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A B S T R A C T

This viewpoint aims to explore whether precondition trials could be applied in systemic sclerosis
(SSc)—the systemic autoimmune rheumatic disease (SARD) associated with the highest mortal-
ity and substantial morbidity. In contrast to type 1 diabetes and rheumatoid arthritis (RA),
where predisease states have been more clearly defined, a consensus definition for pre-SSc is still
lacking. A consensus framework for patients with signs and symptoms also common to other
SARDs/connective tissue diseases, but that potentially identify a patient at a pre-SSc stage, needs
to be collectively drafted. Such a framework would provide the basis for earlier recognition, risk
stratification, and ultimately, timely intervention in pre-SSc. Considering the paradigm shift
already achieved in type 1 diabetes and RA, a similar strategy targeting patients at risk of SSc
could foster the development of innovative approaches to SSc management—preventing the
onset of key SSc-related signs and symptoms, promoting long-term remission, and reducing SSc-
related morbidity and mortality.
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INTRODUCTION: RECENT ADVANCE IN THE
MANAGEMENT OF AUTOIMMUNE DISEASES AT
A PREDISEASE STAGE

The management of autoimmune diseases is undergoing a
major paradigm shift. Although rescue therapies have been tra-
ditionally introduced in symptomatic patients, the focus is now
gradually shifting towards preventive strategies aimed at block-
ing the onset of clinically meaningful damage in at-risk popula-
tions [1−3]. In the field of type I diabetes, Teplizumab, an anti-
CD3 antibody, successfully slowed the progression to clinical
onset of type I diabetes in at-risk patients, ie, nondiabetic rela-
tives of patients with diabetes who had at least 2 autoantibodies
and abnormal results of an oral glucose-tolerance test at trial
entry [1]. These findings were recently confirmed in newly diag-
nosed type I diabetes [2], and teplizumab is now Food and Drug
Administration approved to prevent the onset of clinical disease
[4]. This marks a turning point in the management of the
world’s most common autoimmune disease. In the field of rheu-
matic diseases, the APIPPRA (arthritis prevention in the pre-
clinical phase of rheumatoid arthritis) trial assessed abatacept in
patients at high risk of rheumatoid arthritis (RA), defined by a
positivity for anticyclic citrullinated peptide antibody and rheu-
matoid factor with inflammatory joint pain [5]. The primary
endpoint was the time to development of clinical synovitis in 3
or more joints or to development of RA according to the Ameri-
can College of Rheumatology (ACR) and European Alliance of
Associations for Rheumatology (EULAR) 2010 criteria. This was
a positive trial where the estimated proportion of participants
remaining arthritis-free at 12 months was 93% in the abatacept
group and 69% in the placebo group. The success of teplizumab
for type I diabetes and the results from the APPIPRA trial in RA
support the use of immunomodulators at predisease states.

This viewpoint aims to explore whether precondition trials
could be applied in systemic sclerosis (SSc)—the systemic autoim-
mune rheumatic disease (SARD) with the highest mortality and
substantial morbidity. Moreover, we discuss what candidate items
defining a clinical condition in the area of ‘pre-CTD (connective tis-
sue diseases)’ might be, with a specific focus on patients at risk of
progression to SSc. Therefore, the purpose of this viewpoint is not
to propose a definitive definition of pre-SSc, but rather to stimulate
the development of a collectively endorsed framework, highlight-
ing that the predisease area is pivotal to design further preventive
treatments for SSc in the future.
NOSOLOGY OF SSC: FROM EARLY LIMITED SCLERODERMA
TO VERY EARLY DISEASE AND PRE-SSC

Implementing therapeutics in the predisease stage of SSc—ie,
pre-SSc, defined by patients at risk of developing overt SSc—could
mark a turning point. However, a consensus definition of pre-SSc
is still to be framed. Several important milestones have participated
in defining SSc nosology, from the initial ACR 1980 classification
criteria to the proposed definition for early limited SSc (early lSSc)
by LeRoy and Medsger [6] in 2001, and to the 2013 ACR/EULAR
classification criteria. More recently, the Very Early Diagnostic cri-
teria Of Systemic Sclerosis (VEDOSS) were validated: these diag-
nostic criteria allowed a very early diagnosis of SSc, and also
predicted the progression to definite SSc defined by the 2013 clas-
sification criteria [7−9]. The VEDOSS criteria have opened a new
area of investigation and also of intervention trials that might sup-
port the use of therapies in this very early context to halt disease
progression [7]. However, this endorsed definition of VEDOSS
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may be considered too narrow for the inclusion criteria of future
prevention trials, supporting the notion that the definition of an
‘at-risk population’ should be broader to capture a wider spectrum
of patients, potential clinical manifestations, and surrogate markers
(Table). Looking at the abovementioned experiences in type I dia-
betes and RA, identifying patients in a disease stage preceding the
VEDOSS phase—ie, a pre-SSc phase—could open a new window of
opportunity to be investigated in the future [3,10]. SARDs and
CTDs may share several signs and symptoms before they differenti-
ate into a precise clinical picture, allowing the diagnosis of a spe-
cific disease. Raynaud’s phenomenon (RP) is found in several
SARDs, and other clinical features or biomarkers are mandatory to
definitively identify a disease, and SSc in particular. The natural
history of SSc evolution could thus include a pre-SSc phase—ie, at-
risk patients—which might then be followed by the VEDOSS
phase, and by SSc defined by the 2013 ACR/EULAR classification
criteria. Such a nosological framework for the natural history of
SSc could enable the design and selection of tailored interventions,
outcome measures, and surrogate markers appropriate to each dis-
ease phase. This proposed framework for pre-SSc would not repre-
sent a disease state entirely devoid of clinical manifestations or
reversible organ involvement, but would describe a stage in which
patients who do not yet meet the VEDOSS or ACR/EULAR criteria
can be identified and considered ‘at risk’ of developing established
SSc. However, the question of how pre-SSc should be defined in
the current era has not yet been adequately addressed, in contrast
to the more clearly proposed definitions in type I diabetes and RA.

CANDIDATE ITEMS TO BE DEBATED, WEIGHED, AND
REFINED IN FUTURE DISCUSSIONS FOR A CONSENSUS
DEFINITION OF PRE-SSC

Considering that RP is among the hallmarks of many CTDs
and SSc, it should be considered among the key candidate entry
criteria for pre-CTDs—including pre-SSc—mirroring what was
already thought in early lSSc [6] and in the VEDOSS strategy
[11]. Items to be debated, weighed, and refined in future discus-
sions to specifically define pre-SSc are suggested in the Table.
The cons of several candidate items, regarding availability, feasi-
bility, and reliability, will likely lead to the exclusion of many
candidates. In addition to the early manifestations, key bio-
markers of interest, either diagnostic biomarkers or surrogate
markers of early reversible organ involvement or damage,
should be addressed. In RA and type I diabetes, autoantibodies
were the cornerstones of the definition of the ‘at-risk pop-
ulation’. Similarly, SSc-related autoantibodies are also among
the earliest SSc-related features of interest [12,13]. The
2013 ACR/EULAR SSc classification only considers anticentro-
mere, antitopoisomerase I, and anti-RNA polymerase III antibod-
ies in its scoring strategy [14]. Such an approach was conducted
to favour specificity as expected for classification criteria. On
the contrary, a pre-SSc framework might prioritise sensitivity,
encouraging the inclusion of other SSc-related autoantibodies at
a significant titre (>1:80) in the pre-SSc definition, as proposed
by LeRoy and Medsger [6] in 2001. Antinucleolar fluorescence
pattern, NOR-90, U1-RNP, U3-RNP (anti-fibrillarin), Th/To,
PM-Scl, and anti-Ku antibodies should be discussed as candidate
items [15]. However, the optimal methods of determination of
each of these candidates are still on the research agenda, and
robust validation assays are mandatory before any dissemina-
tion to practice. Moreover, a strategy relying solely on autoanti-
bodies may not be successful due to low progression rate in
some cases, as suggested by previous unsuccessful studies such
as StopRA [16]. Established risk factors (Table) should
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complement autoantibodies in a future definition of pre-SSc
[17,18]. To date, a clinical scenario limited to known risk fac-
tors (Table), RP, and autoantibodies is not encompassed by any
of the collectively endorsed definitions of SSc (neither VEDOSS
nor the 2013 ACR-EULAR criteria), underscoring the need for a
consensus definition of an ‘at-risk population’. Emerging bio-
markers such as type I interferon signature and assessment of
early microvascular damage using largely validated nailfold
capillaroscopy [19] should also be considered for a new frame-
work of pre-SSc. To improve sensitivity to change and to select
an at-risk population, the use of novel surrogate markers, assess-
ing key domains of SSc at a potentially reversible state, could
include magnetic resonance imaging (MRI), and/or Doppler
ultrasound for vasculopathy [20,21], and/or skin ultrasound for
cutaneous involvement, and/or molecular skin genotyping
(Table) [22]. MRI was indeed included in the definition of pre-
RA on the ARIAA trial [23], and similar surrogate markers
should also be considered for pre-SSc.

PRIMARY OBJECTIVE AND RELATED OUTCOME MEASURES
FOR FUTURE PRE-SSC TRIALS

Beyond selecting the target population, the choice of the pri-
mary objective for future intervention in at-risk patients will be
crucial. In the RA TREAT EARLIER trial, the primary objective
was to prevent the development of clinical arthritis defined as
Table 1
. Candidate parameters to be included in the research agenda to shape a discussi

Risk factors Potential red flags to be considered for
a definition of pre-SSc: imaging,
biological or clinical signs, and
symptomsa

S
o

Established risk factors:
� Crystalline silica exposure
� Cancers in patients with anti-RNA
polymerase III

� Genetic variants In HLA and non-HLA
variants.

Clinical signs and symptomsb:
� Raynaud’s phenomenon
� Puffy fingers
� Arthralgia
� Gastro-oesophageal reflux

V

Suspected risk factors:
� Past viral infections
� Solvent exposures
� History of familial autoimmunity

Imaging and biological parameters:
� Acute phase reactants
� High interferon signature
� Specific SSc-related autoantibodies at a
significant titre
(>1:80) (anticentromere antibodies,
antitopoisomerase I antibodies, anti-
RNA polymerase III antibodies).

� Candidate nonspecific SSc-related anti-
bodies (NOR-90, U1-RNP, U3-RNP,
Th/To, PM-Scl, and anti-Ku antibodies)
at a significant titre (>1:80).

� Capillaroscopic findings

S

S

In

C

G
O
G

ECG, electrocardiogram; GI, gastrointestinal; GAVE, gastric antral vascular ectasia; HLA,
stitial lung disease; MRI, magnetic resonance imaging; NOR, nucleolar organizing region
emission tomography−computed tomography; PM, polymyositis; PAH, pulmonary arteri
For several candidate parameters, cut-offs will need to be established to ensure optim

a The majority of these candidate parameters or surrogate markers have not been
tigation in these groups.
b Some of these clinical symptoms may represent manifestations at an ‘early or ve

a predisease definition, although this assumption should be discussed collectively fo
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the involvement of 2 or more joints or the fulfilment of the 2010
classification criteria [10]. In SSc, the ACR/EULAR classification
criteria for SSc were not designed to define the transition from
pre-SSc to definite SSc, so their use in this setting warrants care-
ful consideration. Likely, a pragmatic approach pairing fulfil-
ment of some SSc classification (ACR/EULAR) or diagnostic
criteria (VEDOSS) and the prevention of the onset of SSc-related
clinical signs and irreversible complications, mirroring what
was proposed in APIPPRA, could be a stimulating approach [5].
The damage to be prevented would include ischaemic/vascular
complications (digital ulcers with pitting scars, pulmonary arte-
rial hypertension or scleroderma renal crisis), inflammatory
(myocarditis, arthritis or myositis) or functional complications
(oesophageal dysmotility), or ultimately fibrotic manifestations
(ie, ILD, heart and skin fibrosis) (Table). This scenario could mir-
ror the onset of clinical arthritis in the RA TREAT EARLIER trial
or the use of surrogate markers like in the ARIAA trial [23]. The
inclusion of patient-reported outcome measures [24], and the
careful assessment of how patients feel (ie, fatigue) and function
will also be an assessment of utmost importance because it may
also reflect the impact of early damage onset on patients’ lives
[25,26]. Robust surrogates of damage will have to be validated
in pre-SSc patients to empower future trials by potentially reduc-
ing trial duration, thanks to the choice of measures with a high
sensitivity to change (Table 1), because a preventive study with
a duration of 12 months may not be sufficient to observe a
on on a multistage framewor for patients at risk of SSc

urrogates of reversible tissue and
rgan involvement or damagesa

Clinically meaningful SSc-related
fibrotic or ischaemic features to be
prevented

asculopathy:
� Vascular MRI (DAVIX)
� Blood flow determination: power
Doppler, colour Doppler, laser Doppler
or thermography

Vasculopathy:
� Digital ulcers/gangrene
� Scleroderma renal crisis
� Pulmonary arterial hypertension (PAH)

ynovial, tenosynovial, and bone
involvement:
� Joint ultrasound (synovitis and
tenosynovitis)

� Hand X-rays (acro-osteolysis/calcino-
sis)

Synovial, tenosynovial, and bone
involvement:
- Joint contractures
- Arthritis
- Tendon friction rub

kin involvement:
� Skin ultrasound

Skin involvement:
� Skin fibrosis and atrophy

terstitial lung disease:
� Pulmonary functional tests
� Lung imaging: HRCT, nuclear medi-
cine/PET-CT, MRI

Pulmonary disease:
- ILD (PPF, Honey combing, OP) with an
impact on functional capacities and
QoL

- PAH
ardiopulmonary disease:
- Cardiac imaging: echocardiography
and MRI

- Muscle/cardiac enzymes
- ECG

Cardiac disease attributable to SSc:
� Myocarditis
� Arrhythmias
� Myocardial failure
� Sudden death

astrointestinal involvement:
esophageal and rectal manometry
I ultrasound

Gastrointestinal involvement:
� Upper digestive complications
� (oesophageal stricture, GAVE)
� Malabsorption
� Chronic pseudo-occlusion
� Faecal incontinence
� Small intestinal bacterial overgrowth
(SIBO)

human leukocyte antigen; HRCT, high-resolution computed tomography; ILD, inter-
; OP, organizing pneumonia; PPF, progressive pulmonary fibrosis; PET-CT, positron
al hypertension; QoL, quality of life; RNP, ribonucleoprotein; SSc, systemic sclerosis.
al sensitivity and specificity in this pre-SSc population/at-risk population.

evaluated in very early or pre-SSc/at-risk populations and require further inves-

ry early’ clinical stage of SSc. Some of these features may not strictly fall within
r each item.



Figure 1. Nosological framework of scleroderma-like disorders, positioning pre-SSc as the earliest concept. The interplays between pre-SSc and the other
nosological entities within the SSc landscape are also still to be determined. ACA, anti-centromere antibodies; ACR, American College of Rheumatology;
ANA, anti-nuclear antibodies; CTD, connective tissue disease; EULAR, European Alliance of Associations for Rheumatology; ILD, interstitial lung disease;
MCTD, mixed connective tissue disease; NVC, Nailfold Videao capillaroscopy; PF, puffy fingers; RP, Raynaud’s phenomenon; RNP, ribonucleoprotein; SSc, sys-
temic sclerosis; TOPO, anti-topoIsomerase I antibodies; VEDOSS, Very Early Diagnostic criteria of Systemic Sclerosis.
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beneficial impact of treatment on disease progression. Candidate
surrogate markers of future irreversible damage for such com-
bined approaches could include ultrasound for skin or joint
involvement, or Doppler and MRI for vascular damage. It
remains to be determined whether priority should be given to
the completion of a combined outcome or a time-to-event
approach.
INTERVENTIONS AT A PREDISEASE STAGE IN SSC: A
CAREFUL WEIGHING OF THE BENEFIT-RISK RATIO WILL BE
WARRANTED

Another important challenge will be the choice of intervention.
Our current understanding of SSc pathogenesis would encourage
the use of immunosuppressants to prevent fibrosis. In VEDOSS, an
initial attempt to demonstrate the impact of early anti-inflamma-
tory intervention with glucocorticoids failed to differentiate the
active drug from placebo when using capillaroscopic pattern
change as the primary outcome [27,28]. In SSc, Mycophenolate
Mofetil (MMF) is among the drugs with the highest level of evi-
dence for interstitial lung disease (ILD) and skin disease [29−31],
and could represent an option, while vasoactive drugs, lower inten-
sity immunosuppression, or immunomodulators could also be
options to be discussed. At-risk patients with high interferon signa-
ture may also benefit from interferon-targeting strategies, although
the lack of current evidence may not support the use of such thera-
peutic as a first approach at a predisease stage [32−34]. There is
burgeoning interest in innovative cellular therapies, but CD19-tar-
geted chimeric antigen receptor T-cell are unlikely to be appropri-
ate for a predisease stage considering the substantial burden
associated with the procedure [35].
CONCLUSION: DEVELOPING A COLLECTIVELY ENDORSED
FRAMEWORK FOR PRE-SSC

In contrast to type I diabetes and RA, where predisease states
have been more clearly defined, a consensus definition for pre-
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SSc is still lacking. A consensus framework for patients with
signs and symptoms also common to other SARDs/CTDs, but
that potentially identify a patient at a pre-SSc stage, needs to be
collectively drafted. Such a framework would provide the basis
for earlier recognition, risk stratification, and ultimately, timely
intervention. This may be achieved—as wisely proposed by
LeRoy and Medsger [6] in 2001—by thinking outside the
‘scleroderma’ box (literally skin fibrosis) on which several clas-
sifications have crystallised their main interest. This effort is
fundamental to reshape the nosology of the earliest stages of SSc
(Fig. 1) [36]. Identifying genetic variants [37] or environmental
factors [17], determining the earliest course of the disease, and
shaping clinical trajectories will likely allow a personalised
approach to improve the specificity of the definition and to
enrich for populations at risk of cumulative damage in preven-
tive trials. Considering the shift of paradigm in type I diabetes
or RA, a similar strategy for patients at risk of SSc could foster
the development of an innovative approach to SSc management,
preventing key SSc-related signs and symptoms [28], leading to
long-term remission and decreasing SSc-related individual mor-
bidity and mortality.
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A B S T R A C T

Objectives: The objective of the study is to evaluate the safety and immunogenicity of the recom-
binant zoster vaccine (RZV) in patients with rheumatoid arthritis (RA) using abatacept.
Methods:We randomised 70 participants to receive 2 doses of RZV or placebo 8 weeks apart. The
primary immunologic endpoint was the proportion of participants developing a ≥4-fold increase
in anti-glycoprotein E (gE) immunoglobulin (Ig)G antibodies (humoral responders) and those
developing a ≥2-fold increase in interferon gamma (IFN-γ)+ or interleukin-2 (IL-2)+ gE-specific
spot-forming cells (cellular responders), at week 12 (ie, 4 weeks post-second RZV dose). The sec-
ondary immunologic endpoint was the geometric mean fold rise (GMFR) in cellular and humoral
vaccine responses. For safety, we solicited adverse events following each dose, serious adverse
events (SAEs) during the 52-week study period, and evaluated the potential for RA flares by
assessing pre- and postvaccination Disease activity score-28 for rheumatoid arthritis with eryth-
rocyte sedimentation rate, Clinical Disease Activity Index (CDAI), and Outcome Measures in
Rheumatology (OMERACT) rheumatoid arthritis flare questionnaire (RA-FQ) scores.
Results: Fifty-six (75%) participants received RZV, and 14 (25%) received a placebo. Among
those receiving RZV, only 22 (42.3%) of participants surpassed the 4-fold threshold for humoral
n Health& Science University, Portland, OR, USA.
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response, and anti-gE IgG GMFR at week 12 was 4.55 (3.16, 6.47). Only 5 (10.2%) patients with
RZV mounted cellular responses. Six SAEs were noted, and the proportion of patients with RA
flare was similar between RZV and placebo groups (38 [68%] vs 9 [64%]).
Conclusions: Our data suggest that RZV is safe in patients with RA using abatacept, but that the
vaccine response is attenuated in such patients. Further studies should be undertaken to evaluate
whether holding abatacept around the time of vaccination would improve vaccine response.
WHAT IS ALREADY KNOWN ON THIS TOPIC

� Patients with immune-mediated inflammatory diseases are at
increased risk for herpes zoster (shingles), and its prevention
remains an important unmet need in this setting.

� The recombinant zoster vaccine (RZV) is recommended to be
used in such patients, but little experimental data exist in this
setting, evaluating its immunogenicity, efficacy, or safety.

� Real-world data suggest reduced effectiveness of the vaccine
among patients with immune-mediated inflammatory diseases.

� Abatacept is frequently used to treat rheumatoid arthritis (RA),
and given its mechanism of action, it is likely to reduce vaccine
immunogenicity. However, the immunogenicity, safety, and
efficacy of RZV are unknown in those using abatacept.

WHAT THIS STUDY ADDS

� Our data suggest that patients with RA using abatacept, who
are vaccinated with RZV, mount little humoral or cell-mediated
responses to the vaccine.

� Patients with RA using abatacept were no more likely to suffer
RA flares after RZV vaccination than were those receiving pla-
cebo vaccine.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

� Our study suggests that vaccinating patients with RA against
RZV while they are using abatacept is unlikely to produce
robust immune responses. Future studies should evaluate
whether alternative vaccination strategies for patients in this
population may improve vaccine immunogenicity (eg, holding
abatacept for some time period before or after vaccination).
BACKGROUND

Prevention of herpes zoster (HZ), or shingles, remains an impor-
tant unmet need in the field of rheumatology. Patients with rheu-
matoid arthritis (RA), systemic lupus erythematous, and other
autoimmune inflammatory rheumatic diseases (AIIRDs) are at sev-
eral fold higher risk of HZ than individuals of similar ages without
these underlying diseases [1]. This increased risk is not only due to
the immune dysregulation of their disease but also in part to the dis-
ease-modifying antirheumatic drugs (DMARDs) used to treat these
conditions, particularly Janus kinase inhibitors (JAKi) and cortico-
steroids [1,2]. Prevention of HZ is possible with the recombinant
subunit vaccine−recombinant zoster vaccine (RZV) (aka Shingrix).
RZV provided robust humoral and cell-mediated immune (CMI)
responses in phase 3 trials of healthy individuals aged 50 years and
greater and included clinical efficacy of over 90% [3,4]. More
recently, long-term data from these participants showed continued
high vaccine efficacy 10 years postvaccination [5]. Although AIIRD
populations are advised to be immunised with RZV by the United
States (U.S.) Center for Disease Control (CDC) and Specialty socie-
ties such as the American College of Rheumatology [6,7], there is
little information regarding the immunogenicity, efficacy, or safety
of this vaccine among such patients.
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Clinically, recent evidence has found RZV to be immunogenic
in patients with AIIRD with systemic lupus erythematosus [8].
Real-world data suggest effectiveness of RZV among these and
other immunosuppressed patients, however, is somewhat
reduced [9,10]. A recent population-based study of those with
inflammatory arthritis found RZV to have 50% effectiveness
[11]. It is likely that DMARD usage partially explains the
observed decrease in RZV efficacy, as some immunomodulatory
therapies used in RA have been shown to attenuate responses to
influenza and other vaccinations [12,13]. Abatacept (ABA), a
costimulatory CD80/86 antagonist that decreases T cell prolifer-
ation, is one such DMARD. It has been shown to attenuate
humoral and cell-mediated response to some vaccines in
patients with RA, but to date, RZV has not formerly been studied
[14−17]. In this study, we sought to evaluate the immunogenic-
ity and safety of RZV in patients with RA using abatacept.
METHODS

The study was approved by Oregon Health & Science Uni-
versity’s (OHSU) Institutional Review Board (IRB), with subsites
either waiving oversight to OHSU’s IRB or opting for local IRB
oversight. This trial is registered with ClinicalTrials.gov,
NCT03604406, and was first registered on May 7, 2021. The
first participant was enrolled in the trial on May 25, 2021.

Study design

Participating rheumatology sites screened prospective
patients with RA aged 18 or older actively using intravenous
(IV) or subcutaneous (SQ) abatacept with stable dosing for
≥30 days at the time of enrolment. ABA use was defined as
receipt of an IV dose within the last 1 month, or SQ use within
the previous week. Patients with a history of shingles in the last
12 months, or prior shingles vaccination with RZV, or receipt of
the live zoster vaccine (ie, Zostavax) in the previous 6 months
were not eligible. Concomitant methotrexate (MTX) use (≤25
mg/wk) or other traditional synthetic DMARDs was allowable if
dosing was stable for at least 30 days prior to enrolment. Predni-
sone-equivalent glucocorticoids were permitted up to doses of
10 mg/d. Concomitant use of other biologics was not permitted;
prior B-cell depleting therapy was permitted if the most recent
dose was >6 m before randomisation. Participants were rando-
mised in a double-blind fashion to receive RZV (Shingrix) or pla-
cebo (saline) at a 4:1 ratio, respectively (Fig 1). The placebo
vaccine comparator was chosen to evaluate whether the occur-
rence of flares of underlying RA disease was more common in
participants with RA using ABA after being vaccinated with
RZV. After consent, patients were vaccinated on day 1 and again
at 8 weeks to complete the 2-dose series. We collected blood 4
weeks after vaccine completion (week 12) for our primary
immunogenicity outcome. We evaluated long-term maintenance
of response at week 60 (ie, 52 weeks after completion of the
series). We actively solicited adverse event (AE) and reactoge-
nicity information using daily diaries and phone calls once



Figure 1. Study design. RZV, recombinant zoster vaccine.
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weekly in the 4 weeks after each vaccination. We collected seri-
ous AE (SAE) information from day 1 through the end of week
60. We sought evidence of RA flares once weekly using the Out-
come Measures in Rheumatology (OMERACT) RA flare ques-
tionnaire (RA-FQ) [18], and at weeks 8 and 12 at clinical visits
using the Disease activity score-28 for rheumatoid arthritis with
erythrocyte sedimentation rate (DAS28-ESR) [19] and the Clini-
cal Disease Activity Index (CDAI) [20].

Laboratory methods

Humoral response
Varicella zoster virus (VZV) glycoprotein E (gE) enzyme-

linked immunosorbent assay (ELISA) was performed in Dr
Weinberg’s laboratory at the University of Colorado using
recombinant VZV-gE (VZV-rgE) courtesy of Glaxo-Smith-Kline.
The assay was developed and validated in Dr Schmid’s at the
CDC National VZV Laboratory [21] and subsequently validated
in Dr Weinberg’s laboratory using 20 plasma samples from pre-
vaccination and 30 days after the second dose of vaccine previ-
ously tested at the CDC. The assay has intra- and interassay
coefficient of variation of 12%. The mean (SD) at 30 days after
the second dose of RZV in older adults without known immuno-
compromising conditions is 94 (88) EU/mL. Ninety-six-well
Immulon microtiter ELISA plates (Dynex Technologies, Inc) are
coated with 100 µL/well VZV-rgE in phosphate-buffered saline
(PBS) at 1 µg/mL. After 18- to 20-hour incubation at 4°C plates
are washed, blocked with 5% skim milk in wash buffer (0.1%
PBS/Tween 20). Test plasma samples at 1:20 in blocking solu-
tion are added to antigen-coated duplicate wells at 100 µL/well
and incubated at room temperature for 35 minutes. Plates are
washed and goat antihuman immunoglobulin (Ig)G-alkaline
phosphatase conjugate (SouthernBiotech, Cat. no 2040-04)
diluted 1:1000 in blocking solution is added at 100 µL/well and
incubated for 30 minutes. Plates are washed, and p-nitrophenyl
phosphate substrate (ImmunoChemistry Tech, SKU: 6279) is
added for 10 minutes, after which the reaction is stopped with
3N NaOH as per the manufacturer’s instructions. Plates are read
on a spectrophotometer at 405 nm. Adjusted optical density
(OD) is calculated as: mean test OD minus blank. Serial dilutions
of the same control sample are included on every plate. Test
samples OD are interpolated onto the control standard curve as
above.

Cell-mediated immune (CMI) response
Fluorescence-Linked ImmunoSpot (FLUOROSPOT) assays to

assess CMI response to RZV were performed in Dr Weinberg’s
laboratory at the University of Colorado. Dr Weinberg’s labora-
tory participated in multiple zoster vaccine studies, including
the pivotal zoster vaccine live (ZVL) clinical trial that led to the
vaccine licensure and a subsequent trial that led to the U.S. Food
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and Drug Administration (FDA) approval of a booster dose of
ZVL ≥10 years after the initial dose. Most recently, the labora-
tory performed studies comparing the immunogenicity of RZV
and ZVL in older adults and immunocompromised hosts that
used the same FLUOROSPOT assays that were used in this study
[22−24]. The performance characteristics of the assay were
extensively studied. For gE, the assay was validated using 30
paired peripheral blood mononuclear cell (PBMC) samples from
prevaccination and 30 days after the second dose of vaccine
kindly provided by GSK from their phase 2 studies. The FLUO-
ROSPOT assay is highly reproducible with intra-assay and inter-
assay mean coefficient of variations of 14% and 24% for
interferon gamma (IFN-γ) and 25% and 33% for interleukin-2
(IL-2). These cytokines characterise effector and memory T
helper type 1 (Th1) responses, respectively, that are deemed to
be critical for protection against HZ. The gE-specific lower limit
of detection of 20 spot-forming cells (SFCs)/106 PBMC was
defined by the mean ± 2 SD SFC/106 PBMC in VZV-seronegative
individuals. Mean (SD) responses in older adults without known
immunocompromising conditions at 30 days after the second
dose of RZV are 268.4 (216.2) SFC/106 PBMC for IFN-γ and
475.1 (297.8) SFC/106 PBMC for IL-2. PBMCs are separated
from heparinised blood on Ficoll-Hypaque gradients (Sigma)
and cryopreserved for viability [25]. Cryopreserved PBMCs are
thawed and rested overnight at 37°C and 5% CO2 humidified
atmosphere at 106 PBMC/mL in growth medium consisting of
Roswell Park Memorial Institute (RPMI) 1640 (Mediatech) with
L-glutamine (Gemini BioProducts), 10% human AB serum (Gem-
ini BioProducts), 2% 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid (HEPES) (Mediatech), and 1% penicillin-streptomycin
(Gemini BioProducts). PBMCs are stimulated with VZV-gE over-
lapping peptides at 2.5 µg/mL final concentration (Millipore) or
inactivated VZV cell lysate at the equivalent of 50,000 plaque-
forming units/mL and incubated at 37°C and 5% CO2 humidi-
fied atmosphere for 48 h in 96-well dual-colour IFN-γ and IL-2
FLUOROSPOT plates (Mabtech) in duplicate wells at
250,000 cells/well. Unstimulated and phytohemagglutinin
(PHA) controls are included. SFCs are revealed as per the man-
ufacturer’s instructions. Results were reported as the mean num-
ber of SFC/106 PBMC in VZV-gE- or VZV lysate-stimulated wells
after subtraction of the SFC in mock-stimulated controls. Test
samples were considered positive if antigen-stimulated wells
had SFC ≥2-fold higher than mock control and the results were
≥20 SFC/106 PBMC after subtraction of SFC in mock control,
which is the threshold that differentiates VZV-seropositive from
seronegative individuals [21] in this Clinical Laboratory
Improvement Ammendments (CLIA)-certified assay. An assay
control of PBMC from a single leukopack with known perfor-
mance characteristics was included in each run for reproducibil-
ity and validation. Note that all CMI result data presented
within the results section of this manuscript are those using



Table 1
Summary statistics at enrolment by treatment group

Characteristic Vaccine (n = 56)a Placebo (n = 14)a

Age (y)b 66 (41, 88) 64 (31, 80)
Sex
Female 47 (84%) 11 (79%)

Race
American Indian/Alaska Native 1 (1.8%) 0 (0%)
Black or African American 1 (1.8%) 0 (0%)
White 53 (95%) 14 (100%)
Other 1 (1.8%) 0 (0%)

Hispanic or Latino ethnicity 12 (21%) 3 (21%)
Duration of rheumatoid arthritis
disease (y)b

10 (1, 67) 12.5 (5, 47)

Duration of abatacept therapy at
enrolment (y)b

2 (<1, 11) 2 (<1, 8)

Abatacept route of administration
Intravenous 37 (66%) 8 (57%)
Subcutaneous 13 (23%) 5 (36%)
Not reported 6 (11%) 1 (7%)

Time between previous dose of
abatacept and first dose of vac-
cine/placebo (days)b

Intravenous 0 (0, 34) 0 (0, 35)
Subcutaneous 3 (1, 6) 5 (2, 11)
Not reported 0 (0, 2) 0 (0, 0)

Ever received anti-TNF therapy 50 (89%) 10 (71%)
Ever received rituximab therapy 8 (14%) 0 (0%)
Ever received tocilizumab therapy 13 (23%) 3 (21%)
Methotrexate use at time of first
vaccination

18 (32%) 7 (50%)

Corticosteroid use in last 30 d 10 (18%) 3 (21%)
Dose per day (mg)b 5 (2.5, 10) 5 (5, 5)

DAS28-ESR scorec 3.3 (1.5) 2.8 (1.9)
DAS28-ESR category
In remission (<2.6) 21 (37.5%) 8 (57.1%)
Low activity (2.6-3.1) 8 (14.3%) 0
Moderate activity (3.2-5.0) 16 (28.6%) 3 (21.4%)
High activity (≥5.1) 10 (17.9%) 3 (21.4%)

CDAI scorec 20.0 (15.7) 19.2 (19.2)

Anti-TNF, antitumour necrosis factor; CDAI, Clinical Disease Activity Index;
DAS28-ESR, Disease Activity Score for rheumatoid arthritis with erythrocyte
sedimentation rate.

a n (%) unless otherwise indicated.
b Median (range).
c Mean (SD).
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VZV-gE-stimulated assays. The results using VZV-lysate-stimu-
lated wells were similar and are presented in Supplementary
Tables S1 and S2.

Safety
Safety was assessed by tabulating AE frequencies by treat-

ment group, and by evaluating rheumatologic disease activity at
pre- and postvaccination study visits and phone calls as
described in the study design section. We calculated proportions
of participants experiencing RA flares as measured by partici-
pant self-report as well as by assessing the change in DAS28-
ESR, CDAI, and RA-FQ scores over time and comparing them
against a threshold above which was considered evidence of RA
flare. DAS28-ESR categories were used in the descriptive analy-
ses to better characterise prevaccination disease. The categories
were defined by the following cut-offs: <2.6: remission, >2.6
and ≤3.1: low activity, ≥3.2 and ≤5.0: moderate disease activ-
ity, and ≥5.1: high disease activity [26]. At the postvaccination
assessments, our primary method for detecting RA disease flare
was the DAS28-ESR, with score increase >1.2, or >0.6 if the fol-
low-up score was >3.2, indicating flare [27]. We considered a
score increase >2 by CDAI as evidence of a flare. We used a
change threshold of >10 in RA-FQ score in weeks 1 to 4 or
weeks 9 to 12 as evidence of a flare as measured by RA-FQ. Par-
ticipants with evidence of a flare at multiple follow-up assess-
ments were only counted in the earliest study week in which a
flare was identified.

Statistical analyses

Given the pilot nature of this study, formal sample size calcu-
lations were not performed, and a sample size of 70 participants
was considered sufficient to provide enough information to
assess whether a future study was warranted. Primary and sec-
ondary immunogenicity outcomes were evaluated in the per-
protocol population, defined as both having received the study
intervention and having paired valid blood samples for pre- and
postvaccination measurements. Descriptive and safety analyses
were conducted in the intention-to-treat population, defined as
all randomised participants.

For humoral evaluation, we used pre- and postvaccine anti-
gE IgG levels to calculate individual fold rises and group-level
geometric mean fold rises (GMFRs) at each postvaccination time
point. We used a ≥4-fold increase threshold to define humoral
responders, and also conducted a sensitivity analysis using a ≥2-
fold increase for response. GMFR was calculated by computing
the fold changes between pre-and postvaccination measure-
ments, log transforming these values, calculating the mean,
and exponentiating the results to transform them back to their
original units.

For evaluation of CMI, IFN-γ+ and IL-2+ gE-specific SFC
measurements that were negative or zero were replaced with 10
for the purpose of statistical analyses, which was equivalent to
one-half of the positive signal threshold of 20 established for the
FLUOROSPOT assay. Response was defined as a ≥2-fold increase
in SFCs for participants who had a prevaccination measurement
≥20, or seroconversion to any value above the positive signal
threshold for participants whose prevaccination CMI measure-
ments were <20. GMFR and 95% CIs were calculated using pre-
and postvaccine SFC levels. Participants were included in each
calculation that they had a paired measurement for by time and
immunological marker, unless they experienced a HZ event, in
which case they were censored from immunological analyses at
subsequent weeks.
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Any participants missing prevaccination measurement for a
specific marker were excluded from immunological analyses for
that marker. Participants who did not receive both doses of
RZV/placebo, or who withdrew before reaching week 12, were
excluded from immunologic analyses but included in descriptive
and safety analyses. We conducted a prespecified subgroup strat-
ified analysis of our immunogenicity endpoints according to
concomitant MTX use (yes/no) at the time of enrolment.

Proportions of immune response and RA flare detection were
compared between treatment groups using Fisher’s exact test at
α = 0.05 significance level. We evaluated the correlation
between the fold change in humoral and CMI measures using
Kendall’s tau. Pairwise comparisons between DAS28-ESR and
our secondary flare measures were made using Cohen’s kappa
to assess the agreement between measures.

RESULTS

We enrolled a total of 70 participants (vaccine: 56, placebo:
14) in the study (Table 1). Participant retention throughout the
study is presented in Supplementary Figure. Median ages of par-
ticipants at enrolment were 66 and 64 years in the vaccine and
placebo groups, respectively. Most participants were using IV
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abatacept, with 37 (66%) and 8 (57%) in the vaccine and pla-
cebo groups, respectively. Most participants in each group
received their next dose of abatacept on the same day as the first
vaccination with RZV or placebo. Moreover, all but 2 partici-
pants received their most recent dose of abatacept within the
required dosing window (4 weeks for IV abatacept and 1 week
for SQ abatacept), but 2 participants (1 vaccine, 1 placebo) were
enrolled despite being >1 month since their last IV abatacept
dose at 34 and 35 days for each and were considered protocol
violators, but were included in the primary analyses. Most par-
ticipants reported previously receiving antitumour necrosis fac-
tor therapy (Table 1). Concomitant MTX was used by 18 (32%)
participants in the RZV group and 7 (50%) in the placebo group.
Roughly half of participants in each treatment group were in
remission or had low disease activity at enrolment (Table 1).

Immunogenicity results

Humoral response
Among those receiving RZV, 22 (42.3%) exhibited a ≥4-fold

change in anti-gE IgG concentration at week 12, and 9 (18.4%)
at week 60 (Table 2, Supplementary Table S3). The anti-gE IgG
GMFR (95% CI) at week 12 was 4.55 (3.16, 6.47) and 2.24
(1.65, 2.94) at week 60 (Fig 2). No participants in the placebo
group had humoral responses at any timepoint. In a sensitivity
analysis using a 2-fold increase in anti-gE IgG antibodies thresh-
old, the proportion of humoral responders in the RZV group
increased to 36 (69.2%) at week 12 and 19 (38.8%) at week 60.

Among RZV participants using concomitant MTX with valid
paired blood samples (n = 17), 5 (29.4%) were humoral res-
ponders. In participants lacking MTX, 17 (48.6%) were respond-
ers. At week 60, 2 (12.5%) MTX users and 7 (21.2%) nonusers
were humoral responders. An additional subgroup analysis of
the vaccine group found that participants with or without con-
comitant corticosteroid use had similar proportions of humoral
responders as was seen in MTX/no MTX subgroups, respectively
(Table 2).

CMI response
Among patients with RZV with a week 12 measurement, 9

(18.4%) were CMI responders and 6 (13.0%) were responders at
week 60, compared to 1 (7.1%) and 2 (15.4%) in the placebo
group at weeks 12 and 60, respectively (Table 2). IFN-γ+ and IL-
2+ SFC/106 PBMC GMFRs at week 12 were negligible in those
receiving RZV (1.13 [0.94, 1.35] and 1.23 [1.00, 1.48], respec-
tively) and similar to those receiving placebo (1.07 [0.89, 1.20]
and 1.05 [0.90, 1.21], respectively).

MTX did not appear to influence CMI responses. Among par-
ticipants in the RZV group using MTX at entry, 3 (17.6%) were
CMI responders at week 12, compared to 6 (18.8%) among those
not taking MTX. When stratified by concomitant corticosteroid
use, the proportion of responders was also similar among steroid
users and nonusers.

We evaluated whether age was associated with responses and
stratified the vaccine group by age ≥50 (n = 9) and <50
(n = 43). At week 12, the younger group had a greater humoral
response, with 7 (78%) responders compared to 15 (35%)
(P = .027). While humoral responses were diminished at week
60, the difference remained with 4 (44%) in the younger group
compared to 5 (12.5%) in the older group (P = .046). CMI
responses were similarly poor across age groups, with 2 (25%)
week 12 responders in the younger group compared to 7 (17%)
in the older group. We stratified the vaccine group by whether
they experienced an injection site reaction or not to seek
791



Figure 2. Geometric mean fold rise (GMFR) (95% Confidence interval) in humoral (anti-gE IgG) and cell-mediated (IFN-γ+ and IL-2+ gE-specific
spot-forming cells) immune responses from prevaccination measurements. Cellular response was defined as ≥2-fold increase in either CMI activation
marker; humoral response was defined as ≥4-fold increase in anti-gE IgG antibodies. gE, glycoprotein E; IgG: immunoglobulin G; IFN-γ, interferon
gamma; IL-2, interleukin-2; CMI, cell-mediated immune.
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evidence of a reactogenicity-immunogenicity link. While there
were small differences in proportions of responders, they were
not statistically significant. When comparing immune responses
in the vaccine group between participants who were receiving
ABA IV vs SQ, we found statistically significant differences, with
SQ having a greater proportion of participants achieving
immune response. At week 12, 8 (62%) SQ participants had
humoral response compared to 12 (35%) IV participants
(P = .19), whereas at week 60, 5 (50%) SQ participants
achieved humoral response compared to 4 (12%) in the IV group
(P = .02). CMI response at week 12 was also greater in the SQ
group, at 5 (42%) vs 2 (6%) in the IV group (P = .01). We also
Table 3
Proportion of participants experiencing the most commonly reported AEs,
and all AESIs and SAEs by treatment group

AE term Vaccine (n = 56) Placebo (n = 14)

Reactogenicity
Injection site reaction 45 (80%) 2 (14%)

Other AEs
COVID-19 4 (7%) 1 (7%)
Myalgia 3 (5%) 2 (14%)
Diarrhoea 3 (5%) 0
Allergic reaction 2 (4%) 0
Chills 2 (4%) 0
Fatigue 2 (4%) 0
Fever 2 (4%) 0
Nausea 2 (4%) 0
Abdominal pain 1 (2%) 1 (7%)
Headache 1 (2%) 1 (7%)

AESIs
Herpes zoster event 0 1 (7%)

SAEs
High-grade urothelial carcinoma
in situ

0 1 (7%)

Gastroesophageal reflux disease 1 (2%) 0
Lung infection 1 (2%) 0
Myocardial infarction 1 (2%) 0
Breast carcinoma 1 (2%) 0
Hepatocellular carcinoma 1 (2%) 0

AE, adverse event; AESI, adverse event of special interest; SAE, serious
adverse event.
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evaluated whether those with humoral responses were more
likely to have CMI responses (and vice versa). While small num-
bers of CMI responders hindered this comparison, we found no
suggestion of concordance or discordance between humoral
response and the 2 measures of CMI response using Kendall’s
tau, with τ values ranging from -0.06 to 0.07 when comparing
the change in week 12/week 60 humoral responses to that of
the IFN-γ and IL-2 responses.
Safety results
Vaccine reactogenicity was common, with injection site reac-

tions reported in 45 (80%) of RZV participants (Table 3). Most
AEs were nonserious and more frequently reported among the
RZV group vs placebo. Of the 45 participants who had injection
site reaction AEs, 40 (89%) had them after the first injection, 35
(78%) after the second injection, and 30 (66%) after both injec-
tions. Six SAEs were reported (5 in the RZV group), and all were
judged to be unrelated to the study. Three SAEs in the RZV
group resulted in death and occurred 8 to 12 months after RZV
receipt. The deaths were attributed to myocardial infarction,
lung infection resulting in acute renal failure, and hepatocellular
carcinoma in the setting of alcoholic cirrhosis. One HZ event was
detected in a participant (age <40 years old) in the placebo
group, with symptom onset occurring 16 weeks after receipt of
the second placebo dose.

RA flare detection varied by tool but did not differ between
treatment groups. At week 8, among the RZV group, 10 (17.9%)
RA flares were detected using the DAS28-ESR and 16 (28.6%) by
the CDAI (Table 4). In the placebo group, 3 (21.4%) flares were
detected by CDAI and 3 (21.4%) by DAS28-ESR. Few flares were
detected by a change in the RA-FQ score. One patient participant
with RZV had evidence of a flare after dose 1, and only 5 (13%)
and 3 (38%) of participants in the RZV and placebo groups, respec-
tively, had RA-FQ score change >10 in the 4 weeks following dose
2 of RZV (Table 4). Unlike the DAS28-ESR and CDAI, most of the
flares detected by RA-FQ were found after dose 2. Self-reported
flares were higher than what was detected by the other 3 methods,
with 24 (63%) and 5 (63%) of participants in the vaccine and pla-
cebo groups, respectively, self-reporting a RA flare after dose 1.



Table 4
Proportion of participants experiencing a new rheumatoid arthritis flare as defined by changes from prevac-
cination scores in DAS28-ESR, CDAI, or RA-FQ, or by self-report

DAS28-ESRa n (%) CDAIb n (%)

Week Vaccine Placebo P valuec Vaccine Placebo P valuec

Week 8 10 (17.9%) 3 (21.4%) .71 16 (28.6%) 3 (21.4%) .74
Week 12 1 (1.8%) 0 1 5 (8.9%) 1 (7.1%) 1

RA-FQd n (%) Self-report n (%)

Week Vaccine Placebo P valuec Vaccine Placebo P valuec

Weeks 1-4 (post-first dose) 1 (1.8%) 0 1 24 (42.9%) 5 (35.7%) .77
Weeks 9-12 (post-second dose) 5 (8.9%) 3 (21.4%) .19 4 (7.1%) 3 (21.4%) .14

Within each measure, participants were only counted at the earliest time point at which a flare was identified.
a DAS28-ESR: Disease Activity Score-28 for rheumatoid arthritis with erythrocyte sedimentation rate; flare

defined as score increase >1.2 or >0.6 if the follow-up score is >3.2.
b CDAI: Clinical Disease Activity Index; flare defined as score increase >2.
c Fisher’s exact test, α= 0.05.
d RA-FQ: Outcome Measures in Rheumatology (OMERACT) rheumatoid arthritis flare questionnaire; flare

defined as score increase >10.
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When comparing self-reported flares with DAS28-ESR using
Cohen’s kappa, raw agreement between the 2 measures was 55%
(κ = 0.11), indicating only slight agreement. Overall, 38 (68%)
and 9 (64%) in the RZV and placebo arms respectively had flares
detected by any method at any timepoint.
DISCUSSION

We evaluated the immunogenicity and safety of RZV in
patients using abatacept. Our findings suggest that such patients
mount attenuated responses to RZV and may lack clinical pro-
tection after vaccination.

RZV is the only shingles vaccine commercially available in
the United States and in many countries around the world. It has
shown robust immunogenicity and efficacy in clinical trials of
nonimmunosuppressed people, including high levels of long-
term humoral and CMI responses up to 10 years after vaccina-
tion. Clinical efficacy, while above 90% among healthy people
in phase 3 trials, diminished in the 10 years postvaccination, but
still was observed to be above 70% [28] at that timepoint. The
phase 3 Zoster Efficacy (ZOE) study reported ≥2-fold increase in
CMI response in 93.3% of participants, and ≥4-fold increase in
humoral response in 97.8% of participants 1 month after the sec-
ond dose [3]. The immunogenicity results in healthy individuals
in the ZOE study put our study’s relative lack of immunogenicity
in perspective and highlight the need for conducting studies in
immunosuppressed populations. Several such trials have been
conducted, including in autologous stem-cell transplant patients,
which found that 67% of participants had a ≥4-fold response at
1 month after the second dose, which was reduced to 45% at 24
months after vaccination. In contrast to our results, this study
observed a robust CMI response to RZV in their trial with 93% of
participants in the vaccine group having a 2-fold or greater
response to RZV at 1 month after the second dose [29]. A retro-
spective study by Camargo et al [30] in a more immunosup-
pressed transplant group, allogeneic haematopoietic stem-cell
transplant recipients, evaluated only humoral responses and
found that 37% had ≥4-fold increase in VZV IgG titres after vac-
cination. A study conducted in adults with HIV (mostly treated
with antiretroviral therapy (ART) or with CD4 >500) by Berko-
witz et al [31] found that 98.1% had ≥4 fold increase in anti-gE
antibody and 85.7% of participants had ≥2 fold increase in CMI
responses 1 month after the second dose of RZV.
793
Within rheumatology, few studies have evaluated DMARD
effects on RZV immunogenicity or efficacy. K€allmark et al [32]
evaluated responses in patients with RA using JAKi with or with-
out MTX. Among JAKi users, 80.5% in the vaccine group
achieved ≥4-fold increase in antibody levels, but concomitant
use of MTX was associated with markedly reduced humoral
response. Kojima et al [33] evaluated RZV response in patients
with RA across several DMARDs and found that while CMI and
humoral responses were diminished in participants using bio-
logic DMARDs compared to non-RA controls, the differences
were not statistically significant. Although they stratified their
analyses by type of DMARD used, they did not break it out by
specific drugs, and only 4/23 biologic—using participants were
using abatacept. Venerito et al [34] found that patients using
JAKi or biologic DMARDs had similar humoral responses (anti-
VZV IgG) to RZV compared to healthy controls at 1 month post-
second dose, although titres only increased 2 to 3 fold on aver-
age. More recently, Winthrop et al [35] evaluated RZV responses
among patients with RA using upadacitinib, the majority of
whom were using background MTX. Although limited by the
lack of a control group, over 80% of patients mounted satisfac-
tory humoral and nearly two-thirds of the patients mounted ade-
quate cell-mediated responses.

Our data suggest that abatacept greatly interfered with
RZV immune-building responses. Interestingly, although not
reported in this manuscript, we performed a similar study using
live zoster vaccine (Zostavax), where we similarly observed little
CMI response and diminished humoral response in those using
abatacept (findings reported in Supplementary Tables S4 and
S5). Although the reason for these poor responses deserves fur-
ther investigation, it is likely due to abatacept’s mechanism of
action: ABA binds to CD80 and CD86 molecules on antigen pre-
senting cells, which mitigates binding to CD28 on T cells [36],
and disrupts differentiation of B cells into memory B and plasma
cells, as well as T cells into TH1 and TFH [37,38]. Though IFN-γ
and IL-2 are validated markers for evaluating cellular response
to RZV, abatacept may also inhibit cytokine production, which
could impact our evaluation of immunogenicity [39,40]. These
are all downstream effects of the CD28 blockade caused by aba-
tacept, and the combination of these factors may explain the
attenuated RZV responses that we saw in our study.

All participant samples in our study had acceptable PHA
responses, indicating that their T cells were functional. PHA
directly stimulates T cells, including memory and naive,



J.A. Hawkins et al. Ann Rheum Dis 85 (2026) 787−796
bypassing antigen recognition. This observation suggests that
the absence of VZV-gE-specific T cell responses postvaccination
in the study was due to insufficient development of T cell mem-
ory to RZV-containing antigens. Diminished humoral responses
have been reported with other vaccines in those using abatacept,
but few have evaluated cellular responses [14,15,17]. Of note, at
least 1 study of a SARS-CoV-2 mRNA vaccine had participants
temporarily hold ABA for 1 week before and after each vaccine
dose, and found that humoral responses were still diminished in
comparison to controls [16]. Lastly, it should be noted that MTX
and corticosteroid use both alone and in conjunction with one
another appeared to interfere modestly in humoral responses
within our trial. Other studies with influenza and COVID-19 vac-
cines highlight MTX’s ability to diminish humoral responses
[41,42]. It is possible that CMI responses to RZV are also dimin-
ished with MTX, although given the low numbers of individuals
with CMI responses in our study, we could not evaluate that
question.

While RZV immunogenicity was poor, RZV appeared safe and
did not cause flares of RA more often than placebo. Though mild
injection site and systemic reactions were common, our data
show that the vaccine was well tolerated and no SAEs appeared
to be related to vaccination. Though RA flare rates after vaccina-
tion differed depending on the method used to identify them,
the occurrence of flares was similar across treatment groups.
Although participants self-reported flares in higher numbers
than what we detected using DAS28-ESR, CDAI, and RA-FQ, it is
possible some of the self-reported flares could be attributed to
reactogenicity as opposed to true RA disease flare.

Strengths of this study include its novelty (ie, the first rando-
mised clinical trial to formerly evaluate RZV immunogenicity
among patients with RA using abatacept) and the use of robust
laboratory methods consistent with prior clinical trial evalua-
tions of RZV immunogenicity. Although our study suggests such
patients have lesser immune responses than expected, we were
limited by a small sample size and the lack of a direct RA com-
parator group not using abatacept. We chose, rather, to enrol a
control group consisting of similar patients with RA using abata-
cept who were given a placebo vaccine. Although our sample
was small, this comparison suggested that no substantial
increase in RA flare occurred after RZV was given. Lastly, we
were underpowered to fully evaluate the influence of MTX, par-
ticularly with regard to cell-mediated vaccine responses, where
few responders were observed.

In summary, our study suggests that RZV is safe and well tol-
erated by patients with RA using abatacept with or without
MTX. However, our immunogenicity results suggest poor vac-
cine responses, and future studies should evaluate if the attenu-
ated immunogenicity we observed in this population correlates
with reduced efficacy. Alternative strategies to administering
this vaccine to those using abatacept should be sought. Further
studies should evaluate whether increasing the vaccine dose or
quantity of doses given, or holding abatacept before or after vac-
cination, would maximise the immunogenicity of RZV.
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A B S T R A C T

Objectives: The presence of immunoglobulin A (IgA) autoantibodies has been described in many
autoimmune diseases, and some of its characteristics, such as IgA dimerization, are considered a
sign of a mucosal origin. However, limited information is available about the (patho)physiologi-
cal conditions leading to the development of monomeric vs dimeric (autoreactive) IgA in
humans. Therefore, we investigated IgA dimerization in rheumatic autoimmune diseases with a
possible mucosal origin, as well as after vaccination.
Methods: Plasma of patients with rheumatic disease (rheumatoid arthritis [RA], systemic sclerosis
[SSc], anti-neutrophil cytoplasmic antibody associated vasculitis [AAV], systemic lupus erythematosus
[SLE]), SARS-CoV-2 vaccinated healthy individuals, and healthy controls was used for size exclusion
chromatography (SEC). Enzyme-linked immunosorbent assays were performed on SEC fractions to
determine the size of IgA. Results were confirmed using western blot and tandemmass spectrometry.
Results: The proportion of dimeric IgA was increased for autoantibodies compared to total IgA.
This was most evident in RA, AAV, and SLE (dimeric autoreactive IgA ≈ 60%-80% vs total IgA ≈
20%, SLE ≈ 60% total IgA), but not in SSc. Intramuscular vaccination against SARS-CoV-2 also
led to an increased proportion of dimeric anti-spike IgA shortly after vaccination, irrespective of
previous mucosal exposure.
Conclusions: These findings indicate that dimeric (autoreactive) IgA responses are associated with
newly emerging antigen-specific immune activation, where production temporarily shifts to dimeric
IgA. Mucosal triggering is not necessarily always involved in these IgA immune responses. These find-
ings provide key insights into the circumstances for IgA dimerization and suggest that dimeric IgA
could serve as a marker for immunological disease activity in autoimmunity.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

� Immunoglobulin A (IgA) and especially dimeric IgA play a cru-
cial role in mucosal and vaccine responses.

� Mucosal triggers have been hypothesized to underlie the emer-
gence of autoreactivity in various rheumatic diseases.

WHAT THIS STUDY ADDS

� In several rheumatic diseases, autoantibody IgA is predomi-
nantly present in a dimeric state.

� Mucosal triggering is not necessarily always involved in the
generation of dimeric IgA.

� Dimerization of IgA can be regulated by recent immune activa-
tion, shifting the IgA production temporarily to dimeric IgA.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

� Dimeric IgA could serve as a marker for immunological disease
activity in rheumatic autoimmune diseases such as rheumatoid
arthritis.
INTRODUCTION

Immunoglobulin A (IgA) is a key mediator in immune protec-
tion, and especially plays an important role in neutralizing anti-
gens. Recently, it became apparent that IgA is important in
COVID-19 vaccine responses, where it is superior in neutralizing
antigens compared to IgG, and where the size of IgA determines
the efficiency of neutralization [1,2]. Previously, a similar mech-
anism has been described in influenza [3,4]. In addition to its
neutralizing function in vaccine responses, IgA helps maintain
homeostasis with foreign commensal microbes at mucosal sites.
The size of IgA is key in the functions it exhibits, and differences
can be observed between the composition of IgA in circulation
and in mucosal secretions. In circulation, IgA is mainly found in
the monomeric form, while a small amount is dimeric, com-
posed of two IgA molecules and a joining (J) chain [5−7].
Dimeric IgA can be translocated across the epithelium from the
basolateral surface to the apical surface via the polymeric immu-
noglobulin receptor (pIgR). At the apical side, the pIgR is
cleaved, resulting in secretory IgA, which contains the secretory
component (SC, a polypeptide derived from the pIgR) and the J
chain. Since high amounts of dimeric IgA are encountered at
mucosal sites, dimeric IgA has long been linked to local mucosal
antibody production [8].

Mucosal triggers and local mucosal immune responses are
believed to play a role in certain autoimmune responses [9].
These diseases, including rheumatoid arthritis (RA), systemic
sclerosis (SSc), anti-neutrophil cytoplasmic antibody (ANCA)
associated vasculitis (AAV), and systemic lupus erythematosus
(SLE), are characterised by autoantibodies. These autoantibod-
ies have provided important insights into the underlying immu-
nological mechanisms, as evidenced by their association with
key genetic risk factors [10,11]. This applies to autoantibodies
in RA directed against post-translational modifications (PTMs),
mainly anti-citrullinated protein antibodies (ACPA), as well as
to ANCA in AAV [12−14]. While it is unknown if there is a path-
ogenic role for these autoantibodies, they serve as prominent
markers for the underlying disease [15,16].

IgA autoantibodies are present in many rheumatic diseases
[17−20]. In RA, ACPA of the IgA isotype can be detected years
before disease onset [17]. This is in line with the concept that
the induction of autoantibody responses occurs after mucosal
798
triggering, by, e.g. a bacterial protein harbouring a PTM, that
elicits an immune response cross-reactive to modified self-pro-
teins, ultimately leading to the development of RA [9]. There
are several other indications that a mucosal site might be associ-
ated with the development of RA. For example, ACPA and rheu-
matoid factor (RF) IgA have not only been detected in blood but
also in mucosal secretions such as sputum [21,22]. Furthermore,
citrullinated bacterial antigens can be detected at mucosal sites
and bound by human ACPA in vitro [23].

As limited information is available about the circumstances
leading to the formation of dimeric IgA antibodies, and as
insights into this aspect could indicate that the mucosa may be
the site for breach of tolerance in rheumatic autoimmune dis-
eases, we set out to characterise the IgA response in RA, AAV,
SLE, and SSc. To investigate the occurrence of dimer formation,
we also explored the dynamics of a de novo IgA response to
SARS-CoV-2 induced after intramuscular vaccination or after
infection.
METHODS

Patient and control samples

Peripheral blood samples of 12 patients with ACPA+ RA, 11
anti-topoisomerase (ATA) positive SSc, and 12 anti-myeloperox-
idase (MPO) positive patients with AAV and 6 patients with
anti-double-stranded(ds)-DNA-positive SLE visiting the outpa-
tient clinic of the rheumatology department at the Leiden Uni-
versity Medical Center (LUMC) were included in this study.
Additionally, 3 healthy control (HC) samples and 3 patients
with ACPA- RA were also included. The patient characteristics
are reported in Supplementary Material (disease, year of sam-
pling, age, sex (male (M) & female (F)), disease duration at the
point of sampling in years, disease activity [for RA and SLE],
organ involvement [for SSc], diagnosis [for AAV], treatment
and B cell-depleting therapies [only reported here for AAV]). All
other participants had no B cell-depleting therapies before sam-
pling. For SARS-CoV-2 vaccinated individuals, peripheral blood
samples of 9 HC participants were obtained from the previously
described Target-2-B! cohort study, including 3 participants
who were SARS-CoV-2-naïve before vaccination and 6 who
were experienced as a result of previous infection (Supplemen-
tary Material).
Study approval

Written informed consent was obtained from all individuals
with RA, ANCA, SSc, SLE, and HC, and all protocols were
approved by the ethical committee of the LUMC, the Nether-
lands. Regarding the samples from the T2B! immunity against
SARS-CoV-2 study group, this was approved by the medical ethi-
cal committee (NL74974.018.20 and EudraCT 2021-001102-
30). All participants provided written informed consent. Patients
or the public were not involved in the design of the study.
Antibody measurement by ELISA

In-house enzyme-linked immunosorbent assays (ELISAs)
were performed to screen for the presence of autoantibodies.
For the RA samples, ELISAs were carried out to measure RF IgA,
anti-modified protein antibodies (AMPA) (ACPA, anti-carbamy-
lated protein antibodies [anti-CarP], and anti-acetylated protein
antibodies [AAPA]) IgA as described before with minor changes
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reported in Supplementary Material [21]. For the AAV samples,
the presence of anti-MPO IgA in serum was measured as
described previously [24]. In short, Corning 384-well micro-
plates (3700, Sigma Aldrich) were coated with human MPO
(MY862, Elastin Products Company). Samples were tested at a
1:200 dilution for screening and a 1:2 dilution for size exclusion
chromatography (SEC). Antibody binding was detected using
goat anti-human IgA (1:500, 2050-04, Southern Biotech) fol-
lowed by visualisation with p-nitrophenyl phosphate (34047
and 36064, Sigma) at 405 nm. For SSc, an ATA IgA ELISA was
performed as described before with minor changes (adapted
from [18]). Lastly, for SLE, an anti-dsDNA IgA ELISA was per-
formed. Corning 384-well microplates (3700, Sigma Aldrich)
were coated with ultraPure Salmon Sperm DNA Solution
(15632011, Thermofisher). Samples were tested in a titration
starting at 1:10 for sera (screening) and 1:2 dilution after SEC.
Antibody binding was detected using goat anti-human IgA
horseradish peroxidase (HRP) (A80-102P, Bethyl). SEC fractions
of rheumatic diseases and HC were also utilised in total Ig ELI-
SAs for IgM (1:250 or 1:500), IgA (1:3000 or 1:5000), and IgG
(1:5000) (A80-100, 102, and 104, Bethyl Laboratories) accord-
ing to the manufacturer’s protocols. All ELISAs were developed
using ABTS (2,2′-azino-bis 3-ethylbenzothiazoline-6-sulphonic
acid, in-house) and measured at 415 nm.

For the detection of SARS-CoV-2-specific antibodies, 96-well
maxisorp plates (ThermoFisher) were coated overnight with
recombinant Wuhan-Hu-1 (WH1) full spike (1 µg/mL). Fraction-
ated sera were tested at 1:50 and 1:500 dilutions in phosphate-
buffered saline (PBS) with 0.1% v/v Tween-20 and 0.2% w/v
gelatin (PTG buffer) and bound IgA was detected with mouse
anti-human IgA HRP (0.5 µg/mL, MH-14-1-HRP, Sanquin) in
PTG buffer. A serum pool with a known concentration of IgA
was used as a reference. Total IgA was measured similarly, using
mouse anti-human IgA (1 µg/mL, MH14-1, Sanquin) as coating
instead, and samples were tested at 1:1000 and 1:5000 dilution.
Binding was visualised using tetramethylbenzidine, and the
absorbance was read at 450 nm and 540 nm for background cor-
rection.

Size exclusion chromatography

Plasma of participants was diluted 1:1 in PBS, 1:3 for SARS-
CoV-2 vaccinated participants, and subsequently filtered (0.2
µM filters, Millipore). SEC of the plasma of rheumatic diseases
and HC was performed using the €AKTA Pure equipped with a
Hiload 16/600 Superdex 200 column (GE Healthcare, 28-9893-
35) and analyzed with Unicorn software (version 7.1) according
to the manufacturer. The SARS-CoV-2 sera were run on a Super-
dex 200 10/300 GL column (GE Healthcare) using an €AKTA Go
system.

Western blot

For SDS-PAGE, plasma from a patient with RA (1:2000
diluted), purified human IgA (20 ng) and purified AMPA (800-
1000 ng; containing AMPA IgG, IgM and IgA, purified according
to [25]), dimeric human IgA (666x diluted, Nordic), and plasma
of an IgA-deficient donor (20 µL) were mixed with Laemmli
buffer (Bio-Rad) and incubated for 5 min at 95°C. Samples were
loaded on a 4% to 15% mini TGX precast protein gel (Bio-Rad),
and the PageRulerTM Plus Prestained Protein Ladder (Thermo
Fisher) was used as reference. Proteins were blotted on a mini
0.2 µm polyvinylidene fluoride (PVDF) membrane using the
Trans-blot Turbo system (Bio-Rad). Blots were blocked with PTS
799
(PBS/0.05% Tween-20/3% skim milk powder [Sigma]) at 4°C
overnight. The next day, primary staining was performed at RT
with polyclonal rabbit anti-human IgA (1:10,000 in PTS, DAKO,
A0262) and afterwards at RT with polyclonal goat anti-rabbit-Ig
HRP (1:5000 in PTS, DAKO, P0448) in PTS. Blots were devel-
oped using Pierce ECL Western Blotting Substrate (GE Health-
care), the readout was performed on a Bio-Rad Chemidoc Touch
Imaging system, and the images were analyzed using Image Lab
(Version 6.1).

Tandem mass spectrometry (MS/MS)

In short, tandem mass spectrometry (MS/MS) was performed
on 3 size exclusion fractions (A, B, and C) of 3 patients to analyse
the presence of J chain and SC. Approximately 1 µg of IgA was
purified from these fractions by a 2-hour incubation with Cap-
tureSelect IgA Affinity Matrix beads (Thermo Scientific,
1942880250) on RT. IgA was released from the beads by incu-
bating them in Laemmli buffer at 95°C for 5 minutes. Sodium
dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
was performed as previously described and stained with Coo-
massie blue (Abcam) for 15 minutes. For MS analysis, gel bands
of interest (ie, monomeric [A], dimeric [B], and polymeric [C]
IgA) were cut out and processed as described in Supplementary
Material.

Statistical analysis

For ELISA, arbitrary units (AUs) were calculated from the
standards that were added to all ELISAs. For graphs, AUs were
normalized to a percentage whereby the highest AU in each par-
ticipant for a particular ELISA was set to 100%. To calculate the
percentage of high molecular weight (HMW) IgA, we defined a
cut-off distinguishing monomeric from HMW IgA for each indi-
vidual participant, using the area under the curve of each
respective ELISA. As illustrated in Figure 1E, the cut-off was set
2 fractions to the left based on the highest monomeric peak of
the total IgA. Statistical analysis was performed using GraphPad
Prism 7.02. Kruskal-Wallis tests were performed to investigate
differences in the percentage of HMW IgA. A Pearson correlation
was performed to investigate the differences between clinical
parameters and the proportion of HMW IgA. P values below .05
were considered statistically significant. Significant differences
are noted as follows: not significant (ns; P > .05), *P < .05,
**P < .01, ***P < .001, or ****P < .0001.

RESULTS

Characterization of IgA autoantibodies in RA

To investigate the size distribution of IgA autoantibodies in
patients with RA, plasma was fractionated using SEC. Fractions
were collected and analyzed for the presence of antibodies by
total Ig ELISAs in patients with ACPA+ RA, ACPA− RA, and HC
(Fig 1A, Supplementary Material). No difference was detected
between the size profiles of total IgM, IgA, or IgG in the patients
with ACPA+ RA compared to the patients with HC or ACPA−
RA (Fig 1B, Supplementary Material). As expected, antibodies
eluted according to size, with IgM eluting first, followed by IgA
and lastly IgG. IgA eluted in a broad range of fractions, suggest-
ing the presence of both monomeric and HMW IgA, although
monomeric IgA dominated the SEC spectrum. Next, the size dis-
tribution of AMPA IgA and RF IgA in the fractions was investi-
gated. All AMPA IgA, as well as RF IgA, were found to have a



Figure 1. Characterization of IgA autoantibodies in RA. (A) Method for the determination of HMW IgA. Plasma samples of patients with RA were screened for
AMPA positivity, and SEC followed by ELISA was conducted with positive samples. (B) Normalized AUs of total Ig patterns of a HC and a patient with RA (repre-
sentative of N = 3). (C) AMPA and RF IgA compared to total IgA in a patient with RA positive for all AMPA (ACPA = light blue = square,
AAPA=green= triangle, anti-CarP=dark blue= circle) and RF (RF=orange=diamond) IgA. (D) Heatmap of the ELISA data of SEC fractions of 12 patients
with RA (anti-CarP N= 4, AAPA N= 5, ACPA N= 10, RF N= 9). (E) Cut-off for HMW IgA and LMW IgA based on the total IgA peak of each participant. The
percentages of HMW IgA are depicted in the graph for all the participants with RA. A nonparametric test, Kruskal-Wallis test, was performed to compare total
IgA to ACPA IgA (P < .01), AAPA IgA (P < .05), anti-CarP IgA (P < .01), and RF IgA (P < .01). (F) IgA western blot of plasma, purified plasma IgA, purified
AMPA of a patient with RA, commercial dimeric IgA antibody (control), and IgA-deficient serum (control). (G) SDS-Page of 3 different fractions from the SEC of
a patient with RA (representative of N = 3). The respective bands visible in the SDS-Page were subjected to MS/MS. The summed abundance of 3 peptides in,
respectively, J chain (J chain = orange = circle and 3 peptides in SC (SC = yellow = square) is depicted in the graph for 3 patients with RA for each band
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larger proportion of HMW species compared to total IgA
(Fig 1C). We confirmed this change in size distribution towards
HMW of autoreactive IgA in other patients with ACPA+ RA for
all the AMPA and RF IgA (Fig 1D). The proportion of HMW auto-
antibody IgA was different for each patient, in some cases result-
ing in a complete shift of the peak from monomeric
autoantibody IgA towards the HMW protein side. The percent-
age of HMW IgA was significantly higher in ACPA IgA (P < .01),
AAPA IgA (P < .05), anti-CarP IgA (P < .01), and RF IgA (P <
.01) compared to total IgA (Fig 1E). The increased proportion of
dimeric ACPA IgA also demonstrated a correlation (R = 0.47)
with the disease activity score, although not significant. An
inverse correlation was seen between the symptom duration and
the proportion of dimeric ACPA IgA (R = -0.50, NS) (Supple-
mentary Material). These data complement each other since dis-
ease activity generally decreases with a longer disease duration.
Age did not show any association with the proportion of dimeric
autoantibody IgA.

To confirm whether this change in size distribution could
be attributed to the presence of HMW IgA, we subsequently
isolated AMPA and total IgA. Isolated supernatant was next
submitted to SDS-PAGE, and the molecular weight of purified
AMPA and total purified IgA from the same ACPA+ partici-
pant was assessed by IgA-specific western blot (Fig 1F). Total
plasma as well as purified IgA from plasma demonstrated a
band at the expected height of monomeric IgA. For AMPA IgA,
a second band, with the same intensity as the monomer band,
was visible at the height of a control IgA dimer. This band can
only be explained by interactions via disulfide bridges, such as
J chain binding to IgA, indicating the abundant presence of
HMW IgA in the isolated IgA AMPA fractions. To further inves-
tigate whether the difference in IgA distribution, detected
after SEC, was indeed due to the formation of HMW IgA, we
utilized MS/MS. The abundance of J chain and SC was ana-
lyzed in 3 purified IgA SEC fractions (A, B, and C) of partici-
pants with ACPA+ RA by MS/MS (Fig 1G). No sequences
derived from J chain or SC were detected in the monomeric
fractions (band A). In contrast, in band B at the height of
dimeric IgA, J chain-derived sequences were detected, indicat-
ing the presence of J chain. In the polymeric fraction, band C,
sequences derived from J chain as well as SC were present.
Although we also detected the presence of IgM, this was at a
considerably lower abundance as compared to IgA, indicating
that the J chain and SC were mainly associated with IgA.
Together, these data indicate that AMPA IgA are present in a
dimeric form, as shown by the increased size and the presence
of J chain and SC.
The size of IgA autoantibodies in rheumatic autoimmune diseases

To address the question of whether the increase in the pro-
portion of dimeric autoreactive IgA is specific for RA, we next
investigated IgA autoantibodies in other autoimmune rheu-
matic diseases. To this end, SEC was performed on plasma sam-
ples from patients with AAV, SSc, and SLE followed by the
measurement of total Ig and the respective autoantibody IgA
by ELISA. The analysis of sera from patients with AAV revealed
changes in the distribution of anti-MPO IgA compared to total
IgA, in line with the results of patients with RA (P < .0001)
separately (A, B, and C). AAPA, anti-acetylated protein antibody; ACPA, anti-citrul
bamylated protein antibodies; AU, arbitrary unit; ELISA, enzyme-linked immunoso
globulin; LMW, low molecular weight; MS/MS, tandem mass spectrometry; SC,
electrophoresis; PIgR, polymeric immunoglobulin receptor; RA, rheumatoid arthrit
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(Fig 2A). Participants with SLE also demonstrated an increased
proportion of dimeric anti-dsDNA IgA compared to total IgA
(P < .01). Surprisingly, total IgA also had an increased proportion
of dimeric IgA in SLE compared to other rheumatic diseases
(Fig 2C). Lastly, a more diffuse pattern was obtained by investigat-
ing the ATA response present in patients with SSc where in some
cases a small proportion of dimeric ATA IgA was observed,
whereas in other cases almost no dimeric ATA IgA was detectable
(Fig 2B). Together, these data indicate that an increase in dimeric
autoantibody IgA is found in some but not all autoimmune
diseases.
HMW IgA formation upon vaccination

As dimeric IgA responses in rheumatic diseases are hypothe-
sized to be related to a mucosal trigger, we aimed to investigate
the dynamics of mucosal and non-mucosal immune response by
taking primary (intramuscular vaccination) and recall (respira-
tory infection) responses in SARS-CoV-2 as a model [9]. To this
end, we examined serum samples from individuals who devel-
oped an immune response to SARS-CoV-2 through infection
before vaccination and from individuals without such exposure
before vaccination (‘Naïve’). Samples were included from 4 dif-
ferent timepoints: directly before the first vaccination (Pre-Vac
1), 10 days after the first vaccination (Post-Vac 1), directly
before the second vaccination (Pre-Vac 2), and 10 days after the
second vaccination (Post-Vac 2) (Fig 3A). As shown in
Figure 3B, the vaccinations elicited a SARS-CoV-2-specific
immune response with detectable anti-spike IgA levels. Samples
before vaccination 1 were negative for anti-spike IgA in all naïve
individuals and 3 out of 6 previously infected individuals
(‘Nondetectable Pre-Vac 1’). The other 3 previously infected
individuals had positive anti-spike IgA levels at this timepoint
and had reported positive SARS-CoV-2 polymerase chain reac-
tion (PCR) tests 22, 38, and 55 days before their first vaccine
dose and were therefore analyzed as a separate subset
(‘Detectable Pre-Vac 1’). The other 3 individuals,
‘Nondetectable Pre-Vac 1’, were positive for anti-nucleocapsid
antibodies or had a positive PCR test more than half a year
before the study.

We then investigated the dynamics of dimeric anti-spike IgA
after primary or recall responses by SEC. Unsurprisingly, the
‘Detectable Pre-Vac 1’ group showed dimeric anti-spike IgA in
all the sampled timepoints, with the largest proportion of
dimeric IgA at Post-Vac 1 (Fig 3C, Supplementary Material). In
the ‘Nondetectable Pre-Vac 1’ group, the anti-spike IgA response
after Post-Vac 1 also clearly demonstrated a highly dimeric
nature. Later timepoints showed less dimeric IgA, indicating
that repeated vaccination in a short time period did not lead to,
or sustain, a markedly dimeric anti-spike IgA response. Surpris-
ingly, in the naïve group, the intramuscular COVID vaccination
also led to an anti-spike IgA response with dimeric IgA. An
increase in dimeric IgA was visible compared to total IgA for the
2 timepoints at which anti-spike IgA could be detected.

DISCUSSION

In this study, we characterised the dimerization of the IgA
autoantibody response in rheumatic autoimmune diseases. The
linated antibody; AMPA, anti-modified protein antibodies; anti-CarP, anti-car-
rbent assay; HC, healthy control; HMW, high molecular weight; Ig, immuno-
secretory component; SDS-Page, sodium dodecyl-sulfate polyacrylamide gel
is; RF, rheumatoid factor; SEC, size exclusion chromatography.



Figure 2. The size of IgA autoantibodies in AAV, SSc,
and SLE. (A) Left is the SEC profile for a patient with
AAV (representative of N = 12). The normalized AU val-
ues are shown for the respective autoantibody (anti-
MPO IgA = purple square) as well as for total IgA. Right
is the percentage HMW IgA for the autoantibody and
total IgA. A nonparametric test, Kruskal-Wallis test, was
performed (anti-MPO [P < .0001]). (B) Left is the SEC
profile for a patient with SSc (representative of N = 11).
The normalized AU values are shown for the respective
autoantibody (ATA IgA = red square) as well as for total
IgA. Right is the percentage HMW IgA for the autoanti-
body and total IgA. A nonparametric test, Kruskal-Wallis
test, was performed (ATA = ns). (C) Left is the SEC pro-
file for a patient with SLE (representative of N = 6). The
normalized AU values are shown for the respective auto-
antibody (anti-dsDNA IgA = orange diamond) as well as
for total IgA. Right is the percentage HMW IgA for the
autoantibody and total IgA. A nonparametric test, Krus-
kal-Wallis test, was performed (anti-dsDNA IgA [P <
.01]). AAV, ANCA-associated vasculitis; ATA, antitopoi-
somerase; AU, arbitrary unit; dsDNA, anti-double
stranded DNA; HMW, high molecular weight; Ig, immu-
noglobulin; MPO, myeloperoxidase; ns, not significant;
SEC, size exclusion chromatography; SLE, systemic lupus
erythematosus; SSc, systemic sclerosis.
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results revealed that the RA-associated AMPA and RF IgA
responses had an increase in dimeric IgA compared to total IgA,
which consisted of approximately 20% dimeric IgA, while
AMPA and RF consisted of 60% to 80% dimeric IgA. This was
not exclusive to RA autoantibodies as the AAV-associated anti-
MPO response as well as the anti-dsDNA response in SLE dis-
played similar features, indicating that increased dimeric IgA
responses are present in other, although not all, autoimmune
diseases. Surprisingly, the proportion of dimeric total IgA in SLE
was increased compared to other autoimmune diseases. A possi-
ble explanation could be that the multitude of different autoanti-
bodies known to be present in SLE, this could affect the total
proportion of dimeric total IgA if they make up a significant
amount of the total IgA [20,26]. Furthermore, to shed light on
the origin of this dimeric autoimmune response, analysis of
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plasma from healthy individuals vaccinated against SARS-CoV-2
revealed that anti-spike IgA displayed a similar predominance of
dimeric IgA. As this was also observed in non-infected, but intra-
muscularly vaccinated individuals, these data reveal a crucial
finding that mucosal immune activation is not required for the
formation of a dimeric IgA response.

These outcomes are in line with previous studies indicating
that elevated SC binding is observed to ACPA IgA, RF IgA, and
total IgA in RA [27−29]. Likewise, our findings are in line with
studies into post-vaccination IgA responses in patients with IgA
nephropathy, where dimeric antigen-specific IgA increased
shortly after vaccination [30,31]. Together with our new data
on the presence of dimeric autoantibodies in relationship to clin-
ical data and the dynamics of the IgA response after vaccination,
a clear picture emerges indicating that dimeric IgA could be a



Figure 3. The dimeric IgA response after SARS-CoV-2 vaccination. (A) Scheme of the vaccination study. Samples were taken at 4 different timepoints
(before vaccination 1 = Pre-Vac 1 = red/cross, 10 days after vaccination 1 = Post-Vac 1 = blue/square, before vaccination 2 = Pre-Vac
2 = orange/triangle, 10 days after vaccination 2 = Post-Vac 2 = green/diamond). Not all timepoints were available for all patients. Post-Vac 1 sam-
ples were not available for naïve participants, and Pre-Vac 1 samples were precluded from further analysis if seronegative in the screening anti-RBD
IgA ELISA, which was the case in all 3 naïve participants and 3 of the previously infected individuals (‘Nondetectable Pre-Vac 1’). (B) Anti-spike IgA
levels at the different sample timepoints for the Naïve, Nondetectable Pre-Vac 1, and Detectable Pre-Vac 1 participants. N.D. = not determined. (C)
Percentage of HMW IgA at different timepoints in SARS-CoV-2-vaccinated individuals. A nonparametric Kruskal-Wallis test was performed. Nondetect-
able Pre-Vac 1: Post-Vac 1 (P < .05). Detectable Pre-Vac 1: Post-Vac 1 (P < .01). Other timepoints were ns (not significant). ELISA, enzyme-linked
immunosorbent assay; HMW, high molecular weight; Ig, immunoglobulin; anti-RBD, anti-receptor binding domain.
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hallmark of recent immune activation. This can occur at mucosal
surfaces, as evidenced by our data obtained following SARS-
CoV-2 infection, but also at non-mucosal surfaces, as indicated
by the observations made after intramuscular vaccination only.
Nonetheless, it is still highly conceivable that the presence of
dimeric autoreactive IgA results from immune activation at
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mucosal sites as several lines of evidence implicate a mucosal
contribution to the induction of autoreactive B cell-mediated
immune responses [21,32,33]. Through the persistent presence
of autoantigens, autoimmune responses could stay active for
prolonged periods. This is in line with data regarding ACPA-pro-
ducing B cells which are characterised by the expression of
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activation and proliferation markers, like Ki-67, indicating their
continuous activation [34,35]. These previous observations
therefore parallel the findings in this study, as they also point to
continuous immunological disease activity even in subjects
receiving adequate treatment for RA.

An important question that remains is which signals lead to the
development of this dimeric IgA response in B cells, which seems to
be temporary. Different lineages of B cells might be responsible for
the production of monomeric or dimeric IgA as there are differences
in clonality between monomeric and dimeric IgA [6]. The amount
of J chain, needed for the production of polymeric IgA, could also
be a determining factor, although this seems less likely, considering
that J-chain expression is known to be widespread in all B cells and
even present in IgG-producing B cells, despite the fact that IgG only
exists in monomeric form [36]. Whether J-chain chaperone-pro-
teins, cytokine/chemokine mix, or B cell location influence dimeric
IgA antibody production currently remains unclear [37]. Therefore,
further research is needed to elucidate the underlying mechanism.
The function of dimeric IgA in plasma is almost as elusive as the for-
mation, although in SARS-CoV-2 and influenza, it has been sug-
gested that dimeric IgA displays an increased neutralizing activity
[1−4]. Hence, it is also interesting to further investigate the effects
of dimeric IgA since it could also very well be hypothesized that the
effector functions are proinflammatory, through, e.g. receptor bind-
ing and neutrophil activation [38]. Simultaneously, it would be
important to performmore in-depth studies into a possible relation-
ship between the occurrence of dimeric IgA autoantibody responses
and disease activity and remission. In light of the findings, it
appears plausible that there could be a relationship between disease
duration as well as disease activity and dimeric autoantibody IgA
formation. This would indicate that dimeric IgA could serve as a
marker for immunological disease activity.

Our study has some limitations, as the sample size in some of
the groups is relatively small. Likewise, our data do not allow
definitive conclusions about the origin of dimeric autoreactive
IgA or the exact mechanism regulating the production of dimeric
IgA. However, the strength of this study is that we present a new
concept regarding the dynamics of IgA responses. We have
investigated this in 4 autoimmune diseases and a vaccination
study of an infectious disease, whereby we confirmed our find-
ings in ELISA with multiple different methods (ie, western blot
and MS/MS) and gained valuable insight into the development
of the dimeric IgA response.

In summary, we propose that dimeric IgA is a key feature of
newly emerging and autoreactive immune responses. The size of
IgA plays an important role in neutralization, making our findings
very relevant for the development of efficient vaccines. Besides,
dimeric IgA could also serve as a marker for immunological disease
activity in autoimmunity. Consequently, our findings are key to
understanding the dynamics of dimeric IgA responses in autoimmu-
nity as well as in fundamental immunology.
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A B S T R A C T

Objectives: There is growing evidence of microbial involvement in immune-mediated inflamma-
tory diseases, including psoriatic arthritis (PsA) and inflammatory bowel disease (IBD). How-
ever, it remains unclear whether different PsA phenotypes exhibit distinct microbial profiles.
Furthermore, up to 4% of patients with PsA have comorbid IBD, which often remains undiag-
nosed. We hypothesised that the gut microbiome distinguishes PsA subphenotypes and serves as
a biomarker of IBD in patients with PsA independent of faecal calprotectin (fCAL).
Methods: We obtained samples from 192 patients with axial or peripheral PsA and no prior diag-
nosis of IBD enrolled in the EISER study. Patients with elevated fCAL and subclinical IBD symp-
toms underwent colonoscopy with intestinal biopsy. Stool samples were used to measure fCAL,
and gut microbiome was characterised using shotgun metagenomics. Serum samples were used
for cytokine profiling.
Results: Axial PsA had lower alpha diversity and loss of several commensals compared with
peripheral PsA, as well as a depletion of microbial biotin and arginine metabolism and higher
levels of IL-23, IL-17F, and IL-8. Five subjects had newly diagnosed IBD which was characterised
by a depletion of tryptophan and vitamin B6 metabolism. They also showed significant enrich-
ment of several taxa compared to non-IBD and with a larger effect size than fCAL.
Conclusions: Our results identify a distinct microbiome and immune profile in axial PsA, with
lower microbiome diversity, a depletion of commensals and protective microbial mechanisms,
and higher levels of some proinflammatory cytokines. In patients with newly diagnosed IBD, we
identified microbial taxa associated with the condition yet independent of fCAL, the current clin-
ical standard.
INTRODUCTION

An accumulating body of evidence has revealed associations
between the microbiome and immune-mediated inflammatory
diseases. Among them, previous studies have shown that psori-
atic arthritis (PsA) often exhibits a distinct microbial profile
compared to healthy subjects [1,2]. PsA is one of the most prev-
alent spondyloarthritis (SpA) and develops in approximately
30% of patients with psoriasis [3]. Most patients with PsA pres-
ent with peripheral involvement, typically affecting small and
medium joints of the hands and feet [4]. Axial PsA is less fre-
quent, typically occurring in the presence of peripheral synovio-
entheseal disease [5], and is associated with more severe clinical
manifestations, including greater pain and impaired physical
function [6]. Furthermore, the immune pathways involved are
different from those in peripheral, which is reflected in the lack
of efficacy of conventional, synthetic disease-modifying anti-
rheumatic drugs (csDMARDs) and interleukin (IL)-23 inhibitors
in axial SpA [7,8]. Therefore, biomarkers for axial PsA are
needed for early diagnosis and to improve the treatment of this
subphenotype. Importantly, the microbiome across PsA pheno-
types has not yet been previously characterised.

In addition, up to 4% of patients with PsA also have concur-
rent inflammatory bowel disease (IBD) but often go undiagnosed
[9]. Patients with PsA and comorbid IBD exhibit higher health
resource utilisation, including more inpatient and emergency
room visits, more IBD-related procedures, and increased use of
medications [9]. Furthermore, several drugs prescribed for the
treatment of PsA are either ineffective (etanercept) or can
worsen IBD (IL-17i) [10,11]. Early and accurate diagnosis of
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comorbid IBD in patients with PsA is thus key for the deploy-
ment of tailored treatments that target both diseases, and that
provide the best possible care for patients. Although faecal cal-
protectin (fCAL) is routinely used in the clinic to aid in the
screening and diagnosis of IBD in the general population, its var-
iability and broad range of values limit its predictive power
[12,13]. Additional biomarkers are therefore critical, particu-
larly to identify patients who might be at higher risk.

Here, we hypothesise that the gut microbiome might serve as
a biomarker of disease phenotypes in patients with PsA and IBD.
Leveraging samples collected from patients in the EISER cohort,
a multicentre, cross-sectional study aimed at estimating the
prevalence of undiagnosed IBD in patients with SpA (including
PsA), we characterised the gut microbiome and serum proteo-
mics of all patients with PsA. We evaluated the capacity of bacte-
rial and serum biomarkers to differentiate patients with axial or
peripheral PsA manifestations, and to identify patients with PsA
who were newly diagnosed with IBD by comparing these bio-
markers against levels of fCAL.

METHODS

Study design

The EISER study is a multicentre, cross-sectional study of
patients with SpA, including both PsA and axial SpA. The study
is a collaborative effort between the Spanish Society of Rheuma-
tology and the Spanish Working Group on Crohn’s Disease and
Ulcerative Colitis. EISER was conducted in rheumatology and
gastroenterology clinics in 13 Hospitals from the Spanish



WHAT IS ALREADY KNOWN ON THIS TOPIC
� Immune diseases such as psoriatic arthritis (PsA) and inflam-
matory bowel disease (IBD) exhibit unique gut microbiome sig-
natures.

� Up to 4% of PsA patients have undiagnosed IBD. While bio-
markers such as fecal calprotectin (fCal) are commonly used
for IBD diagnosis, there is a lack of robust, accurate methods
for early detection, particularly in patients with comorbidities
such as PsA.

WHAT THIS STUDY ADDS
� Patients with axial and peripheral PsA had distinctive micro-
biome features, including lower alpha diversity, loss of com-
mensals and a depletion of microbial biotin and arginine
metabolism in axial PsA.

� Subjects with newly diagnosed IBD had a depletion of trypto-
phan and vitamin B6 metabolism and were characterized by an
enrichment of several taxa that had a larger effect size than
fCAL. Importantly, these taxa were not correlated with fCAL
levels, suggesting they could potentially serve as orthogonal
markers of IBD.

� Despite notable differences in study design and clinical charac-
teristics of patients, we validated our findings of microbial fea-
tures distinguishing SpA phenotypes and IBD in external
cohorts.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY
� PsA presentation had a significant effect on gut microbiome,
suggesting that future studies should explicitly consider
whether patients have peripheral, axial phenotype or both.

� PsA patients with newly diagnosed IBD were also characterized
by unique microbiome signatures that were independent of
fCAL.

� Microbial signatures are partially conserved across cohorts,
suggesting that future work on larger populations could iden-
tify additional microbial biomarkers for PsA phenotype and
IBD.
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National Public Health System. The study was approved by the
Medical Research Ethics Committee of the Hospital Puerta de
Hierro Majadahonda (Madrid, Spain, ref. FER-PRE-2020-01-H.
U.P.H: 108/20), and all participants provided written consent
before enrolment.

A subset of patients participating in the EISER study who had
been previously diagnosed with PsA (n = 246) were invited to
participate in a substudy to assess their gut microbiome and
blood biomarkers. One hundred and ninety-four patients
Figure 1. EISER study design. Overall study design, sample collection and
(fCAL). EISER, Enfermedad Inflamatoria Intestinal Sociedad Espa~nola de Re
magnetic resonance; PsA, psoriatic arthritis.
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consented to participate, of which 192 provided a stool sample
and were included in the study (Fig 1). Blood samples from 125
of the patients were available for proteomic analysis. Patients
who had no available colonoscopy for IBD diagnosis (n = 13,
6.7%) were excluded from analyses related to IBD.

Patients aged over 18 years who had been diagnosed with
PsA in accordance with the ClASsification for Psoriatic Arthritis
criteria [14] were eligible to participate in the substudy.
Patients older than 50 years were included if they had not
undergone a complete colonoscopy within the previous 3 years
or, if performed, was considered of inadequate quality. Patients
were excluded if they had a previous IBD diagnosis or other
known chronic gastrointestinal disease, if they were receiving
biologics or systemic steroids within the 30 days prior to inclu-
sion, or if they were participating in another clinical research
study.

Demographic and clinical information and variables related
to PsA disease activity and medications were collected at the
rheumatologist’s office. Patients were classified into 2 groups
based on their symptomatology: peripheral PsA alone
(n = 143), or axial PsA (n = 49), which included patients with
pure axial PsA (n = 9, 18%) and those with both axial and
peripheral symptoms (mixed PsA, n = 40, 82%) (Fig 1, Table).
PsA disease activity in the axial group was measured using the
Ankylosing Spondylitis Disease Activity Score (ASDAS), and in
the peripheral group using the Disease Activity in PsA (DAPSA).
Patients were classified into 4 PsA disease activity groups based
on their respective disease activity scores: inactive (ASDAS:
<1.3; DAPSA: <4), low (ASDAS: 1.3-2.1; DAPSA: 4-14), moder-
ate/high (ASDAS: 2.1-3.5; DAPSA: 14-28), and high (ASDAS:
>3.5; DAPSA: >28).
Patient and public involvement

Patients or the public were not involved in the study design.
Assessment of IBD symptoms and diagnosis

Assessment of symptoms compatible with IBD was performed
by the rheumatologist using the screening criteria described by
the Inflammatory Bowel and Joint Pathology working group
(PIIASER) [15]. To measure fCAL, a stool sample was collected
in a B€UHLMANN CALEX tube the day before the visit to the gas-
troenterologist, and levels were measured using the Quantum
Blue fCAL rapid test technology (B€UHLMANN Laboratories AG)
following the manufacturer’s instructions. A gastroenterologist
analysis on gut microbiome, serum proteomics, and faecal calprotectin
umatología; GI, gastrointestinal; IBD, inflammatory bowel disease; MR,



Table
Cohort summary

Axial PsA Peripheral PsA P value

Subjects, n 49 143 NA
Sex (female), n (%) 28 (57.14) 65 (45.5) .249
Age (y) 55.2 ± 13 55.7 ± 12.5 .844
Age at diagnosis (y) 45.1 ± 14.1 46.6 ± 12.2 .516
Disease duration (y) 10.1 ± 9.95 9.22 ± 9.81 .574
HLA-B27, positive/evaluable (%) 13/40 (32.5) 6/77 (7.8) 9.92 × 10-05

PsA disease activity
DAPSA 10.1 ± 8.15 10.8 ± 8.53 .663
ASDAS-CRP 2.25 ± 1.09 NA NA
CRP (mg/L) 4.71 ± 4.96 4.50 ± 5.53 .809

Patient global assessment 4.22 ± 2.88 3.76 ± 2.53 .321
Medications
NSAIDs, n (%) 24 (49) 43 (30.1) .033
DMARDs, n (%) 32 (65.3) 108 (75.5) .389
Methotrexate 19 (38.8) 84 (58.7) .008
Leflunomide 3 (6.12) 15 (10.5) .570
Sulfasalazine 7 (14.3) 3 (2.1) .003
Apremilast 7 (14.3) 2 (1.4) .001
PPIs, n (%) 20 (40.8) 43 (30.1) .202

Smoking habits
Never smoker 13 (26.5) 72 (50.3) .007
Former smoker 19 (38.8) 52 (36.4) .781
Current smoker 17 (34.7) 19 (13.3) .002

Alcohol use (yes), n (%) 22 (44.9) 58 (40.6) .639
Faecal calprotectin (fCAL) 140 ± 187 151 ± 216 .744
IBD symptoms, n (%) 10 (20.4) 15 (10.5) .074
IBD diagnosis, n (%) 2/46 (4.35) 3/133 (2.26) .415

ASDAS, Ankylosing Spondylitis Disease Activity Score; CRP, C-reactive protein;
DMARD, disease-modifying antirheumatic drug; DAPSA, Disease Activity in
Psoriatic Arthritis; IBD, inflammatory bowel disease; NA, Not available; NSAID,
nonsteroidal anti-inflammatory drug; PPI, proton-pump inhibitor; PsA, psoriatic
arthritis.
Demographics and clinical data for patients with peripheral vs axial PsA.
Significance of bold values p < 0.05.
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evaluated the use of the fCAL test, clinical data, and symptoms
collected by the rheumatologist. Patients underwent a colonos-
copy if their fCAL levels were equal or greater than 80 µg/g of
stool, or if levels were equal or greater than 160 µg/g if they
were receiving nonsteroidal anti-inflammatory drugs (NSAIDs).
If the patient was on NSAIDs and the fCAL was 80 to 160 µg/g,
NSAIDs were discontinued and fCAL was reassessed 2 weeks
later. If the fCAL levels were <80 µg/g after 2 weeks, the colo-
noscopy was not performed. However, colonoscopies were per-
formed in patients with fCAL <80 µg/g if considered clinically
indicated by the gastroenterologist (n = 7). Quantitative endo-
scopic results were measured using the Simple Endoscopic Score
for evaluating Crohn’s disease (CD), and the Ulcerative Colitis
Endoscopic Index of Severity for the assessment of ulcerative
colitis (UC). IBD diagnosis was confirmed through histological
analysis of mucosal biopsies obtained during the colonoscopy.
In case of a negative colonoscopy, an endoscopy with capsule
was performed using a Patency Agile capsule (Given Imaging
Ltd) (n = 35), and endoscopic findings were evaluated using
the Lewis index. If capsule endoscopy was contraindicated, the
patient underwent a magnetic resonance enterography (MRE,
n = 3). Final determination of IBD diagnosis was performed by
the gastroenterologist in every case and based on colonoscopy,
histological analysis of biopsies, capsule endoscopy, and/or
MRE findings. Patients with IBD were classified as having either
CD or UC, or as unclassified IBD when clinical, endoscopic, and
histological findings did not clearly support a definitive diagno-
sis of either [16].
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Microbiome and serum biomarker characterisation

Stool samples were collected for microbiome analysis using
OMNIGEN-gut OM-200 tubes and following the manufacturer’s
instructions. DNA was isolated from stool aliquots using the
QIAGEN DNeasy PowerSoil Pro Kit according to the man-
ufacturer’s protocol. Extracted DNA was quantified in a GloMax
Plate Reader System (Promega) using the QuantiFluor dsDNA
System (Promega) chemistry. DNA libraries were prepared using
the Nextera XT DNA Library Preparation Kit (Illumina) and IDT
Unique Dual Indexes with a total DNA input of 1 ng. Genomic
DNA was fragmented using a proportional amount of Illumina
Nextera XT fragmentation enzyme. Unique dual indexes were
added to each sample, followed by 12 cycles of PCR to construct
libraries. DNA libraries were then purified using AMpure mag-
netic Beads (Beckman Coulter) and eluted in QIAGEN EB buffer.
DNA libraries were quantified using a Qubit 4 fluorometer with
the Qubit dsDNA HS Assay Kit. Libraries were then sequenced
on an Illumina HiSeq platform (2 × 150 bp). Sequenced data
were processed using MetaPhlAn 4 [17] and HUMANn 3.9 [18].
Bacterial load was predicted from shotgun metagenomics as pre-
viously described [19].

Blood samples were collected at the rheumatologist’s office,
using Acutainers BD SST II Advance Plus Tubes with BD Hemo-
gard caps. Tubes were inverted 6 times for correct clot retraction
and incubated for 30 minutes. Samples were centrifuged at 1300
−2000 × g for 10 minutes or at 3000 × g for 5 minutes at a tem-
perature between 18 and 25°C. Serum was collected and trans-
ferred to a cryotube and frozen at -20°C until its subsequent
analysis. Serum cytokines were analysed as follows: IL-23 and
IL-17F were measured using Millipore SMC assays; IL-17A was
measured using MSD S-Plex assay; other cytokines were mea-
sured using MSD V-Plex Plus Human Proinflammatory 10-Plex
Panel 1: IFN-γ, IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-
13, and TNF-α. Assays were performed according to man-
ufacturer’s instructions.

Statistical analyses

Microbiome data were processed using standard approaches as
we have previously described [1] (see additional details in Supple-
mentary Materials); alpha diversity was calculated using the Shan-
non entropy index, and beta diversity was calculated based on
Bray-Curtis dissimilarity index. Differential enrichment analysis
(LEfSe, MaAsLin2, ANCOM-BC, LinDA, and ALDEx2) was applied
to identify enrichment/depletion of specific bacterial features/met-
abolic pathways between PsA types and patients with vs without
IBD [20−24]. Statistical analysis was performed using R software
v4.4.0. Statistical significance was calculated using the χ2 test for
binary variables. Categorical variables were analysed using either
the Wilcoxon or Kruskal-Wallis test, depending on the number of
groups being compared. Correlations between continuous variables
were analysed using CUTIE [25]. For multiple hypothesis testing,
we used the false discovery rate-Benjamini Hochberg correction
with q < 0.1. Multivariate models were conducted using general-
ised linear models in R and MaAsLin2 for microbial features.

RESULTS

Cohort summary

There were no significant differences in age, sex (biological
sex), PsA disease duration, or age of diagnosis between patients
with axial and peripheral PsA (Table). Of 117 patients for which



Figure 2. Microbiome and blood biomarkers across PsA dis-
ease phenotypes. (A) Species-level taxonomic composition
across all samples. (B) Alpha diversity in axial vs peripheral
PsA, measured by Shannon diversity. (C) PCoA plot repre-
senting beta diversity based on Bray-Curtis dissimilarity,
samples coloured by PsA phenotype. (D) Differentially
enriched taxa in axial (yellow) vs peripheral (dark brown)
PsA. (Left) Taxa ranked according to linear discriminant
analysis effect size (LEfSe). (Middle) Taxa identified as dif-
ferential (grey boxes) according to MaAsLin2, ANCOM-BC,
LinDA, and ALDEx2. (Right) Difference in mean relative
abundance between axial and peripheral PsA. (E) Serum
proinflammatory cytokines significantly elevated in axial
compared to peripheral PsA. (F) Serum C-reactive protein
(CRP) in axial and peripheral PsA. * P < .05. LDA, linear dis-
criminant analysis; PCoA, principal coordinates analysis;
PsA, psoriatic arthritis.
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HLA-B27 information was available, 13 of 40 (32.5%) were posi-
tive in axial PsA, whereas only 6 of 77 (8%) were peripheral PsA
(P = 9.92 × 10-05). On average, the mean disease activity was
moderate in patients with axial PsA (ASDAS-C-reactive protein
[CRP]: 2.25 ± 1.09) and low in peripheral PsA (DAPSA: 10.8 ±
8.53) (Table). As expected, patients with axial PsA received
NSAIDs more frequently than patients with peripheral PsA (49%
vs 30%, P = .033), but there were no significant differences in
the overall use of csDMARDs and proton-pump inhibitors (PPIs)
(P= .389 and P= .202, respectively).

We identified symptoms compatible with IBD in 20.4% of
axial PsA and 10.5% of patients with peripheral PsA. Seventy-
five patients had fCAL levels greater than 80 µg/g, with similar
mean levels in axial and peripheral PsA (P = .744). Five of the
179 patients who were evaluated were ultimately diagnosed
with IBD (2.8%; axial n = 2, peripheral n = 3) (Supplementary
Table S1). Two of the patients with IBD had inactive PsA dis-
ease, 1 had low disease activity, and 2 had moderate/high dis-
ease activity. Four of the diagnosed patients had fCAL levels
>80 µg/g and 1 lower levels (72 µg/g).
PsA phenotypes exhibit distinct gut microbiome and serum
proinflammatory cytokines profiles

The gut microbiome of patients in this study was patient-spe-
cific and dominated by Prevotella copri (9.95% ± 16.65%),
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Faecalibacterium prausnitzii (5.07% ± 2.9%), Phocaeicola vulgatus
(4.19% ± 5.29%), and Bacteroides uniformis (4.21% ± 4.55%)
(Fig 2A). As expected and previously reported, we found that the
microbiome composition of 23 healthy controls [26] was signifi-
cantly different from that of patients with PsA in EISER
(P = .001), with numerous differential features, including a nota-
ble enrichment of P. copri clade A in patients with PsA (P = .019).
In EISER patients, DMARDs and NSAIDs did not have a significant
effect on either microbial alpha (P= .92, P= .12, respectively) or
beta diversity (P = .45, P = .07) (Supplementary Fig S1, Supple-
mentary Table S2). PPIs did not have a significant effect on alpha
diversity (P= .45) but did in beta diversity (P= .03) (Supplemen-
tary Table S2), while PPI usage was not significantly distinct
between patients with axial and peripheral PsA (P = .202, Table).
We found significantly lower levels of alpha diversity in patients
with axial PsA compared to peripheral PsA (P = .038) (Fig 2B).
Bacterial load was not significantly different between PsA pheno-
types (P= .615). Although we did not observe significant differen-
ces in beta diversity between the 2 disease phenotypes
(PERMANOVA, P= .112) (Fig 2C), several taxa were differentially
abundant between the groups: 3 different Prevotella copri clades
were enriched in patients with axial PsA, while Phocaeicola dorei,
Ruminococcus gnavus, Akkermansia muciniphila, Alistipes shahii, and
Bifidobacterium pseudocatenulatum among others, were enriched in
peripheral PsA (Fig 2D, left). Enrichment of P. copri clades A and E
in axial PsA and of P. dorei in peripheral PsA was further confirmed
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using alternative methods for differential analysis (Fig 2D, middle;
see Supplementary Fig S2 for specific results with each method).
Of 13 cytokines measured (Supplementary Fig S3, Supplementary
Table S3), 3 proinflammatory cytokines were significantly different
between patients with axial and peripheral PsA: IL-23, IL-17F, and
IL-8 all exhibited higher levels in axial PsA (P = .028, P = .018,
P= .013, respectively) (Fig 2E). IL-13, a cytokine with both proin-
flammatory and anti-inflammatory effects, was also differential
(higher in axial PsA, P= .028, Supplementary Fig. S3). We did not
observe significant differences in CRP levels between axial and
peripheral PsA (P = .354, Fig 2F), although patients with high or
very high disease activity levels had, as expected, significantly
higher levels of CRP compared to those with inactive or low dis-
ease activity (P = .001, P = .012, respectively). No differences in
alpha or beta diversity were observed across PsA disease activity
levels (P= .486 and .071, respectively).

Microbial biomarkers in patients with PsA with newly diagnosed
IBD

Among patients with PsA with newly diagnosed IBD (axial
n = 2; peripheral n = 3, Supplementary Table S3), we did not
observe significant differences in alpha or beta diversity based on
IBD diagnosis (Fig 3A,B). Furthermore, bacterial load was not
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significantly different between IBD and non-IBD subjects
(P= .885). However, we identified several bacterial taxa differen-
tially abundant in patients with IBD: Prevotella copri clade A, P. ster-
corea, P. distasonis, Mitsuokella multacida, Eubacterium siraeum,
Blautia stercoris, and Clostridium fessum, among others, were signifi-
cantly enriched in patients with IBD, whereas Streptococcus lutetien-
sis was depleted (Fig 3C, left). P. copri clade A was confirmed to be
enriched in IBD based on all differential analysis methods tested,
and P. stercorea was also enriched in IBD according to 4 of 5 meth-
ods (Fig 3C, middle; see Supplementary Fig S4 for specific results
with each method). Patients diagnosed with IBD had higher fCAL
levels (P= .016) (Fig 3D), although we found no significant differ-
ences in the levels of CRP (P = .377) or serum cytokines between
patients with and without IBD (Supplementary Table S4). Impor-
tantly, several of the differentially abundant bacterial taxa had a
larger effect size for IBD diagnosis compared with fCAL (Cohen’s
D; P. stercorea: 1.268, P. copri clade A: 1.23, B. stercoris: 1.107, C.
fessum: 0.750; fCAL: 0.629) (Fig 3E). Differential taxa uniquely
identified by other methods also had comparable effect sizes to
fCAL (Supplementary Fig S5). The abundance of P. stercorea, Blau-
tia stercoris, and P. copri clade A was not significantly correlated
with the levels of fCAL (Spearman; P = .58, P = .36, P = .51,
P= .42, respectively), whereas the levels of C. fessum were signifi-
cantly correlated with fCAL (P= .029) although with low strength
Figure 3. Microbiome and biomarkers of IBD in
patients with PsA. (A) Alpha diversity in patients
with PsA with and without IBD. (B) PCoA plot
based on beta diversity in patients with and with-
out IBD. (C) Taxa differentially enriched in
patients with and without IBD. (Left) Taxa ranked
according to linear discriminant analysis effect
size (LEfSe). (Middle) Taxa identified as differen-
tial (grey boxes) according to MaAsLin2,
ANCOM-BC, LinDA, and ALDEx2. Stars indicate a
significant difference after FDR correction.
(Right) Difference in mean relative abundance
between IBD and no IBD. (D) fCAL and bacterial
biomarkers significantly elevated in patients with
IBD compared to without IBD. (E) Cohen’s D
effect size of bacterial taxa and fCAL in IBD diag-
nosis. Significance levels: *, P < .05; **, P < .01;
***, P < .001. FDR, false discovery rate; fCAL, fae-
cal calprotectin; IBD, inflammatory bowel dis-
ease; LDA, linear discriminant analysis; PsA,
psoriatic arthritis; PCoA, principal coordinates
analysis.



Figure 4. Bacterial metabolic pathways across subjects and differentially enriched. (A) Differentially enriched pathways in axial vs peripheral PsA.
(Left) Pathways ranked according to linear discriminant analysis effect size (LEfSe). (Middle) Taxa identified as differential (grey boxes) according to
MaAsLin2, ANCOM-BC, LinDA, and ALDEx2. Stars indicate significant difference after FDR correction. (Right) Difference in mean relative abundance
between axial and peripheral PsA. (B) Differentially enriched pathways in patients with IBD vs without IBD. (Left) Pathways ranked according to linear
discriminant analysis effect size (LEfSe). (Middle) Taxa identified as differential (grey boxes) according to MaAsLin2, ANCOM-BC, LinDA, and
ALDEx2. Stars indicate significant difference after FDR correction. (Right) Difference in mean relative abundance between patients with IBD and with-
out IBD. (C) Pathways and cytokines mediating the effect of microbial features in CRP. CRP, C-reactive protein; CoA, Coenzyme A; FDR, false discovery
rate; IBD, inflammatory bowel disease; IL, interleukin; LDA, linear discriminant analysis; MR, magnetic resonance; PsA, psoriatic arthritis.

A. Boix-Amor�os et al. Ann Rheum Dis 85 (2026) 806−817
(rho = 0.16). Importantly, none of these taxonomic biomarkers
were impacted by medication usage (P> .05 for DMARDs, NSAIDs,
and PPI, Supplementary Fig S6). Overall, these results suggest that
these taxa are not correlated with fCAL and are therefore associ-
ated with newly diagnosed IBD in patients with PsA independent
of calprotectin levels.
Bacterial functions associated with PsA disease phenotypes and
IBD

Abundance of microbial metabolism pathways in our cohort
was heterogeneous across patients but generally more conserved
than taxonomic composition (Supplementary Fig S7). In patients
with peripheral PsA, we found that metabolic pathways encod-
ing genes related to biotin metabolism, arginine, secondary bile
acids, and glycan biosynthesis, among others, were significantly
enriched, whereas pyrimidine metabolism, pantothenate and
CoA biosynthesis, and glucosinolate biosynthesis, among others,
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were enriched in patients with axial PsA (Fig 4A). In patients
without IBD, we found a significant enrichment of pathways
encoding genes involved in pyrimidine, vitamin B6, and trypto-
phan metabolism. Pathways encoding genes related to metabo-
lism of ascorbate, aldarate, and pyruvate, degradation of valine,
leucine, and isoleucine, and biosynthesis of glucosinolate were
enriched in patients with IBD (Fig 4B). Alternative methods for
differential analysis of pathways were also performed in both
axial vs peripheral PsA and IBD vs non-IBD (Supplementary Fig
S8A,B). The contribution of bacterial species to pathways was
generally dominated by Bacteroides vulgatus, Faecalibacterium
prausnitzii, Bacteroides dorei, and Eubacterium rectale (Supple-
mentary Fig S9). Depending on PsA phenotype, different bacte-
ria contributed to specific pathways, with B. vulgatus and
Acidaminococcus intestini primarily contributing in axial PsA, and
Roseburia intestinalis and B. dorei primarily contributing in
peripheral PsA. When comparing IBD and non-IBD, B. vulgatus
and E. siraeum contributed primarily in IBD, whereas B. dorei
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and Coprococcus eutactus contributed more in non-IBD (Supple-
mentary Fig S10, S11). Lastly, we performed mediation analysis
to investigate microbial contributions to CRP levels through spe-
cific pathways or proinflammatory cytokines. Using taxa and
pathways differential in PsA phenotypes or IBD diagnosis, we
identified 3 significant associations: propanoate metabolism
mediates the effect of B. longum in CRP while suppressing (ie,
negative mediation) the effect of Roseburia sp., and suppression
through IL-17F of biotin metabolism effects (Fig 4C).
Predictive power of microbial features in PsA phenotypes and IBD
across populations

We next investigated whether findings from the EISER study
were generalisable across populations. We identified 3 studies
that included patients with different forms of SpA and IBD with
available microbiome data: a study by Maldarelli et al, of patients
with peripheral (N = 38) and axial (N = 13) SpA who also had
concomitant CD [27], a study by Berlinberg et al, of patients with
SpA with (N = 13) and without (N = 23) CD [26], and a study
by Sternes et al, of patients with ankylosing spondylitis with
(N = 5) and without (N = 18) IBD [28]. Of note, none of these
studies had a design comparable to EISER and IBD was already
established in all patients and not newly diagnosed.

In the Maldarelli study, alpha diversity was higher in patients
with axial SpA than those with peripheral presentation,
although not significantly (P = .07) (Supplementary Fig S12A),
whereas beta diversity was significantly different between the
groups (P = .003) (Supplementary Fig S12B). In line with find-
ings in the EISER cohort, we found that Phocaeicola was
enriched in peripheral SpA, whereas P. copri was more abundant
in axial presentation (Supplementary Fig S12C). Furthermore,
and also consistent with results in EISER, biotin metabolism and
teichoic acid biosynthesis were enriched in patients with periph-
eral SpA (Supplementary Fig S12D).

In the Berlinberg study, there were no significant differences
between patients with SpA CD and without CD in alpha (P= .76)
nor beta diversity (P = .32) (Supplementary Fig S13A,B). E. coli,
Enterocloster clostridioformis, and Anaerotignum lactatifermentans
were enriched in CD and Finegoldia magna in those without CD
(Supplementary Fig S13D,E). In the study by Sternes et al of
patients with ankylosing spondylitis with and without IBD, we
found no significant differences in alpha diversity (P = .55) but
significant differences in beta diversity (P= .002) with respect to
IBD (Supplementary Fig S14A,B). B fragilis, Eubacterium spp., and
Ruthenibacterium lactatiformans were enriched in IBD and Bacter-
oides merdae in patients without IBD (Supplementary Fig S14C).
The valine, leucine, and isoleucine degradation pathway was also
enriched in patients with IBD (Supplementary Fig S14D), in line
with results in the EISER cohort. In this study, which included
fCAL data, we found that, similar to EISER, microbial biomarkers
of IBD were also not significantly correlated with fCAL (B. fragilis,
r = 0.02, P = .87; Eubacterium spp. r = 0.03, P = .84; R. lactati-
formans r = 0.28, P = .06), with B. fragilis having an effect size
comparable to fCAL in distinguishing patients with IBD and with-
out IBD (Supplementary Fig S14E).

Overall, results across these cohorts suggest that, despite
notable differences in study design, clinical characteristics of
patients, and microbiome characterisation techniques, microbial
features can distinguish SpA phenotypes. Importantly, our find-
ings from the EISER study on the potential for specific bacteria
to identify IBD independent of fCAL were substantiated by
results in the Berlinberg et al cohort.
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DISCUSSION

Our study is the first to comprehensively characterise the gut
microbiome, cytokine profiles, and fCAL of patients with PsA,
aimed at identifying changes associated with PsA phenotypes
and with IBD. Importantly, because patients in our cohort were
newly diagnosed with IBD, our results are not confounded by
the known effects of medications on the microbiome [29]. The
gut microbiome of patients in the EISER cohort was dominated
by Prevotella copri (9.95% ± 16.65%), Faecalibacterium prausnitzii
(5.07% ± 2.9%), Phocaeicola vulgatus (4.19% ± 5.29%), and Bac-
teroides uniformis (4.21% ± 4.55%). Patients with axial PsA had
lower alpha diversity and were enriched in Prevotella copri, a
species that has been previously associated with diseases involv-
ing immune dysregulation and inflammation, most notably with
rheumatoid arthritis [30−33]. Patients with peripheral involve-
ment, on the other hand, exhibited higher abundance of various
gut commensals generally regarded as beneficial, including A.
muciniphila or B. pseudocatenulatum, although they were also
enriched in Ruminococcus gnavus, a species known for its proin-
flammatory roles and its association with IBD [34,35]. Interest-
ingly, Breban et al identified, in 2 consecutive cross-sectional
cohorts, a 2- to 3-fold increase in abundance of R. gnavus in
patients with SpA, compared with rheumatoid arthritis patients
and healthy controls [36].

Patients with axial PsA had a depletion of functions related to
biotin metabolism and of arginine biosynthesis. Biotin is an
essential micronutrient which plays critical roles in immunity,
and its deficiency has been associated with inflammatory pro-
cesses. Under biotin-deficient conditions, innate immune cells
(dendritic cells) produce increased levels of proinflammatory
cytokines, such as TNF-α and IL-23 [37]. Moreover, mice defi-
cient in biotin display intestinal inflammation similar to that
observed in UC [38,39], which is alleviated by oral supplemen-
tation with biotin via reduction of the activation of NF-κB,
which prevents the production of inflammatory cytokines [40].
Importantly, biotin deficiency has been recently reported in
patients with IBD [41]. Arginine is also an important protective
factor, as it inhibits arthritis and prevents bone erosion through
the blocking of TNF-α mechanisms [42]. Our results thus point
to a perturbation in biotin and arginine metabolism in axial PsA
that could be associated with the higher proinflammatory levels
and more pathogenic outcomes observed in these patients in our
cohort. In addition, pathways related to primary and secondary
bile acid metabolism were also depleted in axial PsA. Bile acids
are metabolised by gut bacteria, contributing to the bile acid
pool in the host, and are involved in important signalling and
metabolic pathways that are crucial in homeostasis [43]. Inter-
estingly, a recent study found lower levels of serum bile acids in
patients with psoriasis who progressed to PsA, suggesting a
potential association between the dysregulation of bile acid
metabolism and PsA aetiology [44].

Up to 4% of patients with PsA also manifest symptoms that
are compatible with IBD [9]. Early and accurate diagnosis of
comorbid IBD in patients with PsA is therefore an important
clinical problem. Colonoscopy and histological analysis of intes-
tinal biopsies are the gold standard methods of detecting sub-
clinical gut inflammation in patients with PsA without
gastrointestinal symptoms [45−47]. However, colonoscopy is
an invasive procedure and is not routinely performed in asymp-
tomatic individuals. While fCAL is commonly used in the clinic
to help diagnose IBD in the general population, its predictive
value is limited. In our study, we found higher levels of calpro-
tectin in most, but not all, patients with IBD, although many
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patients without IBD also had elevated calprotectin levels.
Screening criteria for the assessment of symptoms compatible
with IBD have also been proposed [15]. In our cohort, 25
patients presented with IBD-like symptoms, but only 5 were
diagnosed with IBD. Furthermore, PsA disease activity was not a
strong predictor of IBD, as 2 patients diagnosed with IBD had
inactive PsA and 1 had low activity. These findings thus strongly
suggest that existing methods for diagnosis of IBD lack accuracy
in subjects with PsA, and alternative approaches are required.
Here, we identified multiple bacteria significantly enriched in
patients with newly diagnosed IBD. Importantly, none of these
species were correlated with levels of calprotectin and had a
higher effect size than fCAL alone, suggesting that these taxa
might be orthogonal markers of IBD. A recent study found that
the microbiome can be used to identify accurate biomarkers of
IBD in the general population [48], suggesting that our results
are potentially informative in patients who also have PsA. We
speculate that additional analyses of the data presented by
Zheng et al [48] restricted to patients who had both IBD and
PsA could yield additional insights, although it is unclear
whether any of the patients with IBD in that study also had con-
comitant PsA. Within the taxa identified in our cohort, species in
the Prevotella genus are known to drive intestinal inflammation
and have been previously associated with disease development in
mouse models of colitis [30,49,50], indicating that they might
contribute to proinflammatory processes characteristic of IBD.

In addition to specific taxa, microbial metabolism of pyrimi-
dine, vitamin B6, and tryptophan metabolism was significantly
depleted in patients with newly diagnosed IBD. Tryptophan is
an essential amino acid acquired from dietary sources and
metabolised through host and microbial pathways. Disruption
of tryptophan metabolism is a well-established feature of mouse
models of colitis and in patients with IBD [51−53], and adminis-
tration of tryptophan or its metabolites ameliorates inflamma-
tion and modulates epithelial homeostasis [53−55]. In a study
of healthy controls, patients with axial SpA and axial SpA with
CD, tryptophan synthesis was also found to be more abundant in
healthy participants compared to SpA and SpA with CD, further
highlighting the relation between underlying inflammatory pro-
cesses and tryptophan metabolism [26]. Serum levels of vitamin
B6, or its active form, pyridoxal 5’-phosphate (PLP), exhibit a
strong negative association with inflammation, although the
underlying mechanisms are poorly understood [56,57].
Reduced levels of plasma PLP have been observed in patients
with inflammatory conditions, including rheumatoid arthritis
and IBD, and this reduction has been inversely related to inflam-
matory markers [58−60]. Dietary vitamin B6 can also modulate
colonic inflammation in a mouse model of colitis [61]. Finally,
degradation of the branched-chained amino acids (BCAAs),
valine, leucine, and isoleucine was enriched in patients with
IBD. Previous studies have shown that BCAAs levels are often
altered in patients with IBD, although this relationship remains
incompletely understood, with some reports suggesting benefi-
cial effects while others associate elevated BCAAs or its metabo-
lism with disease activity [62,63]. In mouse models of colitis,
BCAA supplementation has been shown to exacerbate disease
severity, potentially through alterations in gut microbiota com-
position and reductions in protective metabolites [64,65].

We additionally sought to understand the generalizability of
findings in the EISER study by analysing previously characterised
cohorts. In those for which microbiome data were available, sam-
ple sizes were lower (EISER: 192 vs Maldarelli: 51, Berlinberg: 36,
Sternes: 23), microbial characterisation used lower resolution tech-
niques such as 16S rRNA sequencing (Maldarelli, Sternes), or
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samples were collected using rectal swabs instead of stool (Berlin-
berg), which is potentially less reflective of the gut environment
[66]. More importantly, none of the previous studies prospectively
enrolled patients with PsA with newly diagnosed IBD. This is par-
ticularly relevant, since established IBD significantly impacts
microbial communities due to the underlying inflammatory pro-
cess [67], while the use of IBD-specific medications can also induce
changes in microbiome [29,68]. Despite these differences and limi-
tations in previous studies, we found 2 notable consistencies with
the EISER cohort: first, P. copri is a robust feature in distinguishing
axial from peripheral involvement in SpA. P. copri has been
reported by previous groups as associated with rheumatic disease
[33]. Second, microbial taxa could distinguish IBD from patients
without IBD with effect sizes comparable to or greater than fCAL,
the clinical gold standard. Furthermore, these bacteria did not cor-
relate with fCAL, suggesting that they contribute orthogonal infor-
mation in the identification of IBD and supporting the hypothesis
that bacteria may provide information relevant for pathogenesis
that is currently not captured with calprotectin.

Our study has certain limitations. While we had a large num-
ber of participants with PsA, there were only a limited number of
patients with IBD, although in line with previous estimates of IBD
prevalence in PsA. Conclusions drawn from such small sample
sizes are necessarily speculative, and future studies with larger
sample sizes and in vivo experiments will be needed to confirm
these findings. Analysis of longitudinal data would also improve
the robustness of results. Additionally, peripheral PsA is more
prevalent than axial PsA in the general population, which con-
strained our ability to recruit a comparable number of patients in
both groups. In addition, we did not have cytokine data for all
subjects, which might limit our power to detect significant differ-
ences. Finally, disease activity was heterogeneous across patients,
which could further decrease our ability to identify differences,
although microbiome and cytokine levels were not significantly
associated with disease activity. In future work, endoscopic sam-
ples, especially from inflamed areas, could be integrated with
microbiome and cytokine data to develop integrative models
combining histologic and multiomic predictors of IBD in PsA.

Overall, our results identify microbial and inflammatory fac-
tors associated with PsA phenotypes, such as lower diversity, an
enrichment in Prevotella copri (including clade A) and higher lev-
els of proinflammatory cytokines in axial PsA. We also observed
a disruption of biotin, arginine, and bile acid metabolism in
these patients, further highlighting the role of distinct inflamma-
tory mechanisms in axial PsA. Importantly, we identified micro-
bial features associated with newly diagnosed IBD in patients
with PsA that were independent of fCAL, which could provide
valuable insights to better identify asymptomatic patients with
IBD in this at-risk population.
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A B S T R A C T

Objectives: Atherosclerotic cardiovascular disease (ASCVD) is a leading cause of death. Systemic
autoimmune and inflammatory diseases are associated with increased ASCVD risk, severity, and
mortality. The inflammatory cytokine interleukin 9 (IL-9) has been linked to murine atherogene-
sis, raising fundamental questions about the populations in which and the mechanisms by which
IL-9 drives ASCVD.
Methods: Circulating T helper subsets and coronary computed tomography angiography data
were analysed in patients with psoriasis. Murine models of psoriatic atherogenesis (imiquimod-
ApoE-/-, IL-23-ApoE-/-, and Card14ΔE138-ApoE-/-) were investigated using IL-9 blockade or global
and endothelial-specific Il9r deletion. Primary human aortic endothelial cells were used to assess
IL-9/STAT3-dependent endothelial responses.
Results: Here, we found that expansion of IL-9-producing T helper cells (Th9) was significantly
associated with high-risk radiographic ASCVD in patients with the autoimmune disease psoria-
sis. Th9 cells were poised to migrate to coronary vessels and were identified in human athero-
sclerotic plaque from individuals with psoriasis. In vivo, murine inflammatory atherogenesis was
prevented by IL-9 blockade and by IL-9 receptor (IL-9R) deletion in endothelial cells. In human
arterial endothelial cells, IL-9R/STAT3 signalling promoted endothelial dysfunction via diverse
mechanisms including adhesion, activation, angiogenesis, and release of leukocyte
chemoattractants.
Conclusions: These findings suggest the Th9high state may represent a novel psoriatic ASCVD
endotype that could be targeted using precision approaches to prevent ASCVD in at-risk
individuals.
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INTRODUCTION

Atherosclerotic cardiovascular disease (ASCVD) is a leading
cause of death worldwide, accounting for more than 10 million
deaths per year [1]. The contribution of inflammation to ASCVD
has been recognised for decades [2] and is most evident in
patients with inflammatory and autoimmune diseases, who face
increased risk, earlier onset, a stronger inflammatory phenotype,
and higher mortality [3,4]. Psoriasis stands out as a particularly
useful “human model” of autoimmunity-related ASCVD [5]. In
addition to causing skin and joint disease, psoriasis is also linked
819
to ocular, gastrointestinal, and osseous inflammation [6]. Psori-
asis is strongly associated with ASCVD in a dose-dependent man-
ner, via proatherogenic pathways like immune activation,
metabolic dysregulation, and endothelial dysfunction [5−9].
However, the key pathogenic drivers of psoriatic ASCVD remain
unclear. While immunomodulatory treatments reduce psoriatic
ASCVD risk in some patients, and ASCVD is more severe in
patients with psoriasis who develop psoriatic arthritis (PsA),
real-world data and clinical trial results have been inconsistent
[10−12]. This could be related to patient heterogeneity or to
protective roles for some cytokines [10,12]. One promising
approach to address this problem is to define inflammatory
endotypes, or subtypes driven by distinct mechanisms, for
patient stratification and therapeutic target discovery [2,13].

ASCVD immunopathogenesis begins with endothelial cell
dysfunction, leading to the recruitment of immune cells such as
monocytes and T cells. These infiltrate lipid-rich plaque and
react to local mediators by releasing proinflammatory cytokines
that promote plaque core necrosis, recruit additional immune
cells, and worsen endothelial dysfunction [2,13]. An emerging
body of literature implicates interleukin 9 (IL-9) and T helper 9
(Th9) cells as potential drivers of ASCVD based on murine mod-
els [14,15]. However, the relevance of IL-9/Th9 to ASCVD
remains unclear—especially in the context of immune diseases.
Critically, no studies have identified specific patient populations
in whom early high-risk plaque correlates with Th9/IL-9—and
who could potentially benefit from IL-9/Th9-targeting thera-
pies. Notably, many immune diseases, including psoriasis, are
characterised by a Th9high endotype, or peripheral Th9 expan-
sion [16−20]. In patients with psoriasis, IL-9/Th9 have been
linked to PsA, which is associated with worse ASCVD severity
[11,21]. However, the connection between this Th9high endo-
type and ASCVD has not been explored.

Herein, we found that, in a cohort of individuals with psoria-
sis, a Th9high state was significantly associated with early, high-
risk ASCVD. In murine models, in vivo generated Th9 cells were
poised to migrate to the arterial plaque. Th9 cell differentiation
was modulated by proatherogenic factors, and Th9 cells were
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identified within atherosclerotic plaques from individuals with
psoriasis. In vivo, murine psoriasis worsened atherogenesis.
Germline and endothelial IL-9R deletion ameliorated transla-
tional models of psoriatic atherogenesis, as did IL-9 blockade. In
vitro, IL-9 directly targeted arterial endothelial cells to induce
dysfunction by inducing genes important for adhesion, angio-
genesis, and chemotaxis. Our findings implicate the Th9high

endotype as an attractive target for psoriatic ASCVD prevention
and treatment.
METHODS

Patient involvement, human samples, and data

Patients contributed samples via informed consent but were
not involved in study design. Deidentified blood, coronary com-
puted tomography scores, and demographics were collected
from patients (untreated and on immunomodulatory therapy) at
the NIH Clinical Center. Additional controls were obtained from
healthy volunteers or the NIH Blood Bank. Atherosclerotic coro-
nary arteries were obtained via the CVPath autopsy registry. All
human studies were IRB-approved (NIH: 13H-0065, 10-H-0126;
CVPath IRB), with informed consent obtained.
Mouse experiments

Age- and sex-matched 8- to 12-week-old C57BL/6 mice,
including Apolipoprotein E ApoE-/-,Caspase Recruitment
Domain Containing Protein 14 (Card14)ΔE138, Il9r-/-, and Inter-
leukin Nine Fluorescent Reporter (INFER) mice, were housed in
pathogen-free facilities. Il9rf/f mice were generated by CRISPR/
Cas9 deletion of exons 2-5 and validated by PCR. Endothelial-
specific Il9r deletion was achieved by crossing with Cdh5MliaCre.
All procedures were Institutional Animal Care and Use Commit-
tee (IACUC)-approved.
Psoriasis and atherosclerosis models

Three murine models (imiquimod [IMQ]-ApoE, IL-23-ApoE,
Card14-ApoE) were exposed to a high-fat diet (HFD) to induce
atherogenesis. Mice received anti-IL-9 or isotype antibodies
twice weekly. Skin and aortas were digested for flow cytometry;
aortic plaque was quantified by en face Oil-Red-O staining.
Plasma low-density lipoprotein (LDL) was measured after fast-
ing.
Th9 differentiation, restimulation, and analysis

Naïve human and murine CD4+ T cells were cultured under
Th9-polarising conditions and treated with vehicle, Vascular
endothelial growth factor A (VEGF-A), or oxidised LDL. Cells
were restimulated with phorbol 12-myristate13-acetate (PMA),
ionomycin, and cytokines for flow cytometry. Tissue-infiltrating
cells and INFER-derived Th9 cells were also analysed.
Endothelial studies

Primary human aortic endothelial cells (HAoEC) were
assayed for barrier function, angiogenesis, and leukocyte che-
motaxis using immunofluorescence, Electric cell substrate
impedance sensing (ECIS), and Fluorescein Isothiocyanate
(FITC)-dextran flux.
820
Molecular analyses

RNA was extracted for RT-qPCR and mRNA-sequencing. Dif-
ferential expression, gene set enrichment analysis (GSEA), and
single-cell RNA-seq analyses were performed using standard
pipelines.
Statistics

Data were analysed using parametric or nonparametric tests
with Analysis of Variance (ANOVA) and multiple testing correc-
tion as appropriate.

Full experimental details are available in the Extended Meth-
ods.
RESULTS

Psoriasis is associated with expansion of circulating Th9 cells

Based on prior reports that psoriasis is an IL-9/Th9high state
[16,22,23], we phenotyped circulating T helper subsets from
psoriatic (n = 36) and nonpsoriatic subjects (n = 47). As a posi-
tive comparator, we measured the percentage of memory
(CD4+CD45RO+) Th cells that expressed IL-17A (Fig 1A,B). As
expected, IL-17A+ memory T cells were significantly expanded
in subjects with psoriasis (Fig 1B). Most had mild-to-moderate
disease; accordingly, the percentage of circulating Th17 cells
was only modestly elevated. We did not find expansion of Th1
cells (IFN-γ+), Th2 cells (IL-4+, IL-13+, or IL-5+), or of memory
CD4+ T cells expressing IL-2, IL-10, IL-21, or TNF-α (Supple-
mentary Fig S1a-h). Circulating IL-9+ memory CD4+ T cells
were also significantly expanded in psoriatic subjects (Fig 1C,
D), indicating that psoriasis is a Th9high state.

In allergic disease, Th9 cells have been described as an
inflammatory Th2-related subset [23,24]. In most subjects with
psoriasis, Th9 cells did not coexpress Th2 cytokines (IL-4, IL-13,
IL-5) or IL-17A but were instead single-positive cells (Supple-
mentary Fig S1i). To comprehensively investigate Th9 identity
in the context of psoriatic disease, we exposed IL-9 reporter
(INFER) mice [25] to repeated topical applications of the toll-
like receptor (TLR)-7/9 agonist IMQ to induce chronic psoriasi-
form inflammation (Supplementary Fig S1j) [26]. IMQ induced
circulating T cells that expressed GFP/IL-9, confirming this
model could be used to study Th9 identity in the context of psor-
iasiform skin disease (Fig 1E,F). Transcriptomic analysis of cir-
culating IL-9+CD4+ T cells revealed significant (adj P < .05,
DESeq2) differential upregulation of Il9 and of the Th9 lineage-
defining transcription factor (TF) Spi1 (Fig 1G). We had previ-
ously identified a cassette of Th9 lineage-defining genes [17],
which was also significantly enriched (false discovery rate
[FDR] < 0.05, GSEA) in circulating IL-9+CD4+ T cells from
IMQ-treated mice (Fig 1H). Th9 cells from IMQ-treated mice did
not differentially express other T helper lineage-defining cyto-
kines but did have increased expression of the Th2 master TF
Gata3 and the regulatory T cell (Treg) TF Foxp3 (Fig 1G). Analy-
sis of lineage-specific cassettes for other T helper subsets [27]
revealed weak enrichment for Treg-specific genes and no enrich-
ment for other T helper subsets (Fig 1I). Together, these results
confirmed that murine psoriasis models recapitulated the sys-
temic Th9high state seen in human psoriatic disease, and that
psoriasis-associated Th9 cells express a Th9-definiing transcrip-
tional program conserved with allergic Th9 cells.



Figure 1. (A) Flow and (B) violin plot show circulating memory Th17 (CD45+/CD3+/CD4+/CD45RO+/IL17A+) cells in nonpsoriatic healthy volun-
teers (HV, n = 47, grey) and patients with psoriasis (PSO, n = 36, red). (C) Flow and (D) violin plot show circulating memory Th9 (CD45+/CD3
+/CD4+/CD45RO+/IL9+) cells in nonpsoriatic volunteers (HV, n = 47, grey) and patients with psoriasis (PSO, n = 36, red). P values, Mann-Whit-
ney. (E) Flow and (F) violin plot show splenic Th9 (CD45+/TCR-β+/ CD4+/IL9+) cells in mice treated with 3 rounds of imiquimod (IMQ) or vehi-
cle (Supplementary Fig S1j) P values, unpaired t-test, n = 3. For all violin plots, bars represent mean values for the group. (G) Heatmap shows
expression (normalised across each row) of lineage-defining transcription factors and effector cytokines for Th9, Th2, Th17, Th1, and Treg (regulatory
T cell). *Adjusted P < .05, DESeq2. (H) GSEA plot shows enrichment of “allergic Th9 cassette” in splenic green fluorescent protein GFP+ (Th9) vs
GFP− (non-Th9) cells from INFER mice treated with IMQ. (I) Bar graphs show normalised GSEA enrichment scores and false discovery rate for enrich-
ment of lineage-defining cassettes for the Th9, Treg, Th1, Th2, and Th17 in splenic GFP+ (Th9) and GFP− (non-Th9) cells from INFER mice treated
with IMQ. INFER, Interleukin Nine Fluorescent Reporter; GFP, green fluorescent protein; HV, healthy volunteers; FDR, false discovery rate; GSEA,
gene set enrichment analysis; IL, interleukin; Th9, T helper 9 cells; Th17, Th9, T helper 17 cells; VC, vanishing cream.
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Th9high state is associated with coronary artery disease in
psoriatic subjects

Th9/IL-9 have previously been linked to psoriatic skin inflam-
mation [22]. We therefore hypothesised that Th9high state might
correlate with psoriatic skin disease severity. Psoriasis Area Sever-
ity Scores had been calculated for a subset of patients (n = 20)
821
but did not correlate with peripheral Th9 expansion (Supplemen-
tary Table S1), leading us to question whether Th9 cells might pro-
mote disease at other sites. Psoriasis is associated with arthritis,
inflammatory bowel disease, and ASCVD, all of which have been
associated with Th9 cells in other contexts [14,18,20,21,28]. A
group of 19 patients with psoriasis had undergone cardiovascular
disease screening with coronary artery computed tomography



Table 1
IL-9+ CD45RO+ CD4+ T cells and noncalcified burden adjusted
regression analysis

Model Standardised beta P valuea

Unadjusted 0.28 .039
Adjusted for BMI, FRS, and statin use 0.23 .002

BMI, body mass index; FRS, Framingham Risk Score; IL-9, interleukin 9.
a Multivariable regression analysis between noncalcified burden and

%IL-9+ CD45RO+ CD4+ T cells unadjusted or adjusted for BMI, FRS,
and statin use.
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angiography (CCTA) (Supplementary Fig S1k). We analysed CCTA
to calculate noncalcified coronary plaque burden, a high-risk type
of plaque associated with increased mortality and myocardial
infarction risk [29]. Th9high state was significantly associated with
total and noncalcified burden; this remained significant after
adjusting for traditional ASCVD factors like BMI, Framingham risk
score, and statin use (Table 1). Similar associations were not seen
for other T helper subsets (Supplementary Table S2). There was
no difference in BMI between Th9high and Th9low individuals; LDL
cholesterol and total cholesterol were higher in Th9low than in
Th9high patients (Supplementary Table S1). These data suggest
that a Th9high state is associated with the development of ASCVD
in psoriasis, independent of traditional ASCVD risk factors.

Circulating Th9 cells express a proatherogenic program in
psoriatic subjects

The strong association of Th9 expansion with noncalcified cor-
onary burden led us to hypothesise that Th9 cells might be poised
to infiltrate the vessel wall. Analysis of circulating Th9 cells from
IMQ-treated mice revealed 1819 Th9-associated genes (FC > 2,
Padj < .05, DESeq2, IL-9high vs IL-9low, Supplementary Fig S1l),
1330 of which were highly Th9-associated (FC > 4, Padj < .05,
DESeq2, IL-9high vs IL-9low). Highly Th9-associated genes were
enriched for multiple pathways associated with inflammatory ath-
erogenesis including vascular adhesion, angiogenesis, and lipid
metabolism (Fig 2A-C). Th9-associated genes associated with lym-
phocyte homing to the heart (Fig 2D) included Met, Itgam, Itgb2,
and Cxcr2 [30−32]. These findings suggested that circulating
Th9 cells in psoriatic subjects are poised to traffic to the heart and
undergo recruitment to coronary arteries.

Within coronary plaque, CD4+ T cells are exposed to proa-
therogenic factors that modulate T helper subset expansion and
cytokine production [33]. Among the pathways differentially
upregulated in psoriatic Th9 cells, we identified VEGF-VEGFR sig-
nalling and lipid metabolism as potential proatherogenic factors
that might affect plaque-resident Th9 differentiation and function
(Fig 2A-C). Accordingly, the genes encoding VEGFR-1, VEGFR-2,
and LDL receptor were significantly upregulated in Th9 cells
(Fig 2D). We therefore differentiated naïve CD4+ T cells under
Th9-promoting conditions in the presence of VEGF-A and oxi-
dised LDL. Oxidised LDL repressed Th9 differentiation, whereas
VEGF-A enhanced Th9 differentiation, implicating VEGF-A as a
proatherogenic factor that could enhance Th9 differentiation
within arterial plaque (Fig 2E,F, Supplementary Fig S1m).

Th9 cells infiltrate the atherosclerotic plaque of psoriatic subjects

We next hypothesised that atherosclerotic plaques from pso-
riatic subjects would be characterised by Th9 infiltration.
Because T-cell-driven atherogenesis is also a central driver of
ASCVD in the general population [33], we first investigated Th9
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infiltration in atherosclerotic plaque from nonpsoriatic subjects.
Using CITE-seq data from the peripheral blood and carotid pla-
ques of patients with ASCVD, we identified a population of
CD4+ T cells expressing the Th9 lineage-defining TF SPI1 (Sup-
plementary Fig S2a) [20,34]. Th9 lineage-defining genes [17]
were significantly enriched (FDR < 0.05, GSEA) in plaque-infil-
trating SPI1+CD4+ T cells, but not in circulating SPI1+CD4+ T
cells (Fig 2G, H). Analysis of the 347 genes most closely corre-
lated with SPI1 expression (Pearson) revealed enrichment for
canonical Th9-associated pathways like IL-2 induction, response
to IL-4, and response to TGF-β (Supplementary Fig S2b). SPI1-
associated genes were also enriched for PPAR signalling, which
is important for Th9 differentiation, CD4+ T cell activation,
lipid metabolism, and cardiovascular function [23]. Other
enriched pathways included cellular adhesion and responses to
proatherogenic pathways downstream of hydrogen peroxide
[35], NOD2 [36], oxidised phospholipids [37], and TLR2 [38].
Together, these data suggest that Th9 cells infiltrate atheroscle-
rotic plaque and respond to plaque-resident inflammatory medi-
ators. To specifically investigate Th9 infiltration in psoriatic
coronary plaque, we obtained postmortem samples from sub-
jects with psoriasis and coronary artery disease. Sampling 6
arteries from 3 deceased subjects with a history of psoriasis
revealed multiple PU.1+/CD3+ and PU.1+/CD4+ cells within
necrotic lipid-rich coronary artery plaque (Fig 2I,J).

To dissect the mechanisms by which Th9-derived IL-9 might
promote inflammatory ASCVD, we next sought to develop a
murine model in which inflammation was associated with accel-
erated atherogenesis. We exposed atherosclerosis-prone ApoE-/-

mice to topical IMQ while giving them HFD to induce athero-
genesis (IMQ-HFD, Fig 3A). Because the risk of psoriatic CVD is
highest in young patients with severe skin disease [39], we used
an early time point (6 weeks) and induced 3 cycles of inflamma-
tion over 7% to 10% body surface area to model moderate-
severe psoriasis. IMQ significantly increased lipid-rich plaque in
the aortic arch (Fig 3B,C), nonsignificantly induced CD4+ T cell
infiltration into skin, and significantly induced skin infiltration
with IFN-γ+, IL-13+, IL-17A+, and IL-9+ CD4+ T cells (Fig 3D,
E, Supplementary Fig S2c). Counts of skin-resident IL-9+ CD4+

T cells correlated to aortic plaque area (Supplementary Fig S2d).
IMQ also significantly induced IL-9+ CD4+ T cell infiltration
into murine aortas but did not induce other T helper subsets or
LDL; aortic Th9 percentages did not correlate to plaque area
(Fig 3F,G, Supplementary Fig S2e-f).

IL-9 promotes atherogenesis in systemic inflammatory disease

To determine whether IL-9 directly promoted inflammatory
atherogenesis, we next exposed Il9r-/-ApoE-/- and ApoE-/- mice to
IMQ-HFD for 6 weeks (Supplementary Fig S3a). Deletion of IL-9
receptor (IL-9R) reduced lipid-rich aortic plaque formation
(Fig 4A,B) and aortic infiltration of neutrophils and inflammatory
macrophages (Fig 4C,D). IL-9R deletion also reduced skin infiltra-
tion of neutrophils and inflammatory macrophages but had no
significant effect on skin or aortic infiltration of other immune
cell subsets or on LDL (S3b-d). Like IL-9R -deficient mice, ApoE-/-

mice treated with IL-9-neutralising antibodies while exposed to
IMQ-HFD (Supplementary Fig S3e) were protected from lipid-rich
aortic plaque formation (Fig 4E,F). However, IL-9 blockade did
not significantly reduce aorta-infiltrating immune cells (Fig 4G,H,
Supplementary Fig S3f), skin-infiltrating immune cells (Supple-
mentary Fig S3g), or LDL (Supplementary Fig S3h).

Because IMQ can induce severe systemic inflammation that
may not fully recapitulate psoriatic disease [26], we tested our



Figure 2. Scatter plots show enrichment scores vs false discovery rates (FDRs) from (A) GSEA, (B) DAVID, or (C) Metascape. All enrichments for splenic
GFP+ (Th9) cells compared to GFP− (non-Th9) cells from IL-9 reporter (INFER) mice treated with imiquimod (IMQ) as in Supplementary Fig S1J. (D)
Heatmap shows expression (normalised across each row) of genes important for trafficking to the blood vessel and/or heart (top) or encoding receptors of
proangiogenic factors (bottom). *Adjusted P < .05, DESeq2. (E) Flow plot and (F) bar graph show percent murine Th9 cells (of CD4+ cells) differentiated
in the presence of vehicle (grey) or escalating concentrations of VEGF-A (red). P values, ANOVA with multiple comparison adjustment. GSEA plots show
enrichment of “allergic Th9 cassette” in carotid plaque-resident (G) and circulating (H) SPI1+ (Th9) vs SPI1- (non-Th9) cells from human carotid plaque-
resident CD4+ T cells. Images of coronary artery plaque from subject with psoriasis show H&E and Movat staining (I), immunofluorescence staining (J)
for the Th9 lineage-defining transcription factor PU.1 (red, encoded by SPI1) and CD4 (green, left panels), and immunofluorescence staining for PU.1 (red)
and CD3 (green, right panels). Representative of 6 vessels. GSEA, gene set enrichment analysis; DAVID, Database for Annotation, Visualization, and Inte-
grated Discovery; VEGF-A, vascular endothelial growth factor A; ANOVA, analysis of variance; DAPI, 4’,6-diamidino-2-phenylindole; INFER, Interleukin
Nine Fluorescent Reporter; GFP, green fluorescent protein, H&E, hematoxylin and eosin; NES, normalized enrichment score; Movat, Movat’s pentachrome
stain; IL, interleukin; Th9, T helper 9 cells.
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findings in 2 other psoriasis models: Card14ΔE138 (Supplemen-
tary Fig S4a,d) and intradermal IL-23 (Supplementary Fig S4e).
The gain-of-function (GOF) Card14ΔE138 mutation is orthologous
to and phenocopies CARD14-GOF psoriasis, a monogenic form
of psoriasis caused by germline mutations in human CARD14
[26]. Card14ΔE138 worsened HFD-induced aortic plaque
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formation in ApoE-/- mice, confirming our findings in a more
chronic and translational model of psoriatic atherogenesis (Sup-
plementary Fig S4a-c). In both models, IL-9-neutralising anti-
bodies reduced lipid-rich aortic plaque formation but not
plaque-infiltrating or skin-infiltrating immune cell populations
or LDL, recapitulating the phenotype of IMQ-ApoE mice (Fig 4I-



Figure 3. (A) Schematic of imiquimod (IMQ)-high-fat diet (HFD) model of psoriatic atherogenesis. ApoE-/- mice were exposed to 3 5-day rounds of
IMQ or vanishing cream (VC) with 2 13-day recovery periods, while being fed HFD. After 6 weeks, mice were euthanised, thoracic aorta was stained
for lipid-rich plaque (Oil-Red-O), and skin and abdominal aorta were digested for immune cell analysis (flow cytometry). (B) Representative images
and (C) bar graph show pooled Oil-Red-O (+) lipid-rich plaque as percentage of aortic arch in ApoE-/- mice treated with HFD while being exposed to
VC (grey) or IMQ (red). (D) Bar graphs show counts of total and (E) IL-9+ skin-infiltrating CD4+ T cells in mice treated with VC (grey) or IMQ (red).
(F) Counts of total and (G) IL-9+ aorta-infiltrating CD4+ T cells in mice treated with VC (grey) or IMQ (red). For all experiments: P values, Mann-
Whitney. ApoE, Apolipoprotein E.
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P, Supplementary Fig S4e-g,i-k). These findings indicated that
IL-9 promotes early inflammatory atherogenesis and aortic pla-
que formation, and that these effects might be independent of
immune cell recruitment to atherosclerotic plaque.

IL9R signalling in endothelial cells promotes inflammatory
atherogenesis

We next hypothesised that IL-9 might promote psoriatic ath-
erogenesis through direct effects on endothelial cells. To test
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this, we generated mice with LoxP sites flanking exons 2-5 of
Il9r, allowing conditional IL-9R deletion (Supplementary Fig
S5a). To confirm that LoxP insertion did not disrupt endogenous
IL-9R signalling, we differentiated memory B cells, which phos-
phorylate STAT3 and STAT5 in response to IL-9 [40], from Il9rf/
f and WT mice (Supplementary Fig S5b). WT and Il9f/f derived B
cells both responded to IL-9, confirming intact endogenous IL9R
signalling (Supplementary Fig S5c). Treating B cells with Tat-
Cre in vitro significantly reduced IL9R expression (Supplemen-
tary Fig S5d), confirming gene inactivation.



Figure 4. (A) Representative images and (B) bar graph show pooled Oil-Red-O (+) lipid-rich plaque as a percentage of aortic arch in ApoE-/- (grey)
and Il9r-/-ApoE-/- mice (blue) exposed to 3 rounds of imiquimod (IMQ, Fig 4A, Supplementary Fig S2j) while exposed to high-fat diet (HFD). Bar graphs
show percent neutrophils (C) and Ly6C+ inflammatory macrophages (D) of aorta-infiltrating CD45+ cells in ApoE-/- (grey) and Il9r-/-ApoE-/- mice
(blue). (E) Representative images and (F) bar graph show lipid-rich plaque as a percentage of aortic arch in ApoE-/- mice exposed to IMQ-HFD while
given isotype (grey) or αIL-9 (blue). Bar graphs show percent neutrophils (G) and Ly6C+ inflammatory macrophages (H) of aorta-infiltrating CD45+

cells. (E) Representative images and (F) bar graph show lipid-rich plaque as a percentage of aortic arch in ApoE-/- mice exposed to 3 rounds of intrader-
mal IL-23 (Supplementary Fig S3a) while exposed to HFD and given isotype (grey) or αIL-9 (blue). Bar graphs show percent neutrophils (K) and Ly6C
+ inflammatory macrophages (L) of aorta-infiltrating CD45+ cells. (M) Representative images and (N) bar graph show lipid-rich plaque as a percent-
age of aortic arch in Card14ΔE138ApoE-/- mice (Supplementary Fig S3k) exposed to HFD and given isotype (grey) or αIL-9 (blue). Bar graphs show per-
cent neutrophils (O) and Ly6C+ inflammatory macrophages (P) of aorta-infiltrating CD45+ cells. For all experiments: P values, Mann-Whitney. IL,
interleukin. ApoE, Apolipoprotein E.
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To delete IL-9R in endothelial cells, we crossed Il9rf/f mice
to VE-Cre (Cdh5Mlia-Cre) mice (Supplementary Fig S5a),
which express Cre-recombinase in VE-Cadherin+ endothelial
progenitor cells and show >95% efficiency in mature endo-
thelial cells [41]. We confirmed specific deletion of Il9r in
endothelial cells (Supplementary Fig S5e), then crossed Il9rf/f

x VE-Cre (Il9rΔVE) mice to ApoE-/- mice (ApoE-Il9rΔVE). We
825
exposed ApoE-Il9rDVE mice and ApoE-Il9rf/f littermates to
IMQ-HFD for 6 weeks. Compared with ApoE-Il9rf/f mice,
ApoE-Il9rΔVE mice had significantly less lipid-rich aortic pla-
que (Fig 5A,B) but no significant difference in aorta-infiltrat-
ing leukocytes (Fig 5C,D, Supplementary Fig S5f), skin-
infiltrating leukocytes (Supplementary Fig S5g), or LDL (Sup-
plementary Fig S5h).



Figure 5. (A) Representative images and (B) bar graph show Oil-Red-O (+) lipid-rich plaque as percentage of aortic arch in ApoE-Il9f/f (grey) and ApoE-
Il9DVE mice (blue) exposed to 3 rounds of imiquimod (Fig 4A, Supplementary Fig S2j) and high-fat diet (IMQ-HFD). Bar graphs show (C) percent neutro-
phils and (D) Ly6C+ inflammatory macrophages. For all mouse experiments: P values, Mann-Whitney. Representative images of coronary artery plaque
from subject with psoriasis show H&E and Movat staining (E) and immunofluorescence staining (F) for IL-9 receptor (red) and the endothelial marker VE-
cadherin (green). Representative of 6 arteries. (G) Western blot shows expression of the IL-9 receptor subunits IL-9R and IL-2Rγ in primary human aortic
endothelial cells (HAoEC) from 4 cadaveric donors. Representative Western blot (H) shows total and phosphorylated STAT1 and STAT3 expression at var-
ious time points in HAoEC treated with IL-9. Bar graphs show quantification of phosphorylated/total STAT3 (I) and STAT1 (J) from HAoEC (n = 5 for
STAT1, n = 6 for STAT3). For all Western blots: P values, Wilcoxon. IL, interleukin; IMQ, imiquimod; ApoE, Apolipiprotein E; H&E, hematoxylin and
eosin; Movat, Movat’s pentachrome stain; STAT, signal transducer and activator of transcription; DAPI, 4’,6-diamidino-2-phenylindole.
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IL-9 directly regulates human arterial endothelial cells via STAT3

Our observation that deletion of IL-9R in endothelial cells
prevented aortic plaque formation led us to hypothesise that IL-
9 might directly target arterial endothelial cells to promote ath-
erosclerotic disease. To test this, we first set out to investigate
IL-9R expression in arterial endothelial cells. In 6 coronary arter-
ies from 3 deceased subjects with a documented history of
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psoriasis, we found IL-9R+/VE-Cadherin+ cells surrounding
lipid-rich plaque and at the arterial lumen (Fig 5E,F). IL-9 recep-
tor is a heterodimeric molecule composed of the IL-9R and IL-
2Rγ subunits [42]. Both subunits were highly expressed in
HAoEC, suggesting the presence of a functional IL-9 receptor
(Fig 5G). IL-9 can signal through STAT1, STAT3, and STAT5
[19]: HAoEC expressed STAT1 and STAT3, (Supplementary Fig
S6a); IL-9 induced phosphorylation of STAT3 (Fig 5H,I) but not



Figure 6. (A) Representative image shows immunofluorescence staining of primary human aortic endothelial cells (HAoEC) in monolayer, treated
with vehicle vs IL-9 in the presence vs absence of STAT3-inhibitor C188-9 and stained for VE-Cadherin (red) and F-actin (green) to visualise monolayer
integrity (nuclei in blue, DAPI). Bar graph shows pooled number of gaps between cells (B), FITC-dextran permeability coefficient (C), or impedance by
ECIS (D) for HAoEC treated with vehicle vs IL-9 in the presence vs absence of C188-9. For all experiments: P values, ANOVA. IL, interleukin; STAT, sig-
nal transducer and activator of transcription; VE, vascular endothelial; DAPI, 4’,6-diamidino-2-phenylindole; FITC, fluorescein isothiocyanate; ECIS,
electric cell substrate impedance sensing; HPF, high powered field; ANOVA, analysis of variance.
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STAT1 (Fig 5J). IL-9 also induced expression of the STAT3 target
gene SOCS3 (Supplementary Fig S6b)
IL-9 induces endothelial dysfunction through STAT3

Disruption of endothelial barrier integrity is a key step in the
early pathogenesis of ASCVD [43], and STAT3 may play a role
in endothelial barrier function [44,45]. We hypothesised that
IL-9/STAT3 signalling might disrupt endothelial barrier integ-
rity. To test this, we treated HAoEC with IL-9 alone or in the
presence of the STAT3 inhibitor C188-9. IL-9 disrupted endothe-
lial monolayer morphology, significantly increasing the number
and size of gaps between cells (Fig 6A,B). IL-9 also increased
endothelial monolayer permeability (Fig 6C,D). IL-9 signifi-
cantly induced VCAM1 and SELE, with a trend towards ICAM1
induction (Supplementary Fig S6c-e). These genes are induced
in proinflammatory states and are involved in leukocyte recruit-
ment to lipid-rich plaque [9,43]. C188-9 prevented IL-9-
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mediated disruption of endothelial integrity (Fig 6A-D), suggest-
ing that IL-9 promotes endothelial dysfunction via STAT3.
IL-9 regulates adhesion and barrier-promoting genes in
endothelial cells

STAT3 primarily exerts its effects via transcriptional regula-
tion, modulating large cassettes of target genes [42]. We there-
fore set out to determine the global targets of IL-9-STAT3
signalling by analysing the transcriptomes of IL-9-treated
HAoEC. IL-9 induced 278 genes (FC ≥ 2, adj P < .05, DESeq2),
and repressed 681 genes (FC ≤ -2, adj P < .05, DESeq2) in
HAoEC (Fig 7A). Because IL-9/STAT3 signalling disrupted endo-
thelial barrier integrity, we hypothesised that IL-9 might reduce
the expression of intercellular junction proteins. Although IL-9
modestly repressed the junction protein TJP2, IL-9 induced
other intercellular junction genes (Fig 7B). To identify other
potential mechanisms promoting IL-9/STAT3-driven endothelial
dysfunction, we analysed enriched pathways in IL-9-induced



Figure 7. (A) Volcano plot shows log2 normalised fold-change in gene expression vs −log10 normalised Benjamini-Hochberg adjusted P value
(DESeq2) for primary human aortic endothelial cells (HAoEC, n = 4) treated with IL-9 vs vehicle. Selected genes are marked. (B) Heatmap shows
expression (normalised across rows) of genes encoding tight and adherens junction proteins in endothelial cells treated with IL-9 vs vehicle. Bar graphs
show enrichment scores (grey) and P values (yellow) for selected enriched pathways (Metascape) in genes induced (C) or repressed (D) by IL-9 in
HAoEC. (B) Heatmap shows expression (normalised across rows) of genes encoding proangiogenic pathways associated with STAT3-mediated endo-
thelial dysfunction, in endothelial cells treated with IL-9 vs vehicle. *Adjusted P value < .05, DESeq2. IL, interleukin; STAT, signal transducer and acti-
vator of transcription; DESeq2, Differential Expression Sequencing quantification 2.
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and IL-9-repressed gene cassettes. IL-9-induced and IL-9-
repressed gene cassettes were both enriched for proangiogenic,
proinflammatory, and TGF-β signalling pathways (Fig 7C,D).
Multiple proangiogenic pathways are implicated in endothelial
dysfunction downstream of STAT3, including Rho, VEGF, YAP-
TAZ, and Smad signalling [44−46]. IL-9 modulated the expres-
sion of genes involved in all 4 pathways (Fig 7E). These findings
suggest that IL-9/STAT3 signalling modulates a broad cassette
of genes that combinatorially promote endothelial barrier dis-
ruption and atherogenesis.
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Endothelial IL-9R/STAT3 signalling enhances angiogenesis and
leukocyte chemotaxis

Our transcriptomic analysis suggested that, in addition to
barrier disruption, endothelial IL-9R/STAT3 signalling might
promote leukocyte chemotaxis and angiogenesis. We therefore
treated primary HAoEC with IL-9 in the presence vs absence of
C188-9, then investigated in vitro endothelial 2D tube formation,
a measure of angiogenesis . IL-9-treated HAoEC formed more
endothelial tubes (Fig 7F,G), confirming that IL-9 is
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proangiogenic in arterial endothelial cells. Supernatants from IL-
9-treated HAoEC also promoted recruitment of healthy donor-
derived human peripheral blood mononuclear cells (PBMCs)
through a transwell system (Fig 7H), suggesting that IL-9 stimu-
lates release of leukocyte chemoattractant factors from HAoECs.
Treatment with C188-9 reduced both PBMC migration and tube
formation (Fig 7F-H). These data suggest that IL-9R/STAT3 sig-
nalling induces a prochemotactic and proangiogenic program in
HAoEC, promoting endothelial dysfunction and inflammatory
atherogenesis.

DISCUSSION

Inflammation is a major contributor to ASCVD, particularly
in systemic immune diseases [2,3,5,7,13,47], and prior studies
link the inflammatory cytokine IL-9 to murine atherogenesis
and advanced, unstable plaque [14,15,48]. However, a critical
prerequisite to preventing ASCVD development is identifying
the individuals with early plaque, in whom intervention could
prevent advanced ASCVD [29]. Key unanswered questions
include the specific populations and diseases in which IL-9 pro-
motes ASCVD, the cellular sources and targets of IL-9, and the
mechanisms by which IL-9/IL-9R signalling promotes ASCVD.
Addressing these questions could identify disease endotypes
where IL-9 blockade might prevent ASCVD development.

To address these gaps, we studied psoriasis, a Th9-associated
inflammatory disease, using transcriptomic, genetic, and func-
tional approaches in translational murine models and primary
human cells. We found that Th9 expansion is strongly linked to
psoriatic ASCVD independent of traditional risk factors.
Although psoriasis has been associated with Th9 expansion
[16,18,20,49], our data show that only a subset of patients
exhibits this Th9high state. Previous studies, including work
from our group, suggest the Th9high state may represent a dis-
tinct endotype [17,19,24]. Our discovery that Th9-derived IL-9
directly promotes psoriatic ASCVD implicates a novel Th9high

endotype association. IL-9 promotes psoriatic atherogenesis in 3
distinct murine models, including a translational model devel-
oped based on human monogenic psoriasis. Several of these
models have limitations: IMQ and IL-23 induce a more acute
inflammatory state than that seen in human psoriasis, the
Card14 model is based on only one psoriasis-associated gene,
and IMQ induces diverse inflammatory pathways. This last fea-
ture may be relevant to other immune diseases reported to
include Th9high patient endotypes like lupus, atopic dermatitis,
and vasculitis [17,50]. Although Th9 cells are thought to be the
major source of IL-9 in humans, IL-9 can also originate from
other cell types including mast cells, CD8+ T cells, and innate
lymphoid cells [51]. Future studies are needed to explore the
links between IL-9-producing T cells, other IL-9-producing cells,
and ASCVD pathogenesis in these populations.

Our findings also point to IL-9/Th9 blockade as a potential
strategy to prevent or treat psoriatic ASCVD. Most trials using
immunomodulation for ASCVD have targeted the IL-1/IL-6 path-
way with colchicine, canakinumab, and tocilizumab [47,52,53].
While effective, these approaches carry major drawbacks includ-
ing immunosuppression and off-target toxicities [47,52,53]. By
contrast, IL-9 plays a limited role in host-pathogen defence: pri-
marily defence against helminths [51], which rare in developed
countries. Early IL-9-blocking trials in revealed no major safety
concerns, and type 2 cytokine blockers generally well tolerated,
even in combination with other biologics [51,54]. Moreover,
the Th9high endotype is associated with ASCVD independent of
C-reactive protein, a biomarker of IL-1/IL-6 activation. The
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Th9high state has previously been linked to arthritis in individu-
als with psoriasis [21]; however, our study design did not
include comprehensive assessment for PsA. Because most
patients with PsA also have psoriasis, and PsA has been linked
to ASCVD severity [11], our findings may be highly relevant to
patients with PsA-associated ASCVD.

Future studies will need to replicate these findings in larger
cohorts of patients with moderate-to-severe disease, with PsA,
and using longitudinal study designs. Nonetheless, these results
highlight the novelty and potential utility of IL-9/IL-9R blockade
as a safer, more effective strategy for ASCVD prevention in
Th9high endotypes.

Beyond identifying a novel ASCVD endotype, our results also
clarify Th9 lineage identity across different tissues and disease
states [25,27,34]. We previously identified a conserved “allergic
Th9” transcriptional program [17], which we now find extends
to psoriasis and ASCVD. Psoriatic Th9 cells are enriched for
migratory markers that promote homing to atherosclerotic ves-
sels, consistent with the presence of plaque-infiltrating Th9 cells.
Prior studies suggest that Th9 cells in patients with psoriatic dis-
ease initially differentiate in barrier tissues such as the skin or
small intestine before circulating to distal sites, which is partly
supported by the specificity of some plaque-resident CD4+ T
cells for viral epitopes [16,21,55]. Hyperlipidaemia may itself
promote Th9 infiltration into skin: obesity worsens psoriasis,
and HFD worsens IMQ-psoriasis [6,56]. Alternatively, plaque-
resident Th9 cells may originate from visceral fat: both psoriasis
and atherosclerosis involve visceral adipose inflammation
[8,57], and some plaque-resident CD4+ T cells are specific for
apolipoprotein B [55]. It is also possible that plaque-resident
Th9 cells originate from the gut, as has been reported for joint-
resident Th9 cells in PsA [21]. Defining the origin and migration
of plaque-infiltrating Th9 cells, as well as the relationship to
other psoriatic disease features like arthritis, will require fate-
mapping and dynamic tracking approaches.

After migration into atherosclerotic plaque, local proathero-
genic factors may sustain Th9 effector function, helping to
explain persistent IL-9 production. Cytokines and mediators like
IL-1β, hypoxia, nitric oxide, and intracellular fatty acids—all
abundant in atherosclerotic lesions—modulate Th9 differentia-
tion [34,49,51,58]. We now add VEGF-A and oxidised LDL to
this network, underscoring the complex milieu that regulates
Th9 effector function in psoriatic ASCVD. Sustained IL-9 produc-
tion positions the endothelium as a key downstream target: IL-
9/IL-9R/STAT3 directly regulates endothelial barrier function,
activation, angiogenesis, and leukocyte recruitment. Because IL-
9R can be broadly induced by inflammation across stromal and
immune compartments [51], we used primary human arterial
endothelial cells and conditional deletion models to establish
endothelial IL-9R/STAT3 signalling as a critical pathway linking
Th9/IL-9 to ASCVD. Endothelial-directed Cre recombinases can
also affect haematopoietic lineages [51]. Although we con-
firmed endothelial-specific deletion relative to bulk leukocyte
populations, we cannot entirely rule out a role for IL-9R signal-
ling within the immune compartment in psoriatic atherogenesis,
including in our endothelial-directed conditional deletion
model. Nonetheless, our results highlight IL-9/IL-9R as a potent
modulator of endothelial biology, with broad implications for
vascular disease.

In summary, IL-9+ Th9 cells are expanded in psoriasis, define
a Th9high endotypes associated with ASCVD, and express a con-
served Th9 transcriptional program that directs them to athero-
sclerotic plaque. Within plaque, local factors modulate IL-9
production, which in turn directly promotes endothelial
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dysfunction via IL-9R/STAT3 signalling. These findings uncover
a novel mechanism of inflammatory atherogenesis that high-
lights IL-9 blockade a promising therapeutic strategy in patients
with Th9high diseases like psoriasis.
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Extended Methods

Sex as a biological variable
Sex was considered as a variable in experimental design for

all experiments. Both male and female subjects (mouse and
human) were included; similar findings were seen for both
sexes.

Human Samples and Data
Whole blood, coronary artery CT scores, and demographic

data were collected from de-identified psoriasis patients at the
NIH Clinical Center. Samples included untreated patients and
those on immunomodulatory therapies. Additional details are
described elsewhere [1]. De-identified blood samples from non-
psoriatic controls were obtained from the NIH Blood Bank or de-
identified healthy volunteers. Atherosclerotic coronary artery
specimens from psoriasis patients were obtained via the CVPath
autopsy registry.

Study approval, Patient and Public Involvement
Patients and members of the public were not directly

involved in the design or conduct of this study. Study participa-
tion was limited to providing informed consent and contributing
clinical samples or data. All procedures were conducted in
accordance with institutional review board and ethical guide-
lines. Human studies were approved by the NIH Institutional
Review Board (IRB) under protocol 13H-0065 (NCT01778569)
or 10-H-0126 (NCT01143454). The CVPath autopsy registry
was approved by the CVPath IRB. All mouse protocols were

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE312663
https://figshare.com/s/c00d88b1b25ef0c5c788
https://doi.org/10.1016/j.ard.2025.11.008
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approved by the NIAID (LAD12E) or University of Pittsburgh
(22070649) IACUC

Mouse experiments
Experiments were performed on age- and sex-matched 8−12-

week-old male and female mice, housed in specific-pathogen-
free, AAALAC-accredited facilities. Mice were maintained on a
12-hour light−dark cycle with ad libitum food and water, except
for a 24-hour fast before euthanasia in high-fat diet studies.
Health was monitored regularly, with increased oversight in dis-
ease models. VE VE-Cre (Cdh5-Mlia), Card14DE138, and ApoE-/-

mice were purchased (Jackson); Il9r-/- and INFER mice were
provided by M Kaplan and J-C Renauld. All mice were on a
C57BL/6 background

Generation of Il9rf/f mice
Il9rf/f mice were generated by CRISPR/Cas9 at the Mouse

Genetics and Gene Modification Section, Comparative Medicine
Branch, NIH. Gene targeting was aimed to delete exon2-5 of
Il9r. Flox insertion sites were carefully chosen not to disturb
proper splicing of Il9r. A 3.5kb DNA cassette including 800bp
homology arms at both sides was synthesized and inserted into
pUC vector (Azenta). Guide RNAs were selected using CRISPOR
(http://crispor.tefor.net/), and synthetic gRNA was manufac-
tured (Synthego). C57BL/6Tac females were injected with 7.5IU
of pregnant mare serum gonadotropin (Prospec) followed by
5IU of human chorionic gonadotropin (Sigma) after 47 hours,
then mated with C57BL/6Tac males. The following morning,
fertilized one-cell-stage embryos were collected, washed 6 times
with EmbryoMax M2 media (Sigma), and then cultured in
EmbryoMax KSOM media (Sigma) at 6% CO2, 37°C for 3 hours
or until the microinjection. The embryos were transferred to
50mm glass bottom dish in EmbryoMax M2 drop, overlaid with
embryo-tested mineral oil (Sigma), and microinjected using an
DMi8 inverted microscope (Leica) equipped with a set of Tras-
ferMan4 micromanipulator and FemtoJet4i (Eppendorf). Micro-
injection mixture was prepared fresh as following: 10ng/µl of
HiFi Cas9 (IDTdna), 5ng/µl of sgRNA, 5ng/µl of plasmid in
microinjection buffer (10mM Tris-HCL pH7.5 with 0.25mM
EDTA), backfilled to microinjection needles for pronuclear injec-
tion. Injected embryos were implanted into the oviducts of
pseudo-pregnant surrogate CD-1 females (Charles River) after
1h culture in EmbryoMax KSOM at 6% CO2, 37°C. Offspring
born to foster mothers were genotyped by PCR. Primer sequen-
ces for genotyping: il9r for, CACAAGTCCGAGTTGAGGTC; il9r
5flox rev, AATGTATGCTATACGAAGTTATGGTACC; il9r 3flox
for, AGCATACATTATACGAAGTTATACGTG; il9r rev,
GGATGCTGGCTGACCATT.

Generation and validation of Il9rDVE mice
Cdh5Mlia Cre mice were purchased (Jackson) and bred to

Il9rf/f mice. Spleens were isolated from Il9rDVE mice and pooled
(n = 2) followed by red blood cell lysis and isolation of endothe-
lial and leukocyte fractions as described previously [2]. Briefly,
cells were sorted to CD45+ (leukocytes) and CD45- fractions
using magnetic depletion (Miltenyi). CD45- fractions were mag-
netically enriched for CD31+ cells (Miltenyi) followed by flow
cytometric sorting for CD45-/CD31+ endothelial cells. DNA was
isolated from leukocytes and endothelial cells and genotyped by
PCR using primers spanning a deleted intronic region: il9r for
CCTCCTTAATGTCCCTCCAACAA, Il9r rev ACCCTGCAGGAGG-
TATGCTT. The resulting DNA amplicons were visualized on
SYBR Gold agarose gel (ThermoFisher).

Psoriasis models
Three murine psoriasis models were used. In the IMQ-ApoE

model, 9−11-week-old ApoE-/- mice received daily topical 5%
Imiquimod (IMQ, Glenmark 60 mg) or Vanicream on shaved
831
dorsal skin for three 5-day cycles with 13-day recovery periods
(6 weeks total). In the IL-23-ApoE model, ApoE-/- mice received
daily intradermal IL-23 (500 ng in 20 µL PBS, Thermo) on
shaved flanks for two 5-day cycles with 59-day rest intervals (10
weeks total). Card14ΔE138 x ApoE -/- mice developed spontaneous
psoriasis.

High-fat diet (HFD, 42% fat; Envigo TD.88137) was used to
induce atherogenesis. IMQ and IL-23 model mice began HFD on
day 1 of psoriasis induction, continuing for 6 or 10 weeks,
respectively. Card14-ApoE mice began HFD at 8−12 weeks of
age for 7 weeks. Mice received anti−IL-9 antibody (BioXCell
BE0181) or IgG2a isotype control (BioXCell, BE0085) at
100 μg/200 μL twice weekly. In IMQ and IL-23 models, treat-
ment began on day 1 of induction. In Card14-ApoE mice, treat-
ment began on day 1 of HFD. Antibody dosing continued until
euthanasia.

Skin digestion Mouse dorsal caudal/posterior skin (∼3cm X
4cm) was digested as previously described [3]. Briefly, subcuta-
neous tissue was removed and samples placed in PBS. After trim-
ming into small pieces, skin was minced on ice with 1 mL
digestion buffer (10 μL of 25 mg/mL, 0.65 Wunsch units/mL
Liberase TL in PBS), then combined with 4 mL additional buffer
in a 6-well plate and incubated at 37 °C for 2 hours, with 1 mL
Trypsin added for the final 10 minutes. Digestion was stopped
with 4−5 mL 5% FACS buffer, filtered (100 μm), centrifuged
(400g, 8 min, 4 °C), resuspended in FACS buffer, and filtered
again (40 μm) prior to stimulation and/or staining.

Aorta digestion
Aortas were cut in 1mm rings and were collected in a 15ml

Falcon tube containing 200μl aorta digestion buffer containing
10μl of 25mg/ml (0.65 Wunsch units/mL) Liberase TM in PBS.
The tubes were incubated in a 37°C water-bath for 40 minutes,
resuspending every 15 minutes. The reaction was stopped by
adding 10ml PBS/2% FBS. The contents were passed through
40μm filters, then centrifuged (1400 rpm x 5 min) and resus-
pended.

Aortic plaque measurements (mice)
All aortic plaque measurements were performed according to

AHA guidelines [4]. Vasculature was perfused with PBS, and the
entire aorta was cleaned from adventitial fat under a dissection
microscope. Subsequently, the thoracic part of the aorta was uti-
lized for en face atherosclerotic lesion quantification while the
abdominal aorta was used for flow cytometry. For en face athero-
sclerotic lesion analysis, the thoracic aorta was opened longitu-
dinally, transferred to a wax-coated tray, and pinned under a
dissection scope. The aorta was then fixed using 4% paraformal-
dehyde solution for 10 minutes. To visualize lipid-rich athero-
sclerotic plaque, Oil-Red-O staining was performed as described
[5]. Briefly, after fixation aortas were washed with water and
incubated with isopropanol (60%) for 5min. Subsequently, Oil-
Red-O solution was added and incubated for 15 min under slow
rotation. Excessive Oil-Red-O solution was washed away with
60% isopropanol, then the aorta was submerged in water and
imaged. Photos taken at 10x magnification were analyzed for
Oil-Red-O positive area (ImageJ) expressed as percentage of
total aortic area. Quantification was performed by two indepen-
dent investigators who were blinded to experimental groups
and to each other’s assessments.

Plasma LDL measurement
After 12-14h fasting, blood was collected into EDTA-coated

tubes and plasma separated by centrifugation, then stored at
−80°C. When all the samples were collected, LDL cholesterol
levels were measured (Crystal Chemicals) according to the man-
ufacturer’s protocol.

http://crispor.tefor.net/
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In vitro human and murine Th9 differentiation
Naïve human and murine T cells (>90% purity, magnetic sep-

aration as previously described) [6]. were plated at 110⁶ cells/
mL. Human cells were cultured in 1 mL/well (48-well plate) in
complete RPMI-1640 (10% FBS, glutamine, penicillin/strepto-
mycin) with plate-bound αCD3 (OKT3, 1 μg/mL) and Th9-polar-
izing conditions: αCD28 (1 μg/mL), αIFN-γ (2.5 μg/mL), hTGF-β
(5 ng/mL), hIL-2 (10 ng/mL), hIL-4 (30 ng/mL), and hIL-1β
(10 ng/mL). Murine cells were cultured in 1 mL/well (24-well
plate) in complete IMDM (10% FBS, penicillin/streptomycin,
55 μM β-mercaptoethanol) with plate-bound αCD3ε and αCD28
(10 μg/mL each), plus αIFN-γ (10 μg/mL), mIL-4 (20 ng/mL),
hIL-2 (10 ng/mL), and hTGF-β (5 ng/mL). Where indicated, cells
were treated with vehicle, VEGF-A (Peprotech), or oxidized LDL
(oxLDL; Lee Biosolutions) in charcoal-stripped FBS (Gibco).
Cells were analyzed after 3 days (mouse) or 5 days (human).

Restimulation
All cells were stimulated in 96-well plates. Human PBMCs

were isolated by density centrifugation (Ficoll-Paque) and cryo-
preserved. For restimulation, cells were thawed and washed
with complete RPMI-1640 with DNAse as previously described,
then restimulated at 37°C with 10 ng/mL phorbol 12-myris-
tate13-acetate (PMA), 1µg/mL ionomycin, 20 ng/mL hIL-2, and
60 ng/mL hIL-4. After 2 hours, 10 mg/mL brefeldin was added
for 4h (total 6h stimulation).

Murine in vitro differentiated Th9 cells were stimulated with
100 ng/mL PMA, 1 µg/mL ionomycin; 20 ng/mL hIL-2;
40 ng/mL mIL-4. Human in vitro differentiated Th9 cells were
stimulated with 20 ng/mL PMA; 1 µg/mL ionomycin; 20 ng/mL
hIL-2; 60 ng/mL hIL-4. In both, 10 mg/mL brefeldin was added
after 2h, and the incubation was continued for another 4h (total
6h stimulation). Murine in vivo differentiated Th9 cells (skin,
spleen, aorta): organs were digested as above, then resuspended
in cIMDM for 5 hours with PMA (100ng/mL), ionomycin (1 µg/
mL), hIL-2 (20 ng/mL), and mIL-4 (40 ng/mL).

Flow cytometry
Human PBMC were stained for viability (Live-Dead BLUE,

Invitrogen), then fixed and permeabilized (BD Cytofix/Cyto-
perm). Cells were then stained with: CD3/APC/Cy7, CD4-
BUV395, CD8-v500, CD45RO-PE/Texas Red, IL-2-PerCp/Cy5.5,
IL-4-BUV605, IL-13/BV711, IL-9-PE, IL-5-v450, IFN-γ-AF700,
TNF-α-PE/Cy7, IL-17A-FITC, IL-21-AF647, IL-10-e655. Live,
doublet-excluded (single) cells were used for all analyses.

In vitro differentiated murine Th9 cells were stained for via-
bility (Zombie AQUA, BioLegend), then fixed and permeabilized
(BD Cytofix/Cytoperm). Cells were then stained with CD4-
PerCp/Cy5.5, IL-9-APC, IFN-γ-PE, Foxp3-v450, IL-4-AF488.
Live, doublet-excluded (single) cells were used for all analyses.

Tissue-infiltrating murine cells: suspensions of digested
organs were transferred to 96-well plates and centrifuged (400g
x 3min, 4°C), then washed (1X PBS) and stained for viability
(Zombie AQUA, Biolegend) in the presence of Fc block. After 10
minutes, the following antibodies were added for 30 minutes,
4°C: F4/80-SB600, CD11b-FITC, Siglec-F-PE, Ly6G-PerCP/
Cy5.5, Ly6C-AF647. Cells were fixed and permeabilized (BD
Cytofix/Cytoperm), followed by intracellular staining, 3 hours:
CD3-BV421, TCRβ-APC/Cy7, CD45.2-PE/Cy7, CD4-PE/Dazzle
594, CD8a-AF700. In some cases, cells were stimulated for anal-
ysis of in vivo differentiated T cells and stimulated as above,
then stained for viability (Zombie UV, Biolegend) in the pres-
ence of Fc block. After 10 minutes, the following antibodies
were added for 30 minutes, 4°C: CD11b-FITC, Ly6C-Alexa Fluor
700, F4/80-SB 600, followed by intracellular staining for 2
hours: CD45-APC/Cy7, CD3-BV421, TCRβ-SB645, CD4-PerCP/
832
Cy5.5, IL9-PE, IL13-PE-Cy7, IL17-APC, IFNγ-Pacific Blue. Live,
doublet-excluded (single) cells were used for all analyses.

Th9 cells from INFER mice: organ suspensions were trans-
ferred to 96-well plates and stained with DAPI and cell surface
antibodies in the presence of Fc block (20 mg/mL), heat-inacti-
vated rat serum (1:50 dilution, ThermoFisher 10170C), and
heat-inactivated hamster serum (Abcam ab7483). Cells were
stained with: CD4-PerCpCy5.5, CD8-PE, TCR-b-APC-Cy7,
CD45.2-PE-Cy7, and CD44-AF700. Live, doublet-excluded cells
were sorted for CD45.2+/TCR-b+/CD4+/CD8-/CD44+ cells,
then for GFP+ (Th9) and GFP- (non-Th9) cells.

Data were collected on a LSRFortessa (BD) or Cytek Aurora
and analyzed with FlowJo (Treestar) and Prism (GraphPad).

For all experiments, gating strategies are available in the
extended data.

For immunofluorescence, deparaffinized sections underwent
heat-induced antigen retrieval and were incubated overnight at
4 °C with antibodies against CD3 (0.2 μg/mL) or CD4 (1.25 μg/
mL) (Roche), co-labeled with PU.1 (1:400, CST). Secondary anti-
bodies included Alexa Fluor 488 anti-mouse IgG and Alexa Fluor
555 anti-rabbit IgG (1:150, Thermo Fisher), followed by DAPI
(1:500).

For VE-cadherin/IL-9R co-staining, sections were incubated
with VE-cadherin (1:100, R&D) and IL-9R (1:400, BioLegend),
followed by Alexa Fluor 488 anti-goat IgG and Alexa Fluor 555
anti-mouse IgG (1:150), and DAPI. Histological images were
scanned at 10X (AxioScan Z1, Zeiss) and immunofluorescent
images were acquired using a laser-scanning confocal micro-
scope (LSM800, Carl Zeiss Microscopy, Jena, Germany) with
optical sectioning along the z-axis at 20X.

Primary human aortic endothelial cells (HAoEC) from >9
donors (PromoCell) were cultured and passaged up to 9 times as
described[5, 7]. Cells were treated with recombinant human IL-
9 (Peprotech) 100 ng/mL vs. vehicle control; in some experi-
ments the STAT3 inhibitor C188-9 (1mMol/L) vs. vehicle con-
trol was added. Assays were performed on confluent monolayers
using >4 biological replicates to assess endothelial function.
Immunofluorescence was used to visualize monolayers and
quantify intercellular gaps as described [5]. After 6h of treat-
ment, cells were fixed (2% paraformaldehyde), permeabilized
(0.1% Triton X-100), blocked (5% goat serum in 2% BSA), and
stained with anti−VE-cadherin (1:100), Phalloidin-AF488 (F-
actin), and DAPI (nuclei). Images were captured using the
EchoRevolve and Zeiss 780 microscopes, and gaps were quanti-
fied with ImageJ. Gaps were quantified by two investigators
who were blinded to the groups and to each other’s assessments.
Endothelial barrier integrity was assessed using ECIS and FITC-
dextran (70 kDa) flux across 0.4 μm transwells, as previously
described [5] [8].

Angiogenesis
For MatrigelTM tube formation assay [8], HAoECs were

treated overnight, supernatants were removed, and HAoECs
removed from culture surfaces then maintained on the Matrigel
matrix for 4 hours to allow tube formation. Images were taken
(EchoRevolve), and tubes/microscopic field were quantified
(ImageJ). Quantification was performed by two independent
investigators who were blinded to experimental groups and to
each other’s assessments.

HAoEC-leukocyte chemotaxis assays
HAoECs were treated as indicated for 6h, and supernatants

were collected. PBMCs (2 × 106 per condition) from healthy
blood bank donors were seeded on a 5μm transwell filter in a
24-well plate. The lower chamber was filled with HAoEC super-
natant (300μl), and PBMCs were allowed to transmigrate (4h).
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Cells were suspended in Trizol LS (Invitrogen). Total RNA
was extracted and treated with DNAse to remove genomic DNA,
then 500 ng RNA was reverse transcribed using a cDNA synthe-
sis kit (Applied Biosystems) and quantitative PCR (qPCR) was
performed in triplicate using TaqMan master mix (Applied Bio-
systems). The following primers were used: TBP (qHsa-
CIP0036255), VEGFA (qHsaCEP0050716), VCAM1
(qHsaCIP0030799), ICAM1 (qHsaCEP0024986), SELE (qHsa-
CIP0028854), SOCS3 (qHsaCEP0024741). Expression was nor-
malized to TBP.

Libraries for mRNA-sequencing were prepared using the
NEBNext Ultra II Directional RNA-seq Library kit. Samples were
sequenced on a NovaSeq 6000, paired end (PE), for 50 cycles
and processed with bcl2fastq v.2.20.0.422. Reads of 50 bases
were processed using the nextflow-core pipeline [9] (https://nf-
co.re/rnaseq/2.0). Adaptor sequences were trimmed (Trim
Galore) and mapped to mouse transcriptome mm10 or human
transcriptome GRCh38 (STAR). Gene expression values (frag-
ments per kilobase exon per million mapped reads; tags per mil-
lion mapped reads; counts) were generated using RSEM.
Differential gene expression was calculated using DESeq2. To
calculate FC cutoffs, datasets were normalized based on FPKM
and purged of micro-RNAs, sno-RNAs and sca-RNAs. When mul-
tiple transcripts were detected for one gene, only the most abun-
dant (highest average RPKM across all replicates) was analyzed.
Transcripts with FPKM < 1 were excluded. Downstream analy-
ses were performed with R 4.3.2, Morpheus (https://software.
broadinstitute.org/morpheus/), VolcanosER (https://huygens.
science.uva.nl/VolcaNoseR/), DAVID (https://davidbioinfor
matics.nih.gov), and Metascape (https://metascape.org/gp/
index.html#/main/step1). Metascape enrichment scores were
calculated using nN/kM, where N = total genes in the study
pool, i.e. human/mouse genome, k = genes in the pathway of
interest, M = # genes in the input gene list, and n = overlap
between k and M.

Geneset Enrichment Analysis (GSEA)
For GSEA (https://www.gsea-msigdb.org/gsea/index.jsp)

analysis [10, 11], enrichment score curves and member ranks
were generated by GSEA software (Broad Institute). The Th9
cassette was obtained using our previously published analysis of
Th9 cells [6]. Other T helper subset cassettes were also obtained
from datasets we previously generated [12]. Other pathways
were analyzed based on Human Molecular Signatures Database
(MSigDB) collections.

CITE-seq data were analyzed using Seurat 5.2.0 [13]. UMI
files for plaque-resident and circulating (PBMC) T cells were
obtained from https://figshare.com/s/c00d88b1b25ef0c5c788.
CD4+ T cells were identified based on CITE-seq antibody label-
ing (CD4+CD8-), and UMI matrices for “CD4.Tcells.plaque”
and “CD4.Tcells.pbmc” were used for downstream analysis.
UMAPs and SPI1+ cell visualization followed standard pipe-
lines [13]. GSEA was performed on SPI1+ vs. SPI1- cells using
signal-to-noise ranking and phenotype permutation to assess
“allergic Th9” enrichment. For pathway analysis, genes with
Pearson correlation > 0.2 with SPI1 in plaque CD4+ T cells
were selected.

Endothelial cells were treated with vehicle (PBS + 0.1%
recombinant human serum albumin) or recombinant hIL-9
(PeproTech), then lysed at indicated time points in RIPA buffer
with protease/phosphatase inhibitors (ThermoFisher). Lysates
were centrifuged (4°C, 14,000g), and protein concentration was
measured (Pierce BCA Kit). Equal protein amounts were run on
Mini-Protean TGX gels (BioRad), transferred to nitrocellulose
membranes, and blocked with 5% NFDM or 2% BSA (for
833
phospho-antibodies) for 1 hour. Membranes were incubated
overnight at 4°C with primary antibodies (1:1000), washed in
TBS-T, then incubated with HRP-conjugated secondary antibod-
ies (1:5000) for 1 hour. After washing, membranes were treated
with substrate (SuperSignal West Pico Plus) and imaged using
Fluor Chem E or Azure CCD systems. Antibody details are in
Supplementary Table 3. Experiments used 3−6 biological repli-
cates. Full (unedited) blots are available in the Extended Data.

For all non-transcriptomic analyses, statistics were performed
in GraphPad Prism. Normality was assessed before testing.
Parametric tests (paired/unpaired t-test) were used for normally
distributed data; non-parametric tests (Wilcoxon or Mann-Whit-
ney) for non-normal data. ANOVA was used for group compari-
sons, with Benjamini-Hochberg correction for multiple testing.
All tests were two-sided.
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A B S T R A C T

Objectives: This study aims to evaluate the efficacy and safety of IM19, an autologous anti-CD19
chimeric antigen receptor (CAR) T cell, in patients with refractory systemic lupus erythematosus
(SLE), with a particular focus on lupus nephritis (LN).
Methods: This is an open-label, single-arm clinical trial. IM19 was administered following lym-
phodepletion. Repeated renal biopsies were performed at day 180. Single-cell RNA sequencing
on peripheral blood mononuclear cells was performed pre- and 180-day post-CAR-T infusion. A
literature search on the efficacy of CAR T-cell therapy in LN in PubMed database was conducted.
Results: Six patients with refractory SLE and renal involvement were enrolled. IM19 therapy was
well tolerant, with mild cytokine release syndrome occurring in 4 patients. The median Systemic
Lupus Erythematosus Disease Activity Index-2000 score decreased from 12 (range, 10-24) to 4
(range, 2-8) at day 90, and remained stable at 5 (range, 2-6) at day 180. The renal responses
were heterogeneous with 2 complete responders, 2 partial responders, and 2 nonresponders.
Repeated renal biopsies showed no B-cell infiltration, but dominant chronic changes and podo-
cytopathies post-CAR-T therapy. A mini-review demonstrated that the renal complete response
rate of CAR-T therapy was 72.4%, and advanced age was associated with suboptimal response.
Single-cell analysis confirmed B-cell reconstitution in 3/6 patients.
Conclusions: IM19 CAR T-cell therapy demonstrated a favourable safety profile and clinically mean-
ingful systemic improvement. Responses to CAR-T therapy in LN were variable. Chronic renal mani-
festations, podocytopathy, and ageing were associated with suboptimal therapeutic outcome.
Rheumatology and Immunology, Peking University Third Hospital, Beijing, China.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

• Chimeric antigen receptor (CAR) T-cell therapy targeting CD19
or B-cell maturation antigen has emerged as a transformative
intervention for refractory systemic lupus erythematosus, dem-
onstrating potent depletion of B cell and long-lived plasma cells
and induction of clinical remission in multiple pilot studies.

WHAT THIS STUDY ADDS

� The pilot investigator-initiated research showed that IM19, an
autologous anti-CD19 CAR-T product, achieved significant
reductions in systemic disease activity and effective depletion
of CD19+ B cells in both peripheral blood and renal tissue.

� Despite robust systemic improvement, renal responses of IM19
were heterogeneous. A pooled mini-review of published CAR-T
studies in lupus nephritis (LN) revealed an overall renal com-
plete response rate of 72.4%.

� Chronic histological changes and podocytopathy are key deter-
minants of poor renal outcomes of CAR T-cell therapy in our
patients with LN. Advanced age might also predict suboptimal
outcomes.

� The study demonstrated the feasibility of continuing immuno-
suppressive therapy during leukapheresis, which provided an
evidence-based treatment protocol for optimising therapeutic
frameworks in CAR T-cell therapy.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

• This study advocates for the integration of routine renal biopsy
into patient selection protocols for CAR T-cell therapy, promot-
ing histopathology-guided stratification to refine clinical trial
design and therapeutic precision.
INTRODUCTION

Chimeric antigen receptor (CAR) T-cell therapy has shown
remarkable potential in systemic lupus erythematosus (SLE),
given the central role of B cells in SLE pathogenesis [1]. Current
CAR-T approaches, including autologous CAR T cells targeting
CD19 [2−7], B-cell maturation antigen (BCMA) [8], or both
CD19-BCMA [9], alongside allogeneic CD19-targeted CAR T
cells [10], improved clinical outcomes in refractory patients
with SLE. However, heterogeneity in the efficacy and safety pro-
file has been found across different CAR-T products, attributable
to multiple factors, such as designs and antigen targets [11].
IM19, an autologous 41BB-based CD19 targeting CAR-T, lacks
established clinical experience in autoimmune diseases so far,
and its efficacy and safety in SLE remain to be determined
through careful investigation.

A key advantage of CAR-T therapy lies in its potent tissue
infiltration capabilities [12], rendering it an ideal choice for
lupus nephritis (LN) which is characterised by the infiltration of
pathogenic autoreactive B cells within the renal parenchyma
and interstitium [13]. Conventional B-cell depleting agents,
such as rituximab and obinutuzumab, demonstrate limited effi-
cacy in eliminating these tissue-resident B-cell populations and
contribute to suboptimal clinical responses [14,15]. Although
preliminary clinical data suggest that CAR T-cell therapy may
overcome this limitation and induce renal improvement [2
−4,6,8,9], its efficacy on LN requires further investigation.
Moreover, factors influencing treatment response are not well
understood, underscoring the urgent need for additional studies.

To elucidate the clinical efficacy of IM19 in refractory SLE,
we conducted a pilot study. Beyond the observations reported in
837
other CAR T-cell therapy studies, the exclusive enrolment of par-
ticipants with active LN at baseline afforded a unique opportu-
nity to conduct longitudinal analyses of renal outcomes—
directly addressing a key unmet clinical need in the field.
Because current evidence on CAR-T therapy for LN predomi-
nantly derives from case reports, small-scale case series, and
pilot studies, we conducted a mini-review synthesising extant
literature alongside our original data to better understand treat-
ment efficacy and predictive factors. Additionally, this study
pioneered a novel protocol retaining baseline immunosuppres-
sants during leukapheresis.

METHODS

Study design

This open-label, single-arm investigator-initiated clinical
study was conducted at Peking University Third Hospital, Bei-
jing, People’s Republic of China, to assess the safety and efficacy
of IM19 therapy in refractory SLE (ClinicalTrials. gov number,
NCT06513429), in accordance with the Declaration of Helsinki
and Good Clinical Practice guidelines. The study was approved
by the Cellular Clinical Research Scientific Review and Medical
Science Research Ethics Committee Review (M2023469), and
then by the National Health Commission of China, following the
Interim Measures for the Clinical Research and Translational
Application of Somatic Cell Therapies (People’s Republic of
China, 2023). All patients provided written informed consent.
Participants

Patients were recruited from the Department of Rheumatol-
ogy and Immunology of Peking University Third Hospital
between July 30, 2024 and November 16, 2024. Eligible
patients were aged 18 to 65 years and fulfilled the 2019 Ameri-
can College of Rheumatology and the European Alliance of Asso-
ciations for Rheumatology classifications of SLE [16]. Inclusion
criteria required active disease with SLE disease activity score
(Systemic Lupus Erythematosus Disease Activity Index-2000
[SLEDAI-2K]) with a score of 10 or above [17]. Active LN was
defined as 24-hour urinary protein excretion >0.5 g daily.
Refractory SLE was defined as persistent disease activity or
relapse despite standard treatment, including steroids (adequate
doses or pulse therapy), immunosuppressants (cyclophospha-
mide or mycophenolate mofetil), and biologics (belimumab or
telitacicept). All the patients had maintained stable background
therapy for at least 12 weeks preceding the screening. Detailed
inclusion and exclusion criteria are provided in the protocol (see
Supplementary Material).
Outcomes

The primary endpoint was the change from baseline in SLE-
DAI-2K score at 90 days post-IM19 CAR T-cell infusion, along-
side safety assessments within 28 days postinfusion. Adverse
events (AEs) and severe AEs were evaluated according to Com-
mon Terminology Criteria for AE version 5.0 [8]. Cytokine
release syndrome (CRS) and immune effector cell−associated
neurotoxicity syndrome (ICANS) were assessed according to the
American Society for Transplantation and Cellular Therapy con-
sensus criteria [18].

The secondary endpoints included: (1) the efficacy of SLE,
as evaluated by the improvement of SLEDAI-2K score and
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achieving lupus low disease activity (LLDAS) [19] at day 180
and day 360; (2) renal response at day 180 and day 360. Regard-
ing LN, complete renal response was defined as 24-hour urine
protein ≤0.5 g/d; partial renal response was defined as a ≥50%
reduction in proteinuria from baseline with 24-hour proteinuria
<3.5 g/d or protein-creatinine ratio <3.0 mg/g, along with sta-
ble or improved kidney function (±10%-15% of baseline)
[20,21]; and (3) dynamics of IM19 CAR-T expansion in vivo.

CAR T-cell manufacturing, therapeutic procedure, and follow-ups

IM19, a 41BB-based CD19 CAR-T, was composed of FMC63
scFv, CD8a hinge and transmembrane region, 41BB costimula-
tory domains, and a CD3ζ T-cell activation domain (Imuno-
pharm Technology Co., Ltd.) [22]. Briefly, T cells were purified
from the apheresis and activated by CD3/CD28 Dynabeads
(ThermoFisher) at a T cell/bead ratio of 1:1. One day later, T
cells were transduced with IM19 lentiviral vector and cultured
in X-VIVO 15 medium (Lonza Group) containing 500 IU/mL of
Interleukin (IL)-2 at a density of 0.3 × 106 to 1.5 × 106/mL for 6
to 12 days. CAR T cells were formulated, cryopreserved, and
sent for quality control in both Imunopharm Technology Co.,
Ltd. and the central lab of Stem Cell Center, Peking University
Third Hospital.

Leukapheresis was performed without interrupting ongoing
immunosuppressants and hydroxychloroquine. T-cell expansion
during manufacturing was observed (Supplementary Fig S1). A
median number of 1.5 (range, 0.4-2.1) × 109 CD19 CAR T cells
were manufactured per patient, with flow cytometric analysis
confirming transduction efficiencies (CAR positivity) of 23.5%
to 53.7% (Supplementary Fig S2).

Immunosuppressants and hydroxychloroquine were discon-
tinued before lymphodepletion; steroid doses were maintained
at ≤10 mg/d prednisone equivalent. Lymphodepleting chemo-
therapy comprised fludarabine (25 mg/m2/d) and cyclophos-
phamide (300 mg/m2/d) for 3 consecutive days (D-5 to D-3).
IM19 CAR T cells were infused on day 0 at a dose of 1 × 106

CAR T cells/kg for patients 1, 3, and 4, and 1 × 108 cells per
patient for patients 2, 5, and 6, following prophylactic antihista-
mine administration.

The follow-up schedule is summarised in the protocol (Sup-
plementary material: Protocol). Patients were monitored daily
for CRS and ICANS. Safety was evaluated by the frequency and
severity of AEs for 180 days. Clinical efficacy was assessed via
SLEDAI-2K score, and laboratory parameters including autoanti-
body titres, complement levels, and proteinuria measurements.
Repeated renal biopsies were made in patients 1-3 at day 180.
The follow-up schedule is detailed in the protocol (Supplemen-
tary material: Protocol).

Immunomonitoring

To monitor CAR T cells, peripheral blood mononuclear cells
(PBMCs) from each patient were isolated by density centrifuga-
tion, stained with CD19 CAR detection reagent, washed twice,
and stained with Biotin antibody, a standardised panel of anti-
bodies against CD45, CD3, CD4, and CD8. To evaluate the
change of B cells, PBMCs were stained with anti-CD3 AF488
(clone UCHT1), anti-CD45 BV510 (clone 2D1), anti-
CD19 PE/Cy7 (clone HIB19), anti-CD20 BV650 (clone 2H7),
anti-CD27 BV750 (clone O323), anti-CD38 PE/Dazzle594 (clone
HIT2), anti-CD11c BV421 (clone 3.9), anti-immunoglobulin (Ig)
D APC (clone IA6-2), and anti-CD21 PE (clone HB5). All anti-
bodies were from BioLegend (USA), except anti-CD21 PE from
838
Invitrogen (USA). Absolute cell counts were determined with
Northern Lights (Cytek Biosciences) according to the man-
ufacturer’s instructions. Gating strategies are depicted in Sup-
plementary Figure S3. Data were analysed using SpectroFlo
software (Cytek). All measurements were taken from distinct
samples.
Single-cell RNA sequencing

We conducted single-cell RNA sequencing (scRNA-Seq) on
PBMCs in 3 patients pre- and 180-day post-CAR-T infusion.
Libraries were generated using the Chromium Next GEM Single
Cell 5′ Kit (10 × Genomics), simultaneously capturing 5′ gene
expression and enriched V(D)J sequences for T-cell receptor
(TCR) and B-cell receptor (BCR) immune profiling.

For quality control, cells were retained if they expressed at
least 500 genes and had less than 5% mitochondrial RNA con-
tent. Erythrocytes and platelets in PBMC were excluded in
downstream analysis. Doubletfinder (v2.0.3) was applied to
eliminate potential doublets. Seurat (v5.3.0) R package was
used for normalisation, dimension reduction, clustering and cell
annotation, and Harmony (v1.2.3) algorithm was used for batch
effect correction. Gene set enrichment was performed by
‘AddModuleScore’ function in Seurat, and gene sets were
obtained from the MSigDB database. scRepertoire (v2.2.1) was
used for single-cell immune profiling analysis.
Quantification of autoantibodies

Autoantibodies, including anti-double-stranded DNA
(dsDNA), anti-Smith, anti-SSA/Ro60, anti-Ro52, and anti-U1-
RNP antibodies, were measured using a Chemiluminescence
Immunoassay analyser (Kangrun Biotech, China), which is
widely used and validated in clinical practice for SLE manage-
ment [23]. Antinuclear antibody (ANA) was assessed by Indirect
Immunofluorescence (EUROIMMUN).
Detection of antibodies against pathogens

Antibodies against the hepatitis B virus (HBV) and cytomega-
lovirus (CMV) were analysed using Electrochemiluminescence
(Roche Diagnostics GmbH). Antibodies against Epstein-Barr
virus (EBV) were tested using Electrochemiluminescence (YHLO
Biotech).
Measurement of cytokines

IL-6, IL-10, interferon (IFN)-γ and tumour necrosis factor
(TNF)-α were quantified via flow cytometry fluorescence
technology (CellGene Biotech) following the manufacturer’s
instructions.
Mini-review

As of July 31, 2025, the PubMed databases had been
searched. The keywords used were ‘systemic lupus eryth-
ematosus’, ‘lupus nephritis’, and ‘CAR T cell’. Case reports, case
series, and pilot studies in English were included. Two reviewers
(JZ, XZ) abstracted the patients, the interventions, and the out-
comes. Baseline active disease, defined as proteinuria >0.5 g/d,
was required in patients with LN for efficacy analysis. Given the
high risk of bias inherent in case reports, we restricted our effi-
cacy analysis to cohort studies and clinical trials, ensuring a
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more reliable assessment of response rates and prognostic
factors.

Statistical analysis

Due to the small sample size, individual values are presented.
Descriptive statistics were used to illustrate parameter changes,
and median (range) was used to describe disease duration,
SLEDAI-2K scores, circulating T cells, peak time of CAR T-cell
expansion, and time of B-cell reconstitution. Paired comparisons
of laboratory indices, such as antibodies against pathogens and
B-cell proportions between 2 different time points, were per-
formed with the paired Wilcoxon rank-sum test. Statistical anal-
yses for baseline demographic and disease characteristics were
done using the Mann-Whitney U test for comparisons of continu-
ous variables and Fisher’s test for comparisons of categorical
variables. The Kolmogorov-Smirnov test was performed to
detect the difference in gene set. A nominal significance level of
0.05 (2-sided) was applied to all the analyses. Descriptive analy-
ses and visualisation were carried out using GraphPad Prism
V10.0 (GraphPad Software, LLC). Visualisation of individual
SLEDAI-2K score and all statistical analyses were carried out
with R 4.1.0 (R Foundation for Statistical Computing).
Table 1
Characteristics of 6 patients with refractory SLE at baselin

Characteristics Patient 1 Patient 2 Pa

Age (y) 43 41 39
Sex (female/male) F M F
Weight (kg) 68 62 83
Disease duration (y) 7 6 14
Follow-up (mo) 9 6 7
PGA score 3 2 2
Disease activity SLEDAI-2K 24 12 10
Baseline laboratory value
White blood cells (N/μL) 2.43 9.25 3.7
Haemoglobin (g/l) 74 108 11
Lymphocyte (N/μL) 0.78 1.89 0.4
Platelets (N/μL) 80 152 22
proteinuria (g/24 h) 2.9 3.3 8.0
eGFR (mL/min/1.73 m2) 96.7 63.2 11

Baseline autoantibodies
ANA (titre) 1:160 1:160 1:6
Anti-dsDNA (IU/mL) 329.9 247.9 56
Anti-Sm (U/mL) 18.2 0 0.4
Other autoantibodies U1-RNP − SS

Organ involvement (presence/absence)
Mucocutaneous − + −
Renal + + +
Renal biopsy stage IV IV V
Serosal + − −
Haematologic + − −
Musculoskeletal − − −

Treatments (yes/no)
Glucocorticoids + + +
Hydroxychloroquine + + −
Cyclophosphomide + + +
Mycophenolate + + +
Tacrolimus + + +
Leflunomide − − +
Azathioprine − − −
Belimumab + + +
Telitacicept − − −
ACE inhibitors + + −

ACE, angiotensin converting enzyme; ANA, antinuclear ant
glomerular filtration rate; NA, not available; PGA, physician
SLEDAI-2K, Systemic Lupus Erythematosus Disease Activity

839
RESULTS

Patients

Baseline characteristics are summarised in Table 1. Six
patients (3 women and 3 men) aged between 19 and 43 years,
with a median disease duration of 9.5 (range, 3-14) years, were
enrolled in the study. Although LN was not a mandatory inclu-
sion criterion, all patients who were enrolled had active LN at
baseline, enabling a focused analysis of renal outcomes. All 6
patients had active SLE with median SLEDAI-2K scores of 12
(range, 10-24). Four patients had biopsy-proven glomerulone-
phritis of World Health Organization grade IV or V, and the
other 2 patients had clinical LN diagnosis with persistent pro-
teinuria, 1.0 and 0.9 g/d, respectively. All the patients had an
inadequate response to ≥2 immunosuppressants/biologics,
including mycophenolate mofetil (6/6), cyclophosphamide (6/
6), tacrolimus (5/6), azathioprine (1/6), leflunomide (2/6),
belimumab (6/6), and telitacicept (1/6). None had been
exposed to B-cell depleting therapies, including rituximab or
obinutuzumab. Supplementary Table S1 summarises the thera-
pies and duration before screening. At baseline, 1 patient discon-
tinued glucocorticoids, whereas 5 patients received low-dose
e

tient 3 Patient 4 Patient 5 Patient 6

19 35 32
F M M
69 73 69
3 13 12
7 6 6
2 2 2
20 10 17

3 7.92 4.13 4.13
2 108 121 112

0.91 1.23 1.13
6 241 189 188

1.0 0.6 0.9
9.3 132.6 118.4 122.2

40 1:640 1:320 1:640
.0 177.4 127.3 2979.6

0 1.3 10.3
A, SSB, Ro52 − SSA, Ro52 SSA, Ro52

+ − +
+ + +
NA IV NA
− − −
− − +
+ − −

+ + +
+ + +
+ + +
+ + +
+ + −
+ − −
− + −
+ + +
− + −
+ + −

ibody; dsDNA, double-stranded DNA; eGFR, estimated
global assessment; SLE, systemic lupus erythematosus;
Index-2000; Sm, Smith.
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glucocorticoids (5-10 mg/d), and 2 of them subsequently
tapered to 2.5 mg/d during follow-up. Immunosuppressants and
hydroxychloroquine were withdrawn from all patients 5 days
before lymphodepletion, whereas after CAR-T infusion, no addi-
tional immunosuppressants were administered (Supplementary
Table S2). Regarding nephroprotective agents, angiotensin con-
verting enzyme (ACE) inhibitors were administered in patients
1, 2, 4, and 5 at baseline. Patients 4 and 5 discontinued ACE
inhibitors during follow-up.

Primary endpoint

Disease activity of SLE decreased significantly after IM19
infusion. Median SLEDAI-2K scores demonstrated a significant
reduction from 12 (range, 10-24) at baseline to 4 (range, 2-8) at
day 90. Key clinical manifestations resolved following therapy,
including arthritis (patients 4 and 6), skin rash (patient 6), and
pleural effusion (patient 1) (Fig 1A,B).

At baseline, all patients were anti-dsDNA antibody-positive.
A consistent decline in antibody titres was observed in the
cohort, with 3 patients (patients 1, 3, and 4) achieving serocon-
version (Fig 1C). Hypocomplementemia occurred in 4 patients
(patients 1, 3, 5, and 6), and normalised by 60 days for all
patients (Fig 1D). The patient with low C4 level (patient 1) nor-
malised by day 10 after IM19 CAR-T infusion (Fig 1E). During
the 180-day follow-up period, ANA titres decreased in all
patients except patient 5. Anti-SSA antibodies remained persis-
tently positive in patients 3 and 5, with a mild decline in patient
6. Notably, 1 patient (patient 1) achieved complete seroconver-
sion (ANA, anti-RNP, anti-SSA, and anti-dsDNA) by day 60, and
sustained at day 270 (Supplementary Table S3).

IM19 therapy was well tolerated. Transient low fever
(<38.5 °C, no more than 36 hours) occurred in patients 2, 4,
and 6, managed with nonsteroidal anti-inflammatory drugs or
physical cooling. Patient 3 with fever (38.0-39.0°C) persisting
>48 hours received a single dose of tocilizumab (8 mg/kg), and
the symptom resolved within 12 hours. No relevant hemody-
namic changes, hypoxia, or ICANS occurred (Table 2).

Secondary endpoint

At day 180, the median score of SLEDAI-2K was 5 (range, 2-
6) (Fig 1B). Two patients (patients 4 and 6) reached LLDAS,
with complete renal remission at day 180. Patients 1 and 3
achieved partial renal remission. Proteinuria in patient 1
decreased to 1.2 g/d from 2.9 g/d. Patient 3 exhibited a signifi-
cant short-term reduction in proteinuria to 1.0 g/d, whereas lev-
els subsequently rebounded to 3.0 g/d (8.0 g/d at baseline).
Patient 2 had persistent proteinuria (3.2 g at baseline, 5.6 g at
day 90, and 3.7 g at day 180 of follow-up) and increasing esti-
mated glomerular filtration rate from 36 to 51 mL/min/1.73 m2

(Fig 1F,G). Patient 5 exhibited mildly elevated proteinuria at
baseline (0.6 g/d), whereas no significant changes were
observed postinfusion. In addition to proteinuria, active urinary
sediment (defined as >5 Red Blood Cells (RBCs)/High-Power
Field (HPF), >5 WBCs/HPF, and/or cellular casts) was present
in patients 1-4 at baseline. Following CAR-T therapy, the urinary
sediment improved in patients 2 and 4 (Supplementary Table
S4).

Robust CAR T-cell expansion occurred in all patients, peaking
at a median of 8.5 days (range, 7-11 days) postinfusion. Peak
CAR T-cell percentages among circulating T cells ranged from
17.3% to 75.0% of total circulating T cells (median circulating
count: 188 cells/μL; range, 45-440 cells/μL) (Fig 1H,
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Supplementary Table S5). This variation showed no significant
correlation with the type or intensity of immunosuppressive
therapy maintained during leukapheresis. CAR T-cell levels
declined rapidly postpeak. Area under curve ranged from 627.3
to 2481 cells/μL.

Predictive factors for renal response

To elucidate the reasons for suboptimal renal response fol-
lowing CAR T therapy, we performed repeat renal biopsies in
patients 1- 3 at day 180. Patient 5 did not consent to a renal
biopsy because his urinary protein was <1 g/d. The pretreat-
ment renal biopsies for patients 1- 3 were performed in 2023,
2021, and 2022, respectively.

Repeated biopsy findings for patient 1 (partial responder)
indicated diffuse segmental proliferative (LN [Class IV-S {A/
C}]) with an activity index (AI) of 7 and a chronicity index of 5,
compared to pretreatment scores of 10 and 2, respectively
(Fig 1I). The observed chronic damage manifested as segmental
glomerulosclerosis, tubular atrophy, and interstitial fibrosis.
Biopsy in patient 2 (nonresponder) showed diffuse global prolif-
erative LN (Class IV-G [A/C]), accompanied by severe glomeru-
losclerosis and subacute tubulointerstitial nephropathy, with an
AI of 9 and chronicity index of 8 (Fig 1J). Pretreatment renal
pathology scores of patient 2 were an AI of 12 and a chronicity
index of 3. Renal biopsy in patient 3 revealed proliferative LN
with glomerular basement membrane thickening (Class III-A/C
+V), with an AI of 3 and chronicity index of 2 (with an AI of 4
and chronicity index of 1 before the treatment) (Fig 1K). Podo-
cytopathies were identified in all the patients, particularly
patient 3. Immunohistochemistry analysis revealed no CD19+
B-cell deposits in any case.

To identify clinical correlates of renal response following
IM19 CAR T-cell therapy, we compared demographic and sero-
logical characteristics among complete or partial responders
and nonresponders (Supplementary Table S6). No significant
differences were observed among the 3 groups regarding sex dis-
tribution, disease duration, or background therapy. In this very
small preliminary sample, we observed that ages in partial res-
ponders and nonresponders (median 37; range, 35-43) were
higher than those in complete responders (median: 25.5; range,
19-32), suggesting a positive trend. Complete and partial res-
ponders exhibited higher median baseline SLEDAI-2K scores
18.5 (range, 17-20) and 17 (range, 10-24), respectively, com-
pared to nonresponders 11 (range, 10-12). Responders exhibited
higher peak IL-6 levels (range, 12.27-285.74 ng/mL) compared
to nonresponders (range, 6.41-17.29 ng/mL).

To further understand the potential influencing factors of
CAR T-cell treatment efficacy on LN, we did a mini-review of
previous reports (Table 3) [2−4,6,8−10,24,25]. A pooled analy-
sis of 4 published studies (1 case series study [3] and 3 open-
label pilot clinical trials [8−10]), and our cohort included a total
of 35 patients. Among these patients, 5 with a history of patho-
logically confirmed LN had pretreatment urine protein
<0.5 g/d, and they were considered to have inactive disease.
One patient was excluded from the analysis due to receipt of a
half-dose CAR T-cell infusion, which precluded a standard
assessment of efficacy [9]. The remaining 29 patients were
included in the statistical analysis and categorised according to
complete response achievement (Table 4). The renal complete
response rate of CAR-T therapy was 72.4% (21/29), with 17.2%
(5/29) of patients achieving partial response and 3 (10.3%)
patients failing to respond. Our mini-review indicated that
advanced age was significantly associated with suboptimal



Figure 1. Effects of IM19 CAR T-cell treatment on systemic lupus erythematosus. (A) and (B) The change of SLEDAI-2K scores after IM19 administra-
tion (N = 6). At the day 120 follow-up, patient 1 was unable to undergo the scheduled urinalysis and 24‑h urine protein measurement due to menstru-
ation, which led to the missing SLEDAI‑2K for that time point. (C) Anti-ds DNA antibodies assessed by radioimmunoassay after CAR T-cell
administration (N = 6). (D) and (E) The change of complement factor C3 and C4 levels after IM19 administration (N = 6). (F) The change of protein-
uria after CAR T-cell administration (N = 6). (G) The change of eGFR after CAR T-cell administration. (H) Circulating CAR T-cell number in the 6
patients grey within the 90 days after treatment (N = 6). (I-K) Representative histopathological images before and after CAR T-cell infusion of patient
1 (AI 7 and chronicity indexI 5 posttreatment; AI 10 and chronicity index 2 pretreatment), patient 2 (AI 9 and chronicity index 8 posttreatment; AI 12
and chronicity index 3 pretreatment), and patient 3 (AI 3 and chronicity index 2 posttreatment; AI 4 and chronicity index 1 pretreatment). TEM for
the renal tissue specimen of patient 3 was not available. The shaded areas indicate the normal range in (C-F). AI, activity index; CAR, chimeric antigen
receptor; C3, complement component 3; dsDNA, double-stranded DNA; eGFR, estimated glomerular filtration rate; IF, immunofluorescence; Ig, immu-
noglobulin; PASM, periodic acid-methenamine silver stain; SLEDAI-2K, Systemic Lupus Erythematosus Disease Activity Index-2K; TEM, transmission
electron microscopy.
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Table 2
Short-term safety of IM19 CAR T-cell therapy in SLE

Variables Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6

CRS (grade) 0 1 1 1 0 1
ICANS (grade) 0 0 0 0 0 0
Bone marrow toxicitya + 0 0 0 0 0
Tocilizumab treatment 0 0 + 0 0 0

CAR, chimeric antigen receptor; CRS, cytokine release syndrome; ICANS, immune effector cell−asso-
ciated neurotoxicity syndrome; SLE, systemic lupus erythematosus.

a Bone marrow toxicity was defined as persisting grade 2 or higher thromocytopenia, leukopaenia,
or granulocytopenia at or beyond day 28 post-CD19 CAR T-cell infusion.
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response (P = .001). A trend towards higher baseline protein-
uria levels was observed in patients with poor treatment
response; however, this association was not statistically signifi-
cant. The renal response rate was similar among CAR T-cell ther-
apy with different targets, with 69.2% (9/13) for CD19 CAR T
cells, 66.7% (4/6) for anti-BCMA-CD19 compound CAR T cells,
and 71.4% (5/7) for anti-BCMA CAR T cells in LN. The inciden-
ces of CRS were also comparable among the 3 groups.

Effect on protective antibodies

The impact of IM19 on the levels of protective antibodies
against viruses was assessed. The levels of antibodies against
HBV, CMV, and EBV were not significantly altered after CAR T-
cell therapy (P = .999, P = .789, P = .419, respectively, Sup-
plementary Fig S4), suggesting preservation of humoral immu-
nity from long-lived plasma cells.

Longitudinal B-cell reconstitution dynamics

Complete CD19+ B-cell aplasia (<5 cells/μL) was achieved
in 5/6 patients by day 1 and all patients by day 4 postinfusion
(Fig 2A). B-cell reconstitution occurred in 4/6 patients at a
mean of 90 ± 42 days (median: 75 days; range, 60-150). Patient
2, who was a nonresponder to IM19 CAR T-cell therapy,
remained in sustained B-cell aplasia at the last assessment.
Table 3
An overview of CAR-T therapy in patients with lupus nephritis

S.no. Authors (year published) No. of
participants

CAR-T used

1 Mougiakakos et al [2]
(2021)

1 Autologous anti-CD19 CAR T cell
(1.1 × 106/kg)

2 Mackensen et al [4]
(2022)

5 Autologous anti-CD19 CAR T cell
(1.1 × 106/kg)

3 M€uller et al [3] (2024) 8 Autologous anti-CD19 CAR T cell
(1.1 × 106/kg)

4 Wang et al [9] (2024) 11 Autologous anti-BCMA-CD19 com-
pound CAR T cells (3 × 106/kg)

5 Taubmann et al [24]
(2024)

1 Autologous anti-CD19 CAR T cell
(1.1 × 106/kg)

6 Krickau et al [6] (2024) 1 Autologous anti-CD19 CAR T cell
(1.1 × 106/kg)

7 He et al [25]. (2024) 2 Autologous anti-CD19 CAR T cell
(1 × 105/kg)

8 Yang et al [10] (2025) 3 Allogeneic anti-CD19 CAR T cells
(1 × 106/kg)

9 Hu et al [8] (2025) 7 Autologous BCMA CAR T cells
(2.5 × 106/kg or 35 × 106)

BCMA, B-cell maturation antigen; CAR, chimeric antigen receptor; CR, complete re
activity score 2000.

a Median (interquartile range).
b Median (range).
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Immunophenotyping revealed early B-cell reconstitution
(≤180 days) dominated by naive B cells (CD20+CD27-) (Sup-
plementary Fig S5A). CD20+CD27+ memory B cells, though
markedly depleted postinfusion (Supplementary Fig S5B). Nota-
bly, CD20-CD27+ plasmablasts and CD20+CD27-CD21-CD11c
+ activated memory B cells remained undetectable, suggesting
profound impairment of antigen-experienced and antibody-pro-
ducing capacities during early immune recovery (Supplemen-
tary Fig S5C,D).

To analyse the dynamics of the immune cell repertoire fol-
lowing IM19 CAR T-cell therapy, we conducted scRNA-seq to
identify key transcriptional changes, along with sequencing of
BCR to evaluate clonal remodelling posttreatment. In total, we
profiled 77,614 PBMCs, including 6004 B cells (Fig 2B). Cluster-
ing and annotation revealed 13 distinct immune cell types iden-
tified based on canonical markers (Fig 2C, Supplementary Fig
S5E). Proportions of B cells increased significantly at 180 days
postinfusion (Supplementary Fig S5F). To demonstrate the land-
scape of B-cell reconstitution following IM19 CAR T-cell ther-
apy, we categorised B cells into 3 subsets, namely naive B cells,
activated B cells, and memory B cells, using canonical B-cell sub-
set markers (Fig 2D,E). By day 180, the B-cell compartment con-
sisted predominantly of naive B cells (Fig 2F). We have further
investigated the interactions between B cells and other cell types
(Supplementary Fig S5G). Additionally, analysis following CAR
T-cell therapy revealed a significant reduction in type 1
SLEDAI-2K
at baseline

Proteinuria at baseline Renal response

16 2000 mg/g of creatinine CR at 1-mo follow-up

10 (8-16)a 3080 (88-8096) mg/g of
creatininea

CR for all patients at 3-mo
follow-up

13 (9.3-16)b Not available CR for 8 patients at 3-mo follow-up
1 patient had a rebound of pro-
teinuria due to podocytopathy

10 (8-15)b 2143 (71-14417.2) mg/24
hb

CR for 9 patients at 6-mo
follow-up 2 patients did not
observe renal recovery

10 3270 mg/g of creatinine CR at 3-mo follow-up

23 10,717 mg/g of creatinine PR at 6-mo follow-up

12 28 mg/kg/d; 64.7 mg/kg/d CR for 1 patient and PR for
1 patient

16 (14-26)b 0.87 (0.54-1.3) g/24 hb CR for all patients at 6-mo
follow-up

18 (10-22)b 1.95 (1.10-12.22) g/24 hb CR for 5 patients and PR for
2 patients at 6-mo follow-up

sponse; PR, partial response; SLEDAI-2K, systemic lupus erythematosus disease



Table 4
A review of characteristics in patients with LN

Characteristicsa Complete responder
(n=21)

Partial+ non-responders
(n=8)

p value

Age (years) 27 (23, 35) 40 (36.8, 43.2) 0.001e

Female sex, n (%) 15 (71.4) 5 (62.5) 0.999
Disease duration (years) 6 (3, 11) 8.5 (6, 13.2) 0.292
Disease activity SLEDAI-2K>12, n (%) 12 (57.1) 3 (37.5) 0.596
Proteinuria
Proteinuria>3.5g/24 hours, n (%) 5 (23.8) 3 (37.5) 0.646
Proteinuria>1.0g/24 hours, n (%) 13 (61.9) 7 (87.5) 0.371

Renal biopsy stage
III 3 (18.8) 0 (0.0) 0.122
III+ V 2 (12.5) 0 (0.0)
IV 7 (43.8) 5 (62.5)
IV+V 4 (25.0) 1 (12.5)
V 0 (0.0) 2 (25.0)
NA 4 (30.4) 0 (0.0)

Anti-dsDNA positive, n (%) 18 (85.7) 6 (75.0) 0.597
Anti-Sm positive, n (%)b 5 (27.8) 0 (0.0) 0.274
Anti-RNP positive, n (%)b 11 (61.1) 2 (20.0) 0.357
Anti-SSA positive, n (%)b 12 (66.7) 5 (71.4) 0.999
Anti-nucleosome positive, n (%)b 5 (27.8) 0 (0.0) 0.274
Decrease of C3, n (%)c 14 (77.8) 8 (100.0) 0.277
Seroconversion, n (%) 14 (66.7) 5 (62.5) 0.999
CAR-T antigen target
Autologous CD19 9 (42.9) 4 (50.0) 0.874
Autologous BCMA 5 (23.8) 2 (25.0)
Autologous BCMA/CD19 4 (19.0) 2 (25.0)
Allogeneic CD19 3 (14.3) 0 (0.0)

Adverse eventsd

CRS, n (%)d 11 (64.7) 4 (66.7) 0.341
Low IgG, n (%) 13 (76.5) 6 (100.0) 0.539

BCMA, B cell maturation antigen; CAR, chimeric antigen receptor; C3, complement component 3; CRS, cytokine
release syndrome; dsDNA, double-stranded DNA; Ig, immunoglubin; NA, not avalible; LN, lupus nephritis; SLEDAI-
2K, systemic lupus erythematosus disease activity index-2000; Sm, Smith.

a Data are presented as median (interquartile, IQR) unless stated otherwise.
b Data are not avalible for 3 complete responsders and 1 partial+non-responders.
c Data are not avalible for 3 complete responsders.
d Data are not avalible for 4 complete responsders and 2 partial+non-responders.
e P value in bold indicate statistical significance (p<0.05).
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interferon-stimulated gene (ISG) activity within B cells (Fig 2G,
H). BCR diversity showed no significant difference before and
after IM19 therapy (Fig 2I, Supplementary Fig S5H). The BCR
repertoire at day 180 was substantially distinct from baseline,
suggesting that the reconstituted B cells comprised mainly
newly emergent clonotypes rather than pre-existing ones
(Fig 2K, Supplementary Fig S5I). There was no significant differ-
ence in high-abundance TCR clones before and after treatment.
Furthermore, these high-frequency TCRs were predominantly
found in activated cytotoxic T cells (Fig 2J,L).
Cytokine change

Cytokine profiling showed transient IL-6 elevation in patients
2, 3, 4, and 6, peaking at 17.29, 285.74, 12.27, and
190.65 ng/mL, respectively, within 4 to 14 days postinfusion,
correlating with CRS. Patient 1 exhibited elevated IL-6 levels
ranging from 15.84 to 63.01 pg/mL postinfusion, yet remained
asymptomatic throughout the monitoring period. IL-10 levels
peaked (range, 10.2735.87 ng/mL) on day 7 postinfusion and
returned to baseline within 14 days. IFN-γ and TNF-α remained
within normal ranges throughout treatment (Supplementary Fig
S6), indicating no pronounced T helper 1 cell (Th1)-driven cyto-
kine storm, consistent with the mild toxicity profile.
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Long-term safety

Upper respiratory tract infection constituted the most fre-
quent AE postinfusion, occurring in 4 patients with 7 discrete
episodes. A urinary tract infection occurred in patient 1 during
B-cell aplasia. All patients, except patient 5, experienced low
IgG and received intravenous immunoglobulin (Supplementary
Table S7, Supplementary Fig S7).
DISCUSSION

This pilot study demonstrates IM19 consistently induced sys-
temic disease improvement and B-cell depletion of both periph-
eral blood and kidney, and was well tolerated in patients with
refractory SLE. Half of the patients achieved seroconversion.
Despite improvement in the overall clinical symptoms, a notable
disparity was observed in renal outcomes. The presence of
chronic damage and podocytopathy, as well as older age, under-
lay suboptimal therapeutic outcomes. Higher baseline disease
activity and elevated IL-6 peak levels were associated with a bet-
ter treatment response. The mini-review confirmed that older
age predicted suboptimal outcomes of CAR T-cell therapy in LN
and revealed that renal response rate was similar among CAR T-
cell therapies with different targets.



Figure 2. Longitudinal B-cell reconstitution dynamics with IM19 CAR T-cell therapy in patients with SLE. (A) Circulating B-cell numbers in the 6 patients
since treatment (N = 6). (B) UMAP plot of PBMCs from patients at baseline and month 6, coloured by cell types (N = 3). (C) Proportions of major
immune cell types in PBMCs. (D) UMAP plot of B cells from patients at baseline and month 6, coloured by subset (N = 3). (E) Dot plot of cell clusters
annotated by expression of known marker genes of B cells. (F) Proportions of B-cell subsets before and postinfusion. (G) The violin plot shows a marked
decrease in the expression of the Type 1 ISG gene set in B cells following treatment. The Kolmogorov-Smirnov test was performed. *** P < .001. (H) The
heatmap shows the expression of type 1 ISGs in patients pre- and posttreatment. (I) and (J) UMAP plot of B cells coloured by BCR and TCR detection. (K)
and (L) Bar plots show the changes in BCR and TCR repertoire postinfusion at month 6. BCR, B-cell receptor; CAR, chimeric antigen receptor; cDC, con-
ventional dendritic cell; CXCR2, C-X-C chemokine receptor 2; ISG, interferon-stimulated gene; PBMC, peripheral blood mononuclear cell; pDC, plasmacy-
toid dendritic cell; SLE, systemic lupus erythematosus; TCR, T cell receptor; UMAP, Uniform Manifold Approximation and Projection.

J. Zhao et al. Ann Rheum Dis 85 (2026) 836−847
Our study demonstrated that the new anti-CD19 CAR T prod-
uct, IM19, effectively depleted peripheral B cells and enabled B-
cell reconstitution. We observed that autoimmune inflamma-
tion-mediated manifestations, such as rash, arthralgia, and
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hypocomplementemia, were more readily alleviated following
treatment, accompanied by a reduction in autoantibody levels.
In contrast, one-third of the patients with LN showed suboptimal
response. Responders tended to be younger and exhibited higher
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baseline disease activity, as well as elevated IL-6 peak levels
within 30 days postinfusion. Our results imply that patients
with higher disease activity may often have a greater abundance
of autoreactive B cells, and this higher antigenic burden pro-
vides a more robust stimulus for the administered CAR T cells,
leading to a more potent response. The efficacy of CAR T-cell
therapy is considered independent of prior treatments, as
patients had maintained stable background therapy for at least
12 weeks preceding the infusion. Due to the extremely small
sample size (n = 2-4/group), reliable statistical inference can-
not be drawn. Based on the results of our study, a phase 1 clini-
cal trial is now underway and will provide more definitive
conclusions.

The cause of heterogeneous renal remission warrants fur-
ther investigation. The study was fundamentally designed to
investigate IM19 in refractory SLE. However, the fact that all
enrolled patients had active LN provided a unique opportu-
nity to perform a deep, longitudinal analysis of renal out-
comes within this study. The similar response rates between
CD19- and BCMA-directed CAR T therapy imply that target-
ing autoreactive B cells and plasma cells alone might not be
sufficient for all LN subtypes. Repeated renal biopsies in our
study identified chronic damage and podocytopathy as driv-
ers of poor outcomes. Our findings underscore the need for
therapies that also address the broader pathogenic environ-
ment [13]. Nonimmune mechanisms of tissue injury within
the kidney, such as glomerulosclerosis, tubular atrophy, and
interstitial fibrosis, may limit the effects of CAR T-cell ther-
apy [26,27]. It is also important to note that podocytopathy
may not respond to current CAR T-cell therapy. A combined
approach, integrating agents that target podocyte-intrinsic
pathways or fibrotic signalling, may therefore be necessary
to induce complete remission in refractory LN patients [28].
Consequently, these findings underscore the necessity of his-
topathological stratification in patient selection for this high-
cost intervention.

To better enable patient stratification based on clinical char-
acteristics, we performed a mini-review to analyse the factors
affecting renal outcomes. The result identified that the older
patients with LN had lower remission rates following CAR T-cell
therapy. The previous study demonstrated that age was 1 of the
risk factors for damage accrual in patients with SLE [29]. Long-
term comparisons showed significantly worse kidney outcomes
in elderly patients than in younger adults, consistent with higher
rates of advanced chronicity and systemic damage in older
patients [30]. These results suggest that selecting younger
patients for CAR T-cell therapy may lead to superior treatment
outcomes.

Another management dilemma is the necessity of discontinu-
ing baseline immunosuppressants during leukapheresis for
autologous CAR T therapy in autoimmune patients. European
Society for Blood and Marrow Transplantation (EBMT)/Euro-
pean Hematology Association (EHA) guidelines recommend sus-
pending immunosuppressants at least 2 weeks before
leukapheresis to avoid compromising the function and efficacy
of CAR T cells [31,32], whereas this risks disease flare in the
time window required for CAR T manufacturing. Most of the
published studies on autologous CAR T-cell therapy have
adopted this drug withdrawal regimen [33,34], whereas Schett
et al [32] previously reported successful CAR T-cell generation
in a patient with severe LN receiving treatment of glucocorticoid
pulse and cyclophosphamide [3]. In this study, we confirmed
that CAR T cells could be successfully generated without func-
tional impairment despite ongoing immunosuppressive therapy.
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Data analysis showed no correlation between CAR T-cell expan-
sion in vivo and immunosuppressant use at leukapheresis. Our
study provided an evidence-based treatment protocol for opti-
mising therapeutic frameworks in CAR T-cell therapy.

The analysis of the single-cell data revealed that the anti-
CD19 CAR T therapy enabled B-cell reconstitution. Further anal-
ysis revealed a decrease in Type 1 ISG activity within B cells
posttreatment. This suggests that CAR T-cell therapy may exert
its therapeutic effects through modulation of the interferon gene
expression pathway—a mechanism not previously reported in
prior studies.

This study has several limitations. First, the limited follow-up
duration precludes robust assessment of long-term efficacy,
relapse risks post-B-cell reconstitution, and late-onset toxicities.
In response, we are currently extending follow-up to 36 months
for all enrolled patients. Second, the restricted cohort size limits
subgroup analysis. Multicentre phase I study is now ongoing.
Based on the result of this study, prospective validation through
universal baseline renal biopsies is now implemented in our
ongoing trial. Third, our study did not strictly require a renal
biopsy within 1 year before CAR T-cell infusion. Given the pro-
longed disease duration, chronic kidney changes may have
already developed in these patients. This complicates the inter-
pretation of the results—including the repeat biopsy data—and
may have limited the potential for complete proteinuria rever-
sal. Comparative renal pathology, before and after treatment,
offers valuable insights for patients with LN, irrespective of
whether clinical response is good or poor.

Conclusion

IM19 CAR T-cell therapy achieved rapid and clinically mean-
ingful improvements in patients with refractory SLE with a
favourable safety profile. Divergent renal responses highlight
the critical influence of renal pathology phenotypes on thera-
peutic efficacy in LN. Additionally, advanced age may predict
diminished clinical benefit from CAR T therapy. These findings
urge stratification based on baseline clinical and histopatholog-
ical characteristics in future trials. Definitive evidence for inte-
grating this approach into SLE treatment paradigms will require
large-scale multicentre trials using renal histopathology-guided
stratification.
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A B S T R A C T

Objectives: Systemic lupus erythematosus (SLE) is a complex autoimmune disease with pro-
nounced clinical heterogeneity and symptom burden. Despite growing knowledge of SLE biol-
ogy, sensitive noninvasive biomarkers for monitoring disease activity remain lacking. This study
aimed to characterise the breath metabolome in SLE and to explore associations between vola-
tile organic compounds (VOCs) and clinical features, including disease activity and fatigue.
Methods: Exhaled breath was collected from 30 SLE patients and 30 matched healthy controls
using the ReCIVA Breath Sampler and analysed by thermal desorption gas chromatography-
mass spectrometry. VOCs were identified using high-resolution libraries and classified by confi-
dence levels. Associations with clinical and patient-reported outcomes were evaluated, including
disease activity indices, fatigue scores, Definition Of Remission In SLE remission, and Lupus Low
Disease Activity State.
Results: Of 1433 detected VOCs, 539 exhibited levels over background and were considered
breath-derived. Distinct breathomic signatures discriminated patients from controls and stratified
patients by SLE activity and fatigue burden. Five VOC clusters were identified. Methyl acetate was
inversely associated with disease activity and fatigue, suggesting a role in immune homeostasis. A
cluster of branched alkenes and alcohols was associated with active disease and greater fatigue,
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aligning with oxidative stress and lipid peroxidation. Nitrogen-containing heterocycles displayed
U-shaped patterns across disease states, potentially reflecting varying intestinal permeability.
Conclusions: This is the first study to characterise the breath metabolome in SLE. VOC signatures
reflected immunometabolic perturbations, oxidative stress, and gut barrier integrity. Breatho-
mics may provide a noninvasive means to monitor disease activity and symptom burden in SLE.
WHAT IS ALREADY KNOWN ON THIS TOPIC

� Metabolomic alterations in systemic lupus erythematosus (SLE)
have been identified in urine, blood, and stool.

� Fatigue in SLE is common, multifactorial, and not fully
explained by disease activity.

� Breathomics has shown promise in other systemic and inflam-
matory diseases.

WHAT THIS STUDY ADDS

� This is the first study to explore breathomics in SLE using high-
resolution untargeted volatile organic compound (VOC) profiling.

� Distinct breath signatures associated with disease activity,
immune regulation, gut permeability, and fatigue were identified.

� Methyl acetate emerged as a potential marker of immune
homeostasis, and branched alkenes as markers of lipid peroxi-
dation and fatigue.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

� Breathomics may serve as a noninvasive tool for monitoring
disease activity and symptom burden in SLE.

� The study findings support further exploration of VOCs as bio-
markers for patient stratification and treatment response in
future SLE studies.
INTRODUCTION

Systemic lupus erythematosus (SLE) is a complex, multifacto-
rial autoimmune disease characterised by clinical manifestations
involving multiple organs and systems, along with biochemical
alterations indicative of immune system activation [1]. Despite
recent advances in the understanding of SLE pathogenesis, its
aetiology remains elusive, and treatment outcomes are still
largely unsatisfactory, with patients experiencing alternating
phases of remission and flare. The approval of novel targeted
therapies has broadened therapeutic options for clinicians [2],
yet treatment failure rates remain disappointingly high. A key
barrier to effective patient stratification and treatment alloca-
tion is the lack of sufficiently sensitive and specific biomarkers
beyond standard clinical and laboratory measures [3], likely
contributing to heterogeneous and incomplete therapeutic
responses. Addressing this limitation is essential for improving
diagnostic precision and treatment efficacy. In this context,
omics technologies provide powerful tools to elucidate disease
mechanisms and enhance patient classification, potentially
improving clinical outcomes [4].

Metabolomics, the comprehensive analysis of metabolites in
biological samples such as saliva, faeces, urine, and breath,
offers a holistic overview of physiological and pathological pro-
cesses [5]. By capturing the dynamic interplay between endoge-
nous physiology and environmental exposures, metabolomics
enables the identification of disease-associated metabolic per-
turbations. Metabolomic markers may be rapidly translated into
assays for patient stratification and serve as pharmacodynamic
indicators of therapeutic response, thereby supporting personal-
ised medicine [6]. In SLE, diverse metabolomic approaches have
849
been applied to study lipid, amino acid, gut microbiota, and uri-
nary profiles, aiming to elucidate pathogenesis, refine diagnostic
criteria, and inform pharmacometabolomics [7].

Breathomics, a subfield of metabolomics, investigates vola-
tile organic compounds (VOCs) in exhaled breath and has
recently emerged as a promising research avenue. The lung acts
as a dynamic interface for VOC exchange, reflecting systemic
pathological processes. Breath analysis offers a noninvasive,
repeatable sampling method with considerable clinical appeal
[8]. While most breathomic studies to date have focused on
respiratory disorders, VOC perturbations have been reported in
malignancies, infections, gastrointestinal and hepatic conditions
[9], cardiovascular diseases [10], and autoimmune disorders
[11,12]. Nonetheless, breathomics is challenged by issues of
standardisation and consistency in breath collection and analy-
sis. Environmental contaminants and dietary-derived com-
pounds may influence VOC profiles [13]. To mitigate these
issues, standardised collection protocols and analytical methods
have been developed. Interpretation of biologically meaningful
VOCs is aided by reference libraries of chemically confirmed
endogenous and exogenous compounds, such as the Breath
Biopsy VOC Atlas [14] and other established databases.

In the present study, we aimed to identify, for the first time,
breathomic signatures in a well-characterised cohort of SLE
patients using state-of-the-art methodologies [15]. Our focus
was on the discovery of putative noninvasive biomarkers of dis-
ease activity, inflammation, dysbiosis, and fatigue, the latter
being a highly prevalent and debilitating symptom in patients
with SLE, which often shows a weak correlation with disease
activity [16].
METHODS

Patients

This monocentric case−control study included 30 patients
fulfilling the 2019 European Alliance of Associations for Rheu-
matology/American College of Rheumatology Classification Cri-
teria for SLE [17], and 30 healthy controls, matched for age and
biological sex with the patients. None of the study participants
were current smokers, a restriction imposed to minimise exoge-
nous VOC contamination, and none had a documented history
of interstitial lung disease or chronic respiratory disease requir-
ing inhaled corticosteroids. Participants were recruited at the
Policlinico Hospital, Milan, Italy, within the framework of the
European Taxonomy, Treatment, Targets and Remission (3TR)
initiative (https://www.3tr-imi.eu). The study protocol was
approved by the local ethics review board, and all participants
provided written informed consent for recruitment in the study.

Relevant clinical data were extracted from the 3TR electronic
case report form hosted at Karolinska Institutet, including Sys-
temic Lupus Erythematosus Disease Activity Index 2000 (SLE-
DAI-2K) scores [18], British Isles Lupus Assessment Group
(BILAG)-2004 index scores [19], current medications, as well as
physician’s global assessment (PhGA) and patient’s global
assessment (PtGA) using visual analogue scales (VAS).

https://www.3tr-imi.eu
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Laboratory assessments included anti-double-stranded DNA
(dsDNA) antibodies and complement component 3 (C3) and
complement component 4 (C4) levels, analysed according to
local laboratory standards. Disease state was further classified
according to the Lupus Low Disease Activity State (LLDAS) crite-
ria [20] and the Definition Of Remission In SLE (DORIS) criteria
[21]. Transformation of BILAG-2004 evaluations into scores was
conducted according to standardised recommendations by the
index developers [22].

All participants completed the Functional Assessment of
Chronic Illness Therapy-Fatigue (FACIT-F) questionnaire [23],
which ranges from 0 to 52, with higher scores reflecting lower
levels of fatigue. Fatigue was also assessed using a 0 to 100 VAS,
where higher scores indicate greater fatigue over the preceding
week, and the fatigue subscale of the Lupus Quality of Life
(LupusQoL) questionnaire [24], where higher scores reflect a
greater impact of fatigue over a short timeframe of 4 days.

Analytical procedures

Sample collection and analysis
A detailed methodologic description is available in the online

Supplementary Methods. In brief, exhaled breath was collected
using the ReCIVA Breath Sampler with a mouthpiece (Owlstone
Medical Ltd), while participants inhaled clean air provided by
the CASPER Portable Air Supply. Exhaled air was captured onto
Breath Biopsy Cartridges comprising 4 Tenax TA/Carbograph
5TD sorbent tubes (Markes International). Background blank
samples were collected using the same cartridges and workflow
to enable discrimination of environmental/background VOCs
from breath-derived signals. To optimise sample integrity and
selectively capture the VOC-rich alveolar fraction, only the latter
half of the exhalation—representing alveolar gas from the lower
airways—was collected, excluding the initial dead space air.
Samples were subsequently dry purged to remove excess water
and stored at 4°C pending analysis.

Breath samples were analysed via thermal desorption gas
chromatography/mass spectrometry, following a prespecified
protocol to minimise analytical bias. Samples were randomised
across 4 analytical sequences, each comprising up to 30 samples,
with breath samples interspersed with purpose-collected back-
ground blank samples to monitor analytical performance and
minimise batch effects.

Data preparation
Breath analysis produced an untargeted feature table, where

each molecular feature was defined by a deconvoluted mass
spectrum. Peak areas of quantifier ions, representing relative
concentrations, were used for statistical analysis.

To enhance data quality, a 2-step filtering and imputation
process was applied. VOCs present in fewer than 80% of breath
samples were excluded. For retained features, remaining miss-
ing values (assumed to be below the limit of detection) were
imputed at 80% of the minimum observed intensity for that fea-
ture across all groups. An in-house normalisation method, using
internal standards to adjust for instrumental variability and ana-
lytical drift, was employed to ensure comparability across ana-
lytical sequences.

Feature identification was carried out using the Owlstone
Medical high-resolution accurate mass (HRAM) spectral
library. Features not found in the HRAM library were matched
against the National Institute of Standards and Technology
electron impact reference libraries. VOC identifications were
assigned confidence levels based on the Metabolomics
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Standards Initiative (MSI) criteria (see Supplementary Table
S1 in the Supplementary Methods).

Statistical analysis

To identify VOCs genuinely present in exhaled breath and
minimise type II error, analysis was limited to VOCs classified as
‘on-breath’ by at least one of the following criteria: (i) VOC lev-
els in ≥50% of samples in either group exceeding the blank
mean + 3 SDs; (ii) statistically significant sample-to-blank dif-
ferences (one-sided test, P < .05) and exceeding a 2-fold change;
(iii) VOCs demonstrating an area under the receiver operating
characteristic curve >0.8 compared to blanks.

All concentrations were log10-transformed prior to analysis.
Outliers were handled using a double mean absolute deviation
method [25], incorporating the Harrell-Davis quantile estima-
tor.

Linear regression models tested associations between VOCs
and disease status, with covariates for adjustment including age,
sex, collection date, time since the last meal (hours), time since
the last drink (hours), body mass index (BMI), and time since
tooth brushing (hours). In these models, β coefficients represent
expected log₁₀ fold-changes per unit change in the predictor.
Partial correlations adjusted for the aforementioned covariates
were estimated using robust Pearson’s correlation (rw) [26],
which is resilient to deviations from normality, small sample
sizes, and outliers. Effect sizes were quantified using covariate-
adjusted robust Cohen’s d (dr) [27].

Principal component analysis (PCA) on covariate-adjusted
residuals was used as an exploratory tool to summarise shared
variance among VOCs. PCA was first applied to the group of
VOCs forming cluster 2 (branched alkenes and alcohols), which
showed the broadest set of clinical associations, to visualise their
multidimensional structure. A global PCA of all breath-derived
VOCs indicated that the orthogonal reduction provided a poor
explanation of the data, with principal component (PC)1 and
PC2 together accounting for only about 30% of the variance and
the first 5 components accounting for <50%.

For descriptive analyses, pairwise t-tests were used for nor-
mally distributed variables; otherwise, the nonparametric Mann
−Whitney U test was applied. Results are expressed as mean ±
SD or median with IQR, as appropriate. Only VOCs identified at
MSI Tier 1 (validated) or Tier 2 (putative) levels with P < .1 are
presented and discussed in detail.

RESULTS

Patient characteristics

Of the total collected samples, 30 from SLE patients and 29
from healthy controls passed the quality control. There were no
significant differences between the 2 groups in key demographic
characteristics (Table).

Most patients exhibited quiescent disease, as reflected by low
SLEDAI-2K and BILAG-2004 scores, low PhGA and PtGA values,
and a low requirement for glucocorticoids. Accordingly, two-
thirds of the patients (n = 20; 66.6%) fulfilled the criteria for
LLDAS. However, only 6 of these 20 patients (30%) also had
negative serologies (normal complement levels and absence of
anti-dsDNA antibodies).

Patients in LLDAS had significantly higher FACIT-F scores
compared to those not in LLDAS (median = 43.5, IQR = 38.5
to 40.25 vs median = 32, IQR = 19.5 to 39.5; P = .022), sug-
gesting less fatigue. Compared to healthy controls, SLE patients



Table
Demographic and clinical characteristics

Variable SLE (n = 30) Controls (n = 29) P value

Age, mean ± SD 46.3 ± 13.8 46.7 ± 14.7 NS
Women, n (%) 25 (83.3%) 24 (82.8%) NS
BMI, mean ± SD 23.5 ± 4.7 23.9 ± 3.6 NS
Time since last meal (h), mean ± SD 7.1 ± 5.6 7.7 ± 5.3 NS
Time since last drink (h), mean ± SD 4.3 ± 4.4 3.7 ± 4.2 NS
Time since brushing teeth (h), mean ± SD 3.8 ± 2.1 4.1 ± 2.5 NS
Disease duration (y), mean ± SD 14 ± 10.4 - -
SLEDAI-2K, median (IQR) 2.5 (1.3-5.8) - -
BILAG-2004, median (IQR) 5 (1-10) - -
PhGA (0-3), median (IQR) 0.3 (0.2-0.8) - -
PtGA (0-100), median (IQR) 40 (2.5-70.0) - -
Low C3 and/or low C4, n (%) 18 (60.0%) - -
Increased anti-dsDNA binding, n (%) 14 (46.7%) - -
Steroid use, n (%) 18 (60.0%) - -
Steroid dose (mg/day), mean ± SD 2.6 ± 2.7 - -
Hydroxychloroquine use, n (%) 21 (70.0%) - -
Immunosuppressant use, n (%) 13 (43.3%) - -
LLDAS, n (%) 20 (66.6%) - -
DORIS remission, n (%) 13 (43.3%) - -
FACIT-F, median (IQR) 41.5 (31.5-47.5) 48.0 (44.0-51.0) <2.2 × 10−16

VAS fatigue (0-100), median (IQR) 50 (0-80) 0 (0-10) 3.2 × 10−4

LupusQoL fatigue (0-100), median (IQR) 81.3 (51.6-93.7) - -

Anti-dsDNA, anti-double stranded DNA antibodies; BILAG, British Isles Lupus Assessment Group; BMI, body mass index; C4, complement component 4;
C3, complement component 3; DORIS, Definition Of Remission In Systemic lupus erythematosus; FACIT-F, Functional Assessment of Chronic Illness Ther-
apy-Fatigue; LLDAS, Lupus Low Disease Activity State; LupusQoL, Lupus Quality of Life; NS, nonsignificant; PhGA, physician’s global assessment; PtGA,
patient’s global assessment; SLE, systemic lupus erythematosus; SLEDAI-2K, Systemic Lupus Erythematosus Disease Activity Index 2000; VAS, visual ana-
logue scale.
Values are expressed as the mean ± SD, except for non-normally distributed data, where the median and IQR are indicated. For FACIT-F and LupusQoL
fatigue, higher values indicate lower levels of fatigue.
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showed significantly lower FACIT-F scores (median = 41.5,
IQR = 31.5 to 47.5 vs median = 48, IQR = 45 to 51; P <
2.2 × 10−16), indicating a higher fatigue burden.

VOC analysis

Total VOC peak areas did not significantly differ between SLE
patients (9151 ± 32.9) and healthy controls (9080 ± 35.5), suggest-
ing no systematic bias in the sample collection. Of 1433 molecular
features retained after quality control, 539 VOCs (37.6%) fulfilled at
least one predefined criterion for being ‘on-breath’ and were
included in statistical analyses. The distribution of these VOCs across
healthy controls and SLE subgroups (LLDAS vs non-LLDAS; DORIS
remission vs nonremission) is shown in Supplementary Figure.

Significant differences in VOC profiles were observed between
SLE patients and healthy controls, between patients in LLDAS vs
non-LLDAS, and between patients in DORIS remission vs. nonre-
mission. Additionally, multiple VOCs correlated with clinical
indices of disease activity (LLDAS, DORIS remission, SLEDAI-2K,
BILAG-2004, PhGA, PtGA), as well as patient-reported fatigue
assessed with the FACIT-F, VAS fatigue, and LupusQoL fatigue
scores (see online Supplementary Tables S1 to S9).

Associations meeting either the exploratory threshold (P <
.1) or the canonical significance threshold (P < .05), and with
effect size |dr| > 0.5 and either |log₁₀FC| > log₁₀(1.5) for cate-
gorical variables or |rw| > 0.3 for continuous variables, are sum-
marised in online Supplementary Tables S10 to S14.

VOC clusters associated with disease activity and fatigue

The heatmap in Figure 1 displays the effect sizes (dr) for
selected VOCs that were significantly associated with both SLE-
DAI-2K and LLDAS (P < .05). Among those VOCs, none was
associated with levels of anti-dsDNA antibodies or C3 levels,
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while levels of glycerol and 3-pentanol were inversely correlated
with C4 levels (rw = −0.373; P = .042 and rw = −0.451;
P = .014, respectively). Five distinct VOC clusters were identi-
fied, as detailed below.

Cluster 1: Methyl acetate

Methyl acetate formed a unique cluster, standing apart from
all other compounds. It showed positive associations with
LLDAS and DORIS remission, and inverse associations with SLE-
DAI-2K, BILAG-2004, PhGA, and PtGA scores. Moreover, methyl
acetate was inversely associated with fatigue, as measured by
LupusQoL fatigue scores. Its levels were significantly lower in
SLE patients compared to healthy controls (dr = −1.21,
log₁₀FC = −0.3, P = .003). Individual concentrations stratified
by LLDAS status are shown in Figure 2.

Cluster 2: Branched alkenes and alcohols

This cluster included 4 VOCs, ie, 3-methyl-2-pentene, 2-
methyl-1-butene, dipropenyl, and 3-pentanol, all of which were
associated with increased disease activity, absence of LLDAS or
DORIS remission, and increased fatigue. PCA on covariate-
adjusted residuals (post outlier removal) revealed a latent com-
ponent (PC1) that was significantly associated with clinical indi-
ces: absence of LLDAS (P = .007), absence of DORIS remission
(P = .048), higher SLEDAI-2K scores (P = .001), higher BILAG-
2004 scores (P = .002), higher PhGA scores (P = .02), higher
PtGA scores (P= .003), and worse fatigue (FACIT-F, P= 0.014;
VAS fatigue, P= .04). No significant association with LupusQoL
fatigue was observed (Fig 3).

All 4 VOCs in this cluster loaded positively on PC1, which
explained 78% of the within-cluster variance, confirming that
PC1 captured their shared increase in patients with higher



Figure 1. Strength of associations with selected compounds. Heatmap showing the strength of association between selected volatile organic com-
pounds (VOCs) and clinical outcomes, as measured by the robust Cohen’s d (dr). Compounds included were significantly associated with both SLE-
DAI-2K scores and LLDAS (P < .05). Rows and columns were clustered using robust Pearson’s correlation (rw) to visualise similarity patterns. Effect
sizes are interpreted as follows: |dr| > 0.5 indicates a moderate effect; |dr| > 0.8 indicates a strong effect. Negative values for LLDAS and DORIS remis-
sion reflect lower VOC levels in patients meeting the outcome. Positive values for SLEDAI-2K, BILAG-2004, PhGA, and PtGA indicate increased disease
activity with higher VOC levels. For FACIT-F and LupusQoL fatigue, negative values indicate greater fatigue associated with elevated VOCs; for VAS
fatigue, positive values reflect greater perceived fatigue. BILAG-2004, British Isles Lupus Assessment Group 2004; DORIS, Definition Of Remission In
Systemic lupus erythematosus; FACIT-F, Functional Assessment of Chronic Illness Therapy-Fatigue; LLDAS, Lupus Low Disease Activity State; Lupus-
QoL, Lupus Quality of Life; PhGA, physician’s global assessment; PtGA, patient’s global assessment; SLEDAI-2K, Systemic Lupus Erythematosus Dis-
ease Activity Index 2000; VAS, visual analogue scale.

I. Parodis et al. Ann Rheum Dis 85 (2026) 848−857
disease activity and fatigue. By contrast, a global PCA of all
breath-derived VOCs provided limited separation across groups,
with PC1 and PC2 together explaining only ∼30% of the vari-
ance and the first 5 components <50%.
Cluster 3: Nitrogen-containing heterocycles

This cluster comprised 1-methylpyrrole, 2-methylpyrazine,
and succinimide, compounds of predominantly exogenous ori-
gin. 1-Methylpyrrole and 2-methylpyrazine showed U-shaped
trajectories across disease states, with lower levels in patients in
remission and higher levels in both active disease and healthy
controls. These patterns suggest a link to intestinal barrier integ-
rity and absorption mechanisms.
Cluster 4: Phthalimide and oxidative stress-related VOCs

This chemically heterogeneous cluster included phthalimide,
4-cyclopentene-1,3-dione, and 2-methylpyridine. These VOCs,
whose shared characteristics suggest contributions from envi-
ronmental exposure or altered microbial or host metabolism,
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were positively correlated with disease activity and inversely
with LLDAS.

Cluster 5: Small polar molecules

The final cluster comprised glycerol and 3-hydroxypropioni-
trile. While these VOCs showed associations with SLEDAI-2K
scores and inverse associations with LLDAS, the lack of consis-
tent correlations across multiple disease activity measures sug-
gests a limited or nonspecific role in broader pathophysiologic
mechanisms.

Adjustment for disease activity

To assess whether the observed associations between VOCs
and fatigue were entirely explained by disease activity, we fitted
additional linear models including SLEDAI-2K as a covariate.
Several VOCs, particularly oxidative stress-related species
described in cluster 4, remained significantly associated with
fatigue scores after adjustment, indicating a component of
fatigue-related breath alteration that is not fully dependent on
disease activity (Supplementary Table S15).



Figure 2. Methyl acetate concentrations in healthy
controls and in relation to LLDAS. Boxplots illustrat-
ing methyl acetate concentrations in healthy controls
(HCs) and SLE patients, stratified by fulfilment of
LLDAS criteria (yes/no). Values shown are adjusted
for covariates and presented after outlier removal.
Reduced methyl acetate levels were observed in
patients not fulfilling LLDAS. LLDAS, Lupus Low Dis-
ease Activity State.
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DISCUSSION

This is the first study to investigate breathomics in SLE,
exploring VOCs as potential noninvasive biomarkers of disease
activity, immune dysregulation, intestinal integrity, and fatigue.
Our findings provide novel insights into the breath metabolome
in SLE and highlight key metabolic perturbations associated
with disease states and symptom burden.

Among the most compelling findings, methyl acetate
emerged as a candidate marker of immune homeostasis. Its lev-
els were significantly reduced in SLE patients, particularly those
who did not meet criteria for LLDAS or DORIS remission.
Reduced exhaled methyl acetate in active SLE may reflect
increased consumption or impaired production of acetate-
derived anti-inflammatory mediators in the context of chronic
immune activation. This is consistent with experimental data
showing that methyl acetate modulates interleukin (IL)-6 and
IL-10 production and alleviates inflammatory responses, sug-
gesting that lower levels in our patients may be a surrogate of
insufficient endogenous regulatory activity [28]. In addition,
reduced availability may arise upstream from gut dysbiosis,
whereby altered microbial ecology impairs the intestinal genera-
tion of acetate-derived metabolites, including esters such as
methyl acetate [29]. In our setting, methyl acetate was inversely
associated with multiple indices of disease activity and, to a
lesser extent, with fatigue. Taken together, its depletion in active
SLE may reflect a failure of endogenous regulatory mechanisms
and impaired resolution of inflammation, which are central fea-
tures in the chronic immune activation characterising SLE.

Supporting this notion of unresolved inflammation, the sec-
ond cluster, comprising branched alkenes (3-methyl-2-pentene,
2-methyl-1-butene, dipropenyl) and the branched alcohol 3-pen-
tanol, was associated with higher disease activity and fatigue.
These alkenes are likely derived from lipid peroxidation, specifi-
cally from branched-chain prenols, which undergo oxidative
degradation [30]. Prior studies have linked altered lipid metabo-
lism and increased lipid peroxidation with SLE pathophysiology
[31,32], as well as correlations with SLEDAI-2K scores [33,34].
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Beyond serving as markers of oxidative stress, branched alkenes
may have pathogenic roles by inducing epigenetic changes, such
as DNA hypomethylation, that promote proinflammatory gene
expression [35].

Importantly, this same cluster was linked to multiple measures
of fatigue. Previous literature has associated fatigue in chronic
inflammatory conditions with lipid peroxidation [36,37] and oxida-
tive stress more broadly [38,39]. Our findings support the hypothe-
sis that persistent oxidative stress not only contributes to immune
dysregulation but also to self-reported symptom burden affecting
patients’ health-related quality of life. These results emphasise the
entwinement of inflammation, disease control, and fatigue.

The third cluster, composed of nitrogen-containing hetero-
cycles, ie, 2-methylpyrazine, 1-methylpyrrole, and succinimide,
was of particular interest for its potential link to gastrointestinal
function. 2-Methylpyrazine and 1-methylpyrrole are generally of
exogenous origin and showed a U-shaped distribution across dis-
ease states: reduced in remission and elevated in both healthy con-
trols and patients with active disease. This may reflect a shift from
impaired gastrointestinal absorption during quiescent disease to
increased intestinal permeability, or ‘leaky gut’, in active SLE,
allowing re-entry of these exogenous compounds into the sys-
temic circulation. As BMI and hepatic or renal function were
not associated with these fluctuations in prior literature
[40,41], impaired barrier function appears to be the most
plausible explanation. Previous evidence supports increased
intestinal permeability in SLE and its association with dis-
ease severity [42−45]. Thus, changes in VOC levels may
offer indirect markers of gut integrity in SLE.

The fourth cluster, comprising phthalimide, 4-cyclopentene-
1,3-dione, and 2-methylpyridine, showed consistent associa-
tions with disease activity and may point to a combination of
environmental exposures and host or microbial metabolism. 4-
Cyclopentene-1,3-dione, a base compound of the cyclopentene-
dione family [46], is of particular interest due to its structural
similarity with the cyclopentenone core of prostaglandin J2, a
reactive lipid mediator generated during inflammation and oxi-
dative stress [47]. Its accumulation in active SLE may therefore



Figure 3. Principal component analysis of the branched alkene cluster (cluster 2). Plots of the first principal component analysis (PCA1) derived from
PCA on covariate-adjusted residuals of 4 VOCs: 3-methyl-2-pentene, 2-methyl-1-butene, dipropenyl, and 3-pentanol. PCA1 summarises the main vari-
ance in this cluster and is significantly associated with clinical disease activity (SLEDAI-2K, BILAG-2004, PhGA, PtGA), DORIS remission/LLDAS, and
fatigue (FACIT-F and VAS). No significant association with LupusQoL fatigue was observed. BILAG-2004, British Isles Lupus Assessment Group 2004;
DORIS, Definition Of Remission In Systemic lupus erythematosus; FACIT-F, Functional Assessment of Chronic Illness Therapy-Fatigue; LLDAS, Lupus
Low Disease Activity State; LupusQoL, Lupus Quality of Life; PhGA, physician’s global assessment; PtGA, patient’s global assessment; SLEDAI-2K, Sys-
temic Lupus Erythematosus Disease Activity Index 2000; VAS, visual analogue scale.
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reflect increased oxidative stress and/or exposure to electro-
philic compounds known to modulate immune responses [48].

The final cluster, which included glycerol and 3-hydroxypro-
pionitrile, showed associations limited to SLEDAI-2K and an
inverse relationship with LLDAS. This pattern suggests that
these compounds may reflect general metabolic stress rather
than SLE-specific pathophysiological mechanisms.

This was a single-centre study conducted in a relatively
small and predominantly quiescent SLE cohort, which may
limit generalisability to broader SLE populations, especially
to populations enrolled in clinical trials or those eligible for
targeted interventions. Moreover, the sensitivity of VOC pro-
files to changes in treatment remains unknown and warrants
dedicated investigation. On the other hand, the prevalence
of LLDAS in our cohort is comparable to that in large real-
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world cohorts [49−52], enhancing the clinical relevance of
our findings. Future work will require validation of the
breathomic signatures documented in the present study in
independent and, ideally, multicentre cohorts, as well as lon-
gitudinal assessments to determine responsiveness to treat-
ment and fluctuating disease activity.

A key challenge in breathomics, shared by all such studies, lies
in differentiating endogenous from exogenous VOCs. Despite rig-
orous sampling and analysis protocols, environmental and dietary
influences may confound interpretation. Future studies should
combine breath analysis with other biospecimens (eg, blood,
urine, stools) to confirm VOC origin and metabolic fate. Since we
restricted inclusion to nonsmokers to minimise exogenous VOC
interference, further studies are needed to define how smoking
and other airway exposures modify breathomic profiles in SLE.
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Lastly, our data—including models adjusting fatigue scores for
SLEDAI-2K—indicate that VOC alterations related to fatigue are
not entirely dependent on disease activity. This is consistent with
previous reports showing only partial concordance between
inflammatory control and patient-reported fatigue in SLE [53,54]
and with the notion that oxidative stress can contribute to fatigue
independently of clinical activity [55,56]. Moreover, oxidative
stress has been implicated in fibromyalgia [57,58], a condition
that is not uncommon in patients with SLE and may amplify
fatigue, suggesting an additional non-inflammatory pathway to
persistent symptoms [59]. To this ends, it is important to note
that fibromyalgia was not adjudicated in our cohort; nonetheless,
its potential contribution to fatigue underscores the value of mul-
tidimensional assessment beyond inflammatory activity [60,61].
While our observations may support the use of breathomics to
investigate mechanisms contributing to fatigue, larger and longi-
tudinal studies are needed to determine whether these VOCs are
responsive to treatment and whether they can track residual
fatigue or predict flare risk.

In conclusion, this study demonstrates the potential of
breathomics to noninvasively reflect systemic processes relevant
to SLE pathogenesis, including inflammation, immune regula-
tion, and gut barrier integrity. It also offers a novel window into
the biological underpinnings of fatigue, a symptom often inade-
quately captured by traditional disease activity metrics. Breatho-
mics may represent a promising tool for precision monitoring
and a deeper understanding of SLE heterogeneity.
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Objectives: Neutrophil extracellular traps (NETs) are increasingly recognised for their role in pri-
mary antiphospholipid syndrome (PAPS) pathogenesis. Herein, we examined underlying mecha-
nisms driving NET formation and the thrombogenic effects of NETs in patients with PAPS, along
with potential inhibitors.
Methods: We examined NET release in PAPS, asymptomatic antiphospholipid autoantibodies
(aPLs) carriers, and healthy controls (HCs) as well as NET-bound proteins by immunofluo-
rescence, immunoblotting, quantitative polymerase chain reaction (PCR), and enzyme-
linked immunosorbent assay (ELISA). We assessed platelet-neutrophil aggregates by flow
cytometry (CD61/CD66b staining) and autophagy using LC3B immunofluorescence and
immunoblotting. Immunofluorescence was performed in paraffin-embedded kidney, skin
ulcer, and endoarterial thrombus tissues from patients with PAPS. Suppression of NET
release via CD40-CD40L inhibition was tested in in vitro and venous thrombosis mouse
models.
Results: Neutrophils from patients with PAPS exhibited increased NET release compared with
asymptomatic aPL carriers and HCs. NETs from patients with PAPS expressed tissue factor (TF)
that induced thrombin generation in platelet-poor plasma from HCs. aPL induced in vitro
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intracellular TF expression in HC neutrophils. TF-expressing NETs were abundant in the kidney,
skin ulcer, and endoarterial thrombus tissues from patients with PAPS, and colocalised with
fibrinogen. NET release in PAPS neutrophils was driven by aPL-mediated platelet activation,
subsequent platelet-neutrophil interaction, and autophagy induction. CD40-CD40L blockade
reduced platelet activation, autophagy, and NET formation in patients with PAPS. In a mouse
model, inhibition of CD40-CD40L reduced neutrophil-platelet aggregates and myeloperoxidase
(MPO)-DNA complexes in mouse peripheral blood, and the presence of NETs in the formed
thrombi.
Conclusions: Targeting the platelet-neutrophil/autophagy/TF-expressing NETs axis by CD40-
CD40L inhibition attenuates thromboinflammation in PAPS and should be explored as a poten-
tial therapeutic target.
WHAT IS ALREADY KNOWN ON THIS TOPIC

� The involvement of neutrophil extracellular traps (NETs) in
thromboinflammation pathways in primary antiphospholipid
syndrome (PAPS) is gaining increased attention, but there are
still unanswered questions concerning the mechanisms driving
NET release and thrombogenic effects of NETs, as well as
potential inhibitors.

WHAT THIS STUDY ADDS

� NETs from patients with PAPS are decorated with bioactive tis-
sue factor and induce thrombin generation.

� Tissue factor (TF)-expressing NETs are abundant in kidney, skin
ulcer, and endoarterial thrombus tissues from patients with
PAPS, and colocalised with fibrinogen.

� NET release in neutrophils from patients with PAPS is driven by
antiphospholipid antibody-mediated platelet activation, subse-
quent platelet-neutrophil interaction, and autophagy induc-
tion.

� CD40-CD40L blockade in in vitro cultures reduces platelet acti-
vation, autophagy, and NET formation in patients with PAPS.
In a mouse model, inhibition of CD40-CD40L reduces neutro-
phil-platelet aggregates and MPO-DNA complexes in mouse
peripheral blood and the presence of NETs in the formed
thrombi.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

� These findings provide compelling proof-of-concept data that
targeting the CD40-CD40L pathway can disrupt platelet-neu-
trophil interactions and mitigate thromboinflammation in
PAPS.

� CD40-CD40L inhibition can represent a promising therapeutic
target in PAPS. Its role should also be explored in other throm-
boinflammation-associated conditions.
INTRODUCTION

Antiphospholipid syndrome (APS) is a complex, systemic
autoimmune disorder with a poorly understood pathophysiol-
ogy. APS is characterised by recurrent arterial and venous
thrombosis, microvascular manifestations, and pregnancy mor-
bidity in the presence of antiphospholipid autoantibodies
(aPLs), namely lupus anticoagulant (LA), anticardiolipin (aCL),
and anti-β2 glycoprotein I (anti-β2GPI) antibodies [1]. Although
earlier studies of APS pathogenesis were mainly focused on
coagulation and fibrinolysis disruption processes, an interplay
between thrombotic mechanisms and innate immune responses
is increasingly recognised [2−9]. The involvement of neutrophil
extracellular traps (NETs) in thromboinflammation pathways in
primary APS (PAPS) is gaining increased attention [2], but there
are still unanswered questions concerning the mechanisms
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driving NET release and thrombogenic effects of NETs, as well
as potential inhibitors.

NETs decorated with bioactive tissue factor (TF), a main initi-
ator of the extrinsic blood coagulation cascade, have been dem-
onstrated in inflammatory conditions [eg, sepsis, acute
myocardial infarction, and antineutrophil cytoplasmic antibody
(ANCA) vasculitis] [10−12] and in systemic lupus erythemato-
sus (SLE), a systemic autoimmune disorder often co-occurring
with APS [13]. However, the expression of bioactive TF on NETs
from patients with PAPS needs to be further elucidated.

A key intracellular mechanism in the regulation of NET gen-
eration is autophagy [11,14], a homeostatic mechanism for the
elimination of harmful or damaged intracellular components.
NET release has been shown to be mediated by increased levels
of basal autophagy in SLE [13], but its role in the release of
NETs in PAPS remains unexplored. Platelet-neutrophil com-
plexes (PNCs), resulting from the interaction between neutro-
phils and activated platelets, have been shown to induce
neutrophil autophagy and NET formation [15].

Interactions between platelets and neutrophils are mediated
by P-selectin ligand and P-selectin, CD40 ligand (CD40L) and
CD40, intracellular adhesion molecule 2 (ICAM-2) and integrin
αLβ2, and triggering receptor expressed on myeloid cells 1
(TREM-1) ligand (TREM-1L) and TREM-1 on platelets and neu-
trophils, respectively. It has been recently reported that PNCs
might enhance the APS IgG-mediated NET release in a P-selec-
tin-dependent manner [16]. CD40L enhances P-selectin activity
on platelets and Mac-1 expression on neutrophils [17]. CD40-
CD40L pathway acts as an amplifier of thromboinflammation
pathways [18−20], and its inhibition has been examined as a
targeted therapy in cardiovascular disease [21,22].

Herein, we aimed to examine: (1) NET release in patients
with PAPS and asymptomatic aPL-positive individuals,
(2) thrombogenicity of NETs through TF expression on NETs in
both circulating neutrophils and organ tissues of patients with
PAPS, (3) the role of aPL in platelet activation and subsequent
platelet-neutrophil interaction for the generation of NETs,
(4) autophagy as a potential mediator of NET release, and (5)
the effect of inhibition of the CD40-CD40L axis as a mediator of
the platelet-neutrophil cross-talk, both in vitro and in an APS
murine model.
METHODS

In total, 30 patients fulfilling the classification criteria for
thrombotic PAPS [1,23], 11 age- and sex-matched healthy con-
trols (HCs), and 5 asymptomatic aPL individuals with positive
aPL but without clinical criteria for APS (median duration of
aPL positivity: 7 [6-9] years) were included in this study. None
fulfilled the European Alliance of Associations of



S. Naoum et al. Ann Rheum Dis 85 (2026) 858−872
Rheumatology/American College of Rheumatology (EULAR/
ACR) classification criteria for SLE [24]. Additionally, sera from
a disease control group that did not have underlying autoim-
mune disorders or aPL positivity were collected: 7 patients with
acute arterial thrombosis (3 with acute stroke and 5 with ST-seg-
ment elevation acute myocardial infarction [STEMI]) and 8
patients with acute venous thrombosis; 1 patient had simulta-
neous arterial (stroke) and venous thrombosis. Participant char-
acteristics and inclusion/exclusion criteria are presented in the
Supplementary Table S1. None was on glucocorticoid or immu-
nosuppressive treatment. The study was approved by the Ethics
Committee of Laiko General Hospital (protocol number 398/31-
05-2021) in compliance with the Declaration of Helsinki. All
participants provided written informed consent. aPL quantifica-
tion and aPL profile were determined as described in Supple-
mentary Methods.

Venous blood samples were collected in EDTA and heparin-
containing tubes for the study of neutrophils and NETs, in
sodium citrate tubes for the study of platelets and isolation of
platelet-poor plasma (PPP), and in serum-separating tubes for
serum isolation. Polymorphonuclear neutrophils (PMNs) were
isolated using Percoll for stimulation and inhibition studies. To
investigate the bioactivity of NET-bound TF, thrombin ELISA
was carried out on isolated NET structures from patients with
PAPS. To inhibit the formation of NETs, isolated neutrophils
were pretreated with the early-stage autophagy inhibitor SC79,
whereas for the inhibition of CD40-CD40L interaction the inhib-
itor DRI-C21045 (at C = 10 μM) was used. Total IgG fractions
were isolated and purified from 6 patients with triple aPL +ve
PAPS and 2 HCs for the in vitro stimulation of neutrophils and
platelets. NETs were visualised by confocal microscopy using
immunofluorescence. MPO/DNA complex ELISA was carried
out on isolated NET structures for the quantification of NET
release. TF mRNA expression was assessed by quantitative real-
time PCR. Neutrophil lysates and NET proteins were isolated for
the study of TF and microtubule-associated protein 1 light chain
3B (LC3B) expression, using western blotting. Peripheral blood
samples in heparin were used for the study of platelet-activated
neutrophil aggregates, using flow cytometry. For in vivo CD40-
CD40L inhibition, we utilised a thrombotic APS murine model,
through inferior vena cava (IVC) ligation, as previously
described [25]. More details on these methods are provided in
Supplementary Methods.

Moreover, archival formalin-fixed, paraffin-embedded kid-
ney (n = 5), skin ulcer (n = 4), and endoarterial thrombus
(n = 2) tissues from patients with PAPS, along with kidney
samples from the healthy parenchyma from 2 individuals who
underwent nephrectomy for renal masses diagnosed as oncocy-
tomas (used as ‘healthy’ controls) and a skin biopsy from 1 HC
were examined by immunofluorescence microscopy to detect
neutrophils, NETs and NET-bound TF, or fibrinogen. We also
examined as disease controls, formalin-fixed paraffin-embedded
kidney biopsies from 4 patients with acute renal thrombotic
microangiopathy (2 patients with haemolytic uremic syndrome,
1 with thrombotic thrombocytopenic purpura, and 1 with
Hemolysis, Elevated Liver enzymes and Low Platelets syn-
drome), a skin ulcer biopsy from a patient with diabetes melli-
tus, and endoarterial thrombus tissues retrieved during
thrombectomy from 2 patients with acute femoral artery athe-
rothrombosis. None of these patients fulfilled criteria for APS
or any other autoimmune disorder, nor did they have positive
aPL.

A more detailed description of the Methods is presented in
Supplementary Methods.
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Statistical analysis

For continuous variables, Wilcoxon (paired t-test) and Mann-
Whitney (unpaired t-test) were used, after implementing the
Shapiro-Wilk normality test. For comparison of more than 2
groups, 1-way analysis of variance (ANOVA, Tukey’s multiple
comparison test) with Bonferroni post hoc or Kruskal-Wallis was
applied. Data analysis was performed using GraphPad Prism
v9.0 software (www.graphpad.com). Data are presented as
mean ± SD. Statistical significance was considered at P < .05.

RESULTS

Higher NET release in patients with PAPS compared with HCs
and asymptomatic aPL individuals

Neutrophils from patients with PAPS demonstrated higher
spontaneous NET release than neutrophils from age- and sex-
matched HCs and asymptomatic aPL carriers, as assessed by
immunofluorescence staining in ex vivo neutrophils (Fig 1A,B)
and MPO-DNA complex ELISA in isolated NET structures
(Fig 1C). In a 3-month follow-up, no significant difference was
observed in the ex vivo generation of NETs in patients with PAPS
(Fig 1D).

No correlation was demonstrated between NET release and
any specific aPL type, isotype, or titres, or venous or arterial
thrombosis history in patients with PAPS (Supplementary Fig
Sl). Given that phosphatidylserine/prothrombin (aPS/PT) auto-
antibodies have been associated with elevated thrombotic risk
and their presence can help identify individuals at higher risk
[26] beyond the criteria aPL (aCL, anti-β2GPI, and LA), we mea-
sured aPS/PT IgG and IgM titres in isolated sera from all patients
with PAPS included in the study (n = 30). aPS/PT antibodies
did not correlate with NET release (Supplementary Figure S1K).

Overall, these findings suggest that patients with PAPS have
persistently higher spontaneous NET release than HCs and
asymptomatic aPL individuals.

NETs from patients with PAPS are decorated with bioactive TF

Using immunofluorescence staining, we observed that NETs
from 9 of 30 patients with PAPS expressed TF (Fig 1E). These
findings were verified by immunoblotting on isolated NET pro-
teins. TF expression in immunoblotting was significantly higher
in patients who also demonstrated TF expression by immunoflu-
orescence staining (Fig 1F).

We further assessed the ability of NET-bound TF from
patients with PAPS to generate thrombin, using in vitro stimula-
tions of PPP from HCs with isolated NET structures. We found
that NET structures isolated from PAPS neutrophils induced
thrombin generation in PPP from HCs, as assessed by thrombin
ELISA assay. This effect was dependent on NET-bound TF, since
TF inhibition with an anti-TF neutralising antibody abrogated
the generation of thrombin. Interestingly, NETs from patients
with PAPS with no prominent TF expression did not induce
thrombin generation (Fig 1G).

TF-bearing NETs and fibrinogen are present in arterial thrombi,
skin ulcer, and kidney tissues from patients with PAPS

To gain further insight into the role of NETs in thrombus
development and organ injury in PAPS, we examined the pres-
ence of neutrophils and NETs in acute arterial thrombi, skin
ulcer, and kidney biopsies from patients with PAPS, in

http://www.graphpad.com


Figure 1. Increased spontaneous NET release is observed in neutrophils from patients with PAPS. (A) NET release by isolated peripheral neutrophils
from patients with PAPS (n = 30) compared with HCs (n = 11) and asymptomatic aPL carriers (n = 5). Representative data from 1 of 30 patients
with PAPS, 1 of 11 HCs, and 1 of 5 asymptomatic aPL carriers are shown. (B) Quantification of NET release in (A). (C) MPO-DNA complex enzyme-
linked immunosorbent assay (ELISA) in isolated NET structures from neutrophils in (A). (D) NET release in neutrophils from patients with PAPS at
t = 0 and 3 months later. (E) Expression of TF on NETs released by isolated peripheral neutrophils from patients with PAPS compared with HCs. Rep-
resentative data from 2 out of 30 patients with PAPS are shown. (F) TF expression in purified NET proteins from isolated peripheral neutrophils from
patients with PAPS (n = 8). (G) Thrombin generation levels in HC platelet-poor plasma treated with NET structures from patients with PAPS (n = 30)
and HCs (n = 6). Representative data from 1 of 4 independent experiments. Green: (A) MPO, (E) TF, red: (A, E) citH3, magenta: (E) MPO, blue: (A, E)
DAPI/DNA. For (B, C, G), statistical analysis was performed using ordinary 1-way analysis of variance (ANOVA) followed by Tukey’s multiple compar-
isons test. For (D), statistical analysis was performed using the Wilcoxon signed-rank test for paired samples. For (B, C, G), bars represent mean values
± SD, and each dot represents a patient. ANOVA, analysis of variance; citH3, citrullinated histone H3; DAPI, 4′,6-diamidino-2-phenylindole; ELISA,
enzyme-linked immunosorbent assay; HC, healthy controls; MPO, myeloperoxidase; NET, neutrophil extracellular trap; PAPS, primary antiphospholi-
pid syndrome; TF, tissue factor.
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Figure 2. TF-bearing NETs and fibrinogen are identified in organised endoarterial thrombi, skin ulcer tissues, and kidney biopsies from patients with
PAPS. (A) TF-bearing NETs and fibrinogen in an organised arterial thrombus from a patient with PAPS. Representative data from 1 of 2 patients.
(B) TF-bearing NETs and fibrinogen in skin ulcer biopsies from patients with PAPS compared with skin biopsies from HCs. −ve control: secondary anti-
body control. Representative data from 1 of 4 patients. (C) TF-bearing NETs and fibrinogen in renal biopsies from patients with PAPS with renal
involvement compared with kidney biopsies from apparently HCs (without autoimmune disorders). −ve control: secondary antibody control. Repre-
sentative data from 1 of 5 patients. Green: TF/fibrinogen (Fib), red: citH3, magenta: MPO, blue: DAPI/DNA. ANOVA, analysis of variance; citH3, cit-
rullinated histone H3; DAPI, 4′,6-diamidino-2-phenylindole; ELISA, enzyme-linked immunosorbent assay; HC, healthy controls; MPO,
myeloperoxidase; NET, neutrophil extracellular trap; PAPS, primary antiphospholipid syndrome; TF, tissue factor.
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comparison with skin and renal biopsies from individuals with-
out a diagnosis of autoimmune disorder, serving as controls.
Neutrophils and NETs were present in the arterial thrombi
(Fig 2A) and skin ulcer biopsies from patients with PAPS
(Fig 2B). NETs were often colocalised with TF and fibrinogen in
all patients (Fig 2A,B). In the case of arterial thrombi, NETs
were found within the organised thrombus in the arterial lumen,
but also in the thrombi of the recanalised lumen (Fig 2A). In
biopsies from skin ulcers, NETs and neutrophils were present,
both inside the thrombotic vessels and in the perivascular space.
However, they were also present in the reticular dermis, to a
lesser extent. Skin biopsies obtained from HCs did not demon-
strate any presence of neutrophils or NETs (Fig 2B).

Neutrophils and NETs were also observed in kidney biopsy
tissues from patients with PAPS with renal involvement. Specifi-
cally, NETs colocalised with TF or fibrinogen were detected in
the glomerular capillaries, in the peritubular capillaries, the
tubulointerstitial tissue close to the Bowman’s capsule, and
within thrombosed arterioles, even when intact neutrophils
were not visible (Fig 2C). Conversely, neutrophils and NETs
were not detected in kidney biopsies from the healthy paren-
chyma of nephrectomy tissues (used as HC tissues) (Fig 2C).

Moreover, we used endoarterial thrombus tissues from
patients with peripheral artery atherothrombosis (n = 2), kid-
ney biopsies from patients with renal thrombotic microangiop-
athy (TMA, n = 4), and 1 skin ulcer biopsy from a patient with
diabetes as disease control biopsies. We identified TF-expressing
NETs (Supplementary Fig S2A) colocalised with fibrinogen
(Supplementary Fig S2B) in endoarterial thrombus and renal
TMA biopsies. NETs were also present in the skin biopsy of the
patient with diabetes but were not colocalised with TF or fibrin-
ogen (Supplementary Fig S2A,B).

Taken together, these findings indicate the presence of TF-
bearing NETs, colocalised with fibrinogen, in endoarterial
thrombi, skin, and kidney biopsy specimens, suggesting their
involvement in the thromboinflammation process in target tis-
sues/organs among patients with PAPS.

aPL are required for the intracellular expression of TF in
neutrophils, activation of platelets, and subsequent NET release in
PAPS

To test whether the observed difference in the presence of
NET-bound TF in neutrophils of patients with PAPS is attributed
to the capacity of aPL to induce the expression of intracellular
TF in neutrophils, we treated HC neutrophils with isolated IgGs,
which were isolated from 6 patients with triple-positive PAPS.
We observed that IgGs from patients with PAPS with prominent
expression of TF on their ex vivo NETs induced higher TF mRNA
expression and TF protein levels, than IgGs from patients with-
out prominent TF expression on their NETs (Fig 3A-C).

Neither IgGs isolated from patients with PAPS, nor PAPS sera
were able to induce NET release directly in HC neutrophils, as
assessed by immunofluorescence staining and MPO-DNA com-
plex ELISA (Fig 3D,E). We further examined a disease control
group of aPL-negative patients with acute arterial and/or venous
thrombosis (n = 16). In vitro treatment of HC neutrophils with
sera from the above patients has been shown to induce intracel-
lular upregulation of TF expression (in 5 of 8 patients with arte-
rial thrombosis and 4 of 8 patients with venous thrombosis)
(Supplementary Figure S3A), but not NET formation as assessed
by both immunofluorescence staining and MPO-DNA complex
ELISA (Supplementary Fig S3A-C).
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Studies have shown that activated platelets are involved in
NET formation in infections and cardiovascular disease [10,27
−30]. To assess the ability of PAPS platelets to induce NET
release, we treated neutrophils from HCs with ex vivo-isolated
platelets from patients with PAPS or heterologous HC platelets.
We observed significantly increased NET release in HC neutro-
phils treated with platelets from patients with PAPS, compared
with HC neutrophils treated with heterologous HC platelets or
PAPS sera (Fig 3F-H). PAPS platelets did not induce TF expres-
sion in HC neutrophils (Fig 3I).

Considering that the presence of platelet-neutrophil aggre-
gates is one of the most accurate markers of platelet activation,
we investigated their levels in our patients. We observed
increased platelet-neutrophil aggregates in the peripheral blood
of patients with PAPS, compared with HCs, expressed as CD61/
CD66b double-positive (+ve) events by flow cytometry (Fig 3J,
K). The spontaneous NET release observed in neutrophils from
patients with PAPS was strongly correlated with CD61/CD66b
double +ve events (Fig 3L). Checking for correlations between
CD61/CD66b double +ve events and PAPS clinical characteris-
tics, the only association found was with the presence of venous
thrombosis (Fig 3M, Supplementary Fig S4). CD61/CD66b dou-
ble +ve events did not correlate with aPS/PT autoantibodies
either (Supplementary Fig 4I). Moreover, we verified the pres-
ence of platelets on ex vivo-isolated neutrophils from patients
with PAPS by immunofluorescence confocal microscopy
(Fig 3N).

Prompted by these findings, we investigated whether aPL are
involved in platelet-neutrophil interactions. To reproduce this
hypothesis in vitro, we examined platelet-neutrophil aggregates
in HC neutrophils treated with PAPS IgG-pretreated platelets.
Increased CD61/CD66b double +ve events were observed in
HC neutrophils treated with PAPS IgGs-pretreated platelets,
compared with HC neutrophils treated with control IgG-pre-
treated platelets or untreated HC neutrophils (Fig 4A,B).

Furthermore, we treated HC platelets with either isolated
IgGs from patients with PAPS, demonstrating TF-expressing
NETs or not. Subsequently, these platelets were introduced to
HC neutrophils, pretreated with the same PAPS IgGs. Pretreat-
ment of platelets with either IgGs from patients with PAPS
expressing or not TF on NETs induced NET release in HC neutro-
phils, compared with controls (Fig 4C,D). However, NET-bound
TF was observed only when HC neutrophils were pretreated
with IgGs from patients with NET-bound TF-expressing PAPS,
but not with IgGs from patients with TF-negative PAPS or HCs
(Fig 4C,D). Importantly, TF presence in these in vitro stimulated
HC neutrophils was functional, since isolated NET structures
were able to induce thrombin generation in PPP from HCs in a
TF-dependent manner (Fig 4E).

Overall, aPL play a dual role by inducing TF expression in
neutrophils and activating platelets with subsequent NET
release in PAPS.

Autophagy in PAPS neutrophils is induced by their interaction
with activated platelets and mediates NET release

Autophagy is a key mechanism in the regulation of NET gen-
eration and release [14]. Autophagy-mediated release of NETs
has been described in patients with SLE with active disease
[13]. Herein, we investigated autophagy in neutrophils from
patients with PAPS and its association with NET release. We
observed that neutrophils from patients with PAPS demon-
strated higher basal autophagy levels than HCs, as assessed by



Figure 3. Platelets from patients with PAPS induce NET release in neutrophils. (A) Intracellular expression of TF in isolated peripheral neutrophils
from HCs treated with HC IgGs (n = 2), IgGs from TF −ve (n = 3) or TF patients with +ve PAPS (n = 3). Representative data from 1 of 4 experiments.
(B) Relative mRNA TF expression by neutrophils in (A). (C) TF expression in isolated peripheral neutrophils incubated with purified PAPS IgGs from
TF −ve (n = 2) and TF +ve (n = 2) patients. (D) Quantification of NET release in isolated peripheral neutrophils from HCs (n = 6) treated in vitro
with purified IgGs (n = 4) or sera (n = 8) from patients with PAPS. (E) MPO-DNA complex enzyme-linked immunosorbent assay (ELISA) in isolated
NET structures from neutrophils in (D). (F) NETs released by isolated peripheral neutrophils from HCs treated with PAPS platelets (n = 8) or heterolo-
gous HC platelets (n = 8). Representative data from 1 of 4 experiments. (G) Quantification of NET release in (F). (H) Quantification of NET release by
ex vivo-isolated peripheral neutrophils from patients with PAPS (n = 8) compared with in vitro treatment of HC neutrophils with the corresponding
platelets or sera from these patients. Representative data from 1 of 4 experiments. (I) TF −ve NETs released by isolated peripheral neutrophils from
HCs treated with PAPS platelets (n = 8) or heterologous platelets from HCs (n = 8). Representative data from 1 of 4 experiments. (J) CD61/CD66b
flow cytometry dot plots in whole blood from patients with PAPS (n = 30) and HCs (n = 11). Representative data from 1 of 30 patients with PAPS.
(K) Quantification of CD61/CD66b double +ve events in (I). (L) Correlation of NET formation in patients with PAPS (Fig 1B) with CD61/CD66b dou-
ble +ve events. (M) CD61/CD66b double +ve events in patients with PAPS with venous thrombosis (n = 18) compared with patients without
(n = 12). (N) Representative immunofluorescence images of ex vivo-isolated peripheral neutrophils from HC (n = 6) and PAPS (n = 6) patients,
stained for the platelet marker CD61. Green: (A,I) TF, (F,N) MPO, red: (F,I) citH3, magenta: (A,I) MPO, white: (N) CD61, blue: (A,F,I,N) DAPI/DNA.
For (B), statistical analysis was performed using repeated-measures 1-way analysis of variance (ANOVA) with Bonferroni’s post hoc test. For (D,E,G,
H), statistical analysis was performed using ordinary 1-way ANOVA followed by Tukey’s multiple comparisons test. For (K,M), statistical analysis was
performed using the Mann-Whitney U test. For (L), statistical analysis was performed using the Pearson (r) correlation test. For (B,D,E,G,H,K,M), bars
represent mean values ± SD, and each dot represents a patient. ANOVA, analysis of variance; citH3, citrullinated histone H3; DAPI, 4′,6-diamidino-2-
phenylindole; ELISA, enzyme-linked immunosorbent assay; HC, healthy controls; MPO, myeloperoxidase; NET, neutrophil extracellular trap; PAPS,
primary antiphospholipid syndrome; TF, tissue factor.
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immunofluorescence staining using LC3B, a major autophagy
protein demonstrated in punctuated structures (puncta)
(Fig 5A). These findings were quantified by immunoblotting for
the lipidated form of LC3B (LC3B-II) and further verified by cal-
culating the integrated optical density (IOD) ratio of LC3B-II to
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Fig 5B,
C).

To further elucidate the involvement of autophagy in the for-
mation of NETs, we pretreated isolated ex vivo PAPS neutrophils
with SC79, a pan-AKT phosphorylator molecule, which acts as
an early-stage autophagy inhibitor. Pretreatment of PAPS neu-
trophils with SC79 significantly attenuated basal autophagy lev-
els (Fig 5D upper) and the subsequent release of NETs (Fig 5D
lower, E, F), as assessed by immunofluorescence staining and
MPO-DNA complex ELISA in isolated NET structures.

To investigate whether the increased autophagy levels
observed in PAPS neutrophils are induced by their interaction
with activated platelets, we treated HC neutrophils with HC pla-
telets that had been pretreated with isolated PAPS IgGs. We
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observed that platelets pretreated with PAPS IgGs induced
autophagy, in contrast to platelets pretreated with IgGs isolated
from HC serum, as shown using immunofluorescence staining
and immunoblotting of LC3B (Fig 5G,H).

These findings suggest that NET release in patients with PAPS
is correlated with increased basal autophagy in neutrophils,
which is mediated by aPL-activated platelets.
CD40-CD40L axis inhibition attenuates NET release and
thrombin generation in PAPS

Evidence has shown that several neutrophil and platelet
receptor pairs drive platelet-neutrophil interactions, including
the P-selectin and P-selectin glycoprotein ligand-1 (PSGL-1), the
adhesion molecule ICAM2 and integrin αLβ2, known as lympho-
cyte function-associated antigen 1 (LFA-1), the TREM-1L and
TREM-1, and the CD40 ligand (CD40L/CD154) and CD40 [21].
We performed in vitro studies using inhibitors for LFA-1 −
ICAM-2 (Lifitegrast), TREM-1 − TREM-1L (VJDT), and CD40-



Figure 4. aPL require platelets to induce NET release. (A) CD61/CD66b flow cytometry dot plots in isolated peripheral neutrophils from HCs, stimu-
lated with isolated HC platelets pretreated with purified HC or PAPS IgGs (n = 6). Representative data from 1 of 6 experiments. (B) Quantification of
CD61/CD66b double +ve events in (A). (C) NETs released by isolated peripheral neutrophils from HCs pretreated with purified IgGs from TF −ve
(n = 3) and +ve (n = 3) patients with PAPS, followed by stimulation with isolated HC platelets pretreated with IgGs from the same patients. Repre-
sentative data from 1 of 3 experiments. (D) Quantification of NET release in (C). (E) Thrombin generation levels in HC platelet-poor plasma treated
with NET structures from neutrophils in (C). Green: CD61, red: citH3, magenta: MPO, blue: DAPI/DNA. For (B,D,E), statistical analysis was performed
using ordinary 1-way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons test. For (B,D,E), bars represent as mean values ± SD,
and each dot represents a patient. ANOVA, analysis of variance; citH3, citrullinated histone H3; DAPI, 4′,6-diamidino-2-phenylindole; ELISA, enzyme-
linked immunosorbent assay; HC, healthy controls; MPO, myeloperoxidase; NET, neutrophil extracellular trap; PAPS, primary antiphospholipid syn-
drome; TF, tissue factor.
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CD40L (DRI-C21045); we did not examine the P-selectin and
PSGL-1 interaction inhibition, since it has been previously exam-
ined in APS [16]. Among the above, only the CD40-CD40L inhi-
bition could reduce NET release in HC neutrophils treated with
PAPS IgG-activated platelets (Supplementary Fig S5A). Thus, we
decided to extend our study of CD40-CD40L inhibition in PAPS.

Pretreatment of HC neutrophils with the CD40-CD40L inhibi-
tor significantly reduced NET release induced by PAPS IgG-acti-
vated platelets, as assessed by immunofluorescence staining and
MPO-DNA complex ELISA in isolated NET structures (Fig 6A-C).
Moreover, pretreatment of HC neutrophils with DRI-C21045
resulted in a significant decrease in CD61/CD66b double +ve
events, compared with neutrophils stimulated with PAPS IgG-
activated platelets in the absence of pretreatment (Fig 6D).
Importantly, inhibition of the CD40-CD40L interaction reduced
the generation of thrombin in PPP from HCs, following stimula-
tion with isolated NET structures from these cultures, as
assessed by thrombin ELISA (Fig 6E).

To verify these findings, we repeated these experiments with
platelets isolated from patients with PAPS. CD40-CD40L interac-
tion blockade significantly reduced NET release in HC neutro-
phils induced by ex vivo-isolated PAPS platelets, as assessed by
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immunofluorescence staining and MPO-DNA complex ELISA in
isolated NET structures (Fig 6F-H). Moreover, pretreatment of
HC neutrophils with DRI-C21045 resulted in decreased CD61/
CD66b double +ve events (Fig 6I).

Furthermore, we investigated the role of the CD40-CD40L
axis in the process of autophagy. Pretreatment of HC neutrophils
with DRI-C21045 significantly attenuated basal autophagy lev-
els induced by PAPS IgG-stimulated platelets, as assessed by
immunofluorescence staining and immunoblotting of LC3B
(Supplementary Fig S5B,C).

CD40-CD40L axis inhibition alters thrombus composition in an in
vivo venous thrombosis model

To validate our findings in vivo, we employed a murine
model of venous thrombosis by performing flow restriction of
the IVC in wild type (WT) mice, in combination with adminis-
tration of PAPS IgGs (Fig 7A). CD40-CD40L inhibition in this
model was mediated by a specific anti-CD40L antibody bearing
LALA mutations similar to the second-generation anti-CD40L
antibodies used in clinical practice [31]. CD40-CD40L inhibi-
tion significantly reduced platelet-neutrophil aggregates and



Figure 5. Increased basal autophagy levels observed in PAPS neutrophils are induced by their interaction with activated platelets and mediate NET
release. (A) Detection of LC3B-positive puncta on autophagosomes in isolated peripheral neutrophils from patients with PAPS compared with HCs.
Representative data from 1 of 30 patients. (B) Quantification of the nonlipidated and lipidated forms of LC3B, LC3B-I and LC3B-II, in isolated total pro-
teins from patients with PAPS (n = 4) compared with HCs (n = 3). (C) Integrated optical density (IOD) in isolated total proteins from (B). Representa-
tive data from 1 of 2 independent experiments. (D) Basal autophagy levels (upper) and NET release (lower) in ex vivo PAPS patient neutrophils
compared with neutrophils pretreated with SC79 inhibitor (n = 8). (E) Quantification of NET release in (D). (F) MPO-DNA complex enzyme-linked
immunosorbent assay (ELISA) in isolated NET structures from neutrophils in (D). (G) Detection of LC3B-positive puncta on autophagosomes in isolated
peripheral neutrophils from HCs treated in vitro with purified PAPS IgG-pretreated platelets. (H) Quantification of the non-lipidated and lipidated
forms of LC3B, LC3B-I, and LC3B-II in isolated total proteins from neutrophils in (G). Green: (C—lower) MPO, red: (A, C—upper, F) LC3B, (C—lower)
citH3, blue: (A,C,F) DAPI/DNA. For (E), statistical analysis was performed using the Wilcoxon signed-rank test for paired samples. For (F), statistical
analysis was performed using ordinary 1-way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons test. For (C and F), bars repre-
sent mean values ± SD, and each dot represents a patient. ANOVA, analysis of variance; citH3, citrullinated histone H3; DAPI, 4′,6-diamidino-2-phe-
nylindole; ELISA, enzyme-linked immunosorbent assay; HC, healthy controls; MPO, myeloperoxidase; NET, neutrophil extracellular trap; PAPS,
primary antiphospholipid syndrome; TF, tissue factor.
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the subsequent NET release in anti-CD40L-treated animals com-
pared with saline or isotype IgG-treated mice, as assessed by
flow cytometry in whole blood (Supplementary Fig S6A and
Fig 7B) and MPO-DNA complex ELISA in mouse sera (Fig 7C),
respectively. Accuracy of MPO-DNA complex ELISA for murine
samples was verified on isolated PMA/ionomycin-induced
NETs from murine neutrophils (Supplementary Figure S6B).
Interestingly, CD40-CD40L inhibition significantly reduced
NET presence in murine thrombi, as assessed by immunofluo-
rescence staining (Fig 7D,E). Thrombus size and weight were
not statistically different (Supplementary Fig S6C,D), whereas
mouse weight was similar in all study groups (Supplementary
Fig S6E).

Overall, the CD40-CD40L axis is implicated in the platelet-
neutrophil interactions, as CD40-CD40L blockade inhibits plate-
let-neutrophil interaction, the subsequent autophagy-mediated
release of NETs, and finally the generation of thrombin. Addi-
tionally, inhibition of the CD40-CD40L axis in vivo altered
thrombus composition in an APS murine model by significantly
reducing NET presence.
866
DISCUSSION

In this study, to our knowledge, we describe that ex vivo neu-
trophils from patients with PAPS can release TF-decorated
NETs, which are able to generate thrombin in a TF-dependent
manner, and that aPL play a dual role by inducing intracellular
TF expression in neutrophils, and activating platelets, with sub-
sequent platelet-neutrophil interaction, autophagy induction,
and NET release. Most importantly, we demonstrate for the first
time that CD40-CD40L blockade inhibits this platelet-neutrophil
interaction and attenuates NET release both in vitro and in vivo.

More specifically, we observed that ex vivo peripheral blood
neutrophils from patients with PAPS exhibit increased spontane-
ous release of NETs, compared with HCs and asymptomatic aPL-
positive individuals, which was persistent in a 3-month follow-
up. Studies have shown TF expression on NETs in some inflam-
matory conditions [10,12,13] and TF expression and procoagu-
lant activity on monocytes from patients with PAPS [32]. A
previous study showed that aPL-induced complement activation
led to TF expression in neutrophils [33]; however, to our



Figure 6. CD40-CD40L blockade attenuates NET formation in PAPS. (A) NETs released by isolated peripheral neutrophils from HCs stimulated with
HC platelets pretreated with PAPS IgGs, with or without pretreatment with the CD40-CD40L interaction inhibitor DRI-C21045. Representative data
from 1 of 6 experiments. (B) Quantification of NET release in (A). (C) MPO-DNA complex enzyme-linked immunosorbent assay (ELISA) in isolated
NET structures from neutrophils in (A). (D) Quantification of CD61/CD66b double +ve events in (A). (E) Thrombin generation levels in HC platelet-
poor plasma treated with NET structures from neutrophils in (A). (F) NETs released by isolated peripheral neutrophils from HCs treated with PAPS pla-
telets (n = 6), compared with neutrophils pretreated with the CD40-CD40L interaction inhibitor DRI-C21045, prior to the addition of PAPS platelets.
Representative data from 1 of 6 experiments. (G) Quantification of NET release in (F). (H) MPO-DNA complex enzyme-linked immunosorbent assay
(ELISA) in isolated NET structures from neutrophils in (F). (I) Quantification of CD61/CD66b double +ve events in (F). Green: MPO, red: citH3, blue:
DAPI/DNA. For (B-E,G-I), statistical analysis was performed using ordinary 1-way analysis of variance (ANOVA) followed by Tukey’s multiple compar-
isons test. For (B-E,G-I), bars represent mean values ± SD, and each dot represents a patient. ANOVA, analysis of variance; citH3, citrullinated histone
H3; DAPI, 4′,6-diamidino-2-phenylindole; ELISA, enzyme-linked immunosorbent assay; HC, healthy controls; MPO, myeloperoxidase; NET, neutrophil
extracellular trap; PAPS, primary antiphospholipid syndrome; TF, tissue factor.
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knowledge, no studies reported on the externalisation of TF in
APS. Here, to our knowledge, we showed for the first time that
ex vivo neutrophils from patients with PAPS externalise bioac-
tive TF on released NETs.

Although NET release was observed in all patients with PAPS,
not all patients demonstrated TF-decorated NETs. However, the
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thrombogenicity of NETs was TF-dependent. In previous studies,
thrombin generation was enhanced by isolated neutrophils and
cell supernatants from patients with PAPS [33,34], but not from
isolated NETs. We also found that intracellular TF expression in
neutrophils is induced by aPL. Notably, not all aPL from patients
with PAPS were able to induce TF expression in neutrophils in



Figure 7. CD40-CD40L blockade alters thrombus composition in an experimental mouse model of PAPS. (A) Schematic representation of the experi-
mental induction of PAPS in mice. C57BL/6 mice received 2 intraperitoneal (i.p.) doses of 500 μg isolated PAPS IgGs at a 48-hour interval. Treatment
[saline (vehicle control), isotype control antibody (300 µg/mouse), or anti-CD40L antibody (300 µg/mouse)] was administered i.p. between the
2 PAPS IgG injections. Prior to the second PAPS IgG administration, mice underwent IVC ligation, and were humanely euthanised 48 hours later.
(B) Quantification of platelet-neutrophil aggregates from mice in (A), determined as the % of CD41/Ly6G +ve cells by flow cytometry. (C) MPO-DNA
complex enzyme-linked immunosorbent assay (ELISA) in isolated serum samples from mice in (A). (D) Presence of NETs, defined as MPO/citH3 +ve
structures, in isolated thrombi from mice in (A). (E) Quantification of NET presence in thrombi from (D). Green: MPO, red: citH3, blue: DAPI/DNA.
For (B,C,E), statistical analysis was performed using ordinary 1-way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons test. For
(B,C,E), bars represent mean values ± SD. For (E), NET quantification was defined as the ratio NET volume/total tissue volume. IVC, inferior vena
cava; ANOVA, analysis of variance; citH3, citrullinated histone H3; DAPI, 4′,6-diamidino-2-phenylindole; ELISA, enzyme-linked immunosorbent assay;
HC, healthy controls; MPO, myeloperoxidase; NET, neutrophil extracellular trap; PAPS, primary antiphospholipid syndrome; TF, tissue factor.
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vitro. Only aPL from patients who demonstrated TF expression in
ex vivo neutrophils and NETs were able to induce in vitro TF
expression. Moreover, sera from other thrombotic disorders
(deep vein thrombosis, acute myocardial infarction, and stroke
patients) were able to induce TF expression intracellularly in HC
PMNs but were not able to induce NET release and externalisa-
tion of TF. These findings are in agreement with previous stud-
ies, which demonstrated that sera from patients with STEMI
induce TF expression but do not induce NET release directly in
PMNs [10].

The role of TF and NETs in thromboinflammation at the tis-
sue level (eg, kidneys) has been demonstrated in an aPL-induced
renal thrombotic microangiopathy mouse model [35]. However,
their presence in situ was not previously investigated in tissue
biopsies from patients with PAPS. Cutaneous manifestations in
patients with APS may vary, from livedo reticularis to skin ulcers
or necrosis, whereas kidney involvement in the form of APS
nephropathy has been well-recognised in the context of both
PAPS and SLE/APS [36]. We have shown here, for the first time,
the presence of TF-decorated NETs and deposited fibrinogen in
the proximity of NETs, in organ tissues from patients with PAPS,
such as arterial thrombi and thrombosed vessels from skin ulcer
biopsies. In kidney biopsies, TF-decorated NETs and fibrinogen
were found in the glomerular capillaries and peritubular
capillaries, but also in the tubulointerstitial compartment close
to the Bowman’s capsule, suggesting a possible involvement in
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the ongoing periglomerular scarring and tubular atrophy, in
addition to TMA lesions [35]. Interestingly, a recent RNA-
sequencing study on archival kidney biopsies from patients with
PAPS showed higher expression of NET-related genes in PAPS vs
control kidney samples [37]. We also found the presence of TF-
decorated NETs and deposited fibrinogen in kidney biopsies of
patients with renal TMA and in thrombus tissue from patients
with peripheral artery atherothrombosis. These findings further
support the importance of NETs as a mechanism in thromboin-
flammation and atherothrombosis [38].

We further investigated the intracellular pathways underly-
ing NET release. Neutrophils and platelets interact minimally in
the circulation in normal conditions, while the platelet-neutro-
phil cross-talk is important in the process of haemostasis and
thrombosis, and is even implicated in the clearance of pathogens
[39−44]. Circulating PNCs have been associated with thrombo-
sis in individuals with acute coronary syndromes, and activated
platelets were the main inducers of NET release in these patients
[10]. In the context of APS, anti-β2GPI aPL interact with Fcγ-
receptor IIa on the platelet surface and activate them [45].
Moreover, the release of platelet factor 4 (PF4) has been shown
to promote the formation of highly antigenic PF4-complexed
β2GPI, and subsequent platelet activation [46]. A previous study
has demonstrated that platelets from patients with APS display a
proinflammatory and procoagulant profile, including enhanced
TF expression and participation in platelet-leukocyte aggregates
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[47]. Platelet TF expression has been further characterised in
APS, with TF-positive platelets and TF-positive platelet-leuko-
cyte aggregates reinforcing the idea that platelet-driven throm-
boinflammation is itself a key contributor to APS thrombosis
[48]. Additionally, a recent publication reported that platelets
enhance the capacity of aPL to induce NET formation in neutro-
phils [16]. In the present study, we showed that patients with
PAPS exhibit increased PNCs compared with HCs, and they are
significantly correlated with the ex vivo NET release observed in
neutrophils; PNCs also associate with the presence of venous
thrombosis. We found for the first time that isolated ex vivo pla-
telets alone from patients with PAPS can activate neutrophils
and promote the formation of NETs.

Moreover, we showed that neutrophils in PAPS have
increased basal autophagy levels, compared with HCs, and that
increased autophagy was responsible for NET release. The use of
a pan-AKT phosphorylator (autophagy inhibitor) halted this pro-
cess, even in ex vivo PAPS neutrophils. We also observed that
activated platelets that trigger NET release in patients with
PAPS, induce autophagy in neutrophils of HCs.

Considering the role of platelets and their interaction with
neutrophils in inducing thrombogenic NET release, targeting
platelets or the platelet-neutrophil interaction can be a potential
treatment strategy in APS. Platelet activation can be eliminated
via platelet cyclooxygenase activity inhibition with aspirin, or
via Toll-like receptor 7 inhibition with hydroxychloroquine
[49]. Aspirin, in combination with vitamin K antagonists (with
an INR 2-3), is one of the management options for thrombotic
APS (with low level of evidence) [50], but it may increase the
risk of bleeding. The platelet-neutrophil interaction in the blood
and endothelium involves several receptor�ligand pairs, includ-
ing P�selectin−P�selectin glycoprotein ligand, GPIbα−macro-
phage 1 antigen (MAC�1 and αMβ2), GPIIbIIIa−MAC�1
through fibrinogen, TREM-1 ligand and TREM-1, and
CD40�CD40L [21]. CD40-CD40L interaction enhances neutro-
phil recruitment through upregulation of Mac-1, while CD40
has been shown to stimulate autophagy [51,52]. Performing
functional validation assays using a CD40-CD40L interaction
inhibitor, we found that CD40-CD40L blockade in vitro could
eliminate platelet activation, autophagy, and NET formation in
PAPS.

Most importantly, in our murine APS model, administration
of a neutralising anti-CD40L antibody, inhibited platelet-neutro-
phil aggregation and subsequent NET release and significantly
altered thrombus composition by significantly diminishing NET
presence. It has already been established in several high-impact
studies [53,54] that NETs are critical for the formation of arte-
rial and venous thrombi in mice. A potential explanation for the
lack of thrombus size reduction in our experiments might be
that, as NET presence enhances thrombus stability through
fibrin structure alterations and inhibits thrombus resolution
[55], the chosen time point of analysis (48 hours after IVC liga-
tion) was short to observe thrombus resolution, and we might
be able to document thrombus size differences at a later experi-
mental time point.

Treatments targeting CD40-CD40L pathway have been exam-
ined in systemic autoimmune diseases, mainly SLE [56−58].
First-generation anti-CD40L antibodies have been associated
with increased thromboembolic risk, resulting from platelet acti-
vation triggered by FcγRIIa stimulation. However, the antibody
used in our study has modifications in the Fc region, similar to
the new anti-CD40L antibodies containing a modified Fc with
low FcγRIIa binding. Trials of second-generation anti-CD40-
CD40L antibodies have been recently completed, and others are
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currently taking place in patients with SLE and lupus nephritis
[31,56−58].

A prior pioneering study demonstrated increased NET release
in ex vivo neutrophils from patients with PAPS [34]. This study
found an association between NET release and anti-β2GPI IgG
positivity [34], a finding not observed in our study, which could
be possibly due to a lack of power to detect possible associa-
tions. The study above showed that IgG purified from patients
with APS stimulated the release of NETs from control neutro-
phils. In our experimental setting, we observed that serum or
purified IgGs from patients with PAPS alone cannot induce NET
release in neutrophils isolated from HCs, which could be due to
different experimental settings, such as the neutrophil isolation
method (presence/absence of platelets). In addition, our study
group (patients with PAPS, asymptomatic aPL carriers, and HCs)
consisted solely of White Europeans, limiting the generalisabil-
ity of our findings to other ethnic groups. A multiethnic study
with a larger sample size can lead to greater precision and
higher power to detect true associations. Most patients with
PAPS in our study were high-risk patients, with 63% experienc-
ing recurrent thrombotic events, and 83% having LA positivity,
63% triple aPL positivity, and about 50% high IgG antiβ2GPI
and aCL titres. These characteristics confirm a well-character-
ised APS population, and also help to better understand the
pathophysiology of patients with high recurrence rates, who can
benefit from potential new treatment targets.

In summary, our results showed a TF-dependent thromboge-
nicity of NETs and identified platelets as indispensable compo-
nents of NET release in PAPS, while this process was mediated
intracellularly by autophagy. Our data support a dual role of
aPL, involving the intracellular TF expression in neutrophils and
the activation of platelets for the generation of thrombogenic
NETs. Inhibition of the platelet-neutrophil interaction through
CD40-CD40L attenuated APS thrombogenicity both in vitro and
in vivo. We also demonstrated the presence of TF-expressing
NETs in endoarterial thrombi and microthrombi in skin ulcer
and kidney biopsies. These findings provide additional evidence
for intercepting NET-induced thromboinflammation in tissue
damage in microvascular APS, a newly classified entity by the
2023 ACR/EULAR classification criteria for APS, including APS
nephropathy, livedoid vasculopathy/skin ulcers, and alveolar
haemorrhage [1]. These data may help in identifying potentially
new therapeutic targets but also support repositioning of exist-
ing drugs, such as anti-CD40L antibodies in patients with refrac-
tory thrombotic APS, anticoagulation-resistant microvascular
APS manifestations, or even other thrombotic disorders with
prominent platelet-neutrophil interaction.
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Methods:We analysed clinical, biological, and transcriptomic data from 3 randomised controlled
trials evaluating hydroxychloroquine-leflunomide (HCQ-LEF; n = 18; RepurpSS-I trial), rituxi-
mab (RTX; n = 56; TRACTISS trial), and abatacept (n = 117). Patients were assigned to the 4
endotypes using semisupervised uniform manifold approximation and projection combined
with a support vector machine model. Demographics, disease activity, and therapeutic response,
as defined by the Sj€ogren Tool for Assessing Response index, were compared across clusters in
both pooled and individual trial analyses.
Results: Of 170 patients, 81, 24, 80, and 6 were classified into clusters 1 to 4, respectively. Euro-
pean Alliance of Associations for Rheumatology (EULAR) Sj€ogren’s Syndrome Patient Reported
Index scores were comparable across clusters, while the EULAR Sj€ogren’s Syndrome Disease
Activity Index was significantly higher in clusters 3 and 4 vs clusters 1 and 2 (P = .003). In
pooled analyses, patients in cluster 1 had significantly greater response rates with active treat-
ment vs placebo (61.5% vs 32.6%: P = .016), with a similar trend in the RTX trial. In contrast,
patients in cluster 3 benefitted from HCQ-LEF, whereas cluster 2 (healthy-like patients) showed
no significant response to any therapy.
Conclusions: Transcriptomic stratification of SjD patients revealed differential responses to HCQ-
LEF and RTX. Notably, healthy-like patients exhibited minimal treatment response, suggesting
they may be unsuitable candidates for future therapeutic trials.
WHAT IS ALREADY KNOWN ON THIS TOPIC

� Sj€ogren’s patients are heterogeneous and can be clustered into
transcriptomic-based endotypes.

WHAT THIS STUDY ADDS

� Rituximab is more effective than placebo in patients with a type
I interferon signature. Those with a B-cell profile respond better
to hydroxychloroquine-leflunomide. In contrast, healthy-like
Sj€ogren’s patients do not demonstrate a differential response to
immunomodulatory treatment compared with placebo.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

� Stratifying Sj€ogren’s patients based on transcriptomic signatures
may help identify those more likely to benefit from treatment.
INTRODUCTION
Sj€ogren’s disease (SjD) [1] is a highly heterogeneous autoim-

mune disease characterised by eye and mouth dryness and sys-
temic involvement, exhibiting both clinical [2,3] and biological
[4,5] variability. Despite numerous randomised controlled trials
(RCTs) conducted over the last 2 decades [6], no systemic drug
has demonstrated significant efficacy in improving systemic man-
ifestations or sicca symptoms in SjD patients in a phase 3 trial.
Mainly used as the primary outcome by Seror et al [7], the Euro-
pean Alliance of Associations for Rheumatology (EULAR)
Sj€ogren’s Syndrome Disease Activity Index (ESSDAI) [8] is a dis-
ease activity score that evaluates systemic involvement. The lack
of demonstrated drug efficacy in previous controlled trials may
be attributed to several factors. First, most of the drugs tested so
far were repurposed for rheumatoid arthritis, such as tumour
necrosis factor blockers [9,10], hydroxychloroquine (HCQ) [11],
rituximab (RTX) [12,13], and abatacept (ABA) [14−16], which
may have no or low efficacy in SjD, as different immunopatho-
logical pathways may be involved. Second, the response rate in
placebo arms [7] is high in most RCTs, which could mask the effi-
cacy of the drugs tested. In response to this, the Sj€ogren Tool for
Assessing Response (STAR) index has recently been developed to
improve the discriminant capacity between drug and placebo
responses, incorporating objective disease measures and broader
clinical response [7]. This 5-item score includes systemic
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manifestations assessed by the clinical items of the ESSDAI (cli-
nESSDAI), patient-reported outcomes assessed by the EULAR
Sj€ogren’s Syndrome Patient Reported Index (ESSPRI), lachrymal
and salivary gland function, and biological markers of disease
activity, including rheumatoid factor and gamma globulin levels.
Third, the heterogeneity in SjD patients is likely to influence
treatment responses. The absence of efficacy in some patients
could undermine the drug’s efficacy in other patient subgroups,
resulting in unnecessary treatment exposure for some patients.
Stratifying SjD patients into more homogeneous groups may
reveal the efficacy of specific drugs in some subgroups.

We previously showed, using whole-blood RNA sequencing
(RNAseq), that SjD patients can be clustered into 4 distinct groups
(endotypes), characterised by differential interferon (IFN) and
inflammatory signatures and displaying different clinical and bio-
logical features [4]. The first endotype includes SjD patients with
a strong type I IFN transcriptomic signature. These patients have
the highest levels of rheumatoid factor, hypergammaglobuline-
mia, and anti-SSA positivity in up to 99% of patients. The third
endotype is characterised by B-cell transcriptomic and serological
signatures, and an intermediate type I IFN signature. Patients
from the fourth endotype show a mild type I IFN signature, but
strong type II IFN and neutrophil signatures, and have the highest
systemic disease activity, as defined by ESSDAI and the physician
global assessment. Finally, patients with the second endotype
show healthy-like transcriptomic features and are characterised
by the absence of an IFN signature, the lowest inflammatory
blood biomarkers, a lower prevalence of anti-SSA positivity, and
the lowest ESSDAI score compared with other patients.

We hypothesised that different drugs may have different effi-
cacy across these 4 different endotypes. Using whole-blood tran-
scriptomic and clinical data from 3 previously published RCTs
evaluating the efficacy of RTX [13], ABA [14], and combination
therapy with HCQ and leflunomide (HCQ-LEF) [17], we aimed
to compare the response rates of these drugs with placebo across
the 4 defined endotypes.
METHODS

Design and population

In this post hoc study, we retrieved data from SjD patients
included in 3 RCTs assessing HCQ-LEF in the RepurpSS-I trial
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[17], RTX in the TRACTISS trial [13], and ABA [14]. All patients
with available whole-blood RNAseq and clinical data necessary
to calculate STAR were included in our analysis. The trials were
approved by the appropriate ethics committees, as described in
the original publications [13,14,17].
Stratification of the patients based on their transcriptomic profile

Patients in each clinical trial were stratified into 4 endotypes
according to their whole-blood RNAseq profile at baseline [4].
We employed a 3�step, cluster�guided embedding and cluster-
ing pipeline. First, transcriptomic data from the PRECISESADS
cohort were used to train a supervised uniform manifold approx-
imation and projection (UMAP) embedding, explicitly incorpo-
rating the 4 molecular clusters defined by Soret et al [4] to
shape the low‑dimensional manifold and enhance the separation
of known clusters. This was implemented via the label‑aware
extension in the UMAP‑learn Python package, which integrates
prior cluster labels during optimisation to produce a stable and
interpretable representation [18]. Second, independent samples
from the TRACTISS, RepurpSS-I, and ABA trial cohorts were pro-
jected into this learned UMAP space using its transform func-
tion, ensuring that all cohorts share a common coordinate
system for downstream comparison. Finally, we applied hierar-
chical density-based spatial clustering of applications with noise
to the embedded points using the algorithm’s stability�based
flat�cluster extraction method to identify density�defined clus-
ters in each external dataset. We then mapped each resulting
cluster to its nearest PRECISESADS centroid, as defined by Soret
et al [4], thereby preserving consistency of cluster annotation
across all cohorts.
Outcomes

The STAR criteria [7] were used to assess treatment response.
This outcome is achieved when patients complete at least 5
points across 5 items, including a decrease ≥3 in clinical items
of clinESSDAI (3 points), a decreases ≥1 or ≥15% in ESSPRI (3
points), an increase ≥5 mm in the Schirmer’s test (1 point), an
increase ≥25% in unstimulated salivary flow (1 point), and a
decrease ≥10% in immunoglobulin G level or a decrease >25%
in rheumatoid factor level (1 point).

The timing of assessment varied according to the studies. The
response was assessed at the primary endpoint visit in each trial.
In the ABA and the RepurpSS-I trials, STAR was assessed at
Table 1
Sj€ogren patients from the TRACTISS, RepurpSS-I, and abatacept tr

Features TRACTISS
n = 75

Demographics
Age (y), mean (SD) 55.0 (12.3)
Sex female, n (%) 70 (93.3)

Sj€ogren features
Anti-SSA positivity, n/N (%) 75/75 (100)
Anormal unstimulated salivary flow, n/N (%) 42/56 (75.0)
Anormal Schirmer test, n/N (%) 40/54 (74.1)
ESSPRI, mean (SD) 5.59 (2.44)
ESSPRI dryness, mean (SD) 5.91 (2.55)
ESSPRI fatigue, mean (SD) 5.76 (2.97)
ESSPRI pain, mean (SD) 4.7 (3.13)
ESSDAI, mean (SD) 4.04 (4.06)

EULAR, European Alliance of Associations for Rheumatology; ESSD
EULAR Sj€ogren’s Syndrome Patient Reported Index.
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week 24. In the TRACTISS trial, the primary endpoint was at
week 48.

Statistics

Statistical differences in categorical clinical characteristics
across clusters and cohorts were assessed using the chi-square
test of independence, with Yates’ correction for continuity
applied to all 2 × 2 contingency tables to account for small sam-
ple sizes. Analyses were conducted in Python using the scipy.
stats.chi2_contingency function.

RESULTS

Of the 349 patients included in the 3 RCTs, both baseline
RNAseq data and the STAR index were retrieved for 210
(60.2%) patients (18/29 from the HCQ-LEF trial, 117/187 from
the ABA trial, 75/133 from the RTX trial).

Overall, the mean age (SD) was 53.7 (12.8), and women rep-
resented 95.2% of the cohort (Table 1). Unstimulated salivary
flow was <0.1 mL/min in 137/191 (72.1%) patients, while the
Schirmer test was <5 mm/5 min in 137/189 (72.5%) patients.

The prevalence of anti-SSA antibodies ranged from 94% to
100% across the 3 cohorts. The differences in the serological
profiles were driven by the inclusion criteria of the different
studies, as the TRACTISS and ABA trials included anti-SSA posi-
tivity. Activity scores at baseline differed across the different
cohorts. The mean (SD) ESSPRI was 6.0 (2.2) for the whole
cohort, and 6.3 (2.0), 5.3 (2.1), and 5.6 (2.4) in the ABA, HCQ-
LEF, and RTX trials, respectively (P = .79). The mean (SD) ESS-
DAI was 7.3 (4.8) overall and 9.4 (4.1), 7.3 (4.4), and 4.0 (4.0)
in patients in the ABA, HCQ-LEF, and RTX trials, respectively
(P= .44).

Comparison of patients’ clinical features across the 4 different
endotypes

Among the 210 patients, 82 (39.0%), 25 (11.9%), 95 (45.2%),
and 8 (3.8%) were assigned to clusters 1 to 4, respectively. Of
the 75 patients included in the TRACTISS trial, 37 (49.3%), 12
(16.0%), 23 (30.6%), and 3 (4.0%) were assigned to endotypes 1
to 4, respectively, whereas 5 (27.8%) and 13 (72.2%) patients in
the RepurpSS-I trial were assigned to the endotypes 1 and 3,
respectively. Among the 117 patients in the ABA trial, 40
(34.2%), 13 (11.1%), 59 (50.4%), and 5 (4.3%) were assigned to
clusters 1 to 4, respectively (Supplementary Fig S1). Cluster 1
ials retrieved for transcriptomic-based post hoc analysis

RepurpSS-I
n = 18

Abatacept
n = 117

Total
N = 210

P value

55.8 (13.3) 52.6 (13.11) 53.7 (12.8) .458
18 (100) 112 (95.7) 200 (95.2) .343

17/18 (94.4) 117/117 (100) 209/210 (99.5) .0857
15/18 (83.3) 80/117 (68.4) 137/191 (72.1) .343
12/18 (66.7) 85/117 (72.6) 137/189 (72.5) .820
5.32 (2.12) 6.32 (1.95) 5.97 (2.17) .097
5.56 (2.68) 6.85 (2.34) 6.46 (2.47) .057
6.06 (2.53) 6.56 (2.36) 6.28 (2.58) .387
4.33 (2.72) 5.54 (2.55) 5.18 (2.77) .030
7.33 (4.37) 9.36 (4.09) 7.29 (4.78) <10−13

AI, EULAR Sj€ogren’s Syndrome Disease Activity Index; ESSPRI,



Table 2
Sj€ogren patients from the TRACTISS, RepurpSS-I, and abatacept trials classified by transcriptomic-based clusters

Features Cluster 1
n = 82

Cluster 2
n = 25

Cluster 3
n = 95

Cluster 4
n = 8

P value

Demographics
Age (y), mean (SD) 52.84 (12.98) 57.28 (14.84) 53.02 (12.09) 59.5 (12.64) .349
Sex female, n (%) 75 (91.46) 24 (96.00) 94 (98.95) 7 (87.50) .088

Sj€ogren features
Anti-SSA positivity, n/N (%) 82/82 (100) 25/25 (100) 94/95 (98.9) 8/8 (100) 1.0
Anormal unstimulated salivary flow, n/N (%) 55/71 (77.46) 16/24 (66.67) 62/90 (68.89) 4/6 (66.67) .479
Anormal Schirmer test, n/N (%) 55/71 (77.46) 17/23 (73.91) 61/89 (67.78) 4/6 (66.67) .595
ESSPRI, mean (SD) 6.02 (2.15) 5.80 (2.52) 5.92 (2.14) 6.67 (1.90) .793
ESSPRI dryness, mean (SD) 6.65 (2.41) 6.48 (2.62) 6.07 (2.47) 7.00 (2.62) .448
ESSPRI fatigue, mean (SD) 6.54 (2.44) 5.6 (2.81) 6.34 (2.55) 6.88 (2.42) .517
ESSPRI pain, mean (SD) 4.87 (2.93) 5.32 (2.94) 5.35 (2.66) 6.12 (1.96) .459
ESSDAI, mean (SD) 6.98 (5.01) 6.44 (4.80) 7.63 (4.59) 9.00 (4.66) .440

EULAR, European Alliance of Associations for Rheumatology; ESSDAI, EULAR Sj€ogren’s Syndrome Disease Activity Index; ESSPRI,
EULAR Sj€ogren’s Syndrome Patient Reported Index.
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mainly comprised patients from the RTX trial, and cluster 3
mainly included patients from both the RTX and ABA trials (Sup-
plementary Fig S2). No significant differences were found across
all clusters regarding SjD features and activity scores (Table 2).
Table 3
STAR score response in Sj€ogren patients after transcriptomic stratification in
3 previous controlled trials

A. STAR score response gathering all 3 trials, assessing rituximab, abatacept
or the association of hydroxychloroquine and leflunomide vs placebo

Cluster Treated
n = 109

Placebo
n = 101

P value

1 24/39 (61.5) 14/43 (32.6) .016
2 6/16 (37.5) 4/9 (44.4) 1.0
3 31/50 (62.0) 22/45 (48.9) .281
4 2/4 (50.0) 1/4 (25.0) -

B. STAR score response in the TRACTISS trial, assessing rituximab vs placebo

Cluster Treated
n = 38

Placebo
n = 37

P value

1 11/18 (61.1) 3/19 (15.8) .012
Drug efficacy across transcriptomic-based stratification

A total of 109 patients were treated by ABA, HCQ-LEF, and
RTX. One hundred one patients received the placebo in the 3
RCTs. Considering all studies together, more treated patients
achieved a significant improvement in the STAR score than
those receiving a placebo in cluster 1 (characterised by a strong
type I IFN signature) (61.5% vs 32.6%; P = .016) (Table 3,
Figure). No difference between the active drug and placebo was
found in the other clusters.

In the TRACTISS trial assessing RTX, SjD patients in cluster 1
were significantly more likely to achieve a STAR score compared
with placebo (61.1% vs 15.8%; P= .012) (Table 3).

In the RepurpSS-I trial, patients stratified in cluster 3 (charac-
terised by IFN and B-cell signatures) were more likely to achieve
a STAR score than placebo patients (77.8% vs 0%; P = .046)
(Table 3).

After transcriptomic-based stratification, ABA was not more
efficient than placebo, according to the STAR index, in any of
the endotypes (Table 3).
2 3/8 (37.5) 1/4 (25/0) 1.0
3 7/11 (63.6) 4/12 (33.3) .300
4 0/1 0/2 -

C. STAR score response in the RepurpSS-I trial, assessing the association of
hydroxychloroquine and leflunomide vs placebo

Cluster Treated
n = 13

Placebo
n = 5

P value

1 2/4 0/1 -
2 0/0 0/0 -
3 7/9 (77.8) 0/4 .046
4 0/0 0/0 -

D. STAR score response in the abatacept trial

Cluster Treated
n = 58

Placebo
n = 59

P value

1 11/17 (64.7) 11/23 (47.8) .46
2 3/8 (37.5) 3/5 (60.0) .83
3 17/30 (56.7) 18/29 (62.1) .88
4 2/3 (66.7) 1/2 (50.0) 1.0

STAR, Sj€ogren Tool for Assessing Response.
Data are presented as n/N (%).
DISCUSSION

The current study demonstrated that whole-blood transcrip-
tomic-based clustering may be relevant for stratifying SjD
patients enrolled in RCTs. We showed that drugs exhibit differ-
ent efficacies across the different endotypes. Interestingly,
patients belonging to cluster 2, with healthy-like characteristics,
did not respond to any of the drugs tested compared with
placebo.

The present findings strengthen the importance of stratifying
SjD patients, specifically the therapeutic relevance of transcrip-
tomic-based clustering. In the original clustering analysis from
the PRECISESADS cohort, which included >300 consecutive SjD
patients seen at several referral centres across Europe [4], clus-
ters 1 and 3 accounted for the majority of patients, while clus-
ters 2 and 4 included fewer patients (33.2%, 28.9%, 25.3%, and
12.5% of the patients, respectively). In the present study, includ-
ing patients enrolled in clinical trials, the proportions of clusters
1 to 4 were 39.0%, 45.2%, 11.9%, and 3.8%, respectively.
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Importantly, cluster 2, including healthy-like patients, was also
present in this population, albeit at a lower proportion, likely
due to the inclusion criteria of the clinical trials, specifically
anti-SSA positivity and/or ESSDAI >5. Additionally, the ESSDAI
score was the lowest among patients in cluster 2, consistent with
the original findings.

Other methods of stratifying SjD patients have been pro-
posed. Based on the United Kingdom Primary Sj€ogren’s Syn-
drome Registry, Tarn et al [2] proposed a 5−symptom-based



Figure. Sj€ogren Tool for Assessing Response (STAR) score rates across the different trials, stratified by cluster (C). Results are displayed as percen-
tages. The first endotype includes Sj€ogren’s patients with a strong type I interferon (IFN) transcriptomic signature. Patients from the second endotype
present healthy-like transcriptomic features. The third endotype is characterised by B-cell transcriptomic and serological signatures, and an intermedi-
ate type I IFN signature. Patients from the fourth endotype show a mild type I IFN signature, but strong type II IFN and neutrophil signatures. C1 to
C4, cluster 1 to cluster 4.
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stratification: pain, fatigue, dryness, anxiety, and depression.
Patients were classified into 1 of 4 clusters. Two subsequent post
hoc studies stratified previous controlled trials according to this
classification. Collins et al [19] revisited the JOQUER study,
which evaluated HCQ vs placebo. The patients identified as
‘high symptom burden’ showed a relative improvement in
ESSPRI (−1.49 points; P = .002) at 12 weeks with HCQ com-
pared with placebo, with no further change between weeks 12
and 24. Among patients in the ‘pain dominant with fatigue’ and
‘dryness dominant with fatigue’ groups, significant reductions
in overall IFN score at 24 weeks were observed, with no change
in ESSPRI or ESSDAI. Berry et al [20] conducted a post hoc anal-
ysis of the ETAP trial, assessing tocilizumab vs placebo in SjD
patients. No difference was shown in ESSPRI and ESSDAI after
symptom-based stratification. Only a decrease in the Functional
Assessment of Chronic Illness Therapy (FACIT)-Fatigue score
was observed in the ‘high symptom burden’ patients treated
with tocilizumab compared with those treated with placebo.

Recently, Nguyen et al [3] presented a clustering approach
based on symptoms, systemic complications, and simple biologi-
cal data routinely collected, built from 2 different French SjD
cohorts. As of today, no analysis of RCTs has been conducted
based on this stratification. Further studies are awaited to evalu-
ate the degree of overlap between the different stratifications.

Given SjD heterogeneity, it is likely that different drugs
targeting distinct biological pathways may exhibit different
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efficacy across various patient endotypes. Therefore, while a
subset of SjD patients may respond to treatment, the hetero-
geneity in therapeutic response could reduce the observed
global efficacy.

Interestingly, the efficacy of RTX in the TRACTISS trial was
observed in cluster 1 (defined by a high IFN signature) but not
in cluster 3 (defined by an IFN and B-cell signature). While it
may seem counterintuitive that RTX (targeting B cells) has no
clear efficacy in the cluster of patients defined by a B-cell signa-
ture, it has previously been reported that high B-cell activity
driven by the B-cell activating factor (BAFF) cytokine was asso-
ciated with nonresponse to RTX in patients with SjD [21]. ABA,
which disrupts CD80/CD86-CD28−induced T-cell activation,
did not show efficacy in any of the clusters, confirming that this
therapeutic target is not relevant in patients with SjD. Finally,
the association of HCQ (dampening the IFN pathway through its
effect on lysosomal activity [22]) and leflunomide (decreasing
lymphocyte activation [23]) showed clinical efficacy in clusters
1 and 3 (even though the small number of patients included in
this study limited the power of the statistical comparison for
cluster 1).

To our knowledge, no prior study has proposed efficient
stratification, demonstrating that healthy-like SjD patients, char-
acterised by RNAseq, flow cytometry, and clinical-serological
features in our seminal work [4], do not respond to immuno-
modulatory treatment strategies, in contrast to other SjD
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endotypes. Our study supports the rationale for designing dedi-
cated clinical trials specifically for healthy-like SjD patients, dis-
tinct from those with type I or type II IFN signatures
corresponding to endotypes 1, 3, and 4 [4].

Our study has multiple strengths. First, this study appropri-
ately replicated the transcriptomic-based clusters described in
the PRECISEADS cohort. The identified clusters were shown to
predict response to treatment. RTX and HCQ-LEF might be effec-
tive for transcriptomic-based endotypes 1 and 3, respectively.
Importantly, our study preserved the original randomisation
design across patients receiving either active treatment or pla-
cebo. Additionally, a key strength of this study lies in the identi-
fication of a well-defined cluster of patients who did not
respond to any of the 3 treatments. These healthy-like individu-
als present clinical and transcriptomic characteristics distinct
from those of other endotypes, yet of similar therapeutic
importance.

However, our study has some limitations. First, this post hoc
analysis cannot substitute for an RCT, and additional controlled
studies are warranted to validate our findings. Moreover, RNA-
seq data were not available for all patients across the 3 trials,
limiting the sample size relative to the original studies. Around
60% of the patients who originally participated in the 3 RCTs
were included in these analyses due to data availability. This
should not induce an attrition bias, as data availability was not
dependent on treatment arm randomisation or transcriptomic-
based classification. Although no selection criteria were applied
for patient inclusion in the present study, we cannot rule out the
possibility that excluded patients shared common characteristics
(eg, being enrolled from the same country), which could intro-
duce selection bias. Also, despite its current inapplicability in
routine care due to the complexity of large-scale transcriptomic
algorithms and the risk of misclassification of smaller gene sets,
clustering may be useful in future trials to ensure balanced
patient distribution across molecular subgroups, thereby avoid-
ing skewed results due to cluster overrepresentation.

Thus, this study demonstrates that stratifying SjD patients
based on transcriptomic signatures may help identify those
more likely to benefit from treatment. This approach could sup-
port clinicians in anticipating therapeutic efficacy and making
more informed treatment decisions. Notably, our findings may
encourage reconsideration of excluding patients with molecular
healthy-like profiles in future clinical trials.
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A B S T R A C T

Objectives: Sj€ogren’s disease (SjD) is a systemic autoimmune disorder characterized by dysfunc-
tion of exocrine glands, particularly the salivary and lacrimal glands, with no clear etiology or
effective therapy. This study explores the complex interplay of varied cell types in the salivary
glands and their role in the pathology of Sj€ogren’s disease.
Methods: Utilizing single-cell and spatial transcriptomics alongside spatial immunophenotyping
to analyze human minor salivary glands, we developed a comprehensive understanding of the
cellular landscape of non-SjD salivary glands and how that landscape changes in SjD patients. In
vitro cellular assays and novel patient-derived primary epithelial cells were co-cultured with
autologous T cells to confirm effector states and the delivery and effect of disease-associated
granzymes.
Results: We identified previously unrecognized heterogeneity among acinar cells, including
a PRR4+CST3+WFDC2⁻ seromucous acinar population that is selectively lost in Sj€ogren’s dis-
ease. Expression and organizational changes were linked to clinical features: (i) T cells in the
glands of SSA+, high−focus score patients showed increased transcriptional signatures of activa-
tion, antigen presentation, and apoptosis resistance compared with patients with mild or moder-
ate disease, and (ii) patients with low immune infiltration exhibited distinct epithelial
organization. Notably, GZMK+CD8+ T cells, which accumulate with disease severity, displayed
a cytotoxic transcriptional program, degranulated upon stimulation ex vivo, and localized spa-
tially with immune-engaged epithelial cells. Functional assays demonstrated that GZMK acti-
vates interferon signaling in vitro, and autologous co-cultures of patient-derived T cells and
epithelial cells validated these findings.
Conclusions: Using single-cell and spatial transcriptomics and proteomics, this study identifies a
selective loss of PRR4+CST3+WFDC2⁻ seromucous acinar cells and a rise in GZMK+CD8+ T
cells in Sj€ogren’s disease, revealing distinct immune-mediated epithelial remodeling and inter-
feron-driven dysfunction across diverse clinical presentations. These findings uncover a novel
sub-cytolytic effector mechanism by which GZMK+CD8+ T cells impair mitochondrial integrity
and activate innate immune signaling, linking epithelial injury to type I interferon responses
and offering new therapeutic targets.
INTRODUCTION

Sj€ogren’s disease (SjD) is the second most common systemic
autoimmune disease (0.1%-4% prevalence across studies in differ-
ent countries) with a striking 9:1 female to male preponderance
[1] and all patients with SjD are afflicted with an increased life-
time risk of lymphomagenesis [2,3]. Despite important advances
in understanding the pathogenesis of SjD, neither a unifying aeti-
ology nor an efficacious medication that meaningfully improves
quality of life or preserves organ function has been established.
The inherent clinical and biological heterogeneity of SjD is cited
as the main factor that has limited the clinical success of identi-
fied targets and developed agents [4]. SjD is characterised by
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chronic lymphocytic infiltration of the exocrine organs and
reduced secretory function. There are no effective and approved
therapies for SjD and management remains suboptimal but
includes palliative and supportive care for symptoms and immu-
nosuppressants for more severe and systemic symptoms.

The aetiologic basis of SjD suggests a complex interaction
between genetics, environmental insults, and hormonal factors.
Genome-wide association studies [5,6] have now identified 22 sin-
gle-nucleotide polymorphisms (SNPs) associated with SjD. Using
polygenic risk scores, the genetic risk of SjD divides the SjD popula-
tion into anti-Sj€ogren’s syndrome-related antigen A (SSA) autoanti-
body-positive patients, with genetic association dominated
by human leukocyte antigen (HLA) SNPs, and anti-SSA



WHAT IS ALREADY KNOWN ON THIS TOPIC

• Sj€ogren’s disease (SjD) is an autoimmune condition of the sali-
vary glands characterized by acinar cell loss and lymphocytic
infiltration. While systemic immune alterations have been
described using single-cell analyses of peripheral blood mono-
nuclear cells and minor salivary glands, the specific glandular
cell types targeted in disease and the mechanisms by which
diverse immune infiltrates drive dysfunction remain unclear.
Only recently have spatially-resolved single-cell studies begun
to interrogate compositional, transcriptional, and organiza-
tional changes within the glands themselves, and these studies
have not interrogated the affected epithelia.

WHAT THIS STUDY ADDS

• This study identifies a specific subset of saliva-producing cells
that is selectively lost in the minor salivary glands of patients
with Sj€ogren’s disease. It implicates GZMK+CD8+ T cells of a
Tex phenotype, rather than conventional cytotoxic Tc cells, as
drivers of this damage. These cells mediate a previously unrec-
ognized mechanism of tissue injury in which mitochondrial dis-
ruption and sub-cytolytic reprogramming occur without overt
cell killing. Using spatial phenotyping, the study shows that
these immune and epithelial cell types colocalize even in mild
to moderate disease, preceding overt histopathological
changes, and drive alterations in cellular organization and sig-
naling that may underlie glandular dysfunction.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

• This work identifies a previously unrecognized immune mecha-
nism driving sub-cytolytic tissue damage in SjD, highlighting a
new cellular target for therapy. By clarifying how specific
immune cells disrupt saliva-producing cells without killing
them, it opens avenues for drug development, may refine diag-
nostic criteria, and could influence clinical strategies for SjD
and other systemic autoimmune conditions.
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autoantibody-negative patients, whose SNPs are limited in num-
ber, have a more muted effect size, and are unrelated to HLA SNPs
[5]. Using polygenic risk scores alone is insufficient to distinguish
SSA− patients with SjD from controls [7]. How these risk haplo-
types translate to cellular function and autoimmune pathogenesis
in targeted organs is not entirely clear.

The salivary glands are composed primarily of acinar cells
and ducts, with associated stromal tissues and tissue-resident
inflammatory cells. Fluid and the majority of protein secretion
in the salivary glands initiates in the acinar cells [8]. In humans,
there are 3 sets of major salivary glands: parotid, composed
purely of serous acinar cells; submandibular, a mixture of
serous/seromucous cells and mucous acinar cells; and sublin-
gual, predominantly mucous cells. In addition to these 3 pairs of
major glands, hundreds to thousands of minor (submucosal)
glands are distributed throughout the oral cavity and upper
aerodigestive tract. Minor salivary gland salivary glands biopsies
are used to evaluate the histopathological component of SjD
classification criteria and serve as biological surrogates for
major gland involvement [9,10]. Immune cells infiltrating the
salivary gland in disease include T lymphocytes (CD4 > CD8),
B-lymphocytes, and plasma cells; other immune cells are also
found, although in fewer numbers including natural killer (NK)
cells, macrophages, and dendritic cells [10−12]. In some
patients, tertiary lymphoid-like structures and benign lymphoe-
pithelial lesions can also be found [13]. Advances in genetic,
epigenetic, transcriptomic, and proteomic technologies have
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advanced our understanding of the pathogenesis of SjD. These
studies have shown that multiple inflammatory cytokines are
involved including type I and type II interferons (IFNs) [14,15],
interleukins (ILs) [14,16], and chemokines [17−20]. Emerging
technologies (e.g., single-cell and spatial transcriptomics) are
unravelling disease-specific cellular networks and signalling
pathways, and spotlight effector cells and therapeutic pathways.

To date, most attention in SjD has been towards understand-
ing the B cell and CD4 T cell involvement in SjD. The direct
involvement of CD8 T cells in SjD requires further study. CD8 T
cells, also known as cytotoxic T cells, are a subset of T cells
involved in the immune response to viral infections, cancer, and
autoimmune diseases. In SjD, CD8 T cells are thought to target
the ductal and/or acinar epithelial cells in the salivary gland,
leading to tissue damage and glandular dysfunction. However,
direct evidence of CD8 T cells exerting cytotoxic effects on epi-
thelial cells is lacking, their phenotypic profile is unknown, and
the specific targeted epithelial cells (e.g., a specific type of aci-
nar or ductal cell, or another cell type) or the antigens initiating
or driving disease have not been reported.

Most of what is understood about the pathogenesis of SjD in the
salivary glands is based on unbiased bulk approaches (e.g., microar-
ray, RNAseq) or on low-throughput methods using focused panels
of target genes or proteins. There is a critical need for an unbiased
understanding of the molecular changes in the salivary glands at
the cell level within the tissue context. Herein, we employed a mul-
tifaceted approach, combining the strengths of scRNAseq and spatial
transcriptomics, ex vivo cellular assays, and high-throughput micros-
copy methods to achieve a comprehensive map of the cellular com-
position and cell-state changes in human salivary glands in patients
with SjD. We then determine the disease-specific cellular interac-
tions involved in the immune insult in the gland and uncover novel
pathways driving the loss of gland function and parenchymal main-
tenance. This evidence further supports and also sheds light on the
pivotal role of T cells in the pathogenesis of SjD, including direct
effects on specific exocrine epithelia.
RESULTS

Single-cell and spatial transcriptomics of the minor salivary
glands in SjD

We collected research biopsies for single-cell RNA sequencing
from 11 patients with SjD and 14 without SjD (Supplementary
Table S1). After quality control, 94,000 single cells were collected
and sequenced (Fig 1a). Six thousand spots of spatial RNA-
sequencing were collected from 38 patients: 19 with a diagnosis
of SjD, 14 with sicca but without a diagnosis of SjD (non-SjD),
and 5 healthy volunteers (Supplementary Table S2). These
patients included clinical presentations with variation in age, sex,
severity of disease, and positivity for autoantibodies (Fig 1c).
Using the single-cell data to define cell types, 31 unique clusters
were identified by Leiden clustering followed by manual annota-
tion based on defined cell populations (Fig 1d). These included 6
unique types of seromucous acinar cells (SMAC/SMACs), 2 sets of
mucous cells, and 5 groups of T cells (Fig 1d and Supplementary
Fig S1a). Some cell types were enriched in disease (Supplementary
Fig S1b) or in patients that were SSA+ (e.g., CD8+ exhausted T
cells, CD4+ T cells, B cells, and NK cells; Supplementary Fig S1c).
These unique and complementary datasets were helpful to estab-
lish an unbiased portfolio of alterations in the SjD-affected salivary
glands and a foundation for discovering and testing important cell
types, cell states, and cell interactions in SjD.



Figure 1. Clinical research investigations for 25 subjects included comprehensive oral, rheumatologic, and ophthalmologic investigations applying
American College of Rheumatology 2016 Sj€ogren’s Disease Classification Criteria including salivary gland biopsies on all subjects. Single-cell RNA-
sequencing data from 94,227 cells were gathered across 25 patients with and without SjD. (a) A cartoon depicting the sample collection from subjects
and the creation of scRNAseq and spRNAseq libraries. Histologic interpretations were primarily rendered on all participants’ glands by the same
board-certified anatomical pathologist trained in minor salivary gland evaluation (DEK) and confirmed by a board-certified oral and maxillofacial
pathologist (BMW). Additional subjects, not included in the scRNAseq analyses, were used for flow cytometry, 10X Visium spatial transcriptomics,
multiplex fluorescent in situ hybridisation (PhenoCycler-Fusion), and multiplex immunofluorescence microscopy. (b) The microscopic appearance of
minor salivary glands from patients without SjD and with SjD is shown at 5× and insets at 10× digital magnification. In non-SjD, nonspecific sialadeni-
tis is commonly found in healthy volunteers (black arrows); in SjD, multiple scattered lymphocytic foci (white arrows), periductal fibrosis, and atrophy
characteristic of SjD. (c) A clustered heatmap of clinical features for the scRNAseq patients exhibiting the clinical heterogeneity of subject phenotypes
(e.g., SjD, non-SjD sicca). Patient columns are coloured by sex and diagnosis, which were not included in the clustering. Patients clustered into 2
groups: a group enriched for patients with disease and a group of patients enriched for those without a diagnosis. Patients with disease were further
divided into a high-focus score and autoantibody-positive group and an autoantibody-negative group. (d) Leiden clustering followed by manual anno-
tation based on gene expression and UMAP embeddings enables granular distinctions between cell types. Cells clustered with Leiden clustering in
scanpy are labelled along with manual annotations based on cell expression and boundaries in UMAP embeddings in boxes. In total, 31 unique cell
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SjD is defined by loss of a SMAC population

The principal target cells and antigens have yet to be
elucidated in SjD, yet unbiased efforts are ongoing [21].
To study the SjD-specific effects on epithelial cells, we
used our single-cell analyses and spatial transcriptomics
(Fig 1a,d) to study the composition and architectural
changes in the context of SjD. Six distinct cell populations
expressing key SMAC markers were identified (Fig 2a).
When examining the differences in proportions of cells in
the salivary glands of patients with SjD, the PRR4+CST3+

acinar cell cluster, which constitutes the largest single pop-
ulation of cells in non-SjD glands, is significantly reduced
in SjD (Fig 2b) whereas the other acinar cell populations
remain unaffected (Supplementary Fig S1a). Because the 5
other SMAC clusters remain unaffected, we do not believe
that lower counts of the PRR4+CST3+ population in
patients with SjD is due to an increased sampling of
immune cells in affected glands. MUC7, a seromucous aci-
nar protein, is highest in that PRR4+CST3+ SMACs cell
population. The most ‘stem-like’ epithelial cells identified
were a subpopulation of cells clustering within the ductal
cell cluster subsequently named ‘Ductal Progenitors’ (KRT5
and MKI67) [22]. Starting from this cell, Wishbone was
used to calculate a trajectory score across all ductal and
seromucous epithelial cells (Fig 2c). The gradient in trajec-
tory score from ducts to more terminally differentiated aci-
nar cells is consonant with developmental tubulogenesis
[23] of the exocrine glands and the ability of ductal pro-
genitor cells to regenerate acinar tissue [24]. Exploring the
seromucous cells across this trajectory score, genes of duc-
tal differentiation fall in expression (WFDC2 and ODAM)
and genes associated with seromucous cell function
increase in expression (ZG16B and PRR4; Fig 2d). The cells
seem to follow two differentiation trajectories terminating
in PRR4-negative and ZG16B-high SMAC clusters. scRNAseq
uncovers unexpected heterogeneity in the acinar compart-
ment of salivary glands and identifies a selective vulnera-
bility of one SMAC population in SjD (Fig 2b;
Supplementary Fig S1a). To confirm changes in the hetero-
geneity and composition from scRNAseq among the salivary
gland cell populations, we used hybrid fluorescent 12-plex
in situ hybridization (ISH)/2-plex immunofluorescent spatial
phenotyping. We applied markers that discriminate SMAC
clusters (MUC7, ZG16B, WFDC2, CST3, and PRR4); and
applied canonical markers of salivary differentiation
(MUC5B, BPIFB2, PIP, AMY1A, and CFTR), markers of
response to type I IFN (ISG15 and B2M), a marker of con-
tractile cells (e.g., myoepithelial cells, pericytes, and fibro-
blasts; ACTA2), and two protein markers (pan-cytokeratin
[pCTK], CD45) to discriminate epithelial and immune cells
(Fig 2e). Following recursive fluorescent whole slide imag-
ing and registration, cells were segmented and phenotyped.
Fluorescent ISH confirmed SMAC heterogeneity and popula-
tion shifts demonstrated by scRNAseq (Fig 2f). Distribution
of ISH quantifications separated cells from patients with
and without SjD (Fig 2f,g and Supplementary Fig S3a,b,e).
Finer-grained clustering separated patients on the severity
of disease presentation as measured by focus score
types, including 7 types of seromucous acinar cells, were identified. Two PR
SjD, Sj€ogren’s disease; SMACs, seromucous acinar cells; MSG, minor salivary
lated salivary flow; WSSF, whole stimulated salivary flow; UMAP, uniform ma
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(Supplementary Fig S3c,d,f). Acinar cells from patients
with SjD were uniformly higher in quantification of type I
IFN response genes (ie, ISG15 and B2M), indicative of their
response to the inflamed microenvironment. Expression of
markers for unaffected acinar cell types was unchanged in
their expression of identity markers (MUC5B for mucous
acini and ZG16B for terminally differentiated seromucous
acini). In contrast, expression of PRR4, CST3, and other
markers of differentiating acinar subsets was markedly
reduced, consistent with the selective loss of these cells in
disease (Fig 2f,g), and reinforcing our scRNAseq results,
and confirming the heterogeneity of the SMAC compart-
ment.
Cells grouped by index expression suggest T cell dysfunction in
SSA+ patients is distinct from dysfunction in SSA− patients

To understand disease- and cell-type-specific annotated
pathway utilisation, we hypothesised that scRNAseq data
could be clustered based on indices of gene expression.
Expression data were converted from log-normalised counts
to Z-scores to make contributions between genes equivalent
and summed across annotated indices to form S-scores. These
S-scores were then log-normalised to conform to algorithmic
expectations of data shape in single-cell data. As clusters
were generated in the gene expression and gene index
spaces, clusters based on gene indices represent a composite
of previously named cell types (Fig 3a-d; Supplementary Fig
S4a,b). These clusters encompassed multiple cell types and
were characterised by a regulatory programme or shared
function, or a cell identity consistent with previous annota-
tion (Fig 3d). Myoepithelium, pericytes, and endothelium
that were undergoing active contraction (‘Response to metal
ions’, ‘muscle contraction, SRF targets’, ‘GO: MUSCLE SYS-
TEM PROCESS’) made up cluster 10, in contrast to the same
types of cells performing other functions (cluster 11:
‘enriched in antigen presentation (III)’ or cluster 13:
‘Alternative complement activation’ and ‘GO: COMPLEMENT
ACTIVATION ALTERNATIVE PATHWAY’). Similarly, epithe-
lium and a minority of secretory plasma cells expressed simi-
lar patterns of indices associated variously with homeostasis
(cluster 2: ‘GO: HOMEOSTATIC PROCESS’), the cell cycle
(cluster 5: ‘GO: CELL CYCLE’, ‘GO: MITOTIC CELL CYCLE’,
‘GO: CELL CYCLE PROCESS’), transcription elongation (clus-
ter 1: ‘GO: DNA TEMPLATED TRANSCRIPTION
ELONGATION’ and ‘GO: TRANSCRIPTION ELONGATION
FROM RNA POLYMERASE II PROMOTER’) or nuclear export
(cluster 12: ‘NEP/NSR Interacts with the Cellular Export
Machinery’) and were so named. By contrast, one cluster (in
red) was made up exclusively of cells annotated previously
as fibroblasts, and was named ‘Fibroblasts’.

Like the clusters based on expression (Fig 1e, Supplemen-
tary Fig S1a), clusters based on index scores were enriched
for clinical features of interest in SjD (Supplementary Fig
S4a-d). Cells from non-SjD and SSA− patients’ cells shared
expression of indices, including sensory taste perception and
pathological glycosylation, indicating their similarity (Sup-
plementary Fig S5a-c). Conversely, cells from SSA+ patients
R4- SMAC populations were combined into 1 ‘transitioning’ population.
gland; FFPE, formalin-fixed paraffin-embedded; WUS, whole unstimu-
nifold approximation and projection.



Figure 2. Among epithelial populations, one seromucous acinar cell population decreases in proportion in the glands of patients with disease. (a)
Expression of acinar cell type markers in the scRNAseq data including in the 6 distinct populations of seromucous acinar cell types and 2 populations
of mucous acinar cells. (b) Statistically significant changes in cell proportions between SjD and non-SjD. PRR4+CST3+WFDC2- SMACs were the most
abundant population in patients without SjD and presented the greatest loss in SjD. (c) Cell trajectory for ductal and seromucous acinar cells using
Wishbone, starting with the cell most positive for MKI67, a marker of progenitor state. The cell trajectory starts with a small population of ductal pro-
genitors and proceeds along the ducts to the seromucous acinar cells, ending in the CST3- populations. (d) Gene expression (after log-transformation)
for marker genes along the wishbone trajectory as a fraction of maximum expression. WFDC2 expression is lost first, followed by CST3. MUC7 expres-
sion peaks in the centre and LYZ and ZG16B are highest in the most differentiated SMACs. (e) ISH images of glands taken from patients with and with-
out SjD (n = 18). Patients with SjD have fewer seromucous acinar cells in their gland and very few totally-seromucous acini (green in white box), but
retain their ducts (in red). Very few acini in affected glands are PRR4+ or CST3+. (f) Representative images showing multiplex in situ RNA hybridisa-
tion of acinar and disease marker genes in salivary glands. (g) Distribution of quantified ISH fluorescence for 2 markers of acinar cell type and one
marker of type I IFN signalling with a clear difference in distribution between patients with and without SjD. IFN, interferon; SjD, Sj€ogren’s disease;
SMACs, seromucous acinar cells; ISH, in situ hybridization.
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Figure 3. Transforming scRNAseq data from gene expression to indices reveals new organisations of cells and clinical feature-specific clusters. (a) The
experimental analytic design of the index analysis. After dissociation and sequencing, a dot product of the gene expression matrix and a one-hot-encoded
map of gene indices produced an S-score matrix of expression across indices. (b) The original scRNAseq UMAP overlaid with the index clusters. (c) Ratios
of Sj€ogren’s to non-Sj€ogren’s and anti-SSA positive to negative patients in each of the index clusters. Two index clusters are found at the extreme of the
plot: one with high SjD specificity and the other with high anti-SSA positive specificity. (d) Proportions of index clusters that represent annotations in the
original single-cell space. Some clusters are close to a single-cell type; others contain a variety of cell types. There are no one-to-one mappings between
index clusters and original annotations. Index clusters specific to patients with SjD and SSA+ patients are composed of T cells, B cells, dendritic cells, and
macrophages. (e) Barplot of each index-cluster as an average proportion of samples with a specific focus score. Patients with high-focus score have a high
proportion of ‘Apoptosis-Resistant Ts and APCs’ and a low proportion of ‘Epithelium Activating the Proteasome’ whereas low-focus score patients with
SjD have high ‘Secreting Ts and APCs’ and all patients with SjD have low ‘Epithelium Secreting Protein’. SSA, Sj€ogren’s syndrome-related antigen A;
APCs, antigen-presenting cells; Ts, T cells; UMAP, uniformmanifold approximation and projection.
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were associated with many enriched pathways involving
effector immune cell function, antigen processing, and IFN
signaling (Supplementary Fig S5b). To illustrate this more
clearly, a 21-gene type I IFN-stimulated genes score was con-
structed and found to be higher in every annotated cell type
in SSA+ patients, irrespective of SjD status (Supplementary
Fig S4e-g). This index was highest in endothelial cells, mac-
rophages, dendritic cells, and ducts. Calculating a ratio of
cells in each clinical feature, two index clusters have notable
886
enrichments with disease or SSA+ (Fig 3c). These cells were
almost exclusively identified previously as either T-lympho-
cytes or antigen-presenting cells (namely, B-lymphocytes,
dendritic cells, or macrophages; Fig 3b,d). Comparing the
indices directly, indices associated with T cell activation
scored higher in the SSA+ cluster, whereas no indices were
significantly enriched in the SjD-diagnosed cluster, further
underscoring disease heterogeneity between SSA+ and SSA−

patients.
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A uniform manifold approximation and projection (UMAP)
built on gene indices split cells by an index of recombination
linked to mitosis (Supplementary Fig S5c,d). Genes involved in
mitosis are more highly expressed in epithelial populations in
SjD, including in the seromucous acinar population lost in disease
(Supplementary Fig S5c). To investigate these changes in chroma-
tin accessibility upstream of gene expression, 10X multiomics
data were generated on a limited set of available samples (n = 6,
Supplementary Tables 1 and 2). The most differentially open
chromatin in PRR4+CST3+WFDC2- SMACs was found at
chr5:56860655-56861551 and linked to higher expression in
MAPK1, a gene associated with cell division, and the most differ-
entially closed chromatin was at chr2:178450424-178451508
and linked to higher expression of PRKRA, a gene involved in the
IFN response pathway (Supplementary Fig S5e). Because open
chromatin at this locus was associated with lower expression of
PRKRA, we hypothesise that this region represents a cis-regula-
tory silencing element. Expression of both genes was higher in
seromucous cells in SjD.

CD8+GZMK+ T cells are enriched in SjD and exhibit effector
functionality

The data above highlight important immune cell populations
involved in SjD pathogenesis. Most of these cells are located
within dense periductal infiltrates, termed ‘foci’, which are
characteristic of focal lymphocytic sialadenitis (Fig 1b). These
immune foci are predominantly composed of T and B-lympho-
cytes. To understand the spatial organisation, function, and
interactions of T cells within affected glands, we integrated spa-
tial RNA sequencing (spRNAseq), single-cell RNA sequencing
(scRNAseq), flow cytometry, and immunofluorescence micros-
copy (Fig 1a).

In scRNAseq, T cell subclusters were annotated based on gene
expression markers: CD4+ T cells (CD40LG), regulatory T cells
(FOXP3), proliferating progenitor T cells (MKI67 and IL2RA),
exhausted CD8+ T cells (Tex; CD8A, GZMK, and PDCD1), cyto-
toxic CD8+ T cells (Tc; CD8A, and GZMB), and NK cells (NKG7
and GNLY) (Fig 4a). Among these, Tex were the most enriched
immune cell type in SjD salivary glands, with a 4.75-fold
increase and a highly significant enrichment (q= 0.0009).

To understand the role of these Tex cells, we assessed their
distribution and transcriptional profiles. Clustering T cells by
disease feature revealed Tex enrichment in both SSA⁻ and SSA+

SjD samples, with these cells showing distinct clustering pat-
terns along the periphery of the T cell subclusters (Fig 4a). Com-
pared with controls, Tex in SjD glands expressed higher levels of
GZMA and GZMK, whereas expression of GNLY and GZMB was
reduced—indicating a shift from cytotoxic to GZMK+ effector/
exhausted phenotypes (Fig 4b). Although GZMB+ Tc cells were
numerically increased in SjD glands, they were less abundant
than Tex and not significantly enriched. Pathway analysis
showed similar activation profiles between Tc and Tex subsets
(Fig 4c), with greater activation in SSA+ samples (Fig 3f, Sup-
plementary S4e), further supporting the effector phenotype of
Tex cells in driving tissue-specific inflammation in SjD.

To corroborate these findings, 35-plex immunophenotyping
was used to characterise immune infiltrates in patient’s salivary
gland biopsies. These results demonstrate immune foci com-
posed primarily of CD4 T, CD8 T, and B cells cluster around
ducts and interdigitating at the periphery of foci through acinar
clusters in SjD (Fig 4d; Supplementary S4a-g). To corroborate T
cell-mediated interactions in SjD, we analysed scRNAseq data
using CellChat. Anti-SSA+ SjD salivary glands showed
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enrichment of ‘major histocompatibility complex 1’ (MHC-I)
signalling, consistent with elevated antigen presentation, and
‘CD22’ interactions, implicating altered B cell regulation
(Fig 4e). Additional ligand-receptor pairs enriched in anti-SSA+

SjD included ‘NCAM’, ‘SELL’, ‘THY1’, ‘complement’, and
‘TIGIT’ (Supplementary Data), reflecting enhanced immune
adhesion (NCAM, THY1), aberrant lymphocyte trafficking
(SELL), checkpoint engagement between Tex and epithelial cells
(TIGIT), and local activation of innate immunity (complement).
These disease-specific pathways highlight coordinated immune-
epithelial interactions that underlie SjD pathology. These data
also underscore the prominence and uniqueness of SSA+ signal-
ling, involving T cell/B cell interactions for B cell costimulation
and maturation (CD22), and coordinated lymphocyte infiltra-
tion into peripheral tissues (SELL and NCAM) (Fig 4e, Supple-
mentary S6a-g). Collectively, this highlights the critical role of
effector T cells in engaging target salivary gland cells (ducts and
acini) and reinforces the immunological distinction between
SSA+ and SSA⁻ SjD. However, the effector functions of Tex,
which are markedly enriched in SSA+ glands, remain an open
and important question.

To directly assess the cytotoxic potential of T cells infiltrating
the salivary glands, we performed an ex vivo T-lymphocyte func-
tional assay using lymphocytes isolated from minor salivary
glands of patients with SjD (n = 6) and non-SjD controls (n =
5) (Fig 4f). Immune cells were stimulated with PMA/ionomycin
and assessed for intracellular cytokine production and surface
CD107a expression, a surrogate marker for T cell degranulation.
SjD samples exhibited a trend towards increased T cell infiltra-
tion (P = .08), with significantly higher proportions of CD4+ T
cells (1.6-fold, P < .05) and decreased CD8+ T cells (0.8-fold, P
< .01) relative to controls. Despite their reduced proportion rel-
ative to CD4+ T cells, CD8+ T cells from SjD glands showed
enhanced effector function, as evidenced by a significantly
greater fraction of CD107a+ cells following stimulation (2.1-
fold, P < .001), indicating elevated cytotoxic potential. A sub-
stantial proportion of these CD8+ T cells also produced IFNγ,
supporting their functional activation in situ. Although Tex and
Tc subsets could not be separated in this assay, these data sug-
gest that CD8+ T cells in SjD glands—regardless of exhaustion
state—retain robust effector function, consistent with our earlier
findings of T cell−epithelial engagement via TIGIT and MHC-I
signalling pathways.

Spatial phenotyping demonstrates SjD-specific cellular
interactions

Multiplex spatial proteomics is a powerful tool for mapping
cellular positions and interactions in salivary glands of SjD and
healthy patients. Formalin-fixed, paraffin-embedded (FFPE) sec-
tions from patients with SjD (n = 5) and without SjD (n = 7)
were analysed using a 35-plex spatial phenotyping platform. A
total of 678,343 cells were segmented and classified into 16 cell
types using TACIT [25]: T-helper (Th), regulatory T cells (Treg),
cytotoxic T cells (Tc), NK cells, dendritic cells (DCs)/macro-
phages (macs), neutrophils, lymphatic endothelial cells (LECs)
and vascular endothelial cells (VECs), progenitor VECs, fibro-
blasts, myofibroblasts/pericytes, myoepithelial cells, ductal
cells, and acinar cells (Supplementary Fig S6a, Supplementary
Methods). This panel did not reliably distinguish all scRNAseq-
resolved cell types, such as seromucous versus mucous acinar
cells (Fig 5a,b; Supplementary Fig S6a).

After segmentation, TACIT phenotyping [25] generally cor-
roborated altered cellular compositions in SjD, including



Figure 4. CD8+ exhausted T cells are enriched in the immune infiltrates of SjD and exhibit an effector phenotype. (a) Highly multiplexed (4/35-plex
shown) immunofluorescence microscopy shows distribution of CD4+ and CD8+ T cells, as well as CD68+ macrophages in the glands of SjD and non-
SjD. (b,c) scRNAseq UMAPs of expression using only T cells, with disease diagnosis and anti-SSA positivity visualised. T cells from SSA+ individuals
cluster on the periphery whereas SjD T cells are distributed throughout. (d) Expression of key T cell genes in exhausted and effector CD8+ T cells
across disease severity. (e) Single-cell pathway enrichment analysis shows similar activated profiles between GZMK+CD8+ exhausted T cells and
CD8+ effector T cells in SjD. (f) The potential for degranulation and cytotoxicity of T cells was measured ex vivo using a flow cytometry-based T-lym-
phocyte cytotoxicity assay. CD45+ immune cells were dissociated from patients’ salivary glands (non-SjD: n = 5 patients; SjD: n = 6 patients). IFN,
interferon; SjD, Sj€ogren’s disease; MHC, major histocompatibility complex; SSA, Sjogren’s syndrome-related antigen A; GO, gene ontology; DAPI, 4′,6-
diamidino-2-phenylindole; FS, focus score; HV, healthy volunteer; UMAP, uniform manifold approximation and projection.
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reduced myoepithelial cells, fibroblasts, and myofibroblasts/
pericytes, alongside increased ductal and immune cell propor-
tions. Notably, Treg cells and VEC progenitors were significantly
enriched in SjD glands (2-fold; t-test, P < .05; Fig 5c,d). T cells
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in SjD showed higher activation (HLA-DR, CD38, CD107a,
GZMB, and ICOS) and checkpoint marker expression (IDO1 and
PD-1), whereas Treg cells exhibited reduced FOXP3 and
increased GZMB levels (Supplementary Fig S6f). B cells showed
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plasma cell differentiation markers (CD38). Epithelial cells in
SjD displayed elevated HLA-A and HLA-DR but lower PD-L1, dif-
ferentiation markers (PHH3 and GATA3), and proliferation
markers (Ki67).

Spatial proteomics demonstrated the expected compositional
and cellular architectural changes of the glands: reduced acinar
density and dense immune foci surrounding ducts and interdigi-
tating acini in SjD glands (Figs 1b, 4d, and 5f). T cells aggregated
near epithelial structures, correlating with increased HLA-A
expression at the immune interface, as predicted by ligand-
receptor analysis (Figs 4e and 5f). Fibroblast cell collections
were found penetrating into the centres of acinar-rich areas in
SjD, and myoepithelial cells were found in closer proximity to
ducts, unlike in non-SjD glands. Modelling epithelial marker
expression relative to immune cell proximity revealed disrupted
spatial relationships in SjD. For instance, pan-cytokeratin
expression typically decreased with immune cell proximity but
was unchanged in SjD and reduced overall; conversely, CD66
(elevated in mucous acini) directly correlated with T cell prox-
imity, illustrating spatial and functional gland remodelling (e.g.,
loss of seromucous cells in areas of T cell infiltration giving way
to mucous cell predominance; Fig 5g).

Neighbourhood analysis highlighted significantly increased
interactions between immune cells (e.g., B, DC, NK, Treg, and Tc)
and epithelial targets (acini, ducts, and myoepithelial cells) in
SjD (Fig 5h). Enhanced interactions were observed at the
immune-epithelial interface: acini with Treg, Th, DC, and Tc;
ducts with B, Treg, Th, DC, and Tc; and myoepithelial cells with
DC, Tc, and Th but with reduced interactions with stromal and
endothelial cells (Fig 5h). These findings illustrate the complex-
ity of immune-epithelial crosstalk in SjD and align with
scRNAseq results showing differential preservation of mucous
versus seromucous cells.

To contextualise these compositional and architectural
changes, we enumerated the 10 nearest neighbouring cell types
for all cells and summarised the results using heatmap matrices
(Fig 5i, and Supplementary Fig SF6b). Spatial distances between
cell types reveal specific colocation trends across disease pheno-
types. In non-SjD salivary glands, colocation clustering reveals
discrete compartment differences in non-SjD and SjD. Examin-
ing the differential colocations shows increased interactions
between immune cells that compose lymphocytic foci including
Tc with Treg, Treg with acini, Tc and Treg with myoepithelial cells,
and increased colocations within epithelial cell types (acini to
ducts and myoepithelial cells), indicative of shifts in composi-
tion and architecture.

GZMK drives type I IFN signalling in salivary epithelial cells

Very little is known about how GZMK+ CD8+ T cells exert
effector functions or contribute to SjD pathology. Recent evi-
dence in rheumatoid arthritis shows that lymphocyte-derived
GZMK can function extracellularly to cleave and activate compo-
nents of the complement cascade, thereby promoting chronic tis-
sue inflammation [26]. In addition to the potential extracellular
role, it is possible that GZMK may also function as an intracellu-
lar effector protease.

Classically, cytotoxic T cells engage target cells at the immuno-
logic synapse, releasing granules containing perforin and gran-
zymes to induce apoptosis. However, unlike granzyme B, GZMK
does not trigger apoptosis via caspase activation. Instead, it may
act intracellularly by cleaving BID at the mitochondrial mem-
brane, promoting mitochondrial dysfunction and reactive oxygen
species (ROS) generation. Thus, GZMK may contribute to tissue
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pathology through both extracellular complement activation and
intracellular disruption of epithelial cell metabolic integrity.

We hypothesise that in addition to the potential generation of
ROS, cytosolic granzyme K may affect mitochondrial membrane
permeability, promoting the relocalisation of mitochondrial
nucleic acids to the cytosol and the initiation of the pathogen rec-
ognition response (PRR) [27,28]. Epithelial cells in patients with
SjD produce higher levels of MHC-I (Figs 4e and 5g,h) regardless
of autoantibody positivity. Cells presenting autoantigenic pepti-
des on their MHC-I may initiate effector cell engagement of Tex
cells to drive subacute effects on inflammatory signalling, thereby
explaining (1) minimally increased apoptosis in the glands [29],
and (2) the canonical increased type I IFN signature in SjD-
affected ducts and acini, in all patients and in particular in SSA+

patients. These observations raised new and important questions
regarding the arrangement of GZMK+CD8+ Tex cells in the gland
and their role in SjD pathogenesis.

We next confirmed the location and proportions of
GZMK+CD8+ Tex and GZMB+CD8+ Tc cells in the peri-epithe-
lial immune infiltrates using immunofluorescence microscopy
followed by automated segmentation and phenotyping.
GZMB+CD8+ Tc cells were fewer in number in the infiltrates
and more distant from epithelial structures in SjD (Figs 5 and
6a). GZMK+CD8+ Tex cells were more numerous and resided in
close proximity to, or within, involved ducts and acini (Wil-
coxon, P= .0175; Fig 6a).

To model the effector activity of cytotoxic granules containing
GZMK from Tex on targeted epithelia in SjD, we transfected
recombinant GZMB and recombinant GZMK into the cytosol of
human acinar cells (AC cells; Fig 6b, Supplementary Fig S7a) or
primary salivary gland epithelial cells (Fig 6c). Transfection of
GZMK did not induce apoptosis by staining with Annexin V/PI
flow cytometry (Supplementary Fig S7b); transfection of GZMB
mildly increased apoptosis in transfected cells in a 24-hour assay.
Western immunoblot analysis of GZMK shows the dose-depen-
dent differences in GZMK protein levels in primary salivary gland
epithelial cells (pSGECs) (Supplementary Fig S7c), and shows the
time-dependent presence of cytosolic GMZK and GZMB protein in
NS-SV-TT-AC cells out to 48 hours (Supplementary Methods).
Using immunofluorescence microscopy, GZMK transfection, but
not GZMB, results in mitochondrial DNA and RNA relocalisation
(Supplementary Data) to the cytosol (2.6-fold, P < .0001; analysis
of variance [ANOVA]; Fig 6b) in acinar cells. Correlation analysis
of protein within the cell, labelled by His tag, shows that GZMK,
but not GZMB, correlates with the presence of measurable cyto-
solic DNA. Cytosolic GZMK results in an increase in pIRF3/IRF3
ratio, suggesting IRF pathway activation and type I IFN signalling
(Supplementary Fig S7d). The ability for GZMK to drive cyto-
solic mtDNA in reporter cells was confirmed using fluorescent
microscopy of THP1-macrophages (Supplementary Fig S7e).
To show that GZMK-induced cytosolic mtDNA drives type I
IFN through PRR [27,28], we used reporter cell lines to show
IRF pathway activation (1.6-fold, P < .0001; ANOVA; Supple-
mentary Fig S7e) and type I IFN response (1.3-fold, P = .023;
ANOVA; Supplementary Fig S7f), respectively. To further con-
firm this effect, we transfected GZMK into the cytosol of
human pSGECs; GZMK-induced nuclear translocation of
pIRF3 (1.2-fold, P < .0001; 2-sided t-test; Fig 6c, Supplemen-
tary Fig S6g) in pSGECs, and drives ISG expression (CXCL10,
IL6, and tumour necrosis factor alpha [TNFa]).

To prove that the GZMK protein transfected into cells drives
PRR, we devised an experiment to isolate the effects of granzymes
on target cells. Dual fluorescence GZMK and GZMB sensor plas-
mids [21] were constructed and transfected into NS-SV-TT-AC



Figure 5. PhenoCycler-Fusion 35-plex spatial proteomics confirms changes in glandular composition and cellular interactions. (a) Representative Phe-
noCycler-Fusion immunofluorescent images from a lymphocytic focus showing infiltration with T- and B-lymphocytes around ducts and acini. (b) Cel-
lular proportion changes in SjD compared with non-SjD. (c) Biplot of changes in cell proportion with samples coloured by diagnosis. (d) Per-cell log2
fold changes in protein expression in SjD compared with non-SjD were calculated for all phenotypes and segmented cells. (e) Volcano plots of per-cell-
type protein expression changes in disease. (f) Cell segmentations produced by TACIT and coloured by cell type. The patient with SjD has increased
inflammation and fibrosis and reduced acini. (g) Changes in protein expression in epithelial cells are driven by the distance between that epithelial
cell and the nearest T cell. (h) Cellular neighbourhoods in SjD compared with non-SjD. (i) Colocalisation of cell types in SjD glands compared with the
glands of patients without SjD. SjD, Sj€ogren’s disease. MSG, minor salivary gland.
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cells. Separately, HEK cells were transfected with plasmids engi-
neered to express GZMK, GZMK’ (catalytically dead), GZMA, and
GZMB (Supplementary Methods). Crude cellular lysates from
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HEK cells were transfected into target cells expressing matched
sensors (i.e., piGZMA+ GZMA) and incubated for 24 hours (Sup-
plementary Fig S8a,b). Using confocal fluorescence microscopy,



Figure 6. GZMK drives cellular innate immune signalling in SjD. (a) Multiplex immunofluorescence of salivary gland sections from patients with and
without SjD hybridised with anti-GZMK, -GZMB, and -CD8. Immune infiltrates enriched with GZMK+CD8+ T cells in close proximity to acinar struc-
tures and ducts are shown. (b) Fluorescent confocal microscopy was used to measure cytosolic mitochondrial DNA after GZMK protein transfection.
The transfection of recombinant GZMK and GZMB was monitored by their His tag. Image analysis demonstrates increased mtDNA in the cytoplasm.
(c) Multiplex immunofluorescence microscopy shows cytosolic transfection of GZMK drives phosphorylated IRF3 (pIRF3) and nuclear translocation in
pSGEC. SjD, Sj€ogren’s disease.
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NS-SV-TT-AC transfected with a sensor (green) and sensitive to
granzyme cleavage (red) were evaluated for the presence of
nuclear pIRF3. GZMK, but not GZMK’, were able to activate the
sensor, and these cells exhibited enhanced nuclear pIRF3 (2-sided
t-test adj. P value < .0001; Supplementary Fig S8c). GZMB also
induced nuclear pIRF3, but to a lesser degree (2-sided t-test,
q < .0001; Supplementary Fig S8c).
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In furtherance of these results, we wanted to understand if
effector proteins can be delivered to the cytosol of target sali-
vary epithelial cells (Fig 7a) in a disease-dependent manner. To
answer this question, we devised a novel coculture method to
directly assess effector and target cells using autologous patient-
derived SGEC and peripheral blood mononuclear cells (PBMCs).
Although CD8+ T cells were successfully isolated from salivary
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gland tissue for prior assays, the number of cells recovered was
insufficient to allow for their predictable expansion and subse-
quent use in coculture (data not shown). Alternatively, CD8+ T
cells expanded from peripheral blood samples yielded sufficient
cell numbers to evaluate their effector function in autologous
coculture experiments. With this setup, we were able to measure
the cell viability, proliferation (CellTrace), degranulation
(sCD107a), activation (HLA-DR/CD38), expression of effector
proteins granzymes (GZMB and GZMK), and perforin expression
in CD8+ T cells, and cell viability, granzymes, and perforin in
epithelial cells using flow cytometry and immunofluorescence
microscopy. Using cells of healthy and SSA+ patients with SjD,
we performed autologous coculture with expanded CD8+ T cells
at an experimentally-derived target:effector ratio of (1:5).

Even after 3 days of rest, expanded CD8+ T cells maintain a
highly cytotoxic state, characterised by elevated expression of
granzyme B and perforin, as well as increased basal degranula-
tion, which is similar between SjD and healthy tissues. In our
coculture assay, compared with healthy patient-derived CD8+ T
cells, SjD-derived CD8+ T cells exhibit more population dou-
blings (greater fraction of F3+ populations), more activation
(increased fraction of HLA-DR+/CD38+ CD8+ T cells) and
exhibit greater degranulation after coculture (Fig 7c-e, Supple-
mentary Fig S8d,e). Examining the subsequent generations of
CD8+ T cells after coculture, the fraction of cells positive for
granzyme K increases modestly (Fig 7a-e). Using both flow
cytometry and immunofluorescence microscopy, granzymes,
both granzyme B and granzyme K, and perforin, secreted from
CD8 T-lymphocytes, are delivered to target epithelial cells
(Fig 7f-g and Supplementary Fig S8f,g) and induce nuclear trans-
location of pIRF3 (Supplementary Fig S8e). Based on this and
our data above, we show that Tex, similar to Tc, can form the
immunological synapse and exert effector function upon the SjD
salivary gland epithelium. Yet unlike granzyme B, granzyme K
activates cellular innate immune signalling through PRR/
nucleic acid sensing pathways, as predicted by our scRNAseq
data, without inducing cell death.

GZMK+ Tex-like cells have been reported to be involved in
multiple target organs (e.g., kidneys, synovium) in autoimmune
diseases [30,31]. Contemporaneous to our analyses, GZMK+

Tex-like cells were found to be gland-enriched and clonally
expanded in glands of patients with SjD, possibly suggesting a
salivary-specific autoantigen [32,33]. Our coculture results sup-
port this finding and suggest that autoreactive CD8+ T cells may
be present in circulation in SjD, and expand when cultured with
autologous salivary epithelial cells. Adding upon this founda-
tion, our results explain a unique effector function of these cells
by demonstrating the potential for autoreactive GZMK+ Tex cells
to secrete GZMK on target cells to drive type I IFN immune sig-
nalling in the salivary gland epithelia. This may partially explain
type I IFN signalling characteristic of SjD, including in duct and
acinar cells, and implicate these cells in modulating immune sig-
nalling in foci with sustained antigen engagement. In our data,
this effect is enhanced in the SSA+ and high-focus score SjD sub-
jects. However, the real-time direct observation of these events
in situ has not yet been possible.

Spatial transcriptomics identifies cell interactions and
architectural alterations in SjD

Important disease and tissue-specific changes in cellular com-
position and gene expression state changes can be gleaned from
single-cell approaches in autoimmune diseases. Although high
resolution at the single-cell level, this comes at the expense of
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losing important cell interactions in the tissue context, which
can only be inferred bioinformatically. To determine cell inter-
actions, spatially encoded RNA-sequencing (spRNAseq) was per-
formed (Supplementary Fig S9a). Within-spot cell proportions
were estimated using Cell2Location and expression patterns
from scRNAseq (Supplementary Fig S9b). Structural characteris-
tics of the gland, at a resolution of 55 μm, were compared
between disease and health and recapitulate the typical archi-
tecture of the glands. The differences in within-spot cell propor-
tions reveal important disease-specific changes in cellular
interactions, such as increased association between immune cell
types within lymphocytic foci, periductal fibrosis, and height-
ened contact between SMAC types distinct in glands of patients
with SjD (Supplementary Fig S9c,d). Scoring co-occurrence for
all cell types, and comparing SjD to non-SjD, supported these
differences, highlighting a notable increase in within-spot co-
occurrence of CD8+ exhausted T cells and PRR4+CST3+

WFDC2- SMACs (Fig 8a, and Supplementary Figs S9a-d and
S10a). Colocalisations also tracked changes in the architecture
of the gland, such as the loss of contacts between fibroblasts and
striated ducts and the increased contacts between myoepithe-
lium and intercalated duct cells (Supplementary Fig S10a).

To investigate gene expression differences with disease at a
higher resolution than is possible with spRNAseq, cells identi-
fied via ISH (Fig 2e-g) were segmented, phenotyped, and clus-
tered based on expression (Supplementary Fig S10b). This
clustering distinguished mucous cells from SMACs but was lim-
ited in its ability to distinguish immune cell types or identify
endothelium. Neighbourhood analysis was performed for each
cell type using each other cell type as the anchor. As expected,
seromucous cells were found in lower numbers around other
cell types (Fig 8b) and fibroblasts and immune cells were found
in greater numbers around other cell types as the focus score
increased (Fig 8c). Focus score was found to discriminate
patients with SjD with a focus score of 3 or greater (moderate-
to-severe sialadenitis) from patients with a focus score of 2 or
less (mild sialadenitis). Patients were subdivided into those 3
groups, and neighbourhoods were compared. The greatest num-
ber of significant changes in colocalisations were found in
patients with mild (FS < 3) sialadenitis, and these specific coloc-
alisations were found in a diversity of cell types (Fig 8d,e; Sup-
plementary Fig S9c,d). The number of cells identifiably acinar
was much lower in patients with SjD, and the gland in mild SjD
was dominated instead by other epithelial species, phenotyped
as ducts, myoepithelium, and mucous acinar types (Fig 8f).
These changes reflect true changes in composition (e.g., loss of
SMACs) and altered expression states of acinar cells taking on
more duct-like phenotypes (ie, expression of WFDC2). Fibro-
blasts could be found in and between acinar structures in mild
SjD and immune cells, though not as numerous as in severe sia-
ladenitis, were found near a greater diversity of cell types than
in patients without SjD.

Similar to the spatial transcriptomic phenotyping data, the
spatial proteomics data revealed clusters of cells based on spatial
proximity and the non-random co-occurrence of specific cell
types. These spatially organised niches reflect higher-order tis-
sue structures, such as normal glandular parenchyma, immune-
rich foci, or epithelial-mesenchymal units. Rather than cluster-
ing individual cells in isolation, the TACIT Cyto-community
method identifies biologically important regions defined by
their composite cellular composition and local spatial context
(Fig 8g-i). Clusters containing normal acini (Clusters: 3, 7) and
ducts (Clusters: 4, 9) were reduced in fold in patients with SjD
(Fig 8h,i). Four clusters were increased in prevalence in patients



Figure 7. When cocultured with primary epithelium, T cells from patients with SjD deliver granzymes into epithelial cytosol and drive phosphoryla-
tion of interferon-stimulated response factors. (a) A cartoon depicting the culture of cells isolated from patients with and without SjD. Primary cells
are cultured from labial salivary gland biopsies and differentiate into a quiescent acinar-like epithelium upon culture in a calcium-rich medium. CD8 T
cells are selected and expanded from PBMC samples from patients and cocultured with differentiated epithelial cells from the same patient (autologous
coculture). Cells are cocultured for up to 2 days. (b) CD8 T cells from patients’ blood were typed, and GZMK expression compared between diagnostic
conditions using flow cytometry. (c) CellTrace dye was used to monitor T cell proliferation and estimate division number in cultures with or without
paired epithelium. The parental population (F0) and subsequent generations (F1-F6) were identified based on progressive halving of fluorescence
intensity with each cell division. In patients with and without SjD, coculture increased the generation number of T cells in the same time window; how-
ever, SjD coculture showed a greater proportion of subsequent population doublings (F4-F6; see also Supplementary Methods figures for gating strat-
egy). (d) CD107a positivity on T cells cultured with and without paired epithelium. T cells from patients with SjD have a higher level of CD107a than
patients without SjD and, unlike T cells of patients without SjD, have greater surface CD107a if cocultured with paired epithelium. (e) FACS of GZMB
and GZMK in T cells from patients with and without SjD. The proportion of T cells positive for either GZMB or GZMK remains high with a generation
time in patients with SjD and a population of GZMK cells emerges in the same patients. (f) FACS of primary epithelium in patients with and without
SjD, with and without T cell coculture. In both diagnostic conditions, primary epithelial cells incorporate T-cell-produced granzymes when cocultured
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with SjD including clusters enriched by T cells and B cells (Clus-
ters: 1, 5, 16), VECs, acini, and ducts (Clusters: 1, 8) (Fig 8h,i);
the latter representing immune-engaged niches. In patients with
moderate-to-severe sialadenitis, the gland is dominated by
niches enriched with T cells and, separately, B cells (Fig 8h,i).
Despite patients with mild disease retaining a gland mainly com-
posed primarily of epithelial cell types, the structure of the gland
is compositionally different from non-SjD, with expansion of a
ductal/acinar-immune-vascular niches like cluster 1 surround-
ing a ductal-myoepithelial niche like cluster 4 (Fig 8i). This
aligns both with the results in the ISH and with the histology of
the glands, where in mild disease the acinar populations seem to
be replaced in the branching gland structure with visibly smaller
cells producing lower levels of gene products associated with
acinar function while supporting tissues such as myoepithelium
and fibroblasts are located in between and near niches unusual
to those cell types in patients without disease.

DISCUSSION

Building on our prior works [21,34−36], in this study, we
have applied data gained from single-cell RNAseq and spatial
RNAseq to identify the changes in cell proportion, expression
and organisation in the gland that define SjD in a patient cohort
with great clinical diversity. We identified unique clusters of
cells not previously found in the salivary gland, including 6
unique SMAC types not previously annotated and 5 different T
cell types. One key difference that defines disease in both SSA+

and SSA− patients with SjD is a loss of PRR4+CST3+WFDC2-

SMACs characterised by the highest levels of expression of
MUC7, which falls from the largest single-cell population in
patients without SjD to represent less than half that level in SjD.
The proportions of other SMAC populations remain statistically
unchanged by disease. This change was visible in ISH data as
well, with statistically significant decreases in PRR4+ and, in
particular, CST3+ cells.

The other key cell proportion difference in disease is the
increase in specific immune populations in disease, most notably
a previously unreported GZMK+ population of exhausted T cells
with effector functionality. Unsurprisingly for this autoimmune
disease, invasive T lymphocytes replaced PRR4+CST3+WFDC2-

SMACs nearly one-to-one on average. Why these particular
SMACs are lost in disease remains an unanswered question, but
open possibilities include acinar cells experiencing stress with a
concomitant reduction in replacement alongside recruitment of
immune cells, and immune-mediated reprogramming of epithe-
lial function.

In addition to understanding disease as a change in the pro-
portions of cells in the gland, disease can also be understood in
terms of cells adopting a different functional program than in
health. To this end, a manifold was built on sums-of-Z-scores for
indices of annotated gene function. That manifold revealed two
distinct paths to T cell dysfunction in SjD: one associated with
autoantibody positivity, and one with negativity. Changes char-
acteristic of SSA+ included increased T cell activation, antigen
presentation accompanied by changes in MHC expression and
an upregulation across the gland of genes inducible by IFN
with T cells. (g) Immunofluorescent images of granzymes in epithelial-T cell
synapses with epithelial cells and transfer granzymes B and K into the cytos
GZMK, the phosphorylation of IRF3. The level of GZMK found in epithelial cy
phorylated where GZMK is found. SjD, Sj€ogren’s disease. PBMC, peripheral bl
ing; FLS, focal lymphocytic sialadenitis.
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signalling; these changes were absent in SSA− disease, confirm-
ing the distinct biological heterogeneity between autoantibody-
positive and autoantibody-negative disease [4]. Autoantibody-
positive patients also transcribed higher levels of IFN-stimulated
genes in every cell type in the gland. A finding of higher levels
of IFN-stimulated genes in the salivary gland corresponds with
our previous work showing an association between levels of IFN
signalling and downstream gene expression in the PBMCs of
patients and the severity of SjD presentation [34].

The clusters identified in single-cell were applied to spatial
RNA-sequencing data to quantify the per cent of cell type in
each spot, providing unbiased evidence of cell-cell colocalisa-
tion changes in disease and health. Looking at cell-cell type cor-
relations within spots in the spRNAseq, negative correlations
between unrelated cell types in the individuals without SjD gave
way to zero or low positive correlations in SjD, suggesting a
higher prevalence of interactions between previously spatially
distinct cell types. Neighbourhood analysis on the spatial pheno-
typing data and cluster analysis on the spatial proteomic data
supports these data: although cell-cell colocalisations in more
severe disease and with higher focus scores followed the well-
understood increases in immune cells and fibroblasts in those
glands, the largest number and most diverse set of changes were
seen in the glands of patients with the so-called “mild
sialadenitis” or low focus score pathology. These patients lost
SMACs and gained immune cells similar to patients with
‘severe’ disease, but retained an intact epithelium with higher
proportions of mucous and myoepithelial cells in a branching
pattern around a core of cells with expression patterns in
between the canonical ductal and acinar expression sets. Cells
with high and moderate levels of acinar cell expression can be
found on the outside of these niches. The distribution of support-
ing tissue is also different from a gland of patient without SjD,
with myoepithelial cells found near ductal cells and fibroblasts
interdigitating with acini. The loss of a specific acinar popula-
tion accompanying these organisational shifts in the salivary
glands may partially explain how a patient can experience
reduced salivary function whilst retaining a histologically-pre-
served epithelium.

Surviving members of the PRR4+CST3+WFDC2- seromucous
cluster in SjD exhibit changes in developmental and prolifer-
ative indices that may sensitise them to immune dysregulation.
This aligns with lymphoepithelial lesion pathology, where sali-
vary ducts and acini paradoxically proliferate in response to
infiltrating lymphocytes and the secretion of cytokines like IL-6,
TNF-α, and IFN-α; among these, IL-6 is a key driver of epithelial
proliferation, linking immune activity to glandular remodelling
[37]. This pathology is most commonly associated with parotid
glands in SjD and may describe the distinct glandular organisa-
tion seen in patients with higher focus scores and the presence
of germinal centres.

With such a wide variety of clinical presentations, this patient
set enabled us to track glandular disease severity and the cellular
changes that accompany it. Patients with SjD had higher levels
of surface CD107a, suggesting higher cytotoxic potential of CD8
T cells. Among the T cell populations present in the gland, the
population of CD8 T cells positive for granzyme K (GZMK)
coculture. When cultured together, T cells from patients with SjD form
ol of epithelial cells. (h) Immunofluorescence of a downstream target of
tosol decreases from 6 to 24 hours and at both time points IRF3 is phos-
ood mononuclear cells; GZMK, granzyme K; FACS, flow-assisted cell sort-



Figure 8. Patients with mild disease retain epithelium, which is extensively restructured. (a) Co-occurrence score spatial plots depict the altered co-
occurrences between cell types including loss of co-occurrence of ductal cells with fibroblasts and increased co-occurrence of ductal cells with ductal
progenitors, CD8+ exhausted T cells with PRR4+CST3+WFDC2- SMACS, and high ZG16B SMACS with PRR4+CST3-WFDC2- SMACS. (b) Anchored
neighbourhood analysis of cell localisation changes associated with disease diagnosis. Patients with disease have fewer seromucous acinar cells near
other epithelial cell types. (c) Anchored neighbourhood analysis changes with increasing focus score. Patients suffering from immune infiltration have
a higher chance of immune cells and fibroblasts localised near epithelial cells. Percentage change is per point of focus score. (d) The greatest number
of statistically significant cell-cell colocalisations is found in patients with a low focus score. These colocalisations include new organisations of epithe-
lial cell types, not included in disease diagnosis. (e) The anchored neighbourhood changes in moderate disease. Changes in ductal structure and acinar
cell organisation predominate. (f) Quantified ISH images with cells labelled by ISH clustering. The majority species of the glands of patients without
SjD are seromucuous acini, whereas the glands of patients with moderate disease have very few identifiably seromucous acini and with the remaining
duct-like and myoepithelium in an architecture not found in patients without SjD. (g) Proportion of cell types identified via spatial proteomics found
in each proteomics cell type cluster. Cell clusters are organised in a phylogeny of cell type similarity. (h) Fold changes of cell type clusters in the prote-
omics space when patients with and without SjD are compared. Four clusters are significantly increased in SjD (1, 5, 8, and 16), whereas 5 clusters are
diminished in SjD (3, 4, 7, 9, and 13). For example, cluster 5, a SjD-enriched cluster, represents a B-, T-, and DC-rich niche. Clusters 7, 9, and 3 repre-
sent clusters lost in disease and include high proportions of acinar cells. (i) Voronoi plots of cell type clusters from TACIT Cyto-community analysis of
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increased significantly with focus score, and per-cell expression
of GZMK in the GZMK+ population increased as well. Other
immune markers of disease, including the proportion of IgG
plasma cells and the per-cell level of MHC-II expression in APCs,
did not increase with disease severity. To test what effect GZMK
might have on disease progression, primary salivary epithelia
were derived from patient minor salivary glands and cocultured
with T cells taken from patient blood. These circulating T cells
may not be identical to the T cells found resident in patient
glands, but do produce both GZMB and GZMK and degranulate
successfully. Looking back at the gland, both granzymes can be
confirmed in the cytosol of patient epithelia. Unlike GZMB,
GZMK did not directly cause epithelial cells to apoptose; instead,
the mitochondria in affected epithelia disgorged their nucleic
acids (DNA and RNA) into the cytosol, leading to nucleic acid
sensing and the phosphorylation of IRF3 and the putative activa-
tion of the IFN response. An assay for granzyme activity con-
firmed that GZMK and GZMB (albeit less than GZMK), but not
GZMA, lead to higher levels of IRF3 phosphorylation. All three
of these changes: an increase in GZMK T cells, mitochondrial
DNA found in the cytosol, and IRF3 phosphorylation, were con-
firmed in the glands of patients with disease. These findings pro-
vide a mechanism linking the IFN signalling pathway found so
highly expressed in patients with severe disease with the cell
proportion changes found in those patients’ glands.

Additionally, differential colocalisation scores revealed
GZMK+CD8+ T cells adjacent to PRR4+CST3+WFDC2- SMACs
in SSA+ but not SSA− patients, suggesting effector cell targeting
of putatively antigen-expressing epithelial cells as a mechanism
of autoantibody-positive, higher focus score disease. Spatial
phenotyping and ex vivo cellular assays further confirm that SjD-
enriched GZMK+CD8+ Tex cells are enriched in the glands, colo-
cate with ducts and acini, and exhibit cytotoxic potential.

To our knowledge, for the first time, we provide both direct
and indirect evidence that GZMK+CD8+ (effector-like Tex) cells
exert a potent and specific immune response against salivary
epithelial cells that express acinar differentiation markers (e.g.,
PRR4, CST3, MUC7, and PIGR), yet are transcriptionally proxi-
mate to a duct-like progenitor cell type. This targeted immune
activity leads to a selective reduction of terminally differentiated
SMACs, whereas mucous acinar and ductal cells remain compar-
atively spared. Microscopically, this manifests as a shift in histo-
pathology: mucous acinar cells and ducts predominate, and
SMACs appear reduced in size and frequency in SjD minor sali-
vary glands (MSGs). These findings are recapitulated in our spa-
tial transcriptomic and ISH data. This cell type-specific immune
targeting may underlie the selective vulnerability of serous aci-
nar cells in the parotid and submandibular glands, helping to
explain both the reduced saliva production and altered salivary
composition commonly observed in patients with SjD. Leverag-
ing multiple new transcriptomic and proteomic datasets, we
identify not only the epithelial cell types most susceptible to
immune attack in SjD-affected MSG, but also characterise a key
effector T cell population, GZMK+CD8+ T cells, which we show
to possess a previously unrecognised effector mechanism: dis-
rupting mitochondrial membrane integrity and activating epi-
thelial innate immune signalling (e.g., cGAS-STING pathway).
spatial proteomics data. Clusters enriched for acini are lost in disease, and cl
gland. Fibroblasts are also found in a different pattern in patients with mild d
lines are drawn from cluster numbers to corresponding clusters on the Voron
situ hybridization.
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These results provide a mechanistic link between epithelial
injury and type I IFN responses in SjD, highlighting new thera-
peutic avenues to mitigate tissue damage and disease severity.
Importantly, they also reveal a sub-cytolytic effector mechanism
by which GZMK+CD8+ T cells disrupt mitochondrial integrity
in target epithelial cells, impairing metabolic fitness and trigger-
ing innate immune activation without inducing apoptosis. This
mode of immune attack represents a critical pathogenic axis in
SjD and related chronic autoimmune or viral conditions, where
tissue dysfunction arises independently of overt cytolysis.
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A B S T R A C T

Objectives: Each autoantibody associated with systemic sclerosis (SSc) is linked to distinct clini-
cal features, suggesting underlying molecular heterogeneity. Although studies have character-
ised molecular signatures in anticentromere (ACA), antitopoisomerase I (ATA), and anti-RNA
polymerase III (ARA) antibodies in patients who are SSc-positive, less frequent autoantibody
groups remain unexplored. Our study employed multiomics analysis to identify shared and
unique molecular profiles across SSc-associated autoantibody subgroups.
Methods: We enrolled 166 patients with SSc stratified by antibody status (ACA = 55, ATA = 58,
ARA= 24, anti-U1 ribonucleoprotein [U1RNP] = 12, anti-U3 ribonucleoprotein [U3RNP] = 8,
anti-Ku [Ku] = 4, and anti-Th/To [Th/To] = 5). We performed multiomics profiling, including
plasma proteomics, peripheral blood mononuclear cells (PBMCs) transcriptomics, immune cell
phenotyping, and plasma metabolomics to identify shared and distinct features across groups.
Results: All SSc subsets demonstrated common pathogenic features, including endothelial injury,
extracellular matrix deposition identified by plasma proteomics, upregulated type I interferon
(IFN) signalling revealed by transcriptomic analysis, and decreased regulatory B cells observed
by immune cell profiling. Meanwhile, each autoantibody subgroup exhibited unique disease
mechanisms, such as calcinosis in ACA-positive patients, metabolic oxidative stress in ATA-posi-
tive patients, activation of oncogenic signalling in ARA-positive patients, enhanced chromatin
remodelling activity in U1RNP-positive patients, muscle involvement in U3RNP/Ku groups, and
unique metabolic signalling related to pulmonary hypertension in Th/To-positive cases.
Conclusions: Our study addresses a critical gap by providing a comprehensive multiomics charac-
terisation of both common and rare SSc-associated autoantibody groups, revealing shared and
distinct molecular signatures that correlate with clinical features. Our findings highlight the
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potential for autoantibody-based stratification to guide precision management of SSc, paving the
way for biomarker-driven approaches in SSc care.
WHAT IS ALREADY KNOWN ON THIS TOPIC

� Systemic sclerosis (SSc) is a clinically heterogeneous disease.
Each autoantibody associated with SSc is linked to distinct clin-
ical features.

� Previous studies have established that anticentromere (ACA),
antitopoisomerase I (ATA), and anti-RNA polymerase III (ARA)
antibody-positive patients exhibit unique molecular signatures.

WHAT THIS STUDY ADDS

� We provide a multiomics characterisation of biological signa-
tures and immune cell dysfunction in SSc patients with less
common autoantibodies (anti-Th/To, anti-U3 ribonucleopro-
tein [U3RNP], anti-U1 ribonucleoprotein [U1RNP], and anti-
Ku), expanding understanding of SSc heterogeneity.

� Despite antibody-specific differences, all SSc subsets share core
pathogenic pathways, including endothelial injury, dysregulated
extracellular matrix deposition, and chronic immune activation.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

� Our findings underscore the clinical relevance of autoantibody-
based stratification in SSc, supporting its integration into preci-
sion management strategies.
INTRODUCTION

Systemic sclerosis (SSc) is an orphan and complex connective
tissue disease characterised by widespread fibrosis of the skin and
internal organs, vasculopathy, and dysregulated autoimmunity.
Clinically, SSc is notable for its heterogeneity. Patients can present
with a wide spectrum of features, including Raynaud’s phenome-
non, skin involvement, digital ulcers (DUs), telangiectasia, abnor-
mal nailfold capillaries, pulmonary arterial hypertension (PAH),
interstitial lung disease (ILD), musculoskeletal inflammation, gas-
trointestinal complications, and renal crisis [1,2].

The pathogenesis of SSc remains incompletely understood,
but an autoimmune basis is well established. Antinuclear anti-
bodies (ANAs) are detected in 90% to 95% of patients with SSc
[3]. Autoantibodies in SSc are not only highly prevalent but also
highly disease-specific, with profound clinical significance. The
most frequent of these include antitopoisomerase I (ATA; also
known as anti-Scl-70), anticentromere (ACA), and anti-RNA
polymerase III (ARA) antibodies, whereas others, such as anti-
Th/To, antifibrillarin (also known as anti-U3 ribonucleoprotein
[U3RNP]), anti-U1 ribonucleoprotein (U1RNP), and anti-Ku, are
less common. These autoantibodies are generally mutually
exclusive and tend to emerge early in the disease course,
remaining relatively stable over time [4]. Importantly, the pres-
ence of a given SSc-specific autoantibody correlates strongly
with particular clinical manifestations and outcomes. For exam-
ple, ATA antibodies are classically associated with diffuse cuta-
neous SSc (dcSSc) and confer a high risk of severe ILD, whereas
ACA antibodies are predominantly seen in limited cutaneous
SSc (lcSSc), often with a milder course and persistent Raynaud’s
phenomenon, and in late-onset PAH [5]. ARA antibodies iden-
tify patients prone to rapid skin thickening, renal crisis, and can-
cer [6]. Other antibodies define additional subphenotypes. For
instance, patients with SSc who test positive for anti-U1RNP
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antibodies are at higher risk of pulmonary fibrosis and SSc-asso-
ciated myopathy [7]. Anti-U3RNP antibodies are associated
with a higher incidence of skeletal muscle involvement and
intrinsic PAH [8]. Anti-Th/To antibody-positive patients typi-
cally present with limited cutaneous sclerosis, but they have a
higher incidence of pulmonary involvement than other lcSSc
patients [9]. Anti-Ku antibodies are associated with an overlap
syndrome combined with myositis [10].

The traditional framework for classifying SSc has been based
on the pattern of cutaneous involvement. Patients are convention-
ally divided into lcSSc and dcSSc subsets, depending on whether
skin fibrosis is restricted to the distal extremities or extends proxi-
mally to the limbs and trunk [11]. However, significant heteroge-
neity exists within these subsets, and an intermediate patient
group exhibiting distinct clinical features has been misclassified
[12]. The limitations of skin-based classification have become
increasingly apparent, prompting a shift toward immunologically
defined stratification. In particular, subclassifying SSc by autoan-
tibody profile offers a more nuanced approach that aligns with
the disease’s molecular diversity [13]. This has spurred efforts to
redefine SSc subsets based on serologic and molecular features
rather than focusing solely on clinical phenotypes [14].

In line with this paradigm, recent studies have begun to
explore the molecular distinctions among SSc patients across dif-
ferent autoantibody groups. For example, transcriptomic analy-
ses of SSc skin have identified both shared and subset-specific
pathways across different autoantibody-defined groups [15]. A
recent study utilised multiomics techniques to compare the bio-
logical features of patients with ATA- and ACA-positive SSc.
Their findings showed that peripheral blood cells from patients
who were ATA-positive exhibited transcriptional characteristics
related to inflammation and fibrosis, associated with tissue
repair. In contrast, patients who were ACA-positive showed
transcriptional features related to immune regulation and tissue
homeostasis [16]. Single-cell RNA sequencing (RNA-seq) of skin
biopsy samples from patients with SSc revealed significant dif-
ferences in immune clusters between the ATA-positive and ARA-
positive subsets of dcSSc [17]. Nevertheless, such molecular
studies to date have largely focused on the predominant autoan-
tibody subsets, such as ACA, ATA, and ARA, owing to their
higher frequency in patient cohorts. Patients with less common
SSc-associated autoantibodies (including anti-Th/To, anti-
U3RNP, anti-U1RNP, and anti-Ku) have been underrepresented
in prior research, leaving their molecular and cellular disease
drivers relatively unexplored. Importantly, these less common
autoantibodies characterise unique clinical subtypes, emphasis-
ing the need to investigate their disease mechanisms and dis-
cover potential treatments.

Here, we address this gap by presenting a multiomics
analysis of SSc that encompasses both the common and rare
autoantibody-defined subgroups. In this study, we integrated
unbiased plasma proteomics, transcriptomic profiling of
peripheral blood mononuclear cells (PBMCs), detailed
immune cell phenotyping, and plasma metabolomics to com-
pare molecular profiles across multiple SSc autoantibody
clusters. By applying this comprehensive approach, we aimed
to identify subset-specific molecular signatures underlying
the divergent clinical phenotypes of SSc, as well as shared
molecular mechanisms.
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METHODS

Study design and population

This was a single-centre, cross-sectional observational study con-
ducted at the Department of Rheumatology, Shanghai Jiao Tong
University School of Medicine, Affiliated Renji Hospital, Shanghai,
China. A total of 166 patients with SSc whomet the 2013 American
College of Rheumatology and European League Against Rheuma-
tism (ACR/EULAR) classification criteria were included in this
study. All samples were collected in the morning under fasting con-
ditions. The exclusion criteria were as follows: (1) patients who had
received corticosteroids at doses >10 mg/d, or any immunosup-
pressive therapy, or intravenous immunoglobulins within 3months,
or rituximab within 6 months prior to inclusion; (2) patients pre-
senting with an ongoing infectious event; (3) patients with severe
cardiovascular or metabolic conditions, such as coronary artery dis-
ease, obesity (body mass index [BMI] > 30 kg/m2), uncontrolled
diabetes, or hypertension or dyslipidaemia.

Healthy control (HC, n=48) samples were obtained from
individuals undergoing routine health examinations at our hos-
pital, who consented to the use of residual blood samples for
research. Individuals with malignancies, severe cardiovascular
or metabolic diseases, or active infections were excluded.

Anti-U1RNP antibodies were detected using a line immunoas-
say (EUROLINE ANA Profile, Euroimmun). ACA antibodies, ATA
antibodies, ARA antibodies, U3RNP antibodies, anti-Th/To anti-
bodies, and anti-Ku antibodies were detected using the EURO-
LINE Systemic sclerosis (Nucleoli) profile (IgG). A result of "++"
Figure 1. Schematic of the study design. Patients with systemic sclerosis (SSc
initial consultation in the department, blood samples were collected along wit
jected to proteomic and metabolomic profiling. Peripheral blood mononuclea
cells was analysed by flow cytometry to characterise immune cell subsets, wh
tromere antibody; ARA, anti-RNA polymerase III antibody; ATA, antitopoiso
U1RNP, anti-U1 ribonucleoprotein antibody; U3RNP, anti-U3 ribonucleoprot
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or "+++" was considered positive and qualified the patient for
inclusion in the study. Patients were classified into 7 groups based
on their antibody profiles: ACA, ATA, ARA, U1RNP, U3RNP, Ku,
and Th/To. Patients who tested positive for 2 or more of the SSc-
related antibodies were excluded from this study, as were those
who were ANA-positive but extractable nuclear antigen (ENA)-
negative, and those who were entirely antibody-negative.

For each individual, blood samples and demographic and
clinical data were collected at the time of their first consultation
with the department. Autoantibody profiling was performed
using serum samples. Proteomic and metabolomic analyses
were conducted on plasma samples. Peripheral blood was col-
lected in EDTA tubes, and PBMCs were isolated via Ficoll (Lym-
phoprep) density gradient centrifugation. A portion of the
PBMCs was used for flow cytometric analysis of immune cell
subsets, while the remaining cells were lysed with TRIzol
Reagent (Invitrogen) for RNA-seq (Fig 1). Multiomics analyses,
including detailed statistical methodologies, are presented in
the Supplementary Methods.
RESULTS

Patient characteristics

Our study population comprised 166 patients with SSc, all
enrolled in the Renji Scleroderma Longitudinal Cohort (Renji-
SLOC). The demographics and clinical characteristics are sum-
marised in the Table. Among these patients, 55 tested positive
) were stratified based on their autoantibody profiles. At the time of their
h demographic and clinical data. Plasma samples were subsequently sub-
r cells (PBMCs) were isolated from the collected blood; a portion of these
ile the remaining cells were processed for RNA sequencing. ACA, anticen-
merase I antibody; KU, anti-Ku antibody; Th/To, anti-Th/To antibody;
ein antibody.



Table
Demographic and clinical characteristics of systemic sclerosis patients

Variables Total
N = 166

ACA
n= 55

ATA
n= 58

ARA
n = 24

U1RNP
n= 12

U3RNP
n = 8

Ku
n = 4

Th/To
n = 5

Age, mean ± SD, y 55.2 ± 13.4 57.7 ± 11.1 51.1 ± 15.3 57.9 ± 13.6 53.8 ± 8.3 53.8 ± 14.3 66.5 ± 16.6 58.8 ± 10.3
Sex, female 81.9 89.1 81.0 83.3 66.6 75.0 25 100
Disease duration, median (IQR), y 1.5 (0.3, 3.6) 2.0 (1.0, 4.5) 1.0 (0.3, 3.0) 1.0 (0.7, 2.9) 2.5 (1.0, 5.0) 1.75 (0.6, 3.0) 2.0 (1.3, 2.0) 3.0 (0.3, 7.0)
Raynaud phenomenon 94.0 94.5 89.7 95.8 100 100 100 100
Digital ulcers 21.7 14.5 31.3 8.3 33.3 12.5 0.0 60.0
dcSSc 34.9 7.3 50.0 50.0 50.0 62.5 0.0 40.0
mRSS, median (IQR) 6.0 (3.0, 14.0) 4.0 (2.0, 6.0) 11.0 (4.0, 19.0) 16.0 (6.5, 23.5) 10.5 (5.0, 15.5) 12.0 (6.0, 15.5) 6.0 (3.0, 11.0) 5.0 (3.0, 10.5)
ILD 62.0 49.1 69.0 62.5 83.3 50.0 100.0 60.0
FVC (%), mean ± SD 81.0 ± 16.4 89.1 ± 10.7 76.1 ± 18.0 79.5 ± 15.8 77.3 ± 11.6 77.7 ± 25.5 75.3 ± 12.0 73.6 ± 21.0
DLCO (%), mean ± SD 75.1 ± 19.6 86.3 ± 11.9 68.0 ± 22.1 75.1 ± 18.3 72.7 ± 13.8 69.9 ± 24.3 68.3 ± 10.9 54.8 ± 17.1
PH 12.0 10.9 8.6 4.2 33.3 25.0 0.0 40.0
Gastro-oesophageal reflux 47.6 45.5 48.3 50.0 33.3 75.0 25.0 60.0
Myopathy 11.4 1.8 13.8 4.2 33.3 37.5 50.0 0.0
Treatment
Corticosteroids 34.9 25.5 39.7 33.3 41.7 62.5 0.0 60.0
Average dose, median (IQR), mg 0 (0, 5.0) 0 (0, 2.5) 0 (0, 5.0) 0 (0, 4.4) 0 (0, 5.0) 5 (0, 7.5) 0 (0, 0) 5 (0, 10.0)
Vasodilators 14.5 14.5 17.2 4.2 16.7 12.5 0.0 40.0

Categorical variables are expressed as percentages (%). Continuous parameters that follow a normal distribution are expressed as mean ± SD; other parameters are expressed as median (IQR). All
patients underwent HRCT and echocardiography at the time of inclusion to evaluate for ILD and PH. Only 15 patients (9.0%) received right heart catheterisation.
ACA, anticentromere antibodies; ARA: anti-RNA polymerase III antibodies; ATA, antitopoisomerase I antibodies; dcSSc, diffuse cutaneous systemic sclerosis; DLCO, diffusing capacity of the lungs for
carbon monoxide; FVC, forced vital capacity; HRCT, high-resolution computed tomography; ILD, interstitial lung disease; Ku, anti-Ku antibody; mRSS, modified Rodnan Skin Score; PH, pulmonary
hypertension; Th/To, anti-Th/To antibody; U1RNP, anti-U1 ribonucleoprotein antibodies; U3RNP, anti-U3 ribonucleoprotein antibody.
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for ACA, 58 for ATA, 24 for ARA, 12 for anti-U1RNP, 8 for anti-
U3RNP, 4 for anti-Ku, and 5 for anti-Th/To antibodies.

Of the total cohort, 136 (81.9%) patients with SSc were
female, compared with 38 (79.2%) in the HC group (P = .666).
The mean age ± SD was 55.2 ± 13.4 years in SSc patients and
53.5 ± 10.8 years in HC (P = .413). The patients with SSc had
relatively short disease durations, with a median of 1.5 years
(IQR, 0.3-3.6 years). Raynaud’s phenomenon was reported in
94% of patients, and 33.7% had a history of DUs. DcSSc was
diagnosed in 58 patients (34.9%), with notably lower propor-
tions observed in the ACA and Ku groups than in the other
groups.

The overall prevalence of ILD was 62.0%, and pulmonary
hypertension (PH) was present in 12.0% of patients. Gastro-
esophageal reflux affected nearly half of the cohort (47.6%).
SSc-associated myopathy was observed in 11.4% of patients,
with markedly higher prevalence in the U1RNP, U3RNP, and Ku
subgroups.

Plasma proteomics identifies shared and distinct expression
profiles of different antibody groups

Plasma proteomics revealed 1159 proteins, of which 846
valid proteins were retrieved after stringent filtering. Differen-
tial expression analysis of the proteomics data revealed 86
shared upregulated proteins across the antibody spectrum com-
pared with HC (Fig 2A, Supplementary Fig S1A-F, and Supple-
mentary Table S1). These proteins were functionally enriched in
extracellular matrix (ECM) formation, cell adhesion, and growth
Figure 2. Plasma proteomic profiles of different antibody groups compared
cantly differentially expressed proteins (DEPs) for comparisons of anticentr
ontology (GO) enrichment analysis of shared upregulated proteins across anti
a connectivity ≥ 4. The size of the circle represents the degree of each node, a
ing uniquely upregulated pathways across the different antibody groups ide
.05 and normalized enrichment score (NES) > 1 are visualised. The size and
corresponding pathways, respectively. E, Heatmap displaying scaled expressi
ARA, anti-RNA polymerase III antibody; KU, anti-Ku antibody; Th/To, anti
anti-U3 ribonucleoprotein antibody.
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factor binding (Fig 2B). Contributors to these enrichments
included molecules associated with vascular injury (von Wille-
brand factor [VWF]) and matrix accumulation (spondin 1
[SPON1], tissue inhibitor of metalloproteinase 1 [TIMP1], and
collagen type VI α2 chain [COL6A2]).

Notably, “collagen-containing ECM” was also the most
enriched pathway among upregulated differentially expressed
proteins (DEPs) across all antibody groups (Supplementary
Fig S1G-M).

To further examine the molecular characteristics of shared upre-
gulated proteins, protein−protein interactions were analysed using
STRING (Fig 2C). Unsupervised Louvain clustering of the interac-
tion graph revealed 2 clusters. Cluster 1 included VWF, vascular
cell adhesion protein 1 (VCAM1), intercellular adhesion molecule 1
(ICAM1), TIMP1, insulin-like growth factor 2 receptor (IGF2R), and
insulin-like growth factor (IGF)-binding proteins, which are
markers of biological processes such as endothelial dysfunction
[18,19], cell−cell adhesion [20,21], and regulators of ECM deposi-
tion [22,23]. Cluster 2 mainly consisted of ECM components (lami-
nin subunit β1 [LAMB1], laminin subunit α2 [LAMA2], laminin
subunit γ1 [LAMC1], COL6A2, versican [VCAN], tenascin C [TNC],
chondroitin sulphate proteoglycan 4 [CSPG4], and heparan sul-
phate proteoglycan 2 [HSPG2]), suggesting general pathogenic
mechanisms of SSc despite the presence of different antibodies, and
also supported by gene ontology (GO) analysis (Fig 2B).

Shared downregulated proteins included reversion-inducing
cysteine-rich protein with Kazal motifs (RECK). It is worth not-
ing that RECK was reported to negatively regulate the matrix-
degrading matrix metalloproteinases (MMPs) MMP-1, MMP-2,
with the healthy control (HC) group. A, Volcano plots showing signifi-
omere (ACA) and antitopoisomerase I (ATA) antibodies vs HC. B, Gene
body groups. C, Interaction network of shared upregulated proteins with
nd the colour represents different Louvain clusters. D, Bubble plot show-
ntified using Gene Set Enrichment Analysis (GSEA). Pathways with P <
colour of the dot denote the log-transformed P value and the NES of the
on of uniquely upregulated proteins across the different antibody groups.
-Th/To antibody; U1RNP, anti-U1 ribonucleoprotein antibody; U3RNP,
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and MMP-9 [24,25], suggesting possible regulations of ECM
accumulation.

Gene Set Enrichment Analysis (GSEA) of different antibody
groups was performed to decipher the distinct features of each
antibody group (Fig 2D). Pathways unique to the ACA group
included ossification and biomineralisation, consistent with a
higher tendency toward calcinosis in this group [26,27]. The
presence of kidney- and cancer-associated pathways in ARA
group aligned with elevated renal crisis and cancer tendency in
this disease subset [4,28,29]. The term “muscle contraction”
was enriched in the U3RNP group. Interestingly, filamin-C
(FLNC), a protein with established associations with myopathy
and cardiomyopathy [30], was found to be the most upregulated
in the U3RNP and Ku groups, which are known to have a higher
risk of developing myopathies [4,8,31]. The Th/To group was
enriched in pathways related to low-density lipoprotein particle
binding, protein-lipid complex binding, and regulation of cyto-
solic calcium ion concentration. The proteins of statistical signif-
icance and biological relevance in each subgroup are presented
in Figure 2E (Supplementary Table S2). In the ACA group, carti-
lage acidic protein 1 (CRTAC1), which is associated with carti-
lage formation, was upregulated. ATA group showed a higher
level of transaldolase 1 (TALDO1), an important enzyme
involved in NADPH and lipid synthesis. Cholesteryl ester trans-
fer protein (CETP), which mediates cholesterol transfer, was
found to be upregulated in the ARA group. Ceruloplasmin (CP)
Figure 3. Transcriptomic profiles of different antibody groups compared wit
differentially expressed genes (DEGs) for comparisons of anticentromere (AC
analysis of shared upregulated genes across antibody groups. C, Interaction n
the circle represents the degree of each node. D, Gene Set Enrichment Analy
antibody groups. Pathways with P < .05 and NES > 1 are visualised. The size
the corresponding pathways, respectively. E, Heatmap displaying scaled e
groups. ARA, anti-RNA polymerase III antibody; KU, anti-Ku antibody; Th/
U3RNP, anti-U3 ribonucleoprotein antibody.
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and transferrin receptor (TFRC) were uniquely upregulated in
the U1RNP group, which are both associated with iron metabo-
lism. These findings suggest altered biological processes in the
disease, consistent with the unique pathways enriched in each
group.

RNA-seq of PBMCs identifies shared and distinct transcriptomic
profiles among different antibody groups

Differential expression analysis identified 44 shared upregu-
lated differentially expressed genes (DEGs) across the antibody
spectrum compared with HC (Fig 3A, Supplementary Fig S2A-F,
and Supplementary Table S1). DEGs were functionally enriched
in pathways associated with immune response and interferon
(IFN) production (Fig 3B and Supplementary Fig S2B). These
pathways were also consistently enriched across subgroups
(Supplementary Fig S2G-M). Among the shared upregulated
genes, several were associated with type I IFN signalling, includ-
ing STAT1, GBP1, GBP4, IFIT3, IFITM3, PLSCR1, PARP9, OAS1,
OAS2, OASL, TLR7, and TLR8. In interaction network analysis of
the shared upregulated genes, STAT1 exhibited the highest num-
ber of interactions, underscoring its pivotal role in IFN signalling
(Fig 3C). These genes also formed a highly interconnected mod-
ule for immune activation and chemotaxis.

Distinct signatures of the antibody groups were identified
using GSEA and analysis of significantly upregulated genes
h the healthy control (HC) group. A, Volcano plots showing significantly
A) and antitopoisomerase I (ATA) antibodies vs HC. B, GO enrichment
etwork of shared upregulated genes with a connectivity ≥ 4. The size of
sis (GSEA) identified distinct upregulated pathways across the different
and colour of the dot denote the log-transformed P value and the NES of
xpression of uniquely upregulated genes across the different antibody
To, anti-Th/To antibody; U1RNP, anti-U1 ribonucleoprotein antibody;
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(Fig 3D, E, and Supplementary Table S3). In the ACA group,
pathways associated with bone cells were uniquely enriched,
which was consistent with findings from proteomics analysis.
NADP metabolic process was uniquely enriched in ATA group,
matching the upregulation of TALDO1 in plasma proteomics.
Among uniquely upregulated genes in the ATA group, deoxyri-
bose-phosphate aldolase (DERA) encodes a key enzyme involved
in pentose phosphate pathway, which generates NADPH and
pentoses. ATA and ARA groups were both enriched in lipid met-
abolic processes, suggesting potential impairment specific to
these groups. Lipoprotein lipase (LPL) and SREBP cleavage-acti-
vating protein (SCAP), which are functionally important genes
in lipid and cholesterol metabolism, respectively, were signifi-
cantly upregulated in the ARA group. Another significantly
upregulated gene specific to the ARA group, JUNB, contributes
to dermal fibrosis [32] and has been included in the inflamma-
tory gene module of CD16+ monocytes in SSc [33]. U1RNP
group was characterised by processes and genes associated with
cell cycle, which were also enriched in GO analysis (Supplemen-
tary Fig S2K). U3RNP group was mostly enriched in RNA meta-
bolic processes, including RNA polyadenylation and nuclear
export, indicating the presence of active transcription. It has
been shown that alternative polyadenylation may be a mecha-
nism of dermal fibrosis in SSc [34]. Ku group showed enrich-
ment in cardiac muscle cell contraction, GABA B receptor
activation, and prostanoid metabolic process. Th/To group was
enriched in posttranslational protein modification, phosphatase
regulator activity, and the hedgehog signalling pathway. Over-
all, these findings suggest distinct mechanisms of pathogenesis
despite harbouring shared features.
Figure 4. Cytometry profile according to antibody group. A, Heatmap showin
monocytes, B cells, T cells, T helper (Th) cells, Tc cells, and natural killer (N
healthy control (HC) group. The proportions of B cells (B%), T cells (T%), an
while Th (Th%) and Tc cell (Tc%) proportions are calculated within total T ce
of neutrophils, lymphocytes, and monocytes across the autoantibody subgrou
ences in B cells, T cells, Th cells, and Tc cells across the autoantibody subgrou
tions across systemic sclerosis (SSc) autoantibody subgroups compared with t
B cells (Bregs; CD19+CD24hiCD27hi cells) across the autoantibody subgroups
SSc groups. Box plots display the median, IQR, and minimum/maximum val
followed by Dunn’s multiple comparisons to compare each subgroup with th
centromere antibody; ARA, anti-RNA polymerase III antibody; ATA, antitopoi
U1RNP, anti-U1 ribonucleoprotein antibody; U3RNP, anti-U3 ribonucleoprot
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Immunophenotyping of different antibody groups

Immune cells play a crucial role in the pathogenesis of SSc
and have been associated with specific clinical outcomes. Previ-
ous studies have shown that a higher baseline neutrophil count
is predictive of lower forced vital capacity percentage (FVC%)
and higher modified Rodnan Skin Score (mRSS) [35]. Addition-
ally, the ATA group has been reported to exhibit a higher fre-
quency of neutrophils than the ACA group [16]. In our study,
both the ATA and Th/To subgroups showed significantly ele-
vated neutrophil counts and percentages compared with the HC
group, whereas no significant differences were observed in the
other subgroups (Fig 4A, B, and Supplementary Fig S3A). We
also observed increased monocyte counts in nearly all SSc sub-
groups, with statistically significant elevations in the ATA, ARA,
and U3RNP subgroups (Fig 4A, B, and Supplementary Fig S3A).

All SSc patient groups showed lower absolute lymphocyte
counts and percentages than HC. Total T lymphocyte counts,
along with T helper (Th; CD4+ T cells and Th cells) and Tc cell
(CD8+ T cells and T cytotoxic cells) counts, also exhibited
downward trends (Fig 4A, C), in line with prior research
[16,36]. Notably, the decrease in Th cell numbers reached statis-
tical significance only in the U1RNP and Th/To subgroups,
whereas the reduction in Tc cells was particularly prominent in
the ACA, ATA, U1RNP, and Th/To groups (Fig 4C). For B-cell
analysis, nearly all patient groups exhibited a trend toward an
increased proportion of B cells within total lymphocytes (Fig 4A
and Supplementary Fig S3B), reflecting similar patterns
described in earlier research [37]. Patients in the ACA, ATA,
ARA, and U1RNP subgroups demonstrated significantly
g differences in the counts and proportions of neutrophils, lymphocytes,
K) cells across the autoantibody-defined subgroups compared with the
d NK cells (NK%) represent their percentages within total lymphocytes,
lls. B, Box plots illustrating the absolute counts and statistical differences
ps and the HC group. C, Box plots showing the absolute counts and differ-
ps and the HC group. D, Heatmap depicting changes in B-cell subpopula-
he HC group. E, Box plots showing the relative proportions of regulatory
and the HC group, along with representative gating plots of the HC and

ues. Statistical significance was determined using the Kruskal-Wallis test
e HC group. *P < .05; **P < .01; ***P < .001; ****P < .0001. ACA, anti-
somerase I antibody; KU, anti-Ku antibody; Th/To, anti-Th/To antibody;
ein antibody; WBC, white blood cell.
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decreased natural killer (NK) cell counts in peripheral blood
(Fig 4A).

A proportion of enrolled patients underwent advanced
immunophenotyping for comprehensive B- and T-cell subset
characterisation. B-cell homeostasis is known to be disrupted
in SSc, characterised by a reduction in memory B cells and
an increase in naïve B cells [38]. In our B-lymphocyte sub-
population analysis, we observed that, compared with HC,
all SSc subgroups exhibited a trend toward increased naive
B-cell proportions. Both percentages and absolute counts of
memory B cells, including unswitched and switched memory
B cells, showed decreasing trends, with the ATA subgroup
demonstrating statistically significant differences vs HC
(Fig 4D and Supplementary Fig S3C). Regulatory B cells
(Bregs), a subset of B cells that produce interleukin (IL)-10,
play a crucial role in suppressing autoimmune responses.
Previous studies have reported both numerical reductions
and functional impairments in Bregs in patients with SSc
[39]. In our study, Bregs exhibited a downward trend, with
significantly reduced proportions in the ACA, ATA, and
U1RNP subgroups and notably decreased absolute concentra-
tions, specifically in the ATA subgroup (Fig 4D, E).

As for T-cell subset characterisation, the proportions of naive
and memory T cells showed no significant alterations compared
with HC. However, the ACA and ATA subgroups exhibited ele-
vated percentages of activated CD8+ T cells (HLA-DR+CD8+)
(Supplementary Fig S3D), supporting earlier observations in SSc
patients [40].

Overall, although all SSc patient subgroups exhibited similar
trends in immune cell alterations, such as increased neutrophils
and monocytes, decreased lymphocytes and Breg cells, and ele-
vated activated T cells, there were still differences in the extent
of these changes among the different autoantibody-defined
subgroups.

Metabolic profile of different antibody groups

A total of 2908 metabolites were initially identified. Follow-
ing data preprocessing and filtering, 2028 metabolites were
retained, comprising 1392 in positive ion mode and 636 in nega-
tive ion mode. A total of 271 metabolites were significantly
upregulated in the ACA group compared with HC, with a vari-
able importance in projection (VIP) > 1, while 255 were identi-
fied in the ATA group, 346 in the ARA group, 277 in the U1RNP
group, 279 in the U3RNP group, 163 in the Ku group, and 278
in the Th/To group. Each antibody was associated with a dis-
tinct upregulated metabolic profile, although there was some
overlap between them. Among these upregulated metabolites,
80 were commonly upregulated across all antibody groups (Sup-
plementary Fig S4). The top 30 metabolites, ranked by their VIP
scores, are shown in Figure 5A (Supplementary Table S4). Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment analy-
sis revealed that all these commonly upregulated metabolites
were significantly enriched in several pathways, including phe-
nylalanine, tyrosine, and tryptophan biosynthesis; phenylala-
nine metabolism; taurine and hypotaurine metabolism; and
ascorbate and aldarate metabolism (Fig 5B). Notably, taurine
and hypotaurine metabolism, which is implicated in oxidative
stress and inflammation, was found to be upregulated in both
patients with SSc and fibrotic mouse models [41].

To investigate the distinct metabolic profiles of each group,
enrichment analyses were performed using upregulated metabo-
lites in each group relative to HC (Fig 5C), with representative
metabolites identified in each group (Fig 5D and Supplementary
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Table S5). ACA-positive patients exhibited elevated adenosine-
related metabolites, including N6-phenylisopropyladenosine
and inosine, which are linked to enhanced vascular impairment
[42]. In contrast, ATA-positive patients showed increased levels
of apigenin 7-sulphate, a metabolite associated with antioxidant
and antifibrotic pathways, suggesting a compensatory response
to their pronounced fibrotic and inflammatory phenotype [43].
Meanwhile, ARA-positive patients demonstrated elevated phos-
phatidylethanolamine levels, indicative of active membrane
remodelling. Notably, U1RNP-positive patients displayed higher
levels of L-NIL, a selective inducible nitric oxide synthase
(iNOS) inhibitor, reflecting immune activation and inflamma-
tory regulation [44]. U3RNP-positive patients underwent broad
metabolic remodelling, characterised by altered lipid oxidation
(hexadecenoylcarnitine), dysregulated bile acid metabolism
(murocholic acid), and disrupted prostaglandin signalling (tetra-
nor-PGFM). In the Ku group, the arginine and proline metabo-
lism pathway was more prominently enriched, with a notable
increase in creatine levels associated with this pathway, which
has been reported to be elevated in the serum of patients with
idiopathic inflammatory myopathies (IIM) in prior metabolomic
analyses [45]. In the Th/To group, the tryptophan metabolism
pathway was enriched. The accumulation of 5-hydroxytrypto-
phan suggests enhanced activity of tryptophan hydroxylase, an
enzyme known to contribute to pulmonary artery smooth mus-
cle cell hyperplasia in idiopathic PH [46].

These findings indicate that although common metabolic
traits exist among all patients with SSc, specific metabolic pro-
files closely linked to the clinical features of different antibody
groups may contribute to the development of organ involvement
in SSc.

DISCUSSION

We employed a comprehensive multiomics approach, includ-
ing plasma proteomics, transcriptomic profiling of PBMCs,
immune cell phenotyping, and metabonomic analysis to system-
atically compare molecular signatures across diverse SSc autoan-
tibody clusters.

Despite the significant clinical heterogeneity of SSc, our mul-
tiomics analysis revealed a set of shared mechanistic threads
across all 7 autoantibody-defined subgroups. Endothelial injury
is widely recognised as an early and critical event in the patho-
genesis of SSc. Our proteomics data showed that markers of vas-
cular endothelial injury and activation, such as VWF, VCAM1,
and ICAM1, were universally upregulated across all SSc
subgroups.

This finding is consistent with the idea that microvascular
damage is an initiating event in SSc pathogenesis, leading to
overexpression of adhesion molecules and inflammatory recruit-
ment. Parallel to vascular injury is pan-fibrotic ECM dysregula-
tion. Proteomics analysis revealed that all subgroups shared a
signalling signature of ECM deposition. Our study supports the
4-protein plasma biomarker panel (COL4A1, COMP, SPON1,
and TNC) for skin severity, as validated by Clark et al [47]. We
independently confirmed the universal upregulation of TNC and
SPON1 across all SSc subgroups, reinforcing their central role in
the fibrotic microenvironment. Furthermore, a prominent com-
mon feature was the universal activation of type I IFN signalling.
We observed that a series of IFN-inducible genes (such as
STAT1, GBP1, OAS1, and IFIT3) were significantly upregulated
in the PBMCs from all 7 subgroups. This not only reaffirms that
SSc possesses an intrinsic IFN-dominated inflammatory microen-
vironment [48,49] but also suggests that this IFN signature is a



Figure 5. Plasma metabolomic profiles of different
antibody groups compared with the healthy control
(HC) group. A, Heatmap displaying the top 30 com-
monly upregulated metabolite ions (P < .05) across
all antibody groups, ranked by variable importance in
projection (VIP) values. B, Overview of metabolite set
enrichment analysis of the commonly upregulated
metabolites, based on the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database and performed
using MetaboAnalyst 6.0. C, Bubble plot illustrating
the upregulated metabolic pathways in each antibody
group, identified through KEGG-based metabolite set
enrichment analysis using MetaboAnalyst 6.0. Only
pathways with P < .05 are shown. Dot size represents
the log-transformed P value, and colour indicates the
hits-to-expected ratio. D, Heatmap showing scaled
concentration levels of uniquely upregulated metabo-
lites specific to each antibody group. ACA, anticentro-
mere antibody; ARA, anti-RNA polymerase III
antibody; ATA, antitopoisomerase I antibody; KU,
anti-Ku antibody; Th/To, anti-Th/To antibody;
U1RNP, anti-U1 ribonucleoprotein antibody; U3RNP,
anti-U3 ribonucleoprotein antibody.
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fundamental component of SSc immune dysregulation, indepen-
dent of the specific autoantibody profile.

At the level of immune regulation, we found a relative
paucity of Bregs (CD19+CD24hiCD27hi B cells) across all sub-
groups. This aligns with multiple studies reporting that SSc
patients have an imbalance of B-cell subsets, with diminished
Breg numbers and function contributing to unchecked
inflammation [39]. The loss of B-cell regulation, alongside
hyperactive effector B cells, is a unifying immunologic
907
abnormality that can promote autoimmunity and fibrosis in
all forms of SSc. It should be noted, however, that in our
study, Bregs were defined solely by surface markers, and we
did not directly verify their IL-10-producing capacity. This
functional aspect requires further investigation. Previous
studies have shown that patients with SSc exhibit an
increased frequency of Th17 cells and a Th1/Th2 cytokine
balance that is significantly shifted toward the Th2 subtype
[50]. Further studies are needed to determine whether this
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pattern of immune dysregulation is consistent across differ-
ent autoantibody subsets in patients with SSc.

In summary, regardless of autoantibody status, patients with
SSc share a core pathogenetic framework of microvascular
injury, profibrotic remodelling, IFN-dominated inflammation,
and immune dysregulation. These common pathways likely
underlie the convergent fibrotic and immune features observed
across this heterogeneous disease.

Building on a shared core pathology, each autoantibody-
defined SSc subgroup exhibited unique pathway activation pat-
terns. One clinical hallmark of the ACA subgroup is calcinosis
cutis, the deposition of calcium hydroxyapatite in skin and sub-
cutaneous tissues. Interestingly, our multiomics findings of pro-
calcification signalling in patients with ACA provide a
molecular basis for this phenotype and suggest underlying bone
remodelling processes. As for ATA subgroup, a key feature was
the enhancement of NADPH-generating pathways and NADPH
oxidase components, suggesting increased reactive oxygen spe-
cies (ROS) production. This aligns with evidence that NADPH
oxidases are essential sources of oxidative stress in SSc fibro-
blasts [51]. The ARA subgroup was known to be associated with
a higher prevalence of cancer and renal crisis. In our study, the
ARA subgroup revealed unique activation of oncogenic signal-
ling cascades and kidney-related pathways. Both anti-U3RNP
and anti-Ku subsets showed unexpected enrichment of pathways
related to muscle fibre function, cytoskeletal organisation, and
cardiac muscle contractility. Proteomic analysis revealed ele-
vated levels of muscle structural proteins, most notably FLNC, a
protein crucial for myofibrillar integrity [30], in the plasma of
these patients. Transcriptomic data likewise indicated activation
of genes associated with muscle contraction and development.
This molecular pattern provides a clear rationale for the well-
documented clinical observation that both anti-U3RNP and anti-
Ku autoantibodies are associated with inflammatory myopathy
and cardiac involvement in SSc overlap syndromes. Previous
studies have demonstrated that U1RNP broadly facilitates the
tethering and mobilisation of lncRNAs to chromatin in a tran-
scription-dependent manner [52] and plays a role in cell prolif-
eration [53]. Consistent with these findings, our transcriptomic
analysis revealed that the U1RNP subgroup exhibited distinct
upregulation of chromatin-modifying enzymes and enhanced
chromatin remodelling activity. Additionally, we observed sig-
nificant enrichment in cell-cycle phase transition, further sup-
porting its involvement in proliferation-related processes. In the
Th/To subgroup, a unique enrichment of the tryptophan metab-
olism pathway was observed, marked by an accumulation of 5-
hydroxytryptophan, a metabolite implicated in pulmonary
artery smooth muscle cell hyperplasia in idiopathic PH [46].
This finding may partially explain the higher prevalence of PH
in this patient subset. These outcomes underscore the heteroge-
neity of immune dysregulation in SSc and suggest that future
omics studies should stratify patients by autoantibody status to
gain more precise, biologically meaningful insights.

Through comparisons with previous multiomics studies of
SSc, we can construct a more complete, multidimensional model
of SSc pathogenesis. Rouvi�ere et al [16] summarised the molec-
ular characteristics of patients who are ATA-positive as "proin-
flammatory and profibrotic features," while defining patients
who are ACA-positive as those with "immunomodulation and tis-
sue homeostasis features." Our results provide more specific
mechanistic details of this functional classification. For example,
we found that the ATA subgroup is centred on oxidative stress
and NADPH metabolism, which are key upstream mechanisms
driving inflammation and fibrosis, whereas changes in
908
adenosine-related metabolites in the ACA subgroup are directly
linked to the regulation of vascular function and tissue homeo-
stasis [54]. At the cellular level, we observed elevated neutro-
phil counts in the ATA subgroup, which aligns with the
dominant neutrophil signature reported by Rouvi�ere et al [16]
in patients who are ATA-positive. Metabolically, our data on
NADPH pathway activation in ATA patients complement their
findings of dysregulated carnitine metabolism and fatty acid oxi-
dation (FAO), together painting a picture of a "hypermetabolic,
pro-oxidative" state that fuels sustained inflammation and fibro-
sis.

By integrating our findings with those of Clark et al [17,55],
we can better understand the divergent skin fibrosis trajectories
in patients with ATA and ARA. Although our bulk transcriptom-
ics data show shared immune activation pathways, the single-
cell data of Clark et al [17] reveal a critical distinction: trans-
forming growth factor (TGF)-β signalling is driven primarily by
fibroblasts in patients with ATA but by endothelial cells in
patients with ARA. This difference in the cellular driver may
explain why fibroblast-autonomous fibrosis (in ATA) is more
persistent, whereas endothelial-driven fibrosis (in ARA) may be
more reversible. Furthermore, our cross-sectional proteomics
data align with the longitudinal findings of Clark et al [55], who
showed that serum fibrosis markers (eg, PIIINP) tend to decrease
over time in ATA patients but increase in patients with ARA.
This suggests that the unique oncogenic signalling we identified
in the ARA subgroup may reflect a more proliferative, albeit ulti-
mately more resolvable, fibrotic process.

Our findings refine the understanding of SSc as a pathobio-
logically diverse yet convergent fibrotic disease. Historically,
SSc has been considered a spectrum of syndromes due to its var-
ied autoantibody profiles and organ manifestations [56].
Indeed, our data confirm that each autoantibody subgroup
engages unique biological pathways, underscoring the multiple,
distinct pathogenic routes that exist within SSc. This heteroge-
neity likely reflects different inciting antigens or immune trig-
gers that set off specialised cellular responses. However, a
crucial insight from our multiomics analysis is that these dispa-
rate pathways converge into a final common pathway: microvas-
cular injury, immune activation, and progressive fibrosis of the
skin and internal organs. Regardless of the autoantibody,
patients with SSc ultimately show uncontrolled fibroblast activa-
tion and immune-mediated damage. Thus, SSc can be viewed as
a unified fibrotic disorder with diverse immunologic initiators.
This convergent evolution of the disease explains why therapies
that broadly suppress immunity or fibrosis have general efficacy
across SSc subsets, yet the existence of subset-specific pathways
could account for the variable responses to certain treatments.

This study has several limitations. First, as a single-centre
investigation with a restricted sample size, the statistical power,
particularly for rare autoantibody subgroups (eg, Th/To and
U3RNP), was inherently limited due to their low prevalence.
This inevitably limits the statistical power and robustness of our
conclusions. Second, we did not include patients with autoanti-
body overlap or those who were seronegative (ANA-positive but
SSc-associated antibody-negative or fully antibody-negative),
which may serve as important anchors for exploring shared
pathogenic mechanisms of SSc or represent distinct clinical or
molecular subsets. Third, although we excluded individuals
with severe cardiovascular and metabolic diseases to reduce
potential confounding, dietary habits were not included as a var-
iable in our analysis. Given that nutrition and food intake can
substantially influence metabolomic profiles [57], the absence
of dietary information may have introduced residual
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confounding effects. Fourth, it should be noted that although
patients who had received immunosuppressive therapy within 3
months prior to inclusion were excluded, a proportion of
patients (34.9%) were treated with low-dose corticosteroids,
and vasodilator use (14.6%) was also reported. These treatments
may have influenced the transcriptomic, proteomic, cytometric,
and metabolic profiles [16,41] and, therefore, could act as
potential confounders in the interpretation of our findings. Fifth,
apart from including rare autoantibody subgroups, our findings
largely confirm previous reports; therefore, the incremental nov-
elty of this study is limited. Finally, although our multiomics
approach identified potential biomarkers and pathways, mecha-
nistic validation and larger-scale, multicentre studies are needed
to confirm these findings and elucidate their biological rele-
vance in SSc pathogenesis.

To the best of our knowledge, our study is the first to explore
the biological signature of rare autoantibody subgroups (Th/To,
U3RNP, U1RNP, and Ku) in patients with SSc. By delineating
the shared and unique molecular features of each autoantibody
cluster, we explored common pathogenic mechanisms in SSc
while elucidating the biological heterogeneity underlying this
complex disease.

CONCLUSION

In conclusion, by stratifying SSc patients by autoantibody sta-
tus and applying multiomics analysis, we illuminated how dif-
ferent immunologic triggers converge on a common fibrotic
highway. All SSc subsets share a foundation of endothelial
injury, immune dysregulation, and fibrosis, yet each autoanti-
body imparts a distinct twist on the disease’s mechanistic theme,
from calcinosis in ACA-positive patients to metabolic oxidative
stress in ATA-positive patients, cancer-related pathways in ARA-
positive patients, nucleic acid sensing and cell cycling in
U1RNP-positive subsets, muscle involvement in U3RNP-positive
or Ku-positive patients, and unique metabolic signalling in Th/
To-positive cases. These findings support the idea that SSc devel-
ops through distinct biological pathways in different patients,
yet ultimately leads to the same set of problems: immune system
dysfunction, vessel damage, and fibrosis. This encourages preci-
sion medicine in SSc, treating the patient’s specific pathway
abnormalities, while also reinforcing therapies that address the
final common fibrotic and vascular pathways. Our findings,
therefore, not only enhance the understanding of SSc’s complex
biology but also lay the groundwork for more targeted, path-
way-informed interventions that could improve outcomes in
this challenging disease.
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A B S T R A C T

Objectives: Guselkumab, a monoclonal antibody, selectively targets the p19 subunit of interleu-
kin-23. This randomised, double-blind, placebo-controlled, phase 2 study evaluated guselkumab
vs placebo for the treatment of giant cell arteritis (GCA).
Methods: Patients ≥50 years of age with new-onset or relapsing GCA were randomised 2:1 to
guselkumab or placebo. Both arms received background glucocorticoid (GC) therapy, with a pro-
tocol-defined taper through week 26. The primary endpoint was the proportion of patients
achieving GC-free remission at week 28.
Results: Thirty-five patients were randomised to receive guselkumab and 18 to receive placebo.
All patients were White, 70%were female, and the mean age was 71.5 years; 60% had new-onset
and 40% had relapsing GCA. At week 28, 40% (14/35) and 33% (6/18) of patients in the gusel-
kumab and placebo groups, respectively, achieved GC-free remission (P = .64), whereas 31%
(11/35) and 39% (7/18) had experienced a GCA flare or discontinued due to worsening GCA.
Median time to first GCA flare through week 28 was not estimable (NE) in the guselkumab group
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(90% CI: 27.7-NE) and 29.7 weeks (90% CI: 20.1-NE) in the placebo group (P = .64). Through
week 60, 97% (34/35) and 94% (17/18) of patients in the guselkumab and placebo groups,
respectively, had adverse events (AEs); the most common AEs, aside from worsening of GCA
(49% and 56%, respectively), were COVID-19 infection (23% and 28%) and headache (17% and
39%).
Conclusions: The study’s primary endpoint (GC-free remission) was not met; results do not sup-
port the use of guselkumab in the treatment of GCA.
WHAT IS ALREADY KNOWN ON THIS TOPIC

� Giant cell arteritis (GCA) causes vessel wall inflammation
resulting in arterial damage and systemic inflammatory
response; it is difficult to treat due to its variable presentation,
risk of irreversible complication, and frequent relapses.

� Evidence suggests that the interleukin (IL)-23/IL-17 axis con-
tributes to GCA pathogenesis.

WHAT THIS STUDY ADDS

� Guselkumab, a fully human monoclonal antibody that selec-
tively targets the p19 subunit of IL-23, was compared with pla-
cebo in a phase 2 clinical study in patients with new-onset or
relapsing GCA.

� There was no significant improvement in the primary study
endpoint of glucocorticoid-free remission in guselkumab-
treated patients at week 28 or other endpoints.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

� Alternative mechanisms to target the pathology of GCA should
be investigated.
INTRODUCTION

Giant cell arteritis (GCA), a granulomatous vasculitis involv-
ing medium- and large-sized arteries [1], typically affects indi-
viduals aged ≥50 years [2,3]. GCA produces vessel wall
inflammation that can cause significant arterial damage and
elicits a prominent systemic inflammatory response [1,4].
Despite advances in diagnostics and therapy, GCA remains diffi-
cult to treat due to its variable presentation, risk of irreversible
complication, and frequent relapses [5−7]. Glucocorticoid (GC;
prednisone 40-60 mg/d or equivalent, with tapered dosing)
treatment is the current standard of care for GCA [8,9]. How-
ever, ≈50% of patients relapse with GC treatment alone; long-
term GC use has significant risks, including diabetes, hyperten-
sion, osteoporosis, cataracts, infection, and psychosis [8,10,11].
Novel efficacious treatments with favourable long-term safety
are needed. Tocilizumab, an interleukin (IL)-6 receptor inhibi-
tor, is approved for patients with GCA [12]; however, disease
recurs in about one-quarter of treated patients, and tocilizumab
impairs the ability to monitor disease activity via C-reactive pro-
tein (CRP) or erythrocyte sedimentation rate (ESR) [13−15]. A
phase 3 study of sarilumab, another IL-6 receptor inhibitor, was
terminated due to slow recruitment, preventing clear conclu-
sions [16]. Ustekinumab, a monoclonal antibody that blocks IL-
12 and IL-23, showed potential efficacy in GC-refractory
patients with GCA [17]; however, a subsequent prospective,
open-label study was unsuccessful [18]. Phase 2 studies of GC
with secukinumab (an IL-17A antagonist) or mavrilimumab (a
granulocyte-macrophage colony-stimulating factor receptor
antagonist) in GCA showed higher rates of remission vs GC with
placebo [19,20]. However, a phase 3 trial of secukinumab failed
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to meet its primary endpoint [21]; another phase 3 trial evaluat-
ing secukinumab for GCA is ongoing [22]. A recent phase 3
study reported that upadacitinib, a Janus kinase (JAK) inhibitor,
combined with GC demonstrated superior efficacy and reduced
GC use compared with placebo plus GC in patients with GCA
[23]. Upadacitinib is approved for the treatment of GCA, but
includes a black box warning about association with higher risks
of cancer and major cardiovascular events based on data from
patients with other autoimmune conditions, warranting caution
when used to treat GCA [24].

Several lines of evidence suggest that the IL-23/IL-17 axis
contributes to GCA pathogenesis. Lesional tissue from affected
vessels demonstrates infiltration by IL-23-maintained Th17 cells
[25], and circulating levels of IL-17+ T cells are higher in
patients with GCA than in controls [26]. Single-nucleotide poly-
morphisms in IL-17 pathway genes were identified in patients
with GCA, and changes in epigenetic markers suggest upregula-
tion of genes that promote T cell activation [27−29]. Serum and
biopsies from patients with GCA contain elevated levels of
proinflammatory cytokines (eg, IL-17) that are responsive to GC
exposure, and IL-23 is highly expressed in GCA tissues, with IL-
23p19 expression exceeding that of IL-23p40 [27,30,31].
Finally, IL-23 transgenic mice develop aortic root inflammation
[32]. Guselkumab, a fully human monoclonal antibody that
selectively targets the p19 subunit of IL-23, is approved to treat
adults with moderate-to-severe plaque psoriasis, active psoriatic
arthritis, ulcerative colitis, and Crohn’s disease [33]. Here, the
efficacy of guselkumab vs placebo, in combination with a 26-
week GC taper regimen, was evaluated in patients with new-
onset or relapsing GCA.
METHODS

Patients

Patients with a confirmed diagnosis of active GCA (within 6
weeks of the first study dose) that was either new-onset or
relapsing (diagnosis >6 weeks before first study intervention
and, in the interim, achieved remission) were eligible (see
detailed inclusion and exclusion criteria in Supplementary
Methods). All patients were aged ≥50 years and fulfilled revised
American College of Rheumatology criteria for GCA [2].
Patients with a history of severe/uncontrolled complications of
GCA; chronic/recurrent infectious disease; another rheumatic
disease; arterial thrombosis/venous thromboembolism; malig-
nancy (within 5 years of screening); lymphoproliferative dis-
ease; or active tuberculosis were excluded. Patients who had
failed treatment with investigational/approved biologic agents,
including, but not limited to, IL-23, IL-12/23, or IL-17 inhibi-
tors, tocilizumab, sirukumab, sarilumab, mavrilimumab, abata-
cept, belimumab, a tumour necrosis factor α-inhibitor or a JAK
inhibitor within 90 days or 5 half-lives; received natalizumab or
visilizumab within 6 months/5 half-lives; received rituximab or
alemtuzumab within 12 months/5 half-lives; received
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intramuscular, intra-articular, intrabursal, epidural, intrale-
sional, or intravenous (IV) GCs within 6 weeks; newly started or
were not on a stable dose of methotrexate for ≥4 weeks before
first study treatment; or used systemic GCs for >4 years or were
unable to withdraw from GC treatment through the protocol-
defined taper were excluded.

Study design

Patients in this double-blind, multicentre, phase 2 study
(THEIA; NCT04633447, EudraCT 2020-000622-26) were rando-
mised 2:1 to receive guselkumab or placebo. Both arms received
background GC therapy (20-60 mg/d prednisone or equivalent),
with a protocol-defined taper through week 26 (Supplementary
Fig S1 and Supplementary Methods). Initially, patients rando-
mised to guselkumab received an induction dose of 400 mg IV
at weeks 0, 4, and 8, and then maintenance dosing of 200-mg
subcutaneous (SC) injection every 4 weeks from weeks 12 to 48.
A change to a fully SC dosing regimen (200-mg SC every 4
weeks from weeks 0 to 48) occurred after 23 participants
enrolled because of emergent data from studies of guselkumab
in inflammatory bowel disease, suggesting that IV induction
would not add incremental response compared with SC-only
dosing [34,35].

Randomisation was balanced using permuted blocks and
stratified by new-onset vs relapsing GCA and baseline GC dose
(≤30 vs >30 mg/d). An interactive web response system
assigned unique codes matching randomised patients to the
study intervention. Patients who completed the week 52 visit in
sustained remission could enrol in the long-term extension, con-
tinuing to receive study intervention from weeks 52 to 100, until
a GCA flare or study discontinuation, whichever occurred first
(GCA flares were recorded as adverse events [AEs] due to wors-
ening GCA). For patients in GCA remission, flare was defined as
the recurrence of signs and symptoms of GCA, with or without
elevation of inflammatory markers, and the necessity for an
increase in GC dose for GCA. Having CRP/ESR elevations in iso-
lation without clinical signs and symptoms attributable to GCA
did not qualify as flare unless the investigator increased GC
dose.

Blinding

Investigators and patients were blinded to study intervention;
containers were labelled with a reference number to maintain
the blinding. Unblinding by investigators was possible for safety
reasons. Investigators were not blinded to patients’ ESR or CRP.

Assessments

Serum CRP and ESR were assessed using a validated CRP
assay and the Westergren method, respectively; ESR testing was
performed locally. Whole-body fluorodeoxyglucose (FDG) posi-
tron emission tomography (PET) (FDG-PET)/computerised
tomography (CT) utilised a low-dose radiation protocol. All
patients underwent imaging during the screening period, except
those who had PET imaging before screening as standard of care
(active disease not required); all patients imaged at screening
were receiving GC. If FDG-PET/CT scans were obtained 0 to 3
months before randomisation, a protocol-defined PET/CT scan
was not required to reduce radiation exposure, and pre-study
images were used as baseline scans; the same parameters were
used during follow-up. Imaging was repeated at the time of dis-
ease flare (preferably within 2 weeks) or at week 52 for those
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achieving sustained remission. Each image was qualitatively
evaluated by 2 central readers blinded to clinical information
using the PET Vascular Activity Score (PETVAS), described pre-
viously [36]. Semiquantitative analysis was also performed by
the central readers, as previously described [37]. Briefly, FDG
uptake was quantified in the large arteries, liver, and blood
pool by manually drawing regions of interest, with attention to
CT anatomic location and coregistered PET activity. Region-
specific quantification aligned with territories defined for PET-
VAS measurement. The maximum standardised uptake value
(SUV) averaged across each arterial region was then averaged
into a global metric (SUVLARGE VESSEL) for the aorta and branch
arteries of interest. Target-to-background ratios (TBRs) were
calculated by dividing the SUVLARGE VESSEL by the mean SUV of
the mediastinal blood pool and liver (TBRBLOOD and TBRLIVER,
respectively).

Endpoints

The primary endpoint was the proportion of patients achiev-
ing GC-free remission (no signs/symptoms of GCA and adher-
ence to 26-week taper without GCA flare) at week 28.
Secondary endpoints included the proportion of patients achiev-
ing GC-free remission from week 28 through week 52, GC-free
remission and normalisation of ESR at week 28 and through
week 52, GC-free remission and normalisation of CRP at week
28 and through week 52, and GC-free remission and normalisa-
tion of both ESR and CRP (ESR+CRP) at week 28 and through
week 52. Other secondary endpoints included cumulative GC
dose through weeks 28 and 52, the number of GCA disease
flares/discontinuations due to an AE of worsening GCA through
weeks 28 and 52, and time to these events. FDG-PET/CT imag-
ing was an exploratory endpoint. Safety endpoints included fre-
quency and types of treatment-emergent and serious AEs, coded
using the Medical Dictionary for Regulatory Activities ver-
sion 26.

Statistical analyses

In a phase 3 study of tocilizumab in GCA, GC-free remission
rates at week 28 were 74% and 38% for active-treatment and
placebo arms, respectively [14]. Assuming similar response
rates for placebo and guselkumab, 51 patients randomised 2:1
(guselkumab:placebo) were estimated to provide 82% power to
detect a difference between treatment arms at a 2-sided signifi-
cance level of 0.10. Patients who discontinued study drug due to
lack of efficacy or an AE of worsening GCA, or who initiated a
prohibited medication that could improve GCA/GC rescue ther-
apy before week 28, were considered nonresponders for primary
and binary secondary endpoints. Observed data were used for
patients who discontinued study treatment for other reasons
before week 28. After accounting for these intercurrent events
prior to week 28, patients with missing data at week 28 were
considered nonresponders. The primary endpoint was assessed
using the Cochran-Mantel-Haenszel chi-square statistic stratified
by new-onset vs relapsing GCA and baseline prednisone dose
(≤30 vs >30 mg/d); a 2-sided significance level of 0.10 was
used, and the difference in response rates between treatment
arms, and corresponding 90% CIs, were calculated. We used
Type 1 error of 0.1 instead of 0.05 because this was a proof-of-
concept study, not a confirmatory study. Subgroup analyses by
baseline characteristics, new-onset vs relapsing disease, and GC
dose at baseline were performed. For imaging data, change in
PETVAS and semiquantitative metrics of arterial FDG uptake



Table 1
Demographics and baseline characteristics

Characteristic, n (%) or
mean (SD)

GUS
(N = 35)

PBO
(N= 18)

Total
(N = 53)

Age, y 71.9 (7.65) 70.8 (7.14) 71.5 (7.43)
Female sex 25 (71) 12 (67) 37 (70)
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were compared between the baseline and follow-up visits at
week 52 or time of GCA flare, using Wilcoxon signed rank tests,
stratified by treatment group. Multivariable linear regression
was used to compare the change in PETVAS between treatment
groups, adjusting for differences in GC use at the time of
imaging.
Race
White 35 (100) 18 (100) 53 (100)

Ethnicity
Hispanic or Latino 8 (23) 3 (17) 11 (21)
Not Hispanic or Latino 27 (77) 15 (83) 42 (79)

GCA disease duration, wk 47.44 (85.35) 34.93 (63.80) 43.19 (78.29)
Diagnostic confirmation of
GCA by
Doppler ultrasound 15 (43) 10 (56) 25 (47)
Temporal artery biopsy 13 (37) 2 (11) 15 (28)
Ethics

THEIA was conducted in accordance with Good Clinical Prac-
tice guidelines of the International Council for Harmonisation
and the principles of the Declaration of Helsinki. All investiga-
tors received approval from an ethics committee, and written
informed consent was obtained from all patients.
Cranial MRI 1 (3) 1 (6) 2 (4)
Othera 6 (17) 5 (28) 11 (21)

GCA diagnosis at screening
New-onset 22 (63) 10 (56) 32 (60)
Relapsing 13 (37) 8 (44) 21 (40)

Acute-phase reactants at
baseline
ESR ≥30 mm/h 11 (31) 3 (17) 14 (26)
CRP ≥10 mg/L 3 (9) 1 (6) 4 (8)

Baseline glucocorticoid use
≤30 mg/d 18 (51) 10 (56) 28 (53)
>30 mg/d 17 (49) 8 (44) 25 (47)

Baseline methotrexate use 2 (6) 1 (6) 3 (6)
15 mg/wk 1 (3) 1 (6) 2 (4)
20 mg/wk 1 (3) 0 1 (2)

In remission at baseline (no
signs or symptoms of
GCA)b

18 (51) 10 (56) 28 (53)

CRP, C-reactive protein; CT, computed tomography; ESR, erythrocyte sedimen-
tation rate; FDG, fluorodeoxyglucose; GCA, giant cell arteritis; GUS, guselku-
mab; MRA, magnetic resonance angiography; MRI, magnetic resonance
imaging; PBO, placebo; PET, positron emission tomography.

a ‘Other’ methods of confirming GCA diagnosis included FDG-PET/CT, CT
scan, and PET-MRI MRA.
b Active disease was not required at baseline but was required within 6 weeks

of the first study dose.
RESULTS

Patients

From January 11, 2021 to May 22, 2024, THEIA enrolled 53
patients. Thirty-five (66%) were randomised to guselkumab
(400 mg IV induction, n = 16 [30%]; 200 mg SC only, n = 19
[36%]) and 18 (34%) to placebo; 13 (37%) and 6 (33%) patients
in the guselkumab and placebo groups, respectively, discontin-
ued the study before week 60 (Fig 1). Demographic and baseline
disease characteristics were generally balanced across treatment
groups (Table 1). All patients were White, 37 (70%) were
female, and the mean age was 71.5 years. Most patients had
new-onset disease (n = 32 [60%]). GCA diagnosis was con-
firmed by biopsy in a higher proportion of patients in the gusel-
kumab group than the placebo group (13 [37%] vs 2 [11%],
respectively). Three patients were receiving background metho-
trexate at baseline.

Despite numerically higher remission rates in the guselku-
mab group vs the placebo group (see the Efficacy section), the
difference was not statistically significant; the study was discon-
tinued by the sponsor to allow patients to receive alternative
treatments. At the time of study discontinuation, 20 of 35 gusel-
kumab-treated (57%) and 12 of 18 placebo-treated patients
(67%) had completed week-52 efficacy assessment; therefore,
week 52 endpoints were reported. Reasons for discontinuation
among guselkumab- and placebo-treated patients, respectively,
included AE (8/35 [23%] and 2/18 [11%], most commonly GCA
Figure 1. Treatment disposition through up to week
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flare in 5/35 [14%] and 2/18 [11%]), study terminated by spon-
sor (3/35 [9%] and 3/18 [17%]), withdrawal by patient (2/35
[6%] and 0/18 [0%]), and physician decision (0/35 [0%] and
1/18 [6%]).
60. AE, adverse event; GCA, giant cell arteritis.
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Pharmacokinetics and immunogenicity

Regardless of whether guselkumab was administered by IV or
SC through the first 8 weeks, after initiating SC dosing of 200 mg
every 4 weeks at week 12, median serum guselkumab concentra-
tions at week 28 were similar across guselkumab-treated
patients (Supplementary Fig S2). These findings supported com-
bining data from both guselkumab dosing groups to evaluate
efficacy. Overall, the median trough serum guselkumab concen-
tration was 12.04 μg/mL (range: 4.8-22.9) at week 28. Of 34
patients evaluated for antidrug antibodies (ADAs) to guselku-
mab through week 52, 2 (4%) developed guselkumab ADAs
from first guselkumab exposure; neither developed neutralising
antibodies to guselkumab.
Efficacy

The study did not meet the primary endpoint: GC-free remis-
sion at week 28 was achieved in 14 of 35 [40%] and 6 of 18
[33%] patients in the guselkumab and placebo groups, respec-
tively (treatment difference [90% CI]: 7% [−15%, 28%];
P = .64; Fig 2). Numerically higher proportions of guselkumab-
vs placebo-treated patients achieved GC-free remission and nor-
malisation of ESR (8/35 [23%] vs 1/18 [6%]; treatment differ-
ence: 17% [3%, 31%]; nominal P = .11), GC-free remission and
normalisation of CRP (8/35 [23%] vs 3/18 [17%]; treatment dif-
ference: 6% [−12%, 24%]; nominal P= .60), and GC-free remis-
sion and normalisation of ESR+CRP (5/35 [14%] vs 1/18 [6%];
treatment difference: 9% [−4%, 22%]; nominal P = .34) at
week 28. There were no notable differences in the proportions
of patients achieving GC-free remission in post-hoc subgroup
analyses (Supplementary Fig S3). By week 52, 9/35 [26%]
guselkumab-treated and 5/18 [28%] placebo-treated patients
achieved GC-free remission (Fig 2); 8/35 [23%], 6/35 [17%],
and 6/35 [17%] guselkumab-treated patients reached GC-free
remission and normalisation of ESR, CRP, and ESR+CRP,
Figure 2. Proportion of patients achieving GC-free remission. CRP, C-reac

915
respectively (vs 3/18 [17%], 4/18 [22%], and 3/18 [17%] of
placebo-treated patients, respectively).

Through week 28, 11/35 [31%] and 7/18 [39%] patients in
the guselkumab and placebo groups, respectively, had a GCA dis-
ease flare/discontinued the study due to worsening GCA (all were
considered major relapses, per protocol definition of flare), based
on Kaplan-Meier estimates (Fig 3). Through week 52, 13/35
[37%] and 7/18 [39%] patients in the guselkumab and placebo
groups, respectively, experienced 1 event (GCA flare/discontinua-
tion due to worsening GCA); 3/35 [9%] and 3/18 [17%] had 2
events. Median time to first GCA disease flare, or discontinuation
due to worsening GCA, through week 28 was not estimable (NE)
in the guselkumab group (90% CI: 27.7, NE) and 29.7 weeks (90%
CI: 20.1, NE) in the placebo group (hazard ratio = 0.79 [0.34,
1.84]; nominal P = .64); corresponding values through week 52
were NE (27.1, NE) and 30.1 (20.1, NE) weeks, respectively.

Median (range) total cumulative GC dose was similar
between guselkumab and placebo groups through week 28
(2231.0 [1315-4146] vs 2205.0 [1736-6010] mg, respectively)
and numerically lower for the guselkumab group through week
52 (2418.5 [1315-4319] vs 2902.1 [1736-7345] mg; Supple-
mentary Table S1). Among patients with new-onset GCA at base-
line, median cumulative GC dose through week 52 was 2418.5
(1315-4319) and 2494.4 (2086-6047) mg in the guselkumab
and placebo groups, respectively; corresponding values among
patients with relapsing GCA at baseline were 2237.0 (1838-
4146) and 3385.0 (1736-7345) mg.

In post-hoc analyses, the proportions of patients achieving
GC-free remission at week 28 were comparable between those
who initially received guselkumab by IV induction and those
who received guselkumab by SC administration only (Supple-
mentary Table S2).

Imaging

Forty-one patients (77%) completed baseline and follow-up
FDG-PET/CT imaging: 21 (40%) did not achieve GC-free
tive protein; ESR, erythrocyte sedimentation rate; GC, glucocorticoid.



Figure 3. Time to first GCA disease flare. GCA flares were also considered AEs due to worsening of GCA; GCA flares were always considered to pre-
cede discontinuation due to an AE of worsening GCA. AE, adverse event; GCA, giant cell arteritis; NE, not estimable.
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remission and were imaged at baseline and subsequent flare
visit (guselkumab = 13 [37%]; placebo = 8 [44%]), and 20
achieved GC-free remission and were imaged at baseline and
week 52 visits (guselkumab = 13 [37%]; placebo = 7 [39%]).
No difference in median PETVAS score was observed between
baseline and follow-up visits among patients who received
guselkumab (17 vs 21; P = .13) or placebo (24 vs 25; P = .18;
Fig 4A). After adjusting for differences in GC dose at baseline
imaging, there was still no difference in change in median PET-
VAS score from baseline to follow-up among patients who
received guselkumab vs placebo (ß estimate = −0.10, P = .91).
Further, there was no difference between median PETVAS scores
between groups when comparing baseline to week 52 in patients
who achieved sustained GC-free remission (median difference:
guselkumab, +1 [P = .40]; placebo, +3.0 [P = .13]) or to dis-
ease flare in patients who did not (+2 [P = .30] vs −0.5
[P= .72], respectively; Supplementary Fig S4A).

SUVLARGE VESSEL values did not differ significantly between
baseline and follow-up visits for guselkumab-treated patients
(3.29 vs 3.38; P = .24) but significantly worsened in placebo-
treated patients (3.11 vs 3.48; P = .02; Fig 4B), specifically at
week 52 rather than at flare visits (Supplementary Fig S4B). No
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significant differences between baseline and follow-up visits
were detected for either group using median TBRLIVER (guselku-
mab: 1.60 vs 1.43, P = .54; placebo: 1.80 vs 1.70; P = .20).
However, there was a significant, albeit modest, reduction in
median TBRBLOOD between baseline and follow-up in the gusel-
kumab-treated group, but not the placebo-treated group (gusel-
kumab: 2.67 vs 2.47, P = .04; placebo: 2.93 vs 2.92, P = .45;
Supplementary Fig S5). Significantly greater FDG uptake at fol-
low-up imaging was observed in patients treated with guselku-
mab vs placebo for both blood pool (1.54 vs 1.16; P = .01) and
liver (2.28 vs 2.03; P= .01) compartments.

Safety

The mean number of guselkumab or placebo administrations
was similar through week 48 (10.5 vs 11.2, respectively).
Through week 60, most patients experienced AEs (guselkumab
group, 34/35 [97%]; placebo group, 17/18 [94%]). The most
common AEs (>20% in either group; Table 2), aside from wors-
ening GCA (17/35 [49%] and 10/18 [56%], respectively), were
COVID-19 infection (8/35 [23%] and 5/18 [28%]), and head-
ache (6/35 [17%] and 7/18 [39%]).



Figure 4. Median PETVAS (A) and SUVLARGE VESSEL (B) scores from
baseline to follow-up by treatment group. Comparisons made using
the Wilcoxon signed rank test. Error bars indicate IQRs. PETVAS, Posi-
tron Emission Tomography Vascular Activity Score; SUV, standardised
uptake value; SUVLARGE VESSEL, SUV average across each arterial
region and subsequently averaged into a global metric for the entire
aorta and branch arteries of interest.
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Two (of 23) patients in the guselkumab 400 mg IV-induction
group (9%) experienced venous thromboembolic events (VTE;
pulmonary embolism [serious AE] and deep vein thrombosis
[not serious AE], n = 1 patient each; Supplementary Table S3),
both considered unrelated to treatment by the investigator. One
GCA-related event of transient vision loss (amaurosis fugax) was
reported in a guselkumab-treated patient and occurred in the
context of a GCA flare. One death due to an AE (urosepsis at day
68, considered unrelated to treatment by the investigator)
occurred in a guselkumab-treated patient.

Through week 60, serious AEs occurred in 17% (6/35) of
guselkumab-treated and 0% (0/18) of placebo-treated patients;
1 serious AE (increase in alanine and aspartate transferase after
a single IV dose; Supplementary Table S3) was considered
related to study treatment.

Across a mean of 19.8 and 21.6 injections through week 60 in
the guselkumab and placebo groups, respectively, no injection
site reactions occurred.

DISCUSSION

The THEIA study did not meet its primary endpoint; overall,
the results did not support the use of guselkumab for treating
GCA, and the study was discontinued. Although there was a
trend towards higher proportions of guselkumab-treated vs pla-
cebo-treated patients achieving GC-free remission at week 28, no
statistically significant difference was observed. Measures of GC-
free remission that incorporated ESR and/or CRP normalisation
were also numerically higher in the guselkumab group at week
28, but differences were limited and generally not maintained at
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week 52. Early study termination led to missing (but imputed)
data that could have affected week 52 results. Additionally, the
proportions of patients experiencing a GCA flare/discontinuation
due to worsening GCA were similar between groups over time.
Consistent with the clinical findings, FDG-PET/CT imaging did
not reveal any changes in arterial wall inflammation that might
indicate a tissue-level response to guselkumab.

Although the occurrence of overall AEs was comparable
between guselkumab- and placebo-treated patients, serious AEs
incidence was higher in the guselkumab group. However, no
patterns were observed across serious AEs, and all were consid-
ered unrelated to study treatment by investigators, with 1 excep-
tion (increase in alanine and aspartate transferases after a single
dose). Two cases of VTE occurred in the guselkumab group, but
a comprehensive review of each case concluded that these were
not adverse drug reactions to guselkumab.

Data from phase 2 dose-ranging studies of guselkumab in
Crohn’s disease and ulcerative colitis indicated that lower doses
of guselkumab than those studied in this trial were sufficient to
achieve clinical endpoints, and reductions in CRP were not dose
dependent [34,35]. Based on these data, the dosing regimen in
THEIA was revised to SC administration only. In THEIA, the
guselkumab pharmacokinetics were similar in patients who
received 400-mg IV induction dosing vs SC-only dosing. These
data supported the decision to revise the protocol to SC adminis-
tration only and to combine efficacy data from patients who
received guselkumab by IV induction and SC delivery only.
There was no change to planned therapy for the initial 23
patients, and all subsequent patients received only SC-adminis-
tered therapy.



Table 2
Common treatment-emergent AEs through up to week 60

Treatment-emergent AEs GUS (N = 35) PBO (N= 18)

Average duration of follow-up, wk 49.0 54.1
Average number of administrations 10.1 11.2
≥1 AE, n (%) 34 (97) 17 (94)
Common (>10% of any treatment group)
AEs, n (%)
Infections and infestations 21 (60) 11 (61)
COVID-19 8 (23) 5 (28)
Nasopharyngitis 4 (11) 1 (6)
Upper respiratory tract infection 4 (11) 1 (6)
Urinary tract infection 4 (11) 2 (11)
Bronchitis 3 (9) 2 (11)
Acute sinusitis 0 2 (11)
Gastroenteritis 0 2 (11)
Pharyngitis 0 2 (11)

Musculoskeletal and connective tissue
disorders

19 (54) 5 (28)

Arthralgia 6 (17) 0
Osteoarthritis 5 (14) 0
Back pain 4 (11) 1 (6)

Vascular disorders 18 (51) 11 (61)
Giant cell arteritis 17 (49) 10 (56)

General disorders and administration
site conditions

10 (29) 6 (33)

Malaise 1 (3) 2 (11)
Nervous system disorders 9 (26) 9 (50)
Headache 6 (17) 7 (39)

≥1 serious AE, n (%) 5 (14) 0
Abdominal sepsis 1 (3) 0
Urosepsis 1 (3) 0
Fractured sacrum 1 (3) 0
Alanine aminotransferase increased 1 (3) 0
Aspartate aminotransferase increased 1 (3) 0
Acute kidney injury 1 (3) 0
Pulmonary embolism 1 (3) 0

AEs leading to discontinuation, n (%) 9 (26) 2 (11)
Vascular disordersa 6 (17) 2 (11)
GCA 6 (17) 2 (11)

AE, adverse event; GCA, giant cell arteritis; GUS, guselkumab; MedDRA, Medi-
cal Dictionary for Regulatory Activities; PBO, placebo.
Patients are counted only once for any given event, regardless of the number of
times they actually experienced the event. AEs were coded using MedDRA Ver-
sion 26.

a All vascular disorders leading to discontinuation were attributed to GCA.
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The limited efficacy of guselkumab in GCA may reflect
poor translation of preclinical studies into clinical efficacy.
Prior studies suggest that the IL-12 and IL-23 pathways are
activated in GCA [27]. Guselkumab selectively targets the
p19 subunit of IL-23 [33] and shows benefit in other dis-
eases, but blocking IL-23 signalling alone may be insufficient
to impact disease mechanisms driving GCA. Ustekinumab,
which inhibits both the IL-12 and IL-23 pathways by target-
ing their shared p40 subunit, yielded promising initial results
in GCA [17] that contributed to our study rationale; however,
a subsequent study showed a high rate of treatment failure
[18]. Because IL-23 functions upstream of IL-17, targeting IL-
23 with guselkumab was expected to demonstrate efficacy in
GCA. However, discordant results have been observed in
other diseases when targeting this pathway. Despite the effi-
cacy of IL-17−targeting therapies in axial spondyloarthritis
and ankylosing spondylitis, treatments blocking IL-23 were
ineffective in these diseases. A more comprehensive under-
standing of GCA-specific mechanisms of pathogenesis is
needed [38]; successful therapies for GCA may require a mul-
tifaceted approach or combination of therapies.
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Similarly, recent studies suggest that the intracellular IL-
23p19 subunit can act as an endogenous activator of endothelial
inflammation, promoting leukocyte adhesion to endothelial cells
and transendothelial migration [39]. This proinflammatory
function of the p19 subunit is independent of IL-12/IL-23p40
and may contribute to the pathogenesis of GCA, as the p19 sub-
unit is broadly expressed in adventitial capillaries in GCA [39].
This could potentially limit the efficacy of guselkumab in GCA,
since guselkumab is a large monoclonal antibody that may be
unable to access the intracellular endothelial p19 subunit. How-
ever, it is unclear whether the activity of IL-23p19 as an inde-
pendent subunit has a role in GCA and, if so, how much its
endothelial localisation might limit the effect of guselkumab, as
it is also widely expressed by infiltrating leukocytes.

Alternatively, effective treatment for GCA may require target-
ing different pathways in patients with new-onset vs relapsing
disease. Although mRNA analyses showed no significant differ-
ence between IL-23p19 subunit levels in tissues from patients
who did vs did not achieve remission, temporal artery sections
from patients with GCA suggest that expression of inflammatory
proteins may change with disease progression [25,31]. For
example, more pronounced IL-23 expression was observed in tis-
sue from patients with multiple relapses [25,31], including
patients with both new-onset and relapsing GCA, which may
have masked a possible treatment effect in relapsing participants
treated with guselkumab vs placebo, but not in those with new-
onset disease at baseline. Regardless, the study was not powered
to compare outcomes in new-onset vs relapsing GCA.

THEIA is the first randomised, controlled, interventional
study in GCA to incorporate advanced molecular imaging as an
exploratory outcome. Although the utility of vascular imaging
for GCA diagnosis is more established, using FDG-PET to monitor
disease activity and response to treatment is less common. Obser-
vational cohort studies demonstrate that vascular FDG activity
may improve with clinical response to treatment, but frequently
may not normalise, even in patients achieving clinical remission
[40]. Whether persistent vascular PET activity in the later phase
of disease represents subclinical disease, vascular remodelling,
or another nonspecific process presents an interpretive limitation
for PET scans obtained after treatment initiation. In this study,
no significant improvement in vascular inflammation (assessed
by arterial FDG uptake by visual or semiquantitative approaches)
occurred in either treatment arm, with the exception of a signifi-
cant but modest reduction in TBRBLOOD for guselkumab-treated
vs placebo-treated patients. Although a reduction in TBRBLOOD

may indicate a partial vascular response to guselkumab,
improvement confined to the TBRBLOOD metric could reflect a
drug effect on background blood pool FDG activity, which was
significantly greater in guselkumab-treated than placebo-treated
patients at follow-up. In clinical trials incorporating PET imag-
ing, variability in background FDG activity across treatment
arms is a recognised confounder of changes in vascular inflam-
mation, even with the use of simple mathematical compensatory
mechanisms, such as TBR [41]. In our study, no significant
improvement in vascular inflammation was seen among patients
who achieved clinical remission by week 52 or after adjusting
for concomitant GC use during imaging. Consistent with prior
studies, evaluations by PETVAS or semiquantitative assessment
provided similar results, with the latter offering additional preci-
sion to detect subtle differences in response between the treat-
ment groups [37]. Future studies may provide further insights by
assessing multiple imaging parameters of FDG uptake in parallel.
In-depth additional exploration of FDG-PET imaging from this
trial will be reported as a future ancillary study.
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THEIA used multiple tools to thoroughly assess the effects of
guselkumab on GCA, including GC-free remission, incidence of
disease flares, known pharmacodynamic markers of disease, and
imaging data. Because GCA is a rare disease, recruiting patients
can be challenging. By randomising 2:1 and evaluating a variety
of endpoints, THEIA maximised the data derived from >50
enrolled patients. However, the relatively small number of
included patients represents a study limitation. In addition,
patients who experienced ≥1 GCA flare could continue to partic-
ipate, which may have contributed to the variability in out-
comes observed in THEIA.

In conclusion, the lack of significant improvements in GC-
free remission in guselkumab-treated patients at week 28, as
well as the lack of efficacy across other endpoints, suggests lim-
ited benefit of guselkumab for the treatment of GCA.
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A B S T R A C T

Objectives: Glucocorticoids effectively treat many diseases, but toxicity limits their utility. We
aimed to learn whether, by reducing active intracellular glucocorticoid exposures, the 11β-
hydroxysteroid dehydrogenase type 1 inhibitor clofutriben could selectively reduce glucocorti-
coid efficacy but reduce toxicity more strongly. We hypothesised that by increasing the prednis-
olone dose, it might be possible to restore efficacy back to the original level, thereby improving
the benefit-risk profile.
Methods: In sequential cohorts, adults with polymyalgia rheumatica received (single blind) pred-
nisolone 10 mg/d with placebo for 2 weeks, then clofutriben with either prednisolone 10, 15,
20, or 30 mg/d for 2 weeks.
Results: Forty-nine and 47 participants completed each trial period with evaluable data. Five
who received prednisolone 10 mg/d with clofutriben experienced clinical relapse. No clinical
relapses occurred during other treatments. Participants reported more severe symptoms and
physical disability when prednisolone 10 mg/d or 15 mg/d, but not 20 mg/d or 30 mg/d, was
given with clofutriben. Inflammatory biomarkers followed a similar pattern. Across all predniso-
lone doses, clofutriben coadministration mitigated glucocorticoid-related adverse effects on
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biomarkers of bone turnover, lipid metabolism, hypercoagulability, and cardiovascular and
adrenal function.
Conclusions: Further trials to assess clofutriben’s potential to improve the benefit-risk profile of
prednisolone are warranted.
WHAT IS ALREADY KNOWN ON THIS TOPIC

� 11β-Hydroxysteroid dehydrogenase type 1 (HSD-1) is a tissue-
specific regulator of intracellular active glucocorticoids, which
have biological activity. Patients with tumour-associated
hypercortisolism, but deficient in HSD-1, did not show signs/
symptoms of Cushing’s syndrome, leading to the hypothesis
that HSD-1 inhibitors could prevent or reverse morbidity asso-
ciated with glucocorticoid excess. In a clinical trial in healthy
adults who received prednisolone 20 mg/d for 7 days and rand-
omised to a HSD-1 inhibitor or placebo, the inhibitor prevented
the appearance of insulin resistance, changes on markers of
lipid metabolism and bone turnover, and nocturnal blood pres-
sure increase, with limited impact on prednisolone’s anti-
inflammatory activity.

WHAT THIS STUDY ADDS

� This placebo-controlled proof-of-concept and dose range find-
ing clinical trial reports for the first time in patients with a
rheumatic disease (polymyalgia rheumatica [PMR]) that a
HSD-1 inhibitor (clofutriben) not only prevented, but also
reversed, changes on markers of prednisolone toxicity, while
combinations of prednisolone 20 or 30 mg/d with clofutriben
6 mg/d had similar clinical efficacy as prednisolone 10 mg/d
alone. The results suggest that HSD-1 inhibition alters the dose-
response relationships for both the efficacy and toxicity of glu-
cocorticoids in a favourable manner, with larger impacts on
toxicity. Therefore, by adjusting the glucocorticoid and clofu-
triben doses, the clinical benefit-risk profile of this combination
could be favourably modified.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE, OR
POLICY

� These findings could be generalisable to the >1% of our ageing
population who rely on chronic use of drugs such as predniso-
lone across rheumatology, oncology, gastroenterology, and
additional disciplines of medicine, and suffer >10% of all drug-
associated adverse effects. This trial represents a major leap
towards the goal of a treatment that retains the broad, often
unparalleled, efficacy of glucocorticoids, exposing patients
only to an acceptable level of harm. If noninferior efficacy and
superior safety compared to prednisolone are confirmed in
definitive trials in PMR and other diseases, fixed-dose combina-
tions of prednisolone and clofutriben could be substituted
directly for all current prednisolone strengths to provide over-
all better outcomes for patients.
INTRODUCTION

Glucocorticoids (GCs) effectively treat many inflammatory,
autoimmune, and other diseases, but toxicity limits these drugs’
utility. Despite the availability of targeted immunomodulators
and other agents, many such patients are treated chronically with
GCs to maintain disease control. For example, GCs are the stan-
dard treatment for polymyalgia rheumatica (PMR), a common
immune-mediated disease of older adults for whom the toxicity of
GCs is particularly pernicious. There remains an unmet need to
develop regimens through which GCs can retain their anti-inflam-
matory properties while avoiding their common toxicities.
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11β-Hydroxysteroid dehydrogenases (HSDs) regulate the
intracellular biological activity of endogenous and exogenous
GCs. In mineralocorticoid-sensitive cells, such as in the kidney
distal tubule, HSD type 2 (HSD-2) inactivates active GCs (eg,
prednisolone to prednisone). The inactive GCs so formed re-
enter circulation, from which they can enter GC-sensitive cells.
There, HSD type 1 (HSD-1) reactivates, eg, prednisone to pred-
nisolone. HSD-1 is a tissue-specific activator of GCs [1] and a
major contributor to whole-body GC exposures [2,3]. HSD-1
activity is highest in tissues impacted by GC-related toxicity (eg,
liver, adipose, brain, and bone) and low in immune cells where
GCs exert anti-inflammatory efficacy. Several sets of evidence
suggest that HSD-1 tissue specificity contributes to differential
inhibitor modulation on GC efficacy and toxicity [4−13].

Clofutriben (C; previously ASP3662, SPI-62), a selective inhibi-
tor of HSD-1 in humans [14], prevented several corticosterone tox-
icities in mice [15]. We hypothesised that clofutriben would shift
the dose-response relationships for prednisolone efficacy and toxic-
ity, with larger shifts on toxicity, in patients with rheumatic dis-
ease. Then, it should be possible to increase the prednisolone dose
administered with clofutriben to achieve similar efficacy as, yet
retain a safety advantage over, prednisolone monotherapy.

We report a proof-of-concept and dose range finding trial of
prednisolone with clofutriben in patients with PMR. Objectives
of the trial were to learn whether prednisolone with clofutriben
shows similar disease control, and less toxicity, compared to
prednisolone monotherapy, and which combinations of prednis-
olone and clofutriben most improve prednisolone’s benefit-risk
profile through differential modulation of efficacy and toxicity.
METHODS

Participants and design

Adults with established PMR per European Alliance of Associa-
tions for Rheumatology/ American College of Rheumatology crite-
ria [16] who received prednisolone 10 mg/d for at least 1 week
before enrolment, and not in relapse based on symptoms or acute
phase markers, were recruited from September 2022 to May 2024.
All but 1 were recruited at 5 centres in Germany (Berlin, Hamburg,
Herne, M€unchen, and Erlangen). They entered a 4-week treatment
period during which they continued prescribed prednisolone
10 mg/d without dose reduction (Fig 1). Exclusion criteria
included prednisolone contraindication, giant cell arteritis diagno-
sis or clinical features, autoimmune disease other than PMR, and
PMR prior treatment for protocol-specified periods other than with
prednisolone. Four sequential cohorts with 12 participants each
were planned. Treatment order could not be randomised due to
clofutriben’s long pharmacodynamic half-life, which is more than
4 weeks in the liver. Participants were not aware that the design
was sequential rather than crossover, but that information was
known by investigators. During the first 2 weeks, participants
received a single-blinded placebo for clofutriben with prednisolone
10 mg/d (P10). During the second 2 weeks, participants received
single-blinded clofutriben 6 mg/d (modelled to achieve continu-
ous, maximal HSD-1 inhibition at steady state in the liver [17],
brain [18], and adipose [Clinical and Translational Science]) with



Figure 1. Clinical trial schematic. Eligible patients were enrolled in sequential cohorts with the aim that 12 in each cohort would complete the trial.
Trial participants received 2 treatment regimens sequentially for 2 wk each. Prednisolone 10 mg with a blinded placebo for clofutriben served as a
run-in period during which the stability of each participant’s condition was assessed. Then, participants received prednisolone (at the doses indicated)
with blinded clofutriben. Except during the first cohort, participants also received overencapsulated prednisolone during the second period, and
dummy capsules during the first period. Participants continued their prescribed prednisolone 10 mg throughout the trial. CLO, clofutriben; PBO, pla-
cebo; PRL, prednisolone; PMR, polymyalgia rheumatica.
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a cohort-specific prednisolone dose. Additional single-blinded
prednisolone 0, 5, 10, or 20 mg/d was administered in successive
cohorts. The total prednisolone dose coadministered with clofutri-
ben was 10 (P10C), 15 (P15C), 20 (P20C), or 30 (P30C) mg/d. Par-
ticipants were aware of the total prednisolone dose that they were
to receive during the clofutriben period. The total prednisolone
dose coadministered with clofutriben for each cohort after the first
was determined by 2 authors (FSC, DAK) based on analysis of data
from the completed cohort(s). In particular, a higher prednisolone
dose (coadministered with clofutriben) compared to the prior
cohort was selected if the accumulated data had not yet indicated
that the prior regimen’s efficacy was similar in all aspects to that
of prednisolone 10 mg alone. Except in the first cohort, placebo for
the additional prednisolone was administered during the first 2
weeks. Prednisolone efficacy and toxicity, and clofutriben safety
and pharmacology, were monitored at weeks 0, 2, and 4. Safety
was assessed for 4 weeks after the treatment period.

The protocol was approved by Bundesinstitut f€ur Arzneimit-
tel und Medizinprodukte (#4045419) and Ethik-Kommission
des Landes Berlin (#22/076-IV-E). All patients provided written
informed consent before any trial procedures. The trial was con-
ducted in accordance with the World Medical Association Decla-
ration of Helsinki: ethical principles for medical research
involving human subjects. The trial is registered on clinical-
trials.gov (NCT05436652).
Assessments

Core efficacy assessments were clinical relapse (inves-
tigator’s judgement that PMR activity justified a prednisolone
dose increase), symptoms of PMR (numeric rating scales [NRS]
for pain, stiffness, and fatigue intensity [range 0 (no symptom)-
10 (very severe symptom)], and pain chronicity [range 0 (none
of the time)-4 (all of the time)]), physical function (Health
Assessment Questionnaire-Disability Index [HAQ-DI]) [19],
inflammation (erythrocyte sedimentation rate [ESR; conducted
at the clinical sites using materials provided by the central labo-
ratory], C-reactive protein [CRP], fibrinogen), and Patient
Global Impression (PGI; state range 1 [not present]-4 [severe],
change range 1 [much improved]-5 [much worse]) (Supplemen-
tary material). Participants completed NRS daily at home with
24-hour look-back, and during trial visits with a 7-day look-
back. Daily NRS data were summarised as the maximum value
of each week for analysis. Exploratory efficacy assessments were
inflammatory cytokines (B-cell activating factor [BAFF], C-X-C
motif chemokine ligand 10 [CXCL10], granulocyte colony
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stimulating factor [G-CSF], granulocyte macrophage colony
stimulating factor [GM-CSF], interferon gamma [IFNγ], interleu-
kin [IL]-1β, IL-1 receptor antagonist [IL-1RA], IL-2, IL-2 receptor
subunit alpha [IL-2RA], IL-6, IL-10, IL-17, tumor necrosis factor
alpha [TNFα]), complete blood count components (basophils,
eosinophils, lymphocytes, monocytes, neutrophils, platelets),
lymphocyte subsets by quantitative polymerase chain reaction
(PCR) (total B, IL-6R+, memory B, CD3+ T, IL-17A+, regula-
tory T), and gamma prime fibrinogen.

Prednisolone-related toxicity domains included bone turn-
over (osteocalcin, procollagen type I N-terminal propeptide
[PINP], C-terminal telopeptide of type 1 collagen [CTX], bone
alkaline phosphatase), lipid metabolism (triglycerides, choles-
terol), hypercoagulability (activated partial thromboplastin
time [APTT], prothrombin time, international normalised ratio),
glucose metabolism (oral glucose tolerance test, homeostatic
assessment of insulin resistance, glycated haemoglobin A1c),
blood pressure (diurnal amplitude from daily at-home midday
and prior-to-bed measurements), heart rate, and adrenal func-
tion (adrenocorticotrophic hormone [ACTH], morning serum
cortisol). Blood pressure diurnal amplitude data were summar-
ised as the weekly means for analysis.

Safety assessments included clinical laboratory tests, electro-
cardiograms, and orthostatic vital signs. Adverse events of PMR
are reported as a prednisolone efficacy parameter, rather than
as clofutriben safety. Electrocardiogram-measured heart rate is
reported as a parameter of prednisolone toxicity. As increases in
ACTH have been associated with clofutriben and other HSD-1
inhibitors, dehydroepiandrosterone sulfate (DHEA-S), testoster-
one, and aldosterone were measured.

Urinary biomarkers for hepatic HSD-1 ([tetrahydrocortisol +
allotetrahydrocortisol]/tetrahydrocortisone) and renal HSD-2 (cor-
tisone/cortisol) activity were calculated, and serum cortisone
measured, as pharmacodynamic parameters. Clofutriben and pred-
nisolone plasma levels were measured before dosing and at 1/2, 1,
2, and 3 hours postdose.

Trial operations were overseen by FGK. Laboratory tests were
performed by SGS except urinary biomarkers and plasma drug
levels (IQVIA Laboratories) and quantitative PCR (Precision for
Medicine).
Statistical analysis

No sample size calculations were performed. Twelve partici-
pants per cohort were selected based on a prior trial’s results in
patients with PMR with analogous objectives [20]. Analyses
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were conducted based on the regimen(s) actually received by
each participant. Clofutriben safety was reported for all partici-
pants, including those who did not adhere to protocol-specified
prednisolone regimens. When a participant received a predniso-
lone dose increase pursuant to an increase of PMR symptoms,
the clinical relapse, associated treatment-emergent adverse
event (TEAE), and data before the dose change were attributed
to the lower prednisolone dose, while data after the dose
increase were analysed as the higher prednisolone dose. As trial
objectives were inductive, the use of deductive methods was not
appropriate. For prednisolone efficacy and toxicity parameters,
change during the placebo period (P10) was compared to
change during the clofutriben period separately for each regi-
men (P10C, P15C, P20C, P30C). For clofutriben safety and phar-
macology parameters, end-of-treatment values were compared
between placebo and clofutriben periods. Descriptive statistics,
including CIs, are presented (derived using JMP Clinical 18.0.1
[SAS Institute]).
Data Statement

These data were presented at EULAR 2025 [39].
RESULTS

Participants

Participant flow is shown in Supplementary Figure S1. Subse-
quent visit data from participants who discontinued dosing were
included for analysis. Those who discontinued placebo contin-
ued active prednisolone therapy. Those who discontinued
Table 1
Participant demographics at week 0

Safety P1

N 53 49
Prescribed prednisolone (mg) 10
Additional prednisolone (mg) 0
Clofutriben (mg) 0
Self-reported sex (%M/F/N) 43/57/0 45/5
Mean (range) age (y) 68 (49-88) 68 (49
Race (%white/not reported) 96/4 98/
Ethnicity (% Hispanic/Latino) 2 0
Median (range) duration of PMR from diagnosis (d) 110 (18-3269) 110 (18
Median (range) cumulative dose of prednisolone (mg) 1679

(230-77,337)
167

(230-77

Medical history n % n

Hypertension 30 57 28
Arthritis 23 43 20
Dyslipidaemia 18 34 17
Hypothyroidism 8 15 8
Osteopenia/osteonecrosis 7 13 7

Concomitant medications n % n

Antihypertensives 36 68 34
Vitamin D 35 66 33
Proton pump inhibitors 22 42 21
Cholesterol lowering 14 26 13
Antiplatelet/antithrombotic 10 19 10
Levothyroxine 8 15 8
Analgesics 6 11 5

PMR, polymyalgia rheumatica.
Relevant medical history and concomitant medications prevalent in at least 10% of p
in Supplementary Tables S19 and S20.
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clofutriben still had active clofutriben at the next visit due to its
long pharmacodynamic half-life [14].

Actual treatment assignments differ from those planned (48
in P10, 12 in each PnnC group) for the following reasons.

� One P10C participant withdrew before receiving clofutri-
ben but provided P10 data.

� Two P10C participants’ prednisolone dose increased on
clinical relapse (see Core outcomes below) and were evalu-
ated as P15C for parameters measured subsequently.

� Two P10C participants were found to have been prescribed
prednisone rather than prednisolone. As prednisone and
prednisolone are equivalent (in the absence of a HSD-1
inhibitor), their P10 and safety results are reported, but
they could not be evaluated within any of the protocol-spec-
ified treatment groups with clofutriben.

� One P20C participant was found to have been prescribed
prednisone rather than prednisolone. Prednisolone plasma
levels were consistent with their being evaluated as P10C.

� One P30C participant withdrew before receiving clofutri-
ben but provided P10 data.

� Two participants were noncompliant with prednisolone.
Their safety results are reported, but they could not be eval-
uated within any of the protocol-specified treatment
groups.

Participant demographics (Table 1) were as expected for
German patients with PMR [21]. Nine patients had onset of
PMR more than 1 year, and 4 less than 1 month, before trial
entry. Nine patients had been at a stable prednisolone 10 mg
dose for less than 2 weeks before trial entry. At week 0,
mean scores were 2.4, 2.4, and 2.9 of 10 for pain, stiffness,
0 P10C P15C P20C P30C

11 14 11 11
10 10 10 10
0 5 10 20
6 6 6 6

5/0 45/55/0 50/50/0 45/55/0 36/64/0
-88) 67 (58-78) 68 (56-82) 65 (49-81) 72 (54-88)
2 100/0 100/0 91/9 100/0

0 0 0 0
-3269) 135 (18-3269) 111 (22-1284) 105 (18-1237) 71 (21-1689)
5
,337)

1725
(760-32,415)

1930
(230-10,160)

1679
(570-77,337)

852.5
(465-29,052)

% n % n % n % n %

57 9 82 9 64 4 36 6 55
41 5 45 7 50 5 45 3 27
35 4 36 6 43 2 18 3 27
16 2 18 1 7 1 9 3 27
14 4 36 1 7 1 9 1 9

% n % n % n % n %

69 8 73 10 71 8 73 7 64
67 6 56 11 79 10 91 5 45
43 5 45 9 64 5 45 2 18
27 3 27 5 36 1 9 3 27
20 3 27 3 21 3 27 1 9
15 1 9 1 7 1 9 4 36
10 0 0 2 14 2 18 1 9

articipants are shown. Additional medical history and prior medication data are



Table 2
Evidence for loss of efficacy in patients with polymyalgia rheumatica treated with predniso-
lone without or with clofutriben

P10 P10C P15C P20C P30C

N 49 13 12 11 11

n % n % n % n % n %

Clinical relapse − − 5 38 − − − − − −
Increased activity − − 7 54 1 8 2 18 1 9

PMR, polymyalgia rheumatica.
Clinical relapse was defined as activity of PMR that justified a prednisolone dose increase. Investi-
gator judgement that a participant’s PMR activity had increased, including to a lesser degree that
did not justify a dose increase, was also recorded. P10 = prednisolone 10 mg. C = clofutriben.
Clinical relapse was experienced by 1 of 2 participants during coadministration of prednisone
with clofutriben. Increased activity of PMR was experienced by 1 of 2 participants who were non-
compliant with prednisolone.
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and fatigue intensity NRS, 1.3 of 4 for pain chronicity NRS,
and 0.6 of 3 for HAQ-DI total score (Supplementary Tables
S1 and S2). On PGI 15, 57, or 28% of participants endorsed
no, mild, or moderate PMR severity (Supplementary Table
S3). Participants who received P20C reported the highest,
and those who received P30C the lowest, baseline disease
activity.
Figure 2. Efficacy outcomes in patients with polymyalgia rheumatica treate
symptom numeric rating scales (NRS; range: intensity 0-10, chronicity 0-4)
summarised as the weekly maximum reported value for the change from bas
assessed using the Health Assessment Questionnaire-Disability Index (HAQ-D
reactive protein (CRP), and fibrinogen, were measured during trial visits. Clo
Prednisolone 10 mg (P10) data are changes from week 1 (NRS) or week 0 (HA
ces indicate the mean and 95% CI of the mean. The top and bottom horizonta
bottom overlap line of another diamond, the treatments would have been stat
analysed in an analysis of variance framework. Boxes indicate median and
within 1.5 times the interquartile range of the quartile. Boxes-and-whiskers ar

925
Efficacy of prednisolone

Core outcomes
Clinical relapse was experienced by 5 of 13 participants after

switch to clofutriben without prednisolone dose adjustment
(P10C). Of those, the prednisolone dose was increased for 3 par-
ticipants only after they completed all week 4 assessments. No
d with prednisolone without or with clofutriben. Participants completed
with 24 hours look-back at-home daily throughout the trial. Data were
eline calculation. Disability on instrumental activities of daily living was
I; total score range: 0-3), and erythrocyte sedimentation rate (ESR), C-

futriben (C)-containing regimen data are changes from week 2 to week 4.
Q-DI, inflammatory biomarkers) to week 2. Diamond midlines and verti-
l lines are overlap lines. If the top overlap line of 1 diamond is below the
istically significantly different by pairwise comparison had the data been
interquartile range. Whiskers extend to the most extreme datum that is
e presented when the parameter was not normally distributed.
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participants experienced clinical relapse during P10 (N = 49),
or after switch to P15C, P20C, or P30C (total N = 34). Increased
PMR activity that did not require a dose increase was experi-
enced by 7 additional participants (2, 1, 2, and 1 during P10C,
P15C, P20C, and P30C, and one who was noncompliant with P)
(Table 2).

Change in daily NRS in the second week of each treatment
period was the main symptom evaluation. Group means and CIs
were consistent with no or clinically irrelevant change from
baseline for P10, P20C, and P30C (Fig 2, Supplementary Table
S4, Supplementary Fig S2). P10C and P15C means and CIs sug-
gest an increase in symptoms. Results of the first week of daily
NRS entries during clofutriben-containing regimens (Supple-
mentary Table S4, Supplementary Fig S3) and NRS completed
during trial visits (Supplementary Table S1, Supplementary Fig
S4) were similar.

Patient-reported physical function followed a similar pattern
(Fig 2, Supplementary Table S2, Supplementary Fig S2). HAQ-
DI means and CIs were consistent with no or clinically irrelevant
change from baseline for P10, P20C, and P30C. P10C or P15C
means and CIs suggest an increase in disability.

Most participants on P10 or P20C, and the largest number of
those on P30C, reported no change in overall health on PGI
(Supplementary Table S3). Half or more on P10C or P15C
reported worse overall health.

Acute phase biomarkers (Fig 2, Supplementary Table S5)
were consistent with observations made for symptoms and phys-
ical function. Mean ESR increased during all treatments, least
with P10 and P20C; both CIs of change overlapped 0. ESR
Figure 3. Glucocorticoid-related toxicity outcomes in patients with polymy
Osteocalcin, procollagen type I N-terminal propeptide (PINP), C-terminal telo
partial thromboplastin time (APTT) were measured during trial visits. Clofu
Prednisolone 10 mg (P10) data are changes from week 0 to week 2. See Figure
pic hormone (ACTH) and serum cortisol were measured during trial visits in t
taining regimen data are values at week 4. P10 data are values at week 2. Red
Endocrinology upper thresholds for high and intermediate risk of glucocortico
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increased most during P10C. The median CRP change during
P10 was 0. The median increased most during P10C and least
during P20C treatment. CIs of change for P10 and P20C over-
lapped 0. Fibrinogen changed little with P10 and after switch to
P20C; both CIs overlapped zero. Fibrinogen increased most after
switch to P15C.
Exploratory outcomes
Inflammatory cytokines showed distinct patterns (Supple-

mentary Fig S5). BAFF, CXCL10, IL-2RA, and IL-6 baseline levels
were either above or in the upper portion of assay reference
ranges. They were stable during P10, increased substantially
with P10C and P15C, and less so with P20C and P30C (Supple-
mentary Table S6). Baseline G-CSF, IFNγ, IL-1RA, and TNFα val-
ues were not elevated and remained within assay reference
ranges during treatment. Baseline IFNγ values were elevated
and, on average, did not show large percentage change with
treatment, although some individuals with high baseline values
showed further increases during the trial (Supplementary Table
S7). All or most GM-CSF, IL-1β, IL-2, IL-10, and IL-17 values
were below the assay limits of quantitation.

Complete blood count components showed increases of baso-
phils and platelets with P10C that were not clinically significant
(Supplementary Table S8, Supplementary Figs S6 and S7). Clo-
futriben-containing regimens were associated with decreased
lymphocyte counts that abated as the prednisolone dose
increased. Each lymphocyte subset followed the same pattern
(Supplementary Tables S9 and S10, Supplementary Fig S8).
algia rheumatica treated with prednisolone without or with clofutriben.
peptide of type 1 collagen (CTX), triglycerides, cholesterol, and activated
triben (C)-containing regimen data are changes from week 2 to week 4.
2 legend for description of visual conventions. Plasma adrenocorticotro-

he morning prior to administration of prednisolone or clofutriben. C-con-
and gold dashed lines represent Endocrine Society/European Society of
id-associated adrenal insufficiency [22].



Table 3
Treatment-emergent adverse events

Placebo Clofutriben Follow-up

N 51 51 51

n % n % n %

Any event 13 25 17 33 6 12
Any infection 2 4 5 10 4 8
Nasopharyngitis 1 2 3 6 1 2
Arthralgia 1 2 2 4 1 2
Headache 3 6 1 2 − −
Dizziness 2 4 1 2 − −
Insomnia 2 4 − − − −
Abdominal pain 1 2 1 2 − −
Constipation 1 2 1 2 − −
Anxiety 1 2 − − − −
Bronchitis 1 2 − − − −
Dental caries 1 2 − − − −
Diarrhoea 1 2 − − − −
Dizziness postural 1 2 − − − −
Eye irritation 1 2 − − − −
Hyperglycaemia 1 2 − − − −
Hyperkalaemia 1 2 − − − −
Neck pain 1 2 − − − −
Penile operation 1 2 − − − −
Sinusitis 1 2 − − − −
Skin wound 1 2 − − − −
Tinnitus 1/ 2 − − − −
Bacteruria − 1 2 − −
Cough − − 1 2 − −
Dry skin − − 1 2 − −
Gastro-oesophageal reflux
disease

− − 1 2 − −

Hypertension − − 1 2 − −
Hypertensive crisis − − 1 2 − −
Influenza − − 1 2 − −
Inguinal hernia − − 1 2 − −
Migraine − − 1 2 − −
Peripheral swelling − − 1 2 − −
Pyrexia − − 1 2 − −
Sciatica − − 1 2 − −
Skin irritation − − 1 2 − −
Vertigo − − 1 2 − −
Cervical radiculopathy − − − − 1 2
Cystitis − − − − 1 2
Epistaxis − − − − 1 2
Pulpitis dental − − − − 1 2
Urinary tract infection − − − − 1 2

Adverse events of polymyalgia rheumatica are reported separately as
loss of efficacy. Data are the number/percent of participants who
experienced an event or type of event.
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Gamma prime fibrinogen means were within the reference
range and did not change with treatment (Supplementary Table
S5, Supplementary Fig S9).

Toxicity of prednisolone

Favourable bone biomarker changes were observed with clo-
futriben, even with a prednisolone dose increase (Fig 3, Supple-
mentary Table S11, Supplementary Figs S10 and S11).
Osteocalcin was suppressed during P10, with half of the partic-
ipants’ values below the reference range. Almost half of those,
counted across all prednisolone doses, shifted into the reference
range with clofutriben. PINP values increased with clofutriben,
with all except one in the lower portion of the reference range
shifting to midrange or higher. CTX values decreased with clofu-
triben, with all those that were above the reference range nor-
malising. There was no difference between treatments on bone-
specific alkaline phosphatase.

Serum lipid decreases were observed with clofutriben (Fig 3,
Supplementary Table S12, Supplementary Figs S11 and S12).
Half of the participants with elevated triglycerides with P10 had
values in the reference range with clofutriben. Cholesterol
changes were attributable to lowered high-density lipoprotein
(HDL). Low-density lipoprotein did not differ between treatment
groups.

Increased values of APTT were seen with clofutriben (Fig 3,
Supplementary Table S13, Supplementary Fig S13). All values
below the reference range with P10 normalised with clofutri-
ben. Other coagulation biomarkers (Supplementary Table S13,
Supplementary Figs S11 and S13) showed no differences
between treatments.

No differences between treatments were observed on param-
eters of glycaemic control (Supplementary Table S14, Fig S14)
or blood pressure (Supplementary Table S15, Fig S15).

Heart rate increases were observed with clofutriben (Supple-
mentary Table S16, Fig S16).

P10 repressed the hypothalamic-pituitary-adrenal axis (Fig 3,
Supplementary Table S17, Fig S17). Most morning ACTH values
were in the lower portion of the reference range. Morning serum
cortisol levels were below 50 ng/L (high risk for adrenal insuffi-
ciency) [22] in 18, 50−100 ng/L (reduced risk) in 19, and above
100 ng/L (low risk) in 12 of 49 participants. After 2 weeks’ clo-
futriben treatment (across all doses), morning ACTH increased,
and morning serum cortisol levels indicated high, reduced, and
low risk for 10, 11, and 26 of 47 participants.

Safety of clofutriben

TEAEs (Table 3) were mild or moderate in severity. There
were no serious TEAEs. The investigational drug was withdrawn
due to TEAEs from 2 participants who received P10C, two who
received P10, and one who was noncompliant with prednisolone
(before receiving clofutriben). Numerically, more mild, nonseri-
ous infections occurred with clofutriben, even when higher
prednisolone doses were given. Androgens increased with clofu-
triben (Supplementary Table S18, Supplementary Fig S18) with
testosterone levels above the reference range in 5 of 26 females.
No TEAEs suggestive of hyperandrogenism were reported.

Clofutriben pharmacology

In hepatocytes, sequential actions of 5- and 3-steroid dehy-
drogenases form metabolites from cortisol and cortisone that
are rapidly excreted in urine. The ratio cortisol metabolites:
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cortisone metabolites in urine is a biomarker of the cortisol:cor-
tisone ratio in the liver. An HSD-1 inhibitor should substantially
reduce that ratio. Urinary HSD-1 ratios in participants who
received P10 were elevated compared to observations in adults
who received no GC [14] (Supplementary Fig S19), unsurpris-
ingly as GCs are understood to induce HSD-1 [1]. Pooled results
for clofutriben-containing regimens showed a decrease of about
90%, consistent with full HSD-1 inhibition, in most participants.
In renal tubule epithelium, HSD-2 regulates the ratio cortisone:
cortisol, both of which can diffuse into urine. A selective HSD-1
inhibitor should not alter that ratio much. The urinary HSD-2
ratio decreased by about 20% with clofutriben. Serum levels of
the HSD-1 substrate cortisone increased with clofutriben (Sup-
plementary Fig S17).

Without prednisolone formation by fully inhibited HSD-1,
increased clearance of prednisolone was observed with clofutri-
ben (Supplementary Fig S20). No effect on the absorption of
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prednisolone was apparent. Prednisone (HSD-1 substrate) levels
increased with clofutriben. Levels of clofutriben and its metabo-
lite AS2570469 showed some cohort-to-cohort variability, but
without an apparent relationship to prednisolone dose.

DISCUSSION

GCs are a mainstay of treatment across multiple areas of med-
icine. While effective without question, they have the potential
to induce severe side effects. Clinical practice is to minimise GC
dose and duration. Many patients with rheumatic disease
require chronic GC to achieve disease control despite the avail-
ability of targeted therapies [23−25]. Among multiple attempts
to develop GC with a better safety profile, only topical adminis-
tration (including modified-release budesonide for selective gas-
trointestinal delivery) that limits systemic exposure has been
successful. Locally administered GCs show reduced, yet signifi-
cant, morbidity and cannot benefit patients with PMR or other
systemic diseases.

HSD-1 inhibitors can prevent GC-related toxicity. Patients
with tumour-associated hypercortisolism, but deficient in HSD-
1, did not show signs/symptoms of Cushing’s syndrome [4−6].
HSD-1 knockout mouse did not develop corticosterone-induced
osteopenia, hyperlipidaemia, hyperglycaemia, hypertension,
skeletal myopathy, dermal atrophy, or trabecular bone loss
[7,26]. HSD-1 inhibitors (including clofutriben) prevented corti-
costerone-induced hyperphagia, weight gain, increased adipos-
ity, hyperglycaemia, skeletal myopathy, impaired wound
healing, epidermal atrophy, and ocular hypertension [9−11].
An open-label trial of an HSD-1 inhibitor in patients with mild
endogenous hypercortisolism showed modest clinical benefits
[12]. In a placebo-controlled 7-day trial of an HSD-1 inhibitor
with prednisolone 20 mg/d in healthy adults, adverse effects on
bone, blood glucose, blood lipids, and blood pressure were
observed only in participants randomised to placebo [13].

We build on this foundation for HSD-1 inhibitors with this
report that clofutriben not only prevented but also reversed sev-
eral toxicity biomarkers in patients treated with prednisolone.
At trial entry, participants had abnormalities on biomarkers of
bone mineralisation (osteocalcin), bone deposition (PINP), bone
resorption (CTX), lipid metabolism (triglycerides), hypercoagu-
lability (APTT), and hypothalamic-pituitary-adrenal axis sup-
pression (morning serum cortisol) plausibly related to prior GC
exposure. None worsened with prednisolone 10 mg for 2 addi-
tional weeks. That no effect was observed on some parameters
of prednisolone toxicity was not surprising. For example, pro-
thrombin time and international normalised ratio was expected
to be less sensitive for GC-associated hypercoagulability [27].
Notable biomarker improvements were observed with coadmin-
istration of prednisolone with clofutriben for 2 further weeks,
including individual clinically relevant shifts such as from ele-
vated to normal triglyceride levels. About one-third of partici-
pants at baseline and the end of prednisolone 10 mg were at
high risk for adrenal insufficiency. GC-associated adrenal insuf-
ficiency can lead to, rarely, adrenal crisis and, very rarely, sud-
den death. It often resolves only over months or longer. Cortisol
improvement with clofutriben occurred in only 2 weeks. Lon-
ger-term outcomes, e.g., bone mineral density, should be evalu-
ated in larger trials.

HSD-1 inhibitors showed no impact of GC-induced suppres-
sion of neutrophil maturation [28] or T cell inflammatory cyto-
kine release [29] in vitro. Knockout mouse clinical outcomes in
challenge models have been mostly similar to control (thiogly-
collate-induced peritonitis, carrageenan-induced pleurisy,
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standard-dose K/BxN serum transfer arthritis) [30] or superior
(coronary artery ligation [31], lipopolysaccharide-induced sick-
ness behaviour [32]), despite apparently adverse molecular/cel-
lular phenotypes, in a knockout mouse. Dose-response
relationship shifts have been reported. Reduced-dose K/BxN
serum transfer was associated with worse clinical outcomes in
knockout mouse [30]. Corticosterone 100 µg/mL prevented
synovitis and joint destruction in tumour necrosis factor trans-
genic mouse, but not when crossed with HSD-1 knockout. Corti-
costerone 50 µg/mL in the transgenic (non-HSD-1-knockout)
also did not prevent damage [8]. HSD-1 knockout showed a sim-
ilar effect as a 50% corticosterone dose reduction. Most prednis-
olone effects on inflammatory biomarkers in healthy adults
were maintained under HSD-1 inhibition [13].

Results of this trial show that HSD-1 inhibition shifts the
prednisolone dose-response relationship for PMR disease con-
trol. Participants for this trial were required to have stable dis-
ease activity while taking prednisolone 10 mg (P10), confirmed
by no or limited mean changes during 2 additional weeks on
symptoms, physical function, and inflammation biomarkers.
When clofutriben was added without a prednisolone dose
increase (P10C), there was a clear loss of efficacy. Five partici-
pants experienced relapse requiring a prednisolone dose
increase. Participants reported more intense symptoms and
additional physical disability. Inflammation biomarker levels
rose. Dose increases in prednisolone resolved loss of clinical effi-
cacy. With P20C and P30C, mean changes in symptoms and
physical function were indistinguishable from those of P10.

Changes in inflammation biomarkers partially resolved with
prednisolone dose increase, but clear molecular/cellular differ-
ences of the immune system state compared to P10 were appar-
ent. Whether observed differences of cytokines (BAFF, CXCL10,
IL-2RA, IL-6) and lymphocytes between P10 and P20C/P30C
groups are clinically significant is unknown. Those differences
had no relevant clinical impact in this short-term trial, as in ani-
mal studies. Longer, larger trials are needed to learn what hap-
pens to molecular/cellular immune biomarkers with longer
prednisolone/clofutriben coadministration and whether the
combination of prednisolone and clofutriben is appropriate for
chronic use.

Some results can be understood as a reversal of the known
effects of prednisolone by clofutriben and suggest that HSD-1
mediates additional effects of GC. Dexamethasone has a brady-
cardic effect in healthy adults [33]. Heart rate increases
observed with clofutriben were similar in magnitude to the
decrease observed with dexamethasone; clofutriben might have
fully reversed heart rate suppression by prednisolone. The cho-
lesterol decrease associated with clofutriben was of HDL. GCs
have been associated with HDL increase [33]. The GC receptor
antagonist mifepristone was associated with similar HDL
decreases, which were interpreted as not clinically detrimental
[34]. GCs suppress lymphocyte extravasation via diverse mecha-
nisms [35]. Relative lymphopenia associated with clofutriben
could represent reversal of one or more of those GC effects.
Speculatively, more lymphocytes might reach tissue inflamma-
tion sites as, mostly without adverse outcomes, in animal mod-
els. Whether these effects of clofutriben are beneficial, neutral,
or detrimental should be studied in longer, larger trials.

Combinations of clofutriben with prednisolone were gener-
ally well tolerated in patients with PMR. More infections, mainly
mild upper respiratory, were reported by participants during
clofutriben treatment. Clofutriben [14] and other HSD-1 inhibi-
tors [36] cause ACTH increases and, consequently, androgen
increases. In this trial, some female participants had testosterone
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levels above the reference range, but not to a level that in isola-
tion would cause endocrine concern. No related clinical effects
were reported. Both aspects of clofutriben safety should con-
tinue to be monitored in longer, larger trials.

Notable strengths of this trial include its design for its
specific purposes—to learn whether combinations of prednis-
olone with clofutriben could achieve similar efficacy and less
toxicity compared to prednisolone alone and, if so, estimate
how the prednisolone dose should be adjusted to achieve a
favourable benefit-risk profile. Those learning objectives
were achieved through iterative experimentation with induc-
tive protocol-driven treatment decisions. That participants
received both treatments in sequence enabled such inference
in a smaller trial, compared to a parallel group design. The
core disease-related outcomes were aligned with a domain
framework derived from patient and clinician input [37].
Clinically relevant outcomes related to multiple domains of
GC-associated toxicity and general drug safety were col-
lected, as were comprehensive physiologic outcomes related
to clofutriben’s mechanism of action.

This trial has some limitations to consider. Order of treat-
ments could not be randomised due to clofutriben’s long phar-
macological half-life [14]. A washout of months is needed to
follow clofutriben treatment with a placebo. Investigators could
not be blinded as the order of treatments could not be masked in
the protocol. As designed, the first treatment period served as a
placebo run-in to confirm participants’ clinical stability. While it
is not possible to prove that unblinded investigators had no sub-
conscious impact on the symptoms and physical function
responses of blinded participants, at least for symptoms, this
potential risk was mitigated by primary reliance on daily at-
home surveys, which would be less subject to such confounding.
The trial’s limited duration and size might have influenced
results on domains for which clofutriben did not show benefit.
Morning oral glucose tolerance test is not sensitive to P10 [38];
hence, no toxicity to reverse/prevent could be expected. Twice-
daily blood pressure measurements over multiple days were
tried to detect changes in diurnal amplitude instead of 24-hour
ambulatory monitoring, which is burdensome to participants.
That some participants took prior-to-bed measurements within
2 hours of typical dinner time might have confounded the
results with postprandial blood pressure increases. The decision
to continue prednisolone as prescribed medication rather than
as trial medication led to loss of usable data (except for clofutri-
ben safety) from 4 participants: 2 who had prescriptions for
prednisone (a prodrug that requires HSD-1 for activation to
prednisolone) and 2 who, on their own, took regimens other
than prednisolone 10 mg daily.

We demonstrated proof-of-concept for the hypothesis that
clofutriben favourably shifts the dose-response curves for
safety of prednisolone further than those for efficacy, such
that dose increases in prednisolone could restore disease
control similarly to P10 alone, yet with a possible safety
advantage. Dose range finding for prednisolone showed an
improved benefit-risk profile for a fixed-dose combination of
clofutriben with double the dose of prednisolone compared
to prednisolone when dosed alone, at least for prednisolone
10 mg. Our results support additional trials of that combina-
tion, across a wider dose range for patients with systemic
rheumatic and other inflammatory diseases. Perhaps para-
doxically after 75 years of clinical practice to limit glucocor-
ticoid dose, such trials would compare prednisolone alone to
a combination of clofutriben and a higher prednisolone
dose.
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A B S T R A C T

Objectives: IκBα controls the canonical activation of NFκB. IκBα gain-of-function due to NFKBIA
variants affecting the N-terminus of IκBα—especially residues 32 and 36—manifests with com-
bined immunodeficiency. The role of NFKBIA variants affecting other IκBα domains has not
been described.
Methods: Variants in NFKBIA were identified using whole-exome sequencing. IκBα expression
has been quantified by flow cytometry and Western blotting. Activation-induced IκBα degrada-
tion, NFκB1 activation, and nuclear translocation as well as inflammasome activity were
evaluated.
Results: The p.Gln228* variant in NFKBIA, identified in a family with a history of arthritis
and psoriasis, did not affect induced degradation of IκBα. Its expression in HEK293T cells
confirmed its truncating effect and revealed reduced NFκB activation. Similar to transfected
HEK293T cells, peripheral blood mononuclear cells from patients harbouring the p.Gln228*
variant displayed substantially reduced nuclear levels of NFκB1 p50. The latter findings
suggest that the p.Gln228* variant causes a functional insufficiency of NFκB1. Similar to
patients with NFκB1 haploinsufficiency, high serum levels of interleukin (IL)-18, as well as
enhanced induced apoptosis-associated speck-like protein containing a caspase recruitment
domain speck formation and IL-1β secretion in vitro, suggest enhanced inflammasome
activation.
Conclusions: NFKBIA variants not localising to the signal reception domain can affect IκBα func-
tion and consequently restrict the canonical activation of NFκB. In contrast to the phenotype
of N-terminal variants, which is dominated by combined immunodeficiency, the here-reported
C-terminal deletion of IκBα was identified in patients with autoinflammatory arthritis and
psoriasis.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

� Germline monoallelic variants in NFKBIA affecting the signal
response domain of IκBα cause severe immunodeficiency.

WHAT THIS STUDY ADDS

� NFKBIA variants affecting the C-terminus of IκBα can cause
inflammatory arthritis, mimicking psoriatic arthritis, by affect-
ing NFκB activation and enhancing inflammasome activation.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

� Patients with well-classifiable rheumatic disorders might have
an underlying inborn error of immunity leading to enhanced
inflammasome activation.

� Identification of inflammasomopathies in patients with rheu-
matic disorders can lead to personalised treatment targeting
interleukin (IL)-1 or IL-6.
INTRODUCTION

In resting cells, the inhibitor of NFκB α (IκBα), encoded by
the NFκB inhibitor alpha gene (NFKBIA), inhibits canonical
NFκB activation by physical sequestration of p65 (RelA) and
NFκB1-p50 in the cytosol [1]. On cell activation, the signal
response domain of IκBα gets phosphorylated following the acti-
vation of the IκB kinases, resulting in its ubiquitin-dependent
proteasomal degradation, which in turn enables the transloca-
tion of activated NFκB to the nucleus, enabling NFκB to modu-
late gene expression in the context of various biological
functions, including processes related to inflammation and
immunity. Polymorphisms in NFKBIA have been identified in
genome-wide association studies to confer risk for rheumatic
disorders, including rheumatoid arthritis and psoriatic arthritis
[2,3]. Rare germline monoallelic variants in NFKBIA have been
reported in the literature to have a gain-of-function effect by
hampering ubiquitin-dependent degradation of IκBα, which con-
sequently results in sequestration of NFκB in the cytosol [4].
Patients with IκBα gain-of-function display variable combined
immunodeficiency as a consequence of compromised innate,
cellular and humoral immunity. In addition, the majority of
patients with IκBα gain-of-function have been reported to dis-
play ectodermal dysplasia [4,5]. Of the 25 described cases, 13
harboured variants localised at serine 32 or serine 36 of IκBα,
while 5 additional gain-of-function variants were identified
adjacent to the aforementioned serine residues (Gly33Val,
Asp31Asn, Met37Lys, Met37Arg, Leu34Pro) [5−9]. Another
subset of previously reported variants (Trp11*, Gln9*, and
Glu14*) results in N-proximal truncation of IκBα, thereby skip-
ping phosphorylable residues and causing IκBα gain-of-function.
Immune dysregulation in IκBα gain-of-function includes eczema,
psoriasis, arthritis, inflammatory bowel disease, and autoim-
mune endocrinopathies. While NFKBIA variants located at the
signal reception domain have been well studied, the role and
the possible functional consequences of variants located outside
the N-terminus have not been investigated.

METHODS

Patient samples

Whole blood was collected in EDTA tubes (Sarstedt), and
peripheral blood mononuclear cells (PBMCs) were isolated by
933
diluting the blood 1:3 with Roswell Park Memorial Institute
Medium (RPMI) 1640 (PAN-Biotech), layering it over a density
gradient medium BioColl (Bio&SELL), and centrifuging at room
temperature for 20 minutes without a break. Subsequently,
PBMCs were collected, washed in complete RPMI medium (sup-
plemented with 10% [v/v] fetal bovine serum [FBS] [Merck],
1% penicillin-streptomycin [Gibco], 1% L-glutamine [Gibco],
and 1% sodium pyruvate 100 mM [Gibco]), and cryopreserved
in FBS 10% (v/v) dimethyl sulfoxide (Santa Cruz) until further
use. For serum samples, whole blood was collected in serum-gel
tubes (Sarstedt). Serum was collected by centrifugation at 4°C
for 10 minutes and stored at −80°C.

Genetic analysis

Blood samples were collected in the outpatient clinic for
Rheumatology at the Hannover Medical School. Sample prepa-
ration, whole-exome sequencing (WES) analysis and the assess-
ment of rare single-nucleotide variants (SNVs) were performed
as described previously [10]. Briefly, for WES, genomic DNA
was extracted from peripheral blood samples and sequenced on
Illumina NextSeq 500 Sequencer using the IDT Exome (xGen,
IDT). 150-bp paired-end reads were generated, aligned to the
human reference genome (UCSC Genome Browser build
GRCh37/hg19) and analysed with the next-generation sequenc-
ing (NGS) data analysis pipeline medical genetics Sequence
Analysis Pipeline (megSAP v.0.2-8-ga9d80c2). Sample verifica-
tion was performed by comparing NGS data to 14 single-nucleo-
tide polymorphisms independently analysed by competitive
allele-specific polymerase chain reaction. SNVs were filtered for
genes associated with inborn errors of immunity (IEIs) accord-
ing to the International Union of Immunological Societies Classi-
fication and classified following American College of Medical
Genetics Standards and Guidelines [11,12]. Follow-up of SNVs
was performed using databases Exome Aggregation Consortium
19, the 1000 Genomes Project and the genome Aggregation Data-
base (gnomAD) for filtering for rare variants (≤1% minor allele
frequency). For evaluation of pathogenicity, databases Leiden
Open Variation Database and ClinVar and prediction tools includ-
ing phyloP, SIFT, PolyPhen2, FATHMM, and CADD were used.

Plasmid construction, cloning, and transfection

Mutant NFKBIA plasmids were constructed through site-
directed mutagenesis and conventional molecular cloning meth-
ods, using the wild-type NFKBIA sequence inserted into the
pcDNA3.1(+) expression vector (GenScript) as the backbone.
Human embryonic kidney 293 T (HEK293T) cells (ATCC) were
cultured in high-glucose Dulbecco’s Modified Eagle Medium
(Merck) supplemented with 10% FBS, 1% penicillin-streptomy-
cin (Gibco), 1% L-glutamine (Gibco), and 1% sodium pyruvate
100 mM (Gibco), at 37°C with 5% CO2. For transfection, cells
were plated in 6-well plates at a density of 5 × 105 cells per well
and allowed to adhere overnight. The NFKBIA expressing plas-
mids were then transfected as Lipofectamine Transfection
Reagent (Roche Diagnostics) according to the manufacturer’s
protocol. Plasmid DNA was mixed with Lipofectamine reagent
in OptiMEM medium and incubated for 30 minutes at room tem-
perature before adding it to the cells. After 24 hours, the trans-
fected cells were washed and prepared for downstream assays or
analyses. Transfection efficiency was evaluated using an enhanced
green fluorescent protein (EGFP)-expressing control plasmid and
confirmed through fluorescence microscopy. Cells were harvested
24 hours post-transfection for Western blot (WB) analysis.
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Western blotting

PBMCs were thawed and plated in 6-well plates at a density
of 1 × 106 cells per well and subsequently stimulated with
phorbol 12-myristate (PMA) (50 ng/mL) and ionomycin
(500 ng/mL) for 60 minutes. Proteins were isolated from lym-
phocytes of healthy volunteers and patients, as well as from
transfected HEK293T cells, using NE-PER Nuclear and Cyto-
plasmic Extraction Reagents (Thermo Scientific). Protein con-
centration was determined for each sample/condition and
protein samples were loaded onto 12% sodium dodecyl sulfate
(SDS)-polyacrylamide gels (FastGene) in a 12-well format for
electrophoretic separation. The separated proteins were trans-
ferred onto polyvinylidene difluoride membranes (Thermo Sci-
entific) using blotting at 100 mA (constant current) for 90
minutes. The membranes were then blocked with 5% milk pre-
pared in phosphate-buffered saline (PBS) with Tween detergent
containing 0.1% Tween-20 for 60 minutes at room temperature
and subsequently incubated with primary polyclonal rabbit anti-
body NFKBIA (Abcam), primary polyclonal rabbit antibody
NFKB1 (Cell Signaling) or primary monoclonal rabbit antibody
phospho NFKB (Cell Signaling) overnight at 4°C with gentle agi-
tation. Afterwards, the membrane was washed 3 times with
Tris-buffered saline (TBS) and incubated with a horseradish per-
oxidase (HRP)-conjugated goat anti-rabbit secondary antibody
(Abcam) for 1 hour at room temperature. After incubation with
the secondary antibody, the membranes were washed with TBS,
and protein bands were visualised using enhanced chemilumi-
nescence (Thermo Scientific SuperSignal West Dura Extended
Duration Substrate) for 5 minutes. Images were captured using
the Azure c300 imaging system with ROTI Lumin (Carl Roth).
Beta-actin rabbit mAb HRP Conjugate (Cell Signaling) was used
as a loading control, and densitometric analysis was conducted
using ImageJ software.

IκBα degradation assay

Thawed PBMCs were rested for 2 hours in a 5% CO2, 37°C
incubator, plated in a 96-well plate at 200,000 cells/well den-
sity, and then stimulated with PMA and ionomycin (50 ng/mL
and 500 ng/mL, respectively, both from Sigma-Aldrich), lipo-
polysaccharide (LPS) (from Escherichia coli O127:B1, 1 μg/mL,
Sigma-Aldrich), or anti-IgM antibody (25 μg/mL, Sigma-
Aldrich), as described previously [6]. After 30 minutes, cells
were collected in fluorescence-activated cell sorting (FACS)
tubes and washed with ice-cold FACS buffer (PBS + 2% FCS) at
4°C to stop the stimulation. After washing, Fc receptor blocking
was performed with human immunoglobulin Octagam (Octa-
pharma) at 4°C for 5 minutes, followed by surface staining with
CD3/APC-Cy7, CD19/BV421, and eF506 fixable viability dye at
4°C for 30 minutes. Then, the cells were washed with FACS
buffer and fixed with formaldehyde at 37°C for 10 minutes. Cells
were once again washed with FACS buffer and permeabilised
with Perm/Wash Buffer I (BD Biosciences). Cells were then
stained with anti-IκBα/PE at room temperature for 1 hour, and
then washed with FACS buffer. Data were acquired with FACS-
Canto II (Becton-Dickinson).

Phenotypic analyses of lymphocytes

PBMC were isolated from peripheral whole blood collected in
sterile lithium heparin tubes. Phenotypic analyses were per-
formed as multicolour immunofluorescence of PBMCs, using
directly labelled monoclonal antibodies as described previously
934
[13]. Briefly, 1 × 105 to 2 × 106 cells/well were incubated with
murine monoclonal antibodies against the appropriate antigens
at an optimal dilution for 20 minutes at 4°C. Nonspecific bind-
ing was eliminated by mixing the samples with a 1:5 solution of
a commercial human IgG (Octagam, Octapharma). Samples
were washed 3 times in PBS/bovine serum albumin (BSA), and
at least 104 cells per appropriate gate were analysed. The follow-
ing antibodies (all purchased from Biolegend, if not otherwise
stated) were used for this study: CD3 PerCP (BD Pharmingen),
CD3 PE-Cy7, CD3 BUV563 (BD Biosciences), abTCR BU711,
abTCR APC, gdTCR BUV395 (BD Biosciences), CD4 APC-Cy7,
CD4 PerCP, CD8 PE, CD8a Spark Blue 550, CD8b APC, CD16
FITC, CD19 BV510, CD21 PE, CD24 FITC, CD27 BUV661 (BD
Biosciences), CD27 FITC, CD28 PE-Cy5, CD28 APC, CD31 FITC,
CD38 PECy7, CD45 APC-Cy7, CD45RO PE-Dazzle 594, CD45RO
BV421, CD45 BV785, CD45RA V500, CD56 BV421, CCR7 PE,
HLA-DR APC, PD1 V500, IgD PE, IgM Alexa Fluor 647. Each
flow cytometric analysis was controlled with appropriate iso-
type-matched antibodies. CD19+ cells in the lymphocyte gate
were subdivided into the following subsets: naive B cells (IgD+,
IgM+, CD27−), IgM+ memory B cells (CD27+, IgD+, IgM+),
class-switched B cells (CD27+, IgD−, IgM−), plasmablasts
(CD19+dim, CD27++, CD38++), transitional B cells (IgM+
+, CD38++,CD24+), CD21 low B cells (CD38 low, CD21
low). CD3+ cells in the lymphocyte gate were subdivided into
the following subsets: naive CD4+ T cells (CD4+, CD45RA+),
recent thymic emigrants (CD4+, CD45RA+, CD31+), CD4+

memory T cells (CD4+, CD45RO+), follicular like CD4+ T
cells (CD4+, CD45RO+, CCR5+), CD8+ early effector mem-
ory T cells (CD8+, CD27+, CD28-) and CD8+ late effector
memory T cells (CD8+, CD27−, CD28−).

Secreted interleukin-1β and TNF-α ELISA for monocytes

PBMCs were obtained from the blood of healthy donors or
patients. Monocytes were enriched by EasySep Magnet (STEM-
CELL) using EasySep Direct Human Monocyte Isolation Kit
(STEMCELL) according to the manufacturer’s protocol. Purified
monocytes were seeded in 96-well plates at a density of 8 × 10⁵
cells per well in RPMI 1640 medium (PAN-Biotech) supple-
mented with 10% FBS, 1% penicillin-streptomycin (Gibco), 1%
Sodium pyruvate 100 mM (100 ×) (Gibco), and 1% L-glutamine
(Gibco), as described previously [14]. Afterwards, monocytes
were stimulated with LPS-SM (Invivogen) (500 ng/mL) for
18 hours followed by adenosine triphosphate (ATP) (Invivogen)
stimulation (1 mM) for 1 hour, or only with LPS or ATP, or unsti-
mulated. The supernatant was then carefully collected from each
well, centrifuged at 4°C at 13,000 × g for 30 minutes, and then
the supernatant was recollected and stored at −80°C until use.
Enzyme-linked immunosorbent assay (ELISA) was performed
with interleukin (IL)-1β (Bio-Techne) and tumor necrosis factor
(TNF-α) (Bio-Techne) kits as per the manufacturer’s instruction.

Apoptosis-associated speck-like protein containing a caspase
recruitment domain speck visualisation by confocal microscope

Monocytes were enriched and stimulated as described for
ELISA above. At the end of the stimulation, monocytes were col-
lected in FACS tubes (by scrapping 3 times with ice-cold PBS),
washed with FACS buffer at 4°C, fixed with paraformaldehyde
4%, permeabilised (BD Biosciences) with Perm/Wash-Triton
(Bio-Rad) BSA (PBS-Triton 0.05%, Perm-Wash buffer 1 × [BD
Biosciences], supplemented with 0.001% [w/v] bovine serum
albumin), and stained with an antibody against the apoptosis-
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associated speck-like protein containing a caspase recruitment
domain (ASC) (Biomol) overnight at 4°C. After washing, the
cells were stained with the secondary antibody (AlexaFluor 594
goat anti-rabbit IgG [Thermo Fisher Scientific]), and counter-
stained with 4,6-diamidino-2-phenylindole (DAPI) (Carl Roth).
Cells were then immobilised on slides using Cytospin (1800 rpm
for 6 minutes), air-dried, and mounted with Dako fluorescence
mounting medium. ASC specks were visualised and images were
captured using a Zeiss 980 Airyscan. Subsequently, ASC specks
were counted with the ImageJ software.

Measurement of serum levels of IL-18

Serum samples, collected as indicated above, were cryopre-
served for up to 4 weeks, thawed and serially diluted up to 1 in
50 with substrate reagent (Bio-Techne). IL-18 levels were mea-
sured with a human IL-18 ELISA kit (Bio-Techne) according to
the manufacturer’s instruction.

Patient and public involvement

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

Statistical analysis

For statistical calculation, we used GraphPad prism 9 (Graph-
Pad). To evaluate differences between HEK293T cells trans-
fected with either a plasmid expressing the full-length or the
mutant IκBα, we employed t-test.

RESULTS

Case reports

Seven individuals from 3 unrelated families were identified
to harbour monoallelic NFKBIA variants (Fig 1A,B, Supplemen-
tary Tables S1 and S2). In the first family (FamA), a variant pre-
dicted to cause a C-terminal truncation of IκBα segregated with
inflammatory disease. The index patient (P2) is a currently 58-
year-old male with seronegative erosive chronic polyarthritis
diagnosed at the age of 17 years (Fig 1C). Therapeutic regi-
mens that he has received so far included oral corticosteroids,
diverse conventional synthetic as well as biological (etaner-
cept, adalimumab, tocilizumab) and targeted-synthetic (barici-
tinib, tofacitinib) disease-modifying antirheumatic drugs
(DMARDs). Compared to all other DMARDs, tocilizumab was
most effective in controlling arthritis, though synovial flares
necessitated intermittent prednisolone pulses. At the age of
56 years, he was diagnosed with psoriasis vulgaris. Despite
hypogammaglobulinaemia, which developed during treatment
with antirheumatic drugs and steroids, his infection record has
remained so far inconspicuous. His father (P1) had also a his-
tory of chronic polyarthritis and eczema. He was diagnosed at
the age of 68 with laryngeal cancer and died at the age of
74 years of lung cancer. The daughter of P2 (P3) had intermit-
tent arthralgia since her late childhood and was diagnosed
with seronegative arthritis, enthesitis (Fig 1C) and plantar fas-
ciitis at the age of 29 years, which in view of her father’s psori-
asis was classified as psoriatic arthritis. In both the 2 other
families, NFKBIA variants affected the serine 36 residue. P4, a
female infant, died at 148 days of age from severe encephalop-
athy that developed after haematopoietic stem cell transplanta-
tion. She was born to consanguineous parents of Southern
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Slavic ancestry and had severe recurrent infections since the
first month of life, leading to the diagnosis of IκBα gain-of-func-
tion. P5 to P7 were previously reported [6]. Briefly, all 3 patients
displayed recurrent pneumonias, bronchiectasis (Fig 1C), and
warts. In addition, P5 had a treatment-refractory rheumatoid fac-
tor-positive polyarticular juvenile idiopathic arthritis.

Intact induced proteasomal degradation in case of the p.Gln228*
variant

To evaluate the impact of the c.682C>T, p.(Gln228*) vari-
ant in NFKBIA (NM_020529) on IκBα expression, we per-
formed WB analysis with PBMC samples from P2 and P3. This
revealed a truncated IκBα with a molecular mass of approxi-
mately 25 kDa, in accordance with the predicted premature
stop codon (Fig 1D). The truncating effect of identified vari-
ant was also confirmed in HEK293T cells transfected with a
plasmid expressing the EGFP-fused full-length or mutant IκBα
(Fig 1E). In view of the fact that all so far reported deleterious
variants in NFKBIA affected the activation-induced degrada-
tion [4−9], we employed an IκBα degradation assay to com-
pare cells from the patients harbouring the Gln228* variant
with cells from patients with variants replacing serine 36
(Fig 1F). As expected, the latter variants (p.Ser36Ala and
p.Ser36Pro) almost abrogated IκBα degradation, as reflected
by the unaffected IκBα expression in cells treated with differ-
ent NFκB activating stimuli (PMA and ionomycin, anti-IgM,
LPS). On the other hand, the truncation variant p.Gln228*
had no effect on IκBα degradation in all 3 tested cell types (B
cells, T cells, and monocytes).

The p.Gln228* variant causes a functional NFκB1 insufficiency

To test the effect of the wild-type vs. truncated
p.Gln228*-IκBα on NFκB1 activation, we evaluated cytoplasmic
vs. nuclear expression of the NFκB1 p105/p50 subunits in
HEK293T cells transfected to express either the wild-type or the
p.Gln228*-IκBα (Fig 2A-D). P.Gln228*-IκBα expressing cells dis-
played significantly higher cytoplasmic expression of p50, while
nuclear p50 expression was substantially reduced. This finding
suggests a stronger inhibitory effect of the mutant p.Gln228*-
IκBα on NFκB1 activation, that is, a functional NFκB1 insuffi-
ciency. HEK293T cells transfected to express the p.Ser36Ala-
IκBα, which causes IκBα gain-of-function by abrogating its
induced proteasomal degradation, displayed a similar reduction
in nuclear p50 expression. However, in contrast to p.Gln228*-
IκBα expressing cells, cytoplasmic levels of p50 were similar to
the wild-type-IκBα transfected cells, suggesting the differential
effect of the p.Gln228* variant vs. those that abrogate induced
proteasomal degradation on NFκB1 activation. Given the latter
effect of the p.Gln228*-IκBα in HEK293T cells, we tested PBMCs
from patients harbouring the c.682C>T, p.Gln228* variant (ie,
P2 and P3), patients with frameshift mutations in NFKB1 caus-
ing haploinsufficiency of the NFκB1 subunit p50 (P9 to P11,
Fig 3A and Supplementary Table S2) and healthy blood donors.
Tested patients with NFκB1 haploinsufficiency harboured either
the c.236_239del, p.(Lys79Serfs*47) (family D) or the
c.1012delT, p.(Ser338Leufs*94) variant (family E) in NFKB1
(NM_003998.4). The latter variant has been reported previously
[15,16]. Similar to the previous finding in p.Gln228*-IκBα
expressing HEK293T cells, this analysis revealed a substantial
reduction in nuclear p50 levels in both patients with the
c.682C>T, p.Gln228* variant in NFKBIA as well as in patients
with NFκB1 haploinsufficiency, which was more prominent in



Figure 1. (A) Pedigrees highlighting patients or unaffected family members who were subjected to whole-exome sequencing and were identified with
NFKBIA variants. Gene status refers to variant indicated in the header of each pedigree, ‘±’ indicates heterozygosity for the indicated variant, while
‘+/+’ indicates the absence of NFKBIA variants. (B) Localisation of identified NFKBIA variants across the diverse domains of IκBα (upper part). Fur-
ther, residues missing as a consequence of the c.682C>T, p.Gln228* variant in NFKBIA and degree of their conservation across diverse species (lower
part). (C) Computed tomography (CT) scan of the chest from P5 showing widespread cylindrical bronchiectasis with bronchial wall thickening
(marked with ‘*’upper part). Wrist x-ray from P2 showing erosive arthritis affecting the carpal and carpometacarpal joints (lower left part) and mag-
netic resonance imaging (MRI) of the ankle and foot from P3 showing peroneal tenosynovitis (lower right part). (D) Expression of IκBα and β-actin in
PBMCs from patients P2 and P3 as well as from 2 healthy blood donors (HD1 and HD2), Western blots (left) and densitometric analysis of relative
expression of IκBα (right). (E) Expression of wild-type (WT) or p.Gln228*-IκBα as well as β-actin in HEK293T cells, transfected with a plasmid express-
ing either the full-length (WT) or the mutant (p.Gln228*) IκBα. Western blots (left) and densitometric analysis of relative expression of IκBα (right).
Graph summarises findings from 3 experiments and indicates the mean ± SD. (F) IκBα degradation in response to phorbol 12-myristate (PMA), anti-
IgM or lipopolysaccharide (LPS) in T cells, B cells or monocytes. Representative histograms of IκBα expression are shown (left, red histogram: stimula-
tion with the each time indicated stimulus for 30 min, black colour: unstimulated sample) and summary of data on median fluorescence intensity from
4 healthy blood donors (HDs), P2 and P3 (p.Gln228*) and 4 patients with variants affecting serine 36 (ie, P4 to P7, p.Ser36Ala/Pro). Graphs summa-
rise findings from different healthy blood donors or patients with indicated NFKBIA variants and indicate the mean ± SEM. ARD, ankyrin repeat
domain; Fam, family; IκBα, inhibitor of NFκB α; PEST, sequence enriched in proline (P), glutamate (E), serine (S) and threonine (T); P1-P7, patient 1
to 7, as indicated in pedigrees (A); SRD, signal response domain.
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activated PBMCs (Fig 3B-F). In addition, the expression levels of
both the truncated (p.Gln228*) and full-length IκBα were found
to be substantially reduced following stimulation with PMA and
ionomycin. This finding is consistent with the above-presented
flow cytometry data, showing that the activation-induced pro-
teasomal degradation of p.Gln228*-IκBα remained unaffected.
Altogether, aforementioned findings suggest that the
p.Gln228*-IκBα exhibits a stronger inhibitory effect on NFκB1,
as it reduces nuclear levels of NFκB1-p50 levels in a mode
resembling NFκB1 haploinsufficiency [17].

Immunological findings in patients with the p.Gln228* variant in
NFKBIA

Between the 2 tested patients, only P2 had hypogammaglo-
bulinaemia, diagnosed as secondary hypogammaglobulinaemia,
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as it developed after the diagnosis of rheumatic disease, during
treatment with corticosteroids and DMARDs (Supplementary
Table S1). However, analysis of peripheral lymphocyte subsets
revealed reduced percentages of switched B cells (IgD-CD27+)
in both patients harbouring the c.682C>T, p.Gln228* variant
(ie, P2 and P3) (Fig 4A-C), suggesting a defect in the differentia-
tion of B cells, which represents the immunophenotypic hall-
mark of common variable immunodeficiency (CVID) and a
common finding in patients with NFκB1 haploinsufficiency
[18,19]. The NFκB1 haploinsufficiency has been associated with
autoinflammatory manifestations, including arthritis, eczema,
adult Still disease, and pyoderma gangrenosum [16,19,20].
Recently, mutations causing NFκB1 haploinsufficiency have
been shown to cause enhanced inflammasome activation, while
the IL 1 receptor antagonist (anakinra) has been successfully
employed to treat cutaneous autoinflammation in patients with



Figure 2. (A) Expression of wild-type (WT) or p.Gln228*-IκBα, NFκB1-p50 and p105 as well as β-actin and histone H3 in cytoplasmic extracts from
transfected HEK293T cells, expressing either the full-length (WT) or the mutant (p.Gln228*) IκBα. Representative Western blots from cytoplasmic
extracts. (B) Summary of densitometric analyses of relative expression of phospho-p105 (left), NFκB1-p105 (middle) and NFκB1-p50 (right) from
Western blots from cytoplasmic extracts of transfected HEK293T cells. (C) Representative Western blots with nuclear extracts from HEK293T cells
transfected the same way as in (A). (D) Summary of densitometric analyses of relative nuclear expression of IκBα (left) or NFκB1-p50 (right) from
Western blots with nuclear extracts from transfected HEK293T cells. Graphs summarise findings from 3 experiments and indicate the mean ± SD
(*P < .05; **P < .01). IκBα, inhibitor of NFκB α.
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NFκB1 haploinsufficiency [21]. In view of the finding of a func-
tional NFκB1 haploinsufficiency due to the p.Gln228*-IκBα
mutant as well as the above discussed association of NFκB1 hap-
loinsufficiency with enhanced activation of the NLRP3 inflam-
masome, we hypothesised that the c.682C>T, p.Gln228* variant
in NFKBIA might also enhance inflammasome activation. We
therefore assessed primary monocytes from P2 and P3 for
inflammasome activation by evaluating LPS- and ATP-induced
IL-1β secretion (Fig 4D). This revealed increased IL-1β secretion
by monocytes from patients with the c.682C>T, p.Gln228* vari-
ant in NFKBIA. On the other hand, TNFα secretion was similar.
To confirm that IL-1β secretion was due to higher inflammasome
activity, we visualised ASC speck formation by immunofluores-
cence (Fig 4E,F). Indeed, monocytes expressing the p.Gln228*-
IκBα displayed higher ASC speck frequency than monocytes
from healthy blood donors. Elevated levels of IL-18 have been
reported to represent a serological marker in inflammasome-
mediated autoinflammatory diseases [22,23]. In accordance
with these reports and the aforementioned in vitro findings,
which suggested inflammasome-driven inflammation, both P2
and P3 displayed substantially elevated serum levels of IL-18
(Fig 4G).
937
DISCUSSION

Besides NFKB1 and NFKBIA, several genes involved in the
regulation of the canonical NFκB pathway have been implicated
in autoinflammatory disease [24−27]. Similar to the NFκB1
haploinsufficiency and the IκBα gain-of-function [7,21],
enhanced NLRP3 inflammasome activation has been reported to
be involved in TNFAIP3 and OTULIN-related autoinflammation
[28,29]. As reported for NFκB1 haploinsufficiency-related auto-
inflammation, identification of an inflammasome-dominated
aetiology of immune dysregulation can lead to effective anti-
inflammatory treatment by means of an IL-1 inhibition [21,30].
Continuous inflammasome activation and IL-1β secretion in the
context of Muckle-Wells syndrome have been reported to induce
secretion of IL-6, which may further augment inflammation. The
latter may account for the partial response to tocilizumab in
case of P2, whom we offered an IL-1 inhibitor, which he how-
ever, so far denied, given the positive and sustained effect of
tocilizumab in comparison to all other previously administered
DMARDs [31].

Here we show that the p.Gln228* variant, a C-terminal trun-
cation of IκBα, causes a strong reduction in the baseline as well



Figure 3. (A) Pedigrees of patients with NFκB1 haploinsufficiency due to the indicated variants in NFKB1. Gene status refers to variant indicated in
the header of each pedigree, ‘±’ indicates heterozygosity for the indicated variant, while ‘+/+’ indicates the absence of NFKB1 variants. (B) Expres-
sion of IκBα, NFκB1-p105, NFκB1-p50, and NFκB1-phospho-p105 as well as β-actin and histone H3 in cytoplasmic extracts from peripheral blood
mononuclear cells (PBMCs) from patients with the c.682C>T, p.Gln228* variant in NFKBIA as well as from patients with NFκB1 haploinsufficiency
(h/i). Cells were stimulated with phorbol 12-myristate (PMA) and ionomycin or left unstimulated, representative Western blots. (C) Summary of densi-
tometric analyses of relative expression of IκBα from Western blots including P2 and P3 (p.Gln228*) as well as P9, P10 and P11 (NFκB1 haploinsuffi-
ciency). (D) Summary of densitometric analyses of relative expression of NFκB1-phospho-p105 (left), NFκB1-p105 (middle) and NFκB1-p50 (right)
from previous Western blots with PBMCs from the same patients (see C). (E) Same analyses in (F) were performed with nuclear extracts from PBMCs
from P2 and P3 (p.Gln228*) as well as P9, P10, and P11 (NFκB1 haploinsufficiency). Representative Western blots. (F) Summary of densitometric
analyses of relative nuclear expression of NFκB1-p50 fromWestern blots including P2 and P3 (p.Gln228*) as well as P9, P10, and P11 (NFκB1 haploin-
sufficiency). In (C), (D), and (E), graphs summarise findings from different healthy blood donors (HDs) or patients with indicated variant in NFKB1 or
the p.Gln228* variant in NFKBIA and indicate the mean ± SEM. IκBα, inhibitor of NFκB α.

Figure 4. (A) Gating strategy for immunophenotyping of B cells. (B) Representative flow cytometry plots from a healthy blood donor (HD) and P2
(p.Gln228*). (C) Summary of immunophenotyping of B cells from P2 and P3 (p.Gln228*) and 4 HDs. (D) Secreted interleukin (IL)-1β and tumor necro-
sis factor (TNFα) levels after monocyte stimulation with lipopolysaccharide (LPS)+adenosine triphosphate (ATP), ATP or LPS. (E) Representative con-
focal microscopy images of apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC) speck structure in the presence or
absence of LPS+ATP stimulation. (F) Summary of cells with ASC specks in monocytes from healthy blood donors (HDs) vs. P2 and P3 (p.Gln228*)
after stimulation with LPS+ATP. (G) Serum levels of IL-18 in healthy blood donors (HDs) vs. P2 and P3 (p.Gln228*). In (C), (D), and (F), graphs sum-
marise findings as mean ± SEM.
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as the activation-induced nuclear translocation of NFκB-p50,
mimicking NFκB1 insufficiency. In line with these findings,
C-terminal truncation mutants of IκBα have previously been
shown to significantly reduce the nuclear activity of NFκB [32].
In cells expressing such IκBα-mutants, residual NFκB activation
was slower as compared to cells expressing wild-type IκBα,
which correlated with delayed phosphorylation and degradation
of the C-terminal truncation variant of IκBα. However, the pre-
cise mechanism accounting for the substantially decreased NFκB
activation in case of the C-terminal truncation of IκBα remains
unknown and needs to be further investigated. In case of the p.
Gln228*-IκBα, missing domains include the 2 C-terminal
ankyrin-rich domains (ARDs) (ie, ARD5 and ARD6), which are
involved in the interaction of IκBα with p50 and p65 [33,34].
Besides these 2 ARDs, the C-terminal sequence enriched in pro-
line (P), glutamate (E), serine (S) and threonine (T) (PEST), that
lies within the missing sequences of the p.Gln228*-IκBα, has
been shown to be involved in NFκB binding [35]. Therefore, the
p.Gln228* variant may be impairing binding to the NFκB subu-
nits and consequently result in increased levels of free IκBα (not
bound to NFκB) as well as free p50-p65 (Fig 5). The latter is in
line with the finding of elevated cytoplasmic p50 levels, which
we observed both in case of HEK293T cells expressing the
Gln228*- IκBα as well as in primary cells from patients harbour-
ing same variant. The loss of the PEST domain is expected to
impair the steady-state degradation of free IκBα [32,36], which
could also enhance expression of free IκBα. The crystal structure
of IκBα reveals a more extensive interaction between the ARD5
and ARD6 domains and p65 as compared to p50 [34]. Conse-
quently, the p.Gln228* variant may differentially modulate the
Figure 5. Schematic representation of the proposed molecular aberrations ca
ficiency and enhanced inflammasome activation. These changes are depicted
and to the effects of an N-terminal variants that affect serine 32 or 36 residu
alterations are highlighted with red symbols and red text. IκBα, inhibitor of N
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interaction between IκBα and the individual subunits of NFκB
complex, favouring activator NFκB dimers or proinflammatory
gene expression enhancing inflammasome activation over
repressor dimers or regulatory gene expression. Besides inhibit-
ing NFκB in the cytoplasm, IκBα has been shown to bind NFκB
in the nucleus, exporting it back in the cytoplasm [37,38]. While
IκBα nuclear import depends largely on the ARD2, its nuclear
export is contingent on N residues [39,40], which are all
expected to be preserved in p.Gln228*-IκBα. Therefore,
enhanced nucleocytoplasmic shuttling of the p.Gln228*-IκBα
might be an alternative hypothesis for the substantially reduced
nuclear levels of NFκB-p50 in HEK293T cells expressing the p.
Gln228*-IκBα as well as in primary cells from patients harbour-
ing the same variant. A genotype-matched cell model would
enable in-depth investigation of the above proposed hypotheses
(Fig 5) and facilitate identification of the specific molecular
aberrations leading to nuclear p50 depletion in cells harbouring
the p.Gln228* variant.

Previously, monoallelic NFKBIA variants affecting the N-ter-
minus of IκBα and compromising its degradation have been
associated with autoinflammation [4]. In case of the p.Leu34-
Pro-IκBα variant, which was identified in a patient with hepatic
autoinflammation [7], increased induced production of IL-1β by
patient-derived cells and macrophages from a conditional
knock-in mouse model harbouring the same variant, suggested
enhanced inflammasome activation and provided a direct casual
link between this variant and autoinflammation. The latter sug-
gested that IκBα gain-of-function and the consequent cyto-
plasmic sequestration of NFκB can cause autoinflammation. In
the present work, patients studied displayed early-onset,
used by the truncation variant of IκBα, leading to functional NF-κB insuf-
in comparison to the physiological canonical NF-κB activation pathway
es and abrogate induced proteasomal degradation. Proposed pathogenic
FκB α; pp, phosphorylation; Ub, ubiquitination.
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episodic and seronegative arthritis, consistent with an autoin-
flammatory phenotype. The observed elevation of serum IL-18
levels, together with increased inflammasome activation in
patient monocytes, is consistent with an autoinflammatory dis-
ease. The identification of the p.Gln228* variant, along with its
impact on canonical NFκB activation, further supports its role in
impairing innate immune regulation in a manner comparable to
NFκB1 insufficiency [21], thereby contributing to autoinflam-
mation. However, the lack of a genotype-matched myeloid cell
model, which would provide a direct causative link between the
p.Gln228* variant and autoinflammation, represents a limita-
tion of the present work. In addition, the absence of data on
treatment with an IL-1β inhibitor precluded direct clinical
assessment of the inflammasome dependency of arthritis in the
studied patients.

NFKBIA is one of the genes that were previously identified to
confer risk for rheumatic disorders and simultaneously relate to
IEIs [41]. Besides overlapping genetic backgrounds, well-
classifiable rheumatic disorders represent a relatively common
phenotypic trait of IEIs [42,43]. Reciprocally, IEIs have been
identified in patients, initially diagnosed with rheumatic disor-
ders. Early disease onset, extra-articular manifestations, such as
pustular psoriasis and inflammatory bowel disease, the macro-
phage activation syndrome, persistent hypogammaglobulinae-
mia, even if induced by DMARDs, lymphocyte differentiation
defects, such as reduced class-switch memory B cell and familial
clustering of immune dysregulation represent red flags that could
indicate an underlying IEI in patients with rheumatic disease [44
−47]. Among IEIs, disease of immune dysregulation and autoin-
flammatory disorders commonly present with features of rheu-
matic disease, such as arthritis, vasculitis, and eczema [11].
Despite the commonly reported phenotypic complexity of autoin-
flammatory disorders and diseases of immune dysregulation, as in
case of the present patients, articular inflammation can represent
the dominant or sole clinical manifestation of an IEI.

In summary, we report a novel pathogenic NFKBIA variant,
which in contrast to all previously reported variants lies outside
the N-terminus of IκBα and results in C-terminal truncation.
Despite intact induced degradation of IκBα, the p.Gln228* vari-
ant strongly restricts canonical NFκB activation. The latter
together with the findings of affected B cell differentiation and
enhanced inflammasome activation, which represent common
immunological features in NFκB1 haploinsufficiency, suggest a
functional NFκB1 insufficiency as the main pathomechanism in
the case of the p.Gln228*-IκBα variant.
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A B S T R A C T

Suppression of hyperactive stimulator of interferon genes (STING) may provide therapeutic ben-
efits to treat inflammatory diseases. We identified a macrocyclic peptide, named P1, which binds
to human STING (hSTING) by a new platform for the discovery of pseudonatural macrocyclic
peptides. In cellular experiments, P1 effectively blocked the translocation of hSTING from endo-
plasmic reticulum (ER) to the trans-Golgi network, increasing the accumulation of hSTING on
ER, and thus interrupted the downstream STING signalling transduction, which resulted in
reduced production of interferon-β (IFN-β) and proinflammatory cytokines, the major effectors
of the STING pathway. Mechanistically, the crystallographic structure of P1-bound hSTING
reveals that P1 binds to the cyclic nucleotides binding domain of hSTING dimers, the same
domain as 2′3′-cyclic guanosine monophosphate-adenosine monophosphate (GMP-AMP) (2′3′-
cGAMP) binds, and that P1-bound hSTING dimers are trapped in an ‘open’ conformation due to
38°-rotated wings compared with the ‘closed’ conformation associated with 2′3′-cGAMP-medi-
ated hSTING activation. Nano-P1, the nanoparticle form to increase its cellular membrane per-
meability, dampened the infectious inflammation induced by herpes simplex virus type 1 both
in human cells and in humanised-STING (hSTING+/+) mice. Trex1-deficient hSTING+/+ mice,
which develop uncontrolled type I interferon-driven inflammation with growth failure and early
lethality, were used to assess the effects of STING inhibition. Treatment with Nano-P1 sup-
pressed the systemic inflammation, restored the regular growth, and substantially extended the
survival of the otherwise runt and short-lived mice. Furthermore, neither in vitro nor in vivo
experiments showed toxicity of Nano-P1, proving its safety for potential clinical application.
Therefore, the macrocyclic peptide-based Nano-P1, an hSTING inhibitor, has great potential for
treating the inflammation resulting from hyperactive STING.
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INTRODUCTION

The cGAS-STING pathway plays a crucial role in host defence
against foreign pathogens or environmental stimuli. Its primary
function is to sense cytoplasmic double-stranded (ds) DNA, trig-
gering an innate immune response. cGAS recognises dsDNA and
catalyses the synthesis of 2′3′-cyclic GMP-AMP (2′3′-cGAMP
from adenosine triphosphate (ATP) and guanosine triphosphate
(GTP)) [1]. As a second messenger, 2′3′-cGAMP binds to the
groove in the cyclic nucleotide binding (CBD) domain of STING
dimers on the endoplasmic reticulum (ER) membrane, inducing
STING dimers to transform into an activated conformation. Acti-
vated STING dimers translocate from ER to the trans-Golgi net-
works (TGN) [2,3]. On reaching the TGN, the oligomerisation of
STING dimers initiates the aggregation and autophosphorylation
of TANK binding kinase 1 (TBK1) [4], subsequently triggering
the phosphorylation of interferon regulatory factor 3 (IRF3) [5]
or inhibitory kappa B kinase β (IKKβ) [6]. This cascade of events
culminates in the production of type I interferon or the activa-
tion of the nuclear factor kappa B (NF-κB) pathway that facili-
tates the transcription of proinflammatory cytokines such as
interleukin-1β (IL-1β), interleukin-6 (IL-6), etc.

Because dsDNA is one of the most important genetic materi-
als, the response of the cGAS-STING pathway to dsDNA must be
strictly regulated [7]. For example, the dsDNA that activates
cGAS has to be greater than a certain length in the cytosol [3];
once STING gets activated, the cells initiate a set of degradation
mechanisms to tightly calibrate the strength of STING signalling
[8]. Many pieces of evidence have shown that aberrant activa-
tion of and/or prolonged cGAS-STING signalling is implicated in
the pathogenesis of a diverse array of diseases, including auto-
immune inflammation [9], neurodegenerative disorders [10],
cancers [11], and accelerated ageing [12,13]. Therefore, inhibi-
tion of the cGAS-STING pathway holds promise as a therapeutic
strategy for these conditions.

Currently, the reported STING inhibitors are predominantly
small-molecule compounds like H-151 [14], cyclic peptide Aus-
tin C [15], linear peptide SN-011 [16], etc. Although these com-
pounds are capable of interfering with the activation of STING
in cellular experiments or in mouse models, their clinical appli-
cation is impeded by the inherent limitations of small molecules,
such as high off-target rates, short half-lives, and poor selectiv-
ity. Macrocyclic peptides serve as a bridge between small mole-
cules and protein biomolecules. They are known for their
significant advantages, including improved specificity,
enhanced stability, and greater structural diversity [17,18].
Their cyclisation design allows for increased conformational
restriction, which leads to reduced entropy costs when interact-
ing with biological targets. Despite the discovery of several
small cyclic peptides that bind and inhibit STING, there remains
a compelling need to identify novel candidates in the macrocy-
clic peptide category as a safe and highly efficient medicine
option for clinical inhibition of STING in conditions stemming
from its overactivation [19].

In this study, we utilised the random nonstandard peptide
integrated discovery (RaPID) system [17,20−24] and screened
more than 1012 macrocyclic peptides for the ones that bind to
human STING (hSTING). A macrocyclic peptide, named P1,
with demonstrated inhibitory effects on hSTING was identi-
fied. The crystal structure of the P1-hSTING complex was
solved, providing molecular insights into the inhibition mecha-
nism of P1 on hSTING. To facilitate the entry of P1 into cells,
we utilise both poly(β-amino ester) (PBAE, a cationic polymer)
and pDMA-pEPEMA (poly [dimethylacrylamide]-poly [2-(N-
943
ethyl-N-propyl amino] ethyl methacrylate) (an amphiphilic
polymer), which are capable of enhancing drug permeability
in cells, as well as promoting drug stability and distribution in
the body [25,26], to formulate P1 into a nanoparticle, Nano-
P1. Both in vitro and in vivo experiments demonstrated that
Nano-P1 ameliorated inflammation caused by hyperactivity of
STING, especially in the 3′ repair exonuclease 1 (Trex1)-defi-
cient mice that had systemic inflammation resulting from inap-
propriately high expression of IFN-β due to constant activation
of cGAS-STING [27−29]. Therefore, Nano-P1 holds promise as
a safe and potent therapeutic agent for addressing autoimmune
inflammatory diseases resulting from aberrant activation of
STING.

METHODS

Methods and materials are provided in the Supplementary
Online Information file.

RESULTS

Identification of macrocyclic peptides capable of binding to
hSTING

We first adopted the RaPID system to identify de novo macro-
cyclic peptide ligands to human STING. A mRNA library consist-
ing of AUG-(NNK)8-12-UGC-(GGC-AGC)3-UAG [30] was devised
and ligated to a puromycin-CC-polyethylene glycol (PEG)-
linker-DNA fragment for the expression of displayed macrocy-
clic peptide libraries. The start codon AUG was reprogrammed
to replace N-formylmethionine with N-chloroacetyl-L-tyrosine
(L-library) or N-chloroacetyl-D-tyrosine (D-library), which could
spontaneously react with the thiol side chain of a downstream
cysteine residue to afford the thioether macrocyclic peptides.
We employed (NNK)8-12, where N and K, respectively, denote
any of the 4 bases and U or G, for encoding 8 to 12 random
sequences. The inclusion of (GGC-AGC)3 repeat codons encoded
a triple-repeat glycine-serine peptide linker, and the stop codon
UAG arrests the progression of ribosomes in the release factor 1
omitted flexible in vitro translation system. It was anticipated
that more than 1012 macrocyclic peptides would be expressed in
each library, and the resulting libraries were individually
panned against biotinylated hSTING immobilised on streptavi-
din beads (Fig 1A). On 4 rounds of screening and selection, the
enriched cDNA pools were then sequenced (Supplementary Fig
S1A,B). Based on hit frequency assessment and sequence con-
sensus (Supplementary Fig S1C,D), we selected 2 macrocyclic
peptides P1 (peptide L1 in Supplementary Fig S1C) and P2 (pep-
tide D1 in Supplementary Fig S1D), and then successfully syn-
thesised them using solid-phase peptide synthesis (Fig 1B,
Supplementary Fig S1E-H) to validate their interactions with
hSTING and to further determine the mode of actions.

Nano-P1 is an hSTING inhibitor

Macrocyclic peptides generally face challenges in targeting
intracellular targets due to their difficulty in crossing the cellular
membrane [17]. P1 and P2, as macrocyclic peptides, are no
exceptions after our test. To enable both peptides to target
hSTING in the cytosol, we developed a nanoparticle-based mac-
rocyclic peptide delivery system to enhance the membrane per-
meability of peptides P1 and P2, facilitating their entry into
cells. Briefly, a cationic polymer, PBAE, was synthesised to elec-
trostatically interact with the peptides. Additionally, an



Figure 1. Nano-P1 is a human-STING inhibitor. (A) Schematic process flow of screening for macrocyclic peptides targeting hSTING with the RaPID
system. (B) Chemical structure of the selected macrocyclic peptide P1. (C) Schematic design of nanoparticular macrocyclic peptides. (D and E)
hSTING+/+ MEFs or hSTING+/+ PMs were treated with Nano-blank or Nano-P1 (30 μM) for 6 h and then stimulated with 2′3′-cGAMP for 3 h, or
infected with HSV-1 or SeV for 6 h, or transfected with ISD or poly(I:C) for 6 h. The mRNA expressions of Ifnb1 and Il6 in hSTING+/+ MEFs or
hSTING+/+ PMs were shown. The experiments in (D) and (E) were repeated 3 times, and data were presented as mean ± SD, with n = 3; ns: P >.05,
***P <.001, ****P <.001. 2′3′-cGAMP, 2′3′-cyclic GMP-AMP; hSTING, human STING; hSTING+/+, humanised-STING; HSV-1, herpes simplex virus
type 1; ISD, interferon stimulatory DNA; MEFs, mouse embryo fibroblasts; pDMA, poly (dimethylacrylamide); pEPEMA, poly (2-[N-ethyl-N-propyl
amino] ethyl methacrylate); PMs, peritoneal macrophages; RaPID, random nonstandard peptide integrated discovery; SeV, Sendai Virus.
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amphiphilic polymer, pDMA-pEPEMA, composed of a hydro-
philic pDMA segment and an acid-sensitive pEPEMA chain, was
synthesised through reversible addition fragmentation chain
transfer (RAFT) polymerisation and chosen as the delivery vehi-
cle for nanoparticle preparation (Fig 1C, Supplementary Fig
S2A,B). The final products, P1 and P2 loaded with nanoparticles,
were named Nano-P1 and Nano-P2, respectively.

To investigate the functional effects of Nano-P1 or Nano-P2
on hSTING, mouse embryo fibroblasts (MEFs) from humanised-
STING (hSTING+/+) mice were treated with Nano-P1 or Nano-
P2 plus the canonical STING-activating ligand 2′3′-cGAMP. The
results showed that both P1 and Nano-P1 were able to suppress
2′3′-cGAMP-induced Ifnb1 expression, with Nano-P1 being
more efficient than P1 alone (Supplementary Fig S2C) and act-
ing in a dose-dependent manner. This indicates that the nano-
particle delivery system might effectively assist in the entry of
P1 into cells. Although P2 binds to hSTING, neither P2 nor
Nano-P2 had effect on the expression of Ifnb1 induced by 2′3′-
cGAMP (Supplementary Fig S2D). In addition, nanoparticle
characteristic analysis revealed that Nano-P1 was a stable parti-
cle (Supplementary Fig S2E,F). Therefore, we decided to focus
our efforts on Nano-P1 in the search for a potential hSTING
inhibitor.

In hSTING+/+ MEFs and hSTING+/+ peritoneal macro-
phages, Nano-P1 significantly inhibited the expressions of Ifnb1
and Il6 triggered by 2′3′-cGAMP, herpes simplex virus type 1
(HSV-1, a dsDNA virus), or interferon stimulatory DNA (ISD)
(Fig 1D,E), all of which are potent inducers of STING activity. In
contrast, Nano-P1 did not inhibit the expressions of Ifnb1 or Il6
stimulated by poly(I:C) (dsRNA mimics) or Sendai Virus (a nega-
tive-sense single-stranded RNA virus) (Fig 1D,E), neither of
which is the inducer of cGAS-STING, indicating the specificity of
Nano-P1’s inhibitory effect on STING. The RNA-seq analysis of
hSTING+/+ MEFs treated with Nano-P1 with or without 2′3′-
cGAMP demonstrated that Nano-P1 decreased the expression of
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a set of genes induced by 2′3′-cGAMP (Supplementary Fig S3A),
many of which are proven effector genes of the STING signalling
transduction pathway, further proving the inhibition of hSTING
by Nano-P1.

Insights into the molecular basis of the interaction between P1
and hSTING

To elucidate how P1, the active component of Nano-P1,
inhibits the activation of hSTING, the crystal structure of the P1-
hSTING complex was solved at 2.49 A

�
resolution (Supplemen-

tary Table S1). The structure analysis showed P1 binds to the V-
shaped pocket of the hSTING C-terminal (hSTINGCTD) dimer
through both polar and hydrophobic interactions (Fig 2A, Sup-
plementary Fig S4A), with several residues (eg, Trp7, Tyr10 of
P1, and Tyr163, Tyr167, Pro264 of hSTING) were being tested
essential for the binding. In detail, Trp7 and Tyr10 from P1
insert directly into a hydrophobic pocket formed by residues
from molecule A (Leu159, Ser162, Tyr163, Thr263, Pro264, and
Thr267) and molecule A′ (Tyr163, Tyr167, and Thr263)
(Fig 2B-D, Supplementary Fig S4B-F). The binding affinity of
hSTING to P1 (KD ≈ 5.4 nM) (Fig 2C) is comparable with that of
the natural ligand 2′3′-cGAMP (KD ≈ 4 nM) [31]. We then com-
pared the structure of the P1-hSTINGCTD complex with that of
2′3′-cGAMP-hSTINGCTD (4KSY) (Fig 2E). Unlike 2′3′-cGAMP,
which induces a closed conformation of hSTING, P1 stabilises
an open state with rotated ‘wings’, preventing the conforma-
tional transition required for ligand-induced activation, which
suggests that P1 acts as a competitive inhibitor of hSTING.

The STING locus transcribes transcripts with a diverse array
of single-nucleotide polymorphisms (SNPs) that are variably dis-
tributed across global populations [32]. P1 was tested in the
major hSTING variants found in global populations (HAQ,
R232H, AQ, R293Q) [32,33] (Supplementary Fig S5A). We
found P1 binds to R232H, AQ, and R293Q variants with KD



Figure 2. P1 binds to the cyclic nucleotide binding (CBD) domain of hSTING. (A) Overall structure of P1-hSTINGCTD (hSTING 153-343aa) complex.
STING forms a dimer, and the 2 molecules are coloured in cyan and green, respectively. 2Fo-Fc electron-density map for P1, shown in purple mesh, is
contoured at 1.6 σ; hSTINGCTD dimer exhibits a V-shaped pocket-like architecture, where P1 is located at the bottom of the pocket through extensive
interactions. The V-shaped binding domain is primarily composed of 3 α-helices (α1, α2, and α3), a β-sheet (β4) and 2 loops (β2-β3 and β4-α4) from
hSTINGCTD molecule A, and corresponding structures (α1′, α2′, α3′, β4′, β2′-β3′, and β4′-α4′) from the other molecule A′. (B) The interface between
P1 and hSTINGCTD, with residues W7 and Y10 in P1 shown in purple sticks; Trp7 and Tyr10 from P1 insert directly into a hydrophobic pocket formed
by residues from molecule A (Leu159, Ser162, Tyr163, Thr263, Pro264, and Thr267) and molecule A′ (Tyr163, Tyr167, and Thr263). (C) Binding
affinity of hSTINGCTD with P1 and P1W7A measured by isothermal titration calorimetry (ITC). (D) Binding affinity of hSTINGCTD mutants with P1 mea-
sured by ITC. (E) Structural comparison of 2′3′-cGAMP-hSTING (PDB: 4KSY) with P1-hSTINGCTD. The structure of 2′3′-cGAMP-hSTING is shown in
grey. The arrow indicates the conformational change in hSTING on P1 binding. In detail, binding of P1 to the V-shaped pocket prompts the structure
of hSTINGCTD dimer to adopt an ‘open’ state with 38°-rotated wings compared with 2′3′-cGAMP does. cGAMP, cyclic GMP-AMP; hSTING, human
STING.
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values between ∼11.5 and ∼23.0 nM (Supplementary Fig S5B),
all of which were comparable with the prototype hSTING (KD of
∼5.4 nM). When HEK293T cells ectopically expressed the indi-
vidual variants, Nano-P1 suppressed IFNB1 expression on 2′3′-
cGAMP stimulation in each variant (Supplementary Fig S5C).
These results prove that Nano-P1 has broad inhibitory capabili-
ties towards hSTING with major SNPs found in global popula-
tions.

Nano-P1 inhibits hSTING signalling transduction

The effectors of STING activation include both
TBK1→IRF3→type I interferons and TBK1→NF-
κB→proinflammatory cytokines pathways. In this study, we
found that P1 binds to hSTING and suppresses the expression of
IFNB1 induced by 2′3′-cGAMP. We next aimed to confirm the
suppression of both effector pathways by Nano-P1. The results
revealed that Nano-P1 effectively inhibited the phosphorylation
of both IRF3 and p65 as well as the phosphorylation of STING
and TBK1 in hSTING+/+ MEFs on HSV-1 infection (Fig 3A).
Nano-P1W7A did not suppress the phosphorylation of STING and
its effectors, which was consistent with the fact that P1W7A does
not bind to hSTING (Fig 2C). Moreover, Nano-P1 reduced the
amount of nuclear IRF3 and nuclear p65 in HSV-1-infected
hSTING+/+ MEFs (Fig 3A) and inhibited the translocation of
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IRF3 and p65 from cytoplasm to nucleus after hSTING activation
by 2′3′-cGAMP (Fig 3B,C). Because phosphorylation and nuclear
translocation of transcription factors IRF3 and p65 are key
checkpoints of STING activation, these results collectively dem-
onstrate that the inhibition of hSTING by Nano-P1 resulted in
the suppression of the canonical hSTING signalling transduction
pathways.

On binding with 2′3′-cGAMP, STING dimers translocate from
the ER membrane to the TGN apparatus, during which process
STING dimers aggregate and form oligomers to initiate down-
stream signal transductions [4,34]. Because P1 binds to the
same V-shaped pocket domain on hSTING dimers as 2′3′-
cGAMP, but hinders the formation of lids, we speculated that
the lid-less state and the aberrant rotation of the wings of
hSTING by P1 inhibited the oligomerisation and translocation of
hSTING. The results from native-gel electrophoresis proved our
hypothesis, as Nano-P1 effectively reduced the tetramerisation
and oligomerisation of hSTING, whereas the dimers of hSTING
accumulated (Fig 3D), with the protein levels of hSTING in
treated cells remaining unchanged (Supplementary Fig S6A).
This mode of action by Nano-P1 was comparable with H-151, a
proven inhibitor of hSTING, which inhibits the activation of
hSTING by suppression of the aggregation of hSTING [14]. Fur-
thermore, Nano-P1 and H-151 exhibited similar inhibitory
effects on the expression of Ifnb1, Isg15, Cxcl10, and Il6 induced

pdb:4KSY


Figure 3. Nano-P1 inhibits hSTING signalling transduction. (A) hSTING+/+ MEFs were infected with HSV-1 for indicated time following Nano-blank,
Nano-P1 or Nano-P1W7A treatment for 6 h. The phosphorylation of STING, TBK1, IRF3-S396, and p65 in cytosol and the presence of IRF3 and p65 in
the nucleus were detected by Western blot. All blots were quantified by Image J. (B and C) Hela cells were treated with Nano-blank, Nano-P1, or
Nano-P1W7A (30 μM) for 6 h and then stimulated with 2′3′-cGAMP for 3 h. (B) Representative immunofluorescences of IRF3 (green) and DAPI (blue).
(C) Representative immunofluorescences of p65 (green) and DAPI (blue). Scale bar = 20 μm. The efficiency of nuclear translocation of IRF3 and p65
in each cell was quantified as the percentage of merged cyan colour intensity within the DAPI-stained nuclear area. (D) HEK293T-hSTINGOE were
treated with Nano-blank, Nano-P1, and Nano-P1W7A (30 μM) for 6 h, or with H-151 (2 μM) for 2 h and then stimulated with 2′3′-cGAMP for 3 h. The
oligomerisations of STING were detected by native PAGE and immunoblot. (E) HEK293T-hSTINGOE were treated with Nano-blank, Nano-P1, and
Nano-P1W7A (30 μM) for 6 h, or with H-151 (2 μM) for 2 h and then stimulated with 2′3′-cGAMP for 3 h. Scale bar = 20 μm. Left, representative
immunofluorescences of GM130 (green), STING (red), and DAPI (blue). Right, statistics on the percentage of the number of STING-Golgi colocalised
loci to the number of STING loci in each cell. The experiments in (A-E) were repeated 3 times. Data in (E) was presented as mean ± SD, with n = 20.
cGAMP, cyclic GMP-AMP; hSTING, human STING; hSTING+/+, humanised-STING; HSV-1, herpes simplex virus type 1; MEFs, mouse embryo fibro-
blasts.
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by 2′3′-cGAMP in hSTING+/+ MEFs (Supplementary Fig S6B).
Therefore, Nano-P1 is as effective as H-151 in inhibiting STING.
However, we observed a significant difference in Nano-P1 from
H-151: hSTING did not translocate to the TGN following Nano-
P1 treatment, indicating that Nano-P1 exerts its inhibitory func-
tion at the ER stage of hSTING activation, whereas H-151 did
not block the translocation of hSTING from ER to the TGN
(Fig 3F, Supplementary Fig S6C).
Nano-P1 attenuates HSV-1-induced host inflammation response

STING is an important effector of host anti-infection innate
immunity, especially for the anti-DNA virus infections. Because
Nano-P1 inhibits the activation of hSTING, we decided to inves-
tigate whether it would dampen the host anti-HSV-1 innate
immune responses. Peripheral blood mononuclear cells (PBMCs)
obtained from healthy human donors were pretreated with
Nano-P1 and then infected with HSV-1. The serum levels of IFN-
β and IL-6 in the PBMCs decreased in a Nano-P1 concentration-
dependent manner (Fig 4A, Supplementary Fig S7A,B). Similar
effects were observed in hSTING+/+ mice when Nano-P1 was
intravenously injected into the mice followed by HSV-1 infec-
tion. The serum levels of IFN-β and IL-6 (Fig 4B, Supplementary
Fig S7C) in these mice were significantly lower than those in the
mice treated with Nano-blank (nanoparticles alone). Because
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STING is the major effector of host anti-HSV-1 innate immunity,
its inhibition by Nano-P1 in the HSV-1-infected hSTING+/+

mice resulted in increased HSV-1 viral loads in brain and spleen,
and thereafter, significantly lower survival rate (Fig 4C,D). Col-
lectively, these findings demonstrate that Nano-P1 suppressed
the inflammatory response triggered by HSV-1 infection and
dampened host anti-HSV-1 immunity, further confirming the
inhibitory effects of Nano-P1 on the STING pathway in vivo.
Nano-P1 suppresses systemic inflammation and autoimmune
features in humanised-STING mice

Because Nano-P1, an hSTING inhibitor, has the capacity to
suppress the production of inflammatory cytokines in HSV-1-
infected hSTING+/+ mice, it is reasonable to propose that it
may constrain autoimmune inflammation as well, including the
development of antinuclear autoantibodies (ANAs) that are a
hallmark of lupus and other autoimmune diseases. Inactivation
of TREX1, an enzyme responsible for degrading cytosolic DNA
fragments, results in aberrant activation of cGAS-STING and
subsequent systemic autoimmune inflammation. The Trex1−/−

mice are reminiscent of autoimmune diseases, and lupus-like
features in the mice include spontaneous development of high-
titre ANAs, elevated type I interferon signalling, fatal inflamma-
tory myocarditis, and splenomegaly. Therefore, we decided to



Figure 4. Nano-P1 attenuates HSV-1-induced inflammatory response. (A) PBMCs obtained from healthy volunteers were treated with nanoblank or
Nano-P1 with indicated concentrations and then infected with HSV-1 for 6 h. The secretion of interferon-β (IFN-β) or interleukin-6 (IL-6) was detected
by ELISA. The fold changes of the IFN-β (left) or IL-6 (right) concentrations were shown. (B) The hSTING+/+ mice were treated with Nano-P1 for 12 h
and then were infected with HSV-1 for 6 h. The concentrations of IFN-β (left) or IL-6 (right) in serum was detected by ELISA. (C) The hSTING+/+ mice
were treated with Nano-P1 for 12 h and then were infected with HSV-1 for 24 h. The expressions of HSV-1 structural gene gG in mouse brains were
detected by qPCR; (D) The hSTING+/+ mice were treated with Nano-P1 for 12 h and then were infected with HSV-1. Nano-P1 was administered every
other day. The survival curve of HSV-1-infected mice with or without Nano-P1 treatment is shown. The experiments were repeated 3 times. Data in
(A) were presented as median, data in (B) and (C) were presented as mean ± SD, with n = 4 (A), n = 3 (B and C), n = 4 (D); ns: P >.05, **P <.01,
****P <.0001. hSTING+/+, humanised-STING; HSV-1, herpes simplex virus type 1; PBMCs, peripheral blood mononuclear cells; ELISA, enzyme linked
immunosorbent assay; qPCR, quantitative PCR.
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use hSTING+/+Trex1−/− mice to investigate whether Nano-P1
could suppress the systemic inflammation induced by hyperac-
tivity of cGAS-STING in these transgenic mice (Fig 5A). The
hSTING+/+Trex1−/− mice were much smaller than wild-type
controls (Fig 5B, Supplementary Fig S8A) at every age starting
from birth, and they died within 7 weeks of age (Fig 5C). The
runt hSTING+/+Trex1−/− mice that received Nano-P1 treatment
had body weights and survival rates comparable with those of
hSTING+/+Trex1WT/WT mice with or without Nano-P1 treat-
ments (Fig 5B,C, Supplementary Fig S8A). Unsurprisingly,
because Nano-P1W7A does not bind to hSTING, it did not correct
the low body weights of the runt hSTING+/+Trex1−/− mice, nor
did it substantially extend their lifespans. Consistent with these
results, hSTING+/+Trex1−/− mice had splenomegaly, while the
Nano-P1-treated mice had spleens of normal size as controls; no
such effects were observed in the spleens of Nano-P1W7A treated
hSTING+/+Trex1−/− mice (Supplementary Fig S8B). These
results indicate that Nano-P1 has significant therapeutic effects
on systemic autoimmune inflammation in the hSTING+/

+Trex1−/− mice.
We next investigated Nano-P1’s anti-inflammatory efficacy at

both organ and molecular levels. Histological and morphologi-
cal changes as well as lymphocyte infiltrations observed in the
heart, liver, intestine, stomach, kidney, muscle, and tongue of
the Nano-P1-treated hSTING+/+Trex1−/− mice were all compa-
rable with those in Trex1WT/WT mice (Fig 5D,E, Supplementary
Fig S8C,D) following a 14-day treatment. Nano-P1 significantly
reduced the mRNA expression of inflammatory cytokines, such
as Ifnb1, Isg15, Cxcl10, and Il6 in the heart, liver, and intestine
of hSTING+/+Trex1−/− mice, though not to the same levels as
in the hSTING+/+Trex1WT/WT mice (Fig 5F), whereas Nano-
P1W7A had no such effects. The presence of ANAs is a defining
feature of lupus-like autoimmune inflammation. The test of
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ANAs in the serum of hSTING+/+Trex1−/− mice showed strong
positive signals, and Nano-P1 significantly reduced serum ANA
levels (Fig 5G,H), a result that was consistent with the histopath-
ological or gene expression of other lupus-like features like ele-
vated type I interferon signalling, fatal inflammatory
myocarditis, and splenomegaly. Collectively, Nano-P1 effec-
tively suppressed the systemic autoimmune inflammation espe-
cially lupus-like features in hSTING+/+Trex1−/− mice and
extended their survival, proving that Nano-P1 may serve as a
viable therapeutic option for such conditions.

Regarding the toxicity of Nano-P1, it was observed that
Nano-P1 did not cause weight loss, alterations in spleen size, or
histological changes of major organs of hSTING+/+Trex1WT/WT

mice (Fig 5B,D,E, Supplementary Fig S8A-D). In vitro, Nano-P1
had no effect on the proliferation of hSTING+/+Trex1WT/WT

MEFs (Supplementary Fig S9A), and RNA-seq results indicated a
high correlation between the Nano-P1 treatment group and the
phosphate-buffered saline (PBS) control group in terms of global
gene expression in hSTING+/+Trex1WT/WT MEFs (Supplemen-
tary Fig S9B). These results suggest that Nano-P1 is safe both in
vitro and in vivo.

Characterising the in vivo distribution and retention of Nano-
P1 is critical for its preclinical development. To track Nano-P1 in
hSTING+/+Trex1WT/WT mice, fluorescein isothiocyanate (FITC)-
conjugated P1 (Fig 6A,B) was formulated to nanoparticles (Nano-
P1-FITC). In vivo imaging was performed at 6- and 12-hour postin-
travenous injection, assessing whole-body fluorescent intensity
and tissue-specific accumulation in brain, spinal cord, stomach,
intestine, liver, heart, kidney, lung, tongue, muscle, spleen, and
lymph nodes, totally 12 organs/tissues. The results showed that
Nano-P1-FITC exhibited widespread systemic distribution by
6 hours, with fluorescence signals declining between 6 and
12 hours (Fig 6C-E). Notably, the signal intensity was particularly



Figure 5. Nano-P1 suppresses the systemic autoimmune inflammation in hSTING+/+Trex1−/− mice. (A) The schematic procedure for Nano-cyclic
peptides (Nano-CPP) treatment in the mice. (B-F) hSTING+/+Trex1WT/WT mice were treated with Nano-P1, and hSTING+/+Trex1−/− mice were
treated with Nano-blank, Nano-P1, or Nano-P1W7A following the procedure in (A). (B) Body weights of the mice. (C) Survival rate of the mice. (D) Rep-
resentative haematoxylin and eosin (H&E) staining of heart, liver, and intestine sections of the mice. Scale bar = 100 μm. (E) The histology score of
tissues in (D). (F) The mRNA expression of Ifnb1, Isg15, Cxcl10, and Il6 in the heart, liver, or intestine of the mice was detected by qPCR. (G and H)
Antinuclear antibody testing. The serum from hSTING+/+Trex1WT/WT mice and Nano-blank, Nano-P1, Nano-P1W7A-treated hSTING+/+Trex1−/− mice
was tested. (G) Representative immunofluorescences of serum antinuclear IgG (green) staining were shown. (H) The mean fluorescence intensity
(MFI) of serum antinuclear IgG. The experiments were repeated 3 times. Data were presented as mean ± SD, with n = 3 (B, C, F, H), n = 5 (E); **P
<.01, ***P <.001, ****P <.0001. hSTING+/+, humanised-STING.
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strong in the intestine, brain, muscle, and lung, while there was
no detectable signal in heart. The findings highlight Nano-P1’s
tissue-specific pharmacokinetic profile and support its further
exploration as a promising therapeutic candidate for targeted
modulation of STING-dependent systemic inflammation in clini-
cal applications.

DISCUSSION

STING is a key component of the cGAS-STING pathway,
which plays an essential role in innate immunity. Recent studies
have extensively examined its activation and degradation,
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offering a theoretical foundation for the development of drugs
targeting distinct mechanisms of its functions and life cycle.
Aberrant hyperactivation and/or prolonged activity of STING
have been considered as a causality in many pathologies, includ-
ing but not limited to autoimmune inflammation. Therefore,
searching for clinically useful STING inhibitors is of great inter-
est. Although STING inhibitors in the form of linear peptides or
cyclic peptides within small-molecule category have been docu-
mented, there remains a strong demand for other types of inhibi-
tors, such as macrocyclic peptides. Unlike small-molecule
chemicals or peptides, macrocyclic peptides offer enhanced
safety and greater specificity for the targets. In this study,



Figure 6. The distribution and retention of Nano-P1-FITC in mice. (A) High performance liquid chromatography (HPLC) spectra of synthesised P1-zk
(FITC) (P1-FITC) peptides. (B) Electrospray ionization mass spectrometry (ESI-MS) spectra of the synthesised P1-FITC peptides after HPLC purifica-
tion. (C) In vivo imaging system (IVIS) scanned the fluorescence of hSTING+/+ mice 6 and 12 h after intravenous (i.v.) injection of Nano-P1-FITC.
Left: Whole-body images of mice (V: ventral, D: dorsal). Right: long exposure of the brain of the mice shown in a dorsal section of C. (D and E) IVIS
scanned the fluorescence of tissues from hSTING+/+ mice 6 and 12 h after i.v. injection of Nano-P1-FITC. (D) All of the 12 tissues were exposed simul-
taneously by IVIS. (E) Each of the 12 tissues shown in (D) was exposed alone by IVIS. Tissues in each dashed box were exposed at the same time.
hSTING+/+, humanised-STING; FITC, fluorescein isothiocyanate.

J. Zheng et al. Ann Rheum Dis 85 (2026) 942−952
macrocyclic peptides P1 and P2 were identified by RaPID to tar-
get hSTING. However, cell permeability represents a major chal-
lenge for macrocyclic peptides. To address this limitation,
extensive chemical modifications, such as incorporation of non-
natural amino acids, backbone N-methylation, or lipidation,
have been explored to improve membrane penetration [17]. In
addition, advanced delivery strategies, including nanoparticle
encapsulation and conjugation to cell-penetrating moieties, offer
promising tools to enhance both cellular uptake and tissue pene-
tration [17,35−37]. To facilitate the ability of macrocyclic pep-
tides to cross cellular membranes, PBAE and pDMA-pEPEMA
modifications were employed to transform P1 and P2 into nano-
particles Nano-P1 and Nano-P2, respectively. Nano-P1 effec-
tively suppresses the activation of hSTING, whereas Nano-P2
does not have such effects. The binding constant of P1 and
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hSTING (KD ≈ 5.4 nM) is comparable with that of 2′3′-cGAMP
and hSTING (KD ≈ 4 nM) [38], and the structure of P1-hSTING
complex indicates that P1 binds within the CBD pocket region of
hSTING, akin to the binding position of 2′3′-cGAMP. Compared
with the ‘open’ conformation structure of P1-hSTING, previous
structural studies have shown that binding of 2′3′-cGAMP
results in a closing of the STING dimer angle [39], but this
‘closed’ conformation does not appear to be necessary for acti-
vation. Notably, crystal structures of STING bound to other ago-
nists, including cyclic-di-GMP [40] and diABZI [41], suggest
that STING can still be active in the ‘open’ conformation. Con-
sidering the facts that nano-P1 suppresses hSTING activation, P1
binds hSTING with a KD similar to that of the natural ligand
2′3′-cGAMP and the structure of P1-bound hSTINGCTD, we
hypothesise that P1 may inhibit the binding of 2′3′-cGAMP to
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hSTING by exerting steric hindrance through its interaction with
the hSTING CBD, thereby interfering with the further activation
of hSTING.

The activation of STING primarily involves the binding of
2′3′-cGAMP to STING dimer and translocation from the ER to
the TGN, where STING forms oligomer and activates down-
stream pathways. H-151, the most studied and well-recognised
gold-standard inhibitor for STING oligomerisation, covalently
binds to STING at cysteine-91, blocking the palmitoylation and
clustering of STINGs when STINGs are on the TGN, without
inhibiting the translocation of STING from the ER to the TGN.
Nano-P1, based on the analysis of the crystal structure of P1-
hSTINGCTD complex, binds to hSTING in the same domain as
2′3′-cGAMP, with a KD comparable with that of 2′3′-cGAMP. It
prevents the regular conformational change of hSTING, and
thus inhibits the clustering of hSTING and blocks the transloca-
tion of STING to the TGN. These observations prompted us to
propose that Nano-P1 exerts its competitively inhibitory effects
on STINGs anchored on the ER membrane, representing a differ-
ent mode of action from H-151. It is worth noting that numerous
studies have suggested that macrocyclic peptides possess the
capability to interfere with protein-protein interactions. Hence,
whether Nano-P1 may affect the binding of other proteins to
hSTING warrants future exploration.

The mode of action of Nano-P1 requires wild-type CBD in the
signalling pathway for its inhibitory function. The STING tran-
script variants that are common in the general populations have
lower binding affinity and are less responsive to Nano-P1 (Sup-
plementary Fig S5B,C) than the canonical transcript, suggesting
that Nano-P1 may have to be dose adjusted to provide compara-
ble results. In contrast, STING-associated vasculopathy with
onset in infancy is caused by ligand-independent activation of
STING due to gain-of-function (GOF) mutations in STING1,
which would not be amenable to blockade with Nano-P1. Fur-
thermore, in the subset of systemic lupus erythematosus where
the production of type 1 interferon is dependent on GOF muta-
tions in TLR7 [42], we suspect that Nano-P1 would not block
the mechanism.

To pave the way for possible clinic applications in the future,
we tested the inhibitory effects of Nano-P1 in humanised-STING
mice. The genetic manipulations replaced the codons from the
sixth exon of mSTING with hSTING sequences, including the V-
shaped domain of hSTING that binds P1, based on our structural
analysis. We also introduced Trex1-knockout mutant alleles into
the mice. As a 3′-to-5′ DNA exonuclease, Trex1-deficiency
results in the cytoplasmic accumulation of DNA [43], thereby
perpetually triggering the cGAS-STING pathway. Therefore,
hSTING+/+Trex1−/− mice provide a suitable model to study the
functions of P1 on hSTING, both in vitro and in vivo. Compared
with hSTING+/+Trex1WT/WT mice, hSTING+/+Trex1−/− mice
exhibited lower body weights and persistent multiorgan autoin-
flammation, ultimately resulting in premature mortality. Nano-
P1 demonstrated significant therapeutic effects on hSTING+/

+Trex1−/− mice, leading to enhanced growth, a substantial
reduction in systemic inflammation, and improved survival. In
addition, our findings showed that Nano-P1 was safe when
administered intravenously or intraperitoneally in mice, without
eliciting toxic side reactions.

Trex1−/− mice have been widely used for studying cGAS-
STING. The mice model many aspects of immunopathology of
systemic autoimmune inflammation, such as systemic lupus
erythematosus (SLE) and Aicardi-Gouti�eres Syndrome (AGS).
In Trex1−/− mice, we observed lupus-like features, including
high titre of ANAs, transient skin redness at 2-4 weeks of age,
950
elevated type I interferon signalling, fatal inflammatory myo-
carditis, nephritis, splenomegaly, growth failure, and early
lethality. However, the pathology of systemic inflammation in
Trex1−/− mice is mainly driven by STING activation rather
than by TLR7 (Supplementary Fig S10A). These mice do not
develop antibody-mediated organ manifestations of SLE, nor
do they develop anti-dsDNA antibodies. Trex1−/− mice do not
develop central nerve system disease, which is the disease
defining and often devastating feature of human AGS. There-
fore, the interpretation of therapeutic potential of Nano-P1 on
systemic inflammation in Trex1−/− mice should be careful,
especially when SLE and AGS are considered.

Trex1−/− mice bearing wild-type allele of mSting1 exhibited
much weaker response to Nano-P1 than the mice with human
allele of STING1 (hSTING+/+Trex1−/−) in terms of Ifnb1, Isg15,
Cxcl10, and Il6 expression (Supplementary Fig S11A,B), which
is a confirmation of species specificity from the initial high-
throughput screening with human-STING as bait that yields
Nano-P1 (Fig 1A, Supplementary Fig S1A,C). This specificity
strongly favours to use humanised-STING mice for future studies
on Nano-P1.

Besides systemic autoimmune inflammation, Nano-P1 sup-
pressed the inflammatory responses induced by the DNA virus
HSV-1 in hSTING+/+ mice and thus enhanced HSV-1 replication
in the mice, suggesting that the inhibitory effect of Nano-P1 on
hSTING would dampen the antiviral innate immunity centred
on STING in vivo. In vitro experiments with HSV-1-infected
human PBMCs showed similar results, with levels of IFN-β as
the readouts. The findings suggest that there might be a risk for
uncontrollable infections when using Nano-P1 to treat systemic
autoimmune inflammation, which we believe would be a gen-
eral issue for STING inhibitors.

P1 is not the only STING inhibitor targeting the CBD. In com-
parison with published STING CBD-blocking compounds, P1
exhibits a comparable KD value to the other compounds, and its
nanoform Nano-P1 shows a competitive effective dose in vivo
(Supplementary Fig S12), which is an advantage of Nano-P1
over the other STING CBD-blocking compounds analysed.

In conclusion, we identified a macrocyclic peptide, named
P1, which binds to and inhibits hSTING, providing molecular
insights into its inhibitory function (Supplementary Fig S13).
Both in vitro and in vivo experiments demonstrated that the mac-
rocyclic peptide inhibited systemic autoimmune inflammation
as well as infectious inflammation, providing compelling evi-
dence to support Nano-P1 as a potential therapeutic agent for
the clinical management of systemic inflammatory diseases.
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An unusual cause of lumbar back pain
Ying Cai 1, Fan Yang2, Chong Chen2, Xian-Zheng Tan 2,*
1 Department of Spine Surgery, Loudi Central Hospital, Loudi, Hunan, China
2 Department of Radiology, Hunan Provincial People’s Hospital and the First Affiliated Hospital of Hunan Normal University,
Changsha, Hunan, China
A 19-year-old man presented with a chief complaint of
atraumatic lumbar back pain for 4 months. He had a body
mass index of 33.4 (weight: 112 kg; height: 183 cm) but no
other metabolic comorbidities. His family history was unre-
markable. He was afebrile with no symptoms of neurological
deficits. On admission to hospital, physical examinations
were unremarkable except for lower lumbar paraspinal ten-
derness. Laboratory examinations showed biochemical evi-
dence of hyperuricemia and inflammation, with a serum uric
acid level of 759 μmol/L, white cell count of 12,550 cells
per mm³, C-reactive protein of 101 mg/L, and erythrocyte
sedimentation rate of 82 mm/h. Contrast-enhanced magnetic
resonance imaging of the lumbar spine showed multiple
intraspinal and extraspinal masses with obvious enhance-
ment involving bilateral L3-L4 facet joints, leading to marked
lumbar stenosis (Fig, A). Computed tomography (CT)
revealed that the masses were heterogeneously hyperattenu-
ating with bony erosion of bilateral L3-L4 facet joints (Fig,
B-D). Spinal gout was suspected. Dual-energy CT subse-
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mining, AI training, and similar technologies.
quently confirmed the diagnosis by demonstrating extensive
monosodium urate (MSU) crystal deposition in the masses
(Fig, E,F). The patient was managed with anti-inflammatory
treatment and urate-lowering therapy and discharged home
with symptomatic relief.

Spinal gout is defined by the deposition of MSU crystals
in the axial skeleton, with an estimated prevalence of 14% to
35% in patients with gout [1]. The differential diagnoses
include septic or inflammatory arthritis, pseudogout, and
neoplasms [2]. As clinical manifestations are usually nonspe-
cific, discrimination between spinal gout and its mimics is
often challenging. The European League Against Rheumatism
recommends imaging, particularly ultrasonography and dual-
energy CT, to noninvasively identify MSU deposition when
crystal identification by invasive punctures is unavailable
and a clinical diagnosis of gout is uncertain [3]. Dual-energy
CT can explore ‘deep-seated’ anatomical structures where
ultrasonography is not feasible, aiding in the correct diagno-
sis of spinal gout [3].
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Figure. Spinal gout. (A) Contrast-enhanced magnetic resonance imaging showed multiple intraspinal and extraspinal mass lesions with obvious
enhancement displacing the posterior spinal cord at the level of L3-L4, with narrowing of the spinal canal. (B-D) Conventional computed tomography
(CT) depicted erosion of bilateral L3-L4 facet joints by multiple slightly hyperattenuating masses that encroached on the left neural foramen and
caused marked canal stenosis. (E,F) Dual-energy CT demonstrated green colour-coded monosodium urate deposition in the intraspinal and extraspinal
hyper-attenuated masses around the bilateral L3-L4 facet joints.
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Letter
Ultrasound localisation
microscopy reveals mural
neovascularisation to
diagnose and track giant cell
arteritis
Giant cell arteritis (GCA) is a systemic, immune-mediated
vasculitis that preferentially affects the extracranial branches of
the carotid artery, most commonly the superficial temporal
artery (STA), in patients older than 50 years [1]. Accurate phe-
notyping of arterial wall inflammation is essential to distinguish
between active and quiescent disease states, thereby enabling
precise risk stratification and individualised therapeutic strate-
gies [2]. Although ultrasonography is recommended as a first-
line imaging modality due to its cost-effectiveness, absence of
ionising radiation, repeatability, and broad availability [3], con-
ventional techniques lack the spatial resolution to visualise
microvascular enrichment associated with inflammatory activ-
ity. Ultrasound localisation microscopy (ULM), an emerging
superresolution approach, overcomes this limitation by integrat-
ing intravenous microbubble contrast, ultrafast plane-wave
imaging, and spatiotemporal tracking algorithms to achieve
unprecedented resolution (10-100 µm) for microvascular assess-
ment [4].

A 74-year-old woman presented with a 4-week history of
bilateral temporal headache, scalp tenderness, and transient
visual blurring. Laboratory evaluation revealed markedly ele-
vated C-reactive protein (CRP) (61.5 mg/L) and erythrocyte sed-
imentation rate (ESR) (>90 mm/h). B-mode ultrasound showed
concentric, homogeneous, hypoechoic wall thickening of the
frontal branch of the STA (Fig, A). The outcome measures in
rheumatology (OMERACT) GCA ultrasonography score (OGUS)
was calculated to be 2.84 [5]. Ultrasonographic imaging was
performed using an ULTIMUS 9E ultrasound system (Vinno)
equipped with a U5-15L linear array transducer (Vinno; band-
width: 6-14 MHz) for ULM data acquisition. After intravenous
injection of 1.5 mL sulfur hexafluoride microbubble contrast
agent (SonoVue, Bracco, Milano, Italy), ULM revealed dense,
tortuous neovascular networks within the thickened intima-
media complex (Fig, B). Quantitative ULM parametric mapping
indicated a vessel ratio of 11.32%, a mean density of 5.47, a
mean velocity of 10.05 mm/s, and a perfusion index of 1.88
(Fig, C). The diagnosis of GCA was established based on the clin-
ical manifestations, laboratory results, and imaging findings [6].
Treatment was initiated with intravenous methylprednisolone
(40 mg/d for 5 days), followed by an oral regimen starting at
20 mg/d, which was tapered in 4 mg decrements at 1- to 2-week
https://doi.org/10.1016/j.ard.2025.10.017
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intervals down to 4 mg, with a final reduction to a maintenance
dose of 2 mg/d. After 4 months, the patient’s clinical symptoms
resolved, with normalisation of inflammatory markers (CRP: 3.5
mg/L; ESR: 3 mm/h). Follow-up ultrasound showed a 40.92%
reduction in the vessel outer diameter (from 3.91 mm to 2.31
mm; reduction: 1.60 mm) and a 72.60% decrease in wall thick-
ness (from 1.46 mm to 0.40 mm; reduction: 1.06 mm) (Fig, D).
The OGUS value at follow-up was 1.16. To evaluate measure-
ment reproducibility, 2 experienced sonographers indepen-
dently repeated measurements on ultrasound images. Excellent
intra- and interobserver agreement was confirmed, with intra-
class correlation coefficients exceeding 0.89. Concurrently, ULM
disclosed a significant reduction in the actual values of key
microvascular parameters relative to baseline, including vessel
ratio (0.59%), mean density (2.45), mean velocity (5.68 mm/s),
and perfusion index (0.09), consistent with resolved vascular
inflammation (Fig, E and F). For comparison, ultrasonographic
images of the frontal branch of the STA in a healthy person are
also presented (Fig, G-I).

This study reports the first in-human application of ULM for
delineating and quantifying pathological microvasculature
within the STA wall. As an emerging technique, ULM shows
promise in providing noninvasive, high-resolution evidence that
may aid in the diagnosis of GCA and the evaluation of therapeu-
tic response. By surpassing the resolution limits of conventional
ultrasound, ULM enables detailed characterisation of contrast
agent dynamics and mural neovascularisation associated
with GCA-related inflammation. Preliminary applications in
Takayasu’s arteritis have further illustrated the ability of ULM
to visualise microvessels within thickened arterial walls, with
increased microbubble density observed during active disease
[2]. These initial findings indicate that ULM may serve as a sen-
sitive biomarker of inflammatory activity and could potentially
inform future clinical decision-making. It should be noted, how-
ever, that current evidence is derived from a limited number of
cases, including a representative case comparison. Large-scale
prospective studies are required to validate ULM-derived met-
rics for diagnostic accuracy, disease activity monitoring, and
treatment personalisation in GCA.
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Figure. Ultrasonographic evaluation of the frontal branch of the superficial temporal artery (STA) in a patient with giant cell arteritis (GCA). A, Longi-
tudinal B-mode image depicting pronounced, concentric intima-media thickening of the STA wall at baseline. B, Corresponding ultrasound localisation
microscopy (ULM) map revealing dense intramural neovascular networks (white arrow) and individual tracked microbubbles (yellow arrow). The col-
our bar indicates flow direction relative to the transducer (red: towards; blue: away). C, ULM-derived vessel-density (VD) map quantifying the spatial
distribution and fractional area of neovessels within the thickened arterial wall. Vessel ratio: proportion of the region of interest (ROI) occupied by
tracked microbubbles; mean density (MeanDen): average number of microbubbles passing through a given vascular site during acquisition; mean
velocity (MeanVel): average velocity of tracked microbubbles within the ROI; perfusion index (PI): product of the MeanVel and MeanDen, reflecting
overall tissue perfusion. D, The follow-up B-mode image showing a marked reduction in wall thickness. E, Corresponding ULM map demonstrating
obvious regression of intramural microvasculature (white arrow) and individual tracked microbubbles (yellow arrow). The colour bar indicates flow
direction relative to the transducer (red: towards; blue: away). F, Quantitative ULM analysis suggests a significant decrease in mural microvessel den-
sity compared with baseline. Vessel ratio: proportion of the ROI occupied by tracked microbubbles; MeanDen: average number of microbubbles pass-
ing through a given vascular site during acquisition; MeanVel: average velocity of tracked microbubbles within the ROI; PI: product of the MeanVel
and MeanDen, reflecting overall tissue perfusion. G-I, Ultrasonographic assessment of the STA frontal branch in a healthy control. G, Longitu-
dinal B-mode image showing normal wall thickness. H, Corresponding ULM map and (I) ULM-derived VD map revealing absence of intramural
microvascular signals.
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Mosunetuzumab, a
CD20xCD3 bispecific T-cell
engager, in granulomatosis
with polyangiitis
B-cell depletion with the monoclonal anti-CD20 antibody rituxi-
mab (RTX) is effective in granulomatosis with polyangiitis (GPA) [1
−4]. However, RTX-refractory cases and the fact that glucocorti-
coids are necessary for a sufficient RTX response in active GPA indi-
cate that more efficient treatment strategies are needed.

We present the case of a 38-year-old female diagnosed with
GPA according to American College of Rheumatology / European
Alliance of Associations for Rheumatology classification criteria
[5] in March 2023. She suffered from upper airway, skin and joint
manifestations, and a large retro-orbital inflammatory pseudotu-
mor. The kidneys were not affected. Retro-orbital biopsy con-
firmed a necrotising granuloma and vasculitis (Fig, A). Initial
treatment with prednisolone, RTX, and avacopan was switched to
cyclophosphamide (CYC) pulses due to progressive disease in June
2023. Symptoms and the pseudotumor significantly regressed,
accompanied by normalisation of anti-proteinase 3 (anti-PR3)
autoantibodies. After 6 CYC pulses, early clinical and serologic
relapse prompted us to administer an additional 3 pulses (cumula-
tive: 10.6 g) at extended intervals without effect.

Given the general efficacy of RTX in GPA but its limited efficacy
in patients with large granulomas, as in our patient, we sought an
alternative anti-CD20 agent with greater tissue cytotoxicity than
that of RTX [6]. We rejected the idea of using another monoclonal
anti-CD20 antibody, such as obinutuzumab [7−9], because its cyto-
toxicity depends, in part, on natural killer cells, which are absent in
GPA granulomas [10], as we confirmed in our patient (Fig, A). As
CD3+ cytotoxic T cells reside adjacent to CD20+ B cells in the
granuloma, we decided to use the off-label bispecific CD20xCD3 T-
cell engager (TCE), mosunetuzumab, after shared decision-making
and signed informed consent. Mosunetuzumab is approved for the
treatment of lymphoma and has a favourable safety profile [11].
Two weeks before baseline, avacopan was discontinued. Predniso-
lone (5 mg/d) was initially maintained.

Dosing of mosunetuzumab was planned in analogy to the onco-
logic step-up protocol, with a reduced maximal dose (Fig, B,C). The
third infusion was postponed for non-medical reasons and resumed
with a repetition of the second step-up dose. Premedication of each
infusion consisted of 20mg dexamethasone, paracetamol, and clem-
astine. The initial and first maximum doses were given in the hospi-
tal; all other doses were given in an outpatient setting.

Mosunetuzumab induced B-cell depletion, serologic remission
(Fig, D), and complete resolution of fatigue, night sweats, arthritis,
https://doi.org/10.1016/j.ard.2025.10.026
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skin lesions, diplopia, and sensations of retro-orbital pressure. For
the first time since the GPA diagnosis, opiates were stopped and
prednisolone fully tapered. The Birmingham Vasculitis Activity
Score version 3 for new/worse or persistent symptoms regressed to
0 at days 90 and 200, respectively (Fig, E). Ophthalmologic exams
and magnetic resonance imaging demonstrated reduced strabismus
(Fig, F) and a trend towards further shrinkage of the pseudotumor
(Fig, G). After 200 days from baseline (110 days after the last mosu-
netuzumab infusion), blood B cells remained depleted, and the
patient was in stable clinical and serological remission without fur-
ther immunosuppression. On a visual analogue scale, the patient
reported a 75% increase in global health.

Mosunetuzumab was well-tolerated. No cytokine release syn-
drome occurred. Except for a prolonged mild seasonal cold, no
infections occurred.

The superior efficacy of mosunetuzumab compared with RTX
was highlighted by the serological response (Fig, H). While RTX
led to a marginal decline in anti-PR3, the decay curve after mosu-
netuzumab treatment resembled the presumed half-life curve of
immunoglobulin (Ig) G (∼21 days, according to textbooks). Total
Igs and postvaccination/postinfection IgGs remained stable (Fig, I,
J). While future studies are needed to confirm these results, the
selective decay observed here suggests that CD20-expressing cells
or their short-lived plasma cell progenies are the main producers
of anti-PR3, and that mosunetuzumab efficiently depletes them. As
the clinical relapse during CYC treatment was associated with B-
cell repopulation and the reemergence of anti-PR3 autoantibodies,
we continue to regularly monitor peripheral blood B cells and anti-
PR3 titres.

Together, this case report describes a histology-guided selec-
tion of a novel, highly effective CD20-targeting TCE in autoim-
munity. We report the first application of mosunetuzumab
outside oncology and the first application of TCE in autoimmune
vasculitis. In our refractory GPA case, mosunetuzumab demon-
strated safety and efficacy without concomitant glucocorticoids.
The inherent limitations of a single-case report must be consid-
ered. Therefore, robust trials will be key to advancing this field.

Mosunetuzumab possesses several advantages over CD19-tar-
geting Chimeric Antigen Receptor T cells or the TCEs blinatumo-
mab (CD3xCD19) and teclistamab (CD3xBCMA), which have
recently been tested in autoimmunity [12−18], including a
favourable safety profile and its application in an outpatient set-
ting. Mosunetuzumab, as a new CD20-targeting TCE, may thus
be of broad interest in autoimmunity, particularly in GPA.
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Figure. Mosunetuzumab, a CD20xCD3-targeting T-cell engager, in granulomatosis with polyangiitis. A, Histopathology of the initial biopsy of orbital
granuloma. I, Hematoxylin and eosin (H&E) staining showing destroyed, completely obliterated vessels (dotted line) with endothelial proliferation,
media necrosis, mixed inflammatory cells (mainly neutrophils and a few lymphocytes), and cellular/nuclear debris. II, Corresponding serial section by
Elastica by van Gieson (EVG) staining; vessels are highlighted by a dotted line. III-VI, Immunohistochemistry (20× magnification) and (III) scattered
aggregates of CD20-positive B cells (brown) in the outer areas of inflammation; vessels are highlighted by a dotted line. IV, Detection of CD8-positive
and (V) CD3-positive T cells in the inflammatory infiltrates. VI, No detection of CD56-positive natural killer (NK) cells. B, Mosunetuzumab treatment
protocol as planned and carried out. C, Overview of the treatment regimen since first diagnosis, including daily prednisolone intake (mg/d), counted
in days from the first mosunetuzumab infusion. D, Levels of anti-proteinase 3 (anti-PR3) immunoglobulin (Ig) G (U/mL) autoantibodies (determined
by immunosorbent assay, normal <20 U/mL) and CD19+ B cells in peripheral blood (cells/µL) over time. E, Birmingham Vasculitis Activity Score ver-
sion 3 (BVAS-V3) (score range, 0-63 for new/worse symptoms and 0-33 for persistent symptoms). F, Angle of strabismus measured using the alternat-
ing prism cover test (right fixation). G, Cranial magnetic resonance imaging. Coronal T1-weighted contrast-enhanced imaging and axial T1-weighted
contrast-enhanced imaging with fat saturation were used to measure the size of the orbital pseudotumor (results shown in the tabular display);
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Correspondence
Correspondence on “ChatGPT
vs rheumatologists: cross-
sectional study on accuracy
and patient perception of AI-
generated information for
psoriatic arthritis” by Forte
et al.

Dear Editor,

We read with interest the cross-sectional study by Forte et al
[1], which compared ChatGPT-4 with expert rheumatologists in
answering patient-generated questions about psoriatic arthritis
(PsA) and was complemented by blinded expert scoring and
patient preference assessment. The authors should be com-
mended for using real-world patient questions (32 unique items;
296 selections) and for implementing anonymisation and blinded
scoring procedures across a broad panel of clinicians. The study
also provides an important early indication that patients may pre-
fer artificial intelligence (AI)-generated responses and that read-
ability differs meaningfully across sources.

However, the central question is not whether an a large lan-
guage model (LLM) can produce ‘acceptable’ text under con-
strained conditions, but whether we can reliably evaluate, safely
deploy, and clinically govern LLM-based education in PsA. Sev-
eral design features and result patterns in this study point to con-
crete next steps.

1. Rating reliability: the ‘expert consensus’ signal is frag-
ile at the individual level.

The study explicitly reports very low interrater reliability
for individual scores (accuracy: Fleiss’ κ = 0.079; intraclass cor-
relation coefficient, ICC = 0.12; completeness: κ = 0.086;
ICC = 0.11), despite improved average-rater ICCs.

This matters because ‘accuracy’ and ‘completeness’ are not
purely objective constructs in patient education; they combine
factuality, framing, risk emphasis, and contextual tailoring.
When single-rater agreement is this low, small-observed differ-
ences (or nondifferences) can be driven by scorer interpretation
rather than by model performance.

Future evaluations should predefine a structured rubric
and move beyond global Likert ratings towards itemised
checklists: (i) guideline concordance, (ii) missing critical
Jiding Xie, Lei Shi, and Jie Cui contributed equally to this work.
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safety elements, (iii) presence/absence of contraindications
and red flags, (iv) uncertainty calibration, and (v) harmful
omission vs benign brevity. This would convert subjective
impressions into reproducible endpoints and enable targeted
model improvement.

2. Ecological validity: a 40-word cap and noninteractive
design may systematically bias both completeness and pref-
erence.

To ensure a fair comparison, the authors constrained
ChatGPT-4 to a standardised prompt with a maximum length of
40 words, used no system-level instructions, and did not allow
interactive clarification. These are not trivial implementation
details; they effectively redefine what ‘good’ looks like. A
40-word cap compresses safety caveats, patient-specific pre-
conditions, and uncertainty signalling—mechanisms that
typically increase clinical robustness—thereby privileging
readability while mechanically penalising completeness. Con-
sistent with this, AI responses were shorter, achieved more
favourable readability metrics, and were preferred more fre-
quently by patients. Thus, the current findings most directly
support parity under a ‘single-turn, short-answer, no-clar-
ification’ task, rather than under real-world patient LLM use.

From an ecological validity perspective, the defining afford-
ance of LLMs in patient education is their ability to support mul-
titurn interaction: patients iteratively disclose comorbidities,
medication history, and pregnancy intentions, and refine their
risk interpretation through follow-up questions [2]. The authors
note that the study design could not evaluate interactive clarifi-
cation. We therefore encourage an additional pragmatic evalua-
tion arm using standardised multiturn scripts (eg, baseline
question → patient reveals methotrexate use → asks about con-
ception timing; or baseline question→ patient reports prior uve-
itis/inflammatory bowel disease (IBD) → asks about biologic
choice), with outcomes focused on whether the model (i) elicits
missing critical context, (ii) signals uncertainty, and (iii) appro-
priately triggers clinician escalation for high-stakes topics. Such
an approach would generate transportable evidence on real
deployment boundaries and failure modes—particularly rele-
vant given the observed lower accuracy in pregnancy/fertility.

3. The pregnancy/fertility signal should be treated as a
‘high-risk domain’ finding, not a footnote.

Theme-specific analysis showed the only statistically signifi-
cant accuracy gap in pregnancy/fertility (odds ratio (OR)
0.42 vs clinicians).

This is precisely the domain where patient-facing misinfor-
mation can cause disproportionate harm (teratogenic medica-
tions, timing of conception, breastfeeding compatibility, or
disease control vs foetal risk). Patient preference for this theme
blished by Elsevier B.V. All rights are reserved, including those for text and data
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numerically favoured ChatGPT-4, raising a safety paradox: users
may prefer confident, readable text even when accuracy is
lower [3].

Future tools should implement domain gating: for preg-
nancy/fertility, vaccination, infection risk on biologics/Janus
kinase inhibitors, perioperative management, and acute red flag
symptoms, the system should switch to (i) evidence-grounded
retrieval, (ii) mandatory citation to up-to-date guidelines, and
(iii) ‘contact your clinician urgently if. . .’ triage statements.
These domains can be prospectively audited using ‘never-event’
criteria (eg, unsafe medication advice).

4. ‘Preference’ is not ‘benefit’: patient-centred endpoints
must include comprehension, decisional quality, and
behavioural outcomes.

Patients preferred ChatGPT-4 overall (491/998 choices) to
clinicians (343/998). However, preference can reflect tone, flu-
ency, or cognitive ease rather than correctness or actionability.
The study already shows readability differences that plausibly
explain preference.

For clinical translation, the more important outcomes are:

� Objective knowledge gain (pre/postquizzes)
� Decisional conflict and shared decision-making quality
� Anxiety or reassurance (including inappropriate
reassurance)

� Adherence and self-management behaviours, and
� Downstream healthcare utilisation (unplanned visits,
messages, or calls).

5. Generalisability and governance: a single-language,
single-country evaluation is a start, but deployment
requires auditable evidence and accountability.

This study involved Italian-speaking patients and Italian
experts. Cohorts could not be linked due to anonymity. The work
was conducted as an anonymised quality improvement initiative
in accordance with the General Data Protection Regulation
(GDPR), without formal ethics approval. These design decisions
are understandable for feasibility reasons, but they also under-
score a key point: once such systems move towards clinical inte-
gration, governance must evolve to include traceability of model
versions, logging, audit trails, and oversight pathways.

The field needs a consensus ‘minimum reporting set’ for
patient-facing LLM tools in rheumatology, including model ver-
sion/date, prompting policy, retrieval sources, update fre-
quency, safety guardrails, monitoring plans, and accountability
for adverse events. Without this, ‘accuracy’ becomes a moving
target as models and web knowledge drift.

In summary, Forte et al [1] provide an important feasibility
demonstration that ChatGPT-4 can produce readable answers
that patients often prefer and that experts rate as broadly com-
parable in accuracy under constrained conditions. The next step
in the field is to shift from ‘can it answer?’ to ‘can we measure
and govern it well enough to safely deploy it?’, especially in
high-risk domains where a small accuracy gap can translate into
outsized clinical harm.
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Response to correspondence
on ‘ChatGPT vs
rheumatologists: cross-
sectional study on accuracy
and patient perception of
AI-generated information for
psoriatic arthritis’ by Xie et al

Dear Editor,

We thank Xie and colleagues for their correspondence regard-
ing our study comparing ChatGPT-4 with psoriatic arthritis spe-
cialists in answering patient-generated questions [1]. We agree
that the field should now focus on evaluation frameworks that
are reproducible, safety-oriented and deployable.

Regarding expert agreement, the limited single-rater reliabil-
ity observed in our study reflects the intrinsic subjectivity of
global Likert-type ratings, which inevitably capture multiple
dimensions, including factual accuracy, framing, and risk com-
munication. This consideration underpinned our use of a rela-
tively large expert panel and our focus on aggregated reliability
metrics while transparently reporting individual variability.
Future studies would indeed benefit from structured, itemised
rubrics incorporating checklist-based endpoints (eg, guideline
concordance, presence of safety statements or harmful omis-
sions), as previously suggested in methodological evaluations of
clinical decision tools and artificial intelligence systems.

We also acknowledge that the 40-word, single-turn design
defines a deliberately constrained evaluation task. As discussed
in the Limitations section of our original manuscript, this format
was chosen to maximise standardisation and comparability
between AI- and clinician-generated responses by applying the
same response-length and single-turn constraints to both groups,
rather than to emulate real-world clinical counselling. Although
brevity may favour readability and preference at the expense of
completeness, our findings should therefore be interpreted
within this defined setting. We agree that future research should
prioritise multiturn, context-aware evaluations to assess
whether large language models (LLMs) appropriately elicit miss-
ing information, calibrate uncertainty, and defer to clinician
input in high-risk scenarios [2].

The theme-specific analysis identified pregnancy/fertility as
the only domain with significantly lower ChatGPT accuracy.
DOI of original article: http://dx.doi.org/10.1016/j.ard.2025.12.016.
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Although no explicit safety issues were flagged in expert scoring,
this accuracy gap represents a clinically relevant signal in a
high-risk area prone to misinformation. It aligns with reports of
LLM limitations in reproductive health, underscoring needs for
domain-specific safeguards and guideline linkage [3].

We further concur that patient preference should not be
conflated with clinical benefit. Although preference repre-
sents a relevant patient-centred signal, meaningful evaluation
of LLM-based education tools should incorporate outcomes
such as knowledge acquisition, decisional quality, and poten-
tial unintended effects such as inappropriate reassurance or
anxiety.

Finally, we agree that any move towards clinical deployment
requires robust governance, including model traceability, ver-
sion control, monitoring for performance drift, and clear
accountability frameworks. As recently emphasised, responsible
integration of conversational AI into health care must be accom-
panied by transparent reporting standards and continuous over-
sight to ensure patient safety and trust.

In summary, we view our study as an initial, controlled evalu-
ation that highlights both the potential and the limitations of
LLM-based patient education. We appreciate the contribution of
Xie et al in underscoring the methodological and governance
priorities necessary to guide future, more pragmatic investiga-
tions in this rapidly evolving field.
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Correspondence to: ‘Post hoc
comparison of the
effectiveness of tocilizumab,
rituximab, mycophenolate
mofetil, and
cyclophosphamide in patients
with SSc-ILD from the
EUSTAR database’

Dear Editor,

We read with great interest the article titled, ‘Post hoc com-
parison of the efficacy of tocilizumab, rituximab, mycophenolate
mofetil and cyclophosphamide in patients with SSc-ILD from the
EUSTAR database’ authored by Yan et al [1]. This article is a ret-
rospective study using data from the European Scleroderma Tri-
als and Research Group (EUSTAR) database to compare the
effectiveness of tocilizumab (TCZ), rituximab (RTX), mycophe-
nolate mofetil (MMF), and cyclophosphamide (CYC) in patients
with systemic sclerosis-associated interstitial lung disease (SSc-
ILD). The study found that there was no statistically significant
difference in the effectiveness of these 4 treatments on forced
vital capacity (FVC) change in SSc-ILD patients. While the find-
ings are promising, we maintain reservations regarding certain
aspects of the study and eagerly anticipate the authors’ response
or further discourse.

We want to raise several methodological concerns regarding
the inclusion/exclusion criteria and study design: (1) potential
selection bias: the requirement for ≥2 FVC records may exclude
patients with severe disease or those unable to complete FVC
assessments, potentially underestimating therapeutic efficacy or
safety in advanced SSc-ILD populations. (2) Limited generalis-
ability: the exclusion of patients with prior targeted immunosup-
pressants or stem cell transplantation may disproportionately
enrol treatment-naïve or milder cases, restricting the extrapola-
tion of findings to broader clinical populations. (3) Unaddressed
cancer comorbidity: given the well-established association
between systemic sclerosis (SSc) and malignancies−particularly
lung cancer [2], which is linked to poorer treatment response,
accelerated interstitial lung disease progression, and increased
mortality in SSc-ILD [3]−the failure to report lung cancer
Yan-li Yang, Rong-hong Guo and James Cheng-Chung Wei contributed equally to this wo
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prevalence in the cohort leaves open the possibility that
observed FVC changes could be confounded by this critical
comorbidity.

SSc-ILD exhibits marked clinical heterogeneity [4], with
approximately 30% of newly diagnosed patients progressing
within 1 year while others remain stable or progress slowly [5].
The median follow-up of 11 months (IQR, 8-14 months) appears
insufficient to capture meaningful disease progression, as SSc-
ILD typically requires 2 to 3 years of observation to evaluate
therapeutic outcomes adequately. This short-term design may
obscure both long-term efficacy differences and late-emerging
safety signals among the compared immunosuppressants.

While we commend the authors for their diligent work in
conducting this first real-world comparative study of 4 immuno-
suppressants in SSc-ILD, the observational design, limited fol-
low-up duration, potential selection biases, and incomplete
safety reporting constrain the robustness of conclusions. We
strongly advocate for future prospective randomised controlled
trials to validate these findings, supplemented by longitudinal
imaging biomarkers, patient-reported outcomes, and compre-
hensive safety monitoring. We appreciate the authors’ contribu-
tions to this critical area and look forward to their continued
efforts to advance our understanding of SSc-ILD management.
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