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Conventional cardiovascular (CV) risk scores, such as the Fram-
ingham Risk Score (FRS), guide the management of CV risk in the 
general population and in rheumatic patients. However, these 
scores tend to underestimate CV risk in patients with psoriatic 
disease (PsD), because most rely only on traditional CV risk fac-
tors and fail to consider the independent risk conferred by 
immune disease. This study assessed whether 2 cardiac biomark-
ers, cardiac troponin I (cTnI) and N-terminal pro-brain natriuretic 
peptide (NT-proBNP), could improve prediction of CV events in 
patients with PsD, beyond the FRS.

Clinical and laboratory data from 1,000 PsD patients who par-
ticipated in a longitudinal cohort study were analyzed. The asso-
ciation between cardiac biomarkers and carotid atherosclerosis 
was assessed in 358 patients by multivariable regression after 
adjusting for CV risk factors. The authors found that cTnI, but not 

atherosclerosis at baseline, and none of the biomarkers predicted 
-

associated with CV events independently of FRS. Nonlinear rela-
tionships were observed for both biomarkers and CV events. 
Finally, the improvement in prediction of CV events beyond the 
FRS was tested using measures of risk discrimination and reclas-

demonstrate improvements in any measure of risk discrimination 

The study established the association among elevated cardiac 
biomarkers, atherosclerosis, and clinical CV events in PsD patients. 
cTnI may be as effective as established measures of carotid ath-
erosclerosis for identifying subclinical atherosclerosis long before 
clinical events occur. Both cTnI and NT-proBNP are associated 
with incident CV events independent of traditional CV risk fac-

of improvement in prediction metrics beyond the FRS does not 
support the routine use of these cardiac biomarkers for CV risk 

Questions

1. What are the risk factors for CV disease in PsD patients,

population, and what are the limitations of existing methods?

2. Discuss the statistical approaches and metrics used in this

versus the approaches used to assess prediction (areas under

appropriate?

3. How do the results from this study compare to other studies
in rheumatoid arthritis, and how can the results inform
clinical practice?

Association of Cardiac Biomarkers with Cardiovascular Outcomes in 
Patients with PsA and Psoriasis: A Longitudinal Cohort Study
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Clinical Connections
Endothelial Cell–Activating Antibodies  
in COVID-19
Shi et al, Arthritis Rheumatol 2022;74:1132–1138

CORRESPONDENCE 
Jason S. Knight, MD, PhD: jsknight@umich.edu
Yogendra Kanthi, MD: yogen.kanthi@nih.gov

SUMMARY  

KEY POINTS  

•  At least 1 type of aPL was detected in half 
of patients hospitalized with COVID-19 
during the early months of the pandemic.

•  COVID-19 serum activated endothelial 
cells to express cell adhesion molecules 
that could potentially serve as a nidus for 

•  
COVID-19 serum that was more likely to 
activate endothelial cells.

•  Depletion of total IgG from COVID-19 
serum reduced endothelial activation.
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Clinical Connections

Aptamer-Based Screen of Neuropsychiatric 
Lupus CSF Reveals Potential Biomarkers That 
Overlap With Choroid Plexus Transcriptome
Vanarsa et al, Arthritis Rheumatol 2022;74:1223–1234

CORRESPONDENCE 
Chandra Mohan, MD, PhD: cmohan@central.uh.edu

SUMMARY 

KEY POINTS 

•  Comprehensive aptamer-based screens are powerful tools for
identifying novel biomarkers for end-organ disease in lupus.

•  M-CSF, IgM, and lipocalin 2 are potential diagnostic markers of NPSLE.

•  Elevated CSF C3 may be a marker of pathogenic events leading to
acute confusion in NPSLE.
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E D I T O R I A L

Arthritis & Rheumatology: “Mid-Term” Report
Daniel H. Solomon,1 Richard Bucala,2 Mariana J. Kaplan,3 and Peter A. Nigrovic4

As the current Arthritis & Rheumatology (A&R) editorial team

approaches halfway into our 5-year term, we took stock of what
is working and where we can make improvements. COVID-19

and COVID-19 manuscripts dominated the lives of our authors,

reviewers, and editors for much of year 1 of the term. With many
investigators out of the research setting, articles were finished

and submitted, leading to a 50% increase in submissions for the

first 6 months of our term. An amazing editorial team, staff, and
academic editors handled the “surge” with characteristic grace.

We balanced the need to publish COVID-19 work quickly with

the requirement for scientific rigor, and only time will tell if A&R
succeeded in achieving balance.

Initiatives in the first 2 years

After surviving the first wave of COVID-19, several initiatives
were rolled out or strengthened during the first part of our term

at A&R. First and foremost, A&R remains committed to publishing
high-impact randomized controlled clinical trials (RCTs) in a timely

manner. During 2021, A&R received 56 RCT submissions and

published 20 of them (36%). These include a sham-controlled test
of acupuncture for osteoarthritis (1), phase II testing of a new mol-

ecule for the treatment of systemic lupus erythematosus (2), a

randomized withdrawal study in psoriatic arthritis (3), and multiple
trials of urate-lowering agents for gout (4,5). We offer a fast-track

review option with a time to first review of 10–14 days. Authors

of RCTs (like all original articles) can submit a video summary of
the accepted manuscript. A&R’s social media editor promotes

all trials and their videos through the American College of

Rheumatology (ACR) journal accounts on relevant social media
platforms.

Commentaries published as “Notes From the Field” broad-
ened the range of topics covered in A&R; this article type provides

authors a venue to comment on the policy, business, and ethics

of rheumatology and rheumatic disease research. Recent papers
comment on comparative safety studies of urate-lowering agents

(6) and the treat-to-target paradigm from a patient perspective (7).

We continue to encourage authors to reach out to editors with
ideas for new commentaries. In response to the needs of clini-

cians, a new review type was initiated focusing on challenging

clinical scenarios. This article type, “Expert Perspectives on
Clinical Challenges,” has been well received by readers and helps

balance our research content with pragmatic advice from world-

leading clinicians. We welcome your ideas for future Expert
Perspectives.

To render research findings easier to interpret, we have insti-
tuted new policies with respect to figures (8). The maximum figure

size was increased from half a page to a page, enabling in-depth

exploration of large data sets, and by editorial policy we require
that individual data points be displayed wherever possible, largely

prohibiting “dynamite plunger plots” that fail to clearly show sub-
populations or outliers within a data set. We have begun routinely

to request that authors revise figures to improve clarity, resolution,

and aesthetic value.

Current directions

The editorial team strives to stay current with relevant societal

trends in medicine, research, and publishing. We recognize the
importance of promoting diversity and equity in the work pub-

lished by A&R and have added an associate editor focused on

these issues. We have developed a checklist for authors and
updated the author instructions (https://onlinelibrary.wiley.com/

page/journal/23265205/homepage/forauthors.html) to clarify how

to describe sex, gender, race, and ethnicity in a study population.
We recognize that this checklist will not apply to all studies and that

Dr. Kaplan contributed to this article in her personal capacity. The
views expressed are her own and do not necessarily represent
the views of the National Institutes of Health or the United States
Government.
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in some studies data were collected prior to the development of
these new standards. However, over time, we expect that authors
will collect data with the new standards in mind. A&R welcomes
submissions that focus on diversity and equity issues in
rheumatology.

We recognize the importance of succinct communication of
research results in a format that is easy to transmit. Thus, A&Rwill
promote the use of graphical or visual abstracts. These abstracts
help promote research findings in a uniform visual manner to mul-
tiple audiences, including patients. To this end, we have collabo-
rated with a graphics platform to create standardized templates,
icons, and formats, simplifying the process for the authors of
accepted manuscripts.

Finally, A&R has joined the modern era and will now allow
publication of manuscripts that have appeared on preprint
servers. While we were already receptive to basic/translational
science manuscripts that were previously published on a preprint
server, we have subsequently decided to allow all submissions
that may have been published on a preprint server. The COVID-
19 era has taught us all a lot about the importance of timely dis-
semination of research findings. While many manuscripts listed
on preprint servers are not ultimately accepted after peer review,
we do not want to limit authors’ ability to disseminate their sci-
ence, thereby soliciting input from the broader community before
the final peer-reviewed version is published.

Journal performance

The Impact Factor of A&R has risen to 10.995 in 2021.We con-
gratulate Nature Reviews Rheumatology and Annals of the

Rheumatic Diseases on their astronomically high Impact Factors.
Authors conducting research on rheumatic diseases have great
options for target journals. A&R knows this and prides itself on pro-
moting the researchpublished in the journal:A&Rarticlesweredown-
loaded more than 4.3 million times in 2021; A&R articles were cited
more than 16,730 times in 2020 (2021 statistics pending); and these
articles received 7,120mentions according to Altmetrics. The jour-
nal recently compiled an online issue containing the top 20 most
mentioned articles, that we are providing as free access at
https://onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)2326-5205.
top-almetric.

While we recognize that the acceptance rate in A&R is
low—13–14% for original articles—A&R endeavors to make
the process as positive as possible by giving authors feedback
quickly. Time until first decision averages 15 days, and time until
first review for papers sent out for peer review averages
42 days. We have dedicated editors and peer reviewers who
ensure high-quality feedback. A&R is always on the lookout for
new expert reviewers. In fact, we are part of the ACR’s Rheum
With a (re)View initiative to train and recruit junior reviewers; feel
free to send us your qualifications and we will consider you for
future reviews.

A&R strives to represent all types of rheumatic disease
research, publishing on all rheumatic diseases (Table 1). More-
over, we include the full range of methods in our pages, with a
near-even split between basic/translational and clinical research.
A&R remains committed to publishing state-of-the-art basic and
translational science that advances the field. Another important
trend to note is the continued diversity of global regions repre-
sented in A&R. In 2021, 20% of accepted original articles were
from Asia, 40% from Europe, 38% from North America, and 2%
from the rest of the world.

A&R’s authors benefit from expert professional manuscript
editors who are well trained in rheumatic disease science publish-
ing. As one of 3 official journals of the ACR, we collaborate closely
with Arthritis Care & Research and ACR Open Rheumatology.
Contents are complementary, editors share ideas, and authors
benefit from the opportunity to transfer manuscripts seamlessly
from one journal to another if appropriate.

We look forward to the next two and a half years of our ten-
ure and hope you will continue to contribute and enjoy the con-
tents of A&R. We exist to serve the rheumatology community;
please let us know how we are doing!
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S P E C I A L

The 2021 EULAR/American College of Rheumatology Points
to Consider for Diagnosis, Management and Monitoring of
the Interleukin-1 Mediated Autoinflammatory Diseases:
Cryopyrin-Associated Periodic Syndromes, Tumour Necrosis
Factor Receptor-Associated Periodic Syndrome, Mevalonate
Kinase Deficiency, and Deficiency of the Interleukin-1
Receptor Antagonist

Micol Romano,1 Z. Serap Arici,2 David Piskin,1 Sara Alehashemi,3 Daniel Aletaha,4 Karyl Barron,5

Susanne Benseler,6 Roberta A. Berard,1 Lori Broderick,7 Fatma Dedeoglu,8 Michelle Diebold,1

Karen Durrant,9 Polly Ferguson,10 Dirk Foell,11 Jonathan S. Hausmann,12 Olcay Y. Jones,13 Daniel Kastner,14

Helen J. Lachmann,15 Ronald M. Laxer,16 Dorelia Rivera,17 Nicola Ruperto,18 Anna Simon,19 Marinka Twilt,6

Joost Frenkel,20 Hal M. Hoffman,21 Adriana A. de Jesus,3 Jasmin B. Kuemmerle-Deschner,22 Seza Ozen,23

Marco Gattorno,18 Raphaela Goldbach-Mansky,3 and Erkan Demirkaya1

Background. The interleukin-1 (IL-1) mediated systemic autoinflammatory diseases, including the cryopyrin-
associated periodic syndromes (CAPS), tumour necrosis factor receptor-associated periodic syndrome (TRAPS),
mevalonate kinase deficiency (MKD) and deficiency of the IL-1 receptor antagonist (DIRA), belong to a group of rare
immunodysregulatory diseases that primarily present in early childhood with variable multiorgan involvement. When
untreated, patients with severe clinical phenotypes have a poor prognosis, and diagnosis and management of these
patients can be challenging. However, approved treatments targeting the proinflammatory cytokine IL-1 have been life
changing and have significantly improved patient outcomes.

Objective. To establish evidence-based recommendations for diagnosis, treatment and monitoring of patients with
IL-1 mediated autoinflammatory diseases to standardise their management.

Methods. A multinational, multidisciplinary task force consisting of physician experts, including rheumatologists,
patients or caregivers and allied healthcare professionals, was established. Evidence synthesis, including systematic
literature review and expert consensus (Delphi) via surveys, was conducted. Consensus methodology was used to
formulate and vote on statements to guide optimal patient care.

Results. The task force devised five overarching principles, 14 statements related to diagnosis, 10 on therapy, and
nine focused on long-term monitoring that were evidence and/or consensus-based for patients with IL-1 mediated
diseases. An outline was developed for disease-specific monitoring of inflammation-induced organ damage progres-
sion and reported treatments of CAPS, TRAPS, MKD and DIRA.

Conclusion. The 2021 EULAR/American College of Rheumatology points to consider represent state-of-the-art
knowledge based on published data and expert opinion to guide diagnostic evaluation, treatment and monitoring of
patients with CAPS, TRAPS, MKD and DIRA, and to standardise and improve care, quality of life and disease outcomes.

This article is published simultaneously in Annals of the Rheumatic Diseases
and was copyedited by Annals of the Rheumatic Diseases.

Supported by EULAR/American College of Rheumatology, and supported
in part by the intramural research programme of the NIH institutes, NIAID,
NHGRI and NIAMS.
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INTRODUCTION

Systemic autoinflammatory diseases (SAIDs) are a group of
multisystem immunodysregulatory disorders caused primarily by
the dysfunction of the innate immune system (1). Currently, SAIDs
comprise a wide range of disorders with systemic and organ-
specific inflammation in the absence of infections or autoimmunity
(2–6). In a subset of genetically defined SAIDs, the pathogenesis
is driven by increased release or signaling of the proinflammatory
cytokine interleukin-1 (IL-1) (2,7,8).

The conditions addressed by this task force include the IL-1
mediated SAIDs (monogenic forms) that are most frequently eval-
uated by rheumatologists, and which have US Food and Drug
Administration/European Medicines Agency (FDA/EMA) approval
for IL-1 targeted therapies. Cryopyrin-associated periodic syn-
dromes (CAPS) (9,10) or NLRP3-associated autoinflammatory
diseases (NLRP3-AIDs) (11) are the spectrum of rare autosomal
dominant autoinflammatory diseases caused by gain-of-function
mutations in NLRP3 (9,12–16), ranging from familial cold autoin-
flammatory syndrome (FCAS; mild NLRP3-AID phenotype),
Muckle-Wells syndrome (MWS; moderate NLRP3-AID pheno-
type) to neonatal onset multisystem inflammatory disease/chronic
infantile neurological cutaneous and articular (NOMID/CINCA;
severe NLRP3-AID phenotype). The other IL-1 mediated SAIDs
included are tumour necrosis factor receptor-associated periodic
syndrome (TRAPS), an autosomal dominant disease caused by
mutations in TNFRSF1A (17,18) encoding the tumour necrosis
factor receptor type 1, and mevalonate kinase deficiency (MKD)
caused by autosomal recessive loss-of-function mutations in the
mevalonate kinase gene (MVK), resulting in a deficiency of meva-
lonate kinase enzyme (19–22). Lastly, deficiency of IL-1 receptor
antagonist (DIRA) caused by biallelic deleterious loss-of-function
mutations in the IL1RN gene encoding the IL-1 receptor antago-
nist was addressed by the task force (2). The most common
IL-1 mediated autoinflammatory disease, familial Mediterranean
fever, is not addressed, as EULAR-endorsed recommendations
were published for this disease in 2016 (23).

IL-1 mediated SAIDs are caused by chronic systemic and
organ-specific inflammation, leading to progressive organ

damage and dysfunction (24–27). Acute disease flares can be
life-threatening and contribute to the high morbidity and mortality
in untreated patients (17,28,29). In this rapidly evolving group of
rare diseases, there is a need to harmonise care that reflects our
current knowledge of genetics, diagnosis, treatment and monitor-
ing for all patients globally.

The natural history of untreated patients with pathogenic
mutations causing CAPS (10,30,31), TRAPS (18), MKD (32) and
DIRA (2) has been characterised in the literature and forms the
basis for the guidance on monitoring disease progression and
organ damage. Disease severity is dependent on the level of sys-
temic and organ-specific inflammation. Risk factors associated
with adverse outcomes include specific mutations, clinically
severe phenotypes, frequent and severe inflammatory episodes
and organ damage at the time of initial presentation (17,33–36).
The life-changing positive impact of treatments targeting IL-1
has been documented in patients with CAPS, TRAPS, MKD and
DIRA. There is also mounting evidence for the benefits of mainte-
nance treatment to prevent the progression of organ damage,
thus pointing to the importance of early diagnosis and initiating
treatment early in life (33,34,37,38).

An early and accurate genetic diagnosis allows for referral for
genetic counselling, directs appropriate screening for potential
complications, informs prognosis and improves our ability to
define individual treatment goals and to tailor treatment decisions
(33–37). Most patients with CAPS, TRAPS, MKD and DIRA are
managed by paediatricians and paediatric specialists, and with
effective treatments, adolescents and young adults are now
reaching adulthood with expectations of a normal life span. They
now face new challenges with transitioning care to adult rheuma-
tologists comfortable with the management of these patients.
Furthermore, pregnancy and other subspecialty needs (ie, sur-
gery) are often not addressed adequately in the context of IL-1
mediated SAIDs. For some patients, the diagnosis may be
delayed for decades, resulting in inadequate treatment and the
development of permanent disabilities that may translate into
special care needs.

The above considerations led to the convening of a task
force that was charged with developing standardised guidance
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for diagnosis, treatment and long-term monitoring of patients with
CAPS, TRAPS, MKD and DIRA that target paediatricians, inter-
nists and subspecialists (particularly rheumatologists). The state-
ments were developed as a resource for physicians to facilitate
management, for policy makers who have a role in authorising
patients’ access to diagnostic tools and treatment options, as
well as for patients and caregivers to provide knowledge and
allow for setting appropriate expectations. Finally, these guide-
lines aim to standardise the level of care with a goal of improving
quality of life and disease outcomes worldwide.

METHODS

With approval granted by the EULAR and the American
College of Rheumatology (ACR) executive committees, the IL-1
mediated autoinflammatory diseases task force was convened to
develop guidance on diagnosis, treatment and monitoring of four
different IL-1 mediated SAIDs, including CAPS, TRAPS, MKD and
DIRA. The task force was led by two conveners (ED and RG-M)
and consisted of 19 paediatric and four adult rheumatologists,
who were selected based on their expertise in the treatment and
care of these patients. In addition, the task force included two
healthcare professionals, three fellows and one patient representa-
tive from the Autoinflammatory Alliance and two methodologists.
The 31 task force members were from 17 centres in seven different
countries from across Europe, the United States and Canada.
EULAR (39) and the ACR standardised operating procedures were
followed during the project (see online supplemental methods). The
first meeting was convened in August 2019 in Bethesda, Maryland,
USA, to define the focus of the task force, which identified four IL-1
mediated SAIDs to be included in this points to consider project. In
line with the EULAR standardised operating procedures, the target
audience was defined as healthcare professionals, policy makers,
health insurance companies, patients and their caregivers. The
group worked to determine the PICO (Population, Intervention,
Comparison, Outcome) questions related to diagnosis, monitoring
and management of these diseases. Using the PICO questions
defined during the first meeting, a systematic literature review was
performed by three research fellows (MR, ZSA, DP) with support
from a librarian (DH) and the senior methodologists (ED, DA) to
identify relevant publications using PubMed, Embase and the
Cochrane Library through August 2020.

Before the first consensus meeting, two surveys that
included statements or items pertaining to diagnosis, treatment
and long-term monitoring were distributed to all task force mem-
bers via RedCap. The task force members were asked to indicate
their agreement with each statement or item with yes or no.
A free-text option was provided to capture every member’s com-
ments or suggestions for modification; and a request was made
to add items to be addressed, edited or altered. Consensus was
achieved using the Delphi technique. Draft statements with 80%
or higher agreement were retained. Comments and suggestions

provided in the questionnaires were used to modify the draft
statements and to add additional items. The revised and
amended statements were then sent through a second round of
questionnaires. After the two rounds, the draft statements were
revised to incorporate all suggestions and reviewed by the steer-
ing committee members. These draft statements were then
included for discussion at the consensus meetings.

Owing to the COVID-19 pandemic, three consensusmeetings
were held online between September and November 2020. At the
consensus meetings, statements that did not reach a greater than
80% consensus were discussed in a round robin discussion,
reworded, amended and refined and were then voted on again. If
a statement did not achieve ≥80% agreement after discussion,
refinement and revoting, the statement was excluded. All state-
ments that achieved ≥80% agreement were considered a final
statement for inclusion in the final version of the points to consider.
For each statement, the Oxford levels of evidence (LoE) and the
grade of the recommendation (GoR) were assigned based on the
systematic literature review by the fellows under the supervision of
the methodologist (40). The final statements annotated with the
LoE and GoR were sent through an online survey to all task force
members again; and each member was asked to provide their
level of agreement (LoA) on a scale of 0 (absolutely disagree) to
10 (absolutely agree). The mean and SD of the LoA with each
statement were calculated. The manuscript was reviewed
and approved by all task force members and the EULAR/
ACR executive committees before submission to the journal.

RESULTS

Systematic literature review

The details for the literature search strategy and summary
of results are described in the online supplemental material
at https://onlinelibrary.wiley.com/doi/10.1002/art.42139. Briefly,
randomised controlled trials (RCTs), cohort studies, cross-
sectional studies, case–control studies and case reports including
more than three cases were included. Review articles, conference
abstracts, book chapters, single case reports and articles written
in a language other than English were excluded. For CAPS, of
2041 references identified, 72 studies were selected for inclusion.
For TRAPS, of 1161 references identified, 47 studies were
selected for inclusion. For MKD, of 1806 references identified,
51 studies were selected for inclusion. For DIRA, of 557 refer-
ences identified, two studies were selected for inclusion. In total,
from the 5565 references identified, 172 were included. After a
group discussion that included the results of the systematic litera-
ture review, the consensus process was initiated.

Overarching principles

During the consensus meeting, seven overarching principles
and 55 candidate statements were discussed and voted on.

ROMANO ET AL1104

https://doi.org/10.1136/annrheumdis-2021-221801
https://doi.org/10.1002/art.42139


The task force decided to merge two overarching principles.
Owing to lack of agreement, the task force eliminated 26 state-
ments (12 referring to CAPS, 6 to TRAPS, 2 to MKD and 6 to
DIRA). The task force agreed on a final set of five overarching prin-
ciples (Table 1) and 33 points to consider (Tables 2–4).

CAPS, TRAPS, MKD and DIRA typically present with complex
clinical features and phenotypes in the neonatal or early childhood
period; these include features of systemic and organ-specific
inflammation (2,17,28,29,36) presenting with early onset of fever,
abdominal pain, rash, musculoskeletal symptoms, neurologic man-
ifestations and elevated biomarkers of systemic inflammation
(17,35,41–45). The specific biomarkers of systemic inflammation
included in this document are referred to as acute phase reactants
and include: C-reactive protein (CRP), erythrocyte sedimentation
rate (ESR), serum amyloid A protein (SAA) (46) and S100 proteins,
which in most patients correlate with disease activity (41,47,48).
The first goal (overarching principle A) is to recognise patients with
potential monogenic IL-1 mediated SAIDs and to establish a multi-
disciplinary team for diagnosis, treatment and long-term manage-
ment. Delay in treatment initiation can result in rapidly progressive

organ damage (24–27), morbidity and increased mortality
(34,49,50). Overarching principle B outlines the need to initiate a
clinical workup that assesses the extent of the inflammatory organ
involvement and screens for treatment-related comorbidities, a
process that often requires a multidisciplinary team of subspecial-
ists (24,25,47). The third goal (overarching principle C) highlights
the need for an accurate genetic diagnosis, which in many coun-
tries may be required to access the IL-1 blocking biological agents
that prevent life-threatening complications (47,51,52), and facilitate
access to supportive care.

The goals of treatment (overarching principle D) are to rapidly
control disease activity by suppressing systemic and organ
inflammation. IL-1 blockade has been FDA (53–55) and EMA
(56,57) approved for CAPS, TRAPS, MKD and DIRA (49,58).
Rapid disease control using these agents is critical in preventing
the development of irreversible early inflammation-related organ
damage, and minimising side effects from the use of other drugs
that are ineffective and/or carry substantial toxicities.

There are currently no cures for these lifelong diseases.
Overarching principle E outlines long-term monitoring goals

Table 1. Overarching principles for the diagnosis, treatment and monitoring of CAPS, TRAPS, MKD and DIRA*

Overarching
principles LoE GoR

LoA (0–10),
mean ± SD

A Patients with the IL-1 mediated diseases CAPS, TRAPS, MKD and DIRA present
with chronic or intermittent flares of systemic and organ inflammation that, if
untreated, result in progressive organ damage, morbidity and increased
mortality. A multidisciplinary team is required to diagnostically evaluate and
manage patients with CAPS, TRAPS, MKD and DIRA, which includes evaluation
of systemic inflammation, disease-associated complications and long-term
treatment and management.

5 D 9.5 ± 0.7

B Patients presenting with chronic or episodic flares of unexplained systemic
inflammation (including elevations of CRP and ESR) and clinical features
suggestive of CAPS, TRAPS, MKD and DIRA should receive a prompt
diagnostic workup comprising:

▶ genetic testing
▶ clinical workup focusing on the extent of inflammatory organ involvement
▶ screening for disease and treatment-related comorbidities

5 D 9.8 ± 0.6

C A genetic diagnosis for CAPS, TRAPS, MKD and DIRA is required which facilitates
initiation of targeted treatments, genetic counselling, and informs prognosis.
Genetic testing using a next-generation sequencing (NGS) platform should
be used to diagnose CAPS, TRAPS, MKD and DIRA.

4 C 8.9 ± 1.6

D The goal of treatment is to control clinical signs and symptoms and normalise
laboratory biomarkers of systemic inflammation using a treat-to-target
approach.

5 D 9.6 ± 0.8

E Long-term monitoring goals should focus on:
▶ adequate treatment adjusted to the needs of the growing child and
prevention of systemic and organ-specific inflammatory manifestations

▶ fostering of self-management skills and medical decision-making
▶ initiating a transition programme to adult specialist care in adolescent
patients

5 D 9.6 ± 0.9

* Level of evidence (LoE): 1a: systematic review of randomised controlled trials (RCTs); 1b: individual RCT; 2a: systematic
review of cohort studies; 2b: individual cohort study (including low-quality RCT); 3a: systematic review of case–control stud-
ies; 3b: individual case–control study; 4: case-series (and poor-quality cohort and case–control studies); 5: expert opinion
without explicit critical appraisal, or based on physiology, bench research or “first principles”; grade of recommendation
(GoR): A: based on consistent level 1 studies; B: based on consistent level 2 or 3 studies or extrapolations from level 1 stud-
ies; C: based on level 4 studies or extrapolations from level 2 or 3 studies; D: based on level 5 studies or on troublingly incon-
sistent or inconclusive studies of any level. CAPS = cryopyrin-associated periodic syndromes; CRP = C-reactive protein;
DIRA = deficiency of the interleukin-1 receptor antagonist; ESR = erythrocyte sedimentation rate; LoA = level of agreement;
MKD = mevalonate kinase deficiency; TRAPS = tumour necrosis factor receptor-associated periodic syndrome.
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Table 2. Points to consider for the diagnosis of CAPS, TRAPS, MKD and DIRA*

LoE GoR
LoA (0–10),
mean ± SD

1 Patients with clinical symptoms of CAPS, TRAPS, MKD and DIRA who do not carry any of the disease-causing
mutations described here should be referred to specialty/research centres to guide further workup and
treatment.

5 D 9.4 ± 1

Genetic workup
2 Genetic testing using an NGS platform, if available, should be used to make a genetic diagnosis.

▶ Sanger sequencing of targeted genes known to cause CAPS (NLRP3), TRAPS (TNFRSF1A), MKD (MVK) and DIRA
(IL1RN) can be used if the clinical suspicion is strong or to validate NGS.

4 D 9.4 ± 1.1

3 Deep sequencing in patients with CAPS and TRAPSmay be needed to detect some somatic mutations that may
not be identified by standard NGS or Sanger sequencing.

5 D 9.5 ± 1.1

CAPS specific
4 Patients with low penetrance variants in NLRP3 may present with clinical manifestations different from CAPS;

their treatment response and prognosis may differ from “canonical” CAPS.
2 B 9.4 ± 1.2

TRAPS specific
5 Patients with low penetrance variants in TNFRSF1A (ie, R121Q [previously referred to as: R92Q]) may present

with clinical manifestations different from TRAPS and their treatment response and prognosis may differ
from “canonical” TRAPS.

2 B 9.5 ± 1.2

DIRA specific
6 In patients with DIRA, Sanger sequencing, WES or WGS may not detect large deletions in IL1RN, thus

complicating a genetic diagnosis.
▶ In cases with a high clinical suspicion of DIRA and negative Sanger sequencing or WES/WGS, chromosomal
microarray analysis (CMA) is recommended to detect large deletions.

▶ The use of deletion-specific primers, in countries with founder variants that include large deletions, is
recommended.

3 B 9.3 ± 1.2

Clinical workup
7 The clinical workup of systemic inflammation should include CRP, ESR and CBC with differential; if available SAA

and S100 proteins may be assessed.
▶ Patients with longstanding untreated systemic inflammation need to be screened for the presence of
amyloidosis.

5 D 9.7 ± 0.6

CAPS specific
8 The following clinical features in the presence or absence of autosomal dominant inheritance should prompt

consideration of a diagnostic workup of CAPS:
▶ urticaria-like rash
▶ cold/stress-triggered episodes
▶ sensorineural hearing loss
▶ chronic aseptic meningitis
▶ skeletal abnormalities

2 B 9.8 ± 0.5

9 The initial diagnostic workup should include an audiogram and an ophthalmologic examination. Lumbar
puncture and a head MRI should be performed if clinically indicated.

5 D 9.8 ± 0.5

TRAPS specific
10 The following clinical features should prompt consideration of a diagnostic workup of TRAPS:

▶ long-lasting fever episodes
▶ migratory rash
▶ periorbital oedema
▶ myalgia
▶ a positive family history

2 B 9.8 ± 0.5

MKD specific
11 The following clinical features should prompt consideration of a diagnostic workup of MKD:

▶ age at onset <1 year
▶ gastrointestinal symptoms
▶ painful lymph nodes
▶ aphthous stomatitis
▶ a history of triggers of the periodic fever attack (ie, postvaccination)
▶ a maculopapular rash

2 B 9.8 ± 0.5

12 In patients with unexplained/undifferentiated inflammatory diseases, the presence of mevalonic acid in urine
should prompt further diagnostic workup for MKD.

4 C 9.5 ± 0.7

DIRA specific
13 The following clinical features particularly if occurring sporadically, should prompt consideration of a

diagnostic workup of DIRA:
▶ pustular psoriasis-like rashes
▶ osteomyelitis (ie, CRMO-like disease, rib flaring and cloaking of the femoral head, odontoid
lesions/osteomyelitis)

▶ absence of bacterial osteomyelitis
▶ nail changes (ie, onychomadesis)

5 D 9.6 ± 0.8

(Continued)
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that focus on evaluating disease activity, assessing and moni-
toring signs and symptoms of disease-specific organ inflam-
mation, growth and development, and adjusting therapeutic
doses according to growth, or control of symptoms and

inflammation. Monitoring should be developmentally appropri-
ate, include adjustments for adolescence (59), be tailored to
accommodate cognitive (ie, learning and behavioural disor-
ders) and physical disabilities (ie, bone deformities, hearing

Table 2. (Cont’d)

LoE GoR
LoA (0–10),
mean ± SD

14 For patients with suspected DIRA, X-ray examinations of the chest and upper and lower limbs and/or MRI/CT to
assess the spine, including odontoid, should be included in the diagnostic workup to assess the extent of the
inflammatory bone involvement. A dermatology consultation and skin biopsy should be considered as the
presence of neutrophilic dermatosis with exocytosis of neutrophils and subcorneal pustules is highly
suggestive of DIRA.

5 D 9.7 ± 0.8

* Level of evidence (LoE): 1a: systematic review of randomised controlled trials (RCTs); 1b: individual RCT; 2a: systematic review of cohort stud-
ies; 2b: individual cohort study (including low-quality RCT); 3a: systematic review of case–control studies; 3b: individual case–control study; 4:
case-series (and poor-quality cohort and case–control studies); 5: expert opinion without explicit critical appraisal, or based on physiology,
bench research or “first principles”; grade of recommendation (GoR): A: based on consistent level 1 studies; B: based on consistent level 2 or
3 studies or extrapolations from level 1 studies; C: based on level 4 studies or extrapolations from level 2 or 3 studies; D: based on level 5 stud-
ies or on troublingly inconsistent or inconclusive studies of any level. CAPS = cryopyrin-associated periodic syndromes; CBC = complete blood
count; CRMO = chronic recurrent multifocal osteomyelitis; CRP = C-reactive protein; CT = computed tomography; DIRA = deficiency of the
interleukin-1 receptor antagonist; ESR = erythrocyte sedimentation rate; LoA = level of agreement; MKD = mevalonate kinase deficiency;
MRI = magnetic resonance imaging; NGS = next-generation sequencing; SAA = serum amyloid A; TRAPS = tumour necrosis factor receptor-
associated periodic syndrome; WES = whole exome sequencing; WGS = whole genome sequencing.

Table 3. Points to consider for the treatment of CAPS, TRAPS, MKD and DIRA*

LoE LoE
LoA (0–10),
mean ± SD

15 IL-1 blocking therapy has become the preferred treatment and a therapeutic trial
with IL-1 blocking treatment may be started when a strong clinical suspicion of a
diagnosis of CAPS, TRAPS, MKD or DIRA is entertained.

4 C 9.5 ± 0.9

16 In the context of viral infections, including COVID-19, IL-1 blocking therapy should not
be altered, as stopping treatment may lead to rebound inflammation.

4 C 9.5 ± 0.8

CAPS specific
17 Treatment with IL-1 blockers is recommended standard of care and currently

includes anakinra,1 canakinumab2 and rilonacept.3
12
21
31

A
B
B

9.9 ± 0.3

18 Anakinra may be the most effective anti-IL-1 treatment for CNS disease. 2 B 9.6 ± 0.8
19 Higher andmore frequent dosingwith IL-1 blockersmay be required to control disease

activity inmore severe cases and/or younger children to prevent complications. Less
frequent dosingmay be appropriate for patients with milder disease.

1 B 9.8 ± 0.5

TRAPS specific
20 Anti-IL-1 drugs are more effective than traditional disease-modifying antirheumatic

drugs (DMARDS) and other biologic DMARDS in achieving disease remission and
preventing long-term complications.

4 C 9.6 ± 0.9

MKD specific
21 In children with MKD, IL-1 blocking therapy is generally required. In patients

without chronic systemic inflammation, on-demand IL-1 blockade should be
attempted at the onset of flares.

4 C 9.4 ± 1.0

22 If anti-IL-1 is not effective or available, then anti-TNF agents should be considered. 3 B 9.3 ± 0.9
23 Glucocorticoids on demand may be effective in treating acute flares; however,

frequent or long-term use is limited by side effects.
2 B 9.3 ± 1.0

DIRA specific
24 In patients with DIRA, treatment with agents that block both IL-1α and IL-1β is

recommended and includes anakinra and rilonacept. Both have shown benefit in
controlling disease flares and in preventing long-term complications.

4 C 9.6 ± 0.8

* Level of evidence (LoE): 1a: systematic review of randomised controlled trials (RCTs); 1b: individual RCT; 2a: system-
atic review of cohort studies; 2b: individual cohort study (including low-quality RCT); 3a: systematic review of case–
control studies; 3b: individual case–control study; 4: case-series (and poor-quality cohort and case–control studies); 5:
expert opinion without explicit critical appraisal, or based on physiology, bench research or “first principles”; grade
of recommendation (GoR): A: based on consistent level 1 studies; B: based on consistent level 2 or 3 studies or extrap-
olations from level 1 studies; C: based on level 4 studies or extrapolations from level 2 or 3 studies; D: based on level 5
studies or on troublingly inconsistent or inconclusive studies of any level. CAPS = cryopyrin-associated periodic syn-
dromes; CNS = central nervous system; COVID-19 = coronavirus disease 2019; DIRA = deficiency of the interleukin-1
receptor antagonist; IL-1 = interleukin-1; LoA = level of agreement; MKD = mevalonate kinase deficiency;
TNF = tumour necrosis factor; TRAPS = tumour necrosis factor receptor-associated periodic syndrome.
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and vision loss) (29,60) and prepare patients for transitioning to
adult specialists. This transition can be challenging and lengthy
and may put patients at risk of unfavourable outcomes. There-
fore, the task force emphasised the need to include goals that
foster self-management skills and medical decision-making
(ie, including reproductive health) throughout the life of the
patient (59,61).

Focus on the diagnosis of IL-1 mediated SAIDs,
including recognising clinical diagnostic and damage-
related features of the respective diseases, genetic test-
ing, disease-specific clinical and laboratory workup and
initiation of early treatment: points to consider 1–14.
Disease-specific clinical features of untreated CAPS, TRAPS, MKD
and DIRA and the resulting organ damage have been characterised

in clinical descriptions of patient cohorts before anti-IL-1 treatment
was used (2,17,36,62). These signs and symptoms form the basis
of evidence-based classification criteria for CAPS (48), TRAPS and
MKD (41) and are listed in Table 2—recommendations 8 (CAPS),
10 (TRAPS), 11 (MKD) and 13 (DIRA), respectively. In combination
with the molecular analyses, these features help physicians to
recognise disease-specific characteristics and differentiate
these conditions from clinically complex diseases that can present
with overlapping inflammatory manifestations, including systemic
juvenile idiopathic arthritis, adult-onset Still’s disease, neoplasms,
infections and autoimmune disorders (63,53).

Genetic workup: points to consider 2–6. Suggestive
clinical features should trigger a genetic investigation, as genetic
testing is a crucial component of an accurate diagnosis of CAPS,

Table 4. Points to consider for the monitoring of CAPS, TRAPS, MKD and DIRA*

LoE GoR
LoA (0–10),
mean ± SD

25 Disease activity and burden of disease should be monitored regularly
depending on disease activity and severity, often requiring a multidisciplinary
team.

▶ Symptom control can be monitored with validated tools that assess disease-
specific symptoms, with patient-reported outcome and quality of life
assessments and by recording missing school or work days.

▶ The frequency of the follow-up evaluations should be tailored to disease
severity and clinical needs.

5 D 9.7 ± 0.6

26 Growth and development of children should be monitored at each visit. 5 D 9.9 ± 0.3
27 Systemic inflammation should be monitored by following up inflammatory

markers, including peripheral neutrophilia, CRP and ESR. SAA and S100
protein may be used as inflammatory markers where available.

5 D 9.8 ± 0.5

28 Systemic inflammationmay predispose to the development of amyloidosis, and
patients should be monitored for the development of amyloidosis by
monitoring proteinuria and microalbuminuria.

5 D 9.8 ± 0.5

29 Physicians should be aware of the increased risk of infections in patients with
IL-1 targeted therapy, including respiratory tract infections with Streptococcus
pneumoniae and skin infections due to Staphylococci.

1 B 9.8 ± 0.4

30 Patients should receive immunisations, in particular live-attenuated vaccines, in
accordance with their regional policy, before beginning anti-IL-1 targeted
therapy when possible.

5 D 9.2 ± 1.4

CAPS specific
31 Monitoring of organ damage should be established based on disease

manifestations and can include monitoring of hearing loss, eye disease,
aseptic meningitis, CNS disease and bone disease.

5 D 9.7 ± 0.6

32 Patients with CNS and/or bone involvement should be assessed for
developmental delay, the development of bone deformities and limb-length
discrepancies.

5 D 9.7 ± 0.6

DIRA specific
33 Normalisation of acute phase reactants and absence of inflammatory skin and

bone findings is required to determine the adequate dose of IL-1 blocking
treatment, and to monitor disease activity long term.

5 D 9.5 ± 0.8

* Level of evidence (LoE): 1a: systematic review of randomised controlled trials (RCTs); 1b: individual RCT; 2 a: sys-
tematic review of cohort studies; 2b: individual cohort study (including low-quality RCT); 3a: systematic review of
case-–control studies; 3b: individual case-–control study; 4: case-series (and poor-quality cohort and case-–control
studies); 5: expert opinion without explicit critical appraisal, or based on physiology, bench research or “first princi-
ples”; grade of recommendation (GoR): A: based on consistent level 1 studies; B: based on consistent level 2 or 3
studies or extrapolations from level 1 studies; C: based on level 4 studies or extrapolations from level 2 or 3 studies;
D: based on level 5 studies or on troublingly inconsistent or inconclusive studies of any level. CAPS = cryopyrin-
associated periodic syndromes; CNS = central nervous system; CRP = C-reactive protein; DIRA = deficiency of the
IL-1 receptor antagonist; ESR = erythrocyte sedimentation rate; IL-1 = interleukin-1; LoA = level of agreement;
MKD = mevalonate kinase deficiency; SAA = serum amyloid A; TRAPS = tumour necrosis factor receptor-associated
periodic syndrome.
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TRAPS, MKD and DIRA (41,65). Next-generation sequencing
(NGS) platforms are now widely used and are replacing the
Sanger sequencing “gene by gene” approach (51,52,66–68).
NGS is therefore generally recommended (52,63,66,69,70). In
certain conditions, Sanger sequencing of a single gene may be
cost-effective, such as in patients with a known familial disease
or classic disease features. In some countries, Sanger sequenc-
ing may be the only modality of genetic testing available
(52,71–73).

CAPS and TRAPS are autosomal dominant diseases caused
by gain-of-function mutations in NLRP3 and TNFRSF1A (18)
genes, respectively, and can be familial (63,74) or caused by de
novo mutations. In CAPS, de novo mutations are most frequently
found in patients with severe phenotypes (7). Somatic mutations
in these patients may be undetected by standard coverage of
NGS and may require deep sequencing, though this analysis
may not be available to all providers (51,74–77). In contrast,
MKD and DIRA are caused by recessive loss-of-function muta-
tions inMVK (78,79) and IL1RN (2) genes, respectively. In patients
with clinical symptoms suggestive of MKD or DIRA, Sanger
sequencing, whole exome sequencing and whole genome
sequencing may not detect large deletions (2). If appropriate,
chromosomal microarray analysis by comparative genomic
hybridization array or by single nucleotide polymorphism array
should be performed (2). For the genetic diagnosis of DIRA, PCR
and sequencing using specific deletion breakpoint primers to
screen reported IL1RN large deletions may aid the genetic evalu-
ation in selected ethnic backgrounds (ie, Puerto Rico, Brazil, India)
(2,80,81). If a genetic diagnosis cannot be made following routine
genetic workup, patients should be referred to a research centre
of excellence with expertise in the molecular diagnosis of SAIDs.

One significant challenge is the interpretation of genetic
results that have not been classified or validated as pathogenic
mutations, including variants of uncertain significance, that is, var-
iants that have not been described previously or studied function-
ally, or likely benign variants that may be present in the general
population at a relatively high frequency and could be low-
penetrance mutations with inconsistent clinical significance.
Patients with these genetic findings may display distinct clinical
and biologic phenotypes, and can include IL-1β and non-IL-1β-
mediated inflammatory pathway activation, which may have impli-
cations for their management, further emphasising the need for
specialty care.

Clinical workup: points to consider 7–14. In IL-
1-mediated SAIDs patients, systemic inflammation typically
accompanies clinical signs and symptoms, which can be epi-
sodic/periodic or chronic/persisting (36,82). MKD, TRAPS and
the mildest form of CAPS, known as FCAS, may in rare cases,
present with intermittent episodes (flares of symptoms) separated
by periods of perceived improvement (17,41,65,83–85). How-
ever, most patients except for patients with milder disease (ie,

some patients with FCAS and TRAPS) have evidence of chronic
subclinical inflammation between episodes. Patients with more
severe forms of CAPS such as MWS or NOMID/CINCA, or those
with severe MKD with almost complete absence of the enzymatic
activity of mevalonate kinase, or with DIRA, all present with
chronic systemic inflammation that rarely spontaneously remits.
In general, markers of systemic inflammation correlate with dis-
ease symptoms and risk of organ damage (75,86–88). Historically,
CRP, ESR and, if available, SAA (46) have been used to assess sys-
temic inflammation. Additionally, S100 proteins (89) have been
used by some investigators as sensitive markers in research set-
tings. How to best use S100 protein markers for patient care, given
increased clinical availability, remains under investigation. The diag-
nostic workup across all four diseases is broadly similar and can be
synchronised. Typical signs and symptoms of active disease (ie,
hepatosplenomegaly), organ inflammation and damage should
prompt a diagnostic workup (Tables 2 and 5).

The clinical presentation of the CAPS disease spectrum
includes systemic inflammation and an urticaria-like rash with histo-
logic features of a neutrophilic dermatosis involving eccrine glands,
which is present in almost all patients (24,43,75,86,88,90–92).
Cold-induced flares often last less than 24 hours and are most
often observed in patients at the mild end of the disease spectrum
(FCAS) (14,42). A negative localised cold challenge (ice cube test)
differentiates FCAS from patients with cold urticaria (42). Progres-
sive sensorineural hearing loss is often seen in moderately (MWS)
and severely (NOMID/CINCA) affected patients (24,29,60,95)
while neurologic findings (chronic aseptic meningitis, increased
intracranial pressure, cognitive impairment) (87,93) and skeletal
abnormalities (distal femur overgrowth, frontal bossing) are typi-
cally seen in NOMID/CINCA (75,86). Ophthalmologic involvement
can vary and most typically includes conjunctivitis, but keratitis,
episcleritis and anterior and/or posterior uveitis have also been
described. Increased intracranial pressure may cause papilloe-
dema and subsequent optic disc atrophy. Therefore, a slit lamp
examination and retinal evaluation should be performed in all
patients with CAPS at baseline (25,43,88). In patients with sus-
pected neurologic involvement, brain imaging (28,94,95) and
lumbar puncture may be needed to evaluate for elevated intracra-
nial pressure or aseptic meningitis, while a specialised brain MRI
scan can detect cochlear enhancement, cerebral atrophy and
ventriculomegaly (87,96). Epiphysial bony overgrowth, commonly
found around the knees, may be assessed by bone MRI or
radiograph (25,26,92).

TRAPS is characterised by episodes of fever lasting more
than 7 days, abdominal pain that can mimic an acute abdomen,
variable chest pain and, rarely, testicular pain (17,41,70). Espe-
cially in adults, a subchronic disease course might be observed,
with fatigue, diffuse limb pain and persistent elevation of acute
phase reactants (17). Periorbital oedema and myalgias might
herald the onset of an attack. Typical findings of a flare include
painful, migratory skin plaques with hazy edges that are
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erythematous, swollen and warm (3) and predominantly affect the
limbs. Suspected fasciitis may be imaged by MRI (97). There is
now consensus that population frequent variants of uncertain sig-
nificance, such as R121Q (previously referred to as R92Q) should
not be considered as pathogenic (17,45,98–103). Therefore, the
interpretation of these variants should occur in the context of the
inflammatory phenotype by an expert in the field if available.

Patients with MKD usually present in the first year of life
(5,104) with recurrent episodes of fever lasting 4 to 6 days (104),
gastrointestinal symptoms (severe abdominal pain with vomiting
and diarrhoea), cervical lymphadenopathy, aphthous stomatitis
and/or skin rash (urticarial or maculopapular) (32,64,84,105–
110). The most severe form of MKD, namely mevalonic aciduria,
presents with severe cognitive impairment, and patients can

Table 5. Disease specific monitoring of CAPS, TRAPS, MKD and DIRA*

For all diseases, systemic inflammation needs to be monitored Frequency

A. Monitoring of systemic inflammation in all diseases
ESR, CRP, CBC+differential (granulocytosis), S100 proteins and
SAA where available, hepatosplenomegaly,
lymphadenopathy, fatigue

Each visit

Urinalysis to monitor proteinuria (AA amyloidosis) Every 6–12 months
Monitor growth, BMD, sexual development Each visit as indicated

B. Monitoring of disease-specific symptoms† and patient-related outcomes
CAPS Fever, rash (urticaria-like), progressive hearing loss,

headaches, early morning nausea and vomiting,
musculoskeletal symptoms, conjunctivitis, cognitive
development (severe disease)

Each visit

TRAPS Fever, rash (migratory), periorbital oedema, pain (abdomen,
chest, testicular), myalgia

Each visit

MKD Periodic fever attacks (including triggered sequencing), rash
(urticarial or maculopapular), gastrointestinal symptoms
(abdominal pain, diarrhoea, vomiting), cervical
lymphadenopathy, aphthous stomatitis, cognitive
impairment in severe cases

Each visit

DIRA Pustular psoriasis-like rashes (pathergy), musculoskeletal
(bone) pain (caused by osteomyelitis), nail changes

Each visit

Patient-related outcomes for all four diseases QoL, PGA, PPGA, missing school/work days Each visit
C. Monitoring of organ manifestations/damage‡
CAPS
Amyloidosis Urinalysis Each visit
Hearing loss (S) Audiogram 3–6 months until stable then

every 6–12 months
Eye disease (S) Ophthalmologic examination (vision, retina evaluation and

slit lamp examination)
6–12 months

CNS disease (S) Lumbar puncture, head MRI (with special examination of
cochlea, cerebral atrophy and ventriculomegaly)

12–36 months depending on
symptoms

Bone deformity (S) Bone MRI, scanogram to monitor limb length, epiphysial
overgrowth

12–36 months depending on
symptoms

TRAPS
Amyloidosis Urinalysis Each visit
Bone deformity (S) Bone MRI, X-ray examination 12–36 months depending on

symptoms
MKD
Amyloidosis Urinalysis Each visit
Eye disease (S) Ophthalmologic examination As needed
Neurologic involvement (S) Neuropsychological testing As needed

DIRA
Spinal and bone deformities (S) Neck, spine MRI (vertebral osteomyelitis), bone X-ray/MRI,

corrective surgery or spinal fusion
As needed

D. Monitoring of treatment-related complications (interleukin-1 blocking treatments)
Infections Clinical history, skin infections, other infections Each visit
Laboratory work CBC+differential, LFTs, urinalysis, renal function, lipid profile Each visit

* BMD = bone mineral density; CAPS = cryopyrin-associated periodic syndromes; CBC = complete blood count; CNS = central nervous system;
CRP = C-reactive protein; DIRA = deficiency of the interleukin-1 receptor antagonist; ESR = erythrocyte sedimentation rate; LFT = liver function
test; MKD = mevalonate kinase deficiency; MRI = magnetic resonance imaging; SAA = serum amyloid A; TRAPS = tumour necrosis factor
receptor-associated periodic syndrome.
† The following instruments can be used for symptom monitoring: autoinflammatory diseases activity index (AIDAI), for damage assessment
the Autoinflammatory Disease Damage Index (ADDI), for quality of life (QoL), physician global assessment (PGA), patient’s/parent’s global
assessment (PPGA).
‡ (S) denotes may require subspecialty care.
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present with hyperinflammation leading to macrophage activation
syndrome (36) along with the clinical features described above
(84,110,111). Febrile attacks triggered by vaccinations suggest
a diagnosis of MKD (36,85,112–115).

High levels of circulating immunoglobulin D that were
described formerly and led to the name hyper IgD syndrome have
low diagnostic sensitivity and specificity (82,105,116,117). How-
ever, elevated urine mevalonate levels during disease flares, due
to reduced MVK enzyme activity and accumulation of mevalonic
acid, are more specific for MKD (118,119) and can be used to
aid in diagnosis.

Patients with DIRA present with early-onset pustular rashes
that can be triggered by mechanical stress (pathergy), with sterile
osteomyelitis and nail changes (onychomadesis) (2,120).
Although the inflammatory markers are typically highly elevated,
fever may be absent. Vertebral involvement can include odontoid
osteomyelitis, resulting in destruction and neck instability, verte-
bral block formation and gibbus-like spinal changes that need to
be screened for by MRI or CT (2,120). In contrast to patients with
CAPS, TRAPS and MKD, patients with DIRA rarely present with
flare-associated fever. In patients with presumed DIRA, a diag-
nostic workup includes assessing peripheral neutrophilia and
elevated inflammatory markers, determining bone involvement
(ie, X-ray or bone MRI) and genetic testing (2,120). The differential
diagnosis for DIRA includes chronic recurrent multifocal osteomy-
elitis (CRMO) (121,122), synovitis, acne, pustulosis, hyperostosis,
osteitis (SAPHO) (123) syndrome and pustular psoriasis (124).
Genetic testing for monogenic defects with overlapping clinical
features should include LPIN2, FGR, FBLIM1 for CRMO
(125,126), CARD14 for CARD14-mediated psoriasis (CAMPS)
(127,128), IL36RN for deficiency of IL-36 receptor antagonist
(127,128), AP1S3 (128) for other pustular psoriasis and MEFV
for pyrin-associated autoinflammation with neutrophilic dermato-
sis (129).

Focus on the treatment of IL-1 mediated diseases:
points to consider 15–24. Disease management involves a
shared decision-making approach and a combination of pharma-
cologic and non-pharmacologic interventions. The current stan-
dard of care for patients with CAPS, TRAPS, MKD and DIRA is
subcutaneous IL-1 targeted biologic therapy when available
(28,49,130–132). While the specific pharmacologic mechanisms,
pharmacokinetics, disease indications and costs differ for each of
the three available drugs, anakinra (Kineret), rilonacept (Arcalyst)
and canakinumab (Ilaris), each blocks the effect of IL-1β on the
IL-1 receptor and downstream signaling, resulting in improved
symptom control, as well as reduced systemic and tissue/organ
inflammation. Anakinra is a recombinant IL-1 receptor antagonist
with a short half-life that binds to the IL-1 receptor and blocks
both IL-1α and IL-1β signaling (95,133–135). Rilonacept is a
recombinant fusion protein with a relatively longer half-life that
binds to both IL-1α and IL-1β (130,136,137). Canakinumab is a

human monoclonal antibody to IL-1β with a long half-life
(49,131,138,139). As expected for treatment of rare disorders,
case reports and small patient series have demonstrated the suc-
cess of IL-1 blockade across the spectrum of disease. The high-
est level of evidence, however, stems from pivotal studies
including randomised studies in CAPS (137,140,141) (MWS and
FCAS), in TRAPS and MKD (142), which have confirmed that rilo-
nacept was effective in CAPS (137), and that canakinumab was
efficacious in controlling and preventing flares in patients with
CAPS (140) and with MKD and TRAPS (142), respectively
(Table 3). The availability of these drugs varies significantly in dif-
ferent countries.

Aims of treatment are early control of disease activity, pre-
vention of disease and treatment-related damage and optimal
health-related quality of life (58,142). The ultimate goal of a treat-
to-target approach is complete remission (37). In the absence of
a consensus definition of remission or minimal disease activity
for these diseases, remission has been defined for clinical studies
and clinical monitoring as an absence of clinical symptoms and
normal inflammatory markers. The instruments used to measure
disease activity include daily symptom diary scores (28,95) or
Auto-inflammatory Diseases Activity Index (AIDAI) (143), and a
physician global assessment (PGA) and patient–parent global
assessment (PPGA). The most commonly used inflammatory
marker is CRP (also known as high sensitivity or cardio CRP in
some countries), with levels of less than 5 mg/L or 10 mg/L indi-
cating adequate control of inflammation (95,120,142). Minimal
disease activity has been suggested as an alternative target if
remission cannot be achieved. Definitions of remission and mini-
mal disease activity and their validations are on the research
agenda for autoinflammatory diseases (142,143).

Treat-to-target strategies aiming for low disease activity
assessed by clinical symptoms and normalisation of serum
markers of systemic inflammation are effective and used in the
treatment of patients with IL-1 mediated SAIDs to find individua-
lised and optimal dosing regimens for each patient and disease
(37). IL-1 blocking therapies control inflammation in the absence
of glucocorticoids (134,142,144). Treatment can delay or prevent
development or progression of organ damage in patients with
moderate or even severe disease activity (60,95,145). Manage-
ment by a multidisciplinary team that includes subspecialists
results in better disease control in patients with CAPS (37). To
achieve and maintain optimal disease control, IL-1 targeted thera-
pies need to be administered continuously in most patients, and
the dose and/or frequency of administration should be adjusted
for control of disease activity, normalisation of markers of sys-
temic inflammation and for weight gain and appropriate develop-
ment in the growing patient.

Medication dose adjustments for weight gain and growth
and higher mg/kg doses to optimise treatment responses should
be individualised for each patient (37,95). Some patients with
CAPS may require more frequent or higher doses of these
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medicines than that approved by FDA or EMA (Table 6), such as
dosing of canakinumab more often than the approved frequency
of every 8 weeks, if patients have not achieved remission
(34,37,141). On-demand regimens may be used in selected
patients with MKD, TRAPS and FCAS who have very mild disease
and/ or episodic disease manifestations and who maintain normal
inflammatory markers in between episodes (146,147). Patients
with severe disease manifestations, such as those with NOMID/
CINCA, may require frequent adjustments and higher doses than
patients with less severe diseases (Table 6) (37,95,141). There is a
potential clinical advantage of using anakinra for patients with
severe CAPS, especially for those with neurologic disease
(148,149). Patients with NLRP3 variants that have not been vali-
dated as pathogenic (ie, V198M, R488K, Q703K) may respond
to IL-1 blockade, and specific recommendations have previously
been published (150,151). To improve symptom control, non-
steroidal anti-inflammatory drugs may be efficacious when used

together with IL-1 targeted therapy. Ongoing efficacy and a bene-
ficial long-term safety profile have been demonstrated for the
long-term use of all three IL-1 blockers (anakinra, rilonacept and
canakinumab) in CAPS, although direct comparative studies are
lacking (44,49,130,134,136–139,152–157).

A large body of evidence suggests that IL-1 inhibitors should
be considered as the preferred treatment for TRAPS (100).
Although anakinra was the first IL-1 blocker successfully used in
patients with TRAPS in small series and observational registries
(100,131,145,158), the long-acting anti-IL-1β monoclonal anti-
body, canakinumab is currently the only IL-1 blocker that the
FDA and EMA have approved for the treatment of patients with
TRAPS (54,57) (Table 6). Individual patients with TRAPS may
respond to treatment with short-term glucocorticoids or etaner-
cept; however, responses often wane and patients should be
monitored for increased disease activity (45,100,159). Patients
with TNFRSF1A variants that are not classified as pathogenic (ie,

Table 6. Treatments based on FDA, EMA* or expert panel consensus†

Disease Treatment
Recommended dosing based on FDA, EMA or

task force consensus FDA EMA LoE

CAPS (NLRP3-AID)
FCAS Canakinumab PD: 2–8 mg/kg/q8w

AD: >40 kg, 150–600 mg/q8w
+ + 1B

Rilonacept PD: LD 4.4 mg/kg/q1w and MD 2.2 mg/kg/q1w
AD: LD 320 mg/q1w and MD 160 mg/q1w

+ – 1B

Anakinra 1–2 mg/kg/day – + 4C
MWS Canakinumab‡ PD: 2–8 mg/kg/q8w‡

AD: >40 kg, 150–600 mg/q8w
+ + 1B

Rilonacept PD: LD 4.4 mg/kg/q1w and MD 2.2 mg/kg/q1w
AD: LD 320 mg/q1w and MD 160 mg/q1w

+ – 1B

Anakinra 1–2 mg/kg/day – + 2B
NOMID/CINCA Anakinra 1–8 mg/kg/day + + 2A

Canakinumab§ PD: 2–8 mg/kg/q4w§
AD: >40 kg, 150–600 mg/q4w

– + 4C

TRAPS Canakinumab PD: 2–4 mg/kg/q4w
AD: >40 kg, 150–300 mg/q4w

+ + 1B

MKD Canakinumab PD: 2–4 mg/kg/q4w
AD: >40 kg, 150–300 mg/q4w

+ + 1B

DIRA Anakinra 1–8 mg/kg/day + – 4C
Rilonacept PD: 4.4 mg/kg/q1w

AD: LD 320 mg/q1w and MD 320 mg/q1w
+ – 4C

* Drug approvals, dosages may vary between different countries and local regulations should be followed in the
respective countries (53–57).
† Level of evidence (LoE): 1a: systematic review of randomised controlled trials (RCTs); 1b: individual RCT; 2a: sys-
tematic review of cohort studies; 2b: individual cohort study (including low-quality RCT); 3a: systematic review of
case–control studies; 3b: individual case–control study; 4: case-series (and poor-quality cohort and case–control
studies); 5: expert opinion without explicit critical appraisal, or based on physiology, bench research or “first princi-
ples.” AD = adult dosage; CAPS = cryopyrin-associated periodic syndromes; CINCA = chronic infantile neurologic
cutaneous articular syndrome; DIRA = deficiency of the interleukin-1 receptor antagonist; EMA = European Medi-
cines Agency; FCAS = familial cold autoinflammatory syndrome; FDA = US Food and Drug Administration;
LD = loading dose; MD = maintenance dose; MKD = mevalonate kinase deficiency; MWS = Muckle-Wells syndrome;
NOMID = neonatal onset multisystem inflammatory disease; PD = paediatric dosage; TRAPS = tumour necrosis fac-
tor receptor-associated periodic syndrome.
‡ Canakinumab is approved by the FDA and EMA for the treatment of CAPS at the same dosing regimens for FCAS
and MWS; however, some patients with MWS may require more frequent dosing according to the expert panel.
§ Although canakinumab was approved by the EMA for the treatment of CAPS at the same dosing regimens for all
three disease severity phenotypes (which also includes patients with NOMID/CINCA), the study submitted for
approval only included five patients with NOMID/CINCA and a subanalysis in patients with NOMID/CINCA was not
performed. The dosing frequency required for patients with NOMID is typically every 4 weeks. We therefore added
the panel’s recommendation as 4C in the dosing table (149,153,174).

ROMANO ET AL1112



D41E, I57S, P75L, R121Q, N145S [previously referred to as:
D12E, I28E, P46L, R92Q, N116S, respectively]) do not have
TRAPS; however, they may still have signs of clinical autoinflam-
mation requiring treatment with colchicine or biologic thera-
pies (100).

Anakinra and canakinumab have been used in children with
MKD with success, but only canakinumab has been evaluated
in a randomised study and approved by the FDA and EMA
(54,57,142,146). Some patients with MKD with milder disease
phenotypes, characterised by occasional attacks separated by
symptom-free periods, can be managed with on-demand treat-
ment (146). Glucocorticoids may also be beneficial during flares,
but their extended use is limited by adverse effects (146). The
panel suggested the use of IL-1 blockade, but noted that treat-
ment could be switched to anti-tumour necrosis factor (anti-
TNF) agents, if IL-1 blockade is not available or is ineffec-
tive (146).

Anakinra and rilonacept both block IL-1α and IL-1β and
should be used for patients with DIRA (2,80,81,120). The FDA
recently approved both anakinra and rilonacept for treatment of
DIRA (53,55). Blocking IL-1α may be necessary to completely
block bone inflammation, as observed in a patient who developed
osteitis during treatment with canakinumab, which only blocks IL-
1β. While anakinra has been used initially in all patients with DIRA
to achieve disease control, rilonacept can be used to maintain
remission (120). Doses of IL-1 blocking therapies required for dis-
ease control in patients with DIRA have typically been lower than
those required in patients with severe CAPS-NOMID/CINCA.
Long-term sustained and complete remission is an achievable
goal of treatment for patients with DIRA.

For all IL-1 mediated SAIDs, individualised dose adjustments
of IL-1 blocking agents may be necessary in young patients or in
those with severe disease. In infants and preschool-aged chil-
dren, twice daily dosing of anakinra may be required for control
of disease activity. This is probably due to the higher liver blood
flow, which increases the hepatic clearance of drugs owing to
the larger ratio of liver to total body mass in children than in adults
(160). Some older patients with severe and difficult to control dis-
ease, including central nervous system disease, may also achieve
improved disease control with twice daily dosing. While canakinu-
mab is approved by the EMA for CAPS-NOMID/CINCA at a fre-
quency of every 8 weeks, supporting evidence suggests that
this may be inadequate, so the consensus of experts recom-
mends more frequent dosing up to every 4 weeks for these
severely affected patients based on clinical experience and
numerous reports (34,37,141). This is consistent with dose fre-
quency for other SAIDs, and with EMA-provided consumer med-
ical information for patients with inadequate responses (57).

Focus on monitoring of IL-1 mediated SAIDs: CAPS,
TRAPS, MKD and DIRA: points to consider 25–33.
Ongoing management includes adjustment of pharmacologic

therapy, monitoring of disease activity, development of
disease-related complications and recognition of drug toxicity.
Additionally, individual focus on the needs of the growing child,
adolescent, adult or even elderly should include age-
appropriate and developmentally appropriate measures that
foster self-management skills, encourage shared medical
decision-making, address reproductive health issues and facili-
tate timely and effective transition to adult medical care
(47,161,162) (Table 4).

Appropriate management of patients with IL-1 mediated
SAIDs necessitates a multidisciplinary team of local primary
care givers working together with experienced physicians,
rheumatologists and other specialists on a case-by-case basis
that can include, but is not limited to, immunologists, ophthal-
mologists, otolaryngologists, nephrologists, neurologists and
genetic counsellors, as well as physiotherapists, occupational
therapists and psychosocial specialists (47,161,163). The man-
agement of patients, particularly those with cognitive (ie, learn-
ing and behavioural disorders) and those with physical
disabilities (ie, bone deformities, hearing and vision loss)
(29,60), is complex. The physical, mental, psychosocial health
and social functioning of entire families should be considered.
Individualised support services, including, but not limited to,
psychosocial support, genetic counselling, cognitive and learn-
ing support, school accommodations and occupational therapy
and physiotherapy, may be needed to manage these chal-
lenges (110,161,163,164). Some adult patients may have
increased difficulties due to their disease and chronic organ
involvement that may require accommodations for work, or
other aspects of their daily life.

Long-term monitoring requires age-appropriate dose adjust-
ment of IL-1 blocking treatment to maintain control of systemic
and organ-specific inflammatory manifestations, and of laboratory
markers (49,130,134,135,139,157). Systemic inflammation
should be monitored by following up inflammatory markers, which
include peripheral neutrophilia (165), CRP and ESR. SAA and
S100 protein may be used as inflammatory markers where avail-
able (45,131).

Chronic systemic inflammation can have significant effects
on growth and development, and ongoing inflammation may pre-
dispose to AA amyloidosis (27). Patients with IL-1 mediated
SAIDs need continuous and developmentally appropriate care
during and beyond adolescence. However, up to half of adoles-
cent patients are not appropriately transferred to adult specialist
care owing to general lack of transition readiness, inadequately
robust quality indicators and insufficient understanding of the
needs of adolescents. This population is therefore at particular
risk of unfavourable outcomes (59,61). Relevant for this group
are complications related to amyloidosis, hearing loss and vision
loss. Although AA amyloidosis has become less common with
the early initiation of anti-IL-1 targeted treatment, adults who have
had longstanding uncontrolled disease should be closely
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monitored (49,100,140). The task force recommended that pro-
teinuria should be evaluated every 6 months in all patients with
IL-1 mediated SAIDs, particularly in patients with a positive family
history of amyloidosis as they may have other factors, including
genetic variants contributing to the development of amyloidosis
(ie, SAA1 variants).

Disease-specific monitoring plans that take into account
the different disease manifestations in CAPS, TRAPS, MKD
and DIRA are outlined in Table 4. Hearing loss, central nervous
system disease, bone deformities, renal failure due to amyloid-
osis and visual loss are the most severe organ manifestations
in patients with CAPS (62). In patients with TRAPS the disease
may progress from longer-lasting episodes of fever, migratory
and painful rash, to a more chronic disease course with persis-
tent inflammation in the absence of the typical fever episodes,
which may still represent an important risk factor for the devel-
opment of AA amyloidosis (27), and are an indication for long-
term treatment with biological disease-modifying antirheumatic
drugs (131,145). Rare MKD-associated manifestations include
retinitis pigmentosa and hearing loss. Therefore, ophthalmo-
logic evaluations and audiograms should be included as clini-
cally indicated (32,35,36,118). Secondary hemophagocytosis
in the context of infections has been reported and should be
considered in the situation of severe disease flares in MKD
(35,36,82). For all IL-1-mediated SAIDs, appropriate monitoring
aims to limit or prevent complications of inflammation and
disease-associated damage through ongoing individualised
treatment, while encouraging the best possible quality of life
for patients and families (161).

Beyond objective laboratory measurements, patient-
reported outcomes and disease assessment tools can be helpful
in the monitoring of disease symptoms. Patient- or physician-
reported outcomes (110,166,167) can include measures of
health-related quality of life (47,168,169), disease activity (143)
(ie, Auto-inflammatory Diseases Activity Index [AIDAI] for CAPS,
TRAPS and MKD) (100,143,154,166,169,170), global assess-
ment scales for physicians and patients/parents (142) (PGA,
PPGA) and assessment of disease-related organ damage (167)
(ie, Auto-inflammatory Diseases Damage Index [ADDI]) that are
listed in Table 5. Questions about performance at school and
work place and recording missing school/work days help assess
the burden of disease and guide revisions to the treatment plan
(163). The safety profile for IL-1 blocking treatment has generally
been favourable. However, monitoring for infection, particularly
respiratory tract infections with Streptococcus pneumoniae and
skin infections due to Staphylococcus, is recommended (142).
Even though in some conditions, such as MKD, vaccination may
lead to a disease flare, patients should be vaccinated in accor-
dance with regional recommendations (171). This includes pneu-
mococcal vaccines, including the polysaccharide vaccine
(Pneumovax) in patients with CAPS, as benefits generally out-
weigh the potential risks of local and systemic reactions

(49,172). Patients who are receiving, or planning to initiate, anti-
IL-1 targeted therapy should receive pneumococcal vaccinations.
While it is preferable to administer vaccines before starting treat-
ment, it is also acceptable to do so during treatment (49). Prelim-
inary data suggest that an adequate antibody response to
vaccines occurs in patients receiving canakinumab (49). Whether
vaccines against COVID-19 have the potential to provoke disease
flares is unknown; theoretical concerns about disease flare in IL-1
mediated SAIDs caused by RNA vaccines exist. However, there
are currently insufficient data to make recommendations regard-
ing COVID-19 vaccines.

Data on IL-1 treatment in pregnancy is limited (100,162,173).
In women with IL-1 mediated SAIDs who require biological treat-
ment and are considering pregnancy, a benefit-risk discussion
should be held before conception, including the risk of untreated
disease to mother and fetus compared with the risk of continuing
biologic agents. At present, regulatory advice and clinical case
series reports support the use of anakinra rather than any other
anti-IL-1 agent in pregnancy (100).

CONCLUSION

In recent years, we have learnt more about the phenotypic
breadth and pathogenesis of IL-1 mediated SAIDs, which has
led to a more efficient diagnosis and better treatment and mon-
itoring of these diseases. An improved understanding of the
pathogenesis and presentation of patients with IL-1 mediated
SAIDs, along with the development of effective treatments, has
dramatically improved our ability to diagnose and treat patients.
As formalised training in the diagnosis and management of IL-1
mediated SAIDs is variable, many physicians, including rheuma-
tologists, lack the knowledge to optimally manage these
patients. The task force aims to raise awareness and assist both
specialists and primary healthcare providers in managing
patients with IL-1 mediated SAIDs. The panel has also
highlighted the distinguishing clinical features of CAPS, TRAPS,
MKD and DIRA in the suggested recommendations. These
points for consideration attempt to address the unmet needs
for guidance based on a EULAR and ACR consensus process
for diagnosing, managing and treating CAPS, TRAPS, MKD
and DIRA.

The task force included specialists with broad expertise in
managing patients with IL-1 mediated autoinflammatory dis-
eases, representing different countries, disease interests and
practice environments. Owing to the rarity of these disorders,
statements have been developed based on low level of evidence
and on expert opinion, which will probably require revisions as
new knowledge is generated. Multicentre collaborative efforts,
prospective registries and randomised trials will help to define
optimal treatment strategies to relieve patient symptoms and to
further improve long-term clinical outcomes. The panel also sug-
gests areas for future research (Box 1).
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R E V I EW

The Conundrum of Lung Disease and Drug
Hypersensitivity-like Reactions in Systemic Juvenile
Idiopathic Arthritis

Bryce A. Binstadt1 and Peter A. Nigrovic2

An unusual form of lung disease has begun to affect some children with systemic juvenile idiopathic arthritis (JIA), coin-
cident with increasing utilization of interleukin-1 (IL-1) and IL-6 antagonists. Many children with systemic JIA–associated
lung disease (SJIA-LD) have a history of clinical and laboratory features resembling drug reaction with eosinophilia and
systemic symptoms (DRESS), a presentation now convincingly associatedwith HLA–DRB1*15. Treatment of DRESS typ-
ically requires drug discontinuation, a daunting prospect for clinicians and families who rely upon these agents. Here we
review SJIA-LD and its associated DRESS-like phenotype. We suggest an alternative explanation, the cytokine plasticity
hypothesis, proposing that IL-1 and IL-6 blockers modulate the milieu in which T cells develop, leading to a pathologic
immune response triggered through exposure to common microbes, or to other exogenous or endogenous antigens,
rather than to the drugs themselves. This hypothesis differs from DRESS in mechanism but also in clinical implications,
predicting that control of pathogenic T cells could permit continued use of IL-1 and IL-6 antagonists in some individuals.
The spectrum posed by these two hypotheses provides a conceptual framework that will guide investigation into the
pathogenesis of SJIA-LD and may open up new therapeutic avenues for patients with systemic JIA.

INTRODUCTION

The pediatric rheumatology community is worried. Some
children with systemic juvenile idiopathic arthritis (JIA) are devel-
oping an unusual, sometimes life-threatening, condition termed
systemic JIA–associated lung disease (SJIA-LD) (1–4). The emer-
gence of SJIA-LD has coincided with increasing use of blockers
of interleukin-1 (IL-1; anakinra, canakinumab, and rarely rilona-
cept) or IL-6 (tocilizumab), and most children with SJIA-LD have
a history of exposure to one or more of these agents (2,3). Recent
work by Saper et al linked these reactions to the HLA class II allele
DRB1*15, prompting the suggestion that SJIA-LD arises through
an IL-1/IL-6 blocker–induced drug-induced hypersensitivity syn-
drome (DIHS) or even drug reaction with eosinophilia and sys-
temic symptoms (DRESS) (5). These observations place
clinicians, patients, and families in an extremely difficult

conundrum. IL-1 and IL-6 antagonists have transformed systemic
JIA from the most destructive arthritis of childhood into a disease
with an excellent prognosis for most patients (6–11). But if these
biologics are potentially harmful, even life-threatening, what are
we to do?

Here we review the available data supporting the suggestion
that allergic-type responses and SJIA-LD reflect hypersensitivity
to IL-1 and IL-6 antagonists—a proposal we term the “DRESS
hypothesis”—and present an alternative, the “cytokine plasticity
hypothesis,” that differs in mechanism and in clinical implications.
We present this alternative not because we believe that the DRESS
hypothesis is necessarily incorrect but because articulating alter-
nate explanations is sound scientific practice. Considering these
hypotheses, potentially together with others, will shape the scien-
tific agenda and thereby help us to understand the relationship
between IL-1 and IL-6 blockade, DIHS-type reactions, and
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SJIA-LD, while guiding clinical decision-making for patients with
systemic JIA and its adult counterpart, adult-onset Still’s disease.

Systemic JIA–associated lung disease

Following isolated case reports of pulmonary involvement in
systemic JIA in the pre-biologic era (12,13), Kimura and col-
leagues reported in 2013 a series of 25 patients with systemic
JIA and lung disease, including pulmonary arterial hypertension,
interstitial lung disease, and alveolar proteinosis. Mortality was
high (68%). Most patients had been treated with IL-1 and/or IL-6
antagonists, raising the concern that these agents might have
contributed to lung complications (1). In 2019, two groups
reported an additional 70 patients with SJIA-LD (2,3). Where lung
histology was available, in many cases it resembled pulmonary
alveolar proteinosis (PAP), a condition in which alveolar macro-
phages fail to clear surfactant and other material from the air-
space. Risk factors for SJIA-LD included onset of systemic JIA
before age 2 years, a history of macrophage activation syndrome
(MAS), trisomy 21, and use of IL-1 and/or IL-6 blockers. Intrigu-
ingly, almost 40% of children had experienced anaphylactic reac-
tions to tocilizumab, which is very unusual in other contexts.
These studies noted increasing incidence of SJIA-LD over the
past two decades, roughly paralleling the increased use of IL-1
and IL-6 blockers (2,3). In one center in the US, SJIA-LD affected
5 of 74 new patients with systemic JIA (7%), though the European
Pharmachild Registry of 306 systemic JIA patients treated with
anakinra identified only one with SJIA-LD (0.3%) (3,14).

These reports raised several questions: Does exposure to
IL-1 or IL-6 blockade cause SJIA-LD? What underlies the appar-
ent geographic variability in SJIA-LD incidence? Might IL-1 or
IL-6 blockade permit an as-yet undefined pathogen to drive
SJIA-LD? Could there be confounding by indication—in other
words, if IL-1 and IL-6 blockade are used preferentially in the
patients who are also the most likely to develop SJIA-LD, could
the association be true but not causal? Could reduced reliance
on corticosteroids, methotrexate, and other agents play a role?
One of us entertained these possibilities two years ago (4). Do
we have better insight now?

Importantly, one of the 18 patients (6%) with SJIA-LD
reported by Schulert and colleagues had not received IL-1 or
IL-6 antagonists (3). Among the 61 patients reported by Saper
and colleagues, 15 (25%) had no exposure before disease onset
(2), a result echoed in a European cohort in which 7 of 26 subjects
with SJIA-LD (27%) had never received IL-1 or IL-6 blockade (ref.
15 and Bracaglia C: personal communication).

What do we know about the pathogenesis of SJIA-LD? In all
series, patients with a history of MAS are at greater risk for SJIA-
LD (1–3). Schulert and colleagues reported that patients with
SJIA-LD exhibit higher levels of serum IL-18; increased levels of
interferon-γ (IFNγ), IL-18, CXCL9, and CXCL10 in bronchoalveolar
lavage fluid; and lung transcriptional profiles demonstrating

up-regulation of IFNγ and T cell activation networks, features that
echo aspects of the pathogenesis of MAS (3). Using a mouse
model of MAS induced by repeated administration of the Toll-like
receptor 9 agonist CpG, Schulert’s group identified CD4+
T cell–predominant IFNγ-dependent pulmonary inflammation,
although not PAP (16). By contrast, T cell overexpression of
T-bet, the Th1 master transcription factor, impairs macrophage
development and results in PAP-like lung disease in mice (17).
Clinical experience indicating that SJIA-LD and MAS may
respond favorably to blocking IFNγ with emapalumab supports
the notion of a pathogenic role of Th1-type inflammation in both
conditions (18,19).

Chen and colleagues recently reported the results of serum
proteomic analysis of patients with SJIA-LD and related condi-
tions, identifying 20 proteins with elevated levels and 6 with
decreased levels in SJIA-LD independent of MAS (20). Unexpect-
edly, up-regulated proteins included chemokines associated with
Th2 responses: CCL11/eotaxin 1 and CCL17/thymus activation-
related chemokine, the latter sometimes elevated in DRESS
(21–25). Also up-regulated were the lung adhesion molecule
intercellular adhesion molecule 5 (ICAM-5) and the ICAM-5–
cleaving matrix metalloproteinase 7. ICAM-5 was elevated in
other forms of interstitial lung disease, but since it is not otherwise
increased in systemic JIA the authors propose ICAM-5 as a valu-
able biomarker of SJIA-LD. Intriguingly, in some subjects the
SJIA-LD proteome profile occurred in the absence of high MAS
activity, suggesting the possibility of an “independent origin” of
MAS and SJIA-LD, meaning that MAS and SJIA-LD are driven
by distinct pathogenic mechanisms, rather than a “sequential”
model in which MAS directly predisposes to SJIA-LD (20).

DRB1*15:XX and DIHS/DRESS-like reactions

A recent report by Saper and colleagues sought to better
understand adverse outcomes in children receiving IL-1/IL-6
antagonists by comparing 66 subjects with systemic JIA and
apparent drug reactions to 65 “drug-tolerant” systemic JIA con-
trols (5). Features of DRESS among the first group included eosin-
ophilia, elevation of hepatic transaminases, and non-evanescent
rash, including facial edema characteristic of DRESS but unusual
in systemic JIA. Critically, DRB1*15 was vastly overrepresented
among patients with systemic JIA and DIHS-like reactions (75–
93%) compared to drug-tolerant patients, of whom 0% carried
DRB1*15:01 and 18% carried any allele of DRB1*15.
(DRB1*15:01 predominates in White subjects whereas 15:03
and 15:06 are more common in non-White subjects [26]; we fol-
low the convention of Saper and colleagues and use the term
DRB1*15:XX to encompass all of these [5].) The fact that none of
the 65 “drug-tolerant” patients carried DRB1*15:01, an allele car-
ried by 6–28% of individuals in the US (26), suggests that the large
majority of systemic JIA patients with this risk allele react
adversely to the introduction of drug. Among patients with
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DIHS-like reactions, 82% with SJIA-LD and 72%without SJIA-LD
expressed DRB1*15:XX; this allele is therefore a risk factor for
DIHS-like reactions, not for SJIA-LD independent of such reac-
tions. However, because SJIA-LD occurred predominantly
among patients with DIHS-like reactions, these phenotypes are
closely linked. MAS was also far more common in patients with
DIHS-like reactions (64% versus 3% in drug-tolerant controls),
prompting the authors to speculate that DRESS might directly
provoke MAS, although potential mechanisms were not explored
(5). Echoing these findings, in the recent study by Chen and col-
leagues, DRB1*15:XX was present in 87% of the subjects with
SJIA-LD in whom HLA typing was available, and all had prior
exposure to IL-1 or IL-6 blockade (20).

To classify patients as having DRESS, Saper and colleagues
(5) used the well-accepted Registry of severe cutaneous adverse
reactions (RegiSCAR) criteria incorporating 8 clinical features:
fever, lymphadenopathy, eosinophilia, atypical lymphocytosis,
rash, skin histology, organ involvement (including hepatic trans-
aminase elevation), and persistence of symptoms for 15 days or
more after drug withdrawal (27,28). Since many of these features
overlap with those of active systemic JIA, a typical systemic JIA
patient could score in the range of “possible/probable” DRESS,
potentially complicating the use of the RegiSCAR criteria in this
context. The authors were careful to point out, however, that
most patients met RegiSCAR criteria floridly and many exhibited
facial edema and eosinophilia not typical of systemic JIA (29).
Saper et al (5) observed that patients who discontinued biologics
did better than those in whom treatment continued or was reintro-
duced, although many SJIA-LD patients remain stable or even
improve despite ongoing exposure to IL-1/IL-6 blockade (ref. 3
and personal experience of the authors), unusual for DRESS,
which typically progresses until the offending agent is discontin-
ued. How can we understand what is going on in these patients,
using the critical insight provided by the newly-recognized
DRB1*15:XX association as the stepping-off point?

HLA class II and CD4+ T cells in systemic JIA

DRB1*15:XX is part of the class II major histocompatibility
complex (MHC) system. MHC II presents peptide antigens to
CD4+ T cells, allowing them to recognize antigen, become acti-
vated, and undergo clonal expansion. As they do so, they differ-
entiate from naïve (Th0) cells into more specialized cell subsets,
including Th1 (making cytokines such as IFNγ), Th2 (making cyto-
kines such as IL-4), Th17 (making cytokines such as IL-17), and
Treg cells, depending on the milieu in which the T cell develops.

DRB1*15:XX is not the first MHC II allele linked to systemic
JIA or its complications. In 2015, Ombrello and colleagues
observed that DRB1*11 and its associated haplotype (DRB1*11;
DQA1*05-DQB1*03) predisposes to development of systemic
JIA, drawing renewed attention to the potential involvement of
CD4+ T cells in this disorder, despite its autoinflammatory-like

phenotype (30,31). However, DRB1*11 was not associated with
development of DIHS-like responses, and its odds ratio for inci-
dent systemic JIA (~2.3) was much lower than that of DRB1*15:
XX with apparent DIHS (~40.8) (5,30). Thus, these two MHC II
alleles play very different roles: DRB1*11 predisposes to systemic
JIA but not otherwise to SJA-LD, whereas DRB1*15:XX predis-
poses for DIHS-type responses in patients who already have
systemic JIA.

A key concept in T cell biology is phenotypic plasticity (for
review, see refs. 32–36). CD4+ T cells exposed to cytokines and
other cues can convert from Treg cells to Th17 cells and vice
versa (37–39), from Th17 cells to Th1 cells (40–42), and from
Th1 and Th17 cells to Th2 cells (43,44). This propensity grounds
the so-called “biphasic hypothesis” of systemic JIA, which pro-
poses that the IL-1/IL-6-rich environment of early systemic JIA
skews T cells away from beneficial Treg cells and toward patho-
genic Th17 cells, thereby mediating chronic arthritis (31,45). While
the biphasic hypothesis remains unconfirmed, some supportive
evidence has emerged. Omoyinmi and colleagues observed
enrichment of circulating Th1 and Th17 cells in patients with sys-
temic JIA (46). Henderson and colleagues found a Th17 gene
expression signature among T cells in systemic JIA synovial fluid
and blood, predominantly among unusual IL-17–producing Treg
cells in acute disease and among effector Th17 cells in chronic
disease, although the latter expressed little IL-17 protein (47).
These findings plausibly reflect the known role of IL-1 and IL-6 in
Th17 polarization and maintenance, since early IL-1 blockade
largely abrogated Treg cell IL-17 expression (38,47–49). In
chronic systemic JIA, effector Th cells also up-regulated TNF,
IFNα, and IFNγ pathways, underscoring the complexity of the
adaptive immune response (47). Not explored in that study was
whether IL-1 blockade led to an alternative cytokine polarization
pattern, in either the Treg or Th cells, except that the Treg cells
appeared not to express IFNγ protein. Analogously, Kessel and
colleagues found IL-17–expressing γδ T cells in systemic JIA,
potentially reflecting cytokine-driven lymphocyte polarization
beyond conventional CD4+ T cells (50). To date, no study has
provided comparable analysis of T cell cytokine/gene expression
in systemic JIA with DIHS-like features.

The DRESS hypothesis revisited

With this background, we can better consider how
DRB1*15:01 might lead to DIHS-like reactions to IL-1 and IL-6
blockers. Saper and colleagues propose that anakinra, canakinu-
mab, and tocilizumab, or their excipients (the vehicle and its asso-
ciated components) drive pathogenic T cell responses as
antigens or by otherwise changing antigen presentation (5).
Strengths of this hypothesis are the DRESS-like phenotype of
many drug-exposed patients with systemic JIA; the improvement
reported in some patients after drug discontinuation; the clinical
deterioration observed in some patients who continue to receive
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the drug; and the extremely striking MHC II association, strongly
implicating an antigen-directed response.

The DRESS hypothesis also faces some conceptual hurdles.
Anakinra (IL-1 receptor antagonist [IL-1Ra]) shares no antigen-
length peptides with canakinumab or tocilizumab. Indeed, aside
from an N-terminal methionine, anakinra is identical to endoge-
nous IL-1Ra and should therefore have limited antigenic potential.
The only excipient shared by these agents is polysorbate-80, an
emulsifier that prevents protein aggregation. Polysorbate-80 is
found in most monoclonal antibodies and in many vaccines. Since
polysorbate-80 is a heterogeneous chemical product, it is con-
ceivable that something might be different about the preparation
employed in IL-1/IL-6 antagonists; however, its ubiquity renders
this excipient a poor candidate trigger for DRESS.

Importantly, drugs can cause DRESS even if they are not
themselves the antigen (51). First, they can bind covalently to
endogenous proteins; these haptenated antigens are then recog-
nized by T cells as foreign. Second, drugs can bind non-
covalently to the MHC and/or the T cell receptor (TCR) outside
of the antigen binding pocket, leading to T cell activation in a man-
ner reminiscent of bacterial superantigens, agents that can even
display HLA class II allele specificity (52). Third, drugs can bind
within or otherwise modify the MHC groove, altering peptide
specificity such that certain self-peptides now appear foreign.
IL-1 and IL-6 blockers could each be capable of one of these
interactions with DRB1*15:XX, despite their structural differences,
or they could induce DIHS via a new type of interaction yet to be
described. The possibility that any—actually, all—of these drugs
interact with DRB1*15:XX to stimulate CD4+ T cells can (and
should!) be tested directly in vitro, for example by using
activation-induced marker or similar sensitive assays to identify
antigen-specific CD4+ T cells in patients (53).

Anakinra, canakinumab, and tocilizumab are used in
diseases other than systemic JIA, such as rheumatoid arthritis,
polyarticular JIA, giant cell arteritis, and autoinflammatory dis-
eases. In the Canakinumab Antiinflammatory Thrombosis
Outcome Study (CANTOS) trial, almost 7,000 individuals
with atherosclerotic cardiovascular disease and persistent
C-reactive protein elevation were treated with canakinumab
for 48 months (54). Given a carrier frequency of DRB1*15:XX
of 15–29% in the US (26), one might have predicted DIHS/
DRESS to develop regularly in these patient groups—
something that simply hasn’t happened, apart from isolated
case reports cited by Saper and colleagues (5). They did
observe 4 patients with Kawasaki disease (KD) with suspected
anakinra reactions (defined as an increase in eosinophil count
of >50% compared to baseline), of whom 3 of 4 carried
DRB1*15:XX, in contrast to 2 of 15 “drug-tolerant” patients
with KD (5). This small series is intriguing but might well reflect
something shared in the hyperinflammatory milieu of systemic
JIA and KD—that is, a “drug–disease” interaction. We present
below one proposal for such an interaction.

An additional concern is that most HLA associations with
DIHS/DRESS are with MHC class I alleles, although well-
described exceptions exist, including the association of
DRB1*15:01 with Stevens-Johnson syndrome/toxic epidermal
necrolysis in Han Chinese subjects (55,56). Why MHC I predomi-
nates over MHC II is not entirely clear but may have to do with
another interesting observation: DRESS is often accompanied
by reactivation of human herpesvirus 6 (HHV-6) and other herpes-
viruses such as Epstein-Barr virus (EBV). One theory is that the
expanded MHC I–restricted CD8+ T cell clones that recognize
reactivating herpesviruses coincidently cross-recognize drug,
inducing DRESS via molecular mimicry (57). Whether reactivation
or de novo infection with HHV-6, EBV, or other herpesviruses
occurs in patients with systemic JIA and DIHS needs to be
explored, particularly since CD8+ T cell responses could underlie
the increase in IFNγ production and T cell activation profile
observed in SJIA-LD (3). It is worth noting that the DRESS
hypothesis requires that 3 structurally distinct biologics each rep-
resent an outlier among known drug–MHC–DRESS associations,
and then each (coincidentally) with the same MHC II allele.

A final issue, noted above, is that ~25% of patients with
SJIA-LD have never been exposed to IL-1 or IL-6 blockers, seem-
ingly excluding any pathogenic role for biologic therapy in this
subset of patients. It will be interesting to investigate whether
eosinophilia or other DRESS-like manifestations occur in patients
with systemic JIA not exposed to biologics, and if so whether
such patients express DRB1*15:XX. Such patients would not
have been detected by the recent study by Saper et al (5) since
its case–control design required all patients to be drug-exposed.

The cytokine plasticity hypothesis

Boiled down, the key feature of the DRESS hypothesis is that
IL-1 and IL-6 blockers drive DIHS via antigen presentation—either
as the source of peptide or by altering the peptide–MHC II–TCR
complex. We propose instead an alternative we term the cytokine
plasticity hypothesis, that it is the biologic activity of IL-1 and IL-6
blockers that sets the stage for DIHS-like reactions and even
SJIA-LD in predisposed patients.

The association of DRB1*15:XX implies a pathogenic role
for CD4+ T cells. The antigens recognized by these T cells
could originate from self-proteins, commensal organisms,
pathogens, or other exposures. For the sake of the cytokine
plasticity hypothesis, the identity of the antigen is not crucial.
Rather, as with the biphasic hypothesis, the key is the inherent
susceptibility of CD4+ T cells to change phenotype in response
to environmental cues.

Prior to treatment, patients with systemic JIA will have a
diverse population of CD4+ T cells, potentially including
expanded Th and Treg cell clones. Through genetic, environmen-
tal, age-dependent, and stochastic factors, patients will differ
from one another in the balance of Th effector profiles among
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these clones. Some clones exhibit Th17 features, as identified by
Henderson and colleagues (47), whereas others exhibit Th1 or
Th2 differentiation. The cytokine plasticity hypothesis proposes
that biologics shift the balance of some of these T cells away from
the IL-1/IL-6-driven Th17 phenotype. In patients predisposed to
develop SJIA-LD, we speculate that the phenotypic switch is pre-
dominantly from Th17 to Th1, with associated production of IFNγ.
Such a Th switch could be facilitated by other risk factors epide-
miologically associated with SJIA-LD, including (again specula-
tively) young age, high levels of circulating IL-18 and other
mediators (58–60), and trisomy 21. For example, trisomy 21 is
associated with up-regulation of IFNγ and its receptor (61),
expansion of Th1 and Th1/Th17 T cells (62), and higher levels of
other proinflammatory cytokines including TNF and IL-6 (63). By
contrast, for clones exhibiting a Th2 bias, blocking IL-1 or IL-6
might promote Th17-to-Th2 conversion leading to a DIHS-type
response. Under the right conditions, such clonal skew could
happen even in the absence of exogenous manipulation, enabling
the cytokine plasticity hypothesis to account for patients who
develop SJIA-LD without exposure to IL-1 or IL-6 antagonists.

How might DRB1*15:XX predispose to DIHS/DRESS-like
reactions and/or SJIA-LD under the cytokine plasticity hypothe-
sis? One pathway is suggested by the association of HLA–
DRB1*15:01 with allergic bronchopulmonary aspergillosis (ABPA)
(64,65). Experimental data show that this risk allele skews T cells
to differentiate toward Th2 rather than Th1 cells when encounter-
ing Aspergillus fumigatus, resulting in allergy-like hypersensitivity
instead of pathogen clearance (66). In patients with systemic JIA
carrying DRB1*15:XX, IL-1 or IL-6 blockade might favor expan-
sion of related Th2 clones in response to Aspergillus, leading to
a DIHS-type response. Importantly, this possibility generates test-
able predictions: these systemic JIA patients might have elevated
Aspergillus-specific IgE titers, CD4+ T cells activatable in vitro in
response to Aspergillus-derived peptides, or tetramer-binding

CD4+ T cells specific for Aspergillus-derived peptides pre-
sented by DRB1*15:XX. Of course, the universe of allergens/
antigens is vast. Cross-reactivity to foreign antigens has been
proposed to drive the risk of multiple sclerosis associated with
DRB1*15:XX, implicating peptides from EBV and from the abun-
dant gut gram negative anaerobe Akkermansia muciniphila,
including some peptides that (as with ABPA) favor Th2-
predominant responses, although the mechanisms underlying
this MHC class II-influenced Th2 skewing remain unknown
(66,67). Endogenous antigens, potentially modulated with the
inflammatory milieu of systemic JIA, might also be presented.
The central point is that a wide range of DRB1*15:XX-presented
antigens are plausible drivers of SJIA-LD under the cytokine
plasticity hypothesis.

Like the DRESS hypothesis, the cytokine plasticity hypothe-
sis confronts certain challenges. The clonal shifts proposed
remain to be confirmed experimentally. Acute anaphylactic reac-
tions to tocilizumab are difficult to explain under the cytokine plas-
ticity hypothesis, although IgE-mediated reactions are also
uncharacteristic of DRESS (68). Why are patients with systemic
JIA (and possibly KD) susceptible to this complication while those
with other inflammatory diseases remain protected? How does
the Th1 and/or Th2 shift cause alveolar macrophage dysfunction
manifesting as PAP—also an unusual pulmonary manifestation
of DRESS (69)? Most of these mechanistic unknowns are shared
with the DRESS hypothesis.

The cytokine plasticity hypothesis also has strengths (Table 1).
Most importantly, it explains how biologic-naïve patients might
develop the same phenotype as biologic-exposed children. By
invoking non-drug antigens as the disease trigger, it explains
how reactions to 3 structurally unrelated biologics could share
the same HLA association, and potentially why the incidence of
DRESS-like reactions and of SJIA-LD varies across regions of
the world, with age, and with duration from first exposure to drug

Table 1. Comparison of two hypotheses to explain how IL-1 or IL-6 blocking agents might contribute to
systemic JIA–associated DIHS and/or systemic JIA–associated lung disease*

Explained by
DRESS hypothesis

Explained by
cytokine plasticity hypothesis

Eosinophilia Yes Yes
Rash Yes Yes
HLA class II association Usually class I Yes
Drug exposure in many Yes Yes
No drug exposure in some No Yes
Structurally unrelated but biologically
similar drugs

No Yes

Low frequency of DIHS in other diseases treated
with these drugs

No Yes

Anakinra is a self protein No Yes
Many patients can continue drug No Yes
Possibility of foreign antigen No Yes
Pulmonary alveolar proteinosis Unclear Unclear

* IL-1 = interleukin-1; JIA = juvenile idiopathic arthritis; DIHS = drug-induced hypersensitivity syndrome;
DRESS = drug reaction with eosinophilia and systemic symptoms.
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(7,14,70,71). To the extent that corticosteroids and other nonbio-
logic immunomodulators keep pathogenic T cells in check, the
cytokine plasticity hypothesis offers a plausible mechanism by
which reduced reliance on these agents might contribute to the
increasing incidence of SJIA-LD. Finally, whereas DRESS pro-
gresses with continued drug exposure, the cytokine plasticity
hypothesis implies that some patients could remain stable or even
improve despite ongoing IL-1/IL-6 blockade if the pathogenic
cytokine/cellular milieu is otherwise remediated—a difference of
major clinical importance.

Two hypotheses and next steps

We present two hypotheses to explain the association of
adverse reactions to IL-1 or IL-6 blockade with DRB1*15:XX
(Figure 1). Other hypotheses could also be entertained. For
example, the HLA association might reflect not DRB1*15
itself but instead another linked gene (C2, C4, HSP, and
TNF are encoded nearby). SJIA-LD might arise through an

infection yet to be identified, potentially one to which sys-
temic JIA patients with particular HLA alleles and receiving
cytokine antagonists are especially susceptible. Even if not
exhaustive of all possible explanations, the contrast between
the DRESS hypothesis and the cytokine plasticity hypothesis
provides a useful foundation to develop a scientific agenda
for future research (Table 2).

The main differences between these ideas are the roles of the
IL-1 and IL-6 blocking drugs and the identities of the DRB1*15:
XX-presented antigens. Under the first hypothesis, the drugs
cause disease via antigen presentation. Under the second, the
drugs alter the cytokine milieu in which Th and other cells develop
and differentiate. A key experimental question is whether patients
with systemic JIA and DIHS/DRESS-like syndromes and/or SJIA-
LD have T cells that react to these drugs, or not. If the second
hypothesis is correct, defining the critical antigens could begin
with investigation of DRB1*15-presented pathogens, including
Aspergillus, EBV, and Akkermansia muciniphila, and by testing
whether onset of DIHS-like responses and/or SJIA-LD coincides

Figure 1. Two hypotheses regarding the relationship between systemic juvenile idiopathic arthritis (SJIA), major histocompatibility complex
(MHC) class II, and adverse outcomes after interleukin-1 (IL-1) and IL-6 blockade. In the drug reaction with eosinophilia and systemic symptoms
(DRESS) hypothesis, IL-1 and IL-6 antagonists alter antigen presentation by MHC class II to CD4+ T cells, leading to Th2-dominated DRESS.
Many DRESS reactions involve herpesvirus reactivation and thus CD8+ T cell activation, factors yet to be studied in systemic JIA. DRESSmay then
predispose to macrophage activation syndrome (MAS) and/or systemic JIA–associated lung disease (SJIA-LD) through pathways still to be
defined. Under the cytokine plasticity hypothesis, elevated IL-1 and IL-6 levels in systemic JIA lead to Th17 skewing in CD4+ Th and Treg cells.
Blocking IL-1 or IL-6 converts these cells to interferon-γ (IFNγ)–producing Th1 cells and/or IL-4–producing Th2 cells, in particular CD4+ T cells rec-
ognizing HLA–DRB1*15:XX–presented antigens (exogenous or endogenous). Some patients may undergo analogous transitions without expo-
sure to therapeutics. The resulting clones lead to DRESS-like reactions and/or SJIA-LD through pathways still to be defined. Risk factors
include severe systemic JIA; increased levels of IL-18, CXCL9, and CXCL10; young age; and trisomy 21. The critical difference between these
hypotheses is the contribution of the IL-1 and IL-6 blocking agents. Eos = eosinophils. Created in part using BioRender.
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with EBV seroconversion, as observed recently for multiple scle-
rosis (72).

Notably, the cytokine and chemokine milieu of systemic JIA,
MAS, DIHS/DRESS-like syndromes, and SJIA-LD may not differ-
entiate the two hypotheses. Under either, patients with DIHS-like
reactions will likely exhibit a Th2 profile, patients with MAS/SJIA-
LDwill exhibit a Th1 profile, and some patients may have both. It will
be essential to evaluate patients who have not been previously
exposed to IL-1 or IL-6 blockers and yet go on to develop DIHS-like
reactions and/or SJIA-LD, as well as to study patients with SJIA-LD
risk factors, such as young age, a history of MAS, and trisomy 21.
Such patients might for example exhibit a Th1-predominant profile
even before development of SJIA-LD, in contrast to the Th17 profile
described in other patients with systemic JIA (46,47). Importantly,
basic investigations of the mechanisms of PAP in systemic JIA are
needed, as neither hypothesis clearly delineates how this pathology
arises, although the observation that PAP arises in mice whose T
cells overexpress the Th1 transcription factor T-bet represents an
enticing clue (17).

Fundamentally, what the field needs most is detailed infor-
mation about more patients. This will require coordinated efforts
of clinicians and basic and translational investigators. Thankfully,
the Childhood Arthritis and Rheumatology Research Alliance, the
Paediatric Rheumatology International Trials Organisation, the
Paediatric Rheumatology European Society, and other collabora-
tive networks are well-positioned to collect clinical data on a
broad range of patients with systemic JIA. For investigative dis-
covery, it will be informative to collect HLA typing on all subjects
with systemic JIA. Organized efforts to harvest T cells from both
DRB1*15:XX-positive and -negative subjects will be critical to
determine if subjects with DIHS-like reactions have drug-reactive

T cells and to explore other candidate antigens. Analyzing the
apparently rare patients with systemic JIA who express
DRB1*15:XX but do not develop DIHS-like reactions in response
to IL-1 or IL-6 blockade could reveal protective factors, for
instance more liberal use of corticosteroids and other immuno-
modulators. Basic investigations in DRB1*15:01 (DR2)–
transgenic mice in conjunction with existing models of systemic
JIA might also be informative, as it has been in ABPA (66).

While the field works to understand disease pathogenesis in
greater depth, the immediate challenge is how to care for our
patients. Should clinical HLA typing be performed on all patients
with systemic JIA, and should detection of DRB1*15:XX be con-
sidered a contraindication to IL-1 and IL-6 blockade? Should
patients who develop eosinophilia, transaminase elevation, or
rash while receiving IL-1 or IL-6 blockade stop the drug immedi-
ately and thereafter avoid these biologics altogether? If so, what
other therapies could be substituted? Avoiding the offending
agents makes sense under the DRESS hypothesis, based on
the observation from Saper and colleagues that the 26% of their
patients with DRESS-like reactions who stopped IL-1 or IL-6
blockade demonstrated resolution of eosinophilia, rash, and
transaminase elevation, whereas some of those who continued
treatment had worse outcomes, including death (5). The difficulty
is that IL-1 and IL-6 blocking agents are exquisitely effective for
systemic JIA, with few available alternatives. Many rheumatolo-
gists (and families) are therefore understandably hesitant to dis-
continue them, particularly in the sickest children—a key
confounder in the comparison between patients who tolerated
stopping biologics and patients who had to continue or even
restart these agents. Saper and colleagues reported resolution
of SJIA-LD in 3 patients in whom IL-1 or IL-6 blockade was
stopped within 6 weeks of detection of SJIA-LD; they further sug-
gested that longer duration of biologic exposure might increase
the risk of SJIA-LD, although this is again confounded by indica-
tion, as patients with more severe systemic JIA are more likely to
be receiving biologics longer (73). In contrast, Schulert et al
elected to maintain IL-1 or IL-6 blockade in all 18 patients in their
SJIA-LD series, with clinical stability in 14 patients and even
improved lung disease in 3 (3). The cytokine plasticity hypothesis
suggests that it is premature to assume that drug discontinuation
is the only correct answer to DIHS-like reactions and/or SJIA-LD,
although in some patients it may be useful to interrupt therapy.

The framework of the cytokine plasticity hypothesis provides
a new way to approach clinical questions. Highly targeted bio-
logics could be too specific for some patients with systemic JIA,
shifting the cytokine milieu without providing sufficient global
immune suppression. Perhaps patients at particular risk of
DIHS-like reactions and SJIA-LD (those with DRB1*15:XX, young
age, severe disease with MAS, or trisomy 21) are not good candi-
dates for monotherapy with IL-1 or IL-6 antagonists. Instead,
these patients might benefit from therapeutic strategies that com-
bine these biologics with corticosteroids and/or agents that target T

Table 2. Key research foci and questions for systemic JIA
investigators*

Clinical research
Develop classification criteria for DIHS/DRESS-like reactions in
systemic JIA and for SJIA-LD

Collect HLA class II typing on large, diverse, well-characterized
populations of systemic JIA patients

Translational research
Determine if HHV-6 (or other viral reactivation) occurs in
DIHS/DRESS-like reactions in systemic JIA

Determine if DIHS/DRESS-like reactions or SJIA-LD are associated
with prior Aspergillus or EBV exposure or the presence of
Akkermansia muciniphila in gut microbiome

Basic research
Determine if IL-1/IL-6 blockers activate CD4 T cells in a
DRB1*15:XX-dependent manner

Characterize the Th cell gene/cytokine expression profile of
“high-risk” systemic JIA versus typical systemic JIA

Understand mechanisms driving pulmonary alveolar proteinosis
in systemic JIA

* JIA = juvenile idiopathic arthritis; DIHS = drug-induced hypersensi-
tivity syndrome; DRESS = drug reaction with eosinophilia and sys-
temic symptoms; SJIA-LD = systemic JIA–associated lung disease;
HHV-6 = human herpesvirus 6; EBV = Epstein-Barr virus; IL-1 = inter-
leukin-1.
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cells (e.g., methotrexate, mycophenolate mofetil, tacrolimus, aba-
tacept) to address both innate and adaptive immune contributors.
Where possible, we think it is reasonable to perform HLA typing on
all patients with systemic JIA at disease onset and to monitor all
patients with care when using IL-1 or IL-6 blockers since adverse
reactions can occur even in patients lacking the risk alleles. How-
ever, we would not avoid starting IL-1 and IL-6 antagonists while
awaiting these results and believe that IL-1 or IL-6 blockade should
remain an important component of initial therapy for most patients
with new-onset systemic JIA, even if risk alleles are present.

How best to treat patients who do progress to SJIA-LD
remains an enormous and important challenge for the field. In
addition to the T cell targeting agents mentioned above, clinicians
are currently using JAK inhibitors, the anti-IFNγ monoclonal anti-
body emapalumab, and other approaches. Prospective studies
to evaluate these therapeutic approaches are necessary and
should be supported by our field’s collaborative research groups.
Most importantly, patients and families need reassurance that
their care team is fully informed about these emerging concerns,
paying close attention to the known risk factors, and working
alongside them to develop thoughtful, tailored treatment plans.

Conclusions

Pediatric rheumatology faces a conundrum posed by the twin
complications of DIHS-like reactions and SJIA-LD. We present two
reasonable explanations for these phenomena—the DRESS
hypothesis and the cytokine plasticity hypothesis. Our hope is that
consideration of these alternatives, potentially together with others,
will stimulate targeted studies across clinical, translational, and
basic domains. Our patients are counting on us.
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Objective. While endothelial dysfunction has been implicated in the widespread thromboinflammatory complica-
tions of COVID-19, the upstream mediators of endotheliopathy remain, for the most part, unknown. This study was
undertaken to identify circulating factors contributing to endothelial cell activation and dysfunction in COVID-19.

Methods. Human endothelial cells were cultured in the presence of serum or plasma from 244 patients hospitalized
with COVID-19 and plasma from 100 patients with non–COVID-19–related sepsis. Cell adhesion molecules (E-selectin,
vascular cell adhesion molecule 1, and intercellular adhesion molecule 1 [ICAM-1]) were quantified using in-cell
enzyme-linked immunosorbent assay.

Results. Serum and plasma from COVID-19 patients increased surface expression of cell adhesion molecules. Fur-
thermore, levels of soluble ICAM-1 and E-selectin were elevated in patient serum and correlated with disease severity.
The presence of circulating antiphospholipid antibodies was a strong marker of the ability of COVID-19 serum to acti-
vate endothelium. Depletion of total IgG from antiphospholipid antibody–positive serum markedly reduced the up-
regulation of cell adhesion molecules. Conversely, supplementation of control serum with patient IgG was sufficient
to trigger endothelial activation.

Conclusion. These data are the first to indicate that some COVID-19 patients have potentially diverse antibodies
that drive endotheliopathy, providing important context regarding thromboinflammatory effects of autoantibodies in
severe COVID-19.

INTRODUCTION

There are several likely synergistic mechanisms by which

SARS–CoV-2 infection may result in COVID-19–associated coagu-

lopathy, including cytokine release that activates leukocytes, endo-

thelium, and platelets; the direct activation of various cells by viral

infection; and high levels of intravascular neutrophil extracellular

traps (NETs) (1). The latter are inflammatory cell remnants that con-

tribute to thrombosis (2). COVID-19–associated coagulopathy may

manifest with thrombosis in venous, arterial, and microvascular cir-

cuits. The incidence of venous thromboembolism is particularly

notable in severe COVID-19 (10–35%), with autopsy specimen

findings suggesting that it affects as many as 60% of patients in

association with COVID-19–related mortality (3).
Recently, there have been several descriptions of what

appears to be de novo autoantibody formation in individuals with

severe COVID-19. One example replicated in multiple studies is

the detection of antibodies similar to the antiphospholipid

Dr. Y. Zuo’s work was supported by the Rheumatology Research Founda-
tion and the Arthritis National Research Foundation. Dr. Madison’s work was
supported by the VA Healthcare System. Dr. Knight’s work was supported by
the Rheumatology Research Foundation, the Michigan Medicine Frankel
Cardiovascular Center, the A. Alfred Taubman Medical Research Institute,
the NIH (grant R01-HL-115138), Burroughs Wellcome Fund, and the Lupus
Research Alliance. Dr. Kanthi’s work was supported by the Intramural
Research Program of the National Heart, Lung, and Blood Institute, NIH, the
Lasker Foundation, the University of Michigan Frankel Cardiovascular Center,
the A. Alfred Taubman Medical Research Institute, and the Falk Medical
Research Trust Catalyst Award.

1Hui Shi, MD, PhD: University of Michigan, Ann Arbor, and Shanghai Jiao
Tong University School of Medicine, Shanghai, China; 2Yu Zuo, MD, Sherwin
Navaz, BS, Alyssa Harbaugh, BS, Claire K. Hoy, BS, Alex A. Gandhi, BS, Gautam
Sule, PhD, Srilakshmi Yalavarthi, MS, Kelsey Gockman, BS, Jacqueline

A. Madison, MD, Melanie Zuo, MD, Michael D. Maile, MD, Jason S. Knight,
MD, PhD: University of Michigan, Ann Arbor; 3Jintao Wang, PhD: National
Heart, Lung and Blood Institute, Bethesda, Maryland; 4Yue Shi, PhD: Shanghai
University of Sport, Shanghai, China; 5Yogendra Kanthi, MD: National Heart,
Lung and Blood Institute, Bethesda, Maryland, and University of Michigan,
Ann Arbor.

Author disclosures are available at https://onlinelibrary.wiley.com/action/
downloadSupplement?doi=10.1002%2Fart.42094&file=art42094-sup-0001-
Disclosureform.pdf.

Address correspondence to Jason S. Knight, MD, PhD, 1150 West Medical
Center Drive, Ann Arbor, Michigan (email: jsknight@umich.edu); or to
Yogendra Kanthi, MD, Clinical Center, 10 Center Drive, Bethesda, Maryland
(yogen.kanthi@nih.gov).

Submitted for publication August 24, 2021; accepted in revised form
February 13, 2022.

1132

Arthritis & Rheumatology
Vol. 74, No. 7, July 2022, pp 1132–1138
DOI 10.1002/art.42094
© 2022 The Authors. Arthritis & Rheumatology published by Wiley Periodicals LLC on behalf of American College of Rheumatology.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits
use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or
adaptations are made.

https://orcid.org/0000-0003-0995-9771
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fart.42094&amp;file=art42094-sup-0001-Disclosureform.pdf
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fart.42094&amp;file=art42094-sup-0001-Disclosureform.pdf
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fart.42094&amp;file=art42094-sup-0001-Disclosureform.pdf
mailto:jsknight@umich.edu
mailto:yogen.kanthi@nih.gov
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fart.42094&domain=pdf&date_stamp=2022-05-27


antibodies (aPLs) that mediate antiphospholipid syndrome (APS)
in the general population. In APS, persistent autoantibodies are
formed to phospholipids and phospholipid-binding proteins, such
as prothrombin and β2-glycoprotein I (β2GPI). These autoanti-
bodies then engage cell surfaces, where they activate endothelial
cells, platelets, and neutrophils and thereby trigger thrombosis in
the blood vessel wall interface. While viral infections have long
been known to trigger transient aPLs (4), the mechanisms by
which these potentially short-lived antibodies may be pathogenic
have not been thoroughly characterized. To this end, our group
recently found that IgG fractions from COVID-19 patients were
enriched for aPLs and amplified thrombosis when injected into
mice (5). Intriguingly, the circulating B cell compartment in
COVID-19 appears similar to lupus, an autoimmune disease
whereby naive B cells rapidly become antibody-producing cells
using an extrafollicular pathway (6), and, in doing so, bypass the
normal germinal center tolerance checkpoints against
autoimmunity.

Here, we were initially interested in the extent to which circu-
lating NET remnants might be an important activator of endothe-
lial cells. We then also turned our attention to aPLs as potential
markers of COVID-19 serum and polyclonal IgG fractions with
strong endothelial cell–activating potential.

MATERIALS AND METHODS

For detailed methods see Supplementary Materials and
Methods (available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.42094). This study
complied with all relevant ethics regulations and was approved
by the Institutional Review Board of the University of Michigan
(approval nos. HUM00179409 and HUM00131596).

Serum and plasma samples from COVID-19 patients
and cell culture conditions. All 118 patients in the primary
cohort and 126 patients in the second cohort had a confirmed
COVID-19 diagnosis based on US Food and Drug
Administration–approved RNA testing. Human umbilical vein
endothelial cells (HUVECs) were cultured in endothelial cell growth
basal medium 2 (CC-3156; Lonza) supplemented with EGM-2
MV SingleQuot kit (CC-4147; Lonza).

Protocols for purification of human IgG, in-cell
enzyme-linked immunosorbent assay (ELISA), and char-
acterization of neutrophil adhesion. IgG was purified as
described previously (5). In-cell ELISA and neutrophil adhesion were
also conducted according to protocols described previously (7).

Quantification of antibodies and biomarkers. We
quantified aPLs using Quanta Lite kits (Inova Diagnostics). Soluble
E-selectin and intercellular adhesion molecule 1 (ICAM-1) levels
were quantified by ELISA (DY724 and DY720; R&D Systems).

Myeloperoxidase (MPO)–DNA complexes were quantified as
previously described (8). Cell-free DNA was quantified using a
Quant-iT PicoGreen double-stranded DNA Assay kit (P11496;
Invitrogen). Citrullinated histone H3 was quantified by ELISA
(501620; Cayman Chemical), and calprotectin was quantified by
ELISA (DY8226; R&D Systems).

RESULTS

Activation of HUVECs by COVID-19 serum. Serum
samples were collected from 118 patients hospitalized with
COVID-19 at an academic hospital. The mean age of patients in
this cohort was 62 years, 47% of patients were women, and
42% were Black African Americans (Supplementary Table 1,
http://onlinelibrary.wiley.com/doi/10.1002/art.42094); 35% were
receiving mechanical ventilation. Serum from COVID-19 patients
was added to early-passage HUVECs, and the expression of cell
adhesion molecules was determined after 6 hours using a custom
in-cell ELISA compatible with a biosafety level 3 facility per institu-
tional guidelines (Figure 1A). As compared to serum samples from
38 healthy controls, the samples from COVID-19 patients trig-
gered an activated endothelial cell phenotype, as evidenced by
increased surface expression of the cell adhesion molecules
E-selectin (Figure 1B and Supplementary Figure 1A, http://
onlinelibrary.wiley.com/doi/10.1002/art.42094), vascular cell
adhesion molecule 1 (VCAM-1) (Figure 1C and Supplementary
Figure 1B), and ICAM-1 (Figure 1D and Supplementary
Figure 1C). Relative activation (as compared to unstimulated cells)
was similar to activation observed with 20 ng/ml tumor necrosis
factor stimulation, which was included in all experiments as a pos-
itive control (Supplementary Figure 2, http://onlinelibrary.wiley.
com/doi/10.1002/art.42094).

We obtained sufficient serum from an additional 126 hospital-
ized patients with COVID-19 to expand ICAM-1 testing. These
patients had similar clinical severity profiles compared to the orig-
inal 118 patients (see Supplementary Table 1 http://onlinelibrary.
wiley.com/doi/10.1002/art.42094) and had similarly up-regulated
expression of surface ICAM-1 (Supplementary Figure 3). Consid-
ering all 244 patients together, serum from patients requiring
mechanical ventilation up-regulated ICAM-1 more strongly than
serum from patients who were hospitalized but did not require
mechanical ventilation (P < 0.01) (Figure 1E). We also measured
levels of soluble ICAM-1 and E-selectin in patient serum.We found
significantly higher levels of both soluble ICAM-1 and E-selectin in
COVID-19 serum as compared to healthy control serum (Figure 1F
and Supplementary Figure 4, http://onlinelibrary.wiley.com/doi/
10.1002/art.42094). Soluble ICAM-1 levels positively correlated with
HUVEC ICAM-1 expression (Figure 1G), as well as with clinical
parameters that correlated with severity, including C-reactive protein
level (r = 0.27, P = 0.0002), D-dimer (r = 0.29, P = 0.0001), and oxy-
genation efficiency (r = –0.37, P < 0.0001) (Supplementary Figure 5,
http://onlinelibrary.wiley.com/doi/10.1002/art.42094). Soluble
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E-selectin had similar correlations to all of the above
(Supplementary Figure 4).

To determine the extent to which this phenomenon might
extend to critically ill patients without COVID-19, 100 age-
and comorbidity-matched patients with non–COVID-19–related
sepsis (Supplementary Table 2, http://onlinelibrary.wiley.com/
doi/10.1002/art.42094) admitted to the intensive care unit
(plasma obtained in the pre–COVID-19 era) were matched with
patients in our COVID-19 cohort (n = 72 available plasma sam-
ples). More patients in the non–COVID-19–related sepsis cohort
required mechanical ventilation (65% versus 46%). We then stim-
ulated HUVECs with plasma and determined levels of surface

expression of ICAM-1. While a subset of the non–COVID-19–
related sepsis plasma elicited high levels of expression of surface
ICAM-1, that group as a whole was not significantly different from
the control group (Figure 1H). Additionally, COVID-19 plasma
demonstrated greater activation than either control or non–
COVID-19–related sepsis plasma (Figure 1H). Taken together,
these data indicate that COVID-19 serum and plasma contain
factors capable of activating endothelial cells.

Association of NET remnants and other biomarkers
with the endothelial cell–activating potential of COVID-19
serum.Given that NETs are known activators of endothelial cells,

Figure 1. Activation of human umbilical vein endothelial cells (HUVECs) by control or COVID-19 serum. A, Schematic workflow of in-cell enzyme-
linked immunosorbent assay is shown. HUVECs were cultured for 6 hours with serum from either healthy controls (collected prepandemic) (n = 38)
or patients hospitalized with COVID-19 (n = 118). B–D, Cells were fixed, and surface expression of E-selectin (B), vascular cell adhesion molecule
1 (VCAM-1) (C), or intercellular adhesion molecule 1 (ICAM-1) (D) was quantified. E, Beyond the 118 COVID-19 patients tested in D, surface
expression of ICAM-1 was tested in an additional 126 unique patient samples. Patients requiring mechanical ventilation (vent) (n = 101) were com-
pared to hospitalized patients who did not receive mechanical ventilation (n = 143). F, Serum from healthy controls (n = 37) and from COVID-19
patients (n = 232) was assessed for soluble ICAM-1. G, In samples from COVID-19 patients, the correlation between expression levels of soluble
ICAM-1 and HUVEC expression of surface ICAM-1 was assessed by Spearman’s test. H, HUVECs were cultured for 6 hours with plasma from
healthy controls (n = 36), patients with non–COVID-19–related sepsis admitted to the intensive care unit (n = 100), or patients hospitalized with
COVID-19 (n = 72). Cells were then fixed, and surface expression of ICAM-1 was quantified. In B–F and H, symbols represent individual subjects;
bars show the median. In B–F, ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001, by Mann-Whitney test in B–F and by Kruskal-Wallis test with
Dunn’s correction for multiple comparisons in H. NS = not significant.
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we investigated whether NET remnants might predict the ability of
a particular COVID-19 serum sample to up-regulate levels of sur-
face E-selectin, VCAM-1, and ICAM-1. Specifically, we measured
NETs in COVID-19 serum (n = 118) via quantification of cell-free
DNA, myeloperoxidase (MPO)–DNA complexes, and citrullinated
histone H3 (Cit-H3) (Table 1). SerumMPO–DNA complexes mod-
erately correlated with surface expression of both VCAM-1
(r = 0.26, P < 0.01) and ICAM-1 (r = 0.28, P < 0.01). Cell-free
DNA and Cit-H3 both correlated only with VCAM-1 (r = 0.24,
P < 0.05 and r = 0.22, P < 0.05, respectively) (Table 1). Beyond
these relatively specific markers of NETs, we also investigated
correlations with more general markers of thromboinflamma-
tion, including C-reactive protein, D-dimer, and calprotectin
(the latter previously shown to be an early predictor of respira-
tory failure in COVID-19). Of the 3, only calprotectin positively
correlated with expression of all 3 endothelial cell surface
markers (r = 0.19–0.20, P < 0.05), while D-dimer correlated with
ICAM-1 only (r = 0.26, P < 0.05) (Table 1). Taken together,
these data demonstrate modest correlations between NETs/
thromboinflammation and the ability of COVID-19 serum to activate
endothelial cells.

Association of aPLs with the endothelial cell–
activating potential of COVID-19 serum. We reasoned that
COVID-19–associated autoreactive antibodies might activate
endothelial cells. In pursuit of such antibody fractions, we focused
on the IgG and IgM isotypes of 3 types of aPLs: anticardiolipin
antibodies (aCLs), anti-β2GPI, and antiphosphatidylserine/
prothrombin (aPS/PT). As shown in Supplementary Table 3
(http://onlinelibrary.wiley.com/doi/10.1002/art.42094), 45% of
subjects were positive for at least 1 antibody based on the manu-
facturer’s cutoff, and 25% were positive using a more stringent

cutoff of ≥40. The vast majority of positive findings were either
aCL positivity (for IgG and IgM, values were 3% and 25% of the
cohort, respectively) or aPS/PT positivity (for IgG and IgM, values
were 24% and 15% of the cohort, respectively). It should also be
noted that there were strong correlations among many of the
antibodies, for example IgG aCL and IgG aPS/PT (r = 0.51,
P < 0.0001) and IgM aCL and IgM aPS/PT (r = 0.53, P < 0.0001)
(all correlations are shown in Supplementary Table 4, http://
onlinelibrary.wiley.com/doi/10.1002/art.42094). Furthermore, aPL
levels correlated, to some extent, with clinical biomarkers, espe-
cially levels of circulating NETs (Supplementary Table 5, http://
onlinelibrary.wiley.com/doi/10.1002/art.42094). None of the aPLs
were detected at significant levels in the healthy control serum
(2 positive test results) and plasma (1 positive test result) in this
study (Supplementary Tables 6 and 7, http://onlinelibrary.wiley.
com/doi/10.1002/art.42094).

Interestingly, we detected strong correlations between aCL
and aPS/PT antibodies and the 3 markers of endothelial cell acti-
vation (E-selectin, VCAM-1, and ICAM-1) (Table 1). The only cor-
relation that was not significant was between IgM aPS/PT and
VCAM-1 (Table 1). We additionally performed a logistic regression
analysis after setting a positive/negative threshold for cell adhesion
molecule up-regulation that was 2 standard deviations greater than
the control mean (Supplementary Table 8, http://onlinelibrary.wiley.
com/doi/10.1002/art.42094). IgG aCL levels were significantly
higher in E-selectin– and VCAM-1–positive patients (P = 0.001
and P = 0.003, respectively), while IgG aPS/PT levels were signifi-
cantly higher in ICAM-1–positive patients (P = 0.018). We also
measured the same aPL levels in the aforementioned non–
COVID-19–related sepsis cohort (Supplementary Table 9, http://
onlinelibrary.wiley.com/doi/10.1002/art.42094). Of 100 patients,
29 were positive for any aPL, with 23 patients positive at the more

Table 1. Correlation of HUVEC cell adhesion molecule expression with aPL expression in COVID-19 patients*

E-selectin VCAM-1 ICAM-1

r P r P r P

aPLs
IgG aCL 0.446 <0.0001 0.421 <0.0001 0.346 <0.001
IgM aCL 0.369 <0.0001 0.252 <0.01 0.357 <0.0001
IgG anti-β2GPI 0.156 NS 0.213 <0.05 0.076 NS
IgM anti-β2GPI 0.009 NS 0.047 NS 0.150 NS
IgG aPS/PT 0.432 <0.0001 0.252 <0.01 0.299 <0.001
IgM aPS/PT 0.254 <0.01 0.115 NS 0.276 <0.01

NET remnants
Cell-free DNA 0.073 NS 0.237 <0.05 0.135 NS
MPO–DNA complexes 0.156 NS 0.256 <0.01 0.277 <0.01
Cit-H3 0.079 NS 0.224 <0.05 0.076 NS

Other biomarkers
C-reactive protein –0.008 NS 0.173 NS 0.003 NS
D-dimer 0.175 NS 0.133 NS 0.258 <0.05
Calprotectin 0.206 <0.05 0.203 <0.05 0.197 <0.05

* Correlations were determined by Spearman’s test. HUVEC = human umbilical vein endothelial cell; aPL = anti-
phospholipid antibody; VCAM-1 = vascular cell adhesion molecule 1; ICAM-1 = intercellular adhesion molecule 1;
aCL = anticardiolipin; NS = not significant; β2GPI = β2-glycoprotein I; aPS/PT = antiphosphatidylserine/prothrombin;
NET = neutrophil extracellular trap; MPO-DNA = myeloperoxidase-DNA; Cit-H3 = citrullinated histone H3.
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stringent cutoff of ≥40. In contrast to the COVID-19 cohort, the
vast majority of tests showed positivity for IgM aPS/PT, the levels
of which correlated with the ability of plasma to up-regulate
ICAM-1 (r = 0.29, P < 0.01) (Supplementary Table 10, http://
onlinelibrary.wiley.com/doi/10.1002/art.42094). To summarize,
we detected correlations between various aPLs and endothelial

cell activation in COVID-19, and to some extent in non–COVID-
19–related sepsis.

Increased neutrophil adhesion upon serum-
mediated HUVEC activation. To determine whether up-
regulation of E-selectin, VCAM-1, and ICAM-1 is associated with
increased adhesive functions of HUVECs, we performed a neu-
trophil adhesion assay. We pooled serum from 3 COVID-19
patients with positive IgG aCL activity (mean 29 IgG phospholipid
units/ml) and from a separate 5 COVID-19 patients with positive
IgG aPS/PT activity (mean 54). We then stimulated HUVECs with
the pooled serum. Compared to control serum, both COVID-19
samples demonstrated significantly increased adhesion of neu-
trophils to endothelial cells (Figure 2A).

Depletion of IgG alleviates HUVEC activation.We next
sought to determine the extent to which total IgG fractions from
COVID-19 patients could directly activate HUVECs. To this end,
we subjected the aforementioned pooled serum (IgG aCL– and
IgG aPS/PT–positive) to either mock depletion or IgG depletion.
IgG depletion did not result in a significant reduction of other serum
proteins of note, such as calprotectin (Supplementary Figure 6,
http://onlinelibrary.wiley.com/doi/10.1002/art.42094). As compared
to mock depletion, total IgG depletion completely abrogated the
ability of both pooled sample groups to up-regulate E-selectin
(Figure 2B), VCAM-1 (Figure 2C), and ICAM-1 in endothelial cells
(Figure 2D). We next purified a small quantity of total IgG from each
group of pooled serum and added it to control serum that had been
depleted of its own IgG. The COVID-19 IgG-supplemented control
serum demonstrated an ability to increase expression of surface
levels of ICAM-1 (Figure 2E). In contrast, IgG purified from COVID-
19 serum that tested negative for both IgG aCL and IgG aPS/PT
did not have increased expression of ICAM-1 (Supplementary
Figure 7, http://onlinelibrary.wiley.com/doi/10.1002/art.42094).
Taken together, these data indicate that the presence of aPLs corre-
lates with activation of endothelial cells in the presence of IgG in the
serum of patients with COVID-19.

DISCUSSION

In the current study, we show that serum from COVID-19
patients activated cultured endothelial cells that express surface
adhesion molecules integral to inflammation and thrombosis,
namely ICAM-1, E-selectin, and VCAM-1. Furthermore, we found
that, for at least a subset of serum samples from COVID-19
patients, activation could be mitigated by depleting total IgG.
The role of aPLs in activating endothelial cells has been demon-
strated both in vitro and in vivo (9). For example, IgG fractions
from APS patients have long been known to activate HUVECs,
as indicated by increased monocyte adherence and increased
expression of adhesion molecules. It is intriguing that while most
characterization of endothelium in APS has focused on activation

Figure 2. Depletion of IgG from sera with high levels of anticardioli-
pin (aCL) and antiphosphatidlyserine/prothrombin (aPS/PT) antibod-
ies alleviates HUVEC activation. A, Serum was pooled from 3 IgG
aCL–positive patients, 5 IgG aPS/PT–positive patients, or 3 healthy
donors. HUVEC monolayers were treated with 2.5% COVID-19
serum or control serum for 4 hours, and calcein AM–labeled neutro-
phils were added as described in Materials and Methods. Represen-
tative photomicrographs are shown (left) (bars = 200 μm) and results
were quantified (right). B–D, IgG was depleted from each of the afore-
mentioned pools. Activation of HUVECs, defined by surface expres-
sion of E-selectin (B), VCAM-1 (C), or ICAM-1 (D), was determined
after culture for 6 hours. The experiment was repeated on 3 different
days. E, IgG (100 μg/ml) was purified from the pooled samples in
A–C, and then spiked into IgG-depleted control serum. HUVEC acti-
vation, defined by surface expression of ICAM-1, was determined
after culture for 6 hours. Symbols represent individual samples; bars
show the mean ± SD from 3 independent experiments. *= P < 0.05;
** = P < 0.01, by one-way analysis of variance with Dunn’s correction,
or Tukey’s correction or by 2-sided paired t-test. See Figure 1 for
other definitions.
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of the endothelium by anti-β2GPI antibodies (10), these were only
rarely detected in our cohort. An interesting recent study demon-
strated activation of endothelium in APS by phospholipid-binding,
cofactor-independent antibodies (11). Of course, it should be
noted that all experiments performed in our study were with total
IgG fractions and not affinity-purified aPLs. Therefore, aPLs may
mark antibody profiles in severe illness (possibly polyclonal) that
activate endothelium and influence inflammation and coagulation
at the normally quiescent blood–vessel wall interface.

In addition to our findings (5), several other studies (12) have
also provided evidence of the de novo formation of pathogenic
autoantibodies in COVID-19. For example, in an interesting study,
a high-throughput autoantibody discovery technique was used to
screen a cohort of COVID-19 patients for autoantibodies against
2,770 extracellular and secreted proteins (13). That study found
that there is a tendency for autoantibodies to be directed against
immunomodulatory proteins, including cytokines, chemokines,
complement components, and cell surface proteins. This is fur-
ther supported by our data suggesting correlations among aPL
species in serum from COVID-19 patients.

Beyond COVID-19, we were intrigued to find that ~25% of
patients with non–COVID-19–related sepsis had at least 1 positive
aPL test, mostly IgM aPS/PT. Given that IgM aPS/PT levels corre-
lated with plasma activation of endothelial cells, we hypothesize a
similar autoreactive antibody–mediated, endothelial cell–activating
mechanism may occur in some patients with sepsis, a state in
which interaction between the infection and the host immune
response disrupts the vasculature (14). Of particular note, infections
causing critical illness have long been known to be potential triggers
of autoantibodies, and in particular aPLs (4,15). Although infection-
associated aPLs have typically been described as transient (16), a
recent systematic review showed that ~33% of individuals positive
for aPLs in the setting of a virus-associated thrombotic event con-
tinue to have persistent aPL positivity for at least several months
(15). Based on our data, studies with long-term clinical and sero-
logic follow-upmay be necessary to better define the natural history
of COVID-19 and non–COVID-19–related sepsis.

There are several potential clinical implications of our find-
ings. One consideration that warrants further investigation is
whether patients with severe COVID-19 should be screened for
aPLs to evaluate their risk of thrombosis and progression to respi-
ratory failure, and whether patients with high aPL titers might ben-
efit from treatments used in traditional cases of severe APS such
as therapeutic anticoagulation, complement inhibition, and plas-
mapheresis. At the same time, determining the extent to which
aPLs are direct mediators of the endothelial cell phenotypes
observed here, and better understanding of which polyclonal anti-
body fractions are most likely to activate endothelial cells are
important questions warranting future research. Our study has
additional limitations, including lacking a direct readout of macro-
vascular thrombosis (available in other well-conducted studies
[17]) given aggressive anticoagulation used at our center early in

the pandemic and a currently incomplete understanding of the
mechanisms by which aPL-associated IgG fractions activate
endothelial cells. However, given the urgency of COVID-19
research, we believe these issues are counterbalanced by our rel-
atively large sample size and the previously unknown discovery of
endothelial cell–activating antibody profiles in some COVID-19
serum. Indeed, these data also provide context for diffuse organ
involvement of COVID-19, where a nonspecific humoral immune
response to illness may disrupt the normally quiescent endothe-
lium and increase vascular inflammation. As we await definitive
solutions to the pandemic, these findings provide important con-
text to the complex interplay between SARS–CoV-2 infection,
the human immune system, and vascular immunobiology.
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Clinical Images: Motor deficiency and radicular pain secondary to sarcoidosis

The patient, a previously healthy 65-year-old man, presented with right L4 radiculopathy and motor deficit. Before presentation, he had
asthenia for 1 month, which was associated with a weight loss of 5 kg. Physical examination revealed a complete leg extension deficit,
absence of patellar reflex, and paresthesias of the anterolateral side of the right thigh. Spinal magnetic resonance imaging (MRI) showed
no disc herniation. Laboratory investigations revealed a slightly elevated C-reactive protein level of 8.6 mg/liter and normal calcium and
phosphate levels. His cerebrospinal fluid contained 1 white blood cell/mm3 and showed a total protein level of 0.42 gm/liter. Further
analyses of the cerebrospinal fluid included testing for viruses, bacteria, and other immunologic factors, all of which yielded negative
results. The angiotensin-converting enzyme level was normal. An electromyogram showed signs of denervation in the right L3 and L4
regions. Positron emission tomography showed an intense focal hypermetabolism in the right L4 root (A) and multiple hypermetabolic
mediastinal lymphadenopathies. Lymphoma was the suspected diagnosis. The patient underwent intravenous administration of
gadolinium-based contrast agent followed by fat-suppressed T1-weighted MRI, which showed an enlargement of the right L4 dorsal root
ganglion (B). Biopsy findings of mediastinal lymphadenopathy confirmed a diagnosis of sarcoidosis. The patient’s symptoms quickly dis-
appeared after initiation of glucocorticoid treatment. Sarcoidosis is an inflammatory disease that, like some lymphomas, can present as
radicular pain and deficiency (1,2). The clinician should be alert to this possibility.
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B R I E F R E P O R T

The Prominent Role of Hematopoietic Peptidyl Arginine
Deiminase 4 in Arthritis: Collagen- and Granulocyte
Colony-Stimulating Factor–Induced Arthritis Model in
C57BL/6 Mice

Shoichi Fukui,1 Sarah Gutch,2 Saeko Fukui,2 Deya Cherpokova,1 Karen Aymonnier,1 Casey E. Sheehy,2

Long Chu,2 and Denisa D. Wagner1

Objective. Genome-wide association studies have connected PADI4, encoding peptidylarginine deiminase 4
(PAD4), with rheumatoid arthritis (RA). PAD4 promotes neutrophil extracellular trap (NET) formation. This study was
undertaken to investigate the origin of PAD4 and the importance of NET formation in a C57BL/6mousemodel of arthritis.

Methods. To permit the effective use of C57BL/6 mice in the collagen-induced arthritis (CIA) model, we introduced
the administration of granulocyte colony-stimulating factor (G-CSF) for 4 consecutive days in conjunction with the
booster immunization on day 21. Mice with global Padi4 deficiency (Padi4−/−) and mice with hematopoietic lineage–
specific Padi4 deficiency (Padi4Vav1Cre/+) were evaluated in the model.

Results. G-CSF significantly increased the incidence and severity of CIA. G-CSF–treatedmice showed elevated citrul-
linated histone H3 (Cit-H3) levels in plasma, while vehicle-treated mice did not. Immunofluorescence microscopy revealed
deposition of Cit-H3 in synovial tissue in G-CSF–treated mice. Padi4−/−mice developed less severe arthritis and had lower
levels of serum interleukin-6 and plasma Cit-H3, lower levels of Cit-H4 in synovial tissue, and less bone erosion on micro–
computed tomography than Padi4+/+ mice in the G-CSF–modified CIA model. Similarly, Padi4Vav1Cre/+ mice developed
less severe arthritis, compared with Padi4fl/fl mice, and presented the same phenotype as Padi4−/− mice.

Conclusion. We succeeded in developing an arthritis model suitable for use in C57BL/6 mice that is fully compliant
with high animal welfare standards. We observed a >90% incidence of arthritis in male mice and detectable NET
markers. This model, with some features consistent with human RA, demonstrates that hematopoietic PAD4 is an
important contributor to arthritis development and may prove useful in future RA research.

INTRODUCTION

Rheumatoid arthritis (RA) is a chronic systemic inflamma-

tory autoimmune disorder characterized by persistent joint

inflammation resulting in cartilage and bone damage, disability,

and systemic complications. One hallmark of RA is the presence

of autoantibodies to citrullinated proteins. A genome-wide asso-

ciation study (GWAS) of RA patients demonstrated an associa-

tion with PADI4, which encodes peptidylarginine deiminase

4 (PAD4) (1).

PAD4 is an enzyme that converts positively charged arginine

to neutral citrulline and thus modifies immunologic epitopes and

protein function. PAD4 plays a role in releasing neutrophil extra-

cellular traps (NETs) by citrullinating histones, which leads to the

decondensation of chromatin (2).
Padi4 deficiency alleviates arthritis and autoantibody produc-

tion in inflammatory arthritis induced in mice overexpressing

tumor necrosis factor (3), collagen-induced arthritis (CIA) in

DBA/1 mice, (4) and glucose-6-phosphate isomerase–induced

arthritis in DBA/1 mice (5). However, Padi4-deficient mice in the
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K/BxN serum–transfer model of arthritis showed an absence of
NETs, but did not demonstrate an amelioration of arthritis in vivo
(6). These inconsistent results suggest that the effect of Padi4
may depend on the particular murine model, more specifically
whether NET-dependent or NET-independent pathways are
essential. Thus, further evaluation of the contribution of Padi4 to
murine arthritis is needed in a manner that meets current animal
welfare criteria.

We hypothesized that the effects of Padi4 observed in the
mouse model of CIA are dependent on NETs, and more specifi-
cally hematopoietic cell–associated Padi4. Because we had
Padi4-deficient mice on a C57BL/6 background, we aimed to
induce CIA in that strain. However, susceptibility to CIA is linked
to specific major histocompatibility complex class II genes (7),
and the C57BL/6 mouse strain is not highly susceptible to CIA.
Despite attempts to improve the protocol, CIA in C57BL/6 mice
is associated with a lower disease incidence and severity
and more variability than seen in more susceptible mouse strains
such as DBA/1 (8). Additionally, concerns regarding animal
welfare, including pain and distress in mice, made it impossible
for us to use the original CIA protocol (9). Specifically, the use
of Freund’s complete adjuvant (CFA) including heat-killed
Mycobacterium tuberculosis in the booster immunization is
not allowed in most institutions (7). Therefore, we sought to
develop a novel murine arthritis model on the C57BL/6 back-
ground to address our hypothesis using 2 strains of genetically
engineered mice.

MATERIALS AND METHODS

Animals. Wild-type C57BL/6 mice were bred in house.
Padi4−/− mice were originally generated by Y. Wang (10) and
backcrossed with C57BL/6J mice. They were bred in house,
and littermates were derived from heterozygous-by-heterozygous
crosses. Padi4fl/fl mice (stock no. 026708), previously described
by Hemmers et al (11), and Vav1-iCre mice (stock no. 008610)
were purchased from The Jackson Laboratory and intercrossed
to generate mice lacking Padi4 in the hematopoietic lineage
(Padi4Vav1Cre/+) following a female Cre+ (carrier) and male Cre−
(noncarrier) breeding strategy recommended by Joseph et al
(12). The abrogated Padi4 expression in Padi4Vav1Cre/+ mouse
neutrophils was confirmed in our previous study (13). All mice
were housed in the animal facility of Boston Children’s Hospital
and were kept free from specific pathogens. Experimental proto-
cols were approved by the Institutional Animal Care and Use
Committee of Boston Children’s Hospital (protocol number
20-01-4096R).

Induction and evaluation of CIA. Male mice ages
8–12 weeks were immunized with an emulsion of CFA (catalog
no. 7023; Chondrex) and 100 μg of chicken type II collagen (cata-
log no. 20012; Chondrex) in a 1:1 mixture (total 100 μl) injected

intradermally into the base of the tail on day 0. On day 21, a
booster immunization of type II collagen with Freund’s incomplete
adjuvant (IFA) (catalog no. 7002; Chondrex) was administered
intradermally at a site proximal to the first injection site. The sever-
ity of arthritis was evaluated using the following clinical scoring
system for each limb: 0 = normal; 1 = swelling in 1 digit;
2 = swelling in >1 digit or wrist or ankle joint; 3 = swelling in the
entire paw; and 4 = deformity and/or ankylosis. The maximum
score was 16 per mouse. Two evaluators (one who knew the
group allocation and one who did not) independently scored
arthritis severity and arrived at an agreement on final scores.

Administration of granulocyte colony-stimulating
factor (G-CSF). Recombinant human G-CSF (filgrastim [Neupo-
gen]; Amgen) was injected at 10 μg peritoneally once daily from
day 20 to day 23. Sterile saline was used as the vehicle control.

Immunofluorescence microscopy. Sections were fixed
in zinc fixative (100 mmoles/liter Tris HCl, 37 mmoles/liter zinc
chloride, 23 mmoles/liter zinc acetate, and 3.2 mmoles/liter cal-
cium acetate), permeabilized with 0.1% Triton X and 0.1%
sodium citrate for 10 minutes at 4�C, blocked with 3% bovine
serum albumin in phosphate buffered saline with 0.05% Tween
20 for 1 hour at room temperature, and incubated with primary
antibodies against Cit-H3 (1:1,000) (catalog no. ab5103; Abcam)
and Ly6G (1:500) (catalog no. 551459; BD PharMingen) overnight
at 4�C. After washes, the sections were incubated with appropri-
ate Alexa Fluor–conjugated secondary antibodies (1:1,500) (cata-
log no. A-21206 [Alexa Fluor 488–conjugated anti-rabbit] and
catalog no. A-21434 [Alexa Fluor 555–conjugated anti-rat]; Life
Technologies) for 2 hours at room temperature. Hoechst 33342
(1:10,000) (catalog no. H3570; Invitrogen) was used to counter-
stain DNA. Images were obtained with a Zeiss Axiovert 200M
wide-field fluorescence microscope with Zeiss AxioVision
software.

Statistical analysis. Data are presented as the median
and interquartile range for quantitative variables. We assessed
the association between quantitative variables using Wilcoxon’s
rank sum test. For evaluation of the changes in plasma double-
stranded DNA (dsDNA) and Cit-H3 levels, we used Wilcoxon’s
signed rank test. The cumulative incidence of arthritis was esti-
mated using the Kaplan-Meier method and log rank test. Bonfer-
roni correction was used for multiple comparisons. All tests were
2-sided, and P values less than 0.05 were considered significant.
All statistical analyses were performed using GraphPad Prism
software, version 7.0.

See the Supplementary Methods, available on the Arthritis &
Rheumatology website at http://onlinelibrary.wiley.com/doi/
10.1002/art.42093, for details on enzyme-linked immunosorbent
assay (ELISA), dsDNA measurement, micro–computed tomog-
raphy (micro-CT), histologic evaluation, and immunoblotting.
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Figure 1. Exacerbation of collagen-induced arthritis (CIA) in C57BL/6 mice after addition of an injection of granulocyte colony-stimulating
factor (G-CSF). A, Schedule of injection with type II collagen (CII) and Freund’s complete adjuvant (CFA) and type II collagen and Freund’s
incomplete adjuvant (IFA). B, Arthritis incidence and severity in mice with CIA treated with vehicle and mice with CIA treated with G-CSF
(n = 12 per group). For arthritis severity, values are the mean and 95% confidence interval. * = P < 0.05 by Wilcoxon’s rank sum test. C and
D, Serum levels of interleukin-6 (IL-6), anti-collagen IgG antibody, and anti-collagen IgG2c antibody on day 56 (C) and plasma levels of
double-stranded DNA (dsDNA) and citrullinated histone H3 (Cit-H3) on day 22 (D). Circles represent individual mice (n = 12 per group); hori-
zontal lines and error bars show the median and interquartile range (IQR). E, Representative images of hematoxylin and eosin staining of
mouse ankle joints. Asterisks indicate expansion of synovial tissue. Bar = 500 μm. F, Representative images of immunostaining for Cit-H3
and Ly6G in mouse ankle joints. Asterisk indicates synovial tissue. JS = joint space. Bar = 100 μm. G, Ratio of anti–Cit-H3 antibody to
anti–native H3 antibody, calculated from enzyme-linked immunosorbent assay optical density values. Circles represent individual mice
(n = 4 untreated mice; n = 10 mice with CIA treated with vehicle, and n = 10 mice with CIA treated with G-CSF); horizontal lines and error bars
show the median and IQR.
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RESULTS

We tested the CIA model in C57BL/6 mice. In the original
protocol, induction of CIA in C57BL/6 mice required 2 injections

of an emulsion of type II collagen and CFA (9). However, the use
of the second injection of CFA is not allowed in most institutions

(7), including Boston Children’s Hospital, because of the pain
and distress caused to mice. Therefore, we used 1 injection of
type II collagen with CFA on day 0 and 1 injection of type II colla-

gen with IFA on day 21 (Figure 1A). Previous studies using this
protocol demonstrated an arthritis incidence of 0% (14) to

50–80% (15). In our study, no wild-type mice subjected to this
protocol developed arthritis (data not shown). We hypothesized

that priming neutrophils with G-CSF would induce arthritis
because G-CSF primes neutrophils to induce NETs (16) and
exacerbates CIA in DBA/1 mice (17). We administered G-CSF

daily for 4 consecutive days beginning 1 day before the second
type II collagen injection (Figure 1A). Eleven of 12 G-CSF–treated

mice developed arthritis, while none of the vehicle-treated mice
developed arthritis (Figure 1B). Mice treated with G-CSF only did
not develop arthritis (data not shown).

G-CSF increased the neutrophil count in peripheral blood
~2-fold (Supplementary Figure 1A, available on the Arthritis &

Rheumatology website at http://onlinelibrary.wiley.com/doi/
10.1002/art.42093). G-CSF–treated mice showed higher serum
levels of interleukin-6 (IL-6) on day 56 compared with vehicle-

treated mice (Figure 1C). Because C57BL/6 mice produce IgG2c
antibodies instead of IgG2a antibodies (9), we measured serum

anti–type II collagen IgG2c antibodies along with anti–type II colla-
gen IgG antibodies; there were no differences between vehicle-

treated and G-CSF–treated mice (Figure 1C). We measured
plasma levels of dsDNA and citrullinated histone H3 (Cit-H3) as
NET biomarkers on day 22. G-CSF–treated mice showed higher

plasma levels of NET markers than vehicle-treated mice
(Figure 1D).

When evaluated histopathologically (by hematoxylin and
eosin [H&E] staining), G-CSF–treated mice showed expansion of
synovial tissue in the joint space, while vehicle-treated mice exhib-

ited no such expansion (Figure 1E). Immunofluorescence micro-
scopy revealed lesions positive for Cit-H3 and Ly6G (a mouse

neutrophil marker) with DNA within the joint space and on the joint
surface in G-CSF–treated mice (Figure 1F). In contrast, vehicle-
treated mice showed no lesion with Cit-H3, Ly6G, and DNA.

Finally, we sought to detect serum anti–Cit-H3 antibodies, which
are one type of anti–citrullinated protein antibody (ACPA) present

in the sera of RA patients (18). ELISA detected anti–native H3 anti-
bodies and anti–Cit-H3 antibodies in serum in both G-CSF–

treated and vehicle-treated mice (Supplementary Figure 1B).
When the relative value of anti–Cit-H3 antibody to anti–native H3
antibody was calculated, G-CSF–treated mice showed a signifi-

cantly higher ratio of anti–Cit-H3 antibody to anti–native H3 anti-
body than vehicle-treated mice (Figure 1G).

Based on data showing the enrichment of citrullinated his-
tones, we sought to investigate the contribution of PAD4 in the
process. We induced arthritis in littermate Padi4+/+ and Padi4−/−

mice using the G-CSF–modified CIA model (Figure 2A). Padi4
deficiency reduced arthritis incidence and severity (Figure 2B).
Padi4−/− mice had reduced serum IL-6 and anti–type II collagen
IgG antibody levels on day 56, but similar anti–type II collagen
IgG2c antibody levels, compared with Padi4+/+ mice (Figure 2C).
Padi4−/− mice showed less of an increase in plasma dsDNA
and Cit-H3 levels from day 20 to day 22 than Padi4+/+ mice
(Figure 2D). When evaluated by micro-CT, fewer areas of
eroded bone surface were observed in Padi4−/− mice
(Figure 2E). H&E staining of mouse ankle joints (exudate and
infiltrate) revealed that Padi4−/− mice had a less severe arthritis
phenotype than Padi4+/+ mice (Figure 2F). Immunofluores-
cence microscopy revealed lesions positive for Cit-H3 and
Ly6G, and DNA within the joint space and on the bone surface,
in Padi4+/+ mice but not in Padi4−/− mice (Figure 2G). Synovial
tissue from Padi4−/− mice contained lower levels of myeloper-
oxidase (MPO) and Cit-H4 compared with that from Padi4+/+

mice (Figure 2H). Padi4−/− mice also demonstrated a
significantly lower ratio of anti–Cit-H3 antibody to anti–native
H3 antibody compared with Padi4+/+ mice (Figure 2I and Sup-
plementary Figure 1C).

Fibroblasts are the main constituents of RA synovial tissue,
and their origins possibly consist of resident fibroblasts, pericytes,
and mesenchymal stem cells (19). Because fibroblast-like syno-
viocytes from RA patients express PAD4 (20), the origin of PAD4
is of interest. To address this issue, we used hematopoietic
lineage–specific Padi4-knockout mice (Padi4Vav1Cre/+) in the
G-CSF–modified CIA model. We confirmed that organ expression
of Padi4 RNAwas comparable in Padi4Vav1Cre/+mice and Padi4fl/fl

mice (Supplementary Figure 2A, available on the Arthritis & Rheu-
matology website at http://onlinelibrary.wiley.com/doi/10.1002/
art.42093). Additionally, we confirmed Padi4 protein expression
in peripheral blood and the absence of Padi4 protein expression
in endothelial cells of the aorta (Supplementary Figure 2B)
because Vav1-iCre is expressed in endothelial cells (12).

Padi4Vav1Cre/+ mice had reduced arthritis incidence and
severity compared with littermate Padi4fl/fl mice (Figure 3A).
Padi4Vav1Cre/+ mice had reduced serum levels of IL-6; however,
they had serum levels of anti–type II collagen IgG antibody and
anti–type II collagen IgG2c antibody comparable to those in
Padi4fl/fl mice on day 56 (Figure 3B). An increase in plasma
dsDNA and Cit-H3 from day 20 to day 22 was detected
in Padi4fl/fl mice but not in Padi4Vav1Cre/+ mice (Figure 3C).
Padi4Vav1Cre/+ mice showed fewer areas of eroded bone sur-
face on micro-CT compared with Padi4fl/fl mice (Figure 3D).
Immunofluorescence microscopy revealed lesions positive for
Cit-H3 and Ly6G, and DNA within the joint space and on the
bone surface, in Padi4fl/fl mice but not in Padi4Vav1Cre/+ mice
(Figure 3E).
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Figure 2. Comparison of the effects of the G-CSF–modified CIA model on Padi4+/+ mice and littermate Padi4−/− mice. A, Injection schedule.
B, Arthritis incidence and severity in Padi4+/+ mice (n = 9) and Padi4−/− mice (n = 14). For arthritis severity, values are the mean and 95% confi-
dence interval. * = P < 0.05 by Wilcoxon’s rank sum test. C, Serum levels of IL-6, anti-collagen IgG antibody, and anti-collagen IgG2c antibody
on day 56. D, Change in plasma levels of dsDNA and Cit-H3 from day 20 to day 22 in Padi4+/+ mice (n = 9) and Padi4−/− mice (n = 14). P values
were determined byWilcoxon’s signed rank test. E, Representative micro–computed tomography images of the mouse ankle joints (left) and quan-
tification of eroded joint surface (right). F, Representative images of hematoxylin and eosin staining of mouse ankle joints (left) and inflammation
score on a scale of 0 (no inflammation) to 3 (severely inflamed joint), determined by the number of inflammatory cells in the synovial cavity (exudate)
and synovial tissue (infiltrate). Asterisks indicate proliferated synovial tissue. Bar = 500 μm.G, Representative images of immunostaining for Cit-H3
and Ly6G in mouse ankle joints. Asterisks indicate synovial tissue. Bar = 100 μm.H, Blot (top) and quantification by densitometry (bottom) of mye-
loperoxidase (MPO), Cit-H4, and GAPDH levels in synovial tissue from Padi4+/+mice and Padi4−/−mice. Recombinant Cit-H4 (rCit-H4) was used as
a positive control. Values are the expression relative to GAPDH. Single and double asterisks indicate the same samples, respectively. I, Ratio of
anti–Cit-H3 antibody to anti–native H3 antibody, calculated from enzyme-linked immunosorbent assay optical density values, in Padi4+/+ mice
and Padi4−/− mice. In C, E, F, H, and I, circles represent individual mice (n = 9 Padi4+/+ mice and n = 14 Padi4−/− mice in C and F; n = 4 per group
in E; n = 5 per group in H; and n = 4 untreated mice, 8 Padi4+/+ mice, and 12 Padi4−/− mice in I); horizontal lines and error bars show the median
and IQR. See Figure 1 for other definitions.
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Figure 3. Comparison of the effects of the G-CSF–modified CIA model on Padi4fl/fl mice and littermate Padi4Vav1Cre/+ mice. A, Arthritis inci-
dence and severity in Padi4fl/fl mice (n = 10) and Padi4Vav1Cre/+ mice (n = 10) treated according to the schedule shown in Figure 2A. For arthri-
tis severity, values are the mean and 95% confidence interval. * = P < 0.05 by Wilcoxon’s rank sum test. B, Serum levels of IL-6, anti-collagen
IgG antibody, and anti-collagen IgG2c antibody on day 56. C, Change in plasma levels of dsDNA and Cit-H3 from day 20 to day 22 in Padi4fl/fl

mice (n = 10) and Padi4Vav1Cre/+ mice (n = 10). P values were determined by Wilcoxon’s signed rank test. D, Representative micro–computed
tomography images of the mouse ankle joints (left) and quantification of eroded joint surface (right). E, Representative images of immunostain-
ing for Cit-H3 and Ly6G, and hematoxylin and eosin (H&E) staining, in mouse ankle joints. Asterisks indicate proliferated synovial tissue.
Bars = 100 μm. F, Inflammation score on a scale of 0 (no inflammation) to 3 (severely inflamed joint), determined by the number of inflamma-
tory cells in the synovial cavity (exudate) and synovial tissue (infiltrate). G, Blot (top) and quantification by densitometry (bottom) of myeloper-
oxidase (MPO), Cit-H4, and GAPDH levels in synovial tissue from Padi4fl/fl and Padi4Vav1Cre/+ mice. Recombinant Cit-H4 (rCit-H4) was used
as a positive control. Values are the expression relative to GAPDH. Single and double asterisks indicate the same samples, respectively.
H, Ratio of anti–Cit-H3 antibody to anti–native H3 antibody, calculated from enzyme-linked immunosorbent assay optical density values, in
Padi4fl/fl mice and Padi4Vav1Cre/+ mice. In B, D, and F–H, circles represent individual mice (n = 10 per group in B and F; n = 4 per group in
D and G; and n = 4 untreated mice, 10 Padi4fl/fl mice, and 10 Padi4Vav1Cre/+ mice in H); bars show the median and IQR. See Figure 1 for other
definitions.
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Padi4Vav1Cre/+mice showed reduced inflammation of
joint tissue, which was significant when semiquantified
(Figure 3F). Synovial tissue from Padi4Vav1Cre/+ mice contained
lower levels of MPO and Cit-H4 compared with that from
Padi4fl/fl mice (Figure 3G). Padi4Vav1Cre/+ mice also displayed
a lower ratio of anti–Cit-H3 antibody to anti–native H3 antibody
compared with Padi4fl/fl mice (Figure 3H and Supplementary
Figure 1D).

DISCUSSION

There are conflicting data on the susceptibility of C57BL/6
mice to CIA, ranging from no incidence (14) and less severity
(21) to 50–80% incidence with mild severity (15). Even with the
use of the well-known protocol, authors have described variability
in results (15). Pepsin used to prepare homemade collagen has
been reported to be strongly immunogenic and essential for
arthritis development (8). This finding may be one of the reasons
for the variability in incidence and severity observed in the model.

The G-CSF–modified CIA model demonstrated reliably high
arthritis incidence (90–100%) and severity suitable to compare
different treatment groups. This model is considerate of animal
welfare and acceptable to Institutional Animal Care and Use Com-
mittees. Additionally, in contrast to the previously described pro-
tocol for inducing CIA in C57BL/6 mice using homemade
collagen (15), our protocol uses commercially available collagen.

The presence of anti–type II collagen antibody is thought to
correlate with the development of arthritis (7). However, G-CSF–
treated mice presented levels of anti–type II collagen IgG and
IgG2c comparable with those in vehicle-treated mice. This finding
suggests that the production of anti–type II collagen IgG is not
sufficient for the development of arthritis in G-CSF–modified CIA,
and other factors induced by G-CSF must be important.

Our G-CSF–modified CIA model has interesting features.
The detection of Cit-H4 in synovial tissue is consistent with the
detection of Cit-H4 bound to ACPAs in RA synovial fluid (22).
Additionally, serum anti–Cit-H3 antibody mimics RA, as it is
detected in RA patients (18). NETs are the likely origin of the citrul-
linated proteins in RA (23). These features are helpful for studying
the relationship between citrullinated antigens and autoanti-
bodies in RA.

The importance of G-CSF in arthritis has been shown in both
clinical and basic studies. There are several case reports of
G-CSF exacerbating RA (24), and a clinical study has demon-
strated RA flares after filgrastim (G-CSF) administration (25). In a
mouse study, injection of G-CSF exacerbated the severity of CIA
in DBA/1 mice (17). Our results indicating that G-CSF–modified
CIA causes arthritis accompanied with NET biomarkers in plasma
and synovial tissue represent a novel insight into the possible
mechanism of the effects of G-CSF on arthritis, as well as the
effects of G-CSF on neutrophil elevation. We showed that
G-CSF exerts its effects primarily through PAD4, as evidenced

by the fact that Padi4−/−mice and Padi4Vav1Cre/+mice were signif-
icantly protected against G-CSF–modified CIA. G-CSFmight pro-
mote neutrophil priming for NET formation, and PAD4-dependent
NETs could act as an adjuvant in arthritis. The remaining arthritis-
enhancing effect of G-CSF may be on blood cells other than
neutrophils, other citrullinating enzymes, or noncitrullination
processes.

This study has some limitations. We need to consider the
influence of Padi4 expressed not only in neutrophils, but also in
monocytes and macrophages in the pathogenesis of this model.
Additionally, in our study, most sera from mice reacted more
strongly with native H3 peptides than with Cit-H3 peptides,
although ACPAs bind the citrullinated peptides much more
strongly than the native peptides in RA patients. Therefore, the
anti–Cit-H3 antibody played only a limited pathologic role in this
study, and controversies regarding the detection of ACPAs in
mouse models of arthritis (26) should be considered. Although
our G-CSF–modified CIA model has some features seen in
human RA, we need to be aware of the differences between
human RA and this model. Another limitation is that we
used only male mice in this study, whereas RA is seen predomi-
nantly in females. In a preliminary study, we found an arthritis
incidence of 60% in female mice in this model (Supplementary
Figure 3, available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.42093); thus, it is
likely the model could be adapted for use in female mice in the
future.

In conclusion, we have demonstrated that G-CSF adminis-
tration around the time of the booster collagen immunization sig-
nificantly improves the CIA model in C57BL/6 mice, resulting in
a ≥90% incidence of arthritis, accompanied by markers of NET
formation in plasma and synovial tissue. Importantly, this model
addresses previous concerns regarding animal welfare. Finally,
we determined that hematopoietic cell–associated PAD4 pro-
motes arthritis development in the G-CSF–modified CIA model.
This model may prove to be of value in future RA research and
the development of drugs targeting this disease.
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IgG Anti–Citrullinated Protein Antibody Variable Domain
Glycosylation Increases Before the Onset of Rheumatoid
Arthritis and Stabilizes Thereafter: A Cross-Sectional Study
Encompassing ~1,500 Samples

Theresa Kissel,1 Lise Hafkenscheid,2 Tineke J. Wesemael,1 Mami Tamai,3 Shin-ya Kawashiri,3

Atsushi Kawakami,3 Hani S. El-Gabalawy,4 Dirkjan van Schaardenburg,5 Solbritt Rantapää-Dahlqvist,6

Manfred Wuhrer,1 Annette H. M. van der Helm-van Mil,1 Cornelia F. Allaart,1 Diane van der Woude,1

Hans U. Scherer,1 Rene E. M. Toes,1 and Tom W. J. Huizinga1

Objective. The autoimmune response in rheumatoid arthritis (RA) is marked by the presence of anti–citrullinated pro-
tein antibodies (ACPAs). A notable feature of IgG ACPA is the abundant expression of N-linked glycans in the variable
domain. However, the presence of ACPA variable domain glycosylation (VDG) across disease stages, and its response
to therapy, are poorly described. To understand its dynamics, we investigated the abundance of IgG ACPA VDG in
1,498 samples from individuals in different clinical stages.

Methods. Using liquid chromatography, we analyzed IgG ACPA VDG profiles in 7 different cohorts from Japan,
Canada, The Netherlands, and Sweden. We assessed 106 healthy individuals, 228 individuals with presymptomatic
RA, 277 individuals with arthralgia, 307 patients with new-onset/early RA, and 117 RA patients after prespecified treat-
ment regimens. Additionally, we measured VDG in 234 samples from patients with RA who did or did not achieve long-
term drug-free remission (DFR) during up to 16 years follow-up.

Results. IgG ACPA VDG significantly increased (P < 0.0001) toward disease onset and was associated with ACPA
levels and epitope spreading prior to diagnosis. A slight increase in VDG was observed in patients with established RA,
with a moderate influence of treatment (P = 0.007). In patients in whom DFR was later achieved, IgG ACPA VDG was
already reduced at the time of RA onset.

Conclusion. The abundance of IgG ACPA VDG increases toward RA onset and correlates with maturation of the ACPA
response. While IgG ACPA VDG levels are fairly stable in established disease, a lower degree of VDG at RA onset correlates
with DFR. Although the underlying biologicmechanisms remain elusive, our data support the concept that VDG relates to an
expansion of the ACPA response in the pre-disease phase and contributes to disease development.
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INTRODUCTION

Rheumatoid arthritis (RA) is a prevalent, slowly evolving auto-
immune disease in which arthralgia is an important pre-disease
manifestation. The autoimmune response that is the most specific
for RA is characterized by the presence of anti–citrullinated pro-
tein antibodies (ACPAs), which can be present several years
before the onset of clinical symptoms. ACPA-positive patients
have a more severe disease course and are less likely to achieve
drug-free remission (DFR) as compared to seronegative patients
(1). ACPA responses are known to be dynamic during the transi-
tion toward RA, as an increase in ACPA levels combined with a
broader epitope recognition profile is associated with the devel-
opment of clinical symptoms (2). Autoantibody levels are, how-
ever, not associated with long-term treatment response and do
not predict DFR (3).

Glycomic analysis has revealed that IgG ACPAs are abun-
dantly glycosylated in their antigen-binding fragments, expressing
complex-type variable domain glycans that are mainly disialylated
and bisected (4). Variable domain glycosylation (VDG) on >90% of
the autoantibodies is a notable characteristic of IgG ACPA and
distinguishes the molecules from conventional IgG antibodies,
which display, next to the conserved presence of glycans in the
Fc region, a considerably lower VDG of ~12–14% (4,5). Glycosyl-
ation sites required for the attachment of variable domain glycans
are introduced by somatic hypermutation (6).

Although the role and dynamics of IgG ACPA Fc glycans have
been studied extensively (7–10), little is known about the expres-
sion levels or potential biologic implications of variable domain gly-
cans on ACPA. As carbohydrates might encode important
biologic information and possibly affect cellular functions, it is
important to understand VDG dynamics over time in relation to
the disease course of RA. Previously, we showed that IgG ACPA
VDG can occur several years before RA onset. In a Canadian pop-
ulation, IgG ACPA VDG was predictive of disease development
(11,12). However, how IgG ACPA VDG changes between clinical
disease states from healthy, symptom-free individuals to individ-
uals with arthralgia to patients at RA onset and with established
RA has not been elucidated. Additionally, it is unclear whether
VDG levels are associated with treatment outcomes, predict DFR
and disease flares, or can be modified by treatment.

To understand the characteristics and action of variable
domain glycans and thereby their possible contribution to autore-

active B cell responses in RA, we cross-sectionally investigated

the presence and abundance of IgG ACPA VDG in 1,498 samples

from an ethnically diverse group of individuals in various stages of

disease (Table 1). By analyzing samples from a well-controlled

treatment strategy trial (the Improved [Induction Therapy with

Methotrexate and Prednisone in Rheumatoid or Very Early

Arthritic Disease] study) that aimed to assess the most effective

strategy for inducing remission in early RA (13), we investigated

longitudinal changes in VDG in established RA after treatment

escalation or treatment tapering. Finally, we longitudinally ana-

lyzed IgG ACPA VDG changes in patients from the Leiden Early
Arthritis Clinic (EAC) in whom sustained (>1 year) DFR (SDFR)
was achieved and those who experienced late disease flares, with
an extensive follow-up of up to 16 years (14).

PATIENTS AND METHODS

Study cohorts. IgG ACPA VDG was analyzed in 1,498
serum samples from individuals in different clinical disease stages
including 121 ACPA-negative RA control samples. Descriptive data
on the cohorts are presented in Table 1. Additionally, 247 healthy
donor and 150 ACPA-positive RA control samples, obtained at
the Leiden University Medical Center outpatient rheumatology
clinic, were assessed to verify the methodology used. Details on
patient and public involvement and ethical considerations in the
recruitment of individuals and of the study cohorts are available in
Supplementary Methods, on the Arthritis & Rheumatology website
at https://onlinelibrary.wiley.com/doi/10.1002/art.42098.

Cohort 1, healthy, symptom free (Nagasaki, Japan). Cohort
1 consisted of healthy symptom-free individuals (n = 58) enrolled
in the Nagasaki Island Study (a community-based prospective
cohort study based on resident health examinations) (15) who
tested positive for ACPA. The individuals included in the study
cohort had no joint symptoms at the time of the most recent res-
ident health examination. These individuals were followed up for
a period of up to 3 years. Nine of them (15.5%) developed RA
during follow-up.

Cohort 2, healthy and RA onset (Manitoba, Canada).

Members of cohort 2 were part of the longitudinal research proj-
ect Early Identification of Rheumatoid Arthritis in First Nations,
based at the Arthritis Centre, the University of Manitoba (16).
Forty-eight samples from healthy individuals (first-degree relatives
of patients with RA) were included, as were paired samples
obtained from 25 individuals prior to RA onset and in the absence
of joint- symptoms, and at the time of diagnosis of clinically
apparent RA.

Cohort 3, presymptomatic and after RA onset/early RA

(Umeå, Sweden). Cohort 3 comprised 354 samples from the
Northern Sweden Health and Disease Study or the Västerbotten
Intervention Project. Blood samples were collected and stored in
a biorepository (the Northern Sweden Medical Research Bio-
bank). Individuals were considered to have RA if they fulfilled the
1987 American College of Rheumatology classification criteria
(17). Two hundred twenty-eight individuals from the cohort were
retrospectively identified as having donated blood before the
onset of signs or symptoms of joint disease (defined as presymp-
tomatic), with a median time from blood sampling to onset of
signs/symptoms of 4.7 years (interquartile range [IQR] 5.9 years).
For 126 individuals (defined as having early RA), blood was
obtained 0.5–1.5 years after RA diagnosis (18).
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Cohort 4, arthralgia (Amsterdam, Reade, The Netherlands).

Patients in cohort 4 were ACPA-positive individuals with arthralgia
(n = 239) who were seen at rheumatology outpatient clinics in the
Amsterdam area (19). These individuals were followed up for a
period of up to 10 years, during which 137 (57.3%) developed
arthritis.

Cohort 5, arthralgia and RA onset (Leiden, The Netherlands).
Individuals at risk of RA development were recruited for the pro-
spective Clinically Suspect Arthralgia (CSA) cohort at the Leiden
University Medical Center outpatient rheumatology clinic and fol-
lowed up longitudinally (20). Thirty-eight patients with arthralgia
from the CSA were included as cohort 5 in the present study.
Paired samples from 26 of these patients were studied, i.e., a
sample obtained at the time of arthralgia pre-RA diagnosis and a
sample obtained at the time of diagnosis of clinically apparent RA.

Cohort 6, RA onset and established RA after treatment
(Leiden, The Netherlands). Cohort 6 consisted of patients with
RA who were recruited at 12 hospitals in the western area of The
Netherlands and were included in the Improved study. The aim of
this multicenter randomized controlled trial was to assess the
achievement of DFRwith treatment alteration every 4 months. Initial
treatment was methotrexate (MTX) and prednisone. Prednisone
was tapered in patients whose RA was in early remission (defined
as a Disease Activity Score [DAS] of <1.6) (21) at 4 months. If dis-
ease was still in remission at 8 months, MTX was also tapered. If
the DAS was ≥1.6 after prednisone was stopped, it was restarted.
Patients in whom early remission was not achieved were random-
ized to 1 of 2 treatment arms: MTX, prednisone, hydroxychloro-
quine, and sulfasalazine combination (arm 1) or MTX and
adalimumab combination (arm 2) (13). Serum samples obtained
at the time of RA onset (n = 130) and at 4 months (n = 117),
8 months (n = 112), and 12 months (n = 117) after diagnosis and
prespecified treatment were assessed in the present study.

Cohort 7, RA onset, DFR, SDFR, and late disease flares

(Leiden, The Netherlands). Members of cohort 7 were patients
from the Leiden EAC (14). Samples obtained at the time of RA
onset from individuals in whom DFR was not later achieved
(n = 59) and individuals in whom DFR was later achieved (n = 36)
were assessed. Patients in whom DFR was later achieved were
followed up longitudinally for up to 16 years; samples obtained
at RA onset (n = 36), during the pre-remission phase (n = 52),
DFR (n = 41), SDFR (n = 35), and at the time of late disease flares
(n = 11) were included. DFR was defined as the absence of clinical
synovitis (swollen joints at physical examination) after discontinua-
tion of disease-modifying antirheumatic drug (DMARD) treatment
(including systemic/intraarticular glucocorticoids). In the
41 patients in whom DFR was achieved, DMARD treatment was
stopped after a median of 2.9 years (IQR 1.0–4.9 years). SDFR
was defined as the absence of clinical synovitis after cessation of
DMARD treatment, that persisted for ≥1 year. SDFR was
achieved in the 35 patients after a median of 2.8 years of DMARD
treatment (IQR 2.0–5.2 years) and was maintained for a median of

7.1 years (IQR 4.5–11.2 years) after DMARD cessation, demon-
strating the sustainability of DMARD-free remission. Flare was
defined as the recurrence of clinical synovitis on joint examina-
tion. Among patients in whom SDFR was achieved, data in the
medical records were reviewed through September 2021.

Laboratory analyses. IgG ACPA levels in serum samples
were analyzed using standard and commercially available
anti–cyclic citrullinated peptide (anti-CCP) assays or in-house
anti-CCP2 enzyme-linked immunosorbent assays (ELISAs) as
previously described (3,15–17,19,22,23). ACPA fine specificity
of samples from cohort 6 was determined using in-house anti–
citrullinated vimentin 59–74, anti–citrullinated fibrinogen β36–52
and α27–43, and anti–citrullinated enolase 5–20 ELISAs as previ-
ously described (3). ACPA fine specificity of samples from cohort
4 was determined using in-house IgG anti–citrullinated vimentin
60–75, anti–citrullinated fibrinogen β36–52, α60–74, and α36–50,
and anti–citrullinated enolase 5–21 ELISAs.

IgG ACPA capture and VDG analysis using liquid
chromatography. Capture of IgG ACPA, total glycan release,
and glycan labeling and purification were performed as previously
described (11). Briefly, ACPAs were affinity isolated from 25-μl
serum samples using NeutrAvidin Plus resin (Thermo Scientific)
coupled with 0.1 μg/μl CCP-2–biotin followed by IgG capture
using FcXL affinity beads (Thermo Scientific). N-linked glycans
were released using 0.5 units of PNGaseF (Roche), subsequently
labeled with 2-anthranilic acid and 2-picoline borane, and hydro-
phobic interaction liquid chromatography–solid-phase extraction
purified using GHP membrane filter plates (Pall Life Sciences).
Ultra high-performance liquid chromatography was performed
on a Dionex Ultimate 3000 instrument (ThermoFisher Scientific),
an FLR fluorescence detector set, and an Acquity BEH Glycan
column (Waters). Separation and glycan peak alignment were
performed as previously described (11). HappyTools, version
0.0.2, was used for calibration and peak integration (24). The N-
linked glycan abundance in each peak was expressed as the total
integrated area under the curve. The cutoff was defined based on
phosphate buffered saline control (blank) and blood samples from
ACPA-negative healthy control subjects in the Leiden area,
excluding outliers (below 1.5× the 25th percentile or above
1.5× the 75th percentile). The percentage IgG ACPA VDG was
calculated based on the formula (sum of the most abundant vari-
able domain glycans/sum of the most abundant Fc glycans) ×
100, or ([G2FBS1 + G2FS2 + G2FBS2]/[G0F + G1F + G2F]) ×
100, where G0/G1/G2 represents A-/mono-/di-galactosylated, F
represents core fucosylated, B represents bisecting N-
acetylglucosamine (GlcNAc), and S1/S2 represents mono-/
disialylated (12). The glycan traits were selected based on previ-
ous observations showing their exclusive presence on either the
variable domain or the Fc domain of IgG ACPA molecules
(12,25). The sum of the Fc glycans (the amount of N-linked
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glycans attached to the conserved Asn297 in the Fc domain of
IgG antibodies) remains constant.

Statistical analysis. Continuous data were analyzed using
nonparametric methods (Kruskal-Wallis test for unpaired groups
and Mann-Whitney U test for 2 unpaired groups) and parametric
tests (mixed-effects analysis for matched paired samples account-
ing for missing values) when appropriate. The mixed-effects analy-
sis model using restricted maximum likelihood is comparable to
repeated-measures analysis of variance with regard to P values
and multiple comparisons tests, but can accommodate missing
values. Correlations between IgG ACPA levels (log transformed)
and percentages of VDGwere assessed with Pearson’s correlation

coefficient. P values (all 2-sided) less than 0.05 were considered
significant. Logistic and ordinal regression analyses were per-
formed in cohort 4 and cohort 6 to investigate the association of
IgG ACPA VDG/IgG ACPA levels with epitope spreading, remis-
sion, and early DFR. The unstandardized coefficient (B) represents
the mean change in the response given a 1-unit change in the pre-
dictor. The longitudinal and repeated-measures data from cohort
6 were analyzed by generalized estimating equation (GEE) analysis,
as previously described (3). GEE analysis was used to assess VDG
changes over time and associations with treatment. The specific
covariates and dependent variables are listed in the supplementary
tables (https://onlinelibrary.wiley.com/doi/10.1002/art.42098).
Statistical calculations were performed using Stata, version 16.1.

Figure 1. Percentage variable domain glycosylation in IgG anti–citrullinated protein antibodies (ACPAs) from healthy individuals, patients with arthral-
gia, and patients with rheumatoid arthritis (RA) in different disease stages. A, Depiction of the process by which IgG carries N-glycans at each N297
residue in the Fc domain and can acquire additional N-linked glycosylation sites (N-X-S/T, X ≠ P) in the variable domain by somatic hypermutation
(SHM) (6). B, Depiction of the calculation of IgG ACPA VDG, i.e., (sum of the most abundant variable domain glycans/sum of the most abundant Fc
glycans) × 100, or ([G2FBS1 + G2FS2 + G2FBS2]/[G0F + G1F + G2F]) × 100, where G0/G1/G2 represents A-/mono-/di-galactosylated, F repre-
sents core fucosylated, B represents bisecting N-acetylglucosamine (GlcNAc), and S1/S2 represents mono-/di-sialylated. The selected glycan traits
are exclusively present on either the variable domain or the Fc domain of IgG ACPA. GlcNAc is shown as blue squares, mannose as green circles,
galactose as yellow circles, fucose as red triangles, and N-acetylneuraminic acid as pink diamonds. C, “Timeline” of clinical disease stages, the corre-
sponding analyzed cohorts, and numbers of samples analyzed. D, Percentage IgG ACPA VDG, measured by liquid chromatography, in healthy indi-
viduals, patients with arthralgia, patients at the time of RA onset, and patients with established RA 4 months, 8 months, and 12 months after
institution of prespecified treatment. Data are presented as box and whisker plots, where the boxes represent the 25th to 75th percentiles, the lines
within the boxes represent the median, and the whiskers represent the minimum to maximum values. Circles represent individual samples. The
cross-sectional data sets from cohorts 1, 2, 4, and 5 were analyzed by Kruskal-Wallis test with Dunn’s post hoc test. The longitudinally obtained data
from cohort 6 were analyzed by generalized estimating equation. * = P = 0.037; ** = P = 0.0032; **** = P < 0.0001. DFR = drug-free remission;
SDRF = sustained drug-free remission.
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RESULTS

IgG ACPA variable domain glycosylation increases
toward disease onset and remains stable in established
RA. To provide a comprehensive overview of the presence and
abundance of IgG ACPA VDG (Figures 1A and B), we analyzed

1,377 ACPA-positive and 121 ACPA-negative samples from indi-

viduals in different clinical disease stages (Figure 1C and Table 1).

Comparable to the results of previous studies (11,12), we found

that variable domain glycans were already present in high per-

centages (median 56.2%) on IgG ACPA from healthy individuals

without symptoms (n = 106) (Figure 1D). Cross-sectional analysis

revealed a significant increase in VDG (median 74.7%) in

individuals with clinically identified arthralgia (n = 277) compared
to healthy individuals (Figure 1D).

A further significant increase in VDG of 18% was observed in
samples obtained at the time of RA onset (n = 181) (median VDG
92.6% in the combined data sets) (Figure 1D and Table 1). This
was, however, not apparent in all individual sample sets, as
changes in VDG between the arthralgia phase and RA onset
could not be observed in the statistically underpowered longitudi-
nal data set from cohort 5, presumably because the individuals
with clinically suspected arthralgia were tested only shortly before
the onset of arthralgia (Supplementary Figure 1, on the Arthritis &

Rheumatology website at https://onlinelibrary.wiley.com/doi/
10.1002/art.42098), and an increase in VDG could have occurred

Figure 2. Correlation of IgG ACPA VDG with IgG ACPA levels and epitope spreading (maturation of the ACPA response). A, Pearson’s correlation
coefficients for the correlation between IgG ACPA VDG and IgG ACPA levels across different disease stages. * = P < 0.05; ** = P < 0.005;
*** = P < 0.001; **** = P < 0.0001. For healthy individuals, values from 2 different cohorts are shown. B, VDG percentage on IgG ACPA from individ-
uals with arthralgia, isolated using cyclic citrullinated peptide 2 and tested for binding to 5 additional citrullinated antigens (citrullinated vimentin 60–75,
citrullinated fibrinogen β36–52, α60–74, and α36–50, and citrullinated enolase 5–21). ** = P < 0.01; *** = P = 0.0006. C, VDG percentage in IgG
ACPA from patients at the time of RA onset, isolated using cyclic citrullinated peptide 2 and tested for recognition of 4 additional citrullinated antigens
(citrullinated vimentin 59–74, citrullinated fibrinogen β36–52 and α27–43, and citrullinated enolase 5–20). * = P < 0.05; ** = P = 0.001. In B and C,
data are presented as box and whisker plots, where the boxes represent the 25th to 75th percentiles, the lines within the boxes represent the
median, and the whiskers represent the minimum to maximum values. Circles represent individual samples. See Figure 1 for definitions.
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Figure 3. Longitudinal analysis of IgG ACPA VDG at the time of RA onset and in established RA after treatment (cohort 6). A, Treatment protocol.
B, Longitudinal data on VDG percentage on IgG ACPA by time since RA onset. Data are presented as box and whisker plots, where the boxes
represent the 25th to 75th percentiles, the lines within the boxes represent the median, and the whiskers represent the minimum to maximum val-
ues. Circles represent individual samples. Data were analyzed by mixed-effects analysis using restricted maximum likelihood and Tukey’s test. C,
Longitudinal data by time since RA onset, represented as matched pairs. D, VDG percentage in IgG ACPA by treatment group (early remission
[drug-free], early remission [no drug-free], and treatment escalation) at each assessed time point since RA onset. Data were analyzed by
one-way analysis of variance with Fisher’s least significant difference test. Horizontal and vertical bars show the mean ± SD. Circles represent indi-
vidual samples. E, Longitudinal data by time since RA onset within each treatment group, represented as matched pairs. * = P < 0.05. MTX =
methotrexate; SSZ = sulfasalazine; HCQ = hydroxychloroquine (see Figure 1 for other definitions).
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earlier. Patients presenting with arthralgia, regardless of whether
they did or did not subsequently develop RA, displayed lower
VDG than patients tested at the time of RA onset
(Supplementary Figure 2E, https://onlinelibrary.wiley.com/doi/
10.1002/art.42098). In samples from patients with established
RA after prespecified treatment (n = 346), IgG ACPA VDG
remained stable, with only a moderate increase after 12 months,
to a median of 105.2% (Figure 1D). As previously shown (11), an
increase in IgG ACPA VDG toward the time of RA onset was also
observed in a Swedish population of ACPA-positive individuals

who later developed RA. The extended data set used here also
exhibited a rise in VDG when analyzed per individual in a longitudi-
nal manner (26) (Supplementary Figure 2D); however, there was
no significant difference on cross-sectional analysis (Supplemen-
tary Figure 2C).

Overall, the results showed that the presence of variable
domain glycans on IgG ACPA was lower in healthy individuals
and increased toward RA development. However, in established
disease, no further progression of IgG ACPA VDG was observed
in this cross-sectional analysis.

Figure 4. Cross-sectional and longitudinal analysis of IgG ACPA VDG at the time of RA onset and during DFR (cohort 7). A, VDG percentage
on IgG ACPA at the time of RA onset in individuals in whom DFR was not achieved and those in whom DFR was achieved. DFR was defined as
the absence of clinical synovitis after discontinuation of disease-modifying antirheumatic drug treatment. Data are presented as box and whis-
ker plots, where the boxes represent the 25th to 75th percentiles, the lines within the boxes represent the median, and the whiskers represent
the minimum to maximum values. *** = P < 0.0001 by Mann-Whitney U test. B, Data on VDG percentage on IgG ACPA in matched paired
samples from patients at the time of RA onset, pre-remission, during DFR, during SDFR, and during late disease flares. Flare was defined
as the recurrence of clinical synovitis on joint examination. C, IgG ACPA VDG data by group (RA onset, pre-remission, DFR, SDFR, flare). Hor-
izontal and vertical bars show the mean ± SD. Circles represent individual samples. D, IgG ACPA VDG data by assessment time point in lon-
gitudinally assessed samples from patients who did and those who did not experience late flares. Circles represent individual samples. See
Figure 1 for definitions.
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Interconnection between the increase in variable
domain glycosylation and maturation of the ACPA
immune response. To obtain further insights into IgG ACPA
VDG, we investigated the possible association between VDG per-
centages and the “maturation” of the ACPA response by analyz-
ing IgG ACPA levels and the broadness of the citrullinated epitope
recognition profile. Pearson’s correlation analysis revealed a strong,
highly significant correlation between VDG percentages and IgG
ACPA levels among healthy individuals (r = 0.672 and r = 0.728 in
cohorts 1 and 2, respectively) and among individuals with arthralgia
(r = 0.640) (Figure 2A and Supplementary Figure 3, https://
onlinelibrary.wiley.com/doi/10.1002/art.42098). At RA onset and in
established RA after prespecified treatment, however, we observed
only moderate correlations (r = 0.214, 0.341, 0.362, and 0.215 at
RA onset and after 4, 8, and 12 months of treatment, respectively)
(Figure 2A and Supplementary Figure 2E, https://onlinelibrary.
wiley.com/doi/10.1002/art.42098). Likewise, our data revealed that
IgG ACPA with increased VDG showed a significantly broader rec-
ognition profile toward multiple citrullinated epitopes (Figures 2B
and C). Ordinal regression analyses confirmed these findings in
individuals with arthralgia (P < 0.001) (Supplementary Table 1,
https://onlinelibrary.wiley.com/doi/10.1002/art.42098) as well
as in patients at the time of RA onset (P = 0.004) and over time
after treatment (P < 0.001) (Supplementary Table 2, https://
onlinelibrary.wiley.com/doi/10.1002/art.42098). Thus, IgG ACPA
VDG is associated with IgG ACPA levels and the breadth of the
epitope recognition profile, suggesting that these two features
of the ACPA response are interconnected.

Impact of immunosuppression on IgG ACPA variable
domain glycosylation.We took advantage of the design of the
Improved study (Figure 3A) to investigate whether IgG ACPA VDG
predicts early remission in RA or is associated with the intensity of
immunosuppression. First, we used the longitudinal data set to
identify changes in IgG ACPA VDG over time by analyzing paired
samples from patients at RA onset (n = 130) versus at 4 months
(n = 117), 8 months (n = 112), and 12 months (n = 117) after dis-
ease development. Variable domain glycans appeared to be
steadily and abundantly expressed on IgG ACPA after the onset
of RA, although minor changes in expression levels were
observed over time.

A slight but nonsignificant decrease was observed 4 months
after disease onset and initiation of treatment with MTX and pred-
nisone (Figures 3B and C and Supplementary Table 3, https://
onlinelibrary.wiley.com/doi/10.1002/art.42098). Previous studies
have shown a similar decline of IgG ACPA levels after initiation of
treatment (3), providing further evidence of a correlation between
VDG and IgG ACPA levels. After 4 months, prednisone was
tapered such that patients were then treated with MTX only, if
early remission (DAS <1.6) had been achieved. If early remission
was not achieved, patients were randomized to 1 of 2 treatment
escalation arms, i.e., combination treatment with MTX,

prednisone, hydroxychloroquine, and sulfasalazine or combina-
tion treatment with MTX and adalimumab (13) (Figure 3A). At
8 months, individuals in the early remission group either continued
MTX treatment combined with prednisone (no drug-free group)
or, if disease remission persisted, their medication was tapered
(drug-free group). Individuals in the treatment escalation group
(arms 1 and 2) continued MTX treatment, in combination with
adalimumab. Overall, irrespective of the treatment arm, VDG had
increased moderately but significantly at 12 months after RA
onset (P = 0.037) (Supplementary Table 3).

When the different treatment groups were compared, marginal
but statistically significant effects of immunosuppression on IgG
ACPA VDG were observed, with a reduction in VDG 12 months
after RA onset (Figures 3D and E and Supplementary Figure 4A,
https://onlinelibrary.wiley.com/doi/10.1002/art.42098), though not
at 4 months or 8 months. This moderate but significant negative
effect of immunosuppression on VDG was confirmed by GEE anal-
ysis of changes over time (8 months versus 12 months) (regression
coefficient [B] 12.27 [95% confidence interval −7.32, 31.87] in
the early remission, drug-free group versus 6.42 [95% confidence
interval −0.35, 13.10] in the early remission, no drug-free and treat-
ment escalation group; P = 0.007) (Supplementary Table 4, https://
onlinelibrary.wiley.com/doi/10.1002/art.42098) and was similar to
previously reported findings with regard to IgG ACPA levels (3).
Last, we investigated whether VDG percentage at RA onset pre-
dicts remission after 4 months and drug-free remission within the
first year. Similar to IgG ACPA levels (3), VDG percentages did not
predict early drug-free remission (Supplementary Table 5, https://
onlinelibrary.wiley.com/doi/10.1002/art.42098). Collectively, these
results show that IgG ACPA variable domain glycans are expressed
at a persistently high level in established RA and show a slight but
statistically significant decrease upon immunosuppression.

Decreased VDG during active disease in patients in
whom sustained DFR is later achieved. As a next step, we
performed cross-sectional and longitudinal analyses of IgG ACPA
VDG in individuals in whom long-term DFR was achieved or who
experienced DFR with late flares. We made use of the unique
EAC database including patients who were followed up for a
period of up to 16 years after disease onset. Using this database,
we were able to identify 41 individuals in whom DFR had been
achieved and 35 patients in whom SDFR (>1 year) had been
achieved. Longitudinal samples obtained from the same patient
at RA onset (n = 36), during active disease (pre-remission)
(n = 52), during DFR (n = 41), during SDFR (n = 35), and when
experiencing late disease flares (n = 11) were assessed. Again,
the data showed that variable domain glycans are stably
expressed in established RA. Intriguingly, however, patients in
whom DFR was achieved during follow-up (n = 36) showed signif-
icantly reduced IgG ACPA VDG at the onset of disease compared
to age- and sex-matched patients with persistently high disease
activity (DAS >3) (n = 59) (median VDG at disease onset 61.4%
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versus 83.8%) (Figure 4A and Table 1). In contrast, no statistically
significant changes were observed when the IgG ACPA VDG per-
centages were determined over time in the DFR group or any of
the other groups analyzed (Figures 4B–D). Thus, these longitudi-
nal data confirm that IgG ACPAs express a constant amount of
variable domain glycans after RA onset. The cross-sectional data
also indicate that among individuals in whom long-term DFR is
achieved, fewer glycans are present on IgG ACPA variable
domains at the time of RA onset.

DISCUSSION

A key important characteristic of IgG autoantibodies from
patients with RA is the abundant presence of bisected and disia-
lylated glycans in the variable domain. To gain insight into the
introduction and occurrence of this unusual antibody feature
across different disease stages, we assessed IgG ACPAs in
~1,500 samples from 852 individuals in different clinical disease
stages. Moreover, we analyzed the effect of therapy on the
degree of VDG on ACPAs. The large sample size increased the
power of our study, and we demonstrated that IgG ACPA VDG
correlates strongly with the maturation of the ACPA immune
response prior to disease onset, while no correlation with age
was observed. We found that the abundance of IgG ACPA VDG
increased significantly from the time these ACPA-positive individ-
uals were healthy and symptom-free (58.1%) toward the pre-RA
phase (arthralgia) (74.7%), with a further increase around the time
of disease onset (92.6%). Thus, our data strongly indicate that an
increase in IgG ACPA VDG occurs in the asymptomatic phase,
with a further increase during progression to arthralgia and ulti-
mately RA diagnosis, although the latter notion requires further
detailed research with longitudinal sampling.

In established RA, we noted constant high expression of gly-
cans on the variable domain of IgG ACPA, with a slight, but signif-
icant, increase after 12 months (105.2%). This is consistent with
our previous observations, estimating >90% VDG on IgG ACPA
in RA (4), as well as the finding that >80% of ACPA B cell recep-
tors in RA express N-linked glycosylation sites in the variable
region (27). Our longitudinal data from cohort 6 depict increased
VDG levels in individuals in whom treatment was tapered, while
patients who received more intensive treatment showed reduced
IgG ACPA VDG profiles over time (P = 0.007). This significant
impact of immunosuppression was also observed for IgG ACPA
levels (22), confirming the correlation between IgG ACPA levels
and VDG, which was strongest in the pre-disease phase. These
findings are also in accordance with the notion that variable
domain glycans could have a regulatory impact on the ACPA
immune response. In this respect, it is intriguing to note that the
HLA shared epitope alleles predispose to ACPA harboring VDG
rather than to ACPA in general (11), thus linking ACPA VDG with
the major genetic risk factor for RA. Indeed, a more in-depth lon-
gitudinal analysis of the correlation between the presence of

predisposing HLA–DR4 genes and the presence of VDG revealed
a shorter “transit time” to RA in HLA–DR4–positive pre-disease
individuals who still displayed relatively low levels of ACPA variable
domain glycans, as compared to HLA–DR4–negative individuals
with similar ACPA variable domain glycan levels (26).

Of note, in the longitudinal analysis we observed that individ-
uals in whom long-term DFR is achieved exhibit lower VDG pro-
files at disease onset (61.4%) compared to patients in whom
long-term DFR is not achieved (83.8%). The relevance of these
findings is unknown, although it is remarkable that long-term
DFR, a relatively rare event in ACPA-positive RA, was associated
with lower VDG on ACPAs.

Importantly, reduced IgG ACPA levels are not the cause of
lower VDG, which was controlled by titrating IgG ACPA into healthy
serum samples to enable maintenance of a high degree of VDG
(Supplementary Figure 5B, on the Arthritis & Rheumatology web-
site at https://onlinelibrary.wiley.com/doi/10.1002/art.42098).
Thus it is tempting to speculate that variable domain glycans
serve as an additional “hit” determining the fate of the autoreac-
tive B cell response and thereby exert an impact on ACPA levels.

Together with previous data showing that N-linked glycan
sites are selectively introduced into ACPA B cell receptor
sequences upon somatic hypermutation (27) and that variable
domain glycan levels are significantly elevated in ACPA-positive
individuals who subsequently develop RA (12), our results provide
evidence that a glycan attached to the variable domain fosters a
breach of tolerance of autoreactive B cells. As carbohydrates are
known to affect cellular functions, ACPA-expressing B cells may
gain a selection advantage when abundantly expressing glycans
in their variable domains. The disialylated, and thus negatively
charged, glycans attached to the variable domain, which also
have a large steric requirement, might modulate binding to auto-
antigens or affect B cell receptor signaling of citrullinated
antigen–directed B cells. Further, we cannot rule out a possible
role of variable domain glycans in effector mechanism, and
thereby, autoantibody-mediated inflammation, similar to findings
for Fc glycans. In addition to these areas for further research, it
would be interesting to investigate changes in specific variable
domain glycan traits in more depth, as altered glycan composition
could be associated with defined biologic implications, as also
observed for Fc glycans. Recent studies have shown, for exam-
ple, that not only Fc glycans on total IgG, but also variable domain
glycans on IgG ACPA, show a decrease in the bisecting GlcNAc
after COVID-19 (28,29). Interestingly, variable domain glycans
are not only a feature of IgG ACPA in RA, but have also been
described in other human autoimmune responses, such as in
antineutrophil cytoplasmic antibody–associated vasculitis and
Sjögren’s syndrome, and have been observed on anti-hinge and
antidrug antibodies (30–32).

A limitation of our study is that VDG profiles could be
detected in only 70% of the samples analyzed, mainly due to a
limited amount of serum available for the IgG ACPA capturing
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and subsequent glycan analysis or to low IgG ACPA levels, as
observed in the group of healthy individuals. Especially for rare
disease stages, such as for the “DFR with late flares” group, only
a limited number of samples were available to us. In addition,
ACPAs were captured using the highly sensitive and specific anti-
gen CCP-2. However, it cannot be excluded that certain ACPA
molecules that recognize different citrullinated epitopes and do
not interact with CCP-2 were omitted from the analysis. Impor-
tantly though, we did not observe an effect of VDGs on binding
affinity to CCP-2 (data not shown), making selection bias toward
higher or lower glycosylated ACPAs unlikely. Another limitation of
the study is that conclusions are mainly based on cross-sectional
data derived from samples collected at different sites. Although
collection of such data from one site would be highly challenging,
the analyses of samples from different sites could be hampered
by site-specific effects. Importantly, however, we also observed
an increase in IgG ACPA VDG toward the time of RA onset in
the longitudinal data set from cohort 3, including paired samples
obtained from individuals when they were presymptomatic and
after RA onset, over a period of 15 years, as also previously
described (26). Furthermore, our findings of IgG ACPA variable
domain glycan levels were concordant across different cross-
sectional cohorts of healthy individuals (58.1% and 44.9%) or indi-
viduals with arthralgia (75.3% and 70.4%).

In summary, we have provided a comprehensive overview of
the expression of variable domain glycans on IgG ACPA over var-
ious clinical disease stages in RA. Although the biologic implica-
tions of variable domain glycans attached to antibodies in
general and to ACPAs specifically are still largely unexplored, our
data show that they are a key characteristic of ACPAs across dis-
ease stages in individuals of different ethnicities who develop
RA. Our results demonstrate an increase in VDG toward the time
of disease onset and, taken together with previous data indicating
a selective introduction of these N-linked glycan sites, suggest
that variable domain glycans may serve as a trigger for the matu-
ration of the ACPA immune response. It will therefore be useful
to understand the biologic impact of variable domain glycans on
the ACPA immune response and its detailed clinical implications.
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Epigenetic Regulation of Nutrient Transporters in
Rheumatoid Arthritis Fibroblast-like Synoviocytes

Alyssa Torres,1 Brian Pedersen,1 Isidoro Cobo,1 Rizi Ai,1 Roxana Coras,2 Jessica Murillo-Saich,1 Gyrid Nygaard,1

Elsa Sanchez-Lopez,3 Anne Murphy,3 Wei Wang,1 Gary S. Firestein,1 and Monica Guma4

Objective. Since previous studies indicate that metabolism is altered in rheumatoid arthritis (RA) fibroblast-like
synoviocytes (FLS), we undertook this study to determine if changes in the genome-wide chromatin and DNA states
in genes associated with nutrient transporters could help to identify activated metabolic pathways in RA FLS.

Methods. Data from a previous comprehensive epigenomic study in FLS were analyzed to identify differences in
genome-wide states and gene transcription between RA and osteoarthritis. We utilized the single nearest genes to
regions of interest for pathway analyses. Homer promoter analysis was used to identify enriched motifs for transcrip-
tion factors. The role of solute carrier transporters and glutamine metabolism dependence in RA FLS was determined
by small interfacing RNA knockdown, functional assays, and incubation with CB-839, a glutaminase inhibitor. We per-
formed 1H nuclear magnetic resonance to quantify metabolites.

Results. The unbiased pathway analysis demonstrated that solute carrier–mediated transmembrane transport was
one pathway associated with differences in at least 4 genome-wide states or gene transcription. Thirty-four trans-
porters of amino acids and other nutrients were associated with a change in at least 4 epigenetic marks. Functional
assays revealed that solute carrier family 4 member 4 (SLC4A4) was critical for invasion, and glutamine was sufficient
as an alternate source of energy to glucose. Experiments with CB-839 demonstrated decreased RA FLS invasion
and proliferation. Finally, we found enrichment of motifs for c-Myc in several nutrient transporters.

Conclusion. Our findings demonstrate that changes in the epigenetic landscape of genes are related to nutrient
transporters, and metabolic pathways can be used to identify RA-specific targets, including critical solute carrier
transporters, enzymes, and transcription factors, to develop novel therapeutic agents.

INTRODUCTION

Metabolomic studies have shown that rheumatoid arthritis

(RA) is associated with metabolic disruption (1,2). This is likely

a reflection of the increased bioenergetic and biosynthetic

demands of chronic inflammation and changes in nutrient and

oxygen availability in tissue during inflammation. The synovial

membrane lining layer is the principal site of inflammation in RA

(3). Fibroblast-like synoviocytes (FLS) transform in RA to over-

produce enzymes, which degrade cartilage and bone, and

overproduce cytokines, which promote immune cell infiltration

(4,5). Prior studies from our group and others have shown that

several metabolic changes in FLS from RA patients may be

therapeutically targetable (6–9). These metabolic changes

could be targeted without compromising systemic homeostasis

as a novel combination therapy independent of systemic

immunosuppression.
Recent studies in cancer and other activated cells revealed

similar metabolic changes (10). These changes often involve

increased expression of nutrient transporters to supplement the
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elevated needs of the activated cell (11). Nutrient transporters,
with the solute carrier transporter families that contain ~400
genes and 52 subfamilies, among others, serve as metabolic
gates for cells by mediating transport of several different nutrients
and metabolites such as glucose, amino acids, vitamins, neuro-
transmitters, and inorganic/metal ions (12). For instance, an ele-
vated level of glutamine transporters that correlates with
increased glutamine metabolism has been observed in activated
cells in cancer (13) and other diseases including neurodegenera-
tive diseases (14) and arthritis (15). In response to these metabolic
changes, glutamine can ultimately assist in the tricarboxylic acid
cycle as an alternative carbon source to glucose. Other recent
studies have shown the effects of solute carrier transporters in
nutrients other than glutamine in both FLS and lymphocytes in
arthritis (16,17). Other studies of non–amino acid transporter roles
in cancer explored the roles of mitochondrial carriers (18), zinc
transporters (19), and bicarbonate transporters (20), to
name a few.

Epigenetic alterations, such as DNA methylation and histone
modification, might contribute to disease pathogenesis by
enhancing chromatin accessibility to activate gene coding for
these nutrient transporters (21,22). Of interest, several studies
have demonstrated epigenetic changes in FLS (DNA methylation,
histone modification, and microRNA expression) (23,24). Com-
prehensive epigenomic characterization of RA FLS was recently
described (25). Since previous studies indicate that metabolism
is altered in RA FLS, we hypothesized that changes in the histone
landscape of genes associated with nutrient transporters
correlate with differences in expression and would help identify
activated metabolic pathways and thus targets for RA pathogen-
esis. Therefore, studying epigenetic changes in nutrient trans-
porters not only may help us identify important metabolic
pathways, but also could lead to the identification of specific nutri-
ents and transporters essential to creating a metabolic shift in
inflamed tissue. Targeting these specific nutrients and pathways
could result in an insufficient energy supply and thus reduce the
aggressive phenotype of FLS involved in the pathogenesis of RA.

MATERIALS AND METHODS

More detailed methods are provided in Supplementary
Methods (available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.42077/abstract).

Genome-wide data sets. A total of 191 genome-wide
data sets were generated from 11 RA FLS samples and 11 osteo-
arthritis (OA) FLS samples, which we characterized in our previ-
ous study (25) and deposited in the GEO (GEO accession no.
GSE112658). Briefly, our data sets include 130 histone modifica-
tion data sets, 22 open chromatin data sets, 20 RNA-Seq data
sets, and 19 DNA methylation data sets. Six histone modification
marks were analyzed, including histone H3 lysine 4 trimethylation

(H3K4me3) (associated with promoter regions), H3K4me1 (asso-
ciated with enhancer regions), H3K27ac (associated with
increased activation of promoter and enhancer regions),
H3K36me3 (associated with transcribed regions), H3K27me3
(associated with polycomb repression), and H3K9me3 (associ-
ated with heterochromatin regions). Additional epigenomic marks
include open chromatin regions, profiled with assay for
transposase-accessible chromatin with sequencing (ATAC-seq),
denoting regions of accessible chromatin, and are typically asso-
ciated with regulator binding. DNA methylation, commonly asso-
ciated with repressed regulatory regions, was profiled with
whole-genome bisulfite sequencing (WGBS), and RNA-Seq was
used to measure gene expression levels. Images were generated
using Integrative Genomics Viewer version 2.3.98. Epigenetic
analysis of the nutrient transporters was conducted as previously
described (25).

Human FLS. FLS were extracted from the joints of RA
patients or OA patients undergoing total joint replacement as previ-
ously described (26). RA FLS and OA FLS were grown in Dulbec-
co’s modified Eagle’s medium (DMEM) without sodium pyruvate,
supplemented with 10% fetal bovine serum (FBS), 2 mM L-gluta-
mine, 100 units/ml penicillin, and 100 μg/ml streptomycin. Experi-
ments testing glucose and glutamine concentrations were
conducted with dialyzed FBS (no. A3382001; Gibco) in DMEM
without glucose, glutamine, phenol red, and sodium pyruvate
(no. A1443001; Gibco). In experiments testing the lack of various
amino acids without glucose, we used dialyzed FBS
(no. A24939-01; Gibco) in DMEM without glucose, sodium pyru-
vate, phenol red, lysine, and arginine.

RNA-Seq. In total, 4 RA FLS cell lines and 3 OA FLS cell lines
were plated 100,000 cells per well on a 6-well plate, starved over-
night in 1% dialyzed serum, and stimulated with either 2 mM or
25 mM of glucose in 6 mM of glutamine for 5 hours. RNA-Seq
was performed and analyzed as described elsewhere (27–29)
and in Supplementary Methods (http://onlinelibrary.wiley.com/
doi/10.1002/art.42077/abstract).

Gene set enrichment analysis (GSEA). To analyze sig-
naling pathways regulated by differentially expressed genes, we
used the Molecular Signature Database of GSEA (30–32) and
computed the overlaps with data sets from Pathway Interaction
Database, Reactome, WikiPathways, Hallmark, or KEGG as indi-
cated in the figures and Supplementary Methods (http://online-
library.wiley.com/doi/10.1002/art.42077/abstract).

Experiments with 1H nuclear magnetic resonance
(NMR) imaging. A total of ~600,000 RA FLS were starved of
glutamine and glucose for 4 hours and then incubated in either
DMSO or the glutaminase inhibitor CB-839 (300 nM) along with
10 ng/ml of platelet-derived growth factor (PDGF) for 4 hours in
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medium with 6 mM glutamine without glucose for metabolite
extraction, as described elsewhere (33–35) and in Supplementary
Methods (http://onlinelibrary.wiley.com/doi/10.1002/art.42077/
abstract).

Acquisition and processing of NMR. NMR spectra were
recorded using a 600 MHz Bruker Avance III NMR spectrometer
fitted with a 1.7-mm triple resonance cryoprobe. We used the
standard Bruker pulse sequence "noesygppr1d" with a mixing

Figure 1. Unsupervised analysis of metabolic pathways associated with differentially modified genome-wide chromatin and DNA states and
gene expression in rheumatoid arthritis (RA) fibroblast-like synoviocytes (FLS) compared to osteoarthritis FLS. A, Metabolic-related pathways
and their occurrences in RA FLS. B, Metabolic pathways according to histone modification, whole-genome bisulfite sequencing, assay for
transposase-accessible chromatin with sequencing (ATAC-seq), and RNA sequencing. PI3K = phosphatidylinositol 3-kinase; SLC = solute carrier;
LPA = lysophosphatidic acid receptor; HIF-1α = hypoxia-inducible factor 1α; PIP3 = phosphatidylinositol 3-trisphosphate; H3K4me3 = histone H3
lysine 4 trimethylation; SREBF = sterol regulatory element binding transcription factor 1; mTOR = mechanistic target of rapamycin.

NUTRIENT TRANSPORTERS IN RA FLS 1161

https://doi.org/10.1002/art.42077/abstract
https://doi.org/10.1002/art.42077/abstract


time of 500 msec. A daily quality assurance procedure was per-
formed before sample data acquisition, involving temperature
checks and calibration, including shim calibration and water sup-
pression quality. The data were collected at the NMR facility at
the University of California San Diego Skaggs School of Pharmacy
and Pharmaceutical Sciences.

Identification and quantification of metabolites.
Metabolites were identified using Chenomx NMR suite 8.5 profes-
sional 600 mHz version 11 software, which contains a library of
compounds to match peaks of metabolites according to chemical
shifts. Metabolite concentrations were normalized according to
TSP-d4 (no. 269913; MilliporeSigma). Cell pellets were normal-
ized according to protein quantification using Bradford. Superna-
tant concentrations were determined after subtraction from
control values in complete DMEM; negative values suggest that
the metabolite has been consumed by cells in culture (metabolite
concentrations are in μM).

Statistical analysis. Statistical analysis was performed
using GraphPad Prism software version 8. Results are the mean
± SD. Normality of variables was assessed using a Kolmogorov-
Smirnov normality test or Shapiro-Wilk normality test. For com-
parison between >2 conditions, ordinary one-way analysis of
variance (ANOVA) or Kruskal-Wallis tests were used depending
on normality of the distribution of the variables, followed by
Tukey’s multiple comparisons test or Dunn’s multiple compari-
sons test, respectively. P values less than 0.05 by 2-sided test
were considered significant. Heatmaps generated with R soft-
ware show Pearson’s correlation coefficients for gene expression.
Correlation ranges were from –1 to 1. The greater the R2 value,
the better the model. Pearson’s correlation coefficients between
–0.3 and –0.5 or 0.3 and 0.5 were considered weak, correlations
between –0.5 and –0.7 or 0.5 and 0.7 were considered moder-
ate, and correlations from <–0.7 to >0.7 were considered strong.
Our sample size of 10 RA FLS and 10 OA FLS was used to detect
a Pearson’s correlation coefficient of 0.7 with 80% power
(α = 0.05, by 2-tailed test).

RESULTS

Unsupervised analysis of metabolic pathways asso-
ciated with differential marks between OA FLS and
RA FLS. Histone modification, WGBS, ATAC-seq, and RNA-
Seq data were individually analyzed to identify metabolic path-
ways associated with differential genome-wide chromatin and
DNA states and gene expression between OA FLS and RA
FLS. Interestingly, in addition to the significant enrichment of
pathways involved in inflammation, immune response, matrix
regulation, and cell migration (see Supplementary File 1,
http://onlinelibrary.wiley.com/doi/10.1002/art.42077/abstract),
we identified several enriched metabolic-related pathways in RA

FLS. The metabolic-related pathways and number of occur-
rences of pathways are shown in Figure 1A, and Figure 1B
shows the pathways according to histone modification, WGBS,
ATAC-seq, and RNA-Seq.

Interestingly, enriched metabolic pathways were only asso-
ciated with changes in activating histone marks linked to
increased expression of downstream genes, such as
H3K4me1, H3K4me3, and H3K27ac, but not repressive histone
marks, such as H3K9me3, H3K27me3, or H3K36me3. Path-
ways associated with >5 differentially modified genome-wide
chromatin and DNA states between OA FLS and RA FLS
included phosphatidylinositol 3-kinase (PI3K)/Akt signaling and
metabolism of carbohydrates. PI3K/Akt signaling is a well-
known pathway involved in metabolic reprogramming and
metabolism of carbohydrates, and our group and others previ-
ously described that PI3K-Akt plays an important role in the
aggressive phenotype of FLS (36–40). The solute carrier–
mediated transmembrane transport pathway is another path-
way that stood out as significant. These data indicate that
changes in chromatin accessibility and activation of regulatory
regions associated with metabolic genes is a feature of
FLS in RA.

Solute carrier–mediated transmembrane trans-
porters with differential marks between OA FLS and RA
FLS. Findings from our epigenetic analyses suggest a role for sol-
ute carrier transporters in RA FLS. We conducted a supervised
analysis of the epigenetic changes in genes from the solute carrier
transporter families. Data regarding histone modification, WGBS,
ATAC-seq, and RNA-Seq corresponding to ~350 genomically
encoded genes of the solute carrier transporter family
were probed to determine differences between RA and OA (Sup-
plementary File 2, http://onlinelibrary.wiley.com/doi/10.1002/
art.42077/abstract). Of these solute carrier genes, 78 were asso-
ciated with at least 3 differentially modified genome-wide chro-
matin and DNA states between OA FLS and RA FLS, and
32 genes were associated with at least 4 differentially modified
states (Supplementary File 2). We performed a pathway analysis
of these 78 genes to identify predominant nutrient transporters
(Figure 2A). Other than hexose transporters (which include glu-
cose and fructose), more significant transporters were classified
as amino acid transporters.

Figure 2B details the genes with >4 differentially modified
marks comparing RA FLS and OA FLS. H3K27ac and
H3K4me1 were the most commonly differentially changed his-
tone modifications and correlated with significant changes in
ATAC-seq. These transporters were mostly related to amino acid
transporters, including glutamine transporters (solute carrier fam-
ily 38 member 1 [SLC38A1], SLC38A4, SLC7A11, SLC7A5,
SLC7A8, SLC1A4) (Figure 2B). Other transporters that were dif-
ferentially regulated between OA and RA were ion transporters
including zinc and bicarbonate transporters, such as SLC4A4, a
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Figure 2. Supervised analysis of solute carrier–mediated transmembrane transporters showing differential marks between osteoarthritis (OA) FLS and
RA FLS. A, Reactome pathway analysis of the 78 genes associated with differential modifications in at least 3 genome-wide chromatin and DNA states
between OA FLS and RA FLS to identify predominant nutrient transporters. B, Number and type of dynamic chromatin changes for each of the listed
posttranslational histone modifications, ATAC-seq, RNA sequencing, and whole-genome bisulfite sequencing signaling between OA FLS and RA FLS
in the 32 genes associated with differential (Diff.) modifications in at least 4 genome-wide chromatin and DNA states. C, Expression of SLC4A4 as
assessed by RNA-Seq (transcripts per million [TPM]). Each symbol represents one RA cell line or one OA cell line. D, Results of transfection of RA cells
(in medium with glucose and glutamine) with solute carrier family 4 member 4 (SLC4A4) small interfering RNA to assess cell migration with a scratch
assay (left) and to assess cell invasion after plating the cells in Matrigel (right). Each symbol represents each replicate between 3 cell lines.
*** = P < 0.001 by 2-tailed t test. In C and D, horizontal lines and error bars show the mean � SD. E, Heatmap showing gene expression associations
between amino acid (AA)–related solute carrier transporters and genes related to aggressive FLS behavior in 10 RA FLS and 10 OA FLS cell lines. Color
key shows the strength and direction of the correlation as determined by Pearson’s correlation coefficient. DMG = differentially modified gene (see
Figure 1 for other definitions). Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42077/
abstract.
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bicarbonate transporter that is heavily differentially regulated
between OA FLS and RA FLS (Figure 2B) with comparatively
higher expression in OA FLS (Figure 2C). Of note, small interfer-
ing RNA (siRNA) knockdown of SLC4A4 resulted in increased
invasion, but not migration, compared to the control siRNA, sug-
gesting that this transporter is repressed in RA FLS to increase
its aggressive phenotype (Figure 2D and Supplementary
Figure 1A, http://onlinelibrary.wiley.com/doi/10.1002/art.42077/
abstract). Supplementary Figure 1B depicts significant solute car-
rier transporter genes that have >4 differentially modified marks
comparing RA FLS and OA FLS and their location in the cell
(http://onlinelibrary.wiley.com/doi/10.1002/art.42077/abstract).

We also performed analyses and found correlations between
the expression of nutrient transporters that were more differen-
tially marked between 10 RA FLS and 10 OA FLS cell lines and
the expression of various genes related to FLS-relevant functions
including synovial fluid molecules (PRG4 and HAS1), matrix
metalloproteinases (MMP1, MMP3), IL6, chemokines (CXCL1,
CCL2), genes involved in cell invasion and migration (POSTN,
PLOD2, ACTA2, PDGFC) and angiogenesis (VEGF, FGF2), and
genes involved in fibrosis (PLOD2, COL1A1) (4–6,36,41–44).

Our findings demonstrated an association between amino acid–
related solute carrier transporters (Figure 2E) and other nutrient-
related solute carrier transporters (Supplementary Figure 1C,
http://onlinelibrary.wiley.com/doi/10.1002/art.42077/abstract).
Several solute carrier transporters moderately or strongly corre-
lated with these genes in both OA FLS and RA FLS, for instance
between SLC15A4 and IL6, suggesting a critical role of this trans-
porter in interleukin-6 (IL-6) expression in all synovial fibroblasts.
Of interest, 2 transporters, SLC38A1 (a glutamine transporter)
and SLC15A1 (a dipeptide L-alanyl-L-glutamine transporter) mod-
erately or strongly correlated (r > 0.5) with >1 of these genes,
including genes for chemokines (CXCL1, CCL2), genes for matrix
metalloproteinases (MMP1), and genes involved in cell invasion in
RA FLS (POSTN, PLOD2, and PDGFC).

The expression of solute carrier 39 transporters, which con-
trols the influx of zinc into the cytoplasm, but not expression of
solute carrier 30 transporters, which controls the efflux of zinc,
moderately-to-strongly correlated with these genes in RA FLS
but not in OA FLS (Supplementary Figure 1C, http://onlinelibrary.
wiley.com/doi/10.1002/art.42077/abstract). In OA FLS, other
solute carrier transporters moderately or strongly correlated with

Figure 3. Glutamine availability enhances invasion and migration of RA FLS. A, Quantification of luminescence of RA FLS was used to measure
intracellular glutamine (gln) and glutamate (glu) levels in cell cultures after removal of glucose and 2-hour stimulation with platelet-derived growth
factor (PDGF). B–D, RA FLS were starved overnight without glucose (gluc) and then starved of glutamine for 4 hours, plated for invasion, and stim-
ulated with various amounts of glutamine with or without PDGF. Quantification of the results (B and D) and images of RA FLS invasion in represen-
tative samples (C) are shown. E and F, RA FLS were plated and starved overnight in medium with 0.1% fetal bovine serum (FBS). Medium without
glucose was added along with various concentrations of glutamine, and scratch assays were used to assess cell migration in cultures with 1% or
10% dialyzed FBS. Representative images of RA FLSmigration (E) and quantification of results (F) are shown. Each symbol represents the mean of
3–4 FLS cell lines. Horizontal lines and error bars show the mean ± SD. * = P < 0.05; *** = P < 0.001, by one-way analysis of variance followed by
Tukey’s multiple comparisons test. PBS = phosphate buffered saline (see Figure 1 for other definitions). Color figure can be viewed in the online
issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42077/abstract.
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>1 of these genes, including SLC15A4 (histidine carrier) and
SLC7A1 (alanine, serine, cysteine, and threonine transporter). As
recent evidence emphasizes the emergent role of FLS-mediated
synovitis in OA (45), these differential correlations in RA FLS and
OA FLS suggest different key FLS transporters in both diseases.

Effect of glutamine availability on invasion, migra-
tion, and proliferation, but not on cytokine secretion,
in RA FLS. Between OA FLS and RA FLS, among other nutri-
ents, some of the most significantly heavily differentially regu-
lated solute carrier transporters were related to amino acid
transporters (Figure 2B), specifically glutamine transporters
(SLC38A1, SLC38A4, SLC7A11, SLC7A5, SLC7A8, SLC1A4).
We tested whether glutamine metabolism was important for the
aggressive FLS phenotype. We first determined glutamine
uptake by measuring intracellular levels after glucose starvation
with or without additional PDGF stimulation. As shown in
Figure 3A, intracellular glutamine levels increased after PDGF
stimulation of RA FLS.

We then tested whether an increase in glutamine availability
would enhance the invasive phenotype of RA FLS. As shown in
Figures 3B and C, an increase in the amount of glutamine in the
medium increased RA FLS invasiveness under a state of glucose
deprivation. These results were not observed when RA FLS were
treated with different concentrations of arginine or lysine
(Supplementary Figure 2A, http://onlinelibrary.wiley.com/doi/
10.1002/art.42077/abstract). Of interest, when comparing the
effects of either glucose or glutamine in the medium, RA FLS effi-
ciently used either carbon source during invasion (Figure 3D). In
addition, migration was also dependent on glutamine in RA FLS
(Figure 3E). Of note, OA FLS had more heterogenous glutamine
dependence during migration (Supplementary Figure 2B).

In Figures 4A–C, viability measured by an MTT assay and pro-
liferation measured by an EdU assay showed glutamine depen-
dence in the absence of glucose in RA FLS. As with migration, RA
FLS were found to also use glutamine in the absence of glucose
for proliferation (Figure 4D). OA FLS showed a pattern of prolifera-
tion similar to that of RA FLS (Supplementary Figure 2C). Of note,
MMP-3, IL-6, and C-C motif chemokine ligand 2 secretion after

Figure 4. Glutamine (gln) availability enhances proliferation of RA FLS. A, RA FLS were plated, starved overnight with 0.1% fetal bovine serum
(FBS), and stimulated with various amounts of glutamine without glucose. MTT was added after 4 days of stimulation. B and C, FLS were starved
overnight with medium containing 0.1% FBS without glucose and with different concentrations of glutamine and were left to proliferate for 4 days.
Representative images are shown for cells cultured either without glutamine (0 mM) or with 6 mM glutamine in 1% or 10% dialyzed FBS, and stained
with Hoechst 33342 (blue) dye to assess proportions of positive cells and EdU to assess cell proliferation (B). Results were quantified as the percent-
age of EdU-positive cells among the total number of Hoechst 33342–positive cells (C), and as the optical density of staining intensity after 7-day MTT
assay of FLS stimulated with either glucose or glutamine in 1% or 10% FBS (D). Each symbol represents the mean of 3 FLS cell lines. Horizontal lines
and error bars show the mean ± SD. * = P < 0.05 by one-way analysis of variance followed by Tukey’s multiple comparisons test. C = control treat-
ment with Dulbecco’s modified Eagle’s medium with 25 mM glucose and 6 mM glutamine; NS = not significant (see Figure 1 for other definitions).
Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42077/abstract.
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Figure 5. Effect of glutaminase inhibition on FLS invasion and proliferation. A, Number and type of dynamic chromatin changes of genes with at
least 4 differential (Diff.) marks between osteoarthritis (OA) FLS and RA FLS. B, Heatmaps showing the association between glutamine-related
genes and genes related to aggressive FLS behavior in 10 RA FLS and 10 OA FLS cell lines. Color key shows the strength and direction of the cor-
relation as determined by Pearson’s correlation coefficient. C, Representative images showing the distribution of glutaminase (GLS) expression in
RA synovial tissue.D, One-dimensional 1H nuclear magnetic resonance spectrum and concentration of glutamine in pellet and supernatant (sup) in
cultures containing 3 RA FLS cell lines after 4 hours of platelet-derived growth factor (PDGF) stimulation with or without CB-839 (10 μM). E, Quan-
tification of invasion of RA FLS. Cells were plated on Matrigel, deprived of glucose, and treated with glutamine with or without CB-839. F, Results of
4-day MTT assay of RA FLS deprived of glucose under the indicated conditions. G, EdU assay assessing proliferation of RA FLS with or without
CB-839. Results are expressed as a percentage of EdU-expressing cells among the total number of cells. In D–G, each symbol represents the
mean of 4 RA cell lines. Horizontal lines and error bars show the mean ± SD. * = P < 0.05 by 2-tailed t-test in D and by one-way analysis of vari-
ance in E–G. DMG = differentially modified gene; PPP = pentose phosphate pathway; GOT2 = glutamic-oxaloacetic transaminase 2;
C = control treatment with Dulbecco’s modified Eagle’s medium with 25 mM glucose and 6 mM glutamine; PBS = phosphate buffered saline;
NS = not significant (see Figure 1 for other definitions). Color figure can be viewed in the online issue, which is available at http://onlinelibrary.
wiley.com/doi/10.1002/art.42077/abstract.
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PDGF and tumor necrosis factor stimulation were not glutamine
dependent (Supplementary Figures 3A and B). However siRNA
knockdown of SLC38A1, one of the glutamine transporters that
was heavily differentially marked between OA and RA (for which
expression was significantly up-regulated in RA FLS compared
to OA FLS) did not decrease invasion or migration. This suggests
some redundancy in roles of the glutamine transporters
(Supplementary Figures 3C–E).

Glutamine pathway–related enzymes and the dif-
ferential marking between OA FLS and RA FLS. Since tar-
geting an enzyme appeared to be a more feasible approach to
inhibit the glutamine metabolic pathway than targeting several
transporters involved in glutamine transport, we analyzed the
enzymes related to the glutamine pathway. We analyzed 19 gen-
omically encoded genes of glutamine-related enzymes in the dif-
ferent data sets of histone marks, RNA-Seq, ATAC-seq, and
WGBS to find differences between RA and OA samples (Supple-
mentary File 3, http://onlinelibrary.wiley.com/doi/10.1002/
art.42077/abstract). Given that glucose metabolism is associ-
ated with the aggressive phenotype of FLS (38–40) and that glu-
cose transporters were also differentially marked between RA
FLS and OA FLS, we also analyzed 83 generically encoded
genes related to glucose metabolism (Supplementary File 3,
http://onlinelibrary.wiley.com/doi/10.1002/art.42077/abstract).

The type of dynamic chromatin changes for each of the listed
posttranslational histone modifications, ATAC-seq, RNA-Seq,
and WGBS signaling of genes associated with at least 4 differen-
tially modified genome-wide chromatin and DNA states in RA FLS
compared to OA FLS are shown in Figure 5A and Supplementary
Figure 4A (http://onlinelibrary.wiley.com/doi/10.1002/art.42077/
abstract). Several glucose metabolism–related genes were
heavily differentially marked and correlated with significant
changes in ATAC-seq, including PCK2, PDHB, and PGM1. Of
interest the gene for hexokinase 2 (HK-2), a glycolytic enzyme
recently described as a key gene in regulating the aggressive phe-
notype in RA FLS (26,46), was also heavily differentially marked.
HK-2 was also the gene that moderately-to-strongly correlated
with genes related to the aggressive phenotype of RA FLS
(Supplementary Figure 4B, http://onlinelibrary.wiley.com/doi/
10.1002/art.42077/abstract). Our epigenetic analysis also
revealed that glutaminase, glutamic-oxaloacetic transaminase
2 (GOT-2), and glutamine-fructose-6-phosphate transaminase
2 (GFPT-2) were the glutamine metabolism–related enzymes that
were more differentially marked between RA FLS and OA FLS.
Glutaminase and GOT-2 appeared to be more critical in RA FLS,
and GFPT-2 was more critical in OA FLS (Figure 5B).

Glutaminase, a key target for the aggressive pheno-
type of FLS. Glutaminase, which is responsible for the conver-
sion of glutamine to glutamate, plays a vital role in up-regulating
cell metabolism for tumor cell growth and is considered a valuable

therapeutic target for cancer treatment. Several glutaminase
inhibitors have been developed and are currently being evaluated
in phase I and phase II clinical trials. Thus, we focused on gluta-
minase to determine whether glutaminase could be a feasible tar-
get for the aggressive phenotype of FLS. Our findings showed
that glutaminase was expressed in both the lining and sublining
layer of RA synovial tissue (Figure 5C).

We then investigated the effect of CB-839 compound, an
inhibitor of glutaminase, on FLS metabolism, proliferation, and
invasion. We first analyzed the metabolic effect of CB-839 after
PDGF stimulation. The effect of the inhibitor on glutamine levels
is shown in Supplementary Figure 5A (http://onlinelibrary.wiley.
com/doi/10.1002/art.42077/abstract). As expected, there was a
significant increase in intracellular glutamine in the presence of
the inhibitor. Interestingly, levels of other intracellular nutrients,
including choline, isoleucine, glycine, and threonine, also
increased with CB-839 (Figure 5D and Supplementary
Figures 5B and C, http://onlinelibrary.wiley.com/doi/10.1002/
art.42077/abstract). Results from MTT viability assays revealed
that CB-839 was nontoxic at a wide range of concentrations
(Supplementary Figure 5D) and CB-839 (300 nM) significantly
reduced RA FLS invasion (Figure 5E) and proliferation
(Figures 5F and G) but only under glucose-free conditions
(Figure 5E and Supplementary Figure 5E).

Effect of c-Myc, a key transcription factor for the
aggressive phenotype of FLS. To determine the regulation of
nutrient transporters in RA FLS, we performed a motif enrichment
analysis of the promoters of the solute carrier genes exhibiting dif-
ferential ATAC-seq signaling between RA FLS and OA FLS
(Supplementary Figure 6A, http://onlinelibrary.wiley.com/doi/
10.1002/art.42077/abstract). In addition, we performed an analy-
sis of the motifs of the promoter regions of genes with differential
modifications in at least 4 genome-wide chromatin and DNA
states and found enrichment of motifs for c-Myc and the nuclear
receptors TLX, retinoic acid receptor–related orphan nuclear
receptor α (RORα), and RORγ (Figure 6A). The number of putative
c-Myc binding sites in the analyzed solute carrier transporters are
shown in Supplementary Figure 6B (http://onlinelibrary.wiley.
com/doi/10.1002/art.42077/abstract). Some solute carriers,
including transporters involved in lactate/pyruvate (SLC16A3
and SLC16A6), zinc (SLC39A10), and amino acids (SLC38A1
and SLC7A8) had a high number of putative binding sites. Impor-
tantly, c-Myc was expressed in the lining of RA tissue (Figure 6B),
and c-Myc inhibition in FLS altered the intracellular levels of pyru-
vate and several amino acids, including glutamine, pyruvate, suc-
cinate, alanine, and valine, suggesting changes in their transport
and/or FLS metabolic pathways (Figure 6C and Supplementary
Figure 6C, http://onlinelibrary.wiley.com/doi/10.1002/art.42077/
abstract).

Since c-Myc is known to regulate the expression of genes,
especially in conditions with glucose starvation (47), and RA FLS
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Figure 6. Effect of c-Myc inhibition on FLS invasion and proliferation. A, Motif analysis of promoters of genes associated with alterations in at
least 4 genome-wide states. B, Representative images showing the distribution of c-Myc expression in RA synovial tissue. C, Concentration of
metabolites in pellet and supernatant (sup) obtained from 1-dimensional 1H nuclear magnetic resonance spectrum analysis using 3 RA cell lines
in 1% dialyzed medium with 6 mM glutamine with or without c-Myc inhibitor (10 μM) for 24 hours. D, Venn diagram showing significantly up-
regulated genes in 4 RA FLS cell lines compared to 3 osteoarthritis (OA) FLS cell lines in 25 mM and 2 mM of medium (top) and significantly up-
regulated genes in OA compared to RA FLS in 25 mM or 2 mM of medium (bottom). E, Gene set enrichment analysis (GSEA) using hallmark data
sets differentially expressed between RA FLS and OA FLS in 25 mM or 2 mM glucose (gluc). F and G, Results of invasion (F) and migration
(G) experiments, in which RA FLS were plated in 1% dialyzed medium with 6 mM glutamine and either 2 mM or 25 mM glucose, with or without
c-Myc inhibitor (c-Myc[i]) (10 μM). In C, F, and G, each symbol represents the mean of 3 cell lines. Horizontal lines and error bars show the
mean ± SD. * = P < 0.05; *** = P < 0.001, by one-way analysis of variance followed by Tukey’s multiple comparisons test. Tlx = tailless homolog;
USF = upstream stimulatory factor; RORa = retinoic acid receptor–related orphan nuclear receptor; TEAD2 = transcription-enhancer factor
domain 2; MNT = MAX network transcriptional repressor; NPAS = neuronal PAS; FDR = false discovery rate; NS = not significant (see Figure 1
for other definitions). Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42077/
abstract.
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kept its aggressive phenotype even with glucose deprivation, we
investigated whether c-Myc was also involved in the regulation
of RA FLS phenotypes under deprivation. We performed RNA
sequencing for 4 RA FLS and 3 OA FLS cell lines incubated with
25 mM or 2 mM of glucose for 5 hours to determine which signal-
ing pathways are deregulated upon glucose deprivation. The dif-
ferential expression analysis showed 225 up-regulated genes in
RA cells versus OA cells with 2 mM glucose, 138 unregulated
genes in RA cells versus OA cells each with 25 mM glucose,
167 down-regulated genes in RA cells versus OA cells each with
2 mM glucose, and 168 down-regulated genes in RA cells versus
OA cells each with 25 mM glucose (Figure 6D). GSEA of differen-
tially expressed genes between RA cells and OA cells with either
2 mM or 25 mM of glucose showed activation of Myc targets
and PI3K/Akt signaling that were only differently activated in the
cultures with 2 mM glucose and RA FLS versus 2 mM glucose
and OA FLS (Figure 6E). These results suggest that Myc and
PI3K/Akt pathways are involved in the distinct response of RA
FLS under glucose starvation. Upon investigation of the effect of
a c-Myc inhibitor on RA FLS at a viable dosage (Supplementary
Figure 6D), c-Myc inhibition attenuated RA FLS migration and
invasion (Figures 6F and G). Of note, the c-Myc inhibitor signifi-
cantly attenuated RA FLS migration only when the cells were cul-
tured in 2 mM of glucose and not in 25 mM of glucose, but
interestingly RA FLS invasion was equally attenuated with either
dose of glucose.

DISCUSSION

The differences in epigenetic changes of metabolic genes in
OA FLS versus RA FLS are largely unknown. Here, we described
epigenetic changes in metabolic genes related to solute carrier
transporters that differed between RA FLS and OA FLS. Our cur-
rent findings might help to better understand the increased
demand for nutrients in RA synovial cells (1). For instance, when
glucose demand is high in RA synovium, the up-regulation of glu-
tamine transporters may allow FLS to utilize other sources of
energy. Our results showed that glutamine served as an alternate
carbon source in the absence of glucose. In addition, RA FLS did
not utilize other amino acids such as lysine and arginine. Even
though FLS appeared to facilitate uptake of other amino acids
and nutrients during glutaminase inhibition, they did not have a
role in invasion or proliferation. Of interest, OA FLS also utilized
glutamine, although we were unable to detect large differences
in in vitro glutamine metabolism between OA FLS and RA FLS in
these conditions. This could indicate that either the overall differ-
ences in glutamine metabolism between OA FLS and RA FLS
were subtle in cell culture or that we could not mimic in vivo
inflamed synovial conditions in which RA FLS would have greater
glutamine metabolic changes than OA FLS.

Our results also suggest that inhibiting glutamine metabolism
with a glutaminase inhibitor (CB-839) could potentially suppress

aggressive features of RA FLS, such as invasion, migration, and
proliferation (48). Even though the differences in OA FLS are small,
the important role of glutamine in these functions suggests that
they could be important in the context of rheumatoid synovitis.
Glutamine metabolism has also been a focus in recent years for
other diseases such as cancer (49,50), and clinical trials using glu-
taminase inhibitors are under way in cancer research (50). Since
glutamine metabolism does not seem to play a role in cytokine
secretion, inhibition of glutamine metabolism would mostly target
the aggressive phenotype of FLS and could complement current
immunotherapies. In addition, inhibiting the glutaminase enzyme
could prove to be more effective than knockdown of certain sol-
ute carrier glutamine transporters, since they may have a redun-
dant function.

Future studies are needed to investigate the roles of gluta-
mine and other amino acid transporters (such as SLC7A11) in
more depth in order to inhibit their aggressive phenotype and pro-
mote only essential homeostatic FLS functions. Tracing experi-
ments, and not just paired supernatant–pellet concentrations,
are needed to better determine changes in amino acid levels and
the role of these amino acid transporters. Of note, solute carrier
transporters have long been used as a drug target in RA, since
sulfasalazine is a nonspecific inhibitor of SLC7A11, which facili-
tates the import and export of the amino acids glutamate and
cystine.

Other nutrient transporters are potential therapeutic tar-
gets. Findings from our epigenetic analysis could help prioritize
the transporters and target specific activated metabolic path-
ways in synovial RA. For example, many other transporters
specific to choline, ions like zinc, sodium, and calcium, as well
as bicarbonate, nucleosides, lactate, and mitochondrial car-
riers are differentially regulated between RA and OA. A prior
study from our group described a role of choline in RA FLS phe-
notypes (51). Our analysis indicated that SLC22A3 and
SLC44A3 are potential key choline transporters in FLS. The
role of zinc in RA FLS was also recently described (52).
SLC39A10 and SLC39A11 may be promising candidates for
targeted inhibition of zinc transport. Although our correlation
analysis highlighted specific FLS transporters in both OA cell
lines and RA cell lines, the results need to be interpreted with
caution given the limited power of the analysis and the need
for additional biologic validation.

Our findings also suggest a possible role for bicarbonate
transporters, mitochondrial carriers, and nucleosides in RA path-
ogenesis and indicate that they might also be attractive trans-
porter targets in RA. Bicarbonate transporters have large roles in
regulating pH in cancer through the SLC4 family of transporters
(20). These transporters seem to have different roles that serve
different purposes, which need further exploration. For example,
SLC4A4 is up-regulated in breast cancer cells and its knockdown
reduces migration (20). However, in FLS, the expression of
SLC4A4 transporter is higher in OA than in RA, and down-
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regulation further increases expression of the invasive phenotype
of RA FLS but does not increase migration. Of note, migration
across a surface and invasion into the extracellular matrix are dis-
tinct biologic functions and involve distinct patterns of gene
expression, such as proteases, to degrade the matrix at the lead-
ing edge. The SLC25 family is composed of mitochondrial carriers
which have been identified as biomarkers in cancers and regulate
several different types of substrates, such as amino acids, nucle-
otides, carboxylates, and keto acids (18). Nucleosides can be
used as precursors to essential molecules like ATP but can also
be used as signaling molecules (53), yet no information on the role
of these transporters in RA FLS has been described to date.
Future studies should investigate the specific role of other solute
carrier transporters in RA FLS to determine whether the specific
transporter, a key enzyme, or a transcription factor is the most
feasible option to regulate this metabolic pathway.

Other than specific transporters, one metabolic regulator,
c-Myc, which plays an important role in cancer metabolism (54),
appeared in our analysis, suggesting that this transcription factor
has a role in metabolic reprograming of RA FLS. Glutamine usage
is promoted by c-Myc in that c-Myc up-regulates glutaminase
and, in addition, up-regulates GOT-2 and glutamine synthetase,
which increase glutamine dependence in cancer by turning gluta-
mate back into glutamine (47). Lactic acid and pyruvate can also
be regulated by c-Myc (55). SLC16A3, another transporter identi-
fied in our analysis, transports lactate and pyruvate. Interestingly,
Ras- and c-Myc–dependent signaling events cooperate to regu-
late the growth and invasiveness of RA FLS (56). Further experi-
ments are needed to understand the role of c-Myc under stress
conditions, such as starvation and hypoxia, on glutamine metab-
olism and how c-Myc might contribute to RA pathogenesis. In
addition, while specific targets of c-Myc have been challenging
to identify due to its structure and location, the identification of
new binding partners, such as BPTF (57), and other new strate-
gies to inhibit c-Myc have recently been described (58).

Overall, RA FLS demonstrate changes in epigenetic marks
associated with genes related to metabolism and nutrient trans-
porters. Validation studies of 1 pathway demonstrated that the
glutamine pathway, and specifically glutaminase inhibition, could
regulate the aggressive phenotype of RA FLS. Additionally, our
data set could potentially be used to identify other RA targets that
can be used to develop novel therapeutic agents.
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Prevalence Trends of Site-Specific Osteoarthritis From
1990 to 2019: Findings From the Global Burden of Disease
Study 2019

Huibin Long,1 Qiang Liu,2 Heyong Yin,1 Kai Wang,2 Naicheng Diao,1 Yuqing Zhang,3 Jianhao Lin,2

and Ai Guo1

Objective. To estimate systematic and anatomic site–specific age-standardized prevalence rates (ASRs) and ana-
lyze the secular trends of osteoarthritis (OA) at global, regional, and national levels.

Methods. Data were derived from the Global Burden of Disease Study 2019. ASRs and their estimated annual per-
centage changes (EAPCs) were used to describe the secular trends of OA according to age group, sex, region, country,
and territory, as well as the joints involved.

Results. Globally, prevalent cases of OA increased by 113.25%, from 247.51 million in 1990 to 527.81 million in
2019. ASRs were 6,173.38 per 100,000 in 1990 and 6,348.25 per 100,000 in 2019, with an average annual increase
of 0.12% (95% confidence interval [95% CI] 0.11%, 0.14%). The ASR of OA increased for the knee, hip, and other
joints, but decreased for the hand, with EAPCs of 0.32 (95% CI 0.29, 0.34), 0.28 (95% CI 0.26, 0.31), 0.18 (95% CI
0.18, 0.19), and −0.36 (95%CI −0.38, −0.33), respectively. OA prevalence increased with age and revealed female pre-
ponderance, geographic diversity, and disparity with regard to anatomic site. OA of the knee contributed the most to
the overall burden, while OA of the hip had the highest EAPC in most regions.

Conclusion. OA has remained a major public health concern worldwide over the past decades. The prevalence of
OA has increased and diversified by geographic location and affected joint. Prevention and early treatment are pivotal
to mitigating the growing burden of OA.

INTRODUCTION

Osteoarthritis (OA) is a worldwide highly prevalent chronic

joint disease that causes pain, disability, and loss of function

(1,2). Global trends showed a 114.5% increase in years lived with

disability due to OA from 1990 to 2019 (3,4). However, there is no

nonsurgical intervention that can prevent, halt, or even delay OA

progression. Moreover, available medications, such as nonsteroi-

dal antiinflammatory drugs, have been associated with a clinically

relevant 50–100% increase in the risk of myocardial infarction or

death from cardiovascular causes (5). Therefore, the public,

health care providers, and policymakers should be aware of the

heavy burden of OA.

OA prevalence varies with the joints involved. The knee is

the most frequently affected joint, followed by the hand and

the hip (1,6). Knee, hip, and hand OA each have a distinct effect

on overall health. For instance, knee and hip OA, but not hand

OA, are associated with an increased risk of cardiovascular

and all-cause premature mortality (7). In addition, OA has been

shown to have different pathologic mechanisms in different

joints. OA of the hand has been associated with systemic

inflammation, while OA of the knee and OA of the hip have been

correlated with excessive joint load and injury (1,8). Taken

together, these findings indicate a need for documentation

regarding the burden of site-specific OA, which remains scarce

in the literature.
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Although various studies have demonstrated the burden of OA
in specific regions or territories, several new insights have been
made. Findings on the prevalence of OA have differed between
studies due to the definition used, age categories included, and
sex distribution of the study population (1,9,10). For instance, Cross
et al reported the age-standardized prevalence rate (ASR) of OA at
the hip and knee joints but examined Global Burden of Disease
(GBD) Study geographic regions only (11). Safiri et al systematically
analyzed the burden of OA at the global, regional, and national levels
using data derived from the GBD Study 2017; however, only the hip
and knee joints were included as sites of OA (12). Therefore, we
aimed to provide a systematic, comparable, and up-to-date preva-
lence as well as secular trend analysis of OA at 4 anatomic sites at
the global, regional, and national levels, taking advantage of the
new data sources, higher standardization, and improved methodol-
ogy, as well as 2 new anatomic sites of OA (i.e., OA of the hand
and OA of other joints except the spine), included in the GBD Study
2019 (3). In addition, we analyzed trends in countries and territories
grouped according to the Socio-demographic Index (SDI).

PATIENTS AND METHODS

Overview. The GBD Study aimed to provide reliable and
up-to-date global, regional, and national results on the burden of
diseases, injures, and risk factors. The study integrated all avail-
able data, including published data, grey literature data, survey
data, and hospital and clinical data (13). A detailed description of
the methodology for collecting and processing these data, and
informing the results in the GBD Study 2019, as well as the main
developments compared with earlier series, has been published
elsewhere (3,14,15). Briefly, after data collection, the risk of bias
was assessed for each data source and corrected for standardized
estimation using a Bayesian meta-regression tool (DisMod-MR
2.1). As a result, the GBD Study 2019 provides comprehensive
and systematic assessments of age- and sex-specific incidence,
prevalence, mortality, years of life lost, years lived with disability,
and disability-adjusted life years for 369 diseases and injuries in
204 countries and territories from 1990 to 2019. The reference def-
inition of OA in the GBD Study 2019was symptomatic OA that was
radiologically confirmed as Kellgren/Lawrence grade 2–4 and pain-
ful for at least 1 month of the past 12 months (3,16). The details of
input data and a methodologic summary for OA (including input
data, age and sex splitting, data adjustment, modeling strategy,
and corresponding severity and disability) are available in Supple-
mentary Appendix 1 of the GBD Study 2019 (3).

Data source. Data on prevalent cases and ASRs of OA
from 1990 to 2019, according to age group, sex, region, and
country or territory, and the 4 anatomic sites (knee, hip, hand,
and other joints except for the spine), were collected using the
Global Health Data Exchange (GHDx) query tool (http://ghdx.
healthdata.org/gbd-results-tool) (4). A total of 204 countries and

territories were categorized into 5 groups (i.e., low, low-middle,
middle, high-middle, and high) according to the SDI, a com-
pound indicator based on fertility, income, and educational
attainment; and into 21 regions (e.g., East Asia) according to
geographic location. Supplementary Tables 1–4, available on
the Arthritis & Rheumatology website at http://onlinelibrary.
wiley.com/doi/10.1002/art.42089, show results for knee OA,
hip OA, hand OA, and OA at other sites, respectively, according
to sex, SDI, and geographic region. Table 1 and Supplementary
Table 5 (available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.42089) contain
summary data for the 5 SDI categories, the 21 geographic
regions, and 204 countries and territories. Information on SDI
at the national level was obtained from GHDx (http://ghdx.
healthdata.org/record/ihme-data/gbd-2019-socio-demographic-
index-sdi-1950-2019).

Statistical analysis. We used ASRs and the correspond-
ing estimated annual percentage changes (EAPCs) to calculate
secular trends of OA (17). An age-standardized method was
used when comparing OA prevalence among different popula-
tions. The ASR was generated by summing each product of
the age-specific rate (βi, where i represents the ith age group)
and the corresponding number of cases (or weight; ωi) in the
same age subgroup i of the selected reference standard popula-
tion (the GBD world population age standard, which is available
in Supplementary Appendix 1 of the GBD Study 2019 [3]), and
then dividing by the sum of the standard population
weights, i.e.,

ASR=
Pn

i = 1βiωi
Pn

i =1ωi
:

Trends in ASR can show the shifting patterns of OA, while EAPC
is a commonly used and quantitative means of evaluating the sec-
ular trend of ASR over a specified period. Specifically, to calculate
EAPCs and obtain 95% confidence intervals (95% CIs), the
regression line was fitted to the natural logarithm of the ASR,
i.e., y = α + βx + ε, where y = ln(ASR) and x = calendar year, and
EAPC = 100 × (eβ – 1) (17,18). EAPC values >0 indicate an
increase over time, and EAPC values <0 indicate a decrease over
time. An EAPC value with a 95% CI that includes 0 indicates stabil-
ity, or no change during the indicated time period.

Pearson’s or Spearman’s correlation coefficients were used
to assess correlations between the ASR and the SDI in the corre-
sponding years (1990 and 2019) at the national level for OA over-
all and for OA at each of the 4 anatomic sites to identify potentially
related factors. Hierarchical cluster analysis was conducted to
categorize all 204 countries and territories according to their
EAPCs and 95% CIs. All data were analyzed using R software
version 4.0.2 (R core team). P values less than 0.05 were consid-
ered significant.
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RESULTS

Prevalent cases of OA. Globally, prevalent cases of OA
increased by 113.25%, from 247.51 million in 1990 to 527.81

million in 2019 (Table 1). The highest numbers of prevalent cases
in 2019 were observed in China (132.81 million), followed by India
(62.36 million) and the US (51.87 million), with corresponding per-
centage changes from 1990 of 156.58%, 165.75%, and 79.63%,

Figure 1. Total number of prevalent osteoarthritis (OA) cases and number of prevalent OA cases according to the affected joint, globally, by
Socio-demographic Index (SDI) category (low, low-middle, middle, high-middle, and high) and by geographic region, for both sexes combined.
A, Number of prevalent OA cases for each year from 1990 to 2019, globally and by SDI category. Insets show the same data at a magnified scale.
B, Number of prevalent OA cases in 1990 and 2019 in the 21 indicated geographic regions. For each region, the left column shows data for 1990
and the right column shows data for 2019. Inset shows data for some regions at a magnified scale. Color figure can be viewed in the online issue,
which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42089/abstract.
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Figure 2. Prevalence of osteoarthritis (OA) for both sexes combined in 204 countries and territories. A, Age-standardized prevalence rate (ASR)
of OA in 2019. B, Percentage change in prevalent cases of OA between 1990 and 2019. C, Estimated annual percentage change (EAPC) of OA
from 1990 to 2019.
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respectively. Prevalent cases increased in all 5 SDI categories from
1990 to 2019, with the largest increase detected in the middle SDI
category (161.69%) (Table 1 and Figure 1A). For GBD geographic
regions, themost significant increase in prevalent caseswas in Cen-
tral Latin America (203.56%), followed by Andean Latin America

(199.56%) and Tropical Latin America (185.43%) (Table 1 and
Figure 1B). At the national level, the greatest increase in OA cases
was in the United Arab Emirates (1,069.81%), and the only
decrease was in Georgia (–5.90%) (Supplementary Table 5 and
Figure 2B). Prevalent cases of OA increased particularly in the those

Figure 3. Global total number of prevalent osteoarthritis (OA) cases and number of prevalent OA cases according to the affected joint, by sex and
age group. A, Global number of prevalent OA cases and age-standardized prevalence rate (ASR) by sex and age group. For each age group, the left
column shows data for prevalent cases in 1990 and the right column shows data for prevalent cases in 2019. Broken lines indicate the global ASR of
OA in 1990, and solid lines indicate the global ASR of OA in 2019. B, Sex differences in global prevalent OA cases by age group in 2019. Color figure
can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42089/abstract.
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ages≥95 years,with the absolute number increasing almost 3.8 fold
(Supplementary Table 6, available on the Arthritis & Rheumatology
website at http://onlinelibrary.wiley.com/doi/10.1002/art.42089),
and the peak remained stable at 60–64 years in both 1990 and
2019 (Figure 3A). There were more OA cases in women (317.44
million in 2019) than in men (210.37 million in 2019) (Table 1 and
Figure 3B).

ASR of OA. The ASR of OA also varied significantly world-
wide. The global ASR of OA was 6,173.38 per 100,000 in
1990, while it was 6,348.25 per 100,000 in 2019, with an aver-
age annual increase of 0.12% (95% CI 0.11%, 0.14%)
(Table 1). The ASR of OA varied more than 2.64-fold across
countries, with the highest level observed in the US (9,960.88
per 100,000 in 2019) and the lowest in Timor-Leste (3,768.44

Figure 4. A, Estimated annual percentage change (EAPC) in total osteoarthritis (OA) and according to the affected joint from 1990 to 2019, glob-
ally, by Socio-demographic Index (SDI) category and by geographic region, for both sexes combined. Data for OA overall and for the affected sites
with absolute maximum of EAPC are presented for each category. B and C, Correlation between age-standardized prevalence rate (ASR) of OA
and SDI in 1990 (B) and 2019 (C). Circles represent the number of prevalent OA cases in individual countries or territories. 95% CI = 95% confi-
dence interval. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42089/abstract.
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per 100,000 in 2019) (Supplementary Table 5 and Figure 2A).
Except for a stable trend in the high-middle SDI category
(EAPC 0.01 [95% CI −0.01, 0.04]), SDI categories had
increases in ASR, with the highest level observed in the low-
middle category (EAPC 0.32 [95% CI 0.30, 0.33]) (Table 1 and
Figure 4A).

With regard to GBD geographic regions, Eastern Europe had
a decrease in ASR (EAPC −0.25 [95% CI −0.36, −0.14]), while the
ASR in high-income North America remained stable (EAPC 0.06
[95% CI −0.07, 0.19]). The remaining regions had increases in
ASR, which were highest in high-income Asia Pacific (EAPC
0.48 [95% CI 0.38, 0.57]) (Table 1 and Figure 4A). At the national
level, the largest increase in ASR was observed in Spain (EAPC
0.63 [95% CI 0.53, 0.73]), followed by the Maldives and
Thailand. Only Russia reported a decrease in the ASR of OA from
1990 to 2019 (EAPC −0.46 [95% CI −0.61, −0.30])
(Supplementary Table 5 and Figure 2C).

The global ASR of OA was higher in women and increased
with age, peaking in those ages ≥95 years for both women and

men in 1990 and 2019 (Table 1 and Figure 3A). EAPCs for men
and women were 0.07 (95% CI 0.05, 0.09) and 0.17 (95% CI
0.14, 0.20), respectively (Table 1). Hierarchical cluster analysis of
EAPCs and their 95%CIs divided the 204 countries and territories
into 5 categories, namely “high decrease,” “stable or minor
increase,” “low increase,” “middle increase,” and “high
increase.” Detailed results are shown in Supplementary Figure 1,
available on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.42089.

Prevalence of OA at different anatomic sites. Results
for ASRs, change in absolute number, and EAPCs for knee, hip,
and hand OA and OA at other sites are shown in Supplementary
Figures 2–13, available on the Arthritis & Rheumatology website
at http://onlinelibrary.wiley.com/doi/10.1002/art.42089. Figure 5
depicts the proportions of site-specific OA at the global and
regional levels in 1990 and 2019. Globally, the knee was the lead-
ing OA site, followed by the hand, other sites, and the hip,
accounting for ~60.6%, 23.7%, 10.2%, and 5.5%, respectively,

Figure 5. Percentage of total prevalent osteoarthritis (OA) cases accounted for by OA at each site (knee, hip, hand, or other) in 1990 and 2019,
globally, by Socio-demographic Index (SDI) category and by geographic region, for both sexes combined. Color figure can be viewed in the online
issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42089/abstract.
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of the total prevalent cases in 2019. For most SDI categories and
GBD geographic regions, the knee also ranked first among the
4 OA anatomic sites, while the hand superseded it in Eastern
Europe and high-income North America in both 1990 and 2019.
In most regions, the proportions of knee OA and hip OA
increased, while the proportions of hand OA and OA at other sites
decreased, between 1990 and 2019.

From 1990 to 2019, global prevalent cases of OA at all 4 ana-
tomic sites increased, by between 91.84% for hand OA and
127.51% for hip OA (Table 1). Prevalent cases of OA at the 4 sites
increased in all 5 SDI categories and 21 GBD geographic regions
(Table 1 and Figure 1). At the national level, most countries and
territories experienced an increase in cases, while a decrease
was observed in only a few countries: in Georgia for knee OA
(−3.99%), hip OA (−1.32%), hand OA (−7.59%), and OA at other
sites (−1.96%); and in Niue (−2.32%) and Tokelau (−2.70%), both
for hand OA (Supplementary Table 5 and Supplementary
Figures 3, 6, 9, and 12). The highest ASR for knee OA was
observed in the Republic of Korea (6,211.13 per 100,000 in
2019); the other 3 countries with the highest ASRs were the US
for hip OA (1,031.12 per 100,000 in 2019), the US for hand OA
(5,721.76 per 100,000 in 2019), and Qatar for OA at other sites
(946.17 per 100,000 in 2019) (Supplementary Table 5 and Sup-
plementary Figures 2, 5, 8, and 11).

Global ASRs for the 4 anatomic sites showed different trends,
with EAPCs for knee OA, hip OA, hand OA, andOA at other sites of
0.32 (95% CI 0.29, 0.34), 0.28 (95% CI 0.26, 0.31), −0.36 (95% CI
−0.38, −0.33) and 0.18 (95% CI 0.18, 0.19), respectively (Table 1).
The anatomic site with the highest EAPC differed by geographic
region and SDI category, with knee OA having the highest EAPC
in Western Sub-Saharan Africa; hip OA having the highest EAPC
in the low, low-middle, and middle SDI categories, and in 17 GBD
geographic regions; and hand OA having the highest EAPC at the
global level, in the high-middle and high SDI categories, and in
3 GBD geographic regions (Figure 4A and Supplementary
Figure 14, available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.42089).

Factors related to OA prevalence. As illustrated in
Figures 4B and C, significant positive correlations between the
ASR and the SDI were observed for OA in 1990 (r = 0.40,
P < 0.0001) and 2019 (r = 0.41, P < 0.0001). Site-specific corre-
lations between the ASR and the SDI in 1990 and 2019 are
depicted in Supplementary Figures 15–18, available on the Arthri-
tis & Rheumatology website at http://onlinelibrary.wiley.com/doi/
10.1002/art.42089.

DISCUSSION

Using data derived from the GBD Study 2019, we provided
updated results for the prevalence of site-specific OA in 204 coun-
tries and territories from 1990 to 2019, and analyzed the secular

trends of prevalence for the first time. Prevalent cases and the
ASR of OA increased over time globally and in most regions and
countries. Prevalence increased with age and revealed female
preponderance, geographic diversity, and anatomic site disparity.
The knee was the joint most commonly affected by OA, followed
by the hand. There were positive associations between the ASR
and the SDI for OA overall and at each anatomic site in both
1990 and 2019.

The ASR and years lived with disability associated with hip
and knee OA for GBD geographic regions were previously
reported using data from the GBD Study 2010 (11). After the
release of the GBD Study 2017, Safiri et al first reported the inci-
dence, ASR, and years lived with disability due to OA at the
national level (12). They also demonstrated age and sex patterns
of OA and assessed the association between years lived with dis-
ability and the SDI. Due to updated data sources and the
improvement of methodologies used in the GBD Study series,
our study has advantages over the 2 previous studies. In addition,
Safiri et al reported only the combined burden of OA and the
trends in percentage change of OA in absolute number.

We found that prevalent cases and the ASR of OA increased
from 1990 to 2019, consistent with the findings of previous stud-
ies (11,12). Globally, of the 369 diseases and injuries in the GBD
Study 2019, OA ranked 17th highest in terms of prevalent cases
and 19th in terms of ASR in 2019 (3,19), indicating a substantial
disease burden. It was estimated that ~1–2.5% of national gross
domestic product was attributed to the medical costs of OA,
while the indirect costs, including work loss and premature retire-
ment, were not taken into consideration (1,20).

Consistent with the findings of previous studies (11,12), our
study showed that prevalence of OA increased with age and was
more common in women than in men. As indicated in Supple-
mentary Table 6, there were varying degrees of change in the
numbers of OA cases in different age groups between 1990 and
2019. One possible explanation for such a result may be ascribed
to the different data sources of the GBD Study. For instance, Tang
et al reported that the prevalence of symptomatic knee OA
peaked at ages 60–69 years and then leveled off (21); Dillon et al
reported that the prevalence of symptomatic knee OA peaked at
ages 70–79 years in men and then leveled off but increased
monotonically with age in women (22). OA predominantly affects
women, and women tend to have more severe disease
(i.e., structural lesions and clinical symptoms) than men. Estrogen
has been postulated to play a role in OA development; however,
results from both observational studies and clinical trials have
been inconclusive (23–25). Women had nearly 3-fold higher risk
of developing lateral tibiofemoral radiographic OA than men; nev-
ertheless, no such sex difference was observed for medial tibiofe-
moral radiographic OA (26,27). In general, women have a wider
pelvis, larger Q angle, and greater knee valgus than men, which
places more load on the lateral knee compartment, resulting in a
higher risk of lateral disease (26).
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Since higher body mass index (e.g., overweight/obesity)
is a substantial risk factor for OA, geographic diversity in OA
prevalence may be related to the distribution of adult obesity
(1,28–30). Moreover, epidemiologic and genetic investigations
have established that OA is a disease with multifactorial compo-
nents based on both ecology and genetics (31–33), contributing
to the geographic diversity.

Secular trends of OA prevalence differed by anatomic site.
Except for a 0.36% annual decrease in hand OA, the other 3 ana-
tomic sites all experienced increasing trends, with an annual
change of 0.32% for the knee, 0.28% for the hip, and 0.18% for
the other joints. OA in large joints, such as the knee and the hip,
causes the most severe disability, and end-stage disease may
require joint replacement if available, thus indicating that OA in large
joints should comprise a significant proportion of the disease bur-
den. However, globally as well as in most regions and countries,
the joints that accounted for the main disease burden were the
knee, followed by the hand and other joints except the spine, while
hip OA contributed the least. Relatively low prevalence and con-
versely more serious severity distribution and sequelae of the hip
compared to other larger joints may result in such findings (1,34).

As demonstrated here and in a previous study (12), a positive
association was observed between OA prevalence and the devel-
opment level of GBD regions and countries. A high prevalence of
OA was observed in countries with a high SDI, such as the
Republic of Korea and the US, and an increasing life expectancy
is a non-negligible explanation for this result. As a complex indica-
tor based on fertility, income, and educational attainment, the SDI
represents the development level of GBD regions and countries,
and indicates the quality and availability of health care. Changes
in numerous risk factors for OA (20,35), including social and occu-
pational risk factors, and epidemiologic and demographic transi-
tion, may also have contributed to the correlation.

Population expansion, aging, and the obesity epidemic have
increased the number of prevalent cases and ASR of OA, thus
aggravating the disease burden (1,9,30,36). According to the United
Nations Department of Economic and Social Affairs, the total global
population increased by 45%, from 5.32 billion in 1990 to 7.71 billion
in 2019, and the proportion of people ages ≥60 years increased
from 9.2% in 1990 to ~13.5% in 2019 (37). With regard to obesity,
the prevalence has nearly tripled since 1975, while >1.9 billion adults
and >340 million children and adolescents were overweight or
obese in 2016 (28,30). Joint injuries involving ligaments, which could
be responsible for joint degeneration, and better awareness and
diagnosis of OA, might also have contributed to the increase in prev-
alence (1,33).

Considering the formidable and increasing disease burden of
OA, primary and secondary prevention and early treatment might
be more effective in alleviating the burden (38,39). Along with
these previously emphasized aspects aimed at modifiable risk
factors, such as preventing being overweight or obese, prevent-
ing knee injury, and avoiding heavy repeated joint-loading

activities, we appeal for education programs on disease progres-
sion, sequelae, early treatment methods, and rehabilitation of
OA. For instance, exercise therapy effectively delays functional
loss and has been recommended as core treatment for knee OA
in many guidelines (2,38). In most countries and territories in the
low, low-middle, and middle SDI categories, although the main
causes of death are heart diseases, stroke, and chronic lung dis-
eases (40), the burden of OA on society is likely to increase, and
governments and policymakers should recognize the societal
impact of OA.

Our study has several strengths. First, results from the GBD
model fill a gap where actual relevant data for a given disease bur-
den are scarce or unavailable, thus allowing comparisons across
regions and over time periods. Second, we examined the site-
specific secular trends of OA and the correlation between ASR
and the SDI, providing policymakers data to inform disease pre-
vention and treatment.

Several limitations of our study should be noted, including
those previously acknowledged regarding the methodology of the
GBD studies (3,14,15). In particular, data from individual studies
included in the GBD modeling were adjusted with covariates in
terms of reference definitions, implying that the quality and quantity
of data included were responsible for the accuracy and validity of
the results. Moreover, the definition of OA in the GBD Study 2019
excluded symptoms and disabilities associated with the spine,
which were captured in the categories “low back pain” or “neck
pain”, thus underestimating the burden of OA. Additionally, we
considered the SDI to be an indicator of the quality and availability
of health care in investigating ASR-related factors, while the effect
of health systems was not assessed. This could weaken the
robustness even for countries with the same SDI, as there are con-
sequential variations in the returns of health systems (3,41).

OA is prevalent worldwide and remains a major public health
concern. Although prevalent cases and the ASR of OA are
increasing in most countries, especially among older people and
women, trends are diverse with regard to geographic location
and anatomic site. The secular trends are expected to continually
increase, mainly due to population aging and the obesity epi-
demic. Public awareness of the modifiable risk factors, and edu-
cation programs addressing disease prevention, are essential to
alleviate the enormous burden of OA.
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Clinical Images: Voriconazole-induced synovitis, enthesitis, and periostitis

The patient, a 30-year-old White woman, presented with de novo pain and tenderness affecting hand, elbow, shoulder, knee, and ankle
joints. She had been receiving voriconazole for invasive pulmonary and cerebral aspergillosis during the 3 months before presentation.
At clinical examination she had discrete synovitis. Laboratory testing revealed normal levels of acute-phase reactants and no rheumatoid
factor, anti–citrullinated protein antibodies, or antinuclear antibodies. Radiography of the hands revealed marked osteoproliferation
(arrows in A), magnetic resonance imaging showed severe carpal synovitis (arrows in B), and power Doppler ultrasonography detected
severe synovitis and enthesitis at the elbows, wrists, and knees. The osteoproliferation zone was also visible by ultrasonography (arrow
in C). To quantify the extent of osteoproliferation, we performed high-resolution computed tomography of the wrist, combined with cine-
matic rendering (a new visualization technique), and detected areas of periosteal proliferation at the distal radius, the distal ulna, and the
carpal bones (arrows and box in D). Voriconazole is a triazole antifungal agent recommended as first-line therapy for acute invasive asper-
gillosis. Toxicities occur in association with supratherapeutic plasma levels of the drug; high plasma fluoride concentrations (1) and alkaline
phosphatase levels (2) have also been detected. Because of the high level of inflammatory activity in our patient, we initiated prednisolone
therapy, and voriconazole was switched to isavuconazole. Rapid improvement occurred after 2 weeks, prednisolone was suspended
after 6 weeks, and the plasma fluoride concentration and alkaline phosphatase level gradually returned to normal. Radiologic and ultraso-
nography findings were unremarkable within 5 months. In summary, diagnostic images along with clinical findings showed periostitis (3,4),
synovitis, and enthesitis, indicating that voriconazole can trigger the full spectrum of symptoms associated with inflammatory joint disease.
In the differential diagnosis of inflammatory joint disease, voriconazole should therefore be considered a trigger of drug-induced arthritis.
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Association of Cardiac Biomarkers With Cardiovascular
Outcomes in Patients With Psoriatic Arthritis and Psoriasis:
A Longitudinal Cohort Study

Keith Colaco,1 Ker-Ai Lee,2 Shadi Akhtari,3 Raz Winer,4 Paul Welsh,5 Naveed Sattar,5 Iain B. McInnes,5

Vinod Chandran,6 Paula Harvey,3 Richard J. Cook,7 Dafna D. Gladman,6 Vincent Piguet,3 and Lihi Eder3

Objective. In patients with psoriatic disease (PsD), we determined whether cardiac troponin I (cTnI) and N-terminal
pro–brain natriuretic peptide (NT-proBNP) were associated with carotid plaque burden and the development of
cardiovascular events independent of the Framingham Risk Score (FRS).

Methods. Among 1,000 patients with PsD, carotid total plaque area (TPA) was measured in 358 participants at
baseline. Cardiac troponin I and NT-proBNPweremeasured using automated clinical assays. The association between
cardiac biomarkers and carotid atherosclerosis was assessed by multivariable regression after adjusting for cardiovas-
cular risk factors. Improvement in the prediction of cardiovascular events beyond the FRS was tested using measures
of risk discrimination and reclassification.

Results. In univariate analyses, cTnI (β coefficient 0.52 [95% confidence interval (95% CI) 0.3, 0.74], P < 0.001) and
NT-proBNP (β coefficient 0.24 [95% CI 0.1, 0.39], P < 0.001) were associated with TPA. After adjusting for cardiovas-
cular risk factors, the association remained statistically significant for cTnI (adjusted β coefficient 0.21 [95% CI
0, 0.41], P = 0.047) but not for NT-proBNP (P = 0.21). Among the 1,000 patients with PsD assessed for cardiovascular
risk prediction, 64 patients had incident cardiovascular events. When comparing a base model (with the FRS alone) to
expanded models (with the FRS plus cardiac biomarkers), there was no improvement in predictive performance.

Conclusion. In patients with PsD, cTnI may reflect the burden of atherosclerosis, independent of traditional cardio-
vascular risk factors. Cardiac troponin I and NT-proBNP are associated with incident cardiovascular events indepen-
dent of the FRS, but further study of their role in cardiovascular risk stratification is warranted.

INTRODUCTION

Psoriasis and psoriatic arthritis (PsA), collectively known as

psoriatic disease (PsD), are characterized by excess cardiovascular

morbidity and mortality compared to the general population (1–4).

While this excess risk is partly explained by high prevalence of tradi-

tional cardiovascular risk factors, chronic systemic inflammation

promotes atherogenesis, thereby predisposing individuals with

PsD toan increased riskofcardiovascular events (5,6).Conventional

cardiovascular risk scores, such as the Framingham Risk Score

(FRS) (7), underestimate cardiovascular risk in patients with PsD

and other inflammatory rheumatic diseases, becausemost rely only

on traditional cardiovascular risk factorsand fail to consider the inde-

pendent risk conferred by immune disease per se (8,9).
Novel laboratory and imaging biomarkers improve cardio-

vascular risk prediction in the general population, and it has been
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suggested that they could be combined with conventional scor-
ing systems to optimize cardiovascular risk stratification (10–12).

While findings from general population cohort studies indi-
cate that high-sensitivity troponin cardiac I (cTnI) and N-terminal
pro–brain natriuretic peptide (NT-proBNP) are strong predictors
of cardiovascular risk, limited information exists on patients with
rheumatic diseases and particularly those with PsD (13–18). Car-
diac troponin concentrations are moderately elevated in the circu-
lation because of myocardial ischemia, and the biomarker is used
in the diagnosis of myocardial infarction when levels are markedly
elevated. Previous studies of patients with psoriasis (19) and sys-
temic lupus erythematosus (20,21) demonstrated associations
between elevated high-sensitivity troponin concentration and ath-
erosclerotic plaque burden. A single small study evaluated the
predictive performance of high-sensitivity troponin in patients with
rheumatoid arthritis (RA) (22). Similarly, NT-proBNP, which is
released by cardiac myocytes in response to volume overload
and ventricular wall distension and may be elevated after myocar-
dial ischemia, hypoxia, and fibrosis, is also increased in patients
with RA. NT-proBNP has also been associated with higher all-
cause mortality in patients with early inflammatory arthritis and
RA; however, the predictive performance of this biomarker com-
pared to conventional cardiovascular scores has not been tested
(23–25). To date, no study has investigated the ability of cTnI and
NT-proBNP to improve cardiovascular risk stratification in
patients with PsD.

The data highlight the potential of these cardiac biomarkers
to augment existing cardiovascular scores by considering the
combined direct effect of traditional cardiovascular risk factors
and systemic inflammation on the heart in patients with PsD.
However, it is not clear how much incremental information is
gained by using these 2 cardiac biomarkers in cardiovascular risk
stratification or their association with carotid atherosclerosis in
patients with PsD.

In this study, we evaluated the association between cTnI and
NT-proBNP and carotid atherosclerosis presence and progres-
sion. In the context of current treatment guidelines highlighting
the need to identify patients with PsD who are at high cardiovas-
cular risk, we investigated whether these cardiac biomarkers pre-
dict clinical cardiovascular events independent of traditional
cardiovascular risk factors and whether they improve cardiovas-
cular risk stratification beyond the FRS.

PATIENTS AND METHODS

Study population. We included patients from the Univer-
sity of Toronto PsD cohort. The cohort comprises participants
with a diagnosis of psoriasis without arthritis (PsC) who have been
followed up since 2006 and those with psoriatic arthritis (PsA)
who have been followed up prospectively since 1978 as part of
a larger study to investigate disease-related outcomes (26,27).
Among PsA patients, 98% met the Classification of Psoriatic

Arthritis (CASPAR) criteria (28). PsC patients were enrolled based
on a diagnosis of psoriasis without arthritis, as confirmed by a
dermatologist and rheumatologist. Participants were assessed
by a rheumatologist at 6–12-month intervals, and detailed
information on demographic characteristics and comorbidities,
including traditional cardiovascular risk factors, medications, and
disease activity, were collected according to a standard protocol.
All data are stored in a web-based computerized database. Inclu-
sion criteria included having a serum sample in the cohort bio-
bank, no history of cardiovascular events at study entry, and
being followed up for at least 1 year following study entry. The
study was approved by the University Health Network Ethics
Board (no. 08-0630) and all patients provided informed consent.

Biomarker measurement. Annual serum samples have
been collected and stored in a biobank since 2002; thus, patients
entered this study at the date they provided their first serum sam-
ple. NT-proBNP (Cobas; Roche Diagnostics) and high-sensitivity
cTnI (Architect Stat; Abbott Laboratories, Abbott Diagnostics)
were measured in serum samples on automated clinically vali-
dated immunoassay analyzers using the manufacturers’ calibra-
tors and quality controls. The limit of detection was 5 pg/ml for
NT-proBNP and 1.1 pg/ml for cTnI.

Carotid ultrasound assessment of atherosclerosis.
Vascular imaging studies have shown increased atherosclerotic
plaques and vascular inflammation in patients with PsD (29–34).
As this noninvasive assessment can serve as a surrogate mea-
sure for cardiovascular risk by identifying subclinical atherosclero-
sis in asymptomatic patients (35), we performed a nested cohort
study that included 358 patients who underwent a baseline
carotid ultrasound assessment between 2009 and 2015.
Each patient underwent a second carotid ultrasound 2–3 years
after the baseline assessment. A single trained physician
(LE) performed all ultrasound measurements in accordance with
a study protocol that has previously been described in detail
(29). Scans were performedwith MyLab 30 andMyLab 70 XVision
scanners with a linear LA523 7–13-MHz transducer (all from
Esaote). The scan included detailed B-mode images of both the
right and the left common carotid arteries as well as the carotid
bulb, internal carotid, and external carotid arteries. All ultrasound
scans were saved as video files for later reading.

The burden of atherosclerotic plaques was measured by
carotid total plaque area (TPA), as previously described by
Spence (36). The plane for measurement of each plaque was
chosen by reviewing the video of the scan to find the largest
extent of plaque as seen in the longitudinal view. The image was
then frozen, and the plaque was measured by tracing around
the perimeter with a cursor on the screen. The assessor then
moved on to the next plaque and repeated the process until all
observed plaques in the common, external, and internal carotid
arteries were measured. TPA (cm2) was recorded as the sum of
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areas of all plaques in the right and left carotid arteries. The out-
comes of interest were TPA at baseline and the average annual
progression rate of TPA that was calculated by subtracting the
baseline TPA value from the follow-up TPA value, divided by the
number of years between visits. Reading of the scans was per-
formed independently of the scanning, and readers were blinded
with regard to clinical data. The intraobserver intraclass correla-
tion coefficient for TPA was 0.94.

Incident cardiovascular events. The FRS was calcu-
lated for each patient to estimate the 10-year risk of cardiovascu-
lar disease (CVD) (7). Risk factors included in the score were age,
sex, current smoking status, systolic blood pressure, treatment
for hypertension, diabetes mellitus, total cholesterol, and high-
density lipoprotein cholesterol (HDL-c).

The primary end point was the occurrence of the first clinical
cardiovascular event. A composite outcome that included the
following clinical cardiovascular events was identified within
10 years of biomarker measurement: angina pectoris, myocar-
dial infarction, transient ischemic attack (TIA), ischemic cerebro-
vascular accident (CVA), revascularization procedures, and
cardiovascular death. Revascularization procedures included
percutaneous coronary intervention, coronary artery bypass
surgery, carotid endarterectomy, and vascular surgery for
peripheral artery disease.

Potential cardiovascular events were first identified by
searching the cohort database and linking patients’ records to
provincial mortality and hospitalization databases. All Ontarians
are insured under a single-payer health care system, covering all
hospital services. The Canadian Institute for Health Information
Discharge Abstract Database and National Ambulatory Care
Reporting System contain detailed information about all inpatient
hospital discharges, emergency room visits, and same-day sur-
geries from all hospitals in Ontario, Canada. International Classifi-
cation of Diseases, Tenth Revision codes were used to identify
hospitalizations due to a cardiovascular event (Supplementary
Table 1, available on the Arthritis & Rheumatology website at
https://onlinelibrary.wiley.com/doi/10.1002/art.42079). Underly-
ing causes of death due to CVD were verified from the Ontario
Vital Statistics Death Registry. Subsequently, complete medical
records describing the cardiovascular event were obtained,
where available, from patients’ primary care providers and spe-
cialists. Each identified potential cardiovascular event was adju-
dicated by reviewing data from hospital admissions, death
certificates, and medical records from relevant specialists.
Uncertain cases were discussed with a cardiologist (SA for car-
diac events) and neurologist (RW for neurologic events) to deter-
mine whether to consider them as cardiovascular events.

Statistical analysis. Baseline characteristics were calcu-
lated as the mean � SD for continuous variables or frequency
for categorical variables. Cardiac biomarker concentrations and

TPA were log-transformed to better approximate the normal dis-
tribution. First, we evaluated the association between cardiac bio-
markers and carotid atherosclerosis.

We performed multivariable linear regression to assess the
association between cardiac biomarker concentrations and TPA
at baseline in patients with PsD. Adjustment was made for the
following variables: age, sex, body mass index, hypertension, dia-
betes mellitus, current smoking, low-density lipoprotein choles-
terol, HDL-c, creatinine level, and use of lipid lowering therapy.
Beta coefficients and 95% confidence intervals (95% CIs) were
calculated. Next, logistic regression was used to assess the asso-
ciation of cardiac biomarker concentrations and carotid athero-
sclerosis progression, defined as an annual rate of TPA
progression greater than the 75th percentile.

We then evaluated the association between cardiac bio-
markers and clinical cardiovascular events. This association was
analyzed separately for each biomarker using a series of cause-
specific Cox regression models. Subjects entered the risk set at
the date of the first available serum sample and the event
occurred at the date of the first cardiovascular event within
10 years. Patients who were event-free at the date at which they
were last known to be alive were censored. Non-cardiovascular
death was considered as a competing event. Biomarker associa-
tions were first adjusted for age and sex, followed by the FRS. The
nature of the associations were tested and illustrated using penal-
ized splines and modeled using the median value of each bio-
marker as the reference (37). Plots of the scaled Schoenfeld
residuals against time and a statistical test of proportionality were
used to assess the assumption of multiplicative covariate effects
(38). We subsequently assessed the ability of cardiac biomarkers
to predict cardiovascular events using cause-specific Cox regres-
sion models adjusted for the FRS. Improvement in the clinical pre-
diction of cardiovascular events beyond the FRSwas tested using
the area under the receiver operating characteristic curve (AUC),
net reclassification index (NRI), and integrated discrimination
index (IDI). Odds ratios (ORs), hazard ratios (HRs), and 95% CIs
were calculated. Analyses were performed with R (version 3.6.2)
and SAS Studio 3.8.

Data availability. All data relevant to the study are
included in the article or uploaded as supplementary materials
(available on the Arthritis & Rheumatology website at https://
onlinelibrary.wiley.com/doi/10.1002/art.42079). Requests for
additional study-related data can be sent to the correspond-
ing author.

RESULTS

Cardiac biomarkers and carotid atherosclerosis.
Characteristics of the study participants are shown in Table 1. An
ultrasound assessment was performed in 358 patients with PsD.
The mean � SD duration of follow-up was 3.69 � 1.9 years.
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Table 1. Baseline characteristics of the study population with psoriatic disease*

Variable

Carotid
ultrasound
assessment
(n = 358)

Incident cardiovascular
events

(n = 1,000)

PsA, no. (%) 251 (70.1) 648 (64.8)
PsC, no. (%) 107 (29.9) 352 (35.2)
Age, years 53.8 � 11 49 � 12.8
Female sex, no. (%) 164 (45.8) 446 (44.6)
Psoriasis disease duration, years 23.9 � 14.5 20 � 14.1
PsA disease duration, years 15.1 � 11.3 11.8 � 10.3
Caucasian ethnicity, no. (%) 313 (87.4) 834 (83.4)
Current smoker, no. (%) 40 (11.2) 164 (16.4)
PASI score 3 � 4.1 4.1 � 6.3
Tender joint count† 3 � 5.6 3.8 � 7.3
Swollen joint count† 0.9 � 1.9 1.5 � 3.3
Current daily use of NSAIDs, no. (%) 135 (37.7) 265 (26.5)
Current use of DMARDs, no. (%) 137 (38.3) 362 (36.2)
Current use of biologics, no. (%) 162 (45.3) 214 (21.4)
Total cholesterol, mmoles/liter 5.1 � 1 4.2 � 0.9
LDL-c, mmoles/liter 3.0 � 0.9 1.6 � 0.5
HDL-c, mmoles/liter 1.4 � 0.4 1.2 � 0.3
BMI, kg/m2 28.4 � 5.8 28.7 � 5.9
Diabetes mellitus, no. (%) 19 (5.3) 77 (7.7)
Hypertension, no. (%)‡ 96 (26.8) 274 (27.4)
Use of lipid-lowering medications, % 93 100
cTnI, ng/liter 3.3 � 2.5 4.4 � 5.1
NT-proBNP, pg/ml 73.2 � 111 63.3 � 115.9
Total plaque area, cm2 0.17 � 0.3 –

Framingham Risk Score, no. (%)
Low-risk (<10%) – 720 (72.0)
Medium-risk (10–19%) – 187 (18.7)
High-risk (≥20%) – 93 (9.3)

* Except where indicated otherwise, values are the mean � SD. PsC = psoriasis without arthritis;
PASI = Psoriasis Area Severity Index; NSAIDs = nonsteroidal antiinflammatory drugs; DMARDs = disease-
modifying antirheumatic drugs; LDL-c = low-density lipoprotein cholesterol; HDL-c = high-density lipopro-
tein cholesterol; BMI = body mass index; cTnI = cardiac troponin I; NT-proBNP = N-terminal pro–brain
natriuretic peptide.
† Only in patients with psoriatic arthritis (PsA).
‡ Systolic blood pressure >140 mm Hg or use of antihypertensive medications.

Table 2. Association of levels of cardiac biomarkers (cTnI and NT-proBNP) with carotid total plaque area in patients with PsD, using linear
regression*

Univariable analysis,
β (95% CI) P

Multivariable analysis,
cTnI, β (95% CI) P

Multivariable analysis,
NT-proBNP, β (95% CI) P

Female sex −0.32 (−0.65, 0.02) 0.06 −0.14 (−0.47, 0.18) 0.39 −0.32 (−0.66, 0.01) 0.06
Age 0.07 (0.06, 0.09) <0.001 0.06 (0.04, 0.07) <0.001 0.06 (0.04, 0.07) <0.001
BMI 0.04 (0.01, 0.06) 0.02 0.01 (−0.01, 0.04) 0.36 0.02 (0, 0.05) 0.18
Hypertension 0.77 (0.4, 1.14) <0.001 0.09 (−0.26, 0.45) 0.60 0.06 (−0.3, 0.42) 0.75
Diabetes mellitus 0.74 (0, 1.48) 0.05 0.31 (−0.34, 0.95) 0.35 0.33 (−0.32, 0.98) 0.32
Current smoker 0.15 (−0.38, 0.69) 0.58 0.44 (−0.01, 0.89) 0.06 0.28 (−0.17, 0.73) 0.22
LDL-c 0.18 (0, 0.37) 0.05 0.26 (0.1, 0.42) 0.001 0.26 (0.1, 0.42) 0.002
HDL-c 0.07 (−0.36, 0.51) 0.74 0.01 (−0.39, 0.41) 0.96 0.02 (−0.39, 0.42) 0.92
Use of lipid-lowering
therapy

1.10 (0.73, 1.46) <0.001 0.73 (0.39, 1.07) <0.001 0.67 (0.32, 1.01) <0.001

Creatinine 1.48 (0.37, 2.58) 0.01 0.43 (−0.59, 1.45) 0.41 0.44 (−0.61, 1.48) 0.42
cTnI 0.52 (0.3, 0.74) <0.001 0.21 (0, 0.41) 0.047 – –

NT-proBNP 0.24 (0.1, 0.39) 0.002 – – 0.09 (−0.05, 0.23) 0.21

* PsD = psoriatic disease; 95% CI = 95% confidence interval (see Table 1 for other definitions).
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Using linear regression models, the association between cardiac
biomarker levels and TPA at baseline was examined (Table 2). In
univariate analyses, cTnI (β coefficient 0.52 [95% CI 0.3, 0.74])
and NT-proBNP (β coefficient 0.24 [95% CI 0.1, 0.39]) were asso-
ciated with TPA. After adjusting for cardiovascular risk factors, lipid-
lowering therapy, and creatinine level, the association remained
statistically significant for cTnI (adjusted β coefficient 0.21 [95% CI
0, 0.41]) but not for NT-proBNP.We then evaluated the association
between cardiac biomarker levels and atherosclerosis progression
in patients with PsD using logistic regression models. Of the
358 participants, 89 had atherosclerosis progression. In the univar-
iate analysis, cTnI was associated with atherosclerosis progression
(OR 1.52 [95% CI 1.04, 2.23]) but not with NT-proBNP (OR 1.08
[95% CI 0.87, 1.34]) (Supplementary Table 2, available on the
Arthritis & Rheumatology website at https://onlinelibrary.wiley.
com/doi/10.1002/art.42079). In the multivariable analysis, current
smoking, creatinine level, and baseline TPA predicted atheroscle-
rosis progression. However, there was no association with either
cTnI or NT-proBNP. No interaction was found between each of
the biomarkers and sex.

Cardiac biomarkers and incident cardiovascular
events. One thousand participants (PsA [n = 648], PsC
[n = 352]) who were evaluated from 2002 to 2019 were included
in this analysis. During a mean follow-up of 7.1 years (7,099
person-years), 64 patients developed an incident cardiovascular
event (angina [n = 10], myocardial infarction [n = 20], TIA [n = 7],
CVA [n = 11], revascularization [n = 11], cardiovascular death
[n = 5]), resulting in an incidence rate of 0.9 events per 100 per-
son-years (95% CI 0.7, 1.0).

First, we evaluated associations between cardiac bio-
marker levels and incident cardiovascular events. In a model

adjusted for the FRS, both cTnI (HR 3.02 [95% CI 1.12, 8.16])
and NT-proBNP (HR 2.02 [95% CI 1.28, 3.18]) were associ-
ated with cardiovascular events per 1 SD increase (Figure 1).
The association was stronger in men compared to women.
For cTnI, the HR in men was 3.71 (95% CI 1.10, 12.5)
compared to women (HR 2.72 [95% CI 0.48, 15.5]). For
NT-proBNP, the HR in men was 1.91 (95% CI 1.09, 3.36) com-
pared to women (HR 2.11 [95% CI 0.85, 5.27]). However, the
interactions between sex and either biomarker were not statis-
tically significant.

Including both cardiac biomarkers and the FRS in a single
model, NT-proBNP (HR 1.91 [95% CI 1.23, 2.97]) retained statis-
tical significance, but cTnI only showed a trend toward an associ-
ation (HR 2.60 [95% CI 0.98, 6.87]). To better understand the
relationship between cardiac biomarkers and cardiovascular
events, a nonlinear cardiac biomarker effect was incorporated in
the Cox regression model, and this nonlinear effect was modeled
using penalized splines. Figure 2 shows the splines-based HR
curves using the median concentration level of each biomarker
as the reference. In general, a nonlinear relationship was observed
for both biomarkers and cardiovascular events. For both unad-
justed and adjusted models, cTnI showed a gradual rise in car-
diovascular risk up to 10 ng/liter, and then a rapid rise in
increasing risk at higher levels of cTnI. NT-proBNP showed
almost no increase in cardiovascular risk up to a level of
100 pg/ml and a rapid incline following this level, with almost a
doubling of the HR from 100 pg/ml to 200 pg/ml (2.5 to 4.9,
respectively).

Finally, we evaluated whether cardiac biomarkers could
improve the performance of FRS by improving classification of
patients to cardiovascular risk categories. The FRS demonstrated
moderate performance (AUC 73.8) in predicting cardiovascular
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COLACO ET AL1188

https://onlinelibrary.wiley.com/doi/10.1002/art.42079
https://onlinelibrary.wiley.com/doi/10.1002/art.42079


risk in patients with PsD (Figure 3). When comparing a base
model (with the FRS alone) to expanded models (with the FRS
plus cardiac biomarkers), there was no significant improvement
in predictive accuracy. The addition of cTnI, NT-proBNP, or both
cTnI and NT-proBNP to the FRS did not demonstrate

improvements in any measure of risk discrimination or reclassifi-
cation, including AUC, NRI, and IDI (Table 3).

DISCUSSION

In this study, we demonstrate several important findings: 1)
cTnI was independently associated with the burden of atheroscle-
rosis as measured by carotid ultrasound; 2) elevated cTnI and
NT-proBNP levels were associated with a higher risk of develop-
ing future cardiovascular events independent of traditional cardio-
vascular risk factors, and the associations were stronger in men
compared to women; and 3) the addition of cTnI or NT-proBNP
did not improve the performance of the FRS for predicting cardio-
vascular events in patients with PsD. These findings suggest that
increased atherosclerotic plaque burden is associated with sub-
clinical cardiac injury, which is associated with elevated concen-
trations of cardiac biomarkers. This, in turn, may ultimately lead
to clinical cardiovascular events, as observed by the strong link
between cardiac biomarkers and clinical cardiovascular events.
To our knowledge, this is the largest prospective study to assess
the association of cardiac biomarkers with subclinical atheroscle-
rosis, and the first study to evaluate the clinical utility of cardiac
biomarkers for cardiovascular risk stratification in patients with
PsD, suggesting that this noninvasive assessment offers clinical
translation potential.
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Figure 2. Splines-based hazard ratio (HR) curves to illustrate the association of cTnI and NT-proBNP with cardiovascular events, unadjusted
and adjusted for the FRS. The reference (HR = 1) is the median value of each biomarker. Both penalized splines are on a log scale. Shaded areas
show the lower and upper bounds of the 95% CI. CV = cardiovascular (see Figure 1 for other definitions).
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Figure 3. Comparison of the predictive performance of the base
model (FRS alone) and expanded models for prediction of cardiovas-
cular events in patients with psoriatic disease. AUC = area under
the receiver operating characteristic curve (see Figure 1 for other
definitions).
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In general, studies of troponin and NT-proBNP in PsD are
limited (19,39,40). Ultrasound findings in our study suggest that
elevated cTnI level is associated with early vascular changes in
the carotid artery and may identify patients at increased risk of
future myocardial injury beyond traditional cardiovascular risk
factors. Although mechanisms behind elevated cardiac bio-
marker levels in PsD are unclear, potential pathways include car-
diomyocyte injury from inflammatory cytokines and systemic
inflammation driving endothelial dysfunction or indirectly causing
cardiac strain (41,42). The inflammatory hypothesis of CVD in
psoriatic patients has stemmed from the observation of elevated
levels of C-reactive protein (CRP) and proinflammatory cytokines,
as well as studies targeting reductions in inflammatory burden
among patients with inflammatory rheumatic diseases. In a pro-
spective cohort study of patients with PsD, treatment with tumour
necrosis factor inhibitors (TNFi) led to improvement in vascular
inflammation, while reduced progression of carotid plaques was
reported in men (43). In patients with active RA, treatment with
TNFi decreased circulating levels of NT-proBNP, suggesting a
potential cardiovascular risk benefit (44). Biomarkers driven by
immune disease arguably might not serve to enhance prediction
because they are confounded by the impact of the underlying
immune disease. In our study, we assessed the role of conven-
tional vascular biomarkers to reduce this risk.

Overall, the ability of cTnI to predict both burden and progres-
sion of carotid plaque may reflect the presence of atherosclerotic
disease and/or subclinical cardiac myocyte damage, which may
progress to clinical cardiovascular events. Natriuretic peptides
such as NT-proBNP have a physiologically protective role, but ele-
vated levels tend to reflect pathology in older individuals with more
comorbidities (15). Therefore, in contrast to NT-proBNP, elevated
cTnI level seems to be a superior marker of atherosclerotic cardio-
vascular risk. The utility of cTnI alone or in conjunction with carotid
ultrasound to improve cardiovascular risk stratification in patients
with PsD warrants further assessment. We acknowledge that we
have carried out an association analysis between the cardiac bio-
markers and the outcomes of interest. Causal analysis could be of
interest to some, and we note that the effects of some of the

baseline variables could be affected by collider bias (45) if these
baseline variables have causal effects on any intermediate bio-
markers. In such cases, a more formal mediation analysis involving
inverse probability weighting could be undertaken. This would
require a clear specification of the causal estimates of interest.

We examined the association of cardiac biomarkers
with incident cardiovascular events. One-SD increases in cTnI and
NT-proBNP were strongly associated with incident cardiovascular
events in the FRS-adjusted models. Interestingly, after adjusting
for both cardiac biomarkers and the FRS through inclusion in the
same model, NT-proBNP, but not cTnI, remained associated with
cardiovascular events. These findings are consistent with those of
a large European population-based cohort study, which found
that both biomarkers, when included in a multimarker model,
were associated with increased primary cardiovascular risk inde-
pendent of traditional cardiovascular risk factors (15). Variable
characteristics of the screening population, such as those of
the University of Toronto PsD cohort, may influence the perfor-
mance of cardiac biomarkers as risk predictors. However, a
recent study of the same PsD cohort found that the burden of
systemic inflammation and level of disease activity were indepen-
dent risk factors of heart failure events (46).

Our study did not find an added benefit of cardiac biomarkers
with regard to cardiovascular risk stratification. The addition of each
biomarker individually or in combination to the FRS did not improve
measures of risk discrimination or reclassification. Proving the
added benefit of biomarkers to conventional scoringmethods such
as the FRS is challenging due to the relatively small number of
events and variability in sample populations and treatment effects.
The lack of improvement in performance is consistent with other
studies of inflammatory rheumatic diseases that attempted to add
cardiac biomarkers to the FRS to improve risk stratification (47).
While the FRSwasmoderately predictive of subsequent cardiovas-
cular events in our study, the addition of each biomarker resulted in
similar or inferior performance. In studies of the general population,
the clinical utility of cTnI and NT-proBNP in cardiovascular risk
stratification also remains unclear. In a large prospective study of
British women, NT-proBNP did not improve risk prediction beyond

Table 3. Summary of predictive and reclassification indices for cardiovascular events using the FRS (base model) with and without cardiac
biomarkers as model covariates, based on cause-specific Cox regression models*

AUC NRI IDI

Estimate 95% CI P Estimate 95% CI P Estimate 95% CI P

Base model 73.8 66.5, 81.2 – – – – – – – – –

Model 1 vs.
base model

71.6 63.3, 80.0 0.21 0.081 −0.198, 0.20 0.67 0.005 −0.005, 0.035 0.37

Model 2 vs.
base model

73.8 65.5, 82.0 0.99 0.20 −0.02, 0.38 0.06 0.017 −0.002, 0.058 0.10

Model 3 vs.
base model

73.4 65.0, 81.8 0.89 0.27 0.002, 0.42 0.047 0.021 0, 0.068 0.053

* Base model = Framingham Risk Score (FRS) alone; model 1 = FRS and cTnI; model 2 = FRS and NT-proBNP; model 3 = FRS, cTnI, and
NT-proBNP. AUC = area under the receiver operator characteristic curve; 95% CI = 95% confidence interval; NRI = net reclassification
improvement; IDI = integrated discrimination index (see Table 1 for other definitions).
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traditional cardiovascular risk factors (48). However, in another
study of older British men, inclusion of NT-proBNP in an FRS-
based model yielded significant improvement in risk discrimination,
and its performance was superior to an FRS-based model with
CRP (49). Other approaches have included the development of
multimarker scores with troponin and NT-proBNP, in combination
with other emerging biomarkers of cardiovascular stress, albeit
with mixed results (50). Current guidelines for the general popula-
tion do not suggest using cardiac biomarkers for cardiovascular
risk stratification for primary prevention in asymptomatic patients,
as they are only used to assess symptoms suspected to be of car-
diac origin.

Our study has notable strengths. This is the first study to
investigate cTnI and NT-proBNP and their relationship with nonin-
vasive measures of carotid atherosclerosis and clinical cardiovas-
cular events in a large longitudinal cohort of patients with PsD.
Serum samples were collected during a time when lipid-lowering
therapies and disease-modifying antirheumatic drugs were widely
available; therefore, the benefit of modern preventive treatments
is likely reflected in the reported cardiovascular risk estimates.
Further, the use of high-sensitivity assays allowed measurement
of biomarker concentrations below conventional levels of detec-
tion, revealing a spectrum of low and high levels of circulating cTnI
and NT-proBNP. The limitations of this study include the relatively
small number of cardiovascular events, which prevented in-depth
analyses of subgroups of interest (e.g., by disease group). Our
study did not include a comparator group of patients without
PsD, so we could not determine whether the levels of cardiac bio-
markers are higher in patients with PsD. We were unable to
include CRP in the analysis as we did not have measurements
for all patients in the study.

In conclusion, this study established the association
between elevated cardiac biomarkers, atherosclerosis, and clini-
cal cardiovascular events in patients with PsD. Cardiac troponin I
may be as effective as established measures of carotid plaque
burden for identifying subclinical atherosclerosis long before car-
diovascular events occur. Both cTnI and NT-proBNP are associ-
ated with incident cardiovascular events independent of
traditional cardiovascular risk factors and may reflect the excess
risk in patients with PsD. However, the lack of improvement in
prediction metrics beyond the FRS does not support the routine
use of these cardiac biomarkers for cardiovascular risk stratifica-
tion in asymptomatic patients with PsD. These data encourage
additional research evaluating the utility of cTnI and NT-proBNP
in cardiovascular risk stratification in this patient population.
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Yann L. C. Becker,1 Jean-Philippe Gagné,2 Anne-Sophie Julien,3 Tania Lévesque,1 Isabelle Allaeys,1

Nadine Gougeard,4 Vicente Rubio,4 François-Michel Boisvert,5 Dominique Jean,5 Eric Wagner,6

Guy G. Poirier,7 Paul R. Fortin,8 and �Eric Boilard1

Objective. Mitochondria are organelles that exhibit several bacterial features, such as a double-stranded genome
with hypomethylated CpG islands, formylated proteins, and cardiolipin-containing membranes. In systemic lupus ery-
thematosus (SLE), mitochondria and their inner components are released into the extracellular space, potentially elicit-
ing a proinflammatory response from the immune system. While cardiolipin and mitochondrial DNA and RNA are
confirmed targets of autoantibodies, other antigenic mitochondrial proteins in SLE remain to be identified. The present
study was undertaken to characterize the protein repertoire recognized by antimitochondrial antibodies (AMAs) in
patients with SLE.

Methods. Using shotgun proteomic profiling, we identified 1,345 proteins, 431 of which were associated with the
mitochondrial proteome. Immunoreactivities to several of these candidate proteins were assessed in serum samples
from a local cohort (n = 30 healthy donors and 87 patients with SLE) using enzyme-linked immunosorbent assay, and
further analyzed for associations with demographic and disease characteristics.

Results. We determined that IgG antibodies to the complement component C1q binding protein were significantly
elevated in the patients with SLE (P = 0.049) and were also associated with lupus anticoagulant positivity (P = 0.049).
Elevated levels of IgG antibodies against mitochondrial protein mitofusin 1 (MFN-1) were promising predictors of SLE
diagnosis in our cohort (adjusted odds ratio 2.99 [95% confidence interval 1.39–6.43], P = 0.0044). Moreover,
increased levels of anti–MFN-1 were associated with the presence of antiphospholipids (P = 0.011) and anti–double-
stranded DNA (P = 0.0005).

Conclusion. In this study, we characterized the mitochondrial repertoire targeted by AMAs in the setting of SLE.
Our results indicate that autoantibodies can recognize secreted and/or surface proteins of mitochondrial origin. Profil-
ing of the AMA repertoire in large prospective cohorts may improve our knowledge of mitochondrial biomarkers and
their usefulness for patient stratification.
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INTRODUCTION

The mitochondrion, a peculiar organelle that regulates
numerous cellular pathways, is derived from the endosymbiosis
between an α-proteobacterium and a primitive eukaryotic cell
(1). Despite their intracellular nature, whole mitochondria and/or
mitochondrial components may be released into the extracellular
milieu under conditions of necrosis, tissue damage (2,3), or cellu-
lar activation (4–7). The release of whole mitochondria and/or
mitochondrial components (i.e., DAMPs) skews innate immunity
toward a proinflammatory response (8–10). Mitochondrial anti-
gens may also be targeted by the adaptive immune system, as
indicated by the presence of a humoral response comprising var-
ious types of antimitochondrial autoantibodies (AMAs) (11–14) in
various inflammatory and autoimmune conditions. However, both
the pathophysiologic pathway leading to the production of AMAs
and several of the antigens targeted by various AMAs remain to
be characterized (11–13).

Systemic lupus erythematosus (SLE) is a complex autoim-
mune disease in which the immune system generates autoanti-
bodies recognizing self epitopes. Antibodies directed against
DNA and nuclear components are hallmarks of SLE (15). Autoan-
tibodies against the mitochondrial phospholipid cardiolipin (aCL)
are associated with both thrombotic and obstetric events in SLE
and antiphospholipid syndrome (APS) (16). The simultaneous
presence of aCL and antibodies to the 60-kd heat-shock protein
(HSP60) has been associated with arterial thrombosis (17). Stud-
ies have also revealed that the lupus autoantibody repertoire
comprises immunoglobulins against mitochondrial DNA (mtDNA)
and mtRNA (12–14).

Despite the description of antibodies targeting mitochondrial
antigens (11–13), mitochondrial epitopes expressed on the outer
membrane have yet to be identified. In this study, we aimed to
characterize the antigenic protein repertoire recognized by AMAs
in patients with SLE.

MATERIALS AND METHODS

Serum samples. Serum samples from healthy donors and
lupus patients were obtained from the Centre Hospitalier Univer-
sitaire de Quebec–Université Laval Systemic Autoimmune Rheu-
matic Disease Biobank and DataBase repository (SARD-BDB).
Samples were collected in accordance with the Declaration of
Helsinki, as previously reported (12). See the Supplementary
Materials and Methods and Supplementary Tables 1, 2, and
3 for additional information, available on the Arthritis & Rheuma-

tology website at http://onlinelibrary.wiley.com/doi/10.1002/
art.42082.

Isolation and preparation of mitochondrial sam-
ples. Mitochondria were isolated according to previously pub-
lished procedures (12) and subsequently lysed (Supplementary

Materials and Methods, available at http://onlinelibrary.wiley.
com/doi/10.1002/art.42082).

Immunoprecipitation. All incubations and washings were
performed using gentle rotary mixing at ambient temperatures
(~21�C), unless otherwise indicated. In all experiments, 3 mg of
protein G Dynabeads were used to isolate IgG antibodies.
Before use, beads were washed 3 times with 1 ml of 1× phos-
phate buffered saline (PBS; Wisent). A DynaMag-2 magnetic
strip (ThermoFisher Scientific) was used to retain the beads in
the tubes.

Total mitochondrial antigens. Protein G Dynabeads were
incubated for 2 hours with 1 ml of pooled serum (Supplementary
Materials and Methods, available at http://onlinelibrary.wiley.com/
doi/10.1002/art.42082) diluted to an IgG concentration of 24 μg/ml
in lysis buffer containing protease inhibitors (Supplementary Materi-
als and Methods). Samples containing protein G Dynabead–
bound total IgG were then washed 3 times in 1.5 ml PBS and once
in the same volume of lysis buffer. Samples were incubated over-
night at 4�Cwith 1.5mlmitochondrial lysate at a protein concentra-
tion of 3 mg/ml. After incubation, samples were washed 3 times in
lysis buffer containing protease inhibitor cocktail and 2 times in PBS
(total volume 1.5 ml). Beads were then resuspended in 100 μl of
75 mM ammonium bicarbonate (pH 8.0) and stored at –80�C
until used.

Enrichment of mitochondrial outer membrane (MOM) anti-
gens by panning. Intact mitochondria (0.5 mg as quantitated by
BCA assay) were incubated overnight at 4�C with 1 ml diluted
pooled serum (10%, in PBS with protease inhibitor cocktail) from
pooled samples from healthy individuals or lupus patients.
Unbound serum components were removed by centrifuging
3 times at 7,000g, performed each time for 10 minutes at 4�C,
with 1.5 ml PBS. Anti–whole mitochondrial antibodies (AwMA),
bound to their outer membrane mitochondrial antigens, were
released by incubation in 1 ml lysis buffer containing protease
inhibitor cocktail overnight at 4�C to ensure the capture of IgG
antibodies by protein G Dynabeads. Three washing steps in
PBS containing protease inhibitor cocktail were performed, fol-
lowed by 2 final washes with PBS without protease inhibitors.
Samples were resuspended in 100 μl ammonium bicarbonate
buffer (pH 8.0) and stored at –80�C.

Negative controls. The same procedure used to isolate total
mitochondrial antigens was performed with the use of an irrele-
vant monoclonal IgG (clone IV.3, targeting Fcγ receptor IIa)
instead of serum-containing IgG, in order to mitigate nonspecific
capture of proteins caused by either polyreactive or natural anti-
bodies that may target mitochondrial antigens.

Identification of mitochondrial antigens recognized
by AMAs through on-bead proteolysis. Isolated samples
were resuspended in 200 μl of 75 mM ammonium bicarbonate
(pH 8.0) and supplemented with 2 μg trypsin/Lys-C mix
(Promega). Proteins in the samples were digested overnight at
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37�C on a rotating mixer. The digested products were acidified
with trifluoroacetic acid, and the peptides generated from the pro-
teolytic digestion were isolated and washed on C18 tips accord-
ing to the instructions of the manufacturer (ThermoFisher
Scientific). The purified peptides were then dried by vacuum cen-
trifugation and stored at –80�C before analysis by liquid chroma-
tography tandem mass spectrometry (Supplementary Materials
and Methods, available at http://onlinelibrary.wiley.com/doi/
10.1002/art.42082).

Detection of autoantibodies targeting selected
mitochondrial antigens. Levels of autoantibodies against sev-
eral mitochondrial antigens were assessed by direct enzyme-linked
immunosorbent assay (ELISA), using diluted serum (1:100) from
healthy individuals or patients with either primary biliary cirrhosis
(PBC), SLE, or APS, as previously described (12–14).

To assess reactivity patterns in routine clinical testing,
indirect immunofluorescence (IIF) tests were performed using
HEp-2 cells (Bio-Rad). Serum samples from healthy individuals
(n = 3), patients with PBC (n = 3), and AwMA-positive patients
with SLE (n = 9) were tested at dilutions of 1:80 and 1:160,
using a PhD l× workstation (Bio-Rad). Polyclonal antibodies
against complement component C1q binding protein (C1qBP)

(rabbit anti-C1qBP; Millipore) and mitofusin 1 (MFN-1) (rabbit
anti-C1qBP; Proteintech) were also tested for their reactivity
patterns on HEp-2 cells, at a concentration of 5 μg/ml in
1× PBS.

Samples were incubated with HEp-2 cells for 30 minutes at
room temperature, washed twice in PBS for 10 minutes, and
incubated for another 30 minutes in the dark with either fluores-
cein isothiocyanate–conjugated goat anti-human IgG (heavy and
light chain) for healthy donors and patients, or Alexa Fluor 488–
conjugated goat anti-rabbit IgG (heavy and light chain) for rabbit
antibodies. After 2 washes, slides were assembled with antifade
mounting medium and coverslips. Reactivity patterns were
assessed by a trained member of the personnel (J. Côté) and val-
idated by the laboratory director (EW), using a BX53 immunofluo-
rescence microscope (Olympus).

Images were acquired using a Z2 confocal microscope
with an LSM 800 scanning system and a 40× oil objective
(Apochoromat/1.4; Carl Zeiss). ZEN 2.3 software (Carl Zeiss)
was used to process images.

Statistical analysis. Sociodemographic, clinical, and lab-
oratory values are presented as the median (interquartile range
[IQR]), number (%), or mean ± SD. Healthy donor and SLE

Figure 1. Workflow used for the detection of mitochondrial antigens targeted by anti-mitochondrial antibodies (AMAs) in the setting of systemic
lupus erythematosus (SLE). A, Antibodies of the IgG subclass were isolated using protein G Dynabeads incubated in pooled serum from either
10 healthy donors or 10 SLE patients with high levels of anti–whole mitochondrial IgG (AwMA-IgG). Protein G Dynabead–bound IgG was subse-
quently incubated with mitochondrial lysates, allowing the affinity purification of mitochondrial antigens (mtAgs) from all sublocalizations. B, Freshly
isolated intact mitochondria were incubated with pooled serum. Mitochondria incubated with AwMAwere then lysed and AwMA-IgG were isolated
with protein G Dynabeads. C, An irrelevant monoclonal IgG that targets Fcγ receptor IIa (a protein absent from mitochondria) was bound to Dyna-
beads and incubated with mitochondrial lysates in order to identify nonspecific binding of mtAgs. For each approach, samples were acquired in
triplicate and mtAgs were identified by mass spectrometry (MS). Min. = minutes; m/z = mass/charge.
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patient groups were compared using the Wilcoxon-Mann-
Whitney test, and multiple comparisons to healthy donors were
performed using the Kruskal-Wallis test. Spearman’s correlation
coefficients were calculated to evaluate associations between

AMAs and antibodies assessed by routine clinical serologic test-
ing. Youden index was determined to set a cutoff value for anti-
C1qBP and anti–MFN-1 positivity. Separate logistic regression
analyses were performed for C1qBP and MFN-1 to determine

Figure 2. Mitochondrial hits identified and their mitochondrial sublocalization. A, Mitochondrial proteins are plotted in order of increasing ratio of
enrichment (systemic lupus erythematosus [SLE] patients versus healthy controls) in samples containing mitochondrial lysates and samples con-
taining intact mitochondria. A ratio >1 suggests enrichment in SLE patients relative to healthy individuals. For a complete list of proteins and their
calculated ratios see Supplementary Table 4, available on the Arthritis & Rheumatology website at http://onlinelibrary.wiley.com/doi/10.1002/
art.42082). B, Proteins found to be enriched in serum samples from SLE patients (ratio >2) are represented in a high-confidence protein–protein
interaction network. C, Subcellular locations, processes, and functions of the proteins targeted by antimitochondrial antibodies in SLE were deter-
mined by gene ontology (GO) analysis. Mitochondrial metabolism processes were found to have the highest significance. MFN-1 = mitofusin 1;
C1qBP = complement component C1q binding protein; acetyl-CoA = acetyl-coenzyme A.
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their predictive values for SLE diagnosis (Supplementary Materi-
als and Methods, available at http://onlinelibrary.wiley.com/doi/
10.1002/art.42082). Statistical analyses were performed with
GraphPad Prism version 9 software and SAS version 9.4 soft-
ware (SAS Institute). Figures were assembled with Photoshop
CC 2019 version 20.0.4. Additional information is available in
the Supplementary Materials and Methods, available at http://
onlinelibrary.wiley.com/doi/10.1002/art.42082.

Data availability. All data sets are available from the corre-
sponding author upon reasonable request.

RESULTS

In the present study, we adopted 2 complementary approa-
ches to identify proteins targeted by AMAs in the setting of SLE:
1) we used mitochondrial lysates to examine the complete spec-
trum of mitochondrial proteins targeted by AMAs and identified
the proteins by immunoprecipitation, and 2) whole (i.e., intact)

mitochondria were used to capture AMA-recognizing compo-
nents from the MOM. An irrelevant antibody that targets a protein
absent in mitochondria was also used as a control. The latter
strategy permitted identification of both nonspecific binding and
potential endogenous proteins interacting with IgG (e.g., the com-
plement pathway) (Figure 1).

A total of 1,345 proteins were identified by the combined
approaches, 252 of which were withdrawn as usual contaminants
(Supplementary Table 4, available at http://onlinelibrary.wiley.
com/doi/10.1002/art.42082). When proteins were grouped
by interactions, we observed an enrichment of 3 networks in
SLE samples: the C1q complement component, the serpin
superfamily, and members of the pyruvate dehydrogenase com-
plex. Gene ontology analysis highlighted the mitochondrial
metabolism as the function/processes with the highest signifi-
cance (Figure 2C).

C1qBP, also known as p32, the receptor of the globular
head of the C1q (gC1qR) or hyaluronic acid binding protein 1
(HABP1), is a protein for which RNA is encoded in the nucleus

Figure 3. Increased immunoreactivity of the mitochondrial proteins complement component C1q binding protein (C1qBP) and mitofusin
1 (MFN-1) in systemic lupus erythematosus (SLE). Immunoreactivity against mitochondrial proteins was assessed by direct enzyme-linked immu-
nosorbent assay. A, The receptor for C1qBP is a protein stored within the mitochondrion and subsequently dispatched to the cell surface and/or
released into the extracellular space. SLE patients (n = 87) displayed increased levels of IgG targeting C1qBP, compared with healthy individuals
(n = 30) (P = 0.049). B, MFN-1 is a protein expressed at the surface of the mitochondrion and is responsible for the fusion of mitochondrial outer
membranes. Anti-MFN-IgG levels were significantly increased in patients with SLE, compared with healthy donors (P = 0.0044). Of note, levels of
neither autoantibody were significantly increased in patients with antiphospholipid syndrome (APS) (n = 27) or primary biliary cirrhosis (PBC)
(n = 12). Each symbol represents an individual subject. Bars show the mean ± SD. * = P ≤ 0.05; ** = P < 0.01, by Wilcoxon-Mann-Whitney test.
NS = not significant.
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by chromosome 17. It contains a mitochondrial targeting
sequence that may be cleaved for translocating C1qBP to other
compartments (e.g., to the surface of the plasma membrane,
nucleus, and/or shed into the extracellular space) (18). Although
C1qBP is not strictly a mitochondrial protein, its enrichment in
samples from patients with SLE and its relevance to mitochondria
and complement (Figure 2) stimulated further analyses. When
assessed by direct ELISA, IgG against C1qBP was significantly
elevated in patients with SLE (P = 0.049) (Figure 3A) in compari-
son with healthy individuals. In contrast, levels of anti-C1qBP
were not significantly increased in serum samples from patients
with APS or PBC (Figure 3A), 2 diseases in which AMAs have
been reported (11,14).

While in the setting of PBC, antibodies target proteins from
the inner mitochondrial membrane, the mitochondrial intermem-
brane space (IMS), or the mitochondrial matrix (MM) (11,19–21),
previous studies have shown that in SLE, antibodies may also
recognize components on the surface of the outer membrane
(12,14,22). Thus, we assessed the localizations of the proteins
to identify members of the mitochondrial proteome and found that
431 mitochondrial proteins could be assigned to the mitochon-
drion (168 of these proteins lacked references pertaining to their
mitochondrial sublocalization). We found that 93 proteins were
expressed within the MM, 6 were expressed in the mitochondrial
IMS, 130 were expressed in the inner mitochondrial membrane,
and 35 were expressed in the MOM. Of note, 13 proteins were

Figure 4. Indirect immunofluorescence (IIF) staining of HEp-2 cells represented by z-stack projections of 1 μm in total thickness. A, HEp-2 cells
were stained with an isotype-matched irrelevant antibody (Control a [Neg]) or commercial antibodies (5 μg/ml each) specific to either mitofusin
1 (anti–MFN-1) or complement component C1q binding protein (anti-C1qBP). While anti–MFN-1 displayed a reticular staining of the cytoplasm
typical of antimitochondrial antibodies (Mito; arrowheads in anti–MFN-1 image), anti-C1qBP displayed speckled staining of the nucleus and the
cytoplasm (S; arrows in anti-C1qBP image). B, Top panels show HEp-2 cells stained with fluorescein isothiocyanate–labeled anti-human IgG sec-
ondary antibody. Human serum–based negative control (Control b [Neg]) and diluted serum (1:80) from healthy donors (negative for anti–whole
mitochondrial antibodies [AwMAs]) (Healthy [Neg]) displayed no signal. Serum from primary biliary cirrhosis (PBC) patients showed the typical
mitochondrial-associated cytoplasmic reticular staining pattern displayed by antimitochondrial antibodies. Bottom panels show routine clinical
staining of HEp-2 cells with AwMA-positive SLE serum, which allowed for the observation of various nuclear fluorescence patterns
(i.e., speckled, homogeneous [H] + dots, homogeneous + speckled). No samples qualified as positive for antimitochondrial antibodies. However,
confocal microscopy revealed that some samples may display cytoplasmic patterns resembling those seen in PBC. Insets show higher-
magnification views of portions of the main images. Bars = 10 μm.
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associated with more than 1 mitochondrial compartment
(Supplementary Table 4, available at http://onlinelibrary.wiley.
com/doi/10.1002/art.42082).

We selected MFN-1, a protein from the MOM associated
with the pyruvate dehydrogenase complex but distinct from the
antigenic targets of AMA subtype M2, which presented an ele-
vated score with our panning approach, for comparison among

patient groups. IgG antibodies against MFN-1 (i.e., anti-MFN1-
IgG) were significantly increased in SLE patients compared to
healthy individuals (P = 0.0044), but were not significantly
increased in patients with PBC or APS (Figure 3B). For compari-
son, we tested the antigenicity of other mitochondrial proteins
with lower prediction scores based on our panning approach.
Thus, we tested enzymes from the MM involved either in the urea
cycle (i.e., ornithine carbamoyltransferase, carbamoyl-phosphate
synthase, and N-acetylglutamate synthase) or in the mitochon-
drial metabolism (i.e., aspartate aminotransferase and aldehyde
dehydrogenase), and proteins from the inner mitochondrial
membrane implicated in oxidative phosphorylation (i.e., β subunit
of ATP synthase) or the electron transfer chain (i.e., α subunit of
the electron transfer flavoprotein). The levels of autoantibodies
against these other candidates were not significantly increased
in SLE patients in comparison to healthy individuals (Supple-
mentary Figure 1, available at http://onlinelibrary.wiley.com/doi/
10.1002/art.42082).

Next, we determined if the autoantibodies to either of these
2 components, C1qBP and MFN-1, were associated with a
definable cytoplasmic immunofluorescent staining pattern on
routine HEp-2 substrates, as seen with antibodies to pyruvate
dehydrogenase complex in PBC serum (11,23). IIF labelling of
HEp-2 cells with a commercial antibody against C1qBP pro-
duced intense speckled staining of the nuclear region and a
lower signal in the cytosol. Conversely, commercial anti–MFN-1
displayed reticular staining of the cytoplasm, typical of AMAs
(Figure 4A). AwMA-positive SLE patient serum displayed a wide
variety of patterns, but none qualified as positive for mitochon-
drial staining. In contrast, serum from PBC patients analyzed
using the same approach revealed an obvious cytosolic pattern,
with no nuclear staining when observed using a regular fluores-
cence microscope. However, when the same slides were

Table 1. Associations between anti-C1qBP or anti–MFN-1 anti-
body levels and absence versus presence of autoantibodies routinely
assessed in SLE*

Anti-C1qBP Anti–MFN-1

Antiphospholipid
Negative (n = 51) 0.09 (0.11) 0.12 (0.11)
Positive (n = 23) 0.12 (0.21) 0.18 (0.15)
P 0.097 0.011

Anticardiolipin (IgG)
Negative (n = 60) 0.09 (0.11) 0.12 (0.10)
Positive (n = 14) 0.17 (0.27) 0.25 (0.24)
P 0.053 0.0004

Anti-β2GPI (IgG)
Negative (n = 64) 0.09 (0.11) 0.12 (0.13)
Positive (n = 10) 0.11 (0.24) 0.22 (0.25)
P 0.656 0.065

Lupus anticoagulant (IgG)
Negative (n = 67) 0.09 (0.10) 0.12 (0.13)
Positive (n = 12) 0.13 (0.24) 0.18 (0.12)
P 0.049 0.068

Anti-dsDNA
Negative (n = 62) 0.09 (0.10) 0.12 (0.08)
Positive (n = 20) 0.10 (0.18) 0.22 (0.23)
P 0.602 0.0005

* Positivity for antiphospholipid antibodies was defined as positivity
for any, or a combination of, the various antiphospholipids
assessed. Values are the median (interquartile range) optical den-
sity at 405 nm. Anti-C1qBP = anti–complement component C1q
binding protein; anti–MFN-1 = anti–mitofusin 1; SLE = systemic lupus
erythematosus; anti-β2GPI = anti–β2-glycoprotein I; anti-dsDNA = anti–
double-stranded DNA.

Table 2. Correlations between anti-C1qBP or anti–MFN-1 antibody levels and serum levels of clinically relevant anti-
bodies and AMAs in SLE patients*

Anti-C1qBP Anti–MFN-1

rs P rs P

Clinically relevant serum antibodies
Anticardiolipin (n = 80) 0.25 0.02 0.45 <0.0001
Anti–IgG β2GPI (n = 80) 0.12 0.28 0.26 0.02
Anti–IgG dsDNA (n = 22) 0.11 0.63 0.44 0.04

AMAs
Anti–whole mitochondria
IgG 0.32 0.003 0.65 <0.0001
IgM 0.08 0.46 0.31 0.003

Antimitochondrial DNA
IgG 0.23 0.03 0.52 <0.0001
IgM 0.07 0.50 0.24 0.03

Antimitochondrial RNA
IgG 0.03 0.75 0.27 0.01
IgM 0.03 0.82 0.27 0.01

* Correlations were determined using Spearman’s correlation coefficients. AMAs = antimitochondrial antibodies
(see Table 1 for other definitions).
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examined using a confocal microscope, the autoantibodies from
7 out of the 9 SLE patients tested displayed various intensities of
cytoplasmic staining, reminiscent of those observed in samples
from patients with PBC or observed using commercial antibodies
against C1qBP and MFN-1 (Figure 4 and Supplementary
Table 5, available at http://onlinelibrary.wiley.com/doi/10.1002/
art.42082).

Although we acknowledge that the number of patients
examined was insufficient to draw definite conclusions on the clin-
ical implications of these findings, exploratory biostatistical analy-
ses were performed to determine potential associations
between anti-C1qBP or anti–MFN-1 and disease characteristics
in SLE patients included in our cohort. While neither anti-C1qBP
nor anti–MFN-1 displayed significant associations with the various
clinical manifestations assessed using univariate and multivari-
ate logistic regression (thrombosis, carotid plaque, Systemic
Lupus International Collaborating Clinics/American College of
Rheumatology Damage Index score ≥1 [24], Systemic Lupus
Erythematosus Disease Activity Index 2000 score ≥4 [25], arthri-
tis, nephropathy, or dermatologic disorder) and linear regression
(carotid intima-media thickness and Cutaneous Lupus Erythe-
matosus Disease Area and Severity Index score [26]) (data not
shown), we assessed the ability of these 2 AMAs to efficiently
discriminate between samples from SLE patients and healthy
controls using the Youden index. Calculated cutoff values were
0.064 for anti-C1qBP and 0.116 for anti–MFN-1. Antibodies to
MFN-1 displayed suboptimal sensitivity, but good specificity,
while anti-C1qBP had high sensitivity, but lower specificity
(Supplementary Table 6, available at http://onlinelibrary.wiley.
com/doi/10.1002/art.42082). However, both autoantibodies
showed high positive predictive values. Anti–MFN-1 antibodies
were also shown to be promising in the prediction of SLE diagnosis
(adjusted odds ratio 2.99 [95% confidence interval 1.39–6.43],
P = 0.0044).

Moreover, SLE patients who were positive for lupus antico-
agulant (LA) displayed increased IgG anti-C1qBP levels
(Table 1). IgG anti–MFN-1 levels were increased in patients who
were positive for antiphospholipids (i.e., any, or a combination
of, the various antiphospholipids assessed), as well as anti–
double-stranded DNA autoantibodies (anti-dsDNA). When con-
sidering individual phospholipids, anti–MFN-1 were increased in
patients positive for anticardiolipin (aCL) and neared significance
in patients with anti–β2-glycoprotein I (anti-β2GPI). These results
were further confirmed by the correlations between OD405 nm

measured for anti–MFN-1 and levels of aCL, anti-β2GPI, and
anti-dsDNA measured as continuous variables (Table 2). When
compared with levels of other AMAs, levels of anti-C1qBP were
associated with both AwMA-IgG and anti-mtDNA-IgG. Anti–
MFN-1 correlated with every AMA assessed in our cohort
(Table 2). Of note, levels of anti-C1qBP also correlated with
those of anti–MFN-1 (Spearman’s rank correlation [rs] = 0.49,
P < 0.0001).

DISCUSSION

Patients with SLE display antibodies of various subclasses
(e.g., IgG, IgM, IgA) against a wide array of self antigens (27).
The epitopes targeted by these autoantibodies comprise, but
are not limited to, phospholipids (e.g., aPL, aCL, LAC) (28,29),
anti-β2GPI (30), nucleic acids (e.g., anti-dsDNA, anti-mtDNA,
anti-mtRNA) (12,13), transcription factors, and ribonucleoproteins
(i.e., antinuclear antibodies [ANAs]) (31). Furthermore, distinct
autoantibodies targeting various types of mitochondrial biomole-
cules such as phospholipids (aCL targeting cardiolipin) (32),
nucleic acids (mtDNA, mtRNA) (12–14), and antigens whose pre-
cise nature remains to be characterized (AMA subtype M5), have
been reported in SLE (11,33).

While various proteins involved in the mitochondrial process-
ing of pyruvate (e.g., periosteum-derived cell E2), sulfite oxidase,
and glycogen phosphorylase are mitochondrial proteins known
to be targeted by AMAs (subtypes M2, M4, and M9, respectively)
in PBC (11), limited knowledge is available concerning the extent
of the mitochondrial proteome targeted by AMAs in SLE. Antibod-
ies to cardiolipin, a phospholipid uniquely synthetized in the mito-
chondria of humans, are known to be associated with vascular
and obstetric events in SLE and APS (16,34,35). To date, the only
mitochondrial protein with autoantibodies associated with dis-
ease manifestations in SLE is HSP60 (17). In the present study,
we used several approaches to enrich mitochondrial antigens.
We identified 1,093 different proteins, 431 (39.43%) of which
were associated with the mitochondrial proteome (36). These
mitochondrial proteins, targeted by circulating AMAs, reveal the
extent of mitochondrial antigenicity in SLE. Of note, among all
the previously known mitochondrial proteins targeted by AMAs,
all of the currently known protein antigens targeted by AMAs (with
the exception of glycogen phosphorylase) were detected by our
mass spectrometry analyses.

Samples were treated with Benzonase nuclease in order to
prevent the co-isolation of nucleic acid–interacting proteins, such
as mtRNA, with bound ribonucleoproteins (mtRNP). Despite
these precautions, our methods indicated the presence of nonmi-
tochondrial proteins (e.g., complement proteins, ficolin-3, ser-
pins). While we restricted the focus of our study to the proteins
assigned to the mitochondrial proteome, such entities should be
considered with caution, as they can be co-isolated in association
with other biomolecules (e.g., interactors, ligands) in addition to
their own potential antigenicities. Anti-RNP autoantibodies such
as anti–small nuclear RNPs (snRNPs), anti-Ro/SSA, and anti-La/
SSB are detected in mixed connective tissue disease as well as
in SLE, Sjögren’s syndrome, scleroderma, and myositis (37).

Of note, ANAs of the anti-Th/To family were reported to
cross-react with mitochondrial RNA processing complex anti-
bodies in systemic sclerosis (38). These elements suggest that,
while we subtracted mtRNP given their recognition as common
contaminants in proteomic analyses, further studies are needed
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to appreciate their immunogenicity and the overlap between
AMAs and ANAs in various systemic autoimmune rheumatic dis-
eases. Such studies could allow improvements to patient classifi-
cation in cases of difficult diagnoses or overlapping syndromes.
While we tested a few different mitochondrial proteins, systematic
characterization of immunoreactivities to large subsets of mito-
chondrial antigens would be enhanced by the use of high-
throughput screening methods such as nucleic acid programma-
ble protein arrays (39).

Two proteins with significant immunogenicities stood out
among the various candidates assessed due to their increased
levels in samples from patients with SLE compared to those from
healthy individuals. The first protein that stood out was C1qBP,
which is stored within the mitochondrion and dispatched to the
MOM and/or the cell membrane, or secreted into the circulation
(40,41), where it may be targeted by circulating AMAs. The sec-
ond protein was MFN-1, a protein embedded in the MOM that
could be recognized by AMA upon the release of whole mito-
chondria into the extracellular space (42). Of note, levels of auto-
antibodies to C1qBP or MFN-1 were not increased in PBC,
another autoimmune condition characterized by the production
of various AMAs (11). These autoantibodies were also not shown
to be increased in APS, a disease that may be associated with the
presence of pathogenic antibodies against cardiolipin in the set-
ting of SLE (16). Complement molecules in circulation (and thus
in the sera tested) may target mitochondria directly (43).

Moreover, previous studies indicate that C1qBP expressed
at the surface of CD8+ T cells may bind C1q, and that transloca-
tion of the C1q–C1qBP complex to the nucleus induces a meta-
bolic switch, leading to a reduction of inflammation and tissue
damage (44–47). Therefore, we speculate that C1qBP may con-
stitute a circulating autoantigen that enables the formation of pro-
tein complexes with C1q that may be targeted by autoantibodies
in SLE, potentially contributing to the dysregulation of the biologic
pathways regulated by the classical complement pathway
(46–48). Autoantibodies, in association with C1q–C1qBP com-
plexes, may also form proinflammatory protein–protein scaffolds
(i.e., immune complexes, signaling through Fcγ receptors) (43),
and their deposition in tissues may promote tissue damage such
as lupus nephritis. However, our preliminary observations did not
show associations between anti-C1qBP and kidney damage.

The strong correlation between anti–MFN-1 and AwMA sug-
gests that MFN-1 may represent one of the main mitochondrial
antigens of the MOM. Moreover, our previous work on AMAs in
the setting of SLE and the correlation of AMAs with circulating
mtDNA or aCL (Tables 1 and 2) implicate the mitochondrion as
the source of various immunogenic biomolecules (6,12–14).
When considering the preliminary performances of the 2 identified
AMAs, both displayed high positive predictive values for the likeli-
hood of an SLE diagnosis in samples from this cohort. Anti-
C1qBP displayed suboptimal specificity, but high sensitivity,
whereas anti–MFN-1 presented high specificity and suboptimal

sensitivity (Supplementary table 6, available at http://onlineli-
brary.wiley.com/doi/10.1002/art.42082).

Routine detection of AMAs generally involves IIF and confir-
mation by ELISA (49). Of note, in several studies line immunoas-
says or bead-based assays were used to detect multiple
autoantibodies, including various subsets of AMAs (49). We
observed that commercial antibodies against MFN-1 produced
classic mitochondrial staining, whereas anti-C1qBP showed
staining of both nuclear and cytoplasmic regions of HEp-2 cells.
These observations are concordant with the fact that MFN-1 is
known to be uniquely expressed at the surface of the mitochon-
drion, while C1qBP may also be found in other organelles such
as the nucleus or the Golgi apparatus (50).

Examination of AwMA-positive SLE serum using fluores-
cence microscopy, as routinely performed in clinical laboratories,
indicated that none of the 9 samples assessed displayed cyto-
plasmic staining. However, upon further scrutiny using a confocal
microscope, a proportion of these samples displayed significant
cytoplasmic fluorescence resembling that observed in PBC,
along with nuclear staining. Thus, the use of confocal microscopy,
rather than widefield fluorescence imaging, may be better for dis-
criminating between different subcellular stainings in conditions in
which the nucleus shows dominant staining. Every patient
included in our cohort was positive for ANAs, therefore we could
not assess IIF patterns in AwMA-positive/ANA-negative patients.
SLE is characterized by a wide repertoire of autoantibodies, and
confocal microscopy may be of use in visualizing IIF patterns
across cellular sublocalizations (27,28,51). The lack of specific
IIF patterns in our preliminary study suggests that direct ELISA
may be more informative in the detection of AMAs, as this tech-
nique would provide quantitative information on the levels of auto-
antibodies specific to this target.

Our study has limitations. Due to the nature of the patient
recruitment, blood samples used in this study were collected at
the time of inclusion in the cohort, not at first diagnosis. Thus,
the levels of autoantibodies that were measured do not necessar-
ily reflect the antibodies present at the time of diagnosis. More-
over, blood samples were not obtained at the time of
occurrence of clinical events. AMA levels were thus assessed for
associations with any past and/or active clinical events.

Furthermore, the sample size, ethnic distribution of the
patients, and relatively low clinical activity scores at the time of
phlebotomy may have influenced the various data assessed.
The preliminary findings presented herein should therefore be
confirmed in large inception cohorts with broader autoantibody
repertoires. Such studies would allow for the recognition of fluctu-
ations in AMA levels around the time of manifestations of active
disease and for assessment of the performance of AMAs as bio-
markers in SLE. Considering the dynamic range of antibody levels
measured in patients with PBC and APS, replication of the results
of the present study in larger cohorts of patients and evaluation of
other rheumatic conditions (e.g., myositis, scleroderma) would
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also provide information about the distribution of AMAs in other
autoimmune diseases.

In conclusion, the autoantibody repertoire in SLE targets
multiple representatives of the mitochondrial proteome, notably
C1qBP and MFN-1. Further studies may reveal whether
the detection of AMAs in the setting of SLE or other autoimmune
conditions may improve diagnosis, prognosis, and/or patient
stratification.
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B R I E F R E P O R T

Role of Glutaminase 2 in Promoting CD4+ T Cell Production
of Interleukin-2 by Supporting Antioxidant Defense
in Systemic Lupus Erythematosus

Ryo Hisada, Nobuya Yoshida, Seo Yeon K. Orite, Masataka Umeda, Catalina Burbano, Marc Scherlinger,
Michihito Kono, Suzanne Krishfield, and George C. Tsokos

Objective. Glutaminase (GLS) isoenzymes GLS1 and GLS2 catalyze the first step of glutaminolysis. GLS1 is
requisite for Th17 cell differentiation, and its inhibition suppresses autoimmune disease in animals, but the function
of GLS2 is not known. The aim of this study was to investigate the role of GLS2 in CD4+ T cell function and systemic
lupus erythematosus (SLE) pathogenesis.

Methods. We measured reactive oxygen species (ROS) levels, lipid peroxidation, and mitochondrial mass and
polarization by flow cytometry, interleukin-2 (IL-2) production by a dual luciferase assay, and CpG DNA methylation
of Il2 by a real-time polymerase chain reaction system. The impact of the overexpression of wild-type GLS1, wild-type
GLS2, or mutated GLS2 at the PDZ domain–binding motif in CD4+ T cells was examined. Furthermore, GLS2 expres-
sion in CD4+ T cells from lupus-prone mice and patients with SLE was analyzed by Western blotting.

Results. GLS2, but not GLS1, reduced ROS levels and lipid peroxidation and restored mitochondrial function in
T cells. GLS2 promoted IL-2 production through the demethylation of the Il2 promoter. Mutation of the PDZ domain–
binding motif abated the ability of GLS2 to regulate IL-2 and ROS levels. In lupus-prone mice and patients with SLE,
the expression of GLS2 was decreased in CD4+ T cells. Finally, GLS2 overexpression corrected ROS levels and
restored IL-2 production by CD4+ T cells from lupus-prone mice and SLE patients.

Conclusion. Our findings suggest that GLS2 has a crucial role in IL-2 production by CD4+ T cells by supporting
antioxidant defense, and they offer a new approach to correcting IL-2 production by T cells in SLE.

INTRODUCTION

Glutaminase (GLS) isoenzymes GLS1 and GLS2 are the first

enzymes in the glutaminolysis pathway. Although both GLS1 and

GLS2 convert glutamine into glutamate, these enzymes affect cell

biology in distinct ways. Previous studies of various cancer cell

lines have shown that the up-regulation of GLS1 promotes tumor-

igenesis, while the expression of GLS2 is linked to quiescent or

differentiated cell states (1). Recently, we and other investigators

have observed that GLS1 is essential for Th17 cell differentiation

and that pharmacologic inhibition or genetic deletion of GLS1

ameliorated disease progression in lupus-prone MRL/lpr mice

(2). GLS2, though, has been shown to decrease reactive oxygen

species (ROS) levels through the glutathione (GSH)–dependent

antioxidant system in various cancer cell lines (1). This observation

is of interest because ROS have been shown to affect T cell

signaling and impact T cell fate in healthy subjects and patients

with systemic lupus erythematosus (SLE) (3). However, the

impact of GLS2 on T cell function in SLE has not been addressed.
SLE is an autoimmune disease in which the immune system

attacks its own tissues, causing widespread inflammation and tis-

sue damage that is linked to significant morbidity and mortality (4).
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Recent studies have shown that insufficient production of

interleukin-2 (IL-2) by effector CD4+ T cells contributes to the

pathogenesis of SLE (4) and that treatment with low-dose IL-2

offers clinical benefit for a wide range of autoimmune diseases,

including SLE (5). However, because IL-2 has a narrow therapeu-

tic range and a short half-life, discovery of additional molecular

pathways that would enable restoration of IL-2 production is

desirable.
Here we report that GLS2, but not GLS1, reduces ROS

levels and promotes the ability of CD4+ T cells to produce IL-2
by demethylating Il2. At the translational level, we demonstrate
that GLS2 protein expression is decreased in CD4+ T cells from
lupus-prone mice and patients with SLE and that overexpression
of GLS2 reduces ROS levels and restores IL-2 production.

MATERIALS AND METHODS

Study participants. Patients who fulfilled the American
College of Rheumatology criteria for the diagnosis of SLE (6) and
age-, sex-, and ethnicity-matched healthy individuals were
enrolled after they provided informed consent. The Beth Israel
Deaconess Medical Center (BIDMC) Institutional Review Board
approved the study protocol (2006-P-0298). Demographic and
clinical data and sample collection methods are described in
Supplementary Table 1 and the Supplementary Methods,
respectively, available on the Arthritis & Rheumatology website
at http://onlinelibrary.wiley.com/doi/10.1002/art.42112.

Mice. C57BL/6J mice, MRL/MpJ-Faslpr/J (MRL/lpr) mice,
and MRL/MpJ mice were purchased from The Jackson
Laboratory. For in vitro experiments, C57BL/6J mice were eutha-
nized at 6–8 weeks of age. MRL/lpr and MRL/MpJ mice were
euthanized at 16 weeks of age. All mice were maintained in a
specific pathogen–free animal facility (BIDMC). Experiments were
approved by the Institutional Animal Care and Use Committee of
BIDMC.

In vitro T cell stimulation. Mouse or human naive CD4+
T cells and mouse or human CD4+ T cells were purified using
specific T cell isolation kits (the mouse/human naive CD4+ T Cell
Isolation Kit II and the mouse/human CD4+ T Cell Isolation Kit,
respectively; Miltenyi Biotec). Purified mouse naive CD4+ T cells
and mouse CD4+ T cells in RPMI 1640 medium with 10% fetal
bovine serum, penicillin/streptomycin, and 2-mercaptoethanol
were stimulated at 37�C with plate-bound goat anti-hamster anti-
bodies crosslinking anti-CD3 (0.25 μg/ml; BioLegend) and anti-
CD28 (0.5 μg/ml; BioXcell). Purified human naive CD4+ T cells
and human CD4+ T cells in RPMI 1640 medium with 10% fetal
bovine serum plus penicillin/streptomycin were stimulated with
plate-bound anti-CD3 antibodies (1 μg/ml; OKT-3; BioXCell) and
anti-CD28 antibodies (1 μg/ml; CD28.2; BioLegend) at 37�C.

Enzyme-linked immunosorbent assay (ELISA). The
Max Deluxe Set Mouse IL-2 ELISA platform (BioLegend) was
used to detect IL-2 in culture supernatants. All procedures were
performed according to the manufacturer’s instructions. Each
assay was performed in duplicate independently.

Western blotting. Cell lysates were separated on
NuPAGE 4–12% Bis-Tris gel (ThermoFisher Scientific), and
proteins were transferred to a nitrocellulose membrane. The fol-
lowing antibodies were used for protein detection on the ECL
Western blot system (Cytiva): anti-GLS2 (Abcam), anti–β-actin
(Sigma-Aldrich), horseradish peroxidase (HRP)–conjugated rabbit
anti-goat IgG (R&D Systems), and HRP-conjugated goat anti-
mouse IgG (Abcam). Bands on blots corresponding to proteins
of interest were analyzed by ImageJ software (National Institutes
of Health).

Flow cytometry. The following antibodies were used for
flow cytometry: CD90.2 (clone 53-2.1; BioLegend) and CD4
(clone GK1.5; ThermoFisher Scientific) for murine lymphocytes
and CD3 (clone SK7; BioLegend) and CD4 (clone SK3; Ther-
moFisher Scientific) for human lymphocytes. Staining was per-
formed using the Zombie UV Fixable Viability Kit (BioLegend)
to eliminate dead cells. After cell surface markers were stained,
CellRox Green Reagent (ThermoFisher Scientific) was used to
detect ROS, Liperfluo (Dojindo) was used to detect lipid perox-
idation, and staining with MitoTracker Deep Red and Mito-
Tracker Green (Life Technologies) was performed to determine
mitochondrial mass and polarization, respectively. In all trans-
fection experiments, DsRed+CD4+ T cells were analyzed. The
mean fluorescence intensity of DsRed expression in each
experiment is shown in Supplementary Figure 1, available on
the Arthritis & Rheumatology website at http://onlinelibrary.
wiley.com/doi/10.1002/art.42112. All procedures were per-
formed according to manufacturers’ instructions. Detailed
methods for cell staining are described in the Supplementary
Methods.

Transfection of GLS2- and GLS2-overexpression vec-
tors. Mouse Gls1 and Gls2, human GLS1, or human GLS2

sequences were subcloned into the pIRES2-DsRed-Express vec-
tor by GenScript. All constructs were verified by DNA sequencing.
The plasmids were transfected by means of the Amaxa mouse/
human T cell Nucleofector kit, using the X-001 program on day
1 (for murine cells) and the T-023 program on day 2 (for human
cells) of culture (Lonza).

Luciferase assay.Murine Il2 and human IL2 promoter lucif-
erase reporter constructs (pGL3_mIl2_vector and pGL3_hIL2_
vector, respectively) were purchased from GenScript. The
luciferase reporter plasmids were transfected as mentioned in
the previous subsection. Each reporter experiment included
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200 ng of Renilla luciferase construct as an internal control.
Luciferase activity was quantified using a dual luciferase assay
(Promega) on day 3 of culture, according to the manufacturer’s
instructions.

Methylated CpG (methyl-CpG) DNA immunoprecipi-
tation. The methyl-CpG DNA immunoprecipitation assay (Zymo
Research) was performed according to the manufacturer’s
instructions. The detailed methods for obtaining methylated DNA

Figure 1. Epigenetic influence of glutaminase 2 (GLS2) on reactive oxygen species (ROS) levels and interleukin-2 (IL-2) production in murine
CD4+ T cells. A–F, Naive CD4+ T cells from wild-type B6 mice were cultured with anti-CD3/anti-CD28 and transfected with empty vector
(Empty), GLS1-overexpression plasmid (GLS1 OE), or GLS2-overexpression plasmid (GLS2 OE) on day 1. On day 3, CellRox Green Reagent
was used to detect ROS (n = 8 samples per group) (A), Liperfluo was used to detect lipid peroxidation (n = 6 per group) (B), staining with Mito-
Tracker Deep Red and Green was performed to assess mitochondrial polarization and mass, respectively (n = 4 per group) (C), a dual luciferase
assay was used to assess IL-2 promoter activity (n = 5 per group) (D), an enzyme-linked immunosorbent assay was used to measure the IL-2 con-
centration in culture supernatants (n = 7 per group) (E), and an EZ DNAMethylation Kit was used to assess CpG DNAmethylation (n = 7 per group)
(F). In all transfection experiments, DsRed+CD4+ T cells were analyzed. Bars show the mean ± SEM; symbols represent individual samples.
* = P < 0.05; ** = P < 0.01, by one-way analysis of variance with Tukey’s post hoc test for multiple comparisons. MFI = mean fluorescence inten-
sity; NS = not significant. G, Alignment of the murine and human genes encoding IL-2 shows conserved noncoding sequences (CNS) (red) that
were determined as regions of interest for further analysis of CpG DNA methylation. CNS1–CNS3 are located in the proximal promoter, which
spans 2 kb, and CNS4 is located in the 30-untranslated region (30-UTR).
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are described in the Supplementary Methods, available on the
Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.42112. Methylated DNA was subjected to
polymerase chain reaction (PCR) analysis on an ABI OneStepPlus
real-time PCR system. Sequences of PCR primers are listed in
Supplementary Table 2.

Site-directed mutagenesis. Site-directed mutagenesis
for substituting the PDZ domain–binding motif in the
mouse GLS2-overexpression vector with the corresponding
sequence in the mouse Gls1 gene was performed using the Q5
site-directed mutagenesis kit (New England Biolabs) with the
following primers: 50-TTGCTATAAGGATCCGCCCCTCTCCCT-
30 and 50-CCCGTCGAGATTCTCTTTGGACAGGGTCTCAGC-30.

Statistical analysis. Comparisons between 2 different
groups were conducted using Student’s unpaired 2-tailed t-tests
or, if the groups were related, Student’s paired t-tests. Compari-
sons between >2 groups were conducted using one-way
analysis of variance with Tukey’s post hoc test for multiple com-
parisons. Statistical analyses were performed with GraphPad
Prism 7.0 software (GraphPad Software). P values less than
0.05 were considered statistically significant.

RESULTS

Epigenetic influence of GLS2 on ROS levels and IL-2
production in murine CD4+ T cells. GLS2 has been shown
to decrease ROS levels in several cancer cell lines (1). To assess
whether GLS2 reduces ROS levels in CD4+ T cells, naive CD4+
T cells from wild-type B6 mice were stimulated with anti-CD3
and anti-CD28 antibodies and transfected with either empty,
GLS1-overexpression, or GLS2-overexpression plasmid vectors.
As shown in Figure 1A, overexpression of GLS2, but not of GLS1,
significantly reduced intracellular ROS levels. High levels of ROS
cause lipid peroxidation (7) and eventually mitochondrial
dysfunction (8). As expected, GLS2 overexpression decreased
lipid peroxidation in CD4+ T cells (Figure 1B). A combination of
MitoTracker Deep Red and MitoTracker Green staining revealed
that GLS2 overexpression in CD4+ T cells was associated with a
decreased percentage of CD4+ T cells with depolarized (i.e.,
dysfunctional) mitochondria (Figure 1C).

In a previous report, investigators showed that treatment
with thiol N-acetylcysteine (NAC), a ROS scavenger and a precur-
sor of GSH, reduced ROS levels and restored IL-2 production in T
cells (9). Elsewhere, researchers found that thiol NAC suppressed
SLE parameters when administered to patients with this disease
(10). Overexpression of GLS2, but not of GLS1, significantly
increased IL-2 promoter activity in CD4+ T cells and IL-2 concen-
trations in culture supernatants (Figures 1D and E). Because IL-2
expression is controlled by CpG DNA methylation of the Il2 pro-
moter (11), we assessed CpG DNAmethylation in Il2. We focused

on 4 types of conserved noncoding sequence (CNS1–CNS4),
which were identified (11) on the basis of the degree of
sequence conservation and the presence of reported regula-
tory regions (Figure 1F). CNS1–CNS3 are located within the
proximal promoter of Il2, whereas CNS4 localizes within the
highly conserved 30-untranslated regions. Overexpression of
GLS2, but not of GLS1, resulted in significantly lower levels of
CpG DNA methylation in CNS1, CNS2, and CNS3 but not in
CNS4 (Figure 1G). Collectively, we have demonstrated that
overexpression of GLS2, but not of GLS1, decreases ROS
levels, lipid peroxidation, and mitochondrial dysfunction and
results in increased IL-2 production by CD4+ T cells through
demethylation of the Il2 promoter.

PDZ domain–binding motif and GLS2-mediated
modulation of ROS levels and IL-2 production. To under-
stand how these differences between GLS1 and GLS2 occur,
we focused on the structures of GLS1 and GLS2. The major
amino acid sequences of GLS1 and GLS2 align closely, with most
of the differences occurring in their C-termini and N-termini. In
contrast to the C-terminus of GLS1, the C-terminus of GLS2
defines a PDZ domain–binding motif, which can bind to PDZ
domain–containing proteins (12) (Figure 2A). Accordingly, we
hypothesized that regulation of IL-2 and ROS by GLS2 depends
on protein–protein interactions involving the PDZ domain. To
investigate this, we generated a GLS2-overexpression vector in
which the PDZ domain–binding motif was substituted with the
corresponding sequence from GLS1 (Figure 2A). Intriguingly,
mutation of the PDZ domain–binding motif abated the reduction
in ROS levels (Figure 2B), lipid peroxidation (Figure 2C), and mito-
chondrial dysfunction (Figure 2D) and restored Il2 promoter activ-
ity (Figure 2E). Together, our results indicate that the PDZ
domain–binding motif at the C-terminus mediates the effect of
GLS2 on cellular ROS levels, mitochondrial functions, and, ulti-
mately, IL-2 production.

Effect of GLS2 on ROS levels and IL-2 production in
CD4+ T cells from lupus-prone mice and patients with
SLE. Insufficient IL-2 production and higher cytoplasmic ROS
levels in CD4+ T cells are key factors in the development of SLE
(3,4). As shown in Figures 3A and B, GLS2 protein expression
was decreased in CD4+ T cells isolated from MRL/lpr mice and
patients with SLE, compared with expression in those from
control MRL/MpJ mice and healthy individuals, respectively.
Furthermore, there was no statistically significant difference in
the expression of GLS2 in murine and human CD4+ T cells with
or without CD3 and CD28 antibody stimulation (Supplementary
Figure 2, available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.42112), suggest-
ing that the decreased expression of GLS2 in lupus T cells is not
due to an increased frequency of activated T cells. Next, we trans-
fected the GLS1- and GLS2-overexpression vectors into CD4+
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T cells from MRL/lpr mice and patients with SLE. As expected,
overexpression of GLS2, but not of GLS1, reduced ROS levels
and restored IL-2 promoter activity in CD4+ T cells from MRL/lpr
mice (Figures 3C and D) and patients with SLE (Figures 3E and
F). These findings demonstrate that GLS2 corrects aberrant
ROS levels and restores normal IL-2 production in SLE CD4+
T cells.

DISCUSSION

In the current study, we demonstrated that GLS2 decreases
ROS levels and restores IL-2 production through demethylation of
the Il2 promoter and that the mechanism of this activity occurs at
the PDZ domain–binding motif at the C-terminus of GLS2. We
also observed that GLS2 corrects abnormal ROS levels and IL-2

Figure 2. Role of the PDZ domain–binding motif in GLS2-mediated regulation of IL-2 and ROS levels in mice. A, Structures of GLS1 (isoform
KGA), GLS2 (isoform GAB), and mutated GLS2, in which the PDZ domain–binding motif at the C-terminus (red) was substituted with that of
GLS1, are shown. B–E, Naive CD4+ T cells from wild-type B6 mice were cultured with anti-CD3/anti-CD28 and transfected with empty vector,
GLS2 OE, or mutated GLS2–overexpression plasmid (GLS2 with mutation OE) on day 1. On day 3, assessment of ROS (n = 6 samples per group)
(B), lipid peroxidation (n = 6 per group) (C), mitochondrial polarization (n = 4 per group) (D), and Il2 promoter activity (n = 5 per group) (E) was per-
formed. In all transfection experiments, DsRed+ CD4+ T cells were analyzed. Bars show the mean ± SEM; symbols represent individual samples.
* = P < 0.05; ** = P < 0.01, by one-way analysis of variance with Tukey’s post hoc test for multiple comparisons. See Figure 1 for other definitions.
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production in CD4+ T cells from both lupus-prone MRL/lpr mice
and patients with SLE.

Impaired IL-2 production and related signaling is considered
a central defect in SLE because it is linked to a series of cellular
abnormalities, and its restoration is expected to provide clinical
benefit (3). Epigenetic events, including DNA methylation, contrib-
ute to the lineage commitment and function of helper T cells.
Indeed, DNA demethylation in the IL2 promoter is a requisite for
IL2 transcription initiation (13). Furthermore, we previously
reported that CpG DNA methylation of the IL2 promoter is signifi-
cantly increased in T cells from patients with active SLE (11).

High levels of cellular ROS have been linked to the develop-
ment of a variety of diseases, including cancer and SLE (3). While

moderate levels of ROS are necessary to promote T cell signaling,
high levels of ROS can be detrimental to T cell survival. In fact, dis-
ruption in the GSH pathway, which causes excessive ROS levels,
has been shown to reduce IL-2 production by T cells (14). In addi-
tion, cellular ROS themselves can induce specific hypermethyla-
tion by up-regulating DNA methyltransferases (DNMTs) (15). In
previous studies, researchers observed that antioxidant treat-
ment with thiol NAC reversed DNMT3a expression and DNA
hypermethylation in cardiac tissues (16) and that forced expres-
sion of DNMT3a resulted in a significant increase in CpG DNA
methylation of the IL2 promoter in primary human T cells (11).
Because we showed that GLS2 is associated with a greater
reduction in ROS levels, it is reasonable to hypothesize that

Figure 3. Effect of GLS2 on IL-2 production and ROS levels in CD4+ T cells from lupus-prone mice and patients with systemic lupus erythema-
tosus (SLE). A and B, GLS2 and actin expression in purified CD4+ T cells from 16-week-old MRL/MpJ-Faslpr/J (MRL/lpr) and MRL.MpJ (control)
mice (n = 6 samples per group) (A) and healthy control participants and patients with SLE (n = 14 per group) (B) were analyzed byWestern blotting.
C–F, Naive CD4+ T cells from 16-week-old MRL.lpr mice, MRL.MpJ mice, healthy control participants, and patients with SLE were cultured with
anti-CD3/anti-CD28. Cells from MRL.MpJ mice and healthy controls were transfected with empty vector, and cells from MRL.lpr mice (C and D)
and patients with SLE (E and F) were transfected with empty vector, GLS1 OE, or GLS2 OE. On day 3, assessment of ROS (n = 6 per group)
and Il2 and IL2 promoter activity (n = 6 per group) was performed. In all transfection experiments, DsRed+CD4+ T cells were analyzed. Bars show
the mean ± SEM; symbols represent individual samples. * = P < 0.05; ** = P < 0.01, by Student’s paired t-test and one-way analysis of variance
with Tukey’s post hoc test for multiple comparisons. See Figure 1 for other definitions.

ROLE OF GLS2 IN CD4+ T CELL FUNCTION AND SLE PATHOGENESIS 1209



GLS2 influences methylation of the IL2 promoter by regulating
antioxidant capacity and the expression of DNMTs. Although fur-
ther analysis is needed to confirm that ROS directly regulate
DNA methylation in the IL2 promoter, we propose that GLS2
induces IL-2 production epigenetically by supporting antioxidant
defense.

GLS1 and GLS2 exhibit a high degree of similarity in their
amino acid sequences, particularly in the GLS enzymatic domain.
However, studies of cancer cell lines have shown that GLS1 pro-
motes tumor growth, while GLS2 suppresses tumor progression.
Yet, it is unclear why GLS1 and GLS2 have contrasting roles. The
main difference between GLS1 and GLS2 is the PDZ domain–
binding motif at the C-terminus expressed by GLS2. We have
found that the functional difference between the 2 isoforms is
due to the presence of the PDZ domain–binding motif in the
GLS2 isoenzyme, because its absence deprives GLS2 of its abil-
ity to suppress ROS levels and increase IL-2 production. Along
this line, GLS2, but not GLS1, binds to small GTPase Rac1 and
inhibits Rac1 activity, which in turn inhibits migration and metasta-
sis of cancer cells through its C-terminus motif (17). Although both
GLS isoenzymes generate glutamate, which is one of the precur-
sors of the antioxidant GSH, we found that GLS2 is more effective
than GLS1 in reducing ROS levels. This difference is linked to the
presence of the PDZ domain–binding motif in the C-terminus of
GLS2, which binds to still-unknown proteins that may affect
ROS levels and GSH production. Furthermore, since PDZ
domains often help tether receptors to cell membranes, GLS2
may alter cellular functions by interaction with tethering-related
proteins.

In summary, we have presented a novel role for GLS2 in
CD4+ T cell function. We showed that GLS2, through its PDZ
domain–binding motif, reduces ROS levels, lipid peroxidation,
and mitochondrial dysfunction and promotes IL-2 production
through the demethylation of the Il2 promoter in CD4+ T cells. At
a translational level, we demonstrated that GLS2 protein expres-
sion is down-regulated in CD4+ T cells from both lupus-prone
MRL/lpr mice and patients with SLE and that GLS2 overexpres-
sion reduces ROS levels and restores IL-2 production. We
propose that the GLS2-initated pathway represents a new thera-
peutic target in the treatment of SLE. It is important to confirm
these results through further studies in vivo.
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B Cell–Specific Deletion of CR6-Interacting Factor 1 Drives
Lupus-like Autoimmunity by Activation of Interleukin-17,
Interleukin-6, and Pathogenic Follicular Helper T Cells in a
Mouse Model

Jin-Sil Park,1 SeungCheon Yang,1 Sun-Hee Hwang,1 JeongWon Choi,1 Seung-Ki Kwok,1 Young-Yun Kong,2

Jeehee Youn,3 Mi-La Cho,1 and Sung-Hwan Park1

Objective. CR6-interacting factor 1 (CRIF1) is a nuclear transcriptional regulator and a mitochondrial inner mem-
brane protein; however, its functions in B lymphocytes have been poorly defined. This study was undertaken to inves-
tigate the effects of CRIF1 on B cell metabolic regulation, cell function, and autoimmune diseases.

Methods. Using mice with B cell–specific deletion of CRIF1 (Crif1ΔCD19 mice), we assessed the relevance of CRIF1
function for lupus disease parameters, including anti–double-stranded DNA (anti-dsDNA), cytokines, and kidney
pathology. RNA sequencing was performed on B cells from Crif1ΔCD19 mice. The phenotypic and metabolic changes
in immune cells were evaluated in Crif1ΔCD19 mice. Roquinsan/+ mice crossed with Crif1ΔCD19 mice were monitored to
assess the functionality of CRIF1-deficient B cells in lupus development.

Results. Crif1ΔCD19 mice showed an autoimmune lupus-like phenotype, including high levels of autoantibodies to
dsDNA and severe lupus nephritis with increased mesangial hypercellularity. While loss of CRIF1 in B cells showed
impaired mitochondrial oxidative function, CRIF1-deficient B cells promoted the production of interleukin-17 (IL-17)
and IL-6 and was more potent in helping T cells develop into follicular helper T cells. In a mouse model of autoimmune
lupus, depletion of CRIF1 in B cells exacerbated lupus severity, and CRIF1 overexpression prevented lupus develop-
ment in roquinsan/san mice.

Conclusion. These results demonstrated that CRIF1 negatively correlates with disease severity and that overex-
pression of CRIF1 ameliorates disease development. Our findings suggest that CRIF1 is essential for preventing lupus
development by maintaining B cell self tolerance.

INTRODUCTION

Systemic lupus erythematosus (SLE) is a complex autoim-

mune disease characterized by the production of pathogenic

autoantibodies and cytokines in multiple organs (1,2). In SLE,

autoantibodies recognize various nuclear self antigens, including

DNA, histones, and ribonucleoproteins. Among these, anti–double-

stranded DNA (anti-dsDNA) antibodies have emerged as a

significant SLE indicator (3). Autoantibodies cause chronic inflam-

mation, leading to tissue damage in the skin, joints, central nervous

system, and kidneys (1,2).
High-affinity autoantibodies are generated upon interaction

between self-reactive B cells and overactive follicular helper

T (Tfh) cells within the germinal center (GC) (4). Dysregulation of

GC B cells and Tfh cells is critical for lupus development. In

lupus-prone roquinsan/san mice, excessive interferon-γ (IFNγ)
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signaling promotes the accumulation of Tfh cells and GC B cells,
triggering lupus development (5), whereas CD28 deficiency
reduces the numbers of spontaneous Tfh cells and GC B cells,
preventing lupus development (6). In lupus patients, an increase
in circulating Tfh cells correlates with multiple high-titer autoanti-
bodies and severe end-organ inflammation (7); furthermore, cir-
culating Tfh cells exhibit characteristics of GC Tfh cells in the
lymphoid follicles and are associated with autoantibody-
producing plasmablasts (8). Accumulating evidence shows that
Tfh cells promote autoimmune lupus by activating B cells, but
the role of B cells in the development of Tfh cells remains
unclear.

B cell differentiation is associated with high cellular metabolic
demands. Dynamic metabolic reprogramming induces B cell
growth, activation, and effector functions; nevertheless, meta-
bolic disorders result in sustained B cell hyperactivation that
causes autoimmunity or malignant transformation (9). A recent
study indicated that generation of distinct B cell subsets requires
initial slight changes in mitochondrial reactive oxygen species
(mROS) within mitochondriahigh B cells (10). B cells are antigen-
presenting cells, undergoing mitochondrial depolarization during
antigen uptake and presentation. Consequently, metabolic rewir-
ing is pivotal for B cell activation and function (11). Upon antigen
encounter, B cells increase their glycolysis rate, mitochondrial
function, and cell surface expression of glucose transporter
1 through phosphatidylinositol 3-kinase (PI3K) and c-Myc
(12,13). In the absence of costimulation, B cell receptor (BCR)–
activated B cells undergo apoptosis due to the accumulation of
dysfunctional mitochondria and increased intracellular calcium
levels (14). Although several studies have shown that cellular
metabolism contributes to determining B cell fates and functions,
the importance of metabolism in T cells and macrophages has
been demonstrated. However, little is known about the intracellu-
lar signaling and metabolic pathways involved in B cell differentia-
tion and function.

The transcription factor CR6-interacting factor 1 (CRIF1) reg-
ulates the cell cycle and growth (15) by modulating the expression
of nerve growth factor IB, androgen receptor, NF-E2–related
factor 2, and STAT3 (16–19). Recently, CRIF1 has also been
identified as a mitochondrial protein associated with large mitori-
bosomal subunits and is essential for mitochondrial function (20).
Loss of CRIF1 results in increased levels of ROS in mitochondria
(21). Furthermore, there is evidence that CRIF1 activity may affect
inflammatory responses. CRIF1 deficiency promotes endothelial
inflammation and insulin resistance (22,23). In addition, CRIF1 is
down-regulated by β-amyloid–induced ROS, and CRIF1 overex-
pression restores the mitochondrial dysfunction, alleviating the
pathogenesis of Alzheimer’s disease (24). However, little is known
about the role of CRIF1 in autoimmune disease, particularly its
function in B lymphocytes.

In the present study, we investigated the role of CRIF1 in
B cell characteristics and the effect of B cell–specific CRIF1

depletion in the pathogenesis of lupus in a mouse model.
Crif1ΔCD19 mice exhibited high levels of IgG, IgG2c, and IgG3
autoantibodies against dsDNA and developed severe lupus
nephritis with increased mesangial hypercellularity. The loss of
CRIF1 in B cells impaired mitochondrial function and increased
the frequency of B cells producing interleukin-17 (IL-17) and
IL-6, as well as Tfh cells. Importantly, CRIF1 overexpression ame-
liorated disease development in a murine model of severe lupus.
Our findings suggest that CRIF1 is critical for B cell function and
prevention of autoimmune diseases.

MATERIALS AND METHODS

Mice. This study received ethics approval from the Animal
Research Ethics Committee of The Catholic University of Korea;
the procedure conformed to all National Institutes of Health
guidelines (permit nos. CUMC-2017-0063-01, CUMC-2017-
0122-02, and CUMC-2019-0190-01).

Patients. Blood specimens were obtained from patients
with SLE (n = 6; age range 23–54 years). The diagnosis of SLE
was established in accordance with the 2019 European Alliance
of Associations for Rheumatology/American College of Rheuma-
tology classification criteria (25), and disease activity was evalu-
ated using the SLE Disease Activity Index score (26). Informed
consent was obtained from all patients in accordance with the
Declaration of Helsinki. Approval by the ethics committee of Seoul
St. Mary’s Hospital (Seoul, Republic of Korea) was obtained for all
procedures (permit no. KC20TISI0012).

Statistical analysis. Statistical analyses were performed
using GraphPad Prism, version 8 for Windows. P values were cal-
culated using a 2-tailed paired t-test and two-way analysis of var-
iance (grouped). P values less than 0.05 were considered
statistically significant.

RESULTS

Autoimmune lupus-like phenotype exhibited by
Crif1ΔCD19 mice. We generated a CD19-specific CRIF1-deficient
mouse model (Crif1ΔCD19). B cells from Crif1ΔCD19 mice exhib-
ited significantly lower CRIF1 levels than B cells from wild-type
(WT) mice (Supplementary Figure 1A, available on the Arthritis &

Rheumatology website at https://onlinelibrary.wiley.com/doi/
10.1002/art.42091). To evaluate CRIF1 function in B cells, we
monitored the phenotypic changes in 7- and 20-week-old
Crif1ΔCD19 mice. Compared to WT mice, Crif1ΔCD19 mice dis-
played a higher ratio of spleen weight:body weight as age
increased (Supplementary Figure 1B). However, Crif1ΔCD19

mice showed no significant differences in the absolute number
of splenocytes, despite significant cell viability impairments
(Supplementary Figures 1C and D). Interestingly, increased
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percentages of dendritic cells, neutrophils, and macrophages
were observed in the spleens of both 7- and 20-week-old
Crif1ΔCD19 mice (Supplementary Figure 1E).

Next, we assessed whether B cell–specific CRIF1 deletion
affected B cell development. The frequencies of mature and
transitional type 1 and 2 B cells were similar in 7-week-old
Crif1ΔCD19 mice, 20-week-old Crif1ΔCD19 mice, and WT mice
(Supplementary Figure 1F). Compared to WT mice, Crif1ΔCD19

mice had a higher frequency of splenic IgG-secreting B220+
cells (Figure 1A). Furthermore, a higher concentration of IgG
was detected in the supernatants of splenocytes from Crif1ΔCD19

mice than in the supernatants of splenocytes from WT mice
(Figure 1B). The concentrations of total IgG, IgG2c, and IgG3
were significantly higher in the serum from 20-week-old
Crif1ΔCD19 mice than in serum from WT mice; however, these

differences were not evident in the 7-week-old mice (Figure 1C).
Similarly, serum from 20-week-old Crif1ΔCD19 mice had signifi-
cantly higher concentrations of dsDNA-specific IgG2c and IgG3
autoantibodies compared to the serum from WT mice
(Figure 1D). These results suggest that the loss of CRIF1 in B cells
drives autoimmune lupus development.

To determine the effect of B cell–specific CRIF1 depletion
on humoral autoimmune responses in vivo, we performed his-
tologic analysis of kidney sections from 20-week-old
Crif1ΔCD19 and WT mice. The numbers of IL-6, IL-17, or che-
mokine monocyte chemoattractant protein 1 (MCP-1)–positive
cells were significantly higher in the kidneys of Crif1ΔCD19 mice
than in the kidneys of WT mice. Moreover, Crif1ΔCD19 mice
exhibited severe lupus nephritis with increased mesangial
hypercellularity (Figure 1E). These findings suggest that CRIF1

Figure 1. CR6-interacting factor 1 (CRIF1) depletion in B cells aggravates autoimmune lupus in mice. A, Frequencies of B220+IgG+ splenocytes
in wild-type (WT) and Crif1ΔCD19 mice (n = 6 mice per group), as assessed by flow cytometry. B, Concentrations of IgG in the supernatants of sple-
nocytes obtained from WT and Crif1ΔCD19 mice and cultured without stimulation for 72 hours (n = 4 mice per group). C and D, Amounts of IgG,
IgG2c, and IgG3 (C) and anti–double-stranded DNA (anti-dsDNA) IgG, IgG2c, and IgG3 autoantibodies (D) in serum collected from 7-week-old
(7w) or 20-week-old (20w) WT or Crif1ΔCD19 mice, as measured by enzyme-linked immunosorbent assay. Data were pooled from 2 independent
experiments with a total of 4–9 mice per group. E, Kidney sections from 20-week-old WT and Crif1ΔCD19 mice stained for interleukin-6 (IL-6), IL-17,
monocyte chemoattractant protein 1 (MCP-1), hematoxylin and eosin (H&E), and periodic acid–Schiff (PAS). Representative histologic features are
shown. Original magnification × 200. Bars = 100 μm. Symbols represent individual mice; bars show the mean ± SEM. * = P < 0.05; ** = P < 0.01;
*** = P < 0.001, by Student’s unpaired t-test.
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deficiency in B cells is sufficient to promote lupus nephritis
in vivo.

Distinct gene expression and function exhibited by
CRIF1-deficient B cells. To identify the genes and pathways
involved in the abnormal features of CRIF1-deficient B cells,
we performed global gene expression analysis by RNA-based
next-generation sequencing (RNA-Seq) of B cells. At a threshold
change in expression of >2-fold, P < 0.05, and false discovery rate
of <0.1, 520 differentially expressed genes (DEGs) were up-regulated
and 400 DEGs were down-regulated in B cells from Crif1ΔCD19 mice

relative toWTmice (Figures 2A and B and Supplementary Figure 2A,
available on the Arthritis & Rheumatology website at https://onlineli-
brary.wiley.com/doi/10.1002/art.42091). Analysis of gene ontology
terms revealed the significant enrichment of genes associated with
immune receptor activity, cytokine receptor activity, transmembrane
receptor protein kinase activity, and complement receptor activity in
CRIF1-deficient B cells relative to WT B cells (Figure 2C and Supple-
mentary Figure 2B). KEGG pathway analysis showed that the up-
regulated genes were enriched in inflammation and disease-related
signals and cell death, whereas reduced genes encoding molecules
were associated with antiinflammatory signals and metabolic

Figure 2. CRIF1-deficient B cells exhibit distinct gene expression and function. A, Volcano plots showing gene expression levels determined by
RNA-sequencing analysis (log2 values and associated P values) in splenic B cells from 16-week-old Crif1ΔCD19 mice, compared to splenic B cells
from WT mice. Yellow dots indicate up-regulated genes, and blue dots indicate down-regulated genes in Crif1ΔCD19 mice, compared to WT mice.
B, Heatmap showing differentially expressed genes (DEGs) between splenic Crif1ΔCD19 mouse B cells and WT mouse B cells. C, Bubble plots
showing up-regulated pathways and enriched gene ontology molecular functions in CRIF1-deficient mouse B cells. The y-axis represents biologic
processes, and the x-axis represents adjusted P values. The sizes and colors of bubbles indicate the fold-enrichment per category and enrichment
significance, respectively. D, KEGG pathway analysis of up-regulated (red) and down-regulated (blue) genes. E, Gene set enrichment analysis of
gene signatures associated with JAK/STAT, tumor necrosis factor (TNF)/NF-κB, inflammatory response, complement, hypoxia, and reactive oxy-
gen species (ROS) pathways. PI3K = phosphatidylinositol 3-kinase; mTOR =mammalian target of rapamycin; VEGF = vascular endothelial growth
factor; NES = normalized enrichment score; FDR = false discovery rate (see Figure 1 for other definitions).
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pathways in CRIF1-deficient B cells, relative to their expression inWT
B cells (Figures 2D and E and Supplementary Figures 2C and D).
These results indicate that CRIF1-deficient B cells exhibit amplified
inflammatory responses and cell death signals.

Altered metabolic profiles exhibited by CRIF1-
deficient B cells. We investigated the role of CRIF1 in B cell
development and function. To examine the effect of B cell–
specific CRIF1 depletion on mitochondrial function and mitochon-
drial membrane potential (ΔΨm), we stained splenocytes ex vivo
with MitoTracker Green (ΔΨm independent; total mitochondria)
and MitoTracker Red (ΔΨm dependent; respiring mitochondria)
(27). Dysfunctional nonrespiring mitochondria (MitoTracker
Green+high, MitoTracker Red+low) accumulated in CRIF1-deficient
B cells (Figure 3A). Decreases in ΔΨm are associated with
increases in mROS levels (28). An increase in mROS was

observed in CRIF1-deficient B cells with low ΔΨm (Figure 3B),
and mROS induction correlated with total mitochondrial mass
indicated by MitoTracker Green staining (Figure 3C). These data
suggest that CRIF1 deficiency in B cells leads to the accumulation
of dysfunctional mitochondria and mROS.

To assess mitochondrial energetic capacity, we measured oxy-
gen consumption rate (OCR), an oxidative phosphorylation indicator,
in splenic B cells isolated from WT and Crif1ΔCD19 mice.
CRIF1-deficient B cells stimulated with lipopolysaccharide (LPS)
had significantly decreased oxidative phosphorylation activity with
reduced levels of basal respiration, maximal respiration, and ATP-
coupled OCR (Figures 3D and E). We also analyzed splenocytes by
flow cytometry after staining with annexin V and propidium iodide
(PI). The percentages of late apoptotic (annexin V+PI+) B cells and
necrotic (annexin V−PI+) B cells were significantly higher in Crif1ΔCD19

mice than in WT mice (Figure 3F). Crif1ΔCD19 mice had a profoundly

Figure 3. CRIF1 regulates mitochondria function in B cells. A, Splenocytes from 18-week-old WT mice (n = 3) and Crif1ΔCD19 mice (n = 4) were
stained with MitoTracker Green and MitoTracker Red and then analyzed by flow cytometry. B and C, Splenocytes from WT and Crif1ΔCD19 mice
(n = 5 per group) were stained with MitoSOX (B) or MitoTracker Green and MitoSOX (C) and then analyzed by flow cytometry.D and E, B220+ cells
from WT and Crif1ΔCD19 mice (n = 5 group) were cultured with lipopolysaccharide (LPS) for 12 hours. Oxygen consumption rate (OCR) changes
during treatment with oligomycin (10 μM), carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) (3 μM), and rotenone plus antimycin A
(10 μM) were assessed by extracellular flux analysis (D), and oxidative phosphorylation activity during basal or maximal respiration and the ATP-
coupled OCR were assessed (E). F, Splenocytes from WT mice (n = 5) and Crif1ΔCD19 mice (n = 4) were analyzed by flow cytometry after staining
with annexin V and propidium iodide (PI). Data are representative of 2 independent experiments. In A–E, symbols represent individual mice; bars
show the mean ± SEM. * = P < 0.05; ** = P < 0.01; *** = P < 0.001, by Student’s unpaired t-test. See Figure 1 for other definitions.
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lower number of Ki-67–positive cells and a higher number of TUNEL-
positive cells thanWTmice (Supplementary Figure 3, available on the
Arthritis & Rheumatology website at https://onlinelibrary.wiley.com/
doi/10.1002/art.42091). These results indicate that CRIF1 deficiency
in B cells results in the accumulation of dysfunctional mitochondria,
metabolic alterations, and cell death.

Promotion of IL-17 and IL-6 production by B cell–
specific CRIF1 deficiency. Splenic B cell subsets in Crif1ΔCD19

mice showed overt abnormalities. Notably, the percentages of GC
B cells and plasma cells were significantly increased in 20-week-
old Crif1ΔCD19 mice, compared with those in WT mice (Figure 4A).

Next, we addressed whether CRIF1 deficiency affected B cell–
derived IL-17 (29) and IL-6 (30) and exacerbated autoimmune dis-
eases. Compared to control mice, Crif1ΔCD19 mice had a signifi-
cantly greater number of B cells producing IL-17, whereas the
number of IL-10–producing B cells (B10 cells) was similar in the
2 groups (Figure 4B). Immunofluorescence analysis of spleen sec-
tions showed an exacerbated number of IL-17– and IL-6–
producing B cells in Crif1ΔCD19 mice (Supplementary Figure 4A,
available on the Arthritis & Rheumatology website at https://online-
library.wiley.com/doi/10.1002/art.42091).

Next, we examined whether CRIF1 deficiency regulates the
expression of surface molecules. Compared to WT mice,

Figure 4. CRIF1 depletion enhances IL-17 and IL-6 production in B cells by activating STAT3 and NF-κB. A and B, The frequencies of germinal
center B cells (B220+GL7+Fas+cells) and plasma cells (B220−CD138+) (A) and B220+IL-17+ and B10 cells (CD19+CD5+CD1d+IL-10+) (B) in
splenocytes from 7-week-old and 20-week-old WT and Crif1ΔCD19 mice were assessed by flow cytometry. C, Phosphorylated STAT3 in splenic
B cells was assessed by flow cytometry. D, Phosphorylated NF-κB p65 in splenic B cells was assessed by immunoblotting. E, Splenic B cells from
20-week-old WT and Crif1ΔCD19 mice were cultured with medium alone (control), IgM antibody (10 μg/ml), IL-4 (20 ng/ml), and/or soluble CD40L
(sCD40L) (1 μg/ml) for 72 hours. The frequencies of B220+IL-17+ cells and B10 cells were analyzed by flow cytometry. F, Splenic B cells from
20-week-old WT and Crif1ΔCD19 mice were cultured with medium alone (control), IL-6 (10 ng/ml), IL-1β (10 ng/ml), and/or IL-23 (10 ng/ml) for
6 days. Concentrations of IL-17 and IL-10 in E and IL-6 in F were determined by enzyme-linked immunosorbent assay. Data are representative
of 2 independent experiments. Symbols represent individual mice; bars show the mean ± SEM. * = P < 0.05; ** = P < 0.01; *** = P < 0.001, by
Student’s unpaired t-test. See Figure 1 for other definitions.
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Crif1ΔCD19 mice exhibited higher expression of inducible costimu-
lator ligand (ICOSL), CXCR5, CCR7, intercellular adhesion mole-
cule 1 (ICAM-1), and ICAM-2 in B cells (Supplementary
Figure 4B). Considering that STAT3 is responsible for the produc-
tion of IL-17, IL-6, and IL-10 in human B cells, we examined phos-
phorylated STAT3 in B cells from WT and Crif1ΔCD19 mice. B cells
from Crif1ΔCD19 mice had higher frequencies of phosphorylated
STAT3 (Tyr705 and Ser727) as compared to their WT counter-
parts (Figure 4C). Furthermore, the levels of phosphorylated
NF-κB p65 (Ser536) were higher in CRIF1-deficient B cells than
in WT B cells (Figure 4D).

We then evaluated the effects of CRIF1 depletion on B cell
development and function in vitro. To this end, we cultured puri-
fied splenic B cells alone, in the presence of anti-IgM and IL-4, or
in the presence of anti-IgM, IL-4, and soluble CD40 ligand
(sCD40L) for 72 hours. Consistent with our ex vivo findings, the
percentage of IL-17–producing B cells was higher in stimulated
CRIF1-deficient B cells than in stimulated WT B cells (Figure 4E).
Anti-IgM, IL-4, and sCD40L stimulation resulted in a lower

frequency of B10 cells in CRIF1-deficient B cells than in WT B
cells (Figure 4E). To determine the production of IL-17 in
CRIF1-deficient B cells, splenic B cells from WT and Crif1ΔCD19

mice were cultured with IL-6, IL-1β, and IL-23 for 6 days (31).
Increased IL-17 levels were detected in the supernatants of stim-
ulated CRIF1-deficient B cells, whereas IL-10 production was
decreased. Furthermore, increased IL-6 levels were detected in
the supernatants of anti-IgM–, IL-4–, and sCD40L-stimulated
CRIF1-deficient B cells than in WT B cells (Figure 4F). Taken
together, these results suggest that the absence of CRIF1 in B
cells accelerates the production of the inflammatory cytokines
IL-17 and IL-6 and affects the expression of surface molecules.

Enhanced Tfh cell responses affected by B cell–
specific CRIF1 deficiency. Recent studies have demonstrated
that B cells are essential for the generation of Tfh cells. Expression
of ICOSL on B cells regulates the generation of Tfh cells dependent
on IL-6 and STAT3 (32). In addition, ICAM-1 and ICAM-2 on B cells
are critical molecular factors in the cognate T cell–B cell interaction

Figure 5. B cell–specific CRIF1 depletion promotes follicular helper T (Tfh) cell development. A and B, The frequencies of CXCR5+, pro-
grammed death 1 (PD-1)–positive, and Bcl-6+ splenic CD4+ cells (A) or CXCR5+PD-1+ splenic CD4+ cells (B) in 20-week-old WT and
Crif1ΔCD19 mice were assessed by flow cytometry. C, Frequencies of interferon- γ (IFNγ)–positive or IL-17+ cells in CD4+CXCR5+ cells among
ex vivo splenocytes from WT and Crif1ΔCD19 mice were assessed by flow cytometry. D, Frequencies and absolute numbers of IL-21+ cells in
CD4+CXCR5+ cells among ex vivo splenocytes from WT and Crif1ΔCD19 mice were assessed by flow cytometry. E, Quantitative polymerase
chain reaction analysis was performed for Tfh cell–related genes in splenic CD4+ cells from WT and Crif1ΔCD19 mice. F, Splenic T cells from
WT mice were cocultured with B cells from Crif1ΔCD19 mice (n = 6) and WT mice (n = 4) in the presence of anti-CD3 and lipopolysaccharide
(LPS) for 7 days. The frequencies of CD4+CXCR5+ cells and concentrations of IL-21, IL-17, and IL-10 in the culture supernatants were deter-
mined by flow cytometry and enzyme-linked immunosorbent assay, respectively. Symbols represent individual mice; bars show the mean
± SEM. * = P < 0.05; ** = P < 0.01; *** = P < 0.001, by Student’s unpaired t-test. See Figure 1 for other definitions.
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(33). Since CRIF1-deficient B cells produce higher levels of IL-17
and IL-6 and express increased percentages of surface molecules
such as ICOSL and ICAM, we next determined whether loss of
CRIF1 in B cells influenced the response of T cells. Crif1ΔCD19 mice
had similar percentages of annexin V+PI+ late apoptotic T cells
and annexin V−PI+ necrotic T cells as compared to WT mice
(Supplementary Figure 5A, available on the Arthritis & Rheumatology
website at https://onlinelibrary.wiley.com/doi/10.1002/art.42091).
Crif1ΔCD19 mice showed a reduced proportion of IFNγ-
producing Th1 or IL-4–producing Th2 cells (Supplementary
Figures 5B and C), whereas no differences were detected in
the frequency of Th17 cells, IL-10–producing T cells, and regu-
latory T cells, compared with WT mice (Supplementary
Figures 5D–F). Additionally, there was a greater abundance of
T cells in the splenic white pulp area of Crif1ΔCD19 mice as com-
pared to WT mice (Supplementary Figure 5G).

To determine whether the development of Tfh cells was
affected by CRIF1-deficient B cells in vivo, we analyzed the
markers for Tfh cells, including CXCR5 (34), programmed death
1 (PD-1) (35), and transcription repressor Bcl-6 (36), in T cells
from WT and Crif1ΔCD19 mice. The percentages of CXCR5+, PD-
1+, and Bcl-6+ cells were significantly higher in Crif1ΔCD19 mice than
in WT mice (Figure 5A). Moreover, the subset of CD4+ T cells
expressingCXCR5 and PD-1was increased in Crif1ΔCD19mice com-
pared with that in WT mice (Figure 5B). In parallel with the increased
frequency in ex vivo splenocytes, immunofluorescence analysis of
spleen sections revealed a significantly increased number of
CD4+CXCR5+PD-1+ cells and CD4+ICOS+Bcl-6+ cells in
Crif1ΔCD19 mice (Supplementary Figure 6A, available on theArthritis
& Rheumatology website at https://onlinelibrary.wiley.com/doi/
10.1002/art.42091). Crif1ΔCD19 mice had an increased percentage
of IFNγ in CD4+CXCR5+, CD4+ICOS+, or CD4+Bcl-6+ cells and

Figure 6. CRIF1 protects against autoimmune lupus. A–C, In 12-week-old roquinsan/+ mice (n = 4) and roquinsan/+/Crif1ΔCD19 mice (n = 6), fre-
quencies of B220+IL-17+ splenocytes, CD19+CD5+CD1d+IL-10+ splenocytes, and B220+CD25+FoxP3+ splenocytes (A) and frequencies of
CD4+ inducible costimulator (ICOS)–positive IL-17+ splenocytes, CD4+ICOS+IL-21+ splenocytes, and CD4+CXCR5+Bcl-6+FoxP3+ spleno-
cytes were assessed by flow cytometry (C), and spleen sections were stained with anti-B220 (green) and anti–IL-17 (red) and examined using
immunofluorescence, with findings quantified as the number of B220+IL-17+ cells (B). Original magnification × 200. Bars = 20 μm. Inset,
Higher-magnification views of the outlined areas. D, Five-month-old roquinsan/san mice were injected with 100 μg p3XFLAG-CMV-10-CRIF1
(n = 8) or mock vector (n = 6) every 7 days for 7 weeks. The concentration of anti-dsDNA IgG autoantibodies in the serum was measured by
enzyme-linked immunosorbent assay (ELISA). E, Association of CRIF1 and IL21 expression levels in blood from patients with systemic lupus ery-
thematosus (SLE) patients and healthy controls (GEO accession no. GSE61635). F, Peripheral blood mononuclear cells from SLE patients (n = 6)
were transfected with control or CRIF1 overexpression vector and incubated with lipopolysaccharide (1 μg/ml) for 3 days. The frequency of
B220+IL-17+ cells and concentrations of IL-17 and IL-6 in the culture supernatants were determined by flow cytometry and ELISA, respectively.
Symbols represent individual mice; bars show the mean ± SEM. * = P < 0.05; ** = P < 0.01; *** = P < 0.001, by Student’s unpaired t-test. See
Figure 1 for other definitions.
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of IL-17 in CD4+CXCR5+ or CD4+ICOS+ cells, compared to WT
mice (Figure 5C and Supplementary Figures 6B and C). Notably,
the percentage and the absolute number of IL-21–producing
CXCR5+, ICOS+, or Bcl-6+ CD4+ T cells were significantly
increased in the spleens of Crif1ΔCD19 mice (Figure 5D and Supple-
mentary Figures 6D and E). However, the numbers of CD4+
CXCR5+Bcl-6+FoxP3+ T follicular regulatory (Tfr) cells were similar
in both groups of mice (Supplementary Figure 6F).

Tfh cell signature genes, including Slamf5, Ifng, and Cxcr3,
were up-regulated in T cells from Crif1ΔCD19 mice relative to those
in WT mice (Figure 5E). Next, we determined whether CRIF1-
deficient B cells promoted the development of T cells toward
Tfh cells in vitro. CRIF1-deficient B cells were more potent in
inducing CXCR5 expression in T cells than those from WT mice.
Increased levels of IL-21 and IL-17 were detected in the superna-
tants, while IL-10 was reduced in the supernatants (Figure 5F).
Collectively, these results indicated that CRIF1-deficient B cells
strongly helped T cells develop into Tfh cells.

Autoimmunity prevented by CRIF1 overexpression.
Sanroque mice (roquinsan/san mice), which have an M199R muta-
tion in the roquin protein, exhibit a lupus-like phenotype consist-
ing of lymphadenopathy, high-affinity anti-dsDNA antibodies,
splenomegaly, higher expression of ICOS in T cells, and increased
Tfh cells (37). To assess the effect of CRIF1 deficiency in B cells on
lupus development, we crossed roquinsan/+ mice with Crif1ΔCD19

mice. Notably, roquinsan/+/Crif1ΔCD19mice exhibited an increased fre-
quency of splenic IL-17–producing B cells, compared to roquinsan/+

mice, whereas the frequency of B10 cells and B220+ CD25+
FoxP3+ regulatory B cells was more reduced in these mice than
in roquinsan/+ mice (Figure 6A). The spleen sections of roquinsan/+/
Crif1ΔCD19 mice also showed a higher distribution of IL-17–
producing B cells as compared to roquinsan/+ mice (Figure 6B). In
addition, the frequencies of CD4+ICOS+IL-17+ cells and CD4+
ICOS+IL-21+ cells were slightly increased, while the frequency
of CD4+CXCR5+Bcl-6+FoxP3+ Tfr cells was significantly decreased
in these mice, compared to roquinsan/+ mice (Figure 6C), indicating
that the loss of CRIF1 in B cells may play a role in the development
of lupus.

To determine the therapeutic effects of CRIF1 overexpres-
sion in lupus, 5-month-old female roquinsan/san mice were injected
with p3XFLAG-CMV-10-CRIF1 every 7 days for 7 weeks. The
serum from p3XFLAG-CMV-10-CRIF1–treated roquinsan/san mice
had a significantly lower concentration of IgG autoantibodies to
dsDNA with disease progression compared to control vector–
treated mice (Figure 6D). To determine the clinical relevance of
CRIF1 in SLE, we analyzed publicly available microarray data
(GEO accession no. GSE61635). Blood from SLE patients con-
tained lower CRIF1 messenger RNA (mRNA) levels and higher
IL21mRNA levels than blood from healthy controls. In SLE blood,
CRIF1 mRNA levels negatively correlated with IL21 mRNA levels
(Figure 6E). To determine whether CRIF1 exhibits therapeutic

effects in the B cells of SLE patients, peripheral blood mononu-
clear cells were transfected with control or CRIF1-overexpressing
vector and stimulated with LPS for 3 days. Overexpression of
CRIF1 reduced the frequency of B220+IL-17+ cells and the
amount of IL-17 and IL-6 in the supernatants, compared to con-
trol vector–treated cells (Figure 6F). These results suggest that
CRIF1 in B cells plays an important role in maintaining immune
homeostasis and preventing the development of autoimmune
diseases (Supplementary Figure 7, available on the Arthritis &
Rheumatology website at https://onlinelibrary.wiley.com/doi/
10.1002/art.42091).

DISCUSSION

In this study, we report a novel function of CRIF1 as a negative
regulator in B cells via linking metabolic homeostasis and inflamma-
tion, thereby regulating the development of autoimmune diseases,
including lupus. Crif1ΔCD19 mice showed higher levels of autoanti-
bodies against dsDNA and developed severe lupus nephritis with
mesangial hypercellularity. While CRIF1 deficiency in B cells resulted
in altered metabolic profiles, CRIF1-deficient B cells exhibited signif-
icant enrichment of molecules associated with B cell activation, the
inflammatory response, and cytokine-mediated signaling. Impor-
tantly, loss of CRIF1 in B cells accelerated the production of inflam-
matory cytokines, including IL-17 and IL-6 in vivo and in vitro, and
was more potent in helping T cells develop into Tfh cells. Using
in vivo animal models of autoimmune lupus, we demonstrated that
depletion of CRIF1 in B cells aggravated lupus severity, whereas
CRIF1 overexpression ameliorated disease signs. Our findings iden-
tify a previously unknownmechanism by which CRIF1 acts as a crit-
ical checkpoint to maintain immune homeostasis and prevent the
development of autoimmune diseases.

Several studies have indicated that B cell fates are strongly
associated with cellular metabolism. Here, we demonstrated that
CRIF1 deficiency drives the accumulation of dysfunctional mito-
chondria and mROS. At the same time, B cells have decreased
glycolysis capacity and show eventual cell death. It has been
reported that the production of mROS is involved in the inhibition
of B cell antigen receptor signaling in B cells (38). We speculate
that these changes via CRIF1 deficiency affect the downstream
first signal for B cells because the second signal for B cells
through binding of CD40L had no effect on cell viability in WT
and Crif1ΔCD19 mice. Our results suggest that mitochondrial dys-
function due to CRIF1 deficiency leads to inflammatory cell death,
such as necroptosis. Inflammatory cell death induction may
explain the prevalent inflammation status of CRIF1-deficient B
cells. Indeed, ex vivo CRIF1-deficient B cells showed an
increased frequency of necrotic B cells and enrichment of genes
involved in cell death and calcium signaling, as well as in PI3K/
Akt, JAK/STAT, NF-κB, and mammalian target of rapamycin
(mTOR) pathways. These data are consistent with those from
a previous study showing that programmed necroptosis is
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accompanied by mitochondrial ROS production (39), ATP deple-
tion (40), and mitochondrial dysfunction (41).

Furthermore, isolated B cells from patients with active SLE
had necroptosis, and Toll-like receptor– and BCR-activated
necroptotic SLE B cells exhibited mitochondrial dysfunction and
hypoxia (42). Because these dead cells have the potential to act
as autoantigens, a defect in the clearance of dead cells may also
play a role in exacerbating chronic inflammatory diseases such
as SLE (43,44). Based on our findings, we suggest that
CRIF1-deficient B cells cause problems in the clearance process
to increase autoantigen; the resulting autoreactive B cells create
a vicious cycle that promotes the activation of Tfh cells, thereby
exacerbating lupus. Further studies are needed to determine the
detailed molecular mechanisms by which CRIF1 functions in
mitochondria-mediated programmed cell death and clearance of
dead cells among B cells.

B cells are traditionally known for their effector function,
involving the induction and regulation of T cell immune responses
through antigen presentation to T cells and optimal T cell activa-
tion (45,46). There is growing evidence suggesting that B cells
participate in immune response–mediated antibody-independent
functions, mainly by producing different cytokines (45). For exam-
ple, inducible CD11ahighFcγRIIIhigh B cells produce high amounts
of IFNγ in mice challenged with Listeria monocytogenes and
increase the resistance of macrophages to this infection through
IFNγ production (47). Tumor necrosis factor production by B cells
drives the generation of IFNγ-producing Th1 cell development in
Toxoplasma gondii–infected mice (48), and IL-2 production by B
cells promotes Th2 cell expansion and differentiation in Heligmo-
somoides polygyrus–infected mice (46).

Here, we showed that, without purposeful immunization or
infection, CRIF1-deficient B cells produced significantly higher
amounts of IL-6 and IL-17 and that the frequency of IFNγ-, IL-17–,
and IL-21–producing Tfh cells increased in Crif1ΔCD19 mice. IL-6–
secreting B cells are induced during experimental autoimmune
encephalomyelitis (EAE) development, and IL-6 accelerates the
pathogenesis of EAE by promoting the Th17 response (49). B
cell–derived IL-6 is critical for the transcription of IL21 in T cells and
differentiation into Tfh cells (50). In addition, IL-6 production in B cells
is enhanced by IFNγ synergizing with the B cell activation signal, and
B cell–derived IL-6 promotes autoimmune GC formation and,
thereby, systemic inflammation in mouse lupus (30). It was recently
reported that B cells are relevant sources of IL-17A and IL-17F in
response to infection with Trypanosoma cruzi via triggering intracellu-
lar signaling dependent on the Btk/Tec family (29). However, the
molecular regulation of IL-17 production in B cells has been incom-
pletely defined to date. The up-regulated inflammation-related signal-
ing pathways (PI3K/Akt, JAK/STAT3, NF-κB, and mTOR) observed
in CRIF1-deficient B cells might be involved in enhanced inflamma-
tory cytokine production. In the present study, our findings showed
that CRIF1 deficiency caused more IL-17 production from some B
cells. Further studies are needed to determine whether this is the

result of direct or indirect competition between these inflammation-
related transcription factors and CRIF1 in B cells and, furthermore,
whether the interaction between CRIF1-deficient B cells and T cells
acts on IL-17 production in B cells.

B10 cells can act directly on effector T cells and repress T cell
cytokine production, thereby suppressing several T cell–mediated
inflammatory diseases, including SLE, EAE, and collagen-induced
arthritis (51–53). Hypoxia-inducible factor 1α (HIF-1α)–dependent gly-
colysis is required for B10 cell expansion. HIF-1α–deficient B cells
accelerate collagen-induced arthritis (54), and B cell–specific aryl
hydrocarbon receptor deficiency reduces IL-10 expression while
promoting inflammatory gene expression and exacerbating antigen-
induced arthritis (55). Our results demonstrated that CRIF1 was
crucial in producing IL-10 by B cells. Lack of CRIF1 in B cells caused
the reduced frequency of B10 cells and IL-10 production via stimula-
tion with anti-IgM, IL-4, and sCD40L. In accordance with findings
from other studies (13,54), CRIF1-deficient B cells with a lower glyco-
lytic activity showed reduced IL-10 production; thus, it is likely that
CRIF1 can act as a regulator in B10 cells, either directly or indirectly.

Therapeutically, overexpression of CRIF1 may provide a treat-
ment option to modulate the balance between the levels of inflam-
matory and regulatory cells and inhibit the development of
autoimmune lupus. Indeed, we observed that the expression of
CRIF1 was down-regulated in tissues and blood from SLE patients
and in animal models, and loss of CRIF1 in B cells accelerated the
development of lupus in roquinsan/+ mice. Moreover, CRIF1 overex-
pression improved the symptoms of SLE, which is consistent with
our previous findings (56). However, little is known about the thera-
peutic effects of fostering CRIF1 in autoimmune diseases. Although
not studied in autoimmune disease, it has been revealed that β-
amyloid–induced ROS reduces the level of CRIF1 by facilitating
Sp-1 and promoting CRIF1-induced improvement of β-amyloid–
mediated mitochondrial dysfunction and cell death (24). Endothelial
cell–specific loss of CRIF1 inhibits sirtuin 1 expression in a ROS-
dependent manner and causes vascular dysfunction in mice (21).
In particular, it has been reported that myeloid-specific loss of
CRIF1 leads to M1-like macrophages and the development of sys-
temic insulin resistance associated with adipose inflammation (57).
Indeed, we recently reported that CRIF1 controls the differentiation
of Th17 cells by suppressing STAT3 (56), indicating that CRIF1 is
likely to play a role in immune cells. Our findings suggest a role for
CRIF1 in autoimmune disease by which CRIF1 controls the pro-
duction of inflammatory cytokines, provides potent help for T cell
development into Tfh cells, and prevents autoimmune disease.

In summary, the results of this study reveal a previously
unknown role for CRIF1 in the maintenance of metabolic and
immune homeostasis in B cells, which might explain its role in inhi-
biting autoimmune diseases. CRIF1 depletion in B cells drives the
accumulation of dysfunctional mitochondria and metabolic disor-
ders, activating inflammation-related signaling pathways. Skew-
ing toward a more inflammatory status in CRIF1-deficient B cells
facilitates the development of pathogenic Tfh cells, which
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aggravates autoimmune diseases. Therefore, restoring CRIF1
expression might be a promising strategy to treat B cell–mediated
autoimmune diseases, including SLE.
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Aptamer-Based Screen of Neuropsychiatric Lupus
Cerebrospinal Fluid Reveals Potential Biomarkers That
Overlap With the Choroid Plexus Transcriptome

Kamala Vanarsa,1 Prashanth Sasidharan,1 Valeria Duran,1 Sirisha Gokaraju,1 Malavika Nidhi,1

Anto Sam Crosslee Louis Sam Titus,1 Sanam Soomro,1 Ariel D. Stock,2 Evan Der,2 Chaim Putterman,2

Benjamin Greenberg,3 Chi Chiu Mok,4 John G. Hanly,5 and Chandra Mohan1

Objective. As no gold-standard diagnostic test exists for neuropsychiatric systemic lupus erythematosus (NPSLE),
we undertook this study to execute a broad screen of NPSLE cerebrospinal fluid (CSF) using an aptamer-based
platform.

Methods. CSF was obtained from NPSLE patients and subjected to proteomic assay using the aptamer-based
screen. Potential biomarkers were identified and validated in independent NPSLE cohorts in comparison to other
neurologic diseases.

Results. Forty proteins out of the 1,129 screened were found to be elevated in NPSLE CSF. Based on enzyme-
linked immunosorbent assay validation, CSF levels of angiostatin, α2-macroglobulin, DAN, fibronectin, hepatocellular
carcinoma clone 1, IgM, lipocalin 2, macrophage colony-stimulating factor (M-CSF), and serine protease inhibitor G1
were significantly elevated in a predominantly White NPSLE cohort (n = 24), compared to patients with other neurologic
diseases (n = 54), with CSF IgM (area under the curve [AUC] 0.95) andM-CSF (AUC 0.91) being the most discriminatory
proteins. In a second Hong Kong–based NPSLE cohort, CSF IgM (AUC 0.78) and lipocalin 2 (AUC 0.85) were the most
discriminatory proteins. Several CSF proteins exhibited high diagnostic specificity for NPSLE in both cohorts. Elevated
CSF complement C3 was associated with an acute confusional state. Eleven molecules elevated in NPSLE CSF exhib-
ited concordant elevation in the choroid plexus, suggesting shared origins.

Conclusion. Lipocalin 2, M-CSF, IgM, and complement C3 emerge as promising CSF biomarkers of NPSLE with
diagnostic potential.

INTRODUCTION

Systemic lupus erythematosus (SLE) can present with a wide

variety of central nervous system (CNS) and peripheral nervous

system (PNS) manifestations, collectively termed neuropsychiatric

SLE (NPSLE) (1). The prevalence of NPSLE among SLE patients

varies from 40.3% to 91% (1,2). Manifestations of CNS involve-

ment in NPSLE include seizures, aseptic meningitis, acute confu-

sional states, cerebrovascular disease, psychosis, and mood

disorders. Peripheral nervous system manifestations include

autonomic neuropathy, cranial neuropathy, mononeuropathy,

polyneuropathy, and demyelinating syndrome, among others.

Neuropsychiatric events occur most frequently early during the

disease course in most cases, either as a presenting symptom

or within the first 5 years of disease onset (3). The pathogenesis

of NPSLE is not fully understood. Various mechanisms have been

shown to be involved, including the formation of autoantibodies,

vasculopathy, immune cell infiltrates, breach of the blood–brain

barrier, and effects of various cytokines and other soluble media-

tors. These cytokines are believed to alter blood–brain barrier

function, increase antibody production, and recruit immune

cells (4–7).
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Currently, we do not have reliable biomarkers that can help
establish a definitive diagnosis of NPSLE. Antibodies with bio-
marker potential in NPLSLE include serum antiphospholipid anti-
bodies, anti–ribosomal P antibodies, anti–N-methyl-D-aspartate
antibodies, and antiganglioside antibodies (8–10). Among cere-
brospinal fluid (CSF) markers, CSF IgG index, the presence of oli-
goclonal bands, and antineuronal antibodies are deemed
promising (8). However, as no gold-standard diagnostic test
exists, we elected to carry out a broad screening of CSF from
NPSLE patients, using a platform that has proven effective in
screening lupus nephritis (LN) patients for urinary biomarkers
(11), based on a library of aptamers.

Aptamers are short sequences of nucleic acids that can be
further selected based on their binding specificities. Commercially
available libraries of aptamers allow comprehensive screening of
>1,000 human protein targets, representing some of the largest
screening platforms currently available in targeted proteomics
(12). Given that a similar screen has been useful in uncovering
urine markers elevated in LN (11), we reasoned that this approach
might be effective in other end-organ manifestations of SLE. Spe-
cifically, we hypothesized that NPSLE-specific biomarkers might
be present in patient CSF. Therefore, we screened CSF from
NPSLE patients and other neurologic disease controls in order
to identify potential protein biomarkers that might have specificity
for NPSLE. This represents the first broad screen of NPSLE CSF
for protein biomarkers, using the aptamer-based platform.

PATIENTS AND METHODS

Patients, sample collection, and sample prepara-
tion. CSF samples used in this study were obtained with
informed consent from 2 NPSLE patient cohorts, referred to as
the Halifax cohort and the Hong Kong cohort. CSF samples for
the Halifax NPSLE cohort were obtained from the Dalhousie
Lupus Clinic Cohort, Division of Rheumatology, Queen Elizabeth
II Health Sciences Center in Halifax, Nova Scotia, Canada (13),
with informed consent. This cohort included 24 NPSLE patients
and 54 neurologic disease controls. The NPSLE patients (mean
age 37 years old) were predominantly White women with a wide
range of neuropsychiatricmanifestations (Supplementary Tables 1
and 2, available on the Arthritis & Rheumatology website at
https://onlinelibrary.wiley.com/doi/10.1002/art.42080). The 54
neurologic disease controls comprised 31 patients with con-
firmed or suspected multiple sclerosis (MS), 3 patients with amyo-
trophic lateral sclerosis, and 1 patient each with the following:
cerebellar disease, chronic inflammatory demyelinating poly-
neuropathy, fibromyalgia, Charcot-Marie-Tooth disease, Horner’s
syndrome, intercranial hypertension, large artery vasculopathy,
leukodystrophy, progressive multifocal leukoencephalopathy,
polyneuropathy, diabetic neuropathy, progressive muscular
atrophy, progressive myelopathy, Parkinson’s disease, primary
demyelination, radiculopathy, transverse myelitis, vascular cognitive

impairment, and essential tremor. This cohort was used for
both the initial aptamer-based proteomic screen and for the pri-
mary enzyme-linked immunosorbent assay (ELISA) validation
study.

The Hong Kong cohort included patients seen at the Tuen
Mun Hospital in Hong Kong, China, comprising 17 NPSLE
patients and 15 control subjects. The NPSLE patients were all
Chinese women (mean age 47 years old) presenting mostly with
psychosis, seizures, or confusion (Supplementary Table 2,
available on the Arthritis & Rheumatology website at https://
onlinelibrary.wiley.com/doi/10.1002/art.42080). CSF was obtained
from the control subjects who were being evaluated for seizures
(n = 2), sepsis/infection (n = 5), temporal lobe epilepsy (n = 1), head-
aches (n = 4), dizziness (n = 1), cranial nerve palsies (n = 1), or
neuropathy (n = 1). This cohort was used for the secondary ELISA
validation study.

CSF was also obtained from an additional cohort of patients
with MS andmiscellaneous neurologic ailments, as well as healthy
subjects, from the University of Texas Southwestern Medical
Center (UTSW) in Dallas, with informed consent. This cohort was
used for the initial aptamer-based proteomic screen. Demo-
graphic data on these cohorts are summarized in Supplementary
Table 1 (available on the Arthritis & Rheumatology website at
https://onlinelibrary.wiley.com/doi/10.1002/art.42080).

For NPSLE patients, CSF samples were collected as part of
the diagnostic evaluation when patients presented with an NP
event. CSF samples were collected between 1988 and 2017.
Sequentially collected CSF samples were archived and used for
this study. The study was approved by the research ethics board
of the Nova Scotia Health Authority (central zone) and the institu-
tional review boards of UTSW, Tuen Mun Hospital, and the Uni-
versity of Houston. All CSF samples were obtained following
clinical indications for a lumbar puncture and were aliquoted and
stored at −80�C. Patients were not involved in the design, con-
duct, reporting, or dissemination of this research.

Aptamer-based screening for 1,129 proteins. A dis-
covery cohort comprised of 23 subjects (8 healthy controls, 7 con-
trols with other neurologic conditions, and 8 NPSLE patients) was
used for the initial screening of 1,129 unique proteins, using a pre-
fabricated aptamer-based targeted proteomic assay (12)
(Supplementary Table 1, available on the Arthritis & Rheumatol-
ogy website at https://onlinelibrary.wiley.com/doi/10.1002/
art.42080). In this targeted proteomic screening, streptavidin-
coated beads labeled with 1,129 unique aptamers were added
to each CSF sample to allow them to bind to their corresponding
protein targets. After incubation, the beads were removed from
the sample, the proteins attached to the aptamers were biotiny-
lated, and all aptamer–protein complexes were cleaved from the
initial streptavidin beads and recoupled to a new bead, with
the biotinylated protein attached to the bead. The aptamers
were then removed from the beads and quantitated using a
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DNA microarray. The levels of various protein biomarkers were
then analyzed using a variety of statistical tools, as described
below. Biomarker studies and data analyses were performed at
the Houston Omics Collaborative (https://hoc.bme.uh.edu/).

Validation study using ELISA. For the primary validation
study using the Halifax cohort, CSF was obtained from 78 sub-
jects: 24 NPSLE patients and 54 neurologic disease controls.

Clinical and demographic features are described in Supplemen-
tary Table 2 (available on the Arthritis & Rheumatology website at
https://onlinelibrary.wiley.com/doi/10.1002/art.42080). Identified
biomarkers were validated using ELISA assays, following manu-
facturer instructions. For each biomarker ELISA assay, a CSF
dilution curve was set up, and the optimal CSF dilution to use for
each ELISA was established, as detailed in Supplementary
Table 3 (available on the Arthritis & Rheumatology website at

Figure 1. Aptamer-based screening of neuropsychiatric systemic lupus erythematosus (NPSLE) cerebrospinal fluid (CSF) samples for 1,129
proteins. Results were obtained from the discovery cohort (Halifax cohort), as detailed in Supplementary Table 1 (available on the Arthritis & Rheu-
matology website at https://onlinelibrary.wiley.com/doi/10.1002/art.42080). A, Consolidated Standards of Reporting Trials flow chart displaying
the cohorts and protein screening methods used in this study. This diagram illustrates the steps of selecting proteins at each stage, beginning with
a comprehensive proteomic screening and concluding with enzyme-linked immunosorbent assay (ELISA) validation in 2 independent cohorts. B,
Volcano plot showing results of the aptamer-based screening of 1,129 proteins analyzed in 23 CSF samples, drawn from 8 NPSLE patients,
7 patients with other neurologic diseases (NCs), and 8 healthy controls (HCs). Ninety-five proteins were found to be elevated in CSF from NPSLE
patients compared to CSF from healthy controls (P < 0.05) and neurologic disease controls (P < 0.1) (both by Mann-Whitney U test). Each dot rep-
resents the fold change (FC) in levels of 1 of the 1,129 proteins. C, Heatmap showing results of the aptamer-based screening, displaying the
expression profiles of 23 proteins elevated at a fold change >2 in NPSLE CSF, compared to that of healthy controls (P < 0.05) and neurologic dis-
ease controls (P < 0.1) (both by Mann-Whitney U test). The heatmap shows the relative concentrations of these proteins in NPSLE patients (L),
neurologic disease controls (N), and healthy controls (H). Protein levels above the median value (for each biomarker) are yellow, while those below
the median are blue, and those comparable to the median value are shown in black. D, Two-dimensional principal components analysis (PC) plot
displaying the ability of the 23–protein marker panel to distinguish between NPSLE patients, healthy controls, and neurologic disease controls.
Each symbol represents an individual sample. The first 2 principal components explain 72.4% of the variance. M-CSF = macrophage colony-
stimulating factor; ULBP-2 = UL-16 binding protein 2; SOD = superoxide dismutase; MIS = müllerian inhibiting substance; HCC-1 = hepatocellular
carcinoma clone 1; WISP-1 = Wnt-1–inducible signaling pathway protein 1; FSTL-3 = follistatin-related protein 3.
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https://onlinelibrary.wiley.com/doi/10.1002/art.42080). Briefly,
for each assay protein, CSF samples were added to a micro-
plate precoated with capture antibody, and then incubated,
washed, and followed by addition of capture antibody, horse-
radish peroxidase, and substrate. The absolute levels of CSF
protein biomarkers were assessed using standard curves run
on each ELISA plate. Secondary ELISA validation was per-
formed using 32 CSF samples from the Hong Kong cohort,
comprising 15 NPSLE patients and 17 healthy controls. Demo-
graphic features of the Hong Kong cohort are detailed in
Supplementary Table 2.

Heatmap analysis, cluster analysis, volcano plot,
random forest classification, and Bayesian network
analysis. Data from the protein array screening assay were used
to generate a heatmap that clustered proteins with similar expres-
sion patterns together. The data from each group were imported
into R for clustering analysis and heatmap generation. Proteins
were clustered in an unsupervised manner based on Euclidean
distance. R was then used to generate a volcano plot of log2 fold
change of expression versus the −log10 P value, as determined
by Mann-Whitney U test. Random forest classification analysis, a
machine learning algorithm for dimensionality reduction, was exe-
cuted using R, with 1,000 bootstrap sampling iterations, to iden-
tify the relative importance of each biomarker in disease
classification using the Gini index. Ingenuity Pathway Analysis
was used to determine enriched pathway networks by ranking
the proteins based on fold change and P values that were signifi-
cantly overexpressed in NPSLE CSF compared to the controls.
The ranked genes were searched using the Qiagen Knowledge
Base to find pathways that included these proteins. Canonical
pathways were ranked by P values of overlap, calculated using
right-tailed Fisher’s exact test. The top transcription factors and
signaling molecules that regulated the up-regulated proteins in
NPSLE were deciphered using iRegulon and Cytoscape (http://
iregulon.aertslab.org/). Bayesian network analysis was performed
using the BayesiaLab software, Bayesia version 7.0.1. Continu-
ous data were discretized into 3 bins using the R2-GenOpt algo-
rithm, and the maximum weight spanning tree algorithm
(α = 0.45) was used for unsupervised learning of the network.

Statistical analysis. All data were plotted and analyzed
using GraphPad Prism 7, Microsoft Excel, or R. Several packages
such as ggplot2, dplyr, and heatmap.2 were used to generate fig-
ures. All data in this study were analyzed using the Mann-Whitney
U test, as several data sets were not normally distributed.
P values and q values (P values adjusted for false discovery rate
for multiple testing correction) were computed for each bio-
marker. Spearman’s correlation coefficient was used for the cor-
relation analysis, and the Kruskal-Wallis test was used for
multiple comparisons. Sensitivity, specificity, area under the
receiver operating curve (AUC) analysis, positive predictive values

(PPVs), and negative predictive values (NPVs) were calculated
using easyROC software. Cutoff values were calculated so as to
maximize the Youden index. PPVs and NPVs were adjusted for
prevalence, assuming the prevalence of NPSLE among SLE
patients to be ~50% (1,2).

RESULTS

Aptamer-based interrogation of 1,129 proteins. The
overall flow plan for this study is outlined in the Consolidated Stan-
dards of Reporting Trials diagram in Figure 1A. An aptamer-based
screening for the presence of 1,129 proteins was first carried out
using CSF samples from NPSLE patients, neurologic disease
controls, and healthy controls evaluated for neurologic diseases
but found to be negative. In this initial screening of 1,129 proteins,
95 proteins showed significant differences in NPSLE CSF com-
pared to healthy control CSF (P < 0.05) and also compared to
neurologic disease control CSF (P < 0.1) (Figure 1B and Supple-
mentary Figure 1, available on the Arthritis & Rheumatology web-
site at https://onlinelibrary.wiley.com/doi/10.1002/art.42080).

Of the 95 differentially expressed proteins, 40 proteins were
elevated in NPSLE CSF compared to both healthy controls and
neurologic disease controls at a fold change of ≥1.3; of these,
23 proteins were elevated in NPSLE CSF at a fold change of ≥2
compared to healthy controls (P < 0.05 by Mann-Whitney U test)
and neurologic disease controls (P < 0.1 by Mann-Whitney U test).
Eleven of these proteins exhibited q values less than 0.05,
adjusted for false discovery rate, for multiple testing correction.
The levels of the 23 most discriminatory CSF proteins are plotted
as a heatmap in Figure 1C. Principal component analysis using
these 23 CSF proteins (Figure 1D) successfully differentiated
NPSLE patients from patients with other neurologic diseases or
healthy individuals, with the first 2 principal components explain-
ing 72.4% of the variance.

This panel of 23 CSF proteins with discriminatory potential in
NPSLE included many proteins of immunologic importance
(including complement C3, C3a, C3b, C3-des-arg, C1 esterase
inhibitor, IgM, DC-SIGNR) interconnected via several functional
networks, including cell–cell signaling, hematologic system devel-
opment and function, cardiovascular disease, cell death and sur-
vival, and cellular development, based on Ingenuity Pathway
Analysis (Supplementary Figure 2, available on the Arthritis &
Rheumatology website at https://onlinelibrary.wiley.com/doi/
10.1002/art.42080). The top transcription factor and signaling
molecule regulating these up-regulated proteins in NPSLE were
ETV6 and ETS1, respectively (Figures 2A and B). Correlation anal-
ysis of these 23 proteins revealed discrete clusters with similar
expression profiles, with the largest cluster encompassing 5 com-
plement proteins, as well as IgM and angiostatin (Figure 2C). We
also carried out an orthogonal analysis using a machine learning
algorithm, random forest analysis, to identify additional proteins that
discriminate NPSLE CSF from that of controls. Random forest
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analysis revealed SLAM family member 7 and matrix metalloprotei-
nase 7 as additional discriminatory molecules in CSF with a signifi-
cant impact on NPSLE versus healthy control discrimination
(Figure 2D).

These 23 proteins, as well as 3 additional proteins implicated
in the murine NPSLE literature, lipocalin 2, M-CSF, and fibronectin
1 (FN1) (14,15,16) were evaluated for ELISA validation, as outlined
in Supplementary Table 3 (available on the Arthritis & Rheumatol-

ogy website at https://onlinelibrary.wiley.com/doi/10.1002/
art.42080). Of these 26 proteins, 16 proteins were not pursued
further, either because they exhibited similar expression profiles

with high correlation coefficients to other selected candidates or
because their expression levels were very low on the aptamer
screen, suggesting that they may fall below the detection limits
of ELISA. The remaining 10 proteins were pursued with ELISA
testing, including α2-macroglobulin, angiostatin, complement
C3, DAN, FN, hepatocellular carcinoma clone 1 (HCC-1), IgM,
lipocalin 2, M-CSF, and serine protease inhibitor G1 (SERPING1).

Primary ELISA validation of CSF proteins in the Hali-
fax NPSLE cohort. The 10 selected molecules were validated by
ELISA in 79 CSF samples drawn from 24 NPSLE patients (Halifax

Figure 2. Functional grouping and discriminatory potential of 23 CSF proteins in NPSLE. Results were obtained from the discovery cohort
(Halifax cohort), comprising 23 subjects (8 healthy controls, 7 neurologic disease controls, 8 NPSLE patients), as detailed in Supplementary
Table 1 (available on the Arthritis & Rheumatology website at https://onlinelibrary.wiley.com/doi/10.1002/art.42080). A, Top transcription factor
regulator (turquoise) (left) and top signaling molecule regulator (turquoise) (right) were identified for the top 23 proteins elevated in NPSLE patients
(P < 0.05) via the iRegulon plugin for Cytoscape. Nodes with a fold change of ≥2 range in color from pink to red. B, Dot plot shows the expression
levels of the most discriminatory 23 CSF proteins in healthy controls, neurologic disease controls, and NPSLE patients, according to aptamer-
based screening. C, Based on their expression profiles in CSF from NPSLE patients, healthy controls, and neurologic disease controls, the most
discriminatory 23 CSF proteins clustered into several subgroups, according to correlation analysis. D, Random forest analysis was performed
using all differentially expressed CSF proteins (when comparing NPSLE patients to healthy controls/neurologic disease controls) as input. The
20 CSF proteins with the largest impact on classification, ordered by their Gini coefficient, are plotted. SLAF7 = SLAM family member 7; MMP-
7 = matrix metalloproteinase 7; LGMN = legumain; IDUA = α-L-iduronidase; CK-MB = creatine kinase–MB; M2-PK = M2 pyruvate kinase;
RAN = Ras-related nuclear protein (see Figure 1 for other definitions).
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cohort, predominantly White) and 54 neurologic disease controls,
as tabulated in Supplementary Table 2 (available on the Arthritis &
Rheumatology website at https://onlinelibrary.wiley.com/doi/
10.1002/art.42080). The 54 neurologic disease controls included
31 patients with definite or probable MS and patients with a wide
array of neurologic diseases. Information on the kit manufacturer,
CSF dilution, and selection criteria for these 10 molecules is listed
in Supplementary Table 3. Angiostatin, DAN, HCC-1, IgM, lipocalin
2, M-CSF, α2-macroglobulin, FN, and SERPING1 were validated
to be significantly elevated in the CSF of NPSLE patients from the
Halifax cohort (P < 0.05) (Figure 3). Whereas some CSF proteins
exhibited a bimodal distribution in NPSLE patients (e.g., C3, FN1,
HCC-1), others such as IgM exhibited a bell-shaped distribution.

Next, receiver operating curve (ROC) analysis was performed
to ascertain which CSF proteins best distinguished NPSLE from
other neurologic diseases. IgM (AUC 0.95), M-CSF (AUC 0.91),
lipocalin 2 (AUC 0.82), FN (AUC 0.81), SERPING1 (AUC 0.78),
DAN (AUC 0.75), HCC-1 (AUC 0.69), and angiostatin (AUC 0.65)
best distinguished NPSLE patients from those with other neuro-
logic diseases in the Halifax cohort, in order of diminishing dis-
criminatory capacity (Table 1 and Figure 3). CSF IgM,
angiostatin, and M-CSF were the most sensitive biomarkers (sen-
sitivity range 80–100%), with IgM being the most sensitive
(100%). In terms of specificity, CSF levels of complement C3,
M-CSF, α2-macroglobulin, IgM, FN, and HCC-1 were the most
specific at distinguishing NPSLE patients from the neurologic dis-
ease controls, with CSF C3 having the highest specificity (100%)
(Table 1). Most of the interrogated CSF proteins exhibited high

PPVs after adjustment for NPSLE prevalence; however, the NPVs
of these proteins were modest. Of the 4 NPSLE patients with ele-
vated C3 CSF levels, 3 presented with acute confusion; in con-
trast, only 2 of the 19 NPSLE patients with normal CSF C3
exhibited acute confusion (P = 0.02 by Fisher’s exact test).

Bayesian network analysis was then performed using the
expression levels of these 10 CSF proteins in the Halifax cohort.
CSF IgM, DAN, HCC-1, and lipocalin 2 were revealed to have
the strongest impact on this network, as reflected by their node
size (Supplementary Figure 3, available on the Arthritis & Rheuma-
tology website at https://onlinelibrary.wiley.com/doi/10.1002/
art.42080). CSF IgM, FN, and M-CSF showed the highest associ-
ation with disease classification status, with CSF IgM being the
most dominant node force.

Secondary ELISA validation of CSF protein bio-
markers in the Hong Kong NPSLE cohort. To ascertain
whether the CSF proteins validated to be discriminatory of NPSLE
in the Halifax cohort might also be predictive in other ethnicities,
ELISA validation was performed using 32 CSF samples from the
Hong Kong cohort, comprising 15 NPSLE patients and 17 healthy
controls who had been evaluated for neurologic ailments using
lumbar puncture but were otherwise found to be disease-free
after neurologic examination and evaluation of routine CSF analy-
sis. CSF levels of IgM, lipocalin 2, M-CSF, and SERPING1 were
validated to be significantly elevated in NPSLE patients from the
Hong Kong cohort compared to the healthy controls (P < 0.05)
(Figure 4). ROC analysis revealed that CSF lipocalin 2 (AUC

Figure 3. ELISA validation of CSF proteins in the Halifax cohort. Ten proteins were assessed by ELISA in CSF from 25 NPSLE patients and
54 neurologic disease controls. The control group included 31 patients with definite or probable multiple sclerosis or a wide array of other neuro-
logic diseases, as detailed in Supplementary Table 2 (available on the Arthritis & Rheumatology website at https://onlinelibrary.wiley.com/doi/
10.1002/art.42080). Symbols represent individual subjects; bars show the mean. * = P < 0.05; ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001.
In the bottom right panels, receiver operating characteristic curve analyses of CSF IgM and M-CSF are shown, displaying their ability to distinguish
NPSLE patients from other neurologic disease patients. Data on the CSF protein lipocalin 2 have previously been reported (ref. 16).
SERPING1 = serine protease inhibitor G1; AUC = area under the receiver operating characteristic curve (see Figure 1 for other definitions).
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0.85), IgM (AUC 0.78), and M-CSF (AUC 0.71) best distinguished
NPSLE patients from healthy controls in the Hong Kong cohort
(Table 1 and Figure 4). CSF angiostatin and lipocalin 2 were
among the most sensitive biomarkers (sensitivity 100% and
94%, respectively), while CSF M-CSF, IgM, complement C3,
HCC-1, FN, DAN, and α2-macroglobulin were all equally specific
(100%) in distinguishing NPSLE patients from healthy controls.
Of note, CSF α2-macroglobulin, IgM, C3, and SERPING1 exhib-
ited high PPVs of 100%.

Overlap of NPSLE CSF proteomewith choroid plexus
transcriptome. We next explored the potential origins of the
proteins found to be elevated in NPSLE CSF. Although transcrip-
tomic data from the brain of a human NPSLE patient are not cur-
rently available, the transcriptome of the choroid plexus from the
MRL/lpr murine model of lupus (in which NPSLE-like disease
develops) has recently been reported, based on RNA-Seq analy-
sis (17,18). We searched this database for the expression levels
of the 40 CSF proteins significantly elevated in NPSLE CSF,
based on the initial aptamer-based proteomic screening, as well
as the 3 additional proteins selected for ELISA testing: M-CSF,
lipocalin 2, and FN1. These 43 proteins represented 38 unique
molecules. The corresponding genes for 32 of these 38molecules
were identified in the murine NPSLE choroid plexus transcriptome
database (17). Interestingly, 11 of these 32 molecules were also
significantly elevated in the murine NPSLE choroid plexus, with
the rest being comparable in expression to the levels in the

healthy choroid plexus. When the fold ratios of these 11molecules
were found to be significantly elevated in NPSLE CSF and choroid
plexus were plotted, a strong correlation was noted (R = 0.63,
P = 0.037) (Figure 5), indicating that the higher the elevation of a
marker in the choroid plexus, the higher its elevation is in the
CSF. These results are consistent with the choroid plexus being
an important source of the identified CSF biomarkers.

DISCUSSION

The diagnosis of NPSLE is clinically challenging, and the cur-
rently available tools are less than optimal. For example, no good
and accurate way exists to distinguish primary NPSLE from sec-
ondary NPSLE. Indeed, neuropsychiatric manifestations are
sometimes treated empirically, and if they respond to immuno-
suppression, NPSLE is inferred. We believe that proteomic inves-
tigations of blood and CSF will eventually lead to the fabrication of
a serum- or CSF-based diagnostic panel that permits accurate
diagnosis of NPSLE, with significantly higher specificity for this
disease compared to other neuroinflammatory diseases or infec-
tions. This will become feasible when the entire (serum or CSF)
proteome can be comprehensively interrogated, which is not cur-
rently possible. Such a panel will be clinically useful to diagnose
NPSLE with high confidence. As alluded to below, the implicated
proteins may also pave the way toward more effective therapeu-
tics for NPSLE. Finally, these insights may also shed light on the

Figure 4. ELISA validation of CSF proteins in the Hong Kong cohort. Ten proteins were assessed by ELISA in CSF from 15 NPSLE patients and
17 healthy controls. The control group included individuals tested for neurologic ailments using lumbar puncture but who were otherwise found to
be disease-free after neurologic evaluation and CSF analysis, as detailed in Supplementary Table 2 (available on the Arthritis & Rheumatologyweb-
site at https://onlinelibrary.wiley.com/doi/10.1002/art.42080). Symbols represent individual subjects; bars show the mean. * = P < 0.05;
** = P < 0.01; *** = P < 0.001; **** = P < 0.0001. In the bottom right panels, receiver operating characteristic curve analyses of CSF IgM and lipo-
calin 2 are shown, displaying their ability to distinguish NPSLE patients from healthy controls. Data on the CSF protein lipocalin 2 have previously
been reported (ref. 16). SERPING1 = serine protease inhibitor G1; AUC = area under the receiver operating characteristic curve (see Figure 1 for
other definitions).
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pathophysiology underlying NPSLE. The current CSF proteomic
study is an initial step in that direction.

In the current study, we describe the largest ever targeted
proteomic analysis of NPSLE CSF, using an aptamer-based plat-
form that has the capacity to interrogate >1,000 protein targets.
Several general themes emerge from this proteomic analysis.
First, as previously reported for urine biomarkers in LN (11), this
aptamer-based targeted proteomic approach has proven to be
effective in identifying protein biomarker candidates that can suc-
cessfully be validated by an orthogonal platform, ELISA. Second,
as we have reported in LN (11), how well a biomarker performs
can be significantly influenced by patient ethnicity, suggesting
the importance of tailoring the biomarker to patient race and
ethnicity.

Third, molecules that are hyperexpressed in diseased end-
organs in SLE may become enriched in the body fluid draining or

bathing that tissue. Therefore, while urine may be the optimal fluid
for identifying biomarkers for LN (11), CSF may be the preferred
fluid for mining biomarkers for NPSLE, given the observation that
11 biomarker candidates were significantly enriched in the CSF
and also the choroid plexus (albeit in different species), with a
quantitative correlation. The fact that a correlation was even
observed despite the species difference (humans versus mice)
makes this all the more significant. The choroid plexus in both
murine and human NPSLE has been shown to be enriched with
tertiary lymphoid structures (17), which could easily serve as a
source for CSF enriched biomarkers. Other proteins that are ele-
vated in NPSLE CSF but not expressed or elevated in the NPSLE
choroid plexus could have arisen from other parts of the brain, or
simply filtered from the blood, especially in the case of blood–
brain barrier disruption. The latter may explain the elevation of
high abundance serum proteins such as albumin and
α2-macroglobulin in the CSF of these patients.

Fourth, the same proteins that are hyperexpressed in differ-
ent tissues appear to be associated with different end-organ dis-
eases. For example, several biomarker candidates reported here
have been observed in a proteomic screening of LN, except that
they were identified in different tissues. Thus, molecules such as
complement proteins cystatin, DC-SIGNR, lipocalin 2, M-CSF,
and superoxide dismutase may be generic biomarkers of SLE
and reflect disease activity or organ damage. When the kidneys
are targeted, these markers may be elevated in the urine (in part,
due to leakage) while brain involvement may manifest with CSF
elevations of these same molecules, although we have not estab-
lished causality yet.

Finally, each of the identified molecules has interesting path-
ogenic and potential diagnostic ramifications, as discussed
below. Several of the assayed CSF proteins, including α2-macro-
globulin, IgM, complement C3, M-CSF, and SERPING1 exhibited
high specificity and PPVs for NPSLE diagnosis (Table 1). The
diagnostic metrics calculated in Table 1 used a cutoff value to
maximize sensitivity and specificity (i.e., the Youden index). Alter-
natively, setting a more stringent cutoff value (to maximize speci-
ficity/PPV) for these 5 CSF proteins enables attainment of 100%
PPV in both NPSLE cohorts. Therefore, these 5 proteins have
the potential to serve as diagnostic markers for NPSLE when the
appropriate test cutoffs are used.

CSF IgM levels were significantly elevated in NPSLE patients
compared to all controls in both the Halifax and Hong Kong
cohorts (P < 0.001 and P < 0.01, respectively), with high ROC
AUC values in both cohorts. Indeed, its ability to distinguish
NPSLE from other neurologic diseases was 0.95 in the Halifax
cohort. CSF IgM exhibited a sensitivity of 100% in both cohorts
and a specificity of 100% in the Halifax cohort, bolstering its diag-
nostic potential in NPSLE, but further validation is warranted.
Increased intrathecal IgM has been demonstrated in patients with
MS, correlating with the subsequent development of pathologic
magnetic resonance imaging (MRI) findings (19,20). Another

Figure 5. Fold change in CSF protein levels in NPSLE patients ver-
sus fold change in gene levels assessed in the choroid plexus murine
lupus model. The choroid plexus transcriptome from a murine lupus
model of NPSLE-like disease was searched for the expression levels
of all 40 CSF proteins significantly elevated in the CSF of NPSLE
patients, according to the initial aptamer-based proteomic screening,
as well as 3 additional proteins selected for ELISA testing: M-CSF,
lipocalin 2, and fibronectin 1. These 43 proteins represented
38 unique molecules. Of these 38 molecules, 32 could also be identi-
fied in the NPSLE choroid plexus mouse transcriptome. Eleven mole-
cules were significantly elevated both in the CSF proteome (from this
study) and the choroid plexus transcriptome. The respective fold
ratios in the 2 omics data sets, shown plotted against each other, cor-
related with each other (R = 0.63, P = 0.037). The gene expression
P value is indicated by the white to black color scale of each square,
while the protein level P value is indicated by the size of the orange cir-
cle. See Figure 1 for definitions.
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study showed a negative correlation between elevated intrathecal
IgM levels and disease progression in MS, alluding to a possible
protective role of IgM in patients with inflammatory CNS disease
(21). Besides an elevated IgG index, an early study also sug-
gested that the CSF IgM index might also be elevated in NPSLE
(22). Various IgG autoantibodies have been described in NPSLE
CSF, but IgM autoantibodies have not received similar attention
(23–25). Plasma cells have been observed in CSF and brain tis-
sue in MS (26,27). Given that activated B cells, germinal center
B cells, and plasma cells are enriched in the NPSLE choroid
plexus (17), with a parallel increase in IgM in the choroid plexus
(Figure 5), this could potentially explain the elevated CSF IgM in
NPSLE. Further studies are needed to ascertain the relative
diagnostic utility of different immunoglobulin isotypes and spec-
ificities in NPSLE CSF.

The elevation in CSF lipocalin 2 in both NPSLE cohorts has
recently been reported (16). Interestingly, this inflammatory medi-
ator has been implicated in various disease processes, including
renal disease (28,29), cerebral ischemia (30), cardiovascular dis-
eases (31), chronic obstructive pulmonary disease (32), cancers
(33–35), and retinal inflammation (36). Lipocalin 2 has been
shown to be hyperexpressed within the brain in murine NPSLE,
associated with glial cell apoptosis (16). This may be explained
by either local production of lipocalin 2 in the brain (16) or from ele-
vated serum lipocalin 2 levels associated with SLE (37). In the cur-
rent study, relative to the other biomarker candidates, CSF
lipocalin 2 ranked among the top few markers, in terms of the
ROC AUC value, to distinguish NPSLE patients from controls.
Indeed, in Chinese patients with NPSLE, CSF lipocalin 2 emerged
as the most discriminatory marker.

M-CSF is a cytokine responsible for the growth and differ-
entiation of monocyte–macrophage cell lineages. It is produced
by a variety of cells, including endothelial cells, fibroblasts, oste-
oblasts, smooth muscle cells, and macrophages (38), and is a
key factor that increases macrophage numbers and function in
a variety of tissues (39). In this study, we found increased CSF
levels of M-CSF in NPSLE patients compared to neurologic dis-
ease controls in the Halifax cohort (P < 0.0001; AUC 0.91) as
well as in the Hong Kong cohort (P < 0.05). While previous
studies have demonstrated elevated serum M-CSF levels in
NPSLE, the current study is the first to demonstrate elevated
levels in CSF. Importantly, the pathogenic relevance of M-CSF
in murine NPSLE has recently been reported (15). M-CSF has
been shown to play a role in other CNS pathologies, including
MS and Alzheimer’s disease (40–45). The choroid plexus could
be one potential source for this cytokine in the CSF of NPSLE
patients (Figure 5). Given its superior biomarker potential in
NPSLE and its potential pathogenic and therapeutic relevance
(17), future studies are warranted to further explore this in
human NPSLE.

Interestingly, several complement proteins were elevated in
NPSLE CSF (Figure 2), with complement C3 exhibiting the highest

fold increase in murine NPSLE choroid plexus of all molecules that
overlapped between the CSF proteomic and choroid plexus tran-
scriptomic data sets (Figure 5). Circulating complement con-
sumption, which has been well documented in NPSLE (46),
could readily be explained by the increased complement deposi-
tion within the damaged tissue in NPSLE (47), as demonstrated
in LN. A previous study showed increased C3 in NPSLE, particu-
larly in NPSLE patients presenting with acute confusional state
(48), corroborating our own observation that 75% of the NPSLE
patients with elevated CSF C3 had acute confusion. Given its high
specificity and its unique association with acute confusional
state, this diagnostic potential of CSF C3 warrants prospective
trials in NPSLE patients. However, this may not be unique to
NPSLE, as increased CSF complement and immune complexes
have also been documented in MS, Alzheimer’s disease, and
depression (49–51).

Other CSF proteins elevated in NPSLE are suggestive
of a breach in the blood–brain barrier, including FN and
α2-macroglobulin (48,52,53). We have recently reported that
blood–brain barrier leakage in NPSLE is associated with gray
matter loss and cognitive impairment (54). Collectively, the
observed biomarker profiles suggest that the CSF proteome
likely mirrors the underlying inflammation in the choroid plexus
and other parts of the brain afflicted in NPSLE. Shortcomings
of this study include the limited sample size for screening and
validation and failure to include patients with other disease
manifestations (e.g., aseptic meningitis). It would also be
important to test the performance of these biomarkers in a
cohort with paired serum/CSF and MRI data (indicating
blood–brain barrier breach). A larger sample size is needed to
validate the apparent association of CSF complement C3 with
acute confusion. It is also important to expand the fraction of
the human proteome interrogated so as to encompass other
neurologic targets implicated in the NPSLE literature but
not captured in this study, including microtubule-associated
protein 2B, triosephosphate isomerase, and septin 7, among
others (55,56).
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Critical Role of Notch-1 in Mechanistic Target of Rapamycin
Hyperactivity and Vascular Inflammation in Patients With
Takayasu Arteritis

Wanwan Jiang,1 Mengyao Sun,2 Ying Wang,1 Ming Zheng,1 Zixin Yuan,1 Shixiong Mai,3 Xin Zhang,3 Longhai Tang,4

Xiyu Liu,3 Chunhong Wang,1 and Zhenke Wen1

Objective. Takayasu arteritis (TA) is a major type of large vessel vasculitis characterized by progressive inflamma-
tion in vascular layers. In our recent study we identified a central role of mechanistic target of rapamycin (mTOR) hyper-
activity in proinflammatory T cell differentiation in TA. This study was undertaken to explore potential mechanisms
underpinning T cell–intrinsic mTOR hyperactivity and vascular inflammation in TA, with a focus on Notch-1.

Methods. Notch-1 expression and activity was determined according to Notch-1, activated Notch-1, and HES-1
levels. We detected mTOR activity with intracellular expression of phosphorylated ribosomal protein S6. Differentiation
of proinflammatory T cells was analyzed by detecting Th1 and Th17 lineage-determining transcription factors. The
function of Notch-1 was evaluated using γ-secretase inhibitor DAPT and gene knockdown using a short hairpin RNA
(shRNA) strategy. We performed our translational study using humanized NSGmouse chimeras in which human vascu-
litis was induced using immune cells from TA patients.

Results. CD4+ T cells from TA patients exerted Notch-1high, leading to mTOR hyperactivity and spontaneous mal-
differentiation of Th1 cells and Th17 cells. Blockade of Notch-1 using DAPT and Notch-1 shRNA efficiently abrogated
mTOR complex 1 (mTORC1) activation and proinflammatory T cell differentiation. Mechanistically, Notch-1 promoted
mTOR expression, interacted with mTOR, and was associated with lysosomal localization of mTOR. Accordingly, sys-
temic administration of DAPT and CD4+ T cell–specific gene knockdown of Notch-1 could alleviate vascular inflamma-
tion in humanized TA chimeras.

Conclusion. Expression of Notch-1 is elevated in CD4+ T cells from TA patients, resulting in mTORC1 hyperactivity
and proinflammatory T cell differentiation. Targeting Notch-1 is a promising therapeutic strategy for the clinical man-
agement of TA.

INTRODUCTION

Takayasu arteritis (TA), a chronic and progressive autoimmune

large vessel vasculitis (LVV) that mainly affects the aorta and major

branches, is seen in all ethnicities around the world with increasing

prevalence rates (1). While the mainstay of TA treatment is limited to

nonspecific glucocorticoids, a number of studies have shown that

CD4+ T cells play a critical role in driving vascular inflammation in

TA (1–4). Specifically, Th1 cells and Th17 cells are the dominant

proinflammatory T cell subsets that infiltrate the adventitia layer,

leading to vascular inflammation in TA (1,5–7). Thus, investigations

regarding the maldifferentiation of proinflammatory T cells are
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relevant in elucidating TA pathogenesis and exploring therapeutic
strategies.

Mechanistic target of rapamycin (mTOR) coordinates
eukaryotic cell growth and metabolism with environmental nutri-
ents and growth factors, playing a central role in regulating many
fundamental cell processes, from protein synthesis to autophagy
(8–10). Mechanistic target of rapamycin complex 1 (mTORC1),
which contains the specific subunit regulatory-associated protein
of mechanistic target of rapamycin (RAPTOR) and is sensitive to
rapamycin, is well known for controlling the differentiation of Th1
cells and Th17 cells (11–14). In contrast, mTORC2 is believed to
be essential for Th2 cell differentiation (12,13). In our recent study,
we identified mTORC1 hyperactivity as a critical signature in
CD4+ T cells in TA patients driving spontaneous maldifferentiation
of proinflammatory T cells (1). Inhibiting mTORC1 using rapamy-
cin or RAPTOR short hairpin RNA (shRNA) abrogates maldifferen-
tiation of proinflammatory T cells from TA patients (1). Blocking
mTORC1 can alleviate vascular inflammation in humanized TA
chimeras (1). However, the mechanisms underpinning mTORC1
hyperactivity in TA T cells are not fully understood; therefore, a
greater understanding of these mechanisms might expand the
therapeutic targets in TA.

Notch-1 is a conserved receptor that controls the differentia-
tion and function of multiple cell types, including immune cells
(12,15–17). A significant amount of evidence has indicated that
Notch-1 signaling plays an important role in CD4+ T cell differenti-
ation and function (12,18–21). Of note, CD4+ T cells from patients
with giant cell arteritis (GCA), another type of LVV, have increased
Notch-1 activity that results in proinflammatory T cell differentia-
tion (12). Upon stimulation by high levels of circulating vascular
endothelial growth factor (VEGF), microendothelial cells in the
adventitia of GCA-affected arteries express Jagged-1, forming a
structural niche to induce Notch-1 activity in contacted CD4+
T cells (12). Such Notch-1high activity in GCA T cells results in
Akt/mTORC1 activation, which promotes the differentiation of
Th1 cells and Th17 cells (12). Collectively, Notch-1 signaling could
be a master regulator of mTORC1 activity in T cells. These findings
allow us to explore whether Notch-1 is involved in mTORC1high in
T cells in TA patients.

In this study, we aimed to elucidate the potential function of
Notch-1 in regulating mTORC1 activity and proinflammatory T cell
differentiation in TA patients. We identified Notch-1high as a cell-
intrinsic signature of TA T cells leading to mTORC1high and proin-
flammatory T cell differentiation. Of importance, we learned that
Notch-1 physically interacts with mTOR and is associated with
lysosomal mTOR localization. Targeting Notch-1 may be a prom-
ising therapeutic strategy in TA.

PATIENTS AND METHODS

All data included in current study are available upon reason-
able request from the corresponding authors.

Patients. In total, 69 TA patients and 38 age-matched
healthy individuals were enrolled in this study. A total of 20 patients
with small vessel vasculitis granulomatosis with polyangiitis (GPA)
were recruited as the control. Clinical characteristics of TA and
GPA patients are summarized in Supplementary Table 1 (available
on the Arthritis & Rheumatology website at http://onlinelibrary.
wiley.com/doi/10.1002/art.42103). Human aortic arteries were
collected from surgery tissue, and informed consent was
obtained from all participants. All experiments were performed in
compliance with the Declaration of Helsinki and approved by the
Soochow University Institutional Review Board.

Cell isolation and culture. Cell isolation and culture were
performed as previously described (1,11). Specifically, peripheral
blood mononuclear cells (PBMCs) were isolated by gradient cen-
trifugation using lymphocyte separation medium (Corning). CD4+
T cells were purified from PBMCs using a human CD4+ T cell
enrichment kit (StemCell Technologies), with a cell purity consis-
tently >95%. Cells were cultured in RPMI 1640 medium supple-
mented with 10% fetal bovine serum (ThermoFisher Scientific)
and penicillin/streptomycin/glutamine (ThermoFisher Scientific).

Reagents. The Notch-1 inhibitor DAPT and mTORC1 inhib-
itor rapamycin were purchased from Sigma-Aldrich. Human
Notch-1 shRNA, RAPTOR shRNA, and the control shRNA were
from Santa Cruz Biotechnology. Nucleofector kits from Lonza
were used for T cell transfections. All reagents were used accord-
ing to the manufacturers’ instructions.

T cell differentiation. Proinflammatory Th1 and Th17
cells were identified as previously described (1,11,12). Briefly,
CD4+ T cells were stimulated with anti-CD3/CD28 beads (cell:
bead ratio 2:1) (ThermoFisher Scientific) for 4 days, followed by
analyses of linage-determining transcription factors, including
T-bet and retinoic acid receptor–related orphan nuclear receptor
γ (RORγ), using flow cytometry.

Flow cytometry. T cells were treated with Fix buffer I
(BD Biosciences) and Perm buffer III (BD Biosciences) and stained
with antibodies as follows: fluorescein isothiocyanate/allophyco-
cyanin (APC)–Cy7 anti-CD4 (clone OKT4; BioLegend), phycoery-
thrin (PE)–anti–T-bet (clone eBio4B10; ThermoFisher Scientific),
APC–anti-RORγ (clone AFKJS-9; ThermoFisher Scientific),
PE–anti–phosphorylated S6RP (Ser235/236) (clone D57.2.2E; Cell
Signaling Technology), PE–anti–Notch-1 (12-5785-82; Thermo-
Fisher Scientific), mouse anti–Notch-1 (sc-373891; Santa Cruz
Biotechnology) with Alexa Fluor 647 anti-mouse IgG (A-21235;
ThermoFisher Scientific), Alexa Fluor 488 Anti–HES-1 antibody
(ab196328; Abcam), rabbit anti-activated Notch-1 (ab52301;
Abcam), rabbit anti-RAPTOR (42-4000; ThermoFisher Scientific),
and rabbit anti–phosphorylated Akt (9271S; Nucleofector) with
Alexa Fluor 488 anti-rabbit IgG (A-11034; ThermoFisher
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Scientific). Cells were stained for 45 minutes at 4�C. Flow cytom-
etry was performed on an LSR II flow cytometer (BD Biosciences).
Data were analyzed using FlowJo software (Tree Star).

Immunofluorescence. Protein expression of human CD3
and interferon-γ (IFNγ) in arterial tissue sections were detected by
immunostaining as previously described (1,11,12). Briefly, frozen
sections of arterial tissue were stained with mouse anti-human
CD3 antibody (1:100) (clone SPV-T3b; ThermoFisher Scientific)
and visualized using Alexa Fluor 594 anti-mouse IgG (1:200)
(A-11032; ThermoFisher Scientific). Rabbit anti-human IFNγ anti-
body (1:50) (ab9657; Abcam) and Alexa Fluor 488 anti-rabbit
IgG (1:200) (A-11034; ThermoFisher Scientific) were used to stain

human IFNγ. Images of the stained sections were acquired using
a LSM710 confocal microscope (Carl Zeiss) with a Plan neofluar
40×/1.3na oil objective lens.

Immunoblotting and immunoprecipitation.
Immunoblotting and coimmunoprecipitation were performed as
previously described (11,22). The antibodies used were anti-mTOR
(sc-517464; Santa Cruz Biotechnology), anti–phosphorylated S6
ribosomal protein (sc-293144; Santa Cruz Biotechnology), anti-
S6 ribosomal protein (sc-74459; Santa Cruz Biotechnology),
anti–Notch-1 (sc-373891; Santa Cruz Biotechnology), anti-
phosphorylated Akt (Ser473) (9271; Cell Signaling Technology), anti-
Akt (9272; Cell Signaling Technology), and anti–lysosome-associated

Figure 1. Notch-1 hyperactivity and maldifferentiation of CD4+ T cells in patients with Takayasu arteritis (TA). A and B, CD4+ T cells gated from
fresh peripheral blood mononuclear cells from 6 TA patients (2 untreated; 4 women) were analyzed for intracellular levels of activated Notch-1. Six
age-matched healthy control subjects (HCs, 3 women) and 6 patients with granulomatosis with polyangiitis (GPA) (2 untreated; 3 women) were
included as control groups. Representative histograms (A) and quantification of the values (B) are shown. C and D, Intracellular levels of activated
Notch-1 in CD4+ T cells correlated with frequencies of T-bet–expressing Th1 cells (C) and retinoic acid receptor–related orphan nuclear receptor γ–
expressing Th17 cells (D) in 25 TA patients (3 untreated; 19 women) as analyzed with Pearson’s correlation coefficient. E–G, CD4+ T cells from
17 age-matched TA patients receiving treatment (13 women), 12 GPA patients receiving treatment (9 women), and healthy controls were stimulated
with anti-CD3/CD28 beads for 3 days, after which we investigated for the expression of Notch-1 (E and F) and HES-1 (G). In B and E–G, bars
show the mean ± SEM; symbols represent individual samples. * = P < 0.05 by unpaired t-test; **** = P < 0.0001 by analysis of variance and
Tukey’s multiple comparisons test. MFI = mean fluorescence intensity; NS = not significant; Rel. inten. = relative intensity. Color figure can be
viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42103/abstract.
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membrane protein 1 (sc-20011; Santa Cruz Biotechnology). As
an internal control, we used β-actin, detected with anti–β-actin
(sc-81178; Santa Cruz Biotechnology).

Humanized TA chimeras. Human artery–NSG mouse
chimeras representing human TA were generated as previously
described (1). Briefly, 8-week-old NSG mice (Biocytogen) were
housed in institutional pathogen-free animal facilities and subcutane-
ously engrafted with human arterial tissue fragments. Buprenorphine
(0.125 mg/kg body weight) was used to control the postsurgical
pain. The human artery–NSGmouse chimeras were intraperitoneally
injectedwith lipopolysaccharide (10 μg/mouse) (Sigma) on day 9 and
were reconstituted with PBMCs (15 × 106 cells/mouse) from
patients with active TA on day 10. Chimeras implanted with arterial
pieces from the same donor were randomly assigned to control
and treatment groups. DAPT treatment (100 mg/kg) was achieved
by intraperitoneal injection after immune reconstitution (23,24). For
some experiments, CD4+ T cells were isolated from the TA PBMCs,
transfected with Notch-1 shRNA or control shRNA, and injected into
the chimeras together with the CD4-T–depleted TA PBMCs for
immune reconstitution. Human arterial graft explants were collected
on day 25 for the detection of vasculitis. Experiments were con-
ducted in accordance with the Animals in Research: Reporting In
Vivo Experiments guidelines and approved by Animal Care and Use
Committee of Soochow University.

Statistical analysis. Data are presented as the mean
± SEM. Student’s t-test was used for 2-group comparisons with
Bonferroni correction for multiple comparisons. Analysis of vari-
ance with Tukey’s multiple comparisons test was used for
comparisons of >2 groups. We used Pearson’s correlation coeffi-
cient for testing correlations. All statistics were performed using
GraphPad Prism 9.0, and P values less than 0.05 were consid-
ered significant.

RESULTS

Exertion of Notch-1high and spontaneous proin-
flammatory T cell differentiation in CD4+ T cells from
TA patients. To detect the possible involvement of Notch-1 signal-
ing in proinflammatory T cell differentiation in TA patients, CD4+ T
cells were gated from freshly isolated PBMCs from TA patients,
GPA patients, and healthy controls, to analyze protein expression of
activated Notch-1. We observed higher expression of activated
Notch-1 in CD4+ T cells from TA patients, associated with circulating
frequencies of Th1 cells and Th17 cells in TA patients (Figures 1A–D).

To understand whether Notch-1high is a cell-intrinsic signa-
ture for TA CD4+ T cells, CD4+ T cells were isolated from TA
PBMCs and stimulated with anti-CD3/CD28 beads to detect
Notch-1 expression and activity. As expected, TA CD4+ T cells
exerted higher Notch-1 expression and activity compared to
CD4+ T cells from GPA patients and healthy individuals

(Figures 1E–G and Supplementary Figure 1, http://onlinelibrary.
wiley.com/doi/10.1002/art.42103), accompanied by elevated
maldifferentiation of Th1 cells and Th17 cells (1) (Supplementary
Figure 1B). Notch-1high expression was not exclusive to CD4+ T
cells and was also observed in CD8+ T cells and B cells from TA
patients (Supplementary Figure 2, http://onlinelibrary.wiley.com/
doi/10.1002/art.42103). Essentially, T cells from TA patients
express cell-intrinsic Notch-1high, reflecting proinflammatory T cell
differentiation.

Critical role of Notch-1 signaling in proinflamma-
tory T cell differentiation in TA patients. To determine the
function of Notch-1 signaling in the maldifferentiation of proinflam-
matory T cells in TA patients, CD4+ T cells were isolated from
TA PBMCs and stimulated with anti-CD3/CD28 beads in the
presence or absence of DAPT. Inhibition of Notch-1 with DAPT
efficiently abrogated Th1/Th17 cell differentiation in TA T cells
(Figures 2A and B). Gene knockdown of Notch-1 using shRNA
also impaired proinflammatory T cell differentiation of TA T cells
(Figures 2C and D and Supplementary Figure 3, http://
onlinelibrary.wiley.com/doi/10.1002/art.42103). Vice versa, trans-
fection of Notch-1 intracellular domain (NICD) in healthy CD4+ T
cells resulted in enhanced differentiation of proinflammatory
T cells, mimicking the TA CD4+ T cells (Figure 2E). Transfection
of NICD further promoted the differentiation of proinflammatory
TA T cells (Supplementary Figure 4, http://onlinelibrary.wiley.
com/doi/10.1002/art.42103).

To verify the function of Notch-1 signaling in proinflammatory
T cell differentiation of TA T cells in vivo, immune-deficient NSG
mice were immune-reconstituted with PBMCs from TA patients
and were treated with or without DAPT. Compared to chimeras
reconstituted with healthy PBMCs, higher frequencies of splenic
Th1 cells and Th17 cells were detected in those reconstituted
with TA PBMCs (Figures 2F and G). Treatment with DAPT signifi-
cantly reduced the frequencies of splenic Th1 cells and Th17 cells
in these chimeras reconstituted with TA PBMCs (Figures 2H and I).
Taken together, Notch-1high is critical for the maldifferentiation of
proinflammatory T cells in TA patients.

Dependency of Notch-1high–induced proinflamma-
tory T cell differentiation on mTORC1. We identified
mTORC1 hyperactivity as a cell-intrinsic mechanism for proin-
flammatory T cell differentiation in TA patients (1). To determine
whether Notch-1high–induced proinflammatory T cell differentia-
tion was dependent on mTORC1, CD4+ T cells from healthy
donors were transfected with NICD, stimulated with anti-CD3/
CD28 beads in the presence or absence of rapamycin, and Th1
cells and Th17 cells were measured. We found that Notch-1high–
driven proinflammatory T cell differentiation was blocked by the
mTORC1 inhibitor rapamycin (Figures 3A and B), and RAPTOR
shRNA gene knockdown of mTORC1 also impeded Notch-
1high–induced proinflammatory T cell differentiation (Figures 3C
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and D and Supplementary Figure 5, http://onlinelibrary.wiley.
com/doi/10.1002/art.42103). Additionally, findings from an inde-
pendent replication of our previous study showed that rapamycin
and gene knockdown of RAPTOR significantly blocked mal-
differentiation of proinflammatory CD4+ T cells in TA patients
(Supplementary Figure 6, http://onlinelibrary.wiley.com/doi/10.
1002/art.42103), rendering them similar to healthy CD4+ T cells (1).

To verify the crucial role of mTORC1 in Notch-1–mediated
Th1 and Th17 cell differentiation, we investigated the possible
effect of Notch-1 on microRNA-29 (miR-29), which can be
repressed by Notch-1 in murine T cells and thus facilitate Th1

differentiation (25). However, the effect of Notch-1 on miR-29
expression was highly cell-context dependent (25), and Notch-1
increased expression of miR-29 in CD4+ T cells from healthy
donors (Supplementary Figure 7A, http://onlinelibrary.wiley.com/
doi/10.1002/art.42103). Similarly, levels of miR-29 were elevated
in CD4+ T cells from TA patients (Supplementary Figure 7B).
Further, miR-29 blockade did not have a significant effect on
Notch-1–mediated Th1/Th17 differentiation (Supplementary
Figure 7C). Such findings further support the notion that Notch-
1high drives the maldifferentiation of Th1 cells and Th17 cells
through an mTOR-dependent mechanism.

Role of Notch-1 in the expression and activity of
mTORC1 in T cells. To understand the mechanisms underpin-
ning mTOR-dependent proinflammatory T cell differentiation by
Notch-1high, CD4+ T cells from healthy donors were transfected
with NICD, stimulated with anti-CD3/CD28 beads, and assayed

Figure 2. Notch-1 plays a critical role in proinflammatory T cell
differentiation in TA. A and B, CD4+ T cells from TA patients were stim-
ulated with anti-CD3/CD28 beads in the presence or absence of DAPT
(10 mM) for 4 days and were analyzed for frequencies of T-bet–
expressing Th1 cells (A) and retinoic acid receptor–related orphan
nuclear receptor γ (RORγ)–expressing Th17 cells (B). C–E, CD4+ T cells
from TA patients were transfected with Notch-1 short hairpin RNA
(shRNA) (shNotch-1) or control shRNA (shCtrl) (C and D) and CD4+ T
cells from healthy donors were transfectedwith or without Notch-1 intra-
cellular domain (NICD) (E), and cells were then stimulated with anti-CD3/
CD28 beads for 4 days. F and G, NSG mice were reconstituted with
peripheral blood mononuclear cells (PBMCs) from healthy donors or
TA patients, and after 7 days, splenic Th1 cells (F) and Th17 cells (G)
were measured.H and I, NSGmice reconstituted with TA PBMCs were
treated with DAPT for 7 days, followed by measurement of splenic Th1
cells (H) and Th17 cells (I). Bars show the mean ± SEM; symbols
represent individual samples. ** = P < 0.01; *** = P < 0.001; **** = P
< 0.0001, by paired t-test with Bonferroni correction in E or by paired
t-test alone. See Figure 1 for other definitions. Color figure can be
viewed in the online issue, which is available at http://onlinelibrary.wiley.
com/doi/10.1002/art.42103/abstract.

Figure 3. Notch-1 initiates proinflammatory T cell differentiation via
mechanistic target of rapamycin (Rapa) complex 1. A and B, CD4+ T
cells from healthy donors were transfected with Notch-1 intracellular
domain (NICD) and stimulated with anti-CD3/CD28 beads in the pres-
ence or absence of rapamycin (50 nM) for 4 days, followed by measure-
ment of Th1 cells (A) and Th17 cells (B). C and D, CD4+ T cells from
healthy donors were cotransfected with NICD plus regulatory-associated
protein of mechanistic target of rapamycin short hairpin RNA (shRNA)
(shRaptor) or control shRNA (shCtrl) and stimulated with anti-CD3/
CD28 beads for 4 days, followed by measurement of Th1 cells (A) and
Th17 cells (B). Bars show themean ± SEM; symbols represent individual
samples. *** = P < 0.001; **** = P < 0.0001, by paired t-test. Color figure
can be viewed in the online issue, which is available at http://onlinelibrary.
wiley.com/doi/10.1002/art.42103/abstract.
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for mTORC1 expression. We found an ~2–3-fold increase in
mTOR protein expression in response to Notch-1high in CD4+
T cells (Figures 4A and B). This increase of mTOR was induced
at the transcriptional level, as transfection of NICD promoted
higher levels of messenger RNA mTOR in CD4+ T cells
(Supplementary Figure 8A, http://onlinelibrary.wiley.com/doi/10.
1002/art.42103). Of note, Notch-1high also enhanced the expres-
sion of RAPTOR, a mTORC1-specific subunit, leaving rapamycin-
insensitive companion of mTOR unaffected (Supplementary
Figure 8B). Further, Notch-1high promoted mTORC1 activity in
CD4+ T cells (Figures 4C and D). Intracellular levels of phosphory-
lated S6RP were significantly elevated by NICD transfection in
healthy CD4+ T cells. Vice versa, transfection of TA CD4+ T cells
with Notch-1 shRNA efficiently decreased protein levels of phos-
phorylated S6RP (Figure 4E). Consistent with these findings, DAPT
treatment also blocked the activity of mTORC1 in TA CD4+ T cells,
resulting in reduced levels of intracellular phosphorylated S6RP
(Figures 4F and G). Additionally, Notch-1high did not significantly
affect mTORC2 activity in CD4+ T cells, leaving phosphorylated
Akt levels unaffected (Figures 4D and E and Supplementary
Figure 9, http://onlinelibrary.wiley.com/doi/10.1002/art.42103).

In CD4+ T cells from TA patients, intracellularly activated
Notch-1 also positively correlated with levels of phosphorylated
S6RP (Figure 4H). Thus, Notch-1 signaling drives expression
and activation of mTORC1 in CD4+ T cells, resulting in proinflam-
matory T cell differentiation in TA patients.

Association between Notch-1 and lysosome locali-
zation of mTOR in T cells. The correlation between mTORC1
activation and the translocation of mTOR to the organelle lyso-
some is well known (11,26). Consistent with mTORC1 hyperactivity
in TA CD4+ T cells, mTOR lysosomal load was increased in these
CD4+ T cells compared to healthy control cells (Figure 5A). Of
note, transfection of healthy CD4+ T cells with NICD was associ-
ated with increased localization of mTOR onto the lysosome upon
activation (Figure 5B). Vice versa, inhibition of Notch-1 signaling
with DAPT decreased the lysosomal load of mTOR in activated
CD4+ T cells (Figure 5C).

To understand how Notch-1 may correlate with lysosomal
localization of mTOR, Notch-1 was immunoprecipitated and
immunoblotted for mTOR protein. T cell stimulation with anti-
CD3/CD28 beads promoted expression of mTOR and Notch-1,

Figure 4. Notch-1 promotes expression and activity of mechanistic target of rapamycin complex 1 (mTORC1) in T cells. A and B, CD4+ T cells from
healthy donors were transfected with or without Notch-1 intracellular domain (NICD), stimulated with anti-CD3/CD28 beads for 3 days, and analyzed for
intracellular mTOR expression (MFI [A] and relative intensity [B]). C and D, CD4+ T cells from healthy donors were transfected with or without NICD,
stimulated with anti-CD3/CD28 beads for 3 days, and analyzed for intracellular expression of phosphorylated S6RP (C), S6RP, phosphorylated Akt,
and Akt (D). We used β-actin from the same membrane as the loading control. E, CD4+ T cells from TA patients were transfected with Notch-1 short
hairpin RNA (shRNA) or control (Ctrl) shRNA, stimulated with anti-CD3/CD28 beads for 3 days, and analyzed for intracellular expression of phosphor-
ylated S6RP, S6RP, phosphorylated Akt, and Akt. F andG, CD4+ T cells from TA patients were stimulated with anti-CD3/CD28 beads in the presence
or absence of DAPT (10 mM) for 3 days and analyzed for intracellular levels of phosphorylated S6RP and S6RP (MFI [G] or relative intensity [F]). In E–G,
β-actin from the samemembrane was used as loading control.H, Intracellular levels of activated Notch-1 correlated with phosphorylated S6RP expres-
sion in CD4+ T cells from 25 TA patients as analyzed with Pearson’s correlation coefficient. In A–G, bars show the mean ± SEM; symbols represent
individual samples. * = P < 0.05, ** = P < 0.01; *** = P < 0.001, by paired t-test. See Figure 1 for other definitions. Color figure can be viewed in the
online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42103/abstract.
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and we observed that Notch-1 physically interacts with mTOR in
these T cells (Figure 5D). Therefore, Notch-1 might interact with
mTOR and thus be involved in lysosomal localization of mTOR, lead-
ing to mTORC1high expression in CD4+ T cells from TA patients.

Efficient alleviation of vascular inflammation in
humanized TA mouse chimeras by targeting of Notch-
1. To evaluate the Notch-1–based therapeutic strategy for TA
treatment, humanized TA chimeras were generated using
immune-deficient NSG mice, which were engrafted with human

arterial tissue fragments and reconstituted with PBMCs from TA
patients (1). These humanized TA chimeras were characterized by
proinflammatory CD4+ T cell–dominant vascular inflammation (1).
DAPT treatment in chimeras ameliorated vascular inflammation in
engrafted human tissue (Figure 6A). Furthermore, DAPT treatment
reduced infiltration of CD3+ T cells (Figures 6B and C) and inhibited
the differentiation of IFNγ-expressing T cells in engrafted human
arterial tissue (Figure 6D).

To test whether targeting Notch-1 within CD4+ T cells affects
vascular inflammation in humanized TA chimeras, CD4+ T cells

Figure 5. Notch-1 is associated with lysosomal localization of
mechanistic target of rapamycin (mTOR) in T cells. A–C, CD4+ T cells
from TA patients or healthy donors were stimulated with anti-CD3/
CD28 beads for 3 days (A), healthy control cells were transfected with
or without (Ctrl) Notch-1 intracellular domain (NICD) and stimulated
with anti-CD3/CD28 beads for 3 days (B), and CD4+ T cells were
stimulated with anti-CD3/CD28 beads in the presence or absence
of DAPT (10 mM) for 3 days (C), and lysosomal mTOR was detected
by immunoblotting (IB). Lysosome-associated membrane protein
1 (LAMP-1) was used as the lysosomal loading control. D, After
Jurkat T cells were left unstimulated or stimulated with anti-CD3/
CD28 beads for 3 days, we investigated the interaction between
Notch-1 and mTOR. Notch-1 was used as the immunoprecipitated
(IP) loading control, and β-actin as the whole cell loading control. Bars
show the mean ± SEM; symbols represent individual samples.
*** = P < 0.001; **** = P < 0.0001, by unpaired t-test in A or by paired
t-test. See Figure 1 for other definitions.

Figure 6. Targeting Notch-1 impedes vascular inflammation in
humanized Takayasu arthritis (TA) chimeras. Human artery–NSG chi-
meras were reconstituted with TA peripheral blood mononuclear cells
(PBMCs) and treated with DAPT. A–D, Hematoxylin and eosin (H&E)
staining of human arterial tissue (A) and immunostaining of human
CD3 protein in the adventitia of arterial grafts (B and C) and human
CD3 protein with interferon-γ (IFNγ) proteins in human arterial tissue
(D), each from the indicated chimeras. CD4+ T cells from TA PBMCs
were transfected with Notch-1 short hairpin RNA (shRNA) (shNotch-1)
or control shRNA (shCtrl) prior to immune reconstitution of human
artery–NSG chimeras. E–H, H&E staining of human arterial tissue (E)
and immunostaining of human CD3 protein (F and G) and human CD3
protein with IFNγ proteins (H) in arterial grafts, each from the indicated
chimeras. In the quantification results presented in C and G, bars
show the mean ± SEM; symbols represent individual samples. In the
photomicrographs, bars = 200 μm in A and E; 20 μm in B–D and
H–G. *** = P < 0.001.

NOTCH-1 DRIVES TA 1241



were isolated from TA PBMCs, transfected with Notch-1 shRNA,
and rejoined the TA PBMCs for immune reconstitution of NSG
mouse chimeras. Knockdown of Notch-1 in CD4+ T cells prior
to immune-reconstitution resulted in compromised vascular
inflammation in engrafted human tissue (Figure 6E). Targeting
Notch-1 in TA CD4+ T cells efficiently abrogated CD3+ T cell infil-
tration and IFNγ production in engrafted human arterial tissue
(Figures 6F–H). Our results strongly indicate that targeting
Notch-1 is a promising therapeutic strategy for the treat-
ment of TA.

DISCUSSION

In TA patients, CD4+ T cells spontaneously maldifferentiate
proinflammatory Th1 cells and Th17 cells, driving vascular inflam-
mation in the aorta and its major branches (1,5). Mechanistically,
TA CD4+ T cells demonstrate cell-intrinsic mTORC1 hyperactiv-
ity, resulting in proinflammatory T cell differentiation (1). In the cur-
rent study, we extend on previous studies by pinpointing that
Notch-1 critically regulates mTORC1 in CD4+ T cells. Specifically,
CD4+ T cells in TA patients exert Notch-1high, promoting the
expression of mTOR and leading to mTORC1 hyperactivity.
Targeting Notch-1 signaling efficiently alleviates vascular inflam-
mation in humanized TA chimeras, indicating that Notch-1–based
therapeutic strategies are promising for TA treatment.

Notch-1 plays a critical function in several stages of lympho-
cyte development, including T cell and B cell lineage choices (27).
Notch-1 regulates the maturation of CD4 cells and CD8 cells by
modulating T cell receptor signal strength (28), and it also primes
CD4+ T cells for Th1 cell differentiation through repressing miR-
29 (25). Noncanonical Notch-1 signaling drives the activation
and differentiation of peripheral CD4+ T cells (29). Notch-1 also
controls the magnitude of the CD4+ T cell responses by promot-
ing cellular longevity (30). Of note, mechanisms underlying the
function of Notch-1 could be distinct in different diseases. As
such, CSL/RNA binding protein–Jκ–independent Notch-1 signal-
ing is crucial for the differentiation of functional Th1 cell responses
following leishmaniasis infection (31). A study showed that, due to
activating mutations in the NOTCH1 gene, Notch signaling was
highly activated in >65% of patients with T cell–acute lymphoblas-
tic leukemia (32). Notch-1high in T cell–ALL promotes the phos-
phorylation of mTOR, leading to robust leukemia cell growth
(33,34). In the current study, we identified that Notch-1high is a
signature of TA CD4+ T cells, promoting maldifferentiation of
Th1 cells and Th17 cells in TA patients. These findings indicate
that Notch-1high is the cell-intrinsic mechanism underlying proin-
flammatory T cell differentiation in TA patients.

The critical function of Notch-1 signaling in regulating mTOR
pathway has long been an active area of investigation (12,35–
37). Notch-1 signaling is known to activate the phosphatidylinosi-
tol 3-kinase/Akt–mTOR1 pathway via the transcriptional and
posttranslational repression of the phosphatase and tensin

homolog deleted on chromosome 10 (38). In the current study,
we identified a previously unknown interaction between Notch-1
and mTOR in CD4+ T cells. Notch-1high not only induces expres-
sion of mTOR but also interacts with mTOR. Notch-1high is asso-
ciated with the lysosomal localization of mTOR and results in
mTORC1 hyperactivity. Additionally, activated Notch-1 correlates
with elevated levels of phosphorylated S6RP in circulating CD4+ T
cells from TA patients, reflecting the magnitude of proinflamma-
tory T cells. This phenomenon in TA patients is similar in GCA
patients, in which Notch-1high in CD4+ T cells also correlated with
increased proinflammatory T cells (12,23).

Our findings indicate that Notch-1high and mTORC1high are
cell-intrinsic signals for the maldifferentiation of proinflammatory
T cells in TA patients and GCA patients (1,12), which might mech-
anistically indicate that TA and GCA are early-stage and late-
stage variations of the same disorder. In support of this idea,
although TA and GCA present at different frequencies and in dif-
ferent ages, both disorders share similar clinical symptoms, signs,
and imaging abnormalities, indicating strong similarities and sub-
tle differences in the distribution of arterial disease (1,39–42). In
patients in clinical practice and in humanized chimeras represent-
ing human LVVs including GCA and TA, CD4+ T cells are the pre-
dominant infiltrating T cells in vascular layers (1,4,12). In line with
predominant CD4+ T cell infiltration in vascular layers, >80% of
IFNγ-producing T cells in humanized TA chimeras were CD4+ T
cells (Supplementary Figure 10, http://onlinelibrary.wiley.com/
doi/10.1002/art.42103), indicating the crucial involvement of
these proinflammatory CD4+ T cells in disease pathogenesis.
While Th1 cells and Th17 cells are the major vascular drivers of
TA and GCA, glucocorticoids efficiently reduce tissue Th1 cells,
but not Th17 cells, in both patient groups (1,40,43). Additionally,
in the current study, we demonstrated that Notch-1–based thera-
pies using DAPT and Notch-1 shRNA can be used to treat vascu-
lar inflammation in humanized TA chimeras. Administration of
DAPT also effectively inhibits vascular inflammation in humanized
GCA chimeras (23) in which human vasculitis was induced using
immune cells from GCA patients.

In patients with GCA, circulating VEGF could induce
Jagged-1 expression in adventitial microendothelial cells, induc-
ing Notch-1 activation in endothelial cell (EC)–interacting T cells
(12). Meanwhile, how Notch-1high is programmed in TA patients
still warrants future study. Serum from TA patients could promote
HES-1 protein expression in human microendothelial cells
(Supplementary Figure 11, http://onlinelibrary.wiley.com/doi/10.
1002/art.42103), which might reflect mTOR hyperactivity in ECs
from those patients and indicates the existence of circulating
Notch-1–driven components (44).

In essence, CD4+ T cells from TA patients exerted cell-
intrinsic Notch-1high, which interacts with mTOR, which is associ-
ated with lysosomal mTOR localization, promoting mTOR activity
and driving the maldifferentiation of TA T cells in vascular inflam-
mation. Accordingly, aside from mTORC1, targeting Notch-1 is
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a novel and promising strategy for TA treatment. These results
shed new light on TA immune pathogenesis and are relevant to
the clinical management of LVV.
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Self-Assembled Human Skin Equivalents Model Macrophage
Activation of Cutaneous Fibrogenesis in Systemic Sclerosis

Mengqi Huang,1 Avi Smith,2 Matthew Watson,3 Rajan Bhandari,4 Lauren M. Baugh,3 Irena Ivanovska,5

Trishawna Watkins,2 Irene Lang,2 Maria Trojanowska,6 Lauren D. Black III ,2 Patricia A. Pioli,4 Jonathan Garlick,2

and Michael L. Whitfield4

Objective. The development of precision therapeutics for systemic sclerosis (SSc) has been hindered by the lack of
models that accurately mimic the disease in vitro. This study was undertaken to design and test a self-assembled skin
equivalent (saSE) system that recapitulates the cross-talk between macrophages and fibroblasts in cutaneous fibrosis.

Methods. SSc-derived dermal fibroblasts (SScDFs) and normal dermal fibroblasts (NDFs) were cultured with
CD14+ monocytes from SSc patients or healthy controls to allow de novo stroma formation. Monocyte donor–
matched plasma was introduced at week 3 prior to seeding keratinocytes to produce saSE with a stratified epithelium.
Tissue was characterized by immunohistochemical staining, atomic force microscopy, enzyme-linked immunosorbent
assay, and quantitative reverse transcriptase–polymerase chain reaction.

Results. Stroma synthesized de novo from NDFs and SScDFs supported a fully stratified epithelium to form saSE.
A thicker and stiffer dermis was generated by saSE with SScDFs, and more interleukin-6 and transforming growth fac-
tor β (TGFβ) was secreted by saSE with SScDFs compared to saSE with NDFs, regardless of the inclusion of mono-
cytes. Tissue with SSc monocytes and plasma had amplified dermal thickness and stiffness relative to control tissue.
Viable CD163+macrophages were found within the stroma of saSE 5 weeks after seeding. Additionally, SSc saSE con-
tained greater numbers of CD163+ and CD206+ macrophages compared to control saSE. TGFβ blockade inhibited
stromal stiffness to a greater extent in SSc saSE compared to control saSE.

Conclusion. These data suggest reciprocal activation between macrophages and fibroblasts that increases tissue
thickness and stiffness, which is dependent in part on TGFβ activation. The saSE system may serve as a platform for
preclinical therapeutic testing and for molecular characterization of SSc skin pathology through recapitulation of the
interactions between macrophages and fibroblasts.

INTRODUCTION

Systemic sclerosis (SSc) is a heterogeneous disease of

unknown etiology that is characterized by vascular dysfunction,

inflammation, and fibrosis (1). The lack of adequate model sys-

tems for studying SSc has been a limiting factor for both basic sci-

ence and preclinical trials. Animal models of SSc include the tight

skin (TSK1/+, TSK2/+), sclerodermatous graft-versus-host dis-

ease (sclGVHD), and bleomycin-induced dermal fibrosis mouse

models, and have been used to make important advances in

understanding the underlying physiopathology of fibrotic disease

(2). However, a limitation of these animal models is that they fail

to recapitulate the full spectrum of pathologic progression of dis-

ease in humans (3,4). Alternatively, conventional 2-dimensional

in vitro culture systems that use simple monolayers, in which cells

derived from SSc patient biopsy samples are grown on a plastic

surface, do not provide the cell–cell interactions that exist in sys-

temic biologic models. Moreover, cells cultured in vitro lose their
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in vivo genetic features over time, leading to challenges in the
interpretation of results that fail to represent patient tissue (5–8).

Recent advances demonstrate the value of using in vitro
3-dimensional (3-D) models to mimic the pathogenesis of SSc in
humans. These models have been used to construct complex,
multicellular tissue with cell–cell and cell–matrix interactions by
using patient-derived tissue-resident cells to induce fibrotic char-
acteristics (9–12). Three-dimensional culture platforms compen-
sate for genetic differences between animal models and humans
and eliminate nonbiologically relevant cellular responses induced
by direct contact with plastic culture dishes. Moreover, 3-D tissue
models have become increasingly complex through the incorpo-
ration of relevant cell types, such as vascular endothelial cells,
fibroblasts, alveolar epithelial cells, and adipocytes (13–16). The
addition of these cell types to the extracellular matrix (ECM) scaf-
fold provides a useful tool for the study of differential cell activation
and the dysregulation of specific signaling pathways that underlie
fibrosis in SSc (9,13,15). Although it is known that immune cells
mediate fibrosis, currently available 3-D tissue models of SSc
have failed to account for immune dysregulation in the disease
pathology (2).

To address this, we have developed an all-human self-
assembled skin equivalent (saSE) that is fabricated with de novo
stroma deposited by dermal fibroblasts embedded with periph-
eral monocytes. The stroma is in direct contact with a full stratified
epithelium differentiated from keratinocytes. The saSE model has
been adapted from our 2 previous skin-like tissue models (self-
assembled stroma [SAS] and human skin equivalent [HSE] mod-
els), and is characterized by the de novo matrix deposition of
SAS and the physiologic structure of the epithelial-mesenchymal
layers of HSE (10,17). More importantly, by seeding tissue with
patients’ fibroblasts and plasma, we have demonstrated that not
only can primary human monocytes survive within saSE, but also
that these cells polarize into activated macrophages, a pivotal
immune cell type associated with profibrotic activation (18).
Therefore, this novel skin equivalent may serve as a preclinical
platform for screening candidate drugs in the personalized medi-
cal treatment of SSc.

MATERIALS AND METHODS

Patient and public involvement. SSc patients partici-
pated in the study through the donation of skin biopsy samples,
peripheral blood mononuclear cells, and plasma samples for cell
isolation and subsequent tissue construction.

Isolation of human-derived cells and plasma.
Demographic and clinical characteristics of the SSc patients
who donated primary cells and plasma for this study were
obtained at the time of consent and are listed in Table 1. All partic-
ipants provided written informed consent as approved by the
Tufts Medical Center, the Dartmouth-Hitchcock Medical Center/

Geisel School of Medicine Institutional Review Board, or the
Northwestern University Institutional Review Board. Plasma and
peripheral blood monocytes were obtained from whole blood
from SSc patients and age- and sex-matched healthy controls
using established methods (19).

Whole blood samples were treated with heparin, and cellular
components were separated from the plasma supernatant by
centrifugation at 400g for 35 minutes at 20�C. Peripheral blood
mononuclear cells were isolated from heparinized whole blood
using Ficoll-Paque Premium (density 1.077 g/ml; GE Healthcare).
Monocytes were purified from mononuclear cells using CD14
MicroBeads (Miltenyi Biotec). This method of cell isolation rou-
tinely generates monocytes that are >95% pure (20). Monocytes
and plasma were stored at –80�C and thawed once prior to use,
with the exception of monocyte CM00 (Table 1), which was pre-
differentiated in vitro or used to seed 3-D tissue immediately after
isolation.

SSc-derived and normal dermal fibroblasts (SScDFs
and NDFs) were isolated from 3-mm skin biopsy samples col-
lected in our previous studies (10). Fibroblast strains were
expanded for use at passages 6 through 8 in all experiments
(7). Keratinocytes previously isolated from the foreskin of an
anonymous neonatal donor were used in all experiments at
passage 6.

Cell culture. Fibroblasts were cultured in medium contain-
ing low-glucose Dulbecco’s modified Eagle’s medium (DMEM;
Invitrogen) with 10% fetal bovine serum (FBS; HyClone), 1%
penicillin/streptomycin (ThermoFisher Scientific), and 8 mM
HEPES (Sigma-Aldrich). Keratinocytes were cultured on an irradi-
ated 3T3 feeder cell layer in medium containing a 3:1 mixture of
DMEM/F-12 (ThermoFisher Scientific), 5% FBS, 0.18 mM ade-
nine, 8 mM HEPES, 0.5 μg/ml hydrocortisone (Sigma), 10−10M
cholera toxin (all from Sigma), 10 ng/ml epidermal growth factor
(EGF; PeproTech), and 5 μg/ml insulin (ThermoFisher Scientific).
CD14+ monocytes used to construct saSE were cultured in RPMI
1640 with 2.05 mM L-glutamine (Invitrogen) supplemented with
10% FBS at 37�C upon thawing from liquid nitrogen. To induce
macrophage differentiation in vitro, healthy monocytes were
seeded in 12-well plates at 5 × 105 cells/well for 7 days with com-
plete RPMI medium supplemented with 50 ng/ml macrophage
colony-stimulating factor (M-CSF) or 10 ng/ml granulocyte–
macrophage colony-stimulating factor (GM-CSF) before being
added to saSE. All human cells were stored for long-term use in
basal culture medium supplemented with 20% FBS and 10%
DMSO (Sigma) in liquid nitrogen.

Generation of coculture and triculture skin equiva-
lents. For cocultured tissue, fibroblasts were harvested at 90%
confluence and seeded onto 24-well Millicell Hanging Cell Culture
inserts of 1.0 μm pore size (Millipore) with 16,000 cells per insert.
For tricultured tissue, monocytes in suspension were combined
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with fibroblasts at 24 × 104, 16 × 103, 8 × 103, and 4 × 103 cells
per insert to generatemodel 1, or seeded 2 weeks later to generate
model 2. Fibroblasts with or without monocytes were fed medium
containing a 3:1 mixture of DMEM/F-12, 5% FetalClone II serum
(FCII; HyClone), 0.18mM adenine, 8 mMHEPES, 0.5 μg/ml hydro-
cortisone, 10−10M cholera toxin, 10 ng/ml EGF, 5 μg/ml insulin, and
10 μg/ml L-ascorbic acid-2-phosphate (Sigma). Culture medium
was changed every 4 days for 3 weeks to form the stromal layer
in the 3-D tissue. In experiments with plasma-treated tissue, 5%
SSc or healthy control plasma replaced FCII in the culture medium
during the third week.

In experiments with transforming growth factor β (TGFβ) with
or without Smad3 inhibitor (SIS3)–treated constructs, culture
medium was supplemented with 2 ng/ml TGFβ1 (R&D Systems)
and 3 μM SIS3 (Tocris) in the third week. At the 3-week time point,
keratinocytes were seeded at 7 × 104 keratinocytes/well onto the
stromal tissue surface and fed epidermal growth medium (pat-
ented by Organogenesis) from both insert (200 μl) and bottom
chambers (1 ml) for 5 days. Tissue was then raised to an air–liquid
interface and fed from the bottom chamber with 700 μl cornifica-
tion medium (patented by Organogenesis) to enable epithelial dif-
ferentiation for 1 week.

Immunohistochemistry. The saSE was fixed in 10% for-
malin overnight at 4�C, embedded in paraffin, and sectioned at a
thickness of 6 μm. For anti–bromodeoxyuridine (anti-BrdU) stain-
ing, saSE was pulsed with 10 μM BrdU (Invitrogen) for 6 hours
before fixation. Antigen retrieval was performed by submerging
the deparaffinized sections in citric buffer at 95�C for 15 minutes
followed by 0.2% bovine serum albumin/phosphate buffered
saline (BSA/PBS) blocking buffer containing 1% horse serum for
1 hour. Immunohistochemical staining was performed using pri-
mary antibody against BrdU (product no. 1170376; Roche) at a
dilution of 1:40 and primary antibodies against Ki-67 (product
no. ab16667), keratin 10 (K-10; product no. ab9026), α-smooth
muscle actin (α-SMA; product no. ab7818), and CD163 (product
no. ab156769) (all from Abcam) at a density of 1:100 in 0.2%
BSA/PBS at 4�C overnight, followed by biotinylated anti-mouse/
rabbit IgG secondary antibody (Vector) in 0.2% BSA/PBS for
1 hour at room temperature.

Biotinylated antibody–bound proteins were detected by
incubating the sections with avidin–biotin complex for 30 minutes
and visualized by staining with 3, 30-diaminobenzidine peroxidase
substrates (Vector). Tissue sections were counterstained with
hematoxylin to identify nuclei. Hematoxylin and eosin staining

Table 1. Demographic and clinical characteristics of participants who donated the human primary cells and plasma
used in the production of self-assembled skin equivalents*

Participant ID Cell line Plasma Age/sex
Disease duration,

years Race, health status

Monocytes and plasma
JR001 – SP01 51/F NA White, dcSSc
DL002 – SP02 62/M 13 White, dcSSc
JC004 SM03 SP03 71/F 27 White, dcSSc
JK06 SM04 SP04 73/F 34 White, dcSSc
BC006 – SP05 65/F NA White, dcSSc
CR012 – SP06 50/F NA White, dcSSc
PaPi CM00 NA 46/F – White, healthy
VC008 – CP01 53/F – African American, healthy
BT009 – CP02 63/M – Hispanic, healthy
JP003 CM03 CP03 71/F – African American, healthy
IL005 CM04 CP04 75/F – White, healthy
JR011 – CP05 64/F – Asian, healthy
SW10 – CP06 54/F – White, healthy

Dermal fibroblasts
SD16-26 SScDF01 – 45/F NA White, dcSSc
SSc1909 SScDF02 – 63/F NA White, dcSSc
SSc1900 SScDF03 – 50/M NA White, dcSSc
SD15-13 SScDF04 – 64/M NA White, dcSSc
BIIB4 SScDF05 – 72/F 17 White, dcSSc
N15-4 NDF01 – 23/F – White, healthy
N14-6 NDF02 – 28/F – White, healthy
N15-1 NDF03 – 60/M – White, healthy
N16-1 NDF04 – 34/M – White, healthy
BIIB5 NDF05 – 53/F – White, healthy
BIIB6 NDF06 – 62/F – White, healthy

Keratinocytes
No ID NHK – Neonatal/M NA NA, healthy

* SP = systemic sclerosis–derived plasma; NA = not available; dcSSc = diffuse cutaneous systemic sclerosis;
SM = systemic sclerosis–derived monocyte; CM = control monocyte; CP = control plasma; SScDF = systemic
sclerosis–derived dermal fibroblast; NDF = normal dermal fibroblast; NHK = normal human keratinocyte.
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was performed to assess tissue morphology. Tissue sections
were deparaffinized in xylene, rehydrated in gradient ethanol,
and washed with distilled water for hematoxylin staining, then
rinsed in acid alcohol and counterstained with eosin. All images
were taken using a Nikon Eclipse 80i microscope and SPOT
Advanced software (Diagnostic Instruments).

Atomic force microscopy (AFM). Intact saSE was sent
to the Bioengineering Department at Tufts University at week
5 for measurement by AFM, as previously described by our group
(10,17). Briefly, a 5-μm–diameter borosilicate spherical tip
(Novascan) with a spring constant of 0.06 N/m was used to
detect the elastic modulus on the stromal side surface of saSE.
Results were analyzed by averaging the measurements across
the detected area under force-contact mode. The number of tis-
sue samples in each AFM experiment is indicated in the figure
legends.

Enzyme-linked immunosorbent assay. Coculture
supernatants from saSE constructed from NDFs (NDFs-saSE;
n = 4) or from SScDFs (SScDFs-saSE; n = 4) were collected
after 5 weeks of culture and analyzed using Quantikine enzyme-
linked immunosorbent assay kits (R&D Systems) for human
interleukin-6 (IL-6; product no. D6050) and active TGFβ1 (product
no. SB100B) according to the manufacturer’s protocol. The con-
centrations of IL-6 and active TGFβ1 were normalized to levels
detected in the cornification medium containing 2% bovine calf
serum (HyClone).

Real-time quantitative polymerase chain reaction
(qPCR). The saSE was homogenized by TissueLyser II with
stainless beads (5 mm; Qiagen). Total RNA was isolated from
saSE using the QIAshredder and QIAcube (Qiagen) according
to the manufacturer’s protocol. RNA integrity and concentration
were assessed using the Agilent 4200 TapeStation, and all sam-
ples met quality control criteria using Agilent RNA ScreenTape.
From each sample, 0.7 μg RNA was used to synthesize comple-
mentary DNA using the iScript cDNA Synthesis kit (Bio-Rad).
Real-time qPCR was performed using TaqMan probe single
tube assays (Life Technologies) for measurement of CD163,
CD206, ITGAM, and CD14 expression. A StepOnePlus Real-
Time PCR System (Applied Biosystems) was used for amplifica-
tion and detection. Threshold cycle number was determined
using Opticon software. Thermal cycling conditions consisted
of an initial incubation at 50�C for 2 minutes and 95�C for
10 minutes, followed by 40 cycles of 95�C for 15 seconds and
60�C for 1 minute. Product accumulation was measured during
the extension phase, and all samples were run in triplicate. The
relative levels of CD163, CD206, and ITGAM messenger RNA
(mRNA) expression were normalized to the levels of CD14 and
represented as relative mRNA expression determined by the
ΔΔCt method.

Cytokine array. Triculture supernatants were collected
after re-epithelization of SSc saSE (n = 6) and control saSE
(n = 6) on day 25, and cytokine content was analyzed using a
Human 41-Plex kit (Millipore) according to the manufacturer’s
protocol. The cytokine panel consisted of EGF, fibroblast growth
factor 2, eotaxin, TGFα, granulocyte colony-stimulating factor,
Flt-3L, GM-CSF, CX3CL1, interferon-α2, interferon-γ, CXCL1,
IL-10, CCL7, IL-12p40, CCL22, IL-12p70, platelet-derived growth
factor AA, IL-13, platelet-derived growth factor BB, IL-15, soluble
CD40L, IL-17A, IL-1 receptor antagonist, IL-1α, IL-9, IL-1β, IL-2,
IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, CXCL10, CCL2, CCL3, CCL4,
CCL5, tumor necrosis factor, tumor necrosis factor β (lympho-
toxin), and vascular endothelial growth factor (VEGF). Values were
normalized to basal levels in epidermal growth medium (patented
by Organogenesis) containing 0.3% chelated FBS (HyClone).

Statistical analysis. All results are shown as the mean ±
SD. Statistical analyses were performed using GraphPad Prism
and analyzed by Mann-Whitney test to compare the differences
between 2 groups. One-way analysis of variance was used to
compare the differences among ≥3 groups, followed by Tukey’s
multiple comparison test to perform pairwise comparisons
between groups. P values less than 0.05 were considered
significant.

RESULTS

Recapitulation of fibrotic features of SSc patient
skin by coculture skin equivalents. To generate an all-
human skin equivalent, we combined the characteristics of 2 pre-
viously described skin-like models to maintain the complexity of
the full stratified epithelium and its cross-talk with de novo stroma
synthesized by dermal fibroblasts (Figure 1). Our initial studies
used 2 essential cell types (keratinocytes and fibroblasts) to cre-
ate skin-equivalent tissue. Foreskin keratinocytes were seeded
directly onto the SAS-like tissue deposited by primary fibroblasts

Figure 1. Characteristics of self-assembled stroma, human skin
equivalent, and self-assembled skin equivalent including tissue com-
plexity, throughput, and type of extracellular matrix deposited by der-
mal fibroblasts. D = dermis; Epi = epidermis.
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that had been isolated from forearm skin biopsy samples
(Figure 2A). Both NDF- and SScDF-derived cellular stroma sup-
ported the formation of fully stratified epithelium (Figure 2B).
SScDF-saSE demonstrated notable increases in both stromal
thickness and rigidity compared to NDF-saSE (Figure 2C), consis-
tent with differences we previously observed between NDFs and
SScDFs in SAS without the presence of epithelium (10).

Next, we assessed expression of IL-6 and TGFβ in the
supernatants of saSE, as these cytokines have been shown to
mediate skin thickening in SSc patients (21–24). Soluble levels of
both IL-6 and active TGFβ1 were significantly higher in SScDF-
saSE than in NDF-saSE (Figure 2D). Notably, the magnitude of
the increased IL-6 expression in SScDFs versus NDFs was lower
in SAS tissue that lacked the epidermal layer compared to saSE
(see Supplementary Figure 1A, available on the Arthritis & Rheu-
matology website at http://onlinelibrary.wiley.com/doi/10.1002/
art.42097). Interestingly, the increased level of active TGFβ1 in

SScDF-saSE compared to NDF-saSE was abrogated in SAS
(Supplementary Figure 1A). These results suggest that cross-talk
between fibroblasts and keratinocytes significantly contributes to
the increased levels of circulating IL-6 and TGFβ1 (21–24)
observed in SSc patients.

To further determine the effect of circulating factors on profi-
brotic phenotypes, NDFs and SScDFs were treated with either
healthy control plasma or SSc patient plasma for 1 week
(Figure 2A). Strikingly, the addition of SSc patient plasma to
SScDF-saSE resulted in increased stromal thickness and stiff-
ness when compared to SScDF-saSE treated with control
plasma (Figure 2E). In contrast, treatment of NDFs with SSc
patient plasma did not result in significant changes in either stiff-
ness or thickness relative to that observed with control plasma
(Figure 2E). In prior studies, we observed a similarly enhanced
level of ECM accumulation in SScDFs induced by TGFβ1 (10),
which was elevated in SSc patient plasma compared to control

Figure 2. Characterization of self-assembled skin equivalent (saSE) constituted with normal dermal fibroblasts (NDFs) or systemic sclerosis
(SSc)–derived dermal fibroblasts (SScDFs) and keratinocytes. A, Schematic overview of the generation of saSE by seeding keratinocytes onto
de novo stromal layer deposited by fibroblasts. B, Representative images of hematoxylin and eosin–stained sections of saSE constructed with
NDFs or SScDFs, with the stromal layer outlined by dashed lines. C, Stromal layer thickness assessed by determination of relative tissue surface
area, and stromal layer rigidity measured by elastic modulus. D, Levels of soluble interleukin 6 (IL-6) and transforming growth factor β (TGFβ)
secreted into medium cultured with NDF- or SScDF-saSE on day 35. E, Stromal layer thickness assessed by determination of relative tissue sur-
face area, and stromal layer rigidity measured by elastic modulus. NDF- and SScDF-saSE was cultured with healthy control plasma or SSc plasma
(n = 4 NDFs and 4 SScDFs). In C–E, data are presented as box plots, where the boxes represent the interquartile range (IQR), the lines within the
boxes represent the median, and the lines outside the boxes represent 1.5× the IQR; symbols in E represent individual samples. * = P < 0.05;
** = P < 0.01; *** = P < 0.001. ECM = extracellular matrix; CP = control plasma; SP = SSc plasma; NS = not significant.
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plasma (Supplementary Figure 1B). The differential response of
SScDFs and NDFs to SSc patient plasma implies aberrant signal-
ing pathway activation in SSc patient fibroblasts. Taken together,
these findings demonstrate that saSE constructed with patient
fibroblasts and plasma, along with control keratinocytes, recapit-
ulates the dermal pathology of SSc.

Addition of monocytes to mimic immune responses
in SSc patient skin. To provide a platform to study the immune
response in SSc skin using saSE, we used 2 different approaches
to incorporate human control CD14+ monocytes from peripheral
blood into the stromal layer with the existing cell types, SScDFs
and keratinocytes (Figure 3A). In model 1, monocytes were

Figure 3. Incorporation of monocytes into saSE tissue. A, Schematic overview of 2 approaches to introducing monocytes into saSE. In model
1, dermal fibroblasts from patients with SSc were seeded with monocytes on day 1 and cultured for 5 weeks; in model 2, monocytes were seeded
2 weeks after SScDFs and cultured for an additional 3 weeks. B and C, Relative levels of CD163 and ITGAM mRNA expression normalized to the
expression of CD14 in stromal tissue generated by seeding SScDFs for 5 weeks, in epidermal layers dissociated from saSE, and in fresh monocytes
isolated from peripheral blood from a control donor. Relative mRNA expression was determined by the ΔΔCt method. Bars show the mean ± SD.
* = P < 0.05; ** = P < 0.01, by Mann-Whitney test. D, Representative images of hematoxylin and eosin–stained saSE constructed with various ratios
of SScDFs and monocytes pretreated with granulocyte–macrophage colony-stimulating factor (GM-CSF) or macrophage colony-stimulating factor
(M-CSF). E, Representative images of saSE constructed using a 1:1 ratio of SScDFs and monocytes immunohistochemically stained with keratin
10 (K10), bromodeoxyuridine (BrdU), and α-smooth muscle actin (α-SMA). See Figure 2 for other definitions.
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seeded with fibroblasts on day 1 and cultured for 5 weeks; in
model 2, fibroblasts were seeded for the first 2 weeks to form
ECM, and then monocytes were added onto ECM for the subse-
quent 3 weeks. We hypothesized that monocytes would differen-
tiate into macrophages and migrate into the underlying stromal
tissue (Figure 3A).

We measured the enrichment of genes expressed by macro-
phages in these models at week 5 to compare the abundance
and viability of the myeloid cells cultured in saSE. As shown in
Figures 3B and C, expression of CD163, which is up-regulated
on activated macrophages, and ITGAM, which encodes CD11b
(a monocyte/macrophage marker), were significantly higher in
model 1 and were nearly absent in fibroblast-synthesized SAS
and in tissue in which the epidermal layer was separated from
saSE. Notably, expression of CD163 in model 1 was higher than
in fresh monocytes, whereas ITGAM expression was lower in
saSE (models 1 and 2) than in fresh monocytes, suggesting that
the monocytes not only survived but may have differentiated into
CD163+ polarized macrophages embedded within the SScDF-
derived stromal layer. A time course study of CD163 and ITGAM
mRNA expression in model 1 suggested that macrophage differ-
entiation occurred within the first 2 weeks of stromal deposition,
and was not impeded by the addition of keratinocytes
(Supplementary Figure 2A, http://onlinelibrary.wiley.com/doi/
10.1002/art.42097).

To determine the optimal monocyte:fibroblast ratio to
observe macrophage-induced fibrotic activation, monocytes
were differentiated into macrophages with GM-CSF (to induce
classical pathway activation) or M-CSF (to induce alternative
pathway activation) and mixed with SScDFs at 3:2, 1:1, 1:2, and
1:4 macrophage:fibroblast ratios to generate saSE (Figure 3D).
Deposition of a stromal layer was noted at 1:1 and 1:2 cell ratios
in saSE regardless of whether monocytes were differentiated with
GM-CSF or M-CSF. A 1:1 ratio of SScDFs and M-CSF–
differentiated macrophages yielded the thickest stromal layer
among all conditions tested (Figure 3D and Supplementary
Figure 2B, http://onlinelibrary.wiley.com/doi/10.1002/art.42097).
This is consistent with the results of previous studies that suggest
alternative pathway–activated macrophages contribute to the
pathogenesis of fibrosis in SSc (25).

We also assessed the impact of monocyte addition on kera-
tinocyte proliferation and myofibroblast differentiation. As noted
in Supplementary Figures 2C and D, slightly more proliferating
basal keratinocytes stained with Ki-67 in tissue that included
GM-CSF–treated monocytes compared to tissue that included
M-CSF–treated monocytes. In contrast, a higher percentage
of α-SMA–positive cells was detected in tissue constructed with
M-CSF–treated monocytes mixed at varying ratios with SSc fibro-
blasts, implicating a role of alternative pathway–activated mono-
cytes in myofibroblast activation. Accordingly, the 1:1 ratio of
fibroblasts and monocytes in the model 1 triculture saSE was
used in subsequent experiments to generate individualized tissue,

in order to more completely model the dermal pathology
observed in SSc. We confirmed the presence of stratified epithe-
lium, proliferating basal keratinocytes, myofibroblasts, and mac-
rophages by immunohistochemical staining using keratin 10 and
BrdU (keratinocytes), α-SMA (myofibroblasts), and CD163 (mac-
rophages) (Figure 3E).

Recapitulation of hallmarks of cutaneous fibrosis in
SSc by individualized all-human skin equivalents. To
mimic SSc patient skin using saSE, we incorporated SSc
patient–derived monocytes into saSE constructed with SScDFs
and replaced the serum in the culture medium with monocyte
donor–matched plasma (Figure 4A). Control saSE was con-
structed using NDFs and healthy donor monocytes and autolo-
gous plasma to mimic normal skin (Figure 4A). SSc saSE
contracted more and consistently showed increased stromal
thickness and stiffness compared to control saSE (Figures 4B
and C). Notably, stromal rigidity was increased almost 3-fold in
SSc saSE fabricated with monocytes versus control saSE, com-
pared to a <2-fold increase in saSE constructed with SScDFs
and NDFs in the absence of monocytes (Figure 2C and
Figure 4C). This result implicates a pathophysiological role for
macrophages in the induction of fibrosis in SSc.

To elucidate the polarized status of macrophages in saSE,
expression of mRNA for CD163 and CD206 was measured by
real-time qPCR. SSc saSE showed increased levels of both
CD163 and CD206 mRNA, which are up-regulated in alternative
pathway–activated macrophages, compared to control saSE
(Figure 4D). Consistent with this result, increased numbers of
CD163+ cells were detected in SSc saSE compared to control
saSE by immunohistochemical staining (average 45.1% versus
21.8% [Figure 4E and Supplementary Figure 3A, available at
http://onlinelibrary.wiley.com/doi/10.1002/art.42097]). The poten-
tial impact of macrophages on epidermal proliferation was
assessed by quantifying the percentage of Ki-67+ keratinocytes
in the tissue stroma; no significant differences were observed
between SSc saSE and control saSE (Supplementary Figure 3B).

Elevated levels of IL-6, CCL22, and VEGF have previously
been detected in SSc patient serum (26,27). Consistent with this,
we found that these cytokines were also present at higher levels in
SSc saSE supernatants compared to supernatants from control
saSE (Figure 4F), which suggests that multiple cell types contrib-
ute collectively to systemic dysregulation of cytokines. Con-
versely, soluble G-CSF, CCL3, and CCL4 were down-regulated
in SSc saSE (Figure 4F), and other cytokines within the 42-plex
array panel showed either no difference between SSc saSE and
control saSE, or were below detection limits (Supplementary
Figure 4, http://onlinelibrary.wiley.com/doi/10.1002/art.42097).
Among the up-regulated cytokines in the tissue supernatants,
CCL22 is produced by dermal macrophages and dendritic cells
(28,29), and CD163+ macrophages have been identified as a
major source of CCL22 (30). Taken together, these results
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suggest niche-dependent differentiation of CD14+ SSc mono-
cytes into SSc macrophages that express CD163, CD206, and
CCL22 in saSE constructed with SScDFs and SSc plasma.

Amelioration of the TGFβ-induced fibrotic pheno-
type in SSc saSE by suppression of Smad3. To validate the
potential use of saSE as a screening platform for antifibrotic

therapies, we evaluated tissue responses to TGFβ, one of the
best-characterized fibrogenic mediators in SSc, and tested
whether modulation of TGFβ signaling via Smad3 inhibition
resulted in attenuation of fibrosis. We treated control and SSc
saSE constitutively with TGFβ1 and SIS3, which is a small molec-
ular inhibitor of Smad3 (31), at week 3 for 7 days after full epithelial
establishment in saSE (Figure 5A).

Figure 4. Construction and analysis of all-human SSc saSE and control saSE. A, Schematic overview of control (Ctrl) and SSc saSE generation.
NDFs and healthy donor monocytes and plasma were used to construct control saSE. SScDFs and monocytes and plasma from SSc patients
were used to construct SSc saSE. Keratinocytes were isolated from donated neonatal foreskin. B, Overhead pictures of control and SSc saSE
samples growing in air–liquid interface and representative morphology of hematoxylin and eosin–stained control (n = 4) and SSc saSE (n = 4) tis-
sue sections. Yellow arrow indicates contracted tissue. C, Stromal layer thickness assessed by determination of relative tissue surface area using
ImageJ software and stromal layer rigidity measured by elastic modulus. Data are presented as box plots, where the boxes represent the IQR, the
lines within the boxes represent the median, and the lines outside the boxes represent 1.5× the IQR. D, Relative levels of CD163 and CD206
mRNA expression normalized to the expression of CD14, determined by the ΔΔCt method. E, Immunohistochemical staining of CD163+ cells in
control and SSc saSE. Right panels show higher-magnification views of the boxed areas in the left panels. F, Soluble levels of granulocyte–
macrophage colony-stimulating factor (GM-CSF), G-CSF, IL-6, IL-7, vascular endothelial growth factor (VEGF), CCL3, CCL4, and CCL22 in con-
trol and SSc saSE supernatants on day 25. In D and F, Bars show the mean ± SD; symbols in F represent individual samples. * = P < 0.05;
**P < 0.01; *** = P < 0.001. CM = control monocyte; SM = SSc monocyte; NHK = normal human keratinocyte. (see Figure 2 for other definitions).
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As demonstrated in Figure 5B, TGFβ1-induced contraction,
which was inversely associated with tissue surface area in cultures,
was observed in both control and SSc saSE. SSc saSE was more
susceptible than control saSE to the effects of TGFβ on fibrosis, as
TGFβ1 treatment resulted in increased contractility (as indicated by
decreased surface area from 19.3% to 15.5% in SSc SaSE com-
pared to 73.8% to 72.8% in control saSE) (Figure 2B). Interestingly,
when tissue was cultured concurrently with SIS3 and TGFβ1, con-
tractility was inhibited in both control and SSc saSE, as suggested
by the increased surface area of saSE from 73.8% to 77.8% in SSc
saSE and from 19.3% to 29.6% in control saSE (Figure 5B). This
may be attributable to SIS3 inhibition of endogenous Smad3–
mediated TGFβ signaling in saSE. In support of this, we found that
SAS tissue constructed with SScDFs formed nodules in response
to TGFβ treatment, and this effect was abrogated by the addition of
SIS3 (Supplementary Figure 5, http://onlinelibrary.wiley.com/doi/
10.1002/art.42097). This was consistent with our previous finding
in HSE tissue (i.e., keratinocytes + bovine collagen [Figure 1]), in
which TGFβ1-induced stromal tissue contraction was enhanced by
the inclusion of the epidermal layer (17).

The rigidity of the stroma in saSE was measured to deter-
mine if TGFβ-induced stiffness could be suppressed by SIS3
(Figure 5C). Surprisingly, TGFβ/SIS3-treated SSc saSE demon-
strated a less stiff stroma than vehicle-treated SSc saSE, whereas
no significant differences were observed between TGFβ/
SIS3-treated control saSE and vehicle-treated control saSE
(Figure 5C). This result is consistent with decreased contractility
observed in TGFβ/SIS3-treated SSc saSE (Figure 5B), and may
be explained by higher levels of endogenous TGFβ in SSc saSE
(Figure 2D). In summary, these results suggest the utility of saSE
systems as in vitro models to mimic individualized responses to
profibrogenic mediators and to evaluate the therapeutic efficacy
of treatments that inhibit profibrotic regulators.

DISCUSSION

There is an unmet need for in vitro model systems that better
represent the complexity and heterogeneity of disease in SSc
patients, which is attributable to interpatient genetic and molecu-
lar variability (2,3,32–34). While animal models are a useful tool

Figure 5. TGFβ-induced profibrotic responses in all-human control (Ctrl) and SSc saSE. A, Overview of treatment of control (n = 4) and SSc
saSE (n = 4) with 2 ng/ml TGFβ1 and/or 3 μM Smad3 inhibitor (SIS3) for 6 days. Medium was refreshed with TGFβ1 with or without SIS3 every
2 days after establishment of epithelization (arrows). B, Overhead pictures of control and SSc saSE on day 35, and pie graphs representing the
ratio of average tissue surface area (in tan) to total culture area. C, Rigidity of stromal layer of control and SSc saSE measured by elastic modulus.
Data are presented as box plots, where the boxes represent the IQR, the lines within the boxes represent the median, and the lines outside the
boxes represent 1.5× the IQR. *** = P < 0.001. CM = control monocyte; SM = SSc monocyte; NHK = normal human keratinocyte. (see Figure 2
for other definitions).
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for elucidating mechanisms of fibrosis, they do not recapitulate
the full range of clinical features associated with SSc (2,3,32,35).
Although bleomycin-induced, TSK1/+, TSK2/+, and sclGVHD
mouse models of fibrosis are well characterized, they incom-
pletely recapitulate all aspects of SSc. In recent years, several
new model systems have emerged to fill this translational gap.
The use of humanized mice, which carry human tissue trans-
plants, enable direct studies of patient cells in a complex in vivo
environment (36). In addition, human organ equivalents, which
allow human cells to differentiate and form organ-like structures
in vitro, have shown great potential as patient-derived platforms
for therapeutic discovery (9).

Similar to human organ equivalents, ex vivo human tissue
culture preserves the integrity of tissue architecture and the inter-
play of multiple resident cells within a naive tissue environment
(37–40). However, access to human discarded surgical tissue is
limited, especially as SSc is a rare disease. The use of human
organ equivalents can overcome this limitation, as the fabrication
process requires little beyond tissue culture supplies, and facili-
tates reproducibility of experimental results among multiple
research institutes.

In this study, we focused on the development of in vitro
skin models in which the fibroblasts produce their own ECM
to produce a dermal-like tissue. Our initial work established
2 complimentary skin-like tissue models (HSE and SAS
[Figure 1]) in which human patient–derived cells are used to
study the cross-talk and interaction of human keratinocytes
and fibroblasts (17). Our current study expands these models
to include immune cells and SSc patient–derived circulating
factors. The goal of this work was to create a realistic SSc 3-D
tissue microenvironment, in which epithelial–dermal-immune
cell cross-talk fostered the types of cell differentiation pheno-
types observed in vivo.

Bioengineered in vitro models of SSc skin must be capable of
recapitulating at least 1 (if not all) of the 3 clinical hallmarks of cuta-
neous fibrosis: altered matrix deposition, inflammatory cell infiltra-
tion, and increased dermal rigidity. The saSE characterized in this
study closely resembles the physiology of human skin, with a fully
stratified epithelium differentiated from neonatal foreskin fibro-
blasts and a dermal layer made from de novo matrix deposited
by skin fibroblasts, where fibrosis occurs in SSc skin (41). Thus,
we refer to saSE as an all-human skin equivalent to emphasize
that it is composed entirely of primary human cell components,
which distinguishes it from previous skin models, in which bovine
collagen served as the matrix layer, or models fabricated with
scaffold to support cellular distribution and tissue organization
(9,10,42). Rather, saSE serves as a novel model, with de novo
matrix derived from primary human SSc fibroblasts that support
the differentiation of keratinocytes to form polarized epithelium of
the skin. Furthermore, SSc saSE is characterized by markedly
increased stromal deposition and stiffness compared to
control saSE.

One challenge of creating in vitro models that resemble human
cutaneous SSc is the need for incorporation of myeloid cells to
mimic infiltration of inflammatory cells into SSc skin. Circulating
monocytes differentiate into macrophages during active fibrosis
and resolution phases of the disease (18). Subsets of profibrotic
macrophages persist in tissue in SSc and induce prolonged fibro-
blast activation and chronic tissue inflammation, culminating in
fibrosis (24,43). It has been reported that SSc patients have a
higher percentage and elevated numbers of peripheral blood
monocytes compared to healthy controls (44,45). Moreover,
monocytes from SSc patients have an increased potential to trans-
differentiate upon stimulation to myofibroblasts that express type I
collagen and α-SMA (46). Furthermore, recent studies suggest
that macrophages derived from the peripheral blood and skin of
SSc patients have a profibrotic phenotype (CD163 + CD206+)
(10,45,47). Thus, establishing pathophysiologically relevant in vitro
models of SSc with monocytes and macrophages is crucial to
recapitulate human SSc pathology.

In this regard, we have now shown that SSc saSE con-
structed with patient-derived fibroblasts and CD14+ peripheral
blood monocytes results in macrophages with increased expres-
sion of CD206 and CD163 compared to control saSE con-
structed with healthy control cells. Consistent with this, cytokine
profiling of saSE supernatant suggested a predominant underly-
ing inflammatory activation of SSc monocytes and fibroblasts
embedded in SSc saSE, as indicated by up-regulated secretion
of IL-6, which is a well-characterized profibrogenic mediator in
SSc (21,48). Our 3-D skin equivalent provides a novel tool to
investigate the process of monocyte to profibrotic macrophage
differentiation in vitro and to determine how the interplay of mac-
rophages with resident fibroblasts leads to the progression of
fibrosis in SSc.

Despite the improvement of increasing cellular complexity by
adding immunocytes in saSE, other cell types implicated as
important in SSc have not been addressed. For instance, incor-
porating endothelial cells into de novo stromal tissue may help
the study of disease-associated vasculopathy (9,49). Also, in
ongoing studies to investigate the role of each cell type in fibrosis,
our group is using saSE to study cell–cell interactions at the sys-
temic level to provide more mechanistic insight into the pathology
of SSc (50). Since the fibroblasts and monocytes could be from
patients with different genetic subsets and thus have different
activation states, our future studies will utilize donor-matched
cells to generate fully individualized skin models in vitro. We have
also recently described a higher-throughput culture platform by
increasing the current scale format of 24 wells to 96 wells for drug
screening purposes (51).

Collectively, our findings demonstrate that saSE provides an
opportunity to achieve greater precision in testing personalized
responses of potential candidate drugs for SSc. Use of saSE
may also contribute to the elucidation of basic mechanisms of
SSc, ultimately generating additional therapeutic targets.
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Role for Granulocyte Colony-Stimulating Factor in
Neutrophilic Extramedullary Myelopoiesis in a Murine
Model of Systemic Juvenile Idiopathic Arthritis

Bert Malengier-Devlies,1 Eline Bernaerts,1 Kourosh Ahmadzadeh,1 Jessica Filtjens,1 Jessica Vandenhaute,1

Bram Boeckx,2 Oliver Burton,3 Amber De Visscher,1 Tania Mitera,1 Nele Berghmans,1 Geert Verbeke,1

Adrian Liston,3 Diether Lambrechts,2 Paul Proost,1 Carine Wouters,4 and Patrick Matthys1

Objective. Systemic juvenile idiopathic arthritis (JIA) is a systemic inflammatory disease with childhood onset. Sys-
temic JIA is associated with neutrophilia, including immature granulocytes, potentially driven by the growth factor
granulocyte-colony stimulating factor (G-CSF). This study was undertaken to investigate the role of G-CSF in the
pathology of systemic JIA.

Methods. Injection of Freund’s complete adjuvant (CFA) in BALB/c mice induces mild inflammation and neutro-
philia in wild-type (WT) mice and a more pronounced disease, reminiscent to that of JIA patients, in interferon-γ–
knockout (IFNγ-KO) mice. Extramedullary myelopoiesis was studied in CFA-immunized mice by single-cell RNA
sequencing, and the effect of G-CSF receptor (G-CSFR) blockage on neutrophil development and systemic JIA pathol-
ogy was evaluated. Additionally, plasma G-CSF levels were measured in patients.

Results. Both in systemic JIA patients and in a corresponding mouse model, plasma G-CSF levels were increased.
In the mouse model, we demonstrated that G-CSF is responsible for the observed neutrophilia and extramedullary
myelopoiesis and the induction of immature neutrophils and myeloid-derived suppressor-like cells. Administration of
a G-CSFR antagonizing antibody blocked the maturation and differentiation of neutrophils in CFA-immunized mice.
In IFNγ-KO mice, treatment was associated with almost complete inhibition of arthritis due to reduced neutrophilia
and osteoclast formation. Disease symptoms were ameliorated, but slight increases in interleukin-6 (IL-6), tumor
necrosis factor, and IL-17 were detected upon G-CSFR inhibition in the IFNγ-KO mice, and were associated with mild
increases in weight loss, tail damage, and immature red blood cells.

Conclusion. We describe the role of G-CSF in a mouse model of systemic JIA and suggest an important role for
G-CSF–induced myelopoiesis and neutrophilia in regulating the development of arthritis.

INTRODUCTION

Systemic juvenile idiopathic arthritis (JIA) is a childhood

disorder characterized by arthritis and systemic inflammation,

such as quotidian fever, skin rash, weight loss, polyserositis,

hepatosplenomegaly, and lymphadenopathy. Hematologic

features include neutrophilia, lymphocytopenia, anemia,

thrombocytosis and increased levels of interleukin-6 (IL-6), IL-

18, and S100 proteins (1–4). Systemic JIA is considered as a

systemic inflammatory disease with a pathogenic role for IL-

1β and IL-6 as evident by successful treatment with IL-1 or

IL-6 antagonists (5).
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Neutrophils are the most abundant innate immune effectors
in the human circulation. Neutrophils kill pathogens through over-
lapping oxidative and nonoxidative mechanisms including phago-
cytosis and degranulation (6). Inappropriate activation of
neutrophils in a sterile inflammatory setting can result in host tis-
sue damage, as described in several autoimmune and autoin-
flammatory disorders (7). Increasing evidence has emerged for
neutrophils with immunomodulatory properties (known as
myeloid-derived suppressor cells [MDSCs]) (8). In systemic JIA,
the role of neutrophils remains largely unknown. Recently,
increased numbers of immature and hypermature neutrophils
were described in patients with systemic JIA, which correlated
with inflammatory disease parameters and which were reduced
upon IL-1β blockage (9–11). Neutrophils are a key source of
S100 proteins, amplifying the innate immune response. Further-
more, patient neutrophils showed an inflammatory gene
expression and primed phenotype (9–11). The presence of
immature granulocytes in patient blood is indicative of extensive
myelopoiesis.

Our group developed a mouse model of systemic JIA that
mimicked the disease in its clinical, hematologic, and histologic
features (12). The model relies on administration of Freund’s com-
plete adjuvant (CFA) containing heat-killed Mycobacterium
butyricum in BALB/c mice and requires the use of interferon-γ–
knockout (IFNγ-KO) mice, since wild-type (WT) mice only develop
a transient inflammatory disease reaction (12). While systemic JIA
patients do not have mutations in the IFNγ gene or its receptor,
the clinical relevance of the model is related to the fact that natural
killer (NK) cells from these patients display profound defects in IL-
18–induced IFNγ production (13,14). Within 2 weeks post–CFA
challenge, IFNγ-KO mice developed arthritis, lymphadenopathy,
anemia, thrombocytosis, and increased levels of IL-6. Moreover,
the mice developed splenomegaly and extensive and poorly
understood myelopoiesis and neutrophilia, characterized by the
presence of immature neutrophils (12).

Granulocyte colony-stimulating factor (G-CSF) is the major
regulator of granulocyte production. G-CSF signals through the
G-CSF receptor (G-CSFR) expressed on myeloid progenitors,
neutrophils, monocytes, macrophages, as well as endothelial
cells (15). Administration of G-CSF increases peripheral blood
neutrophil numbers and enhances their migration into tissues by
promoting adhesion molecules expressed on neutrophils
and endothelial cells (16). In a clinical setting, G-CSF is used to
treat neutropenia or to mobilize hematopoietic stem cells for
transplantation purposes (17).

Neutrophils may be a major contributor to the inflammatory
cascade of systemic JIA, but studies in animal models are lacking.
In an attempt to study the role of neutrophils in our systemic
JIA–like mouse model, we previously used anti–Ly-6G–depleting
antibodies, but unfortunately, this approach only partially
depleted immature neutrophils, and the treatment was followed
by a rebound of new neutrophils (18). In the current study, we

hypothesized that G-CSF might be involved in driving myelopoi-
esis and the pathogenesis of systemic JIA. To this end, we
treated systemic JIA mice with a G-CSFR–blocking monoclonal
antibody and studied the extramedullary development of neutro-
phils and its effect on the development of disease. In a cohort
of systemic JIA patients, we also measured G-CSF and
granulocyte–macrophage CSF (GM-CSF).

SUBJECTS AND METHODS

Patients. In this study, 7 macrophage activation syndrome
(MAS) patients, 10 systemic JIA patients, and 15 age and sex–
balanced healthy controls were recruited. Matched systemic JIA
samples were collected during the active disease state (n = 10)
and during the inactive disease state (n = 8). This study was per-
formed at the University Hospital of Leuven, conducted according
to the Declaration of Helsinki, and approved by the Katholieke
Universiteit Leuven Ethics Committee (S58814). Patient classifica-
tion was based on the criteria of the International League of Asso-
ciations for Rheumatology. A detailed list of patient characteristics
can be found in Supplementary Table 1, available on the Arthritis &
Rheumatology website at https://onlinelibrary.wiley.com/doi/10.
1002/art.42104. Samples were collected before any therapeutic
intervention or at disease flares. Healthy controls were recruited
via collaboration with the Department of Pediatrics of the Univer-
sity Hospital of Leuven and comprised patients admitted to the
hospital for elective surgical procedures without systemic inflam-
mation or those who were siblings of pediatric patients.

Mouse model of systemic JIA. Systemic JIA–like disease
was induced in 6–9-week-old WT and IFNγ-KO BALB/c mice, as
previously described (12) and as extensively detailed in the Sup-
plementary Methods, available on the Arthritis & Rheumatology

website at https://onlinelibrary.wiley.com/doi/10.1002/art.42104.

Anti–G-CSF antibody treatment. Mice were injected
intraperitoneally, twice a week, with 200 μg anti–G-CSFR
(αG-CSFR) (Ch5E2-VR81-mIgG1k) (19), starting 1 day prior to immu-
nization. CFA-immunized WT and IFNγ-KO mice injected intraperito-
neally with phosphate buffered saline (PBS) were included as
controls. To reduce any cage effect, all conditions were manually
divided among the different cages, and all cages with either WT or
IFNγ-KO mice contained mice from all 3 different groups (treatment-
naive mice, CFA-immunized and PBS-treated mice, and CFA-
immunized and αG-CSFR–treated mice). Mice were euthanized
between days 16 and 25. No mice were excluded in this study.

Blood analysis. Murine blood samples were obtained by
heart puncture with heparin (Leo Pharma). Blood cell analysis
was performed on a Cell-Dyn 3700 Hematology Analyzer
(Abbott Diagnostics). Plasma was stored at −80�C. Human
peripheral blood mononuclear cells were obtained by
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Lymphoprep density centrifugation. Cells were stored in liquid
nitrogen in cryopreservation medium (90% fetal calf serum, 10%
dimethyl sulfoxide). Human plasma was isolated, centrifuged for
10 minutes at 1,000g, and stored at −80�C.

Histologic and cytospin analysis. For cytospin analysis,
single-cell suspensions were spun on a slide, fixed with methanol,
hematoxylin and eosin (H&E)–stained, and microscopically
counted. For histologic examination, fore limbs and hind limbs
were fixed in 10% formalin and decalcified with formic acid.
Paraffin sections were stained with H&E and scored under
blinded conditions for the following: infiltration of mono- and poly-
morphonuclear cells, hyperplasia of the synovium, and pannus
formation. Severity was scored as 0 (absent), 1 (mild), 2 (average),
3 (severe), or 4 (extensive).

In vitro osteoclast formation. Splenocytes were cul-
tured in α-minimum essential medium REGA-3 and stimulated
with RANKL (100 ng/ml) and M-CSF (20 ng/ml) (both from R&D
Systems). After 3 days, cells were restimulated for 3–4 days,
and stained for tartrate-resistant acid phosphatase (TRAP), as
previously described (20). TRAP+ multinucleated cells (≥3 nuclei)
were defined as osteoclasts.

Protein quantification. G-CSF, IL-1β, IL-6, IL-17, IL-22,
and tumor necrosis factor (TNF) were measured by the Procarta-
Plex mouse multiplex enzyme-linked immunosorbent assay
(ThermoFisher). Meso Scale Discovery’s multiplex assay was
used to measure human plasma C-reactive protein (CRP) and
inflammatory cytokines. All were conducted according to the
manufacturer’s protocols.

Flow cytometry. Spleens and inguinal lymph nodes (LNs)
were passed through a cell strainer (70 μm) to obtain single-cell
suspensions. Red blood cells (RBCs) were lysed using ACK lysing
buffer (Gibco). Cells were incubated with Fc receptor blocking
reagent (Miltenyi Biotec) and extracellularly stained. Dead cells
were excluded using Zombie Aqua 516 (BioLegend). Intracellular
staining of cytokines was performed using a Fixation and Permea-
bilization kit, according to protocols of the manufacturer
(BD Biosciences). Transcription factors were stained with a
FoxP3/transcription factor staining set (ThermoFisher Scientific).
A list of the antibodies used is presented in Supplementary
Table 2, available on the Arthritis & Rheumatology website at
https://onlinelibrary.wiley.com/doi/10.1002/art.42104. Flow cyto-
metry was performed using the BD LSR Fortessa X20, and data
were analyzed with FlowJo, version 10.

Chemotaxis assay. The in vivo chemotactic response of
murine neutrophils toward CXCL8 (amino acid 6-77) was
assessed as previously described (21).

Single-cell RNA-sequencing. Single-cell RNA-sequencing
(RNA-seq) was applied to sorted CD3−CD19−Gr-1+ splenocytes
from WT and IFNγ-KO mice immunized with CFA. Cells were
barcoded by the 10X Genomics system and sequenced on an
Illumina HiSeq4000. All details about single-cell RNA-seq proce-
dures and analyses are described in the Supplementary Methods,
available on the Arthritis & Rheumatology website at https://
onlinelibrary.wiley.com/doi/10.1002/art.42104.

Statistical analysis. Graphs were created using Graph-
Pad Prism software version 8.0. Statistics were assessed in R or
GraphPad Prism. Statistics are extensively described in the Sup-
plementary Methods. Statistics and sample size for each analysis
are included in the figure legends. All statistical analyses were per-
formed at the 5% significance level.

Data availability. All data are available upon request.

RESULTS

Increased levels of G-CSF that correlate with proin-
flammatory cytokines and absolute number of neutro-
phils in patients with active systemic JIA. In our study,
3 groups of patients were included: MAS patients (n = 7), patients
with active systemic JIA (n = 10), and disease-matched patients
with inactive systemic JIA (missing 2 measurements; n = 8).
Those were compared to age- and sex-matched healthy
controls (n = 15). Disease activity parameters are shown in
Supplementary Table 1, available on the Arthritis & Rheumatology

website at https://onlinelibrary.wiley.com/doi/10.1002/art.42104.
Clinical features and laboratory parameters were determined, and
the levels of 10 inflammatory cytokines were analyzed in the
plasma. Increased plasma levels of IL-6, IL-18, and CRP were
assessed (Supplementary Table 1). G-CSF levels were signifi-
cantly increased in patients with active systemic JIA (mean 58.2
pg/ml [range 9–228.0]) compared to healthy controls (mean
12.3 pg/ml [range 8.1–27.6]). In patients in an inactive disease
state, G-CSF levels were within the normal range (mean 19.0
pg/ml [range 8.4–41.5]) (Supplementary Figure 1A, available on
the Arthritis & Rheumatology website at https://onlinelibrary.
wiley.com/doi/10.1002/art.42104). Increased G-CSF levels
were also detected in MAS patients (mean 43.2 pg/ml [range
17.7–123.4]) (Supplementary Figure 1A).

Levels of GM-CSF were normal across all patient groups
(Supplementary Figure 1B). Correlation studies within the active
systemic JIA group revealed a positive correlation between
G-CSF level and the absolute number of white blood cells,
monocytes, neutrophils, and plasma levels of both IL-6 and
IL-1β. Furthermore, a negative correlation between G-CSF
level and the absolute number of lymphocytes was observed
(Supplementary Figure 1C).
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In mice, CFA immunization has been shown to induce in
IFNγ-KO mice a systemic JIA–like disease (12). Similar to sys-
temic JIA patients with active disease, increased levels of G-CSF
were measured in the plasma upon immunization. A significantly

increased level was observed in immunized IFNγ-KO mice when
compared to WT mice (Supplementary Figure 1D). In conclusion,
plasma G-CSF levels were increased in both human systemic JIA
and in the mouse model.

Figure 1. Effects of anti–granulocyte colony-stimulating factor receptor (αG-CSFR) antibody on Freund’s complete adjuvant (CFA)–induced
inflammation. CFA-immunized interferon-γ–knockout (IFNγ-KO) mice (n = 18) and wild-type mice (WT) (n = 12) were injected intraperitoneally twice
a week with αG-CSFR (200 μg) (arrows). Mice were euthanized between days 16 and 25 postimmunization. Phosphate buffered saline (PBS)–
injected CFA-immunized IFNγ-KO mice (n = 26) and WT mice (n = 16) were included as controls and compared to treatment-naive (NI) mice
(n = 15–17). A, Percentage change in body weight (n = 1 experiment). B, Tail damage (n = 1 experiment) (for more details, see Supplementary
Table 7B at https://onlinelibrary.wiley.com/doi/10.1002/art.42104). C, Spleen weight and inguinal lymph node (LN) weight expressed as percent-
age of total body weight.D and E,Neutrophil, monocyte, and lymphocyte counts (D) and platelet and red blood cell (RBC) counts (E) in blood sam-
ples, as measured with a blood cell analyzer. F, Percentage immature RBCs (TER119+CD71+) as measured by flow cytometry. Graphs show
results from 3 pooled experiments. Each circle represents a single mouse; bars show the median and interquartile range for each group. Solid
circles represent specific pathogen–free (SPF) conditions; open circles represent non-SPF conditions. * = P < 0.05; *** = P < 0.001 between indi-
cated groups. # = P < 0.05; ## = P < 0.01; ### = P < 0.001; #### = P < 0.0001 versus IFNγ-KO treatment-naive mice or WT treatment-naive
mice. All statistics were obtained using a linear mixed-effects model.
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Effects of αG-CSFR antibody on CFA-induced inflam-
mation in IFNγ-KO and WT mice. Next, we examined
whether endogenous G-CSF causes CFA-induced inflammation
by using a monoclonal antibody that blocks the G-CSF receptor
(αG-CSFR). In sham-treated animals, we confirmed our previ-
ously reported findings that a single injection of CFA in the tail
elicits local and systemic inflammation, with symptoms including
tail damage, weight loss, splenomegaly, lymphadenopathy,
neutrophilia, lymphopenia, thrombocytosis, and anemia. All of
these symptoms were either more pronounced or exclusively
present in IFNγ-KO mice compared to WT counterparts
(Figure 1 and Supplementary Table 3, available on the Arthritis &
Rheumatology website at https://onlinelibrary.wiley.com/doi/
10.1002/art.42104) (12). When CFA-challenged IFNγ-KO mice
were treated with αG-CSFR antibody, tail damage was found
to be increased and mild weight loss occurred (Figures 1A and
B). In WT mice, αG-CSFR antibody injection had no effect on
body weight changes (Figure 1A) and did not increase tail dam-
age (data not shown).

To investigate the effects of αG-CSFR injection on other sys-
temic JIA–like symptoms, mice were euthanized between days
16 and 25. Anti–G-CSFR administration inhibited splenomegaly
in both IFNγ-KO and WT mice. While enlargement of LNs was
not affected by αG-CSFR antibody treatment in IFNγ-KO mice,
those in WT animals were significantly reduced (Figure 1C).
Hematologic analysis of CFA-challenged IFNγ-KO mice revealed
that αG-CSFR administration completely inhibited neutrophilia and,

in part, monocytosis, while lymphopenia and thrombocytosis were
not affected. In WT mice, lymphopenia was partially restored upon
treatment (Figures 1D and E). Anemia, evaluated by the drop in
number of RBCs, was not affected by αG-CSFR antibody treatment
(Figure 1E). CFA-immunized IFNγ-KO mice showed a significant
increase in percentage of immature TER119+CD71+ RBCs, which
was further increased upon antibody injection. In contrast, in WT
mice, the immature RBCs were significantly reduced by αG-CSFR
treatment (Figure 1F).

When cytokines were analyzed in plasma from mice, signifi-
cantly increased levels of G-CSF, IL-1β, IL-6, IL-17, IL-22, and
TNF were measured in IFNγ-KO mice upon CFA administration.
In contrast to levels in human patients, levels of IL-18 remained
unchanged (mean 214.2 pg/ml [range 0–647] and mean 124.4
pg/ml [range 0–734] in treatment-naive and CFA-immunized
IFNγ-KO mice, respectively). In WT mice, CFA induced increased
levels of G-CSF, IL-6, and TNF (Figure 2). An increased G-CSF
level was seen upon αG-CSFR administration in both IFNγ-KO
and WT mice, which is most likely a direct consequence of block-
ing cytokine internalization. In CFA-challenged IFNγ-KOmice, αG-
CSFR antibody injection slightly reduced plasma levels of IL-1β
and IL-22. In contrast, IL-6, IL-17, and TNF levels were slightly
elevated in αG-CSFR–injected CFA-immunized IFNγ-KO mice,
which may explain their increased weight loss, tail damage, and
hematologic alterations when compared to PBS-treated mice.
No elevated cytokine levels were seen in WT counterparts when
treated with αG-CSFR antibody.

Figure 2. Altered plasma cytokine levels in αG-CSFR–treated CFA-immunized IFNγ-KO mice. CFA-immunized IFNγ-KO mice (n = 18) and WT
mice (n = 12) were injected intraperitoneally twice a week with αG-CSFR (200 μg). Mice were euthanized between days 16 and 25 postimmuniza-
tion. PBS-injected CFA-immunized IFNγ-KO mice (n = 19) and WT mice (n = 22) were included as controls and compared to treatment-naive mice
(n = 17–21). Plasma levels of G-CSF, interleukin-1β (IL-1β), IL-6, IL-17, IL-22, and tumor necrosis factor (TNF) were measured with a ProcartaPlex
multiplex system. Graphs show results from 3 pooled experiments. Each circle represents a single mouse; bars show the median and interquartile
range for each group. * = P < 0.05; ** = P < 0.01; *** = P < 0.001 between indicated groups. # = P < 0.05; ## = P < 0.01; ### = P < 0.001;
#### = P < 0.0001 versus IFNγ-KO treatment-naive mice or WT treatment-naive mice. All statistics were obtained using a linear mixed-effects
model. See Figure 1 for other definitions.
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Figure 3. Reduced arthritis severity and incidence and osteoclasts upon αG-CSFR treatment. CFA-immunized IFNγ-KO mice (n = 18) and WT
mice (n = 12) were injected intraperitoneally twice a week with αG-CSFR (200 μg) (arrows). Mice were euthanized between days 16 and 25 post-
immunization. PBS-injected CFA-immunized IFNγ-KO mice (n = 26) and WT mice (n = 16) were included as controls and compared to treatment-
naive mice (n = 15–17). A, Arthritis score and incidence (n = 1 experiment). Bars show the mean � SD. B, Photographs of front paw (left panels)
and hind paw (right panels). Arrows show redness and/or swelling. C, Representative photomicrographs of hematoxylin and eosin–stained ankle
sections. Magnified view of the boxed area shows synovial tissue infiltrated with neutrophils (arrows) and multinucleated osteoclast (large arrow).
Histology scores, determined as described in Subjects and Methods, are also shown. D, Number of osteoclast precursors in the spleen. Each cir-
cle represents a single mouse; bars show the median and interquartile range for each group. Solid circles represent SPF conditions; open circles
represent non-SPF conditions. E and F, Number of in vitro–generated tartrate-resistant acid phosphatase–positive multinucleated osteoclasts (E)
with representative photographs (F) (n = 8–14). Osteoclasts are marked with arrows. Graphs show results from 3 pooled experiments. * = P
< 0.05; ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001 between indicated groups. # = P < 0.05; ## = P < 0.01; ### = P < 0.001; #### = P
< 0.0001 versus IFNγ-KO treatment-naive mice or WT treatment-naive mice. All statistics were obtained using a linear mixed-effects model. See
Figure 1 for definitions.
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In conclusion, these results demonstrate that G-CSF is asso-
ciated with neutrophilia in CFA-immunized mice. Anti–G-CSFR
treatment caused an improvement of clinical and hematologic
features in IFNγ-KO mice, even though a modest increase of
some systemic inflammatory features was observed.

Counteracting effects of G-CSFR blockage on the
development of arthritis. As we previously reported, ~ 40%
of IFNγ-KO mice develop arthritis 3 weeks post–CFA challenge
(12). Conventional animal housing is known to accelerate the
onset and incidence of arthritis (22). In one of our experimental
set-ups, mice were housed in a conventional animal facility. As
shown in Figure 3A, joint inflammation was seen in CFA-
immunized IFNγ-KO mice from day 13 onward and reached an
incidence of >80% during the course of the experiment. On day
24, 9 of 11 mice had developed redness and swelling of the
joints, with a mean ± SD arthritis score of 4.9 ± 1.7. In contrast,

αG-CSFR antibody–treated mice developed less arthritis as indi-
cated by a lower incidence and lower arthritis score (mean ± SD
1.0 ± 0.4 in 4 of 7 mice). Representative images of the joint inflam-
mation in the front and hind paws of IFNγ-KOmice are also shown
(Figure 3B). Representative histologic sections of joints from IFNγ-
KO mice show hyperplasia of synovial tissue, infiltration of the
synovium with mononuclear and polymorphonuclear cells, and
pannus formation with osteoclasts and bone destruction
(Figure 3C). Reduced severity of arthritis in the αG-CSFR
antibody–treated mice was associated with an inhibition of cell
infiltration, hyperplasia, and pannus formation.

To predict the possible development of arthritis, numbers of
osteoclast precursor cells (CD3−B220−CD11b+CD115+ cells) in
the spleen were assessed, as previously described (23). In IFNγ-
KO mice, CFA immunization was associated with an increased
number of osteoclast precursor cells, which was significantly
reduced by αG-CSFR antibody injection. Likewise, in WT mice,

Figure 4. Anti–G-CSFR treatment induces a reduced splenic myelopoiesis in CFA-immunized mice. CFA-immunized IFNγ-KO mice (n = 18) and
WT mice (n = 12) were injected intraperitoneally twice a week with αG-CSFR (200 μg). Mice were euthanized between days 16 and 25 postimmu-
nization. PBS-injected CFA-immunized IFNγ-KO mice (n = 26) and WT mice (n = 16) were included as controls and compared to treatment-naive
mice (n = 15–17). Absolute number of different immune cells in the spleen, including myeloid neutrophils (CD11b+Ly6G+), monocytes
(CD11b+Ly6C+), and dendritic cells (DCs) (CD11b+CD11c+) (A), lymphoid CD4+ T cells (CD3+CD4+) and CD8+ T cells (CD3+CD8+) (B), B cells
(C), Treg cells (CD3+CD25+) (D), natural killer (NK) cells (CD3−CD122+DX5+) (E), and γδ T cells (CD3+CD4+γδTCR+) (F) were assessed by flow
cytometry. Graphs show results from 3 pooled experiments. Each circle represents a single mouse; bars show the median and interquartile range
for each group. Solid circles represent SPF conditions; open circles represent non-SPF conditions. * = P < 0.05; *** = P < 0.001 between indicated
groups. # = P < 0.05; ## = P < 0.01; ### = P < 0.001 versus IFNγ-KO treatment-naive mice or WT treatment-naive mice. All statistics were
obtained using a linear mixed-effects model. See Figure 1 for other definitions.
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CFA immunization induced the generation of osteoclast precursor
cells, but to a lower extent whenmice were treated with αG-CSFR
antibody (Figure 3D). In addition, when osteoclasts were gener-
ated in vitro, high numbers of multinucleated osteoclasts were
generated from CFA-immunized IFNγ-KO mice, while those from
mice treated with αG-CSFR antibody were found to be signifi-
cantly lower (Figures 3E and F).

To assess the direct effect of αG-CSFR binding on neutrophil
migration, CFA-immunized IFNγ-KO mice were intraperitoneally
injected with αG-CSFR or isotype control. After 4 hours, the
in vivo chemotactic capacity to CXCL8 was measured in the
flushed peritoneal cavity, 2 hours postinjection of the chemokine.
Injection of CXCL8 induced the migration of neutrophils with an
activated phenotype defined by a low CD62L expression. How-
ever, we observed no differences between the αG-CSFR–injected
mice and isotype control–injected mice (Supplementary
Figures 2A and B, available on the Arthritis & Rheumatology web-
site at https://onlinelibrary.wiley.com/doi/10.1002/art.42104).
Therefore, in our experimental set-up and model, we concluded that
neutrophils retain their capacity to migrate toward CXCL8 upon G-
CSFR blockage.

In conclusion, αG-CSFR antibody treatment inhibited devel-
opment of arthritis in CFA-immunized mice. The reduced arthritis
upon αG-CSFR treatment may be explained by the reduced
number of neutrophils or the reduced formation of osteoclasts.

Major role for G-CSF–induced extramedullary
myelopoiesis. The presence of extramedullary myelopoiesis
has previously been described in CFA-immunized mice (24). To
determine the effect of αG-CSFR treatment on CFA-induced
hematopoiesis and myelopoiesis, flow cytometric analysis was
performed on LNs and the spleen. In LNs, no aberrant differences
were found in T cells, B cells, γδ T cells, or NK cells (data not
shown). In spleens from CFA-immunized mice, both neutrophils
(Ly6G+CD11b+) and monocytes (Ly6C+CD11b+) were signifi-
cantly increased compared to nonimmunized controls. A marked
reduction of this myeloid compartment was seen upon treatment
with αG-CSFR, reaching significance in the IFNγ-KO mice only.
The increased number of CD11c+ dendritic cells (DCs) (largely
CD11b+ myeloid DCs) was also reverted upon αG-CSFR treat-
ment (Figure 4A). Associated with the decreased myeloid
compartment, mice showed a relative increased number of lym-
phocytes (data not shown). However, no differences were found
in the absolute numbers of CD4+ T cells (CD3+CD4+), CD8+
T cells (CD3+CD8+), and B cells (CD19+), or they were slightly
reduced upon treatment in the WT mice (CD8+ T cells only) or
the IFNγ-KO mice (B cells only) (Figures 4B and C).

In CFA-challenged IFNγ-KO mice, Treg cells (CD3+CD4+
FoxP3+CD25+) were significantly decreased compared to nonim-
munized controls. Unexpectedly, a restored number of Treg cells
were found in the αG-CSFR–treated group. In WTmice, the number
of Treg cells remained unaltered (Figure 4D). In both IFNγ-KO and

WT animals, the absolute number of NK cells (CD3–CD122+DX5+)
were decreased after immunization although were not altered in the
antibody-injected mice (Figure 4E). Interestingly, both in CFA-
immunized WT and IFNγ-KO mice, αG-CSFR treatment induced a
reduced number of γδ T cells (Figure 4F). In conclusion, G-CSF stim-
ulates myelopoiesis in the spleens of CFA-immunized mice, either
directly or indirectly i.e., via mobilization of myeloid progenitor cells
from the bone marrow (BM).

Five neutrophil clusters identified during extra-
medullary myelopoiesis by single-cell sequencing. CFA
immunization is associated with an important de novo generation
of neutrophils outside the BM (12,24,25). To characterize the cel-
lular landscape of the different neutrophils, single-cell RNA-seq
was applied to Gr-1–sorted splenocytes (depicting both Ly6G+
and Ly6C+ cells) from CFA-challenged WT and IFNγ-KO mice
(Figure 5A). Unbiased clustering identified 8 clusters (Figure 5B),
and Supplementary Figure 3A shows a heat map of the top
marker genes (available on the Arthritis & Rheumatology website
at https://onlinelibrary.wiley.com/doi/10.1002/art.42104). Based
on the key neutrophil markers Ly6G and CXCR2, clusters 0, 1,
2, 3, and 5 were annotated as neutrophils. Cluster 4 represented
monocytes, expressing high levels of CCR2 and Ly6C. Since
Irf8 was found to be a main transcription factor in conventional
and plasmacytoid DCs, cluster 6 was annotated as DCs. Finally,
a negligible cluster 7 (<1% of sorted cells) was found to represent
NK cells (Supplementary Figure 3A).

Within neutrophils, 5 clusters could be found. Based on the
expression of transcription factors (Figure 5C), granule proteins
(Figure 5D), and cell cycle genes (data not shown), neutrophils
were divided into pre-neutrophils (cluster 5), immature neutrophils
(clusters 1 and 3), and mature neutrophils (clusters 0 and 2).
Within the immature neutrophils, 2 clusters were found. The top
50 differentially expressed genes (DEGs) are shown in Supple-
mentary Table 4, available on the Arthritis & Rheumatology web-
site at https://onlinelibrary.wiley.com/doi/10.1002/art.42104. It
mainly demonstrates an enhanced maturation in cluster 1 com-
pared to cluster 3. Mature neutrophils might also be divided into
2 clusters (clusters 0 and 2), in which cluster 0 represents the
inflammatory neutrophils, showing an increased expression of
IL-1β, G-CSFR (Csf3r), and CD101 (Figure 5E). Assessment of
the different neutrophilic functions exposed that pre-neutrophils
were highly proliferative cells, whereas mature neutrophils had
the highest antimicrobial and proinflammatory capacity (as seen
in chemotaxis, phagocytosis, reactive oxygen species, and
activation scores) (Figure 1F and Supplementary Figure 3B).

Using Slingshot, we reconstructed a one-branch neutrophil
differentiation pathway (Figure 5G). Gene expression of prolifera-
tion, primary granules, and early transcription factors decreased
along the trajectory (e.g., Cdk1), proinflammatory marker gene
expression increased (e.g., Il1b), while specific and gelatinase
granule marker genes were expressed in between the
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Figure 5. Single-cell RNA sequencing (scRNA-seq) reveals 5 distinct neutrophil (Neu) clusters in CFA-immunized IFNγ-KO and WT mice. A,
Approach overview for single-cell RNA sequencing where CD3−CD19−Gr-1+ splenocytes were sorted from CFA-immunized IFNγ-KO and WT
mice by fluorescence-activated cell sorting (FACS), followed by droplet-enabled single-cell RNA-seq. B, Seurat analysis of 4,702 cells from
CFA-immunized WT mice (2,138 cells) and IFNγ-KO mice (2,564 cells), in which 18,177 genes analyzed are shown in a t-distributed stochastic
neighbor embedding (t-SNE) projection. Colors indicate the distinct clusters of Gr-1+ splenocytes. Pie charts show the relative contribution of each
cell type (in %) in CFA-immunized WT and IFNγ-KO mice. C and D, Heatmaps showing the expression of genes encoding myeloid development–
related transcription factors (C) and granule production (D) assessed in each neutrophil subcluster. E, Dot plots showing the main cell type
markers. F, Violin plots showing scores of cell cycle, chemotaxis, phagocytosis, maturation, reactive oxygen species (ROS), activation, aging,
and NADPH oxidase in each neutrophil cell subcluster. G, Pseudo-time trajectory for neutrophils based on Slingshot. H, Projection of t-SNE strat-
ifying CFA-immunized WT and IFNγ-KO mice. DC = dendritic cell; NK = natural killer; IL-1β = interleukin-1β (see Figure 1 for definitions).
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Figure 6. Left shift in neutrophils upon αG-CSFR treatment. CFA-immunized IFNγ-KOmice (n = 18) andWTmice (n = 12) were injected intraper-
itoneally twice a week with αG-CSFR (200 μg). Mice were euthanized between days 16 and 25 postimmunization. PBS-injected CFA-immunized
IFNγ-KOmice (n = 26) andWTmice (n = 16) were included as controls and compared to treatment-naive mice (n = 15–17). A andB, Spleen cytos-
pin preparations were counted. C, Splenocytes were sorted by fluorescence-activated cell sorting based on CXCR2 and CD101. Cytospin prep-
arations represent sorted metamyelocytes (CD101−CXCR2−), immature neutrophils (CD101−CXCR2+), and mature neutrophils
(CD101+CXCR2+). D, Representative flow cytometric plots show different neutrophil clusters based on the markers CD101 and CXCR2 in all
experimental groups. E, The number of different clusters was assessed by flow cytometry. F, The number of interleukin-1β (IL-1β)–expressing neu-
trophils in the spleen was calculated. Graphs show results from 3 pooled experiments. Each circle represents a single mouse; bars show the
median and interquartile range for each group. Solid circles represent SPF conditions; open circles represent non-SPF conditions. * = P < 0.05;
** = P < 0.01; *** = P < 0.001 between indicated groups. # = P < 0.05; ## = P < 0.01; ### = P < 0.001; #### = P < 0.0001 versus IFNγ-KO
treatment-naive mice or WT treatment-naive mice. All statistics were obtained using a linear mixed-effects model. See Figure 1 for other definitions.
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differentiation path (e.g., Ltf ) (Figures 1C and D and Supplemen-
tary Figure 4, available on the Arthritis & Rheumatology website
at https://onlinelibrary.wiley.com/doi/10.1002/art.42104). Inter-
estingly, we noticed a reduction in the number of unique molecu-
lar identifiers along the differentiation path, corresponding to the
gene silencing reported (data not shown). When we compared
WT and IFNγ-KO mice, we confirmed a reduced number of
mature neutrophils in the spleens of CFA-immunized IFNγ-KO
mice (Figure 5B). Notably, both cluster 0 and cluster 4 showed a
remarkable polarized distribution of WT and IFNγ-KO cells
(Figure 5H).

More in-depth comparisons between IFNγ-KO and WT
mice in cluster 0 identified 198 DEGs (73 up, 125 down)
(Supplementary Table 5, available on the Arthritis & Rheumatol-

ogy website at https://onlinelibrary.wiley.com/doi/10.1002/art.
42104). Twenty-six of these genes were associated with MDSCs,
e.g., Wfdc17, Ifitm1, and Igfbp6, as described by Alshetaiwi et al
(26), and they were increasingly expressed in IFNγ-KO mice only.
Furthermore, Cebpb, a transcription factor induced by G-CSF,
was highly up-regulated in the IFNγ-KO mice (27). Supplementary
Table 6 (available on the Arthritis & Rheumatology website
at https://onlinelibrary.wiley.com/doi/10.1002/art.42104) shows
genes that are differentially expressed along the maturation trajec-
tory between IFNγ-KO mice and WT mice. It includes IFN-
regulated genes, generally up-regulated in mature neutrophils
and tempered in the IFNγ-KO mice (Supplementary Figure 5A,
available on the Arthritis & Rheumatology website at https://
onlinelibrary.wiley.com/doi/10.1002/art.42104). The granulocyte
differentiation regulating genes Cebpb and Lrg1 and the proin-
flammatory genes Tlr1, Alox5ap, and Nfkbia were all increasingly
expressed along with neutrophil maturation in the IFNγ-KO mice
(Supplementary Figure 5B).

Using single-cell RNA-seq, Xie et al and Grieshaber-Bouyer
et al studied mouse neutrophils in the BM, peripheral blood, and
spleens of treatment-naive mice, describing 8 (G0–G4, G5a,
G5b, and G5c) and 4 (P1–4) neutrophil clusters, respectively
(28,29). When merging our data set with the data set of Xie et al,
only G2 overlapped with our C5 subset. This subset has a hall-
mark feature of active proliferation and represents the pre-
neutrophils (Supplementary Figure 6A, available on the Arthritis &

Rheumatology website at https://onlinelibrary.wiley.com/doi/
10.1002/art.42104). Incomplete merging might be attributed to
batch effects that could not be normalized using Harmony. Never-
theless, when mapping the top genes only, G3 (CXCR2low imma-
ture neutrophils) genes were expressed by both C5, C3, and C1.
Top genes in G4 (CXCR2high mature neutrophils) overlapped with
C2. Interestingly, C0 showed high expression of genes described
to be expressed by G5a, G5b, and G5c (peripheral mature neu-
trophils) (Supplementary Figure 6B). In contrast, when merging
the data set of Grieshaber-Bouyer et al, all subsets were overlap-
ping (Supplementary Figure 6A). In analogy to the presented neu-
trotime (showing gradual neutrophil maturation from P1 toward

P4, from pre-neutrophils to mature neutrophils via immature neu-
trophils), we observed a similar differentiation path with overlap-
ping phenotypes (Supplementary Figure 6B). Based on these
results, we may conclude that neutrophils in the spleen of CFA-
immunized mice follow a similar differentiation path as described
in the BM. Importantly, in the published splenic data sets on
treatment-naive mice, pre-neutrophils and immature neutrophils
were absent and only presented in the spleens of our immunized
mice (28,29).

In conclusion, in homeostatic conditions, pre-neutrophils and
immature neutrophils are absent in the spleen but emerge upon
CFA immunization, showing a similar G-CSF–driven differentiation
path as described in the BM (28–30). Compared to WT mice,
CFA-immunized IFNγ-KO mice exposed an increased number of
immature neutrophils and MDSC-polarized mature neutrophils.

Altered relative distribution of neutrophil subclus-
ters via G-CSFR blockage. Spleen cytospin preparations con-
firmed the increased neutrophil-to-lymphocyte ratio measured
by flow cytometry in CFA-immunized mice (Figure 6A). Morpho-
logically, neutrophils were divided into mature neutrophils,
immature neutrophils, and metamyelocytes (representing the
pre-neutrophils). Mature neutrophils have a lobbed nucleus,
whereas immature and metamyelocytes have a thin- and thick-
banded nucleus, respectively (31) (Supplementary Figure 7, avail-
able on the Arthritis & Rheumatology website at https://
onlinelibrary.wiley.com/doi/10.1002/art.42104). Quantification in
the spleen revealed a relative increase in immature neutrophils.
Interestingly, these emerged on day 10 postimmunization, the
day mice started to develop overt signs of inflammation (data not
shown). Anti–G-CSFR treatment restored the neutrophil-to-
lymphocyte ratio but also induced a relatively increased percent-
age of metamyelocytes in CFA-immunized IFNγ-KO mice. In WT
mice, no major differences were observed (Figure 6B).

In addition, we performed a more in-depth analysis by flow
cytometry. Based on 2 maturation markers, CD101 and CXCR2,
mature neutrophils (CD101+CXCR2+), immature neutrophils
(CD101−CXCR2+), and metamyelocytes (CD101−CXCR2−)
may be distinguished (30), which we confirmed (Figure 6C). Com-
pared to treatment-naive mice, CFA immunization did not affect
the percentage of CD101−CXCR2− neutrophils, whereas it
induced a relative increase in CD101−CXCR2+ neutrophils, in
IFNγ-KO mice only (Figures 6D and E). Consequently, this
resulted in a reduced percentage of CD101+CXCR2+ neutrophils
in CFA-immunized mice. Upon antibody treatment, the percent-
age of CD101−CXCR2− neutrophils was increased in both IFNγ-
KO and WT mice compared to treatment-naive mice, or com-
pared to sham-treated CFA-immunized mice in the IFNγ-KO mice
group only. When comparing the PBS- and αG-CSFR–treated
groups, the percentage of immature and mature neutrophils were
both significantly decreased in the treated IFNγ-KO mice
(Figure 6E). Interestingly, the reduced percentage of mature
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neutrophils was associated with a decreased percentage of IL-
1β+ neutrophils (Figure 6F). Note that the absolute number of
each neutrophil subtype was decreased upon treatment
(Figures 6E and F). Supplementary Figure 8 shows the mean fluo-
rescence intensity of Ly6G, CD11b, CD101, CXCR2, and CXCR4
on neutrophils in the spleen (available on the Arthritis & Rheuma-
tology website at https://onlinelibrary.wiley.com/doi/10.1002/art.
42104). Taken together, these findings indicate αG-CSFR–
mediated neutrophil maturation and differentiation deficiency in
the spleen of CFA-immunized IFNγ-KO mice but not in CFA-
immunized WT mice.

DISCUSSION

Systemic JIA patients are characterized by massive neutro-
philia and develop splenomegaly (1,2), possibly due to extrame-
dullary myelopoiesis. Recently, 2 studies described the
phenotypical and functional characteristics of these neutrophils
in systemic JIA (9,10). Despite these studies, the neutrophil devel-
opmental path during extramedullary myelopoiesis remains
largely unknown. Here, we used a mouse model of systemic JIA,
relying on injection of CFA in IFNγ-KO mice (12) to study the etiol-
ogy of CFA-induced myelopoiesis and neutrophilia, as well as its
functional importance in the development of systemic JIA.

Our study highlights an important direct or indirect role for G-
CSF in the pathophysiology of systemic JIA. The main findings are
summarized in Supplementary Figure 9 and Supplementary
Table 4, available on the Arthritis & Rheumatology website at
https://onlinelibrary.wiley.com/doi/10.1002/art.42104. Both in
systemic JIA patients and in our mouse model, increased plasma
levels of G-CSF were detected, correlating with the absolute
number of neutrophils. In mice, αG-CSFR administration blocked
splenomegaly, neutrophilia, and plasma IL-1β levels and reduced
incidence, clinical severity, and histologic abnormalities of arthritis
in IFNγ-KOmice. These observations are consistent with previous
studies that used these G-CSFR–blocking antibodies in the treat-
ment of arthritis (19,32). In contrast, αGM-CSF treatment in CFA-
immunized IFNγ-KO mice had no effect on the systemic JIA–like
symptoms (data not shown). Our results fit the “remnant epitopes
generate autoimmunity” model, which states that cells and mole-
cules of the innate immune system can start autoimmune reac-
tions by cytokine-regulated proteolysis yielding remnant
epitopes (33). In this regard, it is worth mentioning that systemic
JIA follows a biphasic clinical course, in which the innate immune
system is mainly involved in the onset of the disease, whereas
the adaptive immune system contributes to the later chronic
arthritic phenotype (34).

Single-cell RNA-seq identified 5 neutrophilic clusters associ-
ated with extramedullary myelopoiesis, which were identical to
those found in BM (30). Interestingly, we confirmed that these
clusters could be separated in the spleen based on the expres-
sion of CD101 and CXCR2 (30). Single-cell RNA-seq also

showed that mature neutrophils from IFNγ-KO mice had an
increased expression of MDSC-related genes and CCAAT/
enhancer binding protein β, a transcription factor associated with
emergency granulopoiesis, induced by G-CSF (26,27). MDSCs
are often described in cancer but also expand during chronic
and acute inflammatory conditions, including sepsis (35). Neutro-
phil transcriptome analysis in systemic JIA patients showed an
inflammatory gene expression profile, overlapping with the tran-
scriptome of sepsis (9,10,36). Studying the effect of G-CSF on
neutrophil clusters, we showed that αG-CSFR treatment caused
a maturation deficiency and “left shift” in the spleen from mature
toward more immature neutrophils and pre-neutrophils in CFA-
treated IFNγ-KO mice.

Generally, G-CSF is considered one of the main regulators
involved in the expansion and maturation of neutrophils (17,37).
In inflammatory conditions, G-CSF is regulated by the IL-23/IL-
17/G-CSF axis (38,39). In this pathway, IL-1β and IL-6 are
released by early activation of neutrophils and monocytes and,
along with IL-23, stimulate IL-17 expression in lymphocytes, sub-
sequently regulating the systemic induction of G-CSF and eventu-
ally driving massive neutrophil release (40,41). Innate immune
cells including γδ T cells are an additional important source of IL-
17 (42–44). Moreover, a positive feedback loop between
neutrophil-derived IL-1β or S100 proteins and γδ T cells was
demonstrated in patients with active systemic JIA (44). In accor-
dance with this auto-amplification mechanism, systemic JIA
patients have been successfully treated with IL-1β– and IL-6–
targeting agents (9). Considering the upstream effects of IL-1β
on G-CSF, future research is needed to understand their mutual
regulation. As neutrophils are an important cellular source of IL-
1β, it is tempting to speculate that they might in part be responsi-
ble for the observed inflammation—including the development of
arthritis—by its production of IL-1β.

In addition, by regulating the IL-17 cytokine expression, IFNγ
is linked to the IL-23/IL-17/G-CSF axis, and its absence may par-
tially explain the enhanced phenotype observed in the IFNγ-KO
mice. This was reflected by enhanced levels of both IL-17 and
G-CSF in the model. Previously, using our systemic JIA–like
mouse model, we identified that both IL-17 and IL-23 play a piv-
otal role in the pathogenesis of the disease, and blockage of both
cytokines almost completely abolished splenomegaly and granu-
locytosis. Together with CD4+ T cells, γδ T cells were shown to
be the main source of IL-17 (12). The reduced number of γδ T
cells upon αG-CSFR treatment may in part explain the observed
ameliorated phenotype but requires additional research.

Unexpectedly, slight increases in IL-6, TNF, and IL-17 were
detected upon G-CSFR inhibition. This appears to be specific to
IFNγ-KO mice only and is associated with a mild increase in weight
loss, tail damage, and number of immature RBCs. TNF and IL-6
are 2 cytokines known to have cachexic properties (45,46). Since
neutrophils have both pro- and antiinflammatory properties, the
reduced number of neutrophils and, more specifically, MDSC-like
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cells in CFA-immunized IFNγ-KOmice, may explain the aggravated
phenotype observed after αG-CSFR blocking. Recently, Rybakin
et al showed that neutrophil-derived matrix metalloproteinase
9 (MMP-9) reduces the abundance of signaling-competent IL-2.
Therefore, it may be that the reduced levels of neutrophils (and
MMP-9) upon αG-CSFR treatment increase the levels of active
IL-2, leading to enhanced T cell activation and numbers of Treg
cells (47). However, we postulate that the aggravated local inflam-
mation around the tail injection site is directly linked to the inherent
function of neutrophils, since they are major phagocytic cells that
rapidly infiltrate sites of inflammation and clear foreign particles, in
this case the killed mycobacteria that are present in CFA. There-
fore, due to insufficient numbers of neutrophils, the killed mycobac-
teria might not be properly resolved and continuously stimulate the
innate immune cells.

Our study has some limitations. First, G-CSF may indirectly be
responsible for the observed inflammatory pathology via its regula-
tory effects on neutrophil numbers and functions. Therefore, we
cannot rule out a reduced joint migration upon G-CSFR-blockage.
While we observed no reduced CXCL8-mediated peritoneal migra-
tion in our CFA-immunized IFNγ-KO mice, effects upon antibody
ligation might be site- or stimulus-specific, as previously shown
(48). We are not able to study the direct role of neutrophils, because
neutrophil depletion was incomplete in the model and was followed
by a fast rebound of new neutrophils, as previously described (18).
In addition, neutrophil-deficient mice are not available in the BALB/c
strain. Second, when studying extramedullary granulopoiesis in the
spleen, we cannot exclude the potential contribution of medullary
granulopoiesis. Ballesteros et al showed that neutrophils may be
retained in the tissues (49), but by comparing CFA-immunized mice
to treatment-naive mice, we demonstrated infiltration of pre-
neutrophils and immature neutrophils in the immunized mice only.
Notably, in patients with active systemic JIA, a peripheral expansion
of immature CD34+CD33+ myelomonocytic precursor cells was
reported. These may home in the spleen and subsequently mature
(2,11). Thus, additional research is needed to exclude infiltration of
BM-derived pre-neutrophils and immature neutrophils.

Third, our study did not include the use of an isotype antibody
control. However, we previously showed in the collagen-induced
arthritis model, which also requires CFA immunization, that the
use of an isotype antibody did not affect the development of arthri-
tis nor neutrophilia in the spleen (50). Finally, the sample size of our
patient cohort was small and requires validation in an independent
larger cohort of systemic JIA patients. In conclusion, G-CSFR
blockade is suitable to inhibit excessive extramedullary myelopoi-
esis and arthritis development. Future research is needed to clarify
the exact role of G-CSF in systemic JIA in a clinical setting.

ACKNOWLEDGMENTS

We sincerely thank Prof. Ghislain Opdenakker for critically review-
ing the manuscript. We thank Prof. Jeroen Vanoirbeek for the use of his

conventional animal housing facility. Anti–granulocyte colony-stimulating
factor receptor antibody (Ch5E2-VR81-mIgG1k) was kindly provided by
CSL Limited Australia. We thank Dr. Lisa Lindqvist, Dr. Helen Cao, and
Dr. Judith Field from CSL Limited Australia for their help and critical
review. We thank Dr. Mieke Metzemaekers and Dr. Mieke Gouwy for
their assistance in the chemotaxis experiments.

AUTHOR CONTRIBUTIONS
All authors were involved in drafting the article or revising it critically

for important intellectual content, and all authors approved the final ver-
sion to be published. Dr. Malengier-Devlies had full access to all of the
data in the study and takes responsibility for the integrity of the data
and the accuracy of the data analysis.
Study conception and design. Malengier-Devlies, Bernaerts, Proost,
Wouters, Matthys.
Acquisition of data. Malengier-Devlies, Bernaerts, Ahmadzadeh, Filt-
jens, Vandenhaute, Broeckx, Burton, De Visscher, Mitera, Berghmans.
Analysis and interpretation of data. Ahmadzadeh, Filtjens, Vanden-
haute, Broeckx, Burton, Verbeke, Liston, Lambrechts, Proost, Wouters,
Matthys.

REFERENCES

1. Woo P. Systemic juvenile idiopathic arthritis: diagnosis, management,
and outcome [review]. Nat Clin Pract Rheumatol 2006;2:28–34.

2. Mellins ED, Macaubas C, Grom AA. Pathogenesis of systemic juvenile
idiopathic arthritis: some answers, more questions [review]. Nat Rev
Rheumatol 2011;7:416–26.

3. Prakken B, Albani S, Martini A. Juvenile idiopathic arthritis [review].
Lancet 2011;377:2138–49.

4. Avau A, Put K, Wouters CH, Matthys P. Cytokine balance and
cytokine-driven natural killer cell dysfunction in systemic juvenile idio-
pathic arthritis [review]. Cytokine Growth Factor Rev 2015;26:35–45.

5. Canny S, Mellins E. New frontiers in the treatment of systemic juvenile
idiopathic arthritis [review]. F1000Res 2017;6:971.

6. Nauseef WM, Borregaard N. Neutrophils at work [review]. Nat Immu-
nol 2014;15:602–11.

7. Liew PX, Kubes P. The neutrophil’s role during health and disease
[review]. Physiol Rev 2019;99:1223–48.

8. Silvestre-Roig C, Hidalgo A, Soehnlein O. Neutrophil heterogeneity:
implications for homeostasis and pathogenesis [review]. Blood 2016;
127:2173–81.

9. Ter Haar NM, Tak T, Mokry M, Scholman RC, Meerding JM, de
Jager W, et al. Reversal of sepsis-like features of neutrophils by
interleukin-1 blockade in patients with systemic-onset juvenile idio-
pathic arthritis. Arthritis Rheumatol 2018;70:943–56.

10. Brown RA, Henderlight M, Do T, Yasin S, Grom AA, DeLay M, et al.
Neutrophils from children with systemic juvenile idiopathic arthritis
exhibit persistent proinflammatory activation despite long-standing
clinically inactive disease. Front Immunol 2018;9:2995.

11. Fall N, Barnes M, Thornton S, Luyrink L, Olson J, Ilowite NT, et al.
Gene expression profiling of peripheral blood from patients with
untreated new-onset systemic juvenile idiopathic arthritis reveals
molecular heterogeneity that may predict macrophage activation syn-
drome. Arthritis Rheum 2007;56:3793–804.

12. Avau A, Mitera T, Put K, Brisse E, Filtjens J, Uyttenhove C, et al. Sys-
temic juvenile idiopathic arthritis–like syndrome in mice following stim-
ulation of the immune system with Freund’s complete adjuvant:
regulation by interferon-γ. Arthritis Rheumatol 2014;66:1340–51.

13. Put K, Vandenhaute J, Avau A, van Nieuwenhuijze A, Brisse E,
Dierckx T, et al. Inflammatory gene expression profile and defective

G-CSF IN SYSTEMIC JIA 1269



interferon-γ and granzyme K in natural killer cells from systemic juve-
nile idiopathic arthritis patients. Arthritis Rheumatol 2017;69:213–24.

14. De Jager W, Vastert SJ, Beekman JM, Wulffraat NM, Kuis W,
Coffer PJ, et al. Defective phosphorylation of interleukin-18 receptor
β causes impaired natural killer cell function in systemic-onset juvenile
idiopathic arthritis. Arthritis Rheum 2009;60:2782–93.

15. Demetri GD, Griffin JD. Granulocyte colony-stimulating factor and its
receptor [review]. Blood 1991;78:2791–808.

16. Liu F, Wu HY, Wesselschmidt R, Kornaga T, Link DC. Impaired produc-
tion and increased apoptosis of neutrophils in granulocyte colony-
stimulating factor receptor–deficient mice. Immunity 1996;5:491–501.

17. Roberts AW. G-CSF: a key regulator of neutrophil production, but
that’s not all [review]! Growth Factors 2005;23:33–41.

18. Pollenus E, Malengier-Devlies B, Vandermosten L, Pham TT, Mitera T,
Possemiers H, et al. Limitations of neutrophil depletion by anti-Ly6G
antibodies in two heterogenic immunological models. Immunol Lett
2019;212:30–6.

19. Campbell IK, Leong D, Edwards KM, Rayzman V, Ng M,
Goldberg GL, et al. Therapeutic targeting of the G-CSF receptor
reduces neutrophil trafficking and joint inflammation in antibody-
mediated inflammatory arthritis. J Immunol 2016;197:4392–402.

20. De Klerck B, Carpentier I, Lories RJ, Habraken Y, Piette J, Carmeliet G,
et al. Enhanced osteoclast development in collagen-induced arthritis in
interferon-γ receptor knock-out mice as related to increased splenic
CD11b+ myelopoiesis. Arthritis Res Ther 2004;6:R220–31.

21. Metzemaekers M, Vandendriessche S, Berghmans N, Gouwy M,
Proost P. Truncation of CXCL8 to CXCL8(9–77) enhances actin poly-
merization and in vivo migration of neutrophils. J Leukoc Biol 2020;
107:1167–73.

22. Liu X, Zeng B, Zhang J, Li W, Mou F, Wang H, et al. Role of the gut
microbiome in modulating arthritis progression in mice. Sci Rep
2016;6:30594.

23. Imbrechts M, Avau A, Vandenhaute J, Malengier-Devlies B, Put K,
Mitera T, et al. Insufficient IL-10 production as a mechanism underly-
ing the pathogenesis of systemic juvenile idiopathic arthritis.
J Immunol 2018;201:2654–63.

24. Matthys P, Vermeire K, Mitera T, Huang S, Schols D, Wolf-Peeters C
De, et al. Enhanced autoimmune arthritis in IFN-γ receptor–deficient
mice is conditioned by mycobacteria in Freund’s adjuvant and by
increased expansion of Mac-11+ myeloid cells. J Immunol 1999;
163:3505–10.

25. Billiau A, Matthys P. Modes of action of Freund’s adjuvants in experi-
mental models of autoimmune diseases. J Leukoc Biol 2001;70:
849–60.

26. Alshetaiwi H, Pervolarakis N, McIntyre LL, Ma D, Nguyen Q, Rath JA,
et al. Defining the emergence of myeloid-derived suppressor cells in
breast cancer using single-cell transcriptomics. Sci Immunol 2020;5:
eaay6017.

27. Manz MG, Boettcher S. Emergency granulopoiesis [review]. Nat Rev
Immunol 2014;14:302–14.

28. Grieshaber-Bouyer R, Radtke FA, Cunin P, Stifano G, Levescot A,
Vijaykumar B, et al. The neutrotime transcriptional signature defines
a single continuum of neutrophils across biological compartments.
Nat Commun 2021;12:2856.

29. Xie X, Shi Q, Wu P, Zhang X, Kambara H, Su J, et al. Single-cell tran-
scriptome profiling reveals neutrophil heterogeneity and orchestrated
maturation during homeostasis and bacterial infection. Nat Immunol
2020;21:1119–33.

30. Evrard M, Kwok IW, Chong SZ, Teng KW, Becht E, Chen J, et al.
Developmental analysis of bone marrow neutrophils reveals popula-
tions specialized in expansion, trafficking, and effector functions.
Immunity 2018;48:364–79.

31. Pillay J, Tak T, Kamp VM, Koenderman L. Immune suppression by
neutrophils and granulocytic myeloid-derived suppressor cells: simi-
larities and differences. Cell Mol Life Sci 2013;70:3813–27.

32. Scalzo-Inguanti K, Monaghan K, Edwards K, Herzog E, Mirosa D,
Hardy M, et al. A neutralizing anti–G-CSFR antibody blocks G-CSF–
induced neutrophilia without inducing neutropenia in nonhuman pri-
mates. J Leukoc Biol 2017;102:537–49.

33. Opdenakker G, El-Asrar AA, Van Damme J. Remnant epitopes gener-
ating autoimmunity: from model to useful paradigm [review]. Trends
Immunol 2020;41:367–78.

34. Nigrovic PA. Is there a window of opportunity for treatment of sys-
temic juvenile idiopathic arthritis [review]? Arthritis Rheumatol 2014;
66:1405–13.

35. Schrijver IT, Théroude C, Roger T. Myeloid-derived suppressor cells in
sepsis [review]. Front Immunol 2019;10:327.

36. Ramanathan K, Glaser A, Lythgoe H, Ong J, Beresford MW,
Midgley A, et al. Neutrophil activation signature in juvenile idiopathic
arthritis indicates the presence of low-density granulocytes. Rheuma-
tology 2018;57:488–98.

37. Hamilton JA, Achuthan A. Colony stimulating factors and myeloid cell
biology in health and disease [review]. Trends Immunol 2013;34:
81–9.

38. Coffelt SB, Kersten K, Doornebal CW, Weiden J, Vrijland K, Hau C-S,
et al. IL-17–producing γδ T cells and neutrophils conspire to promote
breast cancer metastasis. Nature 2015;522:345–8.

39. Schwarzenberger P, Huang W, Ye P, Manuel M, Zhang Z, Bagby G,
et al. Requirement of endogenous stem cell factor and granulocyte-
colony-stimulating factor for IL-17–mediated granulopoiesis.
J Immunol 2000;164:4783–9.

40. Chung Y, Chang SH, Martinez GJ, Yang XO, Nurieva R, Kang HS,
et al. Critical regulation of early Th17 cell differentiation by
interleukin-1 signaling. Immunity 2009;30:576–87.

41. Sutton CE, Lalor SJ, Sweeney CM, Brereton CF, Lavelle EC, Mills KH.
Interleukin-1 and IL-23 induce innate IL-17 production from γδ T cells,
amplifying Th17 responses and autoimmunity. Immunity 2009;31:331–41.

42. Papotto PH, Ribot JC, Silva-Santos B. IL-17+ γδ T cells as kick-
starters of inflammation [review]. Nat Rev Immunol 2017;18:604–11.

43. Eyles JL, Hickey MJ, NormanMU, Croker BA, Roberts AW, Drake SF,
et al. A key role for G-CSF–induced neutrophil production and traffick-
ing during inflammatory arthritis. Blood 2008;112:5193–202.

44. Kessel C, Lippitz K, Weinhage T, Hinze C, Wittkowski H, Holzinger D,
et al. Proinflammatory cytokine environments can drive interleukin-17
overexpression by γ/δ T cells in systemic juvenile idiopathic arthritis.
Arthritis Rheumatol 2017;69:1480–94.

45. Matthys P, Billiau A. Cytokines and cachexia [review]. Nutrition 1997;
13:763–70.

46. De Benedetti F, Meazza C, Martini A. Role of interleukin-6 in growth
failure: an animal model [review]. Horm Res 2002;58:24–7.

47. Rybakin V, Stas M, Ugarte-Berzal E, Noppen S, Vandooren J, Van
Aelst I, et al. Gelatinase B/matrix metalloproteinase-9 and other neu-
trophil proteases switch off interleukin-2 activity. Biochem J 2019;
476:2191–208.

48. Cunin P, Lee PY, Kim E, Schmider AB, Cloutier N, Pare A, et al. Differ-
ential attenuation of β2 integrin–dependent and –independent neutro-
phil migration by Ly6G ligation. Blood Adv 2019;3:256–67.

49. Ballesteros I, Rubio-Ponce A, Genua M, Lusito E, Kwok I, Fern�andez-
Calvo G, et al. Co-option of neutrophil fates by tissue environments.
Cell 2020;183:1282–97.

50. Kelchtermans H, Schurgers E, Geboes L, Mitera T, Van Damme J,
Van Snick J, et al. Effector mechanisms of interleukin-17 in collagen-
induced arthritis in the absence of interferon-γ and counteraction by
interferon-γ. Arthritis Res Ther 2009;11:R122.

MALENGIER-DEVLIES ET AL1270



Identification of Distinct Inflammatory Programs and
Biomarkers in Systemic Juvenile Idiopathic Arthritis and
Related Lung Disease by Serum Proteome Analysis

Guangbo Chen,1 Gail H. Deutsch,2 Grant S. Schulert,3 Hong Zheng,1 SoRi Jang,1 Bruce Trapnell,3

Pui Y. Lee,4 Claudia Macaubas,1 Katherine Ho,1 Corinne Schneider,5 Vivian E. Saper,1

Adriana Almeida de Jesus,6 Mark A. Krasnow,7 Alexei Grom,3 Raphaela Goldbach-Mansky,6 Purvesh Khatri,1

Elizabeth D. Mellins,1 and Scott W. Canna8

Objective. Recent observations in systemic juvenile idiopathic arthritis (JIA) suggest an increasing incidence of
high-mortality interstitial lung disease often characterized by a variant of pulmonary alveolar proteinosis (PAP).
Co-occurrence of macrophage activation syndrome (MAS) and PAP in systemic JIA suggests a shared pathology,
but patients with lung disease associated with systemic JIA (designated SJIA-LD) also commonly experience features
of drug reaction such as atypical rashes and eosinophilia. This study was undertaken to investigate immunopathology
and identify biomarkers in systemic JIA, MAS, and SJIA-LD.

Methods. We used SOMAscan to measure ~1,300 analytes in sera from healthy controls and patients with sys-
temic JIA, MAS, SJIA-LD, or other related diseases. We verified selected findings by enzyme-linked immunosorbent
assay and lung immunostaining. Because the proteome of a sample may reflect multiple states (systemic JIA, MAS,
or SJIA-LD), we used regression modeling to identify subsets of altered proteins associated with each state. We tested
key findings in a validation cohort.

Results. Proteome alterations in active systemic JIA and MAS overlapped substantially, including known systemic
JIA biomarkers such as serum amyloid A and S100A9, and novel elevations in the levels of heat-shock proteins and
glycolytic enzymes. Interleukin-18 levels were elevated in all systemic JIA groups, particularly MAS and SJIA-LD. We
also identified an MAS-independent SJIA-LD signature notable for elevated levels of intercellular adhesion molecule
5 (ICAM-5), matrix metalloproteinase 7 (MMP-7), and allergic/eosinophilic chemokines, which have been previously
associated with lung damage. Immunohistochemistry localized ICAM-5 and MMP-7 in the lungs of patients with
SJIA-LD. The ability of ICAM-5 to distinguish SJIA-LD from systemic JIA/MAS was independently validated.

Conclusion. Serum proteins support a systemic JIA–to-MAS continuum; help distinguish systemic JIA, systemic
JIA/MAS, and SJIA-LD; and suggest etiologic hypotheses. Select biomarkers, such as ICAM-5, could aid in early
detection and management of SJIA-LD.
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INTRODUCTION

Systemic juvenile idiopathic arthritis (JIA) is a chronic inflamma-
tory disease of childhood characterized by a combination of systemic
inflammation, quotidian fever, evanescent rash, adenopathy/organo-
megaly, serositis, and arthritis (1). Its adult equivalent is adult-onset
Still’s disease (2). Macrophage activation syndrome (MAS) is a life-
threatening form of secondary hemophagocytic lymphohistiocytosis
that complicates the course in ~10% of patients with systemic JIA
(3). It is characterized by cytokine storm, very high serum ferritin
levels, progression to organ failure, and a mortality rate of up to
17%. Active systemic JIA and MAS may share a common etiology,
representing a spectrum of disease severity (4).

For decades, pleuritis and pleural effusions were the lung

manifestations described in systemic JIA (1,5). Recent observa-

tions suggested an increasing incidence of high-mortality inter-

stitial lung disease (ILD) (6–8), concurrent with the increased

use of anti–interleukin-1 (anti–IL-1) and anti–IL-6 therapies (8).

Though several systemic JIA–related lung disease subtypes

were described, a striking and novel clinical presentation (and

the focus of the present study, hereafter referred to as “SJIA-
LD”) included acute digital clubbing, characteristic radiologic

patterns, and pathology consistent with a variant of pulmonary

alveolar proteinosis (PAP)/endogenous lipoid pneumonia (ELP),

with more lymphocytoplasmic infiltration and vascular changes

than primary PAP (6,8). This phenotype was highly enriched in

patients with prior exposure to IL-1– or IL-6–blocking therapies

(odds ratio [OR] 13, P = 0.001) (9), and such patients often had

histories of eosinophilia, anaphylaxis to tocilizumab, and/or

rashes atypical for systemic JIA (6,8). Though lung transcrip-

tional studies and findings in bronchoalveolar lavage fluid sug-

gested interferon-γ (IFNγ) activity (6), these clinical features

combined with the recent discovery of a strong association with

HLA–DRB1*15 (OR 15.5) were consistent with severe delayed

hypersensitivity reactions to IL-1 and IL-6 inhibitors.
Initial descriptions of SJIA-LD were associated with severe

disease (MAS in 80% of patients) (7), but larger follow-up series
suggested that MAS at systemic JIA onset was not associated
with the unusual clinical features seen in the SJIA-LD group, and
some patients with treatment-responsive systemic JIA neverthe-
less developed lung disease. However, 71% had overt or subclin-
ical MAS at the detection of or during lung disease. MAS is
commonly triggered by environmental stimuli like infection (10),
and this high MAS rate during SJIA-LD suggested that the inflam-
mation associated with SJIA-LD may stimulate or help maintain
MAS (9).

To better understand the underlying pathology and relation-
ships between systemic JIA and its complications MAS and
SJIA-LD, we assembled serum proteomes from a multicenter
cohort of patients with systemic JIA with or without these compli-
cations and relevant comparator patients (with monogenic auto-
inflammatory diseases or PAP from other causes). We also
sought to identify biomarkers that might aid in detecting or moni-
toring lung disease in systemic JIA.

PATIENTS AND METHODS

Cohort and disease definitions. Several names have
been used for the syndrome of digital clubbing, characteristic
radiographic findings, and PAP-variant parenchymal lung disease
observed in systemic JIA (6,7,8,11). Herein, we use the term
“SJIA-LD” to identify patients known to have or strongly sus-
pected of having this constellation of features (Supplementary
Table 1, available on the Arthritis & Rheumatology website
at http://onlinelibrary.wiley.com/doi/10.1002/art.42099). Clinical
data and serum from patients with SJIA-LD, healthy controls,
patients with inactive systemic JIA, active systemic JIA, MAS,
hereditary/autoimmune PAP, STING-associated vasculopathy of
infancy (SAVI; all with ILD, prior to JAK inhibitor therapy), neonatal-
onset multisystem inflammatory disease (NOMID; prior to IL-1 block-
ade), or NLRC4-related MAS (NLRC4-MAS) were collected under
ongoing protocols using established diagnostic, classification, or
genetic criteria. Notably, arthritis was not required for classification
as systemic JIA. The study included a discovery cohort composed
of all groups listed above, as well as a validation cohort consisting
of only samples from controls and systemic JIA patients (see
Table 1; and Supplementary Table 1 and Supplementary Methods,
available on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.42099).

Serum protein analysis. For the discovery cohort, we
profiled serum samples by SOMAscan assay (SOMALogic), an
aptamer-based proteomics platform (12), in collaboration with
the National Institutes of Health Center for Human Immunology.
A total of 1,271 analytes were evaluated, with most being
mapped to a single protein (exceptions are listed in Supplemen-
tary Tables 2–4, available on the Arthritis & Rheumatologywebsite
at http://onlinelibrary.wiley.com/doi/10.1002/art.42099). IL-18
was assessed by Luminex. CXCL9 and IL-18 binding protein
were measured by both SOMAscan and Luminex to verify repro-
ducibility (Supplementary Figure 1, available on the Arthritis &
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Rheumatology website at http://onlinelibrary.wiley.com/doi/
10.1002/art.42099). We performed intercellular adhesion mole-
cule 5 (ICAM-5) enzyme-linked immunosorbent assay (ELISA)
on remnant sera from the discovery cohort as a technical verifica-
tion. Serum and plasma samples from an independent validation
cohort were assayed for IL-18 and CXCL9 by Luminex and for
ICAM-5 and MMP-7 by ELISA. Table 1, Supplementary Table 1,
and the Supplementary Methods contain further details.

Linear regression–based modeling analysis. A sche-
matic overview of the study is shown in Supplementary Figure 2A,
available on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.42099. Patients’ disease,
and therefore their proteomes, may reflect multiple disease compo-
nents (e.g., patients with SJIA-LD may have an active systemic JIA
disease component). Thus, our analysis required distinguishing
patient groups from disease components, with some overlap of dis-
ease and component names (e.g., the active systemic JIA group ver-
sus the systemic JIA disease component). Likewise, components can
contribute to the proteomes of multiple disease groups (e.g., MAS

disease component in both MAS and SJIA-LD patient samples). To
capture the serum proteome alterations attributed to a specific dis-
ease component, we used Linear Models for Microarray Data
(LIMMA), in which the overall proteome alteration was regressed
against the disease component(s) present in each individual patient
(Supplementary Figures 2B and C, available on the Arthritis & Rheu-
matology website at http://onlinelibrary.wiley.com/doi/10.1002/art.
42099). We used these disease components to assign disease activ-
ity scores (for systemic JIA, MAS, SJIA-LD) to individual samples. For
details on LIMMA, disease component construction, and calculating
disease activity scores, see the Supplementary Methods.

RESULTS

Characteristics of the discovery cohort including
patients with systemic JIA, MAS, SJIA-LD, or related
inflammatory conditions.We included 151 serum samples
from 120 patients for proteomic profiling using SOMAscan.
These represented 10 patient groups based on clinical char-
acterizations (Table 1 and Supplementary Table 1). Most

Table 1. Group definitions and demographic characteristics of the discovery cohort*

Group Clinical definition
No. of
patients

No. of
samples†

Age, median
(IQR) years

Sex, no.
(%) female

Center
(no. of patients)

Healthy controls‡ No known pulmonary or rheumatic/
autoinflammatory disease

21 21 8.9 (1.4–17) 7 (37)§ Cincinnati (6);
NIAID (8); Chile (7)

Inactive systemic JIA‡ Inactive at time of sampling per submitting
investigator

28 30 12 (7–16) 18 (64) Stanford (3);
Cincinnati (21); NIAID (4)

Active systemic JIA‡ Active per submitting investigator but did
not meet MAS criteria at time of sampling

24 25 12 (8–14) 14 (58) Stanford (2);
Cincinnati (20); NIAID (2)

MAS‡ Met MAS criteria at time of sampling 10 12 9.4 (4.1–16) 7 (70) Cincinnati (5); NIAID (5)
SJIA-LD‡¶ Had radiologic evidence of lung disease# 10 30 5.2 (4.3–8.1) 6 (60) Stanford (1);

Cincinnati (3); NIAID (10)
SJIA-LD FClow‡ Ferritin or CRP not elevated 8 18 4.4 (3.8–6.4) 5 (63) Cincinnati (1); NIAID (7)
SJIA-LD FChigh‡ Ferritin and CRP elevated 6 12 6.5 (5–8.6) 3 (50) Stanford (1);

Cincinnati (2); NIAID (3)
PAP PAP due to anti–GM-CSF autoantibodies

(n = 10) or genetic causes (n = 4) without
systemic JIA or known rheumatic/
autoinflammatory disease

14 14 34 (17–47) 8 (57) Cincinnati (14)

SAVI All patients had radiologic ILD, prior to
treatment with JAK inhibitors

4 4 15 (10–18) 4 (100) NIAID (4)

NOMID NOMID prior to treatment with IL-1
inhibitors

5 5 9.2 (8.6–18) 4 (80) NIAID (5)

Inactive NLRC4-related
MAS

Inactive per submitting investigator 2 5 5.3 (3.2–7.4) 2 (100) NIAID (2)

NLRC4-related MAS Active MAS per submitting investigator 2 5 4.8 (2.5–7.2) 2 (100) NIAID (2)
Total – 120 151 – – –

* All patients with systemic juvenile idiopathic arthritis (JIA) met the modified International League of Associations for Rheumatology criteria
(51). IQR = interquartile range; NIAID = National Institute of Allergy and Infectious Diseases; PAP = pulmonary alveolar proteinosis; anti–GM-
CSF = anti–granulocyte–macrophage colony-stimulating factor; SAVI = STING-associated vasculopathy with onset in infancy;
NOMID = neonatal-onset multisystem inflammatory disease; IL-1 = interleukin-1.
† When multiple samples were obtained from the same patient within one clinical group, the SOMAscan data were merged by averaging.
‡ Patient groups included in Linear Models for Microarray Data analysis.
§ Two healthy controls were missing data on sex.
¶ The systemic JIA–associated lung disease (SJIA-LD) group was subdivided into those with high levels of both ferritin and C-reactive protein
(CRP; SJIA-LD FChigh) and those with low levels of either ferritin or CRP (SJIA-LD FClow), based on their values relative to active macrophage acti-
vation syndrome (MAS) (for thresholds, see Supplementary Figures 3A and B, available on the Arthritis & Rheumatology website at http://online
library.wiley.com/doi/10.1002/art.42099). Four patients overlapped between the FClow and FChigh subgroups.
# See Supplementary Table 1 for details.
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samples and patients were from 5 main groups that we ana-
lyzed by linear regression: healthy controls (n = 21), patients
with inactive systemic JIA (n = 28), patients with active sys-
temic JIA (n = 24), patients with MAS (n = 10), and patients
with SJIA-LD (n = 10) (Supplementary Methods). The SJIA-
LD samples were divided into those with high levels of both
ferritin and C-reactive protein (CRP; SJIA-LD FChigh) and
those with low levels of either ferritin or CRP (SJIA-LD FClow)
(Supplementary Figures 3A and B, available on the Arthritis &
Rheumatology website at http://onlinelibrary.wiley.com/doi/
10.1002/art.42099). Samples were selected based on clinical
diagnosis. Postselection data showed that all SJIA-LD patient
samples were collected during or following exposure to IL-1
or IL-6 inhibitors, and 87% of genotyped patients in the
SJIA-LD group carried the HLA–DRB1*15 risk allele
(Supplementary Table 1).

In all sera studied, the proteome in a single sample may
reflect contributions of multiple concurrent pathologic processes

(Supplementary Figure 2). A central goal of this study was to cap-
ture the serum proteome alterations attributed to a specific dis-
ease component (systemic JIA, MAS, or SJIA-LD), as
distinguished from the disease groups (see above and Supple-
mentary Methods). We used LIMMA to determine the statistically
significant differences associated with each disease component
(Figures 1A–C; and Supplementary Figures 2B and C, available
on the Arthritis & Rheumatology website at http://onlinelibrary.
wiley.com/doi/10.1002/art.42099).

Further exaggeration of many molecular changes
present in systemic JIA by MAS. We first characterized the
systemic JIA and MAS components. For the systemic JIA com-
ponent (patients with active systemic JIA versus healthy controls),
we found 86 significantly altered proteins, with most (85%) elevated in
the systemic JIA group (Figure 1A; and Supplementary Table 2, avail-
able on the Arthritis & Rheumatology website at http://onlinelibrary.
wiley.com/doi/10.1002/art.42099). Many of these proteins, including
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Figure 1. Serum proteome profiles associated with active systemic juvenile idiopathic arthritis (sJIA), macrophage activation syndrome (MAS), and sys-
temic JIA–associated lung disease (SJIA-LD). A–C, Volcano plots showing the proteins (indicated by gene names) with significantly changed abundance
in the systemic JIA (A), MAS (B), and SJIA-LD (C) disease components. Broken lines indicate significance thresholds (false discovery rate [FDR]–adjusted
P < 20% and fold change [FC] >1.5). D and F, Violin plots showing the MAS serum activity score (calculated without ferritin [FTH1] or C-reactive protein
[CRP] values, as described in Patients and Methods) (D) and the SJIA-LD serum activity score (F) in the indicated groups. The SJIA-LD group was sub-
divided into those with low levels of either ferritin or CRP (SJIA-LD FCLo) and those with high levels of both ferritin and CRP (SJIA-LD FCHi) (see Table 1).
Black circles and error bars show the median and interquartile range. Gray circles represent individual samples. Broken lines indicate the median value in
healthy controls. * = P < 0.05; ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001 versus controls except where indicated otherwise, by Wilcoxon’s signed
rank test without the assumption of normal distribution. P values were adjusted using the Benjamini-Hochberg procedure. NS = not significant. E andG,
Correlation between the coefficients (log2FC) assigned by Linear Models for Microarray Data to the systemic JIA and MAS disease components (E) and
the SJIA-LD and MAS disease components (G) (see Supplementary Methods, available on the Arthritis & Rheumatology website at http://onlinelibrary.
wiley.com/doi/10.1002/art.42099) for the 174 proteins identified as significantly altered in at least 1 of the 3 disease components (systemic JIA, MAS,
or SJIA-LD). Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42099/abstract.
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ferritin, IL-18, CRP, and S100A12 (Supplementary Figures 3C–F),
have been previously associated with systemic JIA using other tech-
niques, supporting the validity of SOMAscanmeasurements. We also
identified several proteins not typically associated with systemic JIA,
such as MMP-3 (a protease induced by IL-6 [13]), and various meta-
bolic enzymes, including GAPDH, N-acetyl-D-glucosamine kinase,
hexokinase, and glucose-6-phosphate isomerase.

We also compared profiles of patients with inactive systemic
JIA to those of healthy controls. The levels of 7 proteins were sig-
nificantly different (Supplementary Figure 4, available on the
Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.42099), including the IL-10–induced mono-
kine CCL16, consistent with a state of compensated inflammation
in inactive systemic JIA (14).

The analysis of the MAS component compared patients with
active systemic JIA to those with MAS and identified 105 signifi-
cantly different proteins (Figure 1B and Supplementary Table 3).
These included many glycolytic enzymes (e.g., GAPDH and lac-
tate dehydrogenase [LDH]) and several chaperone proteins
(e.g., Hsp70, Hsp90). When calculating the MAS serum activity
score, we excluded CRP and ferritin, since these are used to help
define MAS (see the Supplementary Methods). As expected, the
MAS score (even without CRP and ferritin) was significantly
greater in MAS than in systemic JIA (Figure 1D) and was sig-
nificantly correlated with ferritin level (Spearman’s rho = 0.57,
P < 2.2 × 10−16) and CRP (rho = 0.5, P = 1.5 × 10−9)
(Supplementary Figures 5A and B, available on the Arthritis & Rheu-

matology website at http://onlinelibrary.wiley.com/doi/10.1002/art.
42099). The MAS serum activity score was also higher in samples
from patients with active NLRC4-MAS versus those with inactive
NLRC4-MAS (Supplementary Figure 5C). In the linear regression
model, each protein received a coefficient reflecting its contribution
to the component (Supplementary Methods). We observed a
strong correlation between the protein coefficients associated with
systemic JIA and MAS disease components (Figure 1E and Sup-
plementary Figure 5D), suggesting that MAS further exaggerated
a serum proteome already altered in systemic JIA.

Elevation of proteins involved in leukocyte-
mediated immunity and cellular metabolism in the sys-
temic JIA and MAS serum proteomes. Examining the top
altered proteins in the systemic JIA and MAS disease components
(Supplementary Tables 2–4), we found a few proteins whose func-
tional relationship to disease was novel or unclear. Specifically, heat
shock proteins Hsp70 (HSPA1A, HSPA8) and Hsp90 (HSP90AA1,
HSP90AB1) were up-regulated in many patients, particularly in those
with MAS (Supplementary Table 3 and Figure 2A). These proteins
function as intracellular molecular chaperones, but they may also be
extracellular DAMPs (15). Additionally, many glycolytic enzymes, like
enolase 1 and GAPDH, were strongly elevated in MAS and systemic
JIA (Figure 2B). We performed Gene Ontology (GO) term enrichment
analysis on the proteins significantly changed for each disease

component (Supplementary Table 5, available on the Arthritis &

Rheumatology website at http://onlinelibrary.wiley.com/doi/10.
1002/art.42099). Consistent with systemic immune activation, pro-
teins involved in the GO term “leukocyte mediated immunity”
(Figure 2C) were elevated in both the systemic JIA and MAS disease
components. In addition, we found that the systemic JIA and MAS
disease components were enriched for proteins involved in the GO
term “monocarboxylic acid metabolic process;” only the systemic
JIA component met statistical significance (Figure 2D and Supple-
mentary Table 5).

Identification of serum alterations associated with
lung disease independent of MAS activity in patients
with SJIA-LD. Clinical data showing that SJIA-LD could arise
in the absence of MAS (8), as well as our observation that many
SJIA-LD samples had low MAS scores (Figure 1D), suggested
that active systemic JIA or MAS did not sufficiently explain
SJIA-LD disease activity. Therefore, we sought to identify the
proteins driving an SJIA-LD disease component. To track
whether SJIA-LD samples with strong MAS features biased or
confounded identification of the SJIA-LD component, the SJIA-LD
samples were divided into those with high levels of both ferritin
and CRP (SJIA-LD FChigh) and those without (SJIA-LD FClow). The
SJIA-LD FClow group had a comparable MAS serum activity score
to the active systemic JIA group. The SJIA-LD FChigh group had a
significantly higher MAS serum activity score than the active sys-
temic JIA or SJIA-LD FClow groups but it trended toward a lower
MAS serum activity score than the MAS group (Figure 1D). This
suggests significant smoldering MAS activity in some SJIA-LD
samples even though none were obtained during periods meeting
clinical MAS criteria.

Comparing SJIA-LD patients to systemic JIA patients and
MAS patients identified 26 proteins (20 up-regulated and
6 down-regulated) significantly associated with the SJIA-LD dis-
ease component, including ICAM-5, MMP-7, and CCL11/
eotaxin-1 (Figure 1C). Using these proteins, we calculated the
SJIA-LD serum activity score and, as expected, found it was
higher in SJIA-LD samples than in either active systemic JIA or
MAS (Figure 1F) (see the Supplementary Methods for details on
adjustment for MAS activity). Unlike the MAS serum activity score,
the SJIA-LD serum activity score did not differ between the SJIA-
LD FClow and SJIA-LD FChigh groups, and both groups had sub-
stantially higher SJIA-LD serum activity than the MAS group
(Figure 1F). The small elevation of the SJIA-LD activity score in
the MAS group was entirely attributable to IL-18 (Supplementary
Figures 6A and B, available on the Arthritis & Rheumatology web-
site at http://onlinelibrary.wiley.com/doi/10.1002/art.42099).

As expected according to themodel design, there was no cor-
relation between the protein abundance coefficients of the SJIA-LD
component and those of the MAS component (Figure 1G and Sup-
plementary Figure 6C). The SJIA-LD serum activity score was not
elevated in primary PAP (caused by granulocyte–macrophage
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colony-stimulating factor–neutralizing autoantibodies or surfactant-
related mutations), suggesting different causes (Supplementary
Figures 6A and B). Several patients with SJIA-LD had samples from

multiple time points analyzed by SOMAscan. Following the disease
component-specific serum activity scores longitudinally, we found
no correlation between the SJIA-LD serum activity score and the
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systemic JIA or MAS serum activity scores (Supplementary
Figure 7, available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.42099). Overall, these

findings corroborate clinical observations suggesting that SJIA-LD
may be triggered by a mechanism distinct from systemic JIA,
MAS, and other well-characterized PAP conditions.
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Elevations in IL-18 and type II chemokines in the
SJIA-LD serumproteome profile. Different types of inflamma-
tion are characterized by distinct serum cytokine and chemokine
profiles. Consistent with our proteome-wide analysis, the
changes in cytokine and chemokine levels associated with

active systemic JIA and MAS components appeared similar
(Figure 3A). Only IL-18 significantly contributed to all 3 compo-
nents (systemic JIA, MAS, and SJIA-LD), confirming its associa-
tion with systemic JIA/MAS and suggesting an independent role
in SJIA-LD (Supplementary Figure 8, available on the Arthritis &
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Rheumatology website at http://onlinelibrary.wiley.com/doi/
10.1002/art.42099).

Among the cytokines/chemokines associated with the SJIA-LD
disease activity component, most strongly associated were CCL11
(eotaxin 1) and CCL17 (thymus and activation–regulated chemokine
[TARC]), which did not contribute significantly to the systemic JIA or
MAS components (Figure 3B; and Supplementary Figure 9, available
on the Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.42099). CCL17/TARC, CCL11/eotaxin 1, and
CCL2/monocyte chemotactic protein 1 (MCP-1) are potent che-
moattractants for Th2 cells, eosinophils, and myeloid cells, respec-
tively. They were similarly increased in both the SJIA-LD FChigh and
SJIA-LD FClow groups, althoughCCL2 (a chemokine associatedwith
other lung diseases [16]) did not meet the predefined significance
threshold in LIMMA analysis (Figures 3B and C; and Supplementary
Figure 9 and Supplementary Table 4, available on the Arthritis &
Rheumatology website at http://onlinelibrary.wiley.com/doi/10.
1002/art.42099). The MAS-associated, IFN-inducible chemokines
CXCL9 and CXCL10 showed similar trends as ferritin and were not
routinely elevated in SJIA-LD (Figure 3D). Most of the cytokines/
chemokines significantly contributing to the SJIA-LD activity score
(including CCL11 and CCL17) were not elevated in autoimmune/
hereditary PAP (Supplementary Figures 6A and 9).

ICAM-5 as a potential biomarker for SJIA-LD inde-
pendent of systemic JIA or MAS. ICAM-5 was one of the pro-
teins most significantly associated with SJIA-LD in the discovery
cohort (Figure 1C; and Supplementary Figure 10, available on
the Arthritis & Rheumatology website at http://onlinelibrary.
wiley.com/doi/10.1002/art.42099). To verify the SOMAscan
ICAM-5 findings, we measured ICAM-5 by ELISA in 80 remnant
samples previously profiled with SOMAscan. With regard to
CXCL9 and IL-18 binding protein (Supplementary Figure 1), we
found a strong correlation between ELISA and SOMAscan
results (Supplementary Figure 11, available on the Arthritis &
Rheumatology website at http://onlinelibrary.wiley.com/doi/
10.1002/art.42099). Accordingly, only SJIA-LD samples showed
ICAM-5 elevation by ELISA, although ELISA showed poorer sen-
sitivity than SOMAscan at low ICAM-5 concentrations.

ICAM-5 function has been best characterized in the nervous
system due to high expression in the brain (17). However, autopsy
data from healthy adults (Genotype-Tissue Expression) (18) showed
ICAM-5 expression in the lung comparable to that seen in the central
nervous system (Figure 4A). Levels of MMP-7, a matrix metallopepti-
dase that efficiently cleaves ICAM-5 in vitro (19), were also signifi-
cantly elevated in SJIA-LD sera (Figure 1C and Supplementary
Figure 10) and correlated with serum concentrations of ICAM-5
(Figure 4B). In the SOMAscan cohort, the serum ICAM-5 concentra-
tion alone was capable of distinguishing SJIA-LD from inactive sys-
temic JIA, active systemic JIA, or MAS cases (Figure 4C).

To determine whether proteins identified by serum SOMAscan
profiling were also expressed in lung tissue, we used

immunostaining to evaluate lung biopsy specimens from 8 patients
with SJIA-LD, 3 patients with genetic disorders in surfactant metab-
olism (SFTPC, NKX2.1, and GATA2), 1 patient with idiopathic ILD,
and 3 controls (with asthma/aspiration, bronchopneumonia, and
normal lung adjacent to tumor). Consistent with our prior evaluation
of SJIA-LD histology (8), the lungs of SJIA-LD patients exhibited the
characteristic pattern of PAP and/or ELP (8) with mixed acute and
chronic inflammatory cells and rare interstitial fibrosis
(Supplementary Table 6, available on the Arthritis & Rheumatology
website at http://onlinelibrary.wiley.com/doi/10.1002/art.42099
and Figure 4D). Lung pathology from the patients with genetic dis-
orders in surfactant metabolism showed a similar spectrum of
PAP/ELP with more prominent fibrosis.

All samples showed membrane-associated ICAM-5 that
was largely restricted to interstitial fibroblasts, confirmed by
double-labeling with the epithelial marker cytokeratin
7 (Figure 4D; and Supplementary Figure 12, available on the
Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.42099). ICAM-5 expression was especially
prominent in case 1 (SJIA-LD) and case 9 (GATA2)
(Supplementary Table 6), and overall proportional to the number
of interstitial fibroblasts (data not shown). MMP-7 was expressed
rarely in some macrophages (marked by CD163) and epithelial
cells (Figure 4D; and Supplementary Table 6 and Supplementary
Figure 13, available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.42099).

We also immunostained for several other proteins identified
by SOMAscan. IL-18 staining was limited in non-ILD controls but
increased within macrophages, inflammatory cells, and epithelial
cells in both systemic JIA and other ILD cases. In most biopsy
specimens, galectin-3 was expressed strongly in alveolar macro-
phages and more mildly in bronchial and alveolar epithelial cells.
Robust expression of CCL2 was observed in the presence of
neutrophilic and monocytic inflammation. Rare monocytes and
macrophages expressed CCL17 in systemic JIA cases
(Supplementary Table 6 and data not shown).

Validation of ICAM-5 as a biomarker for lung disease
in systemic JIA. We next organized an independent multicenter
validation cohort consisting of 49 serum samples and 29 plasma
samples from healthy controls, patients with inactive systemic
JIA, patients with active systemic JIA, patients with MAS, and
patients with SJIA-LD (Supplementary Table 7, available on the
Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.42099). Reviewing the validation cohort for
intercurrent lung disease identified a few systemic JIA patients
with transient, non-PAP lung ailments (e.g., lobar pneumonia).
These we classified as systemic JIA patients with “other lung dis-
ease” and included due to the association of ICAM-5 with lung
disease in contexts beyond SJIA-LD (Supplementary Table 1).
The validation cohort samples were assayed for IL-18, CXCL9,
ICAM-5, and MMP-7 by antibody-based methods.
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Compared with healthy controls and patients with inactive sys-
temic JIA, IL-18 levels were elevated in active systemic JIA, MAS,
and SJIA-LD (Figure 5A), and CXCL9 levels were elevated in many
MAS patients (Figure 5B). In contrast, MMP-7 and ICAM-5 were
more specifically and significantly increased in the SJIA-LD group
(Figures 5C and D). These findings were similar in both serum and
plasma (Supplementary Figures 14 and 15, available on theArthritis &
Rheumatologywebsite at http://onlinelibrary.wiley.com/doi/10.1002/
art.42099). Of note, ICAM-5 was elevated in a few systemic JIA
patients with lobar pneumonia or pulmonary hypertension, but it
was normal in a patient with SJIA-LD with a distant history of lung
disease that had resolved at sampling (Figure 5D and Supplementary
Table 1). These findings support the notion that ICAM-5 is a potential
biomarker for lung disease in systemic JIA distinct from the inflamma-
tory changes associated with systemic JIA/MAS (Figure 5E), but
ICAM-5 elevation is not specific for PAP/ELP.

DISCUSSION

Serum proteome profiles can provide clues to pathogenesis as
well as clinically actionable biomarkers, and they can be particularly

useful in investigating novel complications such as PAP/ELP arising
in patients with systemic JIA. To approach both biological and clinical
questions concerning systemic JIA and its serious complications,
MAS and PAP, we measured serum levels of 1,271 proteins using
SOMAscan, verified selected data from this platform using an
antibody-based approach, and validated key results in an indepen-
dent cohort. Our analyses yielded several insights. First, they pro-
vided an unbiased confirmation of known biomarkers of systemic
JIA (S100 proteins, SAA, CRP, and IL-6) and MAS (ferritin and IL-
18) and also corroborated the more recent finding of elevated IL-18
levels in SJIA-LD (6,11,20,21). Second, they identified new pro-
teins/pathways of potential utility in understanding systemic JIA and
MAS, including glycolytic enzymes and heat-shock proteins that
can act as extracellular DAMPs. Correlation analyses suggested that
the systemic JIA and MAS serum proteomes were related. Finally,
the proteins associated with SJIA-LD reflected inflammation pro-
grams distinct from systemic JIA/MAS. Immunostaining identified
cells in the lungs that may be important sources of serum proteins
associated with SJIA-LD. We validated ICAM-5 as a biomarker of
lung disease in an independent set of systemic JIA samples, most
usefully in association with SJIA-LD.
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Figure 5. Validation of intercellular adhesion molecule 5 (ICAM-5) as an MAS-independent marker of lung disease in systemic JIA. A–D, Serum
samples and plasma samples from an independent cohort were assayed for interleukin-18 (IL-18) (A) and CXCL9 (B) by Luminex and for matrix metallo-
proteinase 7 (MMP-7) (C) and ICAM-5 (D) by enzyme-linked immunosorbent assay. “Other LD” indicates systemic JIA patients with intercurrent
non–pulmonary alveolar proteinosis lung disease (lobar pneumonia or pulmonary hypertension), whereas “SJIA-LD resolved” indicates a patient with a
distant history of radiographic abnormalities resolved at the time of sampling. Further details are provided in Supplementary Tables 1 and 7, available
on the Arthritis & Rheumatology website at http://onlinelibrary.wiley.com/doi/10.1002/art.42099. In each patient group, data from a given patient were
included only once, except for in the “other LD” group, in which samples from the same patient in different disease stages were used to represent vari-
ability (such as pneumonia with inactive systemic JIA versus MAS, noting the large variation in systemic JIA/MAS markers [A and B]) but small variations
for the lung diseasemarkersMMP-7 [C] and ICAM-5 [D]). Data are shown as box plots. Each box represents the 25th to 75th percentiles. Lines inside the
boxes represent the median. Lines outside the boxes represent the 10th and 90th percentiles. * = P < 0.05; ** = P < 0.01; *** = P < 0.001;
**** = P < 0.0001, versus the SJIA-LD group except where indicated otherwise, by Wilcoxon’s signed rank test without the assumption of normal distri-
bution. E, Receiver operating characteristic analyses of ICAM-5 distinguishing SJIA-LD from other forms of systemic JIA. The combined group included
inactive systemic JIA, active systemic JIA, and MAS. AUC = area under the curve; 95% CI = 95% confidence interval (see Figure 1 for other definitions).
Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42099/abstract.
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Among the novel proteins identified in the MAS profile, the
HSPs may reflect an unfolded protein response, such as that
reported to sustain macrophage survival in atherosclerotic lesions
(22). However, these chaperone proteins also play extracellular roles
in wound healing, tissue regeneration, and immune responses (23).
Their elevated serum concentration may reflect stress-induced
secretion or cell death (24). Inflammatory forms of cell death (pyrop-
tosis, necroptosis, etc.) are capable of releasing alarmins and
DAMPs, such as HSPs, S100 proteins, and IL-33.

Glycolysis-associated proteins (Figures 2B and D) were
associated with the systemic JIA and MAS components. Increas-
ingly, aerobic glycolysis is recognized as a necessary metabolic
state to execute inflammatory programs in many immune cell
types. Many glycolytic enzymes “moonlight” as regulators of
inflammatory responses (25–27), and animal studies suggest that
inhibiting glycolysis may be therapeutic in cytokine storms (28).
The systemic JIA and MAS serum programs also included
many neutrophil/monocyte proteins (e.g., S100 proteins, pro-
teinase 3, myeloperoxidase, lipocalin 2, CD163, and CD177)
(Supplementary Tables 2 and 3), possibly reflecting their
secretion and/or release during cell death.

A high frequency of MAS in SJIA-LD (6,8) suggested a connec-
tion between SJIA-LD and the IL-18/IFNγ axis underlying MAS.
Indeed, SJIA-LD patients’ peripheral blood often carries an IFN tran-
scriptional signature (11). In our study, a portion of SJIA-LD serum
samples (SJIA-LD FChigh) showed elevated CXCL9 and CXCL10
levels, similar to those in the MAS group, although CXCL9 and
CXCL10 levels were not consistently elevated in a previous analysis
of bronchoalveolar lavage fluid from 6 patients with SJIA-LD (6).
Taken together, these data could be consistent with a role for MAS
upstream or downstream of SJIA-LD (Supplementary Figure 16,
available on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.42099). Consistent with
SJIA-LD reported in some patients without preceding MAS (8), we
found that the SJIA-LD signature did not correlate with MAS serum
activity across patients (Figures 1D and F) or time points
(Supplementary Figure 7), andmany cytokines/chemokines had sim-
ilar abundance in both the SJIA-LD FClow and SJIA-LD FChigh groups
(Figure 3B). Our data demonstrate that the SJIA-LD proteome can
be present without high MAS activity, supporting the independent
origin model (Supplementary Figure 16B). The implication of this
model is that treatments targeting the parallel systemic JIA and
MAS proteome patterns (anti–IL-1, anti–IL-6, and anti-IFNγ) may be
insufficient to manage SJIA-LD. However, it is also possible that
MAS activity is necessary for SJIA-LD (at initiation and/or progres-
sion), and that the SJIA-LD component indicates lung-specific dam-
age/healing responses rather than a primary pathologic process.
Understanding the interaction between the IL-18/IFNγ axis and
SJIA-LD development will be crucial as therapies targeting this axis
become available (29).

A more practical clinical concern is the need for diagnostic and
monitoring biomarkers for SJIA-LD. LDH, surfactant proteins, and

mucin 1 (the source of the KL-6 antigen) are biomarkers
commonly associated with lung disease (30–34). Of these,
we observed elevation of LDH levels only in SJIA-LD
(Supplementary Figure 10), and LDH levels were also elevated in
systemic JIA and MAS. Our findings in 2 independent cohorts
suggest that ICAM-5 and MMP-7 may serve better to identify lung
disease distinct from systemic JIA/MAS activity. However, it is
unlikely that they are specific to SJIA-LD. We found elevated
MMP-7 levels in patients with autoimmune/hereditary PAP, and
elevation of both ICAM-5 and MMP-7 in a few patients with
SAVI-related ILD (Supplementary Figure 10). In our validation
cohort, using more available antibody-basedmethods, ICAM-5 con-
sistently and specifically increased in SJIA-LD, compared to systemic
JIA and MAS. Consistent with our hypothesis, ICAM-5 appeared
also to be elevated in cases with pneumonia or pulmonary hyperten-
sion, but normal in a systemic JIA patient with a distant history of lung
disease that had resolved at sampling (Figure 5D and Supplementary
Table 1). Elevation of ICAM-5 levels were observed in idiopathic pul-
monary fibrosis (35,36), rheumatoid arthritis–associated ILD (37),
and bronchoalveolar lavage fluid from patients with neuroendocrine
hyperplasia of infancy (38) (Supplementary Table 8, available on the
Arthritis & Rheumatology website at http://onlinelibrary.wiley.com/
doi/10.1002/art.42099).

In previous studies, the tissue or cell of origin for these bio-
markers was not investigated. We found ICAM-5 predominantly in
interstitial fibroblasts by immunostaining (Figure 4D), and in fibro-
blasts, type II alveolar cells, and ciliated cells by RNA sequencing
(39) (Supplementary Figure 17, available on the Arthritis & Rheuma-
tology website at http://onlinelibrary.wiley.com/doi/10.1002/art.
42099). MMP-7 has been shown to efficiently cleave ICAM-5 and is
also elevated in various other ILDs (35,37,40). We hypothesize that
ICAM-5 elevation in blood may be traced back to lung-specific activ-
ity of proteases like MMP-7 in SJIA-LD, and the marker pair may be
elevated in a variety of lung diseases.

Cytokines/chemokines contributing to the SJIA-LD compo-
nent (particularly CCL17/TARC, CCL7/MCP3, CCL25, growth
differentiation factor 15/macrophage inhibitory cytokine 1 [41]
and CCL11/eotaxin 1) (Supplementary Table 8) could be part of
profibrotic and/or type 2 immune responses. Supporting the
notion of a reactive/profibrotic role, the levels of these chemo-
kines (along with MMP-7) were also elevated in the proteomic
profiles of other ILDs (35–38). In a mouse model, expression of a
PAP-causing surfactant mutant led to overproduction of CCL17,
CCL7, and MMP-7 proteins in type II alveolar cells (42). CCL11
has a profibrotic effect in the lung (43–45). Notably, lung biopsy
specimens from patients with SJIA-LD, even from children with
longstanding disease, showed remarkably little fibrosis
(6,7,8,11), possibly due to the young age of the subjects.

However, these same SJIA-LD–associated chemokines are
also induced during type 2 immune responses (46). Accumulating
epidemiologic, clinical, and HLA findings in PAP variant SJIA-LD sug-
gest a causal drug hypersensitivity reaction (7–9). Of the HLA-typed
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subjects in this study, 87% carried the HLA–DRB1*15 allele
(Supplementary Table 1). In particular, CCL11 and CCL17 elevations
have been observed in drug hypersensitivity reactions (47). However,
these chemokine results are preliminary, and elevations of these che-
mokines are observed in other lung diseases (35–38). Thus, these
serum chemokine elevations could be consistent with both wound-
healing responses in the lung and hypersensitivity reactions. This dis-
tinction is critical and further prospective studies are essential.

This exploratory study has several limitations. First, though
the largest to date, our limited SJIA-LD sample size may not
reflect the between-patient heterogeneity or capture the temporal
spectrum of this syndrome. Secondly, because all systemic JIA/
MAS/SJIA-LD patients were being treated at sampling (some-
times with 2 or more agents), we cannot exclude confounding
by disease activity and treatment. However, we previously
observed little treatment variation between SJIA-LD and systemic
JIA without LD of comparable disease severity (8), suggesting
small between-group differences in treatment. Nonetheless, clini-
cal/treatment heterogeneity could contribute to biomarker hetero-
geneity, such as the variability we observed in levels of CXCL9
and CXCL10, 2 chemokines rapidly responsive to treatment
(48), in the MAS group (Figure 3D and Figure 5B). However,
recent population biomarker studies highlight the practical value
of validated findings in clinically heterogeneous cohorts, leading
to successful translation into point-of-care diagnostics (49,50).

Overall, we have leveraged a novel, high-dimensional proteo-
mics platform to identify serum proteins relevant to systemic JIA,
MAS, and the life-threatening development of lung immunopathol-
ogy, and we have used complementary techniques to localize and
validate the results. Unbiased analyses reinforced the primacy of
known biomarkers for systemic JIA and MAS and highlighted novel
markers and pathways. Analysis of SJIA-LD revealed features of
smoldering MAS in many, but also a distinct serum proteome with
features of lung-specific inflammation, damage repair, and/or hyper-
sensitivity responses. Further, we identified a biomarker (ICAM-5)
that may be useful as a first-line screening or monitoring tool for lung
disease in children for whom functional or radiologic testing may be
impractical or high-risk. A positive result may help identify patients in
need of further pulmonary testing. Prospective, longitudinal studies
of biomarkers like ICAM-5 in patients with systemic JIA arewarranted
to directly test their diagnostic and/or prognostic value. Finally, our
data can serve as a resource to investigators, clinicians, and families
grappling with the management of systemic JIA, MAS, and SJIA-LD.
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Brain Structural Changes During Juvenile Fibromyalgia:
Relationships With Pain, Fatigue, and Functional Disability

Maria Suñol,1 Michael F. Payne,2 Han Tong,3 Thomas C. Maloney,4 Tracy V. Ting,3 Susmita Kashikar-Zuck,3

Robert C. Coghill,3 and Marina L�opez-Solà1

Objective. Juvenile fibromyalgia (FM) is a prevalent chronic pain condition affecting children and adolescents
worldwide during a critical period of brain development. To date, no published studies have addressed the pathophys-
iology of juvenile FM. This study was undertaken to characterize gray matter volume (GMV) alterations in juvenile FM
patients for the first time, and to investigate their functional and clinical relevance.

Methods. Thirty-four female adolescents with juvenile FM and 38 healthy adolescents underwent a structural mag-
netic resonance imaging examination and completed questionnaires assessing core juvenile FM symptoms. Using
voxel-based morphometry, we assessed between-group GMV differences and associations between GMV and func-
tional disability, fatigue, and pain interference in juvenile FM. We also studied whether validated brain patterns predict-
ing pain, cognitive control, or negative emotion were amplified/attenuated in juvenile FM patients and whether
structural alterations reported in adult FM were replicated in adolescents with juvenile FM.

Results. Compared to controls, juvenile FM patients showed GMV reductions in the anterior midcingulate cortex
(aMCC) region (family-wise error corrected P [PFWE-corr] = 0.04; estimated with threshold-free cluster enhancement
[TFCE]; n = 72) associated with pain. Within the juvenile FM group, patients reporting higher functional disability had
larger GMV in inferior frontal regions (PFWE-corr = 0.006; TFCE estimated; n = 34) linked to affective, self-referential,
and language-related processes. Last, GMV reductions in juvenile FM showed partial overlap with findings in adult
FM, specifically for the anterior/posterior cingulate cortices (P = 0.02 and P = 0.03, respectively; n = 72).

Conclusion. Pain-related aMCC reductions may be a structural hallmark of juvenile FM, whereas alterations in
regions involved in emotional, self-referential, and language-related processes may predict disease impact on
patients’ well-being. The partial overlap between juvenile and adult FM findings strengthens the importance of early
symptom identification and intervention to prevent the transition to adult forms of the disease.

INTRODUCTION

Juvenile fibromyalgia (FM) affects 2–6% of children and

adolescents, mostly females, and is characterized by widespread

musculoskeletal pain and other debilitating symptoms, such as

functional disability and fatigue. Juvenile FM symptoms often per-

sist into adulthood, highlighting the importance of early recogni-

tion and intervention (1,2). Research has provided insight into

the clinical characteristics of juvenile FM (2,3), but there is a

research gap regarding disease pathophysiology. A recent review

provided the first robust evidence of central hyperexcitability in

children with chronic pain and preliminarily suggested altered cor-

tical nociceptive processing (4). Additionally, a functional mag-

netic resonance imaging (fMRI) study showed that adolescents

with idiopathic pain had decreased activation in the thalamus

and precentral and middle frontal gyri during pain processing (5).
Conversely, neuroimaging research in adult FM has flour-

ished over the past 2 decades, suggesting that chronic pain

symptoms are associated with brain alterations involving multiple

circuits and functional domains (6–11). At the structural level,

meta-analyses in adult FM have consistently found gray matter

volume (GMV) reductions in regions involved in affective and
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cognitive dimensions of pain, such as the anterior midcingulate
cortex (aMCC), the medial prefrontal cortex (mPFC), and the
default mode network (6,7). Such reductions have been in part
correlated with age, leading researchers to suggest that atrophy
in older patients with FM may result from long-term exposure to
nociceptive input (7,12,13). The opposite was hypothesized for
younger patients, for whom recurrent overengagement of pain
modulatory circuits could result in hypertrophy earlier in the dis-
ease course followed by atrophy later in life (12,13). Importantly,
GMV loss in adult FM has been identified beyond pain-processing
regions in brain circuits involved in self-referential processing,
executive function, and emotion regulation (14), highlighting the
importance of studying whole-brain structural alterations. More-
over, studies have shown a strong correspondence between
structural and functional brain abnormalities, specifically in cingu-
late and dorsal mPFC regions (15,16). Therefore, studies combin-
ing structural findings with functional meta-analytic decoding, or
validated brain patterns predicting relevant functional domains,
may help identify a link between structural abnormalities and their
functional relevance in patients with chronic pain.

Pathophysiologic findings at an early disease stage could
inform interventions that may more effectively target the multidimen-
sional symptom constellation in juvenile FM. Along these lines, fMRI
research in adult FM has linked pain catastrophizing with increased
primary somatosensory cortex–anterior insula functional connectiv-
ity, which normalized after cognitive behavioral therapy (17). Like-
wise, it has shown that alterations in the descending pain inhibition
pathway improved with regular exercise (18). Therefore, we hypoth-
esize that, if replicated in youth with juvenile FM, such alterations
could be modulated with similar treatment strategies as in adults.
New insights regarding whether distinct pathophysiologic findings
predict different treatment response trajectories may help tailor first
treatment actions and most appropriate treatment combinations in
a personalized manner. Such knowledge might also contribute to
the development of new psychobiologically informed treatments,
which could potentially alter the trajectory of juvenile FM symptoms
and foster a healthier transition into adulthood (19).

In this study, we investigated GMV abnormalities in
adolescent girls with juvenile FM and associations with disease-
related functional interference. We combined voxel-based mor-
phometry and functional meta-analytic decoding of structural
data to provide insight into potential functional roles of structural
alterations in juvenile FM. Based on findings in adult FM (6,7), we
hypothesized that 1) compared to healthy adolescents, juvenile
FM patients would show alterations in the cingulate and medial
prefrontal cortices and the parahippocampal gyrus, and 2) within
the juvenile FM group, individual differences in functional disabil-
ity, fatigue, and pain interference would be associated with
structural abnormalities in circuits involved in emotional process-
ing and cognitive modulation of pain and emotion (anterior
insula, prefrontal cortices, limbic, and striatal regions) (20,21).
We also investigated whether 3 validated brain patterns involving

medial prefrontal regions and predicting pain, cognitive control,
or negative emotion (22) were amplified or attenuated in juvenile
FM. Given that amplified pain is a core juvenile FM symptom, we
anticipated between-group differences specifically for the pain-
predictive pattern. Finally, we tested whether structural alter-
ations reported in adult FM were replicated in adolescents with
juvenile FM to potentially identify a link between structural abnor-
malities in juvenile and adult forms of the disease.

PATIENTS AND METHODS

Participants. This study included 34 adolescent girls diag-
nosed as having juvenile FM (mean � SD age 16.37 � 1.07 years
[range 13–18 years]) and 38 healthy adolescent girls (mean � SD
age 15.89 � 1.32 years [range 13–18 years]). The sample size
was decided assuming similar power as previous studies that
assessed structural differences between adults with FM and
healthy controls using voxel-based morphometry (studies included
in meta-analyses [6,7]). We enrolled female participants exclusively
because most chronic pain conditions occurring in adolescence
predominantly affect girls (23) and because boys with juvenile FM
are sufficiently rare as to raise questions about the potential for a
distinct mechanism (24). Inclusion and exclusion criteria are
detailed in the Supplementary Methods, available on the Arthritis &
Rheumatology website at http://onlinelibrary.wiley.com/doi/
10.1002/art.42073. Participants provided informed assent, and
their parents or legal guardians provided written informed con-
sent. The study protocol and consent forms were approved by
the Institutional Review Board of the Cincinnati Children’s Hospi-
tal Medical Center (study ID: 2017-7771) in compliance with the
Declaration of Helsinki.

Clinical measures. Developmentally appropriate and vali-
dated self-report measures were used to assess disability,
fatigue, and pain interference. Participants self-reported their
functional disability (physical difficulty experienced when doing
their daily activities) using the 15-item Functional Disability Inven-
tory (FDI) (25) and their fatigue symptoms over the past week
using the 10-item Patient-Reported Outcomes Measurement
Information System (PROMIS) Pediatric Fatigue-Short Form (26).
Additionally, juvenile FM patients completed the Brief Pain Inven-
tory (BPI) (27), from which we extracted mean pain intensity and
pain interference scores. Healthy adolescents did not complete
the BPI because they were selected based on having no pain.

Imaging data acquisition. MRI data acquisition is
detailed in the SupplementaryMethods, available on the Arthritis &
Rheumatology website at http://onlinelibrary.wiley.com/doi/
10.1002/art.42073.

Data analysis. Statistical analyses of demographic and
clinical variables. Differences between juvenile FM patients and
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healthy adolescents with regard to sociodemographic and clinical
variables were analyzed by chi-square and 2-sample t-tests,
using SPSS software version 26 (IBM).

Voxel-based morphometry protocol. Voxel-based morphom-
etry quantifies gray matter at a voxelwise, whole-brain level (28),
allowing for a comprehensive measurement of gray matter through-
out the brain. In this study, structural data were preprocessed using
MatLab-R2021a (MathWorks) and SPM12 (UCL). First, a trained
researcher (MS) reviewed all images to ensure they were free from
acquisition artifacts and magnetic field inhomogeneities. Then,
images were preprocessed using a standard pipeline combining
voxel-based morphometry with Diffeomorphic Anatomical Registra-
tion Through Exponentiated Lie Algebra algorithm (DARTEL) (29)
and including 4 main steps: tissue segmentation, normalization,
modulation, and Gaussian smoothing. After segmentation, the
resulting rigidly transformed versions of graymatter were normalized
using DARTEL. Specifically, images were iteratively matched to a
template generated from their own mean to generate a series of
templates with increasing resolution. Native space gray matter
images were then registered to the highest resolution template
within a high-dimensional diffeomorphic framework. Since the DAR-
TEL method creates a study-specific template and then spatially
normalizes individual images to this template, it provides better reg-
istration, specifically in the boundaries of gray andwhite matter, than
previous voxel-based morphometry methods (29).

Spatially normalized tissue maps were modulated by the
Jacobian determinants from the corresponding flow fields
to restore the volumetric information lost during the high-
dimensional spatial registration. This modulation step multiplies
each voxel by the relative change in volume, which allows for a
comparison of absolute GMV corrected for individual brain size
(30). Only normalized and modulated images were transformed
to a standard Montreal Neurological Institute (MNI) template and
resliced to 1.5 mm. Therefore, volume computations were not
affected by this final transformation to MNI space. Similarly, multi-
ple neuroimaging studies have used this template in adolescents
(for example, ref. 31). Moreover, using a standard MNI template
enables us to compare our findings with the results of previous
studies that used this template (for example, ref. 12). Finally,
images were smoothed with an 8-mm full-width at half-maximum
isotropic Gaussian kernel. A trained researcher (MS) reviewed all
processed images to ensure image quality.

Statistical analyses of brain structural data. To assess
regional GMV differences between juvenile FM patients and con-
trols, we estimated a t-test model with SPM12. As a standard
procedure in voxel-based morphometry analyses (32), we added
age and total GMV as nuisance variables, and excluded all voxels
with a gray matter value of <0.2 (maximum value 1).

To test associations between regional GMV and clinical vari-
ables in juvenile FM patients, we performed multiple regression

Figure 1. Regions of significantly reduced gray matter volume (GMV) in adolescents with juvenile fibromyalgia (JFM) compared to healthy con-
trols (HCs). Left, Violin plots of the beta weights of the anterior midcingulate cortex (aMCC) cluster in healthy controls and patients with juvenile
FM. In the top panel, each box represents the 25th to 75th percentiles. Lines inside the boxes represent the median. Lines outside the boxes rep-
resent the 10th and 90th percentiles. Circles indicate outliers. In the bottom panel, circles indicate individual subjects. * = P < 0.01. Middle, Brain
maps showing significant between-group GMV differences (contrast: juvenile FM patients < healthy controls). Results are presented at a signifi-
cance level of family-wise error corrected P (PFWE-corr) < 0.05, estimated using the threshold-free cluster enhancement (TFCE) approach, and
uncorrected P (Puncorr) < 0.001 with a cluster extent (Ke) >50 voxels. Right, The 10 functional annotations most associated with the unthresholded
t-map, obtained by meta-analytic decoding using Neurosynth. R = right; SMA = supplementary motor area.
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models in SPM12 with the following independent variables of
interest in each separate model: 1) functional disability score from
the FDI, 2) fatigue symptoms, measured with the PROMIS form,
and 3) pain interference score from the BPI. Each model included
age and total GMV as nuisance covariates and GMV as the
dependent variable. We excluded voxels with a gray matter value
of <0.2.

To correct for multiple comparisons, we performed, for
each analysis, a voxelwise nonparametric permutation test with
5,000 random permutations using the threshold-free cluster
enhancement (TFCE) approach (33) implemented in the SPM-
TFCEr214 toolbox (dbm.neuro.uni-jena.de/tfce), and the whole-

brain significance threshold was set at a family-wise error
corrected P value (PFWE-corr) of less than 0.05. The TFCE
approach was introduced to increase the sensitivity of voxel-
based analysis (33) and is currently recommended and widely
used in voxel-based morphometry studies (34). Compared to
voxelwise or clusterwise inferences, TFCE inference improves
power and validity and relies on minimal assumptions about data
distribution (33). For completion, imaging results were also
explored at an uncorrected threshold of P < 0.001 and a cluster
extent (Ke) >50 voxels.

Neurosynth meta-analytic decoding. To interpret the func-
tional role of structural regions differing in GMV between juvenile

Figure 2. GMV changes associated with clinical symptoms in adolescents with juvenile FM. Brain maps show significant correlations between
GMV and clinical symptoms reflecting disease-related functional interference in adolescents with juvenile FM, including functional disability as mea-
sured by the Functional Disability Inventory (FDI), fatigue as measured by Patient-Reported Outcomes Measurement Information System
(PROMIS), and pain interference as measured by the Brief Pain Inventory (BPI). Results are presented at a significance level of PFWE-corr < 0.05
(GMV increases shown in yellow) and Puncorr < 0.001 with Ke >50 voxels (GMV increases shown in red). We did not observe negative correlations
at the PFWE-corr or Puncorr level. The 10 functional annotations most associated with the corresponding unthresholded t-map, obtained by meta-
analytic decoding using Neurosynth, are shown to the right of each brain map. L = left; IFG = inferior frontal gyrus; MFG = middle frontal gyrus;
ITC = inferior temporal cortex; SFC = superior frontal cortex (see Figure 1 for other definitions).
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FM patients and controls, or associated with clinical symptoms in
the juvenile FM group, we performed meta-analytic decoding
using the Neurosynth database (35) (neurosynth.org). This meta-
analytic strategy leverages the power of large data sets to com-
pute whole-brain distributions for psychological terms. Thus, it
allows performing unbiased reverse-inferences to identify terms
consistently associated with a particular brain coordinate across
neuroimaging studies (35). We uploaded the unthresholded
t-maps produced in our study onto the Neurosynth database
and decoded them, which returned psychological and anatomic
terms associated with the spatial pattern of each analysis
(Supplementary Table 1, available on the Arthritis & Rheumatol-
ogy website at http://onlinelibrary.wiley.com/doi/10.1002/art.
42073, shows a list of the 50 Neurosynth terms most correlated
with each t-map and their Pearson’s correlation coefficients.) For
interpretation purposes, we selected the 10 psychological terms
(i.e., referring to psychological functions) most correlated with
each map and displayed them in Figures 1 and 2 (36).

Evaluation of patterns predicting pain, cognitive
control, and negative emotion in juvenile FM. Our voxel-
based morphometry analysis showed that juvenile FM patients
had reduced GMV in the right aMCC. To study the functional
organization of the medial frontal cortex (MFC) surrounding this
region, we tested whether the similarity between our structural
maps and previously validated brain patterns predicting either
pain, cognitive control, or negative emotion across 18 studies
and specifically involving the aMCC–dorsal MFC (22) differed
between juvenile FM patients and healthy adolescents. The maps
developed by Kragel et al (22) corresponding to the partial least
squares regression coefficients for the different functional
domains being predicted are available at the Canlab repository
(github.com/canlab/Neuroimaging_Pattern_Masks/tree/master/
Multivariate_signature_patterns/2018_Kragel_MFC_Generalizability).
We extracted the weighted maps corresponding to pain, cognitive
control, and negative emotion in the dorsomedial aspect of the
frontal cortex including anterior and posterior MCC and dorsal

Table 1. Demographic and clinical characteristics of the patients with juvenile FM and healthy controls*

Controls
(n = 38)

Patients with
juvenile FM
(n = 34) t/LRV

Demographic characteristic
Age, years 15.89 � 1.32 16.37 � 1.07 −1.67
Race, no. Caucasian/non-Caucasian 35/3 32/2 0.11†
Annual household income (scale 1–6)‡ 5.13 � 2.07 5.09 � 2.02 0.09
Education level of caregiver 1 (scale 1–5)§ 3.97 � 0.88 3.88 � 0.91 0.43
Education level of caregiver 2 (scale 1–5)§ 3.74 � 0.78 3.63 � 0.98 0.55

Brain
Total GMV volume 787.70 � 59.87 785.50 � 53.17 0.16
Total WMV 384.27 � 40.42 399.49 � 36.89 −1.66

Clinical variables
Functional disability (FDI) 0.5 � 1.25 22.74 � 9.26 −13.89¶
Fatigue (PROMIS) 14.28 � 6.64 35.23 � 6.87 −12.30¶
Pain interference (BPI) – 4.29 � 1.55 –

Average pain intensity – 5.43 � 1.42 –

Medication, no. (%)
Pain-related drugs# – 12 (35.29) –

Psychiatric drugs** – 15 (44.12) –

Gastrointestinal drugs†† – 7 (20.59) –

Melatonin – 3 (8.82) –

Antihistamines – 3 (8.82) –

Vitamins/iron supplements – 3 (8.82) –

Birth control 2 (5.26) 2 (5.88) –

Hypertension treatment 1 (2.63) – –

Statins 1 (2.63) – –

* Except where indicated otherwise, values are the mean � SD. FM = fibromyalgia; GMV = gray matter volume;
WMV = white matter volume; FDI = Functional Disability Inventory; PROMIS = Patient-Reported Outcomes Mea-
surement Information System; BPI = Brief Pain Inventory.
† Likelihood ratio value (LRV).
‡ Annual household income is shown using a scale of 1–6, where 1 = <$24,999; 2 = $25,000 to $49,999; 3 = $50,000
to $74,999; 4 = $75,000 to $99,000; 5 = $100,000 to $124,999; and 6 = >$125,000.
§ Caregiver education level is shown using a scale of 1–5, where 1 = less than high school; 2 = high school/GED;
3 = partial college or trade school; 4 = college graduate; 5 = postgraduate degree.
¶ Significant values (P < 0.001).
# Pain-related drugs included antiepileptic drugs, nonsteroidal antiinflammatory drugs, muscle relaxants, acet-
aminophen, and/or acetylsalicylic acid.
** Psychiatric drugs included antidepressants, anxiolytics, and attention deficit hyperactivity disorder drugs.
†† Gastrointestinal drugs included antiacids, antireflux drugs, and constipation drugs.
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MFC. For each subject, we computed the dot product between
our preprocessed structural images, regressed by age and total
GMV, and pain, cognitive control, and negative emotion–weighted
maps. Dot product was calculated using publicly available code at
the Canlab repository (canlab.github.io) running on MatLab. We
then ran 2-sample t-tests using SPSS to assess between-group
differences in pattern similarity for each weighted map.

Evaluation of GMV differences in regions found
altered in adults with FM. To identify potentially overlapping
alterations between adult and juvenile forms of FM, we assessed
GMV alterations in regions of interest (ROIs) identified based on
previous meta-analytic evidence in adult FM patients. The selec-
tion and construction of ROIs is detailed in the Supplementary
Methods, available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.42073. For each
subject, we computed the mean parameter estimates (beta val-
ues representing GMV for each subject after removing age and
total GMV effects) within each of the 6 final ROIs. Finally, we
assessed between-group differences in mean parameter esti-
mates for each ROI using 2-sample t-tests in SPSS.

RESULTS

Demographic and clinical variables. Adolescents with
juvenile FM and healthy controls did not differ in terms of sex (all
female), age, race, household income, or caregiver education
level (all P > 0.1) (Table 1). As anticipated, juvenile FM patients
reported significantly higher functional disability (t = 13.89,
P < 0.001) and fatigue symptoms (t = 12.30, P < 0.001) (Table 1).
Since controls were selected based on having no pain (numerical
rating scales for pain of 0), mean pain intensity and pain interfer-
ence were only assessed in juvenile FM participants (mean � SD
intensity 5.43 � 1.42; mean � SD interference 4.29 � 1.55), indi-
cating moderate intensity andmild-to-moderate interference. Med-
ication details are presented in Table 1.

Whole-brain voxel-based morphometry analyses.
Reductions in GMV in juvenile FM. The groups did not differ in
total GMV (P = 0.87). Compared to controls, juvenile FM patients
had significantly less regional GMV in a cluster of the right aMCC
(PFWE-corr = 0.04; TFCE estimated). At the uncorrected threshold
(P < 0.001; Ke >50 voxels), this cluster extended to the left aMCC
and bilateral supplementary motor area. Neurosynth meta-
analytic decoding revealed that the unthresholded t-map for this
contrast was related to, among others, the functional terms
“pain,” “painful,” and “conflict” (Figure 1 and Table 2). However,
correlations between the beta weights of the FWE-corrected
aMCC cluster and clinical variables (functional disability, fatigue,
pain interference, and pain intensity) did not reveal any significant
association (all P > 0.3) (Supplementary Table 2, available on the
Arthritis & Rheumatology website at http://onlinelibrary.wiley.

com/doi/10.1002/art.42073), which suggests that, in our sample,
GMV reductions in this area do not track clinical severity but
instead identify the category of juvenile FM patients as compared
with healthy adolescents. Similarly, beta weights of the aMCC
cluster did not correlate with symptom duration (r = 0.078;
P = 0.677), which indicates that this alteration does not depend
on how long patients have been experiencing juvenile FM
symptoms.

Correlations between GMV and clinical juvenile FM symp-
toms. Functional disability correlated with increased GMV in the
left inferior frontal gyrus (IFG) (PFWE-corr = 0.006; TFCE estimated).
At the uncorrected level (P < 0.001; Ke >50 voxels), functional
disability was linked to larger volumes in the bilateral IFG and the
left middle frontal gyrus. Additionally, fatigue correlated with
increased GMV in the bilateral IFG and the left inferior temporal
cortex. Pain interference was associated with larger GMV in the
left and right IFG and the right superior frontal cortex. These find-
ings are detailed in Table 2. Figure 2 shows the anatomy of the
findings and the associated meta-analytic terms based on Neuro-
synth decoding of each unthresholded, symptom-predicting
t-map. Notably, t-maps reflecting GMV increases associated with
functional disability, fatigue, and pain interference in juvenile FM
patients were strongly linked to emotional and/or language pro-
duction processes.

Importantly, the symptom–GMV associations described
above remained significant after including symptom duration as
an additional nuisance variable, along with age and total GMV, in
the multiple regression models. Thus, these associations are inde-
pendent of symptom duration. As a post hoc analysis, we built an
additional model with symptom duration as a predictor variable,
GMV as the dependent variable, and age and total GMV as
nuisance covariates. We found no significant associations at the
corrected level (PFWE-corr < 0.05; TFCE estimated). At the uncor-
rected threshold (P < 0.001, Ke >50 voxels), symptom duration
correlated with GMV decreases in right-lateralized clusters in tem-
poroparietal areas (Supplementary Table 3, available on the Arthri-
tis & Rheumatology website at http://onlinelibrary.wiley.com/doi/
10.1002/art.42073). According to Neurosynth decoding, the cor-
responding t-map was most associated with theory of mind and
language-related processes (Supplementary Figure 1, available on
the Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.42073).

Reduced similarity between brain structure and a
validated pain-predictive pattern involving the aMCC–
dorsal MFC in juvenile FM. We tested whether validated
brain patterns predicting either pain, cognitive control, or negative
emotion, specifically in the aMCC–dorsal MFC region (22), dif-
fered between juvenile FM patients and controls. We found
between-group differences only in the pain pattern, which is con-
sistent with the location of GMV between-group differences and
the fact that pain is a core complaint in juvenile FM. Specifically,
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the dot product between structural data and the pain–weighted
map was significantly lower in juvenile FM patients compared
to controls within the aMCC–dorsal MFC mask (t = 2.47,
P = 0.016) (Figure 3). Thus, the anatomic aMCC pattern resem-
bled the functional pain pattern significantly less in juvenile FM
patients than in controls. We found no differences for the patterns
predicting cognitive control or negative emotion (all P > 0.4).

GMV differences between adolescents with juvenile
FM and healthy adolescents within meta-analytic
regions altered in adults with FM. Consistent with meta-
analytic findings in adults (6,7), GMV reductions in 2 ROIs, located
in the left anterior cingulate cortex (ACC) and the right posterior cin-
gulate cortex (PCC), were replicated in adolescents with juvenile
FM (P = 0.02 and P = 0.03, respectively) (Figure 4A). Neurosynth
meta-analytic decoding showed that the left ACC ROI was associ-
ated with functional terms such as “pain,” “autobiographical,” and
“mentalizing” (the ability to understand the mental state of oneself
or others), whereas the right PCC ROI was associated with
“suppressed,” “declines,” and “resting state.” The remaining ROIs
extracted from the meta-analyses (6,7), located in the cerebellum,

the dorsal ACC, and the fusiform and parahippocampal gyri,
did not show evidence of alteration in juvenile FM patients
(all P > 0.4), as opposed to what has been reported in adults with
FM (see Figure 4B). Notably, among our sample, 2 juvenile FM par-
ticipants had Chiari malformations, which is no higher than might
be expected based on population prevalence (37).

DISCUSSION

To our knowledge, this is the first study assessing brain struc-
tural alterations in juvenile FM. Results indicate that decreased GMV
in the aMCCmay be a key feature of juvenile FM. This region is a core
element of central acute pain processing (9,10,38–40), involved in
affective encoding, cognitive interpretation, anticipation, and
response selection (41). Consistent with these findings,meta-analytic
decoding revealed that among all t-maps generated in our study, the
one for aMCCwas the only one associatedwith the terms “pain” and
“painful.”Moreover, results showed that the anatomic aMCCpattern
resembled the validated aMCC–dorsal MFC pain predictive
pattern—and not the negative emotion or cognitive control ones—
significantly less in juvenile FM patients than in healthy adolescents.

Table 2. Results of the whole-brain voxel-based morphometry analyses*

Brain region x, y, z† T
Cluster size,

voxels‡

Structural results at PFWE-corr < 0.05, estimated with TFCE
GMV differences between adolescents with juvenile

FM and controls
Contrast: juvenile FM < controls aMCC R 9, 22, 30 1018.43§ 113

Correlations between GMV and clinical symptoms
in adolescents with juvenile FM

Functional disability (FDI)
"GMV IFG pars triangularis L −54, 22, 4 1784.78§ 340

Structural results at Puncorr < 0.001, Ke >50 voxels
GMV differences between adolescents with juvenile

FM and controls
Contrast: juvenile FM < controls aMCC R 9, 22, 30 4.14 983

Correlations between GMV and clinical symptoms
in adolescents with juvenile FM

Functional disability (FDI)
"GMV IFG pars triangularis L −54, 22, 4 6.47 805
"GMV IFG pars opercularis R 57, 14, 15 4.35 242
"GMV MFG L −42, 12, 48 4.13 191
"GMV IFG pars orbitalis R 42, 21, −14 3.81 117

Fatigue (PROMIS)
"GMV Inferior temporal cortex L −60, −16, −33 5.03 115
"GMV IFG pars triangularis L −54, 26, −3 4.83 317
"GMV IFG pars orbitalis R 32, 27, −21 4.63 366
"GMV IFG pars triangularis L −50, 28, 9 4.54 82
"GMV IFG pars orbitalis L −30, 21, −20 4.18 76

Pain interference (BPI)
"GMV IFG pars triangularis L −38, 26, 10 4.97 157
"GMV IFG pars opercularis R 52, 16, 12 4.21 264
"GMV Superior frontal cortex R 28, −3, 66 4.11 154

* PFWE-corr = family wise error rate–corrected P value; GMV = gray matter volume; FM = fibromyalgia; aMCC = anterior midcingulate cor-
tex; R = right; FDI = Functional Disability Inventory; IFG = inferior frontal gyrus; L = left; Puncorr = uncorrected P value; MFG = middle fron-
tal gyrus; PROMIS = Patient-Reported Outcomes Measurement Information System; BPI = Brief Pain Inventory.
† Anatomic coordinates (x, y, z) are given in Montreal Neurological Institute space.
‡ Voxel size 1.5 × 1.5 × 1.5 mm.
§ Threshold-free cluster enhancement (TFCE) values.
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Figure 3. Differences in the similarity between brain structure and a validated pain-predictive pattern in anterior midcingulate cortex (aMCC)–
dorsal medial frontal cortex (dMFC) circuits in patients with juvenile fibromyalgia (JFM) compared to healthy adolescents. The anatomic
aMCC–dMFC pattern resembled the functional pain pattern significantly less in juvenile FM patients than in healthy adolescents (t = 2.47,
P = 0.016). We found no between-group differences in the patterns predicting cognitive control and negative emotion within the aMCC–dMFC
(all P > 0.05). Bars show the mean � SEM. * = P < 0.02.

Figure 4. Replication in juvenile fibromyalgia (JFM) of meta-analytic gray matter volume (GMV) alterations observed in adults with FM. A, Peaks of
GMV altered in both adults with FM and adolescents with juvenile FM (all P < 0.03). Notably, the GMV at these peaks was decreased in both adult
and juvenile forms of FM. Three associated functional annotations, obtained by meta-analytic decoding using Neurosynth, are shown for each
region. B, Peaks of GMV altered in adults with FM but not in adolescents with juvenile FM (all P > 0.4). Bars show the mean � SEM. * = P < 0.03.
L = left; R = right; dACC = dorsal anterior cingulate cortex; PCC = posterior cingulate cortex; NS = not significant (P > 0.05).
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We also found that adolescents with juvenile FM exhibited
GMV reductions in 2 of the 3 cingulate regions (i.e., ACC, PCC)
that meta-analyses reported to be decreased in adult FM
patients. Previous studies have shown that repetitive painful stim-
ulation leads to aMCC gray matter increases in healthy subjects
(42), whereas patients with chronic pain display GMV reductions
in this region (6,7). Our findings do not support the hypothesis
that younger patients may show increased GMV as a conse-
quence of overengaging pain modulatory systems (12,13).
Instead, results suggest that reductions in the cingulate cortex,
mainly in the aMCC, may be a structural hallmark of both adult
and juvenile forms of FM, independent of symptom duration. Lon-
gitudinal studies are warranted to determine whether such alter-
ations predate chronic pain onset or reflect an early pain-driven
alteration. Notably, other GMV alterations reported in adults were
not replicated in juvenile FM patients, which may be due to the
limited power of the present investigation or may suggest that
they appear later in life as a result of progression of chronic pain
or medication exposure.

The aMCC is not selective for pain (43,44). Research has
linked activity in this area with multiple functions, including atten-
tion, cognitive control, reward-based learning, decision-making,
and emotional and social processing (for review, see refs.
41 and 43). To deepen our understanding of the functional con-
tributions of the MFC surrounding the region where we found
GMV reductions in juvenile FM patients, we assessed how this
structural pattern resembled functional patterns predicting pain,
cognitive control, and negative emotion within the aMCC–dorsal
MFC (22), and how this similarity differed between groups. In
adolescents with juvenile FM, the anatomic aMCC pattern
resembled the pain pattern significantly less than in controls,
which may suggest that the anatomic hallmark of nociceptive
pain processing has been attenuated to some degree in juvenile
FM patients.

Whether such findings reflect the effects of excessive engage-
ment of the pain-specific functional pattern or a reorganization of
acute nociceptive processing brain circuits in patients remains to
be elucidated. This finding indicates that pattern similarity reduc-
tions in patients occur beyond the cluster showing GMV reductions
and reflects an overall reduction of the normal pain predictive pat-
tern in patients. Moreover, it supports the idea of altered organiza-
tion of aMCC–dorsal MFC circuits. Future functional studies using
experimental pain tasks are warranted to test the extent to which
this alteration replicates during pain processing to further interpret
this novel finding. Taken together, alterations of the pain pattern in
juvenile FM patients, along with meta-analytic decoding findings
specifically mentioning the terms “pain” and “painful,” suggest that
this abnormality may be related to pain processing and decision-
making/evaluative aspects in the context of pain and less with other
emotional/affective/cognitive processes.

Regarding regions associated with individual differences in
patients’ clinical symptoms reflecting pain-related suffering and

diminished functional ability, we found a significant association
between functional disability and the left ventrolateral prefrontal
cortex (vlPFC). Meta-analyses have linked the left vlPFC with lan-
guage processes during emotion regulation, suggesting that it
might support active reinterpretation of the meaning of emotional
stimuli and facilitate the selection of appropriate reappraisals
(45). Likewise, the vlPFC has been associated with retrieval of
semantic autobiographical memories and self-related judgments
(46). Consistent with these findings, at the uncorrected level, we
found that other symptoms reflecting the impact that juvenile FM
has on patients’ functional ability (i.e., functional disability, fatigue,
and pain interference) all correlated with GMV increases in the
vlPFC. Taken together, these findings suggest that juvenile FM
patients with higher levels of pain-related suffering and impair-
ment show augmented GMV in brain circuits involved in instantiat-
ing representations of the self and the world through language.

Adding further support to this interpretation, at the uncor-
rected level, fatigue correlated with increased volumes in the left
inferior temporal cortex, linked to visual and mnemonic process-
ing (47), and functional disability and pain interference correlated
with larger volumes in the right superior frontal cortex, involved in
self-focused reappraisal (48), and in the left middle frontal gyrus,
associated with attention reorienting (49). Notably, these associa-
tions were independent of symptom duration. Neurosynth decod-
ing confirmed that these variables were associated with a
brain pattern related to emotional, self-related judgment, and
language-related processes. Future studies should test whether
alterations in the nature, recurrence, and valence of patients’ nar-
ratives about themselves and the world may predict greater levels
of suffering and disability in juvenile FM and to which extent vlPFC
circuits mediate such associations.

From a neurodevelopmental perspective, frontal GMV
decreases after age 11 years in healthy girls because of synaptic
pruning (50). This maturation occurs earlier in ventral than in dorsal
regions (50). Thus, vlPFC volume increases associated with juvenile
FM impairment may reflect a link between these symptoms and
developmental immaturity in frontal circuits specializing in emotional
appraisal and regulation, which reinforces the need to consider
therapeutic strategies that target these circuits, which may have
the potential to reverse alterations before they become hard-wired
and to mitigate the functional and psychosocial impact of pain-
related symptoms on the life of adolescents with juvenile FM.

Finally, symptom duration was associated with reduced
GMV in temporoparietal areas—at an uncorrected level—
including theory of mind– and language-related regions. The find-
ings suggest that not only disease-related disability, but also juve-
nile FM duration may be linked to alterations in regions mediating
mentalizing and emotional awareness through language. Last,
our between-group and symptom duration–related findings taken
together do not support the hypothesis of hypertrophy in young
FM patients as a group (12,13). However, juvenile FM patients
with greater symptom severity showed GMV increases; thus,
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future studies with larger samples are warranted to assess
whether different structural correlates underlie distinct patient
clusters identified based on symptom severity.

This study has some notable limitations. First, we enrolled only
females; thus, our findings cannot be generalized to male
patients—although they are quite rare. Future studies are war-
ranted to examine between-sex differences in juvenile FM–related
structural alterations and the ages at which these changes occur.
Second, since this is the first study assessing the structural abnor-
malities of juvenile FM, replication of our findings in independent
samples is crucial to determine their robustness and translational
utility. Likewise, the brain–symptom severity correlations presented
here, although providing a cohesive picture of the alterations and
opening venues for future research, are still preliminary, based on
exploratory thresholds, and need replication. Nevertheless, such
correlational findings highlight the importance of studying individual
differences to characterize different patient profiles. Although med-
ication regimen was stable for at least 3 weeks before the MRI
assessment (no modifications in type, dose, or intake regimen),
medication could have acted as a confounding factor. Last,
despite the efforts to recruit diverse patient profiles, our sample
had a low representation of subjects of different races and ethnici-
ties and those with low socioeconomic status. Future community-
oriented clinical research is needed to overcome the systematically
high proportion of White participants with medium-high socioeco-
nomic status in research samples.

In conclusion, this study provides the first evidence of struc-
tural alterations in adolescents with juvenile FM. Our findings sug-
gest that pain-related GMV reductions in the aMCC are common
to juvenile FM patients as a group, whereas alterations in regions
involved in affective, self-relevantmemory, and language processes
predict disease impact on clinical variables related to patients’well-
being. Taken together, the findings reinforce the need to combine
pain-specific, sensory therapies with therapies aimed at promoting
cognitive regulation of pain, negative affect, and potentially perva-
sive self-related narratives patients may hold of themselves. Also,
the findings indicate partial overlap in the structural circuitry com-
promised in both juvenile and adult FM, potentially establishing a
link between juvenile and adult forms of the disease and strength-
ening the need for early, neurobiologically oriented interventions to
prevent the transition from juvenile to adult FM.
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Vascular deposition of monosodium urate crystals in
gout: analysis of cadaveric tissue by dual-energy
computed tomography and compensated polarizing
light microscopy

To the Editor:
Cardiovascular disease is common among people with gout

(1). A hypothesized link between cardiovascular disease and

gout is deposition of monosodium urate (MSU) crystals in athero-

sclerotic plaque (2). Dual-energy computed tomography (DECT)

is a sensitive and specific imaging technique for detecting and

characterizing MSU crystal deposits in peripheral joint tissues, in

both gout (3,4) and asymptomatic hyperuricemia (5). Recent

studies using DECT have shown that color-coded images con-

sistent with MSU crystals are present in calcified vessels of most

people with gout (6–8). However, it remains highly controversial

whether these findings represent true MSU crystal deposition or

artifacts due to live imaging (9–11). This study examined the use

of DECT and compensated polarizing light microscopy to detect

MSU crystal deposition in the large vessels of cadaveric donors

with gout.
Six male cadaveric donors (mean age at death 78 years) with

a documented history of gout, including 2 with visible tophi, were

studied. Collection and use of cadaveric tissue specimens

accorded with the New Zealand Human Tissue Act 2008. Vascu-

lar tissue specimens were dissected from the arch of the aorta

through the descending aorta at the level of the diaphragm and

included the proximal few centimeters of the brachiocephalic,

common carotid, and subclavian arteries. A dissected vascular

tissue sample from each donor was laid on a CT table and

scanned by DECT (Somatom Definition Flash, Siemens Healthi-

neers), and a rheumatologist (ND) and radiologist (AD) analyzed

the findings on a Siemens workstation, using gout-specific propri-

etary software (syngo MMWP VE 36A 2009; Siemens Healthi-

neers). After scanning, 100 μl of phosphate buffered saline was

injected into the vessel wall at 10 standardized sites across each

sample, and aspirated fluid was analyzed with polarizing light

microscopy by a rheumatologist (ND) and laboratory scientist

(M. Alhilali). Positive controls included tissue specimens from

peripheral joints of different cadaveric donors with tophaceous

gout that were processed using the same protocols, as well as

synthesized MSU crystals. The Supplementary Materials, available

on the Arthritis & Rheumatology website at https://onlinelibrary.

wiley.com/doi/10.1002/art.42066, include the imaging protocol,

workstation settings, and microscopy sites.
DECT scanning of cadaveric vascular tissue samples

detected calcification in all specimens but no evidence of MSU

deposition (Figure 1A). In contrast, in positive control tophaceous

joint specimens, color-coded DECT images provided clear evi-

dence of MSU crystal deposition (Figure 1B). Microscopic analy-

sis demonstrated plate-like cholesterol crystals in vascular tissue

samples from 5 donors (mean ± SD 3.2 ± 1.9 sites/donor)

(Figure 2A). A single negatively birefringent needle-shaped crystal

was visualized by microscopy from one of the 60 sampled vascu-

lar tissue sites, with no MSU crystals evident at the other 59 sites.

In contrast, microscopy revealed numerous MSU crystals in aspi-

rates from positive control tophaceous joint specimens

(Figure 2B).

Figure 1. Dual-energy computed tomography (DECT). A, Repre-
sentative conventional CT image of cadaveric vascular tissue.
B, Representative DECT image of cadaveric vascular tissue from the
same donor, demonstrating areas of vascular calcification in blue,
but no urate deposition (color-coded green). C, Representative DECT
image of a positive control cadaveric tophaceous peripheral joint
demonstrating urate deposition (color-coded green) within topha-
ceous deposits. Nail artifact in the toenail is also visible.

Figure 2. Compensated polarizing light microscopy. A, Represen-
tative polarizing microscopy image from an aspirate of cadaveric vas-
cular tissue demonstrating plate-like cholesterol crystals, but no
needle-shaped negatively birefringent crystals. B, Representative
polarizing microscopy image from an aspirate of a positive control
cadaveric tophaceous joint demonstrating numerous needle-shaped
negatively birefringent crystals. Bars = 10 μm.
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This analysis has not demonstrated MSU crystal deposition
in the resected vascular tissue of cadaveric donors with gout by
DECT (when using default postprocessing settings) or polarizing
light microscopy, in contrast to positive control cadaveric topha-
ceous peripheral joints. Study limitations include the absence of
antemortem imaging studies and the lack of an analysis of the
entire vascular system. However, this study raises the possibility
that DECT-based MSU-coded plaques in peripheral arteries on
live imaging do not reflect true MSU crystal deposition.

Author disclosures are available at https://onlinelibrary.wiley.com/
action/downloadSupplement?doi=10.1002%2Fart.42066&file=art42066-
sup-0001-Disclosureform.pdf.
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Sequencing of the 16S ribosomal DNA gene and
virulence of the oral microbiome in patients with
rheumatoid arthritis: comment on the article by
Kroese et al

To the Editor:
We read with great interest the article by Dr. Kroese et al (1)

on the association between the oral microbiome and rheumatoid
arthritis (RA). The authors reported new insights into early indica-
tors of autoimmune disease through comparisons of oral micro-
biota in patients with early RA, patients at risk of developing RA,
and healthy individuals.

Kroese and colleagues used next-generation sequencing
and polymerase chain reaction to identify the 16S ribosomal
DNA (rDNA) of oral microorganisms. Although next-generation
sequencing of the 16S V3–V5 variable region, as used by Kroese
and colleagues, undoubtedly can detect a wide spectrum of bac-
teria, it can neglect species of small colonies (2). Specifically,
next-generation 16S rDNA gene sequencing cannot achieve
taxonomic resolution of scarce bacterial communities at the spe-
cies and strain level due to the potential limitations of this method,
particularly with regard to identification of bacteria of unknown eti-
ology or microbial species of low abundance (2). For example,
Porphyromonas gingivalis, an RA-inducing bacterium (3,4) that
was shown by Kroese and colleagues to have very low abun-
dance in their 3 patient populations, may be subject to a limited
taxonomic resolution. Thus, we propose that sequencing analy-
ses assessing correlations between oral microbiota and the
development of RA should utilize full-length 16S intragenomic
copy variants based on the V1–V9 sequence of rDNA (2). This
approach can allow for clearer pictures of oral dysbiosis in popu-
lations with early RA or at risk of RA. Moreover, because P gingi-
valis has been suggested to trigger RA through induction of
anti–citrullinated protein antibody (ACPA)–dependent pathogene-
sis (3,4), further studies on the interactions between P gingivalis
and the disease-enriched species observed by Kroese and col-
leagues, such as survival symbiosis and secreted toxicities that
may induce ACPA production through augmentation of the viru-
lence of these bacteria (5), may help to clarify the etiology of RA.

In addition, although Kroese and colleagues demonstrated
proportional and quantitative differences between oral microor-
ganisms, the virulence of microorganisms might be inconsistent
with their population sizes. In particular, the virulence of
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microorganisms varies depending on signals in their microenvi-
ronments and cross-microorganism interactions that affect their
virulent gene expression (6). Because these determinants may
reshape our knowledge with regard to the importance of RA-
associated oral microorganisms, mechanistic studies illustrating
relationships between these microorganisms and RA could pro-
vide further evidence to support the notion that bacterial species
are involved in the pathogenesis of the disease.

Finally, although Kroese and colleagues asked study partic-
ipants about their oral hygiene practices, scaling during dental
visits was not considered. Importantly, scaling can alter the oral
microbiome and can resolve oral dysbiosis, as evidenced by
ecologic drift and community turnovers in plaque biofilms and
saliva (7,8). These changes involve significant decreases in
disease-associated taxa, such as Veillonella, Prevotella, and
Porphyromonas species (7–10), which were also identified in
the participants in the study by Kroese et al. Thus, we recom-
mend that, in future studies, scaling should be considered as a
modifiable factor for bacteria-associated RA.

The pathogenesis of RA is not yet fully comprehended (1).
RA is known to have a negative effect on a patient’s quality of life,
and we appreciate the contributions of Kroese et al in probing
deeper into the severity of this illness.

Drs. Luan and Chen contributed equally to this work. Author
disclosures are available at https://onlinelibrary.wiley.com/action/
downloadSupplement?doi=10.1002%2Fart.42106&file=art42106-sup-
0001-Disclosureform.pdf.
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Reply

To the Editor:
We thank Dr. Luan et al for their interest in our study. We

appreciate the opportunity to respond.
It is argued that studies should use full-length 16S ribosomal

RNA (rRNA) gene variants instead of next-generation sequencing
of the 16S rRNA V3–V5 variable region (note that we studied the
V4 region) to identify bacteria of potentially unknown etiology and
species of low abundance. As mentioned in a study by Johnson
et al (as cited by Luan et al), full-length 16S rRNA sequences indeed
enable accurate classification of organisms at a very high taxo-
nomic resolution (1). However, this method is not yet available for
high-throughput analyses. Although we appreciate the desire to
explore the microbiome in full depth, other factors (e.g., research
questions, possible disadvantages of maximum detail, costs)
should also be considered. In the cited report it was also concluded
that most variable regions are sufficient to identify genera (1), which
we argue to be sufficient to detect possible dysbiosis and compare
groups on overall microbiome composition.

Luan et al referred to Porphyromonas gingivalis as “an RA-
inducing bacterium,” and the articles cited by Luan et al to sup-
port their statement do suggest a role for P gingivalis in RA, as
described in a study by Mankia et al (2) and in a study by Ma et al
describing its possible mechanism of action (3). We would like
to suggest that some caution be applied in interpreting these
potentially insufficiently substantiated conclusions. There is also
evidence disproving an independent role of P gingivalis, with a
study showing, for example, no value of anti–P gingivalis antibody
levels for the prediction of RA development (4). Reviews on the
topic emphasize the lack of conclusive evidence for a causal role
and suggest a focus on microbiome dysbiosis in a broader sense
(5–7). The pitfall of being highly interested in a possible role of
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P gingivalis in RA is that belief will lead the research. While our
data showed a low abundance of P gingivalis in our study partici-
pants and Luan et al suggested that this may be due to a limited
sequencing method, it should also be considered that P gingivalis
simply was not present in sufficient numbers, consistent with ear-
lier findings in RA patients (8). Furthermore, another study on RA
patients that used an identical sequencing approach, as well as
P gingivalis–specific quantitative polymerase chain reaction,
showed a significant correlation between the findings produced
by the 2 different methods in terms of P gingivalis identification
and proportion (9), thereby supporting our sequencing results.
We do acknowledge the extensive literature on a possible role of
P gingivalis in RA induction, but we would also like to encourage
openness to other hypotheses and mechanisms.

With regard to the comment on the effects of scaling, we
can only agree that scaling can indeed alter the oral microbiome.
Although not mentioned in our article, we did ask participants
about their dentist and/or dental hygienist visits and recent peri-
odontitis treatment. For clarification, we include Table 1, which
presents the specifics on dentist and dental hygienist visits in
our participants and which shows no significant differences
between the groups. Only 2 participants (1 in the early RA group
and 1 in the at-risk group) reported having received treatment
for periodontitis during the preceding year. Considering these
data, we do not expect recent scaling to have significantly influ-
enced our results.

Again, we would like to thank Luan and colleagues for their
time and consideration of our article. We hope our comments will
help to clarify their concerns.
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Table 1. Dentist and dental hygienist visits among patients with early RA, at-risk individuals, and healthy controls*

Patients with
early RA†

At-risk
individuals†

Healthy
controls† P

Dentist visits
No. (%) with at least 1 visit/year 43 (86) 45 (90) 47 (9) 0.41‡
Months since last visit, median (IQR) 4 (2–11.3) 4 (1.8–8) 2 (0.8–6) 0.11§

Dental hygienist visits
No. (%) with at least 1 visit/year 26 (52) 25 (50) 25 (50) 0.97‡
Months since last visit, median (IQR) 4 (2–17.5) 5 (1.4–9.8) 4 (1–12) 0.74§

* IQR = interquartile range.
† Group size was n = 50 for evaluation of dentist visits. Group sizes for the last visit to a dental hygienist were as
follows: n = 36 for patients with early rheumatoid arthritis (RA), n = 34 for the at-risk group, and n = 40 for the
healthy control group.
‡ By chi-square test.
§ By Kruskal-Wallis test.
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Increased cadmium inhalation as a possible
explanation for an increased risk of rheumatoid
arthritis development: comment on the article by
Okamoto et al

To the Editor:
This letter is to comment on the recently reported study by

Dr. Okamoto and colleagues, in which higher levels of spontane-
ous citrullinated histone H3–expressing neutrophil extracellular
trap (NET) formation in sputum neutrophils were demonstrated
in individuals with rheumatoid arthritis (RA) and those at risk of
RA development compared to healthy controls (1). Furthermore,
in at-risk subjects, levels of IgA anti–citrullinated protein antibod-
ies (ACPAs) in the sputum correlated significantly with the per-
centage of neutrophils that underwent citrullinated histone H3
NET formation. In addition, compared to healthy controls, analy-
ses of the sputum of patients with RA and at-risk subjects
revealed a reduction in endocytosis in macrophages and showed
correlations between sputum-induced citrullinated histone H3
formation and sputum levels of the inflammatory cytokines
interleukin-1β (IL-1β), IL-6, and tumor necrosis factor (TNF) in at-
risk subjects.

Okamoto et al clearly identified that citrullinated histone
H3–expressing NET formation is of potential importance in both
the generation of an RA-related mucosal antibody response and
inflammatory cytokines relevant to RA in RA at-risk subjects.
Given that an ACPA response greatly increases the risk of
developing RA (2), it is conceivable that citrullinated histone NET
formation is of importance in RA pathogenesis.

Smoking has been identified as an important risk factor for
the development of RA (2). Cigarette smoke contains thousands
of constituents, and the exact compound within cigarette smoke
that triggers RA has not been established. Specifically, cadmium
is an important component of cigarette smoke, air pollution, and
other occupational and industrial substances and has been
shown to be associated with RA pathogenesis (3). Two large
epidemiologic studies have recently linked cadmium exposure to
RA (4,5).

Cadmium can trigger NET formation (6) and has been
observed to be a citrullinating agent in 2 independent studies
(7,8). Furthermore, cadmium decreases macrophage efferocyto-
sis and is associated with peptidylarginine deiminase type 4 up-
regulation (9) and has also been found to induce the formation of
the inflammatory cytokines IL-1β, IL-6, and TNF from various lung
cell lines (10). Essentially, cadmium has been observed to trigger
most of the features of inflammation described in the study by
Okamoto et al. It is therefore imperative that cadmium is studied
further in RA patients and RA at-risk populations.

Okamoto et al are in a unique position to investigate the role
of cadmium and other metals by measuring their concentrations

in the sputum of participants in their previously studied cohorts
by sector field inductively coupled plasma mass spectrometry.
I suspect the results will be noteworthy.

Funding for work related to cadmium and rheumatoid arthritis was
received from the Cornwall Arthritis Trust. Author disclosures are available
at https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.
1002%2Fart.42116&file=art42116-sup-0001-Disclosureform.pdf.
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Reply

To the Editor:
We thank Dr. Hutchinson for his thoughtful comments on our

article and for describing his interesting hypothesis that increased
cadmium inhalation could be a trigger of the increased NETosis
and decreased efferocytosis identified in our study subjects’
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sputum neutrophils and macrophages, respectively. We agree
that the relationship between cadmium-induced NETosis in the
lung, ACPA generation, and RA development is an area that
needs further exploration. However, inhalation of cadmium in the
US occurs most commonly from cigarette smoking, and most of
those at risk of RA development in our study (67%) had never
smoked, suggesting that other factors likely contributed to our
findings.

We suspect that the role of cadmium in RA development
is in accordance with the “mucosal origins hypothesis” that
environmental factors, which may include cadmium, have
effects on immune cells in the lung or at other mucosal sites,
and these mucosal immune responses, which can include
citrullinated protein–expressing NET formation and mucosal
ACPA generation, are initially a protective response but can
lead to RA in some individuals after a period of uncontrolled
immune dysregulation (1). It is also important to consider the
effects of cadmium on other immune cells (2). In RA at-risk
individuals, we previously demonstrated enhanced peptidylar-
ginine deiminase 4–driven peripheral monocyte extracellular
trap formation expressing citrullinated histone H3 following
ex vivo Toll-like receptor stimulation (3). An understanding of
the responses of different immune cells to environmental fac-
tors, including cadmium, is necessary to understand the influ-
ence of these factors in the complex disease development
model of RA.

In our study, we focused on airway-derived neutrophils and
NETosis, but we have also been intrigued by the recent finding
that cadmium-induced citrullination of vimentin was associated
with pulmonary fibrosis in a mouse model (4). A proportion of
RA patients will develop RA-associated interstitial lung disease
(ILD). Although smoking is an established risk factor, an
improved understanding of the exact mechanisms by which
ILD develops in RA is needed to improve clinical care, and the
investigation of smoking-associated cadmium-induced citrullina-
tion of profibrotic proteins in the lung or cadmium-induced
NETosis may be informative. Chronic obstructive pulmonary
disease (COPD) also disproportionately impacts RA patients.
Cadmium is found to partially mediate the well-established asso-
ciation between smoking and COPD (5), suggesting that
cadmium inhalation could impact multiple aspects of RA-
associated lung disease.

We agree with Dr. Hutchinson that future research in this
area is needed. More studies with human cells and investigations
to understand the temporal relationships among cadmium inhala-
tion, immune cell effects, and RA are especially needed. In
addition, understanding the phenotype of NETs induced by
cadmium or other inhaled factors will be important as the protein
content of NETs, which is key to NET-associated ACPA genera-
tion, can differ based on the NET-triggering stimulus, local
cytokine environment, and other factors (e.g., sex, genetics, diet,
medications). Understanding these aspects will be necessary to

better understand how cadmium-induced NETs may contribute
to RA pathogenesis.
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Suggested additions to future directions: comment on
the ACR white paper on antimalarials and cardiac
toxicity by Desmarais et al

To the Editor:
I read with interest the American College of Rheumatology

white paper on antimalarial-associated cardiac toxicity in patients
with rheumatic or dermatologic diseases (1). While I agree with all
that was written, the Future Studies section of the white paper
includes the following omissions, which, if addressed, could
enhance our understanding of the issue.

First, hydroxychloroquine (HCQ) is broken down into at least
5 different metabolites, and no two individuals receiving the same
dose will have the same HCQ level. Hence, any future studies
should correlate symptoms with HCQ levels, which can be easily
measured (2,3).

Second, digital electrocardiographic devices that can assess
corrected QT (QTc) intervals in real time are inexpensive and read-
ily available, and they can be worn by patients who might be at
risk for arrhythmias (4). Patients with such a device can maintain
a diary, and the timing of dizziness symptoms or heart palpitations
can be compared to the cardiac rhythm.

Third, all too many COVID-19–related studies and
pre–COVID-19 cardiomyopathy studies reviewed by
Dr. Desmarais and colleagues included patients who were
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prescribed chloroquine (at daily doses of up to 1.2 gm), rather than
HCQ. In the rheumatology community, chloroquine accounts for
<1% of all prescriptions, and many conclusions drawn by Desmar-
ais et al are disproportionate to real-world experience.

Finally, anti-SSA (anti–Ro 52) antibodies are associated with
heart block in patients with systemic lupus erythematosus, includ-
ing asymptomatic adults (5). Future studies of antimalarial therapy
in patients with rheumatic and dermatologic diseases should
assess whether HCQ treatment is harmful in those who test pos-
itive for anti-SSA and, if so, should evaluate the association
between adverse events and HCQ levels.

In light of these considerations, the ideal study of antimalar-
ial use for rheumatic and dermatologic diseases would include
prospective evaluation of HCQ levels, QTc intervals, and anti-
SSA levels in patients who have and those who have not
started HCQ therapy. Our group is in the process of initiating
a study that will address these considerations. I believe that
the white paper’s conclusions should be amended to include
these suggestions.

Author disclosures are available at https://onlinelibrary.wiley.com/
action/downloadSupplement?doi=10.1002%2Fart.42100&file=art42100-
sup-0001-Disclosureform.pdf.
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Reply

To the Editor:
We are grateful to Dr. Wallace for his careful reading of our

white paper. His points are well made, and we are delighted
that the white paper has prompted these constructive ideas

for further study. The portable electrocardiographic devices
available for monitoring the QT interval, such as the KardiaMo-
bile device (AliveCor) (1,2) cited by Dr. Wallace, hold promise
but need further investigation in robust trials focusing on the
QTc interval in patients receiving antimalarial medications.
While space constraints limited what we could state about
future studies in our white paper, and because our article
could not be amended after publication, we hope that
Dr. Wallace’s letter will serve in the same capacity that an
addendum might.
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Successful use of cyclosporin A and interleukin-1
blocker combination therapy in VEXAS syndrome:
a single-center case series

To the Editor:
VEXAS (vacuoles, E1 enzyme, X-linked, autoinflammatory,

somatic syndrome) is a recently recognized autoinflammatory dis-
ease that is induced by somatic mutations of the UBA1 gene and
mostly affects older men (1). Since its first description in 2020, the
number of patients diagnosed as having VEXAS has rapidly
increased, thus expanding the spectrum of clinical manifestations
known to be associated with this newly recognized condition
(2,3). Common features of VEXAS patients are a high degree of
refractoriness to most immunosuppressive treatments and a
marked dependence on treatment with medium-to-high doses
of glucocorticoids (4). Recently, investigators in a multicenter
French retrospective study (5) reported the use of azacytidine
in 11 VEXAS patients with a concomitant myelodysplastic
syndrome. In this series, the authors observed a clinical response
in 5 patients (46%), with a major response in 3 and a minor
response in 2. Of interest, most patients with a clinical response
had received several types of therapy, including biologic and
conventional synthetic disease-modifying antirheumatic drugs,
none of which were effective. Here we report our successful use
of combination therapy including cyclosporin A and interleukin-1
blockers for the treatment of VEXAS.

Three men with VEXAS (median age 69 years [interquartile
range {IQR} 68–70]) were identified among patients followed up
in the autoinflammatory diseases clinic at San Raffaele Hospital
(Segrate, Italy). Genomic DNA from peripheral bloodmononuclear

cells was analyzed by Sanger sequencing for the presence
of UBA1 mutations involving methionine-41 (p.Met41). The

p.Met41Val variant was identified in 2 patients, and the

p.Met41Thr variant was detected in 1 patient. An unspecified

autoinflammatory disease was originally diagnosed in 2 patients,

and relapsing polychondritis was originally diagnosed in the other

patient. The median time to VEXAS diagnosis was 30 months

(IQR 29–57) after initial presentation to the clinic.
All patients were initially treated with prednisone (dosage

range 50–62.5 mg/day); however, relapse of adverse inflamma-

tory events occurred after reducing the prednisone dosage to

<20 mg/day. For this reason, different steroid-sparing agents

were introduced over time; unfortunately, treatment with

these drugs had to be stopped because of side effects or

ineffectiveness (Table 1). Before starting combination therapy, 2

patients had been treated with anakinra, which was stopped

because of extensive adverse cutaneous reactions. Of note, in 1

of these patients, anakinra was safely reintroduced, together with

cyclosporin A, without the appearance of adverse reactions, even

when steroid therapy was tapered. In the 2 remaining patients,

cyclosporin A was added to anakinra or to canakinumab, owing

to persistent systemic inflammation upon reduction of the steroid

dosage (Table 1).
After the start of combination therapy, a marked improve-

ment was observed in all patients, thus allowing safe tapering of

steroid treatment. Six months after initiation of combination ther-

apy, all patients were receiving a low dosage of prednisone

(5 mg/day), and no relapse of systemic manifestations was

observed. This was paralleled by optimal control of systemic

markers of inflammation (Table 1). Combination therapy was well

tolerated by all patients. Two patients experienced clinically

Table 1. Clinical characteristics, laboratory findings, and treatments for 3 men with VEXAS syndrome*

Previous
therapy,
reason for
stopping

Markers of inflammation

Age,
years

Clinical characteristics
at presentation

Markers of
inflammation at
presentation

Combination
therapy, agent

(dosage)

At start of
combination

therapy
At last

evaluation

Patient 1 70 Fever, skin lesions, lung
involvement, arthritis

ESR 120 mm/
hour, CRP
120 mg/liter,
ferritin
1,638 ng/ml

ANK, adverse
event; CNK,
ineffectiveness

ANK (100 mg/day),
CsA (200 mg/day),
pred. (30 mg/day)

ESR 59 mm/
hour, CRP
92 mg/liter,
ferritin
623 ng/ml

ESR 20 mm/
hour, CRP
1.3 mg/liter,
ferritin
445 ng/ml

Patient 2 69 Fever, skin lesions, lung
involvement,
polychondritis,
arthritis, aphthosis

ESR 117 mm/
hour, CRP
161 mg/liter,
ferritin
1,484 ng/ml

ANK, adverse
event; TCZ,
neutropenia

CNK (300 mg every
5 weeks), CsA
(300 mg/day),
pred. (15 mg/day)

ESR 99 mm/
hour, CRP
26 mg/liter,
ferritin
526 ng/ml

ESR 51 mm/
hour, CRP
2.8 mg/liter,
ferritin
430 ng/ml

Patient 3 68 Fever, arthritis, skin
lesions,
polychondritis, lung
involvement, orbital
pseudotumor

ESR 120 mm/
hour, CRP
202 mg/liter,
ferritin
1,680 ng/ml

MTX,
ineffectiveness;
TCZ,
neutropenia;
TOFA,
ineffectiveness

ANK (100 mg/day),
CsA (200 mg/day),
pred. (20 mg/day)

ESR 42 mm/
hour, CRP
31 mg/liter,
ferritin
980 ng/ml

ESR 29 mm/
hour, CRP
0.8 mg/liter,
ferritin
380 ng/ml

* VEXAS = vacuoles, E1 enzyme, X-linked, autoinflammatory, somatic syndrome; ESR = erythrocyte sedimentation rate; CRP = C-reactive pro-
tein; ANK = anakinra; CNK = canakinumab; CsA = cyclosporin A; pred. = prednisone; TCZ = tocilizumab; MTX = methotrexate; TOFA = tofacitinib.
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significant neutropenia (800 and 900/mm3), which was not
thought to be associated with infection. Only 1 case of mild upper
respiratory tract infection was observed, in the patient without
neutropenia.

This is the first report of successful immunomodulatory com-
bination therapy for VEXAS syndrome. In our cohort, we observed
that cyclosporin A combined with an interleukin-1 blocker can be
effective in dampening systemic inflammation and controlling sys-
temic manifestations of the disease. Moreover, combination treat-
ment showed a strong steroid-sparing effect. The only concern
associated with this therapeutic scheme was neutropenia; how-
ever, it was not associated with an increased risk of infection.
Longer follow-up and replication of these preliminary results in
larger cohorts are required.
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