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 In this Issue
Highlights from this issue of A&R | By Lara C. Pullen, PhD

4-OI Treatment Attenuates Murine Lupus
A recent murine study found that intranasal 
treatment with 4-octyl itaconate (OI) reduced 
dendritic cell priming activity and attenuated 
a specifi c allergic infl ammatory response. 

Additional studies have 
suggested that 4-OI modu-
lates JAK1-mediated path-

ways. Building upon that work, Blanco et al 
(p. 1971) report their results to be consistent, 
supporting the idea that targeting immuno-
metabolism is a viable approach to the treat-
ment of autoimmune disease. In particular, 
the investigators found that 4-OI displayed a 
benefi cial role in attenuating immune dysreg-
ulation and organ damage in lupus.

Using female (NZW × NZB)F1 lupus-
prone mice, the researchers found that subcu-
taneous administration of 4-OI after the animals 
developed lupus improved features of clinical 
disease relative to the vehicle group. Treatment 
also reduced the levels of various antinuclear 
antibodies, including anti-RNP autoantibodies 
relative to controls. Moreover, the investigators 
found that 4-OI–treated mice had decreased 
splenomegaly compared to vehicle-treated 
mice and that this decrease was associ-
ated with decreases in activation markers in 

innate and adaptive immune cells, increases 
in CD8+ T cell numbers, and inhibition of 
JAK1 activation. When the team examined 
human control and lupus myeloid cells, they 
found that 4-OI in vitro treatment decreased 
proinfl ammatory responses.

The team next performed gene expression 
analysis of murine splenocytes and found that 
4-OI improved type I interferon (IFN) pathway 
dysregulation as evidenced by significant 

p. 1971

IFNα as a Driver of Variability in Primary SS
In the case of primary Sjögren’s syndrome 
(SS), both genetic predisposition to disease 
and pathogenic cell populations point to type 
I and type II IFNs as playing a critical role 

in disease. Trutschel et al 
(p. 1991) identify IFNα a
s a driver of primary SS 

variability, and report that IFNα demonstrates 
an association with HLA gene polymorphism. 
The authors state that, since most of the genes 
induced by IFNα are also induced by IFNγ, 
the IFNα signature may be a broader marker 
of both IFNα and IFNγ activity. Their results 
also reveal the potential of circulating IFNα 

to be used as a biomarker in primary SS. 
The investigators applied their unsu-

pervised gene expression analytic pipeline 
to blood transcriptome data fi rst from 351 
patients with primary SS who were partic-
ipants in a multicenter prospective clinical 
cohort and then from 3 independent cohorts, 
for a total of 813 patients. The authors note 
that the unsupervised clustering method has 
only been previously reported for single cell 
analysis, and so its use to analyze the tran-
scriptome data across different primary 
SS cohorts is novel. The multiomic study 
allowed the researchers to analyze the 

relationship between IFN protein concen-
trations and patient genotypes, whole-blood 
transcriptome results, and clinical pheno-
types. They identifi ed strong transcriptomic 
stratifi cation of patients with primary SS, a 
fi nding that supported their observation that 
SS was driven by IFNα rather than IFNγ. The 
authors propose that, in patients with primary 
SS, HLA may predispose to IFNα secretion 
indirectly by favoring classic presentation by 
conventional dendritic cells of SSA peptides 
to T cells. This, in turn, could lead to anti-SSA 
antibodies and immune complexes, which 
further stimulate IFNα secretion. 

p. 1991

decreases in type I IFN and proinfl ammatory 
cytokine genes. Gene expression analysis also 
revealed increased Treg cell–associated markers 
in the 4-OI group compared to the vehicle 
group. Treatment did not, however, transcrip-
tionally regulate FoxP3 levels. The authors call 
for future studies to assess whether survival of 
memory CD8 T cells and CD8-specifi c FoxP3 
expression or Treg cell suppressor function are 
affected by the treatment. 

Figure 1. Representative kidney tissue images stained with hematoxylin and eosin (H&E), Masson’s tri-
chrome, and periodic acid–Schiff (PAS). In H&E–stained images, arrowheads show infl ammation. In PAS-
stained images, arrows show glomerulosclerosis.
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The involvement of accelerated immune senescence in autoim-
mune disorders has drawn a substantial amount of interest in 
the investigation of telomere length as a putative cause of the 
initiation and progression of SLE. Previous observational studies 
and meta-analyses compared telomere length between SLE 
patients and healthy controls. Given the presence of potential 
unadjusted confounding factors and reverse causation, achieving 
a reasonable conclusion can be challenging in traditional case–
control or cross-sectional studies. More robust methods should 
be employed to determine causality. Wang et al examined 
whether leukocyte telomere length is causally associated with 
risk of SLE based on genetic data. They also estimated the effects 
of SLE on telomere length.

Two-sample Mendelian randomization (MR) analysis was first 
conducted to estimate causality of leukocyte telomere length on 
SLE in samples of European ancestry. Given the random allocation 
of genetic variants at conception, the MR estimates are usually not 
biased. The 2-sample MR design can be performed using results 
from genome-wide association studies, bypassing the need for 
individual-level data. This has a tremendous advantage in that 
causal inference can be made between the 2 traits even if they are 

not measured in the same set of samples. The MR method was 
applied following a rigorous framework that included obtaining 
SNPs that reliably associate with the exposure, extracting SNP 
effects on the outcome, harmonizing exposure and outcome SNP 
effects, performing MR analysis, and conducting diagnostics and 
sensitivity analyses.  A replication 2-sample MR study was also 
conducted using genetic data from those with Asian ancestry. Fol-
lowing similar procedures, a reverse MR analysis was then per-
formed to test the effects of SLE on telomere length using Euro-
pean genetic data.

Questions

1. What is currently known about telomere length with
susceptibility of SLE in different populations?

2. Why use the 2-sample MR analysis instead of the traditional
case–control studies? Why were the bidirectional MR
methods used to estimate causality?

3. Did	the	MR	methods	influence	findings?

4. Are there other MR methods capable of determining
causality based on individual–level data?

Telomere Length and Development of SLE: A Mendelian 
Randomization Study

IMID Patients With BCDT Susceptible to Breakthrough COVID-19
Rheumatologists recognize that patients with 
immune-mediated inflammatory diseases 
(IMIDs) receiving B cell depletion therapy 
(BCDT) are vulnerable to severe COVID-19 

infections. However, few 
studies address risks for, 
and outcomes of, break-

through infections. Calabrese et al (p. 1906) 
report that IMID patients receiving BCDT 
appear to be vulnerable to SARS–CoV-2 
regardless of vaccine status, and the use of 
BCDT was frequently associated with severe 
outcomes in infected patients. In contrast, 
outpatient use of anti–SARS–CoV-2 mono-
clonal antibody (mAb) therapy seems to be 
associated with enhanced clinical outcomes.

The study examined a large cohort 
of IMID patients (n = 1,696) exposed to 
BCDT in 2020 and compared the results to 

previous findings. The investigators focused 
on patients receiving any 1 of several classes 
of immunosuppressant treatments, including 
conventional, synthetic, or targeted disease-
modifying therapies and/or glucocorticoids. 
They calculated a time-adjusted incidence of 
breakthrough infection rate of 5.19 cases per 
1,000 person-months, with most of the cases 
identified during the Delta surge. Given that 
breakthrough infection in patients receiving 
BCDT appears to be associated with poor 
outcomes, the investigators conducted an 
additional exploratory analysis in unvacci-
nated patients with the same diagnoses and 
use of BCDTs over the same time. They found 
that the incidence of infection was similar 
but numerically lower in the unvaccinated 
patients (3.9% versus 4.4%). 

Although breakthrough patients receiving 

anti–SARS–CoV-2 mAb did extremely well, 
the authors report that only 21 of 74 break-
through patients (28.4%) received anti-
SARS–CoV–2 mAb therapy. Use of mAb 
therapy was even lower in the unvacci-
nated cohort, leading the authors to ques-
tion whether the findings reflect disparities 
in health care access and/or belief in health 
care resources. They note that these find-
ings of severe outcomes of COVID-19 
in breakthrough infections in patients 
receiving treatment with BCDTs are impor-
tant for understanding the implications of the 
evolving picture of vaccine responsiveness 
in this population. They also state that their 
study has identified an important segment of 
the immunocompromised patient population 
who are likely to face ongoing and formidable 
risks despite aggressive vaccination.

p.1906

Journal Club

Wang et al,  Arthritis Rheumatol. 2022;74:1984–1990

A monthly feature designed to facilitate discussion on research methods in rheumatology.
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Clinical Connections
Synovial Inflammatory Pathways Characterize 
Anti–TNF-Responsive RA Patients
Wang et al,  Arthritis Rheumatol. 2022;74:1916–1927

CORRESPONDENCE
Melanie Ruzek, PhD: melanie.ruzek@abbvie.com

KEY POINTS 
•  RA patients show

varying levels of synovial
inflammation. 

•  Baseline synovial
inflammation is higher in
patients showing good
responses to anti-TNF
therapy. 

•  Patients not responding
to anti-TNF therapy have
lower synovial inflammation.

•  Following anti-TNF
treatment, good responder
patients show decreases in
both synovial inflammation
and inflammatory proteins
in blood.

SUMMARY 
Rheumatoid arthritis (RA) is an inflammatory autoimmune disease localized to the synovium in the joints.  While 
anti–tumor necrosis factor (anti-TNF) is a commonly used therapy for RA, only a portion of patients show a good 
response, and the mechanistic basis has been difficult to discern. Using molecular analysis of synovial biopsy tissue 
pre– and post–anti-TNF treatment in good and poor responder patients, Wang et al demonstrated that 
inflammatory pathways within the synovium are elevated in good responders compared to poor responders.  Cell 
gene signatures similarly suggested elevations in inflammatory cells within the synovium prior to anti-TNF therapy 
in good, but not poor, responders.  After anti-TNF treatment, these synovial inflammatory pathways and cell 
signatures were reduced only in good responders.  Additionally, several corresponding peripheral blood 
inflammatory proteins were similarly decreased in good responder patients.  These data demonstrate that patients 
with greater synovial inflammation are more likely to respond to anti-TNF therapy.  These findings could lead to 
the identification of predictive markers and earlier treatment options for RA patients.
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Clinical Connections

Differences in Immune Cell Populations and 
Interactions Between JDM and cSLE Skin
Turnier et al, Arthritis Rheumatol. 2022;74:2024–2031

CORRESPONDENCE
Jessica Turnier, MD: turnierj@med.umich.edu

SUMMARY  
Juvenile dermatomyositis (DM) and childhood-onset 
systemic lupus erythematosus (cSLE) are rare 
childhood autoimmune diseases that frequently first 
present with rash and progress to multiorgan 
inflammation.  The appearance of the rashes in juvenile 
DM and cSLE appear visually similar to the eye and 
under the microscope with standard testing.  Turnier 
et al used imaging mass cytometry to characterize the 
similarities and differences in immune cell types and 
interactions in skin rashes of juvenile DM and cSLE 
patients.  Overall, cSLE patients were identified to 
have a higher total number of immune cells in skin and 
higher numbers of CD14+ macrophages, plasmacytoid 
dendritic cells (pDCs), and CD8+ T cells. The 
composition of immune cell types within the rashes of 
the 2 diseases differed, and juvenile DM patients had 
a predominance of the innate immune cells CD14+ 
and CD68+ macrophages in the skin, with 
macrophages composing >60% of the identified 
immune cell types.  While cSLE patients also had a 
high percentage of CD14+ macrophages in the skin, 
the relative composition of the adaptive immune cells 
(B cells and CD8+ T cells) was higher. Interestingly, 
immune cells in juvenile DM skin appeared to interact 
more closely with endothelial cells within blood 
vessels, whereas in cSLE, immune cells interacted 
more equally with both epithelial cells composing the 
skin barrier layers and the endothelial cells. The 
identified differences in immune cell populations and 
interactions between juvenile DM and cSLE skin holds 
the potential to lead to targeted, cell-based treatments 
for each disease and also to advance understanding of 
what causes differences in organ inflammation and 
clinical presentations between the 2 diseases.

KEY POINTS 
•  cSLE skin lesions demonstrated a denser inflammatory cell infiltrate, 

notably with a higher absolute number of CD14+ macrophages, 
pDCs, and CD8+ T cells and an overall higher number of cell–cell
interactions as compared to juvenile DM.

•  A more prominent innate immune signature was identified in juvenile
DM compared to cSLE skin.

•  As compared to cSLE, juvenile DM patients did not display a
prominent epithelial–immune cell interaction.
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ACR Announcements

Douglas W. White, MD, PhD, ACR President

Eighty-Sixth President of the ACR

At the annual business meeting of the American College of
Rheumatology on November 14, 2022, Douglas W. White, MD, PhD,
was installed as the eighty-sixth President of the College.

Dr. White is the Chair of Rheumatology at Gundersen Health System
in La Crosse, Wisconsin, where he also served as the head of the
Rheumatology Research Laboratory. He holds adjunct faculty positions
in the Department of Medicine at the University of Wisconsin School of
Medicine and Public Health in Madison and the Department of Microbiol-
ogy at the University of Wisconsin in La Crosse. He sees rheumatology
patients four and a half days per week, and supervises nurse practitioners,
a physician assistant, residents, andmedical students rotating in clinic and
on the inpatient rheumatology service.

Dr. White grew up in Milwaukee and graduated with a degree in bio-
chemistry from the University of Wisconsin-Madison following a year
abroad in Madrid. He then worked briefly on the campus of Genentech
in South San Francisco before enrolling in the Medical Scientist Training
Program at the University of Iowa, where he studied medicine and immu-
nology. Dr. White completed internal medicine residency training at the
University of Texas Southwestern in Dallas, followed by fellowship training
in rheumatology at Washington University in St. Louis. He completed
postdoctoral training and joined the faculty as an instructor at

Washington University in St. Louis prior to taking his current position in
La Crosse.

Many important mentors and colleagues have provided inspiration
and opportunities over the years that have allowed Dr. White to follow this
path. One of the first was Lloyd Smith, PhD, in the Department of
Chemistry at University of Wisconsin-Madison, who introduced Dr. White
to basic science research. The Human Genome Project was getting under
way and the focus of Dr. Smith’s laboratory was the development of
high-throughput sequencing technologies. Hands-on experience with
capillary electrophoresis in Dr. Smith’s laboratory led to Dr. White’s next
opportunity – a job at a start-up firm called Genomyx, where mass
spectrometry was used in tandem with high-speed electrophoresis to
sequence DNA.

John Harty, PhD, in the Department of Microbiology at the University
of Iowa, was another important mentor and supervised Dr. White’s PhD
thesis on the effector functions of CD8+ T cells in murine listeriosis. While
CD4+ “helper” T cells were known to produce cytokines, perforin- and
granzyme-mediated cytolysis of infected target cells had recently been
established as an important mechanism by which CD8+ “killer” T cells
mediated immunity. Dr. White’s work expanded on this model by demon-
strating that CD8+ T cells need not have cytolytic capacity to provide pro-
tection and that perforin-independent mechanisms, some of which require
tumor necrosis factor (TNF), were sufficient for antilisterial immunity in vivo.

Herbert “Skip” Virgin, MD, PhD, in the Department of Pathology at
Washington University in St. Louis, supervised Dr. White’s postdoctoral
research and provided fertile ground for studies of the interactions
between latent herpesviruses and the host immune system.
In Dr. Virgin’s laboratory, Dr. White had the good fortune to secure K08
funding and to work with outstanding collaborators on projects demon-
strating that latent infection with murine gammaherpesvirus (analogous
to Epstein-Barr virus and Kaposi sarcoma–associated herpesvirus)
shapes the host cytokine milieu, macrophage activation, and arming of
natural killer cells with profound effects on host susceptibility to heterolo-
gous infection.

Dr. White was fortunate to have outstanding clinical mentors at every
stage of his training, including Joel Gordon, MD, and Peter Densen, MD, in
Iowa, L. David Hillis, MD, Daniel Foster, MD, Pat Cook, MD, and David
Karp, MD, in Dallas, and Richard Brasington, MD, Leslie Kahl, MD, Prabha
Ranganathan, MD, John Atkinson, MD, and Wayne Yokoyama, MD, in
St. Louis. Indeed, it was Drs. Brasington and Yokoyama, when TNF inhib-
itors were emerging as new therapeutic options for rheumatology patients
and the need for basic immunology training among clinicians was becom-
ing acute, who encouraged Dr. White and his colleague, Deborah
Lenschow, MD, PhD, to expand the didactic offerings for fellows at
Washington University and create a new basic immunology course.

In 2009 Dr. White moved back to Wisconsin and started the Rheu-
matology Research Laboratory, where he established a viral recombineer-
ing program, underwritten by the Gundersen Research Foundation, that
has contributed to productive collaborations across the US for over a
decade. Darby Oldenburg, PhD, Dr. White’s long-time collaborator, took
over supervision of the laboratory in 2021.

Dr. White first volunteered at the American College of Rheumatology
in 2011 when he became a member of the Committee on Rheumatologic
Care (CORC). He has served in a number of roles since then, including as
the chair of CORC, chair of the Alternative Payment Model Workgroup,
and chair of the newly formed Membership and Awards Committee.
He joined the Board of Directors in 2017, joined the Executive Committee
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in 2019, and served as the Executive Committee Liaison to the COVID-19
Practice and Advocacy Task Force from 2020 to 2021. He was Treasurer
from 2019 to 2021, and President-Elect from 2021 to 2022.

Dr. White was inducted into Phi Beta Kappa at the University of
Wisconsin, and received the Titus Volunteer Scholarship from the Free
Medical Clinic, the Edward Heath Award for Medical Research, and the
William R. Wilson Award at the University of Iowa. He received 2 teaching
awards at University of Texas-Southwestern, was an Abbott Scholar while
at Washington University, and has received 7 teaching awards at
Gundersen. He has delivered invited presentations across the US and
internationally and his works have been published in more than a dozen
journals, including Nature, Blood, Annual Review of Immunology, the
Journal of Virology, and Arthritis & Rheumatology.

He lives in Onalaska, Wisconsin with his wife Theresa. Their children,
Harrison and Alexandra, attend the University of Wisconsin.

ACR Board of Directors, 2022–2023

Executive Committee
President: Douglas W. White, MD, PhD, Chair, Department of Rheumatol-

ogy, Gundersen Health System, Gundersen Medical Foundation,
La Crosse, Wisconsin; Clinical Adjunct Assistant Professor, Department
of Medicine, University of Wisconsin School of Medicine and Public
Health, Madison, Wisconsin; and Clinical Adjunct Assistant Professor,
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NO T E S F R OM TH E F I E L D

Overturning Roe v. Wade: Toppling the Practice
of Rheumatology

Bonnie L. Bermas,1 Irene Blanco,2 Ashira D. Blazer,3 Megan EB Clowse,4 Cuoghi Edens,5

Rosalind Ramsey-Goldman,2 and Mehret Birru Talabi6

Introduction

On June 24, 2022, the US Supreme Court overturned the
landmark Roe v. Wade decision that has guaranteed the right to
abortion across the US since 1973. As a result, abortion, per the

Court, will be legislated at the state level. Abortion bans drafted
by more than half of the states can now be implemented; many
more restrictive reproductive legislative efforts are in develop-
ment. These regulations undermine the autonomy of all persons
with gestational capacity. For patients with rheumatic diseases,

family planning choices will be limited, thereby severely restricting
options for the medical treatment of their rheumatic disorder. The
Supreme Court’s decision portends grave consequences for
the practice of rheumatology as providers weigh delivering
evidence-based clinical recommendations against the personal,

professional, and legal risks of violating constraints on reproduc-
tive rights.

Pregnancy and rheumatic diseases

Rheumatic diseases disproportionally occur during women’s
reproductive years. Pregnancies in this population are often

high-risk, precipitating disease flares that can cause organ- and
life-threatening complications with catastrophic outcomes. For
example, systemic lupus erythematosus (SLE) pregnancies have
significantly more early-onset and severe preeclampsia with
maternal mortality in women with SLE, 20-fold greater than in

the healthy population (1). Women with a variety of rheumatic dis-
eases have an increased risk of miscarriage, stillbirth, preeclamp-
sia, preterm delivery, cesarean delivery, and maternal death. Their
infants are more likely to be small for their gestational age and

need neonatal intensive care. Pregnancy outcomes are worse

when the pregnancy is unplanned or occurs in the midst of

organ-threatening disease, such as active lupus nephritis, sys-

temic vasculitis, myositis, or systemic sclerosis.
Patients with rheumatoid arthritis (RA) and other inflamma-

tory arthropathies, including ankylosing spondylitis, psoriatic

arthritis, and juvenile idiopathic arthritis (JIA), were historically

thought to fare better during pregnancy; nevertheless, recent evi-

dence suggests that these pregnancies are accompanied by high

rates of pregnancy-induced hypertension, preeclampsia, cesar-

ean delivery, preterm birth, and preterm premature rupture of the

membranes (2). Abortion restrictions will limit options for the man-

agement of complicated life-threatening pregnancies and will ulti-

mately have a detrimental effect on maternal and fetal mortality in

patients with rheumatic diseases.

Fetotoxic medications

Evidence-based standard of care for the most common rheu-

matic conditions includes fetotoxic medications (3). The American

College of Rheumatology (ACR) treatment guidelines strongly rec-

ommend methotrexate as first-line therapy for several of the most

common rheumatic diseases including RA and JIA (4,5). However,

methotrexate is teratogenic, and in doses higher than prescribed

for rheumatic disease, embryotoxic (6). The medications used for

managing the most severe manifestations of SLE are also terato-

genic. Mycophenolate (MMF) causes congenital anomalies in up

to 25% of fetuses exposed (7). Cyclophosphamide has substantial

teratogenic and abortogenic potential (3). Actual numbers of

teratogen-exposed pregnancies in rheumatology patients are
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unknown; however, many of us have encountered this clinical

dilemma, almost exclusively after the 6-week timeframe defined

by “heartbeat laws.” In the new era of abortion restrictions, many

patients who become pregnant while receiving fetotoxic medica-

tions will be forced to continue their pregnancies despite the risk

of fetal compromise. Thus, the very individuals who are personally

impacted by a chronic, disabling, and at times life-threatening

diagnosis may be forced to grapple with caring for a medically

complex child with congenital anomalies and/or neurodevelop-

mental delays.

Abortion in rheumatic disease patients

Annually in the US, the abortion rate is 11.4 per 1,000
women ages 15–44 years. Abortion-related deaths occur in 0.4
per 100,000 procedures, few in comparison to the 17.4 per
100,000 pregnancy-related deaths. Ninety-three percent of abor-
tions are performed earlier than 13 weeks, with fewer than 1% of
abortions being performed at gestations of >21 weeks (8). Abor-
tions can be performed medically with a combination of mifepris-
tone and misoprostol, or surgically by uterine aspiration and
dilatation and curettage or evacuation (9). In patients with rheu-
matic diseases, there are no worrisome safety signals for preg-
nancy termination (10).

Other proposed contraceptive restrictions

While abortion restriction is concerning enough for rheuma-
tology patients, some anti-abortion activists are introducing legis-
lation to criminalize the use of intrauterine devices (IUDs) and
emergency contraception (EC) pills. IUDs are highly effective
methods of contraception, reversible, and safe to use among
people with rheumatic diseases. IUDs prevent pregnancy
through various mechanisms of action: thinning of the uterine
lining, damage to spermatozoa, preventing ovulation, and
thickening of the cervical mucus that impedes fertilization. EC
pills prevent ovulation and halt transport of both sperm and
egg, preventing fertilization. Neither of these methods induce
an abortion (11).

Currently, the ACR Guideline for the Management of Repro-
ductive Health in Rheumatic and Musculoskeletal Diseases lists
IUDs as one of the preferred contraceptives for women with active
SLE and/or antiphospholipid antibody syndrome (3). EC pills are
deemed medically safe and are recommended by the American
College of Obstetrics and Gynecology and the ACR, without
restriction, to women with rheumatic and thrombotic conditions
(12). Restricting access to IUDs and/or EC leaves our highest-risk
patients, who have the greatest need for highly effective contra-
ception, few choices.

Potential impact of abortion legislation on the
practice of rheumatology

A worrisome consequence of abortion restriction is that real
or anticipated clinician liability may lead to more conservative pre-
scribing practices. Providers may become unwilling to prescribe
evidence-based and appropriate therapies for fear of fetotoxicity.
This anxiety will limit access to the most appropriate medications
in our patients with childbearing capacity, regardless of medical
evidence, effectiveness, or the patient’s individual health needs.
For example, if providers avoid guideline-recommended first-line
therapy for lupus nephritis, such as cyclophosphamide or MMF,
in nonpregnant women with reproductive potential, this will lead
to progression of SLE nephritis culminating in higher rates of
end-stage renal disease, need for dialysis or renal transplant,
and death. Similarly, providers may forego prescribing methotrex-
ate, the foundational treatment for inflammatory arthritis, thereby
increasing disability and decreasing quality of life for our patients.
In a specialty whose patient population is largely female, restrict-
ing specific medical treatments based on one’s potential to
become pregnant is clearly medical sexism and prohibited by
the Affordable Care Act.

Vulnerable populations

The burden of rheumatic diseases falls heavily on racial and
ethnic minority women, who face both greater morbidity and mor-
tality due to their illness and are also at greatest risk for this assault
on reproductive rights. Our patients often carry multiple minori-
tized identities at the intersection of race, language, gender,
disability, and socioeconomic status, and they experience dispar-
ities in all aspects of reproductive healthcare. Structural racism
inhibits reproductive freedom through coercive counseling and
limited contraception access particularly among Black and
Indigenous women. Moreover, these women have higher rates
of unintended pregnancy and are more likely to have pregnancy-
complicating comorbidities. These marginalized groups are often
concentrated in states with the most restrictive abortion laws
and rheumatology workforce shortages. This, together with
biases held by the medical workforce, has led to unacceptably
high maternal and infant mortality rates for minority women (13).

Rheumatic disease patients face job loss and disability at
higher rates, leading to financial hardship and lack of insurance
coverage. Indeed, ~50% of women with SLE will experience work
loss within 13 years of diagnosis (14). Women with disabilities are
twice as likely to experience sexual violence than nondisabled
women, highlighting their need for abortion access. Yet these
women will be unable to access abortion services if they do not
have the resources required to travel to another state. Being
denied the right to abortion further compounds economic dis-
tress, propelling patients with severe disease deeper into poverty.
Denying safe and often lifesaving abortions to the most vulnerable
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among us will undoubtedly drive larger divides between those
who can and cannot live well with rheumatic disease.

Call to action

While the full ramifications of the reversal of Roe v. Wade is
uncertain, as a rheumatology community, we must prepare for
the multitude of ways in which abortion restriction will affect our
patients and our practices. Several states have pending legisla-
tion that threaten criminal proceedings against patients who
obtain abortions, providers who perform these procedures, as
well as anyone who “aids or abets” an abortion. While the legal
interpretation of the latter is unclear, one could imagine extension
of the aid and abet concept to a provider who presents abortion
as an option for a pregnant patient even in life-threatening situa-
tions. In light of this, we as providers must be vigilant about
addressing contraception and family planning with our patients
with empathy and knowledge, using tools that our organization
has already endorsed such as the Reproductive Health
Guidelines (3) and the Reproductive Health Initiative contracep-
tion handouts.

The looming nationwide restrictions around abortion, with
their anticipated implementation of contraception limitations, will
undermine the health and treatment options for the millions of
rheumatic disease patients who have childbearing potential, and
will leave a lasting impact on the practice of rheumatology and
health care in this country. When the early restrictive abortion
law was passed in Georgia, prior ACR presidents and members
of the Board of Directors were prescient in their reminder to their
colleagues that rheumatologists have the “responsibility to prac-
tice evidence-based medicine in their [patients’] best interests,
and the freedom to do so without political interference” (15). On
behalf of our patients, we are compelled to criticize and protest
the Supreme Court’s decision to overturn Roe v. Wade.
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NO T E S F R OM TH E F I E L D

The Evolving Role of the Rheumatology Practitioner in the
Care of Immunocompromised Patients in the COVID-19 Era

Leonard H. Calabrese,1 Cassandra M. Calabrese,1 Elizabeth Kirchner,1 and Kevin Winthrop2

Introduction

The impact of the global COVID-19 pandemic on the field of

rheumatology has been dramatic and broad-ranging. These
effects include the pandemic’s ongoing influence on models of

care delivery, the intermittent impact on drug availability to our

patients, and the output of research our field has contributed to
increasing our understanding of the disease’s epidemiology,

basic and clinical immunology, clinical outcomes, and vaccinol-

ogy in immunocompromised hosts. The next phase of the pan-

demic cannot be totally predicted, but there is broad agreement
that SARS–CoV-2 as a global pathogen is unlikely to disappear

quietly; the virus appears to be becoming endemic, and it is likely

we will face continued emerging variants of unpredictable
pathogenicity.

If this prediction comes to fruition, SARS–CoV-2 infections
will likely impact the population along 2 different paths. The first

and most common scenario will be new or recurrent infection

among healthy, previously exposed, or vaccinated individuals
whose disease course will, in the vast majority of cases, be of

lesser severity and low mortality. The second more troubling sce-

nario will occur with infections in our immunocompromised

patients who, even if vaccinated, are more likely to experience
severe outcomes from the disease (1,2). We, as rheumatologists,

must prepare for the latter scenario even though it is yet to be

determined what will constitute best practice models for both pre-
vention and care for our immunocompromised patients. There is

clearly no one-size-fits-all approach, as rheumatologists practice

in many different models of care, ranging from solo practices to

small- and large-group practices, multispecialty, and hospital-
based practices; in each of these settings, practitioners have

access to varying levels of resources. The goals, however, are

the same for all of us: protecting our most vulnerable patients
from infection wherever possible and contributing to providing or

directing those who become infected to the best possible care.

While these goals seem unassailable, they raise important ques-

tions about the boundaries of rheumatologic care. These ques-

tions are similar, in some ways, to the controversies surrounding

our role in the care of other non-rheumatologic problems: cardio-

vascular risk management, diagnosis and treatment of infections,

providing vaccinations, and management of other medical prob-

lems in patients with complex conditions.
One could easily ask whether COVID-19 should be consid-

ered different from any other medical problem we may either treat

ourselves or refer to others. We believe it is different, and accord-

ingly, we would like to start a discussion within the rheumatology

profession in this call to action by posing a series of questions

and possible answers regarding how these goals may be

achieved.

Which of our immunocompromised patients are
of highest concern?

Defining and determining precisely who is immunocompro-

mised is surprisingly difficult and a work continually in progress.

Definitions put forth by the Centers for Disease Control and Pre-

vention (CDC) (3) are inadequate and note that such determina-

tion may be best arrived at in consultation with a specialist. Data

from numerus studies including the COVID-19 Global Rheumatol-

ogy Alliance (4) and others (5) have provided insights into epidemi-

ologic factors imparting risk, including comorbidities, disease

activity, and the use of certain immunomodulatory drugs, espe-

cially rituximab and glucocorticoids. While the utility of measuring

serologic response to vaccine has also been discouraged by the

CDC (6) and is not currently recommended by the American Col-

lege of Rheumatology (ACR) COVID-19 Vaccine Task Force due

to lack of supportive data at the time of last guidance release,
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other groups such as the transplantation community (7) have

advocated for such testing to identify the most vulnerable among

their patients. The status quo of such a nonspecific definition is

not acceptable, and we urgently need to develop more quantita-

tive biomarkers, both clinical and laboratory-based, to identify

those among our community who are most at risk and need prior-

itization of resources.

What role can rheumatologists play in prevention
of COVID-19?

While prevention of infection is clearly the most desirable
strategy for limiting the effects of COVID-19 on our immunocom-
promised patients, our capacity to achieve this with continued
viral evolutionary escape has become challenging, and we have
more realistically moved to preventing severe outcomes, including
death from primary or breakthrough infection, as our highest pri-
ority. The most powerful preventive measure currently available
against severe clinical outcomes is vaccination; however, both
patients and practitioners are often confused by the rapidly
changing guidelines for immunocompromised individuals, as well
as the general community, and thus need to be continually edu-
cated. Despite strong evidence of benefit from vaccination, addi-
tional dosing, and boosting, it is unfortunate that not all of our
patients are willing or able to be vaccinated (8). Furthermore,
and implicit in the definition of the immunocompromised state,
those most heavily immunocompromised are unlikely to fully
respond, both immunologically and clinically, to vaccinations; this
includes those receiving rituximab as well as other immunosup-
pressive therapies (2,9).

Providing clear education to our most immunocompro-
mised patients regarding the continued use of some level of
nonpharmacologic measures of infection, including masking in
public and social distancing when appropriate, is also impor-
tant (10). Most important for the most severely immunocom-
promised patients, however, is preexposure prophylaxis with
tixagevimab and cilgavimab, which have been demonstrated
to significantly reduce the likelihood and severity of COVID-19
(11). Often unclear is exactly who on the health care team
should initiate such discussions and referrals, which may lead
to lapses in administration to those who would benefit most.
Consideration of individual practices and groups should be
given to system-based screening of patient treatment records
to identify those at the highest risk, such as those undergoing
B cell–depletion therapy, and proactively contact those
patients to ensure that preexposure prophylaxis has been
offered and encouraged. It is our belief that the rheumatologist
should take the lead in preexposure prophylaxis and accord-
ingly must commit to both learning about the therapy and
becoming familiar with how and where it can be accessed in
their area.

What is our role in outpatient treatment of
COVID-19?

Rheumatologists in general will have a limited role in man-
aging patients hospitalized with COVID-19, but they will be
confronted with determining what their role is in diagnosing
and managing outpatients. The armamentarium of COVID-19
outpatient treatments is rapidly growing (12) and includes
monoclonal antibodies (a constantly changing option due to
viral escape), which need to be administered within a specific
timeline (generally 7–10 days) (13), as well as both a single
parenteral and several oral antiviral agents, which must also
be given within a critical time window (i.e., 0–5 days after
symptom onset for oral therapies, 0–7 days for parenteral
therapy) (12). With this in mind, we believe that rheumatology
practitioners must educate our immunocompromised patients
on how to be rapidly diagnosed and treated, in the event that
they do become infected (Figure 1). Such education includes
an understanding of the time urgency of available therapies,
vigilance for early signs or symptoms of COVID-19, and
encouraging access to rapid testing (preferably at home).
Another critical step in optimal COVID-19 outpatient care is
clear awareness of who to call once an immunocompromised
patient is diagnosed or strongly suspected of having
COVID-19; such a resource (i.e., physician, advanced practi-
tioner, consultant) can then direct the patient to the appropri-
ate outpatient treatment without delay. Each practice setting,
whether solo, small- or large-group, or academic center
should have its own network of consultants to refer patients
to or commit to take it upon themselves to initiate such
therapies.

Finally, it is unknown whether our immunocompromised
patients will have more severe or more frequent sequelae from
COVID-19 (post-acute sequelae of COVID-19, or long COVID),
but early research demonstrates that prolonged symptom dura-
tion is common in our patients (14). Given the current lack of firm
diagnostic criteria or biomarkers and no evidence-based thera-
pies, the profession will have to remain engaged in active research
to answer these questions; our future role in diagnosis and
management for now is far from clear.

What educational resources are available to
rheumatologists?

Defining our role in this rapidly changing landscape of care
will continue to be challenging, and we propose that, at minimum,
rheumatologists should maintain declarative knowledge of
COVID-19, allowing them to educate their immunocompromised
patients, critically appraise the data on preventative and thera-
peutic options, and be able to prescribe or at least direct immuno-
compromised patients to the most current and effective care
pathway in the event of infection. Given the explosion of peer-
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reviewed publications, pre–peer review publications, and online
sources of unfiltered data often referred to as gray literature
(e.g., as of July 1, 2022, there are >11 billion citations on
COVID-19), it is more challenging than ever to be confident in
our knowledge base regarding the changing practice standards
for COVID-19 prevention and management. As a result, most
practitioners must rely on real-time or living guidelines on disease
management from organizations invested in providing such guid-
ance. Examples of such information include the National Institutes
of Health, CDC, Infectious Disease Society of America, and the
ongoing efforts by the ACR (15), which summarize and provide
the best available evidence, including vaccine recommendations,
nonpharmacologic and pharmacologic preventive measures,
and outpatient therapeutic options. Rheumatology meetings and
educational venues must also step in to address clinical needs
surrounding prevention and management for the practitioner in
addition to presenting the latest basic and clinical science on the
disease. The road ahead unfortunately appears to be a long one,
and we as professionals who manage immunocompromised
patients have an additional formidable challenge to address
through education, prevention, and management (12).
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Classification Criteria for Takayasu Arteritis
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Objective. To develop and validate new classification criteria for Takayasu arteritis (TAK).
Methods. Patients with vasculitis or comparator diseases were recruited into an international cohort. The study

proceeded in 6 phases: 1) identification of candidate criteria items, 2) collection of candidate items present at diagno-
sis, 3) expert panel review of cases, 4) data-driven reduction of candidate items, 5) derivation of a points-based classi-
fication score in a development data set, and 6) validation in an independent data set.

Results. The development data set consisted of 316 cases of TAK and 323 comparators. The validation data set
consisted of an additional 146 cases of TAK and 127 comparators. Age ≤60 years at diagnosis and imaging evidence
of large-vessel vasculitis were absolute requirements to classify a patient as having TAK. The final criteria items and
weights were as follows: female sex (+1), angina (+2), limb claudication (+2), arterial bruit (+2), reduced upper extrem-
ity pulse (+2), reduced pulse or tenderness of a carotid artery (+2), blood pressure difference between arms of
≥20 mm Hg (+1), number of affected arterial territories (+1 to +3), paired artery involvement (+1), and abdominal aorta
plus renal or mesenteric involvement (+3). A patient could be classified as having TAK with a cumulative score of
≥5 points. When these criteria were tested in the validation data set, the model area under the curve was 0.97
(95% confidence interval [95% CI] 0.94–0.99) with a sensitivity of 93.8% (95% CI 88.6–97.1%) and specificity of
99.2% (95% CI 96.7–100.0%).

Conclusion. The 2022 American College of Rheumatology/EULAR classification criteria for TAK are now validated
for use in research.

This criteria set has been approved by the American College of Rheumatology (ACR) Board of Directors and the
EULAR Executive Committee. This signifies that the criteria set has been quantitatively validated using patient data,
and it has undergone validation based on an independent data set. All ACR/EULAR‐approved criteria sets are
expected to undergo intermittent updates.

The ACR is an independent, professional, medical and scientific society that does not guarantee, warrant, or endorse
any commercial product or service.
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INTRODUCTION

Takayasu arteritis (TAK) is one of the major forms of large-
vessel vasculitis (LVV) (1). TAK is a chronic disease defined by
granulomatous inflammation affecting the aorta and its primary
branches. Complications from vascular damage can result in sub-
stantial morbidity including stroke, myocardial infarction, mesen-
teric ischemia, and limb claudication.

Unlike diagnostic criteria, the purpose of classification criteria is
to ensure that a homogenous population is selected for inclusion into
clinical trials and other research studies (2). In 1990, the American
College of Rheumatology (ACR) endorsed classification criteria for
TAK (3). These criteria were developed using data from only
63 patients with TAK and have never been independently validated.
Additionally, these criteria were derived using data from patients
exclusively from North America without representation from Europe
or Asia, where clinical patterns of disease may differ (4), limiting the
generalizability of results. Given these constraints, the 1990 ACR cri-
teria for TAKno longer satisfy accepted current standards (5) for clas-
sification criteria development, and updated criteria are warranted.
Further highlighting a need for uniform, revised criteria in TAK is the
use of divergent eligibility criteria to define study populations in
2 recent randomized clinical trials conducted in North America and
Japan, making comparisons between the trial findings difficult (6,7).

Advancements in imaging techniques and the ongoing
adoption of noninvasive vascular imaging approaches in clinical
practice have broadened understanding of the clinical heteroge-
neity in LVV (8). Disease of the extracranial arteries is increasingly
recognized in patients with giant cell arteritis (GCA), making the
distinction between TAK and GCA more challenging (9). Age is
typically used as a primary classifier to differentiate between TAK
and GCA; however, specific age thresholds to define each dis-
ease have not been standardized. Therefore, in addition to incor-
porating data from a larger patient population from a wider
geographic spectrum, the updated TAK classification criteria
should reflect modern clinical practice, including current imaging
techniques, and also define specific age thresholds.

This article outlines the development and validation of the
new ACR/EULAR-endorsed classification criteria for TAK.

METHODS

An international Steering Committee comprising clinician
investigators with expertise in vasculitis, statisticians, and data

managers was established to oversee the overall development
of classification criteria for primary vasculitis (10). A detailed and
complete description of the methods involved in the development
and validation of the classification criteria for TAK is located in
Supplementary Appendix 1 (http://onlinelibrary.wiley.com/doi/
10.1002/art.42324). Briefly, the Steering Committee imple-
mented a 6-stage plan using data-driven and consensus method-
ology to develop the following criteria.

Stage 1: generation of candidate classification items
for the systemic vasculitides. Candidate classification items
were generated by expert opinion and reviewed by a group of
vasculitis experts across a range of specialties using nominal
group technique.

Stage 2: Diagnostic and Classification Criteria for
Vasculitis (DCVAS) prospective observational study.
A prospective, international, multisite observational study was
conducted (see Appendix A for study investigators and sites).
Ethical approval was obtained from local ethics committees.
Consecutive patients representing the full spectrum of vasculiti-
des were recruited from academic and community practices.
Patients were included if they were 18 years or older and had a
diagnosis of vasculitis or a condition that mimics vasculitis
(e.g., infection, malignancy, atherosclerosis). Patients with TAK
could only be enrolled within 5 years of diagnosis. Only data
present at diagnosis were used to develop the classification
criteria.

Stage 3: expert review to derive a gold standard–
defined set of cases of LVV. Experts in vasculitis from a wide
range of geographic locations and specialties (see Appendix A)
reviewed all submitted cases of vasculitis and a random selection
of vasculitis mimics. Each reviewer was asked to review ~50 sub-
mitted cases to confirm the diagnosis and to specify the degree of
certainty of their diagnosis as follows: very certain, moderately
certain, uncertain, or very uncertain. Only cases agreed upon with
at least moderate certainty by 2 reviewers were retained for further
analysis.

Stage 4: refinement of candidate items specifically
for LVV. The Steering Committee conducted a data-driven pro-
cess to reduce the number of candidate items of relevance to cases
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and comparators for LVV. Density plots were assessed to study
age distribution at diagnosis and symptom onset for TAK and
GCA. Absolute age requirements versus incorporation of age as a
candidate criteria item were considered. Items related to the vascu-
lar physical examination, vascular imaging, arterial biopsy, and labo-
ratory values were combined or eliminated based on consensus
review. Items were selected for exclusion if they had a prevalence
of <5% within the data set, and/or they were not clinically relevant
for classification criteria (e.g., related to infection, malignancy, or
demography). Low-frequency items of clinical importance could be
combined, when appropriate. Patterns of vascular imaging findings
detected by vascular ultrasound, angiography, or positron emission
tomography were defined by K-means clustering (11).

Stage 5: derivation of the final classification criteria
for TAK. The DCVAS data set was split into development (70%)
and validation (30%) sets. Comparisons were performed between
cases of TAK and a randomly selected comparator group in the
following proportions: GCA, 33.6%; other vasculitides that mimic
GCA and TAK (isolated aortitis, primary central nervous system
vasculitis, polyarteritis nodosa, Behçet’s disease, and other
LVV), 33.1%; a comparator mimic of LVV (e.g., headache syn-
drome or atherosclerosis), 33.3%. Least absolute shrinkage and
selection operator (lasso) logistic regression was used to identify
predictors from the data set and create a parsimonious model
including only the most important predictors. The final items in
the model were formulated into a clinical risk-scoring tool, with
each factor assigned a weight based on its respective regression
coefficient. A threshold that best balanced sensitivity and specific-
ity was identified for classification.

Stage 6: validation of the final classification criteria
for TAK. Performance of the new criteria was validated in an
independent set of cases and comparators. Performance of the
final classification criteria was examined in specific subsets of
patients with TAK using data from the combined development
and validation sets, to maximize sample sizes for the subgroups.
Patients were studied according to different intervals of age at
diagnosis to determine if the criteria performed well across the
age spectrum of TAK. Performance characteristics of the new cri-
teria were also tested in patients recruited into the DCVAS study
from different regions of the world where prevalence of TAK and
clinical assessment approaches may differ. Comparison was
made between the measurement properties of the new 2022
ACR/EULAR classification criteria for TAK and the 1990 ACR
classification criteria.

RESULTS

Generation of candidate classification items for the
systemic vasculitides. The Steering Committee identified
>1,000 candidate items for the DCVAS Case Report Form

(Supplementary Appendix 2, http://onlinelibrary.wiley.com/doi/
10.1002/art.42324).

DCVAS prospective observational study. Between
January 2011 and December 2017, the DCVAS study recruited
6,991 participants from 136 sites in 32 countries. Information on
the DCVAS sites, investigators, and study participants is listed in
Supplementary Appendices 3, 4, and 5 (http://onlinelibrary.wiley.
com/doi/10.1002/art.42324).

Expert review methodology to derive a gold
standard–defined final set of cases of LVV. The LVV expert
panel review process included 56 experts who reviewed vignettes
derived from the Case Report Forms for 2,131 cases submitted
with a diagnosis of LVV (1,608 [75.5% of Case Report Forms]),
another type of vasculitis (118 [5.5% of Case Report Forms]), or
a mimic of vasculitis (405 [19.0% of Case Report Forms]). Charac-
teristics and the list of expert reviewers are shown in Supplemen-
tary Appendices 6 and 7 (http://onlinelibrary.wiley.com/doi/10.
1002/art.42324). A sample vignette and the LVV expert panel
review flow chart are shown in Supplementary Appendices 8
and 9. A total of 1,695 cases (80%) passed the main LVV pro-
cess. An additional 373 cases of LVV and comparators, con-
firmed during a previous review process to derive the
classification criteria for antineutrophil cytoplasmic antibody–
associated vasculitis, were also included. In total, after both
review processes, 2,068 cases were available for the stages
4 and 5 analyses.

The submitting physician diagnosis of TAK was confirmed in
500 of 610 cases (82.0%) after both expert panel reviews. The
reasons for exclusion were diagnosis of TAK categorized as
“uncertain” or “very uncertain” during panel review (n = 95) or
change in diagnosis during panel review to another type of vascu-
litis (e.g., GCA, isolated aortitis, LVV that could not be subtyped)
(n = 10) or to a comparator disease (n = 5). An additional 9 patients
who were not initially diagnosed as having TAK by the submitting
physician were diagnosed as having TAK after panel review and
DCVAS Steering Committee member adjudication. Per Steering
Committee consensus, imaging evidence of LVV was considered
an absolute requirement to classify TAK. Of 509 cases confirmed
by expert panel review, 47 patients with TAK did not have docu-
mented disease according to a vascular imaging study and were
excluded from further analysis, leaving a total of 462 patients with
TAK for subsequent analysis.

Refinement of candidate items specifically for TAK.
Patients with TAK were diagnosed in the following age groups:
18–39 years (n = 355; 77%); 40–60 years (n = 104; 23%);
and >60 years (n = 3; <1%) (see Supplementary Appendix 10
for the distribution of “age at diagnosis” in patients with LVV,
and the similar distribution of “age at symptom onset,” http://
onlinelibrary.wiley.com/doi/10.1002/art.42324). Therefore, an age
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of ≤60 years at diagnosis was considered an absolute requirement
to classify a patient as having TAK.

Prevalence of arterial damage (stenosis, occlusion, or aneu-
rysm) was greater in TAK compared to GCA in the following 9 arte-
rial territories: thoracic aorta, abdominal aorta, left and right
carotid, left and right subclavian, mesenteric, and left and right
renal arteries (Supplementary Appendix 11, http://onlinelibrary.
wiley.com/doi/10.1002/art.42324). Therefore, a composite vari-
able representing the number of affected arteries was created
based upon luminal damage in those 9 territories. As previously
reported, cluster analyses identified vascular damage in the
abdominal aorta and the renal or mesenteric arteries as a
specific imaging pattern for TAK in the DCVAS cohort (11); thus,
this arterial pattern was tested as a potential classifier of TAK
(Supplementary Appendix 12, http://onlinelibrary.wiley.com/doi/
10.1002/art.42324). Symmetric disease in branch arteries
(carotid, subclavian, and renal arteries) was seen in 30.3%
patients with TAK compared to 2.7% of the comparators
(P < 0.01) and, therefore, was included as a potential classifier.
A systolic blood pressure difference of ≥20 mm Hg between
upper extremities optimized specificity to differentiate TAK from
other forms of LVV.

Following a data-driven and expert consensus process,
72 items from the DCVAS Case Report Form were retained for
lasso regression analysis, including 32 demographic and clinical
items, 14 laboratory items (including values of C-reactive protein
level and erythrocyte sedimentation rate, each divided into 5 cate-
gories), 14 imaging items (13 composite), 11 vascular examina-
tion items (5 composite, and upper extremity blood pressure

divided into 6 categories), and 1 arterial biopsy item
(Supplementary Appendix 13, http://onlinelibrary.wiley.com/doi/
10.1002/art.42324). Criteria for TAK and GCA were indepen-
dently derived from this common set of 72 items.

Derivation of the final classification criteria for TAK.
Table 1 lists the demographic and disease features of the
462 patients with TAK and 450 comparators used to develop and
validate the criteria, of which 316 patientswith TAK and 323 compar-
ators were in the development data set and 146 patients with TAK
and 127 comparators were in the validation data set. The patients
with TAKwere recruited from Asia (n = 298), Europe (n = 130), North
America (n = 28), Africa (n = 3), and Oceania (n = 3). Clinical diagno-
ses assigned to patients in the comparator group are detailed in
Supplementary Appendix 14 (http://onlinelibrary.wiley.com/doi/
10.1002/art.42324).

Lasso logistic regression analysis using all 72 items resulted in a
model of 9 independent items (Supplementary Appendix 15B,
http://onlinelibrary.wiley.com/doi/10.1002/art.42324). Weighting of
individual criterion was based on logistic regression fitted to the
9 selected predictors. The number of affected arterial territories func-
tioned as an almost perfect classifier (Supplementary Appendix 16B)
andwas thus also included in the final model, with criterionweighting
determined by consensus of the Steering Committee
(Supplementary Appendix 17B).

Validation of the final classification criteria for TAK.
Using a cutoff of ≥5 in total risk score in the validation data set (see
Supplementary Appendix 18B for cutoff points), the sensitivity was

Table 1. Demographic and disease features of the patients with Takayasu arteritis and the comparators*

TAK Comparators
P(n = 462) (n = 450)†

Age, mean ± SD years 32.3 ± 10.4 58.6 ± 18.0 <0.001
Female sex 391 (84.6) 246 (54.7) <0.001
Clinical features
Angina 56 (12.1) 7 (1.6) <0.001
Arm claudication 233 (50.4) 11 (2.4) <0.001
Leg claudication 88 (19.0) 17 (3.8) <0.001

Vascular examination findings
Arterial bruit 263 (56.9) 32 (7.1) <0.001
Reduced or absent pulse in upper extremity 309 (66.9) 16 (3.6) <0.001
Carotid artery with reduced pulse or tenderness 171 (37.0) 16 (3.6) <0.001
Difference in systolic blood pressure ≥20 mm Hg 190 (41.1) 16 (3.6) <0.001

between arms
Imaging findings
1 affected arterial territory 76 (16.5) 36 (8.0) <0.001
2 affected arterial territories 114 (24.7) 12 (2.7) <0.001
≥3 affected arterial territories 89 (19.2) 5 (1.1) <0.001
Vasculitis affecting paired branch arteries 140 (30.3) 12 (2.7) <0.001
Abdominal aorta involvement with renal or
mesenteric artery involvement

83 (18.0) 5 (1.1) <0.001

* Except where indicated otherwise, values are the number (%).
† Diagnoses of comparators for the classification criteria for Takayasu arteritis (TAK) included giant cell arteritis
(n = 151), Behçet’s disease (n = 80), polyarteritis nodosa (n = 39), clinically isolated aortitis (n = 12), primary central
nervous system vasculitis (n = 11), large-vessel vasculitis (LVV) that could not be subtyped (n = 7), and other diseases
that mimic LVV (n = 150).
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93.8% (95% confidence interval [95% CI] 88.6–97.1%), and the
specificity was 99.2% (95% CI 96.7–100.0%). The area under the
curve for the model was 0.97 (95% CI 0.94–0.99) (Supplementary
Appendix 19B, http://onlinelibrary.wiley.com/doi/10.1002/art.

42324). The final classification criteria for TAK are shown in
Figure 1 (for the slide presentation versions, see Supplemen-
tary Figure 1, http://onlinelibrary.wiley.com/doi/10.1002/art.
42324).

Figure 1. The final 2022 American College of Rheumatology/EULAR Classification Criteria for Takayasu arteritis.
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The performance characteristics of the criteria in different sub-
sets of patients with TAK are shown in Table 2 and Supplementary
Appendix 20B. For patients who were diagnosed between 18 and
39 years of age, the sensitivity of the criteria was 94.0% (95% CI
91.0–96.3%), and the specificity was 97.7% (95% CI 91.9–
99.7%). For patients who were diagnosed between 40 and
60 years of age, the sensitivity of the criteria was 83.7% (95% CI
75.1–90.2%), and the specificity was 91.8% (95% CI 85.4–
96.0%). Because age restrictions are absolute requirements for
the 2022 ACR/EULAR classification criteria for TAK (≤60 years at
diagnosis) and GCA (≥50 years at diagnosis), patients with LVV
between the ages of 50 and 60 years are potentially eligible to fulfill
criteria for TAK and GCA. Of the 26 patients with TAK diagnosed
between the ages of 50 and 60 years, 23 (88.5%) were classified
correctly as having TAK, 1 (3.9%) was incorrectly classified as hav-
ing GCA, and 1 (3.9%) fulfilled criteria for both TAK and GCA
(Supplementary Appendix 21, http://onlinelibrary.wiley.com/doi/
10.1002/art.42324). The criteria performed well in both Asia (sensi-
tivity 92.0%, specificity 93.2%) and Europe/North America (sensi-
tivity 90.5%, specificity 94.4%).

When the 1990 ACR classification criteria for TAK were
applied to the DCVAS validation data set, the criteria performed
poorly due to low sensitivity (84.3% [95% CI 77.3–89.7%]) but
retained excellent specificity (99.2% [95% CI 95.7–100.0%]). In
particular, the 1990 criteria had poor sensitivity for patients who
were diagnosed as having TAK between 40 and 60 years of age
(62.5% [95% CI 52.5–71.8%]).

DISCUSSION

Presented here are the final 2022 ACR/EULAR TAK classi-
fication criteria. A 6-stage approach was used, underpinned by
data from the multinational, prospective DCVAS study and
informed by expert review and consensus at each stage. The
comparator group for developing and validating the criteria
were other vasculitides and conditions that mimic TAK, where

discrimination from TAK is difficult but important. In the valida-
tion data set, the new criteria had a sensitivity of 93.8% (95%
CI 88.6–97.1%) and a specificity of 99.2% (95% CI 96.7–
100.0%). These are the official final values that should be
quoted when referring to the criteria. The sensitivity and speci-
ficity values calculated in the development data set were very
similar, providing reassurance that the statistical methods
avoided overfitting of models. Calculations of sensitivity and
specificity for patient subgroups were made in the combined
development and validation data sets to maximize sample sizes
for the subgroups. Reassuringly, the new criteria for TAK have
excellent sensitivity and specificity across different regions of
the world. The criteria also incorporate modern imaging tech-
niques, which are useful both to diagnose LVV and to differenti-
ate among different types of vasculitis. The criteria were
designed to have face and content validity for use in clinical trials
and other research studies.

These criteria are validated and intended for the purpose of
classification of vasculitis and are not appropriate for use to
establish a diagnosis of vasculitis (2). The aim of the classifica-
tion criteria is to differentiate cases of TAK from similar types
of vasculitis in research settings (5). Therefore, the criteria

should only be applied when a diagnosis of large- or medium-
vessel vasculitis has been made and all potential “vasculitis
mimics” have been excluded. For example, the criteria were
not developed to differentiate patients with TAK from patients
with atherosclerosis or noninflammatory genetic diseases that
damage the large arteries. The 1990 ACR classification criteria
for vasculitis perform poorly when used for diagnosis
(i.e., when used to differentiate between cases of vasculitis ver-
sus mimics without vasculitis), and it is expected that the 2022
criteria would also perform poorly if used inappropriately as
diagnostic criteria (12).

The 2022 ACR/EULAR TAK classification criteria reflect the
collaborative effort of the international vasculitis community to
delineate the salient clinical features that differentiate TAK from

Table 2. Performance characteristics of the 2022 ACR/EULAR classification criteria for Takayasu arteritis*

Patient subset
Total no. patients (no.

TAK patients)
Sensitivity
(95% CI)

Specificity
(95% CI) AUC (95% CI)

Development data set 639 (316) 89.9 (86.0–93.0) 96.6 (94.0–98.3) 0.93 (0.91–0.95)
Validation data set 273 (146) 93.8 (88.6–97.1) 99.2 (96.7–100.0) 0.97 (0.94–0.99)
Age intervals
18–39 years 437 (351) 94.0 (91.0–96.3) 97.7 (91.9–99.7) 0.96 (0.94–0.98)
40–60 years 226 (104) 83.7 (75.1–90.2) 91.8 (85.4–96.0) 0.88 (0.83–0.92)

World regions
North America 127 (28) 85.7 (67.3–96.0) 92.9 (86.0–97.1) 0.89 (0.82–0.96)
Europe 422 (130) 91.5 (85.4–95.7) 94.9 (91.7–97.1) 0.93 (0.90–0.96)
North America/Europe
combined

549 (158) 90.5 (84.8–94.6) 94.4 (91.6–96.4) 0.92 (0.90–0.95)

Asia 357 (298) 92.0 (88.3–94.8) 93.2 (83.5–98.1) 0.94 (0.89–0.96)

* Performance characteristics for the age and regional subsets were reported using data from the combined devel-
opment and validation data sets to maximize sample size. ACR = American College of Rheumatology;
TAK = Takayasu arteritis; 95% CI = 95% confidence interval; AUC = area under the curve.
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other forms of vasculitis, most notably GCA. The final criteria
include 10 clinical items that are routinely assessed during clinical
evaluation of patients with TAK. The criteria highlight the impor-
tance of clinical symptoms, vascular physical examination,
and vascular imaging as important disease classifiers. Fea-
tures of TAK may differ in patients from different parts of the
world (13). The 2022 ACR/EULAR TAK classification criteria
retained excellent performance characteristics when tested in
patients from different regions, including Asia where the dis-
ease is most prevalent (14). While TAK is often considered a
disease of the young, 25% of the patients with TAK in the
DCVAS cohort were older than 40 years at the time of diagno-
sis. Therefore, an age at diagnosis of ≤60 years, rather than a
lower age threshold, was set as an absolute requirement for
disease classification. The 2022 ACR/EULAR TAK classifica-
tion criteria performed well when applied to patients ages
18–60 years and outperformed the 1990 ACR Classification
Criteria for TAK in the subset of patients diagnosed as having
TAK ages 40–60 years.

There are several strengths of the new 2022 ACR/EULAR
TAK classification criteria. The criteria were developed by a large
group of international experts in systemic vasculitis, with guidance
from the ACR regarding modern methods of classification criteria
development. The criteria represent several important methodo-
logic advancements compared to the original 1990 ACR classifi-
cation criteria for TAK. First, expert review rather than submitting
physician diagnosis was used as the diagnostic reference stan-
dard to minimize investigator bias. Second, while the 1990 ACR
criteria were entirely derived using data from 63 North American
patients with TAK and not validated in a separate data set, the
new criteria were developed in 316 patients with TAK and vali-
dated in an independent data set which contained an additional
146 patients with TAK from an international cohort. Third, unlike
the 1990 ACR criteria, the new ACR/EULAR TAK criteria are
weighted to reflect the relative importance of specific items
(e.g., number of affected arterial territories). Finally, when both cri-
teria sets were tested within the DCVAS cohort, the performance
characteristics of the 2022 ACR/EULAR TAK criteria outper-
formed the 1990 ACR criteria.

There are some study limitations to consider. Acquisition of
clinical and imaging data among patients with LVV and compara-
tors was not standardized (e.g., not all pulses were recorded by
the investigators; patients with suspected diagnosis of TAK rarely
underwent investigation of the cranial arteries; temporal artery
biopsy was not performed in all patients with suspected GCA).
However, this limitation reflects the existing differences in how
these diseases are assessed in routine clinical practice. Most
patients were recruited from Europe, Asia, and North America,
with fewer patients from Africa and Oceania. The performance
characteristics of the criteria should be further tested in popula-
tions that were underrepresented in the DCVAS cohort and may
have different clinical presentations of TAK. These criteria were

developed using data collected from adult patients with vasculitis
and should be tested in children with TAK (15).

The 2022 ACR/EULAR classification criteria for TAK are the
product of a rigorous methodologic process that utilized an
extensive data set generated by the work of a remarkable interna-
tional group of collaborators. These criteria have been endorsed
by the ACR and EULAR and are now ready for use in research.
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2022 American College of Rheumatology/EULAR
Classification Criteria for Giant Cell Arteritis

Cristina Ponte,1 Peter C. Grayson,2 Joanna C. Robson,3 Ravi Suppiah,4 Katherine Bates Gribbons,2

Andrew Judge,5 Anthea Craven,6 Sara Khalid,6 Andrew Hutchings,7 Richard A. Watts,8

Peter A. Merkel,9 and Raashid A. Luqmani,6 , for the DCVAS Study Group

Objective. To develop and validate updated classification criteria for giant cell arteritis (GCA).
Methods. Patients with vasculitis or comparator diseases were recruited into an international cohort. The study

proceeded in 6 phases: 1) identification of candidate items, 2) prospective collection of candidate items present at
the time of diagnosis, 3) expert panel review of cases, 4) data-driven reduction of candidate items, 5) derivation of a
points-based risk classification score in a development data set, and 6) validation in an independent data set.

Results. The development data set consisted of 518 cases of GCA and 536 comparators. The validation data set con-
sisted of 238 cases of GCA and 213 comparators. Age ≥50 years at diagnosis was an absolute requirement for classification.
The final criteria items and weights were as follows: positive temporal artery biopsy or temporal artery halo sign on ultrasound
(+5); erythrocyte sedimentation rate ≥50 mm/hour or C-reactive protein ≥10mg/liter (+3); sudden visual loss (+3);morning stiff-
ness in shoulders or neck, jaw or tongue claudication, new temporal headache, scalp tenderness, temporal artery abnormality
on vascular examination, bilateral axillary involvement on imaging, and fluorodeoxyglucose–positron emission tomography
activity throughout the aorta (+2 each). A patient could be classified as havingGCAwith a cumulative score of ≥6 points.When
these criteria were tested in the validation data set, the model area under the curve was 0.91 (95% confidence interval [95%
CI] 0.88–0.94) with a sensitivity of 87.0% (95% CI 82.0–91.0%) and specificity of 94.8% (95% CI 91.0–97.4%).

Conclusion. The 2022 American College of Rheumatology/EULAR GCA classification criteria are now validated for
use in clinical research.

This criteria set has been approved by the American College of Rheumatology (ACR) Board of Directors and the
EULAR Executive Committee. This signifies that the criteria set has been quantitatively validated using patient data,
and it has undergone validation based on an independent data set. All ACR/EULAR-approved criteria sets are
expected to undergo intermittent updates.

The ACR is an independent, professional, medical and scientific society that does not guarantee, warrant, or endorse
any commercial product or service.
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INTRODUCTION

Giant cell arteritis (GCA), formerly known as temporal arteri-
tis, is the most common form of systemic vasculitis in patients
aged ≥50 years (1). GCA is defined by granulomatous arteritis
that affects large- and medium-sized blood vessels with a predis-
position to affect the cranial arteries (2). Common presenting fea-
tures of the disease include headache, constitutional symptoms,
jaw claudication, scalp tenderness, visual disturbances, and ele-
vated inflammatory markers (3).

In 1990, the American College of Rheumatology (ACR)
endorsed classification criteria for GCA (4). These criteria were
established before the widespread use of noninvasive and
advanced vascular imaging modalities, which have become
increasingly incorporated in the clinical assessment of GCA.
Vascular ultrasound can be used to diagnose GCA, and depend-
ing on the clinical setting, a noncompressible “halo” sign of a tem-
poral ± axillary artery may replace the need for temporal artery
biopsy (TAB) (5–8). Moreover, vascular imaging has demon-
strated that arterial involvement in GCA is not exclusively confined
to the cranial arteries (9,10) and can commonly affect the aorta
and primary branches in a pattern similar to Takayasu arteritis
(TAK) (11,12).

The limitations of the ACR 1990 criteria for GCA have become
more apparent in the conduct of recent clinical trials and other
research studies, in which investigators typically modify the 1990
ACR criteria to reflect modern practice (6,13,14). Notably, the
1990 ACR criteria focus mostly on cranial features of GCA and do
not perform well in classifying patients with disease predominantly
affecting the larger arteries. The 1990 ACR criteria were derived
using comparator populations which included many patients with
small-vessel vasculitis, a form of vasculitis that is not typically difficult
to differentiate fromGCA. In addition, the 1990 ACR criteria for GCA
followed the “number of criteria” rule, which considered each crite-
rion to have equal weight as a classifier for the disease. Since then,
methodologic advances in classification criteria have allowedmove-
ment toward weighted criteria with threshold scores that improve
performance characteristics (15,16).

This article outlines the development and validation of the
revised ACR/EULAR–endorsed classification criteria for GCA.

METHODS

An international Steering Committee comprising clinician
investigators with expertise in vasculitis, statisticians, and data

managers was assembled to oversee the overall development of
classification criteria for primary vasculitis (17). A detailed and
complete description of the methods involved in the development
and validation of the classification criteria for GCA is located in the
Supplementary Appendix 1 (http://onlinelibrary.wiley.com/doi/
10.1002/art.42325). Briefly, the Steering Committee imple-
mented a 6-stage plan using data-driven and consensus method-
ology to develop the following criteria.

Stage 1: generation of candidate classification
items for the systemic vasculitides. Candidate classification
items were generated by expert opinion and reviewed by a group
of vasculitis experts across a range of specialties using nominal
group technique.

Stage 2: Diagnostic and Classification Criteria for
Vasculitis (DCVAS) prospective observational study. A
prospective, international, multisite observational study was con-
ducted (see Appendix A for study investigators and sites). Ethical
approval was obtained from local ethics committees. Consecu-
tive patients representing the full spectrum of vasculitides were
recruited from academic and community practices. Patients were
included if they were 18 years or older and had a diagnosis of vas-
culitis or a condition that mimics vasculitis (e.g., infection, malig-
nancy, atherosclerosis). Patients with GCA could only be
enrolled within 2 years of diagnosis. Only data present at diagno-
sis were used to develop the classification criteria.

Stage 3: expert review to derive a gold standard–
defined set of cases of large-vessel vasculitis (LVV).
Experts in vasculitis from a wide range of geographic locations
and specialties (see Appendix A) reviewed all submitted cases of
vasculitis and a random selection of vasculitis mimics. Each
reviewer was asked to review ~50 submitted cases to confirm
the diagnosis and to specify the degree of certainty of their diag-
nosis as follows: very certain, moderately certain, uncertain, or
very uncertain. Only cases agreed upon with at least moderate
certainty by 2 reviewers were retained for further analysis.

Stage 4: refinement of candidate items specifically
for LVV. The Steering Committee conducted a data-driven pro-
cess to reduce the number of candidate items of relevance to
cases and comparators for LVV. Density plots were assessed to
study age distribution at diagnosis and symptom onset for GCA
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and TAK. Absolute age requirements versus incorporation of age
as a candidate criteria item was considered. Items related to the
vascular physical examination, vascular imaging, arterial biopsy,
and laboratory values were combined or eliminated based on
consensus review. Items were selected for exclusion if they had
a prevalence of <5% within the data set, and/or they were not
clinically relevant for classification criteria (e.g., related to infection,
malignancy, or demography). Low-frequency items of clinical
importance could be combined, when appropriate. Patterns of
vascular imaging findings detected by vascular ultrasound, angi-
ography, or positron emission tomography (PET) were defined
by K-means clustering (18).

Stage 5: derivation of the final classification criteria
for GCA. The DCVAS data set was split into development (70%)
and validation (30%) sets. Comparisons were performed
between cases of GCA and a randomly selected comparator
group in the following proportions: TAK, 33.5%; other vasculiti-
des that mimic GCA and TAK (isolated aortitis, primary central
nervous system vasculitis, polyarteritis nodosa, Behçet’s dis-
ease, and other LVV), 33.4%; and other diagnoses that mimic
LVV (e.g., atherosclerosis, unspecific headache), 33.1%. Least
absolute shrinkage and selection operator (lasso) logistic
regression was used to identify predictors from the data set
and create a parsimonious model including only the most
important predictors (19). The final items in the model were for-
mulated into a clinical risk-scoring tool, with each factor
assigned a weight based on its respective regression coeffi-
cient. A threshold that best balanced sensitivity and specificity
was identified for classification.

Stage 6: validation of the final classification criteria
for GCA. Performance of the new criteria was validated in an
independent set of cases and comparators. Performance of
the final classification criteria was examined in specific subsets
of patients with GCA using data from the combined develop-
ment and validation sets to maximize sample sizes for the sub-
groups. Patients were studied according to different disease
subtypes (biopsy-proven GCA and large-vessel GCA) and
regions of the world (North America, Europe) where clinical
strategies to assess GCA are known to differ (20). Biopsy-
proven GCA was defined as definite vasculitis on TAB reported
by the submitting physician, and large-vessel GCA was defined
as vasculitic involvement of the aorta or its branch arteries on
either angiography (computed tomography, magnetic reso-
nance imaging, or catheter-based angiography), ultrasound,
or PET, without vasculitis on TAB. Comparison was made
between the measurement properties of the new classification
criteria for GCA and the 1990 ACR classification criteria in the
validation data set. Performance characteristics of the criteria
were also tested in patients with TAK and compared to those
with GCA diagnosed between the ages of 50 and 60 years.

RESULTS

Generation of candidate classification items for the
systemic vasculitides. The Steering Committee identified
>1,000 candidate items for the DCVAS Case Report Form (see
Supplementary Appendix 2, http://onlinelibrary.wiley.com/doi/
10.1002/art.42325).

DCVAS prospective observational study. Between
January 2011 and December 2017, the DCVAS study recruited
6,991 participants from 136 sites in 32 countries. Information on
the DCVAS sites, investigators, and study participants is listed in
Supplementary Appendices 3, 4, and 5 (http://onlinelibrary.wiley.
com/doi/10.1002/art.42325).

Expert review methodology to derive a gold
standard–defined final set of cases of LVV. The LVV expert
panel review process included 56 experts who reviewed vignettes
derived from the Case Report Forms for 2,131 cases submitted
with a diagnosis of LVV (1,608 [75.5% of Case Report Forms]),
another type of vasculitis (118 [5.5% of Case Report Forms]), or
a mimic of vasculitis (405 [19.0% of Case Report Forms]). Charac-
teristics and the list of expert reviewers are shown in Supplemen-
tary Appendices 6 and 7 (http://onlinelibrary.wiley.com/doi/10.
1002/art.42325). A sample vignette and the LVV expert panel
review flow chart are shown in Supplementary Appendices 8
and 9 (http://onlinelibrary.wiley.com/doi/10.1002/art.42325). A
total of 1,695 cases (80%) passed the main LVV process. An
additional 373 cases of LVV and comparators, confirmed during
a previous review process to derive the classification criteria for
antineutrophil cytoplasmic antibody–associated vasculitis, were
also included. In total, after both review processes, 2,068 cases
were available for the stages 4 and 5 analyses.

The submitting physician diagnosis of GCA was confirmed in
913 of 1,137 cases (80.3%) after both expert panel reviews. The
reasons for exclusion were diagnosis of GCA categorized as
“uncertain” or “very uncertain” during panel review (n = 187) or
change in diagnosis during panel review to another type of vascu-
litis (isolated aortitis, TAK, other vasculitides) (n = 11) or to a com-
parator disease (n = 26). An additional 29 patients who were not
initially diagnosed as having GCA by the submitting physician
were diagnosed as having GCA after panel review and DCVAS
Steering Committee member adjudication. In total, 942 cases of
confirmed GCA were available for analysis. To balance the num-
ber of cases of GCA with the number of available comparators,
756 cases of GCA were randomly selected for subsequent
analysis.

Refinement of candidate items specifically for GCA.
Only 7 of 942 patients with GCA (<1%) were diagnosed at
age <50 years (see Supplementary Appendix 10 for the distribu-
tion of “age at diagnosis” in patients with LVV, and the similar
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distribution of “age at symptom onset,” http://onlinelibrary.wiley.
com/doi/10.1002/art.42325). Therefore, an age of ≥50 years at
diagnosis was considered an absolute requirement to classify
GCA. Cluster analyses of vascular imaging data identified bilateral
axillary involvement and diffuse fluorodeoxyglucose uptake
throughout the aorta on PET as specific imaging patterns for
GCA (see Supplementary Appendices 11 and 12, http://
onlinelibrary.wiley.com/doi/10.1002/art.42325). These imaging
patterns were tested as potential classifiers.

Following a data-driven and expert consensus process,
72 items of the DCVAS Case Report Form were retained for regres-
sion analysis, including 32 demographic and clinical items, 14 labo-
ratory items (including values of C-reactive protein [CRP] level and
erythrocyte sedimentation rate [ESR], each divided into 5 catego-
ries), 14 imaging items (13 composite), 11 vascular examination
items (5 composite, and upper extremity blood pressure divided
into 6 categories), and 1 biopsy item (Supplementary Appendix 13,
http://onlinelibrary.wiley.com/doi/10.1002/art.42325).

Derivation of the final classification criteria for
GCA. A total of 1,505 patients were selected for analysis (756 GCA
and 749 comparators), of which 1,054 (70%) were in the develop-
ment data set (518 GCA and 536 comparators) and 451 (30%) in
the validation data set (238 GCA and 213 comparators). Table 1
describes the demographic and clinical features of the patients with
GCA and the comparators. The patients with GCA were recruited
from Europe (n = 796), North America (n = 112), Oceania (n = 18),

and Asia (n = 16). Clinical diagnoses assigned to patients in the com-
parator group are detailed in Supplementary Appendix 14 (http://
onlinelibrary.wiley.com/doi/10.1002/art.42325).

Lasso regression of the previously selected 72 items yielded
27 independent predictor variables for GCA (Supplementary
Appendix 15A, http://onlinelibrary.wiley.com/doi/10.1002/art.
42325). Each predictor variable was then reviewed for inclusion by
the DCVAS Steering Committee, based on their odds ratios and
specificity to GCA, to ensure face validity. The variables “definitive
vasculitis on TAB” and “halo sign on temporal artery ultrasound”
were found to dominate the model as quite strong predictors of
GCA (see Supplementary Appendix 16A for cluster plots showing
almost a perfect overlap between the diagnosis of GCA and positive
TAB or halo sign on temporal artery ultrasound, http://onlinelibrary.
wiley.com/doi/10.1002/art.42325). Therefore, for the remaining var-
iables to have discriminatory value, both of these items were
removed from the model, combined into one composite item “vas-
culitis on TAB or halo sign on temporal artery ultrasound” and given
a risk score of one point below the final threshold set to classify GCA
to maintain face validity. The variables “jaw claudication” and
“tongue claudication” were combined into 1 item, as were the vari-
ables “maximum ESR (>50 mm/hour)” and “maximum CRP (>10
mg/liter).” Although the variable “new persistent headache, occipital
or cervical” showed important statistical significance, it decreased
the overall specificity of the model when testing their final perfor-
mance characteristics (patients versus comparators) and was,
therefore, also removed. Weighting of the individual criterion

Table 1. Demographic and disease features of the patients with giant cell arteritis and the comparators*

GCA (n = 756) Comparators (n = 749)† P

Age, mean ± SD years 72.2 ± 8.5 44.6 ± 18.0 <0.001
Female sex 511 (67.6) 447 (59.7) 0.001
Clinical features
Morning stiffness, neck/torso 88 (11.6) 15 (2.0) <0.001
Morning stiffness, shoulders/arms 174 (23.0) 23 (3.1) <0.001
Sudden visual loss 102 (13.5) 29 (3.9) <0.001
Jaw claudication 356 (47.1) 19 (2.5) <0.001
Tongue claudication 21 (2.8) 1 (0.1) <0.001
New persistent temporal headache 475 (62.8) 90 (12.0) <0.001
Scalp tenderness 260 (34.4) 25 (3.3) <0.001
Temporal artery abnormality on vascular examination‡ 354 (46.8) 35 (4.7) <0.001

Investigations
Maximum ESR ≥50 mm/hour 558 (73.8) 291 (38.9) <0.001
Maximum CRP ≥10 mg/liter 683 (90.3) 445 (59.4) <0.001
Definitive vasculitis on temporal artery biopsy 335 (44.3) 1 (0.1) <0.001
Halo sign on temporal artery ultrasound 211 (27.9) 1 (0.1) <0.001
Bilateral axillary involvement on imaging§ 57 (7.5) 12 (1.6) <0.001
FDG-PET activity throughout aorta¶ 52 (6.9) 9 (1.2) <0.001

* Except where indicated otherwise, values are the number (%). ESR = erythrocyte sedimentation rate;
CRP = C-reactive protein; FDG-PET = 18F-fluorodeoxyglucose–positron emission tomography.
† Diagnoses of comparators for the classification criteria for giant cell arteritis (GCA) included Takayasu arteritis
(n = 251), Behçet’s disease (n = 133), polyarteritis nodosa (n = 74), isolated aortitis (n = 16), primary central nervous
system vasculitis (n = 16), large-vessel vasculitis (LVV) that could not be subtyped (n = 9), other diseases that mimic
LVV (n = 250).
‡ Absent or diminished pulse, tenderness, or hard ‘cord like’ appearance.
§ Defined as damage (i.e., stenosis, occlusion, or aneurysm) on angiography (computed tomography, magnetic res-
onance, or catheter-based) or ultrasound, halo sign on ultrasound, or abnormal FDG uptake on PET.
¶ Descending thoracic and abdominal aorta.
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included in the model was based on logistic regression fitted to the
remaining 9 selected predictors (Supplementary Appendix 17A,
http://onlinelibrary.wiley.com/doi/10.1002/art.42325).

Validation of the final classification criteria for GCA.
Using a cutoff of ≥6 in total risk score in the validation data set (see
Supplementary Appendix 18A at https://onlinelibrary.wiley.com/
doi/10.1002/art.42325 for different cutoff points), the sensitivity

was 87.0% (95% confidence interval [95% CI] 82.0–91.0%) and
specificity was 94.8% (95% CI 91.0–97.4%). The area under the
curve for the model was 0.91 (95% CI 0.88–0.94)
(Supplementary Appendix 19A, http://onlinelibrary.wiley.com/
doi/10.1002/art.42325). The final 2022 ACR/EULAR classifica-
tion criteria for GCA are presented in Figure 1 (for the slide presen-
tation versions, see Supplementary Figure 1, http://onlinelibrary.
wiley.com/doi/10.1002/art.42325).

Figure 1. The final 2022 American College of Rheumatology/EULAR Classification Criteria for Giant Cell Arteritis.
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The performance characteristics of the criteria in different
subsets of patients with GCA are shown in Table 2 and Supple-
mentary Appendix 20A (https://onlinelibrary.wiley.com/doi/10.
1002/art.42325). Biopsy-proven GCA showed a sensitivity of
100% (95% CI 99.0–100.0%) and a specificity of 94.9% (95% CI
93.1–96.4%), and large-vessel GCA showed a sensitivity
of 55.7% (95% CI 46.5–64.6%) and a specificity of 94.9%
(93.1–96.4%). Sensitivity of the criteria in North America was
77.8% (95% CI 67.8–85.9%) and in Europe was 87.2% (95%
CI 84.4–89.7%). Specificity in North America was 95.6% (95%
CI 90.6–98.4%) and in Europe was 88.8% (95% CI 84.9–92.0%).

When the 1990 ACR classification criteria for GCA were
applied to the DCVAS validation data set, the criteria performed
poorly due to low sensitivity (80.3% [95% CI 74.6–85.1%]) but
retained good specificity (92.5% [95% CI 88.1–95.7%]). In partic-
ular, the 1990 ACR criteria had poor sensitivity for patients with
large-vessel GCA (37.1% [95% CI 28.6–46.2%]).

Age restrictions are absolute requirements for the 2022
ACR/EULAR classification criteria for GCA (≥50 years at diagnosis)
and TAK (≤60 years at diagnosis). However, of the 70 patients with
GCA diagnosed between the ages of 50 and 60 years, 44 (62.9%)
met the new GCA classification criteria, 9 (12.9%) met the new
TAK classification criteria, and only 2 (2.9%) met both the new
GCA and TAK classification criteria (Supplementary Appendix 21,
http://onlinelibrary.wiley.com/doi/10.1002/art.42325).

DISCUSSION

Presented here are the final 2022 ACR/EULAR GCA classifi-
cation criteria. A 6-stage approach was used, underpinned by
data from the multinational, prospective DCVAS study and
informed by expert review and consensus at each stage. The
comparator group for developing and validating the criteria were
other vasculitides and conditions that mimic GCA, where discrim-
ination from GCA is difficult but important. In the validation set, the
new criteria had a sensitivity of 87.0% (95%CI 82.0–91.0%) and a
specificity of 94.8% (95% CI 91.0–97.4%). These are the official
final values that should be quoted when referring to the criteria.
The sensitivity and specificity values calculated in the develop-
ment set were very similar, providing reassurance that the

statistical methods avoided overfitting of models. The new criteria
incorporate modern imaging techniques and have excellent spec-
ificity and sensitivity within a large, international cohort of patients
with GCA. The criteria were designed to have face and content
validity for use in clinical trials and other research studies.

These criteria are validated and intended for the purpose of
classification of vasculitis and are not appropriate for use to
establish a diagnosis of vasculitis. The aim of the classification
criteria is to differentiate cases of GCA from similar types of vas-
culitis in research settings (21). Therefore, the criteria should only

be applied when a diagnosis of large- or medium-vessel vasculi-
tis has been made and all potential “vasculitis mimics” have
been excluded. The exclusion of mimics is a key aspect of many
classification criteria including those for Sjögren’s syndrome (22)
and rheumatoid arthritis (16). The 1990 ACR classification cri-
teria for vasculitis perform poorly when used for diagnosis
(i.e., when used to differentiate between cases of vasculitis ver-
sus mimics without vasculitis) (23), and it is expected that the
2022 criteria would also perform poorly if used inappropriately
as diagnostic criteria in people for whom alternative diagnoses,
such as infection or other non-vasculitis inflammatory diseases,
are still being considered.

The 2022 ACR/EULAR GCA classification criteria are the
result of an incredibly large worldwide effort, in which an exten-
sive set of data was collected from >1,000 patients with the
submitted diagnosis of GCA. These criteria reflect current clini-
cal practice, integrating different investigative methods
(e.g., TAB, ultrasound, angiography, PET) from various coun-
tries and medical specialties. Real cases of GCA and compara-
tors were reviewed by a wide range of experts in vasculitis to
establish an unbiased diagnostic reference to derive the cri-
teria. Advanced statistical methods including lasso logistic
regression and cluster analyses were applied, which facilitated
testing for different covariates of interest, namely specific pat-
terns of vasculitic involvement in imaging. Modern classification
techniques with weighted criterion with threshold scores were
used, allowing for more discriminatory items to factor more
heavily in disease classification.

When compared to the original 1990 ACR classification cri-
teria for GCA, the 2022 ACR/EULAR GCA classification criteria

Table 2. Performance characteristics of the 2022 ACR/EULAR classification criteria for giant cell arteritis*

Patient subset

Total no.
patients (no.
GCA patients)

Sensitivity
(95% CI)

Specificity
(95% CI)

AUC
(95% CI)

Development data set 1,054 (518) 84.8 (81.4–87.7) 95.0 (92.8–96.7) 0.90 (0.88–0.92)
Validation data set 451 (238) 87.0 (82.0–91.0) 94.8 (91.0–97.4) 0.91 (0.88–0.94)
Biopsy-proven GCA† 1,104 (355) 100.0 (99.0–100.0) 94.9 (93.1–96.4) 0.97 (0.97–0.98)
Large-vessel GCA‡ 873 (124) 55.7 (46.5–64.6) 94.9 (93.1–96.4) 0.75 (0.71–0.80)

* Performance characteristics were tested in the subsets using the combined development and validation data sets
to maximize sample size. ACR = American College of Rheumatology; GCA = giant cell arteritis; 95% CI = 95% confi-
dence interval; AUC = area under the curve.
† Definite vasculitis on temporal artery biopsy (TAB).
‡ Involvement of the aorta or its branch arteries on imaging, without vasculitis on TAB.
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demonstrated greater sensitivity while maintaining similar speci-
ficity to the 1990 criteria. In particular, the new criteria were able
to correctly classify more patients with the large-vessel GCA sub-
type, in whom the sensitivity of the 1990 ACR criteria was only
37.1%. Unlike the 1990 ACR criteria, an age of ≥50 years at diag-
nosis is a mandatory requirement to classify GCA in the 2022
ACR/EULAR criteria. This age threshold included >99% of
patients with the reference diagnosis of GCA. The new criteria
maintain good discriminative ability for patients diagnosed
between the ages of 50 and 60 years, the interval where the
absolute age requirements for the 2022 ACR/EULAR criteria for
GCA and for TAK can overlap.

A potential limitation of these criteria was the nonstandar-
dized acquisition of clinical and imaging data among patients with
LVV and comparators (e.g., not all patients underwent vascular
examination of the temporal arteries, PET was not available in
many centers treating patients with LVV, and TAB and/or ultra-
sound was not performed in all patients with suspected GCA,
etc.). However, this reflects existing differences in clinical practice,
and the 11 items included in the criteria allow for a feasible evalu-
ation of patients in any clinical setting. These criteria also provide
flexibility for classifying a patient, regardless of the diagnostic
assessment strategy employed by physicians. Definite vasculitis
on TAB was defined by the submitting physician and did not
undergo central review; ~20% of cases did not have specific his-
topathologic findings but were reported as “definitive vasculitis
on TAB” alone. Most patients were recruited from Europe and
North America, with fewer patients from Asia and Oceania. The
performance characteristics of the criteria should be further
tested in other populations that were underrepresented in the
DCVAS cohort and may have different clinical presentations
of GCA.

The 2022 ACR/EULAR classification criteria for GCA are the
product of a rigorous methodologic process that utilized an
extensive data set generated by the work of a remarkable interna-
tional group of collaborators. These criteria have been endorsed
by the ACR and EULAR and are now ready for use in clinical
research.
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(Postgraduate Institute of Medical Education and Research, Chandigarh,
India); Shrikant Wagh (Jehangir Clinical Development Centre, Pune [IP],
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Lisa Stamp (University of Otago, Christchurch, New Zealand); Ravi Suppiah
(Auckland District Health Board, New Zealand); Emilio Besada (Tromsø,
Northern Norway, Norway); Andreas Diamantopoulos (Hospital of Southern
Norway, Kristiansand, Norway); Jan Sznajd (University of Jagiellonian,
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E D I T O R I A L

Disentangling the Causal Effect of Telomere Length
in Systemic Lupus Erythematosus Using Genetic Variants
as Instruments

Yiqiang Zhan1 and Xiaoying Kang2

Telomeres, the repeated DNA sequences surrounded by
protein complexes at the end of our chromosomes, are the

key structures that protect against chromosomal fusion and insta-
bility (1). Over the life course, telomere shortening occurs as a

consequence of several cellular events including cell division
and inflammation, which negatively affects the structural and

functional integrity of chromosomes and may further lead to cell
senescence and apoptosis. Consistent with this, development

of several age-related health problems, such as cardiovascular
diseases, cognitive impairment, and Alzheimer’s disease, have

also been causally linked to shorter telomeres, supporting the
implicated role of telomere length as a biologic clock or biomarker

of aging.
The involvement of accelerated immune aging in autoimmune

dysfunction has drawn a substantial amount of interest in the

investigation of telomere length, an indicator of immune senes-
cence, as a putative cause of the initiation and progression of

various autoimmune disorders. Although this hypothesis has been
supported by mounting evidence, it is important to note that

most of the findings to date came from case–control studies, which
are prone to biases (e.g., confounding and reverse causation)

and are thus methodologically inadequate for causal inference.
Meanwhile, lack of a consensus on environmental risk factors for

autoimmune diseases, such as systemic lupus erythematosus
(SLE), often results in the inconsistent adjustment for confounding

variables in different epidemiologic studies, restricting the compar-
ability of results.

In this issue of Arthritis & Rheumatology, Wang et al

harnessed the 2-sample Mendelian randomization (MR) design
and examined the causal effect of telomere length shortening

on SLE using 2 independent samples of European and Chinese
ancestries (2,3). With an objective to evaluate nongenetic

environmental risk factors as potential causes of a disease
phenotype (e.g., SLE), the MR design is a research approach

gaining popularity for its theoretical advantages in addressing
confounding and reverse causation. The concept behind the MR

design in medical research stems from Dr. Katan (4), a Dutch
nutritionist who proposed assessing whether the empirical

relationship between cholesterol and cancer was causal by
examining the effect of genetic determinants of cholesterol, rather

than the effect of cholesterol itself, on cancer. This is because,
according to Dr. Katan, if cholesterol indeed causes cancer, its

genetic determinants must be an upstream cause of cancer
as well.

Following this rationale, the MR design takes advantage of

genetic variants as instrumental variables to infer causality in the
presence of both measured and unmeasured confounding. By

testing the associations of the genetic instruments with outcome,
a qualitative conclusion regarding the causal role of the exposure

of interest on the outcome can be made. The strength of
the causality could then be further quantified as effect size and

confidence interval via different MR estimators. However, caution
is also needed when implementing this exciting technique in

practice. Two review articles about MR design emphasized
that MR results should be interpreted critically because the

assumptions underlying MR estimators are rarely satisfied. This
is of particular concern for the exclusion restriction assumption,

also known as the “no pleiotropy” assumption, which assumes
that the genetic instruments may only affect the outcome

through the exposure of interest. Despite the available statistical
methods, this assumption is empirically impossible to statistically test.

The majority of MR studies to date have been based on data

and samples from subjects of European ancestry. Limited by
issues like data availability and sample size, MR results derived
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from other ethnic groups remain scarce. In this article,

Wang et al, for the first time, examined the causal effect of

telomere length on SLE in a Chinese-only population. Importantly,

the authors selected the instrumental variables (10 single-

nucleotide polymorphisms [SNPs]) for telomere length from the

Singaporean Chinese study to ensure that the samples for

exposure and outcome came from the same ethnic population.

Such instrument selection effectively minimized bias due to

population stratification in MR estimation and is critical in MR

design. In a second MR analysis, the authors also used 7 SNPs

as instrumental variables selected from the Telomere European

Network for Genetic and Genomic Epidemiology Consortium, a

collaborative work of telomere research teams in a European

population. The outcome data, SLE genome-wide association

study (GWAS), were then derived from a previously published

study in patients of European ancestry to account for ethnic

background. After data harmonization, the authors performed

the MR analyses using the inverse variance–weighted estimators

as the primary approach and several other estimators, including

MR-Egger regression, MR pleiotropy residual sum and outlier

method, median- and mode-based approaches, and Cochrane’s

Q statistic, for the purpose of sensitivity analysis. Interestingly,

results from both analyses of Chinese data and European data

demonstrate a robust causal association of longer telomere

length with a higher risk of SLE.
While Wang et al reported longer telomeres as a risk factor

for SLE, observational findings published to date appear to
contradictorily support an inverse association between telomere
length and SLE (5). One possible explanation for such discrep-
ancy is that the observational findings are biased. Indeed, almost
all of these observational studies were conducted in case–control
designs, and it is unclear whether the SLE patients were selected
as prevalent or incident cases (Table 1) (6–13). Besides, only age
and sex were adjusted for, whereas adjustment for other potential
confounders (e.g., smoking, inflammatory status, obesity, and
comorbidities) was poorly described or not included in these
analyses. Similarly, a significant reduction in telomere length has
been associated with glucocorticoid treatment in SLE in previous
studies of both animal models and human subjects; however, no

consideration was given to any medical therapies for SLE in the
included observational studies. Last, it should also be noted that
prior studies might be biased due to reverse causation. However,
the hypothetical influence of SLE on telomere length is refuted by
the reverse MR analysis using SLE as exposure and telomere
length as outcome, as reported by Wang et al.

Although this study has a particular strength in that it utilizes
the novel and robust MR design to assess the causal role
of telomere length in SLE, it has a few limitations. First, telomere
length was only measured in blood leukocytes without
considering other cells or tissue. These measurements can only
be viewed as a proxy or surrogate for telomere length in general.
Second, all analyses were based on GWAS summary statistics
using a linear assumption. Without additional modelling of
individual-level data, it is unclear whether the relationship between
telomere length and SLE may be nonlinear. Lastly, a more careful
interpretation of results in comparison to other epidemiologic
evidence is needed. Since GWAS summary statistics are typically
derived from large-scale studies among individuals who have
survived to a certain age, results from such summary statistics–
based MR analysis are prone to selection bias or survival
bias. Therefore, there remains a scarcity of longitudinal studies
leveraging both traditional epidemiologic designs and MR
framework in future research.

To conclude, novel and powerful epidemiologic designs
such as MR hold great promise for disentangling the cause-and-
effect relationship in SLE research. In the absence of other gold
standards of causal inference, triangulation is critically needed to
compare and cross-validate scientific evidence collected from
multiple sources before randomized controlled trials become
feasible (14), as each approach has different potential biases
that might be related or unrelated to each other. When several
results of various approaches all point to the same conclusion,
this would surely strengthen our confidence in these findings
and causal inference. When there are inconsistencies, and results
from several approaches differ, understanding the key sources of
bias in each approach could greatly help to determine what
further research is required to address key causal questions.
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R E V I EW

Artificial Intelligence and Deep Learning
for Rheumatologists

Christopher McMaster,1 Alix Bird,2 David F. L. Liew,3 Russell R. Buchanan,4 Claire E. Owen,4

Wendy W. Chapman,5 and Douglas E. V. Pires6

Deep learning has emerged as the leading method in machine learning, spawning a rapidly growing field of
academic research and commercial applications across medicine. Deep learning could have particular rele-
vance to rheumatology if correctly utilized. The greatest benefits of deep learning methods are seen with
unstructured data frequently found in rheumatology, such as images and text, where traditional machine learn-
ing methods have struggled to unlock the trove of information held within these data formats. The basis for this
success comes from the ability of deep learning to learn the structure of the underlying data. It is no surprise
that the first areas of medicine that have started to experience impact from deep learning heavily rely on inter-
preting visual data, such as triaging radiology workflows and computer-assisted colonoscopy. Applications in
rheumatology are beginning to emerge, with recent successes in areas as diverse as detecting joint erosions
on plain radiography, predicting future rheumatoid arthritis disease activity, and identifying halo sign on tempo-
ral artery ultrasound. Given the important role deep learning methods are likely to play in the future of rheuma-
tology, it is imperative that rheumatologists understand the methods and assumptions that underlie the deep
learning algorithms in widespread use today, their limitations and the landscape of deep learning research that
will inform algorithm development, and clinical decision support tools of the future. The best applications of
deep learning in rheumatology must be informed by the clinical experience of rheumatologists, so that
algorithms can be developed to tackle the most relevant clinical problems.

Introduction

Deep learning refers to a group of algorithms that use artificial

neural networks and an optimization algorithm called backpropa-

gation (with gradient descent) to model complex problems by

learning complex functions that describe them (see Figure 1) (1).

While deep learning methods have been designed and applied

for many decades, it is only in the last 10 years that computer

hardware has been able to train these increasingly complex mod-

els to such a level that they now dominate the machine learning

landscape, both in terms of publications and performance.

In recent years, the applications of deep learning in medicine have

not only gained prominence but have started entering clinical

practice. At the time of writing, the American College of Radiology

lists 201 US Food and Drug Administration (FDA)–approved

machine learning algorithms to support radiology (2), many of

which use deep learning approaches. Deep learning methods

power computers that beat grandmasters in Chess and Go (3),

summarize documents as diverse as patents and academic

papers (4), control autonomous cars (5), and predict and design

macromolecules (6). Although still in its infancy, applications of

deep learning in rheumatology are increasing across a broad

range of areas (see Table 1). There are several ways to classify
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these various applications; however, one logical way to categorize
deep learning algorithms is based on the input data type. Time-
series data are used for prediction tasks, written text is used for
natural language processing, and images are used for computer
vision. Here we explore rheumatic applications of deep learning
across these 3 categories.

Learning from text

Natural language processing (NLP) is an interdisciplinary field
of study with the main aim of having computers “perform useful

tasks involving human language” (7). Traditionally, NLP has heavily
relied on linguistic models of syntax and grammar, complemented
by statistical analysis. In contrast, deep learning approaches in
contemporary NLP rely less on assumptions about rules of natural
language, including expertly curated words and phrases, building
models capable of inferring those rules by learning from large bod-
ies of text (8). Most recently, deep learning models for NLP have
moved toward attention-based models, in particular a group of
models collectively referred to as “Transformers” (9). While previ-
ous state-of-the-art NLP algorithms relied on modeling text as a
sequence of words read one-by-one directionally (left-to-right for

Figure 1. Neural network architectures. The first layer of a neural network consists of the data. These data are then passed to the first “hidden
layer.” Each node, represented by a circle, is a weighted linear combination of all the nodes in the layer before. It is the weights that the model
“learns.” Apart from a classic neural network where all nodes from 1 layer are connected to the next (otherwise known as a multilayer perceptron),
other common architectures include recurrent networks with connections between nodes within a layer, usually used for sequence data
(e.g., time-series or text), and residual networks, where information from 1 layer can “skip” the next layer, giving the network a way to bypass inef-
ficient layers.

Table 1. Current applications of deep learning in rheumatology*

Problem (source ref.)
Data
type Model Implications

Identifying GCA features from temporal artery biopsy
reports (13)

Text Transformer Accurate auditing of temporal artery biopsy reports can be
performed using deep learning; however, this
performance dropped when tested across centers.

Classifying HEp-2 cells based on ANA IIF patterns (29) Images CNN Automated ANA classification based on HEp-2 cells is
approaching expert human performance.

OESS from synovial ultrasound (44) Images CNN Deep learning can identify synovitis on ultrasound with a
high degree of accuracy.

SHS scoring using hand and foot radiographs (51) Images CNN Radiographic scoring for RA is improving but still requires
work for clinical implementation.

Predicting progression (any increase in K/L score) of
knee OA based on baseline knee radiographs plus
other clinical features (58)

Images CNN Radiographic progression in knee OA can be predicted with
a combination of clinical features and baseline
radiography using deep learning; however, there are
unmeasured factors missing in these models.

Identifying halo sign on temporal artery ultrasound
images (68)

Images CNN Deep learning has significant potential for automated
identification of the halo sign; however, ensuring
standardized image acquisition is a major barrier to
implementation.

Predicting future RA disease activity (controlled versus
uncontrolled) using clinical data from previous
encounters (19)

EHRs RNN Deep learning can predict future disease activity from past
disease activity and baseline factors; however,
performance significantly dropped when the model was
tested at a second center, suggesting that there is
substantial heterogeneity between centers that must be
accounted for in future models.

* GCA = giant cell arteritis; ANA = antinuclear antibody; IIF = immunofluorescence; CNN= convolutional neural network; OESS = EULAROutcomeMea-
sures in Rheumatology synovitis scoring; SHS = modified Sharp/van der Heijde; RA = rheumatoid arthritis; K/L = Kellgren/Lawrence;
OA = osteoarthritis; EHRs = electronic health records; RNN = recurrent neural network.

MCMASTER ET AL1894



English text), Transformers allow the algorithm to view all the text at
once and pick out the important words that provide context
(see Figure 2). Attention-based models, combined with pretraining
on very large bodies of text (see section on transfer learning
below), have allowed deep learning NLP algorithms to achieve
state-of-the-art performance on many language tasks.

Classifying temporal artery biopsy reports. Classic NLP tech-
niques have successfully been used for identifying patients with
rheumatic diseases using electronic health records (EHRs)
(10–12). These methods generally rely on the cultivation of a set
of words and phrases strongly associated with the disease of

interest. Given the wide phenotypic variability of rheumatic dis-
eases, accurate identification and classification of patients based
on clinical notes lends itself to deep learning techniques.

Presently, deep learning on text has only been applied in a
single conference abstract, using Transformer models to classify
temporal artery biopsy reports based on the presence of 3 histo-
pathologic features (adventitial inflammation, giant cells, intimal
hyperplasia) and overall conclusion (giant cell arteritis [GCA] or
not) (13). This study used a model called DistilBERT (14), training
on 161 biopsy reports from 1 center and testing both within
that center and on 220 biopsy reports from a second center.

Figure 2. Visualization of attention model (ref. 94). Two attention layers are shown with text input for NLP (top). The original input text reads,
“There was swelling and redness of the joint. The joint was also stiff and tender, with reduced range of motion.” This text is converted into tokens,
sometimes splitting words into more than one token (here “redness” is split into “red” and “##ness”—the “##” signifying that this token belongs
with the preceding token). On the left, a lower layer of the attention-based model relied on the words “range” and “motion” to interpret the word
“reduced.”On the right, at a higher layer, the word “reduced” also depends strongly on the word “swelling” in the previous sentence. An attention
model can be used for any sequence data (bottom). Here, these numbers could be laboratory values, with the task of predicting the next value in
the sequence. The attention layer used the values “16” and “90” to predict the next value in the sequence. In this instance, attention is used to
focus on a similar pattern to anticipate a future value.
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The authors achieved excellent performance, particularly on the
report conclusion (area under receiver operating characteristic
curve [AUC] 0.99) and the presence of giant cells (AUC 0.99), with
performance reducing slightly in the second center (AUC 0.93
and 0.97, respectively). Pooling data between the 2 centers and
training a new model resulted in significant improvements (AUC
0.99 and 0.99, respectively) when tested on reports across both
sites, suggesting that a diverse data set drawing on the language
of multiple institutions will result in more generalizable models. It
remains to be seen whether this model can generalize beyond
2 centers, particularly given the fact that both were within the
same city in Australia—it is likely that variability in documentation
practices, vocabulary, and idiomatic expressions results in
reduced performance.

Learning from EHRs

Deep learning algorithms used for predicting future events are
varied in design, but often rely on the use of time-series data mod-
eled as sequences. In this respect, predictive algorithms often use
similar architectures to those used when learning from texts, which
are also modeled as sequences. Many EHR prediction algorithms
have been developed, most notably and commonly for inpatient
outcomes such as length of stay and inpatient mortality rate (15).
The nature of EHR data produces unique challenges, reflecting
the bias of clinical decisions as much as patient physiology. Which
data are missing and the presence of noise often reflects system-
atic decision making, rather than a random process (e.g., the
absence of invasive blood pressure data in a critically ill patient
may reflect a decision about the goals of care, rather than the lack
of critical illness). Additionally, care must be taken to ensure data
set leakage (16) does not occur, where the training data set is
inadvertently informed by the testing data set (e.g., the same
patient appears in both, but for different inpatient visits).

Predicting future diagnoses using EHRs. The Transformer
architecture that has been successfully applied to NLP has dem-
onstrated similar success in sequence models. Such models
may use time-sequence data to predict future events, drawing
on the power of self-attention, efficiently learning to recognize
long-range relationships between past events and future events
(9). Li et al developed a Transformer model trained on 1.6 million
primary care patients with at least 5 EHR encounters (17). For
each individual, they created a sequence of EHR encounters, with
the diagnoses and patient age at the time of the encounter form-
ing the components of the sequence. The authors assessed pre-
dictive performance for a number of diseases, including rheumatic
diseases. Most notably, the model was able to predict the future
development of polymyalgia rheumatica (PMR) with very high
accuracy (AUC 0.96). This result may partially reflect data quality
issues, with PMR diagnosis in primary care frequently occurring
without exclusion of alternative diagnoses (18); thus, the model
is likely predicting the onset of a polymyalgic syndrome, rather

than the specific diagnosis of PMR. Additionally, this algorithm
may simply be identifying a pattern of clinical coding, rather than
a sequence of clinical events—any model that uses clinical inter-
pretation rather than patient physiology is prone to modeling not
just patient outcomes, but also physician behavior.

Predicting disease activity using EHRs. Rheumatology, as a
specialty dealingwith chronic, relapsing–remitting disease, hasmain-
tained a strong interest in the task of predicting future disease activ-
ity. Frequent outpatient follow-up with clinical and laboratory testing
is used to detect changes in disease state and allow for interventions
to treat any disease relapse or deterioration; yet precisely predicting
who will experience relapse or deterioration remains a difficult task.
Apart from the Transformer architecture mentioned above, for a long
time, deep learning has approached the analysis of sequence data
and prediction using recurrent neural networks (RNNs).

Norgeot et al (19) developed a model to predict whether
patients with rheumatoid arthritis (RA) would have controlled or
uncontrolled disease at their next clinic visit, based on data from
the EHR. Their definition of disease control was based on a
threshold cutoff of the Clinical Disease Activity Index (CDAI) (20).
The input data included baseline measures (demographic charac-
teristics, rheumatoid factor, citrullinated peptide antibody) and
time-dependent variables (laboratory values, medication, CDAI)
from each visit. The time-dependent variables were used to train
an RNN—designed to identify periodicity and trend—to account
for long-range influences that might affect future disease states.
The model was trained and tested on data from one hospital,
before being further assessed on data from a different hospital.
Predictably, the performance on data from the second
hospital was inferior; however, the authors were able to improve
the performance with a small amount of training on data from
the new hospital, in a process known as transfer learning.

Learning from images. Computer vision is a field of image
processing interested in automating tasks of visual perception.
Since the groundbreaking AlexNet architecture won the
ImageNet competition in 2012 (21), computer vision has been
dominated by deep learning algorithms. The basis for its success
to date has been one specific neural network architecture: the
convolutional neural network (CNN). The CNN has had several
inventors without reference to each other with slight variations;
however, the precursor to modern CNN models is most fre-
quently attributed to a 1999 paper by LeCun et al on object
detection (22).

The building block of CNNs is a convolution kernel, a grid or
matrix of numbers. The convolution passes over an image (a grid
of numbers representing the individual pixels of an image), trans-
forming the image in particular ways. Hard-coded convolutions,
like the one in Figure 3, may perform tasks like vertical edge
detection. While convolutions have existed as an image process-
ing technique for many decades, the innovation in deep learning is
that the convolutions are not hard coded, they are learned. The
layering of many convolutions allows a model to progressively
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build complex features. While early layers might learn convolu-
tions for simple tasks like edge detection, later layers may join dif-
ferent edge detectors together to make object detectors, face
detectors, and eventually solve complex tasks like facial expres-
sion detection.

HEp-2 image classification. Testing for antinuclear antibodies
(ANAs) using indirect immunofluorescence (IIF) assays has been a
cornerstone of the diagnostic evaluation of systemic autoimmu-
nity for many decades (23). These methods rely on the visual
inspection of HEp-2 cells, mixed with fluorescence-labeled anti-
bodies from patient sera. Because different antigens are distrib-
uted differently within the HEp-2 cells, the staining pattern
produced by the fluorescence-labeled antibodies can provide
important diagnostic information about the antigen target and
associated disease (24).

Automated analysis of HEp-2 images has arisen as a field of
research interest, motivated by concerns that the visual assess-
ment of IIF patterns is subjective and time consuming (25).
Recently, deep learning techniques have been applied to this
task, with increasing success. Broadly, these techniques attempt
to classify either individual HEp-2 cells or specimens (containing
many cells), by applying deep learning to coarsely labeled images.
Rahman et al reviewed the application of deep learning tech-
niques to these tasks, identifying 24 published methods for the
classification of individual HEp-2 cells and 7 methods for the clas-
sification of specimens (26).

A wide variety of deep learning techniques have been applied
to cell classification. Broadly, deep learning has been applied in
2 ways to this task by 1) automatically extracting features and
classifying cells or 2) automatically extracting features, which are
then passed to an alternative model for classification. State-of-
the-art models using either technique have achieved accuracies

exceeding 97% (26,27), which favorably compare to human
accuracy (73.3%) (28). However, this comparison has been criti-
cized, as the task of classifying a single HEp-2 cell, isolated from
the broader context of the specimen, is not representative of
how IIF tests for ANAs are performed in real clinical practice (29).
Moreover, these methods are developed, tested, and validated
using limited data sets (30–33). These data sets lack consistency,
both in terms of whether the images contain single cells or speci-
mens, and the number of different staining categories classified.

In response to these data issues, Wu et al (29) curated a
large data set of 51,694 HEp-2 cell slides that more closely reflect
clinical practice. These slides contain multiple cells per image,
with up to 4 different patterns present in a single image. They
tested multiple CNN architectures, ultimately finding that the
Inception-ResNet v2 architecture (34) had the best performance.
In their testing data set, they found interobserver agreement—as
measured using Cohen’s kappa coefficient (35)—was similar
between expert readers (0.85) and between expert readers and
the final model (0.84).

Synovial ultrasound. Synovial ultrasound is an important and
emerging technology in the diagnosis (36) and assessment (37) of
inflammatory arthritis. Recently, the EULAROutcomeMeasures in
Rheumatology (EULAR–OMERACT) ultrasound taskforce devel-
oped a scoring system, sometimes referred to as the EULAR–
OMERACT Synovitis Scoring (OESS) system, designed to be
used as an outcome measure in clinical trials (37). While there is
ongoing effort to validate and refine its use (38), the standardized
application of an ultrasound synovitis scoring system is amenable
to deep learning methods. Andersen et al (39) first applied 2 well-
studied CNN architectures to this problem (VGG-16 [40] and
Inception v3 [41]), after first performing pretraining on the popular
ImageNet data set (42). They found overall good performance

Figure 3. A vertical edge detector convolution kernel. Edges that transition from dark to light (as shown in the input image) will be light in the out-
put image. The pixel values (representing light intensity) are shown as pink numbers. No values in the output image are <0. This is because all val-
ues <0 are turned into 0 by a function known as a rectified linear unit (ref. 95)—this is known as an activation function and is a common technique in
deep learning. The rim of zeroes around the input image—known as “padding”—allows the output image to retain the same dimensions as the
input image. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42296/abstract.
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(AUC 0.93) for the task of discriminating healthy joints (OESS
score 0–1) from unhealthy joints (OESS score 2–3); however, pre-
cise scoring on the ordinal scale did not appear to match human
performance (43). A follow-up method from the same group, this

time using a so-called “cascade” CNN (Figure 4A), showed simi-
lar performance compared to expert rheumatologists (44). In this
algorithm, a CNN is given the task of classifying a power Doppler
ultrasound image as either being at or above a given OESS grade.

Figure 4. Three unique deep learning methods used in rheumatology. A, A cascade of convolutional neural networks (CNNs) used to classify
power Doppler images. At each step, the CNN classifies the image as either a certain EULAR Outcome Measures in Rheumatology synovitis scor-
ing class or any higher class (e.g., the first step classifies to either a class of 0 or >0). If the CNN determines that it belongs to a higher class, it is
passed along to the next CNN, which performs the same task for the next highest class. Eventually, the final CNN simply classifies images as either
class 2 or class 3. B, A simplified diagram of the U-Net architecture (49). An image begins as an “N × N × C” shape, where “N × N” is the image
size (e.g., 224 × 224 pixels) and “C” is the number of channels (typically 3 channels of red/green/blue for a color image). The model gradually
reduces the size, while increasing the number of channels, until the bottom of the architecture is reached, and then the reverse occurs. Connec-
tions across the architecture (dashed lines) act as a “memory.” The image recovered at the end is a segmented image, partitioning the original into
the relevant parts. In this example, the bones of 2 metacarpal joints are segmented from the plain radiograph. C, A single coronal radiograph of the
knee joint split into 2 images: the right half of the knee and the horizontally flipped left half. Both images are passed through the same CNN before
joining up to produce a Kellgren/Lawrence (K/L) composite score as the model output. Color figure can be viewed in the online issue, which is
available at http://onlinelibrary.wiley.com/doi/10.1002/art.42296/abstract.
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Each image that is classified as being of a higher grade is then
passed to the next CNN, which performs an identical task for
the next highest grade. These algorithms may be further
enhanced with larger, multicenter data sets and further refinement
of the CNN architecture. As in many medical applications, the
laborious task of manually labeling images could be augmented
by semisupervised learning and potentially by synthetic data from
methods such as generative adversarial networks (45).

Joint damage in inflammatory arthritis. Progressive joint ero-
sion early in the course of RA is one of the major predictors of
future physical function (46). The prevention of progressive joint
erosions is an important outcome measure in establishing the effi-
cacy of any disease-modifying agent in RA and other inflamma-
tory arthritides. It is therefore important that erosive disease is
measured consistently and with high sensitivity. The modified total
van der Heijde Sharp Score (mTSS) (47) is commonly used in clin-
ical trials to assess progressive joint erosions, consisting of both
an erosion score and joint space narrowing score (JSN). The pro-
cess of grading these components is a visual task performed by
trained radiologists and rheumatologists, making it a good appli-
cation for neural network models.

Hirano et al developed a neural network model to grade hand
joints according to mTSS scores using hand radiographs (48). To
perform joint-level scoring, their model first had to perform a task
called image segmentation to create bounding boxes around indi-
vidual joints so they could be assessed. Rather than utilizing a
deep learning model for this task, such as the popular U-Net
model (Figure 4B) first developed for biomedical image segmenta-
tion (49), the authors used hard-coded convolutions known as
Haar-like features, in a method first described by Viola et al (50).
After image segmentation, the authors built JSN and erosion
score models with 2 convolutional layers and 3 fully connected
layers. The JSN and erosion score models had similar perfor-
mance compared to clinician assessment (correlation coefficients
0.72–0.88 and 0.54–0.75, respectively); however, overall sensitiv-
ity to detect erosions was low (34.8–42.4%). The major limitation
of this algorithm was a relatively small data set (186 radiographs).
With larger data sets, deeper models with more sophisticated
architectures will perhaps make this a clinically applicable sce-
nario for deep learning.

Recently, deep learning methods using a combination of
CNNs and attention mechanisms (51) have been used for mTSS
scoring in RA. The authors also used a 2-stage approach, first
using a CNN architecture called RetinaNet (52) to detect joint
groups, followed by another CNN architecture called EfficientNet
(53) to score individual joints. Additionally, the authors applied an
attention layer (Figure 2) after the convolutional layers. The atten-
tion layer effectively constrains the area of interest to only those
pixels in the image that provide a substantial contribution to the
final prediction—the attention to all other pixels becomes negligi-
ble. By interrogating this attention layer, the authors generated
heatmaps to demonstrate which regions contribute to the scoring

of a joint, although interpreting these as an explanation of how the
model works should be treated with great caution (see section on
explainability below) (54,55).

Plain films in knee osteoarthritis (OA). Current EULAR recom-
mendations for the diagnosis of OA only support imaging as a
diagnostic tool in atypical presentations of suspected OA (56);
however, this recommendation is not supported by high-level evi-
dence and the role of routine imaging remains a topic of debate
(57). Outside of diagnosis, there is also debate about the prog-
nostic role of imaging features to predict symptom severity and
progression. The current EULAR recommendations do not sup-
port the use of imaging for prognostication; however, this is on
the basis of older studies using hand-crafted imaging features,
not the systematic discovery of prognostic features from deep
learning algorithms.

Tiulpin et al developed deep learning models for diagnosis
and prognosis of knee OA using plain radiographs (58–61). For
diagnosis, the authors utilized CNN architectures to train 2models
to grade images according to OA severity. In their first model, they
used a Siamese network to grade knee radiographs according to
the Kellgren/Lawrence (K/L) composite score (62), a global rating
system for knee OA (scale 0–4). The Siamese Network, as first
proposed by Baldi and Chauvin (63), trains 2 identical neural net-
works simultaneously, with the task of determining whether
2 images meet some similarity threshold—in the original paper,
the models compare 2 fingerprints to determine whether they
come from the same finger. In the present study, the input image
pairs were automatically segmented from the original plain radio-
graphs, consisting of the right half of the tibiofemoral joint and
the horizontally flipped left half. Because the tibiofemoral joint
has horizontal symmetry with respect to the features that predict
K/L score (Figure 4C), a single model can identify salient features
from both sides (provided one half is horizontally flipped). These
left- and right-sided predictions are then joined to provide an
overall K/L score. Overall, they found good agreement between
model and clinician scores, with a Cohen’s kappa coefficient
of 0.83.

The second diagnostic model from Tiulpin et al used a con-
ventional ResNet architecture with transfer learning from Ima-
geNet to grade both individual OA features using the
Osteoarthritis Research Society International (OARSI) atlas of OA
radiographic features (64) and K/L score. The model was able to
achieve state-of-the-art results on OARSI scoring, exceeding
human accuracy on this task.

For the task of prognostication, the authors trained a CNN on
baseline knee radiographs to predict whether repeat radiography
would show an increase in K/L score (58). They compared this
model to a model that used tabular data: age, sex, body mass
index, K/L grade, Western Ontario and McMaster Universities
Osteoarthritis Index, injury, and surgery history. Additionally, they
combined these 2 models to test whether there was any
additional benefit from a so-called “multimodal” approach.

ARTIFICIAL INTELLIGENCE AND DEEP LEARNING IN RHEUMATOLOGY 1899



Their CNN model outperformed the tabular data model, while the
multimodal approach outperformed the individual models, dem-
onstrating that knee radiographs contain prognostic features not
present in structured patient data, even reported K/L grade.
Despite accurate radiographic scoring, applicability will ultimately
be limited given the poor correlation between radiographic scor-
ing and clinical outcomes such as pain scores (65). Predicting
progressive disease may only be helpful if the definition of pro-
gressive disease is a clinical, rather than radiographic outcome.

Temporal artery ultrasound

The diagnosis of GCA is a vexing problem for rheumatolo-
gists, in no small part due to the lack of an accurate noninvasive
diagnostic test. Temporal artery ultrasound is one emerging solu-
tion to this problem, with EULAR guidelines recommending ultra-
sound as the first-line imaging modality for the evaluation of
suspected GCA (66). Despite its relatively good performance as
a diagnostic test, temporal artery ultrasound suffers from only
moderate interrater agreement, with significant training require-
ments that pose a barrier to the widespread adoption of this test
(67). Deep learning therefore appears attractive as a tool to
reduce the variability in interpretation and perhaps even lower
the barrier to the adoption of this test.

Roncato et al (68) developed a CNN model, specifically to
identify 1 common feature in positive temporal artery ultrasounds:
the halo sign (69). The first step in their algorithm was to perform
semantic segmentation of transverse and longitudinal color
Doppler or power Doppler images of temporal arteries. This
process involved drawing boxes around arteries and adjacent
tissue, with individual pixels in these boxes labeled as either halo
sign–positive or halo sign–negative. The authors used a U-Net
model, designed specifically for biomedical image segmentation
(49). The final classification of each image as either positive or neg-
ative was based on the percentage of pixels within the bounding
box classified as halo sign–positive—a higher percentage of halo
sign pixels means a higher probability that the image truly contains
a halo sign. The accuracy of the model was compared using
2 groups of images: group 1 obtained by a single operator, using
a standardized protocol; and group 2 obtained by multiple different
operators using a variety of parameters. The performance on group
1 was significantly higher than group 2 (AUC 0.95 versus 0.82).
Although training on more nonstandard images may improve per-
formance, deep learning can also be used for computer-assisted
image acquisition to assist clinicians and sonographers in acquiring
standardized views at the time of ultrasound.

The future

Learning with limited data. One of the main features of deep
learning is the ability to capitalize on the wealth of large data sets,
with improvements in computer vision models seen even beyond

massive data sets composed of 300 million images (70). Despite
this, there are 3 established and emerging technical solutions to
the problem of learning with limited data (See Figure 5).

Transfer learning. The first method, now well-established in
deep learning research and applications, is a concept known as
transfer learning. Transfer learning is the process whereby a
model is trained on a large data set (pretraining), and then only
partially retrained on a small data set, even from a different domain
(e.g., a model trained on photographs is retrained on radio-
graphs). The motivation for this process is that, in training a large
data set, the model will have learned generalizable properties.
These generalizable properties are believed to be learned in the
early layers, and so it is only the final layers that are retrained on
the new, smaller data set of interest. This has the effect of
“specializing” a pretrained model for a downstream task. The
pretraining process is generally performed using a process called
self-supervised learning, which does not require any hand-labeled
data, but instead learns by predicting missing words, the next
word in a sentence or similar tasks. In certain circumstances,
these pretrained models can be used in a few- or zero-shot set-
ting, meaning they are fine-tuned on few or even no examples of
the downstream task. This is particularly the case for NLP, where
the task can be distinguished by a text prompt (e.g., a clinical
question)—if the pretrained model can interpret the prompt, then
it may not necessarily need to see any examples in order to per-
form the task.

Self-supervised learning. Recently, self-supervised learning
has emerged as a method to learn from large, unlabeled data sets
(71). Self-supervision is achieved by creating tasks that allow
models to learn generalizable features. For example, in NLP,
learning to predict the next word in a sentence requires learning
common linguistic features, such as sentence structure and word
meaning. In computer vision, learning to pair original and distorted
versions of the same image requires learning invariant features,
such as the rounded shape of the metacarpal head.
Self-supervised models can then be used in a transfer learning
process to train on smaller, labeled data sets. Given the relatively
small data sets in rheumatology, it is highly likely that new applica-
tions for deep learning will be powered by self-supervised learning
and transfer learning.

Methods of increasing data set size. While single institutions
might generate only relatively small data sets, pooling data across
many institutions can result in large data sets. Large data sets
may be necessary, particularly where outcomes are rare. In rheu-
matology, the Rheumatology Informatics System for Effective-
ness registry has begun pooling EHR data to further our
understanding of rheumatic diseases (72); however, further bar-
riers exist where text and image data are needed. Concerns
about data privacy can be a barrier to sharing data across institu-
tional, regional, and international borders—aside from specific
data sharing agreements, much effort has been made in produc-
ing technical solutions to this problem.
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Recently, federated learning has emerged as a powerful tool
to allow multiple sites to contribute training data without ever
sharing raw data (73). Several federated learning techniques exist;
however, recent work has focused on methods whereby individ-
ual sites train small models on local data, with the coefficients of
these models sent to a central site that uses these to train a mul-
ticenter model (74,75). Federated learning is not without signifi-
cant challenges, including the high cost of setting up a central
server and communication between sites, black box models (par-
ticularly if only model weights are shared and not raw data), and
no clear best way to aggregate data from heterogeneous sites
(76). In addition to these concerns, federated learning does not
fully solve the data privacy problem; all models can “memorize”
training data and therefore if privacy is a significant concern, mod-
els have to be trained using a special technique called differential
privacy to prevent data memorization (77).

When there is not even enough data to pool, or data pooling
is impractical, an alternative practice is to generate synthetic data.
Generating artificial samples has been an area of intense research
in deep learning, particularly after the development of Generative
Adversarial Networks (GANs) (45) by Goodfellow et al in 2014.
GANs train 2 networks simultaneously: a generator network to
generate new data and a discriminator network to discriminate
real data from synthetic data. Although these models can be diffi-
cult to train, as it becomes harder and harder for the discriminator
to distinguish between real and synthetic data, the quality of syn-
thetic data increases.

Data integrity, bias, and ethics. Although deep learning has a
long history in computer science research, it has only been the rel-
atively recent development of computers capable of training these
algorithms that has resulted in an explosion of applications in
medicine. In rheumatology, these methods have only now begun
to show promise—although not without potential impediments.

As deep learning methods gain more prominence, issues of data
integrity and standardization will become more important. As we
saw above, the standardized acquisition of temporal artery ultra-
sound images poses a potential barrier to the effective deploy-
ment of deep learning algorithms to diagnose GCA. Outside of
rheumatology, a similar problem in echocardiography has led to
several FDA-approved ultrasound machines that not only inter-
pret images, but guide the user on how to adjust the probe to
obtain enhanced views (78). As rheumatologists and machine
learning engineers begin applying deep learning techniques to
clinical problems, we will need an even greater focus on data
integrity and quality. Beyond simply ensuring high quality data,
careful collection and curation of data sets is required when con-
sidering how data may reflect the systematic biases against mar-
ginalized and underrepresented minorities in our communities,
making resultant algorithms unsafe and inaccurate for many.

New guidelines for reporting clinical trials of artificial intelli-
gence interventions provide a guide for the steps required to
demonstrate safety and efficacy of these algorithms (79). Like clin-
ical trials of conventional medical interventions, careful trial design
is paramount in testing clinical algorithms. Unlike conventional tri-
als, the risk of bias extends beyond the study design and into the
algorithm design itself. The data set or sets used to train deep
learning algorithms can introduce substantial bias that may not
only invalidate the results, but also introduce racial, sex-based,
or other forms of discrimination if applied systematically.
Promising methods to identify and minimize such bias include
report cards for evaluating performance in particular groups (80);
however, static model checks are not enough in production, and
the predictions of any model should be periodically examined to
ensure they are not introducing or perpetuating unacceptable
bias. For more detail on bias in clinical machine learning,
Chen et al (81) provide a detailed overview of how bias is

Figure 5. Three methods to overcome the complications of limited data sets. Transfer learning takes a model trained on a large data set and
repurposes it for a new task, replacing only the final layer. Self-supervised learning is a type of transfer learning; however, the data set used in
pre-training does not need to have labels—here the task is simply to recognize that 2 versions of the same image are indeed the same image,
and in doing so the model learns to recognize invariant features. Increasing data set size can be done in a number of ways; however, pooling data
across institutions has technical, logistical, and privacy issues that must be overcome. Circles represent individual nodes. Color figure can be
viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42296/abstract.
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introduced at each step of the algorithm development process,
while Gianfrancesco et al (82) detail the sources of bias in EHR-
based models.

New technologies like wearable devices, assisted by auto-
matic deep learning algorithms, have the potential to diagnose a
myriad of conditions under circumstances never seen before at
such scale (e.g., asymptomatic atrial fibrillation in young people),
with the resulting risk of widespread overdiagnosis. In rheumatol-
ogy, for example, the unsolved problem of treatment for clinically
suspect arthralgia may be compounded should automated diag-
nostic tools become available, identifying subclinical reductions
in morning mobility leading to a tidal wave of very early arthritis
diagnoses. While coordinated data collection will be needed to
quantify the risks associated with these new diagnostic para-
digms (83), this also presents a new opportunity to further our
understanding of rheumatic diseases by studying longitudinal
cohorts from very early disease stages. Compounding this,
access to these devices is contingent on affordability (84)—one
way in which technologically enhanced medicine widens the
socioeconomic disparities in the provision of health care.

Explainability in rheumatology

Definition of explainability. Neural networks are often
described as black boxes, in that their internal processes are
inscrutable to humans. Many have argued that we need ways to
explain why a model reaches a decision so that doctors are able
to interpret it and apply it clinically (85). The most common
methods for explainability in conventional machine learning—in
particular Shapley Additive Explanations and Local Interpretable
Model-Agnostic Explanations (86)—are broadly classified as post
hoc perturbation methods. These algorithms perturb the input
data and measure how these perturbations in the input alter the
model output. Although post hoc explainability methods have
shortcomings, including susceptibility to hide model bias (86),
even inadequate model explanations provide interpretable out-
puts when the input variables are themselves simple and inter-
pretable (e.g., how does cardiovascular risk change if the patient
has hypertension). Compared to conventional machine learning
methods, explainability methods for deep learning are more diffi-
cult to interpret. In medical imaging, the most common method
of explainability is saliency maps, which visually show the parts
of the input image that most contributed to the final predic-
tion (87).

Strengths. Explainability methods may have a role in evaluat-
ing models. As previously discussed, a 2019 article predicted
future Clinical Disease Activity Index (CDAI) and used permutation
importance scores to determine feature importance. The authors
concluded that disease activity, laboratory test values, and medi-
cations were the best predictors of future CDAI (19). With simple
input data, this method provides useful information regarding

how the model operates, but when dealing with complex data
(e.g., text, images), interpretation is unclear.

Weaknesses. In a model diagnosing knee OA, saliency maps
were used to show that the model was identifying relevant radio-
logic features (60). The authors found that osteophytes were
highlighted and concluded that attention maps would “build bet-
ter trust in the clinical community.” However, they also acknowl-
edge that the reason these anatomically relevant areas were
highlighted was because they constrained the model to only
assess these regions. Additionally, a model developed to predict
RA radiographic scores used saliency maps to determine which
joints were predictive of the scores (51). While these images show
some focus over bone and joint space, they also highlight parts of
the image that are empty.

In both of these cases, the meaning of these explanations is
unclear. In the first, it was inevitable that these regions would be
highlighted, while in the second case, the model uses areas that
have no anatomical relevance in its prediction. Both papers use
this as evidence that their model is performing reliably. Even more
problematically, it has been shown that in models where the input
image is modified to result in an incorrect prediction, the saliency
map can still highlight clinically relevant regions of the image (88).
This is falsely reassuring that the model is behaving appropriately,
while still providing the wrong answer. A recent paper highlighted
these concerns about the danger of relying on such methods to
engender trust in a system and suggests we ought to depend
on rigorous evaluation instead (54). Whether or not saliency maps
produce sensible explanations, they should not be what we rely
on to trust the behavior of neural networks.

Evaluation. Although explainability techniques can tell us
something about model behavior, they cannot tell us how to inter-
pret the predictions. Three steps are need for safe implementa-
tion: testing on external data sets is needed to ensure models
generalize to different population, performance should be evalu-
ated in subgroups to eliminate bias (89), and, ultimately, models
should be tested in randomized control trials. It is vital to under-
stand how models affect patient outcomes in clinical settings
and it is this, not explainability techniques, that rheumatologists
should be demanding before a model reaches clinical
implementation.

Translation into practice. Deep learning is transforming many
industries and at an ever-increasing pace. For example, Google’s
language translation (90), Uber’s expected arrival time (ETA) pre-
diction (91), andMicrosoft’s code completion tool (92) are all deep
learning algorithms that many people rely on daily. Uber switched
their ETA algorithm to deep learning because of its ability to easily
scale up with larger data sets and larger models. However, the
same cost/benefit tradeoff is not always clear in medicine, where
the scale may not be so large and financial barriers, such as the
cost of regulatory approval, may be a substantial impediment.
The barriers to widespread adoption are necessarily set high, with
minimum standards of safety and efficacy set not only by the
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regulatory authorities, but also the clinicians who must “buy in” to
this new technology. Nevertheless, the deep learning revolution
has been largely driven by falling costs in computing power (93),
with no clear indication that this will significantly plateau. We can
therefore expect further improvements, shifting the cost/benefit
tradeoff and encouraging even greater investment in research.
Who takes advantage of this, whether it be academic or industry,
is an open question.

Conclusion

Deep learning is an important method in medical machine
learning applications and will likely become the dominant method
in the future. Several applications of deep learning in rheumatol-
ogy have been reported, with the promise of many more to come.
Importantly, although deep learning methods offer the opportu-
nity to improve the efficiency of some clinical tasks, they also pro-
vide a powerful technique for generating new knowledge and
insights, particularly in the previously impenetrable analysis of
unstructured data such as text and images. To date, much of
the published work applying deep learning in rheumatology has
occurred on small, homogeneous public data sets that do not
reflect the diversity of real data, including the interactions between
different data modalities (e.g., EHRs plus imaging). Further collab-
oration and interaction between machine learning researchers
and rheumatology researchers will likely result in more clinically
applicable algorithms, with translation into clinical practice being
the next great hurdle to overcome. Researchers should therefore
be familiar with the potential applications and limitations of these
methods in their own research, and clinicians should be familiar
with some of the potential benefits and pitfalls as these methods
make their way into clinical practice.
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B Cell–Depleting Therapy: A Retrospective Cohort Analysis

Cassandra M. Calabrese,1 Elizabeth Kirchner,1 Elaine M. Husni,1 Brandon P. Moss,2 Anthony P. Fernandez,3

Yuxuan Jin,4 and Leonard H. Calabrese1

Objective. Patients with immune-mediated inflammatory diseases (IMIDs) receiving B cell–depleting therapy
(BCDT) are among the most vulnerable to severe COVID-19, as well as the most likely to suboptimally respond to
SARS–CoV-2 vaccines. However, little is known about the frequency or severity of breakthrough infection in this pop-
ulation. We retrospectively analyzed a large group of vaccinated IMID patients undergoing BCDT in order to identify
breakthrough COVID-19 infections and assess their outcomes.

Methods. In this retrospective cohort study, the pharmacy records and COVID-19 registry at the Cleveland Clinic
were searched using specific International Statistical Classification of Diseases and Related Health Problems, Tenth
Revision codes to identify IMIDs patients who 1) received treatment with BCDT, 2) were vaccinated against
SARS–CoV-2, and 3) experienced breakthrough infections. Each electronic medical record was reviewed to extract
clinical data and outcomes. Univariate and multivariable logistic/proportional odds regression models were used to
examine the risk factors for severe outcomes.

Results. Of 1,696 IMID patients receiving BCDT, 74 developed breakthrough COVID-19 prior to December 16, 2021.
Outcomes were severe, with 29 patients hospitalized (39.2%), 11 patients requiring critical care (14.9%), and 6 deaths
(8.1%). Outpatient anti–SARS–CoV-2 monoclonal antibodies were used to treat 21 patients, with 1 hospitalization and
no deaths. A comparator analysis examining 1,437 unvaccinated IMID patients receiving BCDT over the same time
period identified 57 COVID-19 cases (4.0%), with 28 requiring hospitalization (49.1%), including 7 deaths (12.3%).

Conclusion. IMID patients receiving BCDT regardless of vaccine status appear to be vulnerable to infection with
SARS–CoV-2, and use of BCDT is frequently associated with severe outcomes. Outpatient use of anti–SARS–CoV-2
monoclonal antibody therapy appears to be associated with enhanced clinical outcomes.

INTRODUCTION

The deployment of vaccines to both prevent infection with

SARS–CoV-2 as well as limit the severity of COVID-19 has proven

efficacious in the general population. However, data regarding

patients with underlying immunocompromising conditions,

including those with immune-mediated inflammatory diseases

(IMIDs), suggest both an increased likelihood of developing

breakthrough infections and of experiencing more severe out-

comes despite full vaccination status (1–3).

While there is significant heterogeneity in the capacity of spe-

cific immunosuppressive agents to limit the integrated immune

response to both natural infection and vaccines, of particular con-

cern is the class of B cell–depleting therapies (BCDTs) widely

used to treat an array of IMIDs. Before the introduction of

SARS–CoV-2 vaccines, treatment of both rheumatic and neuro-

logic IMIDs with such BCDTs was associated with more

severe COVID-19 (4–10). Furthermore, numerous studies have

shown the capacity for certain BCDTs to profoundly impair

humoral response to vaccines, including the vaccine against
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SARS–CoV-2 (11–14). More recently, however, several studies
(15,16) have demonstrated a dichotomy in vaccine responses in
IMID patients receiving BCDTs, demonstrating suppression of
the humoral response while showing a preserved and robust
cell-mediated immune response—providing hope that such a
pattern of immunity will afford adequate protection. To date, there
have been only limited investigations of IMID patients receiving
BCDTs examining the frequency and outcomes of breakthrough
infections. Using pharmacologic records and the COVID-19 reg-
istry at the Cleveland Clinic, we systematically examined a large
population of IMID patients who received BCDTs and were vacci-
nated against SARS–CoV-2 to describe the frequency of
breakthrough infections and their outcomes.

PATIENTS AND METHODS

Patient identification and data extraction. This study
was a retrospective cohort analysis. Pharmacy records from the
Cleveland Clinic were electronically searched for patients under-
going BCDT (rituximab [RTX], ocrelizumab, ofatumumab) in the
year 2020, prior to receipt of SARS–CoV-2 vaccine. Records with
ICD-10 codes for IMIDs were identified; those who also had ICD-
10 codes for malignancies were excluded (see Supplementary
Table 1, available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.42287). Using the
Cleveland Clinic COVID-19 Research Registry, which tracks vac-
cine and COVID-19 data across our system, we cross-referenced
these patients to identify those who were vaccinated at least once
and developed breakthrough COVID-19. Only infections con-
firmed by polymerase chain reaction or rapid test at any time after
the first vaccination were included. In addition, patients identified
through routine care who fulfilled the above criteria were included.
This strategy allowed for the identification of breakthrough
patients who may have received BCDT and/or were diagnosed
outside our health care system but who were nevertheless under
the care of our providers. Patients who received BCDT during
the same time period for the same International Statistical Classi-
fication of Diseases and Related Health Problems, Tenth Revision
(ICD-10) codes, but who were never vaccinated, were also identi-
fied, using the same search strategy.

In the primary analysis cohort of patients with breakthrough
COVID-19, additional data on demographic characteristics
(age, gender, race), weight, comorbidities (heart disease, pulmo-
nary disease, chronic kidney disease, malignancy, smoking his-
tory), associated immunosuppressive medications, prednisone
use and dosage, timing and duration of BCDT, vaccine type and
number of doses, whether or not the patient received outpatient
anti–SARS–CoV-2 monoclonal antibody (mAb) treatment, and
clinical outcomes were extracted by individual chart review from
patient electronic medical records. Each breakthrough infection
was classified as complete (i.e., ≥14 days following the second
messenger RNA [mRNA] vaccine [or first Johnson & Johnson

vaccine]) or incomplete. For an additional exploratory analysis of
unvaccinated patients receiving BCDTs who contracted
COVID-19 over the same time period, data were gathered utilizing
the same strategy.

Outcome assessment. Our primary outcome was dis-
ease severity; each patient was classified using the 8-point
National Institutes of Health (NIH) COVID-19 ordinal scale (17)
(Supplementary Table 2, http://onlinelibrary.wiley.com/doi/
10.1002/art.42287). Patients were classified to their highest
level of disease severity and grouped as mild (groups 1–3) or
severe (groups 4–8).

Influence of the Delta variant on infection
incidence and classification of vaccination status. To
account for changes in COVID-19 breakthrough infection rates
attributable to the Delta variant, we used June 20, 2021 as the
date by which to stratify the follow-up period into pre- or post-
Delta phases. The date was based on the Centers for Disease
Control and Prevention (CDC) report of the Delta variant being
the dominant SARS–CoV-2 strain (>50%) in the US (18). The
end date of the study was December 15, 2021, selected based
on the date that the Cleveland Clinic microbiology laboratory
monitoring SARS–CoV-2 variants in northeastern Ohio identified
as when Omicron became and persisted as the dominant variant.

Because of the timing of Emergency Use Authorization (EUA)
and EUA amendments for primary vaccination and boosters
(see Supplementary Table 3, http://onlinelibrary.wiley.com/doi/
10.1002/art.42287), the most doses any patient in our cohort
could have received by our cutoff date of December 15, 2021,
was 3—all considered part of the primary series. For the purposes
of our analysis, “incomplete” vaccination refers to the receipt of
1 dose of the mRNA vaccine. “Complete” vaccination refers to
either the receipt of 1 dose of the Johnson & Johnson vaccine or
2 doses of either mRNA vaccine. “Additionally dosed” patients
are those who received either 3 doses of mRNA vaccines or
1 dose of Johnson & Johnson plus 1 dose of either mRNA
vaccine.

The Cleveland Clinic Institutional Review Board approved
this study.

Statistical analysis. Continuous variables were
summarized using the mean ± SD or the median (interquartile
range) when appropriate. Categorical variables were summarized
using counts and frequencies. For patients who received
anti–SARS–CoV-2 mAb treatment compared to those who
did not, 2-sample t-tests (or Wilcoxon tests) and Pearson’s chi-
square tests (or Fisher’s exact tests) were performed. Person-
time (at risk) was accrued from the date of the first dose of the
vaccine to the date of breakthrough infection or December
15, 2021, whichever occurred first. Unadjusted Poisson regres-
sion was used to calculate the overall incidence rate, and the
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incidence rates of pre- and post-Delta periods. We then investi-
gated the association between each risk factor and COVID-19
severity outcome using univariate logistic regression. Additionally,
we built multivariable logistic regression models to examine the
effect of potential risk factors on severity outcomes after control-
ling for confounding variables. The exploratory analysis of out-
comes and epidemiologic risk factors in patients receiving
BCDTs who were not vaccinated against SARS–CoV-2 and
tested positive for the virus were compared descriptively. Data
management and analysis were conducted using R package (ver-
sion 4.0), with a 2-sided alpha level of 0.05 for all tests.

RESULTS

Clinical features of the primary cohort. The results of
our search revealed 3,220 patients with IMIDs (as identified via
specific ICD-10 codes) receiving ≥1 dose of approved BCDT in
the year 2020. Of these patients, 1,696 received ≥1 dose of vac-
cine against SARS–CoV-2. From this vaccinated group, 74 were
found to have had breakthrough infection from the time of their
first vaccine through December 15, 2021. The demographic and
clinical characteristics of these patients are shown in Table 1.
The number of patients was nearly equally distributed between
rheumatic disease and neuroinflammatory disease, with multiple
sclerosis as the single most common diagnosis. A total of
34 patients (45.9%) were receiving additional immunosuppres-
sive medications, with prednisone being the most common
(35.1%). A total of 13 patients (17.6%) were receiving ≥1 addi-
tional disease-modifying antirheumatic drug, including 6 patients
receiving methotrexate, 4 patients receiving azathioprine, and
4 patients receiving mycophenolate. Half of the patients with
breakthrough infection (37 [50.0%]) had ≥1 comorbidity.

In terms of vaccination history and status, 45 patients received
the Pfizer mRNA vaccine: 2 patients received only 1 dose before
breakthrough, 39 patients received 2 doses, and 4 patients
received an additional third dose. A total of 23 patients received
the Moderna mRNA vaccine, with only 1 patient receiving a single
vaccination before breakthrough, 17 patients having received
2 doses, and 5 patients having received an additional third dose
before infection. Six patients received a single Johnson & Johnson
vaccination before breakthrough. Overall, of those experiencing
breakthrough infections, defined as14 dayspast the secondvacci-
nation (orsingleJohnson&Johnsonvaccine), 6of74hadavaccina-
tion status classified as incomplete, while 68were either completely
vaccinated or completely vaccinated and additionally dosed.

Incidence. Of 1,696 patients with any form of vaccination,
74 had breakthrough infection, for a raw incidence rate of 4.4%;
68 breakthrough infection cases (91.9%) occurred after complete
vaccination (i.e., 14 days after the final administration). We also
examined the crude incidence rate of COVID-19 breakthrough
as a function of the pre- and post-Delta periods in 2021. Prior to

Table 1. Demographic and clinical characteristics of vaccinated
breakthrough COVID-19 patients and breakthrough COVID-19 patients
who were unvaccinated*

Vaccinated Unvaccinated
(n = 74) (n = 57)

Median age, years 53 50.3
Female sex 46 (62.2) 42 (73.7)
White race 62 (83.8) 41 (71.9)
Diagnosis

Inflammatory CNS disease 34 (45.9) 33 (57.9)
Vasculitis 20 (27.0) 4 (7.0)
RA 9 (12.2) 12 (21.1)
Other 11 (14.9)† 11 (19.3)‡

Comorbidities
BMI ≥30 35 (47.3) 30 (52.6)
Heart disease§ 36 (48.6) 24 (42.1)
Pulmonary¶ 13 (17.6) 17 (29.9)
CKD 8 (10.8) 3 (5.3)
Malignancy 6 (8.1) 3 (5.3)

No. of comorbidities
0 23 (31.1) 22 (38.6)
1 24 (32.4) 18 (31.6)
2 9 (12.2) 13 (22.8)
≥3 18 (24.3) 4 (7.0)

Vaccine
Pfizer 45 (60.8)
Moderna 23 (31.1)
Johnson & Johnson 6 (8.1)

Duration of BCDT
<1 year 20 (27.0) 9 (16.1)#
1–3 years 20 (27.0) 27 (48.2)#
≥3 years 34 (45.9) 20 (35.7)#

Immunosuppression
Glucocorticoids

<10 mg/day 20 (27.0) 2 (3.5)
≥10 mg/day 6 (8.1) 4 (7.0)

DMARD**
1 DMARD 12 (16.2) 9 (15.8)
2 DMARDs 1 (1.3) 3 (5.3)

Time between BCDT
and first vaccine

<3 months 22 (32.8)
3–6 months 36 (53.7)
>6 months 9 (13.4)

Time between BCDT
and COVID-19 diagnosis

<3 months 36 (48.6)
3–6 months 21 (28.4)
>6 months 17 (22.9)

Received anti–SARS–CoV-2
mAb therapy

21 (31.3) 7 (12.3)

* Except where indicated otherwise, values are the number (%) of
patients. CNS = central nervous system; RA = rheumatoid arthritis;
BMI = body mass index; CKD = chronic kidney disease; BCDT = B
cell–depleting therapy; mAb = monoclonal antibody.
† Includes 2 patients with systemic lupus erythematosus, 2 with sar-
coidosis, 2 who had a solid organ transplant, 2 with myositis, 1 with
interstitial lung disease (ILD), and 2 with hematologic disease.
‡ Includes 3 patients with systemic sclerosis, 2 with pemphigus, 2 with
Sjögren’s syndrome, and 1 each with autoimmune encephalitis, myas-
thenia gravis, sarcoidosis, ormixed connective tissue disease.
§ Heart disease indicates hypertension, coronary artery disease, or
congestive heart failure.
¶ Pulmonary indicates chronic obstructive pulmonary disease,
asthma, or ILD.
# Data were missing for one patient.
** Disease-modifying antirheumatic drugs (DMARDs) included hydro-
xychloroquine, methotrexate, azathioprine, and mycophenolate.
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June 20, (the date CDC identified as the onset of the Delta surge)
12 of 74 cases were identified, while after June 20 there were
62, supporting a seeming acceleration of breakthrough infections
with the Delta variant. The total person-time of vaccine exposure
in this cohort (1,696 patients who received at least 1 vaccine)
was 14,302.67 months. As a result, the time-adjusted incidence
rate of breakthrough infection in the entire group was 5.19 cases
per 1,000 person-months (95% confidence interval [95% CI]
4.13–6.52). The time-adjusted incidence rate of breakthrough
infection in the pre-Delta period was 2.48 cases per 1,000
person-months (95% CI 1.41–4.36). The incidence rate in the
post-Delta period was 6.59 cases per 1,000 person-months
(95% CI 5.14–8.45).

Outcomes. Clinical outcomes for the entire group revealed
that 45 patients had outpatient-managed disease, with 30 patients
in group 1 (40.5%) and 15 patients in group 2 (20.3%). The remain-
ing 29 patients (39.2%) were hospitalized, with 6 patients (8.1%) not
requiring supplemental oxygen (groups 3 and 4) and the remaining
requiring some level of oxygen support (12 patients [16.2%] [group
5] required any oxygen, and 5 patients [6.8%] [groups 6 or 7]
required high-flow oxygen or mechanical ventilation). There were
6 (8.1%) deaths. In terms of risk factors for severe outcomes, we
examined the groups based on clinical grade by ordinal scale, sep-
arating the patients into 2 groups: those with mild disease (groups
1–3) and those with more severe disease (groups 4–8). Univariate
and multivariate analyses (Table 2) comparing mild disease (ordinal

Table 2. Univariate and multivariate analysis of clinical variables with a potential impact on COVID-19 severity in patients with breakthrough
COVID-19 *

NIH COVID-19
ordinal scale

Multivariable logistic
regression

Score 1–3 Score 4–8
P† OR (95% CI) P†(n = 47) (n = 27)

Age at first vaccination, median
(25th percentile, 75th percentile)

52.3 (40.3, 61.9) 60.7 (49.0, 71.7) 0.088 – –

Sex – –

Female 30 (63.8) 16 (59.3) Referent
Male 17 (36.2) 11 (40.7) 0.696

Diagnosis – –

Neuroinflammatory disease or other 25 (53.2) 15 (55.6) Referent
Rheumatic disease 22 (46.8) 12 (44.4) 0.844

Comorbidities (binary)
0–1 40 (85.1) 13 (48.1) Referent – –

≥2 7 (14.9) 14 (51.9) 0.001 5.9 (1.56–22.27) 0.009
Vaccination status – –

Complete 29 (61.7) 16 (59.3) Referent
Boosted 14 (29.8) 9 (33.3) 0.772
Incomplete 4 (8.51) 2 (7.41) 0.915

Duration of therapy with BCDT – –

<1 year 13 (27.7) 7 (25.9) Referent
1–3 years 11 (23.4) 9 (33.3) 0.519
>3 years 23 (48.9) 11 (40.7) 0.842

Most recent BCDT at time of first
vaccination

<3 months 13 (31.7) 8 (32.0) Referent – –

3–6 months 25 (61.0) 11 (44.0) 0.561 0.8 (0.21–3.07) 0.744
>6 months 3 (7.32) 6 (24.0) 0.159 1.75 (0.28–10.94) 0.55

Concomitant therapies – –

Glucocorticoids
<10 mg/day 13 (27.7) 7 (25.9) Referent
>10 mg/day 2 (4.26) 4 (14.8) 0.183

Other concomitant therapy 32 (68.1) 16 (59.3) 0.895
Prior COVID history – –

No 45 (97.8) 24 (88.9) Referent
Yes 1 (2.17) 3 (11.1) 0.144

SARS–CoV-2 mAb treatment
No 27 (57.4) 26 (96.3) Referent – –

Yes 20 (42.6) 1 (3.70) 0.005 0.06 (0.01–0.57) 0.006

* Except where indicated otherwise, values are the number (%) of patients. NIH = National Institutes of Health; OR = odds ratio; 95% CI = 95%
confidence interval; BCDT = B cell–depleting therapy; mAb = monoclonal antibody.
† P values less than 0.05 were considered statistically significant.
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scale groups 1–3) to severe disease (ordinal scale groups 4–8)
revealed that only the presence of ≥2 comorbidities (present in
21 of the 74 breakthrough patients) was associated with disease
severity (P = 0.001 and P = 0.009, respectively).

Vaccine-associated variables (i.e., complete, incomplete,
additionally dosed) had no association with severe outcomes,
nor did the concomitant use of immunosuppressive therapies.
Analysis of BCDT-associated variables, including duration of
therapy and the time interval from most recent BCDT treatment
to vaccination, demonstrated no statistical effect on the risk of
severe outcomes in either the univariate or multivariate analysis.
Four breakthrough patients experienced a single prior episode

of COVID-19 before receiving their first vaccine, which had no
association with severe outcomes in the univariate analysis
(Table 2).

Incidence and severity of COVID-19 among
unvaccinated patients. An additional exploratory analysis
was performed examining the incidence and severity of
COVID-19 in 1,437 unvaccinated patients identified using the
same search strategy as a comparator group. Among these,
57 patients were diagnosed as having COVID-19 for a crude inci-
dence of 4.0%, with 27 patients diagnosed before June
20 (47.4%) and 30 patients diagnosed after June 20 (52.6%).

Figure 1. COVID-19 outcomes according to National Institutes of Health (NIH) COVID-19 ordinal scale. Pie chart showing clinical outcomes in
74 cases of COVID-19 breakthrough infection among 1,776 vaccinated patients receiving B cell–depleting therapies. Top, Clinical status among
all patients according to an 8-point ordinal scale. Middle, Clinical outcomes in the subset of 53 patients who did not receive outpatient monoclonal
antibody (mAb) therapy. Bottom, Clinical outcomes in the subset of 21 patients who received outpatient mAb therapy. NIV = noninvasive ventila-
tion; HFNC = high-flow nasal cannula; IMV = intermittent mandatory ventilation; ECMO = extracorporeal membrane oxygenation.
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In terms of severity as measured using the NIH ordinal scale,
29 patients (50.9%) fit the criteria for groups 1–3 and 28 patients
were in groups 4–8 (49.1%); 7 patients died (12.3%). Summaries
of the clinical and epidemiologic features of this group are shown
in Table 1.

Effects of outpatient therapy with anti–SARS–CoV-2
mAb. Anti–SARS–CoV-2 mAb therapy (casarivimab and imdevi-
mab) was employed in 21 patients within 10 days of symptom
onset as outpatient therapy for COVID-19. No patients in our
cohort received any other type of anti–SARS–CoV-2 mAb treat-
ment. In the multivariate model, after controlling for both the num-
ber of comorbidities and time of first vaccination administration,
this therapy was associated with more favorable outcomes, with
only 1 of 21 patients requiring hospitalization (with oxygen sup-
port; ordinal scale 5) and no deaths occurring (P = 0.006)
(Table 2). The results of this intervention and effects on the
highest level of ordinal scale severity is shown in Figure 1.
To explore the possibility that those who received treatment with
anti–SARS–CoV-2 mAb differed in some manner that could
potentially contribute to their markedly different clinical out-
comes, we compared a select number of clinical characteristics
(age, number of comorbidities, concomitant use of immunosup-
pressive therapies, duration of BCDT) between those who
received anti–SARS–CoV-2 mAb therapy and the entire break-
through cohort; none were statistically significant (Table 3).
In the exploratory analysis of COVID-19 outcomes in the unvac-
cinated cohort, 7 of 57 patients received anti–SARS–CoV-2
mAb therapy, with 3 of these 7 patients requiring hospitaliza-
tion and no deaths occurring (Supplementary Table 4, http://
onlinelibrary.wiley.com/doi/10.1002/art.42287).

DISCUSSION

The current study examines a large cohort of patients
exposed to BCDT in 2020, a timeframe that began nearly
12 months before the introduction of the SARS–CoV-2 vaccine,
all of whom received ≥1 vaccination for COVID-19 and developed
breakthrough infection. Breakthrough occurred in 74 patients
(4.4 %) or nearly 1 in 20 patients. Our data clearly show that
breakthrough infection in this population is associated with severe
outcomes, as 39.2% of patients required hospitalization, 14.9%
of patients required critical care, and 8.1% of patients died. Thus
we confirm that IMID patients receiving BCDTs appear vulnerable
to breakthrough infections and, most importantly, have severe
outcomes.

While patients with IMIDs receiving BCDTs are recognized to
be vulnerable to severe COVID-19 infections (5,7,8,19), relatively
little data exist regarding their risks for and outcomes of break-
through infection (20,21). The current cohort of breakthrough
patients consisted of nearly equal numbers of patients with
rheumatic disease and neuroinflammatory disease, and most
were either fully vaccinated or additionally dosed (91.9%), with
only 6 with incomplete vaccination status (8.1%). Of note is that
the group as a whole was heavily exposed to BCDTs,
with 27.0% receiving therapy for 1–3 years and 45.9% receiving
therapy for >3 years. More importantly, 86.3% of patients
received their last BCDT <6 months before their first vaccine, a
time point that several studies have demonstrated is critical for
any reasonable chance of developing a humoral response
(11,13,15).

Although our study lacked comparator groups of healthy
patients or immunocompromised patients not receiving BCDTs
to appraise breakthrough frequency and severity, indirect

Table 3. Comparisons of clinical features between patients with breakthrough COVID-19 receiving anti–SARS–CoV-2 mAb therapy and those
with breakthrough COVID-19 not receiving anti–SARS–CoV-2 mAb therapy*

Total
(n = 74)

Anti–SARS–CoV-2
mAb–positive patients (n = 53)

Anti–SARS–CoV-2 mAb–negative
patients (n = 21) P

Age at first vaccination, median
(25th percentile, 75th percentile)

55.2 (41.7, 65.4) 54.9 (44.0, 65.5) 55.5 (37.6, 65.1)

Sex
Female 46 (62.2) 34 (64.2) 12 (57.1) 0.679
Male 28 (37.8) 19 (35.8) 9 (42.9) 0.768

Concomitant therapies
Glucocorticoids
<10 mg/day 20 (27.0) 11 (20.8) 9 (42.9) 0.129
>10 mg/day 6 (8.11) 4 (7.55) 2 (9.52)

Others 48 (64.9) 38 (71.7) 10 (47.6)
No. of comorbidities (binary)
0–1 53 (71.6) 35 (66.0) 18 (85.7) 0.160
≥2 21 (28.4) 18 (34.0) 3 (14.3)

Duration of BCDT
<1 year 20 (27.0) 15 (28.3) 5 (23.8) 0.783
1–3 years 20 (27.0) 15 (28.3) 5 (23.8)
>3 years 34 (45.9) 23 (43.4) 11 (52.4)

* Except where indicated otherwise, values are the number (%) of patients. mAb = monoclonal antibody; BCDT = B cell–depleting therapy.
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comparisons to previously reported studies provide some per-
spective for interpreting our findings. In terms of severity of break-
through infections, Sun et al (1) retrospectively examined 664,772
patients in the National COVID Cohort Collaborative with a variety
of disorders sharing varying degrees of immune dysfunction but
not broken down by therapies. This study reported an overall rate
of serious disease (as determined by need for hospitalization) of
20.7%, far less than the 39.2% observed in our cohort.
Another study by Shen et al (22) examined a large population of
immunocompromised patients over a similar timeframe as our
investigation in a single health system.

Patients were identified as taking any 1 of a number of clas-
ses of immunosuppressant treatments including conventional,
synthetic, or targeted disease-modifying therapies and/or gluco-
corticoids; only 0.35% of patients required hospitalization. A
study by Di Fusco et al (3) utilizing the HealthVerity national data-
base examined breakthrough infections from December 2020
through July 2021 among a broad spectrum of immunocompro-
mised patients (n = 1,277,747). This cohort consisted of patients
with malignancies, solid organ transplants, HIV infection, and
rheumatic/autoimmune disease; among 950 breakthrough
patients only 12.7% required hospitalization, and inpatient deaths
occurred in 0.2%—far below the severity observed in our study.
In a post hoc analysis, a recent study from the Netherlands by
Boekel et al (23) examining breakthrough infections during the
Delta epoch in a large cohort of 3,207 IMID patients receiving
various immunosuppressant treatments demonstrated that
severe outcomes appeared to be more frequent in the subset of
patients receiving BCDTs, with 3 of 16 patients receiving
BCDTs requiring hospitalization (19%) compared to only 5 of
132 receiving other immunosuppressive agents (4%). Based on
these published studies, vaccinated patients receiving BCDTs
for immune-mediated diseases appear to have particularly severe
outcomes within the spectrum of immunosuppressed patients.

As opposed to breakthrough infection severity (which can be
determined by hospitalizations and death), it is more difficult to
examine breakthrough infection frequency via indirect compari-
sons given differences in study durations, epochs of investigation
and thus the influence of viral variants, as well as differences in
detection vigilance. In terms of the overall rate of breakthrough
infection, a study conducted by the CDC in the general population
estimated a breakthrough rate of 2.8% per 6-month period on
September 30, 2021, which is somewhat lower than our
observed crude rate of 4.4% over nearly 12 months of observa-
tion (24). Our time-adjusted incidence rate of 5.19 cases per
1,000 person-months appears comparable to the overall rate of
5.0 cases per 1,000 person-months (95% CI 2.9–2.9) found in
immunocompromised patients in the study by Sun et al (1).
Another study of breakthrough infections by Ahmed et al (25),
conducted in India from March to October 2021, found an overall
rate of breakthrough infection of 7.5%. This rate is higher than
noted in our study, but included 2 vaccines not used in the US,

limiting comparability. A study by Shen et al (22), which was con-
ducted over the same time period as our study in a heteroge-
neous population receiving a wide range of immunosuppressive
drugs, found a breakthrough rate of 1.3% among immunocom-
petent subjects and 2.8% in immunocompromised subjects.
Thus it appears that breakthrough infection rates in patients
receiving BCDTs may be higher than rates in immunocompetent
individuals and are the range of other studies examining immuno-
compromised patients; again, direct comparator studies are
needed.

Our study also examined the potential impact of the Delta
variant on breakthrough incidence and found that the majority of
cases were identified during the period of the Delta surge, with
62 of 74 cases diagnosed between June 20, 2021 (the date
determined to be the onset of the Delta surge by the CDC [1])
and December 15, 2021 (the end of our study and the end of
the Delta surge in northeastern Ohio). This observation is consis-
tent with the study by Sun et al (1), who described a tripling of inci-
dence in the period following June 20 until the end of their study
period of September 16, 2021. While all of these studies demon-
strated an increase in incidence of breakthrough within the time
period of the Delta surge, the reasons for this remain unclear.
Indeed the increased transmissibility of the Delta strain may be
one explanation for this rise in incidence; another consideration
could be waning vaccine effectiveness as the time since vaccine
administration increased. This possibility of waning vaccine effec-
tiveness would seem to be supported by our exploratory analysis
of the unvaccinated cohort, which over the same time periods
demonstrated little change in crude incidence, with nearly equal
numbers of patients infected over both time periods (i.e., pre-
Delta and Delta phases). Further studies examining biomarker
correlates of infection as well as the impact of new variants and
the effectiveness of additional doses are needed to increase our
understanding of this phenomenon.

Our findings indicating severe outcomes of COVID-19 in
breakthrough infections in patients receiving treatment with
BCDTs are important for understanding the implications of the
evolving picture of vaccine responsiveness in this population.
From early on it has been understood that patients receiving
agents such as RTX and ocrelizumab have severe deficits in their
capacity to mount humoral responses to a variety of vaccines and
more recently to vaccination against SARS–CoV-2 (11). Our data
also helps understand the implications and clinical limitations of
the surprisingly robust T cell response following mRNA vaccina-
tion in patients receiving BCDTs, which has been documented in
a number of recent studies (15,16,26). Further work carefully
studying breakthrough infection, paired with detailed examina-
tions of biomarkers for humoral- and cell-mediated immunity, is
urgently needed.

Given our data indicating that breakthrough infection in
patients receiving BCDT appears to be associated with poor out-
comes, we conducted an additional exploratory analysis in
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unvaccinated patients with the same diagnoses and use of
BCDTs over the same time period to gain insight as to what
degree of protection may be afforded by vaccinating such
patients. From this analysis we found that the incidence of infec-
tion was similar but numerically less in the unvaccinated patients
(4.0% versus 4.4%). In terms of severity, both groups had poor
outcomes, with the distribution of mild and severe cases in the
unvaccinated cohort (ordinal scale categories 1–3 versus 4–8) of
57.9% and 42.1% with 12.3% fatality, compared to 63.5% and
36.5% with 8.1% fatality in the breakthrough group. Given that
the assignment to these 2 groups (i.e., no vaccination versus vac-
cination) was nonrandom and may indicate differences in health
disparities as well as risk behaviors, these small differences
should be viewed with caution. At the minimum, we must con-
clude that patients receiving BCDTs, regardless of vaccine status,
are at risk of serious and fatal COVID-19.

Our observation that breakthrough patients receiving
anti–SARS–CoV-2 mAb did extremely well is important
(supported by the fact that only 1 vaccinated patient who received
anti–SARS–CoV-2 mAb treatment required hospitalization) yet is
limited by the nonrandom use of the therapy and the risk of con-
founding by indication. While anti–SARS–CoV-2 mAb have been
used extensively, their utility at reducing the need for acute care
and death is based on clinical trials in patients largely at increased
risk based on age and concomitant diseases, as opposed to a
small minority of immunocompromised patients, and none that
we are aware of explicitly recruited patients receiving BCDTs,
such as in our study (27). We examined the groups divided into
those who received treatment with anti–SARS–CoV-2 mAb and
those who did not, looking for select clinical characteristics with
the potential to influence clinical outcomes. We found that the
groups were well-matched for traditional risk factors for COVID-
19 progression (i.e., age, comorbidities) as well as concomitant
immunosuppression and duration of BCDT. Only 7 patients
(12.3%) in the unvaccinated cohort received anti-SARS-CoV-2
mAb (12.3%); 3 of these patients required hospitalization and
none died. While intriguing, we would caution against any strong
conclusions regarding the efficacy of anti–SARS–CoV-2 mAb in
this population due to limitations including nonrandom allocation
and likely residual confounding effects.

A more practical question perhaps should be posed:
why only 21 of 74 breakthrough patients (28.4%) received
anti–SARS–CoV-2 mAb therapy. The seeming underutilization of
these treatments in our patients is both important and disappoint-
ing. There are a number of possible explanations for this underuti-
lization of early and aggressive outpatient therapy. First, during
various surges of COVID-19, there were periods of time when
these therapies had limited availability. However, upon individual
examination of medical records, this was not explicitly noted as
a limitation in any case. A more likely cause of lack of outpatient
therapy was patients failing to connect with their providers within
the 10-day window of eligibility (23). Numerous reasons could

cause such a delay, including failure of the provider to educate
patients on the urgency to seek care if they suspected
COVID-19 infection. This education must include how to recog-
nize the often subtle symptoms of breakthrough infection (28) as
well as how to promptly self-test or obtain testing within the
important time window for the given treatment.

Also plausible and anecdotally noted in our chart review were
uncertainties regarding the patients who were diagnosed
promptly as to which provider to contact (i.e., primary care or spe-
cialist), at times leading to delays caused by caregivers who were
unfamiliar with rapidly changing care pathways. The even lower
use of anti–SARS–CoV-2 mAb in the unvaccinated cohort is of
great concern and may reflect disparities in health care access
and/or belief in health care resources. Moving ahead, practi-
tioners caring for immunocompromised patients will need to stay
knowledgeable about the standards of care and fill any outstand-
ing deficits in declarative or procedural knowledge on how to
manage COVID-19 in their patients.

Our study has several important limitations. First, we have no
direct comparator group of immunocompromised patients based
on therapy; it would be of interest to compare severity and out-
comes to other patients receiving different immunosuppressive
therapies. For now, unfortunately, large studies such as these
have not been reported. Second, it is likely that unknown cases
of mild or even asymptomatic infection may have been unre-
ported or missed, and certain data fields extracted from the chart
review may have been missing, especially from patients receiving
their BCDT outside of our health care system. Third, while we
chose to examine patients who received BCDTs in the year
2020, we did not account for ongoing BCDT through the end of
the study, which may have further contributed to immunosup-
pression. A recent study of RTX in vasculitis patients demon-
strated that antibody levels to S protein fell by >50% within
4 weeks of drug administration (29). Finally, it would clearly be of
interest to examine breakthrough infections in concert with the
status of patients’ integrated immune responses by assessing
serologic responses, especially anti-spike antibody titers, which
have been associated with breakthrough infection in IMID patients
(23,25), as well as B cell numbers and cell-mediated immune
responses. Unfortunately this was not possible in this retrospec-
tive study, where such data were not gathered or were missing
for the vast majority of patients.

In terms of practical implications, our study should serve to
highlight the plight of this important segment of the immunocom-
promised patient population who are likely to face ongoing and
formidable risks despite aggressive vaccination if, as many
observers predict, an ensuing endemic phase of the pandemic
lies ahead with future variants of unknown pathogenicity. For
now, enhanced nonpharmacologic measures (masking, social
distancing, etc.) will remain important; expanded access to preex-
posure prophylaxis with anti–SARS–CoV-2 mAb effective against
prevalent variants and access to emerging antiviral therapies will
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be vital (28,30,31). Enhanced education of both patients and the
providers who care for them to increase their awareness
and utilization of current and future outpatient therapies is urgently
needed.
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Synovial Inflammatory Pathways Characterize
Anti-TNF–Responsive Rheumatoid Arthritis Patients

Jing Wang,1 Donna Conlon,2 Felice Rivellese,3 Alessandra Nerviani,3 Myles J. Lewis,3 William Housley,2

Marc C. Levesque,4 Xiaohong Cao,1 Carolyn Cuff,2 Andrew Long,2 Costantino Pitzalis,3 and Melanie C. Ruzek2

Objective. This study was undertaken to understand the mechanistic basis of response to anti–tumor necrosis fac-
tor (anti-TNF) therapies and to determine whether transcriptomic changes in the synovium are reflected in peripheral
protein markers.

Methods. Synovial tissue from 46 rheumatoid arthritis (RA) patients was profiled with RNA sequencing before and
12 weeks after treatment with anti-TNF therapies. Pathway and gene signature analyses were performed on RNA
expression profiles of synovial biopsies to identify mechanisms that could discriminate among patients with a good
response, a moderate response, or no response, according to the American College of Rheumatology (ACR)/EULAR
response criteria. Serum proteins encoded by synovial genes that were differentially expressed between ACR/EULAR
response groups were measured in the same patients.

Results. Gene signatures predicted which patients would have good responses, and pathway analysis identified
elevated immune pathways, including chemokine signaling, Th1/Th2 cell differentiation, and Toll-like receptor signal-
ing, uniquely in good responders. These inflammatory pathways were correspondingly down-modulated by anti-TNF
therapy only in good responders. Based on cell signature analysis, lymphocyte, myeloid, and fibroblast cell populations
were elevated in good responders relative to nonresponders, consistent with the increased inflammatory pathways.
Cell signatures that decreased following anti-TNF treatment were predominately associated with lymphocytes, and
fewer were associated with myeloid and fibroblast populations. Following anti-TNF treatment, and only in good
responders, several peripheral inflammatory proteins decreased in a manner that was consistent with corresponding
synovial gene changes.

Conclusion. Collectively, these data suggest that RA patients with robust responses to anti-TNF therapies are
characterized at baseline by immune pathway activation, which decreases following anti-TNF treatment. Understand-
ing mechanisms that define patient responsiveness to anti-TNF treatment may assist in development of predictive
markers of patient response and earlier treatment options.

INTRODUCTION

Rheumatoid arthritis (RA) is a debilitating joint disease charac-
terized by progressive cartilage and bone destruction (1). Among
the biologic agents, anti–tumor necrosis factor (anti-TNF) therapies
are the most commonly used to treat RA patients, but many
patients remain unresponsive to these treatments (2,3). Under-
standing the mechanisms that drive clinical efficacy and predict
response/nonresponse to anti-TNF would benefit patients.

Several studies have profiled peripheral blood and synovial
tissue with transcriptomics, proteomics, and clinical disease mea-
sures in an attempt to understand the patient anti-TNF therapy
response (4–7). There is a reported discordance between syno-
vial tissue and peripheral gene expression profiles (8), and syno-
vial tissue analysis is more relevant to the disease compared to
blood analysis (5,9,10). However, because synovial tissue collec-
tion requires specialized procedures such as ultrasound-guided
biopsy, studies on synovial profiling are limited. Furthermore, the
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studies exploring synovial biopsies in RA patients have evaluated
few subjects and only baseline data; there are even fewer studies
that have measured the impact of anti-TNF therapies on synovial
pathways and mechanisms following treatment (11,12). In addi-
tion, while more advanced techniques are being used to profile
RA synovial tissues, such as single-cell RNA sequencing, studies
often focus on a single cell type, such as synovial macrophages
(13), but lack treatment effects and assessment of impact of the
collective cell populations and intercellular pathways that contrib-
ute to disease. Thus, many studies have used cell signatures from
single-cell RNA sequencing data to portray the cellular heteroge-
neity in bulk data and then linked the cell types with clinical fea-
tures from bulk data (14–16).

In the present study, to characterize disease mechanisms
differentiating anti-TNF response from nonresponse in RA
patients, we profiled synovial tissue both pre– and post–anti-
TNF treatment from RA patients who were either good
responders, moderate responders, or nonresponders; we used
bulk RNA sequencing transcriptome profiling and overlaid cellular
signatures identified from RA patient single-cell RNA-Seq. To the
best of our knowledge, this is the first bulk RNA-Seq analysis of
RA synovial tissue before and after treatment with anti-TNF thera-
pies and the largest sample size within the last 10 years
(Supplementary Table 1, available on the Arthritis & Rheumatol-
ogy website at https://onlinelibrary.wiley.com/doi/10.1002/art.
42295). We also extended evaluation to peripheral secreted pro-
teins based on synovial gene expression.

PATIENTS AND METHODS

Patient clinical assessments and synovial biopsies.
Forty-six RA patients fulfilling the 2010 American College of Rheu-
matology (ACR)/EULAR RA classification criteria (17) were
enrolled at the Centre for Experimental Medicine and Rheumatol-
ogy, Barts and The London School of Medicine, Queen Mary Uni-
versity of London, UK. The study received ethical approval from
the local UK Health Research Authority (no. 10/H0801/47), and
all patients provided written informed consent. Patients had clini-
cally defined synovitis and were eligible to start anti-TNF treat-
ment according to UK National Institute for Health and Care
Excellence guidelines (failure of ≥2 conventional synthetic
disease-modifying antirheumatic drugs [DMARDs] and a Disease
Activity Score in 28 joints [DAS28] [18] of ≥5.1). Upon enrollment
and acquisition of demographic characteristics, current medica-
tions, and clinical disease parameters (including C-reactive pro-
tein, erythrocyte sedimentation rate, rheumatoid factor/anti–
citrullinated protein antibody positivity titer, and DAS28), patients
underwent minimally invasive ultrasound-guided synovial biopsy
of the most inflamed joint (ultrasound synovial thickening
score ≥2) (19) at baseline and 12 weeks after treatment with
anti-TNF therapy (n = 19 receiving etanercept, n = 27 receiving
certolizumab pegol). Duration of treatment was ensured up to

the primary end point, and there were no treatment interruptions.
Blood was also collected for plasma and serum.

Responses to therapy were evaluated using ACR/EULAR
DAS28 response criteria defined as good response (DAS28
change [DAS28 at baseline – DAS28 at 12 weeks after treatment]
>1.2 with DAS28 at 12 weeks ≤3.2), moderate response (DAS28
change >1.2 with DAS28 at 12 weeks >3.2, or DAS28 change
0.6–1.2 with DAS28 at 12 weeks ≤5.1), or nonresponse (DAS28
change ≤0.6, or DAS28 change 0.6–1.2 with DAS28 at 12 weeks
>5.1) (20). There was no significant difference between the num-
ber of good responders, moderate responders, and nonre-
sponders for etanercept and certolizumab (P = 0.69)
(Supplementary Table 2, https://onlinelibrary.wiley.com/doi/10.
1002/art.42295).

RNA-Seq and data analyses. Total RNA was extracted
from synovial tissue using TRIzol and chloroform (ThermoFisher
Scientific), as previously described (9), and sequenced on an Illu-
mina HiSeq-3000 using single reads extending 50 bases.
RNA-Seq reads were aligned to the Ensembl release 76 top-level
assembly with STAR version 2.0.4b (21). Quality control reports
can be found in Supplementary Methods (https://onlinelibrary.
wiley.com/doi/10.1002/art.42295). Gene counts were derived
from the number of uniquely aligned unambiguous reads by Sub-
read:featureCount version 1.4.5 (22). Sequencing performance
was assessed for the total number of aligned reads, total number
of uniquely aligned reads, genes and transcripts detected, ribo-
somal fraction, known junction saturation, and read distribution
over known gene models with RSeQC version 2.3 (23). The data
have been deposited in Gene Expression Omnibus (GEO) (24)
and are accessible through GEO series accession number
GSE198520 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE198520).

In the count matrix, genes with counts per million of >1 in at
most 50% of all samples were removed for further analyses. The
trimmed mean of M values method (25) and Limma/Voom
method (26) were applied to normalize the data and identify differ-
entially expressed genes (DEGs) based on a fold change of >1.5
and a P value of <0.05. Pathway enrichment analysis for DEGs
was performed based on the WebGestalt web tool (27,28) using
KEGG database (29) based on a false discovery rate (FDR) of
<0.1. The gene set variation analysis (GSVA) method (30) was
used to calculate the pathway signature score by comparing the
ranking of DEGs annotated to each pathway with other genes
based on expression in each sample.

To identify cell types related to anti-TNF treatment, cell signa-
tures were downloaded from Zhang et al and Stephenson et al,
which identified 18 and 13 cell clusters, respectively, from RA
synovial single-cell data (31,32). Each signature included the top
20 most significant genes for each cell type, and there were few
overlapping genes between each pair of signatures in each of
2 data sets (Supplementary Figure 1, https://onlinelibrary.wiley.
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com/doi/10.1002/art.42295). Cell signature scores were also cal-
culated using the GSVA method (30) based on cell signature.

Peripheral protein measurements. The following pro-
teins were measured in serum or plasma at baseline and at
12 weeks in patients at the time synovial tissue was collected:
growth-related oncogene α (GROα; CXCL1), calprotectin
(S100A8/A9), interleukin-10 (IL-10), interferon-γ–inducible 10-kd
protein (IP10; CXCL10), monocyte chemotactic protein 1 (MCP1;
CCL2), monokine induced by interferon-γ (MIG; CXCL9), BRAK
(CXCL14), CXCL16, high mobility group box chromosomal protein
1 (HMGB1), IL-32, YKL40 (CHI3L1), 6Ckine (CCL21), MCP2
(CCL8), B cell–attracting chemokine 1 (BCA1; CXCL13), MCP4
(CCL13), IL-16, and TRAIL (TNFSF10). Protein levels for all except
calprotectin were assessed using multiplex magnetic bead-based
MilliPlex MAP Human Cytokine/Chemokine immunoassay kits
according to instructions of the manufacturer (Millipore).

Briefly, plasma (25 μl/well) was incubated with antibody-
conjugated magnetic beads at 4�C overnight in 96-well assay
plates with agitation, followed by washing with assay buffer and
incubation for 1 hour with a biotinylated detection antibody cock-
tail, followed by streptavidin/phycoerythrin. After additional
washes, beads were resuspended in sheath fluid, and samples
were analyzed on a Luminex 200 instrument. All samples were
run in duplicate. Unknown concentrations of each analyte were
determined based on regression curves (5-parameter logistic)
from the standard curve of each analyte using xPONENT software
(Luminex). For calprotectin, plasma samples were evaluated
using a MRP8/14 enzyme-linked immunosorbent assay kit
according to instructions of the manufacturer (Buhlmann Labora-
tories AG). Briefly, diluted plasma samples were incubated on the
antibody-coated microplate at 4�C overnight, followed by wash-
ing and incubation with an enzyme-linked monoclonal antibody
at room temperature for 1 hour, and a final wash before substrate
solution addition prior to obtaining optical density at 450 nm.
Concentrations of calprotectin were determined by regression
analysis (4- or 5-parameter) based on the standard curve.

Public RA synovial microarray data. Three RA synovial
microarray data sets with anti-TNF treatment information
(GSE15602 [11], GSE21537 [33], and GSE47726 [34]) were down-
loaded from GEO. All data sets were normalized by the authors of
the original publications. If gene IDs were not mapped to a Human
Genome Organisation (HUGO) gene symbol, we mapped these
gene IDs to HUGO gene symbols using the mapping table from
GEO. The DEGs were identified based on Limma using a fold
change of >1.5 and a P value of <0.05, and KEGG enriched path-
ways were identified based on WebGestalt using an FDR of <0.1.

Statistical analysis. The comparisons of binary or categori-
cal demographics (e.g., gender and ethnicity) among the
3 ACR/EULAR response groupswere performed using Fisher’s exact

test, while the comparisons of continuous demographics (e.g., age)
were calculated using analysis of variance (ANOVA). The comparison
of principle component 1 (PC1) between each pair of response
groups was performed using Wilcoxon’s rank sum test. Variables
related to PC1were identified using Pearson’s correlation (continuous
variable), Wilcoxon’s rank sum test (binary variable), and ANOVA (cat-
egorical variable). Pathway signature score (or cell signature score)
comparisons between pre- and posttreatment were performed using
paired Wilcoxon’s rank sum tests, while pairwise pretreatment com-
parisons between good, moderate, and nonresponders were per-
formed using standard Wilcoxon’s rank sum tests.

Data availability. Data are available upon reasonable
request. The transcriptomics data are uploaded to the GEO
database.

RESULTS

Patient demographic characteristics, disease
characteristics, and clinical responses.We compared base-
line patient demographics between ACR/EULAR good responders,
moderate responders, and nonresponders (Table 1). At baseline,
good responders had significantly lower scores of the patient global
assessment of disease activity, the patient global assessment of pain,
and the Health Assessment Questionnaire (HAQ) disability index
(DI) when compared to moderate responders or nonresponders.
Good responders also had significantly lower DAS28 scores at base-
line when compared to both moderate responders and nonre-
sponders. These results indicate that good responders in this study
had reduced disease activity prior to anti-TNF treatment. Lower base-
line disease activity in those with a good response to anti-TNF treat-
ment has been observed in other studies (7,35). Consistent with the
defined response groups, we found that the mean ± SD change in
DAS28 was −3.1 ± 0.9 for good responders, −2.4 ± 1.0 for moder-
ate responders, and −0.6 ± 0.5 for nonresponders. Most baseline
biopsy specimens were from the wrist, and only 3 patients changed
biopsy location for posttreatment samples (Supplementary Table 3,
https://onlinelibrary.wiley.com/doi/10.1002/art.42295).

Good responders distinguished from moderate
responders and nonresponders at baseline via global
synovial molecular phenotypes. To understand global gene
expression differences between patients responding and those
not responding to anti-TNF treatment, principal component anal-
ysis (PCA) of the synovial RNA sequencing was compared before
and after treatment (Figure 1). At baseline, good responders were
distinct from the majority of moderate and nonresponders
along PC1 (P = 5.2 × 10−3 versus moderate responders, and
P = 6.5 × 10−6 versus nonresponders), indicating that good
responders demonstrated a different gene expression pattern
compared to other patient groups before treatment. Variables
related to PC1 at baseline were tender joint count, HAQ DI, and
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DAS28 (Supplementary Table 4, https://onlinelibrary.wiley.com/
doi/10.1002/art.42295). Differences between good responders
andmoderate responders/nonresponders were less marked after
treatment (P = 0.022 versus moderate responders, and P = 0.046
versus nonresponders), indicating that pretreatment differences
were most pronounced.

Elevation of several immune/inflammatory
pathways in good responders prior to treatment. To
identify the genes and pathways driving the differences observed
at baseline in good responders compared to moderate
responders and nonresponders, DEGs were identified between
each pair of groups at baseline. Consistent with the PCA results,
5,857 DEGs were observed between good responders and non-
responders at baseline (Supplementary Tables 5 and 6, https://

onlinelibrary.wiley.com/doi/10.1002/art.42295), and there were
2,515 DEGs between good responders and moderate
responders at baseline, using a fold change of >1.5 and a
P value of <0.05 (Supplementary Tables 7 and 8). In contrast,
there were only 312 DEGs between moderate responders and
nonresponders at baseline (Supplementary Tables 9 and 10),
suggesting greater similarity between moderate responders and
nonresponders (Figure 2A). We were also able to predict those
who would be good responders (versus nonresponders) pretreat-
ment, based on our RNA-Seq data as assessed by a 16-gene
random forest model showing the highest accuracy of 0.92
(Supplementary Figure 2 and Supplementary Table 11).

There were 93 differential pathways between good responders
and nonresponders at baseline, with 72 up-regulated and 21 down-
regulated pathways in good responders (Supplementary Tables 12

Table 1. Demographic and clinical characteristics of the rheumatoid arthritis patients (n = 46)*

Good
responders (n = 19)

Moderate
responders (n = 13)

Nonresponders
(n = 14)

Female sex 13 (68) 10 (77) 12 (86)
Ethnicity†
Asian 3 (16) 6 (46) 6 (43)
Caucasian 14 (74) 4 (31) 7 (50)
Other 2 (10) 3 (23.0) 1 (7)

Age, mean ± SD years 56.6 ± 12.2 49.9 ± 13.8 54.6 ± 12.1
Joint involvement
Wrist 16 (84) 9 (70) 10 (71)
MCP 2 (11) 2 (15) 3 (22)
Other (elbow, knee, MTP) 1 (5) 2 (15) 1 (7)

Disease duration, mean ± SD
years

5.7 ± 5.9 6.9 ± 5.3 7.8 ± 8.3

Previous smoker 9 (47) 3 (23) 4 (29)
Current smoker 3 (16) 3 (23) 4 (29)
Type of DMARD
MTX 4 (21) 5 (39) 3 (22)
MTX + HCQ 7 (37) 4 (30) 8 (57)
MTX + SSZ 7 (37) 1 (8) 2 (14)
Leflunomide 0 (0) 1 (8) 0 (0)
MTX + SSZ + HCQ 1 (5) 2 (15) 1 (7)

Current steroid use 6 (32) 5 (39) 5 (36)
Disease status
SJC, mean ± SD 9.8 ± 3.8 10.4 ± 7.3 9.7 ± 2.7
TJC, mean ± SD 13.4 ± 6.3 18.2 ± 7.7 15.5 ± 7.1
PtGA of pain, mean ± SD‡ 49.0 ± 25.8 63.5 ± 16.3 72.1 ± 21.1
PtGA of disease activity,

mean ± SD†
67.8 ± 18.7 83.7 ± 10.0 80.4 ± 15.4

PGA of disease activity,
mean ± SD

66.1 ± 15.9 76.2 ± 11.3 67.7 ± 13.5

HAQ DI score, mean ± SD‡ 1.2 ± 0.59 1.7 ± 0.8 1.9 ± 0.57
RF positive, % 68.4 61.5 71.4
ACPA positive, % 78.9 76.9 78.6
CRP, mean ± SD 7.2 ± 9.5 16.2 ± 33.1 11.1 ± 15.0
ESR, mean ± SD 19.5 ± 16.4 32.2 ± 22.7 23.9 ± 13.3
DAS28, mean ± SD†‡ 5.7 ± 0.54 6.6 ± 0.89 6.3 ± 0.95

* Exceptwhere indicated otherwise, values are the number (%).MCP =metacarpophalangeal;MTP =metatarsophalangeal;
DMARD = disease-modifying antirheumatic drug; MTX = methotrexate; HCQ = hydroxychloroquine; SSZ = sulfasalazine;
SJC = swollen joint count; TJC = tender joint count; PtGA = patient global assessment; PGA = physician global assessment;
HAQ = Health Assessment Questionnaire; DI = disability index; RF = rheumatoid factor; ACPA = anti–citrullinated protein
antibody; CRP = C-reactive protein; ESR = erythrocyte sedimentation rate; DAS28 = Disease Activity Score in 28 joints.
† P < 0.05 for good responders versus moderate responders.
‡ P < 0.05 for good responders versus nonresponders.
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Figure 1. Principal components (PC) analysis plots showing the distribution of pretreatment (A) and posttreatment samples (B) from rheumatoid
arthritis patients classified as good responders (GR; n = 19), moderate responders (MR; n = 13), or nonresponders (NR; n = 14) to anti–tumor
necrosis factor therapy.

Figure 2. Pretreatment comparisons of gene expression in good responders (GR), moderate responders (MR), and nonresponders (NR) to anti–
tumor necrosis factor therapy, showing greater differential gene expression in good responders, mapping to several inflammatory pathways.A, Pair-
wise comparisons of up-regulated and down-regulated genes between good responders, moderate responders, and nonresponders.B, Signature
score comparison of responder-specific immune pathways in each responder group of samples. Data are shown as box plots, where each box rep-
resents the upper and lower interquartile range (IQR). Lines inside the boxes represent the median, and whiskers represent 1.5 times the upper and
lower IQRs. P values were calculated based on Wilcoxon’s rank sum tests. C, Expression patterns of the chemokine signaling pathway for up-
regulated genes in good responders compared to nonresponders. GSVA = gene set variation analysis; PI3K = phosphatidylinositol 3-kinase.
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and 13, https://onlinelibrary.wiley.com/doi/10.1002/art.42295). The
21 down-regulated pathways (elevated in nonresponders) were
largely sensory and metabolic pathways, with the top 3 pathways
being neuroactive ligand–receptor interaction, olfactory transduction,
and taste transduction. Of the 72 up-regulated pathways in good
responders compared to nonresponders at baseline, ~60% were
related to immune responses, inflammation, or infection, including
innate pathways (e.g., leukocyte transmigration, Fc gamma receptor
phagocytosis) and adaptive immune pathways (e.g., B cell receptor
signaling and Th1 versus Th2 cell differentiation) as shown in
Figure 2B. The chemokine signaling pathway, involved in cell recruit-
ment and inflammatory responses, demonstrated a high differential
expression of several inflammatory genes between good responders
and moderate responders/nonresponders at baseline (Figure 2C).
The heatmap of other significant pathways in Figure 2B can be found
in Supplementary Figures 3–10. However, we did not observe similar
results based on 3 published data sets (Supplementary Figure 11
and Supplementary Tables 14–16).

In an effort to determinewhich specific cell populationsmight be
contributing to the up-regulated immune pathways, cell signatures
defined by Zhang et al (31) describing 18 synovial cell populations
were overlaid onto this data set. This analysis showed higher signa-
ture scores for all immune and fibroblast populations in good
responders compared to nonresponders at baseline (Figure 3).

A permutation test proved that these results were not due to data
bias (Supplementary Figure 12 and Supplementary Table 17,
https://onlinelibrary.wiley.com/doi/10.1002/art.42295). We obtained
similar results based on the cell signatures defined in another synovial
single-cell data set (32) (Supplementary Figure 13). While these data
further supported an increased immune activation status in good
responders compared to moderate responders/nonresponders,
they suggested that most synovial cell types were contributing to
the immune activation signature in good responders. Collectively,
these results identified several inflammatory pathways elevated at
baseline in synovium of patients who responded well to anti-TNF
therapy compared to patients showing moderate or no response.

Reduction of inflammatory pathways in good
responders by anti-TNF treatment. To identify which path-
ways were modulated by anti-TNF therapy after treatment in the
RA patient response groups, we identified 451, 215, and
180 DEGs up-regulated pretreatment compared to posttreat-
ment in good responders, moderate responders, and nonre-
sponders, respectively (Figure 4A, Supplementary Figure 14,
and Supplementary Tables 18–20, https://onlinelibrary.wiley.
com/doi/10.1002/art.42295). There was minimal overlap among
the 3 pre- versus posttreatment DEG lists, indicating that anti-
TNF therapy affected the treatment response patient populations

Figure 3. Pretreatment comparisons of gene-derived cell signatures in good responders, moderate responders, and nonresponders to anti–
tumor necrosis factor therapy. Signature scores were plotted for synovial cell populations previously identified by single-cell RNA sequencing
(ref. 28), including T cell populations (CCR7+, regulatory, peripheral helper [Tph]/follicular helper [Tfh], granzyme K–positive [GZMK+], cytotoxic
T lymphocyte [CTL], and GZMK+/GZMB+), B cell populations (naive, memory, age-associated, plasmablasts), myeloid cells (C1qA+, proinflam-
matory [proinflam], NUPR1+, interferon [IFN]–activated), and fibroblasts (HLA–DRAhigh, CD34+ sublining, DKK3+ sublining). Data are shown as
box plots, where each box represents the upper and lower IQR. Lines inside the boxes represent the median, and whiskers represent 1.5 times
the upper and lower IQRs. P values were calculated based on Wilcoxon’s rank sum tests. IL-1b = interleukin-1β (see Figure 2 for other definitions).

GREATER SYNOVIAL INFLAMMATION IN ANTI-TNF RESPONDERS 1921

https://doi.org/10.1002/art.42295
https://doi.org/10.1002/art.42295
https://doi.org/10.1002/art.42295
https://doi.org/10.1002/art.42295


differently. Pathway enrichment analysis of these DEGs in each of
the anti-TNF treatment response groups revealed that 28 path-
ways decreased in good responders, 5 decreased in moderate
responders, and none were significantly decreased in nonre-
sponders (Supplementary Tables 21–23). Among the pathways
decreasing after anti-TNF treatment in good responders, >80%
were the same pathways elevated at baseline relative to nonre-
sponders (Figure 4B). For example, messenger RNA expression
of many genes in the chemokine signaling pathway that were ele-
vated in good responders at baseline (Figure 2C) decreased fol-
lowing anti-TNF treatment, including the following: CXCL13,
CCR1, GRK2, FGR, GRK6, GRB2, HCK, ARRB2, CXCL9,
PREX1, RAC2, CCL21, NCF1, STAT1, WAS, CXCR4, and
CXCL14 (Figure 4C). Only 2 of the inflammatory pathways that
were elevated at baseline in good responders, Th17

differentiation and leukocyte transendothelial migration, were not
significantly changed by anti-TNF treatment. None of these
immune pathways that decreased in good responders were sig-
nificantly impacted in moderate responders or nonresponders,
suggesting that pathways that decreased after anti-TNF treat-
ment were unique to good responders. Heatmaps of other path-
ways in Figure 4B can be found in Supplementary Figures 15–21.

We again overlaid synovial immune and fibroblasts cell signa-
tures obtained from the work of Zhang et al (31) onto this data set
to determine if specific cell populations may be responding to the
anti-TNF treatment. Cell population signatures decreased following
anti-TNF treatment in all T cell populations (CCR7+, regulatory,
peripheral helper/follicular helper, granzyme K+, cytotoxic T lympho-
cyte, and granzyme K+/granzyme B+) in good responders
(Figure 4D), while most of them were not significantly decreased in

Figure 4. Effects of anti–tumor necrosis factor therapy on gene expression profiles, pathways, and cell signatures when comparing pre- and
posttreatment in good responders, moderate responders, and nonresponders. A, Comparison of up-regulated genes in pretreatment compared
to posttreatment in each responder group. B, Signature score comparison of good responder–specific immune pathways between pre- and
posttreatment samples. C, Expression patterns of the chemokine signaling pathway for up-regulated genes in pretreatment compared to
posttreatment for good responders. D, Cell signature scores for synovial cell populations identified previously by single-cell RNA sequencing
(ref. 28) (see Figure 3 for list of cell populations). In B and D, data are shown as box plots, where each box represents the upper and lower IQR.
Lines inside the boxes represent the median, and whiskers represent 1.5 times the upper and lower IQRs. P values were calculated based on
paired Wilcoxon’s rank sum tests. See Figure 2 for other definitions.
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moderate responders and nonresponders (Supplementary
Figures 22–23, https://onlinelibrary.wiley.com/doi/10.1002/art.
42295). Other specific cell signatures that decreased following
anti-TNF treatment in good responders, but not in moderate
responders/nonresponders, included memory B cells, age-
associated B cells, plasmablasts, as well as C1qA+ and interferon-
activated myeloid subpopulations and HLA–DRAhigh

fibroblasts.
Naive B cells, proinflammatory macrophages, and CD34+ sublining
fibroblasts were unchanged following anti-TNF treatment in all
patients. DKK3+ sublining fibroblasts and lining fibroblasts were sig-
nificantly increased in nonresponders but not in good andmoderate
responders. We obtained similar results based on Stephenson’s
signatures (32) (Supplementary Figures 24–26). Collectively, these
data suggest that in addition to showing higher inflammatory signa-
tures at baseline, following treatment with anti-TNF, good
responders show decreases in many of these inflammatory path-
ways as well as decreases in certain cell population signatures,
including lymphocytes and specific myeloid populations.

Changes observed over time in synovial inflamma-
tory genes in good responders after anti-TNF treatment
corresponding to protein changes in matched periph-
eral blood. In an effort to connect synovial changes to
changes observed in the blood, we selected several inflamma-
tory genes encoding soluble proteins that showed either differ-
ential expression at baseline and/or were decreased following
anti-TNF treatment to measure at the protein level in the
periphery. These proteins included the following: GROα

(CXCL1), calprotectin (S100A8/A9), IL-10, IP10 (CXCL10),

MCP1 (CCL2), MIG (CXCL9), BRAK (CXCL14), CXCL16,
HMGB1, IL-32, YKL40 (CHI3L1), 6Ckine (CCL21), MCP2
(CCL8), BCA1 (CXCL13), MCP4 (CCL13), IL-16, and TRAIL
(TNFSF10). None of the proteins tested showed a significant
differential between good responders and nonresponders at
baseline (Supplementary Table 24, https://onlinelibrary.wiley.
com/doi/10.1002/art.42295), even with multivariate analysis
(data not shown). However, all proteins that had been selected
based on decreased synovial gene expression following anti-
TNF treatment showed a similar significant reduction in the
periphery posttreatment (e.g., calprotectin, IP10, MIG, BCA1,
and YKL40; IL-10 and IL-32 were excluded due to a majority
of values below the limit of detection) (Figure 5 and Supple-
mentary Table 25).

Also consistent with the gene expression data, there was no
significant difference between pre- and posttreatment levels of
these proteins for moderate responders and nonresponders
(Supplementary Figures 27 and 28 and Supplementary
Table 25, https://onlinelibrary.wiley.com/doi/10.1002/art.42295).
While corresponding peripheral proteins were unable to predict
a good response inhibition at baseline, there was a link between
several synovial and peripheral biomarkers when observed within
the same patient longitudinally.

DISCUSSION

The current study of synovial tissue biopsies from RA
patients pre- and posttreatment with anti-TNF therapy yielded
3 key findings: 1) increased baseline inflammatory pathways in

Figure 5. Comparison of synovial gene expression and circulating protein changes following anti–tumor necrosis factor treatment. Relative
synovial gene levels and circulating protein levels are shown. Data are shown as box plots, where each box represents the upper and lower inter-
quartile range (IQR). Lines inside the boxes represent the median, and whiskers represent 1.5 times the upper and lower IQRs. P values were cal-
culated based on paired Wilcoxon’s rank sum tests. CPM = counts per million; IP10 = interferon-γ–inducible 10-kd protein; MIG = monokine
induced by interferon-γ; BCA1 = B cell–attracting chemokine 1.

GREATER SYNOVIAL INFLAMMATION IN ANTI-TNF RESPONDERS 1923

https://doi.org/10.1002/art.42295
https://doi.org/10.1002/art.42295
https://doi.org/10.1002/art.42295
https://doi.org/10.1002/art.42295
https://doi.org/10.1002/art.42295


good responders were consistently reduced by anti-TNF treat-
ment; 2) cell signatures similarly reflected elevated inflammation
in good responders at baseline, and lymphocyte populations
were the most responsive to anti-TNF therapy; and 3) a high con-
cordance of intrapatient peripheral protein changes and synovial
gene expression changes following anti-TNF therapy were
observed. Collectively, our findings demonstrate that patients
responding to anti-TNF therapy show synovial elevations of genes
reflecting diverse inflammatory mechanisms, including several
inflammatory cell types.

The elevations in synovial inflammatory genes and pathways
pretreatment are consistent with prior studies that showed an
association of histologic response to infliximab based on changes
in lymphoid aggregates in the synovium (36,37). However, results
from synovial gene array profiling were inconsistent, and good
response was not associated with elevated inflammatory path-
ways. For example, Badot et al found that synovial inflammatory
genes were elevated in nonresponders instead of good
responders (11), and Lindberg et al were unable to find any signif-
icant gene differences between good responders and nonre-
sponders with an FDR of <0.05 and only obtained similar results
to our study when considering genes with weaker signals (33).

We reanalyzed publicly available synovial tissue data based
on the criteria used in our study and could not identify immune-
related pathway elevations in good responders from any other
data set. For example, although 886 up-regulated genes in good
responders compared to nonresponders pretreatment were
identified in the data set from Badot et al (11), only 1 KEGG path-
way was enriched in these genes (Supplementary Table 14,
https://onlinelibrary.wiley.com/doi/10.1002/art.42295). The lack
of DEGs with consistent functions in these prior studies could be
due to small patient numbers and/or the use of microarrays. The
analysis of larger patient numbers and the use of RNA sequencing
in the present study may have been able to identify the presence
of greater synovial inflammation as an indicator of a greater likeli-
hood of response to anti-TNF and demonstrate decreases in
these pathways following treatment. Because of the inconsis-
tency between published data sets and our data set, the model
we built cannot predict the status for the 3 previously published
data sets. However, we will need to further validate the above
results based on other large RNA-Seq data sets.

We also evaluated differential genes and pathways in nonre-
sponders and found that pathways up-regulated in nonresponders
compared to good responders were largely sensory and metabolic
pathways; top pathways included neuroactive ligand–receptor
interaction, olfactory transduction, and taste transduction. These
are intriguing observations given the significantly greater scores of
patient global assessment of pain in nonresponders and the
reported expression of olfactory and taste receptor expression in
tissues (38). The functional role of these pathways in disease is
not entirely clear but may have functions unrelated to olfaction, as
these receptors are found expressed in a variety of tissues

(39,40). Therefore, additional investigation will be required to fully
understand the implications of their expression in the synovium.

We found certain inflammatory pathways at baseline that
diverge between good responders and nonresponders and were
not significantly changed following anti-TNF treatment in good
responders. These included Th17 differentiation and leukocyte
transendothelial cell migration. These pathways may require more
time to be impacted by the TNF neutralizing therapy or potentially
reflect the emergence of plastic resistance following blockade of
the TNF pathway, as reported for IL-17 (41–43). We did not find
any significant differential pathways in the nonresponder group
when comparing pre- and posttreatment, further confirming that
TNF inhibition in these patients has minimal effects. These data
support the concept that disease in responders is driven by
inflammatory pathways that are normalized following anti-TNF
treatment, whereas nonresponder disease is driven by an alterna-
tive inflammatory mechanism, perhaps a sensory or metabolic
pathway, which is TNF-independent and thus is not changed by
anti-TNF therapy. We are currently exploring these potential alter-
native inflammatory mechanisms identified in nonresponders.

We were unable in this cohort of patients with established RA
to find a significant relationship between response status
and Krenn score (Supplementary Figure 29A, https://
onlinelibrary.wiley.com/doi/10.1002/art.42295) or synovial
pathotype, assessed either by histology (Supplementary
Figure 29B) or based on the molecular signatures described by
Lewis et al (9) (Supplementary Figure 29C). While this could be
due to low patient numbers upon stratification into individual
pathotypes, it is also important to note that the patients included
in that study were at a different disease stage (i.e., early RA, aver-
age disease duration 6.8 months) and had a different treatment
exposure (synthetic DMARD–naive). Therefore, the reported
baseline pathotype association with therapy response to
DMARDsmay reflect the clinical status and/or treatment modality.
In addition, the molecular characterization highlighted multiple dif-
ferential genes and pathways, which are potentially more sensitive
or specific than histologic assessment for pathotype or Krenn
scoring. Similarly, the discrepancy between clinical DAS28 scores
and the higher inflammatory pathways based on gene expression
in the synovium further support other reported findings that clini-
cal remission is not the same as histologic remission (44).

In an effort to determine whether blood markers can reflect
synovial gene changes, we performed circulating protein analyses
based on synovial gene differences or changes, predicated on the
assumption that soluble and secreted proteins will diffuse from
the joint and be elevated in the blood. This is in contrast to blood
gene expression analysis, which relies on the presence of
disease-associated cells to be present in the blood. Although we
can identify the predictive signature from synovial tissue gene
expression data, we were unable to detect any significant differ-
ences at baseline in any of the proteins evaluated (even those in
which the synovial gene differences were significant), which is
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consistent with previously published studies, including blood
gene expression studies (5,10) and a proteomic analysis (45).
There was little overlap between the signatures in these studies,
and none have been incorporated into clinical practice. Interest-
ingly, one study using iTRAQ labeling found proteins that pre-
dicted response to adalimumab or infliximab, but there was no
correlation of markers between the 2 treatments (45). In contrast
to the lack of association between baseline synovial gene and
peripheral proteins, changes in circulating proteins post–anti-TNF
treatment were highly consistent with gene changes in the
synovium of good responders. The robust difference of blood
protein markers between pre- and posttreatment could be due
to intrapatient comparisons that normalize the responses.

While pretreatment PCA analysis of total gene expression distin-
guished good responders from moderate responders and nonre-
sponders, treatment lessened these gene expression differences.
This suggests that the gene expression differences before treatment
were modulated by anti-TNF therapy in good responders. Given that
the inflammatory pathways were reduced posttreatment, we believe
that this reflects the dominance of inflammatory pathways driving
disease in good responders, and upon reduction of these overriding
pathways by anti-TNF therapy, the patient populations become
more similar. Conversely, there were fewer elevated pathways in
moderate/nonresponders compared to good responders, suggest-
ing that the inflammatory responses in good responders exceed
other pathways active in moderate or nonresponders. Collectively,
these results suggest that the primary difference between good
responders and moderate/nonresponders are the robust inflamma-
tory pathways which overshadow other pathways that are more
active in nonresponders.

A limitation of this study is that we only explored a single ther-
apeutic mechanism (i.e., anti-TNF). While other therapies such as
costimulatory blockade, IL-6, or B cell–directed therapy might have
impacted similar inflammatory pathways, it is possible the results of
treatment with these alternative therapies could have been differ-
ent. However, the inflammatory mechanisms engaged by all the
biologic therapies may account for why the combination of these
therapies did not increase efficacy and only led to more side effects
(46,47). As an extension of these studies, we plan to use the Strat-
ification of Biologic Therapies for RA by Pathobiology (STRAP) trial
included in the Maximising Therapeutic Utility for RA (MATURA)
consortium (http://www.matura-mrc.whri.qmul.ac.uk/) to explore
responder and nonresponder mechanisms with anti-TNF and other
therapeutic agents (IL-6 and B cell–targeted agents).

In conclusion, our data demonstrate that inflammatory path-
ways are elevated in RA patients who robustly respond to anti-
TNF therapy. With greater patient numbers, we confirmed previ-
ous reports suggesting elevations in inflammation in anti-TNF
responder patients and extended the investigation to define multi-
ple pathways and synovial cell signatures elevated in good
responders, which decreased following anti-TNF treatment.
Although peripheral proteins could not replicate the synovial gene

prediction at baseline, decreases in inflammatory genes in the
synovium within individual patients following anti-TNF treatment
were observed at the protein level in blood and identified potential
markers that can reflect the inflammatory changes occurring due
to treatment. These results provide additional evidence for the
key mechanistic activities of anti-TNF treatment on inflammatory
pathways in robustly responding RA patients and on the cell
populations contributing to RA pathogenesis.
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Clinical images: Giant intraosseous synovial cyst with intraarticular connection at the elbow
in rheumatoid arthritis

The patient, a 74-year-old woman with longstanding seronegative, erosive rheumatoid arthritis (RA) who had been taking leflunomide and
etanercept, presented with worsening arthralgias in her right elbow. Initial radiographs revealed a large lytic lesion in the distal humerus.
Further radiographs of the humerus, obtained to evaluate the full extent of the lesion, showed an expansile cystic lesion replacing the distal
two-thirds of the humerus, arising from the elbow articular surface (arrows in A). The lesion had indolent features of smooth endosteal
scalloping, slight bone expansion, a nonsclerotic border, and no matrix. A sagittal STIR magnetic resonance image (MRI) demonstrated
a corresponding T2-hyperintense marrow-replacing lesion (arrow in B). A T1-weighted transverse MRI through the midportion of the
humeral shaft showed the marrow-replacing lesion to be isointense to fluid (arrow in C). A T1-weighted, fat-suppressed, postcontrast
MRI at the same level demonstrated a thin rim of enhancement at the lesion’s periphery, which was isointense to fluid on T1- and fluid-
sensitive sequences (arrow in D), indicative of a cystic cavity lesion with no solid material or nodular enhancement. Lesion biopsy showed
a paucicellular-type cyst with few fibrotic stroma fragments and no evidence of malignancy. Treatment was switched from etanercept
to abatacept, resulting in significant improvements of RA symptoms and stable imaging results in the patient at the 3-month follow-up.
Extraarticular synovial cysts as a rare complication of severe RA have been reported in only a few cases (1–3), with presence of an
intraarticular connection even more unique. Identifying the described key features will help with diagnosis and with ruling out malignancy.

Author disclosures are available at https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fart.42312&file=art42312-sup-0001-
Disclosureform.pdf.
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Contribution of MicroRNA-27b-3p to Synovial Fibrotic
Responses in Knee Osteoarthritis

Ghazaleh Tavallaee,1 Starlee Lively,2 Jason S. Rockel,2 Shabana Amanda Ali,3 Michelle Im,4 Clementine Sarda,2

Greniqueca M. Mitchell,2 Evgeny Rossomacha,2 Sayaka Nakamura,2 Pratibha Potla,2 Sarah Gabrial,2

John Matelski,2 Anusha Ratneswaran,2 Kim Perry,2 Boris Hinz,5 Rajiv Gandhi,6 Igor Jurisica,7 and Mohit Kapoor8

Objective. Synovial fibrosis contributes to osteoarthritis (OA) pathology, but the underlying mechanisms remain
unknown. We have observed increased microRNA-27b-3p (miR-27b-3p) levels in synovial fluid of patients with
late-stage radiographic knee OA. Here, we investigated the contribution of miR-27b-3p to synovial fibrosis in patients
with severe knee OA and in a mouse model of knee OA.

Methods. We stained synovium sections obtained from patients with radiographic knee OA scored according to
the Kellgren/Lawrence scale and mice that underwent destabilization of the medial meniscus (DMM) for miR-27b-3p
using in situ hybridization. We examined the effects of intraarticular injection of miR-27b-3p mimic into naive mouse
knee joints and intraarticular injection of a miR-27b-3p inhibitor into mouse knee joints after DMM.We performed trans-
fection with miR-27b-3p mimic and miR-27b-3p inhibitor in human OA fibroblast-like synoviocytes (FLS) using reverse
transcriptase–quantitative polymerase chain reaction (RT-qPCR) array, RNA sequencing, RT-qPCR, Western blotting,
immunofluorescence, and migration assays.

Results. We observed increased miR-27b-3p expression in the synovium from patients with knee OA and in mice
with DMM-induced arthritis. Injection of the miR-27b-3p mimic in mouse knee joints induced a synovial fibrosis-like
phenotype, increased synovitis scores, and increased COL1A1 and α-smooth muscle actin (α-SMA) expression.
In the mouse model of DMM-induced arthritis, injection of the miR-27b-3p inhibitor decreased α-SMA but did not
change COL1A1 expression levels or synovitis scores. Transfection with the miR-27b-3p mimic in human OA FLS
induced profibrotic responses, including increased migration and expression of key extracellular matrix (ECM) genes,
but transfection with the miR-27b-3p inhibitor had the opposite effects. RNA sequencing identified a
PPARG/ADAMTS8 signaling axis regulated by miR-27b-3p in OA FLS. Human OA FLS transfected with miR-27b-3p
mimic and then treated with the PPARG agonist rosiglitazone or with ADAMTS8 small interfering RNA exhibited altered
expression of select ECM genes.

Conclusion. Our findings demonstrate that miR-27b-3p has a key role in ECM regulation associated with synovial
fibrosis during OA.

INTRODUCTION

Osteoarthritis (OA), the most common form of arthritis, is a

leading cause of disability worldwide (1). Research on OA has

frequently focused on articular cartilage degradation and

subchondral bone sclerosis, but the synovium also undergoes

pathologic changes (2). The synovium, a thin connective tissue

layer consisting largely of 2 types of cells (fibroblast-like
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synoviocytes [FLS] and tissue-resident macrophages), produces
synovial fluid, which nourishes articular chondrocytes and
removes products of tissue metabolism (3). As OA progresses,
the synovium becomes inflamed (synovitis) and hypertrophies as
a result of increased vascularization, infiltration of inflammatory
cells, aberrant OA FLS proliferation, and accumulation of exces-
sive extracellular matrix (ECM) (3,4). These changes contribute to
synovial fibrosis and promote joint stiffness and pain (5). Although
synovial pathology was originally thought to be a secondary reac-
tion to evolving damage in neighboring cartilage and bone tissues,
it is now recognized as an active participant of OA pathogenesis
(6); however, little is known about the underlying regulatory signal-
ing networks, particularly those responsible for the altered ECM
regulation contributing to synovial fibrosis.

As potent regulators of gene expression, microRNAs
(miRNAs) in knee OA have been studied but mainly for their roles
in cartilage homeostasis (7,8). Less is known about the contribu-
tion of these important transcriptional regulators to synovitis,
particularly fibrotic responses (5,9,10). We previously reported
that miRNA-27b-3p (miR-27b-3p) levels are higher in the synovial
fluid of patients with advanced radiographic knee OA and identi-
fied the synovium as the major source of miR-27b-3p, as stimula-
tion of synovial explants with interleukin-1β (IL-1β) elicited its
secretion (11). However, the specific role of miR-27b-3p to
OA synovial pathology is not known. We hypothesized that
miR-27b-3p helps modulate synovial ECM regulatory networks
involved in synovial fibrosis during OA. In this study, we used
in vivo and in vitro models, RNA sequencing analysis, and compu-
tational analysis to determine, for the first time to our knowledge,
the role and mechanisms of miR-27b-3p in ECM regulation and
synovial fibrotic responses during OA.

PATIENTS AND METHODS

Study design and OA patients. All patients provided
written informed consent for inclusion in the University Health
Network Research Ethics Board–approved biomarker exploration

studies (16-5969-AE and 14-7592-AE). All animal studies were
approved by the University Health Network’s Animal Care Com-
mittee (animal use protocol 3729) and were conducted in accor-
dance with relevant guidelines and regulations. A minimum of
6 animals were needed to detect a 25% difference by histology
with 80% power (sigma = 0.15, alpha level of 0.05). Full sequenc-
ing data sets are available through Gene Expression Omnibus
(GEO accession no. GSE152638).

We obtained synovial tissue samples from patients with
radiographic knee OA (Kellgren/Lawrence [K/L] grades 3 and
4) who were undergoing total knee replacement and from
patients who were undergoing knee arthroscopy (K/L grades
1 and 2) at the Toronto Western Hospital (Toronto, Canada).
Synovial tissue samples were either used fresh for retrieval of
FLS for culture studies or were fixed and processed for histol-
ogy or for in situ hybridization (ISH). Patient anthropometric
and demographic data and the patient’s experimental group
are listed in Supplementary Table 1, available on the Arthritis &

Rheumatology website at https://onlinelibrary.wiley.com/doi/
10.1002/art.42285.

Mouse model of surgical destabilization of the
medial meniscus (DMM) and intraarticular injections.
We housed 10- to 12-week-old C57BL/6J male mice
(The Jackson Laboratory) in the Krembil Research Institute
(Toronto, Ontario, Canada) vivarium on a 12-hour light/dark cycle
in a temperature-controlled room (21�C ± 1�C) with food pro-
vided ad libitum for 1 week before we performed DMM or sham
surgery (12). Knee joints (n = 6–10 for each group [DMM and
sham]) were collected at 2, 5, or 10 weeks after surgery and
processed for ISH, immunohistochemistry (IHC), or histology.

For the miR-27b-3p mimic injection experiments, naive
12-week-old C57BL/6J male mice were intraarticularly injected
twice, 2 weeks apart, under isoflurane anesthesia with 5 μg of
mirVana miR-27b-3p mimic (ThermoFisher catalog no. 4464066)
in the right knee or mirVana miRNA mimic negative control
1 (ThermoFisher catalog no. 4464061) in the left knee. Knee joints
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were retrieved 5 weeks after injection (n = 6 knee joints per each
treatment group) and processed for IHC and histology.

For the miR-27b-3p inhibitor injection experiments,
12-week-old C57BL/6J male mice were subjected to DMM or
sham surgery (right knee) and intraarticularly injected with 5 μg of
custom in vivo–grade miRCURY locked nucleic acid (LNA) mmu-
miR-27b-3p inhibitor (Qiagen catalog no. 339204-YCI201647-FZA)
at 1 week and 3 weeks after surgery, with knee joints retrieved
at 5 weeks after surgery (n = 10). Control animals (9 animals
that had sham surgery and received control inhibitor or
10 animals that had DMM surgery and received control inhibitor)
underwent the same procedure but received injections of
a scrambled negative control inhibitor (Qiagen catalog no.
339204-YCI0201821-FZA).

Histology and IHC analyses of synovium. Human
synovial samples and mouse knee joints were processed,
sectioned, and stained with Safranin O (Sigma-Aldrich catalog
no. S2255) and fast green (Bio Basic catalog no. FB0452),
Masson’s trichrome for connective tissue (Electron Microscopy
Sciences catalog series no. 26367), or hematoxylin and eosin
(Vector catalog no. H-3404), all in accordance with manufac-
turers’ recommendations. Articular cartilage and synovial sam-
ples were scored in a blinded manner by 2 observers who used
the Osteoarthritis Research Society International (OARSI) grading
for cartilage damage and degree of synovitis (13). For IHC, sec-
tions were stained for ADAMTS8 (5 μg/ml; Novus Biologicals cat-
alog no. NBP2-46494), type V collagen (COL5A1; 0.5 μg/ml;
Abcam catalog no. ab7046), type XIV collagen alpha 1 chain
(COL14A1; 1:200; Novus Biologicals catalog no. NBP2-15940),
COL1A1 (1:200; Abcam catalog no. ab34710), α-smooth muscle
actin (α-SMA; 1:400; Sigma-Aldrich catalog no. A2547), or
PPARG (1:750; Novus Biologicals catalog no. NBP2-22106SS).
After sections were stained, we used 3,30-diaminobenzidine sub-
strate (Vector catalog no. SK-4105) for visualization. We deter-
mined percentage of stained area or percentage of positive cells
using ImageJ version 1.53c (14).

In situ hybridization. After samples were subjected to
proteinase K digestion (with 7.5 μg/ml for 10 minutes for mouse
knee joints and 20 μg/ml for 30 minutes for human synovium),
sections were incubated for 1 hour at 55�C with denatured
LNA-modified and 50-end and 30-end digoxigenin–labeled anti-
sense oligonucleotides, which included the miR-27b-3p probe
(80 nM for mouse and 160 nM for human; Qiagen catalog
no. YD00619142), U6 small nuclear RNA (1 nM; positive control),
or scrambled control probe (40 nM; negative control). Nuclei
were counterstained with nuclear fast red (Sigma-Aldrich catalog
no. N3020-100ML). We allowed coverslipped sections to dry
overnight before visualization under brightfield illumination (Leica
catalog no. ICC50W5021). We counted a minimum of 3 random
fields to measure the percentage of positive cells in each section.

FLS cultures. We isolated FLS by enzymatic digestion of
human OA synovium obtained at time of surgery (total knee
replacement or knee arthroscopy). Cells were cultured at 37�C
and at 5% CO2 in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco catalog no. 11995073) supplemented with
10% fetal bovine serum (Wisent catalog no. 080-150) and
100 units/ml penicillin and 100 μg/ml streptomycin. Cells were
passaged when they reached 85% confluency. Passages 3–5
were used for all culture experiments. OA FLS cultures were
serum-starved (0.5% fetal bovine serum) for 3 hours before addi-
tion of 3 μg/ml Lipofectamine RNAiMAX transfection reagent
(Life Technologies, ThermoFisher catalog no. 13778-075) with
either 5 nM Homo sapiens (hsa)-miR-27b-3p miRCURY LNA
miRNA mimic (Qiagen catalog no. 339173 YM00470553) or the
corresponding control mimic (Cel-miR-39-3p; Qiagen catalog
no. YM00479902) or 50 nM hsa-miR-27b-3p miRCURY LNA
Power inhibitor (Qiagen catalog no. 339131) or the corresponding
control inhibitor (negative control A; Qiagen catalog no. 339136),
after which cultures remained for 48 hours in serum-starved
media. For some experiments, OA FLS culture medium was
replaced 24 hours later with fresh serum-starved DMEM containing
either 1) 20 μM rosiglitazone (Tocris catalog no. 5325) or vehicle
(dimethyl sulfoxide; Sigma-Aldrich catalog no. D2650) or 2) 10 nM
ADAMTS8 small interfering RNA (siRNA; Sigma-Aldrich catalog
no. EHU129241-20UG) or MISSION siRNA universal negative con-
trol (Sigma-Aldrich catalog no. SIC001) in 3 μg/ml Lipofectamine
and then incubated for an additional 24 hours before cells were
harvested. Cells were either fixed and stained with 0.3% crystal vio-
let (Transwell migration assay) or for immunofluorescence, or
extracts were collected for protein (Western blot) or RNA analysis.
For RNA analysis, we used the 834-well RT2 Profiler and polymer-
ase chain reaction (PCR) arrays for human ECMandadhesionmole-
cules (Qiagen catalog no. PAHS-013ZE-1), conventional reverse
transcriptase–quantitative PCR (RT-qPCR) (primers listed in Sup-
plementary Table 2, available on theArthritis &Rheumatologyweb-
site at https://onlinelibrary.wiley.com/doi/10.1002/art.42285)
and RT-qPCR for detection of mmu-miR-27b-3p and U6
(Qiagen catalog no. 339306), and RNA sequencing (Truseq
stranded total RNA; Illumina catalog no. 20020596).

RNA sequencing and pathway analysis. RNA was
extracted from 48-hour mimic– or control–transfected OA FLS,
and libraries were prepared (Truseq stranded total RNA).
We used the Illumina NextSeq 550 system (2 × 75 bp) at the
Centre for Arthritis Diagnostic and Therapeutic Innovation
(Schroeder Arthritis Institute, Toronto, Ontario, Canada) for
sequencing analysis, followed by bioinformatics analysis to deter-
mine gene expression levels per sample (15). Genes with ≥10
counts per million in ≥2 samples were retained for the analysis.
We identified differentially expressed genes (DEGs) by using the
negative binomial generalized linear model with trended disper-
sion and trimmed means normalization. Dispersion and treatment
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effect estimates were adjusted for sample pairs and genes.
Significance was set at unadjusted P < 0.05, as no significant
differences in gene expression remained after multiple testing
correction (false discovery rate). We used R (version 3.6.0) and
the edgeR (version 3.25.8) package for analysis.

We obtained putative gene targets of hsa-miR-27b-3p from
mirDIP version 4.1 (http://ophid.utoronto.ca/mirDIP) (16) and
retrieved physical protein–protein interactions from the Integrated
Interactions Database version 2020-05 (http://ophid.utoronto.ca/
iid) (17). We obtained pathway annotations from pathDIP version
4 (http://ophid.utoronto.ca/pathDIP) (18). The transcription regu-
latory network was downloaded from Catalogue of Transcrip-
tional Regulatory Interactions, Catrin version 1 (http://ophid.
utoronto.ca/Catrin). All networks were integrated, annotated,
visualized, and analyzed using NAViGaTOR version 3.0.16 (19).
The final networks were exported in an SVG format, and the final
images (300 dpi in PNG format) with legends were prepared with
Adobe Illustrator version 26.0.2. Gene nodes were color coded
by top Gene Ontology molecular function terms identified using
Uniprot and Gene Ontology slim.

Statistical analysis. Data analyses were completed in
Excel 2010 and R 3.1.0. With the exception of RNA sequencing,
we conducted all statistical analyses using GraphPad PRISM
9 software. P or q values (FDR-adjusted P) less than 0.05 were
considered significant for analysis between groups.

Additional details of methodology can be found in
Supplementary Methods, available on the Arthritis & Rheumatol-
ogy website at https://onlinelibrary.wiley.com/doi/10.1002/art.
42285.

RESULTS

Association between synovial expression of
miR-27b-3p and human and mouse knee OA severity.
We previously showed that miR-27b-3p expression levels were
higher in synovial fluid of patients with radiographic knee OA and
K/L grades 3 and 4 compared with patients with K/L grades
1 and 2 and that ex vivo human OA synovium treated with the
proinflammatory mediator IL-1β had increased secretion of
miR-27b-3p (11). Because the synovium is a major contributor
to synovial fluid, we first examined expression of miR-27b-3p
in synovium of patients with varying K/L grades of knee OA,
with the small nuclear RNA U6 used as a positive control
(Supplementary Figure 1A, available on the Arthritis & Rheuma-
tology website at https://onlinelibrary.wiley.com/doi/10.1002/
art.42285). With increased radiographic knee OA severity,
we observed increased collagen fiber density under a more
stratified synovial lining in patients with knee OA and K/L grades
3 and 4 relative to patients with K/L grades 1 and 2 (Figure 1A).
Concomitantly, the proportion of miR-27b-3p–positive cells
relative to the total number of cells quantified in the synovial

lining increased with K/L grade (Figure 1A). Thus, consistent
with expression levels of miR-27b-3p in synovial fluid (11), the
proportion of synovial lining cells expressing miR-27b-3p
increased with radiographic knee OA severity.

To determine whether similar expression differences could
be detected in an animal model of knee OA, we examined
miR-27b-3p expression by ISH at 2 weeks and 10 weeks after
DMM-induced OA in C57BL/6 male mice (Figure 1B). Similar
to our findings in human knee OA, we observed increased colla-
gen deposition using Masson’s trichrome stain in synovium
from mice with DMM-induced OA, which coincided with
increased synovitis scores compared with that shown in control
mice that received sham surgery (Figure 1C). DMM surgery also
induced cartilage degeneration that increased in severity from
2 weeks to 10 weeks, as reflected by the increases in OARSI
scores of the medial femoral condyle and medial tibial plateau
(Supplementary Figure 1B). These changes in matrix organiza-
tion were accompanied by increased miR-27b-3p staining in
the synovium as early as 2 weeks and persisted through
10 weeks after surgery (Figure 1D). In contrast, the mouse car-
tilage tissue showed a decrease in miR-27b-3p expression in
tibial articular chondrocytes at both time points, similar to the
decreases in miR-27b-3p observed in human OA cartilage cul-
tured with IL-1β (11) or as reported in fresh cartilage from
patients with either OA or rheumatoid arthritis compared with
that obtained from trauma patients without a history of disease
(20,21). In sham-operated animals, miR-27b-3p was primarily
detected in tibial articular chondrocytes, with minimal cells
labeled in the synovium. In both human and mouse knee OA,
synovial miR-27b-3p expression coincided with increased
ECM deposition.

Induction of a synovial fibrosis-like phenotype after
intraarticular injection of miR-27b-3p mimic into the
mouse knee joint. The increases in miR-27b-3p expression
observed in human and mouse OA synovium suggested a causal
relationship with disease severity and prompted us to examine the
effect of modifying miR-27b-3p expression in the knee joints of
naive mice (Figure 2A) and of mice with DMM-induced OA using
miR-27b-3p mimic and inhibitor, respectively. In synovium from
miR-27b-3p mimic–injected naive knee joints, we observed
consistently higher synovitis scores, as reflected by synovial
thickening, increased collagen deposition, and cell infiltration
(Figure 2B). These changes were paralleled by a miR-27b-3p
mimic–mediated increase in the percentage of synovial cells
labeled with COL1A1, a major structural collagen component of
synovial ECM (22), and α-SMA, a marker of activated fibroblasts
(23,24). Of note, cartilage integrity remained mostly unchanged
in both the miR-27b-3p mimic– and control mimic–injected
mouse knee joints (Supplementary Figure 2, available on the
Arthritis & Rheumatology website at https://onlinelibrary.wiley.
com/doi/10.1002/art.42285). Thus, intraarticular injection of
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miR-27b-3p mimic elicited a fibrosis-like phenotype in the
synovium of healthy mouse knee joints.

In mice that received intraarticular injection of miRCURY
LNA miR-27b-3p inhibitor at 1 week and 3 weeks after DMM
surgery (Figure 2C), we observed no obvious differences in the
histologic changes in cartilage or in synovial pathology (OARSI
and synovitis scores) compared with results shown with the
control inhibitor at 5 weeks after surgery (Figure 2D and Supple-
mentary Figure 3, available on the Arthritis & Rheumatologyweb-
site at https://onlinelibrary.wiley.com/doi/10.1002/art.42285) or in
the percentage of synovial cells expressing COL1A1. However,
the percentage of synovial cells expressing α-SMA decreased
in the miR-27b-3p inhibitor–treated group compared with the
group that received the control inhibitor.

Increased expression of ECM markers and migra-
tion of human OA FLS with miR-27b-3p overexpression.
Given that intraarticular injection of miR-27b-3p mimic induced a
synovial fibrosis–like phenotype with increased expression of
COL1A1 in the synovium in vivo, we next examined the effect of
miR-27b-3p overexpression on the production of COL1A1 in cul-
tures of FLS, the major cell type isolated from human
OA synovium obtained during total knee replacement surgeries.
Transfection of OA FLS with miR-27b-3p mimic resulted in a
mean ± SD 199 ± 53-fold increase in miR-27b-3p expression
(Supplementary Figure 4A, available on theArthritis & Rheumatology
website at https://onlinelibrary.wiley.com/doi/10.1002/art.42285).
In addition, transfection with miR-27b-3p mimic in OA FLS resulted
in an increased change of COL1A1 transcript levels of mean ± SD

Figure 1. Expression of microRNA-27b-3p (miR-27b-3p) in samples obtained from human and mouse knee osteoarthritis (OA) synovium. A, Top,
Representative images of synovium (original magnification ×40) stained with Masson’s trichrome or miR-27b-3p in situ hybridization (ISH; purple
regions) in samples from radiographic kneeOApatients with Kellgren/Lawrence (K/L) radiographic severity grades 1 and 2 or K/L grades 3 and 4. Bot-
tom, Scatter plot showing mean ± SD proportion of miR-27b-3p–labeled synovial lining cells in synovium from patients with K/L grade 1 or 2 radio-
graphic knee OA or K/L grade 3 or 4 radiographic knee OA (n = 9/group). B, Destabilization of the medial meniscus (DMM) was conducted on
right knees of 10- to 12-week-old C57BL/6mice and knee joints were collected at 2 weeks or 10 weeks after surgery.C, Left, Representative images
of synovium at 10 weeks after sham or DMM surgery; collagen accumulation in DMM model is shown in blue (Masson’s trichrome). Right, Scatter
plot showing mean ± SD synovitis severity scores of mouse synovium 2 weeks or 10 weeks after sham or DMM surgery (n = 6/group).D, Top, ISH
images of the synovium (S) or tibial plateau (original magnification ×40) (miR-27b-3p indicated in purple, nuclei indicated in pink [nuclear fast red]).
Bottom, Scatter plots of mean ± SD percentage of miR-27b-3p–labeled cells in the synovium or tibial chondrocytes at 2 weeks and 10 weeks
after surgery. Relative data were log-transformed before analyses using Student’s unpaired t-test (A), Kruskal-Wallis test followed by 2-stage linear
step-up procedure of Benjamini, Krieger, and Yekutieli (C), or 2-way analysis of variance with Tukey’s post hoc test (D). * = P/q < 0.05; ** = P/q < 0.01;
*** = P/q < 0.001; **** = P < 0.0001.
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4.43 ± 1.73-fold (Figure 4B) and protein levels of 1.27 ± 0.22-fold
(Figure 3A). We observed opposite effects when cells were trans-
fected with miR-27b-3p inhibitor, with a mean ± SD 0.73 ± 0.14-
fold change in transcript levels (Supplementary Figure 4B) and a
mean ± SD 0.47 ± 0.19-fold change in protein levels (Figure 3B).
Immunofluorescence experiments demonstrated that the number
of cultured OA FLS transfected with miR-27b-3p mimic express-
ing COL1A1 also increased (Figure 3C and Supplementary
Figure 5, available on the Arthritis & Rheumatology website at
https://onlinelibrary.wiley.com/doi/10.1002/art.42285), with cell
numbers comparable in OA FLS that were transfected with either
miR-27b-3p mimic (mean ± SD 53.0 ± 11.1) or control mimic
(mean ± SD 52.5 ± 7.9). Overall, miR-27b-3p mimic transfection
increased COL1A1 expression in human OA FLS, while inhibition
of miR-27b-3p had the opposite effect.

Because increased migration is a key process associated
with a profibrotic response of OA FLS (25,26), we next investi-
gated whether miR-27b-3p influenced OA FLS migration using a
Transwell migration assay. We found that transfection of cells with
miR-27b-3p mimic increased the number of OA FLS that
migrated to the underside of Transwell membranes relative to
cells transfected with control mimic (Figure 3D). As with COL1A1
expression, transfection with the miR-27b-3p inhibitor had the
inverse effect, reducing OA FLS migration (Figure 3E). These data
suggested that miR-27b-3p influences migration in OA FLS.
However, when we examined the effect of miR-27b-3p overex-
pression on talin and vinculin, cytoskeletal mediators of cell adhe-
sion (27), and the cytoskeletal component vimentin, we detected
no differences in the protein levels of these molecules
(Supplementary Figure 6A, available on the Arthritis &

Figure 2. Overexpression of microRNA-27b-3p (miR-27b-3p) promotes synovial fibrosis-like responses in vivo. A, Schematic of miR-27b-3p
mimic or control mimic injections in mouse knees. B, Images of synovia (original magnification ×40) from mouse knee joints (n = 6) injected with
miR-27b-3p mimic or with control mimic and stained with Masson’s trichrome or hematoxylin and eosin (H&E) for immunohistochemical (IHC)
analysis or immunolabeled with COL1A1 or α-smooth muscle actin (α-SMA) (shown in brown, with nuclei counterstained in blue). C, Schematic of
injection of miR-27b-3p inhibitor (Inh) or control inhibitor (Ctrl Inh) in mouse knees (destabilization of the medial meniscus [DMM] vs. sham surgery). D,
Top, Imagesof synovia (originalmagnification×10) fromsham-operatedorDMM-operatedmouse knee joints injectedwithmiR-27b-3p inhibitor orwith
control inhibitor and stainedwithMasson’s trichromeorDMM-operated knee joint immunolabeledwithCOL1A1orα-SMA (shown inbrown,with nuclei
counterstained inblue).Bottom,Resultsquantifiedassynovitis severity scores, andpercentageofcells stainingpositive forCOL1A1orα-SMA.Symbols
represent individual samples; bars show themean±SD. * =P < 0.05; ** =P < 0.01; *** =P < 0.001,byMann-Whitney unpairedU test. Color figure can
be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42285/abstract.
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Figure 3. MicroRNA-27b-3p (miR-27b-3p) promotes synovial fibrosis–like responses in vitro.A andB, Left,Western blots of COL1A1expression (com-
pared toβ-actin) inosteoarthritis (OA) fibroblast-likesynoviocytes (FLS) transfectedwithmiR-27b-3pmimic (Mi) or controlmimic (CtrlM) (A) orwithmiRCURY
lockednucleic acid (LNA)miR-27b-3p inhibitor (Inh) or a control inhibitor (Ctrl I) (B) andcultured for 48hours (n=6–9).Right, Log-transformeddataplottedas
themean ± SD foldchange in relative expression.C, Left, Immunofluorescent imagesofCOL1A1expression inOAFLS transfectedwithmiR-27b-3pmimic
orcontrolmimicandcultured for3days.Boxedareas inmiddllepanelsareshownathighermagnification inbottompanels (originalmagnification×20).Right,
Results plotted as themean±SDpercentage of COL1A1-positive cells and as relativeCOL1A1 integrated density per area (n = 8 paired cultures).D andE,
Top,Crystal violet–stained imagesofTranswell-migratedOAFLS24hoursafter transfectionwithmiR-27b-3pmimicorcontrolmimic (D) orwithmiR-27b-3p
inhibitor (Inh) or control inhibitor (Ctrl I) (E). Bottom, Results plotted as themean ± SD number of OA FLSmigrating in the Transwells (n = 8 paired cultures).
Data were analyzedwith Student’s paired 2-tailed t-tests (A–C) orWilcoxon’s tests (D and E). * = P < 0.05; ** = P < 0.01; *** =P < 0.001. Color figure can
be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42285/abstract.
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Rheumatology website at https://onlinelibrary.wiley.com/doi/10.
1002/art.42285) or in the organization of F-actin filaments or vin-
culin (Supplementary Figure 6B).

The effect of miR-27b-3p mimic on OA FLS COL1A1 expres-
sion prompted us to investigate whether miR-27b-3p regulated
the expression of other ECM genes. Among the 84 matrix-related
genes (listed in Supplementary Table 3, available on the Arthritis
& Rheumatology website at https://onlinelibrary.wiley.com/doi/
10.1002/art.42285) that we investigated in OA FLS using
ECM-specific qPCR array, 17 genes had responses to the
miR-27b-3p mimic that were below the assay’s detection limits
and were excluded from further analysis. Of the remaining genes,
when compared to transfection with control mimic, transfection
with miR-27b-3p mimic significantly increased the expression
of 7 genes (COL1A1, COL5A1, COL14A1, thrombospondin
1 [THBS1], ADAMTS8, tenascin C [TNC], and fibronectin [FN1])
and decreased the expression of 3 genes (catenin delta
1 [CTNND1], hyaluronan synthase 1 [HAS1], and integrin alpha
2 ITGA2]) (Figures 4A and B, screening phase). Validation of the
array screening by RT-qPCR using mimic-transfected FLS
from 4 additional patients with advanced radiographic knee OA
confirmed increases in COL1A1, COL14A1, COL5A1, FN1,
ADAMTS8, and THBS1 (Figure 4B, validation phase). No marked
differences were observed for TNC, ITGA2, HAS1, and CTNND1

(Supplementary Figure 4C, available at https://onlinelibrary.wiley.
com/doi/10.1002/art.42285). Two genes confirmed to be modified
by miR-27b-3p mimic transfection in OA FLS, ADAMTS8 and
COL5A1, showed increased staining in cells in the synovium and
reduced staining in articular chondrocytes of DMM-operated
mouse knee joints (Figures 4C andD). Similar results were observed
with COL14A1 staining (Supplementary Figure 4D). Together, miR-
27b-3p overexpression promoted OA FLS expression of key ECM
genes and increased migration capacity, both important events
associated with synovial fibrosis pathology during OA.

Identification of ECM-related putative target genes
ofmiR-27b-3p using RNA sequencing and computational
analyses. To better understand the complex regulatory effects of
miR-27b-3p in OA FLS, we performed RNA sequencing and com-
putational analysis to create a comprehensive signaling network of
miR-27b-3p gene targets in OA FLS (Figure 5A). RNA sequencing
data showed that transfection with miR-27b-3p mimic elicited sig-
nificant (P < 0.05) expression changes in 2,295 DEGs compared
with that shown in OA FLS transfected with control mimic, with
increased expression in 1,428 DEGs and decreased expression in
867 DEGs (Figure 5B; see Supplementary Table 4, available on
the Arthritis & Rheumatology website at https://onlinelibrary.wiley.
com/doi/10.1002/art.42285, for the full list and segregated
up-/down-regulated DEGs). Using computational approaches, we
compared predicted gene targets of miR-27b-3p using mirDIP
(16) with the list of DEGs identified by RNA sequencing
(Supplementary Figure 7, available on the Arthritis & Rheumatology

website at https://onlinelibrary.wiley.com/doi/10.1002/art.42285).
Of the 2,295 DEGs identified by RNA sequencing in miR-27b-3p
mimic–treated OA FLS, 1,862 genes (81%) overlapped with
miR-27b-3p putative gene targets: 1,203 genes were up-regulated
(red edges), and 659 were down-regulated (green edges). Of note,
many of the miR-27b-3p–modulated DEGs were related to ECM
pathways (reactome ECM-related pathway nodes outlined in
purple in Supplementary Figure 7, as obtained from pathDIP) (18).

To better understand and visualize the ECM-specific signal-
ing network of miR-27b-3p in OA FLS, we used the Gene Ontol-
ogy cellular component annotations to extract the ECM-related
miR-27b-3p putative gene targets from all potential targets
(Supplementary Figures 7 and 8, available on the Arthritis &
Rheumatology website at https://onlinelibrary.wiley.com/doi/10.
1002/art.42285). The association of DEGs identified by RNA
sequencing to the ECM are highlighted by blue, green, and purple
gene names. Of note, several of the ECM-related target genes
down-regulated by miR-27b-3p transfection were involved in
vascular health, including the genes for aspartate beta-
hydroxylase (ASPH) (28), cadherin EGF LAG seven-pass G-type
receptor 1 (CELSR1) (29), heart development protein with
EGF-like domain 1 (HEG1) (30), laminin subunit alpha 1 (LAMA1)
and laminin subunit beta 1 (LAMB1) (31), nidogen 2 (NID2) (32),
neuropilin 2 (NRP2) (33), plexin domain containing 1 (PLXDC1)
(34), syndecan binding protein (SDCBP) (35), secreted protein
acidic and cysteine rich (SPARC) modular calcium-binding protein
1 (SMOC1) (36), and vascular endothelial growth factor c (VEGFC)
(37) or bone remodeling gene, including oncostatin M receptor
(OSMR) (38), SMOC1 (39), and SMOC2 (40). In contrast, expres-
sion of many structurally related ECM miR-27b-3p target genes,
including collagen genes (COL1A2, COL3A1, COL5A2, COL5A3,
COL8A2, COL11A1, COL15A1, COL21A1) and peptidylprolyl
isomerase B gene (PPIB), an important regulator of collagen
folding (41), members of the ADAMTS family (ADAMTS1,
ADAMTS8, ADAMTS9), and matricellular proteins (SPARC,
secreted phosphoprotein 1 [SPP1]) were up-regulated in
miR-27b-3p–transfected OA FLS. Overall, RNA sequencing cou-
pled with computational analysis identified multiple ECM-related
miR-27b-3p gene targets in OA FLS.

Identification of a miR-27b-3p/PPARG/ADAMTS8
signaling axis regulating select ECM genes in OA FLS.
To identify the gene(s) consistently differentially expressed across
all 3 investigations (qPCR array, RT-qPCR, and RNA sequencing),
we took a focused approach to specifically compare the DEGs
identified by qPCR array and RT-qPCR with the ECM-related
putative targets identified through RNA sequencing. Although
most of the genes identified by qPCR array and RT-qPCR fol-
lowed similar trends in RNA sequencing (e.g., COL1A1 showed
a 2-fold increase), only ADAMTS8 (3.4-fold increase) was signifi-
cantly up-regulated (P < 0.05) in miR-27b-3p–transfected OA
FLS compared with control across all 3 investigations.
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Because ADAMTS8 is reported to regulate signal transduc-
tion, ECM remodeling, and fibrosis (42,43), we focused on
the contribution of ADAMTS8 in miR-27b-3p signaling in OA

FLS. To examine the relationship of miR-27b-3p and ADAMTS8
in further detail, we assembled an integrated predictive
network combining miR-27b-3p putative gene targets,

Figure 4. MicroRNA-27b-3p (miR-27b-3p) regulates the expression of multiple extracellularmatrix (ECM)–related genes.A, Heatmap of genes differ-
entially expressed in reverse transcriptase–quantitativepolymerase chain reaction (RT-qPCR)array among84ECM-relatedgenes found in fibroblast-like
synoviocytes (FLS) isolated from osteoarthritis (OA) synovium that were transfected with miR-27b-3p mimic or with control mimic and cultured for
48 hours (n = 4).B, Scatter plots obtained by RT-qPCR array (screening phase (n = 4) andRT-qPCR (validation phase, n = 8) comparing relative expres-
sion (mean ± SD) of ECM-related genes (normalized toGAPDH) inOAFLS transfectedwithmiR-27b-3pmimic (Mi) or controlmimic (CtrlM) and cultured
for 48 hours. Data were log-transformed before analysis by Student’s paired 2-tailed t-test.C andD, Left, Immunohistochemical analysis (DAB, brown)
of ADAMTS8 (C) and type V collagen (COL5A1) (D) expression in mouse knee joints 10 weeks after destabilization of the medial meniscus (DMM) or
sham surgery. Nuclei are counterstained in blue (original magnification × 10). Bottompanels a–c are higher-magnification views of the boxed areas, with
panels a and b showing synovium (original magnification ×20 and ×40) and panel c showing medial tibial plateau cartilage (original magnification ×40).
Right, Results plotted as the mean ± SD percentage of synovium or chondrocytes staining positive for ADAMTS8 or COL5A1 in 3 digital images of
×40 fields of view (n=6 samples/group). * =P < 0.05; ** =P < 0.01; *** =P < 0.001; **** =P < 0.0001, byStudent’s unpaired2-tailed t-testwithWelch’s
correction. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42285/abstract.
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Figure 5. Expression profile and extracellular matrix–related network analysis of fibroblast-like synoviocytes (FLS) isolated from osteoarthritis
synovium overexpressing microRNA-27b-3p (miR-27b-3p). A, Schematic of workflow for determination of differentially expressed genes (DEGs)
and putative networks regulated by miR-27b-3p mimic treatment of human OA FLS in vitro using RNA sequencing and computational analyses.
PPI = protein–protein interactions. B, Heatmap of the DEGs (unadjusted P < 0.05) determined by RNA sequencing of OA FLS transfected with
miR-27b-3p mimic (Mi) or control mimic (Ctrl M) and cultured for 48 hours. Columns indicate treatment-paired replicates (n = 3). Genes are
ordered based on log fold change (largest to smallest), and values are scaled by row (mean centered and divided by SD). C, Integrated network
analysis of miR-27b-3p putative gene targets predicted to modulate ADAMTS8. The assembled network contains previously predicted Homo
sapiens (hsa)-miR-27b-3p gene targets (microRNA Data Integration Portal [mirDIP], purple edges), ADAMTS8-associated transcription factors
(Catalogue of Transcriptional Regulatory Interactions [Catrin], turquoise edges), and physical PPIs (Integrated Interactions Database [IID], green
edges) of DEGs identified by RNA sequencing (RNAseq) of OA FLS transfected with miR-27b-3p (direction of expression change relative to control
mimic–transfected cells is indicated by up and down triangles). Node color indicates associated Gene Ontology (GO) molecular functions. Color
figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42285/abstract.
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ADAMTS8-associated transcription factors, and physical protein–
protein interactions (Figure 5C). From this analysis, multiple putative
miR-27b-3p–regulated transcription factors were predicted to

modulate ADAMTS8. When we applied a more stringent
approach by restricting miR-27b-3p putative gene targets and
ADAMTS8-associated transcription factors to the top 1% of the

Figure 6. Regulation of select extracellular matrix (ECM) genes through a microRNA-27b-3p (miR-27b-3p)/PPARG/ADAMTS8 signaling axis.
PPARG transcript levels (A, D) and protein levels (B, E) were determined in fibroblast-like synoviocytes (FLS) isolated from osteoarthritis (OA) syno-
vium transfected with either miR-27b-3p mimic (Mi) or control mimic (Ctrl M) or transfected with miR-27b-3p inhibitor (Inh) or control inhibitor (Ctrl I)
and cultured for 48 hours. Results were determined by reverse transcriptase–quantitative polymerase chain reaction (RT-qPCR) normalized to
GAPDH (n = 8) or by Western blot densitometry measured from upper bands appearing at ~58 kd (n = 7). PPARG expression was determined
in the synovium of naive mice injected intraarticularly with Mi or Ctrl M (C) or in mice that underwent destabilization of the medial meniscus
(DMM) surgery and injected intraarticularly with Inh or Ctrl I (F), as determined by immunohistochemistry. See negative controls in Supplementary
Figure 11 (available on the Arthritis & Rheumatology website at https://onlinelibrary.wiley.com/doi/10.1002/art.42285). G, Schematic showing
transfection of OA FLS with control mimic (Ctrl M) or miR-27b-3p mimic (Mi), followed by treatment with rosiglitazone (Rosi) or DMSO as vehicle
control or with small interfering RNA (siRNA) targeting ADAMTS8 (AD8) or a negative control siRNA (NC). H and I, OA FLS were transfected with
control mimic or miR-27b-3p and treated with Rosi/DMSO (H) or ADAMTS8 siRNA/NC siRNA (I). RNA were extracted and assessed by RT-qPCR
for expression of ADAMTS8, COL5A1, and COL1A1. Colored data points in A, D, H, and I highlight biologic replicates (n = 6–9). Scatter plots
showmean ± SD, with relative data log-transformed before analysis by Student’s paired 2-tailed t-test (A–F) or repeated measures 2-way analysis
of variance followed by Tukey’s multiple comparisons post hoc test (H, I). * = P < 0.05; ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001. Color fig-
ure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42285/abstract.
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prediction scores in the network analysis, we identified 14 predicted
miR-27b-3p–regulated transcription factors of ADAMTS8, with only
PPARG down-regulated in our RNA sequencing data.

To investigate whether PPARG was indeed involved in
miR-27b-3p regulation of ADAMTS8, we first used OA FLS to
determine whether modification of miR-27b-3p levels by mimic
and inhibitor transfection alters PPARG expression. Our results
showed that miR-27b-3p overexpression reduced the expression
of PPARG (Figure 6A), while inhibition of miR-27b-3p had the
reverse effect, increasing PPARG expression (Figure 6D).
We found that miR-27b-3p mimic reduced and miR-27b-3p
inhibitor increased protein levels of PPARG in OA FLS in vitro
(Figures 6B and 6E).

We next examined whether injection of miR-27b-3p mimic or
inhibitor had any effect on the expression of PPARG in the syno-
vium in vivo. The number of PPARG-labeled cells was reduced
in the synovium of naive mouse joints treated with intraarticular
injection of miR-27b-3p mimic, whereas PPARG-labeled cells in
the synovium of DMM-operated mice were increased with injec-
tion of miR-27b-3p inhibitor, as shown by IHC (Figures 6C and
6F). However, no significant changes in PPARG staining were
observed in the articular cartilage in response to the miR-27b-3p
inhibitor (Supplementary Figure 9, available on the Arthritis &
Rheumatology website at https://onlinelibrary.wiley.com/doi/10.
1002/art.42285).

We next used the PPARG agonist, rosiglitazone, in
miR-27b-3p–transfected OA FLS to investigate the role of
PPARG in miR-27b-3p–regulated expression of ADAMTS8
(Figures 6G and 6H). In support of our predictive network analy-
sis, treatment with rosiglitazone counteracted the miR-27b-3p
mimic–mediated up-regulation of ADAMTS8 (Figure 6H). We also
investigated whether some of the ECM genes that we identified
by qPCR array and RT-qPCR were also regulated by PPARG.
Increases in COL5A1, COL1A1, and THBS1 mediated by
miR-27b-3p mimic were inhibited by rosiglitazone, whereas
COL14A1 and FN1 were not (Figure 6H, Supplementary
Figure 10A, available on the Arthritis & Rheumatology website at
https://onlinelibrary.wiley.com/doi/10.1002/art.42285), suggest-
ing a link between miR-27b-3p and PPARG activity in regulation
of select ECM genes.

To further investigate the involvement of ADAMTS8 in
miR-27b-3p–mediated ECM regulation, we also examined the
effect of ADAMTS8 knockdown on the expression of key ECM
genes in miR-27b-3p mimic–transfected cells (Figures 6G and 6I).
ADAMTS8 siRNA treatment effectively reduced ADAMTS8 tran-
script levels by mean ± SD 58 ± 38% in OA FLS transfected with
miR-27b-3p mimic and by mean ± SD 65 ± 18% in OA FLS trans-
fected with control. Of note, the miR-27b-3p mimic–induced
expression of COL5A1 but not COL1A1 was reduced (Figure 6I).
Similarly, miR-27b-3p mimic–mediated COL14A1 expression was
also decreased by ADAMTS8 siRNA, but THBS1 or FN1 were not
(Supplementary Figure 10B). Together, these findings suggest

that, in OA FLS, miR-27b-3p regulates a subset of ECM genes, in
part, through a PPARG/ADAMTS8 signaling axis.

DISCUSSION

This study showed that miR-27b-3p expression is elevated
in human knee OA and mouse knee OA synovia and plays a
crucial role in the regulation of key synovial ECM components.
Injection of miR-27b-3p mimic in naive mouse knee joints induced
a fibrosis-like phenotype, and the transfection of human OA FLS
with miR-27b-3p mimic increased the migratory capacity of FLS
and up-regulated the expression of multiple ECM genes, includ-
ing COL1A1, COL5A1, and FN1, which are among the top
10 genes expressed in human synovium most closely related to
OA (44). RNA sequencing coupled with computational analysis
identified a complex ECM-specific signaling network with multiple
targets of miR-27b-3p in OA FLS. Furthermore, this study identi-
fied one of the signaling arms of miR-27b-3p involving a
PPARG/ADAMTS8 signaling axis that, in part, regulates the
expression of select ECM components in OA FLS.

The fibrosis-modifying effects of miR-27b-3p have been
demonstrated in other pathologic conditions. For instance,
miR-27b-3p was found to promote cardiac fibrosis, in part
through up-regulation of profibrotic ECM genes in atrial fibro-
blasts (45). In contrast, miR-27b-3p has been found to negatively
regulate lung fibrosis (46). Thus, it is possible that the effects of
miR-27b-3p on fibrotic responses may be tissue- and/or
disease-specific. We observed that miR-27b-3p increased in the
synovium and decreased in the cartilage in mice after DMM sur-
gery, similar to our previous observations of miR-27b-3p expres-
sion changes in cultured human synovium and in cartilage
explants in response to IL-1β (11). Although our study did not
focus on changes in cartilage, further studies that examine the
role of miR-27b-3p in cartilage homeostasis are warranted. It is
intriguing that miR-27b-3p levels have been shown to be lower
in cartilage tissue of patients with OA and patients with rheuma-
toid arthritis than in control tissues without these diseases (20,21).
We also showed that intraarticular injection of miR-27b-3p mimic
into healthy mouse knee joints largely spared cartilage from degen-
eration while promoting a fibrosis-like phenotype in the synovium
with increased percentages of COL1A1- and α-SMA–expressing
cells. We did not observe the inverse, that is, a reduced severity
of synovial pathology in the mouse model of DMM that was treated
with a miR-27b-3p inhibitor. However, of note, the number of cells
in the synovium expressing α-SMA was reduced. Although the
number of activated fibroblasts (α-SMA–positive cells) was
reduced in response to the miR-27b-3p inhibitor, the persistence
of DMM-induced synovitis and the observation of no significant dif-
ferences in the COL1A1 expression suggested that other compen-
satory mechanismsmay be sufficient to sustain synovial pathology.

Although we did not focus on cartilage degradation, one
surprising observation was the overt expression of COL5A1 in
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chondrocytes of sham-operated animals. COL5A1 is a minor
component of healthy cartilage (47), with expression of COL5A1
increased after cartilage damage; recently, COL5A1 has been
identified as a hub gene elevated in damaged knee cartilage
(48). Knee surgery itself, even without meniscus destabilization
(sham surgery), poses risks to the joint (e.g., during incision) and
could explain the COL5A1 expression detected in chondrocytes
of sham-operated animals. Given that COL5A1 expression
declined in chondrocytes of mice subjected to DMM surgery, it
is likely that meniscus destabilization elicits additional changes in
the joint.

Because miR-27b-3p appeared to be an important mediator
of synovial fibrosis in our study, we used RNA sequencing to
examine the effects of its overexpression on OA FLS transcription
profiles. A large proportion (81%) of DEGs identified overlapped
with mirDIP-predicted putative gene targets. In addition, many of
the up-regulated DEGs were associated with the ECM; however,
many of the down-regulated DEGs were associated with vascular
health and bone remodeling. Intriguingly, ADAMTS8 was the only
gene consistently and significantly increased in OA FLS with
qPCR array, RT-qPCR, and RNA sequencing in response to the
miR-27b-3p mimic. Its knockdown in OA FLS inhibited the
miR-27b-3p–mediated induction of COL5A1, but not COL1A1,
suggesting that ADAMTS8 contributes to the miR-27b-3p regula-
tion of select ECM genes. When the top predicted transcription
factors of ADAMTS8 and miR-27b-3p targets were examined
and cross-referenced, PPARG was the only one identified by
RNA sequencing to be down-regulated by miR-27b-3p transfec-
tion of OA FLS.

PPARG, a previously identified target of miR-27b-3p (49,50)
with a miR-27b–targeted sequence in its 30 UTR (51), helps regu-
late fibroblast ECM production (52). Consistent with these
previous observations, we showed that the number of PPARG-
positive cells was reduced in the synovium of naive mouse joints
treated with miR-27b-3p mimic, whereas the number of PPARG-
positive cells in the synovium of mice subjected to DMM surgery
was increased with injection of miR-27b-3p inhibitor in vivo. Simi-
larly, we showed that miR-27b-3p mimic decreased and miR-
27b-3p inhibitor increased PPARG expression in human OA FLS
in vitro. Intriguingly, we showed that rosiglitazone, a PPARG ago-
nist, inhibited miR-27b-3p–induced ADAMTS8 as well asCOL5A1
and COL1A1 expression in OA FLS. These data further suggest
that regulation of select ECM genes occurs in part through a
miR-27b-3p/PPARG/ADAMTS8 signaling axis in OA FLS.

One limitation of the present study was that we did not
have access to synovial samples from healthy individuals with
no musculoskeletal disease; thus, we do not know whether
miR-27b-3p is expressed or whether it has an influence on
ECM production in human synovium under homeostatic
conditions. Obtaining synovial specimens continues to be chal-
lenging, especially from those with early stages of OA. Conse-
quently, we are limited in our ability to investigate the influence

of demographic and anthropometric variables, like sex, on
the miR-27b-3p effects reported in our present study.
Furthermore, our cultures of OA FLS are enriched for FLS but
are likely not pure. Even after a minimum of 3 passages used
in our study, it is possible that some macrophages remained
and contributed to the observed effects, although their contri-
bution is likely minimal (53–55).

In summary, we showed for the first time a key role of
miR-27b-3p and its downstream signaling mediators in ECM reg-
ulation associated with synovial fibrosis during OA.
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Safety and Efficacy of Bimekizumab in Patients With Active
Ankylosing Spondylitis: Three-Year Results From a Phase IIb
Randomized Controlled Trial and Its Open-Label Extension
Study

Xenofon Baraliakos,1 Atul Deodhar,2 Maxime Dougados,3 Lianne S. Gensler,4 Anna Molto,3

Sofia Ramiro,5 Alan J. Kivitz,6 Denis Poddubnyy,7 Marga Oortgiesen,8 Thomas Vaux,9 Carmen Fleurinck,10

Julie Shepherd-Smith,9 Christine de la Loge,10 Natasha de Peyrecave,10 and Désirée van der Heijde11

Objective. To assess the long-term safety, tolerability, and efficacy of bimekizumab in patients with active
ankylosing spondylitis (AS).

Methods. Patients with active AS who completed the dose-ranging, 48-week BE AGILE randomized controlled trial
were eligible to participate in an open-label extension (OLE) study, in which patients received 160 mg of bimekizumab
every 4 weeks. We present the safety and efficacy results through 156 weeks. Missing efficacy data were imputed
using nonresponder imputation analysis for binary outcomes and multiple imputation for continuous outcomes.

Results. From weeks 0–156, 280 of 303 patients (exposure-adjusted incidence rate 141.0 per 100 patient-years)
experienced ≥1 treatment-emergent adverse event; the most frequent adverse events were nasopharyngitis (8.1 per
100 patient-years) and upper respiratory tract infection (5.0 per 100 patient-years). Additionally, 67 of 303 patients (9.8 per
100 patient-years) had mild to moderate localized fungal infections (28 of 303 patients had Candida infections [3.7 per
100 patient-years] and 23 of 303 patients had oral candidiasis [3.0 per 100 patient-years]), 10 patients had serious infections
(1.3 per 100 patient-years), and no cases of active tuberculosis were reported. Active inflammatory bowel disease (1.1 per
100 patient-years), anterior uveitis (0.7 per 100 patient-years), and adjudicated major adverse cardiovascular events (0.3
per 100 patient-years) were infrequent. The efficacy of bimekizumab treatment demonstrated at week 48 was sustained in
the OLE study. At week 156, nonresponder imputation analysis showed that 53.7% of patients (72.6% of observed cases)
met the Assessment of SpondyloArthritis international Society criteria for 40% improvement and 28.0% of patients (37.9%
of observed cases) achieved partial remission; Ankylosing Spondylitis Disease Activity Scores were reduced from baseline
(mean ± SEM 3.9 ± 0.1) to week 48 (2.1 ± 0.1) and week 156 (1.9 ± 0.1) (multiple imputation). Patients showed sustained
improvements in pain, fatigue, physical function, and health-related quality of life.

Conclusion. The safety profile of bimekizumab was found to be consistent with previously demonstrated findings,
and no new safety signals were identified. The efficacy of bimekizumab in patients with AS was sustained through
3 years of treatment.

INTRODUCTION

Ankylosing spondylitis (AS) is a chronic, immune-mediated

inflammatory disease that mainly affects the axial skeleton (1).

Falling within the axial spondyloarthritis (SpA) spectrum, patients

with AS (also known as radiographic axial SpA) show definitive

structural damage of the sacroiliac joints on pelvic radiographs

(2). Due to the significant and lasting impact of AS on patients

A video abstract of this article can be found at: https://players.brightcove.
net/3806881048001/default_default/index.html?videoId=6309214489112

Clinicaltrials.gov identifiers: NCT02963506 and NCT03355573.
Supported by UCB Pharma.
1Xenofon Baraliakos, MD: Rheumazentrum Ruhrgebiet Herne,

Ruhr-University Bochum, Bochum, Germany; 2Atul Deodhar, MD: Oregon
Health & Science University, Portland; 3Maxime Dougados, MD, Anna Molto,
MD, PhD: Université de Paris, Department of Rheumatology, Hôpital Cochin,
Assistance Publique–Hôpitaux de Paris, INSERM U1153, Clinical Epidemiology
and Biostatistics, PRES Sorbonne Paris-Cité, Paris, France; 4Lianne S. Gensler,

MD: Department of Rheumatology, University of California, San Francisco;
5Sofia Ramiro, MD, MSc, PhD: Department of Rheumatology, Leiden
University Medical Center, Leiden, The Netherlands, and Department of
Rheumatology, Zuyderland Medical Center, Heerlen, The Netherlands; 6Alan
J. Kivitz, MD: Altoona Center for Clinical Research, Duncansville, Pennsylvania;
7Denis Poddubnyy, MD: Department of Gastroenterology, Infectious Diseases
and Rheumatology, Charité–Universitätsmedizin Berlin, Berlin, Germany;
8Marga Oortgiesen, PhD: UCB Pharma, Raleigh, North Carolina; 9Thomas
Vaux, MSc, Julie Shepherd-Smith, BPharm, PGDipPV: UCB Pharma, Slough,
UK; 10Carmen Fleurinck, MD, Christine de la Loge, MSc, Natasha de

1943

Arthritis & Rheumatology
Vol. 74, No. 12, December 2022, pp 1943–1958
DOI 10.1002/art.42282
© 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 License, which permits use,
distribution and reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.

https://orcid.org/0000-0002-9475-9362
https://orcid.org/0000-0002-2130-1246
https://orcid.org/0000-0001-6314-5336
https://orcid.org/0000-0002-8899-9087
https://orcid.org/0000-0002-4537-6015
https://players.brightcove.net/3806881048001/default_default/index.html?videoId=6309214489112
https://players.brightcove.net/3806881048001/default_default/index.html?videoId=6309214489112
http://clinicaltrials.gov
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fart.42282&domain=pdf&date_stamp=2022-11-07


(3–7), it is crucial to assess the long-term safety and efficacy of

treatments.
Interleukin-17 (IL-17) cytokines are key mediators of

inflammation in SpA and have been targeted by new monoclo-
nal antibody therapies (8,9), including the currently approved
IL-17A inhibitors secukinumab and ixekizumab (9–11). In AS
patients, safety and efficacy have been reported for up to
5 years for secukinumab, up to 2 years for ixekizumab
(12–15), and up to 16 weeks for brodalumab, an anti–IL-17
receptor antibody (16).

Bimekizumab is a monoclonal IgG1 antibody that inhibits
IL-17F in addition to IL-17A. These 2 cytokines, which have
~50% structural homology, form homodimers and heterodimers
that signal via the same receptor complex (17,18). Despite simi-
larities, IL-17A and IL-17F have distinct proinflammatory fea-
tures and can independently synergize with tumor necrosis
factor (TNF) to drive and amplify the inflammatory response
(18–20). Preclinical evidence has demonstrated that inhibition
of both cytokines suppresses gene expression and cytokine
production to a greater extent than inhibition of IL-17A alone
(11,12). The independent roles of IL-17A and IL-17F in patholog-
ical bone formation have also been identified in preclinical stud-
ies, indicating that dual inhibition of these cytokines may
modulate osteoblast activity to a greater extent than only
IL-17A inhibition (21,22).

Clinical studies have shown that the dual inhibition of IL-17A
and IL-17F with bimekizumab results in rapid and lasting clinical
improvements in patients with plaque psoriasis (with superiority
demonstrated against secukinumab, ustekinumab, and adalimu-
mab), psoriatic arthritis (PsA), and AS (23–29). In summary, the
body of preclinical and clinical evidence suggests that the addi-
tional inhibition of IL-17F with bimekizumab may provide an
improved therapeutic approach with further potential benefits
relative to existing IL-17A inhibitors.

In the phase IIb dose-ranging BE AGILE study of
bimekizumab in adults with active AS, a rapid and significant
reduction in disease activity was demonstrated at week 12, which
was sustained through week 48 (29). Bimekizumab was well tol-
erated and provided substantial improvements across various
domains, including patient-reported symptoms, physical func-
tion, and health-related quality of life, as well as objective signs of
inflammation such as C-reactive protein (CRP) levels and features
of inflammation visible on magnetic resonance imaging (MRI) (29).

Here, we report the safety and efficacy of treatment with bimeki-
zumab for up to 156 weeks in adult patients with active AS. The
primary objective of this study was to assess the long-term safety
and tolerability of bimekizumab in patients with active AS, and
secondarily to assess its long-term efficacy.

PATIENTS AND METHODS

Study design and participants. The BE AGILE study
(ClinicalTrials.gov identifier NCT02963506) was a 48-week random-
ized, parallel-group, phase IIb, dose-ranging study that was double-
blind to week 12 and then dose-blind to week 48. From the begin-
ning of the trial to week 48, it was conducted at 74 sites across
10 countries in Europe and the US (29). Patients who completed
48 weeks of treatment were eligible to enroll in the open-label exten-
sion (OLE) study (ClinicalTrials.gov identifier NCT03355573) for an
additional 204 weeks of treatment, with a subsequent safety visit
20 weeks after the last dose (see Supplementary Figure 1, available
on the Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.42282). The OLE study was conducted at
50 sites across the same 10 countries in Europe and the US that
participated in the BE AGILE study. Inclusion and exclusion criteria
have been reported previously (29). All study timepoints are reported
relative to baseline (week 0) of the initial randomized controlled
study. We report here results up to week 156 (up to 3 years total
treatment duration).

Randomization and blinding. At baseline of the
double-blind period, patients were randomized 1:1:1:1:1 to
receive subcutaneous injection of bimekizumab at a dose of
16 mg, 64 mg, 160 mg, or 320 mg, or placebo every 4 weeks.
At week 12 of the BE AGILE study, patients initially randomized
to receive 16 mg or 64 mg of bimekizumab or placebo were
rerandomized 1:1 to receive 160 mg or 320 mg of bimekizumab
every 4 weeks through week 48, while patients initially random-
ized to receive 160 mg or 320 mg of bimekizumab continued their
dosing to week 48. All patients in the OLE study received 160 mg
of open-label bimekizumab every 4 weeks, regardless of prior
dosing regimen (Supplementary Figure 1, http://onlinelibrary.
wiley.com/doi/10.1002/art.42282).

The BE AGILE study and the affiliated OLE study were
conducted in accordance with the Declaration of Helsinki and
the International Conference for Harmonisation Guidelines for
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Good Clinical Practice. Ethical approval was obtained from the
relevant institutional review boards at participating sites. The
results presented in this article are in aggregate form, and no per-
sonally identifiable information was used for this study. All patients
provided written informed consent in accordance with local
requirements, with additional written informed consent required
for enrollment in the OLE study.

Study procedures and outcomes. During the OLE
study, safety was assessed on study entry (week 48), then every
4 weeks up to week 60, then every 12 weeks up to week 156.
Most efficacy outcomes were assessed at OLE study entry, then
every 12 weeks up to week 156. The Ankylosing Spondylitis
Quality of Life (ASQoL) questionnaire (30) and the Short Form
36 (SF-36) health survey (31) were assessed at the same time-
points but were not assessed at week 156. The Bath Ankylosing
Spondylitis Metrology Index (BASMI) (32) was assessed on OLE
study entry and then every 48 weeks. The Maastricht Ankylosing
Spondylitis Enthesitis Score (MASES) (33) was assessed every
12 weeks from entry to the OLE study, then every 24 weeks after
week 96.

Safety outcomes (Medical Dictionary for Regulatory Activities
[MedDRA] version 19.0) of the OLE study (primary objective)
included incidence of treatment-emergent adverse events
(TEAEs), serious TEAEs (primary safety variables), study with-
drawals due to TEAEs (secondary safety variable), and prespeci-
fied adverse events of interest. Adverse events of interest
included infections (serious, opportunistic, or fungal infections
[including Candida] and tuberculosis), neutropenia, hypersensitiv-
ity, suicidal ideation and behavior, depression, major cardiovas-
cular events, liver function test changes/enzyme elevations, and
malignancies. TEAEs of inflammatory bowel disease (IBD) includ-
ing ulcerative colitis, Crohn’s disease, and IBD not otherwise
specified as well as anterior uveitis were also reported as extra-
musculoskeletal manifestations and are presented by the
patient’s history of the event.

The efficacy of treatment with bimekizumab in AS patients in
the OLE study (secondary objective) was evaluated using the
Assessment of SpondyloArthritis international Society (ASAS) cri-
teria for 20% improvement (ASAS20) (34) and ASAS criteria for
40% improvement (ASAS40) (35), the ASAS5/6 criteria (35),
the ASAS criteria for partial remission (35), the Ankylosing
Spondylitis Disease Activity Score using CRP (ASDAS-CRP)
(36), the ASDAS showing major improvement (36), the ASDAS
showing clinically important improvement (ASDAS-CII) (36), the
Bath Ankylosing Spondylitis Disease Activity Index (BASDAI)
(37), the BASDAI criteria for 50% improvement (BASDAI50) (37),
the Bath Ankylosing Spondylitis Functional Index (BASFI) (38),
the BASMI, the MASES, and the total resolution of the MASES.
Efficacy of treatment with bimekizumab was also evaluated by
assessment of high-sensitivity CRP, elevated high-sensitivity
CRP (>5 mg/liter), BASDAI questions 1 (fatigue) and 2 (total spine,

neck, back, or hip pain), the ASQoL, the SF-36 physical compo-
nent summary (PCS) and mental component summary (MCS)
scores, morning stiffness (mean of BASDAI question 5 + question
6), and the Patient Global Assessment of Disease Activity
(PGADA).

Statistical analysis. Safety analyses are presented for
exposure to bimekizumab across the total treatment period
(weeks 0–156), as well as separately (weeks 0–48 and weeks
48–156) for the respective BE AGILE and OLE safety sets
(patients who had ≥1 dose of bimekizumab in the relevant
study period). To account for long-term, cumulative patient
exposure to bimekizumab, exposure-adjusted incidence rates
(EAIRs) per 100 patient-years are presented for TEAEs. EAIRs
were calculated by dividing the number of patients with the
specified TEAE by (i) the sum of each of those patients’ time
at risk (in years) at the onset of the (first, if they had >1) specified
TEAE, plus (ii) the sum of time at risk for patients who did not
experience that TEAE; the result was scaled to 100 patient-
years.

Unless stated otherwise, efficacy variables are reported for
the dose-blind set, comprising all patients who started the dose-
blind period at week 12 of the BE AGILE study and who received
at least 1 dose of bimekizumab during the dose-blind period,
including the dose at week 12. This was to ensure that a full treat-
ment sequence was available for each patient. For efficacy data
reported by initial randomization group (baseline to week 12),
outcomes are reported for the full analysis set, comprising all ran-
domized patients who received at least 1 dose of the study drug
and had a valid measurement of the ASAS components at base-
line. Outcomes are summarized descriptively by visit and treat-
ment group. Responses and change from baseline were derived
relative to efficacy measurements at the double-blind period at
baseline (week 0).

For binary outcomes, missing data were imputed in the most
conservative manner, using the nonresponder imputation (NRI)
method relative to week 0. For a given outcome and timepoint, a
patient was classed as a nonresponder if data (or baseline values)
were missing or if they had discontinued from the study; patients
who did not enter the OLE study were considered nonresponders
from week 48 onward. For continuous outcomes, missing data
were imputed using multiple imputation (MI) based on the
assumption that data were missing at random. Observed case
data are also reported. All statistical analyses were conducted in
SAS version 9.3 or later.

Ethics approval. This study was conducted in accordance
with the principles of the Declaration of Helsinki and the Interna-
tional Conference on Harmonisation Guidance for Good Clinical
Practice. Independent institutional review board approvals were
obtained, and all patients provided written informed consent in
accordance with local requirements.
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RESULTS

Patient disposition and baseline characteristics.
Of the 303 patients randomized to receive treatment with bimeki-
zumab or placebo at baseline (full analysis set and BE AGILE
safety set), 297 patients (98.0%) completed the double-blind
period, and 296 patients (97.7%) started the dose-blind period
at week 12 (dose-blind set). The dose-blind period was com-
pleted at week 48 by 265 of 303 patients (87.5%), at which point
256 of 303 patients (84.5%) entered the OLE study; the remaining
9 patients did not enroll in the OLE study. Of those 256 patients,
255 were included in the OLE safety set, since 1 patient was
enrolled in the OLE study but did not subsequently receive bime-
kizumab (Supplementary Figure 1, http://onlinelibrary.wiley.
com/doi/10.1002/art.42282). Patient retention was high during
the OLE study, with 224 of 256 patients (87.5%; 224 of
303 patients [73.9%]) remaining in the study up to week
156 (Supplementary Figures 2–3, http://onlinelibrary.wiley.com/
doi/10.1002/art.42282). There were 32 discontinuations during
the OLE study: 15 due to adverse events, 12 due to withdrawn
consent, 2 due to lack of efficacy, 1 lost to follow-up, and
2 due to other reasons.

At baseline of the double-blind period, there were no notable
differences in patient demographics and disease characteristics
between the randomized population and the subset of patients
who received bimekizumab in the OLE study (Table 1). In the latter
group (n = 255), 217 patients (85.1%) were male, 232 patients
(91.0%) were positive for HLA–B27, and 29 patients (11.4%)
had received prior tumor necrosis factor inhibitor (TNFi) therapy.
At baseline of the double-blind period in the OLE study safety
set, the median duration of AS from diagnosis was 4.6 years
(range 0.0–37.3 years), and the median duration of symptoms
was 12.1 years (range 0.2–47.2 years). The mean ± SD ASDAS
and BASDAI scores were 3.9 ± 0.8 and 6.4 ± 1.4, respectively,
and the median high-sensitivity CRP level was 12.1 mg/liter
(range 0.3–130.1 mg/liter).

Safety. Exposure to bimekizumab over 156 weeks among
all patients randomized at baseline was 815.6 patient-years,
including 554.7 patient-years during the OLE study (weeks
48–156). For the total treatment period, ≥1 TEAE was observed
in 280 of 303 patients (92.4%; EAIR 141.0 per 100 patient-years);
≥1 serious TEAE was observed in 43 of 303 patients (14.2%; EAIR

Table 1. Demographics and disease characteristics of patients with ankylosing spondylitis at baseline*

BE AGILE safety set OLE safety set
(N = 303) (N = 255)

Age, mean ± SD years 42.2 ± 11.8 41.8 ± 11.4
Male 256 (84.5) 217 (85.1)
HLA–B27, positive† 270 (89.1) 232 (91.0)
Age at first diagnosis, mean ± SD years 34.8 ± 10.4 34.5 ± 10.2
Symptom duration, median (min–max) years 12.3 (0.2–47.2) 12.1 (0.2–47.2)
Disease duration, median (min–max) years 4.6 (0.0–37.3) 4.6 (0.0–37.3)
ASDAS-CRP, mean ± SD 3.9 ± 0.8 3.9 ± 0.8
BASDAI, mean ± SD (0–10) 6.5 ± 1.4 6.4 ± 1.4
BASFI, mean ± SD (0–10) 5.8 ± 2.0 5.7 ± 1.9
Total spinal pain score, mean ± SD (0–10) 7.1 ± 1.7 7.0 ± 1.8
PGADA, mean ± SD (0–10) 7.0 ± 1.7 6.9 ± 1.7
hsCRP, mg/liter‡
Mean ± SD 19.0 ± 20.9 19.5 ± 21.5
Median (min–max) 12.1 (0.3–130.1) 12.1 (0.3–130.1)

History of IBD
Crohn’s disease 2 (0.7) 1 (0.4)
Ulcerative colitis 5 (1.7) 4 (1.6)

History of anterior uveitis 46 (15.2) 39 (15.3)
History of psoriasis 9 (3.0) 7 (2.7)
Prior TNFi therapy 34 (11.2) 29 (11.4)
Concomitant treatment
NSAIDs 272 (89.8) 232 (91.0)
csDMARDs 79 (26.1) 67 (26.3)
Corticosteroids 26 (8.6) 23 (9.0)

* Except where indicated otherwise, values are the number (%) of patients. All data are reported for baseline of
the double-blind period (week 0), not the start of the open-label extension (OLE) study (week 48).
ASDAS-CRP = Ankylosing Spondylitis Disease Activity Score using C-reactive protein; BASDAI = Bath Ankylosing
Spondylitis Disease Activity Index; BASFI = Bath Ankylosing Spondylitis Function Index; PGADA = Patient Global
Assessment of Disease Activity; hsCRP = high-sensitivity CRP; IBD = inflammatory bowel disease; TNFi = tumor
necrosis factor inhibitor; NSAIDs = nonsteroidal antiinflammatory drugs; csDMARDs = conventional synthetic
disease-modifying antirheumatic drugs.
† Including 6 patients with missing results in the BE AGILE safety set and 5 patients with missing results in the
OLE safety set.
‡ For hsCRP level in the BE AGILE safety set n = 300 patients, and n = 254 patients in the OLE safety set.
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5.6 per 100 patient-years) (Table 2). TEAEs that occurred during
weeks 0–48 and weeks 48–156 are shown in Table 2. For TEAEs
that presented in >1 patient, EAIRs did not increase from weeks
0–48 to weeks 48–156 for the vast majority of reported TEAEs.
EAIRs for serious TEAEs were 5.1 per 100 patient-years during
weeks 0–48 and 5.9 during weeks 48–156; EAIRs for psoriasis
were 0 during weeks 0–48 and 1.5 during weeks 48–156
(Table 2). Study discontinuations due to TEAEs were infrequent:
37 patients (12.2%) discontinued during the 156-week study
period due to a TEAE, including 14 patients who discontinued
during the OLE study. Study discontinuation due to TEAEs during
the OLE study were most commonly due to infections and ele-
vated liver enzymes. However, elevated liver enzymes were gen-
erally mild to moderate, and none met Hy’s Law criteria. The
most frequently reported TEAEs by MedDRA preferred term
(≥5% of patients) are shown in Table 2.

One death was reported during weeks 0–48 (cardiac arrest in
a patient with cardiovascular risk factors) and 1 death was reported
during the OLE study (road traffic accident); neither was consid-
ered treatment-related by the study investigators. EAIRs during
weeks 0–156 were 1.3 per 100 patient-years for serious infections
and 0.3 per 100 patient-years for opportunistic infections. There
were no cases of active tuberculosis during the study.

A total of 67 of 303 patients (EAIR 9.8 per 100 patient-years)
had a fungal infection during weeks 0–156 (Table 2). All fungal
infections were assessed as mild to moderate in intensity by the
study investigator and the vast majority did not lead to discontin-
uation (1 patient discontinued due to oral candidiasis during
weeks 0–48). There were no patients with serious or systemic
fungal infections. Of patients with ≥1 infection, 28 had Candida
infections (EAIR 3.7 per 100 patient-years), with the majority
of these (23 of 28; EAIR 3.0 per 100 patient-years) being oral
candidiasis. Thirty-seven patients (12.2%) had fungal infections
not elsewhere classified (EAIR 5.0 per 100 patient-years), with
16 of 37 patients experiencing oral infections (EAIR 2.1 per
100 patient-years). Infections at other sites were low, including
oropharyngeal candidiasis in 1 patient (0.3%) and vulvovaginal
infections in 3 patients (2 Candida infections [0.7%] and 1 fungal
infection [0.3%]). In total, 8 patients (2.6%) had a Tinea infection
(EAIR 1.0 per 100 patient-years). Sex, smoking status, and pres-
ence of diabetes mellitus were not clear risk factors for suscepti-
bility to Candida infections. A total of 10 of 303 patients (3.3%)
had more than 1 Candida infection over 156 weeks. All fungal
infections, including Candida infections, were localized, none
were systemic, and the vast majority resolved without sequelae
and were easily treated with systemic or topical antifungal treat-
ments such as clotrimazole, fluconazole, itraconazole, and nysta-
tin (Supplementary Table 1, http://onlinelibrary.wiley.com/doi/10.
1002/art.42282).

Across weeks 0–156, 1 patient had adjudicated suicidal
ideation and behavior, 2 had depression, 2 had adjudicated major
adverse cardiovascular events (including the aforementioned

cardiac arrest leading to death), and 1 patient had a malignancy
(testicular seminoma) (Table 2); all of these events were consid-
ered unrelated to treatment by the study investigators.
Two patients had neutropenia (both treatment-related), and
4 patients had injection site reactions, with treatment-related
events in 3 patients. The most commonly reported skin disorders
were dermatitis and eczema (high-level term), which occurred in
30 patients (9.9%; EAIR 3.9 per 100 patient-years); in 22 of these
patients, cases of skin disorders were considered unrelated to
treatment. Urticaria occurred in 1 patient and led to the patient
discontinuing the study. No cases of serious hypersensitivity
reactions were reported (Table 2).

Extramusculoskeletal manifestations. Of the
303 patients included in the BE AGILE safety set (none of whom
had active/symptomatic IBD at screening and baseline), 2 (0.7%)
had a history of Crohn’s disease and 5 (1.7%) had a history of
ulcerative colitis prior to entry in the BE AGILE study. Across
weeks 0–156, 9 patients (3.0%) presented with active IBD
(EAIR 1.1 per 100 patient-years), including 4 patients (1.3%) with
ulcerative colitis, 4 patients (1.3%) with Crohn’s disease, and
1 patient (0.3%) with unspecified IBD. Two of those 9 patients,
both with ulcerative colitis, had a history of ulcerative colitis prior
to entry in the BE AGILE study (Table 2). No patients presenting
with active IBD had diabetes mellitus. Among the 9 patients with
IBD, 3 patients experienced temporary interruption of bimekizu-
mab treatment, and 1 patient discontinued participation in the
study (due to ulcerative colitis). One patient was diagnosed as
having Crohn’s disease after discontinuing from the study due to
a perirectal abscess; another patient was diagnosed as having
Crohn’s disease after withdrawing consent and discontinuing
from the study to father a child.

Of the 303 patients, 46 (15.2%) had a history of
anterior uveitis (which was not an exclusion criterion). Across
weeks 0–156, 6 patients (2.0%) had an anterior uveitis flare
(EAIR 0.7 per 100 patient-years). All cases were mild to moderate,
and none were serious or led to study discontinuation. Of the
6 patients who experienced flares of anterior uveitis, 3 patients
had a history of anterior uveitis, but the other 3 patients did not
(Table 2 and Supplementary Table 2, http://onlinelibrary.wiley.
com/doi/10.1002/art.42282). Across weeks 0–156, psoriasis
occurred in 8 patients (2.6%; EAIR 1.0 per 100 patient-years);
most cases were mild to moderate, and none led to study
discontinuation.

Efficacy. The efficacy of bimekizumab treatment at weeks
12 and 48 of the BE AGILE study has been reported previously
(29). At week 48, over half of the bimekizumab-treated patients
achieved an ASAS40 response (51.7% of patients by NRI and
59.8% of observed cases); this response rate was sustained to
week 156 (53.7% of patients by NRI and 72.6% of observed
cases) (Figure 1A). ASAS20 and ASAS partial remission
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responses were similarly sustained from week 48 to week 156 in
the NRI analysis, with 65.9% of patients (76.2% of observed
cases) achieving ASAS20 and 27.0% of patients (31.3% of
observed cases) achieving ASAS partial remission responses at
week 48, compared to 64.2% (86.8% of observed cases) and
28.0% (37.9% of observed cases) at week 156 (Figures 1B and
C). Sustained ASAS responses through week 156 were compa-
rable across patients who received 160 mg and patients who
received 320 mg of bimekizumab every 4 weeks during the
dose-blind period (Table 3).

The mean ± SEM ASDAS at baseline was 3.9 ± 0.1; in the
MI analysis, mean ± SEM ASDAS improved to week 48 (2.1
± 0.1) and to week 156 (1.9 ± 0.1) (Figure 2A). In NRI analysis,
major improvement in the ASDAS was achieved by 38.9% of
patients at week 48, and major improvement in ASDAS was
maintained by 39.9% of patients at week 156. In the observed
case analysis, percentages of patients achieving major improve-
ment in ASDAS increased from 44.9% of patients at week 48 to
54.9% of patients at week 156 (Figure 2B). ASDAS <2.1 and
ASDAS showing inactive disease were also sustained in weeks
48–156 in the NRI analysis: 49.3% of patients (57.0% of observed
cases) had achieved ASDAS <2.1 and 19.6% of patients (22.7%
of observed cases) had achieved ASDAS showing inactive dis-
ease at week 48, compared to 49.0% (67.4% of observed cases)
and 24.0% (33.0% of observed cases) at week 156, respectively
(Figures 2D and 3).

Among patients who received bimekizumab 160 mg every
4 weeks through 156 weeks (n = 60), individual patient-level

improvements in ASDAS were largely maintained through suc-
cessive study visits (Supplementary Figure 4, http://
onlinelibrary.wiley.com/doi/10.1002/art.42282). Most patients
who achieved low disease activity or inactive disease at week
48 remained in these states at week 156. Additionally, patients
who had ASDAS high disease activity at baseline tended to
achieve ASDAS low disease activity earlier than those who had
very high disease activity at baseline.

As with ASDAS, high baseline high-sensitivity CRP levels
(mean 10.6 mg/liter [median 12.0 mg/liter]) improved substantially
at week 48 (mean 3.0 mg/liter [median 3.6 mg/liter]) in the MI anal-
ysis and were sustained at week 156 (mean 2.5 mg/liter [median
2.9 mg/liter]). The mean ± SEM BASDAI score at baseline was
6.5 ± 0.1; in the MI analysis, BASDAI scores improved rapidly by
week 48 (mean ± SEM 3.0 ± 0.1) and further improved by week
156 (mean ± SEM 2.5 ± 0.1) (Figure 1D). Following improvement
in the mean ± SEM BASMI score from 4.7 ± 0.1 at baseline to
3.9 ± 0.1 at week 48 (MI), spinal mobility was maintained at week
144 (mean ± SEM BASMI score 4.0 ± 0.1). Similar improvements
occurred in mean ± SEM MASES scores (MI) from baseline
(mean ± SEM 4.4 ± 0.2) to week 48 (mean ± SEM 1.0 ± 0.1); this
improvement was maintained at week 144 (mean ± SEM MASES
score 0.7 ± 0.1) (Table 3 and Supplementary Figure 5, http://
onlinelibrary.wiley.com/doi/10.1002/art.42282).

Improvements in physical function and health-related quality of
life (HRQoL) seen at week 48 were similarly sustained with up to
3 years of bimekizumab treatment (Table 3). The mean ± SEM
BASFI score improved from 5.7 ± 0.1 at baseline to 3.1 ± 0.1 at

Figure 1. Assessment of SpondyloArthritis international Society (ASAS) criteria and Bath Ankylosing Spondylitis Disease Activity Index (BASDAI)
outcomes in ankylosing spondylitis (AS) patients receiving bimekizumab (BKZ) or placebo during weeks 0–12 (full analysis set; n = 303) and
patients receiving BKZ during weeks 12–156 (dose-blind set; n = 296). Data are shown for 299 patients (297 patients for the BASDAI) at
week 12 for the double-blind groups, and data are shown for 296 patients (295 patients for the BASDAI) at week 12 for the dose-blind groups.
In A–C, proportions of patients achieving a response on the ASAS criteria for 40% improvement (A), the ASAS criteria for 20% improvement
(B), and the ASAS criteria for partial remission (PR) (C) were determined using nonresponder imputation (NRI) analysis and observed case
(OC) analysis. In the NRI analyses, patients who did not enter the open-label extension (OLE) study were considered nonresponders from week
48 onwards. In D, proportions of patients achieving improvement in BASDAI score were determined using multiple imputation (MI) analysis. For
BASDAI, baseline (BL) mean (blue dotted line) is shown for the total dose-blind set. Q4W = every 4 weeks; CfB = change from baseline.
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week 48 and was sustained at 2.8 ± 0.1 at week 156.
Mean ± SEM baseline scores for the SF-36 PCS (mean ± SEM
32.3 ± 0.5) and the ASQoL (mean ± SEM 8.7 ± 0.3) were
indicative of impaired physical function and reduced HRQoL in
this patient population with longstanding disease. At week 48 in
the MI analysis, mean ± SEM SF-36 PCS scores had improved
to 44.1 ± 0.5 and mean ± SEM ASQoL scores had improved
to 3.7 ± 0.2; these improvements were maintained up to
week 144, where the mean ± SEM scores were 45.3 ± 0.6 and
3.1 ± 0.2, respectively. In contrast, the mean baseline SF-36
MCS score (mean ± SEM 54.1 ± 0.5) was suggestive of nonim-
paired psychological function (as it was greater than the
US general population mean value of 50) and was maintained
over 144 weeks of bimekizumab treatment (39).

DISCUSSION

In this first report of the BE AGILE OLE study, inhibition of
IL-17F in addition to IL-17A with bimekizumab treatment for up
to 3 years in patients with active AS was found to be well toler-
ated, with efficacy sustained in the long term. The safety profile
of bimekizumab was found to be in line with previous observa-
tions, with no new safety signals or increased risk identified follow-
ing up to 3 years of cumulative exposure to bimekizumab (29).
These long-term results support and extend previous 1-year find-
ings that demonstrated the efficacy and tolerability of bimekizu-
mab in patients with AS (29).

Figure 2. Ankylosing Spondylitis Disease Activity Score (ASDAS) outcomes to week 156. ASDAS outcomes in AS patients receiving BKZ or pla-
cebo during weeks 0–12 (full analysis set; n = 303) and patients receiving BKZ during weeks 12–156 (dose-blind set; n = 296). In A, improvements
in the mean ± SEM ASDAS using C-reactive protein were determined using multiple imputation analysis. Baseline mean score (blue dotted line) is
shown for the total dose-blind set. In B–D, proportions of patients achieving major improvement in ASDAS (ASDAS-MI) (B), proportions of patients
achieving clinically important improvement in ASDAS (ASDAS-CII) (C), and proportions of patients achieving ASDAS scores <2.1 (D) were deter-
mined using NRI and OC analyses. In the NRI analyses, patients who did not enter the OLE study were considered nonresponders from week
48 onward. See Figure 1 for other definitions. Q4W = every 4 weeks; CfB = change from baseline. Color figure can be viewed in the online issue,
which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42282/abstract.

Figure 3. ASDAS disease states over time up to week 156. Propor-
tions of AS patients in the dose-blind set (n = 296) showing inactive
disease (ID), low disease (LD) activity, high disease (HD) activity, and
very high disease (VHD) activity. Data are reported as observed case
(OC). 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.42282/abstract.
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Across weeks 0–156, study discontinuations due to TEAEs
were infrequent, with only 2 patients discontinuing due to lack of
efficacy; incidence rates of serious infections and injection site
reactions remained low. Themost frequently reported TEAEs over
3 years, which included nasopharyngitis, upper respiratory tract
infections, and bronchitis, were consistent with previous 1-year
studies of bimekizumab in AS and PsA patients (28,29).

A recent meta-analysis of IL-17A inhibitor trials in AS
patients found that the risk of serious adverse events and seri-
ous infections did not differ significantly between active treat-
ment and placebo (40). However, inhibition of IL-17 is known to
increase susceptibility to mucosal infections by Candida spe-
cies, which reflects the role of type 17 immunity at the oral
mucosa (41–44). Indeed, increased rates of infections and can-
didiasis have been associated with IL-17A inhibitor treatment in
patients with AS and other chronic inflammatory diseases
(45,46). Here, we report data which indicate that Candida infec-
tions were among the most commonly reported TEAEs. While
the EAIR of Candida infections (3.7 per 100 patient-years) in this
phase IIb study was higher than those in phase III studies of IL-
17A inhibitors in AS patients (12–14,47,48), the majority of
cases in this study were oral candidiasis and only 1 case led to
study discontinuation. Furthermore, all fungal infections were of
mild or moderate intensity, localized (none were systemic), and
easily managed, and none were serious. Overall, findings on
safety suggest that there are no new safety concerns with
increased cumulative bimekizumab exposure in patients with
AS over a time period of 3 years.

IBD is a known extramusculoskeletal manifestation of axial
SpA, and is also thought to be associated with exposure to
IL-17A inhibitors (49). The exact mechanism by which IL-17 inhi-
bition may exacerbate IBD has not been elucidated, with contra-
dictory findings regarding the absolute risk reported in some
epidemiologic studies (50). Of the 303 patients in the study,
7 had a history of IBD. Active IBD was infrequent with
bimekizumab treatment across this 156-week study (occurring
in 9 patients, including 2 with a history of IBD), and most patients
who experienced IBD continued in the study. EAIRs of 0.5 cases
of ulcerative colitis per 100 patient-years and 0.5 cases of
Crohn’s disease per 100 patient-years with bimekizumab treat-
ment were comparable to those reported in the pooled analysis
of the MEASURE 1–4 studies for patients receiving secukinumab
for up to 4 years (EAIR 0.2 cases of ulcerative colitis per
100 patient-years and EAIR 0.4 cases of Crohn’s disease per
100 patient-years) (51). EAIRs of ulcerative colitis and Crohn’s
disease with bimekizumab treatment were also comparable to
those reported in a pooled analysis of the COAST-V and
COAST-W studies for patients receiving ixekizumab for over
1 year (EAIR 0.4 cases of ulcerative colitis per 100 patient-years
and EAIR 0.8 cases of Crohn’s disease per 100 patient-years)
(14). These results suggest that dual inhibition of IL-17F and
IL-17A does not impact IBD flares relative to IL-17A inhibition

alone; however, results from phase III studies are needed to con-
firm these findings.

Anterior uveitis is another extramusculoskeletal manifestation
of axial SpA. Incidence of anterior uveitis across 156 weeks was
low, with only 6 patients presenting with a flare, 3 of whom had
histories of anterior uveitis prior to entry in the BE AGILE study.
The EAIR of 0.7 cases of anterior uveitis per 100 patient-years
for treatment with bimekizumab was lower than the EAIR of 1.4
cases of anterior uveitis per 100 patient-years reported in the
pooled analysis of the MEASURE 1, MEASURE 2, and MEASURE
3 studies for up to 4 years of treatment with secukinumab (52), as
well as a 1-year EAIR of 3.9 cases of anterior uveitis per
100 patient-years reported in a pooled analysis of the COAST-V
and COAST-W studies for treatment with ixekizumab (14).
The recent elucidation of a feedback loop through which the inhi-
bition of IL-17A up-regulates IL-17F suggests that the dual inhibi-
tion of both cytokines could potentially confer additional benefits
in the control of AS and its manifestations, including anterior uve-
itis (53). However, this prediction would need to be confirmed in
subsequent studies of bimekizumab.

Efficacy analyses demonstrated that clinical outcomes were
sustained over the 3-year OLE study following the rapid and clini-
cally meaningful improvements occurring within the first year of
bimekizumab treatment. Under the strictest method for handling
missing data (NRI), the proportion of patients having achieved
ASAS40 was >50% at all timepoints through weeks 48–156. At
the time of enrolment, all patients enrolled had high or very high
disease activity. By week 156, approximately half of the patient
population had achieved ASDAS disease activity scores of <2.1,
and approximately a quarter of the patient population had
achieved ASDAS scores showing inactive disease and ASAS
scores showing partial remission, demonstrating the stringent
disease control attained with bimekizumab. Rapid and sustained
reductions in the severity of inflammation were observed, with
substantial reductions in high-sensitivity CRP levels from baseline
to week 48, and low levels sustained at week 156. Additionally,
BASDAI scores were sustained at very low levels with long-term
bimekizumab treatment, reflecting substantial reductions, relative
to baseline, across disease symptoms including spinal pain,
fatigue, and stiffness. Mobility, physical function, and improve-
ments in HRQoL achieved at week 48 were also sustained during
the following 2 years of treatment with bimekizumab in this study.

The demonstrated long-term tolerability and efficacy of
treatment with bimekizumab were further supported by the high
rate of patient retention, with week 156 completed by nearly
three-quarters of the patients randomized at baseline, or ~88%
of those who enrolled in the OLE study. Efficacy at week
48 was similar among patients receiving 160 mg or 320 mg of
bimekizumab every 4 weeks, and no appreciable decrease in
efficacy was observed in patients who reduced their dosage
from 320 mg to 160 mg every 4 weeks at the start of the OLE
study.
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A limitation of this analysis is the lack of an active or placebo
comparator for bimekizumab during the OLE study. Placebo
was only administered up to week 12, after which all patients
received 160 mg or 320 mg of bimekizumab every 4 weeks.
Study discontinuations also presented a limitation by potentially
biasing observed results. However, patient retention was high
through 3 years and imputation methods were implemented to
combat potential bias, notably through NRI, the most conserva-
tive imputation approach for analyzing binary variables which
may even underestimate true efficacy. We note that the underly-
ing assumption of the MI analyses for continuous variables––that
data were missing at random––may not have been met, and
therefore the possibility of bias in the MI analysis cannot be elimi-
nated. Another limitation was the absence of MRI assessment
after week 48 to evaluate the long-term impact of bimekizumab
on active inflammation of the spine and sacroiliac joint. In addition,
as with most phase II studies of AS, no spinal radiographs were
obtained during the study, and hence the impact of bimekizumab
on spinal progression could not be evaluated. This will be an
important area of focus in future studies.

A key strength of this phase IIb study is its 5-year duration
and relatively large sample size of patients, which allows the
long-term systematic monitoring of adverse events and signifi-
cantly contributes to the growing evidence base for the safety
and tolerability of bimekizumab in patients with AS (29,54).
This study also provides the most comprehensive and long-term
evidence to date of the efficacy of bimekizumab in patients with
AS. The BE AGILE study and its OLE study demonstrate the sus-
tainability of treatment effect with this first-in-class dual inhibitor of
IL-17A and IL-17F. The OLE study is currently ongoing and will
allow assessment of 5-year safety and efficacy outcomes upon
completion. This will supplement phase III trials that are currently
underway to assess bimekizumab dosages of 160 mg every
4 weeks in axial SpA patients with active nonradiographic axial
SpA (ClinicalTrials.gov identifier: NCT03928704), and in patients
with active AS (ClinicalTrials.gov identifier: NCT03928743).
These trials will further evaluate the clinical benefits that may result
from dual inhibition of IL-17A and IL-17F.

In conclusion, the safety of bimekizumab over 3 years of
treatment was consistent with previous 48-week results (29).
Bimekizumab delivered sustained, long-term efficacy in patients
with AS, including reduced disease activity and improved
patient function and quality of life. Overall, these results support
bimekizumab as a promising potential treatment option in AS.
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Safety and Efficacy of Bimekizumab in Patients With Active
Psoriatic Arthritis: Three-Year Results From a Phase IIb
Randomized Controlled Trial and Its Open-Label Extension
Study

Laura C. Coates,1 Iain B. McInnes,2 Joseph F. Merola,3 Richard B. Warren,4 Arthur Kavanaugh,5

Alice B. Gottlieb,6 Laure Gossec,7 Deepak Assudani,8 Rajan Bajracharya,8 Jason Coarse,9 Barbara Ink,8

and Christopher T. Ritchlin10

Objective. To assess the long-term safety, tolerability, and efficacy of bimekizumab in active psoriatic arthritis (PsA).
Methods. Adult patients with active PsA who completed the double- and dose-blind periods of the BE ACTIVE

randomized controlled trial were eligible to enroll in the open-label extension (OLE) study at week 48, after which patients
received 160 mg of bimekizumab every 4 weeks. Safety and efficacy results are presented through 152 weeks.

Results. At week 152, 161 of 206 patients (78.2%) remained in the study. From weeks 0–152, 184 of 206 patients
experienced ≥1 treatment-emergent adverse event (126.4 per 100 patient-years). The most frequent events were
nasopharyngitis (7.6 per 100 patient-years), upper respiratory tract infection (6.8 per 100 patient-years), bronchitis
(3.5 per 100 patient-years), and oral candidiasis (3.5 per 100 patient-years). Additionally, 47 of 206 patients had mild
to moderate localized fungal infections (9.7 per 100 patient-years), including 24 of 206 patients who hadCandida infec-
tions (4.6 per 100 patient years) and 19 of 206 patients who had oral candidiasis (3.5 per 100 patient years). Four
patients had serious infections (0.7 per 100 patient-years); there were no reported cases of active tuberculosis, adjudi-
cated major adverse cardiac events, or deaths. Efficacy demonstrated at week 48 was sustained in the OLE study. At
week 152, nonresponder imputation analysis showed that 52.9% of patients (69.4% of observed cases) achieved the
American College of Rheumatology criteria for 50% improvement, 57.7% (73.8% of observed cases) achieved 100%
skin clearance per the Psoriasis Area and Severity Index, and 51.5% (67.5% of observed cases) achieved minimal dis-
ease activity. Patients also maintained improvements in pain, physical function, and health-related quality of life.

Conclusion. The safety profile of bimekizumab was consistent with previous reports, with no new safety signals
identified. Sustained joint and efficacy responses were observed over 3 years.

INTRODUCTION

Psoriatic arthritis (PsA) is a chronic, immune-mediated

inflammatory disease with varied musculoskeletal and dermato-

logical manifestations, including joint inflammation, enthesitis,

dactylitis, and skin disease (1). Due to the substantial and endur-

ing impact of psoriatic disease on patients (2,3), it is critical to

evaluate the long-term safety and efficacy of treatments. In recent

years, the interleukin (IL)-17 cytokine superfamily has emerged as

a target of new monoclonal antibody therapies for a range of
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inflammatory diseases. Currently approved therapies for PsA that

target IL-17 cytokines include secukinumab and ixekizumab,

both of which inhibit IL-17A, one of the 6 isoforms of IL-17 (4).

The safety of IL-17A inhibitor treatment has been reported up to

5 years in patients with PsA (5).
Bimekizumab is a humanized monoclonal IgG1 antibody that

selectively inhibits IL-17F in addition to IL-17A. Previous studies
have shown that the dual neutralization of IL-17A and IL-17F
results in rapid clinical improvements in patients with PsA (phase
IIb) and ankylosing spondylitis (AS) (phase IIb), sustained up to
48 weeks, and plaque psoriasis (phase III), sustained up to
56 weeks (6–8). Given that PsA is a chronic disease with the
potential for lasting complications, including irreversible joint dam-
age, an increased risk of comorbidities, impaired quality of life,
and substantial psychosocial burden (9,10), it is important to
establish the long-term safety and efficacy of treatments in this
patient population. While studies have examined the safety and
efficacy of IL-17A inhibitors in PsA patients receiving treatment
for up to 5 years (5), the BE ACTIVE trial and its open-label exten-
sion (OLE) study provide the first long-term safety and efficacy
data specific to the mechanism of dual neutralization of IL-17A
and IL-17F in PsA patients.

In the BE ACTIVE trial, treatment with 160 mg or 320 mg of
bimekizumab every 4 weeks for up to 48 weeks was shown to
be well tolerated, with demonstrated efficacy in joint and skin out-
comes (6). Here, we describe the long-term safety, tolerability,
and efficacy of up to 3 years of treatment with bimekizumab in
adult patients with PsA.

PATIENTS AND METHODS

Study design and participants. The BE ACTIVE trial
(ClinicalTrials.gov identifier: NCT02969525) was a 48-week ran-
domized phase IIb dose-ranging study, double-blind and
placebo-controlled from the beginning of the study to week
12, then dose-blind to week 48. It was conducted at 41 sites
across 5 countries in Europe and the US (6). Patients who com-
pleted 48 weeks of treatment in the double- and dose-blind
periods and gave separate informed consent were eligible to enter
the OLE study (ClinicalTrials.gov identifier: NCT03347110) for a fur-
ther 104 weeks of treatment, up to a total of 152 weeks. A safety
follow-up visit took place at week 168, 20 weeks after the last dose
of bimekizumab (see Supplementary Figure 1, available on the
Arthritis & Rheumatology website at http://onlinelibrary.wiley.com/
doi/10.1002/art.42280). For patients who did not complete treat-
ment to week 152, the safety follow-up visit occurred 20 weeks

after their last dose of bimekizumab. Key inclusion and exclusion
criteria have been reported previously (6).

Randomization and blinding. At baseline of the double-
blind period, 206 patients were randomized 1:1:1:1:1 to receive
subcutaneous bimekizumab at a dose of 16 mg every 4 weeks,
160 mg every 4 weeks with a 320 mg loading dose, 160 mg every
4 weeks, 320 mg every 4 weeks, or placebo. At week 12, patients
initially randomized to receive 16 mg of bimekizumab every 4
weeks or placebo were re-randomized 1:1 to receive bimekizu-
mab at 160 mg or 320 mg every 4 weeks through week 48, while
patients initially randomized to receive bimekizumab at 160 mg or
320 mg every 4 weeks continued their dosing to week 48 (6). At
week 48, patients completing the dose-blind period on bimekizu-
mab were eligible to enroll in the OLE study. All patients in the OLE
study received 160 mg of bimekizumab every 4 weeks, regard-
less of prior dosing regimen (Supplementary Figure 1). All study
timepoints are hereafter reported relative to baseline (week 0) of
the initial randomized controlled study.

Study procedures and outcomes. During the OLE
study, safety was assessed at study entry (week 48), then every
4 weeks through week 60, followed by every 12 weeks through
week 144, then every 4 weeks through week 152 and subse-
quently at the safety follow-up (week 168). Efficacy was assessed
at OLE study entry, then every 12 weeks through week 144, and
then every 4 weeks through week 152.

The prespecified primary objective of the OLE study was the
long-term safety of bimekizumab treatment over 152 weeks,
measured by the incidence of treatment-emergent adverse
events (TEAEs) and serious TEAEs. All TEAEs were classified
using the Medical Dictionary for Regulatory Activities (MedDRA)
version 19.0. Prespecified safety topics of interest included seri-
ous, fungal, and opportunistic infections, including tuberculosis
(TB). Prespecified safety topics of interest also included liver
enzyme elevation, major adverse cardiac events (MACE), malig-
nancies, inflammatory bowel disease (IBD), neutropenia, hyper-
sensitivity, suicidal ideation and behavior (SIB), and depression.
MACE, IBD, and SIB events were adjudicated by independent
committees. TEAEs leading to withdrawal from the study were a
secondary safety endpoint.

Efficacy endpoints were prespecified via protocol as second-
ary and included the following: the proportion of patients achieving
≥20%, ≥50%, or ≥70% improvement in disease activity based on
the American College of Rheumatology criteria (ACR20, ACR50,
ACR70) at week 96 (11); the proportion of patients (among those
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with ≥3% body surface area [BSA] affected by psoriasis at base-
line of the double-blind period) achieving ≥75% or ≥90% improve-
ment in the Psoriasis Area and Severity Index (PASI75, PASI90) at
week 96 (12); and the change from baseline of the double-blind
period in the Leeds Dactylitis Index (LDI, among those with LDI
scores >0 at baseline) (13) and the Maastricht Ankylosing Spon-
dylitis Enthesitis Score (MASES, among those with a MASES
>0 at baseline) (14) at week 96. Due to a data collection error
and lack of patient data for skin outcomes at the week 96 visit,
data are not reported at this timepoint for PASI75/PASI90, nor
for 100% improvement in the PASI.

Other efficacy endpoints included the following: the proportion
of patients over time achieving ACR20, ACR50, ACR70, PASI75,
PASI90, PASI100, and minimal disease activity (MDA) (15); change
from baseline in LDI, MASES, Disease Activity Score in 28 joints
using the C-reactive protein level (DAS28-CRP) (16), Psoriatic
Arthritis Impact of Disease in 9 domains (PsAID-9) (17) total score,
and Short Form 36-item health survey (SF-36) physical component
summary (PCS) and mental component summary (MCS) scores
(18); and the proportion of patients achieving depression and anx-
iety status “normal” (score < 8) as defined by the Hospital Anxiety
and Depression Scale (HADS) anxiety and HADS depression sub-
scales (19). The classification criteria for MDA and very low disease
activity (VLDA) have been reported previously (15,20).

Post hoc analyses included assessment of the proportion of
patients achieving a response based on the ACR50 + PASI100
composite outcome, the proportion of patients over time achiev-
ing VLDA, and the proportion of patients over time achieving
remission as defined by the Disease Activity Index for Psoriatic
Arthritis (DAPSA) score (21). While not prespecified endpoints,
change from baseline in Health Assessment Questionnaire disabil-
ity index (HAQ DI) (22) and Patient’s Assessment of Arthritis Pain
(PtAAP) total scores are also reported to show the effects of treat-
ment on patient health-related quality of life (HRQoL) and pain.

Statistical analysis. In the OLE study, the safety set con-
sisted of all randomized study participants who received ≥1 dose
of bimekizumab in weeks 48–152. The full analysis set consisted
of all randomized study participants who received ≥1 dose of
bimekizumab in weeks 48–152 and had a valid measurement of
≥1 efficacy variable after OLE study entry. The full analysis and
safety sets for the double- and dose-blind periods have been
described previously (6). Of the 206 patients included in the safety
set, only 204 received bimekizumab due to the withdrawal of
2 patients originally allocated to the placebo group; both patients
completed the double-blind period and discontinued before
receiving bimekizumab.

Primary and secondary safety analyses are presented for the
safety sets. The summary of TEAEs from weeks 48–152 included
all patients who received bimekizumab during the OLE study.
Exposure-adjusted incidence rates (EAIRs) per 100 patient-years
are reported for the BE ACTIVE (6) and OLE safety sets.

Secondary and other efficacy variables were summarized for
all subjects in the BE ACTIVE full analysis set. Responder
variables were derived relative to baseline of the double-blind
period and were summarized descriptively. Missing binary effi-
cacy variables were imputed in the most conservative manner,
using nonresponder imputation (NRI), with patients who did not
enter the OLE study considered nonresponders from week
48 onwards. Missing continuous efficacy variables were imputed
using multiple imputation based on the assumption that data
were missing at random. Nonmonotone missing data were
imputed with the Markov chain Monte Carlo (MCMC) method;
monotone missing data were imputed with a monotone regres-
sion model. All computations and generation of outputs were
done in SAS version 9.3 or later.

Ethics approval. The BE ACTIVE trial and its OLE study
were conducted in accordance with the Declaration of Helsinki
and the International Conference for Harmonisation Guidelines
for Good Clinical Practice. Ethical approval was obtained from
the relevant institutional review boards at all participating sites.
All patients provided written informed consent in accordance with
local requirements, with additional written informed consent
required for enrollment in the OLE study. All the results presented
in this article are in aggregate form, and no personally identifiable
information was used for this study.

RESULTS

Patient disposition and baseline characteristics.
At the end of the dose-blind period (week 48), 184 of 206 patients
(89.3%) enrolled in the OLE study and 183 received ≥1 dose of
bimekizumab (Supplementary Figure 1, http://onlinelibrary.wiley.
com/doi/10.1002/art.42280). Patient retention during the OLE
study comprised 161 of 184 patients (87.5%) who completed
treatment to week 152. Thus, 78.2% of all patients who started at
week 0 completed the full 152 weeks of treatment. Kaplan-Meier
curves of patient retention rates are provided in Supplementary
Figure 2 (http://onlinelibrary.wiley.com/doi/10.1002/art.42280).

There were 12 discontinuations during the double- and
dose-blind periods: 5 due to adverse events, 5 due to withdrawn
consent, and 2 due to other reasons. An additional 4 patients dis-
continued due to adverse events after completing the double-blind
period but prior to re-randomization in the dose-blind period.
A total of 184 patients entered the OLE study; however, 1 patient
discontinued from the study prior to any dosing in the OLE study.
There were 22 discontinuations during the OLE study: 9 due to
adverse events, 2 due to loss of efficacy, 9 due to withdrawn
consent (not due to adverse events), 1 due to loss to follow-up,
and 1 due to other reasons (Supplementary Figure 3,
http://onlinelibrary.wiley.com/doi/10.1002/art.42280). Patient
demographics and characteristics at baseline of the double-
blind period are reported in Table 1.
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Among all patients randomized at week 0 (N = 206), the
mean ± SD time since first diagnosis of PsA was 7.1 ± 8.2 years.
The mean ± SD tender joint count (TJC) and swollen joint count
(SJC) were 21.7 ± 15.0 and 11.5 ± 8.3, respectively, and the
median serum high-sensitivity C-reactive protein level was
5.9 mg/liter (range 0.1–99.9 mg/liter). At the double-blind period
baseline, patients had a mean SF-36 PCS score of 36.6 (compro-
mised physical function, increased bodily pain, and decreased
general health) and a mean SF-36 MCS score of 55.8 (unimpaired
mental function) (18). At the end of the dose-blind period, the
mean TJC and mean SJC among the randomized patients had
decreased to 5.3 and 1.9, respectively, and the mean SF-36
PCS score had increased to 45.7. At baseline, approximately
two-thirds of patients (66.5%) had ≥3% BSA with psoriasis
involvement, approximately one-quarter (28.6%) had dactylitis,
and slightly more than one-half (51.9%) had enthesitis. Resolution
of dactylitis and enthesitis at the end of the dose-blind period are
reported as part of the efficacy results (see below).

Safety. Exposure to bimekizumab over 152 weeks among
all patients randomized at baseline was 570.1 patient-years,
including 392.7 patient-years of exposure during the OLE study.
From the double-blind period baseline through 152 weeks of
therapy, 184 of 206 patients (89.3%) experienced ≥1 TEAE
(EAIR 126.4 per 100 patient-years), and 22 of 206 patients
(10.7%) experienced ≥1 serious TEAE (EAIR 4.1 per 100 patient-
years) (Table 2). Seventeen patients (8.3%) permanently discontin-
ued bimekizumab due to adverse events during the double- or
dose-blind periods or during theOLE study.Cellulitis and oral fungal
infection resulted in discontinuation of 2 patients each, and all other
TEAEs leading to discontinuation were reported for a single patient.
There were no deaths reported throughout the double- and dose-
blind periods or throughout the OLE study (weeks 0–152).

The most frequently reported TEAEs (incidence ≥5%) by
MedDRA preferred term in the double- and dose-blind periods
and the OLE study included nasopharyngitis (18.0%), upper
respiratory tract infection (16.5%), bronchitis (9.2%), oral

Table 1. Demographics and baseline characteristics of psoriatic arthritis patients*

Group A Group B Total BKZ
(n = 124)† (n = 82)‡ (N = 206)

Age, mean ± SD years 50.5 ± 12.6 47.4 ± 12.0 49.3 ± 12.4
Male 55 (44.4) 50 (61.0) 105 (51.0)
Weight, mean ± SD kg 83.8 ± 18.4 88.5 ± 18.5 85.7 ± 18.5
BMI, mean ± SD kg/m2 29.3 ± 5.9 30.1 ± 6.2 29.6 ± 6.0
Time since first diagnosis of PsA, mean ± SD years 7.9 ± 9.1 6.0 ± 6.3 7.1 ± 8.2
TJC, mean ± SD 20.6 ± 14.3 23.3 ± 15.9 21.7 ± 15.0
SJC, mean ± SD 10.9 ± 7.5 12.5 ± 9.5 11.5 ± 8.4
hsCRP, median (range) mg/liter 5.7 (0.1–99.9) 5.9 (0.3–85.2) 5.9 (0.1–99.9)
HAQ DI score, mean ± SD 1.0 ± 0.6 1.0 ± 0.6 1.0 ± 0.6
PsAID-9 total score, mean ± SD 4.5 ± 1.9 4.9 ± 2.0 4.6 ± 1.9
PtAAP score, mean ± SD 50.8 ± 22.7 54.3 ± 23.4 52.2 ± 23.0
SF-36 score, mean ± SD
PCS 37.0 ± 9.1 36.0 ± 9.0 36.6 ± 9.1
MCS 56.0 ± 8.6 55.4 ± 9.1 55.8 ± 8.7

Psoriasis
BSA <3% 45 (36.3) 22 (26.8) 67 (32.5)
BSA ≥3–<10% 45 (36.3) 33 (40.2) 78 (37.9)
BSA ≥10% 34 (27.4) 25 (30.5) 59 (28.6)

Dactylitis 34 (27.4) 25 (30.5) 59 (28.6)
Enthesitis 65 (52.4) 42 (51.2) 107 (51.9)
Prior TNFi therapy 23 (18.5) 16 (19.5) 39 (18.9)
Concomitant therapies
NSAIDs 81 (65.3) 52 (63.4) 133 (64.6)
Methotrexate 75 (60.5) 56 (68.3) 131 (63.6)
Steroids 23 (18.5) 23 (28.0) 46 (22.3)

* Except where indicated otherwise, values are the number (%) of patients. Patients were randomized to receive
bimekizumab (BKZ) or placebo at any dose at the beginning of the double-blind period (weeks 0–12) of the phase
IIb randomized controlled trial BE ACTIVE. In the dose-blind period, patients initially randomized to receive 16 mg
of BKZ or placebo every 4 weeks were rerandomized to receive BKZ at 160 mg or 320 mg every 4 weeks, and
patients initially randomized to receive BKZ at 160 mg or 320 mg every 4 weeks continued their dosing (weeks
12–48). BMI = body mass index; PsA = psoriatic arthritis; TJC = tender joint count; SJC = swollen joint count;
hsCRP = high sensitivity C-reactive protein; HAQ DI = Health Assessment Questionnaire Disability Index; PsAID-
9 = Psoriatic Arthritis Impact of Disease in 9 domains; PtAAP = Patient’s Assessment of Arthritis Pain; SF-36 = Short
Form 36-item health survey; PCS = physical component summary; MCS = mental component summary;
BSA = body surface area; TNFi = tumor necrosis factor inhibitor; NSAID = nonsteroidal antiinflammatory drug.
† Patients received 160 mg of BKZ every 4 weeks continuously from week 12 to week 152 (includes those originally
assigned to BKZ 160 mg every 4 weeks with a loading dose).
‡ Patients were dose-reduced from 320 mg of BKZ every 4 weeks to 160 mg every 4 weeks at OLE study entry
(week 48).
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Table 2. Safety of bimekizumab treatment in psoriatic arthritis patients across the BE ACTIVE randomized controlled trial and the OLE study
(safety set)*

Weeks 0–48† Weeks 48–152 Weeks 0–152‡

160 mg BKZ every
4 weeks

320 mg BKZ every
4 weeks Total BKZ Total BKZ

(n = 126; 113.2
patient-years)

(n = 80; 72.9
patient-years)

(N = 183; 392.7
patient-years)

(N = 206; 570.1
patient-years)

Any TEAE 94 (74.6) (177.6) 57 (71.3) (165.9) 148 (80.9) (94.3) 184 (89.3) (126.4)
Serious TEAEs 8 (6.3) (7.9) 0 14 (7.7) (3.8) 22 (10.7) (4.1)
Severe TEAEs 5 (4.0) (4.6) 2 (2.5) (2.9) 8 (4.4) (2.1) 14 (6.8) (2.5)
Withdrawal due to TEAEs 6 (4.8) (5.9) 2 (2.5) (3.1) 9 (4.9) (2.3) 17 (8.3) (3.0)
Drug-related TEAEs 43 (34.1) (52.7) 29 (36.3) (57.0) 60 (32.8) (20.0) 97 (47.1) (26.4)
Deaths 0 0 0 0
Most frequently reported TEAEs (≥5%)

by MedDRA preferred term
Nasopharyngitis 12 (9.5) (12.0) 11 (13.8) (18.4) 19 (10.4) (5.2) 37 (18.0) (7.6)
Upper respiratory tract infection 12 (9.5) (12.0) 8 (10.0) (13.2) 20 (10.9) (5.5) 34 (16.5) (6.8)
Bronchitis 7 (5.6) (6.9) 3 (3.8) (4.8) 11 (6.0) (2.9) 19 (9.2) (3.5)
Oral candidiasis 6 (4.8) (6.0) 4 (5.0) (6.4) 13 (7.1) (3.5) 19 (9.2) (3.5)
Pharyngitis 4 (3.2) (3.9) 7 (8.8) (11.6) 10 (5.5) (2.7) 17 (8.3) (3.2)
Sinusitis 6 (4.8) (5.9) 4 (5.0) (6.5) 10 (5.5) (2.6) 17 (8.3) (3.2)
Psoriasis 2 (1.6) (1.9) 2 (2.5) (3.1) 14 (7.7) (3.7) 16 (7.8) (2.9)
Psoriatic arthropathy 2 (1.6) (1.9) 1 (1.3) (1.6) 12 (6.6) (3.1) 16 (7.8) (2.9)
Respiratory tract infection 8 (6.3) (8.0) 2 (2.5) (3.2) 4 (2.2) (1.0) 15 (7.3) (2.8)
Oral fungal infection 3 (2.4) (2.9) 3 (3.8) (4.7) 9 (4.9) (2.4) 14 (6.8) (2.6)
Tonsillitis 6 (4.8) (5.9) 2 (2.5) (3.2) 6 (3.3) (1.6) 14 (6.8) (2.6)
ALT increased 6 (4.8) (6.0) 3 (3.8) (4.7) 6 (3.3) (1.6) 13 (6.3) (2.4)

Safety topics of interest
Serious infections 3 (2.4) (2.9) 0 1 (0.5) (0.3) 4 (1.9) (0.7)
Fungal infections 17 (13.5) (17.8) 10 (12.5) (16.7) 32 (17.5) (9.2) 47 (22.8) (9.7)
Candida infections 9 (7.1) (9.1) 5 (6.3) (8.1) 16 (8.7) (4.3) 24 (11.7) (4.6)
Oral candidiasis 6 (4.8) (6.0) 4 (5.0) (6.4) 13 (7.1) (3.5) 19 (9.2) (3.5)
Skin candidiasis 1 (0.8) (1.0) 0 1 (0.5) (0.3) 2 (1.0) (0.4)
Vulvovaginal candidiasis 0 0 1 (0.5) (0.3) 1 (0.5) (0.2)
Genital candidiasis 1 (0.8) (1.0) 0 1 (0.5) (0.3) 1 (0.5) (0.2)
Oropharyngeal candidiasis 1 (0.8) (1.0) 0 0 1 (0.5) (0.2)

Fungal infections NEC 9 (7.1) (9.0) 4 (5.0) (6.3) 17 (9.3) (4.6) 25 (12.1) (4.7)
Oral fungal infection 3 (2.4) (2.9) 3 (3.8) (4.7) 9 (4.9) (2.4) 14 (6.8) (2.6)
Tongue fungal infection 3 (2.4) (2.9) 0 4 (2.2) (1.0) 5 (2.4) (0.9)
Fungal skin infection 0 1 (1.3) (1.6) 3 (1.6) (0.8) 4 (1.9) (0.7)
Fungal esophagitis 1 (0.8) (1.0) 1 (1.3) (1.6) 1 (0.5) (0.3) 3 (1.5) (0.5)
Vulvovaginal mycotic infection 2 (1.6) (1.9) 0 0 2 (1.0) (0.4)
Onochomycosis 0 0 2 (1.1) (0.5) 2 (1.0) (0.4)
Fungal pharyngitis 0 0 1 (0.5) (0.3) 1 (0.5) (0.2)

Tinea infections 0 1 (1.3) (1.6) 1 (0.5) (0.3) 2 (1.0) (0.4)
Tinea pedis 0 1 (1.3) (1.6) 0 1 (0.5) (0.2)
Tineas cruris 0 0 1 (0.5) (0.3) 1 (0.5) (0.2)

Serious hypersensitivity reactions 0 0 0 0
Opportunistic infections 1 (0.8) (1.0) 1 (1.3) (1.6) 1 (0.5) (0.3) 3 (1.5) (0.5)
Active tuberculosis 0 0 0 0

Liver enzyme elevation
ALT increased 6 (4.8) (6.0) 3 (3.8) (4.7) 6 (3.3) (1.6) 13 (6.3) (2.4)
AST increased 4 (3.2) (4.0) 2 (2.5) (3.1) 6 (3.3) (1.6) 10 (4.9) (1.8)
Hepatic enzymes increased 2 (1.6) (1.9) 1 (1.3) (1.6) 1 (0.5) (0.3) 4 (1.9) (0.7)

MACE 0 0 0 0
Malignancies 1 (0.8) (1.0) 0 0 1 (0.5) (0.2)
IBD 0 0 1 (0.5) (0.3) 1 (0.5) (0.2)
Microscopic colitis 0 0 1 (0.5) (0.3) 1 (0.5) (0.2)

Anterior uveitis 0 0 0 0
Neutropenia 0 1 (1.3) (1.6) 5 (2.7) (1.3) 6 (2.9) (1.1)
Drug hypersensitivity 2 (1.6) (1.9) 0 1 (0.5) (0.3) 3 (1.5) (0.5)

(Table 2 continues on next page)
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candidiasis (9.2%), pharyngitis (8.3%), sinusitis (8.3%), psoriasis
(7.8%), psoriatic arthropathy (7.8%), respiratory tract infection
(7.3%), oral fungal infection (6.8%), tonsillitis (6.8%), and alanine
aminotransferase (ALT) increased (6.3%) (Table 2).

Safety topics of interest. Four patients (1.9%) experi-
enced TEAEs of serious infections (1 case each of cellulitis,
chronic otitis media, hepatitis E, and chronic sinusitis) during the
double- and dose-blind periods and the OLE study. There was
1 case of microscopic colitis reported during the OLE study in a
patient without prior history of IBD, which was adjudicated as
IBD by an independent committee; the event was classified as
moderate in intensity and was unrelated to treatment with bime-
kizumab. Throughout the double- and dose-blind periods and
the OLE study, no reported events were adjudicated as MACE,
and there were no reported cases of anterior uveitis. No further
cases of malignancies or injection site reactions were reported
during the OLE study; 1 case of malignant melanoma in situ
and 3 cases of injection site reactions had been reported
previously (6).

During the OLE study, 12 patients (6.6%) had reports of
elevated liver enzymes, including increases in ALT, aspartate
aminotransferase (AST), gamma glutamyltransferase (GGT),
and blood bilirubin. Four patients (2.2%) reported elevations of
ALT or AST >3 times the upper limit of normal during the OLE
study. None of these patients had a history of fatty liver or other
hepatic dysfunction, and 2 of the 4 patients had concomitant
methotrexate use. Three patients had confirmed normalization
of laboratory values by the study conclusion. One patient did
not complete final study assessments due to fear of COVID-19
infection, and therefore, no laboratory values were available for
this patient. No patients discontinued bimekizumab due to

elevated liver enzymes in the OLE study; 2 discontinuations
occurred during weeks 0–48. No Hy’s Law cases
were reported.

A total of 47 of 206 patients (EAIR 9.7 per 100 patient-years)
had fungal infections over 152 weeks (Table 2). All fungal infections
were assessed as mild to moderate in intensity by the study inves-
tigator and none were serious. Of these, 24 patients with ≥1 infec-
tion had Candida infections (EAIR 4.6 per 100 patient-years), with
the majority of these (19 of 24; EAIR 3.5 per 100 patient-years)
being oral candidiasis. Twenty-five patients had fungal infections
not elsewhere classified (EAIR 4.7 per 100 patient-years), and the
majority (14 of 25; EAIR 2.6 per 100 patient-years) were oral infec-
tions. Infections at other sites were low in frequency, including vul-
vovaginal infections (1 Candida infection [0.5%] and 2 fungal
infections [1.0%]) and skin infections (2 Candida infections [1.0%]
and 4 fungal infections [1.9%]) (Table 2). Two patients discontinued
due to oral fungal infections. Baseline steroid use, sex, and pres-
ence of diabetes mellitus were not clear risk factors for susceptibil-
ity to Candida infections. All fungal infections, including Candida
infections, were localized, not systemic, and the majority resolved
and were easily treatable with systemic or topical antifungal treat-
ments such as fluconazole, nystatin, itraconazole, and miconazole
(Supplementary Table 2, http://onlinelibrary.wiley.com/doi/10.
1002/art.42280). A total of 23 of 206 patients (11.2%) had >1 epi-
sode of a fungal infection over 152 weeks, of which 12 of
206 (5.8%) had >1 episode of a Candida infection. All Candida
infections resolved without sequelae. No opportunistic infections
were reported, except localized fungal events consisting of one
case each of fungal pharyngitis and fungal esophagitis. There were
no reported cases of active TB.

No cases of SIB were reported during the OLE study; 1 case
was previously reported during the dose-blind period (6). Among

Table 2. (Cont’d)

Weeks 0–48† Weeks 48–152 Weeks 0–152‡

160 mg BKZ every
4 weeks

320 mg BKZ every
4 weeks Total BKZ Total BKZ

(n = 126; 113.2
patient-years)

(n = 80; 72.9
patient-years)

(N = 183; 392.7
patient-years)

(N = 206; 570.1
patient-years)

Injection site reactions 0 3 (3.8) (4.9) 0 3 (1.5) (0.5)
SIB 1 (0.8) (1.0) 0 0 1 (0.5) (0.2)
Depression 1 (0.8) (1.0) 1 (1.3) (1.6) 2 (1.1) (0.5) 4 (1.9) (0.7)

* Values are the number (%) of patients (exposure-adjusted incidence rate per 100 patient-years). The safety set consisted of all randomized
study participants who received ≥1 dose of BKZ in weeks 48–152 of the OLE study. After week 48, all patients received 160 mg of BKZ every
4 weeks, regardless of prior dosing regimen. All oral candidiasis treatment-emergent adverse events (TEAEs) were mild to moderate (no seri-
ous cases), and all fungal infections were mild to moderate and localized, not systemic. Two patients reported 3 opportunistic events (2 fungal
esophagitis, 1 oropharyngeal candidiasis) in weeks 0–48, 1 patient reported 2 events (fungal pharyngitis, fungal esophagitis) in weeks 48–152.
No Hy’s law cases reported. Suicidal ideation and behavior (SIB) events were adjudicated by an independent committee. One malignant mela-
noma in situ case was reported. No drug hypersensitivity reactions were anaphylactic. OLE = open-label extension; MedDRA = Medical Dictio-
nary for Regulatory Activities; ALT = alanine aminotransferase; AST = aspartate aminotransferase; MACE = major adverse cardiac events;
IBD = inflammatory bowel disease. See Table 1 for other definitions.
† Patients re-randomized 1:1 at week 12 from placebo or 16 mg of BKZ every 4 weeks to 160 mg BKZ every 4 weeks or 320 mg BKZ every
4 weeks; 2 patients completing the double-blind period on placebo were re-randomized but did not receive BKZ. Two patients were included
in both groups due to a dosing error, allocation done per actual treatment.
‡ Includes safety follow-up to possible 168 weeks total for some patients.
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patients in the OLE study with available data (N = 181), 92.3% had
HADS anxiety and HADS depression scores of <8 (“normal”) at
baseline of the double-blind period, which was sustained through
week 48 to 92.1% at week 152. Prespecified safety topics of
interest and other events across weeks 0–152 by randomized
dose at baseline are provided in Supplementary Table 1 (http://
onlinelibrary.wiley.com/doi/10.1002/art.42280).

Efficacy. Efficacy at weeks 12 and 48 of the BE ACTIVE trial
has been reported previously (6). There was no worsening of
disease in patients whose dose of bimekizumab was decreased
from 320 mg to 160 mg in the OLE.

NRI analysis of joint efficacy outcomes showed that ACR20,
ACR50, and ACR70 response rates were sustained, with
64.1%, 52.9%, and 39.3% of patients, respectively, meeting
criteria at week 152, compared to 72.3%, 57.3%, and 39.8% of
patients, respectively, meeting criteria at week 48 (Figures 1A–C).
For skin efficacy outcomes, NRI analysis showed that PASI75,
PASI90, and PASI100 responder rates were sustained, with
69.3%, 64.2%, and 57.7% of patients, respectively, meeting
criteria at week 152, compared to 81.0%, 73.7%, and 64.2% of
patients meeting criteria at week 48 (Figure 1D).

In the NRI analysis, 51.0% and 26.2% of bimekizumab-
treated patients reached MDA and VLDA responses, respectively,

(Figure 1 continues on next page.)
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Figure 1. Key efficacy outcomes in psoriatic arthritis patients from baseline (week 0) of the double-blind period of the BE ACTIVE
randomized controlled trial to week 152 (full analysis set). Nonresponder imputation (NRI; solid lines) and observed case (OC; dashed
lines) data are shown for the percentages of patients achieving ≥20%, ≥50%, and ≥70% improvement in disease activity based on the
American College of Rheumatology criteria for all timepoints from weeks 0–152 (A–C), as well as for the percentages of patients
achieving 75%, 90%, and 100% improvement in disease activity based on the Psoriasis Area and Severity Index (PASI) (D). Patients ran-
domized to receive placebo (gray lines), 16 mg of bimekizumab (BKZ; red lines) every 4 weeks, or 320 mg of BKZ (green lines) every
4 weeks through the double-blind period are shown, and patients assigned to 160 mg of BKZ every 4 weeks with a 320 mg
loading dose or 160 mg of BKZ every 4 weeks at double-blind period entry are combined for weeks 0–12 (blue lines). Percentages
in the dose-blind period include those assigned to 160 mg of BKZ every 4 weeks, 160 mg of BKZ every 4 weeks with a 320 mg
loading dose, or 320 mg of BKZ every 4 weeks at double-blind period entry, as well as those assigned to placebo or 16 mg of
BKZ every 4 weeks who were re-randomized to 160 mg or 320 mg of BKZ every 4 weeks. All open-label extension (OLE) study patients
received 160 mg of BKZ every 4 weeks regardless of prior dosing regimen; 157 patients had an efficacy assessment at week 152.
At baseline of the double-blind period, 137 patients had ≥3% body surface area affected by psoriasis; due to a data collection error
and lack of data from the study visit, week 96 data are not reported for PASI. Circles represent timepoints at which patients were
assessed.

(Figure 1 Cont’d)

COATES ET AL1966



Figure 2. Additional efficacy outcomes in psoriatic arthritis patients from baseline (week 0) of the double-blind period of the BE ACTIVE randomized
controlled trial to week 152 (full analysis set). NRI and OC data are shown for the percentages of patients achieving minimal disease activity (MDA) or
very low disease activity (VLDA) (A), percentages of patients achieving resolution of dactylitis based on Leeds Dactylitis Index (LDI) score (includes
patients with LDI score >0 at baseline [n = 59]) (B), and percentages of patients achieving resolution of enthesitis based on the Maastricht Ankylosing
Spondylitis Enthesitis Index (MASES) (includes patients with MASES score >0 at baseline [n = 107]) (C). Patients were classified as having MDA or
VLDA when they met 5 of 7 or 7 of 7, respectively, of the following criteria: tender joint count score ≤1, swollen joint count score ≤1, PASI ≤1
or ≤3% body surface area affected by psoriasis, visual analog scale (VAS) score ≤15 for pain, VAS score ≤20 for patient global activity, Health
Assessment Questionnaire disability index score ≤0.5, and tender entheseal points score ≤1. 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.42280/abstract.
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at week 48, with the proportions increasing to 51.5% and 30.1%
at week 152 (Figure 2A). Among patients with dactylitis at base-
line (LDI score > 0), 45 of 59 patients (76.3%) had resolution at
week 48 in the NRI analysis, and 42 of 59 patients (71.2%) were
dactylitis-free at week 152 (Figure 2B). Due to lack of convergence
in the analytical model, only observed case data were generated for
change from baseline in LDI over 152 weeks. The analysis showed
that the mean ± SD change from baseline (SD) in LDI score follow-
ing treatment with bimekizumab was –8.0 ± 69.5 at week 48, with
even greater improvement in LDI score at week 152 (mean ± SD
–16.2 ± 45.5) (Supplementary Table 3). Among patients with
enthesitis at baseline (MASES >0), 61 of 107 patients (57.0%)
had achieved resolution at week 48 in the NRI analysis, and
67 of 107 patients (62.6%) were enthesitis-free at week 152
(Figure 2C). Multiple imputation analysis showed that the mean
± SEM change from baseline in MASES following treatment with
bimekizumab was –2.6 ± 0.3 at week 48, with even greater
improvement in MASES at week 152 (mean ± SEM –3.3 ± 0.3)
(Supplementary Table 3, http://onlinelibrary.wiley.com/doi/10.
1002/art.42280).

In addition, 35.0% of patients achieved remission based on
the DAPSA score at week 48, increasing to 38.8% at week 152.
In NRI analysis, 46.0% of bimekizumab-treated patients
who had ≥3% BSA with psoriasis involvement at baseline of the
double-blind period achieved a response based on the
ACR50 + PASI100 composite outcome at week 48 and week
152 (Supplementary Table 3, http://onlinelibrary.wiley.com/doi/
10.1002/art.42280). Patients also maintained improvements in
pain, physical function, and HRQoL from week 48 to week
152, as measured by PtAAP, SF-36 PCS, PsAID-9, and HAQ DI
scores (Supplementary Table 3).

DISCUSSION

Patients with PsA require effective long-term treatment of
both joint and skin symptoms. The proportion of patients with
PsA who achieve an ACR50 response during treatment with cur-
rently licensed IL-17A inhibitors is ~30–50% at 16–24 weeks,
while the proportion achieving PASI90 with IL-17A inhibitors is
~30–70% at 16–24 weeks, demonstrating the need for more
effective treatments (23,24). Furthermore, sustaining this efficacy
over the long-term is important, as patients may lose clinical ben-
efits of treatment over time (2). In patients with PsA, 3-year exten-
sion data from studies of IL-17A inhibitors showed similar or
slightly lower ACR50 and PASI90 response rates at 156 weeks
compared to ACR50 and PASI90 response rates at 24 weeks
(25,26). Similar trends have been observed out to 5 years with
IL-17A inhibitor therapy (27).

In the phase IIb BE ACTIVE trial and its OLE study, bimekizu-
mab was found to be well tolerated in PsA patients up to 3 years
of treatment, with no new safety signals identified compared to
the first 48 weeks of treatment (6). Findings from the BE ACTIVE

trial showed that both joint and skin outcomes improved from
baseline of the double-blind period through week 12 to week
24, after which responses were sustained through the dose-blind
period to week 48. Here, we show that efficacy outcomes were
sustained at 3 years.

Patient retention supported long-term tolerability of bimeki-
zumab, with treatment completed up to week 48 by 91.7% of
patients, and up to week 152 by 78.2% of patients (87.5% of
those who enrolled in the OLE study). This finding supports the
long-term tolerability and efficacy of treatment with bimekizumab
in adult patients with PsA.

The frequencies of TEAEs and serious TEAEs were not
increased with further exposure to bimekizumab and were
aligned with prior reporting for the double- and dose-blind periods
from this phase IIb study in PsA patients (6). The 3 most frequently
reported TEAEs over 3 years by MedDRA preferred term
(nasopharyngitis, upper respiratory tract infection, and bronchitis)
were consistent with previous 48-week data from the double- and
dose-blind periods, as well as a study of bimekizumab in AS
patients (6,7).

Given the role of the IL-23/IL-17 pathway in mucocutane-
ous protection against a variety of pathogens, in particular
extracellular fungal infections, the inhibition of IL-17A was pre-
dicted to increase susceptibility to oral candidiasis (28–30).
In addition, due to the involvement of both IL-17A and IL-17F
in CD4+ T helper 17 (Th17) cell–mediated mucocutaneous
immunity (31), dual inhibition of these cytokines is theoretically
expected to further increase the risk of fungal infection com-
pared with inhibition of IL-17A alone. In the OLE study, EAIRs
of Candida infection remained stable compared with the first
48 weeks of treatment. No clear risk factors for Candida infec-
tion were identified in the BE ACTIVE trial or its OLE study;
however, further analyses in phase III studies of bimekizumab
in PsA with larger patient populations are needed to confirm
whether any potential risk factors for Candida infection can
be distinguished. Just over one-tenth of patients with fungal
infections, including Candida infections, reported recurrence
of infection at any time during the double- and dose-blind
periods or the OLE study, whereas among patients who
reported Candida infections, one-half experienced a recur-
rence of infection. However, the majority of Candida cases
over the course of the study were easily managed and
resolved with topical or systemic antifungal treatment.

There were no MACE or cases of SIB during the OLE
study. There was 1 moderate case of microscopic colitis
adjudicated as IBD in a patient without prior history of IBD;
this event was unrelated to treatment with bimekizumab. No
cases of uveitis, additional injection site reactions, or nonfun-
gal opportunistic infections were reported in the OLE study.
However, results from phase III studies, including larger
patient groups, are needed to further establish the long-term
safety profile of bimekizumab in PsA patients.

COATES ET AL1968

https://doi.org/10.1002/art.42280
https://doi.org/10.1002/art.42280
https://doi.org/10.1002/art.42280
https://doi.org/10.1002/art.42280


The improvements in key joint (articular) and skin efficacy
outcomes observed in patients receiving bimekizumab over
48 weeks were generally maintained through 3 years of treat-
ment. MDA has been previously identified as a desirable target
in treat-to-target strategies for PsA, defining a satisfactory
state of disease activity that encompasses all aspects of the
disease (15). At week 152, more than one-half of patients
achieved MDA, including with NRI. Furthermore, over one-half
of patients achieved ACR50 or PASI100 for those with ≥3%
BSA with psoriasis involvement at the double-blind period
baseline responses individually, and the proportion achieving
both ACR50 and PASI100 responses remained stable at just
under one-half of bimekizumab-treated patients between week
48 and week 152.

Notwithstanding the improvements seen in clinically
assessed PsA disease outcomes, patients receiving bimekizu-
mab also reported improvements in selected patient-reported
outcome measures that were maintained over 3 years of treat-
ment, including reduced pain, increased physical function, lower
disease impact, and improved quality of life.

The 3-year duration of this phase IIb study provides the most
comprehensive evidence to date of the long-term safety and effi-
cacy of bimekizumab in patients with PsA. A limitation of the pres-
ent analysis relates to the lack of an active comparator, or placebo
comparator beyond week 12. After week 12, all patients
received bimekizumab at 160 mg or 320 mg every 4 weeks. Effi-
cacy was similar at week 48 among patients receiving bimekizu-
mab at 160 mg or 320 mg, and no appreciable decrease in
efficacy was observed in patients who reduced their dose from
320 mg to 160 mg at the start of the OLE study. Additionally,
as a phase IIb study, the limited sample size of ~200 patients
restricts the interpretation of the results. There was also no eval-
uation of structural inhibition in the present study. Results from
phase III studies in larger patient populations are therefore
awaited to further investigate the safety, tolerability, and efficacy
of bimekizumab in PsA patients during long-term treatment,
including structural inhibition. There are currently 2 phase III
studies underway, the BE OPTIMAL trial (ClinicalTrials.gov
identifier: NCT03895203) and the BE COMPLETE trial
(ClinicalTrials.gov identifier: NCT03896581), as well as their
combined OLE study, BE VITAL (ClinicalTrials.gov identifier:
NCT04009499), after which more robust conclusions will likely
be possible.

In conclusion, the safety of bimekizumab in patients with PsA
over 3 years of treatment was consistent with the previous
48-week results, as well as other recently published studies of
IL-17 inhibitors in PsA patients. High thresholds of disease control
were achieved within the first year of treatment and sustained
through 3 years. Despite the limited sample size, the present
study supports the further development of bimekizumab to
address an unmet need for improved and sustained efficacy on
skin and joint disease in patients with PsA.
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Modulation of the Itaconate Pathway Attenuates
Murine Lupus

Luz P. Blanco,1 Eduardo Patino-Martinez,1 Shuichiro Nakabo,1 Mingzeng Zhang,1 Hege L. Pedersen,1

Xinghao Wang,1 Carmelo Carmona-Rivera,1 Dillon Claybaugh,1 Zu-Xi Yu,2 Equar Desta,3

and Mariana J. Kaplan1

Objective. Itaconic acid, a Krebs cycle–derived immunometabolite, is synthesized by myeloid cells in response to
danger signals to control inflammasome activation, type I interferon (IFN) responses, and oxidative stress. As these
pathways are dysregulated in systemic lupus erythematosus (SLE), we investigated the role of an itaconic acid deriva-
tive in the treatment of established murine lupus.

Methods. Female (NZW × NZB)F1 lupus-prone mice were administered 4-octyl itaconate (4-OI) or vehicle starting
after clinical onset of disease (30 weeks of age) for 4 weeks (n = 10 mice /group). At 34 weeks of age (peak disease
activity), animals were euthanized, organs and serum were collected, and clinical, metabolic, and immunologic param-
eters were evaluated.

Results. Proteinuria, kidney immune complex deposition, renal scores of severity and inflammation, and anti-RNP
autoantibodies were significantly reduced in the 4-OI treatment group compared to the vehicle group. Splenomegaly
decreased in the 4-OI group compared to vehicle, with decreases in activation markers in innate and adaptive immune
cells, increases in CD8+ T cell numbers, and inhibition of JAK1 activation. Gene expression analysis in splenocytes
showed significant decreases in type I IFN and proinflammatory cytokine genes and increased Treg cell–associated
markers in the 4-OI group compared to the vehicle group. In human control and lupus myeloid cells, 4-OI in vitro treat-
ment decreased proinflammatory responses and B cell responses.

Conclusions. These results support targeting immunometabolism as a potentially viable approach in autoimmune
disease treatment, with 4-OI displaying beneficial roles attenuating immune dysregulation and organ damage in lupus.

INTRODUCTION

Systemic lupus erythematous (SLE) is a complex autoim-

mune syndrome in which multi-organ damage leads to enhanced

morbidity and mortality (1,2). Many individuals affected by SLE

require immunosuppression, and there is need for additional

effective immunomodulatory drugs with fewer side effects (3).
Among some of the innate immune abnormalities characteristic

of SLE, dysregulated type I interferon (IFN) responses, inflamma-

some activation, and enhanced oxidative stress are prevalent

(4,5). In addition, our group and others have described a role for

mitochondrial dysfunction in SLE pathogenesis (6–9). Itaconic acid

is a mitochondrial-derived immunometabolite that modulates several

of these dysregulated pathways (10). Itaconic acid is synthesized by

macrophages following lipopolysaccharide (LPS) challenge and,

more broadly, in cells expressing the aconitate decarboxylase

1 (ACOD1) gene (also known as IRG1). This gene codifies for an

enzyme which acts via decarboxylation of cis-aconitate to produce

itaconic acid from the tricarboxylic acid cycle in response to proin-

flammatory stimuli (11). Itaconic acid effects are broad and pleiotro-

pic, modulating not only metabolism but also inflammatory and

oxidative stress–related responses (12).
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Because of these antiinflammatory activities, itaconic acid–
improved derivatives have been isolated. In particular, 4-octyl ita-
conate (4-OI) is a cell-soluble electrophilic small molecule
that alkylates proteins and inhibits inflammasome activation (10).
Among several key targets for alkylation are Kelch-like
ECH-associated protein 1 (KEAP1) and GAPDH, whose modifi-
cations lead to activation of the Nrf2 transcription factor and
inhibition of aerobic glycolysis, respectively (13,14). As such,
Nrf2 is considered a master regulator of cellular antioxidative and
detoxification responses, while GAPDH inhibition reduces the
aerobic glycolysis or Warburg effect that predominates in acti-
vated immune cells under inflammatory conditions. Furthermore,
Nrf2 activation by 4-OI down-regulates type I IFN synthesis by
the cyclic GMP-AMP synthase/stimulator of IFN genes pathway
(15). In some in vivo animal models, 4-OI can attenuate tissue
injury by reducing inflammation and oxidative stress (16–21).
Moreover, the 4-OI/Nrf2 antiinflammatory axis effectively reduces
proinflammatory cytokine expression in vitro in SLE peripheral
blood mononuclear cells (PBMCs) (22). Given these observations,
we assessed whether therapy with 4-OI would ameliorate clinical
and immunologic parameters of established murine lupus.

MATERIALS AND METHODS

Animals and in vivo treatment. Female (NZW × NZB)
F1/J mice (stock no. 100008) were purchased from The Jackson
Laboratory (Bar Harbor, ME). The National Institute of Arthritis and
Musculoskeletal and Skin Diseases Animal Care and Use Committee
approved animal procedures (protocol no. A019-05-03) without ran-
domization, and all researchers were unblinded with regard to animal
treatment (≥4 mice/cage). NZW × NZBmice received subcutaneous
4-OI (14 μg/kg/minute) (no. 25374; Cayman Chemical) or vehicle
control (2-hydroxypropyl-beta cyclodextrin 40%) (no. 332607;
Sigma-Aldrich) in phosphate buffered saline (PBS) via osmotic pump
delivery (no. 2006; Alzet), which was surgically inserted into the dor-
sum of the animals at 30 weeks old (n = 9 mice/group). The number,
age, and sex of animals were determined based on our previous
experimental designs that showed that 9–10 female lupus-prone
mice per group provided sufficient power when comparing various
active treatments to controls. At 34 weeks of age (expected peak
disease activity), mice were euthanized, and tissues and blood were
collected for analysis.

Complete blood count. This study was performed in the
National Institutes of Health (NIH) Department of Laboratory Med-
icine using murine blood diluted 1:3 in PBS with an Advia
120 device.

Splenocyte gene expression. Messenger RNA (mRNA)
was purified from frozen spleens in RNAlater solution, stored at
−80�C, and quantification of proinflammatory mRNAs was per-
formed as previously described (23,24). Briefly, tissue was

homogenized in RLT lysis buffer and RNA were isolated using an
RNA Easy kit (Qiagen); complementary DNA was synthesized
using 1 μg of RNA, a Bio-Rad iScript kit, and an ABI thermocycler.
Real-time polymerase chain reaction was performed using
Bio-Rad reagents and instructions, and a CFX96 Bio-Rad real-
time thermocycler. Fold gene expression for each gene was cal-
culated using the β2-microglobulin housekeeping gene in mouse
tissue for the 4-OI or control vehicle conditions for ΔΔCt

calculations. The following primers were used: Ifna1
(5’-AAGGACAGGCAGGACTTTGGATTC-30 [forward] and 50-GA-
TCTCGCAGCACAGGGATGG-30 [reverse]), Ifnb (50-AAGAGTTA-
CACTGCCTTTGCCATC-30 [forward] and 50-CACTGTCTGCT
GGTGGAGTTCATC-30 [reverse]), ll6 (50-TGGCTAAGGACCAA-
GACCATCCAA-30 [forward] and 50-AACGCACTAGGTTTGCC-
GAGTAGA-30 [reverse]), Tnf (50-CCCTCACACTCAGATCATCT
TCT-30 [forward] and 50-GCTACGACGTGGGCTACAG-30 [reverse]),
Il1b (50-CCCTGCAGCTGGAGAGTGTGGA-30 [forward] and 50-CT-
GAGCGACCTGTCTTGGCCG-30 [reverse]), Ebi3 (50-GTTCTCCA-
CGGTGCCCTAC-30 [forward] and 50-CGGCTTGATGATTCGCTC-30

[reverse]), Il12a (50-CCACCCTTGCCCTCCTAAA-30 [forward] and
50-GCCGTCTTCACCATGTCATCT-30 [reverse]), Foxp3 (50-CTGCC-
TTGGTACATTCGTGA-30 [forward] and 50-CCAGATGTTGTGGGT-
GAGTG-30 [reverse]), Ikzf2 (50-TAAGCTCAGCTTATTCTCAGGTC
TATCA-30 [forward] and 50-ATGTTGTTTTCGTGACTATCAGATGTT-
30 [reverse]), p40 (50-CGTGCACTGAGGCTCAGAAATGTTTC-30 [for-
ward] and 50-TTTCTTTGCACCAGCCATGAGC-30 [reverse]). The
mitochondrial:nuclear splenocyte transcription ratio was calculated
using the following primers: 16S or Mrnr2 (50-CTAGAAACCCC-
GAAACCAAA-30 [forward] and 50-CCAGCTATCACCAAGCTCGT -30

[reverse]), and the β2-microglobulin gene was also used as house-
keeping gene (50-ATGGGAAGCCGAACATACTG-30 [forward] and
50-CAGTCTCAGTGGGGGTGAAT-30 [reverse]). All primers were pur-
chased from IDT Integrated DNA Technologies.

Splenocyte immunophenotyping by flow cytometry.
Splenocytes (1 × 106) were suspended in 100 μl of
fluorescence-activated cell sorting (FACS) buffer, incubated with
1 μl of TruStain FcX (no. 422302; BioLegend) at 4�C for
15 minutes, followed by incubation with various fluorochrome-
conjugated antibodies (all from BioLegend) at 4�C for 30 minutes.
Cells were washed twice and immediately analyzed on a BD
FACS Celesta flow cytometer (BD Biosciences) followed by FlowJo
software. The following anti-mouse, fluorochrome-labeled antibod-
ies were used: panel 1: APC_CD86 (no. 105012), APC-Cy7_CD11b
(no. 101226), BV421_CD19 (no. 124608), PE_CD80 (no. 104708),
PE-Cy7_CD11c (no. 117318), Percp-Cy5.5_MHCII (no. 116416);
panel 2: APC_Ly-6C (no. 128016), APC-Cy7_CD86 (no. 105030),
BV421_Ly-6G (no. 127628), FITC_CD40 (no. 124608), PE_CD11b
(no. 101208), PE-Cy7_CD45 (no. 103114), Perp-Cy5.5_MHCII
(no. 116416); panel 3: APC_CD23 (no. 101620), APC-Cy7_CD21
(no. 123418), BV421_CD19 (no. 115538), FITC_CD45 (no. 103108),
PE_IgD (no. 405706), PE-Cy7_IgM (no. 406514), Percp-
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Cy5.5_CD138 (no. 142510); panel 4: APC_CD8 (no. 100712),
APC-Cy7_CD44 (no. 103028), BV421_CD4 (no. 100438), FITC_CD19
(no. 115506), PE_CD62L (no. 104408), PE-Cy7_CD3 (no. 100220),
Percp-Cy5.5_CD45 (no. 103132); panel 5: APC_CD11c (no.
117310), PB_B220 (no. 103227), FITC_CD45 (no. 103108),
PE_PDCA-1 (no. 127104).

JAK1 activation in splenocytes. JAK1 activation was
quantified by dual enzyme-linked immunosorbent assay (ELISA)
to detect phosphorylated and total JAK1 simultaneously in
splenic tissue samples preserved at −80�C and lysed according
to instructions of the manufacturer (no. PEL-JAK1-Y1022-T-1;
RayBiotech). Spleen tissue lysates contained 753 μg/ml protein.
Optical density at 450 nm was measured using a FLUOstar
Omega BMG Labtech plate reader.

Endothelium-dependent vasorelaxation. Vasorelaxation
assessments of murine aortic rings were performed as previously
described (25), with reagents purchased from Sigma-Aldrich.
Briefly, aortic rings (~2 mm) were excised and maintained in phys-
iologic salt solution (PSS) with aeration (95% O2/5% CO2). After
equilibration for 1 hour, contraction was achieved with PSS con-
taining 100 mM potassium chloride. Relaxed aortic rings were
contracted with phenylephrine. Vasorelaxation was assessed by
addition of a gradient of acetylcholine (1 × 10−9M to 1 × 10−5M).
Results were reported as the percentage of phenylephrine
contraction.

Kidney histology analysis and immune complex (IC)
deposition quantification. Kidney slides were evaluated in a
blinded manner by a veterinary pathologist (ZXY) for scoring of
glomerular, tubulointerstitial, vascular, and lymphoproliferative
lesions, as previously described (26). Histologic evaluations were
made from paraffin-embedded slides stained with hematoxylin
and eosin (H&E), Masson’s trichrome, and periodic acid–Schiff
(PAS) using semiquantitative analysis (0 = no changes; 1 = mild
changes; 2 = moderate changes; and 3 = severe changes).

Renal IC deposition was quantified as previously described
(23) using Alexa Fluor 594/F(ab0)2 goat anti-mouse IgG (no.
A11020; ThermoFisher Scientific) and fluorescein isothiocyanate
anti-murine C3 antibody (no.GC3-90F-Z; Immunology Consul-
tants Laboratories). Three random images were obtained from
each stained frozen section and were analyzed with Image J soft-
ware, selecting the glomerular compartment to quantify mean
pixels for each fluorescence channel used.

Quantification of serum autoantibodies. Serum
anti–double-stranded DNA (anti-dsDNA) and anti-RNP quantifi-
cation were performed as previously described (23), using
commercially available ELISA kits (no. 5110 and no. 5410,
respectively, from Alpha Diagnostic International). Serum samples

were diluted 1:125 in the low–nonspecific binding buffer, and the
assay was performed following the manufacturer’s instructions.

Proteinuria determination. The urine albumin:creatinine
ratio was determined as previously described (23), using ELISA
kits for creatinine and mouse albumin (no. 1012 and no. 1011,
respectively) according to instructions of the manufacturer
(Exocell).

Bone marrow (BM) isolation and differentiation of
murine macrophages. NZB × NZW BM precursors were
treated in vivo with 4-OI or vehicle, purified and cultured for
24 hours in Dulbecco’s modified Eagle’s medium (DMEM)
(no. 11995-065; ThermoFisher Scientific), supplemented with
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin.
After 24 hours, medium was replaced, and BM-derived macro-
phages were cultured (1.0 × 106 cells/ml) in 96-well Seahorse
plates for 6 days in DMEM medium containing macrophage
colony-stimulating factor (M-CSF) 50 ng/ml (no. 216-MC; R&D
Systems). M-CSF was replaced every 2 days.

Quantification of neutrophil extracellular traps
(NETs) and mitochondrial reactive oxygen species
(mROS). Isolation of mouse BM-derived neutrophils and human
peripheral blood neutrophils, quantification of NET formation,
and mROS were performed as previously described (23). Briefly,
BM neutrophils were purified with Percoll gradient, and human
neutrophils were purified using sedimentation with 2% Dextran,
following a Ficoll gradient. Cells were seeded in 96-well plates
(200,000 cells/100 μl/well in triplicates for each dye) and allowed
to form NETs in the presence of Sytox (to quantify extracellular
DNA; 1 μM final concentration), Quant-It PicoGreen (to quantify
total DNA; stock solution diluted 1:250), and MitoSOX (to quantify
mROS; final concentration 200 ng/ml). All dyes were from
ThermoFisher Scientific. At baseline, 1 hour, and 2 hours, fluores-
cence was measured for PicoGreen (485 of 520 nm), MitoSOX
(510 of 580 nm), and Sytox (485 of 520 nm), respectively, using
a FluoStar Omega BMG Labtech plate reader. Cells without dye
were used as blanks.

Seahorse analysis. This analysis was performed as previ-
ously described (27). The following reagents were used: glucose
(no. G8769), oligomycin (no. 75351), carbonyl cyanide-4-(tri-
fluoro-methoxy) phenylhydrazone (FCCP; no. C2910), 2-deoxy-
D-glucose (2-DG; no. D1634), rotenone (no. R8875), antimycin
A (no. A8674), sodium pyruvate (no. S8636), L-glutamine
(no. 103579-100), XF calibrant (pH 7.4; no. 10084-000), and XF
RPMI medium (pH 7.4; no. 103576-100) (all from Sigma-Aldrich).
Seahorse plates and cartridges were from Agilent. BM-derived
macrophages or splenocytes were plated on Corning Cell-Tak–
coated Seahorse culture plates (300,000 cells/well) (no. 354240;
ThermoFisher Scientific) in XF RPMI medium. Seahorse XF
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analysis was performed at 37�C with no CO2, using an XF-96e
analyzer according to instructions of the manufacturer (Agilent).
Mitochondrial stress test assay was performed using Seahorse
XF RPMI medium with 25 mM glucose, 1 mM sodium pyruvate,
and 2 mM L-glutamine. For mitochondrial stress tests, cells were
treated serially with oligomycin (5 μM), FCCP (1 μM), rotenone
(100 nM), and antimycin A (1 uM), and oxygen consumption rates
were quantified. For glycolysis stress tests, 300,000 cells/well
were suspended in Seahorse XF RPMI medium with 2 mM

L-glutamine; cells were treated serially with glucose (25 mM),
oligomycin (5 μM), and 2-DG (100 mM), and extracellular acidifi-
cation rates were measured over time. Cell numbers at assay
completion were normalized to DNA content using CyQuant dye
(ThermoFisher Scientific; no. C7026). Wave, Excel, and Graph-
Pad Prism software were used to analyze and graph the data.

Western blot analysis. Splenocyte extracts were pre-
pared using Pierce RIPA Buffer (no. 8990; ThermoFisher

Scientific) with protease and phosphatase cocktail inhibitors. Pro-
tein concentration was determined using BCA Protein Assay
Reagent (no. 23227; Pierce). Protein was resolved on NuPAGE
4–12% Bis-Tris gel, transferred to a nitrocellulose membrane,
and then blocked for 1 hour with 10% bovine serum albumin
(BSA). Antibody against mitochondrial antiviral signaling protein
(MAVS) (no. sc-365334; Santa Cruz Biotechnology) was diluted
1:1,000 in 5% BSA and added and incubated overnight at 4�C.
Monoclonal antibody against GAPDH (no. MA1-16757; Invitro-
gen) was used as a loading control and incubated for 1 hour at
room temperature. After incubation with primary antibodies,
membranes were washed 3 times and incubated with secondary
antibodies coupled to IRDye 800CW. Membranes were devel-
oped using a Li-Cor Odyssey Clx scanner.

Isolation of human primary monocyte–derived
macrophages and cytokine measurements. Subjects pro-
vided informed consent to participate in an NIH institutional review

Figure 1. Attenuation of lupus pathologic features in the kidneys of mice with 4-octyl itaconate (4-OI) treatment. A, Representative kidney tissue
images stained with hematoxylin and eosin (H&E) (original magnification × 40), Masson’s trichrome (original magnification × 200), and periodic
acid–Schiff (PAS). In H&E–stained images, arrowheads show inflammation. In PAS-stained images, arrows show glomerulosclerosis. B, Kidney
pathology scores. Mice were treated with 4-OI or vehicle control. The number of animals per group is shown for each score; the global pathology
score is the sum of all individual scores (severity, inflammation, fibrosis, glomerulosclerosis, and tubular dilation). Bars show the mean ± SEM.
* = P < 0.05; ** = P < 0.01; **** = P < 0.001, by Mann-Whitney test.
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board–approved protocol (no. 94-AR-0066). Human PBMCs
were obtained using Ficoll density gradient Lymphoprep
(StemCell Technologies; no. 07801) on whole blood from healthy
donors or lupus patients. CD14+ monocytes were purified by

positive selection using magnetic separation systems (MACS,
no. 130-050-201; Miltenyi Biotec). Cells were cultured at
0.5 × 106 cells/ml for 6 days in RPMI 1640 medium (Gibco,
no. 11875093; ThermoFisher Scientific), with 10% FBS

Figure 2. Attenuation of kidney damage and serum autoantibody levels in mice, and human B cell responses with 4-octyl itaconate (4-OI) treatment. A,
Representative immunofluorescence photomicrographs displaying immune complex deposition. IgG is depicted in red, C3 in green, and nuclei in blue.
Original magnification × 40.B,Quantification of the results of pixel analysis of glomeruli in 3 different images from panel A, using ImageJ.C, Analysis of pro-
teinuria in mice at the time of euthanasia.D and E, Serum levels of antibodies against RNP (D) and double-stranded DNA (dsDNA) (E). The number of mice
per group is shown; any discrepancy in numbers is due to failure to collect urine in some of the mice in C. F andG, Human B cell proliferation (F) and total
IgG secretion (G) after stimulationwith BCl alone or stimulationwith BCl followed by treatment with 4-OI, glutathione ethyl ester (GSH-EE), or 4-OI plusGSH-
EE, or in conditions of nonstimulation (NS) in samples from 3 different healthy human donors (with technical duplicates for B cell proliferation and technical
triplicates for enzyme-linked immunosorbent assay). Bars show the mean ± SEM. * = P < 0.05; ** = P < 0.01; *** = P < 0.001, by Mann-Whitney test.
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containing granulocyte–M-CSF 25 ng/ml (no. 300-03; Pepro-
Tech) or M-CSF 10 ng/ml (no. 216-MC; R&D Systems) to gener-
ate GM macrophages (M1) and M macrophages (M2),
respectively. Cytokines were replaced every 2 days.

Six day–cultured macrophages were preincubated with 4-OI
(0.5 mM or 1.0 mM) for 3 hours and then cultured in the presence or
absence of 100 ng/ml Escherichia coli 0111:B4 LPS (no. L2630;
Sigma-Aldrich) for 24 hours. Macrophage supernatants were har-
vested and stored at −80�C until tested by ELISA (BD Biosciences)
to quantify secreted human tumor necrosis factor (TNF;
no. 555212), interleukin-6 (IL-6; no.555220), IL-10 (no. 555157),
IL-1β (no. 557953), and IL-8 (no. 555244).

Isolation, culture, and stimulation of B cells. Healthy
control PBMCs were isolated with Ficoll gradient and treated
using a MojoSort Human Pan B Cell Isolation Kit (no. 480081;
BioLegend). CD19+ B cell purity was >90%. Purified CD19+ B
cells (50,000 cells/200 μl) were cultured alone or with 1,000
units/ml IFNα (no. ab285741; Abcam), 0.5 uM CpG-containing
oligonucleotide (no. tlrl-2216; Invivogen), or 1 μg/ml anti-IgM B
cell receptor (no. 109-006-129; Jackson ImmunoResearch) in
96-well plates. The 4-OI (1 μM) and glutathione ethyl ester
(GSH-EE; 0.5 uM) (no. 14953; Cayman Chemical) were added
on day 0 and remained in the culture for the duration of the assay.
Culture medium was RPMI 1640 supplemented with 10% FCS,
100 units/ml penicillin, and 100 units/ml streptomycin.

B cell proliferation analysis. B cells were stained with
BD Horizon CFSE (1 uM; no.565082) following instructions of
the manufacturer (BD Biosciences). Cells were washed twice
and cultured (5 days for the first 2 donors and 7 days for the third
donor). Analysis was performed using an Attune NxT Flow
Cytometer, then using the FlowJo software and the proliferation
modeling tool to obtain the percentage of divided B cells.

IgG ELISA. For quantification of in vitro IgG secretion, B cells
were cultured alone or with in vitro stimulation in 96-well plates, as
described above. IgG levels in the mediumwere determined using
a Total Human IgG ELISA kit (no. 88-50550-22) following instruc-
tions of the manufacturer (ThermoFisher Scientific).

Statistical analysis. Statistical analysis was performed
using GraphPad Prism software.

RESULTS

Decrease in lupus nephritis severity and autoanti-
body levels with 4-OI treatment. Use of 4-OI led to histo-
pathologic improvements in severity, inflammation, and global
scores when compared with vehicle-treated mice (Figures 1A
and B). Morphologically, there was noticeable kidney histology
improvement upon treatment with 4-OI. Specifically, in the

4-OI–treated group, kidneys showed remarkable reduced inflam-
mation compared to the vehicle-treated group. In addition, glo-
merulosclerosis and fibrosis were also less severe in the group

Figure 3. Modulation of splenomegaly, JAK1 activation, and platelet
counts by 4-octyl itaconate (4-OI) in mice. A, Body and spleen weights
with their ratio are displayed. B, Spleen tissue was homogenized, and
phospho-JAK1 and total JAK1 proteins were detected by enzyme-
linked immunosorbent assay.C,Complete blood cell counts are shown.
Outlier data points were detected using the GraphPad ROUT method
(Q = 10%) and excluded from the analysis. Bars show the mean ± SEM.
* = P < 0.05; ** = P < 0.01, by Mann-Whitney test. Polys = neutrophils.
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treated with 4-OI. The total renal severity score was lower in
4-OI–treated mice than in vehicle treated (Figure 1B). Furthermore,
IC deposition was significantly reduced in the 4-OI group compared
to vehicle alone (Figures 2A and B). These histologic changes were
associated with decreases in the albumin:creatinine ratio in the 4-OI
group (Figure2C), compared to thevehiclegroup, indicating improve-
ment in kidney function.Oneof themice in the4-OI treatment sponta-
neously succumbed to kidney failure on day 26.

Serum autoantibodies against RNP were significantly
decreased while anti-dsDNA also decreased, albeit not signifi-
cantly, in the 4-OI group, compared to the vehicle group
(Figures 2D and E). Consistent with these findings, in vitro incuba-
tion of human B cells with 4-OI inhibited proliferation and total IgG
secretion, even in the presence of the GSH-EE cell-permeant
glutathione compound that prevents 4-OI protein alkylation

(Figures 2F and G). Overall, in vivo 4-OI treatment led to improve-
ment in murine lupus glomerulonephritis and decreased in vivo
autoantibody levels, while in vitro 4-OI decreased human B cell
proliferation and IgG synthesis.

Improvement of thrombocytopenia and modulation
of lymphoid organ responses in murine lupus with 4-OI
treatment. Body weight remained similar between the 2 treatment
groups, while the spleen:body weight ratio in 4-OI–treated mice was
significantly reduced compared to mice treated with vehicle alone
(Figure 3A). A recent report suggested that 4-OI can inhibit JAK1
kinase activity (28). Supporting these findings, JAK1 activation (ratio
of phospho-JAK1:total JAK1) in murine lupus splenocytes was sig-
nificantly reduced in the in vivo–treated 4-OI group compared to
vehicle (Figure 3B).

Figure 4. Effect of 4-octyl itaconate (4-OI) on gene expression and inflammasome protein expression in spleen cells in mice. A,Gene expression
in splenocytes was analyzed by quantitative real-time polymerase chain reaction (qRT-PCR) normalized against B2m (housekeeping gene). B, The
16S mitochondrial gene expression in splenocytes was determined by qRT-PCR as a surrogate of mitochondrial transcriptional activity. C, Gene
expression of associated Treg cell markers is shown. Mice were treated with 4-OI or vehicle control (n = 4 mice/group with 2 technical duplicates,
except for Ikzf2, which was performed in quadruplicate). Missing values are samples with no amplification. Bars show the mean ± SEM. D, The
expression of mitochondrial antiviral signaling protein (MAVS) monomer, MAVS 75 kDa oligomer, MAVS 90 kDa oligomer, and GAPDH was quan-
tified by Western blotting in lysates of splenocytes from vehicle- or 4-OI–treated mice. The first Western blot was performed with 5 vehicle-treated
animals and 4 4-OI–treated animals, and the second blot was performed with 7 animals in each group. Bars show the mean ± SEM ratio of protein
to GAPDH loading control expression. * = P < 0.05; ** = P < 0.01; *** = P < 0.001, by Mann-Whitney test.
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NZB × NZW mice develop thrombocytopenia and vascu-
lar dysfunction as part of immune-mediated dysregulation.
Mice treated with 4-OI had significant improvements in
platelet counts (Figure 3C) and endothelium-dependent

vasorelaxation compared to those treated with vehicle (see
Supplementary Figure 1, available on the Arthritis & Rheuma-
tology website at http://onlinelibrary.wiley.com/doi/10.1002/
art.42284).

Figure 5. Modulation of neutrophil extracellular trap (NET) formation and immunometabolism with 4-octyl itaconate (4-OI) treatment in mice. A, NETs
were quantified in bone marrow (BM)–derived neutrophils, 2 hours post-plating, by Sytox and PicoGreen plate assay to measure external and total
DNA, respectively. B, Mitochondrial reactive oxygen species (mROS) were quantified in BM-derived neutrophils, 1 hour post-plating, using MitoSox by
plate assay. In A and B,mice were treated with 4-OI or vehicle control (n = 4 mice per group and 3 technical repeats). Neutrophils were stimulated with
the A23187 calcium ionophore (250 μM) to induce NETs and mROS. C, Glycolysis of murine BM–differentiated macrophages was measured by Sea-
horse (n = 4 mice/group with 5 technical repeats). D, Mitochondrial stress test analysis of splenocytes was performed by Seahorse. Statistical analysis
used 2-way analysis of variance. E, Parameters for Seahorse analysis of splenocytes were calculated using the values fromD. Seahorse studies included
mice treated with 4-OI or vehicle (n = 4 mice/group with 5 technical repeats). Outlier data points were detected using the GraphPad ROUT method
(Q = 10%) and excluded from the analysis. Bars show themean ± SEM. * = P < 0.05; ** =P < 0.01; *** =P < 0.001; **** = P < 0.0001, byMann-Whitney
test. ECAR = extracellular acidification rate; OCR = oxygen consumption rate; FCCP = carbonyl cyanide-4-(trifluoro-methoxy) phenylhydrazone.
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Figure 6. In vitro effect of 4-octyl itaconate (4-OI) on cytokine release by human monocyte–derived primary macrophages and neutrophil extracellular
trap (NET) formation. A–E, Human primary monocyte–derived macrophages (n = ≥6 from different donors) were obtained from circulating monocytes
from healthy controls or patients with systemic lupus erythematosus (SLE) by differentiating between either granulocyte–macrophage colony-stimulating
factor (GM-CSF) (proinflammatory) or M-CSF (antiinflammatory) (M) macrophages for 7 days. Cytokines in supernatants were measured by enzyme-
linked immunosorbent assay after 24 hours of treatment with 4-OI or vehicle. Measured cytokines included interleukin-1β (A), IL-6 (B), tumor necrosis
factor (TNF) (C), IL-10 (D), and IL-8 (E). F,NET formation in normal dense granulocytes (NDGs) wasmeasured by fluorometry plate assay.G andH, Fluo-
rescence microscopy imaging shows merged immunofluorescence staining with primary antibody against neutrophil elastase (green) and DNA (nuclei
and NET fibers; Hoechst blue) in NDGs from SLE patients (G) and healthy controls (H). Original magnification ×10. In A–F, experiments were performed
with technical duplicates in 9 SLE patients and 3 healthy controls (CTR). Bars show themean ± SEM. * = P < 0.05; ** = P < 0.01, byMann-Whitney test.
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Splenocyte gene expression analysis revealed significant
decreases in Ifna, Ifnb, Il6, Il1b, and Tnf with 4-OI treatment com-
pared to vehicle (Figure 4A). As itaconic acid is a mitochondrial
immunometabolite that reduces oxidative stress, we quantified
16S gene expression as a surrogate of mitochondrial transcrip-
tion and found it significantly increased in the 4-OI group com-
pared to the vehicle group (Figure 4B), suggesting a beneficial
effect in mitochondrial physiology. With regard to immune cell
composition in the spleen, the effects of 4-OI were mild and
included significant increases in the mean fluorescent intensity of
CD80, but not CD86, in dendritic cells (DCs) and B cells
(Supplementary Figure 2, http://onlinelibrary.wiley.com/doi/10.
1002/art.42284). The percentage of splenic CD8 T cells was sig-
nificantly increased by 4-OI treatment compared to vehicle, with
a significant reduction in the CD4:CD8 ratio (mean ± SEM 4.1
± 0.6 for vehicle versus 2.6 ± 0.2 for 4-OI; P < 0.03 by Student’s
t-test). As a surrogate for assessing Treg cells, we quantified sple-
nocyte gene expression of cytokine-associated genes and Treg
cell differentiation gene markers. Gene transcription of transcrip-
tion factor Helios (Ikzf2) and components of suppressive cyto-
kines Ebi3 (IL-35) and p40 (29) were significantly enhanced,
supporting the notion that 4-OI induces immunoregulatory effects
(Figure 4C).

MAVS is an essential adaptor for retinoic acid–inducible gene
1/melanoma differentiation–associated protein 5 signaling and
sensing of RNA; it plays pathogenic roles in some murine lupus
models. Because MAVS forms oligomers in lupus cells in high–
oxidative stress conditions (30), we measured MAVS protein
expression by Western blot. MAVS monomers and oligomers
were decreased in the 4-OI group compared to vehicle
(Figure 4D). Overall, these results indicate that 4-OI attenuates
oxidative damage and immune dysregulation in lymphoid organs
in murine lupus.

Modulation of neutrophil responses with 4-OI
treatment. Neutrophils contribute to oxidative stress during
inflammatory responses. To analyze the effect of 4-OI in neutro-
phil phenotype and function, we tested the ability of BM-derived
neutrophils to form NETs, a feature that is dysregulated in murine
and human lupus in association with aberrant mROS synthesis
(23). Mice treated with 4-OI showed a trend toward enhanced
basal NET formation and mROS synthesis; however, they
displayed unresponsiveness to calcium ionophore–induced NET
formation and enhanced mROS (Figures 5A and B). These data
suggest that 4-OI attenuates neutrophil activation and NET
formation in response to stimulation.

As the itaconate pathway is involved in the regulation of
metabolism, we analyzed the effect of 4-OI in the bioenergetics
of BM-derived macrophages and splenocytes. While oxidative
phosphorylation (OXPHOS) was not significantly modulated in
macrophages after in vivo 4-OI administration, glycolysis was sig-
nificantly inhibited (Figure 5C). Splenocytes, which in lupus have

been described to exhibit enhanced mitochondrial OXPHOS
(31), displayed significant OXPHOS reduction after 4-OI exposure
when compared to vehicle-treated mice (Figures 5D and E),
including reductions in basal and maximal respiration, proton
leak, and ATP production. Overall, 4-OI modulated immunometa-
bolic parameters in murine lupus.

Modulation of inflammatory responses in human
myeloid cells with in vitro 4-OI treatment. To further
assess the effects of 4-OI in human lupus, we assessed
whether it could modulate proinflammatory responses of human
monocyte–derived macrophages and NET formation in human
neutrophils. Healthy control or SLE peripheral blood monocytes
were differentiated into GM (M1, proinflammatory) or M (M2, anti-
inflammatory) macrophages and treated with 4-OI, stimulated
with 100 ng/ml LPS for 24 hours, and cytokine secretion was
quantified. In vitro, both 0.5- and 1-μM 4-OI concentrations signif-
icantly reduced the levels of secreted IL-1β, IL-6, TNF, and IL-10,
particularly in the GM macrophages (Figures 6A–D). Furthermore,
4-OI inhibited secretion of IL-1β and IL-10 by healthy control mac-
rophages (Figures 6A and D). In contrast, there was no modula-
tion of IL-8 secretion by 4-OI in control- or SLE patient–derived
macrophages (Figure 6E). Additionally, NET formation in controls
or SLE patients was inhibited with 1 μM 4-OI (Figures 6F–H).
These data support an immunoregulatory role of 4-OI in human
myeloid cells.

DISCUSSION

We found that subcutaneous administration of 4-OI
improves features of murine lupus when treatment is initiated after
clinical disease is already established. The beneficial effects were
observed in renal function, histopathology and IC deposition,
platelet counts, vascular dysfunction, and in the levels of circulat-
ing autoantibodies. Furthermore, the drug inhibited inflammatory
responses in immune cells and changed immunometabolic
parameters. These effects might be related, with the previously
documented ability of itaconate to attenuate proinflammatory
pathways in other inflammatory models. Given that most immune
cell subsets in lymphoid organs did not significantly change, it
remains to be further determined the mechanisms by which auto-
immune responses were hampered in murine lupus, but it could
be related to modulation of myeloid cell dysregulation with down-
stream effects on other innate and adaptive immune cells, includ-
ing Treg cells and B cells.

Levels of various antinuclear antibodies as well as type I IFN
pathway dysregulation were reduced by 4-OI administration.
The mechanisms leading to down-modulation of these autoim-
mune responses are likely multifactorial. As autoantigen/
autoantibody ICs can trigger type I IFN production (32), it is possi-
ble that modulation of IC formation (via 4-OI decreasing autoanti-
gen generation by inhibiting NET formation or other types of
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inflammatory cell death) may decrease immune dysregulation.
Decreases in synthesis and release of other inflammatory
cytokines by immune cells observed with 4-OI may also hamper
autoantibody generation, as previously reported (33,34).
Among the effects that 4-OI had on various cytokines, it
reduced the ability of human macrophages to secrete IL-10.
This cytokine may play pathogenic roles in SLE, including auto-
antibody synthesis (35–37). It is therefore possible that
decreases in autoantibodies and improvement in platelet num-
bers following 4-OI treatment could be due in part to effects
on IL-10 synthesis, in addition to the direct inhibition of B cell
function that was observed by in vitro human studies. Given
that inhibition of B cell proliferation and IgG secretion by human
B cells after 4-OI treatment was not alkylation-dependent, it is
possible that the immunomodulation might occur through other
effects in immunometabolism, such as inhibition of succinate
dehydrogenase (38), which should be explored in future
studies.

Recently described attenuation of specific allergic inflam-
matory responses in mice by 4-OI intranasal treatment was
accomplished via reduction of DC priming activity (39). A sim-
ilar phenomenon might take effect here, in which 4-OI treat-
ment could partially reduce DC priming responses to lupus
autoantigens. Other possible effects of 4-OI to explain the
elevated numbers of CD8+ T cells in 4-OI–treated animals is
the observed inhibition of glycolysis and mechanistic target
of rapamycin (mTOR) pathways. This is supported by previ-
ous findings that rapamycin, an inhibitor of mTOR, can
increase both CD8 T cells and Treg cell function in SLE
patients with concomitant improvement in disease activ-
ity (40,41).

While FoxP3 levels were not transcriptionally regulated by
treatment, future studies should assess whether survival of
memory CD8 T cells and CD8-specific FoxP3 expression or
Treg cell suppressor function are affected by this treatment.
Another important aspect is the regulation of perturbed
metabolic responses with 4-OI. Proinflammatory (M1)
macrophages rely on glycolysis and exhibit impairment of the T
cell–attracting chemokine cycle and OXPHOS, whereas antiin-
flammatory (M2) macrophages are more dependent on mito-
chondrial OXPHOS (42). In our study, 4-OI treatment
attenuated glycolysis in BM-derived macrophages, and this
may have significant relevance for lupus-prone mice, as
enhanced glycolysis is associated with the elevated proinflam-
matory environment characteristic of SLE. Indeed, blunting gly-
colysis in macrophages has been shown to improve lupus
nephritis in mice (43). In addition, 4-OI treatment enhanced the
mitochondrial gene transcription, suggesting a potential
improvement in mitochondrial function (24,44). Furthermore,
the reduction of MAVS oligomerization with 4-OI suggests that
the oxidative stress status was reduced, most probably through
the Nrf2 pathway, given that ROS play a role in inducing MAVS-

dependent responses in SLE (30). This in turn may help
decrease aberrant responses to nucleic acids in lupus cells. In
addition, 4-OI promoted a decreased ability of murine and
human neutrophils to synthesize NETs.

Part of the mechanism that may be involved in blunting
inflammatory responses is through the recently described role of
4-OI in modulating JAK1-mediated pathways. The JAK/STAT
pathway plays fundamental roles in SLE (45). We observed that
4-OI blunted activation of JAK1 in murine lupus, as recently
described (28). Overall, these results indicate that 4-OI exerts
pleiotropic antiinflammatory effects on myeloid cells and adaptive
immune cells.

Limitations of this study include the use of a single mouse
model of lupus, indicating that effects on other potential lupus
manifestations (such as skin involvement) were therefore not
addressed. It is important to mention that the beneficial effects
were observed when therapy was started only after immune dys-
regulation and organ damage were well established. Serum con-
centrations of itaconic acid have been previously reported to be
significantly reduced in SLE patients with active disease com-
pared to healthy controls (46). As we observed amelioration of
established murine lupus, our findings add new evidence to the
existing literature which suggests that modulation of immunome-
tabolism may be a viable therapeutic strategy in SLE and other
systemic autoimmune disorders. This was strengthened by the
beneficial effects observed in human cells in vitro. These findings
support the possibility of further exploring the role of itaconate-
derived medications in autoimmune disorders such as SLE.
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B R I E F R E P O R T

Telomere Length and Development of Systemic Lupus
Erythematosus: A Mendelian Randomization Study

Xu-Fan Wang,1 Wen-Jing Xu,1 Fei-Fei Wang,1 Rui Leng,1 Xiao-Ke Yang,2 Hua-Zhi Ling,3 Yin-Guang Fan,1

Jin-Hui Tao,4 Zong-Wen Shuai,2 Li Zhang,5 Dong-Qing Ye,1 and Rui-Xue Leng1

Objective. Previous observational studies demonstrated that a subset of patients with systemic lupus
erythematosus (SLE) have markedly short telomere length in leukocytes. This study was undertaken to test whether
leukocyte telomere length is causally associated with risk of SLE.

Methods. A 2-sample Mendelian randomization (MR) analysis was conducted to estimate causality of telomere
length on SLE in European populations. A replication 2-sample MR study using Asian genetic data was also con-
ducted. A reverse MR analysis was then performed to test the effects of SLE on telomere length. The autoantibodies
targeting telomere-associated protein (telomeric repeat–binding factor 1 [TERF1] autoantibodies) were detected in
patients with SLE, healthy controls, and patients with rheumatoid arthritis.

Results. The results of the inverse variance–weighted method (odds ratio [OR] 2.96 [95% confidence
interval (95% CI) 1.58–5.55], P < 0.001) showed strong evidence for a causal relationship between longer
telomere length and risk of SLE in people with European ancestry. The outcomes of MR-Egger regression
analysis (OR 29.46 [95% CI 3.02–287.60], P = 0.033) and MR pleiotropy residual sum and outlier analysis (OR 3.62
[95% CI 2.03–6.46], P = 0.002) also showed that longer telomere length was significantly associated with increased
risk of SLE in a European population. Sensitivity analyses using different methods and summary data sets showed
that the results were still broadly consistent. A replication MR study using Asian genetic data yielded similar findings.
However, the reverse MR analysis showed that genetically predicted SLE was not causally associated with telomere
length. In addition, we found that TERF1 autoantibodies were present in 2 of 40 SLE patients (5.0%).

Conclusion. In contrast with previous observational studies, MR analyses show that longer telomere length is
significantly associated with increased risk of SLE.

INTRODUCTION

Systemic lupus erythematosus (SLE) is a common systemic

autoimmune disease characterized by the production of autoanti-

bodies and a complex genetic inheritance. There is not any single

factor that could fully explain the etiology of SLE; interaction

between genetic and environmental factors may contribute

to SLE.

Available data have suggested that telomere length is

associated with inflammation and immunity (1), which indicated

that there might be potential linkage between telomere length

and risk of SLE. To date, considerable observational studies have

compared telomere length in SLE patients with that of healthy

controls. In the majority of these studies (2–4), telomere length

was found to become shorter in SLE patients compared to

healthy controls. A previous meta-analysis tried to combine these
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epidemiologic data and found that telomere length is significantly
shorter in SLE patients, regardless of ethnicity, sample type, or
assay method evaluated (5).

Given the presence of potential unadjusted confounding fac-
tors and reverse causation, achieving a reasonable conclusion is a
troublesome challenge in traditional case–control or cross-sectional
studies. In order to overcome these limitations, the Mendelian ran-
domization (MR) method using instrumental variables can be
employed as an alternative approach to determine the causality of
the exposure on the outcome. The present study was designed to
employ a 2-sample MR approach to explore the causal relationship
between telomere length and SLE. In addition, we also screened
autoantibodies targeting telomere-associated protein (telomeric
repeat–binding factor 1 [TERF1] autoantibodies) in SLE patients.

MATERIALS AND METHODS

Genetic data sources of SLE. SLE summary data was
collected from a genome-wide association study (GWAS) that
included 5,201 SLE cases and 9,066 healthy controls of
European descent, accessed using MR-Base platform (6,7).
For Asian SLE data, we extracted single-nucleotide polymor-
phism (SNP) information from a new GWAS in China. All the cases
in the Chinese SLE GWAS were recruited from Anhui Province of
China. Diagnosis was determined according to the 1997 update
to the American College of Rheumatology revised criteria for SLE
(8). The methods of genotyping (see Supplementary Methods,
available on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.42304), quality control,
and analyses for the SLE GWAS followed the procedures used
in our previous rheumatoid arthritis (RA) GWAS (9). Briefly, an
association analysis of autosomes in the Chinese SLE GWAS
was performed with adjustment for age, sex, and 10 principal
components, by using an additive model. Imputed SNPs were
restricted based on minor allele frequency of >0.005 and INFO
scores of >0.70, which indicates a high degree of imputation
accuracy. Finally, 1,548 SLE cases and 2,879 healthy controls
passed rigorous quality control filtering and were included in this
study. The λgc estimated in the Chinese SLE GWAS was 1.040
after excluding SNPs within the HLA region (chromosome
6, 25–35 Mb), indicating a subtle inflation of P values.

Selection of telomere length–associated SNPs. We
directly extracted summarized statistics of significant verified
SNPs related to telomere length (P < 5.00 × 10−08) from a GWAS
meta-analysis involving 37,684 participants of European ancestry
(10). To avoid the effect of strong linkage disequilibrium (LD), we
set an LD threshold for extracted SNPs (r2 < 0.001). Finally,
7 SNPs were collected as instrumental variables. We also
extracted summary data (10 independent SNPs) related to telo-
mere length in an independent Asian population including
23,096 samples from Singaporean Chinese subjects (11).

MR analysis. We harmonized both the exposure and out-
come data sets to correctly align the effect alleles. The inverse
variance–weighted method (IVW) with random effects, MR-Egger
regression method, and MR pleiotropy residual sum and outlier
(MR-PRESSO) test were used to assess the causal effect of
exposure on outcome, which were the most common MR
methods (12) and were performed using the R package
TwoSampleMR (version 0.5.5) (7). The F statistic was used to
assess the impact of weak instrumental variables bias on the
present MR research, the formula of which is r2(n – k – 1)/
(k[1 – r2]). In this equation, r2 represents the cumulative explained
variance of collected SNPs on telomere length. Here “n” is the
sample size, and “k” refers to the counts of the extracted SNPs.
When the F statistic is >10, the chosen SNPs were considered
to be strong instrumental variables (7,12,13). P values were deter-
mined by 2-tailed test, and P values of less than 0.05 were con-
sidered significant. All statistical analyses were performed using
R (version 3.6.0).

Heterogeneity, pleiotropy, and sensitivity analysis.
We performed MR-Egger regression test and IVW approaches
to test the heterogeneity between chosen SNPs, and Cochrane’s
Q statistic was applied to respectively assess the effect of hetero-
geneity. In addition, the MR-Egger regression method was used
to examine potential horizontal pleiotropy (7). To further verify
MR model assumptions, we performed additional analyses.
To check that the instrumental variables were not just associated
with the exposure (telomere length) but that they were most likely
causal, we reviewed the function information of potential causal
genes at loci of the instrumental variables. For each index SNP,
we also searched for potential associations with multiple traits in
the GWAS catalog (URL: https://www.ebi.ac.uk/gwas/) using
LDtrait (setting: P for traits-associated SNPs <5.00 × 10−08,
r2 for an LD of >0.20 in Europeans [EUR] or East Asians [EAS],
and a ± 500-kbp window of the queried SNPs) (14). In order to
further relax the exclusion restriction assumption, we performed
median- and mode-based methods (7), serving as sensitivity
analyses. The median-based method is more resistant to pleiot-
ropy; it takes the median instrumental variable from all instrumen-
tal variables included and is therefore robust when <50% of the
SNPs are invalid. The mode-based method returns an unbiased
causal effect if the SNPs within the largest cluster are valid instru-
ments (7). To ascertain whether our estimations were driven by
any individual SNP with a large effect, we carried out leave-one-
out analysis where we removed 1 SNP at a time and performed
IVW on the remaining SNPs (7,12). To test whether these estima-
tions change when using a large number of instrumental vari-
ables, we obtained full summary statistics of leukocyte telomere
length from the latest GWAS analysis (15). The details of the
selection of instrumental variables in the GWAS are described in
Supplementary Methods (http://onlinelibrary.wiley.com/doi/10.
1002/art.42304).
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TERF1 autoantibody measurements. TERF1 autoanti-
bodies were the most common of the shelterin autoantibodies
and were associated with short lymphocyte telomere length in
other autoimmune diseases (16); we thus developed an
enzyme-linked immunosorbent assay (ELISA) to screen for
TERF1 autoantibodies. First, 96-well ELISA plates (Corning)
were coated with purified TERF1 protein (Sino Biological) and
incubated overnight at 4�C. The plates were blocked with
200 μl of 5% milk for 1 hour at 37�C and were washed 3 times
with phosphate buffered saline (PBST). Then 1:100 diluted
plasma samples were added and incubated at 37�C for 1 hour.
Following 3 washes with PBST, 100 μl of a 1:10,000 dilution of
horseradish peroxidase-conjugated anti-human IgG (Sigma)
was added and plates were incubated for 1 hour at 37�C. After
3 washes with PBST, 100 μl of 3,30,5,50-tetramethylbenzidine
substrate (Thermo Scientific) was added and incubated at room
temperature for 10 minutes, following which the color change
was monitored at 450 nm by adding 50 μl of 2M H2SO4 to stop
the reaction. The cutoff for autoantibody positivity was set as
the mean + 4 SD of healthy control values (16). To confirm the
presence of autoantibodies among patients found to be positive
by ELISA, we further used 2 other methods (Indirect ELISA with
dilution gradient and magnetic beads–based antibody pull-
down) to detect TERF1 autoantibodies (see Supplementary
Methods, http://onlinelibrary.wiley.com/doi/10.1002/art.42304).

Ethics approval. The GWAS summary data for European
and Asian populations used in this study were obtained from pub-
licly available data sets. The Anhui Chinese study and the overall
protocols were approved by the medical ethics committee of
Anhui Medical University, and written informed consent was

obtained from all participants. All procedures were performed in
accordance with the Declaration of Helsinki.

RESULTS

We selected 7 SNPs as instrumental variables from summary
data of telomere length in the European population. The charac-
teristics of the 7 extracted SNPs in the European population are
shown in Table 1. The F statistic of these SNPs was 67.54, indi-
cating that the selected instrumental variables were robust to
ensure the reliability of 2-sample MR results. Among these SNPs,
4 SNPs (rs10936599, rs7675998, rs2736100, and rs755017)
were nominally associated with risk of SLE (P ≤ 0.005).

The results of the IVW (odds ratio [OR] 2.96 [95% confidence
interval (95% CI) 1.58–5.55], P < 0.001) showed strong evidence
for a causal relationship between longer telomere length and risk
of SLE in people with European ancestry. Significant findings
were observed using the MR-Egger method (OR 29.46 [95% CI
3.02–287.60], P = 0.033). Moreover, the MR-PRESSO test
(OR 3.62 [95% CI 2.03–6.46], P = 0.002) suggested that the
effect was not altered after removing 1 outlier variant (Table 2).
The outcomes of heterogeneity analyses employing the
MR-Egger method (Cochrane’s Q = 9.53; P = 0.090) and IVW
(Cochrane’s Q = 17.37; P = 0.008) demonstrated that there was
heterogeneity among selected SNPs. We used MR-Egger
regression approaches to test the horizontal pleiotropy among
extracted SNPs, none of which showed evidence that
pleiotropy would affect the results of 2-sample MR analyses
(β intercept –0.17; SE = 0.08; P = 0.098).

We further reviewed the functional involvement of potential
causal genes at loci of instrumental variables and found that 5 of

Table 1. Associations of instrumental SNPs with telomere length and SLE in European and Asian populations*

SNP Chromosome Effect alleles Other alleles

Telomere length SLE

β SE P β SE P

European population
rs11125529 2 C A –0.056 0.010 4.48 × 10−8 0.010 0.059 0.865
rs10936599 3 T C –0.097 0.008 2.54 × 10−31 –0.139 0.033 <0.001
rs7675998 4 A G –0.074 0.009 4.35 × 10−16 –0.105 0.036 0.003
rs2736100 5 A C –0.078 0.009 4.38 × 10−19 –0.083 0.030 0.005
rs9420907 10 A C –0.069 0.010 6.90 × 10−11 –0.049 0.042 0.250
rs8105767 19 A G –0.048 0.008 1.11 × 10−9 0.041 0.030 0.167
rs755017 20 A G –0.062 0.011 6.71 × 10−9 –0.157 0.044 <0.001

Asian population
rs3219104 1 C A 0.074 0.009 2.23 × 10−16 –0.017 0.047 0.715
rs2293607 3 C T –0.120 0.009 7.57 × 10−39 –0.071 0.046 0.125
rs10857352 4 G A 0.064 0.011 4.85 × 10−9 0.094 0.054 0.081
rs7705526 5 A C 0.118 0.009 2.61 × 10−38 0.103 0.048 0.032
rs7776744 7 G A –0.058 0.009 2.51 × 10−10 0.103 0.047 0.028
rs28365964 8 C T 0.270 0.035 6.96 × 10−15 0.036 0.195 0.854
rs12415148 10 C T 0.204 0.020 2.78 × 10−25 0.207 0.092 0.025
rs227080 11 G A –0.060 0.009 1.87 × 10−10 0.062 0.047 0.186
rs41293836 14 T C 0.233 0.017 2.47 × 10−42 0.214 0.079 0.007
rs41309367 20 T C –0.058 0.010 1.16 × 10−8 –0.053 0.053 0.318

* SNPs = single-nucleotide polymorphisms; SLE = systemic lupus erythematosus.
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7 instrumental SNPs identified in European ancestry lie in or near
genes that are functionally associated with telomere length
(see Supplementary Table 1, http://onlinelibrary.wiley.com/doi/
10.1002/art.42304). An MR analysis including the 5 causal instru-
mental variables in European ancestry showed that the MR results
were broadly significant (see Supplementary Table 2, http://
onlinelibrary.wiley.com/doi/10.1002/art.42304). A traits-association
analysis (see Supplementary Table 3, http://onlinelibrary.wiley.com/
doi/10.1002/art.42304) showed that the SNP rs755017 at the
RTEL1 gene region is associated with multiple autoimmune condi-
tions and several potential confounders (inflammatory bowel
disease, RA, C-reactive protein levels, serum 25-hydroxyvitamin D
levels, age of smoking initiation, body mass index [BMI], and
type 2 diabetes mellitus). A sensitivity analysis removing the SNP
demonstrated similar results (Table 2).

To further relax exclusion restriction assumption, we per-
formed median- and mode-based MR methods. We did not
observe substantial changes in results using the 2 methods
(Table 2). In addition, the results of sensitivity analysis using the
leave-one-out method indicated no single SNP significantly influ-
enced the results of the analysis (Figure 1A). Furthermore, to
ascertain whether these estimations were changed by using a
large number of instrumental variables (>90 instrumental vari-
ables), we conducted MR analysis using summary statistics of
leukocyte telomere length from the latest GWAS analysis (15).
Using 2 different instrumental variable sets, the replication MR
study showed that the results were still broadly consistent
(see Supplementary Table 4, http://onlinelibrary.wiley.com/doi/
10.1002/art.42304).

`In order to investigate whether the conclusion reached in
European patients also applies to Asian patients, a replication

2-sample MR research was implemented. We extracted sum-
mary data of 10 significant SNPs (Table 1) related to telomere
length from a GWAS meta-analysis involving 23,096 samples
from Singaporean Chinese subjects. Then these SNPs were
reviewed in an independent Chinese SLE GWAS. No high LD
was found between selected SNPs and no weak instrumental
variables bias was found in the 2-sample MR findings
(F = 94.07). Almost all instrumental SNPs used in our study lie in
or near genes that perform prominent roles in regulating telomere
length (see Supplementary Table 1, http://onlinelibrary.wiley.com/
doi/10.1002/art.42304). The results of the IVW demonstrated the
causality of telomere length on SLE (OR 1.76 [95% CI 1.11–2.79],
P = 0.017), and the other approaches obtained similar outcomes
(Table 2). There was slight heterogeneity between chosen
SNPs when employing the MR-Egger regression method
(Cochrane’s Q = 12.14; P = 0.145) and IVW (Cochrane’s
Q = 18.40; P = 0.031). The outcomes of the MR-Egger regression
method indicated no obvious sign of horizontal pleiotropy
(β intercept –0.09; SE = 0.05; P = 0.077). A sensitivity analysis
additionally removing 1 SNP (rs41309367 at the RTEL1 gene
region) had consistent findings (Table 2). For the leave-one-out
sensitivity analysis, several SNPs might slightly affect the results
of analyses (Figure 1B).

We then performed a reverse MR analysis using SLE SNPs
as instrumental variables to test their effects on telomere length
(see Supplementary Methods, http://onlinelibrary.wiley.com/doi/
10.1002/art.42304). We directly extracted summarized statistics
of 41 verified SNPs (P < 5.00 × 10−08) related to SLE from a
GWAS meta-analysis involving participants with European ances-
try (6). By using multiple methods, the MR analysis showed that
genetically predicted SLE was not causally associated with

Table 2. Associations between genetically predicted telomere length and risk of SLE in European and Asian populations*

MR analyses of
TL and risk of SLE

MR analyses excluding SNPs
associated with confounding traits

No. of SNPs OR (95% CI) P No. of SNPs OR (95% CI) P

European population
IVW with random effects 7 2.96 (1.58–5.55) <0.001 6 2.66 (1.43–4.93) 0.002
MR-Egger 7 29.46 (3.02–287.60) 0.033 6 44.76 (8.38–239.15) 0.011
MR-PRESSO 6 3.62 (2.03–6.46) 0.002 5 3.26 (1.96–5.44) 0.003
Simple median 7 2.91 (1.64–5.18) <0.001 6 2.43 (1.35–4.37) 0.003
Weighted median 7 3.75 (2.28–6.15) <0.001 6 3.56 (2.17–5.85) <0.001
Simple mode 7 3.51 (1.73–7.13) 0.013 6 3.26 (1.77–6.00) 0.013
Weighted mode 7 3.66 (2.22–6.05) 0.002 6 3.51 (2.10–5.87) 0.005

Asian population
IVW with random effects 10 1.76 (1.11–2.79) 0.017 9 1.74 (1.06–2.86) 0.030
MR-Egger 10 3.85 (1.64–9.06) 0.015 9 4.38 (1.85–10.40) 0.012
MR-PRESSO 10 1.76 (1.03–3.00) 0.041 8 1.93 (1.20–3.11) 0.014
Simple median 10 2.08 (1.29–3.36) 0.003 9 1.81 (1.09–2.99) 0.021
Weighted median 10 2.41 (1.56–3.72) <0.001 9 2.39 (1.54–3.71) <0.001
Simple mode 10 2.43 (1.35–4.37) 0.016 9 2.39 (1.36–4.21) 0.017
Weighted mode 10 2.35 (1.54–3.59) 0.003 9 2.34 (1.52–3.59) 0.005

* SLE = systemic lupus erythematosus; MR = Mendelian randomization; TL = telomere length; SNP = single-nucleotide polymorphism;
OR = odds ratio; 95% CI = 95% confidence interval; IVW = inverse variance–weighted method; MR-PRESSO = MR pleiotropy residual sum and
outlier.
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telomere length (see Supplementary Table 5, http://onlinelibrary.
wiley.com/doi/10.1002/art.42304).

We also screened plasma from 40 SLE patients, 25 RA
patients, and 30 healthy controls for TERF1 autoantibodies by
ELISA. TERF1 autoantibodies were present in 2 of 40 SLE
patients (5.0%). However, the TERF1 autoantibodies were not
found in RA patients and healthy controls (Figure 1C). Using
2 additional methods, we confirmed the presence of TERF1 auto-
antibodies among patients who were positive by ELISA. Using
ELISA with dilution gradient, we observed that optical density val-
ues were decreased when the dilution ratio was increased in the
2 SLE patients who were positive by ELISA (see Supplementary
Figure 1, http://onlinelibrary.wiley.com/doi/10.1002/art.42304).
Magnetic beads–based antibody pull-down also confirmed that
TERF1 binding autoantibodies were present in the same SLE
samples but not in samples from RA patients and healthy controls
(see Supplementary Figure 2, http://onlinelibrary.wiley.com/doi/
10.1002/art.42304).

DISCUSSION

In the present study, we performed an MR analysis using
European genetic data to investigate the association of telo-
mere length with risk of SLE. Our results indicate that geneti-
cally predicted telomere length is positively associated with
risk of SLE. A replication study using Asian genetic data also
yielded similar findings, suggesting the robustness of the
causal association. The reverse MR analysis showed that

genetically predicted SLE is not causally associated with telo-
mere length.

Although the precise mechanism for how longer telomere
length confers increased risk of SLE remains unclear, there are
several possible explanations. It has been reported that children
and adults who are telomerase mutation carriers with short
telomere length develop a T cell immunodeficiency that
can manifest in the absence of bone marrow failure and
causes life-threatening opportunistic infections. Furthermore,
telomerase-null mice with short telomere length have defects
throughout T cell development. The loss of telomere sequences
from the ends of chromosomes is associated with cell cycle
arrest and T cell apoptosis and immunosenescence, which
may further lead to a decline in adaptive immune response
(17). Recently, using an MRL/lpr lupus mouse model, it has
been shown that human umbilical cord–derived mesenchymal
stem cell transplantation ameliorates lupus symptoms through
increasing CD4+ T cell senescence via the MiR-199a-5p/Sirt1/
p53 axis (18), suggesting that longer telomere length may
increase risk of SLE by maintaining T cell proliferation capability.
Except for T cells, other immune cell function may also be
associated with telomere length maintenance. For example,
Zhdanov et al showed that regulatory T cells, which play a fun-
damental role in the maintenance of immunologic tolerance by
suppressing effector–target lymphocytes, can cause in vitro
telomere-dependent apoptosis and senescence in target T
cells, B cells, and natural killer cells in a contact-independent
manner (19). Although these explanations are biologically

Figure 1. Sensitivity analyses and telomeric repeat–binding factor 1 (TERF1) enzyme-linked immunosorbent assay (ELISA). A, Leave-one-out
Mendelian randomization (MR) analysis in a European population. B, Leave-one-out MR analysis in an Asian population. C, TERF1 autoantibodies
detected using ELISA in patients with systemic lupus erythematosus (SLE) (n = 40), those with rheumatoid arthritis (RA) (n = 25), and healthy con-
trols (n = 30). TL = telomere length; Ab = antibody.
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plausible, there remains a paucity of direct functional data
regarding the role of telomerase/telomere length in SLE. There-
fore, future studies are warranted to investigate the overall net
effect of telomere length maintenance in the development of
SLE using mice models.

Previous observational studies (2–5) demonstrated that a
subset of SLE patients have markedly short telomere length in
leukocytes. We further summarized the characteristics of the pre-
vious studies (see Supplementary Table 6, http://onlinelibrary.
wiley.com/doi/10.1002/art.42304) and found that the common
confounders adjusted for in these studies were age and sex.
However, other potential confounders such as BMI or smoking
(2) were not adjusted for when telomere length was compared
between SLE cases and healthy controls. Furthermore, the
summary data showed that most SLE cases in these studies
received treatments which may lead to telomere shortening. For
example, Lee et al showed that exposure to glucocorticoids is
associated with a significant reduction of telomere length in both
mice and humans (20).

We also note that the findings from previous studies might be
prone to reverse causation. First, telomere shortening could result
from exposure to oxidative stress, which is an important feature of
SLE pathology (21,22). Second, telomere shortening in lympho-
cytes may be partially caused by excessive lymphocyte prolifera-
tion that in turn leads to telomere shortening (23). Finally, Adler
et al found that autoantibodies targeting telomere-associated
proteins in a subset of patients with systemic sclerosis (SSc) are
associated with short lymphocyte telomere length. They found
that TERF1 autoantibodies were present in 40 of 442 SSc
patients (9.0%) (16). Consistent with this, we found that TERF1
autoantibodies were present in 2 of 40 SLE patients (5%). Unex-
pectedly, using a reverse MR analysis, we found that that geneti-
cally predicted SLE was not causally associated with telomere
length. Sensitivity analyses using different methods (see Supple-
mentary Table 5, http://onlinelibrary.wiley.com/doi/10.1002/art.
42304) showed that the results were still consistent, suggesting
SLE disease progression itself may not substantially affect leuko-
cyte telomere length. However, we noted that there is still a lack
of longitudinal studies considering different treatment drugs to
examine the dynamic changes and clinical significance of telo-
mere length in SLE.

Though we obtained significant results using the 2-sample
MR method, several limitations of the present study should be
noted. First, telomere length GWAS data were measured in blood
leukocytes (10,11,15), and leukocyte telomere length might be
not enough to represent telomere length in other cell or tissue
subgroups associated with SLE. Second, we tested MR assump-
tions using the different methods and, although the results were
found to be broadly consistent, some residual uncertainty inevita-
bly remains. Finally, the sample size for detecting TERF1 autoanti-
bodies was small in this study. The statistical power can be
increased further in future studies with larger sample sizes. In

spite of this, our research shows that telomere length is positively
associated with risk of SLE.
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Variability of Primary Sjögren’s Syndrome Is Driven by
Interferon-α and Interferon-α Blood Levels Are Associated
With the Class II HLA–DQ Locus

Diana Trutschel,1 Pierre Bost,2 Xavier Mariette,3 Vincent Bondet,4 Alba Llibre,4 Celine Posseme,4 Bruno Charbit,5

Christian W. Thorball,6 Roland Jonsson,7 Christopher J. Lessard,8 Renaud Felten,9 Wan Fai Ng,10

Lucienne Chatenoud,11 Hélène Dumortier,12 Jean Sibilia,13 Jacques Fellay,14 Karl A. Brokstad,15 Silke Appel,15

Jessica R. Tarn,16 Lluis Quintana-Murci,17 Michael Mingueneau,18 Nicolas Meyer,19 Darragh Duffy,4

Benno Schwikowski,1 and Jacques Eric Gottenberg,9 on behalf of TheMilieu Intérieur Consortium, ASSESS study
investigators, and NECESSITY Consortium

Objective. Primary Sjögren’s syndrome (SS) is the second most frequent systemic autoimmune disease, affecting
0.1% of the general population. To characterize the molecular and clinical variabilities among patients with primary SS,
we integrated transcriptomic, proteomic, cellular, and genetic data with clinical phenotypes in a cohort of 351 patients
with primary SS.

Methods. We analyzed blood transcriptomes and genotypes of 351 patients with primary SS who were participants
in a multicenter prospective clinical cohort. We replicated the transcriptome analysis in 3 independent cohorts (n = 462
patients). We determined circulating interferon-α (IFNα) and IFNγ protein concentrations using digital single molecular
arrays (Simoa).

Results. Transcriptome analysis of the prospective cohort showed a strong IFN gene signature in more than half of
the patients; this finding was replicated in the 3 independent cohorts. Because gene expression analysis did not dis-
criminate between type I IFN and type II IFN, we used Simoa to demonstrate that the IFN transcriptomic signature
was driven by circulating IFNα and not by IFNγ protein levels. IFNα protein levels, detectable in 75% of patients, were
significantly associated with clinical and immunologic features of primary SS disease activity at enrollment and with
increased frequency of systemic complications over the 5-year follow-up. Genetic analysis revealed a significant asso-
ciation between IFNα protein levels, a major histocompatibility (MHC) class II haplotype, and anti-SSA antibody. Addi-
tional cellular analysis revealed that an MHC class II HLA–DQ locus acts through up-regulation of HLA class II
molecules on conventional dendritic cells.

Conclusion. We identified the predominance of IFNα as a driver of primary SS variability, with IFNα demonstrating
an association with HLA gene polymorphisms.
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INTRODUCTION

Primary Sjögren’s syndrome (SS) is a systemic autoimmune
disease affecting 0.1% of the general population (1) that mainly
targets the exocrine system, such as the salivary and lachrymal
glands. The clinical presentation of primary SS is highly heteroge-
neous. Fatigue, dryness, and pain are hallmarks of the disease,
but one-third to one-half of patients develop systemic
complications (notably, articular involvement, lung involvement,
peripheral neuropathy, vasculitis), and 5–10% develop mucosa-
associated lymphoid tissue–type lymphoma (2). No clinical bio-
marker is currently available to identify the patients with primary
SS at risk of systemic complications.

To date, no specific immunomodulatory drug has demon-
strated efficacy for primary SS. Disappointing results from ran-
domized clinical trials (3–5) can be attributed to our current lack
of understanding of the pathogenesis and molecular basis of this
disease and to the clinical and biologic heterogeneity of the
patients.

In this study, we aimed to 1) identify molecular endotypes of
the disease associated with clinical phenotypes and serum bio-
markers that might provide therapeutic guidance in a precision
medicine approach, 2) identify major physiologic correlates of
the molecular endotypes, and 3) determine possible genetic
associations with the molecular endotypes.

PATIENTS AND METHODS

Description of cohorts of patients with primary SS.
The Assessment of Systemic Signs and Evolution in Sjögren’s
Syndrome (ASSESS) cohort is a multicenter prospective French
clinical cohort (6) (Supplementary Figure 1A, available on the
Arthritis & Rheumatology website at https://onlinelibrary.wiley.
com/doi/10.1002/art.42265). ASSESS enrolled 395 patients
(see Appendix A for a list of the study investigators) (see

Supplementary Methods, available on the Arthritis & Rheumatol-

ogy website at https://onlinelibrary.wiley.com/doi/10.1002/art.
42265).

We performed molecular stratification of patients from the
ASSESS cohort, based on transcriptomics. To replicate our find-
ings, we repeated our transcriptome analysis in an independent
cohort of patients with primary SS and in 2 public data sets. The
independent cohort enrolled 141 consecutive patients with pri-
mary SS who were referred for specialist consultation at the
Department of Rheumatology, Haukeland University Hospital,
Bergen, Norway. The 2 public data sets included 190 patients
with primary SS from Oklahoma (7) and 131 patients with primary
SS from the UK (8), with both cohorts included in Gene
Expression Omnibus (GEO) (a database at the National Center
for Biotechnology Information; accession no. GSE51092 and
accession no. GSE66795, respectively).

To analyze HLA–DR expression in blood cells among popu-
lation subsets, we reanalyzed data from a mass cytometry study
of blood cells from 49 patients with primary SS performed in the
Paris-Sud University Hospital (9).

Unsupervised transcriptome analysis. Results of
the transcriptome analysis were stratified using a robust consen-
sus clustering algorithm based on the PhenoGraph method
(10) (Supplementary Methods). The number of clusters was
determined using 2 criteria. First, we aimed our analysis on clus-
ters with a high total number of cluster-associated markers,
i.e., those genes whose high expression would be specific to
one of the clusters. Second, for robustness, we aimed to examine
a smaller set of larger clusters. Without attempting to formally
combine these 2 criteria (in a necessarily ad hoc manner), we
selected solutions directly from plots representing the different
possible tradeoffs between the 2 criteria (Supplementary
Figures 1F and 2B, available on the Arthritis & Rheumatology
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website at https://onlinelibrary.wiley.com/doi/10.1002/art.42265).
Cluster-associated marker genes were identified using the Limma
R package (11). For the detection of significant enrichment of bio-
logic pathways, we performed gene set enrichment analysis (12)
against “hallmark” gene sets that are available in the Molecular
Signatures Database (13).

For further analysis, we computed an interferon (IFN) score
that represented the aggregate expression of 5 key IFN genes
(IFI44, IFI44L, IFIT1, IFIT3, MxA) (14) that were standardized (see
Supplementary Methods).

IFNα and IFNγ quantification in the ASSESS cohort.
Simoa assays were developed using a Quanterix Homebrew
Simoa assay kit in accordance with the manufacturer’s instruc-
tions (15,16) (see Supplementary Methods).

Statistical analysis of clinical data. All statistical analy-
ses were performed using the R statistical software package
(version 3.5.0). Because of the non-Gaussian distribution of
several continuous variables (even if log-transformed), we used
the Kruskal-Wallis rank test to detect the significant differences
of continuous clinical variables across clusters. We then applied
the Bonferroni method for adjustment of P values involving multi-
ple comparisons. Application of different linear model analyses is
explained in the Supplementary Methods.

HLA imputation and fine mapping. The patient data
from the ASSESS cohort had been previously genotyped using
ImmunoChip (17) (see Supplementary Methods for imputation
methods) (18–21).

The imputed single-nucleotide polymorphisms (SNPs) and
classic HLA alleles were tested for associations with IFNα con-
centrations using linear regression and SSA status with logistic
regression, with both analyses corrected for the first 10 principal
components. We tested multiallelic amino acid positions for asso-
ciations using the multiple degree of freedom omnibus test, which
included the same covariates as used for the regression analyses.

For performance of HLA fine mapping, we only included sam-
ples of European descent (N = 246), as determined by principal
components analysis, with EigenStrat (22) and HapMap3 (from
the International HapMap Consortium, 2010) used as references.

Manhattan plots (23) and the online LocusZoom tool (24)
were used to determine the results of the association tests on
the SNPs related to their location within the genome.

We calculated the posterior probabilities and frequency of
HLA–DR/DQ haplotypes using the R package Haplo.Stats, as
the phases of these HLA alleles cannot be resolved from genotyp-
ing data. To analyze the associations between haplotypes
and circulating IFN, we used the Haplo.glm method within
Haplo.Stats and HLA–DRB1*11:01;DQA1*01:02;DQB1*06:02
as the baseline.

RESULTS

Patient stratification using unsupervised transcrip-
tome analysis of 4 primary SS cohorts. We analyzed whole
blood transcriptome and genotype results in patients with primary
SS from the multicenter prospective French clinical cohort (6)
(Supplementary Figure 1A [https://onlinelibrary.wiley.com/doi/
10.1002/art.42265]). Implementation of strict quality control over
clinical, serologic, genetic, and transcriptome data resulted in a
high-quality database of 351 patients with primary SS. Clinical
descriptions of the cohort and quality controls of the data are
shown in Supplementary Figures 1B–D.

The use of a clustering approach for transcriptome data
allowed us to identify 4 patient clusters of different sizes (compris-
ing a total of 63 patients, 110 patients, 91 patients, and
87 patients per cluster), which we named clusters 1, 2, 3, and
4, respectively (Figure 1A, as well as Supplementary Figures 1E
and 1F). Data projection with low-dimensional embedding vali-
dated the consistency of our approach (Supplementary
Figures 1G–I).

To understand the biology underlying each of these 4 clus-
ters, we considered the genes that were significantly differentially
expressed among clusters of patients with primary SS as
cluster-associated marker genes (Supplementary Table 1,
available on the Arthritis & Rheumatology website at https://
onlinelibrary.wiley.com/doi/10.1002/art.42265). We identified
131 gene markers differentially expressed between the 4 clusters
(Supplementary Methods). Among these genes, IFN-stimulated
genes (ISGs) were strongly enriched in cluster 3 and cluster 4, with
45 genes for the IFNγ response signature (P = 2.90 × 10−72) and
38 genes for the IFNα response signature (P = 1.49 × 10−71) in
the hallmark gene sets. ISGs such as RSAD2 and OAS2
were overexpressed specifically in clusters 3 and 4 (i.e., in 52%
of patients) compared with presence in clusters 1 and 2
(Figure 1B). Because hierarchical clustering revealed a strong
correlation between ISG expression, those genes were grouped
in a gene module that we named the ISG module.

We also detected a significant enrichment of genes related to
heme metabolism (8 genes, P = 1.53 × 10−6), which included
AHSP and FECH, 2 hemoglobin-related genes that were overex-
pressed in clusters 3 and 1 but not in clusters 2 and
4 (Figure 1B). In further analysis using the Human Tissue Com-
pendium database (25), we observed that these genes were spe-
cifically expressed by erythroid and erythroid progenitor cells but
not by immune cells (Supplementary Figure 1J). These genes
were highly coexpressed and clustered together in a specific
gene module that we named the erythroid module (Figure 1A).

Molecular stratification strategy replicates in
3 independent primary SS cohorts. To probe the robustness
of our findings, we repeated our analysis in an independent cohort
of patients with primary SS and in 2 public transcriptome data
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Figure 1. Unsupervised transcriptomic analysis enables robust stratification of patients with primary Sjögren’s syndrome (SS) in 4 different
cohorts. A, Expression of marker genes across the 4 clusters of patients from the Assessment of Systemic Signs and Evolution in Sjögren’s
Syndrome (ASSESS) cohort, normalized by row, and annotation of the identified gene modules based on hierarchical clustering. B, Expression
of 6 genes identified as marker genes across the patients from the ASSESS cohort. Values are shown as box plots, where the line inside the
box represents the median, the box represents the interquartile range, and the whiskers represent the 10th and 90th percentiles. C, Expression
of marker genes across the 3 clusters of patients identified in the Norwegian cohort and annotation of the identified gene modules based on hier-
archical clustering. D, Expression of marker genes across the 4 clusters of patients identified in the cohort from Lessard et al (7) and annotation of
the identified gene modules based on hierarchical clustering. E, Expression of marker genes across the 4 clusters of patients identified in the
cohort from James et al (8) and annotation of the identified gene modules based on hierarchical clustering. F, Intersection between the sets of
marker genes identified in the 4 different primary SS cohorts. G, Association between erythroid (ER) transcriptomic score and EULAR Sjögren’s
Syndrome Disease Activity Index (ESSDAI) score, anti-SSA status, and anti-SSB status. ISG = interferon-stimulated gene.
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sets of patients with primary SS (Supplementary Table 2, available
on the Arthritis & Rheumatology website at https://onlinelibrary.
wiley.com/doi/10.1002/art.42265).

For the independent cohort (141 consecutive patients with
primary SS referred for specialist consultation in Norway), the
whole blood transcriptome data were generated with the same
microarray and hybridization techniques that were used for the
ASSESS cohort, with data analysis performed in an identical
manner. Our analysis revealed 3 clusters with 39 differentially
expressed cluster-associated markers (Supplementary Table 3,
available on the Arthritis & Rheumatology website at https://
onlinelibrary.wiley.com/doi/10.1002/art.42265). We found that
ISGs were strongly enriched among thesemarkers, with 22 genes
(P = 1.22 × 10−48) shown for the IFNα signature and 29 genes
(P = 1.30 × 10−59) shown for the IFNγ signature in the hallmark
gene sets (Figure 1C, as well as Supplementary Figures 2A and
2B, available on the Arthritis & Rheumatology website at https://
onlinelibrary.wiley.com/doi/10.1002/art.42265). Consistency of
the clustering was successfully verified with low-dimensional
embedding (Supplementary Figures 2D and 2E). In this cohort,
we did not detect any significant enrichment in genes linked to
erythroid cell and heme metabolism.

For the 2 public transcriptome data sets, which included
190 patients (7) and 131 patients (8) with primary SS, the whole
blood transcriptome analysis was performed using different
microarray technologies (HumanWG-6 version 3.0 Illumina
BeadChip kit and HumanHT-12 version 4 Illumina BeadChip kit,
respectively). Our analysis of the 2 cohorts revealed clusters iden-
tified as clusters 3 and 4, as defined by differential expression of
353 and 147 genes, respectively (Figures 1D and 1E, as well as
Supplementary Figures 2B and 2C and Supplementary Tables 4
and 5, available on the Arthritis & Rheumatology website at
https://onlinelibrary.wiley.com/doi/10.1002/art.42265). In both
of the public cohorts, an IFN gene signature was identified
through gene set enrichment analysis, with 27 and 31 genes
(P = 8.77 × 10−47 and P = 2.55 × 10−53), respectively, belonging
to the IFNα predicted signature and 46 and 35 genes
(P = 5.17 × 10−57 and P = 1.13 × 10−52), respectively, belonging
to the IFNγ predicted signature, according to the hallmark data-
base. In addition, we detected an erythroid signature in both data
sets (38 and 30 genes [P = 4.9 × 10−57 and P = 6.23 × 10−53],
respectively) (Figures 1D and 1E).

We then studied the overlap between the different markers
identified in the ASSESS cohort and the 3 other primary SS
cohorts (Figure 1F). Of the 22 genes that were validated as marker
genes across all 4 cohorts, nearly all were ISGs, with 20 genes
belonging to the IFNγ predicted signature (P = 2.56 × 10−44) and
17 genes belonging to the IFNα predicted signature
(P = 4.84 × 10−41), thus strongly supporting the critical role of
IFN signaling in primary SS.

Lastly, we investigated the potential role of the erythroid gene
module. We therefore computed an erythroid expression score

for each patient of the ASSESS cohort and looked for associations
with clinical and biologic parameters. We did not observe a signifi-
cant association with the EULAR Sjögren’s Syndrome Disease
Activity Index (ESSDAI, the international score of systemic disease
activity) (26) (P = .48) but observed associations with anti-SSA
(P = .045) and anti-SSB status (P = 3.63 × 10−5) (Figure 1G).

Thus, our results demonstrated that the stratification of
patients with primary SS by whole blood transcriptome data and
through our analytic pipeline was highly reproducible for determi-
nation of ISG signatures across different independent cohorts
and microarray technologies.

Association of IFNα but not IFNγ with the transcrip-
tome signature and with disease activity. IFNα and IFNγ,
antiviral cytokines that trigger similar transcriptional changes in
immune cells, are challenging to discriminate using gene expres-
sion data. To assess whether the transcriptional changes underly-
ing the molecular stratification were regulated by IFNα and/or by
IFNγ, we measured baseline circulating IFNα and IFNγ protein
concentrations. Detectable concentrations of IFNα were
observed in 277 (74.9%) of the 370 patients assessed, and
detectable concentrations of IFNγ were observed in 364 (96.8%)
of the 376 patients assessed. Significant differences in IFNα con-
centrations between clusters were observed, with IFNα levels in
patients from clusters 1 and 2 close to the lower limit of detection
(0.6 fg/ml) and with IFNα levels in patients from clusters 3 and
4 detected at high concentrations (median 60 fg/ml) (Figure 2A).
Similarly, IFNγ concentrations significantly differed across clus-
ters, with cluster 3 having the highest levels (median IFNγ concen-
tration of 192, 430, 567, and 475 fg/ml in clusters 1, 2, 3 and 4,
respectively) (Figure 2A).

When we applied linear function modeling to the whole tran-
scriptome data of ASSESS patients, 95% of the IFN-inducible
genes (1,552 genes) were specifically correlated with serum IFNα
concentration, whereas only 7 genes were specifically correlated
with serum IFNγ concentration. We also found that 70 genes,
including CD274 and GBP1/4/5, were correlated with both IFNα
and IFNγ concentrations (Figure 2B). Among the 82 cluster-
associated markers of the ASSESS cohort, 14 were solely corre-
lated with serum IFNα concentration, 38 were correlated with
serum concentrations of both IFNα and IFNγ, and none of the
markers were correlated solely with serum IFNγ concentrations.

We observed a strong association between IFNα
concentration and antibody status, including anti-SSA status
(P = 5.09 × 10−28), anti-SSB serum positivity (P = 2.45 × 10−14),
and increased serum concentrations of rheumatoid factor
(RF) (r2 = 0.662, P = 1.19 × 10−41) (Figures 2C and 2D). This asso-
ciation with the autoantibodies was considerably weaker when we
examined IFNγ, especially for RF (r2 = 0.172) (Figures 2C and 2D).
Significant associations between IFNα concentrations and the B cell
activation markers (B2M, BAFF), immunoglobulin free light chains,
and CCL19 were observed; however, for IFNγ, associations with
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Figure 2. Quantification of interferon-α (IFNα) and IFNγ protein serum concentrations by digital enzyme-linked immunosorbent assay reveals the pivotal
role of IFNα in patients with primary Sjögren’s syndrome (SS). A, IFNα (left) and IFNγ (right) serum titers across clusters. B, Description of the linear model
used to describe gene expression (top) and Venn diagram showing the number of genes transcriptionally controlled by IFNα, IFNγ, or both (bottom). C,
IFNα (top) and IFNγ (bottom) concentrations based on anti-SSA (left) and anti-SSB (right) status. D, Correlations between IFNα and rheumatoid factor
(RF) concentrations (top) and between IFNγ and RF concentrations (bottom). Dashed lines are based on the linear regression between the 2 variables.
E, IFNα (top) and IFNγ (bottom) concentrations based on presence versus absence of an active biologic domain according to components of the EULAR
Sjögren’s Syndrome Disease Activity Index (ESSDAI). F, Concentrations of IFNα (left) and IFNγ (right) according to focus score of inflammatory infiltrates in
the salivary glands of patients with primary SS. For box plots, the line inside the box represents themedian, the box represents the interquartile range, and
the whiskers extend to the most extreme data point that is no more than 1.5 times the interquartile range from the box. Color figure can be viewed in the
online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42265/abstract.
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these markers were weaker and barely significant (Supplementary
Figures 3A and 3B, available on the Arthritis & Rheumatology
website at https://onlinelibrary.wiley.com/doi/10.1002/art.42265).

The low r2 values indicated that not much variance can be
explained by single predictors, such as blood biomarkers, sug-
gesting more complex relationships between IFNα and blood
serum markers. Significant differences were observed in IFNα
concentrations but not in IFNγ concentrations between patients
with or without an active biologic domain of the ESSDAI (the
domain is considered active when complement components are
low, gamma globulin or IgG levels are high, and/or a cryoglobuli-
nemia is detected) (Figure 2E). We found that, within the biologic
domain, IgG and gamma globulins were the main drivers of the
correlation to IFNα, showing a positive correlation to the IFNα
concentration in the blood (for correlation with IgG, Spearman’s
r = 0.5, P ≤ 0.01; for correlation with total gamma globulins,
Spearman’s r = 0.47, P ≤ 0.01); however, C3 and C4 showed
only small, negative correlations (for correlation with C3, Spear-
man’s r = –0.16, P = 0.003; for correlation with C4, Spearman’s
r = –0.27, P = 0.02), with no difference visible for the patients hav-
ing or not having cryoglobulins (P = 0.5) (see Supplementary
Figures 3B–E). Together, our results suggested a dominant role
of IFNα, compared with IFNγ, for inducing B cell activation and
systemic activity of the disease.

We also analyzed IFNα and IFNγ concentrations in patient
salivary gland lymphocytic infiltrates but could not detect differ-
ences in blood IFNα or IFNγ concentrations between patients with
focus score of ≥1 and those with a focus score of <1 according to
the results of a minor salivary gland biopsy done any time prior to
enrollment (Figure 2F).

We then analyzed associations between IFNα and IFNγ
concentrations and clinical involvement at enrollment and dur-
ing follow-up. At enrollment, systemic complications were
more frequent in patients with detectable IFNα serum concen-
trations. The mean ESSDAI at enrollment was higher (mean
score 4 [range 0–31] versus mean score 2 [range 1–18],
P = 0.0004) in patients with detectable IFNα serum concentra-
tions. The proportions of patients with active disease on the
ESSDAI, according to the cutaneous domain (22.8% versus
0%, P = 0.028), hematologic domain (24.6% versus 8.1%,
P = 0.0038), and biologic domain (28.5% versus 11.4%,
P < 0.0001) of the ESSDAI were also higher in patients with
detectable IFNα serum concentrations.

We next analyzed the course of systemic complications that
occurred in these patients prospectively over 5 years according
to baseline IFNα serum concentrations. The ESSDAI values
repeated across times were therefore modeled using a beta
mixed regression analysis. During the 5-year prospective follow-
up, patients with baseline detectable IFNα developed significantly
more frequent systemic complications (odds ratio [OR] 1.54 [95%
confidence interval 1.14–2.13]), with a similar, but nonsignificant,
trend for anti-SSA positivity and type I IFN gene score at

enrollment (OR 1.24 [95% confidence interval 0.92–1.69] and
OR 0.97 [95% confidence interval 0.95–0.99], respectively).

No association was observed between 1) blood IFNα con-
centration and patient symptoms, as assessed according to the
EULAR Sjögren’s Syndrome Patient Reported Index (ESSPRI)
(27), 2) blood IFNγ concentrations and systemic clinical complica-
tions (according to the ESSDAI), and 3) IFNγ concentrations and
patient symptoms (according to the ESSPRI) at enrollment and
during follow-up.

Genetic determinant for IFNα serum concentration
by genetic analysis. We also investigated any indications of
genetic contributions to stratification of patients with primary
SS. When we investigated any statistical associations between
circulating levels of IFNα protein and 102,744 SNPs among
307 patients from the ASSESS cohort who were previously geno-
typed, we observed a quantitative trait locus in the major histo-
compatibility complex (MHC) locus (top SNP was rs9273012,
P = 4.64 × 10−9) and a suggestive association with the
KIF3A locus in chromosome 5 (top SNP was rs7732667,
P = 3.37 × 10−5) (Figure 3A). A detailed analysis of the MHC locus
revealed that the SNP with the strongest association with circulat-
ing levels of IFNα, rs9273012, was located in the HLA–DQA1
gene, a member of the HLA class II gene family (Figures 3B
and 3C). A conditioning analysis on rs9273012 (i.e., including this
SNP as a covariate in the regression model) revealed no further
independent associations (Supplementary Figure 4D, available
on the Arthritis & Rheumatology website at https://onlinelibrary.
wiley.com/doi/10.1002/art.42265). Interestingly, more than 13%
of the variance observed in IFNα concentration was solely
explained by this SNP.

To obtain a more detailed view of the MHC class II locus, we
performed a detailed fine mapping of the MHC region using the
SNP2HLA v1.0 software and the Type 1 Diabetes Genetics Con-
sortium reference panel (21) (Supplementary Figure 4A) among
the 291 patients from the European HapMap Consortium sam-
ples with clustering data. Our analysis revealed a significant and
specific association between IFNα concentrations and the HLA–
DQA1*05:01 allele, an allele previously identified as strongly asso-
ciated with primary SS (7) and also as part of a larger HLA–DR/DQ
haplotype. The DRB1*03:01;DQA1*05:01;DQB1*02:01 haplo-
type was the most frequent in our cohort (Supplementary
Figure 4D). Furthermore, the DRB1*03:01;DQA1*05:01;
DQB1*02:01 haplotype was the only one significantly associated
with IFNα levels (data not shown).

To investigate the possibility that this HLA haplotype could
directly regulate IFNα gene expression, we looked for possible
associations between IFNα gene expression in whole blood of the
ASSESS patients and rs9273012 status. No significant difference
in IFNα gene expression was observed in the presence of the
rs9273012 polymorphism (Supplementary Figure 4B). Because
IFNα gene expression is highly transient in nature, we utilized the
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Figure 3. Genome-wide association study reveals a genetic determinant in patient stratification and interferon-α (IFNα) blood concentration in
patients with primary Sjögren’s syndrome. A, Genome-wide association between single-nucleotide polymorphisms (SNPs) and IFNα concentra-
tion. Dashed line corresponds to the threshold for a suggested genome-wide association, and solid line corresponds to a significant genome-wide
association. B, LocusZoom plot of the HLA region. C, IFNα concentration according to the rs9273012 SNP status. D, IFNα gene expression in
whole blood from 1,000 healthy donors from the Milieu Intérieur cohort, under conditions of no stimulation versus stimulation with lipopolysaccha-
ride (LPS) versus stimulation with poly(I-C). E, P values indicating possible statistical significance of associations between the rs9273012 SNP and
the 166 immunophenotypes measured in the Milieu Intérieur study from Patin et al (30). The top horizontal line represents the threshold after Bon-
ferroni correction for multiple testing at P = 0.05. F, Mass cytometry analysis of data from Mingueneau et al (9). Panels show the 3 dendritic cell
(DC) populations defined using unsupervised analysis (top left) and HLA–DR expression in the 3 DC populations (bottom left), as well as mean fluo-
rescence intensity (MFI) results for HLA–DR (top right) and CD40 (bottom right) in the 3 DC populations based on anti-SSA status. For box plots,
the line inside the box represents the median, the box represents the interquartile range, and the whiskers extend to the most extreme data point
that is no more than 1.5 times the interquartile range from the box. moDCs = monocyte-derived DCs; cDCs = conventional DCs;
pDCs = plasmacytoid DCs; Neg = negative; Pos = positive. Color figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.42265/abstract.
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Milieu Intérieur cohort of healthy donors (28) to examine possible
genetic associations between the rs9273012 polymorphism and
induced IFN gene expression following whole blood stimulation
with the poly(I-C) (synthetic analog of double-stranded RNA recog-
nized by the Toll-like receptor 3) (29) (see Appendix A for a list of the
study investigators). No associations were observed between the
different alleles and induced gene expression of IFNA2 as mea-
sured by Nanostring array analysis (Figure 3D).

We also took advantage of extensive cellular phenotypes
previously described in the same healthy donors and observed
that the rs9273012 G allele was significantly and specifically asso-
ciated with higher protein expression levels of HLA–DR in conven-
tional dendritic cells (cDCs) (30) (P = 2.14 × 10−28) (Figure 3E).
Because a mix of 166 distinct immunophenotypes (for details,
see Supplementary Table S3 in ref. 31) had been analyzed, the
second-lowest P value of HLA–DR in conventional dendritic cell
subset 3 cells (cDC3s) was below the global significance thresh-
old. HLA–DR expression by cDCs in primary SS was then investi-
gated by reanalysis of data from a mass cytometry study of
primary SS blood cells (9). Unsupervised analysis of these data
revealed 3 cellular clusters corresponding to DCs: monocyte-
derived DCs (CD16 + CD123−), cDCs (CD16 − CD123−), and
plasmacytoid DCs (CD16 − CD123+). Both the monocyte-
derived DCs and the cDCs exhibited higher expression of CD40
in anti-SSA–positive patients compared with anti-SSA–negative
patients (P = 2.01 × 10−3 and P = 2.01 × 10−3, respectively);
however, only cDCs exhibited higher expression of HLA–DR in
anti-SSA–positive patients compared with anti-SSA–negative
patients (P = 0.056) (Figure 3F). Thus, we observed that the
rs9273012 polymorphism was associated with increased HLA
class II expression in cDCs from healthy controls and that HLA
class II expression was increased in cDCs from patients with
anti-SSA autoantibodies.

In our investigation of the relationship between HLA gene
polymorphisms and anti-SSA status in the ASSESS cohort, we
observed a consistent signal in the HLA–DQA1 locus
(Supplementary Figure 4C). The SNP that had the strongest asso-
ciation with IFNα levels, rs9273012, also had the strongest asso-
ciation with anti-SSA autoantibody positivity (P = 4.31 × 10−12).

DISCUSSION

Our unsupervised gene expression analytic pipeline, newly
applied to blood transcriptome data from 813 patients with pri-
mary SS, identified a consistent stratification with clusters asso-
ciated with IFN and erythroid signatures across different
cohorts and microarray technologies. Combining this approach
with digital enzyme-linked immunosorbent assay in a well-
characterized cohort revealed the key role of circulating IFNα
protein, as opposed to IFNγ, through its association with clinical
and immunologic phenotypes, highlighting its relevance as a
therapeutic target. Furthermore, our analysis revealed a

significant association between a specific HLA class II gene
polymorphism, anti-SSA antibody, and circulating IFNα. The
use of well-defined healthy donor data from the Milieu Intérieur
cohort and the confirmation in anti-SSA–positive patients with
primary SS strongly suggested that this HLA gene polymor-
phism affects HLA expression on cDCs, thus likely leading to
increased autoantigen presentation, autoantibody secretion,
and immune complex formation, which can subsequently trig-
ger IFNα secretion.

Limitations of our study are mostly related to the observa-
tional design, its focus on peripheral blood only, and the absence
of longitudinal biologic assessments.

A strength of our study is the innovative use of an unsuper-
vised clustering method, which has been only previously reported
for single cell analysis, to analyze the transcriptome data across
different primary SS cohorts. Most previous transcriptomic analy-
ses in primary SS compared limited population samples (31–33)
with healthy controls and used bioinformatics prediction, resulting
in the description of an IFN signature that did not discriminate
between contributions of IFNα and contributions of IFNγ to pri-
mary SS. The new bioinformatic pipeline in our study, which
involved a much larger data set, confirmed the presence of an
IFN module but also identified an erythroid module that was previ-
ously reported in patients with systemic lupus erythematosus
(34). Further analysis may shed light on the potential pathogenic
mechanisms associated with the action of this erythroid module.

Both type I and type II IFNs are relevant pathogenic suspects
in primary SS, based on genetic predisposition to the disease
(involving IFN regulatory factor 5 in the IFNα pathway and
interleukin-12A and STAT4 in the IFNγ pathway) and the patho-
genic cell populations involved (plasmacytoid DCs, the major
IFNα-producing cells, and natural killer and CD8 T cells, which
secrete IFNγ) (32,35,36). A deeper understanding of the respec-
tive contributions of IFNα and IFNγ is therefore crucial for selective
therapeutic targeting.

Of note, most of the genes induced by IFNα are also induced
by IFNγ, making such a “signature” actually a broader marker of
both IFNα and IFNγ activity (37). To our knowledge, our study is
the first to measure circulating IFN proteins in a large prospective
cohort of patients with primary SS concomitantly with their tran-
scriptomic signature. The quantification of both IFN proteins in
the circulation at attomolar concentrations allowed us to deter-
mine that 95% of the IFN-inducible genes are correlated with
serum IFNα but not with IFNγ. A recent multiomic profiling study
in a cross-sectional cohort of patients with primary SS also
showed a correlation between serum IFNα concentration and
type I IFN signature (38) but did not assess serum IFNγ concen-
tration. Of note, our study, which focused on peripheral blood,
did not exclude a possible role of IFNβ (another type I IFN), IFNγ
(type II IFN), or type III IFNs in salivary glands (39–41).

Our multiomic study also allowed us to analyze the relation-
ship between IFN protein concentrations and patient genotypes,
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whole blood transcriptome results, and clinical phenotypes.
A highly significant association between HLA class II gene poly-
morphisms and circulating IFNα protein concentrations was iden-
tified. Specifically, in primary SS, we demonstrated an association
between an HLA allele, HLA–DQA1*05:01, and both anti-SSA
antibody and blood IFNα concentrations. The associations
between HLA class II polymorphisms and autoantibodies and
between autoantibodies and the IFN signature have long been
known (42–44), as well as the associations between anti-SSA
antibodies, cutaneous involvement, and hematologic and biologic
domains (45,46). SNPs associated with HLA class II genes were
also associated with the IFN signature and autoantibodies in a
recent multiomic study of patients with primary SS (38). Our pres-
ent results add mechanistic explanations underlying this associa-
tion. In healthy donors, HLA expression and this specific
polymorphism were not associated with IFNα induction upon stim-
ulation, indicating that they do not directly influence IFNα secretion.
However, in the same healthy donors, this HLA allele was associ-
ated with HLA–DR protein up-regulation in conventional DCs, but
not in plasmacytoid DCs. In addition, HLA–DR was up-regulated
in cDCs from patients with primary SS who were anti-SSA positive
compared with patients with primary SS who were anti-SSA nega-
tive. This suggests that HLA–DQA1*05:01, as part of the HLA
DRB1*03:01;DQA1*05:01;DQB1*02:01/DQB1*03:01 haplotype,
promotes HLA class II molecule expression at the cDC surface,
and thus SSA antigen presentation by cDCs, resulting in anti-SSA
secretion and immune complex formation, which in turn increases
IFNα secretion.

In primary SS, and perhaps in other autoimmune diseases,
HLA might therefore predispose to IFNα secretion indirectly, by
favoring classic presentation by cDCs of SSA peptides to T cells,
leading to anti-SSA antibodies and immune complexes stimulat-
ing IFNα secretion. This analysis on DCs and the expression of
HLA–DR on B cells, which are also pivotal antigen-presenting
cells, deserves further investigation.

Our results also revealed the potential of circulating IFNα as a
biomarker in primary SS. Previous studies have suggested the
use of quantitative IFNα and IFNγ signatures as biomarkers on
the basis of messenger RNA expression by quantitative polymer-
ase chain reaction of IFN-inducible genes; however, these studies
were mainly cross-sectional and had limited sample sizes
(39,41,47). The strength of our present study was the direct
quantification of IFNα and IFNγ protein using a highly sensitive
method in a cohort prospectively observed for 5 years. The fact
that the proportion of patients with detectable circulating IFNα
was higher than the proportion of patients with detectable IFN sig-
nature suggests that the detection of circulating IFNα protein is a
more sensitive measure of IFNα activity than is a transcriptomic
signature. In agreement with previous studies of IFN signatures
(8,38,39), fatigue, pain, and dryness were not associated with
either circulating IFNα or circulating IFNγ levels. However, in con-
trast to IFNγ, we found that circulating IFNα was highly

significantly associated with autoantibodies and markers of B cell
activation. In addition, in contrast to IFNγ, circulating IFNα
was significantly associated with systemic complications at
enrollment. Baseline detectable IFNα was also associated with
more frequent systemic complications during the 5-year prospec-
tive follow-up. Further studies that assess IFNα longitudinally at
different time points are necessary to confirm the potential predic-
tive role of IFNα.

Although hydroxychloroquine treatment has been shown to
decrease the strength of IFNα signatures (14), we observed that
circulating IFNα levels were not significantly different among 113
of 352 patients in our analyses who were prescribed hydroxy-
chloroquine at enrollment (see Supplementary Figure 3F). This
might be related to nonadherence of some patients to hydroxy-
chloroquine (blood levels of hydroxychloroquine were not
assessed).

In conclusion, the strong transcriptomic stratification of
patients with primary SS in our analysis was clinically relevant,
supported by our observation that it was driven by IFNα rather
than by IFNγ, and was associated with HLA gene polymorphisms.
Beyond the specific implications for primary SS, this gene analysis
approach may also be useful to move to precision therapy in other
complex autoimmune diseases.
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Epigenetic Regulation of Profibrotic Macrophages
in Systemic Sclerosis–Associated Interstitial Lung Disease

Anna Papazoglou,1 Mengqi Huang,1 Melissa Bulik,2 Annika Lafyatis,2 Tracy Tabib,1 Christina Morse,1

John Sembrat,3 Mauricio Rojas,4 Eleanor Valenzi,3 and Robert Lafyatis1

Objective. Systemic sclerosis–associated interstitial lung disease (SSc-ILD) is the leading cause of death in
patients with SSc with unclear pathogenesis and limited treatment options. Evidence strongly supports an important
role for profibrotic secreted phosphoprotein 1 (SPP1)–expressing macrophages in SSc-ILD. This study was under-
taken to define the transcriptome and chromatin structural changes of SPP1 SSc-ILD macrophages in order to better
understand their role in promoting fibrosis and to identify transcription factors associated with open chromatin driving
their altered phenotype.

Methods. We performed single-cell RNA sequencing (scRNA-Seq) on 11 explanted SSc-ILD and healthy control
lung samples, as well as single-cell assay for transposase-accessible chromatin sequencing on 5 lung samples to
define altered chromatin accessibility of SPP1 macrophages. We predicted transcription factors regulating SPP1 mac-
rophages using single-cell regulatory network inference and clustering (SCENIC) and determined transcription factor
binding sites associated with global alterations in SPP1 chromatin accessibility using Signac/Seurat.

Results. We identified distinct macrophage subpopulations using scRNA-Seq analysis in healthy and SSc-ILD
lungs and assessed gene expression changes during the change of healthy control macrophages into SPP1 macro-
phages. Analysis of open chromatin validated SCENIC predictions, indicating that microphthalmia-associated tran-
scription factor, transcription factor EB, activating transcription factor 6, sterol regulatory element binding
transcription factor 1, basic helix-loop-helix family member E40, Kruppel-like factor 6, ETS variant transcription factor
5, and/or members of the activator protein 1 family of transcription factors regulate SPP1 macrophage differentiation.

Conclusion. Our findings shed light on the underlying changes in chromatin structure and transcription factor reg-
ulation of profibrotic SPP1 macrophages in SSc-ILD. Similar alterations in SPP1 macrophages may underpin fibrosis in
other organs involved in SSc and point to novel targets for the treatment of SSc-ILD, specifically targeting profibrotic
macrophages.

INTRODUCTION

Systemic sclerosis (SSc) is a multisystem, autoimmune,

fibrotic disease of unknown etiology with life-threatening fibrotic

complications, including SSc-associated interstitial lung disease

(SSc-ILD) (1,2). Despite advances in new SSc-ILD treatment

options, such as nintedanib (3), tocilizumab (4,5), and myeloabla-

tive autologous stem cell transplantation (6), SSc-ILD remains

difficult to treat. The consequences for survival and quality of life

are important, as ~50% of SSc patients develop SSc-ILD (2),

and 33% of SSc patients die of SSc-ILD fibrotic complications (7).
Increasing evidence supports important roles for macro-

phages in SSc-ILD. Specifically, macrophage-associated gene

expression on lung biopsies correlates with progressive

SSc-ILD, worsening lung fibrosis on high-resolution computed

tomography, and reduced performance on pulmonary function
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tests (8). SSc-ILD lungs show strongly up-regulated expression of
CCL18, which is expressed primarily by macrophages (9) and has
been found to play a key role in pulmonary fibrotic disease by
attracting immune cells and stimulating collagen overproduction
(10,11). Strikingly, elevated CCL18 levels in SSc sera are
completely blocked by the anti–interleukin-6 (IL-6) receptor antag-
onist tocilizumab (4,5), indicating that serum CCL18 is a biomarker
for IL-6 activity in SSc. The distinct gene expression signature of
SSc-ILD compared to healthy lungs also shows up-regulation of
macrophage gene markers AIF1, CD163, MS4A4A, as well as
SPP1 (8,12), a marker of profibrotic macrophages in idiopathic
pulmonary fibrosis (IPF) (13,14). Lower lung lobes of IPF patients,
where fibrosis is typically more advanced, demonstrated an
increased number of macrophages expressing SPP1 compared
to upper lung lobes in IPF patients and controls (14). Additionally,
in murine bleomycin–induced lung fibrosis, intravenous administra-
tion of Ly6Chigh inflammatory monocyte progenitor cells facilitates
the progression of fibrosis through an increase of alternatively
activated lung macrophages, whereas macrophage depletion
during fibrinogenesis is associated with less fibrosis (15).

In order to study the pathophysiology of SSc-ILD and define
the role of profibrotic macrophages, we analyzed gene expres-
sion and altered chromatin structure of pulmonary macrophages
from control and SSc-ILD lungs using single-cell RNA sequencing
(scRNA-Seq) and single-cell assay for transposase accessible
chromatin sequencing (scATAC-Seq). The conceptual basis for
our work is that chromatin structure indicates the underlying tran-
scriptional regulation. Chromatin structural changes or remodel-
ing, during which chromatin is open or accessible to
transcription factors, is associated with regulated gene expres-
sion, affecting the transcriptome and consequently the cell phe-
notype (16). In this study, we sought to identify key transcription
factors driving the altered transcriptome and differentiation of pro-
fibrotic lung macrophages, as well as to gain insight on signals,
including cytokines, that contribute to profibrotic macrophage
differentiation.

METHODS

Single-cell RNA-Seq using 30 v3 and 50 v1 chemistries
(10X Genomics) was performed on 11 explanted lung tissue
samples, including lungs from both SSc-ILD patients and
healthy control (Supplementary Table 1, available on the
Arthritis & Rheumatology website at https://onlinelibrary.wiley.
com/doi/10.1002/art.42286). Single-cell reagent kits (30 v3 or 50

v1 chemistries; 10X Genomics) were used for the library prepara-
tion samples after digestion, as described by Valenzi et al (13).
Library quantification and sequencing of the scRNA-Seq comple-
mentary DNA (cDNA) libraries were carried out by the UPMC
Genome Center, using an Illumina NextSeq-500 (14).

Lung samples from healthy controls and SSc-ILD patients
were also analyzed using scATAC-Seq (single-cell ATAC reagent

kits [v1 chemistry]; 10X Genomics). Data were analyzed using
the R packages Seurat version 4.0 (17) and Signac version
1.0.9004 (18), Loupe Browser 3.1.1 (10X Genomics), and
single-cell regulatory network inference and clustering (SCENIC)
(19). More details are available in the Supplementary Methods
(https://onlinelibrary.wiley.com/doi/10.1002/art.42286).

RESULTS

Profibrotic macrophages show discrete changes
in transcriptomes. We analyzed lungs from 6 healthy controls
and 5 SSc-ILD patients using scRNA-Seq (Supplementary
Table 1, https://onlinelibrary.wiley.com/doi/10.1002/art.42286).
We conducted bioinformatics analyses of samples in 2 groups
because 2 different scRNA-Seq chemistries were used, with dif-
ferent numbers of SSc-ILD and healthy control lungs analyzed
with each chemistry. Given the uneven number of sample types,
batch correction between chemistries was problematic and might
have obscured changes in macrophage transcriptomes associ-
ated with SSc-ILD. We first describe 5 lung samples from
1 healthy control and 4 SSc-ILD patients, in which single-cell
cDNA libraries were prepared using the 30 v3 chemistry. After
dimensional reduction and visualization using Uniform Manifold
Approximation and Projection (UMAP) (20), we identified cell
types in each cluster, as we have previously described (13), using
characteristic gene markers for each cell population (Figure 1A
and Supplementary Figures 1–3, https://onlinelibrary.wiley.com/
doi/10.1002/art.42286). Myeloid cells were identified by markers
CD163, AIF1, and MARCO. Three macrophage subpopulations
were identified by highly differentially expressed gene markers,
similar to those seen in patients with IPF (13), which included
secreted phosphoprotein 1 (SPP1) macrophages, fatty acid
binding protein 4 (FABP4) macrophages, and ficolin-1 (FCN1)
macrophages. The vast majority of the SPP1 macrophage cluster
consisted of macrophages from the SSc-ILD patients, with few
SPP1 macrophages from lungs of the controls (Figures 1B
and C). Notably, SPP1 was up-regulated in the SSc macro-
phages compared to normal macrophages within the same clus-
ter (Supplementary Figures 1–4). Dendritic cells (DCs) were rare
and clustered together with the FCN1-expressing macrophages
(14) (Figure 1 and Supplementary Figure 4).

Comparing SPP1 macrophages to the FABP4 and FCN1
macrophages revealed multiple differentially expressed genes
(Supplementary Table 1), including SPP1, LGMN, seen coregu-
lated in our previous analyses (14), and PLA2G7, a target of tran-
scriptional regulation discussed below (Supplementary Figure 4,
https://onlinelibrary.wiley.com/doi/10.1002/art.42286). Differen-
tially expressed genes associated with each macrophage sub-
population compared to the other 2 subpopulations were
determined and queried for enriched gene ontology pathways.
Up-regulated genes in SPP1 macrophages compared to FABP4
macrophages and FCN1 macrophages revealed enrichment of
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genes implicated in lipid metabolism and myeloid cell
activation (Supplementary Figures 5 and 6 and Supplementary
Table 2, https://onlinelibrary.wiley.com/doi/10.1002/art.42286).
Lipid metabolism plays a key role in macrophage activation by
fatty acid synthesis, in which fatty acids can be utilized as precur-
sors for inflammatory mediators synthesis, with significant effect
on the course of many metabolic diseases (21,22). Up-regulated
differentially expressed genes in FABP4 macrophages compared
to SPP1 and FCN1 macrophages demonstrated enrichment for
negative regulation of macrophage differentiation and regulation
of cholesterol storage and myeloid leukocyte activation pathways
(23–25) (Supplementary Table 3).

Lung myeloid cell subpopulations. We reclustered the
myeloid cells from these samples, including macrophages,
DCs, and proliferating macrophages, guided by Clustree
(Supplementary Figure 7, https://onlinelibrary.wiley.com/doi/
10.1002/art.42286). This subclustering segregated most cells
from the SSc-ILD and healthy samples into different clusters
(Figure 2). The largest cluster, SSc-ILD SPP1 macrophages,
selectively expressed MERTK and LGMN, and SSc FABP4

macrophages selectively expressed INHBA. Control and
SSc-ILD FCN1 macrophages selectively expressed IL1B as well
as SIGLEC10 markers (Figure 2). These and other gene markers
defined these macrophage subpopulations (Supplementary
Figure 4 and Supplementary Table 4).

These findings are mainly consistent with our previous work
examining macrophages in IPF (14). IFI27, an interferon-regulated
gene, and CCL18, a strong serum pharmacodynamic biomarker
for tocilizumab (4,5), were both more highly expressed in SSc
SPP1 and FABP4 macrophages and in the proliferating macro-
phage clusters, compared to SPP1 and FABP4 macrophages
from healthy controls (Figure 2). Although IFI27 was also
expressed by other lung cell populations, CCL18 was almost
exclusively expressed by lung macrophages. The proliferating
macrophage cluster included both SPP1 and FABP4 macro-
phages, as this cluster showed a group of cells expressing
SPP1 (Figure 2C) and other markers of SPP1 cells (MERTK and
LGMN; Figure 2D), as well as another group of cells expressing
FABP4 (Figure 2C) and other markers of FABP4 cells (INHBA;
Figure 2D). These proliferating macrophages originated almost
exclusively from the SSc-ILD patient lungs (Figure 2B), indicating

Figure 1. Single-cell RNA-sequencing analysis of lung samples in 30 v3 chemistry. Analyses were conducted using 5 lung samples (n = 1 healthy
control and 4 patients with systemic sclerosis-associated interstitial lung disease [SSc-ILD]). A, Cell clustering identified by Uniform Manifold
Approximation and Projection (UMAP) according to cell type. 0 = secreted phosphoprotein 1 (SPP1) macrophages; 1 = ficolin-1 macrophages
and dendritic cells (DCs); 2 = T cells; 3 = fatty acid binding protein 4 macrophages; 4 = endothelial cells; 5 = fibroblasts; 6 = goblet cells and alveolar
type 1 cells; 7 = natural killer cells; 8 = ciliated cells and goblet cells; 9 = alveolar type 2 cells; 10 = mast cells; 11 = low-quality cells; 12 = basal cells;
13 = proliferating cells; 14 = goblet cells; 15 = pericytes and smooth muscle cells; 16 = B cells; 17 = lymphatic endothelial cells; 18 = ciliated cells.
Macrophage subpopulations, DCs, and proliferating cells are located along the center of the UMAPs.B, Cell clustering identified by UMAP accord-
ing to individual identity. C, Cell clustering identified by UMAP according to health status. SPP1 macrophage cluster 0 is formed primarily of mac-
rophages from the patients with SSc-ILD.
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that proliferating macrophages potentially differentiate into the
profibrotic SPP1 macrophage phenotype. The DCs, which also
originated almost entirely from the SSc-ILD lungs, clustered into
a discrete cluster expressingCD1C (Figure 2C) and other markers
of type 2 conventional dendritic cells (not shown) (26).

Validation of macrophage subsets in SSc-ILD 50 v1
chemistry. We extended the above results by analyzing
scRNA-Seq data from an additional 5 control lung samples and
1 SSc-ILD lung sample, in which single-cell cDNA libraries were
prepared using 50 v1 chemistry. Myeloid subpopulations reflected
those found in the analogous 30 v3 subclustering (Figure 3 and
Supplementary Figures 8–11, https://onlinelibrary.wiley.com/doi/
10.1002/art.42286). Of note, most of the macrophages in the
SPP1 macrophage cluster originated from the SSc-ILD patient,
consistent with the 30 v3 chemistry clustering. The proliferating
macrophage population was relatively small, as there was only

1 SSc-ILD lung and 5 control lungs, but both SPP1 and FABP4
expression were noted (Supplementary Figure 9). The proliferat-
ing cell cluster also included some control natural killer cells.

CCL18 (4,5), IFI27, MMP9, and PLA2G7 (27) were up-
regulated in the SPP1 macrophages from SSc-ILD lungs com-
pared to SPP1 macrophages from healthy lungs (Supplementary
Figure 9, https://onlinelibrary.wiley.com/doi/10.1002/art.42286).
Notably, IFI27 gene expression in the serum of SSc patients is
associated with digital ulcers (28). MMP9 is also elevated in the
serum of SSc patients and correlates with the modified Rodnan
skin score (29). In addition to SPP1, PLA2G7, which is discussed
further below, differentiated SPP1 macrophages compared to
FABP4 and FCN1 macrophages (Supplementary Figures 12
and 13).

Combined batch–corrected data sets. In order to
examine a larger data set including both SSc-ILD and controls,

Figure 2. Single-cell RNA-sequencing (scRNA-Seq) analysis of macrophage subpopulations, DCs, and proliferating macrophages in 30 v3 chemistry.
Analyseswere conducted using 5 lung samples (n = 1 healthy control [HC] and 4SSc-ILD patients).A, Cell clustering identified byUMAPaccording to cell
type.B,Cell clustering identifiedbyUMAPaccording tohealth status.C, Featureplot showinggeneexpressionbymacrophagesubpopulations,DCs, and
proliferatingmacrophages, and by other lung cell subtypes.D, Dot plot showing gene expression bymacrophages, DCs, and proliferatingmacrophages.
Thedotplot showsup-regulationofSPP1,MERTK, andLGMN inSSc-ILDSPP1macrophagesandproliferatingmacrophages.MMP9andPLA2G7gene
markers were up-regulated in SSc-ILD SPP1 macrophages compared to all other macrophages. FABP4 = fatty acid binding protein 4 (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.42286/abstract.
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we Harmony batch–corrected and combined our 2 data sets
(Supplementary Figures 14–20, https://onlinelibrary.wiley.com/
doi/10.1002/art.42286). Similar to our previous analyses, we
identified the same cell types including myeloid cells after dimen-
sional reduction and visualization by UMAP. Consistent with our
previous results, the SPP1 macrophage cluster was formed
mainly by macrophages from SSc-ILD patients. We subsequently
reclustered the myeloid cells. As above, SPP1macrophages, also
expressing gene markersMERTK, LGMN, CCL18,MMP9, TFEB,
PLA2G7, were almost exclusively from SSc-ILD samples. Thus,
the results of this combined analysis are consistent with analyses
of the uncombined data sets.

Pathway analysis of upstream regulators of SPP1
macrophages. To address upstream drivers of macrophage
differentiation in SSc-ILD, we analyzed genes differentially
up-regulated in SPP1 macrophages using Ingenuity Pathway
Analysis. This analysis supported several different mediators as
potential upstream drivers of the SSc-ILD phenotype, including
lipopolysaccharide and other Toll-like receptor activators, IL-6
and transforming growth factor β (TGFβ), all of which have been
implicated in previous studies, as well as IL-33 and other

cytokines (Supplementary Table 5, https://onlinelibrary.wiley.
com/doi/10.1002/art.42286).

Similar pathologic changes in other SSc organs
suggested by skin microarray data. Our data examining
the epigenetics of the profibrotic macrophages in SSc-ILD may
also be relevant for skin fibrosis and other target organs in SSc.
IL-6 inhibition with tocilizumab in the faSScinate (safety and effi-
cacy of subcutaneous tocilizumab in adults with systemic scle-
rosis) clinical trial, while just missing a statistically significant
P value in both phase 2 and phase 3 trials, down-regulated
genes associated with M2 macrophages (30) and decreased
expression of TGFβ-regulated genes in explant fibroblast
cultures (31). In order to better understand whether SPP1 mac-
rophages contribute to fibrosis in other SSc organs, we exam-
ined gene expression in SSc skin. SPP1 and CCL18
expression was markedly increased in bulk RNA in SSc skin.
Previously described skin scRNA-Seq data indicated that the
expression of these genes comes primarily from myeloid cells
in the skin (Supplementary Figures 21–23, https://onlinelibrary.
wiley.com/doi/10.1002/art.42286).

Figure 3. Single-cell RNA-sequencing analysis of lung samples in 50 v1 chemistry. Analyses were conducted using 6 lung samples (n = 5 healthy
controls and 1 SSc-ILD patient).A, Cell clustering identified by UMAP according to cell type. Macrophage subpopulations, DCs, and proliferating cells
are located along the upper-left part of the UMAPs. 0 = ficolin-1 macrophages and DCs; 1 = T cells and natural killer cells; 2 = endothelial
cells; 3 = epithelial cells; 4 = fatty acid binding protein 4 macrophages; 5 = SPP1 macrophages; 6 = fibroblasts; 7 = lymphatic endothelial
cells; 8 = B cells; 9 = pericytes and smooth muscle cells; 10 = mitochondrial related genes; 11 = mast cells; 12 = proliferating cells; 13 = DCs; 14
= hemoglobin-related cells. B, Cell clustering identified by UMAP according to health status. SPP1 macrophage cluster 5 is formed primarily of mac-
rophages from the SSc-ILD patient SC335. C, Cell clustering identified by UMAP according to individual identity. 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.42286/abstract.
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Figure 4. Single-cell regulatory network inference and clustering (SCENIC) showing regulons and transcription factors predicted to be important
in regulating SPP1 macrophages. Analyses of macrophages, DCs, and proliferating macrophages were conducted using 5 lung samples (n = 1
healthy control and 4 SSc-ILD patients) in 30 v3 chemistry. A, Cell clusters according to health status, individual identity, and cell type. 0 = SSc-
ILD fatty acid binding protein 4 (FABP4) macrophages; 1 = SSc-ILD SPP1 macrophages; 2 = healthy control SPP1 and FABP4 macrophages;
3 = SSc-ILD and healthy control FCN1 macrophages; 4 = proliferating macrophages; 5 = DCs. B, Analyses showing SPP1 as a target gene for
activating transcription factor 5 (ATF5) and transcription factor EB (TFEB) transcription factors and regulons.C, Dot plot showing transcription fac-
tors, including ATF5 and TFEB (red boxes), predicted to be important in regulating SPP1 macrophages. D, Dot plot showing regulons, including
ATF5 and TFEB regulons (red boxes), predicted to be important in regulating SPP1 macrophages. KLF6 = Kruppel-like factor 6; NR1H3 = nuclear
receptor subfamily 1 group H member 3; ZNF219 = zinc finger protein 219; SREBPF1 = sterol regulatory element binding protein factor 1;
CREB3L2 = CREB protein 3–like 2; MafB = Maf basic leucine zipper transcription factor B; bHLHE40 = basic helix-loop-helix family member
E40; MITF = microphthalmia-associated transcription factor; HIVEP3 = HIVEP zinc finger 3; ARID5B = AT-rich interaction domain 5B; EPAS1 =
endothelial PAS domain protein 1; ETV5 = ETS variant transcription factor 5 (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.42286/abstract.
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Prediction of transcription factors activating
transcription factor 5 (ATF5) and transcription factor
EB (TFEB) regulating SPP1 macrophage differentiation.
SCENIC provides a bioinformatics method for reconstructing
gene regulatory networks, as well as identifying cell states, provid-
ing insights into the transcription factors leading to cellular hetero-
geneity (19). SCENIC identifies regulons (a transcription factor)
and its associated downstream target genes, by examining core-
gulated gene expression in a single-cell data set and using Rcis-
Target to confirm transcription factor binding sites in
downstream target genes. We used SCENIC to predict regulons
and transcription factors regulating SPP1 macrophage differenti-
ation, comparing the transcriptomes of SSc-ILD SPP1 macro-
phages to all FABP4 macrophages, all FCN1 macrophages, and
proliferating macrophages. These cells were then clustered by
their regulon activity score and labeled according to cell popula-
tion, patient individual identity, and health status (Figure 4A).

Notably, SPP1 macrophages formed the biggest cluster, com-
posed almost entirely of cells from SSc-ILD lungs and including
cells from each SSc-ILD sample. SPP1 macrophages were fur-
ther examined by SCENIC for regulons predicted to selectively
regulate the SSc SPP1 macrophage transcriptome
(Figures 4B–D). Multiple regulons (Figure 4D) and their associated
transcription factors (Figure 4C) were selectively up-regulated in
SPP1 macrophages compared to the other macrophage
populations.

Most of these regulons were also up-regulated in the prolifer-
ating macrophage population, of which most of the cells
expressed SPP1 and were thus likely contributing to the SSc
SPP1 macrophage population. The regulons for ATF5 and TFEB
both have SPP1 and MMP9 as target genes (Supplementary
Figures 24 and 25, https://onlinelibrary.wiley.com/doi/10.1002/
art.42286). SPP1 and MMP9 are not only gene markers of
the SPP1 macrophage population but also have profibrotic

Motif Name Fold enrichment P
SSc-ILD sample SC336

FOS 3.19010822 6.86E-145
FOSL1::JUNB 3.4413536 1.02E-143

BATF3 2.9786597 2.52E-140
FOSL2: :JUN 3.32140474 5.48E-131
JUN(var.2) 3.04331528 1.07E-128

FOSL1::JUND 3.26643938 1.59E-127
FOSL2: :JUNB 3.23793531 9.57E-126

MAF::NFE2 2.66199575 5.99E-56
MITF 1.82166811 1.01E-05
TFEB 1.73941338 3.75E-05
ATF6 1.70764316 0.00072468

SREBF1 1.43184691 0.0011076
BHLHE40 1.09720706 0.36788806

KLF6 0.90018323 0.88278759
ETV5 0.71966307 0.99424075

SSc-ILD sample SC294
NFKB2 3.01107011 0.00589081
RELA 2.74533414 0.00589081

NFKB1 2.70067517 0.00589081
FOSB::JUNB 2.65102267 0.00589081
FOSL2::JUND 2.63504611 0.00589081

JDP2 2.61442107 0.00589081
NFE2 2.52034217 0.00589081

JUN(var.2) 2.42862887 0.00589081
MITF 2.19428571 0.00589081

SREBF1 1.58342582 0.00589081
TFEB 1.81588903 0.00589081

BHLHE40 1.65048544 0.00589081
ETV5 0.62227754 0.00589081

Figure 5. Accessible motifs associated with transcription factors in regulating secreted phosphoprotein 1 (SPP1) macrophages, as determined by
single-cell accessible chromatin sequencing analysis of systemic sclerosis–associated interstitial lung disease (SSc-ILD) lung samples. The list shows
enriched transcription factor–accessible motifs important in the regulation of SPP1 macrophages compared to FABP4 macrophages, as predicted
by Signac and single-cell regulatory network inference and clustering software in analyses of SSc-ILD lung samples SC336 and SC294, included the
following enriched motifs (indicated by red boxes): MITF, TFEB, ATF6, SREBF1, bHLHE40, KLF6, and ETV5 for sample SC336; and MITF, SREBF1,
TFEB, bHLHE40, and ETV5 for sample SC294. Also indicated are activator protein 1 transcription family members including Fos, FOSL1, JunD, JunB,
BATF3, FOSL2, Jun, Maf, and nuclear factor erythroid 2 (NFE2). See Figure 4 for other definitions. Color figure can be viewed in the online issue, which is
available at http://onlinelibrary.wiley.com/doi/10.1002/art.42286/abstract.
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activity (12,14,29). SPP1 gene expression is up-regulated in
SSc-ILD and IPF lungs compared to control lungs based on pre-
vious findings (12,14). SPP1 is included in the differentiating
genes between SSc-ILD and IPF lungs, in contrast to control
lungs (12). Increased serum matrix metalloproteinase 9 (MMP9)
correlates with the degree of skin fibrosis in SSc patients through
fibroblast activation and acceleration of fibrosis under the
effect of proinflammatory cytokines such as TGFβ and IL-1β
(29). Thus, SCENIC particularly implicates TFEB and ATF5 as
key transcription factors regulating SPP1 macrophage cell
differentiation, likely promoting the profibrotic activity of these cells.

Altered chromatin structure implicates
transcription factors regulating profibrotic SSc-ILD
SPP1 macrophage differentiation. In order to better under-
stand the transcription factors regulating differentiation of SSc-
ILD SPP1 macrophages and using an orthogonal technology to
SCENIC predictions, we analyzed lung samples with scATAC-
Seq in parallel with scRNA-Seq (Supplementary Table 1).

ScATAC-Seq examines the chromatin structure of nuclei from
each cell by cleaving open chromatin with a Tn5 transposase
and then partitioning cells and ligating cell-specific barcodes to
the DNA fragments. The resulting fragments indicate open chro-
matin structure on a cell-by-cell basis. We analyzed scATAC-
Seq data by clustering nuclei for both SSc-ILD samples using
2 bioinformatics approaches: Loupe software (10X Genomics)
and Signac (18) (Supplementary Figures 26–28, https://
onlinelibrary.wiley.com/doi/10.1002/art.42286).

For Loupe, the cell types in each cluster were identified by
examining the accessibility of promoters of gene markers for each
cell type. Macrophages were identified as having open chromatin
for the promoters of CD163, AIF1, and MARCO, and FABP4 and
SPP1 macrophage populations were identified by open chroma-
tin in the respective 50 promoters (Supplementary Figure 27). In a
complementary analysis, we identified nuclei clusters by integrat-
ing with the paired scRNA-Seq data to predict cell types
(Signac) (18). Signac software maps the cells by examining open
chromatin in promoters of differentially expressed genes defined

Figure 6. Chromatin pattern changes for SPP1 macrophages compared to fatty acid binding protein 4 (FABP4) macrophages. Analyses were
conducted with single-cell assay for transposase accessible chromatin sequencing of 2 SSc-ILD lung samples, using Signac. Red arrows indicate
the direction of transcription. Exons are shown in blocks, and introns flank exons. A and B, SPP1 showed more accessible chromatin for the
SSc-ILD SPP1 macrophages compared to FABP4 macrophages in the region proximal to the transcriptional start site for SSc-ILD lungs, as well
as regions further 50 of the promoter and in intron 4. C and D, MMP9 also showed more accessible chromatin in SPP1 macrophages, but in this
case increased accessibility was not seen around the promoter but rather in regions around exon 6, exons 9–12, and introns. E and F, FABP4
showed strikingly more accessible chromatin in a region proximal to the transcriptional start site and in a broad second region 30 from the gene
in FABP4 macrophages compared to SPP1 macrophages. 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.42286/abstract.
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by scRNA-Seq cell clusters (Supplementary Figures 27 and 28).
We used both Loupe and Signac to determine enriched, accessi-
ble motifs for transcription factors, reflecting open chromatin
across the genome, and comparing SPP1 macrophages to
FABP4 macrophages for each SSc-ILD sample (Supplementary
Figures 25 and 29 and Supplementary Table 1). Both of these
programs use the Jaspar database to identify transcription factor
binding motifs (32).

Strikingly, many of the transcription factors binding motifs
enriched in open chromatin of SPP1 macrophages were the same
transcription factor–associated regulons predicted by SCENIC to
regulate the differentiation of profibrotic SPP1 macrophages: TFEB,
ATF6, microphthalmia-associated transcription factor (MITF), basic
helix-loop-helix family member E40 (bHLHE40), Kruppel-like factor
6, ETS variant transcription factor 5 (ETV5), nuclear receptor subfam-
ily 1 group H member 3, CREB protein 3–like 2, Maf basic leucine
zipper transcription factor B (MafB), and AT-rich–interactive domain
3A (Figure 5 and Figure 4C). In addition,multiplemembers of the acti-
vator protein 1 (AP-1) transcription factor family, binding as homo-
and heterodimers, were identified across both software outputs.
AP-1 proteins include the Jun, Fos, ATF, and musculoaponeurotic
fibrosarcoma (Maf) protein families (33). Specifically, the Jun family
proteins c-Jun, JunB, JunD, Fos family proteins c-Fos (FOS), FosB,
Fra-1 (FOSL1), Fra-2 (FOSL2), and Maf family proteins c-Maf (MAF),
MafA, MafB, MafF, MafG, and MafK were enriched. Of these, the
Maf regulonwas also predicted by SCENIC to regulate SPP1macro-
phage differentiation (Figure 4D).

As examples of the epigenetic modifications associated with
differentiation into SPP1 macrophages, we examined accessible
chromatin of the following gene markers: SPP1, MMP9, and
FABP4, comparing SPP1 macrophages and FABP4 macro-
phages in SSc-ILD (Figure 6 and Supplementary Figures 30–32,
https://onlinelibrary.wiley.com/doi/10.1002/art.42286). SPP1
showed more accessible chromatin for the SSc-ILD SPP1 mac-
rophages compared to FABP4 macrophages in the promoter
region immediately proximal to the transcriptional start site, as
well as regions further upstream of the promoter and the fourth
intronic region. MMP9 also showed more accessible chromatin
in SPP1 macrophages, but in this case, increased accessibility
was not seen at the promoter but rather in regions around exon
6, exons 9–12, and introns (Figure 6). In contrast, FABP4 showed
strikingly more accessible chromatin in a region proximal to the
transcriptional start site and in a broad second region 30 from the
gene in FABP4 macrophages compared to SPP1 macrophages.

Although we also examined scATAC-Seq data from several
control lungs, technical variability, and the inability to clearly distin-
guish, in the scATAC-Seq assay, between macrophage popula-
tions precluded direct comparison of SSc-ILD and control
macrophages (Supplementary Figures 33–37).

Increased SPP1/MERTK macrophages and TFEB
expression in SSc-ILD. Finally, in order to show increased

SPP1 macrophage expression in SSc-ILD, we identified these
cells by staining the coexpressed surface marker MERTK
(Supplementary Figure 38, https://onlinelibrary.wiley.com/doi/10.
1002/art.42286). In addition, we found that a subpopulation of
these cells strongly coexpressed TFEB (Supplementary Figures 39
and 40). Available antibodies did not allow us to detect ATF5.

DISCUSSION

The mechanisms driving fibrosis in SSc-ILD are currently
uncertain; however, the association of macrophage gene expres-
sion, particularly of SPP1, with progressive fibrosis makes these
cells likely mediators of profibrotic signals to fibroblasts (8). This
study confirms the highly increased numbers of a subpopulation
of macrophages, characterized by up-regulated expression of
SPP1 and MMP9, as well as a broader transcriptome in
SSc-ILD, which is consistent with previous studies both from our
group and others (9–16). Analysis of the differentially expressed
genes between SPP1 macrophages compared to all other mac-
rophage subpopulations linked SPP1 macrophages to lipid
metabolism pathways. Lipid metabolism plays an important role
in macrophage function (21). Several transcription factors, includ-
ing peroxisome proliferator–activated family of receptors and
CCAAT enhancer binding proteins (sterol regulatory element
binding proteins [SREBPs]), have been implicated in lipid metabo-
lism in macrophages (21). Further investigation of the effect of lipid
metabolism on the development of macrophage phenotype
would be important, in view of drugs targeting metabolic path-
ways (21–25).

SPP1 and MMP9 were selectively up-regulated by SSc
SPP1 macrophages. Osteopontin, the product of SPP1, is
increased in the serum of patients with SSc (34,35) and has been
implicated in IPF (36), as well as in renal and bone marrow fibrosis
(37,38), suggesting that SPP1 macrophages may have a more
general role in promoting fibrosis. MMP9 expression is also ele-
vated in IPF (39). Additionally, MMP9 activity is increased in
bronchoalveolar lavage fluid of rapidly progressive IPF and in
SSc-ILD (40). MMP9 expression in SSc-ILD lungs uniquely by
SPP1 macrophages and proliferating SPP1 macrophages sug-
gests that increased levels in serum and bronchoalveolar lavage
(BAL) in SSc-ILD patients may reflect the activity and/or degree
of lung infiltration by these cells, and thus might serve as a bio-
marker for their activity (35).

We used 2 approaches to define likely transcription factors
controlling the differentiation of SPP1 macrophages: SCENIC
analysis of the SPP1 macrophage transcriptome and scATAC-
Seq analysis of open chromatin in SPP1 macrophages. SCENIC
analyzes gene regulatory networks (i.e., it looks at genes coregu-
lated with transcriptions factors of each cell). Several approaches
exist for identifying target genes directly regulated by transcription
factors (41), including the following: 1) direct transcription factor–
DNA binding assays; 2) computational predictions of transcription
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factor–target interactions (i.e., position weight matrices); and 3)
gene regulatory networks that assume transcription factor
expression levels regulate targeted genes. SCENIC uses the third
approach in its initial screening, with the resulting gene regulatory
network then filtered with CisTarget, a database incorporating
results used in methods 1 and 2 (42). The concordance between
the predictions from SCENIC and our scATAC-Seq data are
mutually reinforcing but, in particular, strongly reinforce the value
of SCENIC in analyzing scRNA-Seq transcriptomes.

Our scATAC-Seq data show characteristic chromatin pat-
tern changes for SPP1 macrophages with increased accessibility
of SPP1 and MMP9 and decreased accessibility of FABP4,
reflecting the altered binding of transcription factors and
enhancers comparing SPP1 macrophages to FABP4 macro-
phages. These observations provided confidence in our
scATAC-Seq data. However, altered open chromatin peaks are
too broad to implicate specific transcription factors on the basis
of individual genes; therefore, Signac bioinformatics, examining
transcription factor binding sites in open chromatin across the
genome, provided a more robust method for detecting the likely
role of specific transcription factors regulating the phenotype of
SPP1 macrophages. This identified numerous transcription fac-
tors, including ATF5, TFEB, BCL11A, ETV5, Jun, and others,
requiring further experimental validation for their specific roles in
regulating SPP1 macrophage differentiation.

Several of the transcription factors identified to participate in
SPP1 macrophage differentiation have been implicated in profi-
brotic phenotypes in other settings. TFEB potentially plays a role
in silicosis, an occupational irreversible fibrotic lung disease,
through disruption of lysosomal autophagy in alveolar macro-
phages (43). In particular, pulmonary fibrosis in silicosis is pro-
moted with phagocytosis of crystalline silica particles by alveolar
macrophages, resulting in apoptosis and inflammation. There is
increasing evidence of TFEB interplay with TGFβ (44). TGFβ inhi-
bition associated with blockade of BRAF (B-Raf proto-oncogene,
serine/theronine kinase) inhibition and TFEB phosphorylation
contributes to malignant cells responsiveness to chemotherapy
in melanoma (45). Thus, the effect of TFEB on profibrotic SPP1
macrophage differentiation requires further study. ATF6 and its
role in macrophage endoplasmic reticulum stress has also been
implicated in the pathophysiology of lung fibrosis (46). Similarly,
SREB factor 1 was implicated in progression of murine pulmonary
fibrosis (47), and bHLHE40 has been identified as an important
homeostatic regulator of macrophages in lungs through pulmo-
nary surfactant turnover (48).

Members of the AP-1 transcription factor family, predicted in
our analysis to play an important role in the profibrotic phenotype
of SPP1 macrophages, have been investigated in the pathophys-
iology of many fibrotic diseases. As the binding sites for these
family members are similar, our data do not clearly discriminate
which family member is most important in SPP1 macrophage dif-
ferentiation. Overexpression of Jun, a prototype AP-1 family

member, is associated with severe multiorgan fibrosis in murine
models (49). Fos-related antigen-2 transcription factor (Fra-2 or
FOSL2) overexpression has been associated with murine
SSc-like lung fibrosis (50). Myofibroblasts are activated in vitro
by macrophages in a Fra-2–dependent manner, consequently
promoting fibrosis. In addition, both myeloid cell inactivation of
Fra-2 and Fra-2/AP-1 inhibitors attenuate pulmonary fibrosis in
murine bleomycin models (50). Thus, our data strongly support
the findings of these murine studies, indicating a critical role for
AP-1 transcription factors in the development of profibrotic
SPP1 macrophages in human SSc-ILD. Defining the specific
AP-1 family member(s) that are most important in regulating
SSc-ILD SPP1 macrophage will be key for the potential targeting
of Fra-2 or other AP-1 family members in SSc-ILD.

Proliferating cells in our data set were largely composed of
proliferating SPP1 and FABP4 macrophages from SSc-ILD lungs,
consistent with our previous work showing proliferating macro-
phages in IPF (14). While the stimulus for proliferation of these cells
is uncertain, regeneration of tissue-resident macrophages through
macrophage colony-stimulating factor and granulocyte–
macrophage colony-stimulating factor is known to occur in repop-
ulation of inflamed tissues following resolution of inflammation (51).
IPF scRNA-Seq data also indicate increased CSF1 expression in
lung mast cells and up-regulation of LGMN and other genes regu-
lated by IL-4 (14,52).CSF1 is up-regulated by SSc-ILD SPP1mac-
rophages and mast cells, as well as by control pericytes, smooth
muscle cells, and fibroblasts. These findings support proliferating
macrophages as the primary source for profibrotic SPP1, suggest-
ing that antiproliferative agents or drugs blocking macrophage
cytokines might have efficacy in treating SSc-ILD.

There is increasing evidence linking chemokine CCL18 with
pulmonary inflammation, supporting its potential future use as
early marker of SSc-ILD (9,30,35,53). Our data reflected up-
regulation of CCL18 in SPP1 macrophages from the SSc-ILD
lungs compared to healthy controls. Elevated CCL18 in the serum
and supernatants of cultured BAL from SSc patients is associated
with more advanced ILD based on pulmonary function testing
(53). CCL18 concentration in the serum of SSc patients was strik-
ingly decreased following treatment with tocilizumab, and CCL18
expression in skin biopsies of SSc patients was down-regulated
following tocilizumab treatment, along with other macrophages
markers (30). In light of the recent US Food and Drug Administra-
tion approval of tocilizumab for decreasing progression of
SSc-ILD, CCL18 has emerged as a marker of IL-6 in SSc-ILD.
By extension, the up-regulation of CCL18 in SSc-ILD SPP1 mac-
rophages compared to controls observed in our results supports
the role of SPP1 macrophages as drivers of fibrosis in SSc-ILD.
Possibly, CCL18 and SPP1 expression characterizes macro-
phages with common functional background and profibrotic
potential (35).

The limitations of this study include the preclusion of
direct comparison of SSc-ILD and control macrophages to
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scATAC-Seq due to technical variability and bioinformatics chal-
lenges to clearly distinguish macrophage subpopulations after
scATAC-Seq in normal lungs. Additionally, since the lung explants
were obtained at the time of lung transplant, indicating advanced
stage of SSc-ILD, they may reflect later stages of SSc-ILD. It is
possible that earlier stages of SSc-ILD might have different mech-
anisms driving disease. Furthermore, we note that the sample
size is small, scRNA-Seq analysis groups 30 and 50 are skewed
respectively toward SSc-ILD lungs (compared to those of con-
trols), and single-cell analyses, including data integration, are
parameterizable.

In summary, our transcriptomal analysis demonstrates the
transcriptome of profibrotic SPP1 macrophages in SSc-ILD and
reveals critical transcription factors in the profibrotic phenotype
through changes in chromatin accessibility. These findings sup-
port further investigation of key transcription factors, particularly
of ATF5 and TFEB, which activate SPP1 macrophage signature
genes.
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Superiority of Low-Dose Benzbromarone to Low-Dose
Febuxostat in a Prospective, Randomized Comparative
Effectiveness Trial in Gout Patients With Renal Uric Acid
Underexcretion

Fei Yan,1 Xiaomei Xue,1 Jie Lu,1 Nicola Dalbeth,2 Han Qi,1 Qing Yu,3 Can Wang,4 Mingshu Sun,5

Lingling Cui,4 Zhen Liu,4 Yuwei He,4 Xuan Yuan,6 Ying Chen,4 Xiaoyu Cheng,4 Lidan Ma,1 Hailong Li,6 Aichang Ji,6

Shuhui Hu,1 Zijing Ran,1 Robert Terkeltaub,7 and Changgui Li1

Objective. The predominant mechanism driving hyperuricemia in gout is renal uric acid underexcretion; however,
the standard urate-lowering therapy (ULT) recommendation is first-line xanthine oxidase inhibitor (XOI), irrespective
of the cause of hyperuricemia. This comparative effectiveness clinical trial was undertaken to compare first-line nonti-
trated low-dose benzbromarone (LDBen) uricosuric therapy to XOI ULT with low-dose febuxostat (LDFeb) in gout
patients with renal uric acid underexcretion.

Methods. We conducted a prospective, randomized, single-center, open-label trial in men with gout and renal uric
acid underexcretion (defined as fractional excretion of urate <5.5% and uric acid excretion ≤600 mg/day/1.73 m2). A
total of 196 participants were randomly assigned to receive LDBen 25 mg daily or LDFeb 20 mg daily for 12 weeks.
All participants received daily urine alkalization with oral sodium bicarbonate. The primary end point was the rate of
achieving the serum urate target of <6 mg/dl.

Results. More participants in the LDBen group achieved the serum urate target than those in the LDFeb group
(61% compared to 32%, P < 0.001). Rates of adverse events, including gout flares and urolithiasis, did not differ
between groups, with the exception of greater transaminase elevation in the LDFeb group (4% for LDBen compared
to 15% for LDFeb, P = 0.008).

Conclusion. Compared to LDFeb, LDBen has superior urate-lowering efficacy and similar safety in treating rela-
tively young and healthy patients with renal uric acid underexcretion–type gout.

INTRODUCTION

In gout, increased serum urate, called hyperuricemia, pro-

motes crystal deposition of monosodium urate monohydrate

crystals in articular and periarticular structures, which can trigger

acute episodes of very painful inflammatory arthritis (gout flare)

(1,2). Longstanding hyperuricemia and gout can also lead to pal-

pable tophi, joint damage, and urolithiasis (1). Urate-lowering
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therapy (ULT) is the central strategy for effectively controlling
hyperuricemia and gout (3–5). However, the pathophysiology of
hyperuricemia is heterogeneous in gout patients (6–10).

Renal uric acid underexcretion is the predominant cause of
hyperuricemia (~70–90% of gout patients) (7). However, uric acid
overproduction and intestinal uric acid underexcretion with renal
uric acid overload can also drive hyperuricemia alone or in combi-
nation with renal uric acid underexcretion in gout (6,8–10). Ichida
et al (9) developed criteria to classify hyperuricemia in gout into
uric acid overproduction, renal uric acid underexcretion, extrare-
nal uric acid underexcretion, and combined mechanism types,
via clinical and genetic test results and via fractional excretion of
urate and uric acid excretion under low-purine diet conditions.
As such, fractional excretion of urate <5.5% and uric acid excre-
tion ≤600 mg/day/1.73 m2 is used as criteria to define renal uric
acid underexcretion–type gout (9).

The principal oral ULT agents are the xanthine oxidase inhib-
itors (XOIs) allopurinol and febuxostat, and uricosuric agents that
all act as inhibitors of the renal urate transporter 1 (URAT1) (benz-
bromarone and probenecid) (11–14). Based on available evi-
dence to date, the 2020 American College of Rheumatology
(ACR) gout management guidelines and 2016 EULAR gout man-
agement guidelines recommend XOI using allopurinol as the
first-line ULT approach (12,13). Whereas the 2016 EULAR guide-
lines recommend uricosuric therapy as a second-line ULT option
in gout, the 2020 ACR guidelines only provide conditional recom-
mendation for probenecid use as a second-line agent after treat-
ment failure with allopurinol, and benzbromarone is not part of
this clinical guideline, since the drug is not approved for use in
the US (12,13). Allopurinol, febuxostat, and benzbromarone are
all broadly used in Asia and are comparably effective in achieving
serum urate target and gout flare burden reduction in ULT treat-
to-target dose titration studies in Asian populations; however,
the prevalence of HLA–B*5801 that is associated with allopurinol
hypersensitivity is higher in those of Han Chinese, Korean, and
Thai descent (7.4%) (11,12,15–18). Notably, febuxostat is a rec-
ommended ULT in China, though at a dose of only 20–40 mg
daily (13,19).

Moreover, a randomized controlled trial in Chinese gout
patients that did not separate patients according to pathophysiol-
ogy driving hyperuricemia used a 20-mg daily febuxostat dose,
which is a quarter of the maximum approved in the US (and a sixth
of the maximum dose prescribed outside the US), and used benz-
bromarone 25 mg daily (a quarter of the typical maximum dose
used in clinical practice and an eighth of the maximum advised
dose most often used in moderate-to-severe renal impairment);
the rate of achieving the serum urate target was similar compared
to these low-dose regimens (15) (low-dose febuxostat [LDFeb]
and low-dose benzbromarone [LDBen]).

We hypothesized that LDBen would have superior urate-
lowering ability and similar safety compared to first-line LDFeb in
patients with renal uric acid underexcretion–type gout. The aim

of this randomized comparative trial was to compare efficacy
and safety of LDFeb and LDBen to treat renal uric acid
underexcretion–type gout.

PATIENTS AND METHODS

Study design and participants. This open-label, pro-
spective, randomized study was conducted at the Gout Clinic of
the Affiliated Hospital of Qingdao University. We compared the
efficacy and safety of LDBen and LDFeb in men with renal
underexcretion–type gout who were treated with 12 weeks of
ULT. Inclusion criteria included the following: gout according to
the 2015 ACR/EULAR gout classification criteria (19), male sex,
age ranging from 18 years to 70 years, serum urate levels
between 7.0 mg/dl and 10.0 mg/dl, and renal uric acid underex-
cretion. Renal underexcretion–type gout is defined as fractional
excretion of urate of <5.5% and uric acid excretion of ≤600
mg/day/1.73 m2 (9). Participants were excluded if 1 of the follow-
ing criteria was met: fractional excretion of urate of ≥5.5% or uric
acid excretion of >600 mg/day/1.73 m2, gout flare within 2 weeks
before enrollment, urinary calculi, elevated transaminases (>2.0
times the upper limit of normal [ULN]), estimated glomerular filtra-
tion rate (eGFR) of <60 ml/minute/1.73 m2, or the need to take
any urate-lowering drug or other medicine affecting serum urate
levels (Supplementary Table 1, available on the Arthritis & Rheu-
matology website at http://onlinelibrary.wiley.com/doi/10.1002/
art.42266). The ethics committee at the Affiliated Hospital of Qing-
dao University approved the trial. It was registered in the Chinese
Clinical Trial Registration Center (identifier: ChiCTR1900022981).
Written informed consent was obtained from all participants.

Treatment and procedures. As described in the previ-
ous study (16), all participants enrolled in the trial underwent a
14-day washout period, which indicated that they stopped
receiving urate-lowering drugs and adhered to a low-purine diet.
During the study, other urate-lowering drugs or drugs that are
known to affect the serum urate level were prohibited. A random-
ization list was created using a random number generator. Partic-
ipants were assigned a random code and were randomized in a
1:1 ratio to receive either LDBen or LDFeb. Participants received
oral febuxostat or benzbromarone once daily in the morning. All
participants received daily urine alkalization with oral sodium
bicarbonate, 1 gm/3 times daily. During treatment with the study
drug, colchicine and/or nonsteroidal antiinflammatory drugs were
prescribed to participants if they experienced a gout flare. In par-
ticipants with serum transaminase elevation that more than dou-
bled from baseline values, hepatoprotective treatment
(diammonium glycyrrhizinate, silibinin, or polyene phosphatidyl-
choline) was prescribed.

The clinician did not know which treatment option a partici-
pant would receive before randomization. Both the participant
and the treating clinician knew the treatment allocation after

YAN ET AL2016

https://doi.org/10.1002/art.42266
https://doi.org/10.1002/art.42266


randomization. Participants were given advice on nondrug treat-
ment approaches, including diet and exercise.

Information collected at baseline included age, age at dis-
ease onset, disease duration, lifestyle, body weight, height, body
mass index (BMI) (weight [kg]/height [m2]), disease history
(tophus, hypertension, fatty liver, hyperlipidemia, diabetes, car-
diovascular disease [CVD]), and family history of gout. Serum bio-
chemical data that were collected included serum urate levels,
alanine aminotransferase (ALT) level, aspartate aminotransferase
(AST) level, fasting glucose values, triglycerides, total cholesterol,
and creatinine levels. Renal function was assessed as the eGFR,
determined using Chronic Kidney Disease Epidemiology Collabo-
ration design formulas: for creatinine ≤80 μmoles/liter (0.9 mg/dl),
eGFR (in ml/minute/1.73 m2) = 141 × (creatinine [mg/dl]/0.9)−0.411

× 0.993age(years); for creatinine >80 μmoles/liter (0.9 mg/dl), eGFR
(in ml/minute/1.73 m2) = 141 × (creatinine [mg/dl]/0.9)−1.209 ×
0.993age(years). Clinical obesity was defined as a BMI of ≥28
kg/m2, based on criteria in Asian populations (20,21). We mea-
sured the biochemical parameters at every visit. Participants were
considered withdrawn cases after 3 consecutive days without
medication.

Outcomes. The primary efficacy outcome was the rate of
achieving the target serum urate level of <6.0 mg/dl at week
12 of treatment. Secondary efficacy outcomes included the rate
of achieving the target serum urate level of <5.0 mg/dl, the
change in serum urate (serum urate Δ% [baseline serum urate

level–visit serum urate level]/baseline serum urate level), and
changes in other laboratory parameters including serum urate
level, fasting glucose values, total cholesterol, triglycerides, AST
level, ALT level, creatinine level, and eGFR. Safety outcomes
included the incidence of gout flares and the percentage of partic-
ipants with treatment-emergent adverse events (AEs). Changes in
renal function, changes in liver function, and urolithiasis were AEs
of particular interest in this study.

Sample size. Sample size was determined based on the
primary end point (rate of achieving the target serum urate
level <6.0 mg/dl at week 12 of treatment). Based on findings from
the previous study and the preliminary study, we estimated that
the rate of achieving the serum urate target would be 60% in the
LDBen group and 38% in the LDFeb group (15,16). We calcu-
lated that a sample size of 78 patients per group would be
required according to a 5% 2-sided significance level and 80%
power to detect a difference between the LDBen group and
LDFeb group (in a 1:1 allocation). A sample size of 98 was calcu-
lated for each group to account for an estimated 20%
dropout rate.

Statistical analysis. Statistical analyses were performed
using SPSS version 22.0 (IBM). All continuous variables are
shown as the mean ± SD or the median (interquartile range)
and categorical variables are shown as percentages. Continu-
ous variables were compared using t-test for independent

Figure 1. Flow chart of the study design showing how patients with renal underexcretion–type gout were organized into the benzbromarone and
febuxostat treatment groups. FEUA = fractional excretion of urate; UUE = uric acid excretion; eGFR = estimated glomerular filtration rate;
SU = serum urate; ALT = alanine aminotransferase; AST = aspartate aminotransferase.
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samples or Mann-Whitney U test, and categorical variables
between the 2 groups were compared using chi-square test.
Within-group variables from each visit were compared to base-
line values using paired-sample t-test or Wilcoxon signed rank
test. P values less than 0.05 were considered statistically
significant.

RESULTS

Study flow and clinical characteristics. The clinical trial
was initiated on May 3, 2019 and completed on January
26, 2021. In this trial, 196 participants were randomized to receive
ULT with LDBen (N = 98) or LDFeb (N = 98) (Figure 1). Overall,
183 participants (93.4%) completed the trial, and 13 participants
dropped out before the end of the study (6 in the LDBen group,
7 in the LDFeb group). The reasons cited for discontinuation
included voluntarily withdrawal (4 in the LDBen group, 5 in the
LDFeb group) and drug discontinuation (1 in the LDBen group,
2 in the LDFeb group). One participant in the LDBen group

dropped out of the trial because of gout flare at week 4 (Figure 1).
Patients in both groups received medication according to the reg-
imen, as confirmed by pill counts.

Clinical characteristics at baseline were similar between the
2 groups (Table 1). Participants receiving either LDBen or LDFeb
were a mean age of 43.89 years and 43.29 years, respectively.
The mean ± SD duration of gout was similar in the 2 groups
(LDBen 5.2 ± 4.6 years versus LDFeb 5.6 ± 4.8 years). More
than 75% of study participants had not received prior ULT. Base-
line serum urate levels were 8.72 ± 0.73 mg/dl in the LDBen
group and 8.59 ± 0.70 mg/dl in the LDFeb group. Laboratory
parameters and coexisting conditions (obesity, hypertension,
fatty liver, hyperlipidemia, diabetes, and CVD) were similar at
baseline between the groups (Table 1).

Efficacy. The primary efficacy outcome was the proportion
of participants with serum urate levels of <6 mg/dl during the
treatment period. The proportion of participants who achieved
the treatment urate target was significantly higher in the LDBen

Table 1. Baseline demographic and clinical characteristics of patients with renal underexcretion–type gout receiv-
ing either LDBen or LDFeb*

LDBen (n = 98) LDFeb (n = 98)

Demographic and clinical characteristics
Age, mean ± SD years 43.89 ± 13.10 43.29 ± 12.22
Male, no. (%) of patients 98 (100) 98 (100)
Height, mean ± SD cm 174.01 ± 5.84 175.37 ± 5.73
Body weight, mean ± SD kg 81.07 ± 9.82 82.98 ± 11.27
Body mass index, mean ± SD kg/m2 26.77 ± 2.85 26.97 ± 3.21
SBP, mean ± SD mm Hg 133.19 ± 16.23 134.18 ± 15.32
DBP, mean ± SD mm Hg 84.21 ± 10.80 85.84 ± 12.09

Gout feature
Serum urate, median (IQR) mg/dl 8.70 (7.91–9.06) 8.77 (8.10–9.27)
Age at onset, mean ± SD years 39 ± 12 38 ± 10
Duration of gout, mean ± SD years 5.2 ± 4.6 5.6 ± 4.8
Gout flare frequency, no. (%) of patients
Less than twice a year 48 (49) 45 (46)
Twice or more than twice a year 50 (51) 53 (54)

Tophus, no. (%) of patients 18 (18) 18 (18)
Family history of gout, no. (%) of patients 16 (16) 21 (21)
ULT naive, no. (%) of patients 75 (77) 79 (81)

Coexisting conditions, no. (%) of patients
Obesity 40 (41) 32 (33)
Hypertension 16 (16) 20 (20)
Cardiovascular disease 2 (2) 0 (0)
Fatty liver 17 (17) 24 (24)
Hyperlipidemia 20 (20) 17 (17)
Diabetes 15 (15) 14 (14)

Blood chemistry parameters
Serum creatinine, median (IQR) μmoles/liter 82 (76–93) 85 (76–95)
Fasting glucose, mean ± SD mmoles/liter 5.52 ± 0.68 5.56 ± 0.63
Cholesterol, mean ± SD mmoles/liter 4.84 ± 0.82 4.76 ± 1.17
Triglyceride, median (IQR) mmoles/liter 1.69 (1.17–2.34) 1.67 (1.25–2.53)
AST, median (IQR) units/liter 21.00 (18.00–24.25) 19 (17–24)
ALT, median (IQR) units/liter 26.0 (18.0–37.5) 23.50 (16.75, 36.00)
eGFR, mean ± SD ml/minute/1.73 m2 96.30 ± 15.51 94.60 ± 15.09

* LDBen = low-dose benzbromarone; LDFeb = low-dose febuxostat; SBP = systolic blood pressure; DBP = diastolic blood
pressure; IQR = interquartile range; ULT = urate-lowering therapy; AST = aspartate aminotransferase;
ALT = alanine aminotransferase; eGFR = estimated glomerular filtration rate.
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group than in the LDFeb group at week 4 (58% versus 42%,
P = 0.03), week 8 (59% versus 33%, P < 0.001), and week
12 (61% versus 32%, P < 0.001) (Figure 2A).

The proportion of participants who achieved a serum urate
level of <5.0 mg/dl in the 2 groups was similar at weeks 4 and
8, but more participants in the LDBen group achieved this lower
serum urate level after 12 weeks (LDBen 24% versus LDFeb
9%, P = 0.006) (Figure 2B). The mean serum urate concentra-
tion during the entire study period in the LDBen group was
significantly lower than in the LDFeb group (P < 0.001). At
week 12, the mean ± SD serum urate level decreased from
8.59 ± 0.70 mg/dl to 5.81 ± 1.19 mg/dl in the LDBen group
and from 8.72 ± 0.73 mg/dl to 6.39 ± 0.94 mg/dl in the LDFeb
group, respectively (Figure 2C). The mean � SD percentage
change in serum urate level (serum urate Δ = [baseline serum
urate level – visit serum urate level]/baseline serum urate level)
at week 12 was 32.0% in the LDBen group and 26.5% in the
LDFeb group (P < 0.001) (Figure 2D).

No differences were detected in terms of glucose and lipid
metabolic markers between the 2 groups at week 12 (Table 2).

However, the mean fasting glucose concentration in the LDBen
group was significantly lower than in the LDFeb group at weeks
4 and 8 (P < 0.001 at both time points) (Table 2).

Safety. Over the 12-week study period, the incidence rates
of AEs were similar between the 2 groups (60% in the LDBen
group and 65% in the LDFeb group). There were no serious AEs
(Table 3). There were no skin reactions, gastrointestinal AEs, ful-
minant hepatitis, or major adverse cardiac events in either group
(data not shown). No between-group differences were observed
in terms of the proportion of participants with gout flare (LDBen
30% versus LDFeb 36%, P = 0.36) (Table 3).

Liver and kidney function were monitored throughout the
trial. An increase from baseline AST level was observed at each
follow-up visit in patients in the LDFeb group (P < 0.001). In
contrast, AST levels in the LDBen group did not increase over
time and were lower than the LDFeb group at weeks 4 and
12 (P < 0.01 at both time points). The percentage of partici-
pants with AST elevation was significantly lower in the LDBen
group than in the LDFeb group (1% versus 9%, P = 0.02)

Figure 2. Efficacy of low-dose benzbromarone (LDBen) and low-dose febuxostat (LDFeb) in patients with renal underexcretion–type gout. A and
B, Proportion of participants with serum urate levels of <6.0 mg/dl (A) and <5.0 mg/dl (B) at weeks 4, 8, and 12 after the initiation of treatment.
Values at the bottom of the bars show the number of participants and values at the top of the bars show the percentage of participants. C, Trend
of serum urate level in the 2 groups at weeks 4, 8, and 12. D, Change in serum urate levels in the 2 groups at weeks 4, 8, and 12, calculated
as Δ = (baseline serum urate level — visit serum urate level)/baseline serum urate level. Results at each timepoint in C and D are the
mean � SD. ** = P < 0.01.
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(Table 3). Furthermore, fewer participants in the LDBen group
had a 1–2-times elevation from baseline in their AST level com-
pared to participants in the LDFeb group (1% versus 8%,
P = 0.03). The ALT level decreased in the LDBen group but
increased in the LDFeb group at weeks 4 and 8, and at week

12, the ALT level remained lower in the LDBen group compared
to the LDFeb group (P = 0.03). Overall, the percentage of par-
ticipants with transaminase elevation above the ULN was lower
in the LDBen group than in the LDFeb group (4% versus 15%,
P = 0.008) (Table 3).

Table 2. Major clinical parameters during the trial in 98 participants receiving LDBen and 98 participants receiving LDFeb*

Baseline Week 4 Week 8 Week 12

Completed follow-up, no. (%) of patients
LDBen 98 (100) 97 (99) 96 (98) 92 (94)
LDFeb 98 (100) 98 (100) 96 (98) 91 (93)

Serum urate, median (IQR) mg/dl
LDBen 8.70 (7.91–9.06) 5.60 (5.26–6.34)†‡ 5.74 (5.22–6.60)†‡ 5.57 (5.08–6.46)†‡
LDFeb 8.77 (8.10–9.27) 6.12 (5.55–7.16)‡ 6.44 (5.84–7.21)‡ 6.42 (5.77–7.03)‡

Fasting glucose, mean ± SD mmoles/liter
LDBen 5.52 ± 0.68 5.35 ± 0.54†‡ 5.34 ± 0.44†‡ 5.39 ± 0.51
LDFeb 5.56 ± 0.63 5.65 ± 0.58 5.69 ± 0.59§ 5.54 ± 0.58

Cholesterol, mean ± SD mmoles/liter
LDBen 4.84 ± 0.82 4.80 ± 0.84 4.84 ± 0.86 4.80 ± 0.85
LDFeb 4.76 ± 1.17 4.77 ± 0.99 4.83 ± 0.93 4.85 ± 1.01

Triglycerides, median (IQR) mmoles/liter
LDBen 1.69 (1.17–2.34) 1.57 (1.19–1.99) 1.56 (1.14–2.00)§ 1.50 (1.19–2.11)‡
LDFeb 1.67 (1.25–2.52) 1.74 (1.22–2.67) 1.65 (1.17–2.44) 1.77 (1.17–2.50)

AST, median (IQR) units/liter
LDBen 21.00 (18.00–24.25) 20 (17–23)†§ 21.00 (17.25–23.75) 20.00 (16.25–23.00)†
LDFeb 19 (17–24) 22 (18–27)‡ 21 (18–28)‡ 22 (18–28)‡

ALT, median (IQR) units/liter
LDBen 26.0 (20.0–37.5) 24 (18–33)‡ 25.00 (19.00–33.75) 24 (17–33)‡¶
LDFeb 23.50 (16.75–36.00) 27 (18–37)§ 27.00 (18.00–40.75)§ 28 (19–40)

Creatinine, median (IQR) μmoles/liter
LDBen 82 (76–93) 79.5 (72.0–88.0)‡ 84 (76–91) 81 (75–89)
LDFeb 85.00 (76.00–95.25) 81.0 (74.0–90.5)‡ 82.5 (75.0–90.0)§ 83 (74–91)

eGFR, mean ± SD ml/minute/1.73 m2

LDBen 96.30 ± 15.51 100.57 ± 19.96§ 96.86 ± 15.00 98.39 ± 15.42
LDFeb 94.60 ± 15.09 97.33 ± 16.71‡ 97.85 ± 15.58§ 97.40 ± 15.87

* IQR = interquartile range; AST = aspartate aminotransferase; ALT = alanine aminotransferase; eGFR = estimated glomerular filtration rate.
† P < 0.01 for low-dose benzbromarone (LDBen) compared to low-dose febuxostat (LDFeb).
‡ P < 0.01 for baseline values compared to weeks 4, 8, and 12 in the LDBen group or LDFeb group.
§ P < 0.05 for baseline values compared to weeks 4, 8, and 12 in the LDBen group or LDFeb group.
¶ P < 0.05 for LDBen compared to LDFeb.

Table 3. Frequency of adverse events in patients with renal underexcretion–type gout during the
trial of LDBen and LDFeb*

LDBen (n = 98) LDFeb (n = 98) P

Urolithiasis 5 (5) 2 (2) 0.25
Gout flare 30 (31) 36 (37) 0.36
Once 18 (18) 16 (16) 0.71
Twice 9 (9) 14 (14) 0.27
More than twice 3 (3) 6 (6) 0.50

New-onset AST level elevation† 1 (1) 9 (9) 0.009‡
1–2-times elevation 1 (1) 8 (8) 0.035‡
2–3-times elevation 0 (0) 1 (1) 1.00

New-onset ALT level elevation† 4 (4) 10 (10) 0.10
1–2-times elevation 3 (3) 8 (8) 0.12
2–3-times elevation 1 (1) 2 (2) 1.00

eGFR <60 ml/minute/1.73 m2 0 (0) 0 (0) 1.00
Other level of eGFR 0 (0) 0 (0) 1.00

* Values are the number (%) of patients. LDBen = low-dose benzbromarone; LDFeb = low-dose
febuxostat; AST = aspartate aminotransferase; ALT = alanine aminotransferase; eGFR = estimated
glomerular filtration rate.
† New-onset elevation indicates an elevation above the upper limit of normal from baseline to
week 12.
‡ P value was statistically significant.
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There were no significant differences between the 2 groups
in terms of serum creatinine levels and eGFR during the treatment
period (Table 2). No participant in either group developed an
eGFR of <60 ml/minute/1.73 m2. Urolithiasis was observed in
5 participants in the LDBen group and 2 participants in the LDFeb
group (5% versus 2%, P = 0.25) (Table 3).

DISCUSSION

The findings from this randomized clinical trial provide impor-
tant new insights into gout management. Specifically, despite
advanced understanding of the pathophysiologic basis of hyper-
uricemia and gout, prescribing ULT according to the hyperurice-
mia classification type is not generally recommended and is
rarely done in Western clinical practice (12,13,19). Earlier findings
from observational studies suggested that benzbromarone may
be more effective than allopurinol in the reduction of serum urate
levels in hyperuricemia caused by renal uric acid underexcretion
(22). This Chinese gout study population–based trial was unique,
not only by comparing the efficiency and safety of benzbromar-
one and febuxostat in randomized clinical trial participants with
renal underexcretion–type gout, but also by comparing low-dose
regimens. LDBen (25 mg/day) had greater urate-lowering efficacy
and an excellent safety profile compared to LDFeb (20 mg/day)
over 12 weeks of therapy. Low-dose benzbromarone had signifi-
cantly greater serum urate–lowering treatment success than
LDFeb in patients with renal underexcretion–type gout.

Importantly, the trial was designed to test a hypothesis by
comparing uricosuric ULT to XOI ULT in patients with gout with
a single predominant cause of hyperuricemia. This design pro-
moted the enrollment of a relatively healthy population of younger
participants with disease onset particularly common in the 30–
40-year-old age group. It is well recognized that the capacity to
renally excrete uric acid is partly modulated by the functional
capacity for glomerular filtration of urate. In this context, stage
3 chronic kidney disease, which is very prevalent in gout patients
(23,24), was an exclusion criterion in this study. In addition, this
Chinese gout study population had substantially lower prevalence
of hypertension, dyslipidemia, and CVD than typical Western gout
clinical trial populations (25). Furthermore, all participants received
1 gm/3 times daily oral sodium bicarbonate for the purpose of
alkalinizing the urine, which likely limited urolithiasis (16) and may
have enhanced urate-lowering efficacy (26).

Moreover, use of ULTs differed from that in Western clinical
trials and typical Western medical practice patterns and recom-
mendations for gout, where allopurinol is the recommended first-
line ULT (12,13,27). In this context, US Food and Drug
Administration–approved dosing of febuxostat is 40 mg/day and
80 mg/day, and benzbromarone is not approved in the US and
is only recommended as a second-line ULT drug in Europe due
to potentially lethal hepatotoxicity reactions not believed to be
due to modulation of URAT1 activity (12). Furthermore, in

countries where benzbromarone is approved, the starting
dosages of benzbromarone range from 12.5 mg to 50 mg daily
(28–31). Hence, as emerging URAT1 inhibitor uricosuric therapies
are developed as potential monotherapies in clinical trials among
Western patient populations (27), careful consideration will likely
be needed in clinical trial patient selection for the pathophysiologic
type of hyperuricemia, comorbidities, and use of urine alkalization
with agents such as potassium citrate (16).

The comparison of results in distinctly designed clinical trials
is clearly imperfect. However, in the current low-dose ULT trial in
this selective cohort of renal uric acid underexcretion–type gout,
the percentage of participants achieving the serum urate target
of <6.0 mg/dl was 61% in the LDBen group, which was approxi-
mately double that observed in the LDFeb group. In contrast,
Naoyuki et al (28) found that the percentage of patients who
achieved the serum urate target (<6.0 mg/dl) was 45.7% in the
20 mg/day febuxostat treatment group. Liang et al (15) indicated
that, similar to our results, the frequency of achieving the serum
urate target was 39.5% among 105 gout patients who were not
selected for primary uric acid underexcretion and who received
febuxostat 20 mg/day, whereas the frequency of achieving the
serum urate target was only 35.7% among 109 patients receiving
benzbromarone 25 mg/day.

In this study, the urate-lowering effect of benzbromarone
appeared to be steadier than febuxostat over the trial period.
Importantly, febuxostat does lead to a sustained reduction at the
final time point compared to baseline values. While we did not
observe differences in terms of medication adherence using pill
counts between groups, it is possible that these differences might
be attributed to the following: differences in adherence behavior;
differences in the mechanisms of the ULT; a decline in fractional
excretion of urate as serum urate levels were reduced by treat-
ment with febuxostat (32); or differences due to chance. There
were no differences in reported medication adherence between
the LDBen group and LDFeb group. Some variation in urate levels
over time is often observed in ULT trials (15,33).

Not surprisingly, lack of clinical trial evidence to date has
been accompanied by lack of consensus regarding use of
assays for renal uric acid underexcretion in clinical practice for
promoting precision in gout management. For example, the
2006 EULAR gout management guidelines recommended that
renal uric acid excretion should be determined in selected gout
patients, especially those with a family history of early-onset
gout, those with gout onset at age <25 years, or those with renal
calculi (strength of recommendation 72 [95% confidence interval
62–81]) (18). The 2012 ACR Guidelines for the Management of
Gout recommended that clinicians consider causes of hyperuri-
cemia in gout patients (evidence grade C) (34). However, the
most recent update of the ACR guidelines for management of
gout conditionally recommended against using urinary uric acid
levels to determine the precision of therapy choice and strategy
in ULT (34,35).
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We did not observe severe hepatotoxicity associated with
LDBen, but ethnic background may affect drug responses, and
severe hepatotoxicity with benzbromarone has rarely been
reported in Asia (11). Notably, elevated transaminases and the
rare occurrence of severe liver injury have been reported in
patients receiving febuxostat (14,36). In our study, the proportion
of participants with liver damage in the LDFeb group was higher
than that in the LDBen group, most clearly demonstrated by the
increase in AST level. No significant change in triglyceride levels
was reported in this study, though a previous study suggested
that febuxostat could cause elevated triglycerides (15). In this
study, the incidence of urolithiasis in the LDBen group (5%) was
numerically but not significantly higher than that in the LDFeb
group (2%). Incidence rates of urolithiasis of ~3% have been
reported with benzbromarone 75–120 mg/day (37,38), including
in a trial in China using benzbromarone 25 mg/day (16), similar
to our results.

Several other study limitations should be noted, such as the
single center, open-label design and relatively short treatment
period, which did not allow for the assessment of long-term
safety. We only included patients who were relatively young,
had few comorbidities, and had a baseline serum urate level
ranging from 8.0 mg/dl to 10 mg/dl; therefore, study results
may not be generalizable to patients with higher serum urate
levels or impaired kidney function, and may also not be generaliz-
able to patients from other geographic regions, age groups, and
ethnic groups. Only men were recruited in this study, and the
findings may not be generalizable to women with gout.
Furthermore, the scope to more widely implement this treatment
strategy is currently limited because the availability of benzbro-
marone and other uricosurics varies across the globe and in
many countries is very limited. The efficacy of benzbromarone
and febuxostat in gout patients with normal renal uric acid excre-
tion was not compared in this study. Last, the serum urate–
lowering efficacy of both benzbromarone and febuxostat was
not maximal at doses of the ULT used here.

In conclusion, this study demonstrates that LDBen has
greater serum urate–lowering efficacy than LDFeb in relatively
young and healthy patients with renal underexcretion–type gout.
Further investigation is warranted to test precision in the model
for use of an URAT1 inhibitor in selecting first-line ULT according
to primary renal uric acid underexcretion, as opposed to
decreased renal function. However, the results suggest that
LDBenmay warrant stronger consideration as a safe and effective
therapy to achieve serum urate target in gout patients without
moderate chronic kidney disease.
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Imaging Mass Cytometry Reveals Predominant Innate
Immune Signature and Endothelial–Immune Cell Interaction
in Juvenile Myositis Compared to Lupus Skin

Jessica L. Turnier,1 Christine M. Yee,2 Jacqueline A. Madison,3 Syed M. Rizvi,2 Celine C. Berthier,4 Fei Wen,2

and J. Michelle Kahlenberg5

Objective. Cutaneous inflammation can signal disease in juvenile dermatomyositis (DM) and childhood-onset
systemic lupus erythematosus (cSLE), but we do not fully understand cellular mechanisms of cutaneous inflammation.
In this study, we used imaging mass cytometry to characterize cutaneous inflammatory cell populations and cell–cell
interactions in juvenile DM as compared to cSLE.

Methods. We performed imaging mass cytometry analysis on skin biopsy samples from juvenile DM patients (n = 6)
and cSLE patients (n = 4). Tissue slides were processed and incubated with metal-tagged antibodies for CD14, CD15,
CD16, CD56, CD68, CD11c, HLA–DR, blood dendritic cell antigen 2, CD20, CD27, CD138, CD4, CD8, E-cadherin,
CD31, pan-keratin, and type I collagen. Stained tissue was ablated, and raw data were acquired using the Hyperion
imaging system. We utilized the Phenograph unsupervised clustering algorithm to determine cell marker expression
and permutation test by histoCAT to perform neighborhood analysis.

Results. We identified 14 cell populations in juvenile DM and cSLE skin, including CD14+ and CD68+
macrophages, myeloid and plasmacytoid dendritic cells (pDCs), CD4+ and CD8+ T cells, and B cells. Overall, cSLE
skin had a higher inflammatory cell infiltrate, with increased CD14+macrophages, pDCs, and CD8+ T cells and immune
cell–immune cell interactions. Juvenile DM skin displayed a stronger innate immune signature, with a higher overall
percentage of CD14+ macrophages and prominent endothelial cell–immune cell interaction.

Conclusion. Our findings identify immune cell population differences, including CD14+ macrophages, pDCs,
and CD8+ T cells, in juvenile DM skin compared to cSLE skin, and highlight a predominant innate immune signature
and endothelial cell–immune cell interaction in juvenile DM, providing insight into candidate cell populations and
interactions to better understand disease-specific pathophysiology.

INTRODUCTION

Juvenile dermatomyositis (DM) and childhood-onset systemic

lupus erythematosus (cSLE) are multisystem inflammatory

diseases with overlapping yet distinct clinical phenotypes and

unique tropism for major organ involvement. Cutaneous

inflammation is often the first recognized symptom at disease

onset, and substantial clinical and histopathologic overlap exists

between skin lesions (1). Both juvenile DM and cSLE skin lesions

demonstrate interface dermatitis, characterized by lymphocytic

infiltrate and apoptotic keratinocytes at the dermoepidermal junc-

tion and also share an association with type I interferon (IFN)
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activation (2). Cutaneous inflammation has further been demon-
strated to associate with systemic disease activity and chronicity
in juvenile DM and cSLE (3); however, we are limited in our under-
standing of pathogenic mechanisms and immune cells that drive
cutaneous inflammation and disease-specific phenotypes.

Imaging mass cytometry (IMC) is a powerful tool to study dis-
ease phenotypes through simultaneous analysis of multiple
protein targets while preserving tissue architecture and lending
insights into cellular microenvironment and interactions (4).
A recent publication harnessing IMC for adult DM skin immuno-
phenotyping identified 13 unique immune cell populations and
described a predominant myeloid signature, with abundant
CD14+ macrophages and CD11c+ myeloid dendritic cells
(mDCs), in addition to lymphoid cells (5). Prior use of mass cytom-
etry to characterize cSLE blood defined a CD14high monocyte
cytokine signature that was inducible in peripheral blood from
healthy controls after treatment with cSLE plasma (6). Improving
our understanding of immune cell populations and cell–cell inter-
actions central to tissue inflammation is key to informing the devel-
opment of targeted treatment for juvenile DM and cSLE patients.

In the present study, we use IMC to characterize similarities
and differences in inflammatory cells and cell–cell interactions at
a single-cell level within juvenile DM lesional skin compared to
cSLE lesional skin. Our findings identify differences in cell popula-
tions, including CD14+ macrophages, plasmacytoid DCs (pDCs),
and CD8+ T cells, in juvenile DM versus cSLE, and highlight a pre-
dominance of innate immune cells and endothelial cell–immune
cell interactions in juvenile DM skin, providing insight into immune
cell populations and cellular interactions as candidates for further
study.

PATIENTS AND METHODS

Human subjects, skin biopsy samples, and clinical
data acquisition. Formalin-fixed paraffin-embedded (FFPE)
skin biopsy samples previously obtained for clinical care at the
University of Michigan were obtained after institutional review
board approval. Diagnoses at the time of biopsy for juvenile DM
or cSLE were made by a pediatric rheumatologist and were veri-
fied by chart review of clinical findings, laboratory data, imaging,
and histopathology. All juvenile DM patients (n = 6) met the 2017
EULAR/American College of Rheumatology (ACR) classification
criteria (7), with 1 patient having skin-predominant disease. All
cSLE patients (n = 4) met the 1997 ACR classification criteria for
SLE (8) at time of biopsy, with the exception of 1 patient with iso-
lated cutaneous lupus at diagnosis who later developed features
of systemic disease 3 years after biopsy. Lesional skin was from
varied locations, including the elbow (n = 3), finger (n = 2), arm
(n = 2), cheek, scalp, and thigh (all n = 1). Clinical data were
collected retrospectively by chart review (Supplementary
Table 1, available on the Arthritis & Rheumatology website at
https://onlinelibrary.wiley.com/doi/10.1002/art.42283).

IMC sample preparation and image processing. We
performed IMC on all skin biopsy samples to identify and quantify
immune cell populations that were present. FFPE tissue slides
were heated for 2 hours at 60�C, deparaffinized, and rehydrated.
Slides were placed in Tris–EDTA (pH 9) antigen retrieval buffer and
heated at 96�C for 30 minutes. After cooling, slides were blocked
in 3% bovine serum albumin and incubated with metal-tagged
antibodies. Our antibody panel included the following markers:
CD14, CD15, CD16, CD56, CD68, CD11c, HLA–DR, blood den-
dritic cell antigen 2, CD20, CD27, CD138, CD4, CD8, E-cadherin,
CD31, pan-keratin, and type I collagen. Stained tissue was
ablated, and raw data were acquired using the Hyperion imaging
system (Fluidigm). Multiplexed cytometry by time-of-flight mass
spectrometry imaging data were preprocessed using commercial
acquisition software (Fluidigm), converted to TIFF images, and then
segmented into individual cells using CellProfiler version 3.1.8.

IMC data analysis. For dimensionality reduction, we used
visualization of t-distributed stochastic neighbor embedding
(t-SNE) to determine phenotypic diversity of cell populations.
The Phenograph unsupervised clustering algorithm was used to
determine cell marker expression (9). A heatmap was generated
to demonstrate median Z score marker expression of cells in each
cluster. Neighborhood analysis was performed by permutation
test using histoCAT (10) with a permutation number of 999 and
a P value threshold of 0.01.

Microarray data analysis to evaluate innate and
adaptive signatures. We previously performed microarray
gene expression analysis on all lesional skin samples (11).
Using the xCell webtool (http://xcell.ucsf.edu) (12), we generated
innate and adaptive transcriptional immune signatures from sam-
ples. Each patient signature was generated for innate immune
signatures by adding xCell enrichment scores from DCs, pDCs,
macrophages, and monocytes (94, 38, 259, and 303 genes,
respectively) and for adaptive immune signatures by adding
scores from B cells, CD4+ T cells, and CD8+ T cells (135, 158,
and 116 genes, respectively).

Statistical analysis. Cell populations were quantified by
number of cells per mm2 of tissue and translated into percentage
of total immune cells identified in each patient sample. Differences
in cell populations between juvenile DM and cSLE were assessed
in GraphPad Prism 8 software using Student’s 2-tailed t-test, with
P values less than 0.05 considered significant.

RESULTS

Key differences in absolute number of immune
cell populations within skin lesions in juvenile DM and
cSLE. Childhood-onset SLE skin lesions had an overall higher
inflammatory cell infiltrate compared to juvenile DM (Figure 1A).
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Figure 1. CD14+ macrophages, plasmacytoid dendritic cells (pDCs), and CD8+ T cells were increased in childhood-onset systemic lupus
erythematosus (cSLE) compared to juvenile dermatomyositis (JDM) lesional skin. A, Multiplexed images demonstrating staining for cellular
markers in JDM and cSLE skin samples, represented by different colors in panels 1–5. Bars = 100 μm. B and C, Analysis by t-distributed stochas-
tic neighbor embedding (t-SNE) dimensionality reduction demonstrating overlay of identified JDM and cSLE cell clusters (B) and individual t-SNE
plots by disease (C). D, Phenograph clustergram and heatmap showing marker expression by cell cluster. E, Quantification of immune cell types
per disease based on marker expression. Bars show the mean ± SEM. * = P < 0.05. F, Representative images demonstrating higher quantities of
CD14+macrophages, pDCs, and CD8+ T cells in cSLE compared to JDM. Magnification is the same as in A. BDCA2 = blood dendritic cell antigen
2; mDCs = myeloid DCs.
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Using the t-SNE dimensionality reduction tool, we visualized cell
clusters that overlapped between diseases and those more pre-
dominant in either juvenile DM or cSLE (Figures 1B and 1C
and Supplementary Figure 1, https://onlinelibrary.wiley.com/doi/
10.1002/art.42283). Overall, we identified 26 unique cell clusters in
juvenile DM and cSLE skin (Supplementary Figure 1), of which we
were able to definitively identify 14 cell populations using marker
expression patterns (Figure 1D), including 8 immune cell popula-
tions: CD14+ macrophages (cluster 3), CD68+ macrophages
(cluster 15), mDCs (cluster 16), pDCs (cluster 10), B cells (cluster 9),
CD4+ T cells (clusters 13 and 17), and CD8+ T cells (cluster 6).

While all immune cell populations were present in both
diseases, there were differences in cell numbers per cluster
according to disease. Notably, cSLE skin showed increased
CD14+ macrophages, pDCs, and CD8+ T cells (Figure 1E).
This is demonstrated visually by the spatial distribution of labeled
cells in juvenile DM compared to cSLE skin (Figure 1F). Interest-
ingly, we noted 2 CD4+ T cell populations, with cluster 17 addition-
ally displaying CD11c and CD27 coexpression (Figure 1D).
CD4+ T cells from cluster 17 were more concentrated in juvenile

DM skin (Figures 1B and C) and could potentially represent a
more highly activated, migratory T cell population (13).

Overall immune cell composition differs in juvenile
DM skin lesions compared to cSLE skin lesions. While
CD14+ macrophages were the predominant immune cell popu-
lation in both juvenile DM and cSLE, juvenile DM had an overall
higher percentage of CD14+ macrophages relative to total
immune cell composition (46.1% versus 30%) (Figure 2A and
Supplementary Table 2A, https://onlinelibrary.wiley.com/doi/
10.1002/art.42283). In contrast, cSLE exhibited a higher overall
percentage of pDCs and CD8+ T cells than juvenile DM
(13.5% versus 3.9%, and 21% versus 13%, respectively). In
juvenile DM, the composition of identified immune cells from
highest to lowest percentage included CD14+ macrophages
(46.1%) followed by CD68+ macrophages (24%), CD8+ T cells
(13%), CD4+ T cells (11.7%), pDCs (3.9%), mDCs (0.9%), and
B cells (0.5%) (Figure 2A and Supplementary Table 2A). Of note,
B cells were scarce in all juvenile DM samples. In cSLE, the most
populous immune cells were also CD14+ macrophages (30%),

Figure 2. Overall immune cell composition in JDM compared to cSLE skin was predominantly innate immune cells. A and B, Bar graphs show-
ing percent composition of immune cell types by disease (A) and innate versus adaptive immune cell categorization, with CD14+ and CD68+mac-
rophages, pDCs, and mDCs categorized as innate, and CD4+ and CD8+ T cells and B cells as adaptive (B). * = P < 0.05 versus JDM. C, Innate
versus adaptive immune cell enrichment from skin microarrays of the same patients. Bars show the mean ± SD. D, Bar graph showing individual
patient sample immune cell composition. IMC = imaging mass cytometry (see Figure 1 for other definitions).
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followed by CD8+ T cells (21%), pDCs (13.5%), B cells (12.2%),
CD68+ macrophages (9.3%), CD4+ T cells (8.4%), and
mDCs (5.6%).

Higher innate immune signature, relative to adap-
tive immune signature, demonstrated by juvenile DM
skin lesions compared to cSLE skin lesions. Upon grouping

Figure 3. Cell–cell interactions in JDM and cSLE lesional skin using neighborhood analysis. A and B, Heatmaps highlighting differences in cell–
cell interactions in JDM (A) and cSLE (B) lesional skin using permutation tests for neighborhood analysis. Red represents a positive association
(P < 0.01), white represents an insignificant association, and blue represents a negative association (P < 0.01).C, Multiplexed images demonstrat-
ing staining for cellular markers in JDM and cSLE skin samples, represented by different colors in panels 1–5. Bars = 100 μm. D, Demonstration of
increased epithelial cell–immune cell interaction in cSLE compared to JDM lesional skin, and an overall more prominent endothelial cell–immune
cell interaction in JDM. Magnification is the same as in C. See Figure 1 for definitions.
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cells into an innate immune (macrophages and DCs) and adaptive
immune (T cells and B cells) categorization, juvenile DM demon-
strated a stronger innate immune signature compared to
cSLE (74.9% versus 58.4%) (Figure 2B and Supplementary
Table 2B, https://onlinelibrary.wiley.com/doi/10.1002/art.42283).
The increased innate immune signature in juvenile DM skin lesions
observed using IMC was also seen at the transcriptional level
using xCell cell types enrichment analysis (see Patients and
Methods) (11) (Figure 2C).

Clinical cohort characteristics and inflammatory
heterogeneity within individual skin lesions. A high
degree of variability existed in immune cell composition within
individual patient skin lesions (Figure 2D), and these cellular
data are accompanied by clinical and histopathologic data
in Supplementary Table 1 (https://onlinelibrary.wiley.com/doi/
10.1002/art.42283). While all juvenile DM skin lesions consistently
had macrophages composing ≥30% of inflammatory infiltrate, the
degree of T cell infiltrate varied (Figure 2D). The 2 juvenile DM
patients (referred to in Figure 2 as JDM1 and JDM5) with skin-
predominant disease at diagnosis had more T cell infiltrate,
although these patients were also treatment-naive. The 2 juvenile
DM patients (JDM2 and JDM9) with prolonged disease duration
at biopsy (5–6 versus 0 years for the rest of the juvenile DM
cohort) demonstrated predominant innate immune signatures,
although both were also receiving immunosuppressive therapy
with at least methotrexate (Figure 2D). In the cSLE patient with
isolated cutaneous lupus at biopsy and discoid lupus phenotype
(referred to in Figure 2 as SLE21A), B cells predominated in the
skin lesion (14) (Figure 2D and Supplementary Table 1).

Endothelial cell–immune cell interactions charac-
terize juvenile DM skin lesions. Using neighborhood analysis
to examine immune cell–immune cell interactions, juvenile DM
demonstrated fewer overall interactions between immune cells
(Figures 3A–C). In cSLE, pDCs and mDCs exhibited more interac-
tion with other immune cells compared to juvenile DM. In both
juvenile DM and cSLE, CD68+ macrophages had the least inter-
action with other cells. Both CD4+ and CD8+ T cells demon-
strated interaction with most immune cells in both juvenile DM
and cSLE (Figures 3A–C).

We then examined predicted cell–cell interactions with
2 important skin populations within both diseases: endothelial
and epithelial cells. Intriguingly, cSLE skin displayed a higher num-
ber of positive cell–cell interactions for our identified immune cell
populations with both epithelial and endothelial cells (Figures 3A
and B). In contrast, juvenile DM skin demonstrated a striking con-
trast between endothelial and epithelial cell–immune cell interac-
tions, with positive endothelial cell–immune cell interaction and
epithelial cell–immune cell avoidance (Figure 3A). Of note, in juve-
nile DM, CD14+ macrophages displayed the strongest interaction
with endothelial cells. This finding of endothelial cell–immune cell

interaction and epithelial cell–immune cell avoidance in juvenile
DM was confirmed by visualizing spatial distribution of labeled
cells, with a lack of noted proximity between immune and epithe-
lial cells near the dermoepidermal junction but the presence of
immune cells surrounding vasculature (Figure 3D). These data
suggest that pathologic immune education in skin may involve
not only immune cell–immune cell interactions, but that the
epidermis may play a stronger role in pathogenic responses in
cSLE compared to juvenile DM.

DISCUSSION

In this study, we provide the first characterization of immune
cell populations and cell–cell interactions within pediatric dermato-
myositis and lupus lesional skin using IMC. We identified a more
prominent innate immune signature in juvenile DM as compared
to cSLE skin. While CD14+ and CD68+ macrophages were the
most numerous immune cells composing juvenile DM skin lesions,
cSLE had a more even distribution of innate and adaptive immune
cells. Skin lesions in cSLE demonstrated denser inflammatory cell
infiltrate, notably with higher absolute numbers of CD14+ macro-
phages, pDCs, and CD8+ T cells and an overall higher number of
cell–cell interactions compared to juvenile DM. Unlike cSLE, juvenile
DM patients had few B cells in skin lesions. When considering
cell–cell interactions in juvenile DM, compared to cSLE, juvenile
DM patients displayed a prominent endothelial cell–immune cell
interaction and no significant epithelial cell–immune cell interactions
with identified cell populations.

The use of IMC in this study allowed us to define immune
cell populations in juvenile DM and cSLE with more granularity
than previously possible. Our finding that CD14+ macrophages
comprise the top immune cell population in juvenile DM skin is
consistent with IMC data recently reported by Patel et al on adult
DM lesional skin (5). In that study, CD14+ macrophages were
also found to positively associate with skin disease activity (5).
In contrast to that study, mDCs were not as prominent in
juvenile DM skin within our cohort. A direct comparison of
all cell populations identified between our cohort and the pub-
lished adult DM cohort is challenging, given the use of different
marker panels and the presence of unidentified clusters in both
studies. There is likely more macrophage diversity in both
juvenile DM and cSLE skin than we were able to identify using
our marker panel. While we identified 2 macrophage popula-
tions, 4 populations were identified in adult DM skin, including
CD14+, CD14+CD16+, phosphorylated stimulator of IFN
genes–positive (p-STING+), and MAC387+ macrophages.
The p-STING+ macrophage population in adult DM also dis-
played CD68 coexpression and may be included within our
identified CD68+ macrophage population.

The finding of a stronger innate immune signature versus
adaptive immune signature in juvenile DM compared to cSLE at
both transcriptional and protein levels suggests differences in
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pathophysiology. Consistent with this, our previously published
gene expression data identified a stronger type II IFN signature
in cSLE skin lesions compared to juvenile DM skin lesions (11),
supporting a larger role for adaptive immunity in cSLE.
While innate immunity likely plays an important role in both juve-
nile DM and cSLE pathogenesis, the influence of innate immune
mechanisms in regulation of cutaneous inflammation in juvenile
DM as compared to cSLE has not been well studied to date.
In juvenile DM, skin disease as compared to muscle disease
is often more resistant to treatment, and we may need to con-
sider different treatment targets, potentially targeting the
innate immune system, to improve skin disease and underlying
vasculopathy.

The CD4:CD8 T cell ratio in juvenile DM skin within our study
(0.9) was more equivalent than that identified in adult DM to date
(5). In contrast, we identified a much lower CD4:CD8 T cell
ratio in cSLE (0.4). The finding of an overall higher number of
CD4+ T cells coexpressing CD11c in juvenile DM skin (cluster
17; Figures 1B and C) suggests that these cells could potentially
represent invariant natural killer T (iNKT) cells or another activated
T cell population (13). Invariant NKT cells represent less studied
immune cells that bridge innate and adaptive immune response
and serve as regulators of the immune response through secretion
of cytokines, including IFNγ, and play a role in cytotoxicity (13).

Our data suggest a striking contrast of positive endothelial
cell–immune cell and avoidant epithelial cell–immune cell interac-
tions in juvenile DM skin, supporting the notion that an underlying
vasculopathic process occurs in skin, reflected clinically by pro-
nounced nailfold capillary abnormalities that we often see in
children. Previous reports that DM is characterized by marked
expression of MXA, an IFN-inducible gene, in endothelial cells,
whereas in SLE, MXA expression is often more prominent near
areas of interface dermatitis would also align with our data (15).
We do not fully understand the mechanisms connecting IFN to
disease pathogenesis. Through further study of the relation of
IFN to endothelial cell–immune cell interactions in juvenile DM,
we may uncover disease-specific mechanisms.

It is important to emphasize that our findings should be inter-
preted in the context of markers present on our IMC panel. Other
immune cells that potentially play important roles in juvenile DM
can be included in future IMC antibody panels to further charac-
terize immune cell subtypes and their variations in inflammatory
cytokine and chemokine expression. Our study was also limited
by small sample size and clinical heterogeneity within patient phe-
notypes and treatment status. Given retrospective data collec-
tion, we lacked the ability to collect detailed skin or systemic
disease activity measures or paired fresh tissue or blood.
Future analysis will include fresh tissue with paired blood to allow
for in-depth clinical/mechanistic characterization.

Overall, the results of this study pave the way to better
understand immunophenotypes in pediatric myositis and lupus
and lend insight into the use of molecular and single-cell

signatures to target treatment based on predominant cell types
in lesional tissue.
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Increasing Prevalence of Antinuclear Antibodies
in the United States

Gregg E. Dinse,1 Christine G. Parks,2 Clarice R. Weinberg,3 Caroll A. Co,1 Jesse Wilkerson,1 Darryl C. Zeldin,4

Edward K. L. Chan,5 and Frederick W. Miller6

Objective. Growing evidence suggests increasing frequencies of autoimmunity and autoimmune diseases, but
findings are limited by the lack of systematic data and evolving approaches and definitions. This study was undertaken
to investigate whether the prevalence of antinuclear antibodies (ANA), the most common biomarker of autoimmunity,
changed over a recent 25-year span in the US.

Methods. Serum ANA were measured by standard indirect immunofluorescence assays on HEp-2 cells in 13,519
participants age ≥12 years from the National Health and Nutrition Examination Survey, with approximately one-third
from each of 3 time periods: 1988–1991, 1999–2004, and 2011–2012. We used logistic regression adjusted for sex,
age, race/ethnicity, and survey design variables to estimate changes in ANA prevalence across the time periods.

Results. The prevalence of ANA was 11.0% (95% confidence interval [95% CI] 9.7–12.6%) in 1988–1991, 11.4%
(95%CI 10.2–12.8%) in 1999–2004, and 16.1% (95%CI 14.4–18.0%) in 2011–2012 (P for trend <0.0001), corresponding
to ~22.3 million, ~26.6 million, and ~41.5 million affected individuals, respectively. Among adolescents age 12–19 years,
ANA prevalence increased substantially, with odds ratios of 2.07 (95% CI 1.18–3.64) and 2.77 (95% CI 1.56–4.91) in the
second and third time periods relative to the first (P for trend = 0.0004). ANA prevalence increased in both sexes (espe-
cially in men), older adults (age ≥50 years), and non-Hispanic white individuals. These increases in ANA prevalence were
not explained by concurrent trends in weight (obesity/overweight), smoking exposure, or alcohol consumption.

Conclusion. The prevalence of ANA in the US has increased considerably in recent years. Additional studies to
determine factors underlying these increases in ANA prevalence could elucidate causes of autoimmunity and enable
the development of preventative measures.

INTRODUCTION

Autoimmune diseases are a diverse group of disorders charac-

terized by damaging immune responses to self antigens and, for the

most part, are of unknown etiology (1,2). They are thought to impact

3–5% of the population, with increasing rates observed several

decades ago (3). Recent studies suggest continued increases in

the rates of certain autoimmune diseases (4–6), but it is unclear

whether these trends are due to changes in recognition and diagno-

sis, or if they are true temporal changes in incidence (7).
As the most common biomarker of autoimmunity, antinu-

clear antibodies (ANA) are observed in many patients with various
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autoimmune diseases. ANA are also seen in the general popula-
tion, where they have been associated with demographic factors
such as older age, female sex and parity (8,9), genetic factors
(10), and various environmental exposures, including chemicals,
infections, and medications (11–13). To investigate whether the
prevalence of autoimmunity is increasing over time in the US pop-
ulation, we used data from the National Health and Nutrition
Examination Survey (NHANES) to estimate the prevalence of
ANA over a 25-year span from 1988 to 2012.

SUBJECTS AND METHODS

Study population. We measured ANA in 13,519 persons
age ≥12 years sampled from 3 NHANES time periods:
1988–1991 (4,727 persons), 1999–2004 (4,527 persons), and
2011–2012 (4,265 persons). The NHANES sampled nationally
representative members of the noninstitutionalized US population
and provided weights to adjust for nonresponse and the probabil-
ity of selection into each ANA subsample (14). All participants
completed questionnaires, and most provided blood specimens.
Available data included demographic characteristics, health
covariates, measured factors (e.g., height and weight), and con-
structed variables such as body mass index (BMI). The NHANES
protocol was approved by the Human Subjects Institutional
Review Board of the US Centers for Disease Control and Preven-
tion (CDC).

Ethics committee approval. Written informed consent
was obtained from all participants. This study was approved by
the US CDC research ethics board.

ANA assessment. Serum samples were shipped with dry
ice and stored at –80�C until evaluated by indirect immunofluo-
rescence at a 1:80 dilution using the NOVA Lite HEp-2 ANA slide
with DAPI kit (Inova Diagnostics), with a highly specific fluorescein
isothiocyanate–conjugated secondary antibody (goat anti-human
IgG). Images were captured using the NOVA View automated
fluorescence microscope system (Inova Diagnostics) and stored
digitally. Immunofluorescence staining intensities were graded
using a 0–4 scale compared to standard references (8). Partici-
pants who had grades of 1–4 were positive for ANA; those with
grades of 3 or 4 were further assessed by sequential ANA titers
up to 1:1,280 dilution. ANA patterns, including nuclear, cytoplas-
mic, or mitotic, were defined according to international consensus
(15). All serum samples were assayed using the same methods in
a single laboratory. Readings were made independently by at
least 2 experienced evaluators (who were blinded with regard to
sample characteristics and time period), who agreed on >95%
of the intensities and patterns; differences were resolved by con-
sensus or adjudicated by a third blinded rater (EKLC) who was
also blinded with regard to sample characteristics. Repeat testing
of random samples showed >98% concordance.

Participant characteristics. We considered sex, age,
and race/ethnicity as correlates of ANA and possible explanatory
variables or modifiers of ANA time trends. Age was categorized
by decade for covariate adjustment and categorized into 3 groups
for stratification: adolescents (age 12–19 years), younger adults
(age 20–49 years), or older adults (age ≥50 years). Race/ethnicity
was categorized as non-Hispanic White, non-Hispanic African
American, Mexican American, or other. Using previous covariate
definitions (8), we also examined BMI, smoking exposure, alcohol
consumption, poverty/income ratio, and education. The NHANES
includes limited data on autoimmune diseases, but self-reports of
physician-diagnosed thyroid disease were available for all partici-
pants age ≥20 years across the 3 time periods.

Statistical analysis. A dichotomous response variable
was created by treating an ANA grade of 0 as negative and
grades 1–4 as positive. We estimated time period–specific ANA
prevalence overall and in subgroups defined by participant char-
acteristics. Estimates and 95% confidence intervals (95% CIs)
were derived from weighted logistic regression models for ANA
positivity. The number of people age ≥12 years who were positive
for ANA in the US population was estimated by multiplying the US
Census Bureau’s estimate of the time period–specific size of the
NHANES target population by our time period–specific overall
estimate of ANA prevalence. For each time period, we evaluated
ANA associations with characteristic categories using prevalence
odds ratios (ORs) and 95% CIs from weighted logistic models
adjusted for sex, age, and race/ethnicity. The overall association
of each characteristic with ANA was assessed by an F-test from
a statistical contrast.

We investigated ANA time trends overall and in subgroups to
explore trend modifiers. We fitted 2 logistic models to data from all
3 time periods and both models were adjusted for sex, age, and
race/ethnicity. The first model included a categorical covariate
for time period, from which ORs and 95% CIs were calculated to
assess how ANA differed in the second and third time periods rel-
ative to the first. The second model included a quantitative covar-
iate for the time between period midpoints (0, 12, or 22 years) and
ANA time trends were assessed using a chi-square test. These
exploratory analyses did not formally test if ANA time trends dif-
fered across subgroups. Supplemental analyses examined time
trends in thyroid disease and the association between thyroid dis-
ease and ANA.

All analyses were performed using SAS version 9.4, and all
analyses accounted for the survey design variables (strata, clus-
ters, and sampling weights). The sampling weights allowed for
population-representative estimates, adjusted for nonresponse
and selection probabilities (14). We used the SURVEYLOGISTIC
procedure to perform the logistic analyses, with domain state-
ments to properly handle the sampling weights in subgroup anal-
yses. Variance estimates for the 95% CIs were obtained using the
Taylor series method. Reported P values were 2-sided and
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unadjusted for multiple comparisons, though multiplying the
P values by the number of comparisons would provide a conser-
vative Bonferroni-type correction.

RESULTS

Participant characteristics and ANA prevalence.
Sample characteristics for each time period separately and com-
bined are shown in Table 1. Certain characteristics changed over
time (e.g., smoking decreased, whereas obesity and alcohol con-
sumption increased). A total of 1,857 (13.7%) of the 13,519 par-
ticipants were positive for ANA.

Adjustment for the survey design variables, but not for covar-
iates, yielded population-representative ANA prevalence esti-
mates of 11.0% (95% CI 9.7–12.6%) in 1988–1991, 11.4%
(95% CI 10.2–12.8%) in 1999–2004, and 16.1% (95% CI 14.4–
18.0%) in 2011–2012 for persons age ≥12 years (Figure 1 and

Table 2). These estimates correspond to ~22.3 million (95% CI
19.5–25.5), ~26.6 million (95% CI 23.8–29.8), and ~41.5 million
(95% CI 37.2–46.4) ANA-positive persons, respectively. Time
period–specific estimates of ANA prevalence in various sub-
groups are also shown in Figure 1 and Table 2.

ANA correlates. Weighted but unadjusted analyses
supported several known associations, including higher ANA
prevalence in women and older adults (Table 2). Among non-
Hispanic participants, African American participants had a
higher ANA prevalence than White participants in 1988–
1991, but that difference was attenuated in 2011–2012 con-
sequent to the greater increase over the same time period
among White participants. Also, ANA prevalence was higher
in nonsmokers than active smokers, and higher in participants
who did not consume alcohol than in moderate/heavy alcohol
consumers.

Table 1. Unweighted ANA positivity counts, sample sizes, and percentages of participants with indicated characteristics in each time period*

Characteristic

Period 1 (1988–1991) Period 2 (1999–2004) Period 3 (2011–2012) All periods combined

No.
ANA

positive

No. of
participants
(% of total)

No.
ANA

positive

No. of
participants
(% of total)

No.
ANA

positive

No. of
participants
(% of total)

No.
ANA

positive

No. of
participants
(% of total)

Overall 643 4,727 (100) 545 4,527 (100) 669 4,265 (100) 1,857 13,519 (100)
Sex
Male 216 2,363 (50.0) 160 2,180 (48.2) 237 2,098 (49.2) 613 6,641 (49.1)
Female 427 2,364 (50.0) 385 2,347 (51.8) 432 2,167 (50.8) 1,244 6,878 (50.9)

Age, years
Adolescent (age 12–19) 45 676 (14.3) 102 1,098 (24.3) 87 767 (18.0) 234 2,541 (18.8)
Younger adult (age 20–49) 248 2,218 (46.9) 176 1,827 (40.4) 239 1,808 (42.4) 663 5,853 (43.3)
Older adult (age ≥50) 350 1,833 (38.8) 267 1,602 (35.4) 343 1,690 (39.6) 960 5,125 (37.9)

Race/ethnicity
Non-Hispanic White 252 2,060 (43.6) 240 2,060 (45.5) 256 1,566 (36.7) 748 5,686 (42.1)
Non-Hispanic African
American

176 1,164 (24.6) 131 926 (20.5) 181 1,033 (24.2) 488 3,123 (23.1)

Mexican American 196 1,354 (28.6) 137 1,158 (25.6) 61 504 (11.8) 394 3,016 (22.3)
Other 19 149 (3.2) 37 383 (8.5) 171 1,162 (27.3) 227 1,694 (12.5)

Body mass index†
Underweight/healthy
(<25 kg/m2)

293 2,191 (46.5) 224 1,778 (39.4) 217 1,555 (37.1) 734 5,524 (41.2)

Overweight
(25–<30 kg/m2)

197 1,483 (31.5) 151 1,405 (31.1) 204 1,214 (28.9) 552 4,102 (30.6)

Obese (≥30 kg/m2) 150 1,036 (22.0) 169 1,334 (29.5) 232 1,427 (34.0) 551 3,797 (28.3)
Smoking exposure‡
Nonsmoker (<0.05 ng/ml) 88 411 (9.1) 260 1,847 (41.1) 399 2,366 (55.5) 747 4,624 (34.8)
Secondhand
(0.05–15 ng/ml)

352 2,788 (61.6) 197 1,654 (36.8) 146 1,039 (24.4) 695 5,481 (41.3)

Active (>15 ng/ml) 164 1,326 (29.3) 86 998 (22.2) 124 859 (20.2) 374 3,183 (24.0)
Alcohol consumption§
None (<12 total) 349 2,009 (53.0) 156 1,011 (35.2) 161 814 (29.4) 666 3,834 (40.7)
Light (1–3 per week) 104 834 (22.0) 151 1,184 (41.2) 202 1,197 (43.3) 457 3,215 (34.1)
Moderate/heavy
(>3 per week)

93 948 (25.0) 46 676 (23.6) 101 754 (27.3) 240 2,378 (25.2)

* Some groups were oversampled in certain time periods (e.g., adolescents in 1999–2004 and Asian Americans [Other] in 2011–2012).
ANA = antinuclear antibody.
† The categories were determined by kg/m2 (as listed) for persons age ≥20 years and by US Centers for Disease Control and Prevention growth
chart percentiles (<85, 85 to <95, or ≥95) from 2000 for persons age 12–19 years.
‡ Determined using current measured cotinine levels.
§ Data (number of drinks consumed in the past year) were available for participants age ≥20 years.
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Figure 1. Estimated prevalence of antinuclear antibodies (ANA) by time period in the US population and selected subgroups. Circles represent
weighted estimates of ANA prevalence, and vertical colored lines show the 95% confidence intervals for period 1 (1988–1991) (blue), period
2 (1999–2004) (yellow), and period 3 (2011–2012) (red). The estimates for the 3 time periods are connected by black lines to visualize time trends.
For each time period, the prevalence estimate was derived from a logistic regression model for ANA positivity adjusted for the survey design vari-
ables (strata, clusters, and sampling weights) and a single categorical covariate for the characteristic defining the subgroup. Participants with miss-
ing subgroup data for body mass index, smoking exposure, or alcohol consumption were excluded from those analyses. P values for ANA time
trends are displayed below each subgroup and were derived from a logistic regression model that was also adjusted for sex, age, and race/ethni-
city.
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Covariate-adjusted models confirmed several ANA corre-
lates (Table 3). All 3 time periods showed an ANA association with
sex (P < 0.0001) and age (P ≤ 0.003), whereas evidence of an
ANA association with other characteristics was either lacking
or varied across time periods. The odds of having ANA were 2–3
times higher in women than men, with OR 2.53 (95%
CI 1.90–3.36) in 1988–1991, OR 2.97 (95% CI 2.28–3.87) in
1999–2004, and OR 1.92 (95% CI 1.57–2.36) in 2011–2012.
Similarly, the time period–specific ANA ORs for older adults rela-
tive to adolescents were OR 3.63 (95% CI 2.02–6.55), OR 1.75
(95% CI 1.19–2.56), and OR 1.76 (95% CI 1.20–2.56), for each
respective time period. Relative to non-Hispanic White partici-
pants, the odds of having ANA were higher for non-Hispanic
African American participants (OR 1.75 [CI 1.33–2.31]) and
Mexican American participants (OR 1.87 [95% CI 1.40–2.50])
in 1988–1991, but racial/ethnic differences diminished in
1999–2004 and 2011–2012. Compared with being under-
weight/healthy, the time period–specific ANA associations with
being overweight or obese transitioned from inverse to positive
across the 3 time periods, though most 95% CIs included the null

value of 1.0. The ANA associations for active smokers versus
nonsmokers were inverse in all 3 time periods, but most 95%
CIs included 1.0. Compared with no alcohol consumption, mod-
erate/heavy alcohol consumption was inversely associated with
ANA in 1988–1991 (OR 0.56 [95% CI 0.34–0.92]) and 1999–
2004 (OR 0.62 [95% CI 0.41–0.93]), but not in 2011–2012, as
support for an overall ANA association with alcohol consumption
decreased over time.

ANA time trends. There was strong evidence that ANA
prevalence increased over time, primarily from the second time
period to the third time period (Table 4). After adjustment for
covariates, estimated ORs for the second time period and third
time period relative to the first time period were 1.02 (95% CI
0.84–1.24) and 1.50 (95% CI 1.23–1.82), respectively, reflecting
an overall ANA time trend (P < 0.0001). In stratified analyses, the
ANA time trend was seen in both men (P = 0.0001) and women
(P = 0.008). Within age subgroups, the time trend was clearly
apparent in adolescents (P = 0.0004), with ORs that steadily
increased across all time periods (from an OR of 1.00 to 2.07 to

Table 2. Weighted ANA prevalence estimates for participants with the indicated characteristics in each time period*

Characteristic Period 1 (1988–1991) Period 2 (1999–2004) Period 3 (2011–2012)

Overall 11.0 (9.7–12.6) 11.4 (10.2–12.8) 16.1 (14.4–18.0)
Sex
Male 6.5 (5.2–8.0) 6.1 (5.0–7.5) 11.6 (9.8–13.7)
Female 15.3 (13.1–17.7) 16.4 (14.3–18.7) 20.3 (17.9–22.9)

Age, years
Adolescent (age 12–19) 5.0 (3.1–7.9) 9.7 (7.5–12.5) 12.4 (9.2–16.4)
Younger adult (age 20–49) 10.3 (8.6–12.3) 9.1 (7.5–10.9) 13.4 (11.2–15.9)
Older adult (age ≥50) 15.3 (13.1–17.8) 15.8 (12.8–19.3) 20.6 (17.8–23.6)

Race/ethnicity
Non-Hispanic White 10.2 (8.6–12.0) 11.2 (9.6–13.0) 16.9 (14.7–19.4)
Non-Hispanic African American 15.0 (13.4–16.7) 15.1 (12.6–18.0) 17.4 (13.8–21.6)
Mexican American 13.6 (11.5–16.0) 11.7 (9.6–14.1) 11.9 (9.8–14.4)
Other 12.0 (6.2–21.9) 9.3 (6.6–12.9) 14.0 (11.9–16.4)

Body mass index†
Underweight/healthy (<25 kg/m2) 11.4 (9.5–13.5) 12.1 (10.4–13.9) 14.1 (12.4–15.9)
Overweight (25–<30 kg/m2) 9.5 (7.3–12.4) 9.7 (7.9–12.0) 17.6 (14.9–20.7)
Obese (≥30 kg/m2) 12.5 (10.1–15.4) 12.3 (10.2–14.8) 16.6 (13.0–20.9)

Smoking exposure‡
Nonsmoker (<0.05 ng/ml) 18.7 (12.6–26.8) 13.4 (11.3–15.8) 17.4 (14.5–20.6)
Secondhand (0.05–15 ng/ml) 11.2 (9.5–13.2) 12.6 (10.3–15.2) 15.4 (13.1–18.1)
Active (>15 ng/ml) 8.5 (6.2–11.5) 7.4 (5.6–9.7) 13.3 (11.0–15.8)

Alcohol consumption§
None (<12 total) 15.3 (12.6–18.3) 15.1 (11.8–19.1) 21.5 (16.6–27.4)
Light (1–3 per week) 12.2 (9.8–15.1) 11.6 (9.8–13.8) 16.4 (14.0–19.2)
Moderate/heavy (>3 per week) 6.1 (4.3–8.6) 5.9 (4.2–8.3) 15.4 (12.1–19.3)

* Values are the weighted estimate of antinuclear antibody (ANA) prevalence (95% confidence interval [95% CI]) as a
percentage. The weighted estimate of ANA prevalence was derived from a logistic regression model adjusted for
the survey design variables (strata, clusters, and sampling weights) and a categorical covariate for the characteristic
of interest but not for other covariates. The estimated numbers of persons with ANA in the US (with 95% CI)
in millions are as follows: 22.3 (95% CI 19.5–25.5) for period 1, 26.6 (95% CI 23.8–29.8) for period 2, and
41.5 (95% CI 37.2–46.4) for period 3.
† The categories were determined by kg/m2 (as listed) for persons age ≥20 years and by US Centers for Disease
Control and Prevention growth chart percentiles (<85, 85 to <95, or ≥95) from 2000 for persons age 12–19 years.
‡ Determined using current measured cotinine levels.
§ Data (number of drinks consumed in the past year) were available for participants age ≥20 years.
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2.77). Although we observed no time trend in adults age
20–49 years, ANA prevalence increased over time in adults
age ≥50 years (P = 0.002). ANA time trends were also apparent
in other subgroups (Table 4), notably non-Hispanic White partici-
pants, overweight participants, those exposed to secondhand
smoke, and moderate/heavy drinkers. Further adjustment for
BMI, smoking exposure, or alcohol consumption (in addition to
sex, age, and race/ethnicity) had little impact on the ANA time
trends.

Supplemental analyses. We performed supplemental
analyses to assess possible ANA correlates and time trends
within additional subgroups, such as those based on finer age
groups (by decade), sex/age combinations, smoking history,
poverty/income ratio, and education (see Supplementary
Tables 1–4, available on the Arthritis & Rheumatology website

at http://onlinelibrary.wiley.com/doi/10.1002/art.42330). Though
there was little indication of an overall ANA association with smok-
ing history, poverty/income ratio, or education, we found strong
evidence of increasing ANA time trends in the higher income sub-
group (P = 0.0001) and higher education subgroup (P = 0.0008).

To further explore changes in ANA over time, we considered
trends in ANA staining intensities, titers, and patterns in ANA-
positive participants. None of these factors was informative,
though there was weak evidence suggesting that mitotic patterns
increased over time (Supplementary Table 5, http://onlinelibrary.
wiley.com/doi/10.1002/art.42330).

We also investigated changes over time in the prevalence of
thyroid disease and its association with ANA. The overall preva-
lence of self-reported, physician-diagnosed thyroid disease
increased across the 3 time periods (P for trend <0.0001), as well
as in various sex-by-age subgroups (Supplementary Table 6,

Table 3. Covariate-adjusted ANA prevalence OR estimates among participants with indicated characteristics in each time period*

Characteristic
Period 1 (1988–1991),

OR (95% CI)
Period 2 (1999–2004),

OR (95% CI)
Period 3 (2011–2012),

OR (95% CI)

Sex
Male 1.00 (reference) 1.00 (reference) 1.00 (reference)
Female 2.53 (1.90–3.36) 2.97 (2.28–3.87) 1.92 (1.57–2.36)
P† < 0.0001 < 0.0001 < 0.0001

Age, years
Adolescent (age 12–19) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Younger adult (age 20–49) 2.27 (1.43–3.62) 0.92 (0.62–1.37) 1.07 (0.77–1.49)
Older adult (age ≥50) 3.63 (2.02-6.55) 1.75 (1.19–2.56) 1.76 (1.20–2.56)
P† 0.0007 0.002 0.003

Race/ethnicity
Non-Hispanic White 1.00 (reference) 1.00 (reference) 1.00 (reference)
Non-Hispanic African American 1.75 (1.33–2.31) 1.52 (1.14–2.03) 1.08 (0.84–1.40)
Mexican American 1.87 (1.40–2.50) 1.31 (0.99–1.72) 0.80 (0.60–1.08)
Other 1.39 (0.62–3.13) 0.87 (0.57–1.33) 0.87 (0.67–1.11)
P† 0.0007 0.02 0.34

Body mass index‡
Underweight/healthy (<25 kg/m2) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Overweight (25–<30 kg/m2) 0.74 (0.54–1.02) 0.81 (0.60–1.10) 1.29 (1.03–1.61)
Obese (≥30 kg/m2) 0.90 (0.65–1.25) 0.99 (0.77–1.27) 1.15 (0.86–1.54)
P† 0.19 0.36 0.04

Smoking exposure§
Nonsmoker (<0.05 ng/ml) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Secondhand (0.05–15 ng/ml) 0.68 (0.44–1.05) 1.12 (0.85–1.48) 1.03 (0.80–1.33)
Active (>15 ng/ml) 0.56 (0.31–1.01) 0.69 (0.49–0.96) 0.82 (0.54–1.24)
P† 0.13 0.08 0.52

Alcohol consumption¶
None (<12 total) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Light (1–3 per week) 1.07 (0.70–1.63) 0.97 (0.67–1.41) 0.90 (0.64–1.27)
Moderate/heavy (>3 per week) 0.56 (0.34–0.92) 0.62 (0.41–0.93) 0.93 (0.62–1.38)
P† 0.03 0.05 0.82

* The antinuclear antibody (ANA) association with each characteristic category relative to the reference category was assessed by esti-
mating a period-specific odds ratio (OR) under a logistic regression model adjusted for the survey design variables (strata, clusters, and
sampling weights) and categorical covariates for sex, age, race/ethnicity, and the characteristic of interest. 95% CI = 95% confidence
interval.
† P values for assessing the ANA association with each characteristic overall were determined based on an F test from a statistical contrast.
‡ The categories were determined by kg/m2 (as listed) for persons age ≥20 years and by US Centers for Disease Control and Prevention
growth chart percentiles (<85, 85 to <95, or ≥95) from 2000 for persons age 12–19 years.
§ Determined using current measured cotinine levels.
¶ Data (number of drinks consumed in the past year) were available for participants age ≥20 years.
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http://onlinelibrary.wiley.com/doi/10.1002/art.42330). In each
time period, ANA rates were higher among those with thyroid dis-
ease (21–24%) compared to those without thyroid disease
(12–16%).

DISCUSSION

Most autoimmune diseases are persistent conditions, with
unknown etiologies and diverse pathologic manifestations. They
impact as many as 1 in 20 individuals in the adult US population,
with substantial personal and societal costs. Recent studies
suggest the incidence of some autoimmune diseases may be
increasing (4–6). However, true temporal trends are difficult to
determine due to the lack of national registries and changes in the
assessment and diagnosis of specific diseases (16). We hypothe-
sized that the prevalence of ANA, an objective and common bio-
marker of autoimmunity, may also have increased over time.

The NHANES databases and serum repositories provided a
unique opportunity to assess this hypothesis in nationally

representative samples of the US population age ≥12 years
across 3 time periods (1988–1991, 1999–2004, and 2011–
2012). As expected, a considerable proportion of the population
had ANA. Our novel and robust findings suggest that ANA preva-
lence increased substantially in the US over the 25-year timeframe
examined, increasing from 11.0% in 1988–1991 to 11.4% in
1999–2004 to 16.1% in 2011–2012 for persons age ≥12 years,
which corresponds to ~22.3 million, ~26.6 million, and ~41.5
million affected persons, respectively. We adjusted for sex, age,
and race/ethnicity, and found positive ANA time trends overall
and in certain subgroups. Further adjustment for key health
characteristics, some of which have shifted in recent years
(e.g., obesity, smoking exposure, and alcohol consumption),
had little impact.

Increasing evidence suggests that autoantibodies precede
the onset of symptomatic autoimmune disease by several years
(17,18); thus, ANA may be intermediate markers on the pathway
toward disease or may signal increased susceptibility to autoim-
mune diseases through related causal pathways. ANA have also

Table 4. Covariate-adjusted assessments of ANA time trends for participants in the indicated characteristic-based subgroups*

Characteristic
ANA+/total no.
of participants

Period (1988–1991),
OR (95% CI)

Period 2 (1999–2004),
OR (95% CI)

Period 3 (2011–2012),
OR (95% CI)

P for
trend

Overall 1,857/13,519 1.00 (reference) 1.02 (0.84–1.24) 1.50 (1.23–1.82) <0.0001
Sex
Male 613/6,641 1.00 (reference) 0.90 (0.67–1.22) 1.76 (1.32–2.35) 0.0001
Female 1,244/6,878 1.00 (reference) 1.07 (0.84–1.36) 1.37 (1.09–1.73) 0.008

Age, years
Adolescent (age 12–19) 234/2,541 1.00 (reference) 2.07 (1.18–3.64) 2.77 (1.56–4.91) 0.0004
Younger adult (age 20–49) 663/5,853 1.00 (reference) 0.84 (0.63–1.13) 1.30 (0.99–1.73) 0.08
Older adult (age ≥50) 960/5,125 1.00 (reference) 1.07 (0.79–1.45) 1.52 (1.17–1.98) 0.002

Race/ethnicity
Non-Hispanic White 748/5,686 1.00 (reference) 1.08 (0.84–1.38) 1.71 (1.34–2.18) <0.0001
Non-Hispanic African American 488/3,123 1.00 (reference) 0.97 (0.75–1.24) 1.08 (0.81–1.45) 0.60
Mexican American 394/3,016 1.00 (reference) 0.81 (0.61–1.07) 0.82 (0.61–1.11) 0.25
Other 227/1,694 1.00 (reference) 0.73 (0.34–1.59) 1.15 (0.57–2.33) 0.45

Body mass index†
Underweight/healthy (<25
kg/m2)

734/5,524 1.00 (reference) 1.04 (0.81–1.34) 1.24 (0.98–1.59) 0.09

Overweight (25–<30 kg/m2) 552/4,102 1.00 (reference) 1.01 (0.71–1.45) 1.98 (1.39–2.83) 0.0001
Obese (≥30 kg/m2) 551/3,797 1.00 (reference) 1.04 (0.75–1.44) 1.44 (0.97–2.12) 0.06

Smoking exposure‡
Nonsmoker (<0.05 ng/ml) 747/4,624 1.00 (reference) 0.73 (0.45–1.18) 1.03 (0.63–1.69) 0.18
Secondhand (0.05–15 ng/ml) 695/5,481 1.00 (reference) 1.24 (0.93–1.65) 1.69 (1.30–2.20) 0.0004
Active (>15 ng/ml) 374/3,183 1.00 (reference) 0.81 (0.53–1.24) 1.43 (1.00–2.06) 0.08

Alcohol consumption§
None (<12 total) 666/3,834 1.00 (reference) 0.96 (0.67–1.37) 1.39 (0.95–2.02) 0.15
Light (1–3 per week) 457/3,215 1.00 (reference) 0.85 (0.61–1.18) 1.29 (0.94–1.77) 0.07
Moderate/heavy (>3 per week) 240/2,378 1.00 (reference) 0.98 (0.58–1.63) 2.46 (1.58–3.84) <0.0001

* The antinuclear antibody (ANA) time trend assessments were based on 2 logistic regression models adjusted for the survey design variables
(strata, clusters, and sampling weights) and categorical covariates for sex, age, and race/ethnicity. In onemodel, a categorical covariate for time
period was added and the ANA prevalence odds ratio (OR) for each time period was estimated, relative to the first. In the other model, a quan-
titative covariate for the number of years between period midpoints, relative to the first, was added and a P value was determined by a
chi-square test to assess an ANA time trend. 95% CI = 95% confidence interval.
† The categories were determined by kg/m2 (as listed) for persons age ≥20 years and by US Centers for Disease Control and Prevention growth
chart percentiles (<85, 85 to <95, or ≥95) from 2000 for persons age 12–19 years.
‡ Determined using current measured cotinine levels.
§ Data (number of drinks consumed in the past year) were available for participants age ≥20 years.
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been associated with other factors, including chemical expo-
sures, infections, medications, and parity (9,11–13), some of
which are likely changing in frequency in the US population. Like
ANA, autoimmune thyroid disease is more common in women
and the likelihood of development increases with age (19). Addi-
tionally, an elevated prevalence of ANA has been seen in
patients with thyroid disease (20). In exploratory analyses of the
same samples of NHANES data, we observed both an increas-
ing prevalence of self-reported thyroid disease and an associa-
tion between thyroid disease and ANA. Because trends in ANA
could be markers of increasing susceptibility to developing auto-
immune diseases, the concurrent time trends in thyroid disease
and ANA exemplify the potential clinical relevance of our broader
findings.

Our previous research identified several ANA correlates
(8). The present study confirmed that ANA prevalence
increased with age and was relatively high in women and
non-Hispanic African American participants. The numbers of
individuals who are obese or overweight have increased dra-
matically in the US population, and though statistical support
was weak, our results suggest a possibly shifting association
between ANA prevalence and individuals who are overweight,
from inverse associations in the first 2 time periods to a positive
association in the third time period (when ANA prevalence also
increased the most). Although higher BMI has been associated
with risk of systemic autoimmune diseases, such as systemic
lupus erythematosus (SLE) and rheumatoid arthritis (21,22),
further study is needed to understand the relationship between
ANA and BMI. While smoking is a risk factor for some autoim-
mune diseases, smoking appears to be protective for others
(23). Active smoking was weakly associated with lower levels
of ANA. Rates of smoking have decreased in the population,
but inclusion of smoking in our models had little impact on the
observed ANA time trends. The data also suggested a possible
inverse association between ANA and alcohol consumption in
the first 2 time periods. These findings are in part consistent
with increasing evidence, including that from 2 recent prospec-
tive cohorts, of a possible protective role of moderate alcohol
consumption on the risk of developing SLE (24,25). Thus, fur-
ther investigation is needed to understand and expand on
these concerns.

Our study had several strengths. The ANA subsamples were
large, spanned 25 years, and were representative of the US pop-
ulation (age ≥12 years). Also, all ANA assays were performed in
the same laboratory and used the same methods. In addition,
our analyses accounted for sociodemographic factors and vari-
ous health behaviors as potential trend modifiers.

However, our findings should be interpreted in the context of
certain limitations: 1) associations were based on cross-sectional
data rather than repeated measures; 2) some variables were self-
reported, including the limited questionnaire data on autoimmune
diseases; 3) ANA were not assessed in children age <12 years;

and 4) the NHANES excludes institutionalized participants, such
as the elderly in residential care. Although some of the serum
samples were 3 decades old, there were no gross differences in
appearance or behavior of the samples to suggest degradation,
and antibodies are known to be stable over time in frozen storage
(26). Moreover, the observed time trends were not apparent in all
subgroups, as might be expected if the age of the specimens
influenced the measured levels of ANA.

Pisetsky and colleagues (27) reconfirmed that different ANA
assay kits can give different results. They were interested in
assessing variation in ANA assays and thus used 3 ANA kits, an
ANA enzyme–linked immunosorbent assay, and a bead-based
multiplex assay, whereas we purposely used a single assay (per-
formed in 1 laboratory) to provide as much consistency as possi-
ble in our evaluation of ANA changes over time. We used the
NOVA View system due to familiarity, previous positive experi-
ences, and the need to improve efficiency for the large number
of samples in our study by using a semiautomated system. Thus,
we were restricted to the ANA assay that accompanied the sys-
tem and we knew that this assay could detect some autoanti-
bodies that others could not (e.g., autoantibodies to cytoplasmic
rods and rings). Using another assay could have led to systemat-
ically higher or lower ANA prevalence estimates, but we focused
on trends across the time periods. Even if time period–specific
estimates shifted upward or downward with one assay versus
another, presumably the same trends would be seen across time
periods.

The reported P values were not adjusted for multiple com-
parisons, and some apparent trends and associations could be
due to chance. Nevertheless, our main finding that ANA preva-
lence increased over time is consistent, with P ≤ 0.0001 for the
trend overall and in many subgroups, so these P values would
remain noteworthy even after making conservative Bonferroni
adjustments that multiply by the number of comparisons.

The standard HEp-2 assay for ANA detects a heterogeneous
group of autoantibodies and is a commonly used diagnostic tool
in a clinical context (15). However, relatively little is known about
the natural history of ANA in the absence of an autoimmune dis-
ease. Given that memory B cells typically persist once tolerance
to self antigens is broken, currently detected ANA may reflect
both past and recent exposures. Our cross-sectional data did
not allow us to determine the timing of ANA development relative
to aging and other factors, such as smoking; however, observed
differences across demographic subgroups or covariates sug-
gest research opportunities to better understand the determi-
nants of autoimmunity and autoimmune diseases. The ANA
staining pattern is an important consideration for understanding
the relevance of ANA in symptomatic and healthy populations. A
dense fine speckled pattern of staining has been associated with
anti–dense fine speckled 70 autoantibodies and may be more
common in healthy individuals than in those with autoimmune dis-
eases (28,29). However, neither a dense fine speckled pattern of
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staining nor other ANA patterns appeared to explain the increas-
ing ANA time trends observed in our study. The autoantigens rec-
ognized by the mitotic staining pattern, which showed weak
evidence of increasing over time, are poorly understood and have
uncertain clinical implications (15,30).

Although ANA prevalence increased across the 3 periods in
many subgroups, the rate and timing of this increase were not
always the same, especially with respect to age. Reasons for the
generation of ANA at different times across the lifespan may vary.
For example, the incidence of ANA in older adults may be related
to immunosenescence (31) or to exposures that increase with
age, such as medications. Notably, while ANA prevalence was
highest in adults age ≥70 years, it varied little over time in this
age group (20.9–24.5%) (Supplementary Table 2, http://
onlinelibrary.wiley.com/doi/10.1002/art.42330). In contrast, ANA
prevalence in adolescents age 12–19 years increased dramati-
cally from 5.0% to 9.7% to 12.4% across the 3 time periods.
While investigations of ANA in healthy children are limited
(32,33), potential explanations for an increase in ANA prevalence
include changes in perinatal or early-life exposures, such as child-
hood infections or other types of exposures during developmen-
tally sensitive periods, possibly leading to dysregulated
immunity. The rising ANA time trend observed in this age group
may be particularly concerning if ANA are harbingers of increased
susceptibility to future autoimmune diseases.

In conclusion, the overall prevalence of ANA in the US
increased from 1988 to 2012, with a greater increase in recent
years. Both sex and age were consistently strong ANA correlates,
while ANA associations with race/ethnicity, BMI, smoking expo-
sure, and alcohol consumption varied over time. The positive ANA
time trends were most pronounced in adolescents, men, and
non-Hispanic White participants. Additional studies to complement
our exploratory investigation, particularly of the aforementioned
sociodemographic groups, should be the focus of future research
to determine the driving forces underlying these ANA increases
and to inform the development of possible preventative measures.

ACKNOWLEDGMENTS

We thank Drs. Charles Dillon, Helen Meier, and Paivi Salo for their
helpful comments, Justin Nicholas and Rodrigo Mora for technical labo-
ratory assistance, and Dr. Geraldine McQuillan for administrative and
regulatory assistance. We also thank Wayne Pereanu for technical edit-
ing and the members of the NHANES Autoimmunity Study Group
(including Drs. Linda Birnbaum, Richard Cohn, Dori Germolec, Minoru
Satoh, Nigel Walker, and Irene Whitt) for initiating the studies that moti-
vated much of this research. We thank Dr. Michael Mahler (Inova Diag-
nostics) for providing the use of the NOVA View automated
fluorescence microscope system for data collection.

AUTHOR CONTRIBUTIONS
All authors were involved in drafting the paper or revising it critically

for important intellectual content, and all authors approved the final ver-
sion. Dr. Miller 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. Dinse, Parks, Weinberg, Zeldin, Chan,
Miller.
Acquisition of data. Dinse, Co, Wilkerson, Chan.
Analysis and interpretation of data. Dinse, Parks, Weinberg, Co,
Wilkerson, Zeldin, Chan, Miller.

REFERENCES

1. Davidson A, Diamond B. Autoimmune diseases. N Engl J Med 2001;
345:340–50.

2. Wang L, Wang FS, Gershwin ME. Human autoimmune diseases: a
comprehensive update. J Intern Med 2015;278:369–95.

3. Bach JF. The effect of infections on susceptibility to autoimmune and
allergic diseases. N Engl J Med 2002;347:911–20.

4. Lerner A, Matthias T. The world incidence and prevalence of autoim-
mune diseases is increasing. Int J of Celiac Dis 2015;3:151–5.

5. Fatoye F, Gebrye T, Svenson LW. Real-world incidence and preva-
lence of systemic lupus erythematosus in Alberta, Canada. Rheumatol
Int 2018;38:1721–6.

6. Mayer-Davis EJ, Lawrence JM, Dabelea D, et al. Incidence trends of
type 1 and type 2 diabetes among youths, 2002-2012. N Engl J
Med 2017;376:1419–29.

7. Schmidt CW. Questions persist: environmental factors in autoimmune
disease. Environ Health Perspect 2011;119:A249–53.

8. Satoh M, Chan EK, Ho LA, et al. Prevalence and sociodemographic
correlates of antinuclear antibodies in the United States. Arthritis
Rheum 2012;64:2319–27.

9. Parks CG, Miller FW, Satoh M, et al. Reproductive and hormonal risk
factors for antinuclear antibodies (ANA) in a representative sample of
U.S. women. Cancer Epidemiol Biomarkers Prev 2014;23:2492–502.

10. Liao KP, Kurreeman F, Li G, et al. Associations of autoantibodies,
autoimmune risk alleles, and clinical diagnoses from the electronic
medical records in rheumatoid arthritis cases and non–rheumatoid
arthritis controls. Arthritis Rheum 2013;65:571–81.

11. Chang C, Gershwin ME. Drugs and autoimmunity—a contemporary
review and mechanistic approach. J Autoimmun 2010;34:J266–75.

12. Miller FW, Alfredsson L, Costenbader KH, et al. Epidemiology of envi-
ronmental exposures and human autoimmune diseases: findings
from a National Institute of Environmental Health Sciences expert
panel workshop. J Autoimmun 2012;39:259–71.

13. Dinse GE, Jusko TA, Whitt IZ, et al. Associations between selected
xenobiotics and antinuclear antibodies in the National Health and
Nutrition Examination Survey, 1999-2004. Environ Health Perspect
2016;124:426–36.

14. Johnson CL, Paulose-Ram R, Ogden CL, et al. National health and
nutrition examination survey: analytic guidelines, 1999-2010. Vital
Health Stat2 2013:1–24.

15. Damoiseaux J, Andrade LE, Carballo OG, et al. Clinical relevance of
HEp-2 indirect immunofluorescent patterns: the International Consen-
sus on ANA patterns (ICAP) perspective. Ann Rheum Dis 2019;78:
879–89.

16. Ungprasert P, Sagar V, Crowson CS, et al. Incidence of systemic
lupus erythematosus in a population-based cohort using revised
1997 American College of Rheumatology and the 2012 Systemic
Lupus International Collaborating Clinics classification criteria. Lupus
2017;26:240–7.

17. Arbuckle MR, McClain MT, Rubertone MV, et al. Development of
autoantibodies before the clinical onset of systemic lupus erythemato-
sus. N Engl J Med 2003;349:1526–33.

DINSE ET AL2040

https://doi.org/10.1002/art.42330
https://doi.org/10.1002/art.42330


18. Lingampalli N, Sokolove J, Lahey LJ, et al. Combination of anti-
citrullinated protein antibodies and rheumatoid factor is associated
with increased systemic inflammatory mediators and more rapid pro-
gression from preclinical to clinical rheumatoid arthritis. Clin Immunol
2018;195:119–26.

19. Stathatos N, Daniels GH. Autoimmune thyroid disease. Curr Opin
Rheumatol 2012;24:70–5.

20. Tektonidou MG, Anapliotou M, Vlachoyiannopoulos P, et al. Presence
of systemic autoimmune disorders in patients with autoimmune thy-
roid diseases. Ann Rheum Dis 2004;63:1159–61.

21. Tedeschi SK, Barbhaiya M, Malspeis S, et al. Obesity and the risk of
systemic lupus erythematosus among women in the Nurses’ Health
Studies. Semin Arthritis Rheum 2017;47:376–83.

22. Tedeschi SK, Cui J, Arkema EV, et al. Elevated BMI and antibodies to
citrullinated proteins interact to increase rheumatoid arthritis risk and
shorten time to diagnosis: a nested case-control study of women in
the Nurses’ Health Studies. Semin Arthritis Rheum 2017;46:692–8.

23. Perricone C, Versini M, Ben-Ami D, et al. Smoke and autoimmunity:
the fire behind the disease [review]. Autoimmun Rev 2016;15:354–74.

24. Cozier YC, Barbhaiya M, Castro-Webb N, et al. Relationship of ciga-
rette smoking and alcohol consumption to incidence of systemic
lupus erythematosus in a prospective cohort study of Black women.
Arthritis Care Res (Hoboken) 2019;71:671–7.

25. Barbhaiya M, Lu B, Sparks JA, et al. Influence of alcohol consumption
on the risk of systemic lupus erythematosus among women in the
Nurses’ Health Study cohorts. Arthritis Care Res (Hoboken) 2017;
69:384–92.

26. Argentieri MC, Pilla D, Vanzati A, et al. Antibodies are forever: a study
using 12-26-year-old expired antibodies. Histopathology 2013;63:
869–76.

27. Pisetsky DS, Spencer DM, Lipsky PE, et al. Assay variation in the
detection of antinuclear antibodies in the sera of patients with estab-
lished SLE. Ann Rheum Dis 2018;77:911–3.

28. Mariz HA, Sato EI, Barbosa SH, et al. Pattern on the antinuclear
antibody–HEp-2 test is a critical parameter for discriminating antinu-
clear antibody–positive healthy individuals and patients with autoim-
mune rheumatic diseases. Arthritis Rheum 2011;63:191–200.

29. Mahler M, Andrade LE, Casiano CA, et al. Implications for redefining
the dense fine speckled and related indirect immunofluorescence pat-
terns [review]. Expert Rev Clin Immunol 2019;15:447–8.

30. Chan EK, Damoiseaux J, Carballo OG, et al. Report of the First Inter-
national Consensus on standardized nomenclature of antinuclear
antibody HEp-2 cell patterns 2014-2015. Front Immunol 2015;
6:412.

31. Weyand CM, Goronzy JJ. Aging of the immune system. Mechanisms
and therapeutic targets. Ann Am Thorac Soc 2016;13 Suppl:S422–8.

32. Sperotto F, Cuffaro G, Brachi S, et al. Prevalence of antinuclear anti-
bodies in schoolchildren during puberty and possible relationship with
musculoskeletal pain: a longitudinal study. J Rheumatol 2014;41:
1405–8.

33. Hilario MO, Len CA, Roja SC, et al. Frequency of antinuclear antibod-
ies in healthy children and adolescents. Clin Pediatr (Phila) 2004;43:
637–42.

INCREASING ANA IN THE US 2041



L E T T E R S

DOI 10.1002/art.42303

Systemic glucocorticoids confound SARS–CoV-2
acquisition or even clinical outcomes in patients with
autoimmune disease treated with biologics: comment
on the article by Simon et al

To the Editor:
We read with great interest the brief report by Dr. Simon

et al (1) in which they assessed the immune responses to

SARS–CoV-2 infection or vaccination against SARS–CoV-2 in

14 patients with autoimmune disease (AID) and B cell depletion.

Serum samples from AID patients treated with rituximab who

had SARS–CoV-2 infection and those who were vaccinated

against SARS–CoV-2 had lower levels of IgG antibodies against

the S1 domain of the spike protein (mean ± SD at optical density

of 450 nm, 2.9 ± 2.2 and 0.2 ± 0.3, respectively) than healthy

controls (mean ± SD 5.4 ± 2.5). These findings suggest that

B cell depletion may be associated with an increased risk of

COVID-19 acquisition or even adverse outcomes in AID patients.
We note that, although Simon et al stated that a large limita-

tion was the small number of patients with B cell depletion who

were exposed to SARS–CoV-2 infection or vaccination, there

was no information in the article on whether biologic medications

with or without concomitant glucocorticoids were given, with glu-

cocorticoids deemed as a confounding factor. Glucocorticoids

lead to broad immunosuppressive effects and are recommended

by current guidelines as part of the standard care for AID (2). In a

national cohort from The Netherlands (3), glucocorticoids were

used alone or combined with biologics in 6% and 45% of AID

patients, respectively.
Studies conducted during the COVID-19 pandemic showed

that systemic glucocorticoids increased the risk of SARS–CoV-2

acquisition or even resulted in adverse outcomes. In a retrospec-

tive cohort study of 213 AID patients from Detroit, glucocorticoids

were associated with a 5.48-fold increased rate of hospital admis-

sion among those who tested positive for SARS–CoV-2 (odds

ratio [OR] 5.48, 95% confidence interval [95% CI] 1.28–26.1) (4).

In a meta-analysis of COVID-19 susceptibility in AID patients,

Fagni et al (5) stated that use of 2.5 mg or more of prednisone

daily was associated with a significantly higher probability of

SARS–CoV-2 acquisition (OR 2.89, 95% CI 1.26–6.62) and use

of 10 mg or more of prednisone daily was associated with a dou-

bled risk of hospitalization (OR 2.05, 95% CI 1.06–3.96). How-

ever, although the relative risk associated with glucocorticoids

has been generally shown as linear to daily dosage and treatment

duration (6), information on the effects of glucocorticoids plus

biologics on SARS–CoV-2 acquisition in AID patients remains

scarce.
We suggest that the available data do not show that

glucocorticoids on their own increase the risk of SARS–CoV-2

acquisition or even the risk of adverse outcomes. First, AID

patients often receive courses of systemic glucocorticoids to

reduce disease activity during the initial episode and the subse-

quent flares, and thus a broad overlap is found between glucocor-

ticoid usage and disease activity (7). Thus far, studies have not yet

shown which of these 2 variables is the major contributor to risk.
Second, patients with connective tissue diseases (CTDs)

have a higher risk of SARS–CoV-2 acquisition than patients with-

out CTDs. In a meta-analysis that comprised 319,025 patients

from 62 studies, CTD patients had the highest prevalence of

COVID-19 (3.4%) compared with other AIDs, which is likely due

to the higher proportion of patients with CTDs versus other AIDs

who use glucocorticoids (60.3%) (8).
Third, an increased risk of SARS–CoV-2 acquisition

associated with glucocorticoid usage comes as a consequence

of pandemic outcomes in low-resource settings (9,10). AID

patients in low-resource settings may potentially be exposed to

factors that result in adverse outcomes compared with their

counterparts in high-income countries.
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Reply

To the Editor:
We thank Dr. Niu and colleagues for their remark that

prolonged glucocorticoid treatment increases the susceptibility
to COVID-19 acquisition and decreases the response to vaccina-
tion (1). In relation to our study, the authors asked about the
potential effects of concomitant glucocorticoid therapy on blunted
vaccination responses in rituximab-treated patients with AID. It
has been known since the 1970s that glucocorticoids reduce
T cell (2,3) and B cell (4,5) activation and thereby inhibit mounting
of adaptive immune responses against infections.

When interrogating whether background glucocorticoid
treatment could have added to the reduced immune responses
to vaccination or infection with SARS–CoV-2, we found no major
exposure to glucocorticoid treatment in this cohort. Only
3 patients (1 vaccinated and 2 infected with SARS–CoV-2) were
receiving glucocorticoids. Furthermore, doses of glucocorticoids
were low (mean ± SD 4.6 ± 3.8 mg prednisolone/day). Hence, it
is unlikely that the background glucocorticoids were responsible
for the impaired immune response in the vaccinated patients or
the patients with SARS–CoV-2 infection.

Another potential source of glucocorticoids in this context is
their administration in combination with rituximab infusion, in
which patients receive a single shot of 25 mg of prednisolone
together with rituximab infusion. Previous data from patients with
shock (6) and those experiencing asthma episodes (7,8), in whom
systemic bolus glucocorticoids are also frequently used for short-
term treatment, have not shown that such treatment affected the
responses to tetanus (6) or influenza vaccines (7,8). Short-term
glucocorticoid treatment also did not seem to affect the immune

response to the SARS–CoV-2 vaccine (9). Therefore, we cannot
assume that the single dose of glucocorticoids significantly
contributed to the observed blunted humoral immune responses
to SARS–CoV-2 in rituximab-treated patients.

The observation that T cell responses are maintained,
while B cell responses are severely suppressed, in rituximab-
treated patients with AIDs supports a specific effect of B cell–
depleting agents rather than of glucocorticoids that would also
impair T cell activation. These findings and the comments
raised by Niu and colleagues, however, also suggest that con-
tinuous higher doses of glucocorticoids may be problematic in
B cell–depleted patients, as immune responses to infection
and vaccinations largely depend on intact T cell responses if
B cells are absent.
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Optimal bridging strategy in active early rheumatoid
arthritis: a bridge falling short? Comment on the article
by Krause et al

To the Editor:
We read with great interest the article by Dr. Krause et al,

who reported results from the Corticoid Bridging in Rheumatoid
Arthritis (CORRA) trial. The authors compared a high-dose gluco-
corticoid (GC) bridging strategy, a low-dose GC bridging strategy,
and placebo during a 12-week intervention period in a cohort of
patients with early rheumatoid arthritis (RA) and concluded that
the short-term GC bridging strategy with prednisolone had no
benefit in slowing the radiologic progression of RA (1). However,
certain points need clarification.

First, we would like to comment on the period of GC bridging
therapy used in their study. Patients in the Combinatietherapie Bij
Reumatoide Artritis (COBRA) trial, an early study, who were given
GC bridging (60 mg/day, tapered to 7.5 mg/day) for 28 weeks
experienced a slowed rate of radiographic RA progression, which
persisted in the subsequent 4–5 years of follow-up (2). The sub-
sequent COBRA Light (30 mg/day, tapered to 7.5 mg/day) and
COBRA Slim (30 mg/day, tapered to 5 mg/day) trials also showed
a similar beneficial effect of GC bridging with a much lower
cumulative dose of GCs (3,4). In the Computer-Assisted Manage-
ment in Early Rheumatoid Arthritis II trial, patients who used
10 mg of prednisolone with methotrexate for 2 years experienced
improved radiologic outcomes, which remained significantly
improved, even at 4 years, without any long-term safety concerns
(5,6). Thus, we suggest that the lack of benefits in radiologic out-
come in the CORRA trial may have been because of the short
duration of bridging GC therapy and that a longer period of bridg-
ing GC therapy may have resulted in a beneficial effect.

Second, in a similar study conducted in early RA patients
with a treat-to-target strategy, Bakker et al reported that GC
bridging with low-dose prednisolone significantly improved the
radiologic outcomes (5). However, of note, most patients included
in the study from Bakker et al had almost no radiographic
erosion at baseline (at baseline, the median erosion score was
0 [range 0–1], and erosive damage was present in 17% of
patients who were given prednisolone and methotrexate).
On the other hand, Krause et al reported a mean erosion score
of 2.1 in all of the study groups. In early RA, baseline erosion has
been shown to be a predictor of further progression of erosion
(7). Thus, the higher erosion score at baseline in the CORRA study
may be a reason behind the lack of significant improvements in
radiologic outcomes with GC bridging. It would be interesting to
know whether GC bridging would affect radiologic outcomes in
the subgroup of patients with no or minimal erosion at baseline.

Finally, the authors concluded that, although there were dif-
ferences in disease activity and patient-reported outcomes at

12 weeks, these differences were not sustained at week 24 and
week 52. However, of note, all patients received treatment per
the physician’s discretion during the 40-week observation period,
which included use of GCs in the placebo group during that
period. This was reflected by the lack of any significant differences
in the cumulative GC dose between the placebo group and both
of the prednisolone groups during the 40-week observation
period. This liberal use of GCs may have contributed to the lack
of difference in disease activity outcomes and patient-reported
outcomes between the placebo and prednisolone groups at
24 and 52 weeks.
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Reply

To the Editor:
We thank Dr. Samanta and colleagues for their comments on

our article. We surmised that Samanta et al wanted to defend the
role of GCs in the treatment of RA, including its potential in
disease-modifying effects. There is indeed no reasonable doubt
that the landmark articles that they cited demonstrate the benefits
of prolonged GC use on structural joint damage in patients with
RA. However, in contrast to our trial, patients in those studies
received cumulative GC doses of more than 2,000 mg of prednis-
olone/prednisone and up to 3,650 mg per year.

The use of high GC doses has been shown to possibly harm
patients, particularly regarding cardiovascular disease and osteo-
porosis. For example, the recent growing concern regarding the
use of GCs in RA led the European Alliance of Associations
for Rheumatology to recommend that treatment with GCs be
discontinued within ~3 months (1). Similarly, the 2021 American
College of Rheumatology guideline for the treatment of
RA included a conditional recommendation for the use of con-
ventional synthetic disease-modifying antirheumatic drugs
(csDMARDs) without short-term (<3 months) GCs in csDMARD-
naive patients who have moderate to high disease activity and a
strong recommendation against longer-term GC use in this situa-
tion (2). Indeed, a recent study of patients included in the
CorEvitas registry showed that cumulative GC doses >1,100 mg
over the previous 6 months increased the adjusted hazard ratio
for cardiovascular events to 2.05 (3).

Much of the focus of our study was on the short-term use of
GCs. In this setting, our study showed no effect of GCs on struc-
tural joint damage in patients with early RA and only limited advan-
tages of the higher GC dose on disease activity, pain, and
functional capacity compared with lower GC dose. Nevertheless,
we agree with our colleagues from India that a longer period of GC
use may have led to different results. However, and this answer
also relates to point 3 of their comments, during the long
40-week observation period in our study when treatment deci-
sions were only based on physician discretion, the GC doses
administered were comparable between the groups, although still
lower than in the articles cited.

Regarding the second comment from Samanta et al, we do
not think that a Sharp/van der Heijde (SvdH) score of 2.1 is very
high, given that the total SvdH erosion score can be up to 280.
Rather, we argue that the mean change detected in the score was
rather low in all 3 treatment groups (0.7, 0.7, and 0.6, respectively).
Therefore, a statistically significant difference, potentially even clini-
cally relevant, between the groups was difficult to demonstrate.

In summary, the current situation remains a typical one in
medicine: one has to weigh the advantages and disadvantages
of medical treatment with GCs. When GCs are only administered

for short periods of time, they seem to show no advantage in
terms of structure modification.
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Characterization of mucosal-associated invariant
T cells in blood of patients with axial spondyloarthritis
and in axial entheses of healthy controls: comment
on the article by Rosine et al

To the Editor:
We read with great interest the article by Dr. Rosine et al (1),

who characterized circulating mucosal-associated invariant
T (MAIT) cells in patients with axial spondyloarthritis (SpA). The
authors showed that circulating MAIT cells were associated
with higher interleukin-17A (IL-17A) production compared with
conventional CD4+, CD8+, and γδ T cells. The authors also
reported that MAIT cells displayed high IL17A and IL23R gene
expression and that they may strongly express IL17F gene after
stimulation by anti-CD3 and anti-CD28 antibodies plus IL-7
and/or IL-18. Finally, the authors reported the presence of
MAIT cells in the axial entheses of healthy subjects.

Rosine et al also extended previous MAIT cell analysis in axial
SpA, reporting that MAIT cells circulated in the blood of patients
with axial SpA at a lower frequency than in the blood of healthy
subjects. However, after activation by phorbol myristate acetate/
ionomycin, they showed that MAIT cells from patients with axial
SpA were able to produce IL-17A at higher levels than MAIT cells
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from healthy controls and that the number of MAIT cells expressing
IL-17A was higher in axial SpA patients compared with controls.

We previously evaluated a series of patients with radiographic
axial SpA and found that patients with axial SpA had a higher pro-
portion of IL-17A/interferon-γ–producing MAIT cells and IL-22–
producing MAIT cells (2). As reported in an SKG mouse model that
develops an SpA-like disease, the synergistic effects of IL-22 and
IL-17A are required to promote enthesitis (3). In a mouse model of
arthritis, overexpression of IL-23 induced the production of IL-22
by entheseal IL-23R+CD4−CD8−CD3+ T cells, with the involvement
of IL-22 in the induction of genes implicated in bone proliferation (4).

Although Rosine et al highlighted the presence of MAIT cells
in entheseal structures of healthy subjects and reported that
these cells expressed the vascular endothelial growth factor gene
involved in angiogenesis (VEGFA) at high levels, we currently do
not know the specific expression of MAIT cells within the sites of
inflammation in axial SpA patients. Moreover, IL-22 production
by resident entheseal MAIT cells was not examined by Rosine
et al. Finally, MAIT cells are primarily expressed at mucosal
surfaces and in the blood, but they also express chemokine
receptors and can migrate to specific tissues, such as the gut.
With the consideration of the involvement of the gut and joint in
axial SpA, attention should also be given to the specific expres-
sion of chemokine receptors (e.g., CCR9) associated with α4β1
and α4β7 integrins by MAIT cells.
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Reply

To the Editor:
We thank Dr. Toussirot et al for their interest in our article

and for their comments. They raised the question of cytokine
secretion, especially IL-22, within the inflammation sites of
patients with axial SpA, which could be of interest, considering
the synergic effects of IL-22 with IL-17 (1). We agree with
Toussirot et al that IL-22 may be of interest in axial SpA and
that proteomic and transcriptomic analyses are of high value
in the axial entheses of these patients. Nevertheless, to date, only
Appel et al have analyzed facet joints of patients with ankylosing
spondylitis who underwent thoracolumbar spine corrective
surgery for severe advanced ankylosis, where expression in facet
joints of IL-17 but not IL-22 was reported (2).

Toussirot et al noted the potential importance of IL-23 in
enthesis inflammation according to animal models, which has
been reported in the SKG mouse model (3) and in the IL-23
minicircle overexpression model (4,5). Nevertheless, the pre-
cise role of IL-22 in axial enthesitis in these models has not
been clearly defined. Moreover, it is not known whether these
animal models reflect human pathology in the axis. In fact,
although the blocking of IL-23 in the pathologic processes of
human disease is effective in peripheral forms of SpA, its block-
ing in the axial forms has not been successful. We attempted to
address this dilemma by postulating that the cells or cytokines
involved in the axis were not necessarily the same as those
involved in the periphery.

Finally, at least among people without SpA, IL-22 expres-
sion is low or absent in perientheseal bone and entheseal soft
tissue, as shown in Figure 5 in our article. Although we did not
investigate the IL-22 transcript in entheseal MAIT cells, previous
studies have demonstrated elevated IL-22 transcript levels in in
vitro–stimulated entheseal tissues containing other innate lym-
phocytes, namely, group 3 innate lymphoid cells (6). Moreover,
results of previous studies have suggested that bone formation
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depends more on IL-17 than on IL-22 (7,8). Thus, even if we
agree on the potential importance of IL-22 as a key cytokine in
the homeostasis of MAIT cells, its involvement in inflammation
and in bone formation in the axis of SpA patients remains an
open question.
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