
adjusted P values less than 0.1 and effect size greater than
1 were considered statistically significant). Data visualization
was performed using R version 4.3.0 (The R Project for Statisti-
cal Computing), GraPhlAn®! version 1.1.3, and an online draw-
ing tool (https://app.diagrams.net/).

Data availability statement. Data are avalible upon rea-
sonal request. Access and subsequent data handling must be in
agreement with the European General Data Protection Regula-
tion. Data will be shared after review and approval by the ethi-
cal and scientific board of the study. Terms of collaboration will
be reached together with a signed data access agreement.
The targeted next-generation sequencing reads can be
accessed in the Sequence Read Archive database under Bio-
Project accession number PRJNA1160779.

RESULTS

Patient characteristics. The detailed demographics of
the 31 patients enrolled in this trial have been published
elsewhere.'®

Two distinct GMC types among patients with PsA at
baseline. Based on the 31 patients’ relative abundance genus
profiles, we identified two GMC types (Figure 1A). The gut micro-
biota of one type of patient was dominated by the genus Prevo-
tella (P-type), whereas the microbiota of the other type of patient
were dominated by the two genera Bacteroides and Phocaeicola
(B-type) (Figure 1B and 1C). Subsequently, we assessed whether
there were differences between B-type and P-type patients at
baseline with respect to demographics, disease characteristics,
levels of inflammation-associated plasma proteins, and gut micro-
biota diversity. We found that neither demographics nor disease
characteristics differed significantly between P-type and B-type
across all patients (Table 1). This was also the case in the
FMT-treated patient population (Supplementary Table S1).

However, plasma levels of chemokine ligand 23 were higher
in B-type patients, whereas P-type patients had a higher level of
adenosine deaminase (Supplementary Figure S1A). Moreover,
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the gut microbiota of B-type patients exhibited a significantly
higher alpha diversity compared to P-type patients but no signifi-
cant difference in species richness (Supplementary Figure S1B).
From the dbRDA analysis, we further observed that sex
(P = 0.019, 3.97% of total variance), Health Assessment
Questionnaire Disability Index (P = 0.041, 3.38% of total variance),
and fatigue assessed on a visual analog scale (P = 0.018, 3.91%
of total variance) could potentially explain a minor proportion
of the species-level variance in microbial community structure
(Figure 2B and Supplementary Table S2).

Three GMC types among healthy FMT donors. Among
the four donors, we identified three GMC types that showed the
optimal classification performance (Figure 1D). Samples from
donor D4 were dominated by the genus Prevotella (P-type),
whereas samples from the other three donors were classified
under Bacteroides. Samples from donor D1 and D2 were also
dominated by Phocaeicola (BP-type) whereas samples from
donor D3 were characterized by GGB9062 (BG-type) (Figure 1E
and 1F). However, when combining both patient and donor sam-
ples to assess post-FMT changes and the stability of the GMC
types over time, only two distinct clusters (the B- and P-types)
were identified (Supplementary Figure S2; Figure 2A).

FMT product characteristics. The species richness and
alpha diversity (Shannon index) of donor fecal samples did not change
significantly after FMT processing (Supplementary Table S3).
However, after manufacturing of FMT products, the relative
abundance of Veillonella species increased. Conversely, Bifido-
bacterium species and butyrate-producing species from the
genera Roseburia, Mediterraneibacter, and Anaerotruncus
decreased in the final FMT product as compared to the donated
stool sample (Supplementary Table S4).

The week 26 response rate was higher in B-type
versus P-type patients. Six FMT-treated patients in the ITT
population and five in the PP population were responders at
week 26 (Figure 2A). In the PP population, the response rate
was significantly higher in B-type patients compared to P-type
patients (P = 0.021); please see Table 2. Although this difference
was not statistically significant in the ITT population, the remission
rate in B-type patients was still four times higher compared to
P-type patients (Table 2). The responder patients received

donations from three donors, each belonging to a different GMC
type (Figure 2A).

Changes in bacterial richness and diversity following
FMT. Next, we investigated if changes in microbiota diversity fol-
lowing FMT could explain why B-type patients had a higher remis-
sion rate than P-type patients. In B-type patients, strain richness
significantly increased from baseline to week 4 (P = 0.016) and
week 26 (P = 0.016) (Figure 3A). In contrast, alpha diversity only
showed an increasing trend (P = 0.062) at week 4 in P-type
patients, and this trend was only temporary, as both alpha
diversity (P = 0.062) and strain richness (P = 0.062) showed a
decreasing trend by week 12 (Figure 3A).

Colonization and decolonization of specific bacterial
strains following FMT. We identified 492 specific bacterial
strains that colonized or decolonized in the FMT-treated
patients from baseline through 4, 12, and 26 weeks (Supple-
mentary Table S5). A total of 291 strains successfully
engrafted and colonized in at least one FMT recipient by
week 26 (Supplementary Table S5). None of these strains col-
onized long-term in all of the recipients, but we have provided
a list of bacterial strains that engrafted across all recipients of
the same donor in the Supplementary Table S6. Only five bac-
terial strains disappeared long-term through 26 weeks in at
least three FMT-treated patients (Veillonella parvula, Veillonella
atypica, Lacrimispora saccharolytica, Haemophilus parain-
fluenzae, and Coprococcus sp. AF21-14LB), but losing these
bacteria did not seem to relate to long-term clinical outcome
(P > 0.18; Supplementary Table S7).

Long-term multirecipient colonization strains were
associated with clinical improvement. Of the 291 strains
that engrafted long-term in at least one recipient, 61 strains
(20.96%) colonized in at least three patients. Given the apparently
increased likelihood of long-term colonization of these 61 donor-
derived strains, we hereinafter refer to them as long-term muiltire-
cipient colonization (LMC) strains (Supplementary Figure S3). We
next analyzed whether LMC strains could colonize in both B-
and P-type recipients. A total of 43 LMC strains (70.49%) colo-
nized in both B-type and P-type patients at week 26, whereas
18 LMC strains (29.50%) only colonized in B-type recipients at
week 26. Of these B-type specific LMC strains, five (27.77%)
were also detected in week 4 samples (but not in week

Figure 1. GMC types of patients with PsA and healthy donors at baseline. (A) The model fit performance of the 1 to 6 DMM clusters in PsA sam-
ples. (B) NMDS of PsA samples based on the genus relative abundance profile. (C) The genus composition of PsA samples. R denotes an FMT
recipient and C denotes a control (sham) patient. (D) The model fit performance of the 1 to 6 DMM clusters in donor samples. (E) NMDS of donor
based on the genus relative abundance profile. (F) The genus composition of 27 samples collected from the four donors on separate days during a
30-day donation period. B denotes patients with a GMC type dominated by the Bacteroides genus (B-type), whereas P denotes patients with a
Prevotella-driven GMC type (P-type). AIC, Akaike information criterion; BIC, Bayesian information criterion; DMM, Dirichlet Multinomial Mixtures;
FMT, fecal microbiota transplantation; GMC, gut microbiota community; NMDS, nonmetric multidimensional scaling; PsA, psoriatic arthritis.
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Table 1. Baseline demographics and disease characteristics of B- and P-type patients*

B-type P-type

Characteristic (n=17) (n=14) Comparison (B vs P) P value
Age,y 54.4 4543 0.07
Female sex, n (%) 12 (70.6) 8(57.1) 0.69
Body mass index 29.7 334 0.14
Time since diagnosis,® days 2,447 1,596 0.84
Rheumatoid factor IgM positive, n (%) 0 2(15.4) 0.35
HLA-B27 positive, n (%) 2(11.8) 1(7.14) 1.00
C-reactive protein, mg/L 5.8 4.7 0.37
Fecal calprotectin 39.1 97.14 034
HAQ-DIP 0.87 0.79 0.58
Swollen joint 66 count 7.00 7.1 0.62
Tender joint 68 count 15.7 16.6 0.81
Tender points 6.82 6.8 1.00
Physician’s global assessment of disease activity, VAS 349 31.14 0.44
Patient's global assessment of disease activity, VAS 534 59.5 0.83
Arthritis pain, VAS 51.5 52.4 1.00
Fatigue, VAS 51.8 63.3 0.23
SPARCC enthesitis index“

Score =1, n (%) 16 (94.1) 12(85.7) 0.86

Score in patients with a score >1 7.1 8.3 0.22
Dactylitis

Affected digit(s) =21, n (%) 5(29.4) 5(35.7) 1.00

Digits affected in patients with affected digit(s) > 14 1.6 0.63
PASI

Score >0, n (%) 7(41.2) 7(50.0) 0.90

Score in patients with a score of >0 293 2.6 0.75
Presence of nail disease, n (%) 12 (70.6) 10(71.43) 1.00
MTX, n (%)

Oral administration route 4(23.5) 2(14.3) 0.85

Subcutaneous administration route 13(76.5) 12 (85.7) 0.85
Previous use of biologic DMARD, n (%) 4(23.5) 1(7.1) 0.46
Previous use of non-MTX conventional synthetic 4(23.5) 3(21.4) 1.00

DMARD, n (%)
Antibiotics within 1 year of inclusion, n (%) 6(35.3) 4(30.8) 1.00
Smoking status, n (%) 0.70

Current 5(29.4) 5(35.71)

Previous 6(35.3) 6(42.9)

Never, value =2 6(35.3) 3(21.4)

* B denotes patients with a GMC type dominated by the Bacteroides genus (B-type) at baseline, whereas P denotes
patients with a Prevotella-driven GMC type (P-type). Data are presented as mean unless otherwise stated. DMARD,
disease-modifying antirheumatic drug; GMC, gut microbiota community; HAQ-DI, Health Assessment Question-
naire Disability Index; MTX, methotrexate; PASI, Psoriasis Area and Severity Index; PsA, psoriatic arthritis; SPARCC,
Spondyloarthritis Research Consortium of Canada; VAS, visual analog scale.

@ Time since diagnosis of PsA is presented as median.

P Scores on the HAQ-DI range from 0 to 3, with higher scores indicating greater disability.
¢ The SPARCC Enthesitis Index ranges from 0 to 16, with higher scores indicating more severe disease.

26 samples) of P-type patients, including a Bacteroides clarus
strain SGB1832 and a B. cellulosilyticus strain SGB1844. No
LMC strains were found to colonize exclusively in P-type recipi-
ents at week 26 (Figure 3B). When counting the total number of
LMC strains in each recipient, we observed that week
26 responders tended to engraft more LMC strains than treat-
ment failures (P = 0.068; Supplementary Figure S3).

Clinical significance of engraftment and decolonization
of specific strains. Some of the LMC strains, which are known
as potential SCFA-producing strains, including B. clarus,
B. wexlerae, and B. cellulosilyticus, only engrafted and colonized
long-term in responders at week 26 (Figure 3B). Notably, a

B. clarus strain SGB1832 colonized in four responders (80%) at
week 26. This bacterium demonstrated a negative effect size
regarding arthritis pain and the patients’ global assessment of
disease (Figure 4). Two other strains (Clostridiales bacterium
strain SGB15146 and Eubacterium strain SGB4961), which also
engrafted and colonized long-term in B-type, but not in P-type,
patients, showed a similar inverse relations with arthritis pain and
the patients’ global assessment of disease at week 26 (Figure 4).
A complete list of all correlations between LMC strains and clinical
variables is presented in the Supplementary Table S8.

Changes in the functional capacity of bacteria in
FMT responders. Based on the metagenomics data, we
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Figure 2. GMC types before/after FMT and long-term clinical outcome. (A) Week 26 outcomes for each patient allocated to FMT, R versus F. Non-
PP population denotes patients excluded from the PP population due to major change in living environment (R4) or not receiving the full dose of the
FMT product (R9). B denotes patients with a GMC type dominated by the Bacteroides genus (B-type) at baseline whereas P denotes patients with a
Prevotella-driven GMC type (P-type). In donors, the B-type could further be divided into a Phocaeicola subtype (BP-type) or a GGB9062 subtype
(BG-type). (B) dbRDA of 53 fecal samples from the FMT-treated patients at the species level. The contribution of each clinical variable to the variation
in species community is shown in Supplementary Table S2. ANOVA was used to calculate the sum of squares and P values for each clinical variable.
Variables (HAQ-DI, fatigue VAS, and sex) with P < 0.05 are marked with an asterisk (*). V1: Patient’s global assessment of disease activity (VAS); V2:
Arthritis pain (VAS). ANOVA, analysis of variance; dbRDA, distance-based redundancy analysis; F, failure; FMT, fecal microbiota transplantation;
GMC, gut microbiota community; HAQ-DI, Health Assessment Questionnaire Disability Index; PP, per-protocol; R, responder; VAS, visual analog
scale. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43359/abstract.

observed that the abundance of 14 genes encoding bacterial
enzymes changed in long-term FMT responders (Supplementary
Table S9), including genes encoding enzymes involved in nucleotide
metabolism and bacterial cell wall peptidoglycan production
(P = 0.059). However, none of these genes showed a significant lin-
ear correlation with the clinical variables after adjustment for multiple
testing (size effect < 1 and P adj > 0.1; Supplementary Table S10).

DISCUSSION

Beneficial effects of microbiota-targeted therapies are
believed to be mediated through direct immunomodulatory
processes following changes in the gut microbiota and gut
barrier physiology and/or indirectly by boosting the efficacy of
DMARDs.®? This study is the first to highlight patient-related
gut microbial signatures that are associated with long-term clin-
ical outcome following manipulation of the intestinal milieu using

one FMT in MTX-treated patients with active PsA. That certain
patients may tolerate and benefit more from some therapies than
others is a well-known challenge in the management of arthritis and
related chronic inflammatory diseases.®®> We here demonstrate
that the baseline GMC type of FMT recipients may be an important
factor to consider in the context of gut microbiota manipulation in
patients with immune-mediated arthritis.

Previous studies have suggested that the gut microbiota of
people can be divided into three main compositional categories
based on their individual GMC type (also referred to as enterotype),
defined by a relatively high abundance of Bacteroides spp., Prevo-
tella spp., or Ruminococcus spp.3*% Other groups have pro-
posed a two-cluster or a four-cluster model, which is mainly
driven by Bacteroides or Clostridiales species or by Prevotelia.®
In our study, we identified three distinct clusters among the
four healthy donors but only two distinct clusters among
the 31 patients with PsA. In both cases, the main GMC types were

Table 2. Week 26 response rates of FMT-treated B-type and P-type patients*

Study population GMC type Response rates, n (%) P value

ITT population (n =15) B-type (n = 8) 5(62.5) 0.12
P-type (n=7) 1(14.3)

PP population (n = 13) B-type (n=7) 5(71.4) 0.021
P-type (n = 6) 0

* B denotes patients with a GMC type dominated by the Bacteroides genus (B-type) at baseline, whereas P denotes
patients with a Prevotella-driven GMC type (P-type). Reasons for excluding patients from the PP population included
major changes in living environment and not receiving the full dose of the FMT product. FMT, fecal microbiota
transplantation; GMC, gut microbiota community; ITT, intention to treat; PP, per-protocol.
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Figure 3. Gut microbiota modifications following one FMT in B- and P-type patients. B denotes patients with a GMC type dominated by the Bacter-
oides genus (B-type) at baseline, whereas P denotes patients with a Prevotella-driven GMC (P-type). (A) Changes in strain richness and alpha diversity.
P values were calculated using a paired Wilcoxon test. (B) LMC strains were defined as strains that engrafted and colonized in at least three patients by
week 26. Eighteen LMC strains, which exclusively engrafted in B-type recipients at week 26, are marked with a start and a letter. Star colors differentiate
short-term colonization status in P-type recipients at week 4: purple signifies engraftment, whereas yellow signifies lack of engraftment. FMT, fecal micro-
biota transplantation; FS, fecal sample; GMC, gut microbiota community; LMC, long-term multirecipient colonization; SCFA, short-chain fatty acid. Color
figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43359/abstract.

dominated by either Bacteroides (B-type) or Prevotella (P-type).
These two genera both belong to the phylum Bacteroidota and
exhibit an inverse relation in the human gut. The presence of only
two GMC types in patients with rheumatoid arthritis was reported
by Qiao et al.% The robust finding of only two GMC types in patients

with PsA may indicate that rheumatoid arthritis and PsA drive the
microbiota into a state with only two GMC types, contrasting the
situation observed for the healthy donors, or that MTX treatment
per se pushes the composition of the gut microbiota into GMC
states comprising only the B-type or the P-type.
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Although patients with a P-type microbiota tended to be
younger, we did not identify any differences in sex, body mass
index, or baseline disease severity, which could explain the signif-
icantly higher remission rate among FMT-treated B-type patients
compared to P-type patients. Instead, we observed specific
microbiota-related differences, which might have contributed to
the observed differences in long-term outcome. Firstly, species
alpha diversity was significantly higher in B-type than in P-type
patients at baseline. Secondly, strain richness significantly
increased from baseline to week 4 and week 26 in B-type, but
not in P-type, patients, which suggests that the engrafted donor
strains did not colonize long-term in P-type patients. This differ-
ence in colonization receptivity was further backed by the investi-
gation on the bacterial strain level, in which 18 LMC strains were
found exclusively in B-type patients at week 26 whereas none
LMC strains were found exclusively in P-type patients.

In line with our findings, Paramsothy et al reported that Prevo-
tella was associated with FMT failure in patients with ulcerative colitis
whereas Bacteroides in donor stool was associated with remis-
sion.'® The predictive value of the recipient’s baseline gut microbiota
upon treatment with FMT and fiber supplementation has also been
shown in individuals with obesity and metabolic syndrome.®” Previ-
ous findings in rheumatoid arthritis further indicate that patients’
gut microbiota composition may relate to clinical effects of
MTX.23839 This is an interesting observation that may suggest that
patients’ gut bacteria can assist in predictihng—and potentially
modifying—drug responses of established therapies. These previ-
ous reports and our current findings in MTX-treated patients with
PsA motivate more research into the complementary use of
DMARDs and microbiota-targeted therapies in clinical practice.*®

Because all but two FMT-treated patients received subcuta-
neous versus orally administered MTX, we do not think that FMT
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affected the systemic bioavailability of this drug in the present
study. However, the observed changes in abundance of genes
encoding enzymes involved in nucleotide metabolism could imply
that MTX might have affected the transferred microbiota, as previ-
ously described by Nayak and colleagues.*' Furthermore, ongo-
ing inflammation in treatment-naive patients with rheumatoid
arthritis has also been shown to affect folate metabolism in the
gut ecosystem.*?

One of the observed changes included a decrease in a
gene encoding formimidoyltetrahydrofolate cyclodeaminase.
This enzyme catalyzes the degradation of histidine, which involves
the metabolization of tetrahydrofolate. A decrease in this
enzyme may therefore increase the availabilty of purines
and support the intrabacterial production of nucleotides.*®
Simultaneously, the resulting expansion of histidine concentrations
could stimulate the histamine synthesis pathway. Interestingly,
gut-derived histamine has recently been shown to alleviate arthritis
in mice through the gut-CNS—joint axis.**

Despite these intriguing theories, the lack of significant corre-
lation between enzyme-related genes and clinical variables
implies that the abundance of specific metabolic pathways did
not substantially affect individual clinical PsA measures. Instead,
bacterial pathogen-associated molecular patterns might directly
or indirectly have modulated the immune system, thereby eliciting
the beneficial effects of FMT, as indicated by the decrease in
genes encoding enzymes involved in bacterial cell wall peptido-
glycan production in the FMT responders.

Based on our observations, engraftment of beneficial bacte-
rial strains may be more important than eliminating specific patho-
genic ones. Two potential functional catalogs of the identified
LMC strains may be involved,*® including engraftment of potential
SCFA producers such as the B. clarus strains,*® which revealed
an inverse correlation with patient-reported outcomes such as
arthritis pain, global assessment of disease, and fatigue. We
further observed a trend toward clustering among certain
SCFA-producing strains, in which strains of B. clarus, P. clara,
D. longicatena, E. ventriosum, and B. cellulosilyticus formed one
cluster and strains of B. wexlerae, E. ramulus, and Butyricicoccus
formed another distinct cluster (Supplementary Figure S3). This
suggests the possibility of functional synergy of SCFA-producing
strains after FMT. Although data on microbial changes following
dietary interventions are very limited in arthritis, studies with
beneficial responses show a greater increase in SCFA-producing
bacteria as compared to dietary interventions with no clinical
disease-modifying effects.*”

In spite of the high response rate among B-type patients, two
failed to achieve long-term clinical remission. Hence, although the
GMC type of the recipients and LMC strains seem to play impor-
tant roles for long-term donor strain colonization, and subse-
quently FMT efficacy in PsA, these recipient factors may only
partially explain the outcome of FMT. Other factors that could be
important may be related to donor—patient compatibility and/or

the content of the FMT product. In ulcerative colitis, donor micro-
biota stability, species evenness, and specific microbial species
seem to be markers of donor efficacy.*® Although we observed
that FMT products from one donor (D2) with the lowest micro-
biota richness were unsuccessful in all cases, we found that the
characteristics of donor microbiota seemed to be less important
for a beneficial outcome compared to the patients” GMC type.
Still, we acknowledge that the current study was too small to
extensively address this question.

It is well known that the laboratory processing and handling
of FMT products, including blending, exposure to oxygen, and
freeze—thaw cycles, may affect the composition and viability of
transferred donor bacteria. Even though we did not observe any
overall changes in alpha diversity or richness of stool donations
after FMT processing, we did observe a decrease in the overall
abundance of Bifidobacterium species and butyrate-producing
species from the genera Roseburia, Mediterraneibacter, and
Anaerotruncus, all of which have been associated with proho-
meostatic and anti-inflammatory, immunomodulatory properties.
Therefore, the clinical implication of this inherent variation in the
microbial content of FMT products due to differences in FMT
manufacturing protocols and/or donor variations still needs to be
studied in larger trials.

Both the ability to engraft as well as the disease-modulating
properties of the transferred microbiota are important aspects to
consider to guide the selection of donors and/or the development
of synthetic communities. The list of potential beneficial LMC
strains that had the ability to colonize both B- and P-type patients
might be relevant targets for future research. Another strategy to
overcome resistance toward engraftment of donor strains in
P-type patients (and potential also in some B-type patients) could
encompass several preplanned weekly FMT administrations to
preserve the induction of beneficial changes of the microbial com-
position and function over time. Similar conclusions have been
drawn from previous FMT trials in ulcerative colitis, including the
successful application of a “five-day per week” intensive treat-
ment regime and the use of multidonor FMT products.®4°

Only one other (cross-sectional) study has characterized
the gut bacterial signatures in patients with PsA using shotgun
metagenomic sequencing.®® This study also characterized gut
bacterial features, but in contrast to our study, they used meta-
genome assembly and gene prediction to obtain a gene catalog.
Compared to our baseline data, no patients with PsA with a Pre-
votella-dominated GMC type were identified in this other cohort.
This discrepancy may be attributed to differences in gut micro-
biota composition between Western and non-Western popula-
tions and/or patients being treatment-naive versus being on a
stable dose of MTX, as well as potential biases resulting from a
limited sample size.

In conclusion, we here demonstrate that the Bacteroides
versus Prevotella-dominated GMC type of recipients can modu-
late long-term clinical outcome of one FMT in active PsA. In
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particular, B-type patients have a significantly higher clinical
response rates following FMT compared to P-type patients, likely
due to a high engraftment potential and long-lasting colonization
of donor strains. Given the practical applicability of stratifying indi-
viduals according to their GMC type, more research is encour-
aged to evaluate the clinical value of using GMC typing and
other gut microbial features in guiding the selection of therapies
and enhancing personalized treatment responses in relation to
both the application of microbiota-targeted therapies and the
use of established DMARDs.

ACKNOWLEDGMENTS

We thank all patients and donors for their important contribution.
We thank L. Albjerg (biomedical laboratory technologist) for the collec-
tion of donor fecal samples and fecal microbiota transplantation product
samples.

AUTHOR CONTRIBUTIONS

All authors contributed to at least one of the following manuscript
preparation roles: conceptualization AND/OR methodology, software,
investigation, formal analysis, data curation, visualization, and validation
AND drafting or reviewing/editing the final draft. As corresponding
author, Dr Kragsnaes confirms that all authors have provided the final
approval of the version to be published and takes responsibility for the
affirmations regarding article submission (eg, not under consideration
by another journal), the integrity of the data presented, and the state-
ments regarding compliance with institutional review board/Declaration
of Helsinki requirements.

REFERENCES

1. Wang, WeiJ, Zhang W, et al. Gut dysbiosis in rheumatic diseases: a
systematic review and meta-analysis of 92 observational studies.
EBioMedicine 2022;80:104055.

2. Cheng M, Zhao Y, Cui Y, et al. Stage-specific roles of microbial dys-
biosis and metabolic disorders in rheumatoid arthritis. Ann Rheum
Dis 2022;81(12):1669-1677.

3. Qiao J, Zhang S-X, Chang M-J, et al. Specific enterotype of gut micro-
biota predicted clinical effect of methotrexate in patients with rheuma-
toid arthritis. Rheumatology (Oxford) 2023;62(3):1087-1096.

4. Azzouz DF, Chen Z, Izmirly PM, et al. Longitudinal gut microbiome
analyses and blooms of pathogenic strains during lupus disease
flares. Ann Rheum Dis 2023;82(10):1315-1327.

5. Scher JU, Nayak R, Clemente JC. Microbiome research in autoim-
mune and immune-mediated inflammatory diseases: lessons,
advances and unmet needs. Ann Rheum Dis 2025;84(1):9-13.

6. Wagenaar CA, Walrabenstein W, van der Leeden M, et al. Long-term
effectiveness of a lifestyle intervention for rheumatoid arthritis and
osteoarthritis: 1-year follow-up of the ‘Plants for Joints’ randomised
clinical trial. RMD Open 2024;10(1):e004025.

7. Sanchez P, Letarouilly JG, Nguyen Y, et al. Efficacy of probiotics in
rheumatoid arthritis and spondyloarthritis: a systematic review and
meta-analysis of randomized controlled trials. Nutrients 2022;
14(2):354.

8. Imdad A, Pandit NG, Zaman M, et al. Fecal transplantation for treat-
ment of inflammatory bowel disease. Cochrane Database Syst Rev
2023;4(4):CD012774.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Huang C, Yi P, Zhu M, et al. Safety and efficacy of fecal microbiota
transplantation for treatment of systemic lupus erythematosus: an
EXPLORER trial. J Autoimmun 2022;130:102844.

Sorbara MT, Pamer EG. Microbiome-based therapeutics. Nat Rev
Microbiol 2022;20(6):365-380.

Kragsnaes MS, Nilsson AC, Kjeldsen J, et al. How do | establish a
stool bank for fecal microbiota transplantation within the blood- and
tissue transplant service? Transfusion 2020;60(6):1135-1141.

Salem F, Kindt N, Marchesi JR, et al. Gut microbiome in chronic rheu-
matic and inflammatory bowel diseases: similarities and differences.
United European Gastroenterol J 2019;7(8):1008-1032.

Zeng J, Peng L, Zheng W, et al. Fecal microbiota transplantation for
rheumatoid arthritis: a case report. Clin Case Rep 2020;9(2):906-909.

Wang L, Wei Z, Pan F, et al. Case report: fecal microbiota transplanta-
tion in refractory ankylosing spondylitis. Front Immunol 2023;14:
1093238.

Selvanderan SP, Goldblatt F, Nguyen NQ, et al. Faecal microbiota
transplantation for Clostridium difficile infection resulting in a decrease
in psoriatic arthritis disease activity. Clin Exp Rheumatol 2019;37(3):
514-515.

Kragsnaes MS, Kjeldsen J, Horn HC, et al. Safety and efficacy of fae-
cal microbiota transplantation for active peripheral psoriatic arthritis:
an exploratory randomised placebo-controlled trial. Ann Rheum Dis
2021;80(9):1158-1167.

Mullish BH, Tohumcu E, Porcari S, et al. The role of faecal microbiota
transplantation in chronic noncommunicable disorders. J Autoimmun
2023;141:103034.

Paramsothy S, Nielsen S, Kamm MA, et al. Specific bacteria and
metabolites associated with response to fecal microbiota transplanta-
tion in patients with ulcerative colitis. Gastroenterology 2019;156(5):
1440-1454.e2.

Pinto S, éajbenové D, Beninca E, et al. Dynamics of gut microbiota
after fecal microbiota transplantation in ulcerative colitis: success
linked to control of prevotellaceae. J Crohns Colitis 2025;19(2):
jjae137.

Kragsnaes MS, Jensen JRB, Nilsson AC, et al. Dynamics of
inflammation-associated plasma proteins following faecal microbiota
transplantation in patients with psoriatic arthritis and healthy controls:
exploratory findings from the FLORA trial. RMD Open 2024;10(1):
e003750.

Kragsnaes MS, Miguens Blanco J, Mullish BH, et al. Small intestinal
permeability and metabolomic profiles in feces and plasma associate
with clinical response in patients with active psoriatic arthritis partici-
pating in a fecal microbiota transplantation trial: exploratory findings
from the FLORA trial. ACR Open Rheumatol 2023;5(11):583-593.

Schmidt TSB, Li SS, Maistrenko OM, et al. Drivers and determinants
of strain dynamics following fecal microbiota transplantation. Nat
Med 2022;28(9):1902-1912.

laniro G, Pun¢ochar M, Karcher N, et al. Variability of strain engraft-
ment and predictability of microbiome composition after fecal micro-
biota transplantation across different diseases. Nat Med 2022;28(9):
1913-19283.

He R, Li P, Wang J, et al. The interplay of gut microbiota between
donors and recipients determines the efficacy of fecal microbiota
transplantation. Gut Microbes 2022;14(1):2100197.

He Q, Gao Y, Jie Z, et al. Two distinct metacommunities characterize
the gut microbiota in Crohn’s disease patients. Gigascience 2017;
6(7):1-11.

Schloissnig S, Arumugam M, Sunagawa S, et al. Genomic variation
landscape of the human gut microbiome. Nature 2013;493(7430):
45-50.



FLORA TRIAL METAGENOMICS

331

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Gossec L, Baraliakos X, Kerschbaumer A, et al. EULAR recommen-
dations for the management of psoriatic arthritis with pharmacological
therapies: 2019 update. Ann Rheum Dis 2020;79(6):700-712.

Frioux C, Ansorge R, Ozkurt E, et al. Enterosignatures define common
bacterial guilds in the human gut microbiome. Cell Host Microbe
2023;31(7):1111-1125.€6.

vegan: Community Ecology Package. R package. Version 2.0-10. The
R Project for Statistical Computing. Accessed December 16, 2024.
https://CRAN.R-project.org/package=vegan

Mallick H, Rahnavard A, Mclver LJ, et al. Multivariable association dis-
covery in population-scale meta-omics studies. PLOS Comput Biol
2021;17(11):e1009442.

Asnicar F, Weingart G, Tickle TL, et al. Compact graphical representa-
tion of phylogenetic data and metadata with GraPhlAn. Peerd 2015;3:
e1029.

Nayak RR, Orellana DA. The impact of the human gut microbiome on
the treatment of autoimmune disease. Immunol Rev 2024;325(1):
107-130.

Kerschbaumer A, Smolen JS, Ferreira RJO, et al. Efficacy and safety
of pharmacological treatment of psoriatic arthritis: a systematic litera-
ture research informing the 2023 update of the EULAR recommenda-
tions for the management of psoriatic arthritis. Ann Rheum Dis 2024;
83(6):760-774.

Arumugam M, Raes J, Pelletier E, et al; MetaHIT Consortium. Entero-
types of the human gut microbiome. Nature 2011;473(7346):
174-180.

Olsson LM, Boulund F, Nilsson S, et al. Dynamics of the normal gut
microbiota: a longitudinal one-year population study in Sweden. Cell
Host Microbe 2022;30(5):726-739.€3.

Gorvitovskaia A, Holmes SP, Huse SM. Interpreting Prevotella and
Bacteroides as biomarkers of diet and lifestyle. Microbiome 2016;
4(1):15.

Zhang Z, Mocanu V, Deehan EC, et al. Recipient microbiome-related
features predicting metabolic improvement following fecal microbiota
transplantation in adults with severe obesity and metabolic syndrome:
a secondary analysis of a phase 2 clinical trial. Gut Microbes 2024;
16(1):2345134.

Artacho A, Isaac S, Nayak R, et al. The pretreatment gut microbiome

is associated with lack of response to methotrexate in new-onset
rheumatoid arthritis. Arthritis Rheumatol 2021;73(6):931-942.

39.

40.

41.

42

43.

44,

45.

46.

47.

48.

49,

50.

Zhang X, Zhang D, Jia H, et al. The oral and gut microbiomes are per-
turbed in rheumatoid arthritis and partly normalized after treatment.
Nat Med 2015;21(8):895-905.

Scher JU, Nayak RR, Ubeda C, et al. Pharmacomicrobiomics in
inflammatory arthritis: gut microbiome as modulator of therapeutic
response. Nat Rev Rheumatol 2020;16(5):282-292.

Nayak RR, Alexander M, Deshpande |, et al. Methotrexate impacts
conserved pathways in diverse human gut bacteria leading to
decreased host immune activation. Cell Host Microbe 2021;29(3):
362-377.e11.

. Thompson KN, Bonham KS, llott NE, et al; Inflammatory Arthritis

Microbiome Consortium (IAMC) investigators group. Alterations in
the gut microbiome implicate key taxa and metabolic pathways
across inflammatory arthritis phenotypes. Sci Transl Med 2023;
15(706):eabn4722.

Kanarek N, Keys HR, Cantor JR, et al. Histidine catabolism is a major
determinant of methotrexate sensitivity. Nature 2018;559(7715):
632-636.

Dirholz K, Ehnes L, Linnerbauer M, et al. Gut-specific histamine
3 receptor signaling orchestrates microglia-dependent resolution of
peripheral inflammation. J Clin Invest 2025;135(18):e184697.

Wu G, Xu T, Zhao N, et al. A core microbiome signature as an indica-
tor of health. Cell 2024;187(23):6550-6565.e11.

Watanabe Y, Nagai F, Morotomi M, et al. Bacteroides clarus sp. nov.,
Bacteroides fluxus sp. nov. and Bacteroides oleiciplenus
sp. nov., isolated from human faeces. Int J Syst Evol Microbiol 2010;
B0(Pt 8):1864-1869.

Wagenaar CA, van de Put M, Bisschops M, et al. The effect of dietary
interventions on chronic inflammatory diseases in relation to the
microbiome: a systematic review. Nutrients 2021;13(9):3208.

Haifer C, Luu LDW, Paramsothy S, et al. Microbial determinants of
effective donors in faecal microbiota transplantation for UC. Gut Pub-
lished July 25, 2022. https://doi.org/10.1136/gutjnl-2022-327742.
Paramsothy S, Kamm MA, Kaakoush NO, et al. Multidonor intensive
faecal microbiota transplantation for active ulcerative colitis: a ran-
domised placebo-controlled trial. Lancet 2017;389(10075):1218-
1228.

Liu W, Li C, Xie W, et al. The signature of the gut microbiota
associated with psoriatic arthritis revealed by metagenomics. Ther
Adv Musculoskelet Dis 2024;16:1759720x241266720.


https://CRAN.R-project.org/package=vegan
https://doi.org/10.1136/gutjnl-2022-327742

Arthritis & Rheumatology AMERICAN COLLEGE

Vol. 78, No. 2, February 2026, pp 332-343

DOI 10.1002/art.43396 ag EEMA’—,FOPL[OGY
© 2025 The Author(s). Arthritis & Rheumatology published by Wiley Periodicals LLC on behalf of American College of Rheumatology. e & 470

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited.

Transition From Psoriasis to Psoriatic Arthritis is
Characterized by Distinct Alterations in Peripheral Blood
Tc17, Th17, and CD4" Effector Memory Cells
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Objective. Cellular mechanisms driving transition from psoriasis to psoriatic arthritis have remained largely elusive.
Thus, we investigated changes within the peripheral blood T cell compartment associated with the transition phase.

Methods. In an observational study, 116 patients were examined and categorized into subgroups including psori-
asis with at least one risk factor for transition to psoriatic arthritis, subclinical psoriatic arthritis according to EULAR
taskforce recommendations from 2023, and definitive psoriatic arthritis meeting the Classification Criteria for Psoriatic
Arthritis. Demographic and clinical characteristics of patient subgroups were analyzed. Deep T cell phenotyping using
multicolor flow cytometry and machine-learning techniques were applied.

Results. Overlapping T cell endotypes were found among patients with subclinical psoriatic arthritis exhibiting the
most notable divergence from the others. Frequencies of effector memory CD4* T cells, Th17, and Tc17 cells differed
among patients with psoriasis with at least one risk factor for transition, subclinical psoriatic arthritis, and psoriatic
arthritis. Transition-associated changes of Tc17 cell frequencies were confirmed by machine-learning-assisted unsu-
pervised clustering analysis. Moreover, patients with enthesitis could be distinguished from those without, with Tc17
cells being the main distinctive feature.

Conclusion. Transition from psoriasis to psoriatic arthritis was associated with distinct alterations of the peripheral
blood T cell compartment, with Tc17 cells exhibiting the greatest discriminatory power. These findings provide insight
into pathomechanisms driving disease progression during transition from psoriasis to psoriatic arthritis and identify

Tc17 cells as the foremost novel potential therapeutic target for the prevention of transition.

INTRODUCTION

Psoriasis is a chronic systemic immune-mediated disease
characterized by T cell-driven epidermal hyperplasia with a preva-
lence between 0.51% and 11.43% in adults depending on ethnic
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and geographic variation.” In up to 30% of patients, the disease is
associated with the development of psoriatic arthritis character-
ized by synovioentheseal inflammation.? Psoriasis precedes
psoriatic arthritis in about 70% of the patients by an average of
seven to eight years with an annual transition rate of 0.74% and
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2.7%.%7° Risk factors for transition to psoriatic arthritis include
younger age at disease onset, psoriasis severity, phenotype (nail,
scalp, and inverse psoriasis), comorbidities (obesity), environ-
mental factors (infections, smoking, trauma, emotional stress,
medications), and genetic factors.®=® Although these risk factors
are associated with an increased rate of transition, they do not
necessarily indicate an imminent progression to psoriatic arthritis.
Instead, they are considered components within a complex, mul-
tifactorial landscape that underlies disease progression.
Although T cells are known to be the key drivers of patho-
physiology in psoriasis and psoriatic arthritis, current knowledge
regarding immunologic processes during disease transition
remains scarce. Evidence for CD8" T cell involvement in the
pathogenesis comes from the strong association with major his-
tocompatibility complex (MHC) class | genes, notably HLA-
C*0602, and single nucleotide polymorphisms of the interleukin
(IL)-23 and IL-23 receptor (IL-23R) genes promoting Th17 cell dif-
ferentiation.®® Increased frequencies of circulating Th1, Th17,
and Th22 CD4* T helper cell subsets have been reported in pso-
riasis as well as enrichment of Th1, Th9, Th17, and Th22 CD4* T
cells and their CD8™ cytotoxic counterparts (Tc1, Tc17, and Tc22)
in psoriatic lesions. ®~'® Unlike psoriasis, immunopathogenic fea-
tures of T cells are less well characterized in psoriatic arthritis.
There is a gap in knowledge of the pathogenic relationship
between T cell responses in psoriasis and its link to the develop-
ment of joint inflammation.'” It remains unclear which changes in
T cell populations occur during transition from psoriasis to psori-
atic arthritis and in which way T cells contribute to this transition.
Biologic agents targeting tumor necrosis factor (TNF) a, IL-
17, and IL-23 have improved the outcome of psoriatic arthritis,
albeit with a rate of 30% to 40% nonresponders or inadequate
responders. By contrast, improvement of skin lesions in psoriasis
with biologics, particularly those that inhibit the IL-23/IL-17 axis, is
far more effective than the joint response to these biologics. 8 °
Notably, unlike Th17 cells, Tc17 cells lack therapeutic responsive-
ness and are retained in resolved psoriatic skin lesions, thus
potentially driving recurrent inflammation and facilitating transition
from psoriasis to psoriatic arthritis.?° A promising strategy to pre-
vent sequelae and improve patient outcomes is therefore the early
identification and targeted treatment of individuals at risk of devel-
oping psoriatic arthritis.® Clinical studies support the concept of a
“window of opportunity,” during which intervention can alter the
progression to psoriatic arthritis, and they indicate that early treat-
ment leads to better long-term outcomes.®2" This highlights a
significant unmet medical need, namely a deeper understanding
of the immunopathological mechanisms underlying the transition
phase, and more precise identification of patients with psoriasis
at increased risk of developing psoriatic arthritis. To facilitate
comparability across studies, an EULAR task force established
classification criteria for patients in transitional stages. As an inter-
mediate group bridging psoriasis and early psoriatic arthritis, they
identified a category termed “subclinical psoriatic arthritis,”

characterized by arthralgia and/or imaging evidence of syno-
vioentheseal inflammation.?22 According to Zabotti et al, the proba-
bility for fuffiling the Classification of Psoriatic Arthritis (CASPAR)
criteria among patients with subclinical psoriatic arthritis who report
arthralgia is 22.7% after 36 months.2* This observation emphasizes
the importance of recognizing musculoskeletal symptoms for identi-
fication of patients undergoing transition early.

In this study, we hypothesized that the transition phase is
characterized by changes in the composition of T cell subsets dis-
tinct from psoriasis and psoriatic arthritis, assuming that immune
dysregulation precedes clinically apparent joint inflammation. To
identify changes within the peripheral blood T cell compartment
and clinical features associated with the transition from psoriasis
to psoriatic arthritis, we studied 116 patients subgrouped into
psoriasis with risk factors for psoriatic arthritis, subclinical psori-
atic arthritis, and psoriatic arthritis. Demographic and clinical man-
ifestations of psoriasis and psoriatic arthritis were assessed, and
deep T cell phenotyping was performed.

MATERIALS AND METHODS

Detailed experimental procedures are provided in the Sup-
plemental Materials. Consecutive patients with psoriasis (n = 46),
in the transition phase (n = 8), and with psoriatic arthritis (n = 62)
were included. Due to the exploratory nature of the study, no for-
mal sample size calculation was performed, and patient numbers
were based on feasibility and the aim to capture relevant clinical
diversity. The diagnosis of psoriasis and nail involvement was
made clinically by a dermatologist. Inclusion criteria for patients
with psoriasis were (i) at least one risk factor for transition to pso-
riatic arthritis including obesity, severe psoriasis, nail involvement,
and a first-degree relative with psoriatic arthritis, and (i) active dis-
ease with an indication for initiation of systemic therapy according
to the 2021 S3 guideline for the treatment of psoriasis.?®> The
group of patients with psoriasis with at least one risk factor for
transition to psoriatic arthritis is termed “psoriasis” in the follow-
ing. Subclinical psoriatic arthritis was defined as psoriasis
with arthralgia and/or imaging evidence of synovial/entheseal
inflanlnmation without clinical synouvitis, as suggested by an EULAR
taskforce in 2023.2% Psoriatic arthritis was diagnosed by rheuma-
tologists following the CASPAR criteria.2® Additionally, these
patients had an active disease with an indication for initiation of
systemic therapy in accordance with current EULAR and Group
for Research and Assessment of Psoriasis and Psoriatic Arthritis
(GRAPPA) recommendations.2”€ Individuals who were pregnant
or actively lactating were excluded from study participation.

Demographic parameters, clinical data, and laboratory
parameters were assessed. Disease activity was scored using
Psoriasis Area Severity Index (PASI), Dermatology Life Quality
Index (DLQY), itch on a visual analog scale (VAS), tender and swol-
len joint count according to Disease Activity in Psoriatic Arthritis
score, German Psoriasis Arthritis Diagnostic questionnaire, Leeds
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Enthesitis Index and the Maastricht Ankylosing Spondylitis Enthe-
sitis as well as Health Assessment Questionnaire (HAQ). Details of
the diagnostic pathway to classify study participants are shown in
Supplementary Figure 1.

Deep T cell phenotyping was conducted in all patients using mul-
ticolor flow cytometry on heparinized blood samples, following stan-
dardized staining, lysis, and viability protocols. The samples were
acquired using CytoFLEX S spectral analyzer flow cytometer
(Beckman Coulter) and CytExpert software (Beckman Coulter). Data
analysis was performed using FlowJo version 10 (BD Biosciences).
The gating strategy is presented in Supplementary Table 1, Supple-
mentary Figures 2 and 3. Influence of age, sex and BMI of peripheral
T cells is shown in Supplementary Figure 4. To assess therapeutic
effects on T cell subset frequencies, 114 patients underwent immuno-
phenotyping at therapy initiation and after 2, 4, and 16 weeks.

The statistical analysis to identify T cell subsets important in
transition from psoriasis to psoriatic arthritis was performed using
the software R version 4.3.3 und GraphPad Prism version 10.0
(GraphPad Software, Inc). These analyses included Partial Least
Squares-Discriminant Analysis (PLS-DA), frequency comparison
of T cell subsets using Kruskal-Wallis test, and Random Forest
analyses. The dataset for Random Forest analyses was prepared
by imputing missing values with k-nearest neighbors.

To confirm the importance of identified T cell subsets indepen-
dent of sex, age, and body mass index (BMI), we performed a
machine-learning (ML)-based flow cytometry data processing in R
statistical environment (version 4.2). All events from a subcohort
matched by age, sex, and BMI were combined into one flow set,
gated on live CD3" lymphocytes. After preprocessing of the data
by compensating for spectral overlap, gating for singlets and live
cells and applying quality control, the data were transformed and
scaled. Thereafter, we performed Gaussian normalization to mitigate
batch effects. We then employed the self-organizing map algorithm
FlowSOM to perform unsupervised clustering of cells based on the
expression states of selected markers. Uniform manifold approxima-
tion and projection (UMAP) plots were generated using type
markers, with a limit of 20,000 cells per sample. We conducted a dif-
ferential abundance analysis to compare cluster numbers.

Ethical approval was obtained from local ethics committee
(AZ20-170A). The datasets generated and analyzed during the
current study are available from the corresponding author on rea-
sonable request. Requests for data access should be directed to
Dr GraBhoff at hanna.grasshoff@uksh.de. Patients or the public
were not involved in the design, conduct, reporting, or dissemina-
tion plans of our research.

RESULTS

Patient demographics and disease subgroups. In this
study, 116 consecutive patients were included and observed at the
Institute and Comprehensive Center for Inflammation Medicine and
Department of Rheumatology and Clinical Immunology at the

University of LUbeck. The cohort was composed of patients with
psoriasis (N = 46, 39.7%), with subclinical psoriatic arthritis (n =
8, 6.9%), and with psoriatic arthritis (n = 62, 53.4%,). Patient demo-
graphics and clinical data are summarized in Table 1 and Supple-
mentary Table 2. Patients with psoriatic arthritis tended to be older
than patients with psoriasis and subclinical psoriatic arthritis. Sex ratio
and BMI were similar among disease groups. Patients with psoriasis
showed significantly higher PASI and body surface area scores, indi-
cating more severe skin involvement compared with subclinical pso-
riatic arthritis and definitive psoriatic arthritis. Moreover, DLQI scoring
and mean itch (VAS) were significantly higher in patients with psoria-
sis, indicating a higher skin disease burden. By contrast, nail psoriasis
was more frequent in patients with subclinical psoriatic arthritis and
psoriatic arthritis. Pain assessed via VAS and scoring in HAQ—both
assessing subjective disease burden mainly caused by musculoskel-
etal manifestations—was similar in patients with subclinical psoriatic
arthritis and those with definitive psoriatic arthritis. In two patients in
the subclinical psoriatic arthritis group, a swollen joint was detected
caused by trauma and after surgery. Yet, none of the patients in the
subclinical psoriatic arthritis group had clinically apparent arthritis,
enthesitis, axial disease manifestation, dactylitis, or uveitis. Patients
were mainly treated with conventional synthetic disease-modifying
antirheumatic drugs (csDMARDs) and biologics.

Patients with psoriasis, subclinical psoriatic
arthritis, and psoriatic arthritis display overlapping T
cell subset endotypes with remarkable divergence in
subclinical psoriatic arthritis. Multicolor flow cytometry was
performed in all 116 patients. Total number of lymphocytes as
well as frequencies of CD3™ lymphocytes were compared using
Kruskal-Wallis test, indicating no statistically significant difference
regarding absolute number of lymphocytes among the three
patient subgroups [H (2) = 2.05, P = 0.358]. There were also no
differences in CD3" T cell frequencies among patient subgroups
[H(2) = 4.09, P =0.129, Kruskal-Wallis test].

Figure 1 shows outcomes of the PLS-DA analyzing the T cell
composition suggesting the presence of overlapping peripheral
blood T cell endotypes among the three patient subgroups. Nev-
ertheless, patients with subclinical psoriatic arthritis displayed the
most remarkable divergence from the other two patient sub-
groups regarding endotypes. Spearman’s correlations among T
cell subsets were calculated for each group separately and the
interrelationships among the T cell subsets within each subgroup
illustrated by correlation networks. Patients with subclinical psori-
atic arthritis revealed a more intricate and interconnected T cell
subset network compared to patients with psoriasis and psoriatic
arthritis (Supplementary Figure 5).

Frequencies of Th17, Tc17, and CD4" effector
memory T cells differ among patients with psoriasis,
subclinical psoriatic arthritis, and psoriatic arthritis.
To investigate the distribution of distinct T cell subsets, a


mailto:hanna.grasshoff@uksh.de

PERIPHERAL T-CELL CHANGES DURING TRANSITION FROM PSORIASIS TO PSORIATIC ARTHRITIS 335

Table 1. Clinic and demographic characterization of patients with psoriasis, subclinical psoriatic arthritis, and psori-
atic arthritis included in the immunophenotyping cohort*

Psoriasis Subclinical psoriatic Psoriatic arthritis
Parameters (n=46,39.7%) arthritis (n = 8, 6.9%) (n =62, 53.4%) Statistical analysis
Demographics M (£SD) M (£SD) M (£SD) Kruskal-Wallis
and Clinical statistic: H(2)
Data (P value)
Age,y 43.5(x14.3) 42.0 (£14.1) 47.9(+13.3) 4.08 (0.130)
BMI, kg/m2 32.1(£7.8) 27.9 (£5.1) 30.5(£5.5) 3.09 (0.213)
PASI, 0-72 15.3 (+8.9) 2.1 (£3.7) 5.7 (£6.2) 45.0 (<0.001)
BSA, % 21.4(+16.6) 2.5(+4.0) 6.7 (+7.7) 43.1 (<0.001)
DLQI, 0-30 12.8 (+8.4) 53 (+£6.6) 8.5 (£7.1) 10.3 (0.006)
VAS itch mean, 58 (£3.0) 3.8 (+3.7) 4.3 (+3.4) 0.023 (0.023)
0-10
VAS pain mean, 3.5(£3.4) 53(14) 59 (£2.7) 0.001 (0.001)
0-10
n (%) n (%) n (%) Fisher's exact test:
P value
Female 15(32.6) 5(62.5) 31 (50.0) 0.106
Nail psoriasis 41 (89.1) 3(37.5) 48 (77.4) 0.006
Therapy M (£SD) M (£SD) M (£SD) X2 test: X? (P value)
Solely topical 19 (41.3) 5(62.5) 16 (25.8)
therapy
csDMARD 6(13.0) 1(12.5) 20(32.3)
Fumarates 8(17.4) 1(12.5) 2(3.3)
Apremilast 244 1(12.5) 4(6.5)
IL-(12)/23i 3(6.5) 0(0.0) 5(8.1)
TNFi 3(6.5) 0(0.0) 107 (16.19)
IL-171 5(10.9) 0(0.0) 4% (6.59)
JAKI 0(0.0) 0(0.0) 1(1.6) 20.9 (0.104)

* BMI, body mass index; BSA, body surface area; csDMARD, conventional synthetic disease-modifying antirheu-
matic drug; DLQI, Dermatology Life Quality Index; i, inhibitor; IL, interleukin; PASI, Psoriasis Area Severity Index;
TNF, tumor necrosis factor; VAS, visual analog scale.

@ One of the patients received biologics and methotrexate.

PLS Component 2: 29.64%

©-  Psoriasis
Subclinical
psoriatic arthritis

@ Psoriatic arthritis

PLS Component 1: 70.36%

Figure 1. Patients with psoriasis, subclinical psoriatic arthritis, and psoriatic arthritis display overlapping T cell subset endotypes with remarkable
divergence in subclinical psoriatic arthritis. Partial Least Squares (PLS)-Discriminant Analysis showed circulating T cell endotypes shared among
patients with psoriasis (red), patients with subclinical psoriatic arthritis (green), and patients with psoriatic arthritis (blue). Patients with subclinical
psoriatic arthritis displayed the most remarkable divergence from the other two patient subgroups regarding endotypes. The results are illustrated
as a PLS score plot with confidence ellipses set at 80%.
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comparison of the frequencies of different circulating T cell sub-
sets was performed using Student’s t-test. The comparison
between patients with psoriasis and subclinical psoriatic arthritis
revealed a significant difference with a fold change >+1.5 for
CD8* effector memory T cells re-expressing CD45RA (TEMRAS),
CD4* central memory T (TCM) cells, CD4* effector memory T
(TEM) cells, Tc17 cells, CD103* cutaneous Ly (CLA)™ cells within
the CD4" T cell population, CD8" TEM cells, CD4" TEMRASs,
and Tc9 cells (Figure 2A). A corresponding comparison of fre-
quencies of T cell subsets between patients with subclinical pso-
riatic arthrits and psoriatic arthritis showed a significant
difference with a fold change >+1.5 for CD4* TEMRAs, Tc17
cells, CD103*CLA™ cells within the CD4* T cell population, CD4*
TEM cells, CD4* TCM cells, Th17 cells, and Tc22 cells
(Figure 2B).

Following identification of differences in T cell subset compo-
sition among the patient subgroups, T cell subset frequencies
were subsequently compared using Kruskal-Wallis test, followed
by Dunn’s post hoc analysis to assess pairwise differences. The
statistical results, illustrated in Figure 2C, unveiled significant dif-
ferences in T cell subset frequencies among the patient sub-
groups. Notably, Th17 cells [H (2) = 8.47, P = 0.0145] were
decreased in subclinical psoriatic arthritis compared to psoriatic
arthritis. By contrast, Tc17 cells [H (2) = 8.43, P = 0.0148] were

increased in subclinical psoriatic arthritis compared with psoriasis
and psoriatic arthritis, as were CD4" TEM cells [H (2) = 10.09, P =
0.0064].

To assess therapeutic effects on T cell subset frequencies,
114 patients underwent immunophenotyping at therapy initiation
and after 2, 4, and 16 weeks (Supplementary Figure 6). Significant
differences in T cell subset frequencies were observed depending
on the therapy and timepoint. Within patients treated with tar-
geted synthetic DMARDs, Th17 cells differed significantly
between therapy initiation (week 0) and week 16 as well as weeks
2 and 16, but not between weeks 4 and 16. In patients treated
with csDMARDs, Th22 cells differed between therapy initiation
and week 16. For IL-(12)/23 inhibitors, significant increases were
observed in Th22 and T helper granulocyte-macrophage
colony-stimulating factor CD4 T cells, respectively. Additionally,
a significant increase in Th22 cell frequencies occurred under IL-
17(R) inhibitors between therapy initiation and week 16. However,
no consistent shifts across therapies or persistent changes over
time were identified.

Distinct T cell phenotype and higher frequencies of
Tc17 cells in patients with enthesitis. Having found differ-
ences in T cell subset frequencies among patients with psoriasis,
subclinical psoriatic arthritis, and definitive psoriatic arthritis, we
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Figure 2. Frequencies of Th17, Tc17, and CD4" TEM cells differ among patients with psoriasis, subclinical psoriatic arthritis, and psoriatic arthri-
tis. Volcano plots are a visual representation of the results of the Student’s t-test for different peripheral blood T cell subset frequencies in patients
with (A) psoriasis and subclinical psoriatic arthritis and (B) subclinical psoriatic arthritis and psoriatic arthritis. The P values are represented on the
y-axis as —log10(P), with a P value of 0.05 indicated by the dotted line. The fold change is illustrated as log2(fold change), and the arrows on the x-
axis indicate the direction of change. The dotted line represents a fold change >1.5. T cell subsets with a fold change of 1.5 were labeled. (C) Violin
plots representing the distribution of T cell frequencies for the T cell subsets with a fold change >1.5 in patients with psoriasis, subclinical psoriatic
arthritis, and psoriatic arthritis. The results of a Kruskal-Wallis analysis and subsequent Dunn’s post hoc test are depicted in the respective plots.
Significant P values in Dunn’s post hoc test are indicated. CLA, cutaneous Ly; TCM, central memory T; TEM, effector memory T; TEMRA; TEM
cells re-expressing CD45RA.
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reasoned that entheseal inflammation could also be driven by
changes in T cell subset composition during transition. Therefore,
T cell phenotyping was performed in patients with subclinical and
definitive psoriatic arthritis. Within the subgroup of patients with
subclinical psoriatic arthritis, four of eight patients (50.00%)
showed imaging-confirmed entheseal alterations without clinical
signs of enthesitis. Among patients with psoriatic arthritis, 41 of
62 patients (66.13%) were diagnosed with enthesitis. In contrast,
none of the patients with psoriasis showed clinical signs of enthe-
sitis. Thus, the subgroup with psoriasis was excluded from analy-
sis. The peripheral blood T cell phenotype and frequencies of
individual T cell subsets were assessed and compared between
patients with and without enthesitis.

PLS-DA differentiated patient subgroups based on their
blood T cell phenotype, achieving an accuracy of 0.7859, as
shown in Figure 3A. Receiver operating characteristic (ROC) anal-
ysis for predicting enthesitis using T cell subsets yielded an area
under the curve (AUC) of 0.8338. The variable importance (VIP)
score identified key discriminative T cell subsets including
CD103CLA™ cells within the CD8* T cell population, Tc17 cells,
and CD8 CD4~ double-negative (DN) T cells. Further analysis
using the Mann-Whitney U test compared the frequencies of
these top three T cell subsets between patients with and without
enthesitis. A higher frequency of Tc17 cells was found in patients
with enthesitis compared to patients without enthesitis (P =
0.0874; Figure 3B). By contrast, no significant differences were
found for the frequencies of CD103 CLA™ cells within the CD8*
T cell population and CD8"CD4™ DN T cells between patients with
and without enthesitis.

CCR5", CCR6" (Tc17) cells as key cells differentiate
among patients with psoriasis, subclinical psoriatic
arthritis, and psoriatic arthritis. To confirm our findings
suggesting a major role for Tc17 cells in driving transition from
psoriasis to psoriatic arthritis, we employed nonsubjective ML-
assisted unsupervised clustering as a flow cytometry data read-
out strategy. The optimal clustering depth identified a total of
15 metaclusters from two panels (Supplementary Figure 7).
UMAP parameters were adjusted to optimally display metaclus-
ters, and annotations were performed as described in the Materi-
als and Methods section. The resultant lymphocyte maps of both
datasets employed in the study are shown in Supplementary
Figure 8A. Further, Supplementary Figure 8B shows the heat-
maps of lymphocyte marker expression of all clusters in both
datasets as well as their abundance. The estimated spectrum of
ML-detectable cell subsets is summarized in Supplementary
Table 3. Dataset 1 included CD4* naive T cells (TN), TCM CD4™,
TEM CD4*, TN CD8*, TEM CD8*, and DN cells. In panel 2, DN,
Tc17, Te1, Tc2, Th17, and Th2 cells were detected. Subse-
quently, the abundance of metaclusters in the three groups was
assessed. In Supplementary Figure 8C, plots display abundance
of metaclusters split by groups. We employed differential

abundance analysis of metaclusters as described in the Materials
and Methods. Figure 4A shows that CCR5*, CCR6" (Tc17) cells
were significantly increased in subclinical psoriatic arthritis com-
pared to the two other subgroups (at false discovery rate >
0.05). This was not the case for all other metaclusters. Figure 4B
displays UMAP plots split by groups with the significant popula-
tion of CCR5*, CCR6" (Tc17) cells highlighted. Backgating of
metacluster CCR5*, CCR6" (Tc17) confirmed that patients with
subclinical psoriatic arthritis showed increased frequencies of
Tc17 cells compared to patients with psoriasis at risk of transition
and psoriatic arthritis (Figure 4C).

Random Forest analysis yields high accuracy and
robustness in classification of patients. To further assess
T cell subset-based stratification of psoriatic disease, we performed
Random Forest analyses aimed at distinguishing between psoriasis
and subclinical psoriatic arthritis, as well as between subclinical and
established psoriatic arthritis. The models incorporated T cell subset
frequencies, revealing high accuracy and robustness in classification
performance. For comparison of psoriasis versus subclinical psori-
atic arthritis, the best-performing model (mtry 6, ntree 200, nodesize
4) achieved an accuracy of 1.000 in the training data, with a bal-
anced accuracy of 69.44% on the test set. VIP analysis indicated
that Th, Tc17, and TEMRASs within the CD4™ T cell population were
critical for patient classification, underscoring their role during transi-
tion. In distinguishing subclinical psoriatic arthritis from established
psoriatic arthritis, the optimal model (mtry 7, ntree 40, nodesize 3)
also reached 100% accuracy in the training set and 81.48% on the
test data. Here, CCR2* CD8" T cells, TEMRASs within the CD4™ T cell
population, and CD4"CD8" double-positive CD3" T cells emerged
as top contributors, reflecting progressive immune activation and tis-
sue involvement. Figure 5A and B presents error rate and VIP plots,
revealing T cell subsets driving the classification.

Figure 5C illustrates the ROC analysis for the test dataset
based on both Random Forest analyses. For the classification of
patients into psoriasis or subclinical psoriatic arthritis, the AUC
was 0.79. For distinguishing between patients with subclinical
psoriatic arthritis and psoriatic arthritis, the AUC was 0.59 in the
test dataset. These findings suggest an adequate discriminative
ability for identifying patients with subclinical psoriatic arthritis
within the group of patients with psoriasis, at the same time
highlighting the challenge in differentiating between patients with
subclinical and definitive psoriatic arthritis.

DISCUSSION

Strong MHC class | association, increased frequencies of circu-
lating and tissue-infiltrating cytokine-producing T cell subsets includ-
ing Th17 cells, and the efficacy of biologic therapies targeting TNFa
and the IL-23/IL-17 axis suggest a role of T cells as key drivers of
immunopathology in psoriasis and psoriatic arthritis.®~'%2%%° How-
ever, knowledge is lacking with respect to changes of the T cell
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compartment driving transition from psoriasis to psoriatic arthritis
and providing a link between cutaneous and joint inflammation,
which affects about 30% of the patients with psoriatic disease.'”*"
Apart from a study by Gao et al®? reporting a significantly higher
Th1-to-Th2 ratio in patients with psoriatic arthritis compared to those
without, studies on changes within the peripheral blood T cell

compartment potentially driving transition from psoriasis to psoriatic
arthritis are lacking. Therefore, we determined changes within the
peripheral blood T cell compartment using deep T cell phenotyping
in the transition phase in this study.

Consistent with the role of T cells in psoriatic disease,
we found overlapping T cell endotypes among patient subgroups

8-16,29,30

Figure 3. Patients with enthesitis have a distinct T cell phenotype and display higher levels of Tc17 cells. (A) Partial Least Squares (PLS)-
Discriminant Analysis distinguished patients with enthesitis based on their peripheral blood T cell phenotype achieving an accuracy of 0.7859.
Patients with enthesitis are depicted in orange, whereas those without enthesitis are shown in blue. Further, patients with subclinical psoriatic
arthritis (PsA) are indicated by dots, and those with PsA are represented by triangles. The receiver operating characteristic analysis for predicting
enthesitis using T cell subsets yielded an area under the curve (AUC) of 0.8338. Key discriminative T cells identified by the variable importance (VIP)
score include CD103 cutaneous Ly (CLA)™ cells within the CD8" T cell population, Tc17 cells, and CD8 CD4~ double-negative (DN) T cells.
(B) Violin plots illustrate the distribution of T cell frequencies for the three most influential subsets as identified by the VIP score in both enthesitis
and nonenthesitis groups. The Mann-Whitney U test disclosed a statistically significant difference for Tc17 frequencies between the two groups
(P =0.0374). However, no significant differences were found in frequencies of CD103"CLA"™ cells within the CD8* T cell population and CD8~CD4~
DNT cells.
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Figure 5. Random Forest analyses reveal a high accuracy and robustness in classification of patients. Results of Random Forest analyses for
classification of patients into having (A) psoriasis and subclinical psoriatic arthritis (PsA) or (B) subclinical PsA and PsA are shown as error rate plots
visualizing the error rate of the Random Forest model as the number of trees increased with red representing psoriasis, green subclinical PsA, and
blue PsA. The out-of-bag error (OOB) is depicted in black. The variable importance plots depict the importance of individual T cell subsets based
on the Mean Decrease in Gini, helping to identify which features were most influential in both models. (C) Results of the receiver operating charac-
teristic analysis of the two Random Forest analyses in the test dataset are depicted. Area under the circle (AUC) values are shown in the legends
beside the respective model. CLA, cutaneous Ly; DN, double negative; DP, double positive; TCM, central memory T; TEM, effector memory T;
TEMRA, TEM cells re-expressing CD45RA; ThGM-CSF, T helper granulocyte-macrophage colony-stimulating factor; TN, naive T cells.

with psoriasis, subclinical psoriatic arthritis, and psoriatic arthritis,
albeit with the transition group (ie, patients with subclinical psori-
atic arthritis exhibiting the most notable divergence from the two
other subgroups). Earlier studies reported increased frequencies
of circulating cytokine-producing Th1, Th17, and Th22 helper cell
subsets and enrichment of Th1, Th9, Th17, and Th22 cells and
their Tc1, Tc17, and Tc22 cytotoxic T cell counterparts in psori-
atic lesions. Moreover, IL-17-producing CD8" T cells are present
in synovial flud of affected joints in psoriatic arthritis.'®
16.29.30.88.34 Notably, Th17 cells differ from their Tc17 cell counter-
parts regarding chemokine receptor expression and, thus,
responsiveness to chemokine attractants. In contrast to Tc17
cells, Th17 cells express CCR4, a receptor for various chemo-
kines including Cystein-Cystein (CC)-chemokine ligand CCL17
expressed in cutaneous vessels and epidermis.>® Whereas the
above mentioned study by Gao et al included patients with psori-
asis and psoriatic arthritis,® our study comprised three different
subgroups including patients with psoriasis, subclinical psoriatic
arthritis  according to EULAR definition, and definitive
psoriatic arthritis according to CASPAR criteria, thereby

representing the whole spectrum ranging from pre- to posttransi-
tional psoriatic disease. In the present study, using deep immuno-
phenotyping, we found significant differences in circulating CD4*
TEM, Th17, and Tc17 cell frequencies among patients with psori-
asis, subclinical psoriatic arthritis, and psoriatic arthritis sugges-
tive of IL-17-producing T cells as major drivers of transition from
psoriasis to psoriatic arthritis. In particular, a decrease in Tc17 cell
frequency in patients with psoriatic arthritis in comparison to
patients with subclinical psoriatic arthritis suggests cell migration
into joints during transition to arthritis. Notably, migration of TEM
cells toward sites of inflammation during active disease resulting
in decreased frequency of peripheral blood TEM cells has been
shown in various chronic inflammatory diseases.®®>” CD4* and
CD8* TEM cells migrate from peripheral blood to peripheral tis-
sues, where they either remain permanently as long-lived tissue-
resident memory (TRM) cells or from where they recirculate at a
later time point.®®3° Circulating Tc17 cells infiltrate sites of inflam-
mation and are enriched in psoriatic skin lesions and in synovial
fluid in psoriatic arthritis joints.?°%34° Moreover, Tc17 cells can
convert to long-lived skin-resident TRM cells expressing the
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skin-homing sialyl-LewisX glycoprotein CLA and aE integrin-
subunit (CD103).'%"® In contrast to Th17 cells, skin-resident
Tc17 cells lack therapeutic responsiveness to narrowband-UV-B
and TNFa and IL-23/IL-17 axis—inhibiting biologics. They are
retained in resolved lesions, thereby conferring a pathologic site-
specific disease memory potentially driving recurrent psoriasis
and facilitating transition from psoriasis to psoriatic arthritis.?° In
addition, recirculation of originally skin-resident CD103* TRM
cells may perpetuate inflammation at distant sites.*! In the pres-
ent study, however, we found no significant differences in circulat-
ing CLATCD103* TRM cell frequencies among patients with
psoriasis, subclinical psoriatic arthritis, and psoriatic arthritis. This
does not exclude a role for TRM cell recirculation in transition and
disease progression. Similar to the study by Klicznik et al,*" fre-
quencies of circulating TRM cells were low in all three patient
groups of our study and did not allow a conclusion with regard
to their potential to reenter the circulation and migrate to other
sites.

The potential predominance of IL-17-producing T cells and in
particular Tc17 cells in driving transition from psoriasis to psoriatic
arthritis is further supported by our finding of higher Tc17 frequen-
cies in those patients displaying imaging-confirmed entheseal alter-
ations without clinical signs of enthesitis in subclinical psoriatic
arthritis and enthesitis in definitive psoriatic arthritis. Entheseal
inflammation commonly affects patients with subclinical and defin-
itive psoriatic arthritis and is regarded as a prognostic factor of
imminent transition from subclinical to clinical manifest psoriatic
arthritis.>® Comparable with other studies,*>*® one-third of the
patients with subclinical psoriatic arthritis and roughly half of
the patients with definitive psoriatic arthritis were affected by enthe-
sitis in our study cohort. A spondylarthritis animal model suggests a
role of the IL-23/IL-17 axis for synovioentheseal inflammation.**
Entheseal-resident CD4* and CD8* T cells have been reported to
produce TNF, but IL-17A production was solely confined to CD4*
T cells.*® However, Tc17 cells display high plasticity and can switch
to Te1 cells upon recruitment from peripheral blood into tissues.*®

This study is the first to investigate the immunologic charac-
teristics of patients representing a spectrum of psoriatic disease
in transition from psoriasis to psoriatic arthritis in a cross-sectional
study. A major strength of the study lies in the precise clinical
characterization of the patients.&47 Nevertheless, misclassifica-
tion of individual patients cannot be ruled out because psoriatic
disease displays a disease spectrum for which there are currently
no clear distinctions between the individual disease phases.
Patients presenting with musculoskeletal symptoms and
imaging-confirmed enthesopathy lacking overt clinical swelling
can be at risk of misclassification because they are in a diagnostic
gray area between subclinical and definite psoriatic arthritis. The
use of a structured ultrasound scoring system for entheseal
assessment could improve diagnosis of enthesitis.*® There is also
a need for further clinical and diagnostic tools as well as bio-
markers to accurately stratify patients in the disease stages. Our

findings suggest that Th17, Tc17, and CD4" TEM cells should
be investigated for their applicability in diagnostic algorithms for
early diagnosis of subclinical psoriatic arthritis. Limitations of our
study include its cross-sectional study approach and, thus, lack
of individual long-term longitudinal follow-up of changes in T cell
composition during transition, potentially biasing the results A fur-
ther limitation of this study includes the differences in size among
the three patient subgroups. However, to compensate for these
shortcomings and further validate our findings, we performed
ML-assisted readout of flow cytometry data, thereby confirming
the main finding of an increased abundance of Tc17 cells in sub-
clinical psoriatic arthritis. As previously shown, ML-assisted flow
cytometry readout adds to reproducibility of flow cytometry
results.*® To confirm the results of this study, validation in a larger
cohort is required, which may be achieved by a multicenter study
design, as well as a longitudinal design, further supported by anal-
ysis of tissue samples.

In summary, our findings suggest a role for CD4* TEM, Th17,
and especially Tc17 cells potentially migrating to joints and
entheses during transition. Accurately identifying patients at risk
of transition from psoriasis to psoriatic arthritis, and understand-
ing T cell compartment changes that drive this process, is crucial
to determine the window of opportunity for early and effective
therapeutic interventions aimed at preventing disease progres-
sion and improving patient outcomes.®?' However, lack of thera-
peutic responsiveness of Tc17 cells?®33° may favor recurrent
inflammation and transition from psoriasis to psoriatic arthritis.
Potentially, CCR6 expressed by Th17 and Tc17 cells could be
an interesting target to reduce migration of these cells to inflamed
tissues in psoriasis and psoriatic arthritis. We conclude that future
therapeutic approaches to prevent transition from psoriasis to
psoriatic arthritis and to provide more effective therapies or even
a cure for psoriatic disease must specifically target the IL-23/IL-
17 axis and particularly focus on impacting Tc17 cells.
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Reactive Oxygen Species-Induced Modifications of Fibrin
Clots as a Link Between Immune Responses and
Atherothrombosis in Systemic Lupus Erythematosus
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Objective. Cardiovascular events are major determinants of morbidity and mortality in systemic lupus erythemato-
sus (SLE), particularly in patients with renal involvement. Although oxidative stress has been implicated in driving vas-
cular and renal damage in SLE, the specific mechanisms remain unclear. This study investigated the potential role of
oxidative stress-induced alterations in fibrinogen structure and function in the pathogenesis of atherothrombosis
in SLE.

Methods. In this cross-sectional study, we enrolled 144 adult patients with SLE and 90 matched controls. We
measured blood leukocyte reactive oxygen species (ROS) production, systemic redox status, and the structural and
functional features of purified fibrinogen. Correlations between these parameters and disease activity were also inves-
tigated. In vitro experiments to clarify the causal relationships among ROS levels, protein oxidation, and fibrin abnor-
malities provided mechanistic insights of the observed alterations.

Results. Patients with SLE showed increased leukocyte ROS production, mainly due to neutrophil NADPH oxidase
activation. Interestingly, renal biopsies from patients with SLE with active proliferative lupus nephritis exhibited overex-
pression of the NADPH oxidase enzyme complex p22phox. This was accompanied by plasma oxidative stress as indi-
cated by elevated plasma lipid peroxidation and reduced antioxidant defenses. Fibrinogen oxidation was associated
with structural and functional changes, leading to the formation of denser fibrin networks with lower clot porosity and
reduced susceptibility to plasmin-mediated fibrin lysis. Interestingly, these fibrinogen modifications correlated with
alterations in redox status and disease activity.

Conclusion. Oxidative stress may drive structural and functional modifications of fibrinogen in SLE, potentially

acting as a novel pathogenetic mechanism in atherothrombosis among these patients.

INTRODUCTION

Systemic lupus erythematosus (SLE) is a prototypical auto-
immune disease that affects multiple organ systems and often
leads to severe complications such as renal failure, neurologic
disturbances, cytopenia and a range of systemic symptoms.
Compared with the general population, patients with SLE carry a

'Department of Experimental and Clinical Biomedical Sciences “Mario
Serio,” University of Firenze, Firenze, Italy; 2Department of Medical, Surgical
and Health Sciences, University of Trieste and Clinical Medicine and Rheuma-
tology Unit, Cattinara University Hospital, Trieste, Italy, and Centre for Inflam-
matory Diseases, Monash University Department of Medicine, Monash
Medical Centre, Melbourne, Clayton, Victoria, Australia; 3Department of Med-
icine and Surgery, University of Parma and Unit of Occupational Medicine and
Industrial Toxicology, University Hospital Parma Medical Center, Parma, Italy;
“Department of Experimental and Clinical Medicine, Careggi University Hos-
pital, Florence, Italy; *Department of Experimental and Clinical Biomedical
Sciences “Mario Serio,” University of Firenze and Nephrology and Dialysis
Unit, Meyer Children’s Hospital IRCCS, Firenze, Italy.

344

2- to 10-fold higher risk of cardiovascular events encompassing
both arterial and venous complications.™? This heightened risk is
attributable not only to traditional cardiovascular risk factors but
also to renal disease, which is prevalent in this patient population.
Renal impairment in SLE contributes to an increased burden of
cardiovascular morbidity, as it is associated with hypertension,
dyslipidemia, and systemic inflammation, all of which are critical
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contributors to cardiovascular pathology. In addition to renal dis-
ease, genetic predisposition, soluble factors (eg, autoantibodies,
proinflammatory cytokines) and autoreactive leukocytes” contrib-
ute to endothelial damage in SLE.

Among nontraditional cardiovascular risk factors, oxidative
stress, secondary to increased reactive oxygen species (ROS)
production and/or decreased antioxidant defenses, has been
suggested as possibly implicated in the pathogenesis of cardio-
vascular events in SLE'? and positively correlated with SLE clini-
cal activity scores.® Accordingly, in patients with SLE, increased
amounts of the lipid peroxidation marker malondialdehyde (MDA)
were found in plasma® and erythrocytes.”

Studies from our group recently demonstrated that
leukocyte-derived ROS can promote oxidative-mediated alter-
ations in the structure and function of fibrinogen, a key protein
bridging inflammation and coagulation, thereby increasing pro-
thrombotic risk in various inflammatory and noninflammatory
conditions.®'®

In this study, we investigated the primary cellular sources of
ROS in a large cohort of patients with SLE and explored the rela-
tionship between oxidative stress markers, fibrinogen structural
and functional properties, and clinical features. These findings
provide a deeper understanding of the pathogenetic mechanisms
driving cardiovascular events in this complex disease.

PATIENTS AND METHODS

Population, setting and clinical assessment. The
study included 144 adult patients with SLE and 90 controls,
comparable in terms of age, sex, and main traditional cardio-
vascular risk factors (ie, smoking, body mass index [BMI],
hypertension, dyslipidemia, diabetes). Patients were recruited
between September 2019 and January 2023 at the Lupus
Clinic of the Careggi University Hospital, Firenze, ltaly. All
patients were classified as having SLE according to the 2019
EULAR/American College of Rheumatology Classification Cri-
teria for Systemic Lupus Erythematosus. '

Patients with other systemic autoimmune diseases, active
infectious, or neoplastic conditions were excluded. Controls were
recruited among blood donors. The study protocol was approved
by the local Ethics committee (Comitato Etico Regionale per la
Sperimentazione Clinica della Regione Toscana, Sezione Area
Vasta Centro; approved on November 13, 2018; ref.
no. 12804_bio) and written informed consent was obtained from
all participants.

At the time of blood sample collection, all patients underwent
a review of their medical history, a comprehensive laboratory
work-up, and a standardized clinical assessment of potential
organ involvement, according to EULAR recommendations.’®
SLE clinical activity at the time of blood sample collection was
evaluated using the Systemic Lupus Erythematosus Disease
Activity Index (SLEDAI) score, and patients were stratified in three

groups: those with a SLEDAI of 0, 1 to 5, and >5."* History of car-
diovascular events was assessed based on retrospective medical
chart review; cardiovascular events were defined based on the
same definitions reported in medical records. Also, information
on ongoing therapies was retrieved, with reference to the use of
moderate/high-dose glucocorticoid treatment (defined as a dose
of prednisone or equivalent greater than 7.5 mg/day),'® immuno-
suppressants, and hydroxychloroquine. Patients and/or the pub-
lic were not involved in the design, conduct, reporting, or
dissemination plans of this research.

Assessment of systemic redox status and NADPH
oxidase activity in peripheral leukocytes. Leukocyte ROS
production was measured using HoDCF-DA (2.5 uM) as previ-
ously described.? NADPH oxidase activity in leukocyte subsets
was assessed by lucigenin-enhanced chemiluminescence and
expressed as relative luminescence units/second (RLU/s).8 In
plasma, lipid peroxidation and total antioxidant capacity (TAC)
were evaluated by thiobarbituric acid reactive substances
(as MDA, nanomoles per milliliter) and oxygen radical absorbance
capacity assay (as Trolox equivalents, micromolar), respectively.®

Fibrinogen purification, fibrinogen oxidation,
structure, and function analysis. Blood samples collected
in trisodium citrate or EDTA were used for fibrinogen purification
as previously described® and determination of its concentration
and purity. We observed no differences in fibrinogen concentra-
tion and purity between patients and controls.

To evaluate fibrinogen oxidation, dityrosine fluorescence
(Excitation: 316 nm; Emission: 367 nm) was assayed and normal-
ized to protein concentration. To assess protein secondary struc-
ture, we recorded circular dichroism (CD) spectra of purified
fibrinogen (0.5 mg/mL) as previously described. To provide infor-
mation on three-dimensional (3D) conformational changes of puri-
fied fibrinogen, intrinsic fluorescent spectra of the protein were
acquired.® We finally analyzed fibrin clots by confocal microscopy
and by stimulated emission depletion (STED) superresolution, as
previously reported.’”

Fibrinogen functional analysis: thrombin-catalyzed
fibrin polymerization and fibrin susceptibility to
plasmin-induced lysis. The functional analysis of fibrinogen
included assessing the kinetics of thrombin-induced fibrin
polymerization and evaluating fibrin’s susceptibility to plasmin-
mediated lysis. Thrombin-induced fibrin polymerization was initi-
ated and monitored according to previously established
methods.® Fibrin digestion with plasmin was performed as previ-
ously described,® and data were expressed as the ratio between
the densitometric reading of the purified protein at a given diges-
tion time and that of the undigested protein (time 0 of incubation
with plasmin).



346

BECATTIET AL

SLE renal biopsy analysis for NADPH p22phox
expression. Kidney biopsies from 10 patients with lupus nephritis
were analyzed.'® Tissue expression of p22phox, a key NADPH oxi-
dase subunit, was evaluated by immunohistochemistry and confo-
cal immunofluorescence. Cell-specific colocalization was assessed
using Manders’ coefficients.'® Full experimental details are provided
in the Supplementary Materials and Supplementary Table S1.

Investigating oxidative stress-induced thrombus
formation: in vitro studies. In another set of experiments,
increasing concentrations (0.5-2 mM) of 2,2’-azobis(2—amidino-
propane) dihydrochloride (AAPH) were incubated at 37°C for 12
hours with 1 mg of purified human fibrinogen (Sigma) dissolved
in 1 mL phosphate buffered saline pH 7.4. To evaluate the poten-
tial preventive effect of Trolox on the afore-mentioned AAPH-
induced oxidation reaction, 1 mg of purified human fibrinogen
(Sigma) dissolved in 1 mL phosphate buffered saline pH 7.4 was
incubated with 1 mM AAPH in the presence of 0.1 mM Trolox at
37°C for 12 hours. The obtained samples were used for functional
and structural analyses.

Statistical analysis. Continuous variables are presented
as mean + SD or as median and interquartile range (IQR), accord-
ing to data distribution. Categorical variables are presented as n
(%). All experiments were performed in triplicate, and, for each
case, the mean of the three experiments + SD was considered,
after having confirmed the low intraexperiment and interexperi-
ment variability and the reproducibility of measures using the anal-
ysis of variance (ANOVA) Bonferroni test.

Differences in continuous variables between SLE case and
control groups, as well as between patients with SLE with versus
those without a history of cardiovascular events, were assessed
using the Student t or the Mann-Whitney test for two-group com-
parisons, whereas differences between subgroups of patients
with SLE distinguished according to disease activity were
assessed using the ANOVA or the Kruskal-Wallis test for compar-
isons of more than two groups, considering if data distribution
respect the normality assumption. Differences in categorical vari-
ables were assessed using the Fisher’s exact test. Correlations
were analyzed using Spearman’s test, and p correlation coeffi-
cient was calculated. For the correlation between continuous
and ordinal parameters, Kendall’s coefficient of rank correlation
was performed, and Kendall’s tb was calculated. For all analyses,
P values <0.05 were considered statistically significant. Statistical
analyses were performed using the Graph Pad Prism 5 Software
and the software STATA version 14. Data are available upon rea-
sonable request by the corresponding author.

RESULTS

Patient populations and baseline characteristics.
The demographic and clinical characteristics of the 144 patients

with SLE and 90 controls are reported in Table 1. Most patients
were female (126; 87.5%), with a median age at diagnosis of
35.2 years (IQR 26.4-42.8) and a median age at blood sample
collection of 42.8 years (IQR 37.0-51.1). The most frequent SLE
manifestations included articular (84.7%), cutaneous (57.6%),
hematologic (52.8%), and renal involvement (32.6%). Approxi-
mately one-third of patients had confirmed antiphospholipid anti-
bodies (@PL) positivity. Of the 47 patients with renal involvement,
40 had a biopsy-proven lupus nephritis and 15 had an associated
aPL positivity. The majority of the available kidney biopsies (67 %)
were categorized as class lll to IV (with coexisting class V in
15%) according to the International Society of Nephrology/Renal
Pathology Society classification. Regarding traditional cardiovas-
cular risk factors, the median BMI was 24 (IQR 16-42); 41%
patients had hypertension, and 28.5% were current or past
smokers. Dyslipidemia and diabetes were present in 16% and
6.3% of patients, respectively.

At the time of blood sample collection, most patients were
receiving immunosuppressants (alone or in association with pred-
nisone <7.5mg/day) (39.6%) or prednisone in monotherapy, at a
dosage >7.5mg/day (31.3%). Sixty-six patients were also on
hydroxychloroquine (45.8%). Considering SLE disease activity,
at the time of blood sample collection, 38 patients (26.4%) were
classified as having SLEDAI = O, 77 (53.5%) as having SLEDAI
110 5, and 29 (20.1%) as having SLEDAI >5.

Thirty-three patients (22.9%) had a history of cardiovascular
events, including 14 with cases of deep venous thrombosis
(DVT; associated with acute lower limb ischemia in two of them),
nine cases of stroke or transient ischemic attack, seven of acute
myocardial infarction (with subsequent DVT in two of them), one
case of pulmonary embolism, one of intracardiac thrombosis,
and one of acute lower limb ischemia. Cardiovascular events
were significantly more frequent in patients with SLEDAI >5
(61.7%) as compared to those with SLEDAI 1 to 5 (20.8%) or
SLEDAIQ (5.3%) (P < 0.001 across the three groups). aPL positiv-
ity was found in 21 of the 33 patients with cardiovascular events
(63.6%), as compared to 24 of 111 without cardiovascular
events (21.6%). aPL positivity was significantly more frequent in
patients with SLEDAI >5 (51.7%) as compared to patients
with SLEDAI O or SLEDAI 1 to 5 (21.1% and 28.6%, respectively,
P =0.026). All other demographic and clinical features were com-
parable between SLE subgroups, stratified according to disease
activity (Table 1).

Intracellular ROS assessment and NADPH oxidase
activity in peripheral leukocytes. Patients with SLE showed
a significant increase in ROS levels in all three leukocyte subpop-
ulations, when compared to controls (values are median [IQR];
for lymphocyte ROS: 871 [719-1,138] vs 689.5 [594-841] relative
fluorescence units [RFU] for cases and controls, respectively, P <
0.001 [Figure 1A]; for monocyte ROS: 1,709 [1,366-2,186] vs
1,208 [1,066-1,325] RFU, P < 0.001 [Figure 1B]; for neutrophil
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Table 1.

Main demographic and clinical features of the patients in the SLE and control groups included in the study*

Patients with SLE stratified
according to disease activity

Patients with SLE ~ Controls SLEDAI 0 SLEDAI 1-5 SLEDAI 6+
(n=144) (n=90) (n=38) (n=77) (n=29) P-value®
Demographic data
Female sex, n (%) 126 (87.5) 79 (87.8) 33(86.8) 69 (89.6) 24 (82.8) 0.596
Age at diagnosis, median (IQR) 35.2(26.4-42.8) 32.9(26.3-42.1) 353(26.0-45.8) 36.9(28.9-42.9) 0.669
Age at blood sample collection, 42.8(37.0-51.1) 42.0(36-52) 44.7(35.7-54.7) 40.4(37.0-50.0) 44.2(38.9-54.5) 0.380
median (IQR)
Clinical involvement
Disease duration, median (IQR), mo 68.9 (9.1-163.0) 100.7 (1.9-190.3) 42.5(6.0-155.4) 113.5(29.0-214.9) 0.194
History of cardiovascular events, n (%) 33(22.9) 2(5.3) 16 (20.8) 15(51.7) <0.001°
Articular, n (%) 122 (84.7) 30(78.9) 68 (88.3) 24 (82.8) 0.400
Cutaneous, n (%) 83(57.6) 22 (57.9) 42 (54.5) 19 (65.5) 0.594
Hematologic, n (%) 76 (52.8) 19 (50.0) 40 (51.9) 17 (58.6) 0.765
Renal, n (%) 47 (32.6) 11 (29.0) 25(32.5) 11 (37.9) 0.746
Neuropsychiatric, n (%) 25(17.4) 6(15.8) 13(16.9) 6 (20.7) 0.860
Cardiac, n (%) 9 (6.3) 2 (5.3) 5 (6.5) 2 (6.9) 0.955
Gastrointestinal, n (%) 2(1.4) 0 1(1.3) 1(3.4)
SLEDAI, median (IQR) 2 (0-4)
Cardiovascular risk factors
BMI, median (IQR) 24 (16-42) 24.(16-42) 23 (16-42) 24.(15-42) 24 (16-41) >0.999
Hypertension, n (%) 59 (41.0) 38(42.2) 13(34.2) 35 (45.5) 11 (37.9) 0.480
Smoke, n (%) 41 (28.5) 26 (28.9) 11 (29.0) 22 (28.5) 8(27.5) 0.992
Dyslipidemia, n (%) 23(16.0) 14 (15.6) 6(15.8) 13(16.9) 4(13.8) 0.927
Diabetes, n (%) 9(6.3) 6 (6.7) 2(5.3) 4(5.2) 3(10.3) 0.595
aPL positivity, n (%) 45(31.3) 8(21.1) 22 (28.6) 15(51.7) 0.026
Treatments, n (%)
Prednisone alone (dosage of >7.5mg/d) 45313 12 (31.6) 25(32.5 8 (27.6) 0.059
Immunosuppressants alone or + 57 (39.6 10 (26.3 33429 14 (48.3)
prednisone (dosage <7.5 mg/d)
Immunosuppressants + prednisone 8(5.6) 1(2.6) 7(9.1) 0(0)
(dosage of >7.5 mg/d)
Hydroxychloroquine (co)treatment 66 (45.8) 14 (36.8) 36 (46.8) 16 (55.2) 0.317

* aPL, antiphospholipid antibodies; BMI, body mass index; IQR, interquartile range; SLE, systemic lupus erythematosus; SLEDAI, Systemic

Lupus Erythematosus Disease Activity Index.

@ From Kruskal-Wallis or Fischer exact test comparing the three groups of patients with SLE with no, low, and moderate-to-high disease activity.
b Statistically significant with P < 0.05. Bold values indicate statistically significant differences (P < 0.05)

ROS: 2,237 [1961-2,915] vs 1,789 [1,655-1990] RFU, P < 0.001
[Figure 1C]).

NADPH oxidase activity resulted significantly increased in
neutrophils from patients with SLE compared to those obtained
from controls (42,432 + 18,998 vs 13,234 + 4,223 RLU/s; P =
0.001). Conversely, no significant differences in NADPH oxidase
activity were observed in lymphocyte and monocyte from patients
with SLE with respect to controls (Supplementary Figure S1).

Lipid peroxidation and total antioxidant capacity
estimation. In plasma, we found a significantly increased lipid
peroxidation (values are median [IQR]; 1.36 [1.07-1.74] vs 0.39
[0.33-0.45] MDA nmol/mL; P < 0.0001) and a reduced total anti-
oxidant capacity (15.71 [13.29-18.45] vs 20.22 [19.23-23.36]
Mm Trolox equivalent; P < 0.0001) in patients with SLE as com-
pared with controls (Figure 1D and E, respectively).

Fibrinogen oxidation, structure, and function
analysis. A significant increase in dityrosine content was evident

in fibrinogen from patients with SLE compared to controls (values
are median [IQR]; 294 [256-329] vs 163 [121-184] RFU; P <
0.0001) (Figure 1F). CD spectroscopy indicated, in fibrinogen
purified from controls, a typical a-helix secondary structure with
minima at 208 nm and at 222 nm; conversely, a decreased nega-
tive peak in the 215- to 225-nm region was observed in SLE
fiorinogen, suggesting a reduction in a-helical content
(Figure 1G). Intrinsic fluorescence was also significantly reduced
in SLE fibrinogen (Figure 1H), indicating altered tertiary
structure.?®

Confocal microscopy analysis revealed marked struc-
tural differences between SLE and control fibrin networks,
especially in fiber architecture and porosity (Figure 2). In con-
trol samples, fibrin gels displayed thick, well-organized fibers
forming a loosely arranged meshwork with large, open
pores. In contrast, fibrin clots from patients with SLE exhib-
ited a dense, compact network composed of thinner fibers
and significantly smaller pores. These structural differences
were further highlighted in the pseudocolored images
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Figure 1.

Wavelenght (nm)

Redox status and fibrinogen structural analyses. (A-C) Lymphocyte, monocyte, and neutrophil ROS production; (D) plasma lipid per-

oxidation (E) and total antioxidant capacity; (F) dityrosine content; (G) representative CD spectra (H); and intrinsic protein fluorescence spectra of
purified fiorinogen from patients with SLE (n = 144) and controls (n = 90). ***Statistical significance is indicated as P < 0.0001. CD, circular dichro-
ism; MDA, malondialdehyde; RFU, relative fluorescence units; ROS, reactive oxygen species; SLE, systemic lupus erythematosus.

representing clot porosity, where open spaces (in blue) were
prominent in controls but drastically reduced in SLE sam-
ples. Surface plot renderings of fluorescence intensity also
demonstrated a flatter, more uniform fibrin structure in SLE,
consistent with tighter fiber packing and reduced topograph-
ical complexity.

To further assess the 3D organization of fibrin gels, we
performed 3D confocal volume reconstruction and STED micros-
copy (Figure 3). STED microscopy is a superresolution imaging
technique that surpasses the diffraction limit of conventional con-
focal microscopy, achieving lateral resolutions down to 20 to
30 nm. Unlike standard confocal microscopy, which is limited to
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Figure 2. Confocal microscopy analysis of fibrin gel ultrastructure and porosity in fibrinogen samples from controls and patients with SLE. Rep-
resentative high-magnification confocal images (630x) show distinct structural differences in fibrin networks formed from purified fibrinogen of
healthy controls (left column) versus patients with SLE (right column). Top panels (fibrin ultrastructure): In control samples, fibrin fioers appear thick
and well-organized and form a loose meshwork with large, well-defined pores. In contrast, SLE-derived fibrin gels are characterized by a denser
network composed of thinner, tightly packed fibers with visibly smaller and irregular pores, indicating altered polymerization dynamics. Middle
panels (clot porosity): Image processing was applied to highlight pore spaces in blue, overlaid on the red-stained fibrin network. This visualization
underscores the stark reduction in clot porosity in SLE samples, reflecting the formation of a more compact and potentially less degradable fibrin
matrix. Bottom panels (surface plot): Three-dimensional surface plots generated from fluorescence intensity data of the original confocal images
demonstrate topographical differences in clot architecture. The control fibrin gel displays a highly textured surface with pronounced peaks and val-
leys, corresponding to thick, spaced fibers. In contrast, the SLE fibrin surface is flatter and more uniform, consistent with the presence of tightly
packed, fine fibrin strands and reduced spatial variation. SLE, systemic lupus erythematosus. Color figure can be viewed in the online issue, which
is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43371/abstract.
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Control

SLE

Figure 3. 3D analysis of fibrin gels of fibrinogen purified from patients with SLE and controls. (A, B) 3D confocal microscopy analysis and (C, D)
3D clipping structure of fibrin gels of fibrinogen purified from patients with SLE and controls (630x magnification). SLE fibers were closely packed in
the bulk of gel, obscuring the individual fibers and producing thin sheets with small pores. (E, F) 3D STED superresolution microscopy analysis of
fibrin gels of fibrinogen purified from patients with SLE and controls (1000x magnification). STED superresolved microscopy revealed a marked
increase in fiber density and clot porosity in fibrin from patient with SLE when compared to control. Leica Application Suite X Software analysis
demonstrated that fibrin fibers from fibrinogen purified from patients with SLE showed a significant decrease in fiber diameter and clot porosity
when compared to controls. 3D, three-dimensional; SLE, systemic lupus erythematosus; STED, stimulated emission depletion. Color figure can
be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43371/abstract.

a resolution of approximately 200 nm due to the diffraction of light,
STED employs a secondary depletion laser that selectively deacti-
vates fluorophores at the periphery of the excitation spot. This
process effectively narrows the point of fluorescence emission,
allowing for much finer spatial resolution. In our study, STED

imaging enabled precise visualization and quantification of individ-
ual fibrin fibers, their diameters, and network branching patterns,
which would not be resolvable at this level using confocal micros-
copy alone. This enhanced resolution was critical in revealing the
ultrastructural abnormalities here observed, such as thinner, more
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tightly packed fibrin fibers in SLE samples compared to controls,
which underlie the prothrombotic characteristics of oxidatively
modified clots. In Figure 3, panels A and B show 3D volume ren-
derings of control and SLE clots, illustrating the dense and closely
packed fiber network in SLE. Clipping analysis with height-based
pseudocoloring (panels C and D) confirmed the tighter fibrin mesh
in SLE samples, with reduced pore volume and regions displaying
a gel-like structure, suggestive of an altered polymerization pro-
cess and compromised spatial heterogeneity. Whereas Figure 2
provides a high-resolution two-dimensional view of the fibrin ultra-
structure, Figure 3 offers complementary and spatially richer 3D
data that confirm and extend these findings by revealing differ-
ences in internal clot organization, depth, and nanoscale features
not visible in traditional confocal projections. Finally, high-
resolution 3D STED microscopy (panels E and F) allowed direct
visualization of individual fiber diameters and pore morphology.
In SLE-derived samples, fibers were notably thinner, and the net-
work appeared uniformly compact with minimal spacing between
filaments. These qualitative findings were supported by quantita-
tive analysis, demonstrating a significant reduction in fiber diame-
ter (Figure 4A) and clot porosity (Figure 4B) in SLE.

Fibrinogen functional analysis: thrombin-catalyzed
fibrin polymerization and fibrin susceptibility to
plasmin-induced lysis. Fibrinogen from patients with SLE
showed a reduced ability to polymerize into fibrin as compared
with that from controls (Figure 4C). Likewise, we observed signifi-
cant differences in the main parameters of the fibrin polymeriza-
tion process (lag phase, maximum velocity [Vmax], and
maximum absorbance [Max abs]) between patients with SLE
and controls (Figure 4D-F). An impaired fibrin susceptibility to
plasmin-induced degradation (Figure 4G), as revealed by the
quantification (values are median % [IQR]) of the residual fibrin B
chain after six hours of plasmin digestion, indicated the presence
of fibrin resistance to plasmin-induced lysis in SLE (densitometric
value of 66% [43-80] vs 22% [19-27] at TO in SLE and control
groups, respectively; P < 0.0001) (Figure 4H).

Correlation between fibrinogen functional/
structural features and redox status. Correlation analyses
among redox parameters and fibrinogen structural and functional
features are reported in Figure 5. Fibrin resistance to plasmin-
induced lysis showed positive correlations with ROS levels in lym-
phocyte, monocyte, and neutrophil, as well as with fibrinogen oxi-
dation marker (dityrosine content) and functional alterations in
filorin polymerization parameters (lag phase, Vmax, Max Abs).
Notably, a strong association with intrinsic fiorinogen fluores-
cence further indicates that tertiary structural changes play a key
role in enhancing clot resistance to degradation. Overall, these
findings suggest that oxidative stress promotes the formation of
structurally altered, lysis-resistant fibrin clots, contributing to the
prothrombotic phenotype observed in SLE. The central role of

fibrinogen oxidation in driving structural and functional alterations
is underscored by the strong correlations observed between
dityrosine content, a marker of fibrinogen oxidation, and both
intrinsic fluorescence, which reflects changes in the protein’s ter-
tiary structure, and key parameters of fibrin polymerization
dynamics (lag phase and Max Abs). These associations highlight
that oxidative modifications not only disrupt fibrinogen’s confor-
mation but also impair its ability to properly polymerize into fibrin,
thereby contributing to the formation of aberrant, prothrombotic
clots in SLE (Figure 5).

When stratifying patients with SLE according to disease
activity, higher SLEDAI scores were associated with increased
levels of intracellular ROS. Conversely, we observed no difference
among the three SLE groups in terms of fibrinogen degradation,
filbrin polymerization, plasma lipid peroxidation, and plasma total
antioxidant capacity (Supplementary Table S2).

These results were confirmed also when assessing the cor-
relation between SLEDAI (as ordinal score) and the considered
redox parameters (Supplementary Table S2). To explore the pos-
sible impact of treatment on this relationship, we performed strat-
ified analyses according to the treatment category (none or
prednisone alone; immunosuppressants with or without predni-
sone). No statistically significant correlation emerged when
assessing the association between SLEDAI and redox parame-
ters according to treatment subgroups, likely due to a low statisti-
cal power on smaller sample sizes (data not shown). Also, no
statistically significant differences emerged in the levels of ROS
and fibrinogen-related parameters in patients with versus without
history of cardiovascular events (Supplementary Table S3).

p22phox expression in renal biopsies. p22phox is an
essential membrane subunit that plays a central role in NADPH
oxidase complex assembly and activation. An intense expression
of p22phox was found in all the 10 examined renal biopsies from
patients with SLE with active proliferative forms of lupus nephritis,
(ie, classified as class Ill-IV nephritis according to the 2018 Inter-
national Society of Nephrology/Renal Pathology Society revised
classification).?! Immunohistochemical analysis showed that the
tissue expression of p22phox was detectable mainly within
the interstitial periglomerular and peritubular inflammatory infil-
trates but also in some glomeruli, mainly those showing inflamma-
tory cell infiltration (Supplementary Figure S2).

In agreement with the systemic redox profile observed in
patients with SLE, confocal microscopy analysis of renal tissue
revealed that CD15" neutrophils were the predominant cellular
source of p22phox expression (Supplementary Figure S3). This
NADPH oxidase subunit, critically involved in ROS generation,
showed strong colocalization with the neutrophil marker CD15,
with a colocalization rate of 76% (Supplementary Table S4).

Investigating oxidative stress-induced thrombus
formation: in vitro studies. Quantification of residual -chain
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Figure 4. Fibrin structural and functional analyses. (A) Fibrin fiber diameter (B) and pore size of purified fibrinogen from patients with SLE (n = 144)
and controls (n = 90). (C) Thrombin-catalyzed fibrin polymerization curves and (D) corresponding lag phase, (E) Vmax, (F) and Max Abs were
assessed in the same samples. (G) Representative gel of fibrin lysis after zero to six hours of plasmin incubation (H) and quantification of residual
fibrin B chain after six hours of plasmin digestion in both groups. Statistical significance is indicated as ***P < 0.0001. Ab, antibody; SLE, systemic
lupus erythematosus; Max, maximum; Vmax, maximum velocity. Color figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.43371/abstract.
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intensity after six hours of plasmin digestion of human purified
fibrinogen treated with AAPH (a chemical compound with pro-
oxidant properties), in the absence or presence of 0.1 mM Trolox,
is reported in Supplementary Figure S4A. Fibrin clots incubated
with increasing AAPH concentrations showed reduced suscepti-
bility to plasmin-induced lysis at each considered time of plasmin
digestion (Supplementary Figure S4B).

As shown in Supplementary Figure S4A, the simultaneous
incubation of AAPH and Trolox (a water-soluble derivative of
vitamin E with antioxidant properties) was able to prevent the
observed changes in fibrin digestion by plasmin. ROS-induced
fibrinogen oxidation was assessed by measuring dityrosine
content on purified fibrinogen fractions (Supplementary
Figure S4C).

In an in vitro fibrinogen polymerization assay, in the presence
of increasing AAPH concentrations, lag time increased in a dose-
dependent manner (Supplementary Figure S4E), whereas Vmax

and Max absorbance progressively and significantly decreased
(Supplementary Figure S4F and G). When 0.1 mmol/L Trolox
was added to the AAPH incubation reactions and thrombin-
catalyzed fibrinogen polymerization was performed, the observed
changes were prevented (Supplementary Figure S4D).

When studying fibrinogen structure, in AAPH-treated fibrino-
gen, adecreased negative peak in the 205- to 225-nm region was
observed, suggesting a reduced a-helical content, which
was prevented by the simultaneous incubation of AAPH with Tro-
lox (Supplementary Figure S4H). Fibrinogen intrinsic emission
fluorescence (tertiary structure) decreased in an oxidation-
dependent manner, and Trolox treatment prevented these
changes, demonstrating the key role of oxidation in fibrinogen ter-
tiary structure modification (Supplementary Figure S4l).

Confocal microscopy analysis revealed that fibrin gels from
oxidized fibrinogen were much denser, with narrow pores and
thin fibers when compared to those from controls, which
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presented larger pores and thicker fibers (Supplementary
Figure S4L). Moreover, AAPH 2-mM-treated fibrinogen showed
an unpolymerized fibrin, in accordance with the polymerization
assay (Supplementary Figure S4D). Trolox treatment prevented
these changes, demonstrating the key role of oxidation in fibrin
gel structure modification (Supplementary Figure S4L).

DISCUSSION

Arterial and venous thrombosis are well-established
complications of SLE, with a prevalence that can exceed 50% in
high-risk patients, representing a major cause of morbidity and
mortality, even among young individuals. Beyond traditional car-
diovascular risk factors, SLE-specific elements such as disease
activity and organ involvement (notably lupus nephritis) have been
implicated in the development of atherothrombosis. 2272

Although a few studies have reported systemic redox imbal-
ance in active SLE,*>™7 the precise mechanisms linking oxidative
stress to vascular and renal damage remain unclear.?® Increasing
evidence supports the role of sustained ROS production in the
pathogenesis of autoimmune diseases.®2°°" Interestingly, some
genetic variants associated with reduced NOX2-derived ROS
levels appear to predispose to SLE rather than protect
against it.>

Here, we provide new insights into the complex role of oxida-
tive stress in SLE, focusing on how ROS-mediated structural and
functional alterations of fibrinogen may contribute to thrombotic
risk. We confirm a marked redox imbalance in patients with
SLE, 33 particularly an upregulation of NADPH oxidase activity
in circulating neutrophils, a major physiologic sources of ROS.
Neutrophils in SLE are known to be hyperactivated, exhibit altered
phagocytic function, and spontaneously release neutrophil extra-
cellular traps (NETs), all of which promote a prothrombotic
environment.%®

Oxidation is known to be responsible for protein conforma-
tional changes and might lead to (auto)-antigen generation, which
in turn drive inflammation, tissue damage, immune profile
changes, and autoimmune response.®®3” Our findings demon-
strate that increased oxidative stress is tightly associated with
fibrinogen oxidation, resulting in significant structural and func-
tional alterations. These include altered secondary and tertiary
structure of SLE fibrinogen, as shown by far-UV CD and intrinsic
fluorescence, respectively.

Using STED superresolution microscopy, an advanced tech-
nique that enables nanoscale visualization of the fibrin network,
we provide the first ultrastructural visualization of SLE fibrin net-
work, revealing thinner fibers, reduced porosity, and a more com-
pact clot architecture, features that are known to confer
resistance to plasmin-induced lysis and are frequently observed
in other autoimmune and inflammatory conditions.'®3%3° This
can raise the possibility that fibrinogen oxidative modification
plays a key role in this process.

We observed that fibrinogen dityrosine content, a marker of
fibrinogen oxidation, inversely correlates with thrombin-catalyzed
filbrin polymerization rate, suggesting a direct effect of oxidation
on fibrin polymerization.*®=*® The presence of oxidation-prone
residues such as proline and arginine within the thrombin-
cleavage site of fibrinogen may partly explain these alterations
observed in patients with SLE.*3 In addition, our results demon-
strate that SLE fibrin clots exhibit resistance to plasmin-induced
lysis, a feature closely linked to ROS production, fibrinogen oxida-
tion, and structural alterations. Notably, our results indicated that,
in patients with SLE, parameters related to fibrinogen structural
and functional features were comparable in patients with and
without history of cardiovascular events, suggesting the associa-
tion of SLE per se to an increased thrombotic tendency.

To validate the causal role of oxidative stress in these phe-
nomena, we conducted in vitro experiments exposing purified
fiorinogen to the ROS-generating agent AAPH, with or without
the antioxidant Trolox. ROS exposure reproduced the structural
and functional abnormalities observed in SLE-derived fibrinogen,
including impaired polymerization and resistance to plasmin-
induced lysis. Co-incubation with the antioxidant Trolox pre-
vented these changes, confirming that ROS are directly responsi-
ble for the observed fibrinogen alterations. However, despite this
mechanistic clarity, antioxidant therapies have shown some
promise in alleviating oxidative stress associated with SLE, but
their effectiveness in fully halting or reversing disease progression
remains uncertain and is still a matter of ongoing research and
debate.36'44‘46

Importantly, this study uniquely integrates systemic data with
kidney biopsies, offering a comprehensive analysis of the potential
link among oxidative fibrinogen alternations, SLE renal involve-
ment, and atherothrombotic risk. We confirmed increased
p22phox expression (an essential subunit of NADPH oxidase
complex) in kidney biopsies from patients with SLE with active
lupus nephritis, particularly within CD15% neutrophils infiltrates.
These findings expand current understanding on the multifaced
role of oxidative stress in SLE, suggesting that neutrophils might
represent a key link between fibrinogen modification, lupus
nephritis, and atherothrombotic events in SLE.

The association of neutrophil-derived products with lupus
nephritis is already described in literature.*” Namely,
decreased NET degradation has been associated with glomer-
ulonephritis, as well as with low complement levels, more
severe disease manifestations, and elevated autoantibodies
titers in SLE.*® Also, serum levels of NET remnants (elastase-
DNA and HMGB1-DNA complexes) have been associated with
worse renal outcomes in patients with active lupus nephritis.*°
Our findings suggest that these neutrophil-derived compo-
nents may not only drive local tissue damage but also induce
systemic prothrombotic changes via fibrinogen alterations.
Overall, we could speculate that, in SLE, neutrophils infiltration
in the kidney promotes lupus nephritis through the release of
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ROS and NETs; concomitantly, neutrophil-derived ROS alter
fibrinogen structure and function, contributing to the height-
ened thrombotic risk.

This study has limitations. First, we did not directly investi-
gate the mechanistic link between fibrinogen alterations and inci-
dence of atherothrombotic events in SLE. Future preclinical
studies are needed to further support these findings, providing
mechanistic insights through animal models. Additionally, disease
activity was assessed at a single timepoint (ie, at time of blood
sample collection). Although ROS levels can quickly rise with high
disease activity, fibrinogen oxidative modifications may take lon-
ger to occur (or to reverse), which makes it more challenging to
assess their correlation with point-in-time disease activity scores.
Furthermore, a key limitation of our renal analysis is the lack of kid-
ney biopsy samples from healthy individuals, which precluded
direct comparison of p22phox expression between SLE-affected
and nondiseased renal tissue. Nevertheless, our study offers the
first demonstration that ROS-induced fibrinogen modifications
profoundly alter clot structure and function, pointing to oxidative
stress as a key pathogenetic mechanism in SLE-associated
thrombosis and a potential therapeutic target for future
interventions.
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Mesenchymal Stromal Cell Therapy Alleviates Lupus
Nephritis Through Inhibiting Caspase-4/5/11-Mediated
Noncanonical Pyroptosis in Macrophages

Sha Liu," 2 Zhikang Wang," ' Yue Zhang,” Panpan Zhou,' Huimin Zhu,? Yang Hang, Xue Xu,? Xiaojun Tang,?
Genhong Yao," Dandan Wang,? Linyu Geng,®> Weiwei Chen,' and Lingyun Sun'?#3

Objective. Caspase-4/5/11-mediated noncanonical pyroptosis emerges as a contributing factor in immune
responses under pathologic conditions. However, its precise role in the development of lupus nephritis (LN) remains
largely unknown. Although mesenchymal stromal cells (MSCs) have demonstrated promising therapeutic effects on
LN, whether MSCs influence pyroptosis in macrophages remains unknown. This study aimed to elucidate the role of
caspase-4/5/11-mediated noncanonical pyroptosis in macrophages during the pathogenesis of LN and explore the
impact of MSCs on macrophages.

Methods. The expression level of noncanonical pyroptosis in macrophages was assessed in patients and mice
with LN. Blood samples from 19 patients with refractory systemic lupus erythematosus receiving MSC transplantation
(MSCT) were collected. Caspase-11 inhibitor wedelolactone and MSCs were administered to MRL//pr mice to examine
the therapeutic efficacy. MSCs were cocultured with macrophages from MRL/Ipor mice to explore effects and related
mechanisms.

Results. Noncanonical pyroptosis signaling was activated in macrophages and kidney tissues from humans and
mice with LN. The expression level of caspase-4 was increased and positively correlated with the active index and
chronic index in the kidneys of patients with LN. The end products of pyroptosis directly induced cell death and
reduced functional markers expression in murine podocytes. The caspase-11 inhibitor effectively alleviated renal dam-
age in lupus mice. MSCT significantly deactivated pyroptosis signaling both in patients and lupus-prone mice.
Mechanically, galectin-3 and interleukin-10 (IL-10) are essential for MSCs to inhibit noncanonical pyroptosis of LN
macrophages.

Conclusion. Our findings showed that MSCT ameliorates LN by inhibiting the caspase-4/5/11-mediated pyropto-

sis in macrophages, possibly via secreting galectin-3 and IL-10.

INTRODUCTION

Lupus nephritis (LN), the most important predictor of
morbidity and mortality in systemic lupus erythematosus (SLE),
affects up to 60% of patients within a decade of diagnosis.
Various immune cell types, including B cells, T cells, dendritic
cells, and macrophages, are implicated in the pathogenesis of
LN. Among these, macrophages are particularly emphasized
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for their critical role in LN progression.” Two major populations
of macrophages exist in the kidneys: resident and monocyte-
derived macrophages. ' During inflammation, circulating mono-
cytes migrate to injury sites and differentiate into local macro-
phages. Evidence shows that macrophage infiltration is
increased in the LN kidney and associated with poorer renal
outcomes,® whereas reducing macrophage infiltration exhibits
a renal protective effect.* Studies have highlighted the
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proinflammatory effect of intrarenal macrophages.’® Further-
more, macrophages are known to injure podocytes directly,® but
the exact mechanism is not yet well understood.

Pyroptosis, a gasdermin-mediated programmed necrotic
cell death, is characterized by membrane pore formation, cellular
swelling, subsequent cell lysis, and the release of abundant intra-
cellular proinflammatory cytokines, mainly mature interleukin-18
(L-1p).” As a key mediator of inflammation,® IL-1B orchestrates
innate and adaptive immunity, leading to tissue injury.® Although
a variety of cells in the kidney can produce IL-18, macrophages
are considered the primary cells that produce IL-18,%° especially
in the case of inflammatory lesions.”” Given that IL-1B is
processed and released primarily via pyroptosis, it is reasonable
to speculate that macrophage pyroptosis contributes to LN
progression.

Pyroptosis occurs mainly through two pathways: canonical
and noncanonical. The canonical pathway involves caspase-1
activation via inflammasome complexes, such as NLRP3,'%1®
and subsequent cleavage of gasdermin D (GSDMD), whereas
the noncanonical pathway involves two mechanisms: (1) direct
cleavage of GSDMD by murine caspase-11 or its human homo-
logs, caspase-4/5; (2) indirect activation of the canonical path-
way through NLRP3-mediated caspase-1 induction.’®'® To
date, the functional contribution of noncanonical pyroptosis to
macrophage-mediated pathology in LN remains poorly charac-
terized. Notably, type | interferons (IFNs) have been implicated
in potentiating noncanonical pyroptosis in  macrophages
through caspase-11 upregulation.'®'® Compelling evidence fur-
ther establishes type | IFNs as central drivers of SLE progres-
sion'® and critical players in the immunopathogenesis of LN.'”
In light of this association, we hypothesize that noncanonical
pyroptosis within macrophages may contribute to the patho-
genesis of LN.

Over the past two decades, allogeneic mesenchymal stromal
cell transplantation (MSCT) has emerged as an effective and safe
therapeutic strategy for refractory SLE.'® Mesenchymal stromal
cells (MSCs) mediate immunoregulatory effects primarily through
secretion of soluble mediators and interactions with innate and
adaptive immune cell populations. ®2° MSCs can reduce the infil-
tration of macrophages to the sites of inflammation and promote
the conversion of macrophages from the proinflammatory M1
phenotype to the anti-inflammatory M2 phenotype.?"22 However,
their effect on macrophage pyroptosis has yet to be elucidated.

This study shows that the caspase-4/5/11-mediated non-
canonical pyroptosis pathway is excessively activated in
macrophages from both patients with LN and a murine model.
Elevated caspase-4 expression in renal macrophages correlates
positively with kidney injury in patients with LN. We also observe
that IL-1B induces podocyte injury, whereas inhibiting caspase-
11 protects lupus-prone mice against LN progression. Addition-
ally, MSCT alleviates LN by inhibiting macrophage pyroptosis,
potentially through the secretion of galectin-3 and IL-10. These

findings suggest that noncanonical pyroptosis of LN macro-
phages contributes to the disease progression and represents a
promising therapeutic target.

MATERIALS AND METHODS

Study Population. For isolation of peripheral blood mono-
nuclear cells (PBMCs) and peripheral blood monocytes (PBMs),
47 patients with LN, 30 patients with SLE without LN (SLE without
LN was defined as ‘SLE-non-LN’ in this study), and 30 age- and
sex-matched healthy donors were recruited in this study. Among
them, 19 patients with refractory SLE receiving umbilical cord
MSCT (UC-MSCT) were enrolled. Diagnoses of SLE and LN fol-
lowed the revised classification criteria of the American College
of Rheumatology®® and the International Society of Nephrology/
Renal Pathology Society (2003), respectively.?* For the human
renal biopsy study, 12 patients with LN were enrolled, and 6 nor-
mal kidney samples from areas adjacent to renal tumors served
as controls. This study was approved by the research ethics
board of the Nanjing Drum Tower Hospital. Written informed con-
sent was obtained from all participants or their guardians
(Approval No. SC201700201, NCT01741857).

Experimental animals. Female MRL/jpr and age-matched
MRL/Mpd mice were purchased from SiPeiFu Biotechnology.
Female MRL/lor mice served as a spontaneous model for SLE
and LN.25 All mice were housed in a specific pathogen-free envi-
ronment and kept on a 12:12 hour light/dark cycle with controlled
humidity (60-80%) and temperature (22 + 2°C). All procedures fol-
lowed guidelines for the care and use of laboratory animals and
were approved by the Institutional Animal Care and Use Committee
of the Nanjing Drum Tower Hospital (Approval No. 2022AE01030).

Statistical Analysis. Data were analyzed using GraphPad
Prism 9.5.0 (GraphPad Software) and expressed as the mean +
SEM. Data with normal distribution were analyzed using the
unpaired two-tailed t-test for comparisons between two groups
and one-way analysis of variance for comparisons among mullti-
ple groups. Non-normally distributed data were analyzed by the
Mann-Whitney U or Kruskal-Wallis tests, as appropriate. For sur-
vival analysis, survival curves were compared using the log-rank
test. Correlation analysis was performed using the Pearson
rtest. A P value < 0.05 was considered statistically significant.

RESULTS

Noncanonical pyroptosis is activated in PBMCs and
PBMs and macrophages in the kidneys of patients with
LN. To investigate the role of noncanonical pyroptosis in LN,
quantitative polymerase chain reaction (QPCR) analysis of relevant
genes—NLRP3, IL-18, CASPASE-1, CASPASE-4, CASPASE-5,
and GSDMD—in human PBMCs was conducted. Figure 1A
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Figure 1. Noncanonical pyroptosis pathway is activated in intrarenal macrophages of LN patients and lupus mice. (A and B) mRNA expression
for NLRP3, IL-18, CASPASE-1, CASPASE-4, CASPASE-5, and GSDMD in PBMCs from patients with LN (n = 22), patients with non-LN SLE (n =
15), and healthy controls (n = 19) or in PBMs from patients with LN (n = 9), patients with non-LN SLE (n = 12), and healthy controls (n = 11). (Cand
D) Immunofluorescence for CD68 and C-GSDMD, CD68, and caspase-4 in renal samples of controls (n = 6) and patients with LN (n = 12). Scale
baris 10 um. (E and F) Numbers of macrophages or colocalization area of caspase-4 and CD68 per FOV. (G and H) Correlation of colocalization
area of caspase-4 and CD68 in kidneys with the active index (n = 12) and chronic index (n = 12). (l) Immunofluorescence staining of F4/80,
caspase-11, and GSDMD in kidneys from MRL/MpJ (n = 4) and MRL/por mice (n = 4). Scale bar is 10 um. (J) Numbers of macrophages or colo-
calization area of F4/80, caspase-11, and GSDMD per FOV. *P < 0.05; *P < 0.01; **P < 0.001; ***P < 0.0001. C-GSDMD, cleaved GSDMD;
FOV, field of view; GSDMD, gasdermin D; HC, healthy control; IL, interleukin; LN, lupus nephritis; mRNA, messenger RNA; PBM, peripheral blood
monocyte; PBMC, peripheral blood mononuclear cell; SLE, systemic lupus erythematosus.
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shows that these genes were remarkably up-regulated in PBMCs
from patients with SLE compared to those from healthy controls.
Additionally, compared to SLE patients without LN, a trend of
increased expression of these genes was observed in patients
with LN (Figure 1A). During inflammation, monocytes are rapidly
recruited to injury sites and differentiate into macrophages.26
Unlike PBMCs, blood monocytes from patients with LN
expressed higher levels of all indicated pathway genes than those
from patients without LN (Figure 1B), implying a potentially unique
role for the noncanonical pyroptosis pathway in renal injury medi-
ated by the mononuclear phagocyte system in LN.

Having established the upregulation of noncanonical pyrop-
tosis in peripheral circulation, we next investigated its activation
in renal macrophages using immunofluorescence (IF) staining on
biopsy samples from 12 patients (classes lll+V, IV+V, and V).
Confocal microscopy revealed significant CD68* macrophage
infiltration in the renal interstitum of LN kidney sections
(Figure 1C-F) wherein enhanced expression of cleaved GSDMD,
a key executor of pyroptosis, was detected in infiltrated
macrophages in the renal interstitium of LN sections compared
to controls (Figure 1C). We also examined caspase-4 expression in
infiltrated macrophages (Figure 1D). The percentage of caspase-4
and CD68 double-positive area was significantly elevated in
renal biopsy sections from patients with LN, especially in class
+V and IV+V (Figure 1F). Furthermore, this double-positive
area correlated positively with renal activity and chronicity index
scores (Figure 1G and H). Collectively, these results indicated
that caspase-4/5-mediated noncanonical pyroptosis in macro-
phages is involved in human LN.

Noncanonical pyroptosis is triggered in macrophages
in the kidneys of MRL/Ipr mice. Female MRL/|pr mice typically
develop nephritis-ike symptoms,?’ including noticeable renal
pathologic changes and elevated urine protein levels. In alignment
with human studies, messenger RNA (mRBNA) expression of non-
canonical pyroptosis-associated genes (NLRP3, IL-18, IL-18,
Caspase-11, Caspase-1, and GSDMD) was significantly
increased in the kidneys of 20-week-old MRL/or mice compared
to age-matched MRL/MpdJ mice (Supplemental Figure 1A).
Western blot analysis of caspase-11, caspase-1, and N-terminal
GSDMD (GSDMD-N) further confirmed the upregulation of non-
canonical pyroptosis (Supplemental Figure 1B). IF staining of
kidney sections from MRL/jor mice showed diffuse infiltration of
F4/80-positive cells and coexpression of caspase-11 and
GSDMD in these cells, confirming the activation of caspase-11-
mediated pyroptosis (Figure 11-J). These data highlight the activa-
tion of caspase-11-mediated noncanonical pyroptosis in renal
macrophages of MRL/jor mice.

IL-18 and IL-18 induce podocyte injury. IL-18 and IL-18
are prominent end products of pyroptosis and widely recognized
as proinflammatory factors in autoimmune diseases like LN.28-%°

Podocytes are crucial for preserving the integrity of the glomerular
filtration barrier, and their dysfunction is linked to LN.® We evalu-
ated the effects of IL-18 and IL-18 on MPC5 cell viability.
Calcein-AM/PI staining indicated that both cytokines, alone or in
combination, significantly induced cell death in MPC5 cells
in vitro (Supplemental Figure 2A-B). Consistently, the expres-
sion of podocyte markers (synaptopodin, CD2-associated pro-
tein [CD2AP], podocalyxin [PODXL], and Wilms’ tumor-1 [WT-1])
was also reduced, particularly under the condition of combined
treatment (Supplemental Figure 2C-D). These results confirmed
that the end products of pyroptosis can directly drive podocyte
injury in vitro, thereby exacerbating LN.

Inhibition of caspase-11 suppresses the noncanonical
pyroptosis pathway in the macrophages of MRL//pr mice.
Because pyroptosis could be a potential therapeutic target for
LN, a caspase-11 inhibitor, wedelolactone (Wed) was introduced
to observe its impact on pyroptosis in lupus macrophages. Peri-
toneal macrophages (PMs) were isolated from lupus mice for
in vitro studies. Morphologically, PMs from lupus mice exhibited
typical pyroptotic changes, including swelling and bubbling,
which were absent in PMs from MRL/MpJ mice (Figure 2A).
gPCR and western blot analyses consistently indicated activation
of the noncanonical pyroptosis pathway in lupus PMs (Figure 2B
and C), along with increased secretion of IL-1B (Figure 2D). We
then treated lupus PMs with Wed and conducted a CCK-8 assay
to assess PM viability. Treatment with concentrations of <10 uM
for 24, 48, or 72 hours did not reduce viability (Supplemental
Figure 3). Therefore, a concentration of 10 uM and treatment
duration of 24 hours were selected for subsequent experiments.
At the transcriptional level, Wed suppressed caspase-11 and its
downstream genes (Figure 2E). Although pro-caspase-11, pro-
caspase-1, and full-length GSDMD (GSDMD-F) levels did not dif-
fer significantly between PMs treated with or without Wed at the
translational level, the activated forms—cleaved caspase-11,
cleaved caspase-1, and GSDMD-N—showed decreased levels
or a trend toward reduced expression levels (Figure 2F). Collec-
tively, these findings suggest that inhibiting caspase-11 could
suppress the noncanonical pyroptosis pathway in lupus
macrophages.

Inhibiting noncanonical pyroptosis of macrophages
alleviates LN in MRL/Ipr mice. Our findings highlighted the
significance of the noncanonical pyroptosis pathway in LN. We
therefore tested the treatment effect of the caspase-11 inhibitor
in the MRL/jor LN model. MRL/jor mice were gavage-fed with
Wed or vehicle daily for eight weeks. The survival rates exhibited
no significant difference between the two groups (Supplemental
Figure 4A). The urinary protein-to-creatinine ratios indicated that
Wed treatment significantly decreased proteinuria in MRL/lpor
mice (Supplemental Figure 4B). Podocin is a podocyte-specific
protein, and alterations in its expression or detection in urine serve
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Figure 2. Caspase-11 inhibitor (Wed) suppresses the noncanonical pyroptosis pathway in the macrophages of MRL/lor mice. (A) Representative light
microscopy images of PMs from MRL/MpdJ control mice and MRL/jor mice. Scale bar is 3 um. (B) mRNA expression for NLRP3, IL-15, Caspase-11,
Caspase-1, and GSDMD in PMs sorted from MRL/MpdJ (n = 4) and MRL/pr mice (n = 4). (C) Immunoblotting analysis for NLRP3, GSDMD-F,
GSDMD-N, pro caspase-11, cleaved caspase-11, pro caspase-1, and cleaved caspase-1 in PMs sorted from MRBL/MpJ (n = 4) and MRL/jor mice
(n = 4). (D) Protein levels of IL-18 and IL-18 in the supernatant from the indicated groups. (E) gPCR analysis of NLRP3, IL-13, Caspase-1, Caspase-
11, and GSDMD in PMs from MRL/lor mice. Cells were incubated with (n = 3) or without Wed (n = 3). (F) Immunoblot analysis of pro caspase-11,
cleaved caspase-11, pro caspase-1, cleaved caspase-1, GSDMD-F, and GSDMD-N expression in PMs from MRL/jor mice. Cells were incubated with
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figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43380/abstract.
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as a key biomarker for podocyte injury. Enzyme-linked immuno-
sorbent assay results showed that the protein level of urinary
podocin was reduced in mice treated with Wed (Supplemental
Figure 4C). Renal histopathological analyses demonstrated
severe glomerular and tubulointerstitial lesions in MRL/jor mice,
characterized by glomerular hypercellularity, mesangial matrix
deposition, crescent formation, tubular necrosis, and perivascular
immune cell accumulation, all of which were attenuated in
MRL/Ior mice treated with Wed (Figure 3A). Female MRL/Ipr mice
spontaneously develop dermatitis, which is one of the most com-
mon symptoms of SLE. In this study, Wed treatment
significantly attenuated the inflammatory skin lesions on the faces
of the mice, as evidenced by an improvement in the rash and hair
loss (Supplemental Figure 4D). IF staining showed a substantial
decrease in the number of macrophages and GSDMD-positive
macrophages in the kidneys of the Wed-treated group
(Figure 3B). Flow cytometry (FCM) showed a trend toward
reduced percentages and decreased mean fluorescence intensity
of active caspase-1 positive macrophages in the kidneys of Wed
group (Figure 3C). Additionally, mRNA expression of NLRP3,
Caspase-11, Caspase-1, and GSDMD (Supplemental Figure
5), as well as protein levels of pro caspase-11, cleaved caspase-
11, pro caspase-1, cleaved caspase-1, GSDMD-F, and
GSDMD-N, in PMs also decreased greatly (Figure 3D). These
results suggest that caspase-11 inhibition can reduce noncanon-
ical pyroptosis of macrophages in LN and ameliorate renal injury.

MSCT suppresses pyroptosis in the macrophages of
MRL/Ipr mice and the PBMCs and PBMs in patients
with refractory SLE. We examined the efficacy of MSCT on
lupus mice by comparing survival rate and other lupus symptoms
in MRL/[or mice treated with MSCs and phosphate-buffered
saline (PBS). As shown in Supplemental Figure 6A, although
statistical significance was not achieved, MSCs treatment dem-
onstrated a favorable survival trend (P = 0.10). The cutaneous
lesions in the MSC-treated mice showed notable improvement,
with decreased dermatitis clinical scores (Supplemental Figure
6D). As for renal outcomes, mice receiving MSCs exhibited signif-
icantly reduced proteinuria and urinary podocin levels compared
to PBS controls (Supplemental Figure 6B-C). Consistently, the
renal histopathological scores were improved, indicated by
reduced glomerular cell proliferation, mesangial matrix deposition,
and perivascular immune cell accumulation (Figure 4A). Mean-
while, IF revealed decreased deposition of IgG and complement
component 3 (C3) in the glomeruli of the MSC-treated group
(Figure 4B). Furthermore, kidney tissues from MSC-treated mice
exhibited lower mRNA levels of proinflammatory cytokines,
including /FNy, monocyte chemoattractant protein-1 (MCP-7),
and inducible nitric oxide synthase (INOS), alongside increased
expression of IL-10 and Synaptopodin (Supplemental Figure
7). Next, we investigated whether the therapeutic effect of MSCs
on LN involves the inhibition of pyroptosis in macrophages. We

found a marked reduction in the mRNA levels of pyroptosis-
related genes in PMs from the MSC-treated group compared to
the PBS-treated group (Supplemental Figure 4C). FCM also
revealed decreased numbers of total and active caspase-
1-positive macrophages in the peripheral blood and kidneys of
MSC-treated lupus mice (Figure 4D and E). Next, the mRNA levels
of pyroptosis-related key genes, CASPASE-1, CASPASE-5, and
GSDMD, were decreased in PBMCs (Figure 5A) and PBMs
(Figure 5B) from patients with LN at 12 hours after UC-MSCT
compared to their pretreatment levels. Furthermore, we found
that the plasma IL-18 and IL-18 levels were significantly
decreased after UC-MSCT (Figure 5C). Additionally, FCM showed
a reduced percentage of active caspase-1-positive PBMs after
UC-MSCT (Figure 5D and E). Collectively, these data suggested
that MSCT alleviates LN, with mechanisms involving the suppres-
sion of noncanonical pyroptosis in LN macrophages.

MSCs inhibit the noncanonical pyroptosis pathway
in lupus macrophages through IL-10 and Galectin-3.
Previous studies have shown that MSCs can be remodeled by
an inflammatory microenvironment and then secrete soluble
factors to regulate the crosstalk between MSCs and immune
cells.®"*2 To elucidate the regulatory mechanism of MSCs on
macrophage pyroptosis, we first cocultured PMs from MRL/jpr
mice with MSCs in a transwell system for 48 hours. PMs
cocultured with MSCs showed reduced expression of NLRP3,
Caspase-11, Caspase-1, and GSDMD at both mRNA (Figure 6A)
and protein (Figure 6B) levels. Next, to identify which MSC-
secreted factors inhibit macrophage pyroptosis, we tested a range
of reported MSC-secreted cytokines. Results showed that MSCs
cocultured with PMs had significantly higher levels of GALECTIN-
3 and TSG-6, with a trend toward higher IL-70 expression at
mRNA levels (Figure 6C) but no notable increase in levels of other
genes (Supplemental Figure 8). Subsequently, the increase in
galectin-3 expression and a trend toward elevated IL-10 levels
were confirmed at the protein level. In contrast, no increase was
observed in TSG-6 protein expression. (Figure 6D). Accordingly,
we hypothesized that MSCs regulate the noncanonical pyroptosis
pathway in LN macrophages via galectin-3 and/or IL-10. To test
this, we silenced these genes with small interfering RNA (SiRNA)
(Supplemental Figure 9). Galectin-3— or IL-10-silenced MSCs
were cocultured with PMs from MRL/jor mice for 48 hours
(Figure BE). Silencing either gene partially reversed the normal
MSC-mediated inhibitory effects on macrophage pyroptosis, evi-
denced by increased expression of NLRP3 and /L-18 in the siGal-
3-MSC or silL.-10-MSC groups, as well as a rise in Caspase-1
expression in the silL-10-MSC group when compared to the
siCtl-MSC group. Changes in IL-13, Caspase-11, and GSDMD in
either group and Caspase-1 in the siGal-3-MSC group showed
no significance (Figure 6E). Considering the temporary silencing
effects of siRNAs, we shortened the coculture period to 24 hours
to ensure effective knockdown (Figure 6F). An additional group with
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Figure 3. Caspase-11 inhibitor (Wed) ameliorates lupus nephritis of MRL/jor mice by inhibiting noncanonical pyroptosis in macrophages.
(A) H&E or PAS staining of kidney sections (n = 5 for each group). Quantitative analysis of glomerular, tubular, and perivascular pathology. Scale
bar is 200 pm. (B) Immunofluorescence staining for F4/80, caspase-11, and GSDMD in kidneys from the indicated groups. Scale bar is 10 pm.
Quantitative analysis of the numbers of macrophages per FOV or colocalization area of F4/80, caspase-11, and GSDMD per FOV. (C) Flow cyto-
metric analysis of active caspase-1 positive kidney macrophages from mice treated with vehicle or Wed. (D) Immunoblot analysis of pro caspase-
11, cleaved caspase-11, pro caspase-1, cleaved caspase-1, GSDMD-F, and GSDMD-N expression in PMs. *P < 0.05; **P < 0.01; **P < 0.001;
***P < 0.0001. FOV, field of view; GSDMD-F, full-length gasdermin D; GSDMD-N, N-terminal GSDMD; H&E, hematoxylin and eosin; ns, not sig-
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Figure 4. MSCs suppress the pyroptosis pathway in macrophages of MRL/lpor mice in vivo. (A) H&E or PAS staining of kidney sections from
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Figure 5. MSCs suppress the pyroptosis pathway in the PBMCs and PBMs in refractory SLE patients. (A) MRNA expression for CASPASE-1,
CASPASE-5, and GSDMD in PBMCs from patients (n = 7) before and after MSCT. (B) mRNA expression for CASPASE-1, CASPASE-5, and GSDMD
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Figure 6. MSCs inhibit the noncanonical pyroptosis pathway through galectin-3 and IL-10. (A) mRNA levels of NLRP3, IL-18, IL-18, Caspase-
11, Caspase-1, and GSDMD in PMs from MRL/lpr mice cocultured with or without MSCs determined by gPCR. (B) Expression levels of NLRP3,
pro caspase-11, cleaved caspase-11, pro caspase-1, cleaved caspase-1, GSDMD-F, and GSDMD-N in PMs from MRL/jor mice cocultured with
or without MSCs by Western blot analysis. (C) mRNA levels of GALECTIN-3, IL-10, and TSG-6 in MSCs cocultured with or without PMs.
(D) Protein levels of galectin-3, IL-10, and TSG-6 in the supernatants of MSCs cocultured with or without PMs detected by enzyme-linked immu-
nosorbent assay. (E) mRNA levels of NLRP3, IL-18, IL-18, Caspase-11, Caspase-1, and GSDMD in PMs cocultured with siCtl-MSCs, siGal-
3-MSCs, or silL-10-MSCs for 48 hours. (F) mRNA levels of NLRP3, IL-18, IL-18, Caspase-11, Caspase-1, and GSDMD in PMs cocultured with
siCtl-MSCs, siGal-3-MSCs, silL-10-MSCs, or silL-10+Gal-3-MSCs for 24 hours. *P < 0.05; **P < 0.01; **P < 0.001; ***P < 0.0001. GSDMD-F,
full-length gasdermin D; GSDMD-N, N-terminal GSDMD; IL, interleukin; MSC, mesenchymal stromal cell; mRNA, messenger RNA; Mg: macro-
phages; ns, not significant; PM, peritoneal macrophages; gPCR, quantitative polymerase chain reaction. Color figure can be viewed in the online
issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43380/abstract.
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dual silencing of galectin-3 and IL-10 in MSCs was also set (silL-
10+Gal-3-MSC group). Results indicated restored expression of
NLRP3, IL-1B, and Caspase-11 in the dual silencing group, sug-
gesting enhanced suppression of the caspase-11-mediated pyr-
optosis pathway. Based on these findings, we concluded that
MSCs modulate the pyroptosis phenotype of macrophages via
secreting galectin-3 and IL-10.

DISCUSSION

SLE features prominently activated IFNs,3® especially type |
IFNs. Previous studies have demonstrated a positive correlation
of type | IFNs with kidney involvement and disease activity in
SLE. Type | IFNs levels were higher in patients with LN than
in patients without LN.®® Because type | IFNs play an important
role in regulating both the expression and activation of caspase-
11,34 this might explain the findings in our work that the nonca-
nonical pyroptosis pathway was markedly up-regulated in both
PBMCs and circulating monocytes in LN but not patients with
non-LN SLE.

Here, we confirmed the significant increase of macrophage
infiltration in the kidney specimens of patients with class lll+V, IV
+V, and V of LN and MRL/lpor mice. Moreover, these patients
showed more intense expression of caspase-4 and cleaved
GSDMD, the active form of GSDMD, in CD68-positive cells. Sim-
ilarly, the number of caspase-11 and GSDMD double-positive
macrophages in the kidneys of lupus-prone mice also increased
dramatically compared to that of the MRL/MpJ control mice. We
further confirmed the localization of caspase-4 and GSDMD in
renal macrophages from patients with LN and the colocalization
of caspase-11 and GSDMD in murine renal macrophages. The
number of caspase-4-positive macrophages was positively cor-
related with the renal active index and chronic index, predictors
indicating rapid, progressive, or permanent, irreversible renal
impairment, respectively. These findings provide evidence for the
first time that the noncanonical pyroptosis pathway is markedly
activated in the macrophages of LN kidneys and participates in
the pathogenesis of LN.

It is noteworthy that pyroptotic macrophages were predomi-
nantly localized to the renal interstitium but not in the glomeruli.
Although not all macrophages undergo pyroptosis, even a limited
population of pyroptotic macrophages in the renal interstitium
may contribute to LN pathogenesis through several synergistic
mechanisms. (1) Amplification of inflammatory signaling: Pyropto-
tic macrophages release pro-inflammatory mediators such as IL-
1B and IL-18, which can activate surrounding immune cells,
including T cells, neutrophils, and neighboring macrophages. This
local activation can trigger paracrine and autocrine signaling
loops, leading to amplification of the inflammatory response and
propagation of injury across renal compartments, including glo-
meruli and tubules.”*° (2) Systemic pyroptotic activity: Elevated
systemic pyroptosis in LN is evidenced by increased expression

of pyroptosis-related genes in circulating PBMCs and monocytes
(Figure 1A and B), along with higher IL-18 levels (Figure 2D). This
systemic inflammatory milieu likely contributes to renal injury
beyond the local effects of tissue-resident macrophages. (3) Auto-
antigen release and immune complex formation: Nuclear compo-
nents, such as nucleic acids and histones, released during
pyroptosis, may serve as autoantigens, thereby promoting auto-
antibody production and immune complex deposition. These
complexes can directly injure glomerular structures and perpetu-
ate autoimmune-mediated damage.

Podocytes are terminally differentiated visceral epithelial
cells that line outside the basement membrane of glomeruli.
They are the important component of the glomerular filtration
barrier that prevents serum proteins from leaking into the urinary
space. Podocyte injury and the subsequent detachment is one
of the major causes of proteinuria. Potential etiologies include
genetic susceptibility, metabolic disturbance, and immunologic
processes, among others. Podocytes express IL-1 receptor
1 (IL-1R1), a receptor for IL-1p% and IL-18.%" Herein, we
hypothesized that macrophage pyroptosis induces podocyte
injury by producing IL-18 and IL-18. IL-1B alters the podocyte
structure by inducing rearrangement of the actin cytoskeleton,
leading to the loss of slit diaphragms that connect podocytes.®®
IL-1B-treated podocytes are prone to develop lipid accumula-
tion, which adversely affects cellular metabolism and promotes
inflammation.®®  Furthermore, lipopolysaccharide-pretreated
macrophages induce podocyte apoptosis,® which can be res-
cued by the inactivation of macrophages, underscoring the tox-
icity of cytokines, primarily IL-1B, on podocytes.® To the best of
our knowledge, little is known about the influence of IL-18 on
podocytes. Our observations demonstrated firstly that IL-1p or
IL-18, alone or in combination, reduce podocyte viability and
podocyte-specific marker expression in vitro, indicating that
macrophage pyroptosis exerts direct cytotoxic effects on podo-
cytes and could be a target for treating LN.

Recent studies have identified that inhibiting caspase-11
shows promise for treating inflammatory diseases like acute lung
injury®® and osteoarthritis.*! Possible mechanisms involve inhibit-
ing the NK-kB and Nrf2 signaling pathways.*® Our findings
proved that pharmacological inhibition of caspase-11 by Wed
can effectively inhibit the overactivation of caspase-11-mediated
pyroptosis signaling in macrophages from MRL/jor mice both
in vitro and in vivo. Wed treatment led to a significant reduction
in proteinuria and urinary podocin levels, as well as improved renal
histopathological changes, indicating that inhibition of macro-
phage pyroptosis mitigates podocyte injury and improves renal
outcomes. LN is classically characterized as a form of glomerulo-
nephritis. However, tubulointerstitial injury is also common and
strongly correlates with renal dysfunction and poorer prognosis.
In our study, Wed treatment significantly reduced not only
glomerular pathology but also tubular injury in MRL/lor mice. We
propose that this protection may result from two complementary
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mechanisms. (1) Reduction of secondary tubular injury: By atten-
uating glomerular inflammation and proteinuria, Wed likely allevi-
ates downstream stress on the tubules. In LN, excessive protein
leakage into the tubular lumen can trigger tubular epithelial injury
and inflammation. Thus, mitigating glomerular damage may disrupt
this pathogenic cascade. (2) Potential direct effects on the
tubulointerstitial compartment: Wed has been shown in previous
studies to possess broad anti-inflammatory and tissue-protecti-
ve properties.*>*® These systemic effects may also confer direct
protection to tubular epithelial cells and the surrounding interstitial
microenvironment. Tubular cell-specific responses to Wed would
be a potential area for future investigation. Although our findings
strongly support a pathogenic role for caspase-4/5/11-mediated
pyroptosis in macrophages during LN, quantifying its exact contribu-
tion within the complex inflammatory milieu of the disease remains
challenging. Further studies are needed to delineate the specific role
and relative impact of macrophage pyroptosis in LN pathogenesis.

Evidence indicates that MSCT significantly improves the
prognosis of LN, and its underlying mechanisms involve various
paracrine actions and cell-cell interplay.®'*2 MSCs orchestrate
immune responses in the inflammatory microenvironment. In turn,
the inflammatory stimuli at the sites of inflammation influence the
immunoregulatory plasticity of MSCs. For instance, IFN-y, a key
factor involved in the pathogenesis of SLE, boosts the production
of immunoregulatory factors in MSCs.®"** Interestingly, our results
showed dramatically decreased IFN-y expression in the MSC-
treated group of lupus kidneys. This phenomenon may be attrib-
uted to the suppression of immune cells by MSCs in response to
high levels of IFN-y, representing a negative feedback loop. In addi-
tion, the down-regulated gene expression of MCP-1 and iNOS,
markers of inflammation for LN,*® and the elevated level of anti-
inflammatory cytokine IL-10 and podocyte marker synaptopodin
indicated a favorable intrarenal environment after MSCT.

To date, the relationship between macrophage pyroptosis
and MSCs has not yet been reported. Here, we demonstrated
for the first time that MSCs inhibited caspase-4/5/11-mediated
macrophage pyroptosis, leading to marked improvement in renal
pathology and function. Several lines of evidence support this
conclusion. First, coculture of MSCs with primary lupus macro-
phages in vitro led to the downregulation of the caspase-11/
GSDMD pathway gene expression. Second, consistent with
these in vitro findings, MSC treatment significantly suppressed
the caspase-11/GSDMD pathway in both systemic and renal
macrophages in lupus-prone MRL/Jpr mice. Third, MSC-treated
mice exhibited reduced renal histopathological injury, decreased
glomerular IgG and C3 deposition, and improved renal function,
collectively highlighting macrophage pyroptosis as a crucial thera-
peutic target of MSCs in attenuating LN. Beyond renal protection,
both MSCs and Wed treatment also attenuated lupus-associated
skin injury, suggesting a potential role for pyroptosis in cutaneous
lupus. These findings indicate that targeting pyroptosis may help
mitigate dermal manifestations of the disease. Future studies will

extend to other organ systems affected by lupus—including the
lung, joints, and central nervous system—to further elucidate
the systemic contribution of pyroptosis and evaluate the broader
therapeutic potential of MSCs and Wed in SLE.

Further mechanistic studies indicated that the inhibitory
effect of MSCs on macrophage pyroptosis was potentially
mediated through galectin-3 and IL-10. This was demonstrated
by the finding that the combined knockdown of these factors
in MSCs partially reversed the expression levels of NLRPS,
IL-1B, and caspase-11 in macrophages. Galectin-3, a member
of the B-galactoside-binding lectin family, has been reported
to participate in immune responses and repair processes.
Galectin-3 plays an essential role in regulating the proliferation,
survival, migration, and immunomodulation of MSCs.*647 Of
therapeutic relevance, galectin-3 overexpression in MSCs has
been shown to attenuate inflammation by driving macrophage
polarization toward an immunoregulatory M2 phenotype,*’ a
mechanism that aligns with the pyroptosis-suppressive effects
of IL-10 observed across multiple disease models.*®4° Our
experimental data demonstrated that the combined genetic
silencing of IL-10 and galectin-3 in MSCs led to a significantly
enhanced restoration of caspase-11-mediated pyroptosis
compared to single-gene knockdown approaches.

In conclusion, our data demonstrate that caspase-4/5/11-
mediated pyroptosis is overactivated in LN macrophages and is
involved in the pathogenesis of this disease. Inhibition of
caspase-11 suppresses pyroptosis, thus attenuating the disease
progression. MSCs function by secreting galectin-3 and IL-10 in
the presence of macrophages and downregulating the nonca-
nonical pyroptosis pathway. Our findings provide a potential ther-
apeutic target for LN and offer new insights into the mechanisms
by which MSCs treatment alleviates LN.

ACKNOWLEDGMENTS

We are grateful to all the faculty of the Department of Rheumatology
and Immunology at Nanjing Drum Tower Hospital for their support of this
work, and to all the participating patients, donors, and their families for
their cooperation. No company had access to the data or participated
in the analysis and discussion of results.

AUTHOR CONTRIBUTIONS

All authors contributed to at least one of the following manuscript
preparation roles: conceptualization AND/OR methodology, software,
investigation, formal analysis, data curation, visualization, and validation
AND drafting or reviewing/editing the final draft. As corresponding
author, Drs Chen and Sun confirm that all authors have provided the final
approval of the version to be published, and takes responsibility for the
affirmations regarding article submission (eg, not under consideration
by another journal), the integrity of the data presented, and the state-
ments regarding compliance with institutional review board/Declaration
of Helsinki requirements.



MSCs ALLEVIATE LN BY INHIBITING NONCANONICAL PYROPTOSIS IN MACROPHAGES

369

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Jing C, Castro-Dopico T, Richoz N, et al. Macrophage metabolic
reprogramming presents a therapeutic target in lupus nephritis. Proc
Natl Acad Sci USA 2020;117(26):15160-15171.

Maria NI, Davidson A. Renal macrophages and dendritic cells in SLE
nephritis. Curr Rheumatol Rep 2017;19(12):81.

Dias CB, Malafronte P, Lee J, et al. Role of renal expression of CD68 in
the long-term prognosis of proliferative lupus nephritis. J Nephrol
2017;30(1):87-94.

Luan J, Fu J, Chen C, et al. LNA-anti-miR-150 ameliorated kidney
injury of lupus nephritis by inhibiting renal fibrosis and macrophage
infiltration. Arthritis Res Ther 2019;21(1):276.

Wada Y, Gonzalez-Sanchez HM, Weinmann-Menke J, et al. IL-
34-dependent intrarenal and systemic mechanisms promote lupus
nephritis in MRL-Fas® mice. J Am Soc Nephrol 2019;30(2):244-259.

Zhang Z, Niu L, Tang X, et al. Mesenchymal stem cells prevent podo-
cyte injury in lupus-prone B6.MRL-Fas®" mice via polarizing macro-
phage into an anti-inflammatory phenotype. Nephrol Dial Transplant
2019;34(4):597-605.

Broz P, Pelegrin P, Shao F. The gasdermins, a protein family execut-
ing cell death and inflammation. Nat Rev Immunol 2020;20(3):
143-157.

Lopez-Castejon G, Brough D. Understanding the mechanism of IL-13
secretion. Cytokine Growth Factor Rev 2011;22(4):189-195.

Anders HJ. Of inflammasomes and alarmins: IL-1p and IL-1a in kidney
disease. J Am Soc Nephrol 2016;27(9):25642575.

Weber A, Wasiliew P, Kracht M. Interleukin-1 (IL-1) pathway. Sci Sig-
nal 2010;3(105):cm1.

Dinarello CA. Biologic basis for interleukin-1 in disease. Blood 1996;
87(6):2095-2147.

Kayagaki N, Stowe IB, Lee BL, et al. Caspase-11 cleaves gasdermin
D for non-canonical inflammasome signalling. Nature 2015;
526(7575):666-671.

Moretti J, Jia B, Hutchins Z, et al. Caspase-11 interaction with NLRP3
potentiates the noncanonical activation of the NLRP3 inflammasome.
Nat Immunol 2022;23(5):705-717.

Rathinam VA, Vanaja SK, Waggoner L, et al. TRIF licenses caspase-
11-dependent NLRP3 inflammasome activation by gram-negative
bacteria. Cell 2012;150(3):606-619.

Broz P, Ruby T, Belhocine K, et al. Caspase-11 increases susceptibil-
ity to Salmonella infection in the absence of caspase-1. Nature 2012;
490(7419):288-291.

Rénnblom L, Eloranta ML, Aim GV. The type | interferon system in
systemic lupus erythematosus. Arthritis Rheum 2006;54(2):408-420.
Arazi A, Rao DA, Berthier CC, et al; Accelerating Medicines Partner-
ship in SLE network. The immune cell landscape in kidneys of patients
with lupus nephritis. Nat Immunol 2019;20(7):902-914.

Wang D, Niu L, Feng X, et al. Long-term safety of umbilical cord mes-
enchymal stem cells transplantation for systemic lupus erythemato-
sus: a 6-year follow-up study. Clin Exp Med 2017;17(3):333-340.

Yuan X, Qin X, Wang D, et al. Mesenchymal stem cell therapy induces
FLT3L and CD1c" dendritic cells in systemic lupus erythematosus
patients. Nat Commun 2019;10(1):2498.

Sun L, Huang J, Wang X, et al. Enucleated bone marrow-derived
mesenchymal stromal cells regulate immune microenvironment and
promote testosterone production through efferocytosis. Reprod Biol
Endocrinol 2025;23(1):21.

Zhang QZ, Su WR, Shi SH, et al. Human gingiva-derived mesenchy-
mal stem cells €licit polarization of m2 macrophages and enhance
cutaneous wound healing. Stem Cells 2010;28(10):1856-1868.
Luz-Crawford P, Djouad F, Toupet K, et al. Mesenchymal stem
cell-derived interleukin 1 receptor antagonist promotes macrophage

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41

polarization and inhibits B cell differentiation. Stem Cells 2016;34(2):
483-492.

Hochberg MC. Updating the American College of Rheumatology
revised criteria for the classification of systemic lupus erythematosus.
Arthritis Rheum 1997;40(9):1725.

Weening JJ, D’Agati VD, Schwartz MM, et al; International Society of
Nephrology Working Group on the Classification of Lupus Nephritis;
Renal Pathology Society Working Group on the Classification of
Lupus Nephritis. The classification of glomerulonephritis in systemic
lupus erythematosus revisited. Kidney Int 2004;65(2):521-530.

Kikawada E, Lenda DM, Kelley VR. IL-12 deficiency in MRL-Fas(®")
mice delays nephritis and intrarenal IFN-gamma expression, and
diminishes systemic pathology. J Immunol 2003;170(7):3915-3925.

Ginhoux F, Jung S. Monocytes and macrophages: developmental
pathways and tissue homeostasis. Nat Rev Immunol 2014;14(6):
392-404.

Chen W, LiW, Zhang Z, et al. Lipocalin-2 exacerbates lupus nephritis
by promoting Th1 cell differentiation. J Am Soc Nephrol 2020;31(10):
2263-2277.

Lamkanfi M, Dixit VM. Mechanisms and functions of inflammasomes.
Cell 2014;157(5):1013-1022.

Mende R, Vincent FB, Kandane-Rathnayake R, et al. Analysis of
serum interleukin (IL)-1B and IL-18 in systemic lupus erythematosus.
Front Immunol 2018;9:1250.

Jafari-Nakhjavani MR, Abedi-Azar S, Nejati B. Correlation of plasma
interleukin-18 concentration and severity of renal involvement and dis-
ease activity in systemic lupus erythematosus. J Nephropathol 2016;
5(1):28-33.

Wang D, Feng X, Lu L, et a. A CD8 T -cell/indoleamine
2,3-dioxygenase axis is required for mesenchymal stem cell suppres-
sion of human systemic lupus erythematosus. Arthritis Rheumatol
2014;66(8):2234-2245.

Chen C, Liang J, Yao G, et al. Mesenchymal stem cells upregulate
Treg cells via sHLA-G in SLE patients. Int Immunopharmacol 2017;
44:234-241.

Baechler EC, Batliwalla FM, Karypis G, et al. Interferon-inducible gene
expression signature in peripheral blood cells of patients with severe
lupus. Proc Natl Acad Sci USA 2003;100(5):2610-2615.

Meunier E, Dick MS, Dreier RF, et al. Caspase-11 activation requires
lysis of pathogen-containing vacuoles by IFN-induced GTPases.
Nature 2014;509(7500):366-370.

Li'Y, Jiang Q. Uncoupled pyroptosis and IL-18 secretion downstream
of inflammasome signaling. Front Immunol 2023;14:1128358.

Angeletti A, Cantarelli C, Petrosyan A, et al. Loss of decay-
accelerating factor triggers podocyte injury and glomerulosclerosis.
J Exp Med 2020;217(9):e20191699.

Yano T, Nozaki Y, Kinoshita K, et al. The pathological role of IL-18Ra
in renal ischemia/reperfusion injury. Lab Invest 2015;95(1):78-91.

Wright RD, Beresford MW. Podocytes contribute, and respond, to the
inflammatory environment in lupus nephritis. Am J Physiol Renal Phy-
siol 2018;315(6):F1683-F1694.

Wu M, Yang Z, Zhang C, et al. Inhibition of NLRP3 inflammasome
ameliorates podocyte damage by suppressing lipid accumulation in
diabetic nephropathy. Metabolism 2021;118:154748.

Zhang J, Zhang M, Huo X-K, et al. Macrophage inactivation by small
molecule wedelolactone via targeting sEH for the treatment of LPS-
induced acute lung injury. ACS Cent Sci. 2023;9(3):440-456.

. Ebata T, Terkawi MA, Kitahara K, et al. Noncanonical pyroptosis trig-

gered by macrophage-derived extracellular vesicles in chondrocytes
leading to cartilage catabolism in osteoarthritis. Arthritis Rheumatol
2023;75(8):1358-1369.



370

LIU ET AL

42.

43.

44,

45.

Song M, Wang J, Sun'Y, et al. Inhibition of gasdermin D-dependent
pyroptosis attenuates the progression of silica-induced pulmonary
inflammation and fibrosis. Acta Pharm Sin B 2022;12(3):1213-1224.

Fan R, Sui J, Dong X, et al. Wedelolactone alleviates acute pancreatitis
and associated lung injury via GPX4 mediated suppression of pyrop-
tosis and ferroptosis. Free Radic Biol Med 2021;173:29-40.

Ren G, Zhao X, Zhang L, et al. Inflammatory cytokine-induced inter-
cellular adhesion molecule-1 and vascular cell adhesion molecule-1
in mesenchymal stem cells are critical for immunosuppression.
J Immunol 2010;184(5):2321-2328.

Njoku CJ, Patrick KS, Ruiz P Jr, et al. Inducible nitric oxide synthase
inhibitors reduce urinary markers of systemic oxidant stress in murine
proliferative lupus nephritis. J Investig Med 2005;53(7):347-352.

46.

47.

48.

49,

Souza BSF, da Silva KN, Silva DN, et al. Galectin-3 knockdown
impairs survival, migration, and immunomodulatory actions of mesen-
chymal stromal cells in a mouse model of chagas disease cardiomy-
opathy. Stem Cells Int 2017;2017:3282656.

Jiang Q, Li J, Pan Y, et al. Melatonin-primed MSCs alleviate intrauter-
ine adhesions by affecting MSC-expressed galectin-3 on macro-
phage polarization. Stem Cells 2022;40(10):919-931.

Zhang ZT, Zhang DY, Xie K, et al. Luteolin activates Tregs to pro-
mote IL-10 expression and alleviating caspase-11-dependent pyr-
optosis in sepsis-induced lung injury. Int Immunopharmacol 2021;
99:107914.

Wang J, Ren H, Yuan X, et al. Interleukin-10 secreted by mesenchy-
mal stem cells attenuates acute liver failure through inhibiting pyropto-
sis. Hepatol Res 2018;48(3):E194-E202.



Arthritis & Rheumatology AMERICAN COLLEGE

Vol. 78, No. 2, February 2026, pp 371-384 0

DOI 10.1002/art.43341 { EEMATOPL[OGY
© 2025 The Author(s). Arthritis & Rheumatology published by Wiley Periodicals LLC on behalf of American College of Rheumatology. e & 470

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and

distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

Prognostic Value of Lupus Anticoagulant and Anti-32
Glycoprotein | Antibody in Adverse Pregnancy Outcomes

Megumi Nonobe," Takahiro Otani,? Hiroyuki Yoshihara,'? Shinobu Goto,' Tamao Kitaori," Naomi Nishikawa,*
Yuichiro Fujieda,” '’ Tatsuya Atsumi,” and Mayumi Sugiura-Ogasawara’

Objective. International criteria for antiphospholipid syndrome (APS) include lupus anticoagulant (LA), anticardioli-
pin (aCL) IgG and IgM, and anti—32-glycoprotein | (32GPI) IgG and IgM. However, evidence supporting their prognostic
value or treatment efficacy in improving live birth rates is limited. The Lancet series on miscarriage recommends testing
only for LA and aCL, excluding B2GPI. We aimed to examine whether commercially available antiphospholipid antibody
(aPL)-related tests have a prognostic value for obstetric APS.

Methods. This prospective cohort study enrolled 1,237 pregnant women between July 2021 and March 2024.
Women using heparin, including those with an obstetric APS diagnosis before pregnancy, were excluded. Pregnancy
outcomes were followed until December 2024. The aPL-related tests comprised LA (diluted activated partial prothrom-
bin time and diluted Russell’s viper venom time [LA-RVVT]), aCL IgG, IgM, anti-B2GPI IgG, IgM, anti B2GPI domain |
IgG, phosphatidylserine-dependent antiprothrombin IgG, IgM, protein S, and coagulation factor XlI activity.

Results. The prevalence rates of early-onset preeclampsia, intrauterine fetal death (IUFD), and small for gestational
age were 1.4% (17), 0.7% (9), and 0.9% (11), respectively. Logistic regression analysis revealed that LA-RVVT and anti-
B2GPI IgG were each predictor of early-onset preeclampsia and IUFD. The area under the curve for these conditions
increased to about 0.8 when combined with a history of preeclampsia or IUFD, respectively.

Conclusion. LA-RVVT, anti-B2GPI IgG, complications including hypertension, and a history of IUFD were valuable
in identifying obstetric APS. The variation in test results across facilities limits the ability to establish consistent prog-

nostic or treatment value for each aPL.
INTRODUCTION

Obstetric antiphospholipid syndrome (APS) is clinically
defined by recurrent early miscarriage; unexplained intrauter-
ine fetal death (IUFD) of a morphologically normal fetus at or
beyond 10 weeks’ gestation; or one or more preterm births of
a morphologically normal neonate before 34 weeks’ gestation
due to eclampsia, preeclampsia, or placental dysfunction.’
APS is considered the most important treatable cause of recur-
rent pregnancy loss (RPL).>® It is hypothesized to be more
strongly associated with IUFD than early miscarriage. Noncti-
teria obstetric complications associated with APS include two
consecutive early miscarriages; intrauterine fetal growth
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restriction (FGR); hemolysis, elevated liver enzymes, and low
platelet count syndrome; placental abruption; and oligohy-
dramnios. The overall stillbirth rate is approximately 0.8%, but
APS-related IUFD is frequently accompanied by FGR and oli-
gohydramnios, suggesting a pattern of chronic fetoplacental
insufficiency.

To confirm a diagnosis of APS, the revised Sydney-Sapporo
criteria require the presence of at least one clinical feature and the
persistent presence of at least two types of lupus anticoagulant
(LA), anticardiolipin (aCL) IgG/IgM, and/or anti—B2-glycoprotein |
(B2GPI) IgG/IgM on two or more occasions at least 12 weeks
apart.” These are referred to as the “criteria antiphospholipid anti-
body (aPL).”

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.43341).
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In 1975, the first case of a woman with three instances of
IUFD and LA was reported.” In the 1980s, IgG, IgA, and IgM were
actively measured against cardiolipin, phosphatidylserine (PS),
phosphatidylcholine, phosphatidic acid, phosphatidylinositol,
and phosphatidylethanolamine by an enzyme-linked immunosor-
bent assay (ELISA).° In 1990, three independent research groups
demonstrated that the true antigen of the aCL antibody was not
CL but 2GPI.5® aPL refers to a group of autoantibodies that
bind directly to either phospholipids or phospholipid—protein
complexes.® The primary antigenic targets are B2GPI and pro-
thrombin. Consequently, a wide range of aPL assays are currently
available through commercial testing services.

Although the efficacy of these aPLs has been demonstrated
in studies of thrombotic APS, their utility in obstetric APS has not
yet been established.'® The Lancet reviews recommend the use
of LA and aCL, but not anti-B2GPI, due insufficient evidence that
test results have prognostic value or that treatment based on test
results improves clinical outcomes.® In clinical practice in Japan, a
wide range of additional aPL tests are randomly used to diagnose
APS, and their evaluation varies across facilities. The use of newly
available commercial assays has increased, despite the lack of
sufficient evidence to support their clinical utility. Furthermore,
protein S and coagulation factor Xl (FXII) activity have been fre-
quently measured in clinical practice in Japan due to the high
prevalence of these deficiencies in the Japanese population,
despite the lack of guideline recommendations for routine screen-
ing of hereditary thrombophilia.>©

In 20283, the American College of Rheumatology (ACR)/
EULAR proposed new APS classification criteria, whereby
patients are classified as having APS as they accumulate at least
three points each from the clinical and laboratory domains.”"
Under this system, three or more early miscarriages and at least
one IUFD are each assigned one point. Consequently, patients
with RPL who are positive for aPL may not meet the threshold
for classification as obstetric APS. Notably, these criteria do not
preclude the measurement of aPL outlined in the original Sapporo
classification. Hence, this study aimed to examine whether any of
the nine criteria and noncriteria aPL, as well as protein S and FXII
activity, could serve as predictors of adverse pregnancy out-
comes in pregnant women.

MATERIALS AND METHODS

Study design. The study participants comprised pregnant
women who attended prenatal checkups at Nagoya City Univer-
sity Hospital and Nagoya City University West Medical Center
from July 2021 to March 2024. Participants (1) whose gestational
age at the time of recruitment did not exceed 12 weeks, (2) whose
timing of blood test aligned with the routine prenatal health
checkup, (3) who were required to be scheduled to give birth at
one of the two designated facilities, and (4) who provided written
informed were included in the study. Participants with a planned

termination of pregnancy were excluded. The following medical
data were obtained through interviews conducted by obstetri-
cians: age; body mass index (BMI); marital status; employment
status; smoking status; gestational age at sampling; a history of
pregnancy, live births, miscarriages, stillbirths, and preeclampsia;
a history of diseases; use of in vitro fertilization and embryo trans-
fer; and administration of low-dose aspirin and heparin during
pregnancy.

Blood samples were collected at the time of registration. The
samples were centrifuged twice to remove platelets and subse-
quently stored at —80°C until analysis. The parameters measured
included LA using diluted activated partial prothrombin time
(LA-aPTT) and diluted Russell’s viper venom time (LA-RVVT);
aCL antibodies IgG and IgM; anti-2GPI IgG and IgM; anti-
B2GPI domain | IgG; PS-dependent antiprothrombin (@PS/PT)
antibodies IgG and IgM; protein S; and FXIl activity. All parameters
were measured at the Werfen company. The aPS/PT IgG and IgM
assays were conducted at Hokkaido University to evaluate poten-
tial discrepancies in measurement outcomes attributable to differ-
ent laboratory facilities.

The pregnancy outcomes were prospectively monitored until
December 2024. The study was approved by the Research
Ethics Committee of Nagoya City University Graduate School of
Medical Sciences and Nagoya City University, West Medical Cen-
ter. Informed consent was obtained from each participant.

Measurement for LA, aCL antibodies, and anti-
B2GPI antibodies. LA was measured using aPTT with HemosIL
Silica clotting time (SCT) (Werfen Company). Additionally, diluted
RWT (dRWT) was measured using HemosIL dRVVT screen
and confirmatory assays (Werfen Company).'>™'

LA-aPTT was calculated as follows: SCT normalized ratio =
SCT screen patients (seconds)/SCT screen controls (seconds)
= SCT confirm patients (seconds)/SCT confirm controls (sec-
onds). LA-RWT was calculated as follows: dRVVT normalized
ratio = dRVVT screen patients (seconds)/dRVVT screen controls
(seconds) = dRVWVT confirm patients (seconds)/dRVVT confirm
controls (seconds). Control plasma was obtained from nonpreg-
nant, healthy women.

The chemiluminescent immunoassay was used for measure-
ment of aCL IgG, aCL IgM, ap2GP! IgG, and ap2GPI IgM."® The
measurement of aCL IgG and IgM was conducted using
QUANTA Flash aCL IgG and QUANTA Flash aCL IgM (Werfen
Company), respectively. Similarly, the measurement of anti-
B2GPI IgG and IgM was performed using QUANTA Flash B2GPI
IgG and QUANTA Flash B2GPI IgM (Werfen Company), respec-
tively. Anti-domain -2 glycoprotein | IgG was measured with
QUANTA Flash B2GPI-Domain 1 Chemiluminescence immunoas-
say (Werfen Company).'®

Measurement for aPS/PT IgG and IgM. aPS/PT IgG and
IgM antibodies were measured at both Werfen and Hokkaido
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University to compare results obtained by different facilities. Wer-
fen used the QUANTA Lite aPS/PT IgG ELISA and QUANTA Lite
aPS/PT IgM ELISA kits for these measurements.’”

At Hokkaido University, an in-house ELISA was employed
to detect aPS/PT antibodies.” Briefly, nonirradiated microtiter
plates (Sumilon type S; Sumitomo Bakelite) were coated with
30 mL of 50 mg/mL PS and dried overnight at 4°C. To prevent
nonspecific protein binding, the wells were blocked with
150 mL of Tris-buffered saline (TBS) containing 1% fatty acid—
free bovine serum albumin (BSA) (A-6003; Sigma) and 5 mM
CaCl, (BSA-Ca). After three washes with TBS containing
0.05% Tween 20 (Sigma) and 5 mM CaCl,, 50 mL of 10 mg/mL
human prothrombin (Diagnostica Stago, Asnieres) in BSA-Ca
was added to half the number of the plates, whereas the other
half received 50 uL of BSA-Ca alone (sample blank). Following
a one-hour incubation at 37°C, the plates were washed, and
50 mL of serum diluted in a 1:100 ratio in BSA-Ca was added
in duplicate. The plates were then incubated for one hour at
room temperature, followed by the addition of alkaline
phosphatase—conjugated goat anti-human IgG and substrate.
The optical density in wells containing PS alone was sub-
tracted from that in wells containing the PS/PT complex. The
titer of aPS/PT antibodies in each sample was derived from a
standard curve generated using serial dilutions of a positive
control. A normal range was established based on serum from
36 healthy controls, with cutoff values set at 2.0 units for IgG
and 13 units for IgM (representing 5 SDs above the mean of
controls). None of the patients showed IgA binding to the
PS/PT complex; therefore, an IgA aPS/PT assay was not
established.

Measurement of protein S and coagulation FXII
activity. Protein S levels were measured using HemoslL protein
S activity (Werfen).'® Additionally, FXII activity was assessed with
HemoslL FXII deficient plasma (Werfen).

Outcome measures. The primary outcomes were IUFD of
a morphologically normal fetus between 10 and 34 weeks’ gesta-
tion, early-onset preeclampsia, and placental insufficiency char-
acterized by small for gestational age (SGA) according to the
2023 ACR/EULAR APS classification criteria."’ The postnatal
birth weight was considered indicative of growth restriction if it
was below the 10th percentile for gestational age, in the absence
of fetal-neonatal syndromes or genetic conditions associated with
growth impairment. The evaluation of FGR was conducted using
a standardized tool that calculates growth percentiles at birth,
developed collaboratively by the Japanese Society for Pediatric
Endocrinology, the Japanese Association for Human Auxology,
and the Japan Society for Neonatal and Development.'®

The perinatal outcomes included gestational age at delivery,
mode of delivery, placental abruption, thrombosis, and other
signs of placental dysfunction occurring before <34 weeks’ ges-
tation. Neonatal outcomes comprised body weight, sex, Apgar
scores, and the presence of chromosomal and other congenital
abnormalities. Relevant data were obtained from the medical
records related to pregnancy termination.

Statistical analysis. Spearman’s rank correlation coeffi-
cients were calculated to assess the relationships among gesta-
tional week at sampling, age, BMI, nine aPLs, protein S, and
FXII. For variables significantly associated with gestational week,

n=397

n=988

Total participants n=1,385
Nagoya City University Hospital

Nagoya City University West Medical Center

Atrtificial abortion n=6

Fetal aneuploidy n=6

Withdrawal of consent n=2

Duplicate collection of sample from the
same patient n=2

Ineligible GA n=2

e  Multiple pregnancy n=94

e  Use of heparin n=11
Obstetric APS n=7
DVT or prior DVT n=3
Unexplained RPL n=1

e  Unknown outcome n=25

n=1,237

Eligible participants

Figure 1. Flow diagram illustrating the participant selection process. APS, antiphospholipid syndrome; DVT, deep vein thrombosis; GA, gesta-

tional age; RPL, recurrent pregnancy loss.
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adjusted values at seven weeks’ gestation were estimated using
the residual method based on linear regression models. Specifi-
cally, gestational week-adjusted values were obtained by adding
the residuals from the regression of each test value on gestational
week to the predicted value at seven weeks.

To evaluate whether the nine aPLs, protein S, and FXIl
could serve as predictors of preeclampsia, IUFD, and SGA,
sensitivity and specificity were calculated using the recom-
mended cutoff values for each biomarker. Receiver operating
characteristic (ROC) curves were constructed, and the area
under the curve (AUC) was calculated to assess their diagnos-
tic performance.

Additionally, logistic regression analyses were performed
using several adjustment models: age and BMI (model 1); age,
BMI, and complications of systematic lupus erythematosus, hyper-
tension, chronic kidney disease, and heart failure (model 2); age,
BMI, complications, and a history of two or more early miscarriages
and/or one or more IUFD and/or preeclampsia (model 3); age, BMI,
complications, and a history of two or more early miscarriages
(model 4); age, BMI, complications, and a history of IUFD (model
5); and age, BMI, complications, and a history of preeclampsia
(model 6). To explore the combined diagnostic ability of test items
and clinical characteristics, predicted probabilities of outcomes
were calculated from each logistic regression model, and ROC
curves along with AUC values were derived accordingly.

Al statistical analyses were performed using R software (ver-
sion 4.4.0). A two-sided P value of <0.05 was considered signifi-
cant. Data are not publicly available. However, on reasonable
request, data can be obtained from the corresponding author.

RESULTS

Participant characteristics. The total number of partici-
pants was 1,385, comprising 397 from Nagoya City University
Hospital and 988 from Nagoya City University West Medical Cen-
ter (Figure 1). Initially, the eligibility criteria were set for pregnancies
less than 12 weeks’ gestation but were revised in September
2022 to include pregnancies less than 34 weeks’ gestation, due
to delays in specimen collection. Meanwhile, 6 patients who
opted for an artificial abortion after being enrolled, 6 with fetal
aneuploidy, 2 who withdrew their consent, 2 whose samples
were collected on two separate occasions, 2 beyond the eligible
gestational age, 94 with multiple pregnancies, 11 with heparin
use, including women with an obstetric APS diagnosis before
pregnancy, and 25 with follow-up difficulties due to transfer or
relocation were excluded from the study. Following the exclusion
of these patients, 1,237 were included in the final analysis.

Table 1 presents the characteristics and previous pregnancy
complications of the pregnant women. The median age was
33 years (range: 15-60), and the median BMI was 21.5 (range:
14.8-55.8). Gestational age at the time of sample collection was

Table 1. Maternal characteristics and pregnancy history of the
study population (n = 1,237)*

Variables Values
Age,y
Median and range 33.0 (15-60)
<20, % (n) 1.0012)
20-29, % (n) 23.0(285)
30-39, % (n) 61.1 (756)
>40, % (n) 14.9 (184)
Missing, % (n) 0.0 (0)
BMI
Median (range) 21.5(14.8-55.8)
<18.5, % (n) 12.0 (149)
18.5-24.9, % (n) 66.7 (825)
>25.0, % (n) 21.3(263)
Missing, % (n) 0.0 (0)
Current smoker, % (n)
Yes 4.4 (54)
No 95.6 (1,183)
Missing 0.0 (0)

Gestational weeks at sampling

Median and range 11.3(7.14-33.57)°

<10, % (n) 17.5(216)

10-14, % (n) 61.4 (759)

15-19, % (n) 3.6 (44)

20-24, % (n) 9.0 (111)

25-29, % (n) 3.9 (48)

30-34, % (n) 4.8 (59)

Missing, % (n) 0.0 (0)
Presence of IVF-ET, % (n)

Presence 28.2 (349)

Absence 71.8 (888)

Missing 0.0 (0)
History of live birth, % (n)

Presence 50.9 (630)

Absence 491 (607)

Missing 0.0 (0)
Number of previous early

miscarriages, % (n)

0 73.1(904)

1 19.0 (235)

2 5.2 (65)

3 or more 2.7(33)

Missing 0.0 (0)
Number of previous intrauterine

fetal deaths, % (n)

0 96.0 (1,187)

1 3.8(47)

2 or more 0.2(3)

Missing 0.0 (0)
History of preeclampsia, % (n)

Presence 1.4017)

Absence 98.6 (1,220)

Missing 0.0 (0)
Complications, % (n)

Chronic hypertension 1.5(19)

Chronic kidney disease” 0.3(4)

Heart failure 0.1 (1)

Systematic lupus erythematosus 0.4 (5)

Missing 0.0 (0)
Low-dose aspirin use, % (n)

Presence 2.0(25)

Missing 0.0 (0)

* BMI, body mass index; IVF-ET, in vitro fertilization-embryo transfer.
@ Equivalentto 7wk 1 d to 33wk 4 d.
® One woman experienced hypertension and kidney disease.
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calculated by dividing the days by 7, with a median value of 11.3
(7 weeks 1 day [7.14] to 33 weeks 4 days [33.57]). Further analy-
sis revealed that 65.5% of the samples were collected during the
first trimester. Furthermore, 98 women (7.9%) had a history of
two or more early miscarriages confirmed within 12 weeks,
50 women (4%) had a history of one or more IUFD beyond
12 weeks, and 17 (1.4%) participants had a history of
preeclampsia.
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Results of antiphospholipid antibodies. LA-aPTT
demonstrated a significant decrease with advancing gestational
week (r = —0.3; Figure 2A). Conversely, LA-RWT and FXII exhib-
ited a notable increase as gestational weeks progressed (r = 0.2
and 0.36). To account for these variations, the results of these
tests were corrected based on gestational age and adjusted to
seven weeks’ gestation. Scatter plots of all aPL-related tests are
provided in Supplementary Figure 1.
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Figure 2. Thefollowing relationships are investigated: those among gestational week at sampling, age, BMI, nine antiphospholipid antibodies,
protein S, and FXII. (A) Associations before adjustment. Positive correlation coefficients are indicated in blue, and negative correlation coefficients
are indicated in red. (B) Linkage, BMI, gestational age at sampling, and antiphospholipid antibody levels following adjustment for estimated values
at seven weeks’ gestation. Because LA-aPTT, LA-RVVT, and Xl were associated with weeks’ gestation, their values were corrected to values at
seven weeks’ gestation and the correlation was examined. week refers to gestational week. B2GPI, B2-glycoprotein I; aPS/PT,
phosphatidylserine-dependent antiprothrombin; BMI, body mass index; CL, cardiolipin; Domain |, anti-Domain | IgG; FXIl, factor XIl; LA-aPTT,
lupus anticoagulant by activated partial prothrombin time; LA-RVVT, lupus anticoagulant by diluted Russell’s viper venom time.
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Figure 2. (Continued)

The significant decrease in LA-aPTT was attributed to a
reduction in the SCT screen time (seconds) among patients
(Supplementary Table 1). The increase in LA-RVVT was due
to the shortening of the dRVVT confirmation time (seconds)
(Figure 2B). The regression coefficients for week-adjusted
analyses were —0.006 (95% confidence interval [Cl] —0.007 to
—0.005; P < 0.001) for LA-aPTT, 0.004 (95% CI 0.008 to
0.005; P < 0.001) for LA-RVVT, and 2.124 (95% CI 1.805 to
2.443; P < 0.001) for FXII. Positive associations were identified
between LA-aPTT and LA-RVVT (r = 0.41), aCL IgG and anti-
B2GPI IgG (r = 0.33), aCL IgM and anti-p2GPI IgM (r = 0.56),
and aCL IgM and aPS/PT IgM (r = 0.48). The correlation
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coefficients of LA-aPTT (r = —0.3) and LA-RVVT (r = 0.2) were
reduced to —0.01 and 0.01, respectively, after adjustment for
gestational weeks.

The measurement of aPS/PT IgG and IgM was conducted by
the Werfen company and Hokkaido University. The prevalence
rates of aPS/PT IgG and IgM were 0.16% (n = 2) and 5.0% (n =
62), respectively, according to the findings from Werfen. By con-
trast, Hokkaido University reported prevalence rates of 0.24%
(n = 3) and 0%, respectively. Notably, patients with positive
aPS/PT IgG test results exhibited significant differences between
the two laboratories. Consequently, the results of aPS/PT IgG
and IgM were analyzed based on the data obtained from Werfen.
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Figure 3. ROC curve for pregnancy outcomes. (A) ROC curve analysis of all antibody tests for early-onset preeclampsia. (B) ROC curve analysis
of all antibody tests for IUFD. (C) ROC curve analysis of all antibody tests for SGA neonates. (D) ROC curves comparing LA-RVVT alone; LA-RWT
combined with age and BMI; LA-RWT combined with age, BMI, and complications; and LA-RVVT combined with age, BMI, complications, and a
history of IUFD for predicting early-onset preeclampsia. (E) ROC curves comparing anti-B2GPI IgG alone; anti-B2GPI IgG combined with age and
BMI; anti-B2GPI IgG combined with age, BMI, and complications; anti-B2GPI IgG combined with age, BMI, complications, and a history of IUFD.
B2GPI, p2-glycoprotein |; aPS/PT, phosphatidylserine-dependent antiprothrombin; BMI, body mass index; CL, cardiolipin; Domain I, anti-Domain |
I9G; IUFD, intrauterine fetal death; LA-aPTT, lupus anticoagulant by diluted activated partial prothrombin time; LA-RVVT, LA by diluted Russell’s
viper venom time; ROC, receiver operating characteristic; SGA, small for gestational age.
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380

NONOBE ET AL

08
|

0.6
I

Sensitivity

0.4
L

‘ antib2GPlIgG

0.0
I

antib2GPllgG + Age + BMI
antib2GPllgG + Age + BMI + Complication
antib2GPllgG + Age + BMI + Complication + IUFDAfter12wMoreThanOnce

T T T
1.0 0.8 0.6

Figure 3. (Continued)

the Sapporo classification criteria.!” Both the Lancet series and
the European Society of Human Reproduction and Embryology
RPL recommend measuring LA and aCL, but not anti-2GPI,
due to insufficient evidence supporting the prognostic value of
anti-B2GPI or the effectiveness of treatment based on its
results.>'© The prognostic value of anti-B2GPI IgG was estab-
lished in the present study. The measurement of aPL in obstetric
practice serves the goal of improving live birth rates in patients
with RPL. Prospective studies remain necessary to determine
whether the anticoagulant treatment can improve the live birth
rate in patients with positive for anti-32GPI IgG.

According to the ACR/EULAR APS classification criteria,
classification as APS requires the accumulation of at least three
points from the clinical and laboratory domains.”" A history of
three or more early miscarriages or one or more |UFDs is each
assigned one point. Consequently, aPL-positive patients with
RPL may not fulfill the criteria for obstetric APS. Major RPL guide-
lines recommend the measurement of aPLs, regardless of the
antibody type.®'° In model 5, which included a history of IUFD,
the AUC of anti-B2GPI IgG reached 0.80. A recent systematic
review investigating the predictors in systemic lupus erythemato-
sus (SLE) reported that secondary APS was associated with a

I I T
0.4 0.2 0.0

Specificity

reduced probability of live birth (0.40, 95% CI 0.27-0.58), an
increased risk of pregnancy loss after 20 weeks’ gestation (2.77,
95% Cl 1.44-5.31), and a higher likelihood of preterm birth
(1.65, 95% Cl 1.29-2.11).2" Inclusion of a history of one or more
IUFDs should be considered essential in the diagnosis of APS.

As established in previous studies,? hypertension also influ-
ences preeclampsia in the present study. The prevalence of LA-
RVWWT was higher among women with chronic hypertension. The
findings of this study are limited by modest sample size, necessi-
tating additional research to substantiate these results.

The measurement of LA has been considered important in
the evaluation of obstetric APS.%2324 However, the optimal type
of LA assay for clinical use has not yet been established. In a pre-
vious study, LA-aPTT (StaClot assay) and aPS/PT IgG measured
at Hokkaido University, but not aCL IgG measured by Phadia,
demonstrated treatment relevance, as anticoagulant therapy
improved live birth rates in patients with RPL.2° In the present
study, LA-RWT, but not LA-aPTT, demonstrated predictive value
for features of APS. This finding may be explained by a significant
decrease in LA-aPTT results caused by the shortening of the SCT
screen phase and a significant increase in LA-RVVT results due to
the shortening of the dRWT confirm phase (Supplementary
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Table 1). In LA measurement, a screening test is typically per-
formed using diluted reagents to detect low concentrations of
LA, followed by a neutralization test for confirmation.’*2° In the
present study, SCT screening was shortened according to gesta-
tional age, likely due to gestational increases in coagulation fac-
tors. As a result, LA-aPTT was not detectable during pregnancy.
Despite this limitation, the predictive significance of LA-aPTT for
obstetric APS remains evident. Although LA is ideally measured
outside of pregnancy, the feasibility of conducting cohort studies
that involve LA testing in healthy individuals before conception is
limited. This challenge represents one of the key limitations of this
study.

To the best of our knowledge, only a limited number of stud-
ies have demonstrated alterations in aPL measurement according
to gestational age in such alarge cohort (Supplementary Figure 1).
It is imperative to exercise caution when interpreting the results of
LA measurements during pregnancy given the potential for LA
activity/positivity to diminish in the second and third trimesters. A
decline in protein S levels during pregnancy was not observed,
as levels had already been significantly reduced in the first trimes-
ter. In the present study, alow protein S level was not identified as
a predictive factor for both IUFD and preeclampsia, despite previ-
ous studies suggesting associations with these outcomes.?%2”
Additionally, low FXII levels did not predict adverse pregnancy
outcomes. FXII activity is known to decrease in the presence of
LA-aPTT, given that aPTT is used in its measurement.® However,
FXII activity is also influenced by the C/T genotype. Neither low
FXII activity nor genotype demonstrated predictive value for sub-
sequent pregnancy outcomes in this cohort of patients with RPL.

In the present study, women who experienced complications
before seven weeks’ gestation were excluded, as recruitment
occurred after this time point. Thus, the predictive value for early
miscarriage could not be examined, representing an additional
limitation. Clinical practice generally involves measuring conven-
tional aPL as recommended by guidelines, followed by adminis-
tration of low-dose aspirin and heparin upon obtaining positive
results; withholding treatment in such cases is considered uneth-
ical. In a previous study, frozen plasma was analyzed to provide
evidence that treatment based on test results improves preg-
nancy outcomes after completion of pregnancy.2®

Noncriteria antibodies, including aPS/PT IgG and anti-
Domain | IgG, did not predict features of obstetric APS. Further-
more, high levels of aPS/PT IgM were not associated with any
adverse pregnancy outcomes. Moyle et al reported that aPS/PT
IgG and anti-Domain | IgG served as significant independent pre-
dictors of adverse pregnancy outcomes and exhibited strong
associations with LA in a high-risk population of pregnant individ-
uals with aPL, with or without SLE.2® However, patients diag-
nosed with APS and receiving heparin therapy were excluded
from the current study cohort of patients with RPL. These findings
suggest that measurement of aPS/PT IgG, IgM, and anti-Domain |
IgG may not be necessary in the general RPL population. Limiting

testing to a smaller panel of aPL antibodies is advisable to avoid
unnecessary financial burden on patients.

Marked discrepancies in aPS/PT IgG positivity were
observed between measurements conducted by Werfen and
Hokkaido University. In our previous study, significant differences
in aCL IgG and IgM positivity were found between assays per-
formed by Phadia and Hokkaido University.?® Such variability in
aPL measurement results between facilities, even when employ-
ing the same assay methods, is well recognized. The aPS/PT
assay has not undergone international standardization, as it is a
noncriteria assay. Our previous international cross-sectional mul-
ticenter studies showed moderate agreement between IgG
aPS/PT Inova and MBL ELISA kits and revealed that IgG aPS/PT
was more prevalent in patients with APS than in those without.%°
The aPL test thus demonstrates a high degree of agreement
among medical facilities in identifying high-risk patients, including
those diagnosed with APS. Conversely, the performance of the
test was less optimal among low-risk populations, specifically
those with RPL.

As the present study used measurements provided by the
Werfen company, further investigation is required to determine
whether LA and anti-B2GPI IgG assays from other testing labora-
tories demonstrate comparable predictive value for obstetric
APS. This variability constitutes an additional limitation of the
study.

In conclusion, LA-RWT and anti-p2GPI IgG were found to
possess predictive value for early-onset preeclampsia and IUFD
in normal pregnant women, respectively. The AUC of anti-g2GPI
IgG increased by 0.8 when combined with a history of IUFD. The
measurement of LA-RWT and anti-B2GPI IgG, along with
the complication of chronic hypertension and a history of IUFD,
proved essential for the clinical diagnosis of APS. Challenges arise
in examining prognostic and treatment evidence for each aPL at
different testing facilities due to the variability in measurement
results.
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Genome-Wide DNA Methylation Study Reveals Specific
Signatures in the Affected Arterial Tissue of Patients With
Giant Cell Arteritis
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Objective. Giant cell arteritis (GCA) is a large-vessel vasculitis, potentially causing complications such as blindness
and strokes. This study aims to gain insights into the pathogenesis of GCA by identifying specific DNA methylation sig-
natures in the arterial tissue of patients with this vasculitis.

Methods. DNA methylation profiling was analyzed in 79 temporal artery biopsy samples (69 patients with GCA and
10 controls) by performing an epigenome-wide association study (EWAS). Differential analysis was performed to iden-
tify differentially methylated positions (DMPs) and differentially methylated regions (DMRs). Lastly, we compared our
findings with previous transcriptomics and epigenomics studies on GCA-affected arteries.

Results. EWAS identified 3,644 DMPs (P,q; < 0.05, |AB| > 0.3), indicating a profound alteration within GCA-affected
arterial tissue. These DMPs were annotated to 1,517 potentially dysregulated genes. A total of 282 additional genes
were identified by annotation of significant DMRs. Pathway enrichment analysis revealed a significant alteration of
inflammatory mechanisms, such as interleukin-2 and interleukin-7, as well as pathways related to vascular remodeling.
Omics study comparison revealed 37 genes consistently affected across datasets, many of them linked to immune sig-
naling and T cell regulation. Notably, markers of exhausted T cells, including SLAMF6 and HAVCR2, were present
among them.

Conclusion. Our study identified GCA-specific DNA methylation signatures in arterial tissue, revealing disrupted
inflammatory and vascular pathways and suggesting the involvement of exhausted T cells in this condition. These find-
ings offer new insights into GCA pathogenesis and provide new potential targets for the treatment of this debilitating

disease.

This research is part of the doctoral degree awarded to Gonzalo Borrego-
Yaniz, MSc, within the Biomedicine program from the University of Granada.

Supported by a research grant from FOREUM Foundation for Research in
Rheumatology. Dr Borrego-Yaniz's contract is part of the grant
PREP2022-000712, funded by the MCIN/AEI/10.13039/501100011033 and
the ESF+. Dr Ortiz-Fernandez's work is supported by a Ramon y Cajal fellow-
ship (RYC2022-036635-1) funded by MICIU/AEI/10.13039/501100011033 and
by ESF+.

'Gonzalo Borrego-Yaniz, MSc, Ana Marquez, PhD, Javier Martin, MD, PhD,
Lourdes Ortiz-Fernandez, PhD: Institute of Parasitology and Biomedicine
Lépez-Neyra, Consejo Superior de Investigaciones Cientificas (CSIC), Granada,
Spain; “Elkyn Estupifian-Moreno, PhD: Josep Carreras Leukaemia Research
Institute (1JC), Epigenetics and Immune Disease Group, Badalona, Barcelona,
Spain; 3Laura C. Terrén-Camero, PhD: Bioinformatics Unit, Institute of Parasi-
tology and Biomedicine Lépez-Neyra, Consejo Superior de Investigaciones
Cientificas (CSIC), Granada, Spain; 4Miguel A. Gonzalez-Gay, MD, PhD: Division
of Rheumatology, Instituto de Investigacion Sanitaria (I1S)-Fundacion Jiménez
Diaz, Madrid, Spain;SMigueI A. Gonzélez-Gay, MD, PhD: Department of Medi-
cine, University of Cantabria, Santander, Spain; ®Santos Castafieda, MD,
PhD: Division of Rheumatology, Hospital de la Princesa, Instituto de
Investigacion Sanitaria (l1S)-Princesa, Madrid, Spain; ’Giuliana Guggino, MD,
PhD: PROMISE Department Rheumatology, University of Palermo, Palermo,
Italy; ®David Saadoun, MD, PhD: Hépital Pitié-Salpétriére-Charles Foix Hospi-
tal, Paris, France; °Pietro Lio, PhD: Department of Computer Science and

Technology, University of Cambridge, Cambridge, United Kingdom; '°Simona
Fontana, PhD: Dipartimento di Biomedicina, Neuroscienze e Diagnostica
Avanzata, University of Palermo, Palermo, Italy; ''Martina Bonacini, PhD,
Alessandro Rossi, MSc, Stefania Croci, PhD: Clinical Immunology, Allergy and
Advanced Biotechnologies Unit, Azienda Unita Sanitaria Locale (AUSL)- Isti-
tuto di Ricovero e Cura a Carattere Scientifico (IRCCS) di Reggio Emilia, Reggio
Emilia, Italy; "2Alberto Cavazza, MD: Unit of Pathology, Azienda Unita Sanitaria
Locale (AUSL)- Istituto di Ricovero e Cura a Carattere Scientifico (IRCCS) di
Reggio Emilia, Reggio Emilia, Italy; '3Francesco Muratore, MD, Carlo Salvarani,
MD: University of Modena and Reggio Emilia, Modena, Italy; "*Francesco Mur-
atore, MD, Carlo Salvarani, MD, Nicolo Pipitone, MD: Unit of Rheumatology,
Azienda Unita Sanitaria Locale (AUSL)- Istituto di Ricovero e Cura a Carattere
Scientifico (IRCCS)di Reggio Emilia, Reggio Emilia, Italy.

Drs Martin, Croci, and Ortiz-Fernandez contributed equally to this work.

Additional supplementary information cited in this article can be found
online in the Supporting Information section (http://onlinelibrary.wiley.com/
doi/10.1002/art.43358).

Author disclosures are available at https://onlinelibrary.wiley.com/doi/10.
1002/art.43358.

Address correspondence via email to Lourdes Ortiz-Fernandez, PhD, at
lourdes@ipb.csic.es.

Submitted for publication March 10, 2025; accepted in revised form July
30, 2025.

385


https://orcid.org/0000-0003-1474-2884
https://orcid.org/0000-0001-9913-7688
https://orcid.org/0000-0002-7924-7406
https://orcid.org/0000-0002-7748-853X
https://orcid.org/0000-0003-2479-6958
https://orcid.org/0000-0003-3708-3148
https://orcid.org/0000-0002-8622-0439
https://orcid.org/0000-0002-0247-4280
https://doi.org/10.13039/501100011033
https://doi.org/10.13039/501100011033
https://doi.org/10.1002/art.43358
https://doi.org/10.1002/art.43358
https://onlinelibrary.wiley.com/doi/10.1002/art.43358
https://onlinelibrary.wiley.com/doi/10.1002/art.43358
mailto:lourdes@ipb.csic.es
http://creativecommons.org/licenses/by-nc/4.0/

386

BORREGO-YANIZ ET AL

INTRODUCTION

Giant cell arteritis (GCA) is the most common form of vascu-
litis in individuals aged >50 years old, characterized by chronic
inflamsmation of the aorta and its branches. This condition carries
significant morbidity and mortality, with complications such as
irreversible vision loss and stroke." Despite its clinical impact, the
molecular mechanisms underlying GCA pathogenesis remain
insufficiently understood, limiting the development of improved
treatments and management strategies.?®

Pathologic hallmarks of GCA are the loss of immune privilege
in the arterial tissue, sustained inflammatory damage leading to
severe vascular remodeling, and the neovascularization of the
extracellular matrix.* These processes create a chronic inflamma-
tory microenvironment that sustains the malfunctioning immune
response in the vascular tissue. Different studies have shown
genetic risk factors and reprogrammed gene regulation associ-
ated with this condition,®® showing a complex contribution of
genetic and epigenetic drivers to GCA pathogenesis.

Epigenetics is a dynamic mechanism to regulate gene
expression, affecting development, tissue differentiation, and cel-
lular responsiveness.® DNA methylation is the most studied epi-
genetic marker, having been associated with pathogenic
conditions such as immune-mediated inflammatory diseases
(IMIDs).° Epigenetic signatures associated with disease progres-
sion hold great potential for the discovery of new therapeutic tar-
gets because of their reversible nature and potential to address
disease mechanisms influenced by genetics, lifestyle, and envi-
ronmental factors."’ In GCA, a previous study revealed thou-
sands of methylation changes present in temporal artery
biopsies (TABs)'?; however, because of limited sample size and
CpGs coverage, there is an incomplete understanding of the role
of this mechanism in GCA pathogenesis.

In this study, we conducted a comprehensive DNA methyla-
tion analysis of GCA-affected arteries. By leveraging genome-
wide profiling in the largest GCA cohort studied so far, we sought
to provide foundational insights into GCA pathogenesis and iden-
tify potential therapeutic targets to address the significant clinical
burden of this condition.

MATERIALS AND METHODS

Study cohort. TABs from 69 patients with GCA and
10 controls were collected in hospitals from ltaly, France,
and Spain. All patients with GCA had a positive TAB, with trans-
mural inflammation, and fulfiled the 1990 American College of
Rheumatology classification criteria for this disease.'® Clinical cri-
teria for both inclusion or exclusion from the study is listed in Sup-
plementary Materials section 1. Control samples were obtained
from individuals with suspected GCA whose TABs were negative.
Moreover, the diagnosis of GCA was discarded based on addi-
tional negative large-vessel imaging results (temporal artery color
Doppler ultrasonography was performed in 9 of 10 patients, and
positron emission tomography and computed tomography was
performed in 6 of 10 patients) and a definitive alternative diagnosis
deriving from a clinical follow-up of at least one year. The main
demographic and clinical characteristics of the study cohort are
described in Table 1. All participants signed an informed consent
form in accordance with the ethical guidelines of the 1975 Decla-
ration of Helsinki. The protocol adhered to all ethical regulations
and obtained approval from the ethics committee Area Vasta Emi-
lia Nord of the principal investigator (protocol 777/2018/0SS/
AUSLRE) and from those of the participating institutions involved
in this study.

Table 1. Clinical and demographic characteristics of the study cohort

Characteristics Total Cases Controls™
Cohort size, n 79 69 10
Age, mean + SD 75.54 +7.04 74.87 £6.72 80.20 + 7.84
Women, n (%) 62 (70) 58 (84) 6 (60)
GC treatment at TAB, n (%)° 43 (53) 41 (61) 2 (20)
Treatment during follow-up period, GC/GC + TCZ - 64/5 -
Responders to treatment, n (%) - 32 (48) -
Any cranial symptoms, n (%) 69 (90) 61 (91) 8 (80)
Any visual symptoms, n (%)*¢ 25(32) 22 (33) 3(30)
Any systemic symptoms, n (%) 38 (49) 38 (57) 0(0)
Polymyalgia rheumatica, n (%)° 30 (48) 27 (40) 3(30)

* Control samples were obtained from individuals with suspected giant cell arteritis whose TABs were negative, in
addition to further clinical criteria and follow-up of at least one year. The final diagnoses for controls were the fol-
lowing: nonarteritic anterior ischemic optic neuropathy (n = 3), polymyalgia rheumatica (n = 3), Raynaud disease
(n = 1), abdominal aortic aneurysm of atherosclerotic genesis (n = 1), temporomandibular joint dysfunction (n =
1), and crowned dens syndrome (n = 1). GC, glucocorticoid; TAB, temporal artery biopsy; TCZ, tocilizumab.

@ Information about clinical manifestations and response to treatment was not available for two patients with giant

cell arteritis.

P Any cranial symptoms of the following: headache, scalp dysesthesia, or jaw claudication.
¢ Any systemic symptoms of the following: fever, fatigue, or weight loss >4 kg.
9 Any visual symptoms of the following: permanent visual loss, amaurosis fugax, or diplopia.
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DNA methylation profiling. To preserve the in situ cellu-
lar and molecular composition, TABs samples were snap frozen
in liquid nitrogen and stored at —-80°C within 30 minutes of the
withdrawal. DNA from TABs was isolated with the DNA/RNA/Pro-
tein Purification Plus Kit (Norgen) following the manufacturer’s
instructions and quantified with Qubit Fluorometric Quantification
(Thermo Fisher Scientific). DNA methylation profiing was per-
formed using 500 ng of bisulfite-converted DNA hybridized to
the Infinium MethylationEPIC BeadChip array (lllumina) in accor-
dance with the manufacturer’s protocol. This array, designed to
target 850,000 CpG sites, provides coverage of 99% of anno-
tated RefSeq genes. Probe fluorescence was measured using a
BeadArray Reader (lllumina).

Quality controls and normalization. DNA methylation
raw data were processed using minfi R package'* (version 1.55)
under R version 4.4. First, we checked for samples showing poor
bisulfite conversion (detection P > 0.05) and those with discrep-
ancies between recorded sex information and sex inferred from
the data. Next, probes showing poor quality (detection P > 0.01)
were removed. We also filtered out CpGs from chromosomes X
and Y as well as those probes containing either a single nucleo-
tide polymorphism at the CpG interrogation site or at the single
base extension site. Finally, cross-reactive probes reported in
the literature were also removed.'® Probes were annotated using
[lluminaHumanMethylationEPICanno (version 10b5.hg38). Sub-
sequently, we normalized raw methylation values using the strati-
fied quantile normalization method.

Methylation levels were measured as g and M values. B val-
ues, representing the fraction of methylated probes on a scale
from O to 1, were used for visual representation and biologic inter-
pretation. M values (log2-transformed B values) were calculated
for statistical purposes, to approximate a normal distribution of
methylation values, more adequate for linear modeling. To evalu-
ate potential confounding effects, principal component analysis
(PCA) was conducted (Supplementary Materials section 2). In
addition, PCA was also used to estimate potential outliers in the
cohort. Samples exceeding a threshold of 4 SDs from the cluster
centroids were excluded from further analyses.

Genome-wide differential methylation analysis. We
compared methylation levels of patients with GCA versus controls
of all CpGs that passed quality controls using an empirical Bayes
moderated t-statistics test from limma R package.'® For this
comparison, we conducted independent sensitivity tests to
examine the contribution of all potential confounders (sex, age,
treatment at TAB collection, sample plate, slide, and well) to the
analysis. Pearson correlation or Wilcoxon signed-rank test was
applied depending on whether the variable of interest was contin-
uous or categorical. Variables showing an false discovery rate
(FDR) value (P4g) < 0.05 were considered to significantly contrib-
ute to DNA methylation profiles (Supplementary Table 1).

Accordingly, sample plate and sample slide were included in the
final regression model as covariates. To further support that sex
was not notably influencing the methylation changes observed in
our cohort, we also performed the differential methylation analysis
including sex as a covariate in addition to a disease—sex interac-
tion model. These complementary analyses are described in
detail in Supplementary Materials sections 3-5. For multiple-
testing correction, we applied a FDR of 0.05. To assess the
potential influence of unknown confounding factors on our find-
ings, we performed a permutation test in which case and control
labels were randomly reassigned within our cohort across
100 iterations, and the resulting differential analyses were com-
pared with those obtained in the original dataset (Supplementary
Materials section 6). The differential of B values (AB) between the
groups considered in each comparison were estimated as the dif-
ference in the median values. Those CpG sites with an P 4 < 0.05
and |AB| > 0.3 were considered as differentially methylated posi-
tions (DMPs). The enrichment of DMPs within genomic locations
was analyzed using epigenome-wide association study toolkit."”
Furthermore, we assessed the presence of differentially methyl-
ated regions (DMRs) with DMRcate'® by using default parameters
(A = 1,000) and considering only DMRs containing at least five
significant CpGs.

Pathway enrichment analysis. To explore the potential
pathologic relevance of the gene sets identified in our analyses,
we conducted pathway enrichment analysis using the EnrichR
tool.'® The analysis was performed by querying two comprehen-
sive databases: Gene Ontology Biological Process?® and BioPla-
net.?! Pathways needed to be enriched in at least five genes to
be considered, and those presenting an P,q; < 0.05 were consid-
ered significant. As methylation changes can either up-regulate or
down-regulate genes depending on their genomic context, we
included all annotated genes in the pathway enrichment analysis,
regardless of whether they contained hypermethylated or
hypomethylated CpGs.

Comprehensive overview of GCA-affected genes. To
identify genes exhibiting transversal alterations across gene regu-
lation, gene expression, and protein levels, we compared our
results on DMPs and DMRs with reported findings from previous
bulk omics studies in GCA. Specifically, we evaluated overlaps
with (1) DMPs previously reported in temporal arteries, 2 (2) differ-
entially expressed genes identified in temporal arteries,?® and
(3) altered protein levels observed in plasma serum.?® The charac-
teristics of the experimental design conducted in each of those
studies are summarized in Supplementary Table 2. As omics
studies reporting a large number of genes were compared, we
performed permutation tests to assess whether the observed
level of overlap between studies was significantly greater than
expected by chance (Supplementary Materials section 7).
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Data availability statement. Summary results will be
made available upon reasonable request. Individual-level data
cannot be shared due to privacy and ethical considerations.

Ethics approval. The study was approved by the ethical
committees of all institutions involved in this study. Participants
gave informed consent to participate in the study before
taking part.

RESULTS

Specific epigenomic signature in GCA-affected
arteries. After quality controls, 770,921 CpGs were analyzed,
and all samples were included in the analysis. Notably, 89.2% of
CpGs showing significantly altered methylation levels in GCA-
affected arteries in a previous study'? were also significant in our
results (Pag < 0.05) and showed a strong correlation in their AB
values between studies (Spearman correlation = 0.75; P < 2.2 x
107'%). In addition, all overlapping significant CpGs displayed
methylation changes in the same direction (Supplementary Mate-
rial section 3). Because of the increased statistical power in our
experimental design, a total of 228,152 CpG sites presented sig-
nificant changes in methylation (P.y < 0.05), demonstrating an
extensive epigenetic alteration present in the GCA-affected artery.
Randomized case and control permutations confirmed that the
large differences observed between patients with GCA and con-
trols were unlikely to be due to unaccounted confounding factors
in our experimental design (Supplementary Material section 6).
Across 100 iterations, a maximum of 10 significant CpGs were
identified, whereas the majority of permutations (n = 87) yielded
no significant CpGs. Because of the large effect of GCA patho-
genesis over arterial tissue, we proceeded to focus on those sig-
nificant CpGs showing major changes in methylation (|AB| > 0.3;
Pagi < 0.05), comprising 3,644 DMPs, in which 81.1% of them
represent novel DMPs for arteries affected by GCA. Among these,
2,680 were hypermethylated, and 964 were hypomethylated
(Figure 1; Supplementary Table 3). These DMPs were predomi-
nantly located in OpenSea regions and gene bodies
(Supplementary Table 4) and were annotated to 1,517 different
genes, including relevant genes involved in GCA pathologic
mechanisms related to inflammatory response and vascular
remodeling, such as IL6R, IL2RA, STAT3, and JAGT. Pathway
analyses of these DMPs showed 78 significant pathways
(Supplementary Tables 5-6), including fundamental immune
pathways related to IL-2 and CTLA-4 signaling as well as mecha-
nisms linked to the angiogenic process, such as integrins affect-
ing angiogenesis and CXCR4 signaling (Figure 2).

Epigenetic altered regions and affected pathways in
GCA. To determine consistent methylation changes in the epige-
nome, we conducted a DMR analysis, identifying 12,899 signifi-
cant regions associated with GCA (P, < 0.05). Among these,

5,393 were hypomethylated and 7,506 hypermethylated, with a
mean size of 9.583 CpGs per region. A subset of 918 DMRs
showed substantial methylation changes (jmean AB| > 0.2) and
were annotated to 935 genes (Supplementary Table 7), compris-
ing 282 additional genes from those identified by the annotation
of DMPs. This gene set included critical immune and
GCA-associated genes, such as IL17B, ILT1RA, HLA-DPAT,
TNF, and PDGFA, further supporting a strong alteration of
immune activation and tissue remodeling. Pathway enrichment
analysis highlighted disruptions in key arterial pathways (155 sig-
nificant pathways; Supplementary Tables 8-9). Notably, path-
ways related to arterial remodeling were enriched, including
regulation of growth factors VEGF and PDGF. Additionally, signal-
ing pathways relevant for arterial cell migration and immune cell
activation were affected, such as leukocyte transendothelial
migration, regulation of T cell activation, and natural killer cell-
mediated cytotoxicity (Figure 3). These findings emphasize the
extensive epigenetic reprogramming that drives the local arterial
response in the context of GCA pathogenesis.

Consistently altered genes in GCA omics studies. To
contextualize our findings, we evaluated the affected genes identified
in this study against previously reported omics datasets on GCA.
Notably, we identified 37 genes consistently altered in GCA-affected
arteries across three major epigenomics and transcriptomics studies
of this tissue, including this current work (Figure 4). This list com-
prises genes annotated either by DMPs or DMRs from our resullts,
DMPs reported by Coit et al,'® and genes classified as differentially
expressed in Ferrigno et al.?? For all studies considered, permutation
tests demonstrated that the number of overlapping genes was sig-
nificantly greater than expected by chance, including the overlap of
the 37 genes consistently identified in GCA-affected arteries (P <
0.0001 for all comparisons; Supplemental Material section 7). These
37 genes carried a robust body of omics evidence supporting their
involvement in the pathophysiology of GCA and contain genes
related to immune signaling (predominantly related to T cell mecha-
nisms), tyrosine kinases, transcription factors, and integrins as well
as other elements. Although the list includes several genes known
to be affected in GCA pathogenesis, such as CD28, IL2RA, and
TINF, it also highlights many genes whose potential role in the patho-
genesis of this disease have not been explored, such as ICOS,
GZMA, IRF5, TLR1, and FYN, among others. BTLA and SLAMF1
were particularly outstanding because they also exhibited signifi-
cantly altered protein levels in plasma serum from patients with
GCA.? These findings warrant further investigation given their con-
sistent alterations across independent GCA omics studies.

DISCUSSION

This study represents the largest genome-wide DNA methyl-
ation study of GCA-affected arteries conducted to date, providing
comprehensive insights into the severe epigenetic dysregulation
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within arterial tissue underlying this pathology. We analyzed the
most notable alterations in the GCA-associated signature, reveal-
ing major changes in critical immune and vascular pathways,
especially those related to immune activation and vascular
remodeling. Furthermore, by leveraging findings from epige-
nomics and transcriptomics studies, we identified key immune-

related genes found consistently altered in GCA-affected arteries,
comprising 37 genes that may play a fundamental role in driving
this condition.

Interpreting omics data in a complex condition such as GCA
is challenging due to the sheer number of genes implicated. To
address this, we prioritized genes with strong replicability across
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independent omics studies using TAB samples. Our integrative
approach yielded a shortlist of 37 genes exhibiting significant
methylation changes (replicated in two independent studies) and
altered gene expression levels. This shortlist encompasses a
robust set of genes potentially central to GCA, many of them not
previously proposed to play a specific role in the pathogenesis of
this disease. Among these, we observed a strong representation
of costimulatory proteins involved in T cell and antigen-presenting
cellinteractions, including CD28, CD247, BTLA, ICOS, and SLAM
proteins (SLAMF1 and SLAMFG). Additionally, immune-related
signaling molecules, such as TNF, FYN, ABL1, PIK3CD, and
PIK3CG, as well as transcription factors including RUNX1,
RUNX3, and BATF, were prominent. One particularly noteworthy
gene in this set is NLRP3, which encodes an intracellular pattern
recognition receptor that detects pathogens, endogenous dam-
age, and environmental irritants. After activation, it promotes the
formation of the NLRP3 inflammasome that leads to proinflamma-
tory signaling and apoptosis. This innate immunity-related path-
way plays a central role in cardiovascular diseases®* and is
gaining recognition for its role in autoimmune diseases?; there-
fore, its potential contribution to GCA pathogenesis deserves fur-
ther study, especially given its established value as a therapeutic
target for conditions presenting chronic inflammation.?®

T cell exhaustion is a process in which T cells, following
chronic exposure to antigens and persistent inflammatory signals,
progressively lose their effector functions and cytotoxicity while
up-regulating inhibitory receptors.?” Although this phenotype is
traditionally linked to chronic infections and cancer, it is now
increasingly recognized in autoimmune and inflammatory dis-
eases.?’ Our study, along with other GCA omics studies,

identified several markers of exhausted T cells as being altered in
GCA-affected arteries at both gene regulation and expression
levels. Notable examples include SLAMF6, HAVCR2 (also known
as TIM-3), and CX3CL1 (the ligand for CX3CR1), specific markers
of the exhausted T cell phenotype.?® Additionally, we also
observed consistently reported alterations in BTLA and BATF,
regulators of exhausted T cells differentiation.?® It is also important
to note that PD-1 and CTLA4, immune checkpoint molecules
implicated in regulating inflammation, are central to the progres-
sion of GCA*®0 and also deeply linked to the development of
exhausted T cells.?” Furthermore, the CXCR4 pathway, signifi-
cant in our pathway enrichment results, is also related to
exhausted T cell differentiation, as it has been reported that
CXCR4 can promote T cell exhaustion via JAK2/STAT3.%" Based
on the convergence of GCA-related pathways and T cell differen-
tiation, as well as the replicability of reported alteration of specific
markers of exhausted T cells across GCA studies, we hypothe-
size that the microenvironment of GCA-affected arteries—
characterized by persistent inflammation, hypoxia, and extracellu-
lar matrix damage—provides favorable conditions for the emer-
gence and maintenance of exhausted T cell phenotypes that
would impede the ability of the immune system to regulate the
local inflamsmation occurring in the affected tissue.

Although T cell exhaustion has been primarily described in
CD8+ T cells, the role of this T cell subtype in GCA remains poorly
understood despite evidence of their presence in inflamed arterial
tissue.®? Emerging evidence suggests that CD4+ T cells can also
exhibit an exhausted phenotype,®® and given the established
importance of CD4+ T cells in GCA pathogenesis, it would be par-
ticularly relevant to investigate whether exhausted subsets of both
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CD8+ and CD4+ T cells contribute to disease progression.
Understanding the functional implications of T cell exhaustion in
GCA could reveal novel mechanisms of immune dysregulation
and provide opportunities for targeted therapeutic interventions
aimed at restoring T cell function or mitigating exhaustion path-
ways, a promising therapeutic strategy currently under active
investigation in other conditions.3*°

Regarding epigenetic alterations newly identified in this cur-
rent study, pathway analysis revealed a broad spectrum of dis-
rupted mechanisms in the context of GCA. Among these, the
IL-2 signaling pathway emerged prominently, with the highest

number of affected genes (n = 93) being annotated to this path-
way. This finding emphasizes the contribution of IL-2 signaling in
GCA pathophysiology, associated with vascular persistent Th1
cell signature.®® Notably, low-dose IL-2 therapy has shown signif-
icant promise in helping regulate inflammatory responses across
a broad range of IMIDs.%” These results suggest GCA as a com-
pelling candidate for exploring the therapeutic potential of IL-2-
based treatments. Similarly, the IL-7 signaling pathway, also
related to IL-2, was found to be significantly enriched in our
results. Although IL-7 is well documented to play a role in other
IMIDs®® and is known to affect immune cell populations, for exam-
ple, promoting T cell apoptosis,® its involvement in GCA patho-
genesis represents a novel finding showing specific therapeutic
potential.*® Furthermore, our study also found a significant
change in the regulation of IL77RA, which supports the recently
proposed contribution of IL-11 in GCA pathogenesis by a multio-
mics study of blood-derived GCA monocytes.® Finally, another
notable finding was the novel association of the CXCR4 signaling
pathway with this disease, an essential regulator of local inflamma-
tion.*" CXCR4 is instrumental in preserving arterial integrity, regu-
lating vascular inflammation, and promoting angiogenesis and the
recruitment of inflammatory cells,*>*® processes that are central
to the pathophysiology of GCA. The implication of CXCR4 in GCA
pathogenesis also shows great therapeutic promise, as
CXCR4-targeted therapies are under active research.** These find-
ings reinforce the relevance of local immune and vascular signaling
in GCA and suggest that targeting pathways such as CXCR4 and
IL-2 could be pertinent for therapeutic innovation in this disease.
Our study offers valuable insights into the epigenetic
changes in GCA-affected arteries, leveraging well-powered
genome-wide DNA methylation profiling and multiomics compar-
ison to provide a comprehensive overview of this disease. The use
of a notable cohort and robust analytical methods allowed us to
identify novel pathways and mechanisms such as T cell exhaus-
tion and CXCR4 signaling. However, several limitations should
be acknowledged to fully contextualize these findings. The omics
evidence presented here provides statistical evidence but
requires further functional studies to clarify how the proposed
pathways and genes mechanistically contribute to GCA patho-
genesis. It is also important to clarify that because of the lack of
reference methods for cell deconvolution in arterial tissue, we
were unable to adjust our models for cell composition. Thus, our
results represent bulk tissue methylation changes reflecting the
combined signal from all cellular components. One important
aspect that remains unexplored in our study is how the genetic
component of GCA contributes to the extensive epigenomic alter-
ations identified. Achieving this goal will require a comprehensive
multiomics approach, including quantitative trait loci analyses.
Moreover, the substantial clinical heterogeneity of patients with
GCA posed challenges for our analysis. Although we identified a
robust epigenetic signature associated with GCA, limitations in
the sample size of our cohort prevented the possibility of studying
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the effect of particular clinical manifestations in DNA methylation,
restricting our ability to detect epigenetic patterns linked to partic-
ular phenotypes. It is also noteworthy that, because of the inher-
ent difficulty of obtaining TAB samples from individuals ultimately
diagnosed as non-GCA, only 10 control samples were available
for analysis, resulting in an imbalanced case—control ratio. These
limitations highlight the importance of future research involving
larger, clinically well-characterized cohorts and experimental vali-
dation to enhance our understanding of the molecular mecha-
nisms driving GCA pathogenesis.

This study represents a methodologically robust analysis into
the epigenetic landscape of GCA-affected arteries, leveraging
genome-wide DNA methylation profiling and previous omics find-
ings to provide novel insights into the pathogenesis of this dis-
ease. Among the key results, the potential involvement of
exhausted T cells in GCA pathophysiology represents an intrigu-
ing discovery, representing a new potential agent of the immune
dysfunction present in GCA-affected arterial tissue. These find-
ings enhance our understanding of GCA pathogenesis and high-
light therapeutic targets, paving the way for improved treatment
strategies.
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Longitudinal Autoantibody and Proteomic Signatures of
Disease Progression in Systemic Sclerosis
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Objective. To evaluate dynamic changes in autoantibody and proteomic profiles in treatment-naive patients
with systemic sclerosis (SSc) and to identify biomarkers and mechanisms associated with disease
progression.

Methods. Serum samples from 30 baseline and 49 follow-up patients with SSc, along with 38 controls, were ana-
lyzed. Autoantibody profiles were assessed using an autoantigen microarray targeting 120 autoantibodies, whereas
proteomic analysis was conducted via liquid chromatography mass spectrometry in data-independent acquisition
mode. Cox proportional hazards models were used to assess associations with disease progression, and Spearman’s
correlation was applied to analyze antibody—protein interactions.

Results. Baseline autoantibody profiling identified two patient subgroups: high expression (SSc_high) and low
expression (SSc_low), though their clinical characteristics were similar. Longitudinal analysis revealed that
88.9% of patients with rising autoantibody titers experienced disease progression, whereas 60% of those with
decreasing titers showed clinical improvement. Notably, increased CENP-B titers (hazard ratio 5.036) were
strongly linked to disease progression. Proteomic analysis identified 112 proteins involved in tissue repair and
immune modulation in patients with declining titers and clinical improvement, whereas 46 proteins linked to lipid
metabolism and oxidative stress were enriched in those with rising titers and disease progression. SERPINA10
emerged as the strongest risk factor for progression, whereas ENTPD5 was most protective. Antibody—protein
correlations that highlight key molecular interactions, including SERPINE1 and muscarinic receptor antibodies,
were identified.

Conclusion. Dynamic changes in autoantibody titers, rather than baseline levels, were more strongly associated
with SSc trajectory. Proteomic signatures suggest lipid metabolism and oxidative stress as potential drivers, highlight-
ing novel biomarkers and therapeutic targets for personalized SSc management.

INTRODUCTION kidneys. The unpredictable nature of the disease presents signifi-
cant challenges for effective management, highlighting the need
for reliable biomarkers to improve patient outcomes.

Previous studies have underscored the critical role of autoan-

Systemic sclerosis (SSc) is a rare, clinically heterogeneous
autoimmune disease characterized by inflammation, progressive

fibrosis of the skin and internal organs, and microvascular dam-
age. These pathologic features can lead to life-threatening com-
plications affecting the lungs, heart, gastrointestinal tract, and
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tibodies in predicting SSc prognosis. Key examples include anti-
centromere antibodies (ACA), anti-topoisomerase | antibodies
(Scl-70/anti~topo 1), and anti-BRNA polymerase Il antibodies.
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Patients with Scl-70 antibodies face a higher risk of severe com-
plications, such as diffuse cutaneous sclerosis and pulmonary
fibrosis, whereas those with anti-RNA polymerase Il antibodies
have a 10-fold increased risk of scleroderma renal crisis. Addi-
tionally, anti—protein-arginine N-methyltransferase 5 has recently
been proposed as a potential biomarker of disease trajectory,
whereas others—such as anti-tripartite motif—~containing protein
21, anti-interferon-inducible protein 16, anti-gephyrin, anti-
gAChR, and anti-SSSCA1—have been linked to pulmonary arte-
rial hypertension, interstitial lung disease (ILD), gastrointestinal
dysmotility, cancer risk, and cardiac manifestations.? However,
up to 11% of patients with SSc test negative for antinuclear
antibodies,® and as many as 17% lack detectable levels of estab-
lished SSc-specific antibodies,* underscoring the need for addi-
tional biomarkers to improve disease classification and prognosis.

Emerging research has identified autoantibodies with poten-
tial pathogenic roles, including antiplatelet-derived growth factor
receptor antibodies, anti-endothelial cell antibodies, and antifi-
broblast antibodies. Some autoantibodies also influence the tran-
scriptomic landscape of SSc blood cells. For instance, patients
with Scl-70 antibodies exhibit a proinflammatory and fibrotic tran-
scriptional signature characterized by impaired tissue remodeling
and elevated camnitine metabolism, whereas ACA-positive
patients display a signature associated with immunomodulation,
tissue homeostasis, and increased phospholipid metabolism.®
Single-cell RNA sequencing has revealed distinct gene expres-
sion profiles in specific cell clusters across autoantibody-defined
SSc subgroups,® suggesting the potential of autoantibody profil-
ing as a prognostic biomarker. However, further studies are
required to elucidate the mechanistic role of autoantibodies in
the pathogenesis of SSc. Exploring the pathogenic roles of auto-
antibodies may provide valuable insights for identifying new thera-
peutic targets. Moreover, most studies on autoantibodies in SSc
have been cross-sectional, leaving the relationship between auto-
antibody dynamics and disease progression poorly understood.

In this study, we conducted a comprehensive analysis of
autoantibody levels and proteomic profiles in 30 patients newly
diagnosed with SSc, who were observed for 6 to 24 months, to
assess dynamic changes during treatment and identify bio-
markers associated with disease progression. By integrating
autoantibody and protein signatures, we aim to advance
biomarker-driven strategies for managing the clinical heterogene-
ity of SSc and to deepen our understanding of its underlying dis-
ease mechanisms.

MATERIALS AND METHODS

Patient recruitment. Serum samples were collected at
Xiangya Hospital from 30 treatment-naive patients with SSc
at the time of diagnosis (SSc baseline, n = 30), as well as from
38 age- and sex-matched normal controls (NC). In addition, a
total of 49 follow-up serum samples were collected from this

same cohort at various time points after treatment initiation,
including at 6 months (n = 20), 12 months (n = 16), 18 months
(n = 5), and 24 months (n = 8) (Supplementary Figure 1). All
patients met the 2013 American College of Rheumatology/
EULAR classification criteria for SSc, and individuals with malig-
nancies, infections, other autoimmune diseases, or metabolic dis-
orders were excluded.”

Disease progression was defined as any of the following
Criteria:

1. Worsening of dermal fibrosis (>5-point and 20% increase
in the modified Rodnan skin thickness score [MRSS]).8

2. Radiologic deterioration of lung fibrosis, based on criteria
adapted from the 2022 international guideline for pro-
gressive pulmonary fibrosis.® Serial high-resolution com-
puted tomography scans were interpreted by
experienced thoracic radiologists, and progression was
defined by one or more of the following: increased extent
or severity of traction bronchiectasis or bronchiolectasis,
new ground-glass opacities with associated traction
bronchiectasis, new areas of fine reticulation, increased
extent or coarseness of reticular abnormalities, new or
increased honeycombing, or increased lobar volume loss.

3. An increase in systolic pulmonary artery pressure to
>45 mm Hg on echocardiography as a surrogate for pul-
monary arterial hypertension.

4. New onset of digital ulcers, renal crisis, or gastrointestinal
involvement.'©

SSc improvement was defined as a >5-point and 20%
decrease in MRSS over 12 months or a radiologic improvement
of ILD.™

Demographic and clinical data were collected for all partici-
pants (Supplementary Tables 1-3). The study was approved by
the ethics committee of Xiangya Hospital, Central South Univer-
sity (Changsha, Hunan, China; ID: 201303293), and written
informed consent was obtained from all participants.

Autoantibody profiling. Autoantibody profiing was con-
ducted using the Systemic Autoimmune-Associated Antigen
Array (PA001-V3; GeneCopoeia Inc), which detects 120 autoanti-
bodies, including controls. On the day of hybridization, autoanti-
gen slides were equilibrated to room temperature for
30 minutes. A 16-section frame was applied to separate individual
arrays, followed by blocking with 50 ul of blocking buffer under
gentle agitation for 30 minutes. Serum samples were diluted
1:100 in blocking buffer, an optimized dilution based on prelimi-
nary experiments to maximize the signal-to-noise ratio. Then,
50 ul of the diluted serum samples was applied to each array
and incubated for 60 minutes with agitation. After incubation,
slides were washed three times with 100 pl of washing buffer
(phosphate buffered saline [PBS] with 0.05% Tween 20, pH 7.4)
for five minutes each under agitation. Cy3-labeled anti-human
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lgG (Jackson ImmunoResearch) was applied at a 1:500 dilution,
followed by a 60-minute incubation at room temperature. After
further washing, the frame was removed, and the slides were
briefly immersed in PBS before being spun dry. Fluorescent sig-
nals were detected using a GenePix 4000B scanner (Molecular
Devices, LLC) with a 532 nm laser (for Cy3). Data processing
was based on net signal intensity, calculated as the average fluo-
rescence of each antigen after subtracting local background and
negative control signals. Results were normalized to internal Ig
controls.'?

Proteomics analysis. Fasting morning blood samples
were collected from NC and patients with SSc. Serum
samples were separated by centrifugation at 3,000 revolutions
per minute for 10 minutes at 4°C and stored at —80°C until analy-
sis. To enhance the detection of low-abundance proteins, high-
abundance proteins such as albumin and Ig were depleted using
the Pierce Albumin Depletion Kit (Thermo Fisher Scientific). The
depleted serum samples were then denatured with 8M urea, alky-
lated with 50-mM iodoacetamide, and digested overnight with
trypsin at 37°C (Thermo Fisher Scientific). Peptides were purified
using Pierce C18 Spin Columns (Thermo Fisher Scientific), follow-
ing the manufacturer’s protocol. Liquid chromatography mass
spectrometry/mass spectrometry was performed in data-
independent acquisition mode using a NanoAcquity UHPLC
system coupled to an Orbitrap Exploris 240 mass spectrometer
(Thermo Fisher Scientific). Briefly, 0.5 ug of peptides were
enriched in a trap column at a flow rate of 10 ul/min for 4 minutes
and then were separated on an analytical column (2 um, Acclaim
PepMap 100 C18 HPLC, 100 A, 250 x 0.075 mm [Thermo
Fisher Scientific]) at a constant flow rate of 300 nl/min over
150 minutes. Protein expression was quantified using DIA-NN
version 1.8.1 (Aptila Biotech GmbH) with the UniProt human
protein database (www.uniprot.org/, accessed October
20, 2022) as the reference library and with a precursor false dis-
covery rate threshold of <0.05. Data were normalized using the
DEP package in R version 1.16.0 (R Project for Statistical
Computing).

Statistical analysis. All statistical analyses were per-
formed using R software. The Shapiro-Wilk test was used to
assess data normality. For normally distributed data with homo-
geneous variances, an unpaired t-test was applied, whereas for
nonnormally distributed data or those with heterogeneous vari-
ances, the Mann-Whitney U test was used. Multiple group com-
parisons were conducted using the Kruskal-Wallis test, and
categorical variables were analyzed using the chi-square test or
Fisher exact test. To assess whether autoantibodies and proteins
were significant independent predictors of SSc disease progres-
sion, the hazard ratio (HR) was calculated using the Cox propor-
tional hazards model, implemented via the survival package.
Correlations between autoantibody and protein levels were

analyzed using Spearman’s rank correlation coefficient. A two-
sided P value of <0.05 was considered statistically significant.

RESULTS

Identification of high- and low-expression antibody
groups in patients with SSc. Using an autoantigen microarray,
we profiled 85 autoantibodies in serum samples from 30 treat-
ment-naive patients with SSc (SSc baseline) and 38 NC after qual-
ity control, categorizing them into 10 groups: antinuclear antibodies
(eg, Scl-70/anti-topo |, CENP-A, CENP-B), blood factors (Factor
B/D/H//P, fibrinogen V), complement proteins (C1qg, C3/C3a),
cytokines (growth differentiation factor 15 [GDF-15], Transforming
growth factor beta-1 proprotein [TGFB1]), cytoskeletal/extracellular
matrix proteins (eg, a-actinin, B-actin, collagen I-VI, vitronectin),
inflammatory factors (interferon-a, tumor necrosis factor a),
mitochondrial-related antibodies (M2, FARS2), organ-specific anti-
bodies (eg, neuropilin-1, myelin basic protein, Thyroid peroxidase,
Tissue transglutaminase), and other antibodies (eg, S100B, amy-
loid, hemocyanin, aquaporin 4) (Figure 1A). Clustering analysis
identified two distinct patient subgroups: a high-expression anti-
body group (SSc_high) and a low-expression antibody group
(SSc_low) (Figure 1A). The anti-Scl-70/anti-topo | antibody was
detected in most patients with SSc but was absent in
NC. However, comparison between the SSc_high and SSc_low
groups revealed no significant differences in demographics (age,
sex) or clinical characteristics, including SSc subtype, disease
duration, Raynaud phenomenon (RP), ILD, MRSS, or fibrotic labo-
ratory markers (Krebs von den Lungen 6, ferritin) (Figure 1B and C).

Serum antibody level changes correlate with
disease progression in patients with SSc. To investigate
changes in serum antibody levels during follow-up and their
association with disease progression in SSc, we analyzed anti-
body dynamics in two groups: SSc_high (n = 12) and SSc_low
(n = 18), classified based on average antibody density. Anti-
body changes were categorized into three groups based on a
>20% deviation from baseline at the first follow-up: increased,
decreased, or unchanged (Supplementary Table 4). Among
patients in the SSc_high group, 10 (83.33%) exhibited
decreased antibody levels, 1 (8.33%) showed an increase,
and 1 remained unchanged. In the SSc_low group, 8 patients
(47.05%) had increased antibody levels, 5 (29.41%) showed a
decrease, and 4 remained unchanged (Figure 2A and D).
These findings suggest that patients with high baseline anti-
body levels were more likely to experience a decline over time,
whereas those with low baseline levels were more prone to an
increase.

To further assess the clinical relevance of antibody changes,
we classified all patients into three groups based on antibody
dynamics—increase (n = 9), decrease (n = 15), or unchanged
(n =5)—and evaluated their disease progression. Among patients
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in the antibody decrease group, 60% showed clinical improve-
ment, whereas 26.7% experienced disease progression. In con-
trast, 88.9% of patients in the antibody increase group exhibited
disease progression, with no cases of improvement observed in
either the increase or unchanged group. The difference
in improved patients between the antibody increase and antibody
decrease group was statistically significant (P < 0.05; Figure 2E,
Supplementary Figure 2), indicating that a decline in antibody
levels was associated with clinical improvement.

To further explore the role of specific antibody changes in
disease progression, we calculated the HR. An increase in 26 anti-
bodies during treatment was significantly associated with disease
progression, with CENP-B showing the highest risk (HR 5.036).
Other implicated antibodies included LC1, muscarinic receptor,
SP100, intrinsic factor, myosin, myeloperoxidase, factor |, GDF-
15, fibrinogen S, B-actin, and CENP-A, among others (Figure 2F).

Proteomic changes associated with differential
antibody dynamics and disease trajectories. To investi-
gate the influence of antibody titers on disease progression in
SSc, we analyzed serum proteomic changes in two patient
cohorts: one with significantly decreased antibody titers and clin-
ical improvement and another with significantly increased titers
and disease progression. In patients with reduced titers and
improved clinical conditions, we identified 112 proteins
(54 increased, 58 decreased) that exhibited significant changes,
although these proteins remained unchanged in patients with ele-
vated titers and disease progression. Functional analysis revealed
that these proteins were primarily involved in leukocyte migration
(CD74, intercellular adhesion molecule 1), differentiation (IHH,
LGALS1), chemotaxis (phospholipase A, group 7, SERPINET),
extracellular matrix organization (VIM, NID2), collagen biosynthe-
sis and metabolism (TGF-1, IHH), and endothelial cell prolifera-
tion (LRG1, platelet-derived growth factor B, SPARC) (Figure 3A
and B, Supplementary Table 5-6). Conversely, in patients with
increased titers and disease progression, we identified 46 distinct
protein changes (16 increased, 30 decreased) that were absent in
the improved group; these proteins were predominantly associ-
ated with lipid metabolism (ADIPOQ, ANXA2, APOA4, apolipo-
protein E), including the regulation of sterol and cholesterol
transport, lipid localization, triglyceride metabolism, and choles-
terol efflux, as well as with acute inflammatory responses (serum
amyloid A1 [SAA1], SAA2, SAA4) and cellular responses to

oxygen radicals and superoxide (superoxide dismutase 2). Addi-
tionally, seven proteins (one increased, six decreased) common
to both groups were linked to glycolytic processes and pyridine/
purine nucleotide catabolism (LDHA) (Figure 3A and B, Supple-
mentary Tables 5 and 6).

HR analysis identified SERPINA10, SERPINE1, C1QB, C8G,
and MINPP1 as risk factors for disease progression, whereas
ENTPD5, HYOU1, LRG1, MMRN2, and CLU were associated
with protection against progression (Figure 3C). Additionally, cor-
relation analysis revealed that antibody changes were positively
correlated with risk proteins and negatively correlated with pro-
tective proteins. Figure 3D highlights the top antibody—protein
pairs, with SERPINE1, LDHA, FAH, APOA2, and BID as the pro-
teins most frequently associated with antibody correlations,
whereas muscarinic receptor, collagen VI, and aggrecan were
the antibodies most frequently linked to protein correlations.

DISCUSSION

In this study, we identified two distinct groups of patients with
SSc based on their baseline autoantibody expression levels. How-
ever, these baseline levels did not significantly correlate with clinical
characteristics, such as the MRSS, ILD, or RP, suggesting that static
antibody levels at diagnosis may not accurately reflect disease sever-
ity. Instead, our longitudinal analysis demonstrated that dynamic
changes in antibody titers were more predictive of disease progres-
sion. Patients with rising antibody titers were more likely to experi-
ence disease worsening, whereas those with declining titers
showed clinical improvement. We hypothesize that rising antibody
titers during treatment may reflect ongoing immune activation, insuf-
ficient therapeutic response, or impending flare, whereas decreasing
titers may signal immune modulation and treatment efficacy. Addi-
tionally, antibody kinetics and clinical manifestations may be tempo-
rally misaligned. High antibody titers or active immune response at
baseline may not always translate to severe fibrotic outcomes, partic-
ularly if patients receive timely and effective treatment that mitigates
downstream tissue damage.

To gain deeper mechanistic insights, we integrated autoantibody
data with proteomic analysis. Patients with decreasing autoantibody
titers and clinical improvement exhibited proteomic signatures associ-
ated with tissue repair and immune modulation. In contrast, those
with increased titers and disease progression showed enrichment in
proteins linked to lipid metabolism and oxidative stress. These

Figure 2. Changes in antibody expression during follow-up in patients with SSc. (A) Heatmap depicting changes in autoantibody expression in
the SSc_high group. (B) Heatmap showing changes in autoantibody expression in the SSc_low group. (C) Line graph illustrating changes in auto-
antibody levels in the SSc_high group. (D) Line graph depicting changes in autoantibody levels in the SSc_low group. (E) Bar chart comparing dis-
ease progression, improvement, or stability in patients with SSc. (F) Forest plot illustrating the HR of autoantibody level changes on SSc disease
progression. ANA, antinuclear antibody; BPI, bactericidal/permeability-increasing protein; CSK, cytoskeletal proteins; ECM, extracellular matrix
proteins; GDF-15, growth differentiation factor 15; HR, hazard ratio; IFN, interferon; MPO, myeloperoxidase; ns, not significant; SSc, systemic
sclerosis; TGF-B1, transforming growth factor g1; TNF, tumor necrosis factor; Topo |, topoisomerase |; TPO, Thyroid peroxidase; TTG, Tissue
transglutaminase; U1-snRNP, U1 small nuclear ribonucleoprotein. Color figure can be viewed in the online issue, which is available at http://

onlinelibrary.wiley.com/doi/10.1002/art.43354/abstract.
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Figure 3. Impact of antibody titer changes on serum proteomic profiles. (A) Heatmap showing changes in serum proteomic profiles in patients with
SSc before and after treatment. (B) Bubble plot representing GO pathway enrichment for altered proteins in A. (C) Forest plot showing the HR of altered
protein levels on SSc disease progression. (D) Bubble plot illustrating the correlation between changes in protein levels and antibody titer changes. CoA,
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findings suggest that persistent dysregulation of lipid metabolism and
oxidative stress may drive disease progression. Targeting these
pathways—such as correcting lipid metabolism abnormalities —could
offer therapeutic benefits. Additionally, both progression and improve-
ment groups exhibited alterations in glycolysis and nucleotide catabo-
lism, indicating common molecular responses to treatment.

Several antibodies and proteins were significantly associated
with disease progression. Among them, plasma serpin family
proteins—SERPINE1, SERPINA5, and SERPINA10—were par-
ticularly notable. This aligns with prior research demonstrating
that elevated SERPINE1 expression in SSc skin is linked to pro-
gressive skin fibrosis.'® Conversely, protective factors such as
apolipoproteins (APOA4, APOA2), PCSK9, and oxidative stress-
related proteins (SELENOP, HYOU1) were associated with
reduced disease severity.

Among the autoantibodies examined, CENP-B and CENP-A
demonstrated predictive value for disease progression. This find-
ing is consistent with previous studies showing that the presence
of CENP-A and/or CENP-B predicts the extent of skin involve-
ment over time."* Similarly, our research highlighted the role of
antimuscarinic receptor antibodies in SSc progression, with
strong correlations observed between these antibodies and mul-
tiple serum proteins. Earlier studies have linked gastrointestinal
dysmotility in SSc to circulating autoantibodies against the
muscarinic-3 receptor, which inhibit smooth muscle contraction
when stimulated by cholinergic agents and block indirect muscle
responses triggered by electric field neural stimulation.'® These
results suggest that antimuscarinic receptor antibodies may con-
tribute to SSc-related gastrointestinal dysmotility by disrupting
muscarinic neurotransmission.

Anticollagen antibodies reactive to types |, II, lll, IV, and V
have been well documented in SSc.'” In our study, we detected
antibodies against collagen types | through VI in SSc serum sam-
ples and identified changes in anti-collagen VI antibodies as a risk
factor for disease progression. Moreover, anti-collagen VI anti-
bodies showed strong correlations with several serum proteins,
including SERPINE1, LDHA, and APOA4, among others. How-
ever, their precise relationships and potential roles in SSc patho-
genesis require further investigation in future studies.

This study has several limitations. First, the relatively small
sample size and the decline in patient numbers over time, particu-
larly at the 24-month follow-up, limit the statistical power and the
strength of longitudinal conclusions. Additionally, the predomi-
nance of Scl-70/anti-topo I-positive patients in this cohort results
in a relatively homogeneous autoantibody distribution, which may
reduce the generalizability of our findings to the broader SSc pop-
ulation. Larger multicenter studies with more diverse autoanti-
body profiles are needed to validate these results and improve
their applicability. Second, although we observed significant
associations between changes in antibody titers, proteomic pro-
files, and disease progression, the causal relationships remain
unclear. Future mechanistic studies are essential to determine

how specific antibodies contribute to SSc pathogenesis at the
molecular level.

In summary, our findings establish a connection between
increasing autoantibody titers, proteomic changes, and the pro-
gression of SSc. By combining autoantibody and proteomic data,
we have deepened our understanding of SSc pathogenesis, set-
ting the stage for biomarker-driven approaches to manage the
disease. Future research should focus on validating these bio-
markers in diverse populations, clarifying the roles of the identified
proteins, and creating tools for real-time clinical monitoring.
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Chitinase 3-Like 1 Promotes Endothelial-to-Mesenchymal
Transition in Systemic Sclerosis via Mechanistic Target
of Rapamycin Complex 1 Signaling Pathway

Xiuyuan Wang," 2 X Xue Han," ( Jia Yu," Feifei Hu," Chengjie Huang,> Cheng Chen," () Liuting Huang,’
Ying Jiang," Xinzhi Xu," Manna Lin," Junxia Huang," '’ Tianbao Ye,? and Ji Yang'

Objective. Systemic sclerosis (SSc) is a complicated autoimmune connective tissue disorder. Endothelial-
to-mesenchymal transition (EndoMT) contributes to vasculopathy and fibrosis in SSc, yet its underlying mechanism
remains to be elucidated. Here, we determined the role and mechanism of chitinase 3-like 1 (CHI3L1) in SSc EndoMT.

Methods. Skin sections were immunostained for detecting the EndoMT and the expression pattern of CHI3L1 in
patients with SSc. Human umbilical vein endothelial cells (HUVECs) were stimulated with recombinant CHI3L1 and
anti-CHI3L1 antibody (CHI3L1 Ab) to explore the effects of CHI3L1 on ECs in vitro. In vivo, the bleomycin (BLM)-
induced SSc mice were treated with CHI3L1 Ab to investigate the improvement of vasculopathy and fibrosis. Further-
more, proteomics was conducted to explore the specific mechanism by which CHI3L1 induces EndoMT in ECs.

Results. Immunofluorescence staining of skin sections confirmed EndoMT and the co-localization of CHI3L1 and
ECs in patients with SSc. Subsequently, CHI3L1 was demonstrated to facilitate EndoMT in HUVECs. Furthermore,
treatment with CHI3L1 Ab in BLM-SSc mice showed alleviation in SSc vasculopathy and fibrosis. Mechanistically,
CHI3L1 mediated EndoMT primarily by binding to the CD44 receptor on ECs, then activating the downstream
Akt/mechanistic target of rapamycin complex 1 (mTORC1)/S6 kinase signaling pathway, thereby regulating the
EndoMT trigger transcription factors Snail and Slug. Finally, administration of rapamycin, an mTORCH1 inhibitor, has
been shown to inhibit the CHI3L1-mediated EndoMT process.

Conclusion. This research reveals a new function of CHI3L1 in facilitating EndoMT in SSc and highlights CHI3L1 as

a promising therapeutic target for SSc.
INTRODUCTION

Systemic sclerosis (SSc) is a complex connective tissue
disease marked by microvascular damage, immune dysregula-
tion, and multiorgan fibrosis.'™® The excessive and irreversible
fibrosis in SSc results in the highest mortality rate among all rheu-
matic disorders, which is mainly driven by the overproduction of
activated myofibroblasts, leading to immoderate collagen-rich
extracellular matrix (ECM) deposition.*~” Consequently, extensive
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research has focused on identifying the cellular origins of
myofibroblasts due to their critical role in fibrosis. Recent studies
have confirmed that vascular endothelial cells (ECs) show remark-
able plasticity through endothelial-to-mesenchymal transition
(EndoMT), serving as a key source of myofibroblasts.®~'°
EndoMT is a phenotypic conversion in which ECs lose polarity,
down-regulate specific markers like CD31 and vascular endo-
thelial cadherin (VE-Cadherin), and gain myofibroblast character-
istics including expressing vimentin and a-smooth muscle actin
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(a-SMA), together with nuclear translocation of the transcription
regulators Snail and Slug, key triggers of EndoMT.""'2 To date,
EndoMT has been recognized as a crucial transdifferentiation pro-
cess contributing to vascular dysfunction and fibrosis in SSc. %14

Chitinase 3-like 1 (CHISL1), a member of the glycosyl hydro-
lase family 18, is a secreted glycoprotein that exhibits characteris-
tics of both cytokines and growth factors, expressed in various
cells such as macrophages, neutrophils, and keratinocytes.'®
Numerous studies have demonstrated that CHI3L1 plays a signif-
icant role in antigen-induced and oxidative injury responses,
inflamsmation, tissue repair and remodeling, such as in the
pathogenesis of rheumatoid arthritis, atopic dermatitis, and liver
fibrosis.'®™'® Qur recent research found elevated CHI3L1 levels
in the skin and serum of patients with SSc, with serum
levels linked to fibrosis severity.'® These results suggest CHI3L1
as a key regulator in pathogenesis of SSc, although its specific
role and underlying mechanisms remain unclear.

In this study, we observed that compared with healthy
controls (HCs), patients with SSc exhibited significantly
increased co-localization of ECs marker CD31 and CHI3L1 in
the skin, particularly in those with cutaneous vascular symp-
toms. Additionally, the serum CHI3L1 concentration was
found to be correlated with the vascular injury factor endothe-
lin 1 (ET-1). We further demonstrated that CHI3L1 stimulation
drove human umbilical vein ECs (HUVEGCs) to lose their spe-
cific marker CD31 and underwent transdifferentiation into
myofibroblasts. This process primarily occurred via the bind-
ing of CHI3L1 to CD44, a transmembrane receptor on
HUVECs, subsequently activating the  downstream
Akt/mechanistic target of rapamycin (MTOR) complex
1 (MTORC1)/S6 kinase (S6K) axis. Moreover, by application
of humanized antibody against CHI3L1 (CHI3L1 Ab), we fur-
ther demonstrated that treatment with CHI3L1 Ab ameliorated
SSc vasculopathy and fibrosis in bleomycin (BLM)-induced
SSc mice.'® Our research highlights the novel role of CHI3L1
in inducing SSc-related EndoMT and hints CHI3L1 as a prom-
ising therapeutic target for improving the clinical outcomes of
patients with SSc.

MATERIALS AND METHODS

Methods and materials availability. An extended
description of methods and materials is provided in the Supple-
mental Material.

Patient involvement. Skin biopsies were collected
from 10 patients with SSc and 10 healthy subjects for
the immunofluorescence staining of skin  sections
(Supplementary Table S1). Specifically, SSc skin biopsies
were obtained from the forearm (n = 5), back (n = 2), thigh
(n = 2), and lower leg (n = 1). HC skin biopsies were
obtained from the forearm (n = 4), back (n = 2), lower leg

(n = 2), thigh (n = 1), and abdomen (n = 1). Serum samples
were obtained from 35 patients with SSc (Supplementary
Table S2).

Protein-protein interaction network analysis. Correlation
of CHI3L1T and EndoMT-related proteins were analyzed
using String (https://cn.string-db.org/). Protein—protein interac-
tion (PPI) enrichment analysis was performed using Cytoscape
(https://cytoscape.org/).

Cell culture, stimulation, gene delivery, and
immunostaining. HUVECs (Promocell, Heidelberg, Germany)
were cultured in ECs growth medium maintained at 37°C in a
humidified 5% CO, atmosphere.

For stimulation, HUVECs were serum starved for 24 hours
and then treated with phosphate-buffered saline (PBS),
100 ng/mL recombinant CHI3L1 (rCHI3L1; MedChemExpress
[MCE]), 100 ng/mL CHI3L1 Ab, 100 ng/mL human IgG1 kappa
Isotype Control (MCE), 100 ng/mL CD44 Ab (MCE), or 50 nM rap-
amycin (MCE) for an appropriate time.

We used a lentiviral vector containing mTOR short hairpin
RNA (shRNA) to inhibit mTOR expression in this study. The lenti-
viral vectors of mTOR shRNA and control scrambled shRNA were
purchased from Hanheng Biotechnology in Shanghai, China. The
target sequence for mTOR shRNA was 5’-CCGCTAGTAGG-
GAGGTTTATT-3.” HUVECs were transduced for 48 hours with
appropriate virus units according to the manufacturer’s instruc-
tions. Subsequently, rCHI3L1 (100 ng/mL) or PBS was added to
HUVECs transfected with mTOR shRNA or control shRNA and
incubated for 48 hours.

For immunostaining, HUVECs were fixed with 4% parafor-
maldehyde and permeabilized with 0.08% Triton X-100 for
20 minutes and subsequently blocked with 5% bovine serum
albumin (BSA) with 1% donkey serum for 30 minutes. HUVECs
were subsequently stained with indicated primary antibodies at
4°C overnight. Afterwards, HUVECs were incubated with labeling
fluorescent secondary antibody for 1 hour at room temperature,
and nuclear was stained with DAPI (Invitrogen). Fluorescent
images were acquired by fluorescent microscopy. Quantification
of fluorescence intensity was performed using Imaged software
(version 1.52v).

Real-time quantitative reverse transcription polymerase
chain reaction. Total RNA from tissues or cells was extracted
using Total RNA Isolation Kit (Vazyme), according to the
manufacturer’s instructions. Complementary DNA (cDNA) was
prepared using HiScript Il 1st Strand cDNA Synthesis Kit
(Vazyme) following the manufacturer’'s protocol. Real-time
quantitative reverse transcription polymerase chain reaction
(RT-PCR) was conducted using Universal SYBR Green
Master Mix (Vazyme). The primers for gRT-PCR were listed in
Supplementary Table S3. 18s served as a housekeeping gene.
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Standard comparative Ct+ method was used for calculating
gene expression.

Western blot. Total proteins were extracted from cells or
heart tissues using radioimmunoprecipitation assay buffer sup-
plementary with complete protease inhibitor (Roche) and phos-
phatase inhibitor (Roche). Protein concentration was quantified
using Pierce BCA Protein Assay Kit (Thermo Fisher Scientific).
Equal amount of protein was added to sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) gels. After
separation, SDS-PAGE gels proteins were transferred to PVDF
membranes and blocked with 5% BSA/Tris-buffered saline. The
membranes were incubated with indicated primary antibodies at
4°C overnight (Supplementary Table S4). Membranes were then
incubated with horseradish peroxidase—conjugated secondary
antibody for 2 hours. The membranes were explored using Tanon
instrument and quantified with Imaged software (1.52 V).

Tube formation assay. Aliquots of matrigel (150 uL; Corn-
ing) were added into a 48-well plate and then incubated at 37°C
for 30 min. HUVECs were pretreated for 48 hours and then
seeded onto the gel at a density of 2 x 10* cells per well. After
12-hour incubation in a humidified incubator (37°C, 5% CO,), six
random fields were selected from each well and photographed.
Imaged software (1.52 V) was used to measure the number of
tubules formed.

Transwell assay. An 8-um transwell system (Corning)
was used to conduct invasion assays. HUVECs were plated at
3 x 10% cells per well to the upper chamber with serum-free
medium. The bottom well was added with complete medium.
Following 24 hours of incubation, cells that did not migrate and
were left inside the upper chamber were wiped off. The migra-
tory HUVECs were fixed with 4% paraformaldehyde before
being stained with 0.01% Crystal Violet (Sigma) and then
counted using microscopy at 6 random fields.

Scratch assay. HUVECs were seeded on six-well plates,
cultured to 100% confluency, and serum starved overnight.
Scratch wounds were created in confluent monolayers using a
sterile p1000 pipette tip. To inhibit cell proliferation, HUVECs were
pretreated with 10 pg/mL mitomycin C (Sigma). After the scratch,

HUVECs were stimulated for 24 hours. Wound closure was
expressed as the percentage of wound reduction relative to the
original wound. Wound area was measured using Imaged soft-
ware (1.52 V).

Mice, BLM-SSc model, and drug administration. Wild-
type C57BL/6 mice (female, 6 weeks) were purchased from JieSi-
Jie Laboratory Animal Ltd (Shanghai, China). Mice were bred
under specific pathogen-free conditions. All animal experiments
were conducted in strict accordance with the Animal Care and
Use Committee of Zhongshan Hospital and Fudan University. All
procedures complied with the National Institutes of Health Guide-
lines for the Care and Use of Laboratory Animals.

To generate BLM-SSc mice, BLM (Nippon Kayaku, Tokyo,
Japan) was dissolved in PBS to a concentration of 0.5 mg/mL
and injected subcutaneously into the shaved backs of mice at a
dose of 100 uL for 21 successive days. Mice receiving PBS injec-
tions served as controls for the BLM-SSc group.

To evaluate the effects and safety of blocking CHI3LI,
CHIBL1 Ab treatment (0.2 mg/kg) or mouse IgG1 kappa isotype
control (eBioscience; 0.2 mg/kg) was subcutaneously injected
once a week (days 1, 8, and 15), with daily administration of
BLM or PBS for 3 weeks (day 1 to day 21). The mice were eutha-
nized through carbon dioxide inhalation, followed by cervical
dislocation.

Immunofluorescence staining of skin tissue. Freshly
collected skin tissues were embedded in optimum cutting tem-
perature compound and cut into 7-um sections. The cryosec-
tions were blocked with 10% goat serum albumin and 0.03%
Triton X-100 for 1 hour at room temperature after fixation and
permeabilization. Then, slides were incubated with indicated pri-
mary antibodies overnight at 4°C (Supplementary Table S4).
After washing with PBS, the samples were incubated with corre-
sponding fluorescence secondary antibody for 2 hours at room
temperature. Finally, the nuclei were stained with DAPI
(Invitrogen) for 10 minutes. Slides were viewed using fluorescent
microscopy, and fluorescent intensity was analyzed using Ima-
ged software (1.52 V). Specifically, the ratio of CD31/CHI3L1
co-localized ECs was calculated as the average of five randomly
selected vessels exhibiting typical vascular staining in each skin
section.

Figure 1. CHI3L1 may contribute to SSc endothelial-to-mesenchymal transition (EndoMT). (A) Representative immunofluorescent micrographs
and magnification of skin stained with a-SMA and CD31 (left) and quantification of vessels displaying a-SMA/CD31 co-localization (right) and in HC
(n = 10) and patients with SSc (n = 10). In SSc skin, co-localization of CD31 and a-smooth muscle actin exhibits yellow staining, which is promi-
nently observed in transitional EndoMT cells of dermal vessels (arrows). (B) Representative immunofluorescent images of skin stained with CHI3L1
and CD31 (left) and quantification of ECs displaying CHI3L1/CD31 co-localization (right) in HC (n = 10) and patients with SSc (n = 10).
(C) Correlations between serum CHI3L1 levels and ET-1 levels of patients with SSc (n = 35). Data are presented as mean + SEM. (A) and (B), by
unpaired Student’s t-test. (C), by Spearman’s rank correlation test. **P < 0.001, compared with corresponding groups. a-SMA, a-smooth muscle
actin; CHI3L1, chitinase 3-like 1; EC, endothelial cell; ET-1, endothelian 1; HC, healthy control; ns, no significance; SSc, systemic sclerosis.
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Enzyme-linked immunosorbent assay. The serum
concentrations of ET-1 and von Willebrand factor (VWWF) were
measured using specific enzyme-linked immunosorbent assay
(ELISA) kits (Cusabio). The assays were conducted following the
kit instructions. The absorbance of the plate was measured at
450 nm.

Histology. Formalin-fixed and paraffin-embedded skin
and lung tissues were stained with hematoxylin—eosin (HE). Alter-
natively, the tissues were stained with Masson’s trichrome to
assess collagen deposition. All sections were analyzed in a
blinded manner.

Hydroxyproline assay. The collagen content in the skin
and lung tissues of mice was measured using a QuickZyme Total
Collagen Assay (QuickZyme), following the manufacturer’s
guidelines.

Proteomics and analysis. Five thousand HUVECs sorted
via fluorescence-activated cell sorting were added into n-dodecyl
B-D-maltoside (DDM) lysis buffer (0.1% DDM, 1 mM tris (2 - car-
boxyethyl) phosphine, and 2 mM chloroacetamide) in low pro-
tein-binding tubes and ultrasonicated for 1 hour followed by 1
hour heated at 60°C. Then, the extracted proteins were digested
with trypsin (Thermo Fisher Scientific) at a ratio of 1:10 at 37°C
overnight, and the reaction was stopped by adding formic acid
(FA) to a final concentration of 1%. The extracted peptides were
dried immediately and dissolved with 5 pl of 0.1% FA before per-
forming liquid chromatography mass spectrometry/mass spec-
trometry analysis.

For data independence analysis (DIA), a mixture of peptides
derived from each sample was loaded into high-pH, reversed-
phase fractionation spin column (Thermo Fisher Scientific), per
manufacturer’s instruction, to obtain fractions for building a spec-
tra library for DIA. Peptides were quantified equally using Pierce
quantitative fluorometric peptide assay according to manufac-
turer’s guidelines before liquid chromatography mass spectrome-
try measurement. Peptides were identified with Q-ExactivePlus
Hybrid Quadrupole-Orbitrap(Thermo Fisher Scientific).

The mass spectrometry raw files were processed with
Skyline searched against the UniProt database. The different
expression proteins or different modification proteins (fold
change > 1.5; P < 0.05) were analyzed with GO terms and Kyoto
Encyclopedia of Genes and Genomes (KEGG) mapper (https://
www.kegg.jp/). Gene Set Enrichment Analysis (GSEA) was per-
formed using GSEA (http://www.gsea-msigdb.org/).

Molecular docking analysis. Rigid protein—protein dock-
ing of CHI3L1 and CD44 from human sources was conducted
using GRAMM-X (http://gramm.compbio.ku.edu/). Structural
information was acquired from the Protein Data Bank (http://
www.rcsb.org/). Pymol (version 2.4; Schrodinger, USA) and (Pro-
tein Data Bank in Europe Protein Interfaces, Surfaces and Assem-
blies) PDBePISA (https://www.ebi.ac.uk/pdbe/pisa/) were used
for PPl analysis and visualization.

Co-immunoprecipitation assay. HUVECs were treated
with human rCHI3L1 (MCE) for 10 minutes. Next, HUVECs
were gently rinsed with PBS and lysed using immunopreci-
pitation lysis buffer (2.5 mM pH 7.4 Tris; 150 mM NaCl, 1 mM
EDTA, 1% NP40, 5% glycerol, and protease inhibitor cocktail).
Co-immunoprecipitation (Co-IP) was conducted using a
Pierce Co-IP kit (Thermo Fisher Scientific) following the manu-
facturer’s instructions. For cell-free in-tube assays, 5 ug human
rCHI3L1 (MCE) and 5 pg human recombinant CD44 (rCD44;
MCE) were mixed in lysis buffer and shaken at 4°C overnight
before performing Co-IP.

Statistical analysis. All guantitative data are shown as the
mean + SEM. The Shapiro-Wilk test was employed to assess
data normality. Normally distributed data were analyzed using an
unpaired Student’s t-test for two-group comparisons or analysis
of variance for comparisons involving more than two groups.
Mann-Whitney tests were applied to data that did not follow a
normal distribution. Correlation analysis was performed using
Spearman’s rank correlation. A P value of less than 0.05 was
deemed statistically significant. GraphPad Prism version 9.0
(GraphPad Prism Software, Inc) was used for statistical analyses.

Figure 2. CHI3L1 promotes EndoMT in HUVECs. (A) Diagram of the experimental protocol. Four groups were set up: iso Ab, CHI3L1 Ab,
rCHI3L1 + iso Ab, and rCHIZL1 + CHI3L1 Ab (rCHI3L1 100 ng/mL; CHI3L1 Ab 100 ng/mL; iso Ab 100 ng/mL). (B) Representative immunofluo-
rescent images of HUVECs stained with a-SMA and CD31 after administration for 48 hours. Scale bar = 50 um. (C.) Quantification of a-SMA/
CD31 fluorescence intensity. n = 6/ea. (D) Representative WB and quantification of a-SMA, CD31, SNAIL, and SLUG in cell lysates of correspond-
ing groups after treatment for 48 hours. n = 6/ea. (E) Representative images and quantification of Matrigel tube formation assay in HUVECs after
stimulation for 48 hours. n = 6/ea. Scale bar = 200 um. (F) Representative images and quantification of transwell assay in the corresponding
groups after stimulation for 24 hours. n = 6/ea. Scale bar = 200 um. (G) Representative images and quantification of scratch assay in the corre-
sponding groups after stimulation for 24 hours. n = 6/ea. Scale bar = 500 um. Data are presented as mean + SEM. (C), (D), (E), (F), and (G), by
one-way ANOVA. P < 0.01, **P < 0.001, compared with corresponding groups. a-SMA, a-smooth muscle actin; ANOVA, analysis of variance;
CHIBL1, chitinase 3-like 1; EndoMT, endothelial-to-mesenchymal transition; HUVEC, human umbilical vein endothelial cell; ns, no significance;
rCHIBL1, recombinant CHI3L1; WB, Western blot; ea, each. Color figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.43356/abstract.
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Ethics statement. All patients provided written informed
consent before enrollment in the study, and the study was
approved by the Ethics Committee of Zhongshan Hospital and
Fudan University (B2023-414). Animal studies were strictly per-
formed in compliance with Animal Care and Use Committee of
Zhongshan Hospital and Fudan University (2023-193).

RESULTS

CHI3L1 may contribute to SSc EndoMT. Recent studies
have confirmed that EndoMT contributes to vasculopathy and
fibrosis in SSc by promoting ECs dysfunction, myofibroblast dif-
ferentiation, and ECM depostion.'* Dual immunofluorescence
staining for ECs marker CD31 and myofibroblast marker a-SMA
in skin sections from HCs and patients with SSc indicated that
a-SMA expression was primarily confined to vascular smooth
muscle cells surrounding the endothelial layer in the healthy der-
mis (Figure 1A). Apparent co-localization of a-SMA and CD31
was observed in the dermal vasculature of patients with SSc, indi-
cating ECs in the intermediate stage of EndoMT, which ultimately
led to vascular damage and provided additional sources of myofi-
broblasts (Figure 1A). Additionally, compared with HCs, the per-
centage of vessels showing co-localization of a-SMA and CD31
was significantly increased in the skin biopsies of patients with
SSc (Figure 1A).

Our previous research demonstrated that CHI3L1 is signifi-
cantly up-regulated in patients with SSc, and PPI network pro-
vides the insights suggesting a strong interaction between
CHI3L1 and various EndoMT-related proteins (Figure S1).'°
Moreover, we found a strong co-localization of CHI3L1 and
CD31 in the skin sections from patients with SSc than in those
of HCs (Figure 1B). Indeed, there was a significant increase in
CHISL1 and CD31 co-localized ECs in the dermal vasculature of
patients with SSc (Figure 1B). Furthermore, the ratio of CHI3L1/
CD31 co-localized ECs was elevated in patients with SSc exhibit-
ing cutaneous vascular symptoms including Raynaud phenome-
non (P = 0.178), nail fold bleeding (P = 0.033), pitting scars
(P = 0.056), and digital ulcers (P = 0.033; Supplementary
Table S5). Additionally, ET-1 plays a pivotal role in vascular dysfunc-
tion, fibrosis, and inflammation, halmark features of SSc, and a sig-
nificant correlation was observed between serum CHIZL1 and

ET-1 levels in patients with SSc (Figure 1C).%° Patients with Raynaud
phenomenon (P = 0.058), nail fold bleeding (P = 0.047), pitting scars
(P =0.107), and digital ulcers (P = 0.241) showed elevated CHI3L1
levels (Supplementary Table S6). These findings suggest that
CHIBL1 may exacerbate SSc vasculopathy and fibrosis by interact-
ing with ECs to promote EndoMT.

CHI3L1 promotes EndoMT in HUVECs. To further explore
the impact of CHI3L1 on ECs, we treated HUVECs with rCHISL1
and CHIBL1 Ab to assess whether CHISL1 could induce HUVECs
transition to a myofibroblast-like phenotype (Figure 2A). gRT-PCR
analysis showed that administration of rCHI3L1 down-regulated
the gene expression levels of the HUVECs markers CD37 and
VE-cadherin while up-regulating the expression of myofibroblast
markers vimentin and a-SMA, as well as the key EndoMT-
triggering transcription factors Snail and Slug. However, co-
incubation with CHI3L1 Ab reversed these effects (Figure S2).
Besides, immunofluorescence staining confirmed that rCHI3L1
stimulation markedly decreased the CD31 expression and
promoted their differentiation into myofibroblasts expressing
a-SMA (Figures 2B and 2C). The Western blot (WB) results simi-
larly corroborated the findings from the gRT-PCR and
immunofluorescence staining, suggesting that CHI3L1 promoted
the EndoMT of HUVECs (Figure 2D). Additionally, the tube forma-
tion assay demonstrated that CHI3L1 Ab treatment effectively
restored the impaired angiogenesis induced by rCHI3L1
(Figure 2E). Furthermore, the transwell and scratch assays
showed that rCHIBL1 significantly enhances the migration and
invasion capabilities of HUVECs (Figures 2F and 2G). Overall,
these in vitro experiments provide strong evidence that CHISL1
facilitates EndoMT in HUVECs, resulting in the transition to a
myofibroblast-like phenotype, increased migratory capacity, and
impairment of angiogenesis.

CHI3L1 Ab treatment attenuated vasculopathy and
fibrosis in BLM-SSc mice. To further explore the potential
effects of CHI3L1 Ab in vivo, we administered CHI3L1 Ab treat-
ment to both the control (CTR) group and BLM-SSc mice, a stan-
dard SSc model (Figure 3A).2" Previous studies have
demonstrated EndoMT occurs in BLM-SSc mice skin.?? gRT-
PCR analysis revealed that the administration of CHISL1 Ab inhib-
ited the up-regulation of EndoMT-related gene expression levels
in BLM-SSc mice skin (Figure 3B). Immunofluorescence staining

Figure 3. CHI3L1 Ab treatment attenuated vascular changes in BLM-SSc mice. (A) Diagram of the experimental protocol. BLM-SSc
and PBS-treated mice were administrated with CHI3L1 Ab (0.2 mg/kg) or iso Ab (0.2 mg/kg) on days 1, 8, and 15. (B) Relative fold change
of indicated mRNA expression level in the corresponding groups. n = 6/ea. (C) Representative immunofluorescent micrographs of skin
stained with indicated antibodies in the corresponding groups. (D) Quantification of the dermal vessels displaying CD31/a-SMA co-localization.
n = 6/ea. (E) Representative WB and quantification of a-SMA, CD31, SNAIL, and SLUG in skin samples of each group. n = 6/ea.
(F) Representative HE and Masson trichrome staining of skin tissue in the corresponding groups (left). Quantification of dermal thickness (middle).
Hydroxyproline content of skin samples (right). n = 6/ea. Scale bar = 200 um. Data are presented as mean + SEM. (B), (D), and (E) by one-way
ANOVA. *P < 0.05, **P < 0.01, ™*P < 0.001, compared with corresponding groups. a-SMA, a-smooth muscle actin; ANOVA, analysis of
variance; BLM, bleomycin; CHI3L1, chitinase 3-like 1; CTR, control; HE, hematoxylin—eosin; mRNA, messenger RNA; ns, no significance;
PBS, phosphate-buffered saline; SSc, systemic sclerosis; WB, Western blot; ea, each. Color figure can be viewed in the online issue, which
is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43356/abstract.
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was conducted to further evaluate the extent of EndoMT. As
observed in patients with SSc, marked co-localization of a-SMA
and CD31 was detected in dermal vessels of BLM-SSc mice,
suggesting the presence of the EndoMT process (Figure 3C). By
contrast, the percentage of vessels showing a-SMA/CD31 co-
localization was significantly reduced in the dermis of BLM-SSc
mice treated with CHISL1 Ab, indicating that CHI3L1 Ab treat-
ment effectively alleviates SSc-associated EndoMT (Figures 3C
and 3D). WB results also confirmed the findings from gRT-PCR
and immunofluorescence staining (Figure 3E). Additionally, ELISA
demonstrated that elevated serum concentrations of endothelial
injury-related factors (ET-1 and VWF) in BLM-SSc mice were sig-
nificantly reduced following CHI3L1 Ab administration, further
suggesting that CHI3L1 Ab ameliorated vascular injury in SSc
(Figure S3).

We then evaluated the extent of fibrosis in different groups of
mice. HE indicated that CHI3L1 Ab treatment decreased dermal
thickness in BLM-SSc mice (Figure 3F). Meanwhile, Masson’s tri-
chrome staining and hydroxyproline content analysis showed
reduced collagen levels in BLM-SSc mice skin following CHISL1
Ab therapy (Figure 3F). Similarly, the administration of
CHI3L1 Ab also alleviated the lung fibrosis of BLM-SSc mice
(Figure S4). Additionally, no significant differences were observed
between the CTR group and the CHI3L1 Ab-treated CTR group
in vitro and in vivo, further indicating that CHI3L1 Ab made no
effect on cellular and tissue homeostasis. In summary, CHI3L1
induces EndoMT in HUVECs, whereas treatment with CHI3L1
Ab ameliorates vascular alterations and fibrosis in BLM-SSc mice.

CHI3L1 induces EndoMT mainly via activating Akt/
mTORC1/S6K pathway. A proteomic analysis was performed
to explore the molecular mechanisms of CHI3L1-induced
EndoMT by comparing HUVECs with and without CHI3L1
stimulation (Figure 4A).2% Partial least-squares discrimination
analysis identified distinct protein profiles between the CTR and
CHIBL1 groups (Figure 4B). About 6,733 proteins were identified,
and volcano plot analysis showed that 372 proteins were up-
regulated whereas 403 proteins were down-regulated in the
CHI3L1-treated group (Figure 4C). GO analysis was conducted
to further understand the differentially expressed proteins
(DEPs). GO terms illustrated that the DEPs are involved with

protein, transcription factor and signal receptor binding, and exert
kinase activity, then implicated in biologic processes related to cell
migration, ECs differentiation, and EndoMT (Figure 4D, Supple-
mentary Table S7). These results provided further evidence that
CHIBL1 could facilitate EndoMT in SSc through the regulation of
these DEP expressions.

Next, pathway analysis was performed to investigate the pri-
mary pathways by which CHI3L1 promotes EndoMT. KEGG anal-
ysis revealed a notable enrichment of the mTOR signaling
pathway (Figure 4E). Likewise, GSEA analysis suggested that
the mTOR pathway and the EndoMT process were enriched in
the CHI3L1-treated group (Figure 4F). PPl network analysis
revealed that proteins associated with mTOR signaling pathways
were prominent in the cooperation network of DEPs, closely
related to EndoMT regulation and connective tissue disorders
(Figure 4G). Ingenuity pathway analysis (IPA) further predicted that
CHI3L1 may bind to CD44, a cell surface receptor, thereby acti-
vating the Akt/mTORC1/S6K pathway, which in turn regulates
the EndoMT-related transcription factor Snail1 (Figure 4H).

Subsequently, we examined the alterations in the mTORC1
pathway in both in vitro and in vivo experiments. WB results
showed that the phosphorylation levels of Akt, mTOR, and S6K
were elevated in CHISL1-treated HUVECs compared with CTR
group, and this up-regulation could be inhibited by CHI3L1 Ab
treatment (Figure 4l). In BLM-SSc mice, CHI3L1 Ab treatment
inhibited the up-regulation of MTORC1 pathway-related protein
phosphorylation levels in the skin (Figure S5). These findings high-
light the critical role of the Akt/mTORC1/S6K axis by which
CHIBL1 promotes SSc-related EndoMT.

CHI3L1 interact with CD44, thereby initiating mTORC1
signaling pathway. It has been illustrated that CD44 can activate
the downstream mTORC1 signaling pathway, and the activation
of mTORCH1 is associated with the regulation of the EndoMT-
related transcription factor Snail."®2%2% To confirm the potential
interaction between CHISL1 and CD44 suggested by the IPA
results, we performed rigid protein—protein docking analysis of
CHIBL1 with CD44. Notably, hydrogen bonds were observed
between CHI3L1 and CD44 at specific amino acid residue sites,
including LYS 32-CYS 13 and GLU 290-GLY 141, suggesting a
stable docking model (Figure 5A, Supplementary Table S$8).2°

Figure 4. CHI3L1 induces EndoMT in HUVECs mainly via activating Akt/mTORC1/S6K pathway. (A) Schematic overview of proteomics.
(B) Partial least-squares discrimination analysis (PLS-DA) of proteomic profiling between CHISL1 and CTR group. (C) Volcano plots of DEPs.
(D) GO analysis of DEPs. (E) Signaling pathway classification according to KEGG terms. (F) GSEA analysis via HALLMARK and BIOCARTA data-
base. (G) Cytoscape analysis of PPI network. (H) IPA results of the DEPs. () Representative WB images and relative quantitative analysis of indi-
cated proteins in HUVECs with following treatment for 15 minutes. n = 6/ea. Data are presented as mean + SEM. (l), by one-way ANOVA.
**P < 0.001, compared with corresponding groups. ANOVA, analysis of variance; BP, biologic process; CC, cell component; CHI3L1, chitinase
3-like 1; CTR, control; DEP, differentially expressed protein; ECM, extracellular matrix; EndoMT, endothelial-to-mesenchymal transition; FDR, false
discovery rate; GO, Gene Ontology; GSEA, Gene Set Enrichment Analysis; HUVEC, human umbilical vein endothelial cell; IPA, ingenuity pathway
analysis; KEGG, Kyoto Encyclopedia of Genes and Genomes; MF, molecular function; mTORC1, mechanistic target of rapamycin complex 1;
NES, normalized enrichment score; ns, no significance; PBS, phosphate-buffered saline; PP, protein—protein interaction; rCHISL1, recombinant
CHI3L1; S6K, S6 kinase; WB, Western blot; ea, each. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.
wiley.com/doi/10.1002/art.43356/abstract.
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Co-IP assays further proved the interaction between CHI3L1 and
CD44 in cell lysates from CHISL1-treated HUVECs (Figures 5B
and 5C). The interaction between rCHISL1 and rCD44 was also
validated in a cell-free system (Figure 5D). In addition, immunocy-
tochemistry demonstrated the co-localization of CHISL1 and
CD44 in HUVECs with CHIBL1 administration (Figure 5E). Further-
more, WB results revealed that upon blocking HUVECs with
CD44 Ab, the mTORC1 signaling pathway activated by CHI3L1
in HUVECs was significantly attenuated (Figure 5F). Moreover,
CHI3L1-induced ENdoMT phenotypes, including decreased
CD831 expression and increased a-SMA expression, were also
markedly abrogated (Figure 5G). To sum up, the data suggest
that CHI3L1 can bind to CD44 of HUVECs, which in turn boost
the downstream Akt/mTORC1/S6K axis and finally facilitate the
EndoMT process.

The mTORCH1 inhibitor rapamycin suppresses CHI3L1-
mediated EndoMT. Next, we tested whether the effect of
CHIBL1 in promoting EndoMT in HUVECs is primarily mediated
through the activation of the mTORC1 pathway. Rapamycin is
a classic immunosuppressant and specifically acts as an allosteric
inhibitor of MTORC1.2” HUVECSs were pretreated with rapamycin
or PBS, followed by rCHI3L1 (Figure 6A). Rapamycin treat-
ment significantly reversed CHI3L1-mediated down-regulation of
CD31 and VE-cadherin expression, as well as up-regulation of
Vimentin, a-SMA, Snail, and Slug expression in HUVECs
(Figure S6). Immunofluorescence images also demonstrated that
administration of rapamycin inhibited the CHI3L1-mediated differ-
entiation of HUVECs into myofibroblast-like phenotype express-
ing a-SMA (Figures 6B and 6C). Additionally, the WB results
corroborated the findings from gRT-PCR and immunofluores-
cence staining (Figure 6D). Furthermore, rapamycin treatment
rescued the impaired angiogenesis ability of HUVECs caused by
CHI3L1 (Figure 6E). Meanwhile, rapamycin suppressed the
CHI3L1-mediated enhancement in the migratory capacity of
HUVECs (Figures 6F and 6G). Analogously, HUVECs transfected
with mTOR shRNA showed significantly decreased expression
of myofibroblast marker a-SMA and key EndoMT transcription
factor Snail upon CHI3L1 stimulation, whereas endothelial marker
CD31 expression was markedly increased (Figure S7). In conclu-
sion, these data indicated that the mTORCH1 inhibitor rapamycin

and mTOR shRNA effectively suppresses CHI3L1-induced
EndoMT in HUVECs, suggesting that CHISL1 promotes EndoMT
predominantly through the mTORC1 signaling pathway.

DISCUSSION

In this study, we confirmed that CHI3L1 promotes EndoMT
in ECs to exaggerate vasculopathy and fibrosis in SSc. Mechanis-
tically, CHI3L1 interacts with CD44 on ECs, activating the
downstream Akt/mTORC1/S6K pathway, thereby regulating the
key transcription factors Snail and Slug, triggering EndoMT
(Figure S8). Furthermore, CHI3L1 Ab treatment to BLM-SSc mice
improved SSc-associated vasculopathy and fibrosis. As far as we
know, this study is the first to validate the role of CHISL1 in
enhancing EndoMT in SSc.

Extensive research has expanded the understanding of
CHIBL1 in pathophysiologic roles referring to various inflamma-
tory, fibrotic, and tumor-related processes.28 For instance,
CHIBL1 drives atopic dermatitis by promoting M2 macrophage
activation and Th2 immunity, contributes to mammalian pulmo-
nary and hepatic fibrosis through enhancing fibroblast differentia-
tion, proliferation, and ECM deposition, and serves as a crucial
factor in non—small cell lung cancer metastasis and invasion via
inducing epithelial-mesenchymal transition (EMT).'6-18:29:30 oyr
previous research identified increased CHI3L1 expression in the
serum and skin of patients with SSc, with serum CHI3L1 levels
correlating with lung function and the modified Rodnan skin
score.’® These findings suggest that CHI3L1 may be closely
associated with fibrosis in SSc. In recent research, EndoMT has
been identified as an important contributor to vascular dysfunc-
tion and fibrosis in SSc by promoting ECs dysfunction, myofibro-
blast production, and ECM depostion.'*" In the current study,
we found there was a strong CD31/CHIBL1 co-localization in der-
mal vascular of patients with SSc, along with a notable elevation in
serum CHIBL1 concentration. This trend was more pronounced
in patients with SSc with cutaneous vascular symptoms. These
findings suggest that CHI3L1 may play an important role in the
SSc-related EndoMT process. We then confirmed that CHISL1
induces EndoMT in HUVECs, enhancing their migratory capaci-
ties and impairing angiogenesis. Moreover, treatment with

Figure 5. CHI3L1 may interact with CD44, thereby initiating the mTORC1 signaling pathway. (A) Surface diagram of the docking model and their
interfacing residues between CHI3L1 and CD44 protein. (B) and (C) Cellular Co-IP assays of CHI3L1 and CD44. HUVECs were treated with
rCHI3L1 (100 ng/mL) for 10 minutes, and then, the lysates were immunoprecipitated with antibody against CD44, (B) immunoblot with CHI3L1
antibody, and (C) vice versa. (D) Co-IP analysis of rCHISL1 and rCD44 in a cell-free system. (E) Immunofluorescence co-localization of CHISL1
and CD44 in HUVECs. HUVECs were treated with rCHI3L1 (100 ng/mL) for 10 minutes. (F) Representative WB images and relative quantitative
analysis of indicated proteins in HUVECs pretreated with CD44 antibody (100 ng/mL) or iso Ab (100 ng/mL), followed by 15 minutes of treatment
with rCHIBL1 or PBS. n = 6/ea. (G) Representative WB images and relative quantitative analysis of indicated proteins in HUVECs after correspond-
ing stimulation for 48 hours. n = 6/ea. Data are presented as mean + SEM. (F) and (G), by one-way ANOVA. ***P < 0.001, compared with corre-
sponding groups. a-SMA, a-smooth muscle actin; ANOVA, analysis of variance; CHI3L1, chitinase 3-like 1; Co-IP, Co-immunoprecipitation;
HUVEC, human umbilical vein endothelial cell; mTORC1, mechanistic target of rapamycin complex 1; ns, no significance; PBS, phosphate-
buffered saline; rCHI3L1, recombinant CHI3L1; S6K, S6 kinase; WB, Western blot; ea, each. Color figure can be viewed in the online issue, which
is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43356/abstract.
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CHI3L1 Ab mitigated EndoMT and fibrosis in BLM-SSc mice,
suggesting that CHI3L1 may serve as a promising therapeutic tar-
get for ameliorating vascular injury and fibrosis in SSc.

We then used proteomics to investigate the specific down-
stream molecular mechanisms through which CHI3L1 facilitates
EndoMT, discovering a significant enrichment of the mTOR
pathway in CHI3L1-treated HUVECs. mTOR is a protein kinase
that reacts to nutrient availability and growth signals.®? It forms
two distinct protein complexes: the rapamycin-sensitive
mTORC1 and the rapamycin-insensitive mTORC2.%% Currently,
our understanding of functions of mMTORC2, primarily in metab-
olism, remains limited. In contrast, numerous studies have
established the crucial role of mTORC1 in cell proliferation,
growth, and differentiation, and its undue activation has been
implicated in SSc.®* S6K is the main effector molecule of the
translational regulation driven by the mTORC1 pathway.®® The
mTORC1/S6K axis is one of the key pathways in the processes
of EMT and EndoMT, and it has been shown to regulate the
expression and nuclear translocation of the downstream tran-
scription factors Snailt and Slug.2***% Based on the results
of IPA, we confirmed that CHI3L1 can bind to CD44, a trans-
membrane receptor known to regulate signaling pathways
involved in cell growth, survival, and differentiation. This interac-
tion subsequently activates the Akt/mTORC1/S6K signaling
cascade, regulating downstream factors Snail and Slug, which
promotes EndoMT. This process leads to vascular dysfunction
and serves as a source of myofibroblasts, further increasing col-
lagen synthesis and ECM deposition, ultimately resulting in the
exacerbation of fibrosis.

Rapamycin is a classic immunosuppressant that inhibits
mTORC1.%” Previous experiments have shown that rapamycin
can effectively alleviate fibrosis in BLM-SSc mice.®® A random-
ized, single-blind pilot study involving a series of diffused
SSc cases indicated that rapamycin has efficacy comparable to
methotrexate.>>*° Another phase Il pilot clinical trial evaluating
the safety and efficacy of rapamycin in the treatment of SSc has
not yet released its findings (ClinicalTrials.gov ID NCT03365869).
Our results confirm that rapamycin can suppress CHI3L1-
mediated EndoMT, suggesting that it is a potential therapeutic
target for SSc vasculopathy and fibrosis.

Our study also has limitations. CHISL1 is secreted by various
immune and structural cells, and we are still uncertain about the
primary source of elevated CHIBL1 in the serum of patients with
SSc. Future studies should aim to explore its source and investi-
gate therapeutic interventions targeting CHI3L1 for the treatment
of SSc.

In conclusion, our work reveals a novel role of CHI3L1 in
enhancing vascular dysfunction and fibrosis in SSc, specifically
through promoting ECs to undergo EndoMT, which induces
vascular damage and provides a source of myofibroblasts that
facilitate fibrosis. Mechanistically, CHI3L1 binds to CD44, subse-
quently activating the Akt/mTORC1/S6K signaling pathway,
which regulates downstream transcription factors Snail and Slug
to promote SSc-related EndoMT. More broadly, our research
provides a potential therapeutic strategy targeting CHI3L1 for
SSc, with significant clinical translational implications.
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Skin Biopsies Enhance Prediction of Clinical Trajectory
in Diffuse Cutaneous Systemic Sclerosis

Kimberly S. Lakin,"? John Spivack,’ Jessica K. Gordon,"? *’ Yaxia Zhang,"? Deanna Jannat-Khah, "
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Objective. To evaluate the relationship of skin fibroblast CD34 and a-smooth muscle actin (a-SMA) and immune cell
infiltration with disease duration in diffuse cutaneous systemic sclerosis (dcSSc) and identify predictors of improvement.

Methods. Skin biopsies and clinical data were analyzed from patients with dcSSc enrolled in lenabasum (n = 79),
belimumab (n = 18), or nilotinib (n = 8) trials. CD34 and a-SMA were scored semiquantitatively. Immune cells (CD20+,
CD3+, and CD123+) were counted. Clinical and histologic features were compared between those with early
(<18 months) versus later disease (=18 months). Clinical improvement was defined as >5-point decrease in modified
Rodnan skin score (mRSS) at 52 weeks. An Akaike’s information criterion—optimal multiple logistic regression model
for clinical improvement among 68 mycophenolate mofetil (MMF) users was developed. Fibroblast spatial organization
was visualized using imaging mass cytometry (IMC) in a representative sample.

Results. Despite similar baseline mRSS, early disease was associated with lower CD34, higher a-SMA, increased
B cells, and greater mRSS improvement compared with later SSc. IMC demonstrated regions of CD34+ fibroblasts in
superficial dermis and a-SMA+ fibroblasts in deeper, collagen-dense regions. Among MMF users, high CD34 and
a-SMA predicted improvement in early SSc; however, high a-SMA predicted lower odds of improvement in later
SSc. The probability of improvement was lowest in early SSc with a-SMA'°"/CD34'°" immunophenotype and later
SSc with a-SMA"9". |n later SSc, B cells were higher in a-SMA™" versus a-SMA'" skin.

Conclusion. Fibroblast immunophenotype varied by baseline disease duration and improved model performance
for identifying those with improvement on MMF. Skin biopsies may be useful for refining prognosis and guiding patient

management decisions.
INTRODUCTION

Diffuse cutaneous systemic sclerosis (dcSSc) is a rare auto-
immune disease characterized by inflammation and fibrosis of
the skin and internal organs and carries the highest mortality rate
among rheumatic diseases.” Although immunosuppressive
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medications, particularly mycophenolate mofetil (MMF), are used
for the treatment of skin involvement,?™* the level of evidence for
these options is limited, and there is potential for toxicity. In clinical
practice, immunosuppressive therapy is given empirically for
months before determining its utility. This is a period marked by
uncertainty, ongoing symptoms, and potential loss of an optimal
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treatment window for other therapeutic targets and/or clinical trial
eligibility.

Estimating individual disease trajectories in dcSSc remains a
major unmet need with direct implications for patient care deci-
sions and clinical trial design. Previous observational studies have
shown that disease duration and baseline modified Rodnan skin
score (MRSS) are associated with disease progression. For
example, a large observational study identified high baseline
mRSS and absence of tendon friction rubs as predictive of clinical
improvement, among 11 candidate predictors, irrespective of dis-
ease duration.®> Additionally, RNA polymerase Il positivity has
been shown in prior studies to be associated with an earlier and
higher mRSS peak compared with those who are RNA polymer-
ase Il negative.5® Regarding disease duration, a EULAR Sclero-
derma Trials and Research study identified disease duration
<15 months as an independent predictor of dcSSc skin progres-
sion, along with low baseline mRSS (<22 of 51) and joint synovi-
tis.® Similarly, an observational study of patients with dcSSc
found that those who progressed had shorter disease duration
(median 8.1 months vs 12.6 months; P = 0.001) and lower base-
line MRSS (19 vs 21; P = 0.03) compared with nonprogressors.”
Considering prior findings, these clinical variables have been used
to inform timely immunosuppression initiation and patient selec-
tion in clinical trials.

Although short disease duration is associated with progres-
sive disease, there is debate regarding the optimal cutoff for clini-
cal trial enrollment. Emerging clinical data suggest that disease
duration <18 months may be optimal for clinical trial enroliment
because individuals with longer durations of disease may improve
spontaneously.'® However, many dcSSc trials to-date have used
three-year' '™ or five-year'*'® disease duration thresholds. Reli-
able predictive tools are needed to refine patient selection for trials
and guide individualized treatment decisions.

Dermal fibroblast activation plays a central role in SSc'® and
may provide a window into patient heterogeneity. Our prior work
and others’ have demonstrated that two inversely related fibro-
blast markers, a-smooth muscle actin (a-SMA) and CD34, are
associated with skin disease severity. a-SMA is a marker of acti-
vated myofibroblasts'” and correlates with worse mRSS and
the Combined Response Index in SSc.®2° CD34, a stem cell-
associated molecule involved in cellular adhesion,®’ s
expressed by fibroblasts in healthy skin but is diminished in
SSc.??2% In normal wound healing, CD34 expression is lost in
the early phases of scarring and restored as the scar resolves.?*
However, in keloid scars, which are characterized by persistent
fibrosis, CD34 is not reconstituted.?* These findings suggest
that CD34+ fibroblasts represent a resting fibroblast network
that is lost in active fibrosis as a-SMA+ myofibroblasts predom-
inate. Although a-SMA and CD34 correlate with disease sever-
ity, it has been unclear whether they could distinguish patient
trajectories or help identify meaningful subsets within this het-
erogeneous disease.

Our previous studies using machine learning approaches
identified fibroblast activation state, measured by a-SMA and
CD34 immunohistochemistry, as a predictor of SSc gene expres-
sion subsets.?%2°> We also found that baseline gene expression
signatures associated with fibroblast polarization tended to be
higher in patients who improved clinically compared with nonim-
provers, suggesting that baseline skin histology may provide
insight into patient trajectories. However, these analyses were lim-
ited to very early dcSSc (median baseline disease duration of
10 months), which left gaps in our understanding of fibroblast het-
erogeneity in later stages of disease. The small study cohort also
limited the assessment of fibroblast immunophenotype as predic-
tive of patient trajectory in the setting of specific treatments. The
purpose of this study is to evaluate the relationship among fibro-
blast activation, immune cell infiltration, and disease duration in
dcSSc and to identify predictors of clinical improvement in the
setting of MMF therapy.

PATIENTS AND METHODS

Patients. Baseline skin biopsies and clinical data were ana-
lyzed from 105 patients enrolled in the lenabasum (n = 79), beli-
mumab (n = 18), or nilotinib (n = 8) clinical trials.'> %2 Patients
were adults who fulfilled 1980 American College of Rheumatology
(ACR) classification criteria for SSc®’ and/or ACR/EULAR 2013
SSc criteria®® and had dcSSc.?°

Briefly, the lenabasum study (RESOLVE-1) was a double-
blind, randomized, placebo-controlled, international, phase |l
clinical trial conducted between 2017 and 2020, comparing lena-
basum to placebo.?® A total of 365 patients were included, with
disease duration (time since first non-Raynaud phenomenon
symptom) up to six years, and stable background immunosup-
pression was permitted. The belimumab study was a double-
blind, randomized, placebo-controlled, single-center trial
comparing belimumalb with placebo in the setting of background
MMF therapy'® conducted between 2012 and 2015. Twenty
patients were included, with disease duration up to three years.
The nilotinib study was an open-label, single-center, pilot trial?
conducted between 2010 and 2014. Ten patients were included
who had disease duration up to three years, and background
immunosuppression was not permitted. Key inclusion criteria of
these three clinical trials may be found in Supplemental Table 1.
Patients were included in the present study if skin biopsy tissue
as well as clinical data were available for analysis. The study was
approved by Hospital for Special Surgery Institutional Review
Board (2022-0574). Privacy rights were observed, and informed
consent was obtained from all participants.

Clinical data. Clinical data were collected at baseline and
52 weeks, including patient demographics, SSc disease duration,
autoantibodies, treatments, mRSS, interstitial lung disease pres-
ence, percentage of predicted forced vital capacity (FVC),
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Physician and Patient Global Assessment (0-10 visual analog
scale), and Health Assessment Questionnaire-Disability Index
(HAQ-DI). Disease duration was defined as time between first
non-Raynaud phenomenon SSc symptom and baseline skin
biopsy date. In this study, “early” disease was defined as
<18 months, whereas “later” SSc was defined as >18 months.
This 18-month threshold has been suggested as optimal for trial
enrollment based on observational cohort trajectory analyses. ™
Clinical improvement was defined as >5-point decrease in mRSS
at 52 weeks, 53031

Skin histology. A 3-mm, anterior forearm skin punch
biopsy was obtained for skin histology at the baseline visit. Each
biopsy was assessed by a single pathologist, blinded to patient
characteristics and outcomes. The approach to skin histology
scoring and reliability has been previously described?® and illus-
trated in Figure 1. Fibroblasts were assessed by CD34 and a-
SMA immunohistochemistry and scored semiquantitatively (0-3):
0to 1is “low,” and 2to 3 is “high.” Immune cells (CD20+ B cells,
CD3+ T cells, and CD123+ plasmacytoid dendritic cells) were
scored as the sum of the cell count within the five most populated
high-powered fields (400x), as per previously published
methods® (Supplemental Table 2A). After scoring was com-
pleted, a sensitivity analysis was performed in which the biopsies
with the highest cell counts were re-reviewed. There was no dif-
ference in the total cell count of the biopsies compared with the
summed five most densely populated high-powered fields

approach. In other words, biopsies with exceptionally high
immune cell counts typically exhibited immune cell clusters that
our methods effectively captured.

Imaging mass cytometry. To determine the spatial rela-
tionship of fibroblast subpopulations in SSc skin, imaging mass
cytometry (IMC; Hyperion) was performed on a representative
forearm sample from a patient with early SSc, CD34 and a-SMA
positivity, and clinical improvement at 52 weeks. In short,
formalin-fixed, paraffin-embedded skin biopsy tissue was
dewaxed, rehydrated, and underwent antigen retrieval at pH 9.0,
followed by a blocking step using the Thermo Fisher SuperBlock
for one hour at room temperature. The skin section was then
incubated with a cocktail of metal-conjugated antibodies (CD34,
a-SMA, CD31, and Collagen Type |; Supplemental Table 2B)
overnight in 4°C. The following day, the tissue section was
washed with Tween and Tris-buffered saline to remove excess
antibodies and reagents. Cell ID Intercalator-Ir (1:400, Standard
BioTools) was used for cellular DNA staining for 30 minutes at
room temperature. Finally, the tissue was rinsed, air dried, and
set up on the IMC for acquisition following machine
calibration.3*%4

Statistical analysis. Clinical and skin histologic differences
between those with early (<18 months) versus later (>18 months)
disease duration at trial enrollment were compared using Fisher’s
exact, t-test, or Wilcoxon rank sum, as appropriate. Among the

A. Fibroblasts scored semi-quantitively (0-3)
aSMA high

CD34 low

B. Immune cells counted per 5 most populated HPF

Figure 1. Skin histology assessment. (A) Fibroblasts were assessed by a-SMA and CD34 immunohistochemistry and scored semiquantitatively
between 0-3 based upon staining intensity. A low score was defined as a score of 0-1; a high score was defined as a score 2-3. (B) Immune cells
(CD20+ B cells, CD3+ T cells, and CD123+ plasmacytoid dendritic cells) were scored as cell count (summed) within the five most populated HPFs
(400x). An example of CD20 staining is shown in which most CD20+ cells were clustered within the deep dermis. a-SMA, a-smooth muscle actin;

HPF, high-powered field.
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68 MMF users, skin histology was compared according to dis-
ease duration and a-SMA status using Fisher’s exact, t-test, or
Wilcoxon rank sum, as appropriate.

To identify independent predictors of 52-week clinical
improvement with MMF, a multiple logistic regression model was
developed using baseline clinical and histologic data from

was also fit using Firth correction.®® The resulting logistic regres-
sion was used to predict the probability of improvement based
on the identified independent predictors, with probabilities extrap-
olated for combinations without available patient results. Statisti-
cal analyses were completed using STATA version 16.0 and
Python version 3.12 using the statsmodels and SciPy packages.

68 MMF users. Model optimization was performed using the min-
imum Akaike’s information criterion (AIC) to prevent overfitting.
Candidate predictors included sex, baseline mRSS, belimumab
use, RNA polymerase Il status, CD34, a-SMA, CD20, CDS,
CD123, and disease duration (<18 or >18 months), as well as
interactions between predictors and disease duration. The model

RESULTS

Among 105 patients with dcSSc, 49 had early SSc and
56 had later SSc (Table 1). The median disease duration for the full
cohort was 20 (interquartile range [IQR] 12-36) months

Table 1. Clinical and histologic characteristics among 105 patients with diffuse cutaneous systemic sclerosis
according to disease duration*

Early disease Later disease

Characteristics (<18 months; n = 49) (218 months; n = 56) P value
Clinical variables, baseline
Disease duration, median (IQR), months 10.3(7.7-13.3) 354 (28.1-45.3) <0.001
Male sex, n (%) 11(22) 16 (29) 0.51
Age, mean (SD), years 52.5(13.13) 49.8 (14.67) 0.32
Race, n (%) 0.91
White 37(76) 42 (75)
Black 4.(8) 3(5)
Asian 6(12) 9(16)
Other 2 (4) 2 (4)
Autoantibodies, n (%)
Scl-70 positive 9(18) 27 (48) 0.002
RNA polymerase Il positive 27 (56) 23 (46) 0.32
Centromere positive 3(6) 2(4) 0.66
mRSS, mean (SD) 25(9.2) 24(8.8) 0.33
ILD present, n (%) 16 (33) 24 (43) 042
FVC baseline, mean (SD) 85 (15.0) 78 (15.9) 0.02
HAQ, median (IQR) 1.0(0.63-1.38) 1.1 (0.50-1.69) 0.36
Patient Global (0-10), median (IQR) 5(2.27-6) 4(2.4-5.5) 0.58
Physician Global (0-10), mean (SD) 5.7 (1.66) 5.0 (1.40) 0.03
Baseline medication, n (%)
Mycophenolate mofetil 34 (69) 34 (61) 0.42
Methotrexate 4(8) 7(12) 0.54
Steroid (any) 8(16) 12(21) 0.62
Additional medications, n (%)
Belimumab 7(14) 2(4) 0.08
Lenabasum 19 (39) 33(59) 0.05
Skin histology, baseline
a-SMA high fibroblasts, n (%) 24 (49) 17 (30) 0.07
a-SMA score, median (IQR) 1.5(1-2) 1(0-2) 0.02
CD34 high fibroblasts, n (%) 23 (47) 41 (73) 0.01
CD34 score, median (IQR) 1.5(1-3) 2(1-3) 0.07
CD20 (B cells), median (IQR) 1(0-6) 0(0-2) 0.05
CD123 (pDC), median (IQR) 3(1-7.5)0° 2 (0-7) 0.12
CD3 (T cells), median (IQR) 70 (45-90)° 57.5 (30-95) 0.19
52-week clinical outcomes
52-week clinical improver, n (%) 33 (70)° 34 (61) 0.41
Change in mRSS, median (IQR) -9 (-15to -5)° -7 (=10 to -3) 0.03

* Bold values indicate statistical significance at an alpha of 0.05.
a-SMA, a-smooth muscle actin; FVC, percentage of predicted forced vital capacity; HAQ, Health Assessment Ques-
tionnaire; ILD, interstitial lung disease; IQR, interquartile range; mRSS, modified Rodnan skin score; pDC, plasmacy-
toid dendritic cell.
@ n =48. One patient for both CD123 and CD3 had slides that were unusable due to inadequate staining or incom-
Elete tissue representation.

n =47. Two patients in the nilotinib study had baseline but not 52-week data. No other variables had missing data.
For histology, CD20, CD123, and CD3 are reported as count per five most populated high-powered fields. a-SMA
and CD34 are scored semiquantitatively: 0-1 is low, and 2-3 is high.
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A. Univariable Analysis

Sex, male ——
RNA polymerase lll, positive I |
mRSS, baseline L]
g Disease duration, later ———
o
o CD34 high vs. low [ *® |
£
CD3 cell count o
CD20 cell count ®
CD123 cell count L

v

Belimumab use I

aSMA high vs. low ; L |

0 2 4 6
Less likely to improve < | = More likely to improve

Odds Ratio (95% CI)

B. Multivariable Analysis

Sex, male I ® i

Disease duration, later I

CD34 high in later* SSc f

CD34 high in early* SSc ;

Predictors

aSMA high in later* SSc | |

[ ]

aSMA high in early* SSc f
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Less likely to improve € | = More likely to improve

Log (Adjusted Odds Ratio) (95% CI)

Figure 2. Predictors of 52-week clinical improvement among 68 patients with diffuse cutaneous systemic sclerosis treated with mycophenolate
mofetil. (A) presents unadjusted odds ratios, whereas (B) presents the log of adjusted odds ratios from the multivariable model. Early SSc is defined
by disease duration (time since first non-Raynaud symptom) <18 months. Later SSc is defined by disease duration >18 months. a-SMA, a-smooth
muscle actin; Cl, confidence interval; mRSS, modified Rodnan skin scale; SSc, systemic sclerosis.
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(Supplemental Figure 1) and 10 (IQR 8-13) and 35 (IQR 28-45)
months for the early and later groups, respectively. Compared
with early SSc, those with later disease at baseline were more
likely to have Scl-70 autoantibody positivity (48% vs 18%;
P = 0.002) and had lower mean percentage of predicted FVC
(78 vs 85; P = 0.02). Physician global assessment was slightly
worse in early SSc (5.7 vs 5; P = 0.03), but patient global assess-
ment and HAQ-DI did not differ significantly by disease duration.
Baseline mRSS was similar between early and later SSc (25 vs
24, respectively; P = 0.33) (Table 1). MMF use was frequent in
both groups (69% early SSc, 61% later SSc). Among 68 MMF
users, the mean daily dose was 2 (SD 0.81) grams per day. The
median MMF treatment duration was 110 (IQR 44-250) days at
the time of skin biopsy, among 57 patients with MMF duration
data available. Longitudinally, median mRSS improvement was
greater in early SSc compared with later SSc in the full cohort
and among 68 MMF-treated patients (-9 vs -7, P = 0.025; —11
vs -7, P = 0.038, respectively). Among MMF users, at the time
of skin biopsy, there was no difference in median MMF treatment
duration or average dose in improvers compared with nonimpro-
vers (median 115 [IQR 60-227] vs median 106 [IQR 18-301]
days, P = 0.94; median 2.2 [IQR 0.85] vs median 2.1 [IQR 0.72]
grams per day, P = 0.69, respectively).

Despite similar baseline mRSS and patient-reported out-
comes, histologic differences were observed by disease duration
at baseline. Compared with later SSc, the early SSc group had
fewer CD34"9" fibroblasts (47% vs 73%; P = 0.009), higher
median a-SMA score (1.5 vs 1; P = 0.018), and increased
CD20+ B cells (1 vs 0; P = 0.05; Table 1).

Clinical improvement was observed in 64% (67 of 105) of the
overall cohort and 70% (48 of 68) of MMF users. An AlC-optimal
multiple logistic regression model was developed to predict
clinical improvement among those taking MMF (Figures 2 and
3; Supplemental Table 3). An analysis focused on MMF
response was conducted because MMF was the most com-
mon medication used in our cohort and due to its prominent
role in dcSSc skin treatment in recently published guide-
lines.>* The strongest predictors in the multivariable model
were baseline sex and disease duration, as well as CD34, a-
SMA, and their interactions with time. Male sex was associated
with lower odds of improvement (unadjusted odds ratio [OR]
0.713, 95% confidence interval [Cl] 0.289-1.762; adjusted
OR 0.212, 95% CI 0.049-0.909). Although unadjusted analy-
sis suggested later SSc was associated with lower odds of
improvement (unadjusted OR 0.656, 95% CI 0.288-1.494),
adjusting for fibroblast immunophenotype revealed that later
disease duration was associated with increased odds of
improvement (adjusted OR 73.137, 95% CI 2.667-2005.441).
The effect of fibroblast scores on clinical outcomes varied by
disease duration at the time of biopsy. In early SSc, high
CD34 and high a-SMA both predicted greater odds of
improvement, whereas in later SSc, high a-SMA was associ-
ated with lower odds of improvement. Probabilities of clinical
improvement based on independent predictors in the model
are shown in Figure 3. These results were consistent in sensi-
tivity analyses incorporating baseline mRSS, RNA polymerase
[l status, MMF treatment duration, belimumab treatment, and
immune cell counts (CD20+, CD3+, and CD123+). Given

Disease duration <18 months

CD34 high

CD34 high

SMA high

‘ Male | l Male |

es No lYes “ No es \No Yes “No

8l [0 | [0 | [o1s | [os0] [ose]] [outl] [z | [oso] [o2]

Figure 3. Flowchart summarizing logistic regression-based predictions of 52-week clinical improvement with mycophenolate mofetil in patients
with diffuse cutaneous systemic sclerosis based on independent clinical predictors. The terminal nodes display the estimated probability of
improvement on mycophenolate mofetil, as predicted by the logistic regression model. SMA, smooth muscle actin.



424

LAKIN ET AL

concerns about potential bias of the maximum likelihood esti-
mates of logistic regression coefficients in small samples, we
re-fit the model using the Firth correction. This led to a mild
shrinkage of the estimates, but it did not affect the final inter-
pretation (results not shown).

The lowest rate of improvement was observed in early SSc
when both CD34 and a-SMA were low (1 of 7; 14%; Table 2). In
later SSc, high a-SMA was associated with poorer outcomes,
with only 40% to 50% improving regardless of CD34 status.
Given that high a-SMA predicts better outcomes in early
disease but worse outcomes in later SSc, we further examined
the role of sustained a-SMA elevation in late-stage disease.
Although immune infiltrates did not differ by a-SMA status in
early SSc, in later SSc, B cells were more frequently present
in a-SMA™" compared with a-SMA™Y skin (73% vs 22%;
P =0.008; Table 2).

The highest rates of improvement were observed in
patients with early SSc and both a-SMA™" activated myofi-
broblasts, and CD34"9", relatively healthy fibroblasts. To
assess whether this represented a population of transitional
fibroblasts co-expressing these markers or two distinct types
of fibroblasts coexisting in the same sample, IMC was per-
formed on a representative sample with both a-SMA"" and
CD34"9" immunophenotype, early SSc, and clinical improve-
ment. Distinct fibroblast neighborhoods were revealed that
associated with varying collagen densities (Figure 4). CD34+
cells localized to more superficial regions of the dermis where
collagen bundles were looser, whereas a-SMA+ cells were
present in the deeper dermal layer where collagen density
was greater.

DISCUSSION

In a cohort of patients enrolled in clinical interventional trials,
baseline fibroblast immunophenotype, but not mRSS, varied by
disease duration. These findings demonstrate that mRSS alone
does not capture key differences in fibroblast immunophenotype
between early and later stages of SSc that were shown to influ-
ence disease trajectory. Skin fioroblast and immune profiles may
offer more precise insights into disease subsets, beyond clinical
measures, and may be used to inform patient management
decisions.

Skin biopsies are commonly obtained in SSc clinical trials to
evaluate treatment effect at the tissue level but obtained less often
in the context of clinical care. In prior work, CD34 and a-SMA
have been associated with clinical severity, but the strength of
these associations has varied between studies. We and others
have reported moderate associations with clinical severity and
histologic scores (CD34, a-SMA, and collagen), whereas one
study that included healthy controls and patients with dcSSc
reported strong associations between clinical severity and colla-
gen and myofibroblast scores (r = 0.83 and r = 0.78, respectively).
Importantly, these studies did not stratify samples according to
disease duration, which we show to be important in contextualiz-
ing a given fibroblast profile.

The prognostic impact of fibroblast profile varies by disease
duration at the time of biopsy. In early SSc, high a-SMA and high
CD34 confer a high likelihood of improvement on MMF, whereas
high a-SMA in later SSc is associated with lower odds of improve-
ment. Taken together, high a-SMA may represent a treatment-
receptive phase in early SSc but a treatment-refractory phase in
later disease stages. B cells were more common in later SSc

Table 2. Clinical and histologic features by disease duration and a-SMA status among 68 individuals with diffuse cutaneous systemic sclerosis

on mycophenolate mofetil*

Features

Early disease (<18 months)

Later disease (=18 months)

a-SMA low (n =16) a-SMA high (n=18) Pvalue a-SMA low (n =23) a-SMA high(n=11) Pvalue

Clinical improver by a-SMA and
CD34 status, n/N (%)

CD34 low 1/7 (14) 11/13(85) 1/1 (100) 3/6 (50)
CD34 high 8/9 (89) 5/5 (100) 17/22(77) 2/5 (40)
Clinical
Baseline mRSS, mean (SD) 24 (8.5) 27 (9.2) 0.36 22 (6.2) 28(9.5) 0.037
Belimumab use, n (%) 2(12) 5(28) 0.41 14) 1(9) 1.00
Lenabasum use, n (%) 8 (50) 6 (33) 0.49 14 (61) 6 (55) 1.00
Steroid (any) use, n (%) 3(19) 3(17) 1.00 8 (35) 1(9) 0.21
mRSS improver, n (%) 9 (56) 16 (89) 0.05 18 (78) 5 (45) 0.11
52-week delta mRSS, median (IQR) -7.5 (=14 to -2.5) =11 (=17 to -8) 0.21 -7 (-10to -6) -4(-9to 1) 0.15
Histology
CD123, median (IQR) 3(1-8)° 3(1-5) 0.88 2 (0-5) 1(0-11) 0.97
CD3, median (IQR) 60 (40-80)° 67.5 (40-90) 0.37 55 (30-90) 100 (30-180) 0.13
CD20, median (IQR) 1(0-2.5) 2.5(1-6) 0.078 0 (0-0) 2 (0-4) 0.007
CD20+ cells present, n (%) 9 (56) 14 (78) 0.27 5(22) 8(73) 0.008
CD34 high, n (%) 9 (56) 5(28) 0.16 22 (96) 5 (45) 0.002

* Clinical improver defined as decrease in mRSS from baseline to 52 weeks >5. Disease duration defined as time since first non-Raynaud phe-
nomenon symptom. Bold values indicate statistical significance at an alpha of 0.05.
a-SMA, a-smooth muscle actin; IQR, interquartile range; mRSS, modified Rodnan skin score.

an=15.
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A. Histology (H&E)

B. Imaging Mass Cytometry

Collagen type 1

CD34 CD31

Figure 4. Imaging mass cytometry of diffuse cutaneous systemic sclerosis skin reveals distinct fibroblast microenvironments. In a patient with
disease duration of six months who clinically improved at 52 weeks, CD34+ fibroblasts localize to superficial dermal layers (white box) with lower
collagen density, whereas a-SMA+ fibroblasts predominate in deeper dermal layers with higher collagen density (yellow box). a-SMA, a-smooth

muscle actin; H&E, hematoxylin and eosin.

samples with high (vs low) a-SMA. These patients may benefit
from additional therapies, including B cell-targeting agents.

A majority (70%) of MMF users improved, underscoring
the use of MMF as treatment for dcSSc as well as the chal-
lenges clinical trials face when incorporating MMF as back-
ground therapy. As several immunosuppressive therapies
have been highlighted as effective in recent SSc skin treatment
guidelines,>* conducting clinical trials without background
therapy, such as MMF, will become increasingly uncommon
due to ethical considerations. In the clinical trial setting, a
strong predisposition toward improvement on MMF back-
ground therapy could mask meaningful treatment effects of
an intervention. Additionally, patients highly likely to improve
on MMF alone may not be ideal candidates for add-on thera-
pies that are associated with additional risks. By leveraging
fibroblast markers to identify patients who are less likely to
respond to MMF, such as those with persistently high a-SMA
in later disease, physicians may consider additional treatments
earlier, and clinical trials could better target individuals likely to
benefit most from novel therapies. However, further investiga-
tion is needed to determine if those with disease duration
beyond 18 months and high a-SMA would be similarly resis-
tant to therapies beyond MMF, such as B cell-depleting
agents. These results underscore the importance of early

referral to expert centers for comprehensive patient phenotyp-
ing and initiating appropriate therapy, including potential clini-
cal trial referrals.

In contrast to prior studies, our final model did not
identify RNA polymerase Il antibody status or baseline mRSS
as independent predictors of clinical improvement on MMF. In
sensitivity analyses, RNA polymerase lll status did not enhance
our model performance. The disease duration at which mRSS
peaks may differ between RNA polymerase Il compared with
Scl-70—-positive patients and could influence results, given that
the later SSc group was enriched with Scl-70-positive
patients. Male sex was a significant predictor of worse out-
comes in our study, which is consistent with prior reports.®’
Future studies are needed to better elucidate the mechanisms
by which sex influences disease trajectory and treatment
response. Our study adds to the literature by focusing on
MMF users and demonstrates that adjusting for fibroblast
immunophenotype influences the association between disease
duration and improvement on MMF. Although mRSS improve-
ment on MMF was greater in early SSc, our model incorporat-
ing fibroblast markers instead revealed that later disease
duration was associated with higher odds of improvement.
This suggests that differences in fibroblast phenotype may
explain the clinical observation that early-stage patients

7,9,36
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appear more likely than later-stage patients to improve with
immunosuppression.

We also discovered a-SMA and CD34 fibroblast markers
coexisted in a substantial number of patients, which raised the
possibility that some patients may harbor double-positive cells
in transition. Using IMC, we instead observed regional varia-
tions in fibroblast expression within dcSSc skin with fibroblast
subtypes localizing to areas within the dermis with differing col-
lagen density visualized by IMC and hematoxylin and eosin.
These regional differences are not well assessed using single
immunohistochemistry staining and may contribute to varying
correlations between histology scores and overall site severity.
Where a-SMA localizes in the skin could impact outcomes and
vary with disease duration but is not assessed in our current
analysis. Future IMC studies are needed that incorporate
detailed regional analyses and longitudinal data across differ-
ent disease stages.

Our study analyzes a relatively large, international cohort of
patients with dcSSc with baseline skin biopsies and 52-week clin-
ical, high-quality, trial-level data with minimal missing values. To
our knowledge, this is the first study to report baseline histologic
predictors of clinical trajectory in SSc. However, we also recog-
nize study limitations. Generalizability is limited to patients who
meet the clinical trial inclusion criteria, which excluded those with
disease duration beyond six years. Certain fibroblast and disease
duration subgroups were underrepresented (eg, CD34"°" and
a-SMA®Y in later SSc), which may have impacted model predic-
tions. Additionally, most had been on a stable MMF dose for at
least eight weeks before baseline. Measures of compliance, such
as MMF levels, were not captured in this analysis and could influ-
ence individual trajectories. However, our results are applicable to
patients seeking clinical trial enrollment despite MMF use and add
to the literature regarding MMF as background therapy in clinical
trials.

In conclusion, skin biopsy assessments provide insights
related to dcSSc heterogeneity and improve model performance
for identifying those likely to improve. The prognostic significance
of skin fibroblast profile depends on disease duration, suggesting
that skin biopsies have a role, along with disease duration, in iden-
tifying periods of time during which patients may be more or less
likely to improve with MMF. These results support an expanded
role for skin biopsies in refining prognosis and personalizing
patient management decisions in clinical practice.
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Telomere Length of Peripheral Blood Leukocytes Predicts
Disease Severity and Worse Survival in Systemic Sclerosis

Monica M. Yang,' / Shuo Liu,” Michael Wax Il ,®> Seoyeon Lee,? Sarah French,’ ) Paul J. Wolters,?

and Francesco Boin*®

Objective. Peripheral blood leukocyte telomere length (PBL-TL) shortening is associated with systemic sclerosis—
related interstitial lung disease (SSc-ILD). However, its association with other organ involvement, disease severity,
and survival remains unclear. This study aimed to define the relationship of TL with SSc-specific disease manifesta-
tions and outcomes.

Methods. PBL-TL was measured by quantitative polymerase chain reaction in 244 patients with SSc and
314 healthy controls. Multivariate modeling was used to assess the association of PBL-TL with disease severity and
event-free survival. Longitudinal changes in PBL-TL were measured in a subset of patients. TL was quantified in SSc
skin and lung tissues by telomere fluorescence in situ hybridization.

Results. PBL-TL was significantly shorter in patients with SSc than healthy controls. Shortened PBL-TL was asso-
ciated with presence and severity of ILD and pulmonary hypertension (PH), with the shortest PBL-TL found in subjects
with concurrent ILD and PH (P = 0.04). PBL-TL was not associated with skin disease or peripheral vascular disease.
Shorter PBL-TL was associated with hospitalizations (P < 0.01) and worse event-free survival (P = 0.03). Patients with
early SSc had a faster rate of PBL-TL shortening compared with patients with longer disease duration (P = 0.04). TL
was shorter in SSc-ILD lung epithelial cells (P = 0.01), whereas no difference was found in epithelial cells of SSc skin
(P =0.82).

Conclusion. Short PBL-TL is associated with pulmonary disease severity and predicts worse SSc clinical out-
comes. This study provides rationale to further investigate the role of telomere dysfunction in SSc pathogenesis and

validate TL as a prognostic biomarker in SSc.
INTRODUCTION

Systemic sclerosis (SSc) is a collagen vascular disorder char-
acterized by autoimmunity, vasculopathy, and progressive fibro-
sis that can affect nearly any organ system." Although SSc is
associated with significant morbidity and mortality, its clinical
course is highly variable with significant heterogeneity in disease
progression, response to therapy, and overall survival. This vari-
ability underscores the need to advance our understanding of
SSc pathogenesis to aid in biomarker discovery, identifying thera-
peutic targets and advancing precision medicine in the field.
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There is a growing interest in the role of aberrant aging and
cellular senescence in SSc pathogenesis. Telomeres are nucleo-
protein structures that protect the end of chromosomes and
shorten with each cell division.? Telomere shortening is a hallmark
of aging, and shortened peripheral blood leukocyte telomere
length (PBL-TL) has been associated with disease-specific mor-
bidity and mortality.>* Notably, telomere dysfunction is increas-
ingly implicated in the pathogenesis of pulmonary fibrosis, and
shortened PBL-TL has been associated with the severity of sev-
eral forms of interstitial lung disease (ILD), including SSc-related
ILD (SSc-ILD).5® Although PBL-TL shortening has been shown
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in patients with SSc-ILD, its association with other SSc organ
involvement and with overall SSc mortality is unknown.

The objective of this study was to define the relationship of
PBL-TL with SSc-specific disease manifestations, disease sever-
ity, and clinical outcomes including mortality. To further the under-
standing of telomere biology in SSc, we also sought to define
PBL-TL attrition rate over time in SSc disease subsets and assess
TL in affected tissues such as lung and skin.

MATERIALS AND METHODS

Study population. This is a retrospective longitudinal
cohort study using a large observational cohort of 244 patients
with SSc prospectively enrolled from the University of California
San Francisco (UCSF) Scleroderma Center.® All patients met the
2018 American College of Rheumatology/EULAR criteria for
SSc. Healthy controls (n = 314) from UCSF were also included in
the analysis. This study was approved by the institutional review
boards at UCSF, and written informed consent was obtained
from all subjects.

Clinical data and endpoints. Demographic and clinical
data, including age, sex, self-reported race, smoking status, dis-
ease duration, immunosuppression use, cutaneous disease sub-
type (limited vs diffuse), and presence of autoantibodies, were
recorded. Disease duration was defined as time from first non-
Raynaud event with early SSc as defined by disease duration of
less than 5 years. Primary clinical outcomes of interest included
skin disease as measured by modified Rodnan skin score
(mRSS), peripheral vascular disease as measured by presence
of digital ulcers and Medsger Raynaud phenomenon severity
score (RPSS), and pulmonary disease including the presence of
ILD on high-resolution computed tomography (HRCT) or pulmo-
nary hypertension (PH) by right heart catheterization using the
2022 European Society of Cardiology/European Respiratory
Society guidelines.'®"" Presence of calcinosis, scleroderma renal
crisis, and myocardial involvement, as defined as a Medgser heart
severity score of >1, was also examined. Data from pulmonary
function testing, including forced vital capacity percent predicted
(FVC%) and diffusing capacity of carbon monoxide percent pre-
dicted (DLco%), HRCT of the chest, and echocardiogram, includ-
ing right ventricular systolic pressure, were obtained. ILD severity
was defined using baseline FVC% cutoffs, including mild
(>75%), moderate (55%-75%), and severe (<55%). Hospitaliza-
tions and survival were recorded within five years of baseline with
death and lung transplantation considered terminal events.

PBL-TL measurement. DNA was isolated from peripheral
blood leukocytes using the Gentra Puregene cell kit (Qiagen,
Valencia, California). DNA quality was visualized on agarose gel,
and degraded DNA samples were excluded from the analysis.
Average PBL-TLs were measured while blinded to the study

endpoints using uniplex quantitative polymerase chain reaction
(PCR) in triplicate with the acidic ribosomal phosphoprotein
36B4 gene as a reference housekeeping gene, as previously
described.'®™'* Average relative TLs were determined by sub-
tracting telomere and reference median cycle threshold values.
TLs were calculated by comparison to reference samples.'
Using these methods, the intra-assay coefficient of variation
(CV) was <1%, the interassay CV was <3%, and the intraclass
correlation coefficient for triplicate measurements was 0.98
(95% confidence interval 0.97-0.99).

Longitudinal PBL-TL analysis. For a subset of patients
with availability of serial DNA samples, PBL-TL was measured at
a second timepoint after baseline using the method described
above. To limit plate-plate variability, baseline and serial DNA
samples were run on the same PCR plate. Using PBL-TL at both
timepoints and years between DNA sample collection, arate of TL
change per year was calculated. Association of rate of PBL-TL
change with clinical variables was compared using Wilcoxon and
Kruskal-Wallis.

TL measurement in tissue with telomere
quantitative fluorescence in situ hybridization assay.
To examine the TL changes at an organ level, cell-specific TL
was measured using telomere quantitative fluorescence in situ
hybridization assay (Telo-FISH) in lung and skin tissue.'® Lung tis-
sue from 20 age-matched and sex-matched subjects, including
15 patients with SSc-ILD and 5 healthy controls, and forearm skin
tissue from 12 patients with SSc and 8 healthy controls were
used. Lung tissue was obtained immediately after lung transplan-
tation, and skin tissue was obtained from punch biopsy of
affected skin from the forearm. Tissues were fixed with 10% for-
malin overnight and embedded in paraffin and then sectioned to
4-um thickness. Tissue slides were deparaffinized in xylene and
rehydrated in ethanol gradient series. After heat-induced antigen
retrieval, tissues were treated with 10 mg/mL RNase solution
and incubated with 0.3 pg/mL peptide nucleic acid TelC-Cy3
probe (Panagene, Daegjeon, South Korea) in 70% formamide
buffer, heated to 78°C for 10 min then overnight at 20°C. Follow-
ing washing and blocking, tissues were incubated with primary
anti-rabbit surfactant protein C antibody, a marker of Type Il alve-
olar (AT2) cells for lung, and anti-rabbit KRT5 antibody, a marker
of epithelial cells for skin, followed by secondary antibody. Tissues
were mounted with DAPI. Images were acquired using a Zeiss
Axio Imager 2 microscope, and telomere signal intensity was
quantified in a blinded manner using MetaMorph imaging analysis
software (Molecular Devices, Sunnyvale, CA). Pairwise compari-
sons of TL were made between groups using Kruskal-Wallis test.

Statistical analysis. Patient characteristics were summa-
rized by mean and SD for continuous variables and frequency
for categorical variables. Multivariate regression was used to
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examine the interaction of PBL-TL with clinical factors, including
age, sex, race, smoking, immunosuppression use, disease dura-
tion. and autoantibody status. Using a linear model derived from
healthy control measurements, an age-adjusted PBL-TL was cal-
culated for each patient with SSc. Association of PBL-TL with
clinical variables was compared using Wilcoxon and Kruskal-
Wallis and depicted using classical boxplots. For further analysis,
patients with SSc were stratified into tertiles based on their age-
adjusted PBL-TL with tertile 1 (T1) representing the shortest TL
and tertle 3 (T3) representing the longest (Supplementary
Table 1). Survival analysis of event-free survival, defined as time
to death or lung transplantation, was performed using
Kaplan-Meier curve and log-rank test for significance. To account
for variations of disease duration at time of PBL-TL measurement,
survival analyses were performed with two starting timepoints
including 5 years from baseline PBL-TL measurement and
30 years from SSc disease onset, as defined as date of first
non-Raynaud symptom. Survival time was censored when a
patient was lost to follow-up within the 30-year period.

RESULTS

Cohort characteristics. This study included 244 patients
with SSc and 314 healthy controls. Demographic data and clinical
characteristics are shown in Table 1 with patients divided into ter-
tiles based on age-adjusted PBL-TL (T1 is the shortest TL, and T3
is the longest TL). The mean age of SSc and control groups were
comparable (52.7 + 12.5vs 54.7 = 12.9 years; P = 0.06), whereas

Table 1. Demographic and clinical characteristics of study cohorts

there were more women and White participants in the control
group compared with the SSc group (P < 0.05). Of patients with
SSc, 161 were limited cutaneous subtype and 83 were diffuse
cutaneous subtype, with a mean disease duration of 10.8 =
8.38 years. The mean mRSS was 6.02 + 6.87, and the presence
of ILD and PH were 57% and 26%, respectively.

Age-adjusted telomere measurements is shortened
in patients with SSc. PBL-TL in both cohorts followed a normal
distribution and decreased linearly with age (Figure 1A). Patients
with SSc had significantly shorter telomeres than healthy controls
(P < 0.01; Figure 1B). In multivariate modeling, the presence of
SSc remained strongly associated with PBL-TL after controlling
for age, sex, and race (P < 0.005). Among patients with SSc, lin-
ear mixed-effects models revealed a strong association of PBL-
TL with age (P < 0.01), as expected, and weaker association with
disease duration (P = 0.08). There was no association of PBL-TL
with sex, race, body mass index, smoking status, immunosup-
pression use, or antibody status.

PBL-TL and skin and peripheral vascular disease.
Controlling for covariates, PBL-TL was not associated with skin
disease or peripheral vascular disease. Specifically, in univariate
analysis, PBL-TL was shorter in patients with limited cutaneous
SSc compared with patients with diffuse cutaneous SSc (P =
0.04; Supplementary Figure 1A); however, SSc cutaneous sub-
type was not associated with PBL-TL after controlling for age, dis-
ease duration, antibody status, and importantly, presence of

Category Control (n=314) SScT1 (n=81) SScT2 (n=82) SSc T3 (n=281) All SSc (n = 244)
Age, mean (SD), years 52.7 (12.5) 54.4(13.3) 54.5(12.7) 55.1(12.9) 54.7(12.9)
Sex, n (%)
Men 10(3.2) 10 (12.3) 1 4) 14 (17.3) 35(14.3)
Women 304 (96.8) 71(87.7) .6) 67 (82.7 209 (85.7)
Race, n (%)
White 246 (78.3) 48 (59.3) 50 (61.0) 47 (58.0) 145 (59.4)
Hispanic 19 (6.1) 6.2) 4(4.9) 9(11.1) 18 (7.4)
Black 7(2.2) 11(13.6) 5(6.1) 9(11.1) 25(10.2)
Asian 42 (13.4) 10(12.3) 13(15.9) 9(11.1) 32(13.1)
Other 0(0) 8.6) 10(12.2) 7 (8.6) 24.(9.8)
SSc subtype, n (%)
Limited - 58 (71.6 54 (65.9 49 (60.5 161 (66.0)
Diffuse - 23(28.4) 28 (341 32(39.5 83 (34.0)
Antibody status, n (%)
None - 35(43.2) 26 (31.7) 22(27.2) 83 (34.0)
ACA - 19 (23.5) 19(23.2) 23(28.4) 61 (25.0)
Scl-70 - 17 (21.0) 24.(29.3) 22 (27.2) 63 (25.8)
RNAPollll - 10(12.3) 13(15.9) 14 (17.3) 37(15.2)
Disease duration, mean (SD), years - 9.99 (7.89) 10.8 (8.55) 11.7 (8.67) 10.8 (8.38)
mRSS, mean (SD) - 5.36 (4.96) 6.20(8.08) 6.51(7.23) 6.02 (6.87)
ILD present, n (%) - 50 (61.7) 50 (61.0) 39 (48.1) 139 (57.0)
pHTN present, n (%) - 26(32.1) 21 (25.6) 16 (19.8) 63 (25.8)
Severe RP present, n (%) - ) 5(6.1) 6 (7.4) 15(6.1)

* Telomere length divided by tertile with T1 representing the shortest telomere length and T3 representing the longest telomere length. ACA,
anticentromere antibody, ILD, interstitial lung disease; mRSS, modified Rodnan skin score; pHTN, pulmonary hypertension; RNAPollll, RNA
polymerase Ill antibody; RP, Raynaud phenomenon; SSc, systemic sclerosis; T1, tertile 1; T2, tertile 2; T3, tertile 3.
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Figure 1. Peripheral blood leukocyte telomere lengths are shortened in patients with SSc compared with controls. (A) Scatterplot of peripheral
blood leukocyte telomere length versus age in controls (red) and patients with SSc (blue). Lines represent best fitted lines, and gray shading rep-
resents 95% confidence interval. (B) Classical boxplot of peripheral blood leukocyte telomere length by patient cohort demonstrating shorter
peripheral blood leukocyte telomere length in patients with SSc. SSc, systemic sclerosis.

pulmonary disease (P = 0.12). mRSS was not statistically different
between tertiles of PBL-TL (P = 0.34; Supplementary Figure 1B).
A trend toward shorter PBL-TL was detected in patients without
peripheral ulcers (P = 0.06), and no significant difference was
found among RPSS categories (P = 0.87; Supplementary
Figure 1C and 1D), overall demonstrating that PBL-TL is not
associated with peripheral vascular disease severity. Additionally,
no association was found between PBL-TL and secondary clini-
cal outcomes of interest, including the presence of calcinosis,
SSc renal crisis, and myocardial involvement (P > 0.1).

PBL-TL and pulmonary disease in ILD and PH and
associated with pulmonary disease severity and
survival. In multivariate modeling, controlling for age, sex, race,
smoking, disease duration, and autoantibody status, shortened
PBL-TL was significantly associated with the presence of SSc-
related pulmonary involvement (odds ratio 3.42 per 1,000-bp
shortening; P = 0.01; Figure 2A). Within pulmonary disease cate-
gories, patients with ILD and PH each had shorter PBL-TL than
controls (P = 0.03 and P < 0.01, respectively), and the shortest
PBL-TL was found in subjects with concurrent ILD and PH
(Figure 2B). Shortened PBL-TL was also associated with mea-
sures of lung disease severity, including lower DLco% predicted
(P = 0.02) and usual interstitial pneumonia (UIP) pattern by chest
CT compared with nonspecific interstitial pneumonia (NSIP) (P =
0.007) but not FVC% predicted (P = 0.22; Figure 2C and 2D).
Although not significant, there was a trend toward shorter PBL-
TL and worsened ILD severity by FVC% (P = 0.12; Supplementary
Figure 2). PBL-TL shortening was also associated with patients

requiring future hospitalization for respiratory or right ventricular
failure, thus predicting worse pulmonary outcomes (P = 0.002).
PBL-TL was associated with overall survival, with individuals
with shorter PBL-TL predicting increased mortality. From baseline
PBL-TL measurement, patients with SSc in the first tertile (T1, the
shortest TL) had a significantly worse five-year event-free survival
compared with patients with longer PBL-TL (T2 and T3; 67% vs
83%; P =0.03; Figure 3A). This association remained when examin-
ing 30-year event-free survival from the time of SSc disease onset,
with T1 demonstrating a significantly worse survival than T2 and T3
(P = 0.03; Figure 3B). The leading underlying cause of death was
SSc-associated lung disease (63%), either ILD or PH, followed by
cancer (15%) and cardiomyopathy (7%) (Supplementary Table 2).

Telomere shortening in SSc. Serial DNA samples were
available for 175 of 244 patients with a mean follow-up time of
1.75 = 0.7 years between PBL-TL measurements. The average
rate of change of PBL-TL in patients with SSc was a loss of
223 + 595 bp per year, which is greater than the rate of loss
reported in healthy individuals of about 30 bp to 60 bp per
year.'2° There was no association between rate of change with
age, sex, race, antibody status, or immunosuppression use. Rate
of change of PBL-TL appeared independent of baseline TL
length, with each tertile having similar rates of TL shortening (P =
0.2; Figure 4A). Patients with early SSc, defined by disease dura-
tion of less than five years, had a faster rate of TL shortening com-
pared with patients with SSc with longer disease duration (P =
0.04; Figure 4B). In addition, patients with SSc experiencing a ter-
minal event (death or lung transplantation) within five years of
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Figure 2. Association of peripheral blood leukocyte telomere length with lung disease presence and severity in patients with systemic sclerosis.
(A and B) Comparison of peripheral blood leukocyte telomere length between patients with systemic sclerosis with and without pulmonary disease
(n =155 and n = 89, respectively). Breakdown by disease category demonstrated shortest peripheral blood leukocyte telomere length in patients
with ILD and PH (n = 18), compared with patients without pulmonary disease (n = 89), ILD only (n = 116), and PH only (n = 39). (C and D) Compar-
ison of FVC% and DLco% between peripheral blood leukocyte telomere length tertiles. (E) Peripheral blood leukocyte telomere length by radio-
graphic ILD pattern demonstrating shortened peripheral blood leukocyte telomere length associated with UIP pattern compared with NSIP
pattern (n = 33 and n = 103, respectively). DLco%, diffusing capacity of carbon monoxide percent predicted; FVC%, peripheral blood leukocyte
telomere length; ILD, interstitial lung disease; NSIP, nonspecific interstitial pneumonia; PH, pulmonary hypertension; T1, tertile 1; T2, tertile 2; T3,
tertile 3; UIP, usual interstitial pneumonia. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/

10.1002/art.43400/abstract.

baseline had a greater rate of PBL-TL shortening than their coun-
terparts (P = 0.05; Figure 4C). Rate of TL shortening was not
associated with cutaneous or pulmonary manifestations.

Telomere measurements is shortened in lung but
not skin epithelial cells. To explore whether telomere attrition
could be detected in SSc target organs, we applied Telo-FISH to
measure TL in individual epithelial cells from SSc lung and skin.
We found that TL was shorter in AT2 cells of lung tissues obtained

from patients with SSc-ILD compared to healthy controls (P =
0.035; Figure 5A). In contrast, no difference was detected
between TL measured in SSc skin (KRT5+ epidermal cells) com-
pared with controls (P = 0.78; Figure 5B).

DISCUSSION

This study investigates the association of PBL-TL with SSc
disease manifestations severity and outcomes. Shorter PBL-TL
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was associated with the presence of SSc, pulmonary involvement
and severity, and overall worse event-free survival. Patients with
SSc with overlapping ILD and PH had the shortest PBL-TL.
PBL-TL was not associated with peripheral vascular disease
severity or skin involvement, which was concordant with findings
that TL was not shortened in skin epithelial cells. A faster rate of
TL loss was associated with earlier disease and worse event-free
survival. These findings further support the relevant association of
aberrant aging with the SSc disease process and, in particular,
with SSc lung disease.

Telomere dysfunction has been implicated in several age-
related diseases and is associated with all-cause mortality.>* Crit-
ically short telomeres lead to DNA instability, activation of the DNA
damage response, and accumulation of pathologic senescent
cells in affected tissues, contributing to organ dysfunction.?'%?
Fibrotic diseases have been linked to abnormally shortened telo-
meres, including idiopathic pulmonary fibrosis (IPF), liver cirrhosis,
kidney fibrosis, and myelodysplastic syndrome.®”?>-26 Both
mouse models and human studies have established a causal link
between telomere dysfunction and fibrogenesis, implicating
its role in disease pathogenesis.’’™° Increasingly, telomere
dysfunction and cell senescence have been studied in rheumato-
logic diseases. In a large cohort study examining PBL-TL across
clinical diagnoses, PBL-TL shortening had the strongest associa-
tion with increased mortality from rheumatoid arthritis in which
senescent T cells are shown to contribute to increased cytokine
production, sustaining a proinflammatory microenvironment.®!
Given SSc represents a disease of both autoimmunity and pro-
gressive fibrosis, there is high relevance in elucidating the role that
pathologic aging mechanisms may play in its pathogenesis. This

study demonstrates that TL measured in peripheral blood cells
of patients with SSc is associated with early disease, increased
disease severity, and worse outcomes. This provides further sup-
port to the possibility that aging and aberrant telomere function
may contribute to the abnormal biologic processes leading to dis-
ease onset and may drive a more progressive disease phenotype
as well as specific subsets of organ involvement.

Previous studies have shown shortened PBL-TL across sev-
eral forms of ILD.5®32 This study confirms our previous report
about the association between PBL-TL and SSc-ILD® and adds
to the existing literature by showing that PBL-TL predicts a more
severe and progressive lung involvement, including presence of
UIP pattern of fibrosis and presence of PH. We found shortened
PBL-TL was associated with worse pulmonary outcomes includ-
ing increased hospitalizations and worse event-free survival, con-
firming its potential value as a biomarker predicting more severe
SSc prognosis. These findings are consistent with the growing
evidence that cellular senescence may play a role in not only ILD
but also PH. In fact, cultured pulmonary artery smooth muscle
cells (PA-SMCs) from patients with PH have demonstrated
increased markers of senescence and shorter TL compared with
PA-SMCs from controls.>® These senescent PA-SMCs were
shown to stimulate growth and migration of normal PA-SMCs
through pathologic signaling, contributing to vascular remodeling.
Whether short PA-SMC TL contributes to PH in vivo requires fur-
ther investigation.

The hypothesis that aberrant aging and telomere dysfunction
may play a direct role in the onset and propagation of SSc lung
disease compared with other organs is supported by our tissue
analysis, showing that TL was shortened in lung AT2 cells. Our
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previous work has shown that molecular signatures indicative of
aging and cell senescence are increased in lung tissue of
SSc-ILD, including pathways related to epithelial-mesenchymal
transition, P53, and DNA damage.®* In contrast, SSc skin epider-
mal cells did not exhibit telomere shortening, and PBL-TL was not
associated with skin disease severity, in keeping with other
reports.>® Together, these findings suggest PBL-TL may be an
organ-specific biomarker of SSc lung disease, possibly because
telomere dysfunction is a key driver of ILD and pulmonary arterial
hypertension or PBL-TL disproportionately reflects telomere attri-
tion of certain cell populations such as AT2 cells or pulmonary

vascular endothelial cells. Given senescence signatures have
been detected in the skin but telomere shortening has not, it is
possible that SSc skin senescence may be driven by
nontelomere-related mechanisms and, rather, other potentiators
of senescence. Additionally, it is possible that there are niche cell
types in the skin, yet to be examined by TL studies, that may be
affected by telomere dysfunction. These include pathologic endo-
thelial cells or profibrotic fibroblasts, which have been shown to
exhibit the highest enrichment of senescence-related signatures
compared with other cell types in affected skin of patients
with SSc.%°
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Although PBL-TL is shown to be significantly shortened in
SSc, the cause of telomere shortening remains unknown. In other
fibrotic diseases such as IPF, genetic mutations in telomere-
associated genes have been found to be a cause of telomere dys-
function; however, these mutations have yet to be identified in
SSc.®” A recent study reports that a polymorphic variant of
FAM13A, an IPF susceptibility gene that regulates the expression
of the cellular senescence marker P21 and mitochondrial reactive
oxygen species (ROS) production in the airway epithelium, is
associated with development of UIP in SSc-ILD.%%3° Additionally,
other disease-associated factors may be driving telomere attri-
tion. We show that PBL-TL shortens more rapidly in patients with
SSc compared with what is reported in the general healthy popu-
lation irrespective of their baseline PBL-TL, especially in subjects
with shorter disease duration. This raises the hypothesis that a
more vibrant immune activation, usually associated with earlier
stages of SSc, may accelerate telomere shortening through repli-
cation and increased immune cell turnover. In addition, sustained
ROS production and oxidative stress associated with the ongoing
inflanlnmatory response and tissue damage could also contribute
to telomere attrition in a replication-independent manner.*%4!
Another mechanism to consider that may be driving aberrant telo-
mere shortening in a subset of patients is interference with
telomere repair mechanisms by autoantibodies targeting
telomerase-associated proteins because these have been
detected in our patient cohort.*?

This study provides robust data supporting the potential use
of PBL-TL to stratify patients with SSc at risk for more severe or
progressive disease, particularly for lung complications including
ILD and PH. The association between age and disease severity
has been previously reported because patients who develop
SSc later in life have worse prognosis and a more rapid disease
course.*® The data here provided support that measuring PBL-
TL could help identify patients who are disproportionately affected
by aging mechanisms and at higher risk for more severe dis-
ease.** Additionally, identifying patients with shortened PBL-TL
may have treatment implications. Previous studies have shown
thatin ILD, shortened PBL-TL is associated with worse outcomes
when treated with immunosuppression, including in patients with
SSc-ILD.*5*® This raises the possibility that in later stages of the
disease, a subset of patients with SSc may transition from a pre-
dominantly inflammatory phenotype, in which rapid telomere attri-
tion occurs, to a more fibrotic phase, in which progressive fibrosis
may be further driven by ongoing telomere dysfunction. This
“late” disease process becomes less dependent on inflammation
and, in the lungs, may develop a pathobiology more similar to IPF.
Although further investigation to validate this hypothesis is
needed, identification of these patients “at risk” of a progressive
fiorotic phenotype using PBL-TL measurements would signifi-
cantly advance a precision medicine approach in the field of
SSc. Overall, given that tools to measure PBL-TL are readily avail-
able, PBL-TL represents a potential clinically actionable

biomarker that may help further characterize a patient’s pheno-
type and inform about disease trajectory, severity, and prognosis.

A strength of this study has been the ability to measure a bio-
logically relevant biomarker in a large, well-characterized longitu-
dinal cohort of patients with SSc compared with age-matched
healthy controls. Additionally, the longitudinal assessment of
PBL-TL over time enabled investigation of the rate of PBL-TL attri-
tion in relationship to SSc clinical phenotype. We measured TL in
SSc skin and lung tissues to define how telomere dysfunction
may impact target organs in SSc. However, our tissue studies
were limited to AT2 and KRT5+ epithelial cells. We acknowledge
that aberrant telomere function should be investigated in other cell
types relevant to the disease pathogenesis. This study was not
powered to evaluate the effects of specific medications on
changes of PBL-TL nor to assess the impact of shorter PBL-TL
on treatment response. We additionally were not able to associ-
ate PBL-TL with other serum markers of disease such as sedi-
mentation rate and C-reactive protein.

In conclusion, PBL-TL is shortened in patients with SSc and
associated with more severe pulmonary involvement, particularly
concurrent ILD and PH. The degree of telomere shortening is also
associated with worse clinical outcomes including increased hos-
pitalization due to respiratory failure and worse event-free survival.
Collectively, the findings highlight the relevance of telomere dys-
function and aging in SSc and the possible use of PBL-TL as a
prognostic marker for disease severity and outcome.
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Comparative Real-World Effectiveness
of Immunomodulatory Therapies for Prevention
of Uveitis Relapse in Beh¢et Disease
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Objective. To evaluate comparative effectiveness of cyclosporine, interferon alfa-2a, and adalimumab for the
prevention of uveitis relapse in Behget disease in real-world settings.

Methods. We emulated a target trial involving adult patients with Behget disease uveitis who initiated cyclosporine,
interferon alfa-2a, or adalimumab between April 10, 2008, and August 1, 2024, and were observed up until September
10, 2024. We applied overlap weighting to balance patient characteristics across treatment groups and emulate ran-
domization at baseline. The primary outcome was the annualized relapse rate of uveitis during treatment with study
therapy.

Results. The cohort comprised 716 cyclosporine users, 193 interferon alfa-2a users, and 103 adalimumab users.
The estimated mean annualized relapse rate of uveitis was 0.95 (95% confidence interval [Cl] 0.82-1.10) with cyclo-
sporine, 0.52 (95% CI 0.40-0.69) with interferon alfa-2a, and 0.28 (95% CI 0.19-0.43) with adalimumab. Patients
treated with cyclosporine experienced more relapses than those treated with adalimumab (incidence rate ratio [IRR]
3.36 [95% CI 2.23-5.05]; mean difference 0.66 [95% CI 0.48-0.85]; P < 0.001) or interferon alfa-2a (IRR 1.81 [95% CI
1.37-2.4]; mean difference 0.42 [95% CI 0.22-0.62]; P < 0.001). The relapse rate was higher with interferon alfa-2a than
with adalimumab (IRR 1.86 [95% CI 1.16-2.97]; mean difference 0.24 [95% CI 0.05-0.43]; P = 0.011).

Conclusion. In Behget disease, interferon alfa-2a was associated with a reduction in uveitis relapse compared with
cyclosporine, whereas adalimumab demonstrated a stronger association with reduced relapse than interferon alfa-2a.

INTRODUCTION

Behcet disease is a multisystem vasculitis that affects both
arteries and veins and vessels of any size." This disease has an
estimated global prevalence of 10.3 per 100,000 persons, with
notable geographic variability.? It is often neglected and rare in
the US and Northern Europe but is more common in East Asia
and the Middle East.® This form of vasculitis primarily manifests
in the eyes as recurrent relapsing and remitting uveitis in associa-
tion with retinal vasculitis.* Eye involvement often indicates a poor
prognosis of the disease and is one of the most common mani-
festations leading to vision loss and disability.>® This condition
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has been identified to involve autoimmune and autoinflammatory

mechanisms,”'® and management aims to prevent relapses and

minimize intraocular inflammation.®1°

Extensive data have shown that nonglucocorticoid systemic
immunomodulatory therapy reduces the risk of relapse and
improves disease outcomes.'"'? EULAR recommendations have
emphasized the need for immunomodulatory therapy for any
patients with Behget disease and inflammatory eye disease
affecting the posterior segment.”® However, guidelines
vary in the strength of their recommendations for specific
immunomodulators,'®* which reflects the fact that there are
insufficient data on the comparative effectiveness of the currently
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recommended drugs. A recent three-arm randomized trial involv-
ing cyclosporine, interferon alfa-2a, and adalimumab suggested
adalimumab as a clinical priority for preventing uveitis relapse in
severe cases.'® Nevertheless, this trial involved patients at a high
risk for uveitis flares, which limits its relevance to those with milder
conditions. Furthermore, results from this trial were inconsistent
with earlier data that have shown the superiority of interferon
alfa-2a over cyclosporine.’® Even before this trial, few studies
had compared interferon alfa-2a with adalimumab in treating
Behcet disease uveitis. Thus, the question remains open as to
how interferon alfa-2a ranks in effectiveness among the three
drugs. Because the cost of adalimumab is substantially higher
than that of interferon alfa-2a or cyclosporine, widely prescribing
adalimumab could lead to overtreatment and increase the finan-
cial burden on patients as well as health insurance systems. In
addition, when considering potential anti-drug antibody develop-
ment or loss of response to adalimumab,’” determining whether
the other medications can serve as substitutes with acceptable
effectiveness remains clinically relevant.

Classic randomized controlled trials usually include highly
selected population, which may limit the generalizability of their
findings to real-world settings. In contrast, observational studies
often include broader, more heterogeneous populations but are
more vulnerable to confounding and immortal time bias.'® Never-
theless, these flaws could be prevented by designing observa-
tional analyses to explicitly emulate a rigorous target trial.'®
Within such a framework, we used real-world data to compare
the effectiveness of cyclosporine, interferon alfa-2a, and adalimu-
mab in preventing uveitis relapse in Behget disease.

METHODS

Study design and participants. We designed this obser-
vational analysis to emulate a hypothetical pragmatic randomized
trial (the target trial) of the comparative effectiveness of cyclospor-
ine, interferon alfa-2a, and adalimumab in patients with Behget
disease uveitis. The key components of the target trial specifica-
tion and emulation, including eligibility criteria, treatment assign-
ment and strategy, start of follow-up, and outcome measures,
are summarized in Supplementary Table 1. This study received
approval from the ethics committee of the First Affiliated Hospital
of Chongaing Medical University, which also granted a waiver of
informed consent.

The inclusion criteria for the target trial required participants
to be 18 years or older, have a diagnosis of Behcet disease that
was present with compatible uveitis in at least one eye according
to the Standardization of Uveitis Nomenclature (SUN) criteria, '°
and have visual acuity of light perception or better in an affected
eye. To ensure safety and minimize bias, the target trial would
exclude individuals with severe media opacity, other complicated
systemic autoimmune diseases, known contraindications to
study therapies, or those who had received nonglucocorticoid

immunomodulatory therapy within the past two months, long-
acting ocular glucocorticoid implants within the past three years,
or periocular or intravitreal glucocorticoid injections within the past
four weeks. Patients enrolled in the target trial would be randomly
assigned to one of the three immunomodulatory therapies and
have their ocular conditions and prescriptions recorded during
the follow-up.

Data sources and definition. We leveraged the elec-
tronic medical records from the Uveitis Center of the First Affiliated
Hospital of Chongging Medical University, Chongging, China, to
emulate the target trial. By 2018, this academic, university-
affiliated hospital had established a large medical center specializ-
ing in uveitis care, which had received 15,373 uveitis cases from
across China that reflected the diverse Chinese patient popula-
tion.2° The medical database integrates multiple domains of rou-
tine health records, including outpatient encounter data,
inpatient care records, and the results of laboratory tests and aux-
iliary examinations. Routine clinical assessments for each patient
visit include slit-lamp microscopy, ophthalmoscopy, and mea-
surements of best-corrected visual acuity (BCVA) and intraocular
pressure. Auxiliary examinations, such as fundus photography,
optical coherence tomography (OCT), and fundus fluorescein
angiography (FFA), are conducted according to clinical needs.

Patients’ anterior chamber cell and vitreous haze grades
were evaluated using the criteria established by the SUN Working
Group, with grades ranging from 0O to 4+, with higher values indi-
cating a worse condition.2"22 Inflammatory retinal lesions were
identified by at least one of the examinations, including ophthal-
moscopy, fundus photography, FFA, and OCT. BCVA was
assessed using a logarithm of the minimum angle of resolution
tumbling E chart. The criteria for macular edema were set at a
thickness of 315 um or greater on Spectralis OCT (Heidelberg
Engineering) and 250 um or greater on Stratus OCT (Carl Zeiss
Meditec). Active retinal vascular lesions, also known as the typical
retinal vasculitis in Behget disease, were indicated by clinically vis-
ible vascular sheathing with retinal hemorrhages or exudates or
by findings of retinal vascular staining, leakage, capillary nonperfu-
sion, or hyperfluorescence of neovascularization on FFA.23

Anonymized unique patient identifiers were used to collect
information from the medical database. In this study, participants
were consecutive individuals who had a record of use of cyclo-
sporine, interferon alfa-2a, or adalimumab between April
10, 2008, and August 1, 2024. The baseline (time zero) was
defined as the date of the first filled prescription of study therapy.
The final visit was defined as the one that occurred without any
further visits in the subsequent six months. Follow-up data were
collected until September 10, 2024.

Treatment strategy. The interventions of interest were the
initiation and maintained use of cyclosporine, adalimumab, or
interferon alpha-2a. Oral cyclosporine could be prescribed at
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dose of 2 to 5 mg/kg per day according to the EULAR recom-
mendations.’® Adalimumab would be administered subcutane-
ously at 40 mg every two weeks with or without a loading dose.
As there is no standard dosing regimen, the dosage of interferon
alpha-2a varies widely in real-world settings. To mimic this reality,
interferon alpha-2a could be injected subcutaneously at a dose of
3 million 1U, with the frequency ranging from once daily to three
times a week at the treating clinician’s discretion.™#*2° Concom-
itant glucocorticoid treatment was permitted as clinically indicated
for patients in each group and adjusted for as post-assignment
covariates. The use of other immunomodulatory drugs, such as
azathioprine, colchicine, and JAK inhibitors, as well as periocular
or intravitreal glucocorticoid injections or implants, was prohib-
ited. Patients would have their data censored if they deviated from
the assigned treatment strategy, switched to the other treatment
group, commenced any prohibited therapies, and at their final visit
(after which no further visits occur within the subsequent six
months), whichever occurred first. No deaths were reported in
this study.

Outcomes. The primary outcome was the annualized
relapse rate of uveitis during treatment with study therapy. A uve-
itis relapse was defined as a minimum two-step increase in the
anterior chamber cell or vitreous haze grade relative to the best
state previously recorded, the appearance of new active inflam-
matory retinal lesions relative to the baseline, or the worsening of
previously stable inflammatory retinal lesions relative to the last
visit."® Secondary outcomes included the time to the first uveitis
relapse since baseline and the change in BCVA from baseline at
months two, four, and six. We defined a +30-day window around
months two, four, and six and used the available visit closest to
the target time. An exploratory outcome was the percentage
change from baseline in patients with macular edema in at least
one eye at month six.

Covariates. We identified a range of potential confounders
from the predetermined electronic medical database, including
demographic characteristics, past medical history, main clinical
manifestations, and disease severity, based on clinical knowl-
edge, published literature, and previous trial data.'®2%2” We used
a directed acyclic graph (DAG) to guide the final selection of pre-
defined covariates (Supplementary Figure 1 and Supplementary
Table 2) that accounted for nonrandom allocation among the
groups. The DAG depicts variables as nodes linked by arrows,
which illustrates their relationships and facilitates the identification
of the minimal set of covariates needed to adjust for confound-
ing.28 The minimally sufficient adjustment baseline covariates
identified by DAG included age, sex, uveitis laterality, daily gluco-
corticoid dose at baseline, history of treatment with specific
immunosuppressants, macular edema in at least one eye, active
retinal vascular lesions in at least one eye, and anterior chamber
cell and vitreous haze grades in the more severely affected eye.

In addition, we prespecified cumulative glucocorticoid dose, ocu-
lar surgeries, and visit frequency from baseline to the end of
follow-up as post-assignment covariates because they were
potential confounders for the effect of immunomodulatory thera-
pies on the primary outcome. The cumulative glucocorticoid
dose, representing the burden of concomitant glucocorticoid
exposure, was calculated by summing the daily doses from all
filled prescriptions throughout the follow-up.

Statistical analysis. Baseline characteristics are summa-
rized as n (%) for categorical data, mean + SD for normally distrib-
uted data, and median (interquartile range [IQR]) for skewed data.
To emulate the target trial, we estimated the per-protocol average
treatment effect of maintained use of the assigned immunomodu-
latory therapy. We applied overlap weighting to balance patient
characteristics across treatment groups and emulate randomiza-
tion at baseline. This approach involved assigning a weight to
each patient that was proportional to the probability of that patient
not being assigned to the actual treatment.?® Overlap weighting
reweights the sample to emphasize the overlap region where
treatment groups are most comparable, thus changing the study
population.®° This means that by downweighting individuals with
extreme propensity scores (those who are very likely or very
unlikely to receive the treatment), covariate balance can be
achieved and valid comparisons across treatment groups can
be enabled even if the original sample sizes are unevenly distrib-
uted across groups.®! The treatment effect estimate is specific
to the overlap population. We estimated treatment assignment
probabilities using a multinomial logistic regression with prede-
fined baseline covariates as predictors and then computed the
generalized overlap weights for all pairwise comparisons among
the three study therapies.? For a small number of patients, miss-
ing baseline information was imputed with the mean or median of
available data, as appropriate. Between-group balance for each
covariate was evaluated with the standardized mean difference.

The primary outcome was analyzed by treatment group with
the use of a overlap-weighted negative binomial regression model
with robust variance estimators, further adjusted for prespecified
post-assignment covariates. For this analysis, the total number
of uveitis relapses was the response variable, with the natural log-
arithm of study treatment duration as the offset. In the analysis of
total relapses, missing values for variables such as anterior cham-
ber cell and vitreous haze grades at post-baseline visits were
imputed with the last observation carried forward (LOCF) method.
We used LOCF as the primary analysis because it could yield a
lower relapse incidence, thus providing a more conservative esti-
mate of outcomes.

The time to the first relapse was analyzed, and the cumula-
tive probability of uveitis relapse was predicted with an overlap-
weighted Cox proportional hazards model that was adjusted for
prespecified post-assignment covariates measured from baseline
to the time of censoring. Data were censored at the time of the
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occurrence of any violations of the treatment strategy or their final
visit, whichever came first. No violations of the proportional
hazards assumption were identified with Schoenfeld residuals.
Longitudinal changes in BCVA were analyzed using an overlap-
weighted generalized estimating equation with robust variance
estimation and an exchangeable correlation structure to account
for the correlation between the eyes of a patient, with adjustment
for baseline BCVA values, eye specificity, and prespecified post-
assignment covariates. Similarly, taking into account the correla-
tion of repeated measures, we used an overlap-weighted gener-
alized estimating equation with a binomial model and an identity
link function to analyze the percentage of macular edema in at
least one eye as well as the percentage changes through six
months, with adjustment for post-assignment covariates. Assum-
ing that data were missing at random, missing values for BCVA
and macular edema status at each analyzed time point were
addressed with multiple imputation. Rubin’s rules were used to
combine effect estimates from 100 imputed datasets.

Regarding the primary outcome, we performed prespecified
subgroup analyses according to age (<35 years vs >35 years),
sex, anterior chamber cell and vitreous haze grades in the more
severely affected eye (<0.5+ vs >0.5+), the presence of macular
edema, and active retinal vascular lesions (detected in at least
one eye vs not detected) at baseline. Subgroup analyses were
conducted by adding each subgroup variable and its corre-
sponding interaction term with treatment assignment to the pri-
mary overlap-weighted negative binomial regression model.

We conducted several sensitivity analyses of the primary out-
come. First, to dynamically adjust for concomitant glucocorticoid
treatment, we incorporated the updated dose at each visit as a
time-varying covariate in an overlap-weighted mixed effects
model. This model was fitted using a negative binomial regression
with a log link, accounting for ocular surgeries, visit frequency,
and the variations in glucocorticoid dose by including interactions
with visit and participant-level random intercepts. Second, we
addressed potential selection bias caused by censoring using
inverse probability of censoring weighting. Probabilities of not get-
ting censored were estimated with the logistic regression, which
was conditional on all predetermined baseline and post-
assignment covariates. We constructed a summarized weight by
multiplying overlap weights with inverse probability of censoring
weights that was then applied to negative binomial regression to
produce effect estimates. Third, assuming missingness at ran-
dom, the total number of relapses was derived by predicting
missing relapse status at each visit using multiple imputation for
100 times instead of using the LOCF method. Fourth, we
excluded uveitis relapse events within 30 days after the baseline
date to minimize reverse causation. Fifth, we further adjusted for
topical glucocorticoid use during follow-up as an additional post-
assignment covariate. Sixth, considering that the drug availability
for Behget disease might have shifted over time, we further
adjusted for the year of patient enrollment in the regression model.

Seventh, to assess the impact of adjustment for post-assignment
covariates on the primary outcome, we performed a sensitivity
analysis by not adjusting for these covariates within the overlap-
weighted negative binomial regression model. Eighth, we addi-
tionally account for patients’ province of residence, which could
serve as a proxy for socioeconomic disparities within our
sample,® by incorporating this covariate into the overlap weight-
ing model. Finally, the robustness of estimates to unmeasured
confounders was assessed with an array-approach analysis.>*
We also calculated the E-value, which is the minimum strength
of association that an unmeasured confounder must have with
the exposure and outcome to explain away the observed associ-
ation.®® All statistical tests were two-sided. Data were analyzed
with R software, version 4.4.1 (R Foundation for Statistical
Computing).

RESULTS

Of the 2,302 adult patients with Behcet disease identified
during the study period, 1,145 fulfilled the eligibility criteria, and
1,012 were included in the primary analysis (Figure 1). The final
cohort included 716 cyclosporine users, 193 interferon alfa-2a
users, and 103 adalimumab users. The median age of all partici-
pants at baseline was 32 years (IQR 26-39), 199 (19.7%) were
women, and all were of East Asian ethnicity. The characteristics
of the original cohort are detailed in Supplementary Table 3. After
applying overlap weighting, all the predefined baseline covariates
achieved balance across treatment groups (Table 1), with stan-
dardized mean differences less than 0.1 (Supplementary
Figures 2-4). For the entire cohort, the per-protocol effect evalua-
tion was based on a median follow-up of 5.4 months (IQR
2.2-10.9).

Among those treated with cyclosporine, the actual median
daily dose received was 125 mg (IQR 125 -150). Of 193 interferon
alfa-2a users, 184 (95.3%) started with a dose of 3 million IU per
day and maintained this regimen for a median of 154 days (IQR
64-202). By the end of follow-up, 22 (11.3%) of these users had
adjusted their interferon alfa-2a frequency to every other day,
whereas 10 (5.1%) had reduced it to three times a week. During
the follow-up, cyclosporine users concomitantly consumed glu-
cocorticoids at a median cumulative dose of 2,620 mg (IQR
1,279-4,958), interferon alfa-2a users at 2,642 mg (IQR 980-
4,993), and adalimumab users at 3,380 mg (IQR 1,588-5,745),
which was equivalent to a median daily dose of 20.0 mg (IQR
18.9-20.0), 19.3 mg (IQR 16.0-20.0), and 19.2 mg (IQR 16.5-
20.0), respectively, averaged over the follow-up period. Topical
glucocorticoids were used in 335 (46.8%) patients receiving
cyclosporine, 45 (23.3%) receiving interferon alfa-2a, and
33 (32.0%) receiving adalimumab, with each instance lasting no
more than 28 days in this cohort.

In the primary analysis, the estimated mean annualized
relapse rate of uveitis was 0.95 (95% confidence interval
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2302 Patients aged 218 y with
Behget’s disease uveitis identified
during study period

Y

I 157 Excluded
624 Who did not use any study

therapies

343 Prior use of any study therapies

within the past 2 months

164 Co-prescription of other systemic

immunomodulatory therapy in
the past 2 months

26 Severe media opacity

!

| 145 Patients evaluated for
inclusion in the study

!

!

830 Users of cyclosporine

202 Users of interferon alfa-2a

Y

I 14 Had only the baseline visit
716 Had sufficient follow-up
assessed for uveitis relapse

9 Had only the baseline visit
193 Had sufficient follow-up
assessed for uveitis relapse

Y

716 included in the primary
analysis

193 included in the primary

'

I 13 Users of adalimumab

10 Had only the baseline visit
103 Had sufficient follow-up
assessed for uveitis relapse

103 included in the primary

analysis analysis

Figure 1. Study flow diagram.

[CI] 0.82—-1.10) with cyclosporine, 0.52 (95% ClI, 0.40-0.69) with
interferon alfa-2a, and 0.28 (95% CI 0.19-0.43) with adalimumab
(Table 2). Patients treated with cyclosporine experienced more
relapses than those treated with adalimumab (incidence rate ratio
[IRR] 3.36 [95% CI 2.23-5.05]; mean difference 0.66 [95% ClI
0.48-0.85]; P < 0.001) or interferon alfa-2a (IRR 1.81 [95%
Cl 1.37-2.40]; mean difference 0.42 [95% Cl 0.22-0.62]; P <
0.001). The relapse rate was higher in the interferon alfa-2a group

than in the adalimumab group (IRR 1.86 [95% CI 1.16-2.97];
mean difference 0.24 [95% CI 0.05-0.43]; P = 0.011).

The cumulative probability of uveitis relapse in each treat-
ment group is shown in Figure 2. All pairwise differences in the
time to the first relapse across treatment groups were directionally
concordant with the results of the primary outcome. Treatment
with cyclosporine was associated with an earlier relapse of uveitis
as compared with adalimumab (adjusted hazard ratio [HR] 2.33
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Table 1. Selected baseline characteristics before and after overlap weighting*

Before weighting, n (%) After weighting, %°

Interferon
Cyclosporine  alfa-2a  Adalimumab Interferon

Characteristic (N=716) (N=193) (N=103) Cyclosporine alfa-2a  Adalimumab

Age, median (IQR), year 32(26-39) 33(28-41) 33(26-42) 33(27-41) 33(28-41) 33(26-42)
Female 137(19.1) 37(19.2) 25 (24.3) 22.0 21.7 22.3
Bilateral uveitis 565(78.9) 158(81.9)  82(79.6) 80.3 80.3 79.4
GC dose, mean (SD), mg/day 21.3(3.1) 20.0 (2.0) 204 (2.4) 20.3(2.5) 20.2(1.7) 20.4 (2.4)
History of treatment

Colchicine 23(3.2) 24 (12.4) 5(4.9) 59 53 59
Cyclophosphamide 21(2.9) 14(7.3) 4(3.9) 4.4 4.2 40
Chlorambucil 8(1.1) 10 (5.2) 3(2.9) 2.8 33 3.6
Mycophenolate mofetil 3(0.4) 7 (3.6) 2(1.9) 1.6 19 13
Anterior chamber cell®
0 512 (71.5) 147 (76.2) 76 (73.8) 749 739 77 .4
0.5 26 (3.6) 11 (5.7) 3(2.9) 36 3.7 3.6
1 80(11.2) 16(8.3) 7 (6.8) 8.5 85 7.7
2 52 (7.3) 12 (6.2) 7 (6.8) 6.7 8.1 6.0
3 26 (3.6) 5(2.6) 5(4.9) 3.8 35 33
4 20(2.8) 2 (1.0 5(4.9) 2.5 23 2.0
Vitreous haze®*
0 319 (46.2) 109 (57.7) 41 (41.0) 46.3 46.9 471
1 190 (27.5) 41(21.7) 37(37.0) 329 32.7 335
2 75(10.9) 13(6.9) 13(13.0) 10.7 10.0 10.0
3 74(10.7) 13(6.9) 4(4.0) 5.1 4.8 43
4 33(4.8) 13(6.9) 5(5.0) 5.1 5.7 5.0
Macular edema“ 100 (14.8) 37(19.4) 26 (25.2) 20.6 21.8 217
Active retinal vascular lesions® 511 (74.6) 145 (75.9) 73 (70.9) 70.5 711 69.8

* GC, glucocorticoid.

@ Numbers of patients are not given because, after weighting, a single individual no longer represents a single data
entity.

b Grades represented the more severely affected eye. Values range from 0 to 4+, with higher values indicating
poorer condition.

¢ Data were not available for 25 patients in the cyclosporine group, 4 patients in the interferon alfa-2a group, and 3
patients in the adalimumab group.

9 Macular edema was detected in at least one eye. Data were not available for 40 patients in the cyclosporine group
and 2 patients in the interferon alfa-2a group.

€ Active retinal vascular lesions were detected in at least one eye. Data were not available for 31 patients in the
cyclosporine group and 2 patients in the interferon alfa-2a group.

[95% Cl, 1.37-3.96]) or interferon alfa-2a (adjusted HR 1.57 [95%
Cl 1.15-2.14]). Patients receiving interferon alfa-2a had a margin-
ally shorter time to relapse than those receiving adalimumab
(adjusted HR,1.48 [95% Cl 0.85-2.57]). Patients in all three
groups showed significant improvements in BCVA at months
two, four, and six compared with their baseline levels, with no
notable differences in the extent of improvement among the three

Table 2. Primary outcome*

groups (Supplementary Figure 5). No significant differences in
percentage changes of macular edema were observed across
the treatment groups (Supplementary Figure 6). Under the condi-
tion that covariate balances within subgroups were not verified,
the subgroup analyses roughly produced point estimates consis-
tent in direction with those of the primary analysis (Figure 3). All
sensitivity analyses yielded similar estimates to those from the

Interferon alfa-2a

Outcome? Cyclosporine (N =716) (N =193) Adalimumab (N = 103)

Annualized relapse rate (95% Cl) 0.95(0.82-1.10) 0.52 (0.40-0.69) 0.28 (0.19-0.43)
Between-group difference (95% Cl)

vs interferon alfa-2a 0.42 (0.22-0.62) - -0.24 (-0.43 to -0.05)

vs adalimumab 0.66 (0.48-0.85) 0.24(0.05-0.43) -
IRR (95% Cl)

vs interferon alfa-2a 1.81(1.37-2.40) - 0.54 (0.34-0.86)

vs adalimumab 3.36 (2.23-5.05) 1.86(1.16-2.97) -

* Cl, confidence ratio; IRR, incidence rate ratio.
@ Values were determined with the use of an overlap-weighted negative binomial regression model with further
adjustment for prespecified post-assignment covariates. Data are expressed as means or rate ratios with 95% Cl.
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Figure 2. Cumulative probability of uveitis relapse. Predicted probabilities and adjusted HRs were estimated using an overlap-weighted Cox
proportional hazards model with further adjustment for post-assignment covariates. Numbers of individuals at risk are not given because, after
weighting, a single individual no longer represents a single data entity. Cl, confidence interval; HR, hazard ratio.

primary analysis (Supplementary Table 4-12). To completely
attenuate the primary outcome differences (Supplementary
Figure 7-9), particularly the smallest one between interferon alfa-
2a and adalimumab, we estimated that an unmeasured con-
founder should be very strongly associated with the primary out-
come (ie, IRR <0.4 or >2.5, with a prevalence difference of at
least 10%) or highly imbalanced across treatment groups (ie, a
prevalence difference >40%, with an IRR of <0.6 or >1.7). When
comparing cyclosporine with adalimumab and interferon alfa-2a,
and comparing interferon alfa-2a with adalimumab, the corre-
sponding E-values for the observed IRR were 6.18, 3.02, and
3.12, and those for the lower bound of the confidence interval
were 3.89, 2.08, and 1.59, respectively.

DISCUSSION

In this target trial emulation study involving patients with Beh-
cet disease, we observed that treatment with adalimumab was
associated with fewer attacks of uveitis relapse compared with
both cyclosporine and interferon alfa-2a, whereas interferon alfa-
2a was associated with a lower relapse rate than cyclosporine.
This study was adequately powered to quantify the comparative
effectiveness of the three immunomodulatory therapies, with a
particular ability to discern a more nuanced difference between
interferon alfa-2a and adalimumab that had not been conclusively
determined.® Our results were derived from a diverse population
of real-world patients with varying ages, sex, degrees of inflam-
mation in the anterior and posterior segments, and complications
including macular edema. Despite the exploratory nature of the
subgroup analyses and their relatively wider confidence intervals,

the results from each subgroup appeared directionally consistent
with those from the primary analysis. Our main conclusions might
apply to a broader population compared with the findings from
previous trial settings.'®

Our study reinforces previous findings demonstrating the
effectiveness superiority of adalimumab.'®*%” Most of these
previous studies were performed in patients with severe Behget
disease or those refractory to conventional treatments. In con-
trast, our study encompasses a less selectively recruited consec-
utive population, including a higher proportion of patients with
milder disease, as evidenced by mean annualized relapse rates
below 1.0 across all three groups. These rates are apparently
lower than those observed in the previous trial involving severely
affected patients.'® A previous six-month trial involving 74 patients
showed that infliximab (another anti-tumor necrosis factor drug
used off-label) did not show noticeable differences compared
with interferon alfa-2a in managing ocular symptoms in Behcget
disease.®® Nonetheless, we provide more precise estimates
favoring adalimumab over interferon alfa-2a in terms of uveitis
relapse rate. Our study also corroborates results from a pilot trial,
showing interferon alfa-2a to be more effective than cyclospor-
ine.'® The cyclosporine dosage used in our cohort, although
within the EULAR recommended range, '® was lower than in pre-
vious studies.'®'® Nevertheless, we observed a low absolute
number of uveitis relapse and visual improvements among cyclo-
sporine users, which suggest that some of the less severe
patients might not actually require high doses for treatment in
real-world practice.

Our effectiveness data support the use of adalimumab as a
clinical priority for preventing uveitis relapse in Behget disease,
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Incidence Rate Ratio

A Cyclosporine vs. Adalimumab
(95% CI)

Overall . 3.36 (2.23-5.05)
Sex

Female . 4.02 (1.03-15.65)
Male . 3.15(1.43-6.93)
Age

<35 - 2.49 (1.10-5.63)
235 - 5.80 (1.68-20.01)
Anterior chamber cell grades

<0.5+ - 3.55 (1.65-7.66)
>0.5 - 2.51 (0.59-10.67)
Vitreous haze grades

<0.5+ - 3.59 (1.30-9.56)
>0.5 . 3.17 (1.27-7.91)

Macular edema
Detected in at least one eye L]
Not detected .

3.07 (0.93-10.12)
3.49 (1.53-7.93)

Active retinal vascular lesions

Detected in at least one eye L]
Not detected =

3.49 (1.56-7.80)
3.05 (0.85-10.87)

B  Cyclosporine vs. Interferon alfa-2a Incidence Rate Ratio

(95% CI)
Overall . 1.81 (1.37-2.40)
Sex
Female 1.71 (0.55-5.41)
Male . 1.82 (0.91-3.61)
Age
<35 1.73 (0.82-3.63)
235 . 2.00 (0.77-5.23)

Anterior chamber cell grades
<0.5+

>0.5

Vitreous haze grades

<0.5+

>0.5

Macular edema

Detected in at least one eye

Not detected

Active retinal vascular lesions
Detected in at least one eye

Not detected

Interferon alfa-2a vs. Adalimumab

Overall

Sex

Female

Male

Age

<35

235

Anterior chamber cell grades
<0.5+

>0.5

Vitreous haze grades

<0.5+

>0.5

Macular edema

Detected in at least one eye

Not detected

Active retinal vascular lesions
Detected in at least one eye

Not detected

T 1
50 100

1.71 (0.88-3.33)
2.17 (0.64-7.33)

1.60 (0.68-3.75)
2.01 (0.90-4.52)

2.50 (0.78-8.07)
1.62 (0.82-3.20)

2.09 (1.03-4.19)
127 (0.43-3.75)

Incidence Rate Ratio

(95% CI)
1.86 (1.16-2.97)

234 (0.53-10.33)
173 (0.76-3.92)

.44 (0.62-3.36)
2.90 (0.76-11.00)

132 (0.81-2.15)
227 (0.82-6.27)

2.25 (0.97-5.19)
1.57 (0.74-3.34)

123 (0.32-4.76)
2.15 (0.92-5.05)

2.45 (0.71-3.95)
2.39 (0.65-8.85)

Figure 3. Subgroup analyses. Forest plots show the comparative effects of (A) cyclosporine versus adalimumab, (B) cyclosporine versus inter-
feron alfa-2a, and (C) interferon alfa-2a versus adalimumab across subgroups. Cl, confidence interval.
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with such a benefit extending beyond severe or refractory
cases.'® These results are in line with recommendations that
include adalimumab among the first-line immunomodulatory
drugs for Behcet disease uveitis.®® Nevertheless, in this study,
the degree to which vision improved among adalimumab users
was similar to that of interferon alfa-2a and cyclosporine users.
These results can guide patient counseling regarding alternative
treatments to adalimumab, particularly for those with milder con-
ditions or infrequent relapses. Further research and validation
are also needed to determine whether and when adalimumab
treatment can indeed translate into additional benefits in visual
outcomes and disease remission. Meanwhile, it may be because
of a small proportion of patients with macular edema at baseline
and low statistical power that no differences were found with
respect to improvements in macular edema across treatment
groups. Therefore, future powered studies would be warranted
to assess treatment differences in macular edema. In addition,
the safety profiles from the previous clinical trial suggested that
the incidence of adverse events was lower with adalimumab than
that with cyclosporine or interferon alfa-2a when each combined
with glucocorticoids.'® Because of the lack of data, our study
has not yet made a comparison of adverse events. Clinicians still
need to balance drug safety and effectiveness when making med-
ication decisions.

Strengths of this study include the use of real-world data,
which provided a more realistic reflection of drug performance in
usual care rather than in a monitored trial setting. Our broad
patient population from daily practice enhances study power
and representativeness, overcoming recruitment challenges typi-
cal in traditional trials for this rare disease. We explicitly emulated
a target trial with the active comparator new-user design by
excluding prevalent users, ensuring that eligibility and treatment
assignment were synchronized with time zero, thus minimizing
immortal time bias.*>*! We applied various analytic approaches
to address potential confounding and scrutinize the success of
emulation in multiple sensitivity analyses. Compared with previous
trials,’®'® interpretation of our findings is more straightforward
because we estimated independent effects of each immunomod-
ulatory drug, accounting for varying background glucocorticoid
treatments. These previous trials only provided indirect inferences
of drug effectiveness through standardized glucocorticoid regi-
mens and intention-to-treat analysis on combination therapies.

This study also has some limitations. First, as with many
observational analyses, the target trial emulation may carry the
potential risk of residual confounding.*' We used overlap weight-
ing to address uneven sample sizes and baseline imbalance
across treatment groups in the original cohort. We have con-
trolled for a range of major covariates through weighting and
adjustment. Regardless, the sensitivity analyses suggest that the
effect estimates are unlikely to be entirely attenuated by minor
unmeasured confounders. We also recognize that over-
adjustment, particularly for those post-baseline variables that

may be impacted by treatment, risks blocking part of the treat-
ment effect. Nevertheless, a sensitivity analysis without adjusting
for post-treatment variables gave reassuring results, which were
consistent with those from the primary model. Second, our per-
protocol analysis had a median follow-up of 5.4 months, with a
quarter of patients observed for more than 10.9 months. This
reflects the limited duration of drug retention among real-world
patients under the predefined treatment strategies, necessitating
data censoring for those who deviated from the treatment plan.
However, among those who strictly followed the treatment strate-
gies during the follow-up, our study was already powered to
observe notable differences across the treatment groups. Third,
similar to previous analyses using annualized relapse rates as
the endpoint,*? we did not conduct an observational analog
of the intention-to-treat effect. This endpoint is closely relevant to
the duration of maintained use of the study therapy, whereas the
intention-to-treat effect is determined by the initiation of the study
therapy, not its maintained use. We believe that the per-protocol
analysis would provide a more accurate estimate of treatment-
specific annualized relapse rates because data were censored
during the analysis when the specific treatment strategy was no
longer maintained. Fourth, because the subgroup analyses were
exploratory, they should be interpreted with caution, particularly
because the lack of subgroup covariate balancing may result in
biased causal effect estimates.*

In conclusion, among adult patients with Behcet disease,
interferon alfa-2a was associated with a reduction in uveitis
relapse compared with cyclosporine, whereas adalimumab dem-
onstrated a stronger association with reduced relapse than inter-
feron alfa-2a. Visual improvements were noted with all three
treatments, although none was found to be associated with better
improvement compared with the others. These findings provide
real-world insights into the comparative effectiveness of the three
commonly used drugs for Behget disease and could guide the
choice of immunomodulatory therapy.
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Spermidine Reproduces the Anti-Inflammatory Effects
of Intermittent Fasting and Prevents Urate and Calcium
Pyrophosphate Crystal-Induced Inflammation

Chinh Nghia Pham,"? Florence Castelli,® Flora Finet,' Charles Leroy," Céline Chollet,® " Twinu W. Chirayath,’
Subhalaxmi Moitra," Myléne Zarka," Agnés Ostertag,' Francois Brial,' Christéle Combes,* Augustin Latourte,”
Thomas Bardin," (¥ Francois Fenaille,® Pascal Richette,” ' and Hang Korng Ea®

Objective. Gout caused by the formation of monosodium urate (MSU) crystals and calcium pyrophosphate (CPP)
deposition disease are two major types of microcrystalline pathologies in adults. They are responsible for recurrent
flares that rely on interleukin (IL) 1P via activation of the NLRP3 inflammasome. Intermittent fasting (IF) is a nonpharma-
cologic intervention that improves age-related diseases and reduces inflammation.

Methods. In an air pouch model, crystal-induced inflammation was compared between mice fed ad libitum and
mice under IF. Systemic (liver and serum) and local (air pouch cavity) modifications were evaluated by metabolomics
analysis. The anti-inflammatory potential of metabolites was tested in vitro and in vivo.

Results. We observe that two nonconsecutive days of fasting during one week significantly prevents the inflamma-
tion provoked by MSU and CPP crystal injection into the air pouch cavity in a mouse model. This short-term fasting
is associated with increased serum abundances of numerous anti-inflammatory metabolites, including
B-hydroxybutyrate and spermidine (SPD), a polyamine able to reproduce biologic effects of IF. Conversely, crystal
stimulation in mice fed ad libitum decreases the local production of these metabolites in the air pouch membrane.
Supplementation of SPD reproduces the anti-inflammatory effect of IF and prevents crystal-induced inflammation
through inhibition of NF-kB and NLRP3 inflammasome. Finally, down-regulation of SPD/spermine acetyltransferase
1, which encodes the enzyme that degrades SPD, reduces IL-1B production induced by crystal stimulation.

Conclusion. In summary, we have identified several metabolites that recapitulate the anti-inflammatory effects of

IF and could be used as IF mimetics to prevent microcrystal inflammation.

INTRODUCTION

Gout and calcium pyrophosphate (CPP) crystal deposition
disease are the two main types of microcrystalline diseases. Gout
is caused by the deposition of monosodium urate (MSU) crystals
after chronic elevation of serum urate level. In 2020, >55.8 million
people experienced gout worldwide, which represents an
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increase of 22.5% within 30 years." The prevalence of CPP depo-
sition (CPPD) disease is also high, ranging from 7% to 10% in
people aged >60 years.?

Both gout and CPPD disease are responsible for severe
recurrent inflammatory painful flares.®* Low-dose colchicine,
nonsteroidal anti-inflammatory drugs, and corticosteroids are rec-
ommended as the first-line treatment of gout flares, whereas
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interleukin (IL) 1B blockers are proposed to patients who do not
respond to or are intolerant to these treatments.*° Although
these four treatment options are effective, approximately 50% of
patients still have pain after 24 to 72 hours of treatment, and these
drugs can cause side effects.®® There is therefore a need to iden-
tify novel, effective, and well-tolerated anti-inflammatory thera-
pies. Gout and CPPD flares are driven by multiple inflammatory
mediators, including IL-1B, IL-6, tumor necrosis factor (TNF)
superfamily 14 and prostaglandins.®~'" IL-18 production is a
two-step process and relies on NLRP3 inflammasome activa-
tion." The first signal depends on the activation of transcription
factors including NF-kB, activator protein 1, and C-JUN'?""* and
promotes production of pro-IL-18. The second signal triggers
activation of NLRP3 inflammasome leading to the formation of
active caspase-1, which induces cleavage of pro—IL-18 to mature
IL-1B.12

Caloric restriction (CR) without malnutrition and intermittent
fasting (IF) are nonpharmacologic interventions that improve
health and increase longevity in almost all organisms, including
nonhuman primates.'®~'® CR and IF induce neuroendocrine and
metabolic adaptations combining transcriptome, epigenome,
proteome, and metabolome changes, which improve energy bal-
ance by reducing anabolic processes while promoting catabo-
lism, biogenesis of mitochondria and lysosome, recycling of
damaged organelles and proteins, and reducing inflamma-
tion.””'® CR and IF reduce inflammation through multiple molec-
ular mechanisms including promotion of autophagy and
inhibition of NF-kB activity, NLRP3 inflammasome activation,
and IL-1B production.'®® Interestingly, a pilot study reports that
CR to 1,600 kcal/day for 4 months is associated with flare reduc-
tion in 13 patients with gout.?° Although this observation is limited
by the small number of patients, together with the abovemen-
tioned molecular mechanisms it supports the hypothesis that
CR may reduce crystal inflammation. However, long-term adher-
ence to CR or IF is difficult, and most participants are unable to
adapt to the CR diet for long periods of time. To overcome this
issue, supplementation with CR or IF mimetics, which would
reproduce and mimic the beneficial biologic effects of CR/IF, is
considered an attractive therapeutic option.

Spermidine (SPD), a natural polyamine, appears to be one of
the most promising CR mimetics.2'2® The synthesis of poly-
amine, which includes putrescine, spermine, and SPD, relies on
metabolism of arginine, ornithine, and methionine.?' 222425 SPD
is generated from its precursor putrescine or by degradation from
spermine. Putrescine formation is connected to arginine. Argi-
nase 1 metabolizes arginine to ornithine, which leads to putres-
cine formation via ornithine decarboxylase 1 (ODC1). SPD
synthase promotes the formation of SPD from putrescine using
decarboxylated S-adenosylmethionine, which is formed from the
methionine pathway. SPD production is increased during fasting
in several organisms including yeast, flies, mice, and humans.?’
SPD supplementation mimics the effects of IF, improving

age-associated metabolic disorders and reducing inflammation
by inhibiting NF-kB, TNF, and IL-18 and promoting autophagy
and M2 macrophage polarization.?'?22528 Furthermore, inhibi-
tion of SPD production abolishes the lifespan-extending, cardio-
protective and antiarthritic effects of IF.2" These results further
suggest that CR, IF, and CR mimetics such as SPD may reduce
crystal-induced inflammation.

Here, we explore this hypothesis and find that two noncon-
secutive days of fasting during one week are sufficient to signifi-
cantly prevent the inflammation induced by MSU and CPP
crystals. This IF is associated with increased production of B-
hydroxybutyrate (BHB) and SPD. SPD supplementation mimics
the anti-inflammatory effect of IF and prevents crystal-induced
inflammation in vivo and in vitro through inhibition of NF-kB and
NLRP3 inflammasome.

MATERIALS AND METHODS

Ethics statement, IF, SPD supplementation, and
mouse air pouch model. This study was approved by the
French national ethical committee Le comité d’éthique en expéri-
mentation animale Lariboisiere/Villemin n°9 (APAFIS#38700_
2022081715327484_V5). Mouse studies were conducted in
accordance with European Union directives (2010/63/UE) and
French ethical laws guidelines (act no. R214; 87-137; Ministére
de I'’Agriculture) and followed the ARRIVE guidelines (Animal
Research: Reporting of In vivo Experiments; http://www.nc3rs.
org.uk). See the Supplementary Materials for the complete
methods.

Male 8-week-old wild-type C57BI/6J mice were provided by
the Janvier Laboratory. Mice were assigned to two groups: mice
fed ad libitum, designated as normal diet (ND), and mice fasted
for two nonconsecutive days per week (no food for 24 hours,
water provided ad libitum), designated as IF. An air pouch was
created by dorsal subcutaneous injections of 3 mL of sterile air
on days -6 and -3. On day 0, at the end of the second fasted
day, crystals (MSU 1 mg/mL or CPP 1 mg/mL) or phosphate-
buffered saline (PBS; 1 mL) were injected into the air pouch
(Figure 1A). Inflammation was studied 6 hours after crystal or
PBS stimulation, assessing the concentration of inflammatory
mediators in air pouch lavages by enzyme-linked immunosorbent
assay (IL-1B, Invitrogen; CXCL-1, R&D System) and cell infiltration
by manual counting (absolute number). Air pouch membranes,
serum, and liver were collected and nitrogen frozen for metabolo-
mics (the three compartments) and transcriptomics (liver) studies.
Half of the air pouch membranes were fixed with paraformalde-
hyde 4% for the histology study.

For the SPD supplementation experiment, a group of mice
drank water containing high-purity SPD (6 mM; Merck, #0266)
during 21 days before crystal stimulation. The day before crystals
injection, SPD (100 mg/kg) was injected into the air pouch. The
control group of mice drank normal water and received 1 mL of
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IF in vivo reduces crystal-induced inflammation. (A) Experimental protocol cartoon: an air pouch was created in the back area of

8-week-old male C57BL6 wild-type mice by injection of sterile air 6 days before the experiment. In the intervention group, mice were fasted two
nonconsecutive days during one week whereas the control group were fed ad libitum, designated as ND. Biologic samples were collected 6 hours
after stimulation for different analysis. (B-D) Inflamsmation induced by crystal was compared between ND and IF mice assessing (B) in air pouch
washing liquid cell infiltration, (C) IL-18, and (D) CXCL-1 concentrations. Inflammatory cell infiltration in the air pouch membrane (assessed by
hematoxylin and eosin staining) was (E) visualized and (F) scored. Scale bar in (E) = 100 um. Values are mean + SEM with two-way analysis of var-
iance with the Sidak multiple comparison test; there were n = 7 to 13 mice per group, and each dot represented one mouse. CPP, calcium pyro-
phosphate; IF, intermittent fasting; IL-IB, interleukin-1B; MSU, monosodium urate; ND, normal diet; PBS, phosphate-buffered saline.
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PBS into the pouch the day before crystal injection. Crystal stimu-
lation and tissue collection were performed as described in the
fasting experiment. In a second experiment, SPD supplementa-
tion was only administrated by intrapouch injection the day before
crystal stimulation. To investigate the role of SPD during IF, we
treated IF mice with an ODC1 inhibitor, a-difluoromethylornithine
(DFMO), which was added in drinking water at 0.5% (weight/
volume) (Medchem, #HY-B0744) for 21 days before injection of
MSU crystals into air pouch.

Metabolomics analysis. The statistical analysis was per-
formed with the metaboanalyst.ca web-based platform. Raw
data were normalized with log10 transformation and autoscaled.
Fold change (FC) analysis was performed by applying a t-test
(FC cutoff = 1.2, statistic significant threshold with P < 0.05). The
synchronized 3D plots for principal component analysis (PCA)
were made with the help of the web-based platform. Hierarchical
clustering heatmaps were also performed with the Euclidean-
Ward method by applying a one-way analysis of variance test.
See the Supplementary Materials for the complete metabolomics
description.

We analyzed metabolome change on the iPath3.0 website
(https://pathways.embl.de/ipath3.cgi). The mapping change was
operated by selecting metabolites and FC with P < 0.05. The
opacity of the nodes depends on the magnitude of
the FC. Pathways associated with significantly modified metabo-
lites are colored: red indicates up-regulated metabolites and
pathways and blue down-regulated ones.

Transcriptomics analysis on THP-1 cells. RNA from
primed THP-1 stimulated by PBS, MSU, or CPP crystals was
extracted with the Qiagen RNeasy Plus Mini kit (Qiagen,
#74136). All RNAs had RNA integrity numbers > 8.0 (2100
Bioanalyzer, Agilent). RNA transcriptome was performed by
Integragen. Reads were aligned to the human genome
(Gencode v39) using STAR, and gene-level raw counts
were generated (including protein-coding genes and antisense
and long intergenic noncoding RNAs). The extracted count
matrix was normalized for library size and coding length of
genes to compute fragments per kb of transcript per million
mapped reads (FPKM) expression levels. Only genes with
FPKM > 0.1 in at least one sample were considered for statisti-
cal modeling.

Unsupervised analysis. Raw counts were imported into R
using the Bioconductor edgeR package. Normalization was per-
formed using trimmed mean of M-values (TMM), and log2 counts
per million (CPMs) were calculated. These values were used for
exploratory analysis such as PCA and clustering.

Differential expression analysis was performed using the
Bioconductor limma package and the variance modeling at
the observational-level transformation using raw read counts
of genes with FPKM > 0.1. A Q value threshold < 0.05

(for comparison of CPP vs PBS) or P value threshold < 0.05
(for comparison of MSU vs PBS) and a minimum FC of 2 were
used to define differentially expressed genes (Supplementary
Data S3).

Pathway enrichment analysis. The pathway enrichment anal-
ysis was performed on the shinyGO 0.80 platform (http://
bioinformatics.sdstate.edu/go/). A database of HALLMARKS
was selected.

Gene expression correlation analysis. The Spearman rank
correlation coefficient was applied to perform pairwise correlation
of SPD/spermine N-acetyltransferase 1 (SAT7) with other genes
by using the bigomics.ch platform. The list of SAT7-correlated
genes was shown, and we also used this list to explore pathway
enrichment analysis by shinyGO 0.80.

Liver transcriptome analysis. RNA isolation. Total liver
RNA was isolated using the RNeasy kit (Qiagen) by Alithea Geno-
mics SA. The RNA quantity and quality of the RNA was deter-
mined using a NanoDrop spectrophotometer (Thermo Fisher
Scientific) and the concentration normalized to 100 ng/uL.

Library preparation and sequencing. The generation of bulk
RNA barcoding and sequencing (BRB-seq) libraries was per-
formed using the MERCURIUS BRB-seq library preparation kit
for llumina following the manufacturer’s manual (Alithea Geno-
mics, #10813).?° The library was sequenced on an llumina
Novaseq 6000.

Alignment and quantification. In this study, we applied STAR-
solo v2.7.9a to align and quantify the raw barcodes RNA sequenc-
ing reads against the GRCh38.104 (human) genome.?® We used
the parameters “—soloUMIdedup NoDedup 1MM_Directional”
and “~quantMode GeneCounts.”*° We generated raw and unique
molecular identifier—deduplicated count matrixes, opting for nonde-
duplicated counts for subsequent analyses.

Unsupervised analysis. The raw data with ensemble gene
IDs and their raw counts were processed in iDEP2.01 (http://
bioinformatics.sdstate.edu/idep/), an R language-based platform.
For exploratory purposes (eg, clustering and visualization), raw
counts were imported into R using the Bioconductor edgeR
package, and normalized log2 CPMs were computed using the
TMM method. Genes with a minimum CPM of 0.5 in at least one
sample were retained. Differential expression analysis was per-
formed using the Bioconductor DEseg2 package. An adjusted
P value threshold of < 0.05 and a minimum log2 FC of 1 were
used to define differentially expressed genes.

Gene set enrichment analysis. Gene set enrichment analysis
(GSEA) was performed using the preranked fast and easy GSEA
method on iDEP v2.01, with the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database as reference. Genes were
ranked by log2 FC. A false discovery rate cutoff of 0.05 was
applied to identify significant pathways. Results were visualized
using the hierarchical tree view showing up-regulated (red) and
down-regulated (blue) pathways.
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RESULTS

IF reduces crystal-induced inflammation. To investi-
gate whether IF prevents crystal-induced inflammation, we used
the air pouch model and compared the inflammatory response
between mice fed ad libitum, hereafter referred to as ND, and
mice fasted for two nonconsecutive days per week (no food for
24 hours, water provided ad libitum), referred to as IF
(Figure 1A). During the fasting day, mice lost approximately 8%
to 14% of their weight, which was restored on the next refeeding
day (Supplementary Figure S1A). Compared with the injection of
PBS, injection of MSU or CPP crystals into the air pouch cavity
provoked inflammation in ND mice, characterized by increased
infiltration of inflammatory cells and higher production of inflam-
matory cytokines (IL-18 and CXCL-1) in air pouch lavages
(Figure 1B-D) and higher inflammatory score of air pouch mem-
branes (Figure 1E and F).

This crystal-induced inflammation was substantially dimin-
ished by IF with reduction of number of inflammatory cells and
concentration of inflammatory cytokines (IL-18 and CXCL-1) in
air pouch lavages and decrease of inflammation score
(Figure 1B-F). Next, we explored whether IF could reduce the
inflammation in a curative aspect. To test this hypothesis, we first
provoked inflammation by crystal injection and then compared
the inflammatory response between mice fed ad libitum and mice
fasted overnight for 15 hours (Supplementary Figure S1B). We
observed that 15-hour fasted mice developed lower inflammation
than mice fed ad libitum with decreased cell numbers in air pouch
lavages and inflammatory score of air pouch membranes
(Supplementary Figure S1C, E, and F). However, this short
15-hour fasting period was not sufficient to modulate IL-18 pro-
duction (Supplementary Figure S1D). Altogether, these results
suggest that IF has anti-inflammatory properties that allow regula-
tion of crystal-induced inflammation.

IF modulates liver metabolomics and
transcriptomics profiles. To assess systemic metabolic
changes associated with IF, we performed metabolomics and
transcriptomics analysis of the liver, an organ that plays a central
role in metabolism (Figure 2A-G). All biologic samples were col-
lected at the end of the second fasting day and 6 hours after crys-
tal or PBS injection into the air pouch cavity (Figure 1A). We
observed that two nonconsecutive days of fasting highly modified
liver metabolisms. The PCA of metabolites and transcript expres-
sions revealed two distinct profiles between IF and ND mice
(Supplementary Figure S2A and B). In contrast, crystal stimulation
had little impact on liver metabolite and transcriptome profiles in
both IF and ND mice (Supplementary Figure S2A-F). Thus, local
air pouch crystal inflammation had little effect on liver metabolism,
which was highly modulated by IF (Supplementary Figure S2A
and B). IF changed the liver abundance of 163 metabolites includ-
ing an increase of 73 and a reduction of 90 (Figure 2A and B;

Supplementary Data S1). Similarly, IF altered the expression of
2,394 genes including up-regulation of 1,263 and down-
regulation of 1,131 (Figure 2E and F; Supplementary Data S2). A
list of all metabolites detected by ultra high-performance liquid
chromatography high-resolution mass spectrometry and tran-
scripts is in Supplementary Data S1 to S83.

Using interactive pathway explorer v3 software (iPATHS;
https://pathways.embl.de/ipath3.cgi), we observed that IF modu-
lated four major metabolism pathways including metabolisms of
carbohydrates, fatty acids, and amino acids and the tricarboxylic
acid (TCA) cycle (Figure 2C). During IF, the abundance of metab-
olites involved in carbohydrate metabolism was reduced whereas
that involved in the three other pathways enriched. Interestingly, IF
increased the liver abundance of well-known anti-inflammatory
metabolites such as ketone body BHB, corticosterone, and
unsaturated fatty acids (oleic acid, eicosapentaenoic acid)
(Supplementary Data $1).27% In contrast, the liver abundance
of SPD, which had also anti-inflammatory properties, was
decreased during IF. KEGG pathway enrichment analysis showed
that IF enriched carbohydrate, fatty acid, and amino acid path-
ways (Figure 2D). Similarly, the GSEA of liver transcriptome con-
firmed the same enrichment pathways, specifically fatty acid
degradation and elongation, biosynthesis of unsaturated fatty
acid, amino acid metabolisms, and biosynthesis such as alanine,
aspartate, glutamate, and arginine (Figure 2E-G). These results
suggest that during IF, a state of nutrient deprivation, particularly
of glucose, the liver favors the catabolism of fatty acids, amino
acids, and the TCA cycle to ensure energy production and cellular
homeostasis. These metabolism changes may promote the pro-
duction of metabolites with anti-inflammatory properties to
reduce inflammation, which is a condition of high energy
expenditure, 10:81:34.35

IF modulates concentration of SPD in serum and air
pouch membrane. We next analyzed metabolic changes in
systemic (serum) and local (air pouch membrane) compartments
during crystal-induced inflammation in ND and IF mice. As
observed in the liver, PCA of sera showed two distinct profiles
between ND and IF mice whereas the metabolite profiles of PBS
and crystal stimulation overlapped no matter the dietary regimen
(Figure 3A). Serum abundances of 111 metabolites were modified
during IF including an increase of 69 and a decrease of
42 (Figure 3B). Importantly, we observed that fasting also
increased the serum abundance of anti-inflammatory metabo-
lites. Some of them were previously identified in liver and others
were not, such as acetyl camitine and SPD.?2%%%7 Enrichment
pathway analysis showed that IF increased serum metabolites
involved in amino acid metabolism including the proline and argi-
nine pathway (Figure 3C). Arginine is the precursor of the poly-
amine pathway and leads to the production of putrescine and
SPD (Figure S3A).
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was shown in red and down-regulation in blue. (D) Kyoto Encyclopedia of Genes and Genomes pathway enrichment analysis with top 25 enriched
metabolite set compared between IF and ND. (E) Transcriptomic modification was shown in a volcano plot (log2 FC cutoff = 1, adjusted P < 0.05; n
= 23 mice for IF and ND). Significant overexpression genes are shown on the right in red, and underexpressed genes are in blue on the left. (F) A
heat map shows in detail the most regulated genes in all the samples (up-regulation in red and down-regulation in green). (G) Gene set enrichment
analysis compared between IF and ND. Up-regulated pathways are in red, and down-regulated ones are in blue. CPP, calcium pyrophosphate;
FC, fold change; IF, intermittent fasting; MSU, monosodium urate; NAD, nicotinamide adenine dinucleotide; ND, normal diet; PBS, phosphate-
buffered saline; TCA, tricarboxylic acid. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.
1002/art.43367/abstract.
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In contrast to the serum, the production of metabolites in the stimulation, MSU and CPP crystal stimulation decreased the
air pouch membrane was modulated by both crystal inflammation abundance of 102 and 51 metabolites, respectively, in ND mice
and IF (Figure 3D). PCA analysis showed that the effect of fasting (Figure 3E and G; Supplementary Figure S3C and D). Interest-
was superior to crystal stimulation. Compared with PBS ingly, MSU and CPP crystal stimulation reduced the abundance
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of anti-inflammatory metabolites identified in liver and serum
(Figure 3E, G, and Figure S3B; Supplementary Data S1). Notably,
the proline and arginine pathway was also enriched in the air
pouch membrane after crystal stimulation (Figure 3F and H).
Overall, we observed that crystal stimulation locally decreased
the production of anti-inflammatory metabolites, whereas fasting
enhances their production in liver and their abundance in blood
stream (serum). These anti-inflammatory metabolites may con-
tribute to the anti-inflammatory effect of IF.

SPD supplementation reduces microcrystal-
induced inflammation. BHB and SPD are two metabolites
with  anti-inflammatory properties.??'®  Their abundance
increased during IF but reduced during crystal-induced inflamma-
tion, suggesting that they might contribute to the anti-
inflacsnmatory effect of IF (Figure S3B). The efficacy of BHB to
reduce MSU crystal inflammation is known whereas that of SPD
remains unexplored.®'®638 Crystal stimulation or IF modulated
the abundance of metabolites related to the polyamine pathway
in liver, serum, and the air pouch membrane (Figure 3I, J, Figure
S3B). To test whether SPD reduced crystal inflammation, we first
performed in vitro experiments using human THP-1 cell line and
mouse bone marrow—derived macrophages (Figure 4A). SPD
supplementation dose-dependently decreased THP-1 produc-
tion of IL-18 and TNF induced by MSU and CPP crystal stimula-
tion (Figure 4B and C). Similarly, SPD reduced the production of
inflamsnmatory cytokines (IL-1p and CXCL-1) by bone marrow-
derived macrophages stimulated by crystals (Figure 4H and I).
SPD also reduced crystal-induced cell death, as suggested
by the diminution of lactate dehydrogenase release in cell cul-
ture supernatants (Figure 4D). Finally, we observed that SPD
inhibited IL-1B production through modulation of the two steps
of IL-1B activation by reducing NF-kB activation (Figure 4E) and
ASC speck formation (Figure 4F and G). These results suggest
that SPD has a broad anti-infammatory effect, acting on
inflammasome  NLRP3-dependent and  -independent
cytokines.

We next confirmed the anti-inflammatory effect of SPD in vivo
(Figure 5A). Supplementation of high-purity SPD in drinking water
(6 mM, 21 days) and in the air pouch (1 injection of 100 mg/kg)
prevented the inflasmation induced by crystal injection, as shown
by a significant reduction in cell number and inflammatory cyto-
kine (IL-1B and CXCL-1) concentration in air pouch lavage and a
decrease of inflammatory score of air pouch membranes
(Figure 5B-G). Interestingly, this inflammation decrease was
associated with an increased ratio of M2/M1 macrophages in
the air pouch membrane, which was also observed during IF
(Supplementary Figure 4A-D). These results suggested that
IF and SPD supplementation favored M2 macrophage polariza-
tion. Next, we investigated the effect of intrapouch supplementa-
tion alone. We observed that one injection of SPD (100 mg/kg)
into the air pouch was not sufficient to prevent MSU crystal-

induced inflammation but did lower the concentration of CXCL-1
in air pouch lavages (Supplementary Figure 5A-E).

Inhibition of SAT7 reduces crystal inflammation. Our
results suggest that SPD contributes to the prevention of crystal
inflammation during IF. We then performed transcriptomic analy-
sis on THP-1 cells to investigate whether crystal stimulation mod-
ulates the expression of genes involved in the polyamine pathway
in monocytes and macrophages, which are central cells involved
in crystal detection and crystal-induced inflammation (Figure 6A).
We observed that MSU and CPP crystals induced a roughly sim-
ilar gene expression by PMA-primed THP-1 cells compared with
PBS stimulation. Expression of 74 genes was modified by MSU
crystal stimulation compared with PBS stimulation, including
increased expression of 65 genes and reduced expression of
9 genes (Figure 6B). Interestingly, HALLMARKS pathway enrich-
ment analysis indicated that MSU and CPP crystals mainly
enriched the same pathways, especially TNF signaling via the
NF-«B pathway (Figure 6C).

Next we focused our analysis on the expression of genes
involved in the polyamine pathway and found that expression of
the SATT gene was up-regulated after MSU and CPP crystal
stimulation (Figures 3l and 6D). Interestingly, SAT7 gene expres-
sion correlated with that of numerous genes (Figure 6E) that were
associated with TNF signaling via the NF-«kB pathway (Figure 6F).
These results suggest that increased expression of SAT7 induced
by crystals may contribute to crystal inflammation. To address
this hypothesis, we down-regulated SAT7 expression using small
interfering RNA (siRNA). SATT siRNA reduced SATT expression
by 60% compared with control siRNA (Figure 6G) and also
reduced IL-1B production induced by MSU and CPP crystals
(Figure 6H).

Collectively, our study reveals that IF prevents crystal-
induced inflammation through modulation of systemic and local
metabolism pathways leading to the production of anti-
inflammatory metabolites such as BHB, corticosterone, and
SPD. SPD supplementation acts as IF mimetics and prevents
crystal-induced inflammation through inhibition of NF-kB and
NLRP3 infllmmasome. Similarly, down-regulation of SAT7
expression diminishes crystal inflammation (Figure 6H).

DISCUSSION

IF together with CR, alternate-day fasting, and time-
restricted feeding are nutrition strategies that improve age-related
and inflammatory diseases including serum transfer arthritis
(K/BxN mouse model).'® 6213941 Here we provided evidence
that a short-time IF in mice prevented crystal-induced inflamma-
tion through modulation of local and systemic cell metabolisms
including enrichment of amino acids and fatty acid pathways
and promotion of M2 macrophage polarization. IF decreased the
in vivo production of IL-18 and CXCL-1 provoked by crystal



SPD PREVENTS CRYSTAL-INDUCED INFLAMMATION 457

A - |
. St 24h Stimulation _ 3h
e —_—
L —
2 -~ by crystals or Sample
ZRERL PBS
PMA-primed THP-1 SPD
. (25-50-100 pM)
LPS-primed BMDM
B s c 10,0006
0001 et 04248 |
0.0001 0z 00120 <. 000 0 0001
1 L clal o 0.0707 Inomu I‘-: 0001
02743 Q0190 0.0001
= 20 ] i
£ = ‘ .
§ 2000+ £ o
T & 200
i F
E 150
g 5
3 e H
it §‘°° 1
B i : : d 4
Sl FER
S Bl I* i
bl o — - 0 I
5Pn0?)wlw 0130 W0 015 W M SR 0 I W0 WO 0 I MW MO 0 3% W M0
) cPP W pgs MsU PP
D 0.0007 E el
00399
0.0007 | 00189 1
— [ 0.0673 <0.0001 0.0001
D422 01686 h
o T r & 01733 =0.0001 «0.0001
4 c| 0001 0f rma Dnﬂﬂs ] T — 1
= 0.3887 Ggl CG_DN
0 83 . :
£ £ I
= 20 EZ " [
3 I i
0 g |1
10 ‘ @1
-} & 3
i : I ;
I JHB - Y 5 @ A
spnn)asom 025 % 100 & X W M0 SPD 8 35 S0 100 0 35 50 W0 0 I S0 W0
WM pes cpp a0 PBS Msu CPP
F -SPD +SPD
MSU CpPP

merged
DAPI & ASC
o --

G
<0.0001 - -71 . | 03437

4 <00001 00003 OIM'H 24 o O s 3 %
i r 11— 1 < | f & n 0z Qs 0.0224
- g T
8 2 3
o = .
1 1 g = § 2 1
L3 §" ‘ : .
?,x E 0 § Z
i 5 S
= g s E l
# l @ 3

od o ol W G + o :
Spp 0 W0 0 W0 0 100 SPD 0 W0 0 100 0 100 SPD 0 100 0 W00 0 100
WM pgS  MSU M pgs  MSU  CPP ™ pBS MSU CPP

Figure 4. SPD supplementation reduces crystal-induced inflammation in vitro. (A) llustration of in vitro protocols assessing SPD supplementa-
tion in PMA-primed THP-1 and LPS-primed BMDM celis. (B) IL-1B and (C) TNF production quantified by enzyme-linked immunosorbent assay.
(D) Lactate dehydrogenase release in culture supernatants. (E) NF-kB activity was assessed by measuring luciferase activity. (F and G) ASC specks
formation was assessed by confocal microscopy. An arrow head indicated (F) ASC speck formation (red dots); (G) quantification of ASC speck.
(H) IL-1B and () CXCL-1 production by BMDMs simulated by PBS or crystals in the presence or not of SPD. Values are mean + SEM, two-way
analysis of variance with the Sidak multiple comparison test; n = 3 to 6 independent experiments. BMDM, bone marrow—derived macrophage;
CPP, calcium pyrophosphate; IL-1B, interleukin-18; LPS, lipopolysaccharide; MSU, monosodium urate; PBS, phosphate-buffered saline; PMA,
phorbol myristate acetate; SPD, spermidine; 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.43367/abstract.


http://onlinelibrary.wiley.com/doi/10.1002/art.43367/abstract

458 PHAM ET AL

A &3
&

T 1 é

e & -, Lavages
N

= i O A " assessement

e Air pouch
. S : membrane
$PD
<0 0001
B <0.0001 c “'—' 0001

. 00004 U 0004 0 6306
- 34

Cell number (x10%8)
-
L
i

Neutrophilimacrophage ratio

24
od EE siw I i & ol
SPD - + - 4+ - o+ SPD
PBS MSU CPP PBS MSU CPP
<0 0001
00008
D y—‘ E
00z73
50+ 600
- >0.9909 001 0.0001 =
- o
i : ' §
™ : + 5 ]
a -
3 101 I g
= b i 1]
od s & i - 5 od et pie Lias i
SPD - + - o+ -+

A 7
3
I Ij Ii

PBS MSU CPP

[
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was assessed after 6 hours of stimulation. (B-G) Level of crystal-induced inflammation between mice with/without SPD supplementation assess-
ing (B) in-cell infiltration, (C) ratio of neutrophils/macrophages, (D) production of IL-1B, (E) CXCL-1 in air pouch washing liquids, and (F and G)
inflammatory score of air pouch membrane assessed by hematoxylin & eosin staining. Scale bar = 100 pm. Values are mean + SEM, two-way anal-
ysis of variance with the Sidak multiple comparison test; n = 4 to 15 mice per group. CPP, calcium pyrophosphate; IL-1B, interleukin-18; MSU,
monosodium urate; PBS, phosphate-buffered saline; SPD, spermidine. Color figure can be viewed in the online issue, which is available at
http://onlinelibrary.wiley.com/doi/10.1002/art.43367/abstract.
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stimulation, confirming that IF had broad anti-inflammatory effects
affecting the inflammasome  NLRP3-dependent  and
-independent cytokines as previously reported in other inflamma-
tory models and in humans.®*=*! For example, the transcript
levels of IL-1B, TNF, NLRP3, and IL-18 were lower in unstimulated
monocytes isolated from 19 volunteers after 24-hour fasting than
in monocytes isolated from same volunteers 3 hours after refeed-
ing. Upon lipopolysaccharide (LPS) and ATP stimulation, the pro-
duction of IL-1B and TNF was lower in peripheral blood
mononuclear cells (PBMCs) and monocytes isolated after the
fasting period than in cells isolated after refeeding time.*° In
another study involving 20 healthy volunteers, 36 hours of fasting
highly modulated plasma metabolomes and plasma inflammatory
potential. Plasma drawn 36 hours after fasting had a lower
capacity to stimulate the production of reactive oxygen species
and TNF and the activity of cyclooxygenase and nitric oxide syn-
thase than plasma collected 2 hours after refeeding. Fasted
plasma had a lower ability to induce macrophage M1 polariza-
tion than fed plasma while favoring macrophage M2 polariza-
tion.*?> Several factors contributed to the anti-inflammatory
effect of IF such as the diminution of the NF-«B activity in PBMCs
and monocytes, decrease of plasma oxidative stress potential,
and enhanced production of anti-inflammatory metabolites such
as ketone bodies, SPD, 1-methylnicotinamide, palmitoylethano-
lamide, and oleoylethanolamide. %42

Here, we also observed that IF enhanced local or systemic
(liver and serum) abundance of metabolites with anti-
inflammatory properties such as ketone body BHB, corticoste-
rone, and SPD. Ketones bodies derived from fatty acid oxida-
tion that occurred in the liver during a fasting period and were
used as a major alternative source of energy by numerous tis-
sues, especially the brain. Ketone body concentration
increased within 8 to 12 hours after the onset of fasting in
humans and within 4 to 8 hours in rodents.*%*3 BHB inhibited
NLRP3 inflammasome activation and IL-18 production by
mouse or human macrophages, human neutrophils, and
PBMCs stimulated by MSU crystals, silica particles, or other
inflammasome activators.®'*¢*4 BHB-reduced NLRP3 inflam-
masome and IL-1B production through the inhibition of NF-kB
and class | histone deacetylase (HDAC). In this study, we did
not assess whether the increased level of BHB contributed to
the reduction of crystal inflammation by IF.

We uncovered the capacity of SPD to reproduce the anti-
inflammatory effect of IF and to reduce MSU and CPP crystal
inflammation, adding two new inflammatory diseases to the list
of diseases improved by SPD. Endogenous SPD biosynthesis
was essential for the anti-inflammatory effect of IF in a different
mouse model of joint inflammation, namely K/BxN serum transfer
arthritis. In this model, both genetic deletion and pharmacologic
inhibition of ODC1, the enzyme responsible for the rate-limiting
step of polyamine synthesis, suppressed the anti-inflammatory
effect of IF.2" Here, we observed that ODC inhibition by DFMO

did not reverse the effect of IF (Supplementary Figure 6A-C).
However, we had tested only one dose of DFMO (0.5%), which
was two times lower than the dose used in the K/BxN model.?’
In addition, we did not know whether this dose of DFMO effec-
tively inhibited SPD production. Further studies are necessary to
address whether suppression of crystal inflammation by IF relied
on SPD synthesis.

We observed enrichment of the arginine/proline pathway
during IF in liver, air pouch membrane, and serum. The same
observation was recently reported showing that the polyamine
pathway was stimulated during IF in several mouse tissues (kid-
ney, muscle, intestine, pancreas, and heart) and several human
cell lines and PBMCs.?"*? Collectively, these results suggested
that IF enhanced endogenous biosynthesis of SPD. Interestingly,
we observed that the abundance of SPD and putrescine was
decreased in liver during IF as also reported by Hofer et al.?! This
decrease in the liver might reflect an active export of SPD into the
blood stream to ensure its systemic effect. This hypothesis is sup-
ported by (1) the decreased expression of SAT2 in the liver during
IF, which might promote SPD pool; (2) the up-regulation of methi-
onine adenosyltransferase 2A, which also promotes SPD forma-
tion; and (3) the fact that the liver expressed several polyamine
transporter genes including ATP13A2, ATP13A3, SLC3A2, and
SLC18B1.457%7

SPD reduces inflammation through several mechanisms.
SPD is a major activator of autophagy and most SPD biology
effects, especially geroprotection, cardioprotection, and suppres-
sion of inflammation, depend on autophagy activation.?:22:24:48
SPD activates autophagy through hypusination of eukaryotic initi-
ation factor 5A (elF5A) and induction of the lysosome biogenesis
and mitogenesis transcription factor EB (TFEB).2"*® Hypusination
is a posttranslational modification of a specific lysine residue in
elF5A and strictly depends on SPD. Hypusination of elF5A leads
to its activation, which promotes the expression of autophagy-
related genes and TFEB. SPD also activates autophagy through
regulation of acetylation status of cytoplasmic and nuclear pro-
teins. SPD inhibits acetyltransferases while stimulating deacety-
lases, which favors autophagy activation. For example, SPD
inhibits acetyltransferase E1A binding protein P300 while stimu-
lating sirtuins and histone deacetylases (eg, HDAC).21:24:40

In addition, polyamine catabolism necessitates consumption
of acetyl coenzyme A (CoA), which depletes acetyl-CoA pools
and favors protein deacetylation and autophagy activation. Here,
our data suggested that reduction of crystal inflammation by
SPD involved at least three different mechanisms. First, it might
be because of modulation of protein acetylation. This hypothesis
was based on (1) induction of SATT expression in primed THP-1
monocytes stimulated by MSU and CPP crystals and (2) down-
regulation of SAT7 expression, which reduced IL-1B production
provoked by crystal stimulation. Second, we observed that SPD
inhibited  crystal-induced NF-kB activity and NLRP3
inflalmasome-induced ASC speck formation as previously
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reported in RAW 264.7 macrophages stimulated by LPS.*°® And
third, SPD promoted M2 macrophage differentiation.

SPD and polyamine production is an evolutionary conserved
pathway. SPD abundance depends on diet, intestinal microbiota
production, intestinal uptake, cell metabolisms, and urinary excre-
tion. SPD production seems to be decreasing with age because
of a reduction of activity of enzymes involved in polyamine synthe-
sis. This aging decline of SPD may contribute to age-related
degenerative and cardiovascular diseases and age-related-
inflammation and inflammatory diseases including CPP. Conse-
quently, avoiding SPD reduction may influence and prevent or
delay their development. This can be achieved through IF, con-
sumption of SPD-rich foods (durian fruit, wheat germ, fermented
milk and soy such as mature cheeses and natto, mushrooms,
and nuts), and stimulation of intestinal microbiota production
through food supplements containing the SPD precursor arginine
and probiotics.?>?* Several ongoing clinical trials assess the
effect of SPD supplementation on neuronal and cardiovascular
functions (NCT05128331) and on inflammation (NCT05017428).

This work has limitations. First, we did not fully characterize
how IF prevented crystal-induced inflammation although we con-
ducted a large analysis that permitted comprehensive characteri-
zation of metabolomics modulation by IF on different
compartments including liver, serum, and an inflamed compart-
ment (air pouch membrane). This analysis identified that IF
changed the abundance of multiple pro- and anti-inflammatory
metabolites. Second, this analysis did not give the exact concen-
tration of metabolites but solely their relative abundance changes.
Third, we did not assess whether SPD supplementation repro-
duced metabolites modifications induced by IF, especially
whether SPD supplementation permitted obtaining same abun-
dance of SPD observed during IF. Fourth, our study did not inves-
tigate whether oral SPD supplementation alone was able to
prevent crystal inflammation. However, we observed that local
SPD supplementation by one intrapouch injection with a high
concentration of SPD had only a mild effect and was not sufficient
to prevent crystal inflammation. Fifth, we did not assess the con-
tribution of other metabolites in the anti-inflammatory effect of
IF. This latter effect may be secondary to a combination of both
increased production of anti-inflammatory metabolites and
decreased production of proinflammatory metabolites, along with
modulation of autophagy, macrophage phenotypes, and other
immune cells. Lastly, mechanistic studies are necessary to char-
acterize how the combination of oral and intrapouch SPD supple-
mentation reduces inflammation.

Collectively, IF inhibited crystal inflammation and induced the
production of numerous anti-inflammatory metabolites. SPD sup-
plementation contributed to the anti-inflammatory effect of IF and
prevented crystal-induced inflammation. These IF mimetics might
be used as alternative therapeutic interventions to dampen crystal
inflammation.
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Serum Cytokine Profiling Differentiates Underlying Diseases
in Cytokine Storm Syndrome
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Objective. Cytokine storm syndrome (CSS), commonly associated with hemophagocytic lymphohistiocytosis
(HLH), is a fatal hyperinflammatory syndrome. Differentiating the underlying diseases responsible for CSS is essential
for timely therapeutic decisions. This study explored the clinical usefulness of serum cytokine profiling in distinguishing
underlying diseases in patients with CSS.

Methods. Serum samples were collected from 143 adult and pediatric patients with CSS and 22 healthy controls. The
cohort included patients with various diagnoses of primary and secondary HLH and Kawasaki disease (KD)-like hyperinflam-
matory syndromes. Serum levels of 48 cytokines were analyzed in 97 patients using a bead-based multiplex immunoassay
(Luminex assay). Serum levels of interferon alpha (IFN-a), interleukin-18 (IL-18), IL-6, CXCL9, and soluble tumor necrosis factor
receptor Il (sTNF-RII) were measured in 165 participants using enzyme-linked immunosorbent assay (ELISA).

Results. Luminex assay categorized patients with CSS into five clusters based on serum cytokine patterns. ELISA
revealed distinct cytokine patterns, wherein patients with histiocytic necrotizing lymphadenitis-associated HLH and
systemic lupus erythematosus-associated macrophage activation syndrome (MAS) showed elevated IFN-q; systemic
juvenile idiopathic arthritis—associated and adult-onset Still’s disease—associated MAS, X-linked inhibitor of apoptosis
protein deficiency with HLH, and NLRC4-associated autoinflammatory disorder exhibited higher IL-18 levels. Addition-
ally, KD shock syndrome had higher IL-6 levels than the other groups. CXCL9 was significantly elevated in patients with
virus-associated HLH, familial HLH, malignant lymphoma-associated HLH, and KD-MAS. Multisystem inflammatory
syndrome in children and toxic shock syndrome also showed moderate elevations of CXCL9 and IL-6 levels.

Conclusion. Serum cytokine profiling effectively differentiates CSS subtypes, facilitating better diagnosis and per-
sonalized treatment strategies based on specific disease backgrounds.
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INTRODUCTION

Cytokine storm syndrome (CSS) is a severe inflammatory
condition caused by excessive cytokine production. It represents
one of the most crucial inflammatory events for patients and clini-
cians. Although its definition is vague and does not refer to a sin-
gle disease, CSS is frequently associated with hemophagocytic
lymphohistiocytosis (HLH) and macrophage activation syndrome
(MAS), which complicates HLH in rheumatic diseases.” Various
factors contribute to CSS development, including genetic back-
grounds that predispose individuals to inflammatory conditions,
including autoinflammatory diseases, immunodeficiencies, malig-
nant diseases, and infections.’? These diseases cause uncon-
trolled activation and proliferation of immune cells, resulting in
severe inflammation. Different aforementioned causes trigger
CSS, and the term has come to be used as an umbrella concept
encompassing these conditions.® Treatment plans must differ
based on the underlying diagnosis despite the similarity in clinical
and laboratory findings. Treatment with immunosuppressive or
cytotoxic agents, such as etoposide or alemtuzumab, and rapid
donor search are required to treat patients with primary HLH—a
subset of monogenic inborn errors of immunity (IEls) character-
ized by impaired cytotoxic lymphocyte function. Current standard
treatments include glucocorticoids combined with etoposide and,
in selected cases, emapalumab, an anti-interferon (IFN)-y mono-
clonal antibody,”® whereas glucocorticoids, cyclosporine, or
cytokine-targeted therapies are appropriate for treating patients
with secondary HLH or MAS."2¢ Furthermore, CSS may be the
initial manifestation of undiagnosed autoimmune or autoinflam-
matory diseases. Early identification of CSS etiologies is crucial
for patient survival. Nevertheless, differentiating among these
causes at an early stage is difficult, thus emphasizing the need
for techniques to make an early diagnosis.

Historically, excessive production of inflammatory cytokines,
including IFN-y and tumor necrosis factor alpha (TNF-a), and their
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high serum levels have been closely associated with the pathogene-
sis of CSS.2""'2 Moreover, several studies have emphasized signifi-
cant interleukin-18 (IL-18) hypercytokinemia in patients with MAS,
which frequently complicates systemic juvenile idiopathic arthritis
(sJIA) in children and adult-onset Stil's disease (AOSD) in adults.™®~'®
16 In addition, patients with |Els, such as X-linked inhibitor of apopto-
sis (XIAP) deficiency and NLRC4-associated autoinflammatory disor-
der (NLRC4-AID), frequently present with HLH and exhibit abnormally
high serum IL-18 levels.'”® Severe cases of COVID-19 were associ-
ated with excessive IL-6 production during the COVID-19 pandemic,
and treatment with IL-6 inhibitors has been confirmed to be effec-
tive.'%2° Similarly, IL-6 inhibitors have demonstrated efficacy in con-
troling the cytokine release syndrome (CRS) after chimeric antigen
receptor-T cell therapy for hematologic malignancies, suggesting
that IL-6 may contribute to CRS pathology.' Moreover, congenital
disorders characterized by excessive type | IFN signaling, termed
“interferonopathies,” have been reported in the past few decades.
These conditions exhibit MAS-like symptoms, including fever, cyto-
penia, hepatosplenomegaly, and hyperferritinemia, and are gaining
attention as a novel CSS subgroup.?>® IFN-a has also been
reported as a central mediator in the pathogenesis of systemic lupus
erythematosus (SLE) and other rheumatic diseases that may be
complicated with HLH and MAS.2®

Recent evidence supports the clinical efficacy of direct cyto-
kine blockade in primary HLH. A pivotal trial demonstrated that
emapalumab, an anti-IFN-y monoclonal antibody, effectively con-
trolled hyperinflammation in pediatric patients with primary HLH.®
A comprehensive review by Cron et al further emphasizes the
central role of cytokine dysregulation in CSS and the potential of
cytokine-targeted therapies, including IL-1, IL-6, and IFN-y block-
ade, as part of precision medicine strategies.

Given the clinical urgency of early diagnosis, recent studies
have highlighted the utility of comprehensive cytokine profiling to
distinguish among the underlying etiologies of CSSs. For exam-
ple, Kessel et al systematically identified serum biomarkers,
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including S100A12 and IL-18, that could distinguish sJIA-MAS
from primary or secondary HLH using multiplex immunoassays
and validated them across independent cohorts.?” Carol et al fur-
ther demonstrated, through a real-time hyperferritinemia screen-
ing system, that markedly elevated IL-18 and IL-18/CXCL9
ratios were characteristic of MAS and differentiated them from
other inflammatory causes including sepsis and immune dysregu-
lation.28 Gallo et al developed a multiplex cytokine panel that suc-
cessfully differentiated hyperinflamsnmatory syndromes such as
HLH, multisystem inflammatory syndrome in children (MIS-C),
and sepsis in pediatric intensive care unit settings.?° These find-
ings underscore the potential of targeted cytokine profiling not
only as a diagnostic adjunct but also as a tool to stratify hyperin-
flammatory syndromes by etiology and severity in real time.

We hypothesized that combining cytokine measurements
would enable classifying CSS into specific groups and identifying
their underlying diseases at earlier stages. In this study, we ana-
lyzed a wide range of biomarkers in the serum of patients with
CSS using a 48-multiplex bead-based immunoassay, including
major CSS-related cytokines such as IFN-y, TNF, IL-18, IL-6,
and IFN-a, and investigated whether cytokine measurements
could help in classifying patients with CSS with diverse underlying
conditions. Moreover, to confirm the validity of that classification,
we analyzed those key cytokines related to CSS by enzyme-
linked immunosorbent assay (ELISA) in a larger cohort of adult
and pediatric patients with CSS. On the basis of those results,
we propose an algorithm for a rapid and accurate classification
of the underlying conditions.

MATERIALS AND METHODS

Patients and samples. We enrolled 15 adult and 128
pediatric patients with CSS and 22 healthy controls (HCs).
Patients with the following conditions were included in this study:
|[El-associated CSS, including familial HLH (FHL), NLRCA4-AID,
Griscelli syndrome type 2 (GS2), and XIAP deficiency-compli-
cated HLH (XIAP-HLH); mevalonate kinase deficiency-compli-
cated MAS (MKD-MAS); secondary CSS, including virus-
associated hemophagocytic syndrome (VAHS), such as
Epstein—Barr virus (EBV)-related HLH, malignant lymphoma-
associated HLH (LAHS), histiocytic necrotizing lymphadenitis
complicating HLH (HNL-HLH), sJIA-MAS, AOSD-MAS, SLE
(SLE-MAS), vacuoles, E1 enzyme, X-linked, autoinflammatory,
somatic syndrome (VEXAS) syndrome (VEXAS-MAS), and Kawa-
saki disease (KD; KD-MAS); and CSS with KD-like hyperinflam-
matory syndromes, such as MIS-C, a systemic inflammatory
syndrome reported in children during the COVID-19 pandemic,
toxic shock syndrome (TSS), and KD shock syndrome (KDSS).
Diagnoses of FHL, GS2, XIAP-HLH, NLRC4-AID, MKD-MAS,
VAHS, LAHS, and VEXAS-MAS were made by clinicians based
on the 2004 HLH criteria.* AOSD-MAS, sJIA-MAS, and KD-
MAS were diagnosed based on the 2016 American College of

Rheumatology (ACR)/EULAR sJIA-MAS criteria.®® SLE-MAS and
HNL-HLH were diagnosed based on the 2009 and 2021 prelimi-
nary diagnostic criteria for SLE-MAS,®'%? and KDSS, MIS-C,
and TSS were diagnosed based on their respective diagnostic
criteria.>33% Serum was isolated from blood samples, aliquoted,
and stored at —80°C until use. Serum samples were analyzed
before initiating therapeutic agents, including glucocorticoids.
This study was approved by the institutional review board of the
Institute of Science Tokyo, and all specimens were used after
obtaining informed consent from the patients. The committee’s
reference numbers are M2020-062 and G2019-004.

Luminex assay: a bead-based multiplex immunoassay.
Serum levels of cutaneous T cell-attracting chemokine, eotaxin,
basic fibroblast growth factor, granulocyte colony-stimulating fac-
tor, granulocyte-macrophage colony-stimulating factor, growth-
related oncogene 1a, hepatocyte growth factor, IFN-a2, IFN-y,
IL-1a, IL-1B, IL-1RA, IL-2, IL-2Ra, IL-3, IL-4, IL-5, IL-6, IL-7,
IL-8, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15-18, IFN-y—
induced protein 10 kDa, leukemia inhibitory factor, mono-
cyte chemoattractant protein-1 (MCP-1), MCP-3, macrophage
colony-stimulating factor, macrophage migration inhibitory factor,
mitogen-inducible gene, macrophage inflammatory protein-1a
(MIP-1a), MIP-1B, B-nerve growth factor, platelet-derived growth
factor-BB, RANTES, stem cell factor, stem cell growth factor—8,
stromal cell-derived factor—1a, TNF, lymphotoxin-a, TNF-related
apoptosis-inducing ligand, and vascular endothelial growth
factor-A (VEGF-A) were measured in 88 patients with CSS and
9 HCs using Bio-Plex Pro Human Cytokine Panel 48-plex (Bio-
Rad Laboratories, Cat. #12007283) according to the manufac-
turer’s instructions. According to the manufacturer’s instructions,
the panel shows <10% analyte cross-reactivity, intra-assay preci-
sion <15% coefficient of variation (CV), inter-assay precision
<25% CV, and spike-and-recovery accuracy of 70% to 130%.
Data analyses were conducted using the Bio-Plex Manager Soft-
ware version 6.1 (Bio-Rad Laboratories).

ELISA. Serum levels of IFN-q, IL-18, CXCL9, IL-6, and solu-
ble TNF receptor Il (sTNF-RIl) were measured in all 165 partici-
pants with commercial ELISA kits (IFN-a: PBL Assay Science;
IL-6, CXCL9, and sTNF-RII: R&D Systems, Inc; and IL-18: MBL)
according to the manufacturer’s instructions.

Analytical rationale. CXCL9 is induced exclusively by IFN-
v,237 whereas sTNF-RIl reflects TNF bioactivity®®2°; these
assays therefore serve as surrogates for IFN-y and TNF activity,
respectively.

Precision assessment. All samples were analyzed in dupli-
cate, and the mean was used for downstream analyses. To
assess intra-assay variability, triplicate repeats were performed
on a subset of 77 sera with sufficient volume; CVs were <20%
for every cytokine (Supplementary Table S1).
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Exploratory measurement of IL-18 binding protein. 1L-18
binding protein (IL-18BP) was quantified by ELISA (R&D Systems)
in a subset of 77 patients for whom sufficient residual serum
was available; triplicate measurements vyielded CVs <20%
(Supplementary Table S2). To further evaluate IL-18 pathway
activity, we also measured serum IL-18BP and calculated the IL-
18/IL-18BP ratio in this subset.

Statistical analysis. Statistical analysis was conducted
using GraphPad Prism 10 (GraphPad) and R software for macOS
version 4.3.3 (R Foundation). For principal component analysis
(PCA), we used the “FactoMineR” package, and visualizations
were created using “ggplot2.” For hierarchical clustering and
heatmap generation, the ‘“pheatmap” package was used,
and data transformation was performed using “reshape2.” Excel
files were imported using “readxl.” Fisher’s exact test, unpaired
t-test with a two-tailed P value, and the Mann-Whitney U test
were conducted to compare variables within two groups. Com-
parisons among several groups were conducted using the
Kruskal-Wallis rank test. One-way analysis of variance with
Dunn’s multiple comparison test was performed to compare sev-
eral groups. For group comparisons, disease categories with
fewer than three patients were excluded from formal statistical
testing. Clustering analysis was conducted by hierarchical clus-
tering. P < 0.05 indicated statistical significance. The optimal cut-
off values for receiver operating characteristic (ROC) curve
analysis were identified using Youden'’s index, a method that
maximizes sensitivity and specificity (sensitivity + specificity — 1).

Data availability. The datasets generated during and/or
analyzed during the current study are not publicly available but
are available from the corresponding author on reasonable
request.

RESULTS

Clinical characteristics of patients with CSS. Table 1
shows the clinical characteristics of patients in each group. We
enrolled 15 adults and 128 pediatric patients, with an age range
from 20 days to 82 years. One of each case of MKD-MAS, GS2,
and VEXAS-MAS was included, whereas other patient groups
involved at least three patients. Among the 13 patients registered
as having VAHS, 11 were caused by EBV, 1 by human parvovirus
B19, and 1 by adenovirus. Of the six FHL cases, three cases were
each type 2 and type 3. Remarkably, two patients with FHL type 2
were diagnosed at age 22 years. The TSS group consisted of nine
patients, including three caused by Staphylococcus infection and
six caused by Yersinia pseudotuberculosis infection.

Patients with CSS and HCs are categorized into six
groups based on the levels of 48 cytokines. \We measured
the levels of 48 cytokines and chemokines in the serum of

88 patients with CSS and 9 HCs using the Luminex assay to eval-
uate the use of multiple cytokine levels in classifying patients with
CSS (Supplementary Table S3). Based on hierarchical clustering
analysis, patients with CSS and HCs were broadly categorized
into several groups (Figure 1). Specifically, one group included
most patients with sJIA-MAS, AOSD-MAS, XIAP-HLH, and
NLRC4-AID (clusters in rows 1-16 and 75-81); another group
involved most patients with KDSS (rows 27-30); another cluster
(rows 37-61) contained most patients with MIS-C, TSS, and
KD-MAS; and a final cluster (rows 63-71) consisted of several
patients with SLE-MAS and HNL-HLH. Nevertheless, specific
clusters were not established by patients with VAHS, LAHS, or
FHL. PCA of these 97 cases revealed some grouping, with an
obscure differentiation (Supplementary Figure S1). Hence,
patients with CSS having 15 different clinical diagnoses could be
categorized into several patterns based on comprehensive serum
cytokine profiles.

Differences among assays in the measurement
results of five CSS representative cytokines.
Mysteriously, no marked increases in IFN-a2 levels were detected
in patients with SLE or HNL, in whom IFN-a is generally important
in disease pathogenesis, compared with those in other CSS
groups (Figure 1). Considering that cytokine levels differ depend-
ing on the measurement method, we also quantified the levels of
CXCL9, sTNF-RIl, IL-8, IL-18, and IFN-a by ELISA in the same
serum samples of 97 patients analyzed using the Luminex assay
and then compared those results. Serum IFN-a levels measured
using an ELISA kit that detects all subtypes exhibited a significant
increase in patients with HNL-HLH and those with SLE-MAS;
however, there was no significant increase in IFN-a2 levels mea-
sured using the Luminex assay in patients with HNL-HLH and
those with SLE-MAS (Figure 2A). Significant correlations were
confirmed between the Luminex assay and ELISA measurements
for the other cytokines, but there was little correlation between
IFN-a and IFN-a2 levels (Figure 2B, 2C). In the Luminex assay kit
we used in the present study, only IFN-a2 could be quantified of
the 13 IFN-a subtypes. Analyzing only a single subtype may not
be sufficient to evaluate the upregulation of the IFN-a pathway in
patients with CSS, and quantifying IFN-a in all subtypes may be
required as in the ELISA kit we used. Therefore, the results of
the Luminex assay for IFN-a2 were confirmed inaccurate as rep-
resentative values for IFN-a signaling in patients with CSS.

Patterns of elevation in serum levels of five
representative cytokines differ among groups of
patients with CSS. Due to the aforementioned result, we ana-
lyzed several key cytokines that are believed crucial for CSS path-
ogenesis in a larger cohort of patients to more accurately and
easily determine the classification patterns. We quantified IFN-a,
IL-6, IL-18, CXCL9, and sTNF-RIl levels in the serum of
143 patients with CSS and 22 HCs using ELISA (Figure 3A,
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Figure 1.

HNL-HLH: 3, SLE-MAS: 8, AOSD-MAS: 4, sJIA-MAS: 10, XIAP-HLH: 5, NLRC4-AID: 3, KDSS: 5,

VEXAS-MAS: 1, FHL: 5, GS2: 1, VAHS: 5, LAHS: 4, KD-MAS: 6, MIS-C: 22, TSS: 6, HC: 8
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Figure 2. Differences and correlations of serum cytokine levels quantified by ELISA and Luminex assay. (A) Comparison of serum IFN-a2 levels
determined by the Luminex assay and serum IFN-a levels determined by ELISA. (B, C) Correlations of serum cytokine and chemokine levels. The
X-axis shows cytokine levels in serum quantified by the Luminex assay, and the Y-axis shows cytokine levels in serum quantified by ELISA. The
green dotted line indicates that the value of the ELISA/Luminex assay ratio is 10, and the blue line indicates that the ratio is 1. Statistically significant
differences among each patient group are shown as *P < 0.05, **P < 0.01, **P < 0.001, and ***P < 0.0001. CSS, cytokine storm syndrome;
ELISA, enzyme-linked immunosorbent assay; HC, healthy control; HNL-HLH, histiocytic necrotizing lymphadenitis complicating hemophagocytic
lymphohistiocytosis; IFN-a, interferon alpha; IL, interleukin; MIG, monokine induced by IFN-y; SLE-MAS, systemic lupus erythematosus—macro-
phage activation syndrome; sTNF-RII, soluble tumor necrosis factor receptor Il; TNF, tumor necrosis factor.

Supplementary Table S4). Patients with HNL-HLH and those with
SLE-MAS showed significantly higher serum IFN-a levels than
other groups of patients with CSS. Patients with AOSD-MAS
and those with sJIA-MAS exhibited significantly higher IL-18
levels than other groups of patients with CSS. Furthermore,
serum IL-18 levels in patients with XIAP-HLH and NLRC4-AID
increased compared with those in the other groups, although
this may be due to the small sample size, with no statistically sig-
nificant difference. Serum IL-18BP levels showed minimal varia-
tion across CSS groups, with no significant differences except
in sJIA-MAS and VAHS. The IL-18/IL-18BP ratio was notably
higher in sJIA-MAS and AOSD-MAS, consistent with the results

of IL-18 levels (Supplementary Figure S2 and Supplementary
Table S2). Patients with KDSS showed significantly increased
serum IL-6 levels compared with other patients with CSS.
Serum CXCL9 levels were markedly elevated in several patients
with CSS compared with HCs, with particularly high levels in
patients with FHL, VAHS, LAHS, and KD-MAS. Moreover,
sTNF-RII levels increased in patients with CSS compared with
HCs, but with no distinctive differences among CSS subgroups
(Figure 3A).

Classification of patients with CSS into five groups
based on dominant cytokines. PCA conducted using the

Figure 1.

Hierarchical cluster analysis with serum levels of 48 cytokines and chemokines in patients with CSS. Serum biomarker profiles of

97 patients with CSS. Data comprising 48 analytes are presented as a heat map after unsupervised hierarchical clustering of biomarker expression
profiles according to correlation distance. Colors indicate column Z score. AOSD, Adult onset Still’s disease; FHL, familial hemophagocytic lym-
phohistiocytosis; GS2, Griscelli syndrome type 2; HC, healthy controls; HLH, hemophagocytic lymphohistiocytosis; HNL, histiocytic necrotizing
lymphadenitis; KDSS, Kawasaki disease shock syndrome; LAHS, lymphoma associated HLH; MAS, macrophage activation syndrome; MIS-C,
multisystem inflammatory syndrome in children; MKD, Mevalonate kinase deficiency; NLRC4-AID, NLR-family CARD domain-containing protein
4 associated autoinflammatory disorder; SLE, systemic lupus erythematosus; TSS, toxic shock syndrome; VAHS, virus-associated hemophago-
cytic syndrome; XIAP, X-linked inhibitor of apoptosis.
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Figure 3. Comparison of serum cytokine levels in patients with CSS. (A) Serum cytokine levels of patients with CSS. Bars represent median
levels and interquartile ranges. Statistically significant differences among each patient group are shown as *P < 0.05, **P < 0.01, **P < 0.001,
and ***P < 0.0001. All units of cytokines are pg/mL. (B) Serum cytokine profiles in each patient group. The blue hexagons show median levels
of serum cytokines in patients with each background disease, and the white hexagons show those in HCs. All units of cytokines are pg/mL.
GS2, Griscelli syndrome type 2; HNL, histiocytic necrotizing lymphadenitis; KDSS, Kawasaki disease shock syndrome; LAHS, lymphoma associ-
ated HLH; MKD, Mevalonate kinase deficiency; NLRC4-AID, NLR-family CARD domain-containing protein 4 associated autoinflammatory disor-
der; TSS, toxic shock syndrome; VAHS, virus-associated hemophagocytic syndrome; XIAP, X-linked inhibitor of apoptosis.

aforementioned five cytokines enabled clearer group classification
than the 48-cytokine analysis conducted using the Luminex
assay. PCA revealed the following groups: HNL-HLH and SLE-
MAS (IFN-o—dominant group); AOSD-MAS, sJIA-MAS, XIAP-
HLH, and NLRC4-AID (IL-18-dominant group); KDSS (IL-6-dom-
inant group); VAHS, LAHS, FHL, and KD-MAS (IFN-y—dominant
group); MIS-C and TSS (IL-6- and IFN-y—-intermediate group);
and HCs (Supplementary Figure S3). Visual representation of
these cytokine median values with radar charts enabled a clear
differentiation of CSS-related underlying conditions (Figure 3B).
Interestingly, the PCA using a limited panel of five cytokines (IL-
18, CXCL9, IFN-q, IL-6, and sTNF-RIl) demonstrated even tighter
separation between CSS patients and HCs than that achieved
with the full 48-cytokine dataset (Supplementary Figure S1 and
S3). This suggests that a small focused cytokine set may be suffi-
cient for practical disease stratification.

An analysis of variable contributions to principle component
1 (Supplementary Figure S4) of the 48-cytokine analysis by the
Luminex assay revealed that several top-contributing cytokines
were not strongly associated with canonical CSS pathways (eg,
CXCL9, IL-18, IL-6). This may indicate that inclusion of less rele-
vant cytokines introduced additional variance, thereby obscuring
group differentiation. In contrast, PCA based on a restricted set

of five cytokines more clearly delineated CSS from controls
(Supplementary Figure S3), supporting the utility of a focused
panel for practical CSS stratification.

Stepwise algorithm for the differential diagnosis of
CSS. A stepwise ROC curve analysis was confirmed effective for
differential diagnosis (Figure 4). Patients with SLE-MAS and
HNL-HLH showed a significant increase in serum IFN-a levels
compared with other groups, with a cutoff of 18.0 pg/mL, area
under the ROC curve (AUC) of 0.9964, sensitivity of 1.00, and
specificity of 0.9764. Moreover, among the remaining groups,
significant increases in serum IL-18 levels were observed in
AOSD-MAS, sJIA-MAS, XIAP-HLH, and NLRC4-AID groups
compared with that in the other groups, with a cutoff of 13,420
pg/mL, AUC of 0.9989, sensitivity of 1.00, and specificity of
0.9882. In addition, the abnormal increase in serum IL-6 levels
was detected only in the KDSS group among the remaining
groups and was useful for distinguishing the KDSS group from
the other groups, with a cutoff of 185.5 pg/mL, AUC of 0.9770,
sensitivity of 1.00, and specificity of 0.8816. Finally, serum CXCL9
levels were significantly higher in patients with FHL, VAHS, LAHS,
and KD-MAS than in patients with MIS-C and TSS, with a cutoff of
10,337 pg/mL, AUC of 0.9212, sensitivity of 0.9688, and
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Figure 4. Stepwise ROC curve analysis and classification algorithm for patients with CSS. For the 165 cases, the high group was defined as
“IFN-a—dominant CSS” with a cutoff of 18.0 pg/mL for IFN-a, and for the remaining groups with an IFN-a level <18.0 pg/mL, the high group
was defined as “IL-18-dominant CSS” with a cutoff of 13,420 pg/mL for IL-18. For the remaining groups with an IL-18 level <13,420 pg/mL,
the group with an IL-6 level >185.5 pg/mL was defined as “IL-6—-dominant CSS,” and the remaining groups were defined as “IFN-y-dominant
CSS” with a CXCL9 level of 10,337 pg/mL as the cutoff. The group with levels <10,337 pg/mL was classified as “IL-6— and IFN-y—intermediate
CSS.” HNL, histiocytic necrotizing lymphadenitis; KDSS, Kawasaki disease shock syndrome; LAHS, lymphoma associated HLH; NLRC4-AID,
NLR-family CARD domain-containing protein 4 associated autoinflammatory disorder; TSS, toxic shock syndrome; VAHS, virus-associated
hemophagocytic syndrome; XIAP, X-linked inhibitor of apoptosis.

specificity of 0.8636. Patients with MKD-MAS, VEXAS-MAS, and
GS2 were represented by single cases and were excluded from
statistical comparisons.

We defined these groups as “IFN-a—dominant CSS,” “IL-
18-dominant CSS,” “|L-6-dominant CSS,” “IFN-y—dominant
CSS,” and “IL-6— and IFN-y—intermediate CSS,” respectively.

I.IFN-a dominant CSSs
HNL-HLH, SLE-MAS

IFN-a
IFN-a=18.0 pg/mL

>18.0 pg/mL

O0.IL-18 dominant CSSs
sJIA-MAS, AOSD-MAS
XIAP deficiency-HLH, NLRC4-AID

IL-18
IL-18 13,420 pg/mL

>13,420 pg/mL

A

IL-6
IL-6=185.5 pg/mL

v

CXCL9

CXCL9=10,337 pg/mL

» IV. IFN-y dominant CSSs
FHL, VAHS, LAHS, KD-MAS

>10,337 pg/mL

V. IL-6 and IFN-y intermediate CSSs
MISC, TSS

Figure 5. Classification algorithm for CSS using multiple serum cytokine levels. A stepwise classification algorithm for the background diseases
of CSS using five cytokines. CSS, cytokine storm syndrome; IFN, interferon; IL, interleukin.
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We summarized these data and proposed a classification algo-
rithm for CSS using multiple serum cytokine levels (Figure 5).

DISCUSSION

This study demonstrated that clinically similar patients with
CSS with various background diseases can be categorized into
several groups through a comprehensive analysis of serum cyto-
kines despite their extremely similar clinical characteristics. We
also proposed an algorithm that classifies CSS with high accuracy
by evaluating several important CSS cytokines and chemokines in
combination. Assuming the background disease early on will sig-
nificantly contribute toward making decisions regarding subse-
quent examinations and treatments.

Inflammatory cytokines, such as IFN-y and TNF, have long
been recognized to be deeply involved in the pathology of CSS,
and we detected a high increase in CXCL9 levels, which reflects
IFN-y production,®®*%” and sTNF-RIl levels, which reflects TNF
production,®° in most patients in this study. Conversely, a marked
increase in IFN-a levels was uniquely observed in the CSS group in
patients with abnormal autoimmune diseases such as HNL-HLH
and SLE-MAS. This finding suggests the overactivation of plasmacy-
toid dendritic cells and some monocytes, which are the primary
sources of IFN-a production.*®*" We also detected a highly distinc-
tive increase in IL-18 levels in “IL-18-dominant CSS,” including in
patients with AOSD-MAS, sJIA-MAS, XIAP-HLH, and NLRC4-AID.
Patients with these diseases are known to show extremely elevated
serum IL-18 levels, and we again confirmed that these levels are dis-
tinctively elevated compared with those in other CSS groups, which
is useful in diagnosis and classification. In these diseases, excessive
production of IL-18 may be caused by hyperactivation of the inflam-
masome and the innate immune system; hence, future therapies tar-
geting the inflammasome are also anticipated.*>*® Moreover, the
patient with MKD-MAS demonstrated a highly elevated serum IL-
18 level, although milder than those in patients with NLRC4-AID
and XIAP-HLH. The pathogenesis of MKD is closely related to the
activation of the inflammasome, and it is also an IEl that sometimes
complicates MAS.** There have been no studies on the serum cyto-
kines of patients with MKD-MAS, and our results must be confirmed
with a larger cohort study.

Furthermore, a marked increase in serum IL-6 levels was
observed in the “IL-6-dominant CSS” group, including KDSS,
compared with that in the other CSS groups, and this was a pat-
tern resembling the extreme type that directly exacerbated the
inflammatory pathology of KD. In addition, an excessive inflam-
matory pathology centered on IL-6 may be important in KDSS.
Moreover, a particularly prominent increase in CXCL9 levels was
detected in the “IFN-y—dominant CSS” group, such as in patients
with FHL, VAHS, LAHS, and KD-MAS, compared with that in the
other CSS groups. The primary pathology and cause of these dis-
eases is generally the runaway of excessive cellular immunity,
centering on cytotoxic T cells, and our results are consistent with

previous reports.®™ Furthermore, toxins produced by pathogens
such as Staphylococcus, and Y. pseudotuberculosis act as
superantigens, causing excessive activation of T cells in “IL-6—
and IFN-y—intermediate CSS,” such as in patients with TSS.
Although MIS-C shares clinical features with toxin-mediated syn-
dromes such as TSS, current evidence suggests that it is primarily
driven by postinfectious immune dysregulation and may involve
superantigen-like responses rather than classical bacterial
toxins.**™8 Therefore, this result comprehensively presented an
intermediate pattern involving therapy for the increase in IL-6
levels associated with infection and the elevation in IFN-y levels
due to T cell activation.

There has been some research on developing biomarkers for
pediatric patients with primary and secondary HLH in the past
decade. For instance, Kessel et al conducted a comprehensive
analysis of serum cytokines and chemokines using the Luminex
assay and reported IL-18, CXCL9, and S100A12 as useful
markers for distinguishing primary HLH, including FHL, and
sJIA-MAS.?” More recently, Carol et al used a proximity extension
assay (PEA) to evaluate serum protein levels and reported IL-18,
ANGPT1, and VEGF receptor 2 as promising biomarkers for early
identification of hyperferritinemic conditions, including MAS and
sepsis-related HLH.2® These studies, although valuable, focused
primarily on pediatric populations and a relatively limited disease
spectrum, mainly involving sJIA-MAS and infection-associated
CSS. In a broader clinical context, Gallo et al reported the
real-world implementation of a rapid multiplex cytokine panel in
pediatric practice. Their large-scale analysis demonstrated that
cytokine profiles reflected the disease severity and enabled differ-
entiation between FHL or CRS and bacterial sepsis using specific
ratios, such as [IFN-y + IL-10)/[IL-6 + IL-8]. However, their in-
house panel did not include key cytokines, such as IL-18
or CXCL9, which are essential for evaluating IL-18-dominant or
IFN-y—dominant CSS subtypes.?®

Our study included both pediatric and adult patients and
encompassed a broader spectrum of CSS etiologies —including
rare conditions such as HNL-HLH, SLE-MAS, KD-MAS, and IEl-
associated CSS (eg, XIAP-HLH and NLRCA4-AID), as well as
adult-onset CSS like AOSD-MAS. Furthermore, we assessed a
wider array of cytokines, including IL-18, CXCL9, IFN-a, and
sTNF-RII, allowing more nuanced classification of CSS pheno-
types. The stepwise classification algorithm according to the
combination of multiple cytokine levels developed from our results
provides a more accurate and rapid method for determining the
underlying conditions of CSS compared with that using individual
biomarkers. Although the stepwise cytokine-based approach
presented here offers a potential framework for CSS classifica-
tion, its clinical utility remains to be validated in larger multicenter
and prospective cohorts. Future studies will be necessary to
assess its generalizability across age groups and clinical settings.

We also confirmed the differences in values between the two
representative cytokine quantification methods, ELISA and the
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Luminex assay (Figure 2C). In particular, for IL-18, the levels
determined by ELISA were approximately 4.7 times higher than
those determined by the Luminex assay on median (Figure 2C).
Carol et a®® also confirmed the correlation and differences
between the Luminex assay and PEA and indicated that there
are unique limitations for each measurement method, such as
the “hook effect” in PEA. Therefore, to apply serum cytokine pro-
filing to clinical practice in the future, it is necessary to establish a
universally standard cytokine measurement method.

In addition to its analytical performance, the five-cytokine
panel offers notable logistical advantages. These cytokines can
be quantified by standard ELISA, which provides a broader
dynamic range, requires less specialized equipment, and is con-
siderably more accessible and cost-effective than the Luminex
assay. These features make the five-cytokine panel a promising
candidate for translation into routine clinical use.

Our study has several limitations. First, we included patients
with CSS with diverse underlying diseases; however, the sample
size is small, and certain conditions that can cause CSS, such
as metabolic diseases (eg, HLH associated with lysinuric protein
intolerance), were not included, although it may be impossible to
enroll all patients with CSS. Furthermore, prospective validation
of the predefined thresholds in independent, disease-matched
cohorts remains essential before clinical implementation. Second,
there were limitations in terms of ethnic diversity because most of
the analyzed patients were Japanese. Third, the retrospective
design and limited sample size for several subgroups preclude
the immediate clinical application of the proposed classification
algorithm. Prospective validation in larger and more diverse
cohorts is needed to confirm its utility in practice. Although data
from rare disorders such as GS2, MKD-MAS and VEXAS-MAS
were included in the analyses, these cases were not used to
define dominant cytokine-based groups owing to the small sam-
ple size. Their cytokine profiles are shown for descriptive pur-
poses only and should be interpreted with caution.

In conclusion, patients with CSS can be categorized into
several groups according to their underlying diseases. Serum
cytokine profiling was confirmed as an effective method for their
differentiation.
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Objective. The aim of this study was to compare differences in clinical response, drug survival, and adverse event
rates between anakinra and canakinumab in VEXAS (vacuoles, E1 enzyme, X-linked, autoinflammatory, somatic)
syndrome.

Methods. This multicenter international study includes patients with VEXAS from France, Israel, and Italy treated
with interleukin-1 inhibition. Global response (GR) was defined as the absence of inflammatory symptoms and >50%
decrease in steroid dose and C-reactive protein. Multiple regression analysis was performed to identify associated var-
iables. Drug survival was analyzed using Kaplan-Meier plots and log-rank test, with Cox regression models for associ-
ated factors.

Results. We included 47 male patients with VEXAS; 44 received anakinra and 9 received canakinumab, with
6 patients using both at different time points. GR at 1 month was 34% for anakinra and 100% for canakinumab
(P <0.001) and 22% and 78% at 3 months, respectively (P = 0.001). Treatment with canakinumab was associated with
a higher odds ratio (OR) of achieving GR at 3 months (OR 28.8, 95% confidence interval 3.0-273.9; P = 0.004) in a mul-
tivariable analysis. Median drug survival was 54 (interquartile range [IQR] 30-56) months for canakinumab at
300 mg/month compared with 7 (IQR 4-8) months for canakinumab 150 mg/month and 1 (IQR 1-2.5) months for ana-
kinra (P = 0.01). Injection-site reactions were only recorded for the anakinra group (47 vs 0%; P = 0.006), whereas infec-
tions were more frequent in the anakinra group (31% and 11%; P = 0.3).

Conclusion. Canakinumab demonstrated superior clinical response and drug survival with fewer adverse events
compared with anakinra. Monthly canakinumab 300 mg may be considered as an effective steroid-sparing therapeutic
option for patients with VEXAS.

INTRODUCTION

VEXAS (vacuoles, E1 enzyme, X-linked, autoinflammatory,
somatic) syndrome is an acquired hemato-autoinflammatory
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disease affecting mostly male, adult patients. It is char-
acterized by macrocytosis, anemia, myelodysplastic syndrome
(MDS), and episodes of inflammation with neutrophilic
rashes, chondritis, inflammatory eye disease, pulmonary
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inflammmation, and venous thromboembolism, among other
manifestations. 2

The etiology of VEXAS syndrome is attributed to the amount
of the active cytoplasmic UBA1b isoform of UBA7. Somatic muta-
tions inthe UBAT gene are translated to a decrease in the amount
of activity of UBA1b, and with the canonical mutations, also a shift
toward elevated amounts of the catalytically flawed UBA1c. This
contributes to an inflammatory milieu driven primarily by myelo-
cytes of the UBAT mutated clone.>*

The cytokine profile of patients with VEXAS syndrome sug-
gests inflammasome activation and is characterized by elevation
of interleukin (IL) 1B, IL-18, and tumor necrosis factor-a through
the NF«kB pathway. These findings have raised the possibility of
targeting these cytokines in the effort to control inflammatory dis-
ease activity.®

Although IL-1 inhibition (IL-1i) is a cornerstone in the treat-
ment of many autoinflammatory diseases, both monogenic and
acquired (such as Still disease, Schnitzler syndrome, Sweet syn-
drome, and gout),® current data suggest that their use in VEXAS
may be limited by severe adverse events, primarily serious skin
reactions. The first report of anakinra, an IL-1 receptor antagonist,
in patients with VEXAS by Beck et al° described severe skin reac-
tions in patients with VEXAS, including ulceration and abscess
formation, in up to 75% of patients.” Subsequent reports have
confirmed similar severe skin reactions with anakinra in this popu-
lation.® Although injection-site reactions are a well-recognized
effect of anakinra, occurring in up to 81% of patients with rheuma-
toid arthritis in clinical trials, these reactions are typically mild, '
dose-dependent, and attributed to mast-cell degranulation.9 The
mechanism driving the unusually severe skin reactions to anakinra
in VEXAS remains unclear but may be linked to the disease itself
and increased skin reactivity to stimuli, similar to pathergy. Atypi-
cal and exacerbated skin reactions have been reported in patients
with VEXAS after exposure to other injected medications (tocilizu-
mab, azacitidine, messenger RNA vaccine, or influenza vaccine)
or skin triggers.’ "3

In terms of efficacy, the French VEXAS registry reported that
only 9% of 33 treatment episodes with IL-1i, 30 of them with ana-
kinra and 3 with canakinumab, achieved a clinical response at
3 months.™ A recent multicenter retrospective study from the
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University Hospital, Nantes, France; 26Department of Internal Medicine - Multi-
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Paul Riquet, Centre Hospitalier Universitaire de Toulouse, Toulouse, France;
28Service d'Immunologie Clinique et Médecine Interne, Hopitaux Universitaires

UK reported on 13 patients receiving anakinra, 8 of them still
receiving it in 3 months, having an 88% clinical response rate. At
6 months, four patients continued to receive anakinra, with three
having a clinical response. Discontinuation of anakinra was mostly
because of severe injection-site reactions.'® Data regarding cana-
kinumab use are scarce, with only a few reported cases in the lit-
erature. From the UK cohort, two patients switched from anakinra
to canakinumab, both discontinuing it before 6 months; one died
because of Legionelia infection.® One case describes a patient
successfully treated with canakinumab for 5 years after experi-
encing intolerable skin reactions to anakinra and failing tocilizu-
mab and other immunosuppressants.'® Additionally, a case
series involving 12 Dutch patients included 7 treated with ana-
kinra: 2 had a good response, 4 experienced severe skin reac-
tions, and 3 were treated with canakinumab after anakinra
failure, showing variable responses."” The objective of this study
was to compare the clinical response and drug survival between
two IL-1 inhibitors, anakinra and canakinumab, and to evaluate
the adverse events reported for each drug for the treatment of
VEXAS syndrome.

PATIENTS AND METHODS

Study population. For this retrospective study, data gath-
ered from November 2020 and September 2024 from two
national multicenter registries were used: the French FRENVEX
registry, described previously,’ and the Israeli VEXAS registry.
In addition, data from one Italian center were included.

The French FRENVEX registry is a national multicenter study
group network inviting internists, rheumatologists, and hematolo-
gists to share anonymous VEXAS patient data, and 31 of
318 patients from this registry were included in this study. The
Israeli VEXAS registry is a national multicenter registry inviting
rheumatologists, geneticists, hematologists, immunologists, and
other specialties to participate in sharing anonymous patient data.
Ten Israeli patients from the registry made up of 28 patients were
included in this analysis.'® Six Italian patients were added by
author CC and colleagues, some of them previously reported in
the literature.'®
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online in the Supporting Information section (https://acrjournals.
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All patients were genetically diagnosed with a UBAT muta-
tion, confirmed at their local or national genetic laboratory and
medical center. For this analysis, only patients who received IL-1i
with either anakinra or canakinumab were included. They may
have received other synthetic or biologic treatments before or
after IL-1i. Demographic and clinical data, including clinical
VEXAS symptoms; presence of MDS and monoclonal gammopa-
thy of unknown significance (MGUS); co-occurrence of MDS
mutations other than UBAT, analyzed by next-generation
sequencing (eg, TET2, DNMT3A, IDH1, IDH2, ASXL1, EZH2,
SF3B1, SRSF2, U2AF1, JAK2, KIT, TP53, NRAS, and KRAS);
and medication use and dose (prednisone; immunosuppressives,
such as methotrexate, cyclophosphamide, cyclosporine, colchi-
cine, and mycophenolate; biologics; and targeted synthetic med-
ications) were collected from medical files.

IL-1i treatments. Specific data related to IL-1i, such as the
VEXAS indication for IL-1i, treatment response (clinical response,
C-reactive protein [CRP] levels, prednisone or equivalent daily
dose, blood count, and transfusion dependence), reasons for dis-
continuation, and adverse events (including injection-site reac-
tions, systemic allergic or other responses, cardiovascular
events, malignancies, thromboembolic events, cytopenias, and
infections) were also included.

Complete response (CR) at each time point was defined as
the absence of inflammatory symptoms (clinical remission)
together with a prednisone daily dose of <10 mg or equivalent
and a CRP level <10 mg/L. A partial response (PR) was defined
as a lack of clinical inflammatory symptoms, a reduction of
<50% in CRP and daily prednisone doses compared with the pre-
initiation of IL-1i levels. Our primary outcome, global response
(GR) was defined as the sum of CR and PR. Treatment failure
was defined as a persistent inflammatory clinical or laboratory
syndrome, an inability to decrease steroid doses, or an adverse
event requiring cessation of the treatment. If data such as CRP
levels or the prednisone doses used to define CR or PR were
missing, a response value from a later time point was imputed
backward, meaning, for example, that response data from
6 months were considered the same as at 3 months. Actual
CRP levels and prednisone doses were not imputed. The safety
assessment included the rate of adverse events as reported by
physicians, and adverse events of special interest included
injection-site reactions, allergic and systemic reactions, malignan-
cies, cardiovascular and venous thromboembolic events, and
infections.

Statistical analysis. Descriptive analysis was performed,
and continuous variables were expressed as mean with SD,
whereas categorical variables were reported as frequency with
percentage. To compare the characteristics of patients treated
with canakinumab and anakinra, categorical variables were ana-
lyzed using the chi-square test or Fisher exact test, whereas

continuous variables were compared using the Student’s t-test
or Mann-Whitney test, as appropriate.

The rates of CR, PR, no response, and treatment withdrawal
were described at each time point (1, 3, 6, and 12 months)
according to the specific drug. Univariable analyses were con-
ducted to identify variables associated with GR at 3 months (this
was chosen because of the high discontinuation rate in the ana-
kinra arm in the later timepoints). Variables that showed an asso-
ciation (P < 0.15) or a confounding effect or were considered
relevant by the investigator were included in a multivariate logistic
regression analysis to identify variables independently associated
with GR at 3 months. Kaplan-Meier plots were constructed to
analyze drug survival, and survival curves for different drugs and
doses were compared using the log-rank test. Cox proportional
regression analysis was performed to identify variables associ-
ated with drug discontinuation. All analyses were performed using
Stata SE (version 17; StataCorp).

Ethics approval. This study involves human participants
and was approved by the Ethical Review Committee for publica-
tions of the Cochin University Hospital (AAA-2021- 08040) and
the Tel Aviv Medical Center (TLV-0389-23). The boards waived
informed consents.

Data availability statement. Data, including study pro-
tocol, statistical analysis plan, and individual participant data that
underlie the results reported in this article, after de-identification,
may be available upon reasonable request from the correspond-
ing author (talieviatar@gmail.com), Jérbme Hadjadj (jerome.
hadjadj@aphp.fr), or Arsene Mekinian (arsene.mekinian@aphp.fr).

RESULTS

The analysis included a total of 47 patients with VEXAS. All of
them were male, with a mean = SD age of 72 + 9 years at the time
of IL-1i initiation. Of these, 44 participants received anakinra and
9 received canakinumab (Supplementary Table S1), with
6 patients using both drugs at different time points.

As shown in Supplementary Table S2, the patient character-
istics were similar between the two treatment groups. The most
common UBA7 mutation was Met41Val (34%), followed by
Metd1Thr (23%), Metd1leu (19%), and splice site mutations
(11%). A concurrent diagnosis of MDS was made in 36% of
patients, and 17% had an MGUS. At the time of IL-1i initiation,
clinical inflammatory manifestations were also similar between
groups. Over the course of the disease the most frequently
reported symptoms included cutaneous manifestations (neutro-
philic and vasculitic rashes) in 94%, pulmonary manifestations in
54%, ocular involvement in 43%, and venous thromboembolisms
in 39%.

Most patients were receiving concomitant prednisone at IL-
1i initiation, with comparable doses between groups (84%, 34.0
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Figure 1. Response rates of anakinra and canakinumab-treated patients with VEXAS (vacuoles, E1 enzyme, X-linked, autoinflammatory,
somatic) syndrome at 1, 3, 6, and 12 months from treatment initiation.

+ 22.0 mg/day and 89%, 31.1 + 25.1 mg/day, for the anakinra All patients treated with anakinra received a 100 mg/day
and canakinumab groups, respectively). CRP levels at IL-1i initia- dose, and two patients increased the dosage to 200 mg/day. In
tion were not statistically different between groups, although they the canakinumab group, four patients were treated with 300 mg
were slightly higher in the anakinra group (96.5 + 85.3 mg/L and every month, and five received 150 mg every month, with two of
74.3 £76.7 mg/L). them increasing the dosage to 300 mg every month.

Table 1. Clinical response to anakinra and canakinumab treatment in patients with VEXAS (vacuoles, E1 enzyme, X-linked, autoinflammatory,
somatic) syndrome

Month 1 Month 3 Month 6 Month 12

Anakinra Canakinumab  Anakinra  Canakinumab Anakinra Canakinumab Anakinra Canakinumab
(n=41)* (n=9) (n=41)*7 (n=9) (n=41)* (n=9) (n=41)* (n=9)

Clinical response, n (%)°

Complete 2(5) 3(33) 1(2) 3(33) 1(2) 3(33) 0(0) 2(22)
Partial 12 (29) 6(67) 8(20) 4 (45) 5(12) 2(23) 5(12) 2(22)
No response 20 (49) 0(0 2(5) 0(0) 1(2) 111 0(0) 0(0)
Treatment withdrawal 7017) 0( 30 (73) 2(22) 34 (84) 3(33) 36 (88) 5 (56)
Prednisone daily dose, n/N (%)
No prednisone 3/26 (11) 0/5 (0) 1/6 (17) 1/5 (20) 2/7 (29) 0/4 (0) 0/4 (0) 0/3 (0)
<5 mg/d 0/26 (0) 1/5 (20) 1/6 (17) 1/5 (20) 1/7 (14) 1/4 (25) 1/4 (25) 0/3 (0)
<10 mg/d 5/26 (19) 1/5(20) 1/6 (17) 3/5 (60) 2/7 (29) 2/4(50) 2/4(50) 2 (67)
>10 mg/d 18/26 (69) 3/5 (60) 3/6 (50) 0/5 (0) 2/7 (29) 1/4 (25) 1/4 (25) 1(33)
CRP, n/N (%)
<10 mg/L 10/24 (42) 4/5 (80) 3/5 (60) 2/3 (67) 3/7 (43) 3/4.(75) 1/2 (50) 3/3(100)
>10 mg/L 14/24 (58) 1/5 (20) 2/5 (40) 1/3 (33) 4/7 (57) 1/4(25) 1/2 (50) 0/3 (0)

* CRP, C-reactive protein.
@ Outcome data were missing and could not be imputed for three patients.

When prednisone dose or CRP levels were missing at a specific timepoint, clinical response was imputed from the next timepoint (if these
were available then). Actual prednisone doses and CRP levels were not imputed.
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Comparative  efficacy of  anakinra and
canakinumab. Efficacy was measured by the rates of GR
and of overall drug survival. Rates of GR in anakinra and canaki-
numab groups were 34% (n = 14/41) and 100% (n = 9/9) at
1 month (P < 0.001) and 22% (n = 9/41) and 78% (n = 7/9) at
3 months (P = 0.001). At 6 and 12 months, the numbers of
patients remaining on IL-1i therapy without withdrawal were
small (6/41 [15%] vs 5/9 [56%], P = 0.007 at 6 months and
5/41 (12%) vs 4/9 (44%), P = 0.0283 at 12 months for anakinra
and canakinumab, respectively) (Figure 1; Table 1; Supple-
mentary Figure S1).

In the univariate analysis, being treated with canakinumab
(odds ratio [OR] 12.06; 95% confidence interval [Cl] 2.1-68.5)
and canakinumab dose 300 mg/4 weeks (OR 18.75; 95% Cl
1.91-184.1) were associated with a higher OR of achieving GR
at 3 months. (Table 2). In the regression analysis after age adjust-
ment, being treated with canakinumab was the only variable inde-
pendently associated with a higher odds of achieving GR
(OR 28.78; 95% Cl 3.0-273.9; P = 0.004). No additional associa-
tions were identified.

In the survival analysis, patients treated with canakinumab
had significantly longer drug survival than those treated with
anakinra, with a median of 15 (interquartile range [IQR] 7-54)
months vs 1 (IQR 1-2.5) months, respectively (P = 0.006)
(Supplementary Table S2 and Figure 2A). When stratifying by
canakinumab dose, patients receiving canakinumab
300 mg/4 weeks had the longest survival, with a median of
54 (IQR 30-56) months, compared with 7 (IQR 4-8) months in
the canakinumab 150 mg/4 weeks group and 1 (IQR 1-2.5)
months in the anakinra group (P = 0.01) (Figure 2B).

In a Cox regression analysis for drug discontinuation, using
canakinumab 300 mg as the reference, anakinra had a hazard
ratio (HR) for treatment withdrawal of 6.27 (95% Cl 1.48-26.54;
P = 0.013). Canakinumab 150 mg had an HR of 4.58 (95% ClI
0.74-28.2; P=0.101).

At the end of the study, 9% of anakinra-treated patients
continued the medication, compared with 33% of canakinumab-
treated patients (P = 0.055). The reasons for discontinuation were
not significantly different between the groups: inefficacy/flare
in 36% and 50%; adverse event in 41% and 33%; and a com-
bination of both inefficacy and an adverse event in 18% and
17% in the anakinra and canakinumab groups, respectively
(P = 0.849) (Table 3). In patients for whom the only declared
reason for discontinuation was inefficacy/flare, adverse events
were reported in 10, all of them treated with anakinra: 2 had
an injection-site reaction, one major, and the other a minor
reaction together with an infection, and 9 patients had other
adverse events (5 infections, 2 allergic reactions, 1 with neutro-
penia, and 1 death).

Regarding steroid-sparing effects (data were missing for
18 [41%)] of the anakinra group and 5 [56%)] of the canakinumab

Table 2. Univariate analysis of factors associated with clinical global

response at 3 months*

Odds ratio
(95% confidence
Variable interval) Pvalue
Age 1.04(0.97-1.13) 0.287
UBAT mutation
Met41Val 1.59 (0.45-5.57) 0.468
Met41Thr 1.25(0.30-5.17) 0.761
Met41Leu 0.86 (0.19-3.92) 0.842
Other mutations 2.62(0.67-10.35) 0.168
MDS 2.07 (0.59-7.24) 0.253
MGUS 0.28 (0.03-2.54) 0.256
CRP at IL-1i initiation 1.00 (0.99-1.01) 0.991
Hemoglobin 1.04(0.81-1.35) 0.739
Clinical manifestations
Constitutional 0.75 (0.11-5.02) 0.767
Skin 0.20 (0.03-1.24) 0.084
Arthralgia 0.46 (0.13-1.59) 0.219
Arthritis 0.66 (0.17-2.60) 0.560
Lymphadenopathy 0.54(0.12-2.36) 0.412
Pulmonary 0.30(0.07-1.28) 0.105
Chondritis 0.83(0.23-3.00) 0.772
Ocular 0.70(0.18-2.73) 0.607
Myalgia 3.00 (0.58-15.53) 0.190
Gastrointestinal 0.60 (0.06-8.29) 0.670
Renal 1.29 (0.19-8.61) 0.796
Nervous system 2.00(0.25-15.73) 0.510
Cardiac 1.93(0.11-33.12) 0.649
Venous thromboembolism 0.38 (0.10-1.49) 0.166
Thrombocytopenia 0.46 (0.11-2.00) 0.296
Prednisone dose 0.99 (0.96-1.02) 0.546
Adverse events to IL-1i
Any injection-site 0.40 (0.11-1.50) 0.175
reaction
Infection 2.33(0.59-9.22) 0.227
Indication for IL-1i
Relapse 1.58 (0.46-5.41) 0.464
Refractory disease 0.32 (0.08-1.23) 0.097
Steroid dependance 0.37 (0.08-1.77) 0.213
IL-1i medication
Anakinra Reference
Canakinumab 12.06 (2.12-68.5) 0.005
IL-1i dose
Anakinra 100 mg Reference
Anakinra 200 mg 3.75(0.21-66.76) 0.368
Canakinumab 150 mg 9.66 (0.60-93.59) 0.118
Canakinumab 300 mg 18.75(1.91-184.10) 0.012

* P values < 0.05 are significant and indicated with bold font. CRP,
C-reactive protein; IL-1i, interleukin-1 inhibition; MDS, myelodysplastic
syndrome; Met41Leu, UBAT mutation replacing methionine 41 with
leucine; Met41Thr, UBAT mutation replacing methionine 41 with threo-
nine; Met41Val, UBAT mutation replacing methionine 41 with valine;
MGUS, monoclonal gammopathy of unknown significance.

group), after 3 months all canakinumab-treated patients and
50% of anakinra-treated patients were receiving <10 mg/day of
prednisone (Table 1). Lastly, for markers of inflasmation, CRP
levels were <10 mg/L in 42% and 80% of anakinra- and
canakinumab-treated patients, respectively, who remained on
treatment after 1 month, 60% and 67% after 3 months, 43%
and 75% after 6 months, and 50% and 100% after 12 months,
respectively (Table 1).
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Figure 2. (Left) Kaplan-Meier curves of interleukin-1 inhibition therapy survival in patients with VEXAS (vacuoles, E1 enzyme, X-linked, autoin-

flammatory, somatic) syndrome receiving anakinra and canakinumab (P = 0.006). (Right) Kaplan-Meier curves of interleukin-1 inhibition therapy
survival in patients with VEXAS (vacuoles, E1 enzyme, X-linked, autoinflammatory, somatic) syndrome receiving anakinra 100 mg/day, canakinu-
mab 150 mg every 4 weeks, and canakinumab 300 mg every 4 weeks (P = 0.01). Color figure can be viewed in the online issue, which is available

at http://onlinelibrary.wiley.com/doi/10.1002/art.43384/abstract.

Comparative safety of anakinra and canakinumab.
Adverse events were reported in 31 patients (69%) receiving ana-
kinra and 3 patients (30%) receiving canakinumab (P = 0.028)
(Table 4). Regarding adverse events of special interest, the inci-
dence of injection-site reactions and major injection-site reactions
was recorded only in the anakinra group (47% and 0%, P =
0.006, and 32% and 0%, P = 0.048, respectively) (Table 4).

The rate of infections was higher in the anakinra group (31%
and 11%, respectively), with pneumonia and cellulitis being the most
common. Additionally, two patients developed Clostridium difficile—
associated disease, one had a Samonella infection, one had
COVID-19, and one of the patients with a urinary tract infection pro-
gressed to septic shock. Neutropenia, significant enough to tempo-
rarily stop the medication, was reported at similar rates in both
groups. No venous thromboembolic events were reported while
receiving IL-1i, and one cardiovascular event was reported in the
anakinra group. Four patients died while receiving IL-1i; one after
7 months of treatment with monthly canakinumab 150 mg, which
his treating physician considered to be the most effective treatment
for him (he previously received cyclosporine, infliximab, anakinra,
and tocilizumab), because of a suspected myocardial infarction
and/or a fatal arrhythmia. Three patients died while being treated

Table 3. Reasons for discontinuation of interleukin-1 inhibitor
therapy

Anakinra Canakinumab
(n=44),n%) (=9),n(%) Pvalue
Stopped treatment 39 (91) 6 (67) 0.055
Inefficacy/flare 14 (36) 3 (50) 0.849
Adverse event 16 (41) 2(33)
Inefficacy/flare and 7 (18) 1(17)

adverse event

with anakinra: one after 2 months of anakinra treatment while hospi-
talized, one of VEXAS evolution after 2 months of treatment, and one
of an unspecified infection after 21 months of therapy.

DISCUSSION

In this multicenter, international, retrospective study of
patients with VEXAS treated with IL-1i, we found that canakinu-
mab exhibited better efficacy compared with anakinra, as
reflected by a higher clinical response and longer drug survival.

Table 4. Adverse events of interest in patients receiving anakinra
and canakinumab*

Anakinra  Canakinumab
Adverse event (n=44),n %) (n=9),n (%) Pvalue
Any adverse event 31 (70) 3(33) 0.028
Infection 11 (317) 1011) 03
Pneumonia 6 (14) T(11) -
Cellulitis 3(7) 0(0) -
UTI 1(2) 0(0) -
CDAD 2 (5) 0(0) -
Other 3(7) 0(0) -
Cardiovascular events 1(2) 0(0) 0.648
Injection-site 21 (47) 0(0) 0.006
reaction
Minor injection-site reaction 8(18) 0(0) 0.165
Major injection-site reaction 14.(32) 0(0) 0.048
Minor systemic 4.(9) 0(0) 0.347
reaction
Allergic reaction 1(2) 0(0) 0.648
Neutropenia 5071) 1011) 0.983
Gl bleeding 1(2) 0(0) 0.634
Death 3(7) 1(11) 0.657

* Pvalues < 0.05 are significant and indicated with bold font. CDAD,
Clostridium difficile-associated disease; Gl, gastrointestinal; UTI, uri-
nary tract infection.
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Additionally, canakinumab exhibited a superior safety profile, with
no injection-site reactions and numerically fewer infections com-
pared with anakinra.

The results of this study are different than those of the French
VEXAS registry published earlier, which combined IL-1i together,
in which only three patients treated with canakinumab were
included, finding only 9% GR in 3 months.'* Nevertheless, our
results are somewhat aligned with those of the UK study that
reported an 88% response in 3 months for IL-1i."® The response
of patients with VEXAS to an IL-1i medication may be expected,
considering the cytokine profile characteristic of this monogenic
acquired autoinflammatory disease.® Still, in clinical practice, most
patients with VEXAS remain dependent on steroids, albeit at
reduced doses, when treated with biologic or targeted synthetic
therapies, as well as azacitidine as steroid-sparing agents.?2°
Current practice to date, based on expert opinion, recommends
using IL-6 receptor inhibitors or JAK inhibitors (JAKis; usually rux-
olitinib) in patients without MDS or with low-risk MDS, and azaciti-
dine or allogeneic hematopoietic stem cell transplantation for
patients with intermediate or high-risk MDS or transfusion
dependence.?"

The theoretical advantage of IL-1i, including canakinumab, in
autoinflammatory syndromes is its superiority in terms of time to
clinical response, which can be observed within hours to days.
Second, adverse events and specifically infections seem to be
less common than in IL6 inhibition (IL-6i) and JAKI, which is an
important aspect in VEXAS morbidity and mortality. 152223

According to the French VEXAS study by Hadjadj et al, the GR
to IL-6i and JAKi after 3 months was reported to be 32% and 24%,
respectively.’® In the UK study, responses were better with 62%
and 56% GR at 3 months, respectively.'® Although direct compar-
isons cannot be made because these are separate studies and
some data were missing in our cohort, along with small patient
numbers, the GR for canakinumab (78%) observed in our study
was notably high. In terms of survival, JAKi has shown a better sur-
vival rate than other biologics, with 75% of patients continuing to
receive the medication after 12 months.'* This rate is similar to the
general survival rate for canakinumab, whereas canakinumab at
300 mg exhibited an even better survival rate, with 75% of patients
still receiving the medication after 30 months.

Some limitations should be raised. First, this was a retro-
spective registry study, which means that some data are missing.
Because of this, we had to impute some responses to the medi-
cation based on reported outcomes at the next time point. Given
the relatively small number of patients, we chose to retain these
cases rather than exclude them, to preserve the informational
value and allow for meaningful comparisons across time points.
This should be considered when drawing conclusions from the
study. Another limitation of this analysis is the lack of full indepen-
dence between treatment groups, as six patients received both
anakinra and canakinumab sequentially. Although treatment
groups were defined by treatment episodes, this overlap may

introduce some degree of correlation that could not be fuly
addressed because of the small number of patients in the canaki-
numab group. Additionally, there is a significant selection bias; the
groups were not randomized, and patients were treated according
to local practices. For instance, canakinumab was used after ana-
kinra in all patients, indicating that the treatment design was
sequential and not comparative for most. Furthermore, the canaki-
numab group was small with only nine patients. This led to unstable
estimates. Additionally, four patients received canakinumab for less
than a year, resulting in significantly fewer patient-years in the cana-
kinumab arm, which affects the total number of events. Lastly,
response rates, as defined in this study, are similar to those in other
studies dealing with treatment options for patients with VEXAS. 415
They include the decline of CRP, which may be somewhat artifi-
cially lowered by IL-1i, although less so than by IL-6i.2* Thus, the
results should be interpreted with caution, and comparisons should
be repeated in a prospective randomized controlled study with a
larger population of participants.

This is the largest study to date to examine IL-1i in VEXAS
and, specifically, canakinumab treatment. This was a multicenter,
international study with a representative group of patients with
VEXAS. We assessed efficacy longitudinally and safety, including
infections, injection-site reactions, and cytopenias, which may
be the most common and disturbing adverse events in patients
with VEXAS.

In conclusion, although VEXAS was first described >4 years
ago, the optimal treatment approach remains uncertain. In this ret-
rospective international study, the drug survival rate for canakinu-
mab was greater than that for anakinra, with a median survival
among patients receiving the 300 mg/month dose of four and a half
years and for the 150 mg/month dose and the anakinra group was
approximately 7 and 1 months, respectively. Adverse events may
significantly limit the survival of anakinra use in patients with VEXAS.
When considering financial factors, IL-1i for patients with VEXAS
may be used sequentially, with canakinumab regarded as a rescue
therapy for patients who do not tolerate anakinra. Specifically,
canakinumab at 300 mg/month may be considered an additional
steroid-sparing therapeutic option for patients with VEXAS along-
side ruxolitinib, tocilizumab, and azacitidine.
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BRIEF REPORT

Autoantibody Response Toward Chromatin in Patients
With Juvenile Idiopathic Arthritis

Viola Pitkdnen," Terhi Remes-Pakarinen,” Paula Vahasalo,® Milja Méttdnen,* Minna-Maija Grénlund,*
Miika Arvonen,? Mikael Knip,” Riitta Veijola,® Jorma Toppari,* Jorma llonen,® Johanna Lempainen,*
Anna-Mari Schroderus,” Liisa Kréger,? and Tuure Kinnunen’

Objective. Patients with juvenile idiopathic arthritis (JIA) frequently exhibit antinuclear antibodies (ANAs), but the
specific antigen target recognized by them and the presence of additional autoantibody specificities in patients with
JIA remains elusive.

Methods. Plasma samples from 110 untreated patients with active JIA, as well as from 14 children with unspecified
arthritis and 151 age- and sex-matched healthy children, were analyzed with multiple modern clinical-grade autoanti-
body assays, including automated indirect immunofluorescence to screen for ANAs with HEp-2 cells, and specific
immune assays to detect reactivity to individual autoantigens. In addition, a HuProt proteome microarray was used
to screen for novel autoantibody targets in plasma samples from five patients with ANA-positive JIA and four ANA-
negative healthy controls.

Results. Homogeneous nuclear ANA staining, indicating reactivity toward chromatin, was detected in most
(61.8%) patients with JIA but rarely in healthy controls (2.6%; P < 0.0001). No antibody reactivity to specific
nuclear antigens or other autoantigens associated with connective tissue diseases was detected. However, 20%
of patients with JIA harbored antibodies against double-stranded DNA (dsDNA)-nucleosome complexes (com-
pared with 2.6% of controls, P < 0.0001). Finally, the proteome microarray revealed core histone H2A variant
H2AFY, part of the nucleosome, to be the most widely recognized human protein by autoantibodies of patients
with JIA.

Conclusion. Autoantibody reactivity in JIA primarily targets chromatin, but the epitopes targeted are likely either
posttranslationally modified or multimolecule epitopes, such as dsDNA-nucleosome complexes, rather than epitopes

on individual native proteins or purified dsDNA.
INTRODUCTION

Juvenile idiopathic arthritis (JIA) is the most common chronic
rheumatic disease in children. It is a heterogeneous condition,
likely of autoimmune origin, and is currently classified into seven
different subtypes according to the International League of Asso-
ciations for Rheumatology (ILAR) criteria. These subtypes are oli-
goarthritis, rheumatoid factor-negative polyarthritis (Poly RF-),
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rheumatoid factor—positive polyarthritis (Poly RF+), systemic JIA,
enthesitis-related arthritis, psoriatic arthritis, and undifferentiated
arthritis.”

Approximately 30% to 60% of all patients with JIA test
positive for antinuclear antibodies (ANAs).2~® ANA positivity is
linked to specific JIA phenotypes and disease outcomes, such
as early disease onset, female sex, oligoarthritis, and a higher
risk of uveitis.?™® Based on this, ANA positivity has recently
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been proposed as a classification criteria for redefined JIA
subgroups.’

ANA testing is currently poorly standardized, with significant
variability in methods and cutoff values across different countries
and laboratories, and specific nuclear staining patterns detected
have rarely been reported in published studies.? Moreover, the
exact autoantibody targets in JIA remain elusive. Reactivity to
extractable nuclear antigens (ENAs), common autoantibody tar-
gets in other systemic rheumatic diseases, such as systemic
lupus erythematosus (SLE), Sjogren disease, or systemic sclero-
sis, is rarely observed in patients with JIA.%® However, the most
common ANA staining pattern detected in patients with JIA
appears to be homogeneous nuclear staining,® suggesting auto-
antibody reactivity against chromatin or its individual compo-
nents: nucleosomes that further consist of double-stranded DNA
(dsDNA) wrapped around histone proteins. In line with this, some
earlier studies have reported increased reactivity to these struc-
tures in patients with JIA.%"8

In this study, we set out to explore the autoantibody reactivity
in patients with JIA using a modern, highly standardizable auto-
mated immunofluorescence test system for ANA detection, sev-
eral clinical-level antibody detection methods using well-defined
autoantigens, and finally, a human protein microarray for unbi-
ased discovery of autoantibody reactivity against the entire
human proteome.

MATERIALS AND METHODS

Study participants. The study cohort included 110
pediatric patients, who met the ILAR criteria for JIA,' 151 healthy
age- and sex-matched control children, and 14 children with the
diagnosis of unspecified arthritis, that is, a single arthritis episode
of unknown etiology not fulfiling the ILAR criteria for JIA
(Supplementary Table 1). Patients with JIA were enrolled by pedi-
atric rheumatologists at the Kuopio, Turku, and Oulu University
Hospitals at the time of diagnosis or during clinical relapse after
medication discontinuation. All patients with JIA either were treat-
ment naive or had not used immunomodulatory medications for
two months before the sampling. Healthy control children partici-
pated in the Finnish Type 1 Diabetes Prediction and Prevention
follow-up study (http://dipp.utu.fi). Written informed consent was
obtained from all study participants and/or their legal guardians,
as mandated by the Declaration of Helsinki, and the study was
approved by the ethics committees of the participating University
Hospitals of Kuopio, Oulu, and Turku.

Samples. Peripheral blood samples from patients with JIA,
healthy controls, and children with the diagnosis of unspecified
arthritis were collected between May 2020 and October 2023 into
lithium heparin blood collection tubes. The samples were centri-
fuged at 1,000 x g for 10 minutes, and plasma samples were col-
lected and stored at —80 °C until analysis.

ANA detection by indirect immunofluorescence
test. ANA measurements were performed using a fully auto-
mated indirect immunofluorescence test (IIFT) system. HEp-2 cell
slides were stained using an IF Sprinter, and images were
recorded with the Europattern Microscope Live automated micro-
scope (both from Euroimmun AG). Plasma dilutions starting from
1:80 were used, and the immunofluorescence patterns were
coded according to International Consensus on ANA Patterns
(https://anapatterns.org/) recommendations. All samples were
evaluated by a single laboratory physician with the aid of the Euro-
pattern Classifier software (Euroimmun AG).

Autoantibody assays. The anti-citrullinated protein/
peptide (CCP) antibody and Phadia EliA connective tissue dis-
ease (CTD) screen assays (Thermo Fisher Scientific) were per-
formed according to the manufacturer’s instructions on a Phadia
250 instrument (Thermo Fisher Scientific). The individual antigens
tested after a positive CTD screen were dsDNA, Sm, SSA/Ro52
and Ro60, SS-B/La, centromere B, Scl-70, Mi-2, RNA-Pol I,
PM/Scl, Jo-1, PCNA, Ribosomal-P protein, U1-RNP (RNP-
70, A, C), and fibrillarin. The Microblot-Array (MBA) ANA plus
assay (TestLine Clinical Diagnostics), which detects 44 distinct
autoantibodies using an immunoblot array in a microtiter format,
was performed according to the manufacturer’s instructions.
Anti-dsDNA enzyme-linked immunosorbent assay (ELISA) (IgG),
anti-dsDNA-NcX ELISA (IgG), anti-histone ELISA (IgG), and anti-
nucleosomes ELISA (IgG) (all from Euroimmun AG) were per-
formed according to the manufacturer’s instructions.

HuProt proteome microarray. Five plasma samples
from patients with ANA-positive JIA and four plasma samples
from ANA-negative healthy control children were sent to Cam-
bridge Protein Arrays Ltd for autoantibody profiing using the
HuProt version 4.0 Human Proteome Microarray. For further
details, please see Supplementary Methods.

Statistical analyses. GraphPad Prism software (version
10.4.1) was used for statistical analysis. Mann-Whitney U test,
Kruskal-Wallis test with Dunn’s posttest, Fisher’s exact test, and
McNemar test were used as indicated. A P value <0.05 was con-
sidered statistically significant.

RESULTS

Our study cohort included 110 children with JIA, sampled
during active disease, either at diagnosis or during a disease
relapse after medication discontinuation. As control groups, we
had 14 children diagnosed with unspecified arthritis (disease con-
trols) and 151 age- and sex-matched healthy control children.
The majority of patients with JIA were diagnosed with Poly RF-
(n = 38), oligoarthritis (n = 56), or enthesitis-related arthritis
(n = 9), with the remaining patients diagnosed with Poly RF+
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(n = 3), psoriatic arthritis (n = 2), or other juvenile arthritis (N = 2). higher titers (>1:640), which was not detected in the healthy chil-
The demographic and clinical characteristics of the study groups dren (Figure 1A). In addition to ANA titer, the staining pattern of
are detailed in Supplementary Table 1. ANA reactivity was determined. The majority of ANA-positive

We first screened the plasma samples for ANAs using a samples exhibited either a speckled or homogeneous nuclear
highly standardized, fully automated IIFT method. ANA positivity staining pattern (Figure 1B). The speckled nuclear staining pat-
at a titer of >1:160 was observed in 86 out of 110 (78.2%) patients tern, indicating autoantibody reactivity to nuclear proteins not part
with JIA, compared with 57 out of 151 (37.7%) healthy children of the chromatin, was most commonly observed in healthy chil-
and six out of 14 (42.9%) children with unspecified arthritis dren. In contrast, the homogeneous nuclear staining pattern, indi-
(Figure 1A). Several patients with JIA displayed ANA positivity at cating reactivity to chromatin, was dominant in patients with JIA
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Figure 1. Homogeneous nuclear ANA staining in patients with JIA suggests autoantibody reactivity toward chromatin. (A) Frequency (left panel)
and distribution (middle panel) of different ANA titers observed in the study groups using an IIFT. Frequency of ANA-positive subjects (ANA >1:160)
in the different study groups (right panel). (B) Representative speckled and homogeneous nuclear ANA staining patterns in HEp-2 cells using IIFT
(left panel). Distribution of nuclear ANA staining patterns in ANA-positive (ANA >1:160) subjects in the different study groups (middle panel). Fre-
quency of ANA-positive subjects (ANA >1:160) with a homogeneous nuclear staining pattern in the different study groups (right panel).
(C) Reactivity toward nucleosomes and dsDNA in the MBA presented as concentration (U/mL) of antibodies (left panels), with the error bars depict-
ing concentration median and interquartile range. The frequency of subjects testing positive for nucleosomes or dsDNA at a cutoff value of 210 U/
mL (dotted line) in the controls, and patients with ANA-negative (ANA <1:160) and ANA-positive (ANA >1:160) JIA (right panels). Fisher’s exact test
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(Figure 1B). In fact, a homogeneous nuclear ANA staining result at
a titer of >1:160 distinguished patients with JIA (68 out of 110;
61.8%) from healthy children (4 out of 151; 2.6%) more effectively
than overall ANA positivity at the same titer (P < 0.001; McNemar
test), with children with unspecified arthritis again falling in
between (4 out of 14; 28.6%) (Figure 1B). Because our sampling
period (2020-2023) spanned the COVID-19 pandemic, we also
assessed the ANA results longitudinally. Interestingly, whereas
the frequency of ANA positivity remained stable in patients with
JIA, it increased in healthy controls from late 2021 onward
(Supplementary Figure 1). This was driven by an increase in low-
titer (1:160 or 1:320) ANA positivity with a speckled nuclear stain-
ing pattern. Consequently, no temporal shifts were observed
when using ANA positivity at a titer of >1:160 with a homoge-
neous nuclear staining pattern as the criteria for positivity
(Supplementary Figure 1).

Consistent with previous studies,?™> ANA positivity at a titer
of >1:160, particularly with a homogeneous nuclear staining pat-
tern, was associated with female sex, risk of uveitis, and younger
age at disease onset in patients with JIA (Supplementary Figure 2).
Moreover, higher erythrocyte sedimentation rate and C-reactive
protein values were detected in patients with ANA-positive JIA at
sampling, but no association with HLA-B27 positivity, number of
active joints, Juvenile Arthritis Disease Activity Score 10, or cyto-
megalovirus  seropositivity was detected (Supplementary
Figure 2).

To further explore autoantibody reactivity in patients with JIA,
we first screened the plasma samples for CCP antibodies, which
are diagnostic of rheumatoid arthritis, and for 16 specific ENAs
commonly observed in systemic autoimmune rheumatic dis-
eases. CCPs were detected only in the three patients with JIA
diagnosed with Poly RF+, as expected, and low levels of ENAs
were detected only in a few isolated patients, with dsDNA anti-
bodies being the most common finding (detected in four patients
with JIA; Supplementary Table 2). We then performed a broader
autoantibody screening using an immunoblot array (MBA), which
allows probing autoantibody reactivity against 44 distinct autoan-
tigens associated with different autoimmune diseases. Again, a
few isolated patients with JIA displayed autoantibody reactivity
against nucleosomes (5 out of 73; 6.8%) and dsDNA (4 out of
783, 5.5%) and even more rarely to the other 42 autoantigens
tested (Figure 1C; Supplementary Table 3). Notably, all patients
with JIA displaying reactivity against dsDNA or nucleosomes also
showed ANA positivity in IIFT (Figure 1C).

Given the predominant homogeneous nuclear ANA staining
pattern and the rare specific autoantibody reactivities to dsDNA
or nucleosomes detected in patients with JIA, we further explored
autoantibody reactivity to components of chromatin. Chromatin
consists of linker dsDNA and repeating units of nucleosomes, that
is, dsDNA coiled around an octamer of core histone proteins
(Figure 2A). Therefore, the plasma samples were assayed with
clinical-grade ELISAs detecting autoantibodies against purified

dsDNA, histone, and nucleosomes, but no differences were
observed between the study cohorts (Supplementary Figure 3).
We also tested the samples with a dsDNA-NcX ELISA kit, which
uses dsDNA complexed with nucleosomes, a more natural anti-
gen structure compared with purified dsDNA or nucleosomes,
and has shown better performance compared with dsDNA ELI-
SAs in diagnosing SLE.® Surprisingly, samples from patients with
JIA showed increased reactivity in this ELISA, with 22 out of
110 (20.0%) samples from patients with JIA positive using the
manufacturer’s cutoff compared with four out of 151 (2.6%)
healthy children and none of 14 (0%) children with unspecified
arthritis (Figure 2B). The dsDNA-NcX reactivity also strongly cor-
related with ANA positivity, with 21 out of 86 (24.4%) patients with
ANA-positive JIA showing a positive response compared
with only one out of 24 (4.2%) ANA-negative patients (Figure 2B).

Finally, to perform an unbiased screening for autoantibody
targets, we used the HuProt human proteome microarray, which
consists of more than 21,000 unigue human proteins and isoform
variants. For this exploratory study, we selected five samples from
female patients with early-onset JIA exhibiting high-titer homoge-
neous nuclear ANA staining and compared them with four sam-
ples from age- and sex-matched, ANA-negative healthy
controls. Interestingly, H2AFY (core histone macro-H2A) was
identified as the most abundantly recognized autoantibody target
in patients with JIA (Figure 2C). H2AFY is a variant of the H2A sub-
unit of the nucleosome and subsequently part of the chromatin,
making it a logical autoantigen hit given the homogeneous nuclear
ANA staining pattern observed in the studied patients with JIA.
Overall, between 50 and 103 individual proteins were identified
as highly antibody-binding targets (Z score of >3) for each of the
five JIA patient samples studied. Filtering these to proteins recog-
nized with a Z score of >3 by at least three out of five patients with
JIA but by none of the four healthy controls identified six additional
proteins (in addition to H2AFY) as putative autoantibody targets:
MAGI1 (membrane-associated guanylate kinase WW and PDZ
domain—-containing 1), KEAP1 (Kelch-like ECH-associated
protein 1), CCNB2 (cyclin B2), MYOD1 (myogenic differentiation
antigen 1), HSPA13 (heat shock protein 70 family A member 13),
and NEDD9 (neural precursor cell expressed developmentally
down-regulated protein 9) (Figure 2C).

DISCUSSION

In this study, we first confirmed using a highly standardized
ANA IIFT method that the majority of children with JIA are positive
for ANAs, with most displaying a homogeneous nuclear staining
pattern. This pattern suggests the presence of autoantibodies tar-
geting chromatin, which are rarely detected in healthy children.
Using several clinical-grade autoantibody assays, we verified that
this reactivity is not primarily due to autoantibodies against com-
mon nuclear antigens detected in other CTDs>® or to individual
components of chromatin, such as purified dsDNA, histone
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ferentiation antigen 1; NEDD9, neural precursor cell expressed developmentally down-regulated protein 9.

proteins, or nucleosomes because reactivity to these was
detected in only a small fraction of the patients in this study. In
contrast, however, 20% of patients with JIA showed reactivity to
dsDNA-NcX, which consists of dsDNA-nucleosome complexes.
This structure likely represents a more natural antigen compared
with purified dsDNA or nucleosomes because in vivo dsDNA is
bound to nucleosomes within apoptotic cell fragments presented
to the immune system.® Interestingly, a previous study assaying
autoantibody reactivity to a different artificial histone-dsDNA con-
struct reported highly similar results, with reactivity seen in 24% of
patients with JIA but in none of the controls.” Collectively, these
findings suggest that a major autoantibody target in JIA is a con-
formational epitope formed by a dsDNA-nucleosome complex
rather than epitopes on dsDNA or individual histone proteins.

It is important to note the discrepancy between the level of
reactivity to dsDNA-NcX (20%) and antichromatin reactivity
observed in the IIFT assay (>60% at the titer of >160). This sug-
gests that dsDNA-NcX may not contain all the conformational

structures present in chromatin of intact HEp-2 cells used in the
[IFT assay. Alternatively, chromatin proteins in HEp-2 cells may
have undergone posttranslational modifications not present in
the purified antigens used in laboratory assays. For example,
some studies have suggested that citrullinated or carbamylated
histone structures could be targets of autoantibodies in JIA."%"
Besides autoantibodies against chromatin, there may be
other autoantibody targets in JIA not detectable with HEp-2 IIFT.
To investigate this, we conducted a human protein microarray
screening for antibody reactivity to more than 21,000 distinct
human proteins and isoform variants, the broadest autoantibody
screening performed in JIA, to our knowledge. Interestingly, the
most broadly recognized protein was H2AFY, a histone protein
forming part of the nucleosome, reinforcing the central role of
chromatin as the major autoantibody target in JIA. Previous stud-
ies exploring autoantibody reactivity in JIA using more limited pro-
tein microarrays or peptide libraries'®™'® have yielded highly
variable results. A limitation of some of these previous studies is
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that only linear, but not conformational, epitopes can be identified
when using peptide fragments instead of whole proteins as targets.
Moreover, the few potential protein targets, in addition to H2AFY,
identified in our study were not part of the more restricted libraries
screened in the previous studies, so their potential as autoantibody
targets would need to be confirmed in future studies. An important
limitation even of our large-scale proteome study using whole pro-
teins is that conformational epitopes not part of individual proteins,
such as the dsDNA-NcX structure, or posttranslationally modified
protein epitopes would not be detected. However, overall, both our
current and the previous screening studies suggest that no single
natural protein target is likely recognized by the autoantibodies of a
majority of the patients with JIA.

In this study, we noted that from late 2021 onward, healthy
control children showed a rising incidence of low-titer ANA posi-
tivity with a speckled nuclear pattern. This phenomenon tempo-
rally coincides with the drastic increase in SARS-CoV-2
infections in children after relaxation of COVID-19 restrictions in
Finland.'® Several small studies have suggested that SARS-
CoV-2 infections can lead to an increase in low-titer autoanti-
bodies, including ANAs, " aligning with our findings. Importantly,
however, the proportion of ANA-positive samples with a homoge-
neous nuclear pattern remained unchanged over time in both
patients with JIA and controls, indicating that the chromatin-
targeted autoantibody reactivity predominant in patients with JIA
was stable and unaffected by the pandemic.

In conclusion, our comprehensive assessment of autoantibody
reactivity in patients with JIA suggests that (1) chromatin is the main
target of autoantibody reactivity in JIA and (2) the epitopes targeted
are likely conformational structures formed by different molecules,
such as the dsDNA-nucleosome complexes, and/or posttranslation-
ally modified epitopes of chromatin proteins. The detection of a typ-
ical  homogeneous nuclear staining pattern  with a highly
standardized ANA IIFT assay remains the best diagnostic modality
to detect JIA-associated autoantibodies. However, our current data
suggest that the dsDNA-NcX assay, or further modifications of it,
could be used as a supporting method for a highly specific detection
of JIA-associated anti-chromatin autoantibody reactivity.
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Clinical Images: Methotrexate-induced melanonychia

The patient, a 62-year-old woman diagnosed with rheumatoid arthritis and erosive osteoarthritis, has been treated with methotrexate (MTX) for
three years. She was in clinical remission but presented with nail changes and discoloration of the nails three years after MTX initiation. A physical
examination revealed the presence of dystrophic nails, characterized by nail plates with black discoloration and an increased transverse curvature
involving all fingernails with cuticle and lunula disappearance (top and middle). Laboratory tests showed normal renal and hepatic function and a
C-reactive protein level of 0.07 mg/dL. She was positive for rheumatoid factor (211 1U/mL) and anticyclic citrullinated peptide antibody (30 U/mL).
Test results for antinuclear antibody, antineutrophil cytoplasmic antibodies, antiphospholipid antibodies, several tumor markers, adrenal hor-
mone, and thyroid hormone were negative or normal. T-SPOT.TB test, B-D-glucan, and blood cultures were negative. A biopsy of her nail
excluded dermatological diseases, including psoriasis; fungal infection; and malignant diseases. She was diagnosed with MTX-induced melano-
nychia. MTX was withdrawn, and she was switched to sulfasalazine. One year after MTX withdrawal, her nails returned to almost normal (bot-
tom). Melanonychia has been known to be associated with dermatological diseases, nutritional disorders, and endocrine abnormalities and
could also be induced by certain drugs, including bleomycin sulfate, cyclophosphamide, doxorubicin, MTX, hydroxychloroguine, and infliximab.”
This case should remind readers to consider not only dermatological diseases, nutritional disorders, and endocrine abnormalities but also drug-
induced conditions, including from MTX, as underlying causes of melanonychia in patients with rheumatic disease.
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Clinical Images: Syphilis as the great imitator; Behget disease mimic

A 40-year-old man presented to the ophthalmology department with a one-day history of blurred vision in the left eye. For approximately
three weeks, he suffered with penile swelling, painless erythema, and erosions on his penis and scrotum. The left eye best-corrected visual
acuity decreased to 20/63. Slit-lamp examination revealed inflasmatory cells in the anterior chamber with (A) hypopyon and (B) vitreous in
his left eye. (C) Upon physical examination, reddish-brown papules on the trunk and legs were observed. The patient also had ulcerative
lesions on the (D) penile skin and (E) glans penis. (F) He later developed ulceration of the lips. This patient presented uveitis with hypopyon,
along with mucocutaneous manifestations including skin lesions and genital and oral aphthous ulcers. These clinical features were sug-
gestive of Behcet disease.’ However, the test results for rapid plasma reagin, treponema pallidum hemagglutination, and a cerebrospinal
fluid fluorescent treponemal antibody absorption were positive. This led the diagnosis to uveitis and other systemic symptoms due to sec-
ondary syphilis. After treatment with intravenous aqueous penicillin G, the systemic and ocular symptoms were cured. Vision was restored.
Uveitis, consequent to Behget disease, sarcoidosis, and Vogt—-Koyanagi-Harada disease, is often diagnosed based on characteristic ocu-
lar inflammation in conjunction with various systemic manifestations. However, syphilis, known as “the great imitator,” is often character-
ized by a wide spectrum of systemic presentations; syphilitic uveitis also exhibits diverse patterns of uveitis.? This report reminds clinicians
that syphilis can be a great imitator of Behcet disease.

Author disclosures are available at https.//onlinelibrary.wiley.com/doi/10.1002/art.43353.
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Clinical Images: Paradoxical hepatic encephalopathy in lupus nephritis: a diagnostic challenge

The patient, a 60-year-old woman with class V lupus nephritis, presented with acute encephalopathy and urinary retention shortly after the
initiation of methylprednisolone. The initial brain magnetic resonance image (MRI) demonstrated nonspecific subcortical white matter
hyperintensities on T2 fluid-attenuated inversion recovery (A). Infectious etiologies were excluded by cerebrospinal fluid analysis, and neu-
ropsychiatric lupus was initially suspected. Despite prompt initiation of intravenous pulse steroids, the patient developed recurrent epi-
sodes of encephalopathy accompanied by asterixis. On hospital day 10, repeat brain MRI revealed symmetrical hyperintensity of the
bilateral globus pallidus on T1-weighted imaging (B), prompting a workup for metabolic derangements. A markedly elevated serum
ammonia level (238 umol/L) was detected, leading to a contrast-enhanced abdominal computed tomography scan that identified a con-
genital portosystemic shunt (CEPS); the superior mesenteric vein drained via a prominent collateral channel into the left renal vein, with
hypoplastic portal vasculature (C-E). An initiation of ammonia-lowering therapy (including lactulose, rifaximin, L-ornithine L-aspartate,
and branched-chain amino acids), along with a gradual tapering of steroids, resulted in a complete resolution of her neurologic symptoms.
She was subsequently managed in consultation with hepatology and interventional radiology, with plans for long-term monitoring of
hepatic and neurocognitive function. This case underscores the importance of considering metabolic encephalopathies in patients with
autoimmune diseases presenting with altered mental status, especially when treatment for neuropsychiatric lupus proves ineffective.
The sequential evolution of radiologic findings—from nonspecific white matter changes to classic basal ganglia involvement—
demonstrates the diagnostic utility of repeated neuroimaging in such complex cases. Although CEPS are exceedingly rare, particularly
in adults and in the context of lupus nephritis, ! their timely diagnosis is crucial, as they represent a reversible cause of chronic hyperammo-
nemic encephalopathy. Close multidisciplinary follow-up is necessary to monitor for potential complications and to optimize long-term
outcomes.?®

Author disclosures are available at https.//onlinelibrary.wiley.com/doi/10.1002/art.43351.
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Clinical Images: Sarcoidosis revealed by recurrent dactylitis

(A) A 21-year-old man presented with chronic and recurrent dactylitis of the index finger. (B) The conventional radiography showed osteolytic
changes in the three phalanges of the right index finger, with a characteristic honeycomb (or lattice) appearance in P1 and P2 (black arrow-
heads) and a cystoid lesion in P3 (white arrow) associated with thickening of the surrounding soft tissues. Of note, there is no joint space nar-
rowing in the metacarpophalangeal and interphalangeal joints. (C) Technetium-99 scintigraphy identified multiple areas of increased uptake.
(D) Histopathological analysis of biopsies obtained by a hand surgeon showed chronic aseptic osteitis and noncaseating granulomas (green
circles) within the synovium, consistent with a diagnosis of sarcoidosis. Interferon-y release assay for Mycobacterium tuberculosis was neg-
ative, as was culture for mycobacteria and M tuberculosis polymerase chain reaction. Additional findings supporting the diagnosis of systemic
sarcoidosis included hypermetabolic mediastinal and hilar lymphadenopathies on positron emission tomography—computed tomography
with pulmonary micronodules, elevated angiotensin-converting enzyme, hypergammaglobulinemia, and lymphopenia. Bone involvement
may be present in 1% to 15% of patients with sarcoidosis and is often asymptomatic.! The spine is the most commonly affected site, followed
by the pelvis.22 The classic lesions in the small bones of the hands and feet like in this case are known as Perthes and Jiingling disease.?
(E) The patient was treated with a tapering course of glucocorticoids and methotrexate, and there was improvement in the dactylitis.
Drs Subervie and Willaume contributed equally to this work.

Author disclosures are available at https.//onlinelibrary.wiley.com/doi/10.1002/art.43356.
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Clinical Images: When ankylosing spondylitis encounters spinal trauma

The patient, a 51-year-old woman with a history of ankylosing spondylitis (AS), presented with quadriplegia after a neck flexion-distraction
injury during a motor vehicle accident. Over the past 10 years, she has received irregular treatment for AS. The neurologic assessment
revealed hallmark signs of acute compression in the lower cervical spinal cord. Given the vasodilation associated with neurogenic shock,
vasopressors were applied to restore adequate perfusion, and catheterization was implemented to treat acute urinary retention. Sagittal
cervical computed tomography revealed severe displacement and unstable comminuted fracture in fused vertebral bodies, also known
as chalk-stick fractures, at the C5 to C6 level (arrows; A). The corresponding spinal cord was significantly compressed and deformed.
Three-dimensional reconstruction confirmed a serious dislocated transverse fracture at the segment (B). Surgical decompression and cer-
vical internal fixation were performed (C, D). After the surgery, the patient’s upper-limb function improved, but she died of pneumonia
6 weeks later.

AS is a chronic inflammatory rheumatic immune disease that mainly affects the axial bone. Patients with AS often suffer from osteo-
porosis, and thus, even low-energy injuries can lead to severe spinal fractures.” Because of long-term inflammation and repair response,
the angle of the anterior edge of the vertebral body becomes round, blunt, and straight, gradually presenting with a squaring of vertebral
bodies. Calcification of the lateral and anterior longitudinal ligaments of the vertebral body leads to the formation of bone bridges in the
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paravertebral and anterior vertebral edges, resulting in the appearance of the spine as fused bone columns, known as the bamboo spine,
which significantly decline the flexibility and ability to absorb the impact of the spine.? Chalk-stick fracture is a serious spinal fusion fracture
that occurs in patients with AS, characterized by a complete horizontal fracture at the intervertebral disc—vertebral junction and surround-
ing spinal structures.® The complications of chalk-stick fracture include epidural hematoma, cauda equina syndrome, erosive arachnoidi-
tis, and spinal cord injury. The consequences of spinal cord injury in chalk-stick fracture are often catastrophic. Management of a stable
chalk-stick fracture may be conservative; otherwise, surgical intervention is required. The operation principle is to relieve spinal nerve com-
pression, rebuild spinal stability, and restore sagittal balance of spinal force lines.*

Supported by the funding of Anhui Provincial Health Research Project (AHWJ2023BAa20205) and Anhui Excellent Scientific Research and Innovation
Team (2022AH010073).
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2024 ACR lupus nephritis guideline: comment on the
article by Sammaritano et al

To the Editor:

We read with great interest the recently published “2024
American College of Rheumatology (ACR) Guideline for the Screen-
ing, Treatment, and Management of Lupus Nephritis.”! The empha-
sis on early initiation of therapy and combination regimens
represents a meaningful shift, aligned with the principle that in lupus
nephritis (LN), “time is nephron.” This approach underscores the
urgency of achieving rapid disease control to preserve renal function.

Nevertheless, we would like to highlight two areas of concern
that may have unintended consequences, particularly in settings
with limited resources or adherence challenges. First, the guide-
line includes calcineurin inhibitors (CNIs) as part of the recom-
mended triple therapy but does not distinguish between agents
with notably different pharmacological properties. Tacrolimus,
cyclosporine, and voclosporin differ in potency, side effect pro-
files, monitoring needs, and ease of use. The lack of specification
could lead regulatory and reimbursement authorities to interpret
these drugs as interchangeable. In cost-driven health care sys-
tems, this could restrict access to the most suitable CNI for each
patient. Although head-to-head trials comparing these CNIs in
LN are not available, consistent evidence shows that voclosporin
combined with mycophenolate mofetil (MMF) is superior to MMF
alone.? Similarly, transplant data indicate that tacrolimus outper-
forms cyclosporine in improving graft survival and preventing
acute rejection.®® These differences are clinically relevant and
merit clearer guidance.

Second, we are concerned about the practical implications
of an increased pill burden. Adding 4 to 6 six tablets daily to stan-
dard immunosuppressive therapy may result in patients taking up
to 10 pills per day, excluding glucocorticoids and supportive
treatments. This complexity can negatively impact adherence, a
well-recognized challenge in LN care. Poor adherence is associ-
ated with worse outcomes and higher relapse rates, particularly
in younger patients or those facing socioeconomic barriers.

Although we support the intent to improve remission rates
through combination strategies, it is essential to consider real-
world feasibility. Guidelines must address not only efficacy but
also patient-centered implementation, especially in diverse global
health care settings.

We commend ACR for advancing the standard of care in LN
and appreciate the rigorous work behind these recommenda-
tions. We hope our comments contribute to ongoing discussions
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aimed at optimizing both access and adherence while maintaining

high standards of care for all patients living with LN.

Dr Bonfa’s work was supported by GSK (grant NCT05879419), Sédo
Paulo Research Foundation (FAPESP grant 2022/12925-8), and National
Council for Scientific and Technological Development (CNPq grant
805242/2019-9).

GSK had no role in the study design or in the collection, analysis, or
interpretation of the data, the writing of the manuscript, or the decision to
submit the manuscript for publication. Publication of this article was not
contingent upon approval by GSK.
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Reply

To the Editor:

We appreciate the thoughtful feedback offered in Drs Seguro
and Bonfa’s letter regarding the recommendation for the use of cal-
cineurin inhibitor (CNI) therapy and the important issue of patient pill
burden in the setting of triple therapy in our recent American Col-
lege of Rheumatology lupus nephritis management guideline.’
These two issues are indeed related, given both accessibility
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concerns and the number of capsules required for voclosporin
therapy. Their comments emphasize the critical issue of real-world
feasibility and the challenge in optimizing efficacy and patient-
centered implementation, especially in diverse health care settings.

Although we briefly acknowledged these concerns in the
guideline text, we could not fully address their complexity—
including variations in CNI side effects—due to space limita-
tions. These issues were discussed extensively by the Voting
Panel. Voclosporin is likely better tolerated in terms of side
effects and does not require therapeutic drug monitoring, which
is an advantage in many settings. However, the absence of
drug-level monitoring may make adherence more difficult to
assess, and six capsules daily (plus other medications) may
prove challenging for many patients. Panel members reported
difficulty with accessing voclosporin due to expense or lack of
insurance coverage; as a result, they often used tacrolimus for
triple therapy.

Randomized controlled trials for triple therapy with CNlis
exist for both voclosporin and tacrolimus,?® but the lack of
comparative effectiveness and safety studies made it necessary
to be more general in our recommendation. Access to voclos-
porin in the United States and globally is variable, and a
patient-centered guideline should acknowledge such factors
and include therapies that are available and implementable in
real-world contexts. Additionally, our guideline addresses both
adult and pediatric patients, and voclosporin is not approved
for use in pediatric patients.

We recognize the impact of pill burden on medication adher-
ence. Voclosporin in particular may contribute to this well-
recognized challenge. This guideline includes alternative therapies
with lower pill burden: intravenous or subcutaneous belimumab
with either mycophenolate or low-dose cyclophosphamide. Our
Patient Panel was very clear about the importance of offering
choices when discussing medication options and emphasized
that shared decision-making —at its best—is a dynamic, ongoing
process influenced by patient values, individual disease course,
stage of life, medication tolerance (including pill burden), efficacy,
and side effects.

In conclusion, we thank Drs Seguro and Bonfa for their
important comments highlighting the complex challenges of lupus
nephritis treatment. Future studies should further inform optimal
therapy, especially as emerging treatments become available.
We share their commitment to guiding individualized care that
maximizes efficacy, tolerability, and accessibility for all people
living with lupus nephritis.

American College of Rheumatology (ACR) Lupus Nephritis
Guideline Core Team members, on behalf of the 2024 ACR Lupus
Nephritis Guideline Team:
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Limitations in targeting Modic type 1 changes with
systemic TNF inhibition: comment on the article by
Gjefsen et al

To the Editor:

We read with great interest the recent randomized controlled
trial by Gjefsen et al evaluating infliximab in patients with chronic
low-back pain (CLBP) and Modic type 1 changes (MC1).
Although the study represents a rigorous effort to address an
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unmet need in CLBP management, we wish to highlight critical
implications and future directions.

The BackToBasic trial demonstrated no superiority of inflixi-
mab over placebo in reducing pain-related disability (95% confi-
dence interval —2.1 to 4.6, P = 0.45) or secondary outcomes at
five months. These findings contrast with earlier hypotheses that
tumor necrosis factor (TNF) inhibition might alleviate inflammation-
driven pain in MC1, as seen in axial spondyloarthritis.? Notably,
the trial’s methodologic strengths—multicenter design, triple
blinding, and standardized magnetic resonance imaging (MRI)
protocols—enhance its validity. However, several considerations
warrant discussion:

1. Heterogeneity of MC1: a critical unaddressed confounder

The study’s patient selection criteria raise concerns about
pathologic heterogeneity. MC1 represents a dynamic spectrum
of inflammatory and degenerative processes, often transitioning
to MC2 (fatty changes) within 12 to 24 months. The median
symptom duration in this cohort was 36 months, suggesting
many participants had chronic, potentially “burned-out” MC1
lesions. Histopathologic studies indicate that MC1 in early
stages (less than six months) exhibits pronounced inflamma-
tory infiltrates (elevated TNF-a levels, interleukin-1B), whereas
chronic MC1 shows fibrosis and diminished cytokine activity.?
By including patients with prolonged symptoms, the trial may
have diluted the treatment effect in a subgroup with active inflam-
mation. Post hoc stratification by symptom duration or MRI-
based quantification of edema extent could have clarified this.
Furthermore, MC1 was diagnosed qualitatively by two radiolo-
gists. Quantitative MRI techniques are increasingly used to
objectively grade Modic changes. The trial did not stratify partici-
pants by MRI features such as edema volume or endplate dis-
ruption or biomarkers such as serum TNF levels or interleukin
profiles. This heterogeneity may obscure subgroup-specific
treatment effects. Notably, a post hoc analysis of the nine-month
data hints at a delayed divergence in Oswestry Disability
Index (ODI) scores (—4.2 points favoring infliximab, albeit nonsig-
nificant), suggesting prolonged anti-inflammatory effects in cer-
tain phenotypes. Future trials should incorporate advanced
imaging and biomarker profiling to identify responders.

2. Pharmacological considerations: dose, timing, and target
engagement

Multiple sclerosis is a complex chronic disease of the central
nervous system; the infliximab regimen mirrors protocols for rheu-
matoid arthritis but may be suboptimal for spinal pathology.® Unlike
synovial joints, the avascular intervertebral disc and vertebral end-
plate represent a pharmacologically privileged site.* Cerebrospinal
fluid levels of infliximab after intravenous administration are <1% of
serum concentrations, suggesting limited penetration to the MCH
microenvironment, and this may be the primary reason for the lack

of difference from placebo in efficacy. A subcutaneous TNF inhibitor
with better tissue penetration or intradiscal delivery methods might
yield different results.

3. Outcome measures and placebo response

The placebo group exhibited a clinically notable ODI
improvement (-6.4 points), consistent with high placebo
responses in CLBP trials. Although the authors minimized cointer-
ventions, the lack of objective outcome measures (quantitative
sensory testing or functional MRI) limits mechanistic insights.
Composite endpoints integrating pain, disability, and markers of
inflammation may better capture treatment effects.

This trial is a pivotal step toward personalized CLBP man-
agement. Although infliximab did not meet its primary endpoint,
the findings underscore the complexity of MC1-associated pain
and the need for deeper phenotyping. We commend the authors
for their contribution and advocate for continued exploration of
immunomodulatory strategies in this challenging population.

Author disclosures are available online at https://onlinelibrary.wiley.
com/doi/10.1002/art.43308.

This work was funded by Multidisciplinary Interdisciplinary Team Proj-
ect for Traditional Chinese Medicine Technology Innovation at Liaoning
University of Traditional Chinese Medicine (2025-Dxkjc-23-03), China
Postdoctoral Science Foundation (GZC20231025) and Liaoning Provin-
cial Natural Science Foundation Doctoral Research Initiation Program
(2025-BS-0711).

Qu Zheng, PhD

Bao-giang Dong, PhD

Xingxing Lin, PhD

18004012223@163.com

Liaoning University of Traditional Chinese Medicine
Shenyang, China

Yiyan Han, PhD

hyy-zjtn@Inutcm.edu.cn

Liaoning University of Traditional Chinese Medicine
Shenyang, China

Key Laboratory of Acupuncture and Moxibustion
Health and Rehabilitation in Liaoning Province
Liaoning University of Traditional Chinese Medicine
Shenyang, China

1. Gjefsen E, Braten LC, Ponzi E, et al. Efficacy of a tumor necrosis
factor inhibitor in chronic low-back pain with Modic type 1 changes:
a randomized controlled trial. Arthritis Rheumatol 2025;77(5):
615-623.

2. Lassmann H. Multiple sclerosis pathology. Cold Spring Harb Perspect
Med 2018;8(3):a028936.

3. Lorenzut S, Negro ID, Pauletto G, et al. Exploring the pathophysiology,
diagnosis, and treatment options of multiple sclerosis. J Integr Neu-
rosci 2025;24(1):25081.

4. Gullbrand SE, Peterson J, Mastropolo R, et al. Drug-induced
changes to the vertebral endplate vasculature affect transport into
the intervertebral disc in vivo. J Orthop Res 2014;32(12):1694—
1700.


https://onlinelibrary.wiley.com/doi/10.1002/art.43308
https://onlinelibrary.wiley.com/doi/10.1002/art.43308
https://orcid.org/0009-0009-4861-9244
mailto:18004012223@163.com
mailto:hyy-zjtn@lnutcm.edu.cn

500

LETTER

DOI 10.1002/art.43309
Reply

To the Editor:

We appreciate the thoughtful comments from Zheng and
colleagues regarding the BackToBasic study.! In designing the
trial, we prioritized feasibility for clinical practice and outcomes
that are meaningful to the patient population.

First, we acknowledge the concerns regarding pathologic
heterogeneity in this population, particularly with Modic type
1 changes (MC1), which encompass a range of inflammatory
and degenerative processes. In the study protocol, we pre-
planned to analyze whether symptom duration or extent of MC
edema modified the treatment effect, and as reported in the main
article from the trial (Supplementary Table 5 in ref 1), symptom
duration did not modify the treatment effect.” Further, edema
extent at baseline did not modify the treatment effect at five or
nine months’ follow-up. This was reported in a separate article
published May 13, 2025, in which edema was evaluated both
qualitatively and quantitatively using edema-sensitive short tau
inversion series.?

Zheng et al noted the interesting trend at nine months, where
the difference in Oswestry Disability Index (ODI) scores between
infliximab and placebo groups increased to 4.2 points. The pri-
mary endpoint at five months was chosen based on the recom-
mendations for assessment of treatment effect for patients with
spondylarthritis,® but, as commented, the divergency at nine
months should be explored. We have accordingly collected
long-term data that will be analyzed to elucidate this trend. In
addition, we have collected biobank samples for post hoc investi-
gations that may help identify potential biomarkers. Notably, the
primary endpoint analysis showed equal numbers of good
responders (a 10-point change in ODI) in both infliximab and pla-
cebo groups.

On pharmacological considerations, the infliximab dosing
regimen in our study followed standard protocols for spondylar-
thritis, using 5-mg/kg doses at specified intervals rather than
the lower dose of 3 mg/kg, which is commonly used for rheu-
matoid arthritis.*® Hence, patients were given doses consid-
ered optimal for treating inflammatory processes in the spine.
It is reasonable to believe that these doses would also impact
inflammatory processes in MC. Although subcutaneous delivery
might provide enhanced tissue penetration, this formulation
was not available in Norway at the time. Throughout the study,
we measured trough serum infliximab levels, with analyses
showing no difference in outcomes even after excluding those
with subtherapeutic levels.’

As for outcome measures, we employed the recommmended
metrics for clinical trials of chronic low back pain.® Patient-reported

outcome measures were used to capture various dimensions
such as function and quality of life, prioritized for our trial’s rele-
vance to patients’ experiences. Although objective measures
such as functional magnetic resonance imaging or quantitative
sensory testing hold promise, their practical application remains
limited.”®

Precision medicine for nonspecific low back pain poses chal-
lenges in identifying patient subphenotypes. We value the poten-
tial of MC for subgroup stratification and agree that advanced
imaging and biomarker profiling could enhance our understand-
ing of treatment responses. However, ensuring that these
methods are also feasible within routine clinical settings is crucial
for conducting future research.
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Insights on axial spondyloarthritis in multicenter
cohorts of undiagnosed back pain patients: comment
on the article by Maksymowych et al

To the Editor:

We read the study “Features of Axial Spondyloarthritis in
Two Multicenter Cohorts of Patients with Psoriasis, Uveitis,
and Colitis Presenting with Undiagnosed Back Pain” by
Maksymowych et al’ with great interest. This multicenter study
provides valuable insights into the diagnostic challenges of
axial spondyloarthritis (axSpA) in these patient populations
through its comprehensive evaluation of clinical and imaging
features. However, several important clinical questions emerge
from these findings.

First, although the study highlights the importance of mag-
netic resonance imaging (MRI), the divergent MRI protocols
between Screening for axSpA in Psoriasis (PsO), Iritis, and Colitis
1 (SASPIC-1 [on-demand]) and 2 (SASPIC-2 [routine]) introduce
confounding variables. The 25% lower axSpA diagnosis rate in
HLA-B27-negative PsO/inflammatory bowel disease (IBD)
patients in SASPIC-2 may reflect not only MRI’s diagnostic value
but also differences in clinical judgment across cohorts. Future
research should employ standardized MRI protocols to isolate
the impact of systematic imaging from variability in rheumatologist
decision-making.

Second, the study’s reliance on HLA-B27 and traditional
clinical features may overlook emerging biomarkers. Recent stud-
ies have shown that serum vascular endothelial growth factor
levels are associated with axSpA disease activity and may be a
promising biomarker for axSpA.? Integrating such biomarkers
with MRI data might enhance diagnostic precision, especially in
PsO and IBD subgroups in which HLA-B27 prevalence is low
(30%-50%).

Third, the study’s focus on tertiary care centers may limit
generalizability to community settings in which access to rheuma-
tologists and MRl is constrained. The authors’ recommendation
for rheumatologist referral and MRI in all high-risk patients is prag-
matic but may face implementation barriers in resource-limited

regions. Future studies could explore simplified screening algo-
rithms or telemedicine approaches to bridge this gap.

In conclusion, this study provides valuable insights into the
features and diagnosis of axSpA in patients with PsO, acute ante-
rior uveitis, and IBD. However, future research should focus on
standardized imaging protocols, identification of novel biomarkers
to improve the diagnosis, and management of axSpA in these
patient groups.

Author disclosures are available at https://onlinelibrary.wiley.com/
doi/10.1002/art.43317.
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Reply

To the Editor:

We greatly appreciate the valuable commments from Long and
Li on our two prospective Screening for Axial Spondyloarthritis
(axSpA) in Psoriasis (PsO), Iritis, and Colitis (SASPIC-1 and -2)
cohorts evaluating the frequency and diagnostic ascertainment
of axSpA in patients presenting with undiagnosed back pain and
PsO, iritis, or colitis.” Their comments pointed out several aspects
of the study that require clarification and, also, essential topics for
future research.

First, magnetic resonance imaging (MRI) of the sacroiliac
joints (SlJs) was done in SASPIC-1 on an as-required basis, typi-
cal of routine care, and mostly in cases that were negative for
radiographic sacroiliitis (76.7%). In SASPIC-2, all cases had MRI
of the SIJ. MR of the SIJ was conducted according to the same
standardized protocol in both cohorts.? This difference in study
design was aimed at understanding the impact of on-demand
versus required MRI evaluation on diagnostic ascertainment. We
observed a substantial impact on proportions of cases diagnosed
with axSpA, primarily in HLA-B27-negative cases, in which
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diagnoses of axSpA were made in 41.2%, 31.8%, and 39.7% of
patients with PsO, acute anterior uveitis (AAU), and inflammatory
bowel disease (IBD), respectively, in SASPIC-1, and in 15.9%,
43.8%, and 14.7% of patients with PsO, AAU, and IBD, respec-
tively, in SASPIC-2. Moreover, rheumatologist level of confidence
in ruling in and ruling out the diagnosis increased primarily after
MRI evaluation. We doubt that these differences reflect differ-
ences in clinical judgement between the two cohorts because
seven of eight study sites in SASPIC-2 were among the 10 sites
who participated in SASPIC-1. It was, therefore, a major conclu-
sion of our study that conducting MRI in all patients with PsO,
AAU, or IBD, presenting with undiagnosed back pain enhances
diagnostic accuracy.

Second, we agree that there is an unmet need for diagnostic
biomarkers in axSpA, especially in patients with PsO or IBD in
which the prevalence of HLA-B27 is lower than in other subtypes
of axSpA. Although several serological biomarkers have been
evaluated in axSpA, none have been considered to have sufficient
diagnostic capacity for application in clinical practice beyond
C-reactive protein.® There are data supporting a potential role for
vascular endothelial growth factor in monitoring disease activity,
but we are unaware of data supporting a role in diagnosis.

Third, of the 10 sites who participated in SASPIC-1 and eight
sites in SASPIC-2, one-half were community based, and one-half
were tertiary referral centers, which suggests our findings are
generalizable. We appreciate the implementation barriers to rheu-
matologist referral and MRI evaluation in resource-limited regions,
but our study demonstrates that reliance on clinical assessment
and radiography alone may lead to an inaccurate diagnosis with
consequences for appropriate treatment. In particular, our data
suggest that the addition of MRI might reduce costs related to
false positive diagnoses and inappropriate prescribing of
advanced therapies.
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Absence of functional autoantibodies in systemic
sclerosis: is now the right time to broaden reactome
analysis? Comment on the article by van Oostveen et al

To the Editor:

We read with interest the rigorous publication by van Qostv-
een et al, which aimed to replicate data evaluating the presence
and role of autoantibodies targeting the angiotensin Il receptor
type 1 (AT4) and endothelin 1 type A receptor (ETR) in systemic
sclerosis (SSc). "

Functional autoantibodies (FAs) in SSc may have a patho-
genic role by activating G protein-coupled receptors.? Van Oostv-
een et al found no evidence of ATy or ETAR activation in
endothelial cells (ECs) or cell lines overexpressing these receptors
when stimulated with purified IgG from patients with SSc positive
for anti-AT; or anti-ETAR. The authors built a new protein-capture
assay independent of receptor activation that did not provide evi-
dence for the presence of anti-AT; in patients with SSc. Although
FAs above the cutoff levels of solid-phase enzyme-linked immu-
nosorbent assay (ELISA) were detected, this study did not find
evidence supporting the presence of FAs capable of functioning
as receptor agonists in SSc.! Of note, van Oostveen et al used
total IgG and not monoclonal FAs or specifically purified FAs.
Because one study showed lung and skin inflammation in a
murine model of monoclonal anti-AT4 (mAT,)-passive transfer,
testing the agonist effect of human mAT; would have had a nice
added value.®

SSc IgG did not seem to activate ECs using a selected read-
out. Nevertheless, as discussed by the authors, the number of
patients whose IgG levels were tested was low (n = 5-10), and a
targeted readout might not fully capture EC modifications.
Recently, we explored the omics profile expression of ECs in the
presence of purified SSc IgG. EC molecular profiles were impacted
by SSc IgG in an antinuclear autoantibody (ANA) serotype-
dependent manner, as previously shown in fibroblasts.*® IgG from
anti-topoisomerase 1 antibody (ATA) positive patients induced dis-
tinct EC proteomic profiles, which were validated in an external
cohort. In both cohorts, anti-AT; and anti-ETAR measured by
ELISA neither explained nor influenced the obtained EC profiles.*
The van Oostveen et al hypothesis that FA might react with nuclear
antigens is supported by a previous study showing correlation
between FA and ATA, suggesting that FA positivity observed in var-
ious cohorts could, in fact, reflect partly ATA presence.’*

ANAs are traditionally considered simple biomarkers but not
direct actors. In Science, Jaycox et al recently suggested that
autoantibodies influence a wide range of conditions beyond auto-
immune diseases. The whole IgG repertoire could have protective
as well as pathologic roles in disease, underpinning an ambivalent
role of the reactome.®’” Although most studies on SSc
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autoantibodies have focused on one specificity at a time (implying
that a single epitope-directed response is dominant), it might be
worthwhile to broaden the scope toward more exploratory, sys-
temwide analyses. Examining a large number of variables without
any a priori assumptions, as current high-throughput “-omics”
methods make possible, could still reveal important insights into
the effects of IgG from both patients and healthy individuals. We
formulate that these data combined with today’s computational
resources may eventually help clarify the broader role of the
reactome.

Author disclosures are available at https.//onlinelibrary.wiley.com/doi/
10.1002/art.43305.
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To the Editor:

We thank Chepy et al' and Akbarzadeh et al’ for their interest
in our recent publication, “Absence of functional autoantibodies
targeting angiotensin Il receptor type 1 and endothelin 1 type A
receptor in circulation and purified IgG from patients with sys-
temic sclerosis”,® and appreciate the opportunity to respond to
their comments.

In our study, we investigated whether total IgG from patients
with systemic sclerosis (SSc) (n = 5-18) could induce signaling
and cell activation through angiotensin Il receptor type 1 (AT4)
and endothelin 1 type A receptor (ETAR) using various cellular
readouts, including endothelial cells (ECs) with endogenous
receptor expression and Chinese hamster ovary (CHO) cells over-
expressing ATy or ETAR. Because neither approach detected
functional AT4- or ETaR-activating autoantibodies in purified IgG
from patients with SSc (SSc-IgG), we developed a novel protein
capture assay to detect circulating anti-AT4 antibodies in isolated
SSc-lgG (n = 28). Using this approach, we found no evidence of
specific AT4-binding IgG. These findings align with observations
from Chepy et al, who did not find a correlation between anti-
AT, or anti-ETAR seropositivity and changes in EC proteome on
incubation with SSc-IgG.* Interestingly, Chepy et al described
an association between antinuclear antibody (ANA) positivity and
distinct EC proteomic signatures.

We agree with Akbarzadeh et al that the functional effects
observed using SSc-IgG may relate to experimental design and
assay conditions. According to their comments, both the CHO
cell lines and ECs used may not accurately detect antibody—
receptor interactions. However, we are convinced that robust
antibody-mediated effects should be reproducible across labora-
tories and model systems. We specifically selected CHO cells
overexpressing ATy or ETAR to replicate the cellular background
of the original studies first reporting these autoantibodies.® Our
data confirmed that these overexpressing CHO cell lines exhibited
normal receptor signaling on stimulation with their natural ago-
nists, and this signaling could be blocked by receptor-specific
antagonists, indicating proper receptor function and downstream
signaling. As noted by Akbarzadeh et al, varying functional read-
outs may lead to different interpretations. Therefore, we also
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applied two additional assays to analyze SSc-IgG reactivity to AT,
and ETAR. We observed no differences in results between pri-
mary human dermal microvascular ECs and immortalized human
umbilical vein ECs. Notably, the reported protein captur eassay
employed solubilized membrane proteins from nontransfected
cells as a negative control, an essential step in confirming assay
specificity, which is not always included in the development of
an anti-AT; enzyme-linked immunosorbent assay (ELISA).®

Chepy et al also referred to a murine monoclonal antibody
(mADb) reported to recognize human AT4, which might help vali-
date AT, signaling or binding.® Unfortunately, we did not have
access to this mAb for inclusion in our experimental models. This
mADb was generated by immunizing mice with membrane extracts
from CHO cells overexpressing AT4, followed by screening
hybridoma supernatant against the same membrane prepara-
tions in ELISA. Because the target recognized by the mAb was
not molecularly defined, nonspecific binding to unrelated compo-
nents cannot be excluded. Thus, although interesting, these
results should be interpreted cautiously, especially because con-
firmatory data using validated models and molecularly defined
readouts, such as testing on transfected versus parental cells,
were not available.

The authors noted that patient-specific factors, such as
genetic variations in ATy, immune activation status, or individual
IgG reactivity, might influence outcomes of SSc-IgG binding to
ETAR or AT,. We agree and emphasize that a deeper understand-
ing of autoantibody roles in SSc is likely better achieved by focus-
ing on ANAs and/or the B cells producing them. ANAs—
particularly against anti~topoisomerase | (ATA) and anticentromere
protein B—are disease specific and strongly associated with dis-
tinct clinical phenotypes, and their presence and levels correlate
with disease development.” The recent success of CD19 chimeric
antigen receptor T cell therapy in SSc, in which treatment led to
decreased ATA levels, supports this concept.®1°

In conclusion, we emphasize the importance of reproducibil-
ity to confirm antibody-mediated effects in validated, molecularly
defined assays. Given conflicting reports on AT4- and ETAR-
targeting autoantibodies in SSc, focusing on ANAs and/or ANA-
producing B cells may provide key insights into autoreactive B cell
responses in SSc.
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doi/10.1002/art.43348.
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TIPIC syndrome induced by G-CSF: comment on the
article by Namineni et al

To the Editor:

Recently, Namineni et al reported a patient with transient
perivascular inflammation of the carotid artery (TIPIC) syndrome.”
TIPIC syndrome is a rare disease of unknown etiology character-
ized by transient local inflammation around the carotid artery.


https://onlinelibrary.wiley.com/doi/10.1002/art.43348
https://onlinelibrary.wiley.com/doi/10.1002/art.43348
https://orcid.org/0000-0002-5619-4508
mailto:w.m.van_oostveen@lumc.nl
https://orcid.org/0000-0002-2437-6016
https://orcid.org/0000-0002-9618-6414
https://orcid.org/0000-0002-5624-1415
https://orcid.org/0000-0001-9020-1591
mailto:c.m.fehres@lumc.nl
https://orcid.org/0000-0001-9533-4828
https://orcid.org/0000-0002-2836-8953
https://orcid.org/0000-0002-1381-8464
https://doi.org/10.1016/j.jtauto.2025.100272
https://doi.org/10.1016/j.jtauto.2025.100272

LETTER

505

The syndrome typically presents with unilateral neck pain and
swelling that spontaneously improves within two weeks. TIPIC
syndrome was introduced by Lecler et al in 2017, who proposed
four major diagnostic criteria.?

[, respectfully, express my concerns about whether the
patient should be diagnosed with TIPIC syndrome. According to
the criteria, the diagnosis of TIPIC syndrome should only be con-
firmed after ruling out another vascular diagnosis.? The patient
presented by Namineni et al had underlying pancreatic cancer
and had been treated with adjuvant chemotherapy just two
weeks before developing TIPIC syndrome. The patient may have
received granulocyte colony-stimulating factors (G-CSF) in addi-
tion to chemotherapy. Rarely, G-CSF can induce large-vessel
vasculitis.® Namely, this condition might have been caused by
G-CSF-induced aortitis.

G-CSF-induced aortitis is recognized as a rare adverse
effect of G-CSF.2 Among the classes of G-CSF, filgrastim or its
long-acting agent pedfilgrastim is the most commonly reported
inducing drug. In various malignancies, G-CSF-induced aortitis
typically develops several days after administration of G-CSF,
and the affected vessels include the aortic arch, thoracic aorta,
and subclavian and carotid arteries. Notably, in previously
reported cases, one-fifth involved vascular inflammation limited
to the carotid artery, and in some patients, the condition resolved
without glucocorticoid treatment.®* These patients might be
misdiagnosed as having Takayasu arteritis, giant cell arteritis, or
TIPIC syndrome if G-CSF is not identified as a causative agent.

In conclusion, TIPIC syndrome that develops after G-CSF
administration may represent a mild form of G-CSF-induced
aortitis. When TIPIC syndrome is suspected, it is important to
thoroughly evaluate the underlying diseases and medications,
because drug-induced causes may be involved.

Author disclosures are available at https://onlinelibrary.wiley.com/doi/
10.1002/art.43344.
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Diagnostic value of flame sign for acute gluteus
medius calcific tendinitis

To the Editor:

Hip pain is a common clinical complaint and usually located
anteriorly, laterally, or posteriorly. Its etiologies are multiple, and
diagnosis is challenging. The most common cause of lateral hip
pain is greater trochanteric pain syndrome, which includes
gluteus medius tendinopathy or tear, bursitis, and iliotibial band
friction." Gluteus medius calcific tendinitis is one of the etiologies
of acute lateral hip pain, and its diagnosis is clearly dependent
on the imaging examinations.? We observed the corresponding
clinico-radio-pathologic correlations and firstly proposed the
“flame sign” of magnetic resonance imaging (MRI), which is of
diagnostic value for acute gluteus medius calcific tendinitis. The
imaging flame sign conforms to the pathologic stages more accu-
rately than the dose “torch fire sign” published by us before.®

Calcific tendinitis is a self-limiting basic calcium phosphate
deposition (BCPD) disease. It can involve any tendon, among
which shoulder rotator cuff (especially supraspinatus tendon)
is most common, and gluteal tendons (especially gluteus
medius) are secondly common.* Gluteus medius calcific tendi-
nitis has a high prevalence in women compared to men (2:1).
Its clinical symptoms are coincident with the pathologic stages
of BCPD, which can be divided into crystal formative, resting,
and resorptive phases.® The acute pain typically occurs
during the resorptive phase in which the calcium deposit is
phagocytosed by macrophages and multinucleated cells,
giving the calcification an ill-defined, blurred, and fragmented
appearance on x-ray (Figure 1A). Typically, it forms a
hyposignal central resting zone of oval calcifications, mixed-
signal transitional resorptive zone of crystal breakdown,
and hypersignal-surrounding edematous zone of pennate glu-
teus medius on MRI, which wholly appears like a flame
(Figure 1B).

The flame sign can confirm the diagnosis of acute gluteus
medius calcific tendinitis and differentiate from its mimickers
such as gout, pseudogout, infection, or tumors. Gout is the
monosodium urate crystal deposit within and around the
joint. Its typical radiologic findings include well-defined,
punched-out bone erosions with overhanging edges and
tophi calcifications. Periarticular gouty tophi may appear very
similar to BCPD, especially on MRI, in which both will show
a significant soft tissue’s inflammatory edema. On x-ray, the
calcifications of BCPD are relatively more clearly defined than
those in gouty tophi, which are fainter and cloudlike.®
Pseudogout, a calcium pyrophosphate deposition disease,
always affects the older population (aged >60 years) and pri-
marily shows intraarticular linear chondrocalcinosis on x-ray
comparing with periarticular nodular apatite calcifications in
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Figure 1. Images of acute gluteus medius calcific tendinitis. (A) Pelvic posteroanterior plain radiograph for a 51-year-old woman with a 2-week
history of acute atraumatic left lateral hip pain showed some ill-defined, blurred, and fragmented calcifications along gluteal insertion to the left
greater trochanter. (B) Hip coronal proton density fat-saturated magnetic resonance image showed a (1) hyposignal central resting zone of oval
calcifications, (2) mixed-signal transitional resorptive zone of crystal breakdown, and (3) hypersignal-surrounding edematous zone of pennate glu-
teus medius, which wholly appeared like a flame. (4) Note an enchondroma in the proximal femur rather than intraosseous calcification migration.

BCPD.” Intramuscular pyogenic infection can show septation
or abscess formation with ill-defined inflammatory edema on
MRI. Hyperphosphatemic familial tumoral calcinosis tends to
be larger and lobulated on x-ray, with a distribution along
the extensor surfaces of large joints.® The intraosseous calci-
fication migration or cortical erosion adjacent to the periarti-
cular calcifications in BCPD may cause marked bone
marrow edema on MRI, which may mimic an aggressive
bone-forming neoplasm like osteosarcoma.

We have had the ethics approval and consent of the Shanxi Provincial
People’s Hospital Ethics Committee (202501231). We have had the writ-
ten consent for publication from the patient. All data, models, or code gen-
erated or used during the study are available from the corresponding
author by request.
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Pharmacological weight loss in gout prevention:
emphasizing dynamic risk assessment and community
strategies: comment on the article by Wei et al

To the Editor:

With rising obesity rates worldwide, the burden of gout, a
common comorbidity, has also grown. Although obesity is a rec-
ognized modifiable risk factor, evidence on the effects of pharma-
cologically induced weight loss on gout incidence and recurrence
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remains limited. Defining the role of weight loss in gout prevention
is crucial for improving intervention strategies and reducing dis-
ease burden.

We appreciate the work of Wei et al' in examining the link
between obesity intervention and gout risk. Using The Health
Improvement Network database, the authors applied a cloning,
censoring, and weighting method to classify patients based on
one-year weight change after starting orlistat. They analyzed the
five-year risk of incident and recurrent gout in individuals with
and without prior gout. Greater weight loss (>10%) was associ-
ated with a significantly reduced risk, showing a dose-response
pattern. This study offers valuable real-world evidence supporting
the role of pharmacologically assisted weight loss in both primary
and secondary gout prevention, although some aspects merit fur-
ther refinement.

First, we recognize the authors’ subgroup analysis based
on baseline serum urate levels. However, given current dietary
shifts and the rising prevalence of hyperuricemia,® the binary
classification of <404 pmol/L and >404 pmol/L may not fully
capture risk heterogeneity, limiting clinical relevance. Second,
the study did not clearly exclude pregnant women, whose
weight changes are largely physiologic and may introduce bias.®
Lastly, weight change was treated as a static exposure without
updates during follow-up. As weight fluctuation is common,
static classification may cause misclassification and impact
causal inference.

To address these limitations, future studies should refine
baseline serum urate stratification (eg, <300, 300-400,
400-500, >500 umol/L) to better capture risk heterogeneity.
Pregnant women should be clearly identified or excluded,

with sensitivity analyses conducted if needed to reduce bias
from physiologic weight changes. Weight change should be
treated as a time-updated exposure using models like time-
updated Cox or joint longitudinal-survival analysis to better
reflect dynamic effects. Importantly, weight management and
gout monitoring should be integrated into community health
care. Training community health workers to monitor weight
and initiate early interventions could support real-time risk
tracking and promote early, community-based prevention
strategies.
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