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At the annual business meeting of the American College of 

Rheumatology on November 9, 2021, Kenneth G. Saag, MD, MSc 

was installed as the eighty-fi fth President of the College.

Dr. Saag is Professor of Medicine and holds the Jane Knight 

Lowe Endowed Chair in the Department of Medicine at the University 

of Alabama at Birmingham. At UAB he is also Director of the Division 

of Clinical Immunology and Rheumatology, Director of the Compre-

hensive Arthritis, Musculoskeletal, Bone, and Autoimmunity Center, 

and Director of the Center of Research Translation in Gout and 

Hyperuricemia. 

Proud to have grown up in the diverse city of Evanston, 

Illinois, where he became an Eagle Scout and graduated third in his 

high school class of over 1,000 students, Dr. Saag was trained as a 

bioengineer at the University of Michigan, and received his MD from 

Northwestern University. As a medical resident at Evanston Hospital, 

he was recognized as Outstanding Intern of the Year and as a Chief 

Resident. While at the University of Iowa completing his fellowship in 

rheumatology, he simultaneously earned an MSc in epidemiology. At 

Iowa, he began his interest in and pursuit of clinical epidemiology and 

experimental therapeutics. Dr. Saag continued at the University of 

Iowa as an Assistant Professor until joining the University of Alabama 

at Birmingham, where he has been a practicing physician, educator, 

and research scientist since 1998. 

Dr. Saag’s research has advanced the fi eld of implementa-

tion science and disparities research in the areas of osteoporosis 

and gout. His recent work has focused on methods to implement 

evidence into practice using novel study designs. Using cohorts and 

other large databases, he has contributed to an understanding of 

comparative effectiveness and safety of drugs in rheumatoid arthri-

tis, osteoporosis, and gout. He has authored more than 400 peer-

reviewed manuscripts, including 3 original fi rst-author articles in the 

New England Journal of Medicine on treatment of glucocorticoid-

induced osteoporosis and on fracture prevention in women with os-

teoporosis. He has also authored more than 100 reviews, editorials, 

and book chapters, as well as the fi rst and second editions of the clin-

ical handbook Diagnosis and Management of Osteoporosis. He has 

served on the editorial boards of Arthritis Care & Research, Annals 

of Internal Medicine, Archives of Internal Medicine, Bone, and other 

biomedical journals. As a research mentor, he has trained more than 

20 postdoctoral fellows and junior faculty and has been principal in-

vestigator on several large program project grants at UAB. He directs 

the K and T training components for the UAB Center for Clinical and 

Translational Science. He served a term as a standing member on the 

NIH Neurologic Aging and Musculoskeletal Epidemiology (NAMES) 

study section and  chaired the Arthritis Foundation Review Commit-

tee, Clinical Outcomes and Therapeutics Study Section in the past.

Dr. Saag has been frequently recognized for his contributions 

to research and research training. Among the honors he has received 

are the UAB Max Cooper Research Award in 2005, the UAB De-

partment of Medicine Research Award (fi rst place among professors) 

in 2012–2014, the 2017 UAB Dean’s Excellence Award for Mentor-

ship, and the 2021 European Calcifi ed Tissue Society Excellence in 

Research Award. He was elected to the Association of American 

Physicians in 2015. In 2013 the ACR honored him with its Excellence 

in Investigative Mentoring Award. He has been listed in Best Doctors 

annually since 1996. Through his research pursuits he has been a 

very frequent lecturer in all continents except Antarctica and has par-

ticularly enjoyed his collaborations and visiting professorships in Latin 

America. Past lectureships and plenary presentations have included 

visits to EULAR, PANLAR, APLAR, the European Calcifi ed Tissue So-

ciety, the International Osteoporosis Foundation, the Australian and 

New Zealand Bone and Mineral Society, as well as rheumatology and 

metabolic bone disease societies in 30 countries. 

Throughout his career, Dr. Saag has served actively in numer-

ous medical professional and patient advocacy organizations, and 

has been particularly focused on developing practice guidelines and 

quality of care indicators. In 1998–2002 he was a member of the Insti-

tute of Medicine Committee on Identifying Effective Treatment for Gulf 

War Veterans’ Health Problems. In the early 2000s he served on the 

American Medical Association Osteoarthritis Performance Measures 

Physicians Workgroup, the National Center for Quality Assurance 

Musculoskeletal Workgroup, and the American Pain Society Low 

Back Pain Guidelines Committee. He was a member of the Ameri-

can Society for Bone and Mineral Research Advocacy Committee in 

2010–2013 and Program Co-Chair of the organization’s 2017 Meet-

ing Planning Committee. He served on the National Osteoporosis 

Foundation Board of Trustees in 2008–2013 and was Vice-President 

of the organization in 2014–2016 and President in 2016–2018, during 

which time he also served as Co-Chair of the National Bone Health 

Alliance. He was a member of the American Gout Society Board of 

Directors in 2005–2020. In addition, he has served on the FDA Ar-

thritis Drugs Advisory Committee and on numerous panels and work-

ing groups of the National Institute of Arthritis and Musculoskeletal 

and Skin Diseases, NIH, including delivering the keynote address on 

career journey for the NIAMS K-Trainees Forum in 2019. 

A member of the American College of Rheumatology since 

1992, Dr. Saag’s active involvement with the ACR began early in 

his career. He served on the Atypical Connective Tissue Diseases 
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Classifi cation Criteria Subcommittee and the Ad Hoc Committee to 

Revise Guidelines for Glucocorticoid-Induced Osteoporosis in 1998 

and on the Professional Meetings Committee in 1998–2001. He was 

the senior author on 2 prior iterations of the ACR rheumatoid arthritis 

guidelines and he served as the American delegate to past EULAR 

rheumatoid arthritis guidelines. He also served as the senior author 

on the ACR COVID-19 treatment guidance document produced 

in 2020. He chaired the Summer Rheumatology Meeting Planning 

Committee in 2001 and was a member of the Educational Prod-

ucts Committee and the Academic Rheumatology Workforce Ad 

Hoc Committee in 2002. He served as Co-Chair of the ACR Quality 

Measures Subcommittee in 2007–2009, as Chair of the Committee 

on Quality of Care in 2009–2013, and as Chair of the Committee on 

Corporate Relations from 2018 to 2020. During his time on these 

committees he helped fashion new approaches to guideline develop-

ment and advised the College on public–private partnerships during 

the start of the pandemic. Dr. Saag was appointed to the ACR Board 

of Directors in 2013 and to the ACR Finance Committee in 2016. He 

served as ACR Secretary in 2018–2020 and as President-Elect in 

2020–2021. 

Dr. Saag resides in Birmingham with his wife Leah. They have 

3 daughters, Jenny (Christopher) Keshishian, Lauren (Yitzi) Peet-

luk, and Stefanie Saag, who work as a certifi ed nurse anesthetist 

at UAB, an epidemiologist faculty member at Vanderbilt University, 

and a social work student in Chicago, respectively. Dr. Saag and his 

wife enjoy international travel, hiking, eclectic food and wine, and in 

particular, spending time with their children, granddaughter Clara 

Keshishian, parents Jim Saag and Marlene Waller, extended family/

friends throughout the country, and a large cadre of family dogs. 
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 In this Issue
Highlights from this issue of A&R | By Lara C. Pullen, PhD

Periostin-siRNA Ameliorates Posttraumatic OA in Mice
The growing understanding of the cellular and 
molecular pathways affected in osteoarthritis 
(OA) has yet to translate into new clinical ther-
apeutic targets. New strategies are emerging, 

however, to target the joint, 
such as intraarticular (IA) 
administration of a small 

interfering RNA (siRNA) via nanoparticles. 
This approach has been used to deliver NF-κB 
siRNA to create an NF-κB knockdown that 
suppresses injury-induced chondrocyte death 
as well as early joint responses to injury. This 
therapeutic effect is linked to the suppression 
of matrix metalloproteinase 13 (MMP-13), 
an NF-κB-dependent gene, which is believed 
to be the major contributor to collagenase 
activity in OA.

In this issue, Duan et al (p. 2249) describe 
IA delivery of a periostin–siRNA nanopar-
ticle complex in mice with posttraumatic 
OA. The investigators initiated their treat-
ment of 10-week-old mice early, prior to 
injury-induced periostin-mediated cartilage 

degeneration, and found 
that the treatment miti-
gated cartilage degener-
ation, subchondral bone 
sclerosis, and hetero-
topic ossifi cation. While 
the investigators were 
unable to identify a 
clear mechanism behind 
periostin’s effects on the 
various tissues of the 
joint, the data suggest 
that periostin knock-
down suppresses the 
activity of NF-κB. 

Consistent with this, 
the researchers found 
that periostin-induced MMP-13 expres-
sion was abrogated by the IκB kinase inhib-
itor SC-514, results that reinforce the link 
between periostin and NF-κB signaling. The 
authors note that future cartilage-specifi c 
gene-knockout strategies are needed to 

p. 2249

New Insights into a Lupus Susceptibility Region
A recent genome-wide association study 
(GWAS) in Han Chinese found a signifi -
cant genetic association between rs34330 of 
CDKN1B and risk of systemic lupus erythe-

matosus (SLE). CDKN1B 
encodes p27Kip1, an inhib-
itor of cyclin/cyclin-

dependent kinase (CDK) complexes, which 
are critical for cell cycle progression and 
development. Although intriguing, the GWAS 
data do not explain the mechanism behind 
how such a complex trait contributes to the 
pathologic processes of lupus. One hypoth-
esis is that the dysregulated activation and 
proliferation of T cells and B cells that char-
acterize patients with SLE may be affected by 
a disruption of the intricate balance of cyclins, 

CDKs, and CDK inhibitors (e.g., p27Kip1).
In this issue, Singh et al (p. 2303) report the 

results of their efforts to identify target genes 
and mechanisms underlying the association 
between rs34330 and SLE. They propose a 
mechanism whereby the rs34330 risk allele 
(C) regulates expression of several target genes 
linked to proliferation and apoptosis and that 
the association of rs34330 with SLE occurs via 
its infl uence on the presence of histone marks, 
RNA polymerase II (Pol II), and the critical 
immune transcription factor (interferon regula-
tory factor 1 [IRF-1]). In particular, the rs34330 
risk allele (C) exhibits increased binding with 
the IRF-1 transcriptional activator.

The investigators began their study 
by replicating the published genetic 

p. 2303

continue to illuminate the functional role of 
periostin in OA. These fi ndings point to a 
promising clinical approach toward the miti-
gation of the severity of joint degeneration, 
and the authors recommend longitudinal 
studies as follow-up. 

Figure 1. Immunofl uorescence images show 2-dimensional views (top) and 
3-dimensional views (bottom) of the mouse knee cartilage, indicating local-
ization of p-p65 subunits in the cartilage adjacent to the destabilization of the 
medial meniscus injury site.

association between SLE and rs34330. They 
then performed a follow-up bioinformatics 
and expression quantitative trait locus anal-
ysis, which suggested that rs34330 is in active 
chromatin and potentially regulates several 
target genes. When they performed luciferase 
and chromatin immunoprecipitation–real-time 
quantitative polymerase chain reaction, they 
were able to demonstrate substantial allele-
specifi c promoter and enhancer activity as 
well as allele-specifi c binding of 3 histone 
marks, Pol II, CCCTC-binding factor, and the 
critical IRF-1. The researchers then performed 
chromosome conformation capture, which 
revealed long-range chromatin interactions 
between rs34330 and the promoters of neigh-
boring genes APOLD1 and DDX47.



Patients with long-standing HIV infection exhibit persistent 
immune dysfunction and inflammation, even in the setting of 
successful viral suppression with antiretroviral therapy.  Further-
more, recent investigations have demonstrated that new-onset 
autoimmune diseases among this population are more common 
than previously thought.  In this study, the researchers evaluated 
the relative incidence of new-onset rheumatoid arthritis (RA) 
in patients with HIV infection versus those without HIV infec-
tion, as well as patterns of disease-modifying drug (DMARD) 
prescribing in these 2 groups.  The authors identified cases from 
the Veterans Aging Cohort Study,  a national cohort composed 
of ~56,000 individuals with HIV receiving care at the Veterans 
Administration clinic and age-, sex-, site-, and self-reported 
race–matched controls without HIV.  They used International 
Classification of Diseases, Ninth Revision and Tenth Revision 
codes to identify patients with possible new RA,  followed by 
chart review, both to confirm the diagnosis (based upon the 
American College of Rheumatology [ACR]/European Alliance 
of Associations for Rheumatology [EULAR] 2010 classification 
criteria) and to extract disease features and treatment details.  
Notable findings include the following: less robustly positive 

autoantibody levels among patients with HIV,  a significantly 
lower rate of incident RA among patients with HIV compared 
to those without HIV, and a lower rate of non-hydroxychloro-
quine DMARD prescription among RA patients with HIV versus 
those without HIV. 

Questions

1. What	other	definitions	of	RA	might	have	been	used	to	iden-
tify	cases?

2. How	might	the	decision	to	use	the	ACR/EULAR	2010	classifi-
cation	criteria	have	affected	the	rate	of	detection	of	new	RA
in	a	retrospective,	observational	study?

3. How	do	these	results	speak	to	the	process	of	evaluating	a
patient	with	chronic	HIV	for	inflammatory	arthritis?	What
special	considerations	might	be	needed?

4. Why	might	conventional	synthetic	DMARDs	and	biologics
be	prescribed	to	patients	with	HIV	and	RA	at	a	lower	rate
than	those	without	HIV?	What	literature	exists	to	inform	this
decision-making?

Incident RA in HIV Infection: Epidemiology and Treatment

Identification of a Distinct Macrophage Subset That Drives 
Pathology in Giant Cell Arteritis
While rheumatologists know that macro-
phages are present in giant cell arteritis 
(GCA) lesions, scientists lack a clear under-
standing of the relationship between the func-

tional heterogeneity of the 
macrophages and GCA 
pathology. One poten-

tial clue was the identification of YKL-40 
(chitinase 3–like protein 1), an important 
biomarker of inflammation, on CD68+ macro-
phages located in the vascular media borders 
of GCA lesions. This finding suggests that the 
macrophages may be drivers of pathology. 
Additional studies have demonstrated that 
granulocyte–macrophage colony-stimulating 
factor (GM-CSF)–skewed macrophages 
derived from healthy donors produce higher 
levels of YKL-40 than do their macrophage 

colony-stimulating factor (M-CSF)–skewed 
counterparts. Despite these intriguing obser-
vations, up until now, few mechanistic studies 
have addressed the role of YKL-40 in autoin-
flammatory diseases such as GCA.

In this issue, van Sleen et al (p. 2327)
report results that further support the 
hypothesis that YKL-40 is one of the 
upstream signals for the tissue-destructive 
protein matrix metalloproteinase 9 (MMP-9) 
production in macrophages. They found that, 
in patients with GCA, a GM-CSF–skewed, 
CD206+MMP-9+ macrophage subset 
expresses high levels of YKL-40, which 
appears to stimulate tissue destruction and 
angiogenesis via interleukin-13 receptor α2 
(IL-13Rα2) signaling. The investigators also 
found that IL-13Rα2, a known receptor for 

YKL-40, was expressed by endothelial cells 
at the site of inflammation in GCA. 

While previous studies have established 
that neovascularization fuels the inflammatory 
process in GCA, these new data suggest that 
production of YKL-40 by CD206+ is character-
istic of GCA and may be an important mediator 
of not only tissue destruction, but also neovascu-
larization. The authors describe GCA pathology 
as the result of a distinct macrophage subset that 
fuels media destruction, vasa vasorum neovas-
cularization, and leukocyte invasion into the 
vessel wall, and they conclude by suggesting 
that YKL-40 may be a promising target for 
treatment of macrophage-driven diseases. 
They suggest that such an approach may inhibit 
GCA macrophages that cannot be sufficiently 
suppressed by glucocorticoids.

p. 2327
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Clinical Connections
Prediction of the Progression of 
Undifferentiated Arthritis to RA Using 
DNA Methylation Profiling
De la Calle-Fabregat et al, Arthritis Rheumatol 2021;73:222 –223

CORRESPONDENCE
Esteban Ballestar, PhD: eballestar@carrerasresearch.org

SUMMARY 
Patients with undifferentiated arthritis (UA), who represent ~30% of all early arthritis cases, do not fit any definitive 
diagnostic criteria.  A significant proportion of UA patients will eventually develop rheumatoid arthritis (RA) or another 
definite rheumatic disease, while others continue experiencing UA or achieve remission.  In cases where a definite condition 
is developed, early treatment with disease-modifying antirheumatic drugs is essential to prevent disease progression and 
long-lasting sequelae. In a prospective study, de la Calle-Fabregat et al identified DNA methylation alterations in blood 
cells of UA patients with opposing outcomes (evolution to RA or continued classification of UA) after 1 year of follow-
up. This epigenetic signature, which occurred in immune- and inflammation-associated genomic regions, was proposed as 
a novel prognostic marker.  Along with clinical parameters, DNA methylation data appeared to improve the estimation 
of individual outcomes (RA or UA) in a validation cohort of UA patients.  Additionally,  the comparison of UA DNA 
methylation profiles to those of patients with RA revealed a higher similarity of RA patients and those with UA who 
will develop RA after 1 year.  Taken together, these data suggest that DNA methylation is a good predictor of UA-to-RA 
progression and that it can be leveraged to determine treatment and improve clinical management.

KEY POINTS 
•  DNA methylation alterations can be

used to anticipate the evolution of
UA to RA.

•  DNA methylation data improve
clinical parameter-driven outcome
prediction.

•  UA patients who eventually develop
RA display RA-like DNA methylation
signatures.
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Clinical Connections

KEY POINTS  
•  NETs carry diverse types of 

RNAs that are taken up by 
endothelial cells. This is enhanced 
when NETs are generated by  
SLE LDGs and/or when the  
RNA is oxidized.

•  Small RNAs derived from lupus 
NETs, particularly the TLR-7 
agonist miR-let-7b,  induce type I 
IFN responses in endothelial cells.

•  NETs are a source of oxidized 
RNAs that may contribute to 
lupus vasculopathy.

SUMMARY  
Two key pathogenic features of systemic lupus erythematosus (SLE) are the autoreactivity against nucleic acids 
(DNA and RNA) and the presence of a type I interferon (IFN) gene signature in blood and many organs. Both 
features have been associated with perturbed neutrophil extracellular trap (NET) formation and degradation 
in SLE. NETs are structures released by neutrophils upon exposure to danger signals, including microbes and 
sterile inflammatory stimuli, and, in cer tain conditions such as lupus, they can damage various cells including 
endothelial cells. Blanco et al now report that, in addition to DNA, NETs carry diverse types of RNA.  The RNAs 
present in NETs can be internalized by endothelial cells in a process that is dependent on the degree of RNA 
oxidation. Internalization of NETs by endothelial cells requires endosomal Toll-like receptors (TLRs) and the 
actin cytoskeleton. Importantly, NETs generated by lupus low-density granulocytes (LDGs), a distinct subset of 
proinflammatory neutrophils with vasculopathic features, carry differential cargo of RNAs, and their content is 
more readily internalized than the content of NETs generated by healthy control neutrophils. 

Among the most abundant RNAs present in SLE LDGs, the small microRNA let-7b (miR-let-7b), a TLR-7 
agonist, triggers type I IFN stimulated gene expression in endothelial cells.  These observations highlight NETs 
as messengers that deliver RNAs to target cells, inducing proinflammatory responses. The RNA-mediated 
endothelial cell activation induced by NETs could contribute to the deleterious effects on blood vessels, 
vasculopathy, and premature atherosclerosis characteristic of lupus, supporting the notion that targeting aberrant 
NET formation in this disease could have therapeutic benefits.

RNA Externalized by Neutrophil 
Extracellular Traps Promotes Inflammatory 
Pathways in Endothelial Cells
Blanco et al, Arthritis Rheumatol 2021;73:228 –229

CORRESPONDENCE 
Mariana J. Kaplan, MD: mariana.kaplan@nih.gov
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S P E C I A L  A R T I C L E

American College of Rheumatology White Paper on 
Antimalarial Cardiac Toxicity
Julianna Desmarais,1  James T. Rosenbaum,2  Karen H. Costenbader,3  Ellen M. Ginzler,4 Nicole Fett,1 
Susan Goodman,5  James O’Dell,6 Christian A. Pineau,7 Gabriela Schmajuk,8  Victoria P. Werth,9   
Mark S. Link,10  and Richard Kovacs11

Hydroxychloroquine (HCQ) and chloroquine (CQ) are well- established medications used in treating systemic 
lupus erythematosus and rheumatoid arthritis, as well as skin conditions such as cutaneous lupus erythematosus. 
In rare cases, arrhythmias and conduction system abnormalities, as well as cardiomyopathy, have been reported 
in association with HCQ/CQ use. Recently, however, the corrected QT interval (QTc)– prolonging potential of 
these medications, and risk of torsade de pointes (TdP) in particular, have been highlighted in the setting of their 
experimental use for COVID- 19 infection. This report was undertaken to summarize the current understanding 
of HCQ/CQ cardiac toxicity, describe QTc prolongation and TdP risks, and discuss areas of priority for future 
research. A working group of experts across rheumatology, cardiology, and dermatology performed a nonsystematic 
literature review and offered a consensus- based expert opinion. Current data clearly indicate that HCQ and CQ are 
invaluable medications in the management of rheumatic and dermatologic diseases, but they are associated with 
QTc prolongation by directly affecting cardiac repolarization. Prescribing clinicians should be cognizant of this small 
effect, especially in patients taking additional medications that prolong the QTc interval. Long- term use of HCQ/CQ 
may lead to a cardiomyopathy associated with arrhythmias and heart failure. Risk and benefit assessment should be 
considered prior to initiation of any medication, and both initial and ongoing risk– benefit assessments are important 
with regard to prescription of HCQ/CQ. While cardiac toxicity related to HCQ/CQ treatment of rheumatic diseases 
is rarely reported, it can be fatal. Awareness of the potential adverse cardiac effects of HCQ and CQ can increase 
the safe use of these medications. There is a clear need for additional research to allow better understanding of 
the cardiovascular risk and safety profile of these therapies used in the management of rheumatic and cutaneous 
diseases.

Introduction

Both hydroxychloroquine (HCQ) and chloroquine (CQ) 
are commonly used medications for the treatment of specific 
rheumatic and dermatologic diseases. HCQ and CQ were ini-
tially developed for treating malaria and have been in use since 

1955 and 1935, respectively. The most frequent rheumatic dis-
eases for which these medications have long been used include 
systemic lupus erythematous (SLE) (1) and rheumatoid arthri-
tis (RA) (2). They are also used to treat discoid and subacute 
cutaneous lupus erythematosus, as well as dermatomyositis 
and other autoimmune skin conditions. Based on actual body 
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weight, recommended HCQ and CQ dosing in rheumatic dis-
ease patients is ≤5 mg/kg/day and ≤2.3 mg/kg/day, respectively, 
as higher doses are associated with increased retinal toxicity (3).

Utilization of HCQ and CQ increased in early 2020 as a result 
of initial reports of potential anti- coronavirus activity (4). Ran-
domized controlled trials quickly revealed that these treatments 
were not effective against COVID- 19 (5,6). In addition, in the set-
ting of HCQ/CQ use for the treatment of COVID- 19 infection, pro-
longed corrected QT interval (QTc) and cardiac arrhythmias were 
reported, increasing concern about the cardiovascular safety of 
these drugs (7).

The US Food and Drug Administration (FDA) approves drugs 
based on rigorous testing for safety and efficacy and continues 
to monitor for postmarketing signals of adverse events. Cardiac 
safety of noncardiovascular drugs has been an area of emphasis. 
In a 2001 FDA report, it was noted that the most common rea-
son for withdrawal of a drug from the US market between 1997 
and 2000 was torsade de pointes (TdP) arrhythmia, with women 
at higher risk for this drug toxicity (https://www.gao.gov/asset s/ 
100/90642.pdf). In 2005, the FDA issued guidance regarding the 
evaluation of all new drugs for risk of QTc prolongation because 
of the association between drug- induced prolonged QTc and TdP 
(https://www.fda.gov/media/ 71372/ download). Currently, any drug 
with systemic bioavailability undergoes a randomized, double- 
blind, placebo-  and active- control study in healthy subjects who 
are administered doses of the test medication, including suprather-
apeutic doses. These studies are often referred to as “thorough QT 
studies.” Cancer drugs and drugs for psychiatric disorders are gen-
erally not administered to healthy controls; accordingly, alternative 
assessments of QT liability (i.e., the totality of risk as assessed by in 
vitro testing, animal testing, and clinical data that inform clinicians 
of pro- arrhythmia risk) have been proposed (8).

However, since HCQ and CQ were in use prior to a require-
ment for routine QTc testing in drug development, no such studies 
on these medications have been performed. In order to provide 
information to prescribers and the public on this risk, the Arizona 

Center for Education and Research on Therapeutics reviews drug 
safety data and uses a panel of experts to rate the risk that a 
drug will prolong the QTc interval. This not- for- profit organization, 
founded in 2000 as one of 14 federally funded Centers for Educa-
tion and Research on Therapeutics, has published 2 up- to- date 
lists: one list of 253 drugs with QT liability for all patients, and 
a second list of 293 drugs that present a risk for patients with 
underlying inherited long QT syndromes (www.credi bleme ds.org) 
(9). Both HCQ and CQ are listed as having a known risk of TdP. In 
2017 the FDA also issued warnings on the potential cardiovascu-
lar toxicities of HCQ (Figure 1).

The goals of this white paper were to review and sum-
marize the current understanding of HCQ/CQ cardiac toxicity,  
to describe factors that may increase the risk of HCQ/CQ- 
associated QTc prolongation, to discuss cardiomyopathy and 
conduction system abnormalities, and to outline potential research  
strategies to address outstanding questions about HCQ/CQ car-
diac toxicity.

Data ascertainment and evaluation

A committee representing diverse US geographic locations 
and specialties was formed. The committee comprises 8 rheuma-
tologists, 2 dermatologists, and 2 expert electrophysiology cardi-
ologists; its members are the authors of this white paper. Members 
of the American College of Rheumatology, the American College 
of Cardiology, and the American Academy of Dermatology were 
purposefully included. Iterative group discussions and consensus- 
building were supplemented by literature review. A non- systematic 
literature review was performed by one of the authors (JD) on 
September 6, 2020, searching PubMed with terms "hydroxy-
chloroquine cardiac toxicity" with no limits on year or language. 
Through this literature search 61 abstracts were identified, all of 
which were reviewed. A broader PubMed search for "antimalarial 
cardiac toxicity" was done by the same author on September 6, 
2020, yielding 386 abstracts, all of which were reviewed. Another 

Figure 1. US Food and Drug Administration recommendations regarding possible cardiac effects of hydroxychloroquine (https://www.acces s 
data.fda.gov/drugs atfda_docs/label/ 2017/00976 8s037 s045s 047lbl.pdf). ECG = electrocardiography.

https://www.gao.gov/assets/100/90642.pdf
https://www.gao.gov/assets/100/90642.pdf
https://www.fda.gov/media/71372/download
http://www.crediblemeds.org
https://www.accessdata.fda.gov/drugsatfda_docs/label/2017/009768s037s045s047lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2017/009768s037s045s047lbl.pdf
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author (MSL) performed a Medline and Google Scholar search on 
September 3, 2020 by searching for "hydroxychloroquine and QT 
and rheumatology" limited to the year 2020, identifying 533 results 
by title and abstract. Reference lists of selected articles were 
reviewed as well. Types of articles reviewed included systematic 
reviews, ran domized controlled trials, meta- analyses, and obser-
vational studies (including case reports and small case series).

Authors participated in 2 in- depth virtual conferences, at 
which time the strengths and weaknesses of the existing data 
were discussed. Consensus regarding the format and content of 
this white paper was reached among authors. It was decided that 
this report would include the following information of which clini-
cians who prescribe HCQ/CQ should be aware: 1) a brief scientific 
background on QTc prolongation and TdP; 2) known risk factors 
for QTc prolongation in the non– COVID- 19 setting; 3) available 
data regarding QTc prolongation with use of HCQ or CQ; 4) avail-
able data regarding cardiac deposition disease with long- term 
HCQ or CQ use; and 5) areas for future research.

QTc and torsades de pointes

The QT interval is an electrocardiographic (ECG) measure-
ment from the beginning of the QRS complex to the end of the 
T wave, reflecting the time required for ventricular depolarization 
and repolarization (Figure 2). It is dependent on heart rate and thus 
needs to be corrected for heart rate (QTc), especially if a compar-
ison needs to be made in an individual exhibiting different heart 
rates at different points in time. As there are different formulas 
available, the same formula should be used across ECG stud-
ies (10). Ranges considered prolonged for the commonly used 
Bazett- corrected QTc intervals include >450 ms in adult men and 
>470 ms in adult women (10).

A prolonged QTc as defined above increases the risk of sud-
den cardiac death (11), possibly related to the association of pro-
longed QTc with torsades de pointes (“twisting of the points”), an 
uncommon type of polymorphic ventricular tachycardia (12,13). 
In addition to QTc- prolonging medications there are other known 
risks for prolonged QTc, some of which are modifiable (Table 1).

HCQ and CQ are known to interact with cardiac ventricu-
lar myocytes by blocking potassium efflux channels, potentially 
leading to QTc prolongation (14). While this effect has been 
reported to occur in healthy subjects as soon as 2 days after start-
ing HCQ and CQ (15), it takes 6 months for HCQ to reach steady- 
state blood concentration in healthy subjects (16). However, there 
is variability in HCQ blood levels even among subjects receiving 
similar dosing (in mg/kg/day) (17). HCQ and CQ inhibit the potas-
sium channel in a concentration- dependent manner (18,19).

The COVID- 19 pandemic enhanced awareness and recog-
nition of the QT- prolonging effects of HCQ/CQ, but data demon-
strate that HCQ and/or CQ prolong QT intervals independent of 
COVID- 19 infection (for a list of studies see Supplementary Table 1, 
on the Arthritis & Rheumatology website at http://onlin e libr ary.wiley.
com/doi/10.1002/art.41934/ abstract). It should be noted as well 
that COVID- 19 viral infection has been associated with prolonged 
QTc and pro- arrhythmic state (14,20) (see Supplementary text, 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41934/ abstract).

SLE patients with anti- SSA (anti– Ro 52) antibody may have 
an increased risk of QTc prolongation (21). Patients with higher 
levels of anti- SSA were found to have a higher degree of QTc pro-
longation (22). Of interest, anti- SSA has been found to interact 
with the potassium channel in a dose- dependent manner (23,24).

Clinical experience with HCQ/CQ, the QT interval, 
and torsade de pointes

Recent studies (25– 28), as well as earlier case reports (29,30), 
have shown QTc prolongation with HCQ or CQ at conventional 
doses used to treat rheumatic disease. In a Veterans Administra-
tion study of >800 patients with rheumatic disease (90% male and 
10% female) seen between 2000 and early 2020 who were taking 
HCQ and had available ECG data, HCQ was associated with QTc 

Figure 2. QT- prolonging effect of hydroxychloroquine (HCQ) or chlo -
roquine (CQ) as seen on surface electrocardiography (A), which occurs 
due to prolongation of the action potential of the ventricular myocytes 
(B). The dotted line corresponds to rapid depolarization of the ventricular 
myocardium via fast sodium channels (INa). A transient outward current 
(Ito) ends depolarization. The plateau phase of the action, corresponding 
to the ST segment of the surface ECG, is due to the slow inward calcium 
current (ICa). Outward flow of potassium is largely responsible for the 
repolarization of ventricular myocytes via a variety of potassium currents, 
including the genetically determined potassium current (IKr) (human 
ether-a-go-go–related gene [hERG] channel) (80) and is reflected on 
the surface ECG as the T wave. Normal myocyte repolarization occurs 
due to potassium efflux from the cell through the hERG channel (C), 
which is blocked by HCQ or CQ (18) (D). This leads to prolongation of 
the corrected QT interval with risk for torsade de pointes (E). IKs = slow 
potassium channel; ISUS = sum of the currents through other potassium 
channels.

http://onlinelibrary.wiley.com/doi/10.1002/art.41934/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41934/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41934/abstract
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prolongation in 8.5% (7% with QTc 470– 500 ms and 1.5% with 
QTc >500 ms) (25). Among 591 patients in this study who had 
paired ECG data before and after starting HCQ, 23 patients (3.9%) 
had either a >15% increase in QTc or a QTc of >500 ms with 
HCQ treatment. Chronic kidney disease, atrial fibrillation history, 
and heart failure were independent risks for QTc prolongation with 
HCQ use in the study. While QTc >470 ms with HCQ therapy was 
associated with long- term mortality in a univariate Cox regression 
analysis, this increased mortality risk was no longer apparent after 
adjustment for age, sex, and comorbidities. In patients with paired 
ECG data, change in QTc was not associated with mortality (haz-
ard ratio 1.001 [95% confidence interval (95% CI) 0.998– 1.005], 
P = 0.51) (25). In a Danish study (published in preprint form) eval-
uating data from 3 registries of patients with RA, SLE, or Sjögren’s 
syndrome paired with controls, there was a mean prolongation of 
the QTc of 5.5 ms with the use of CQ (26). A review of the World 
Health Organization (WHO) pharmacovigilance database from 
1967 through March 1, 2020 showed increased reports of QTc 
prolongation with both HCQ and azithromycin, with more frequent 
reporting of prolonged QTc and/or TdP/ventricular tachy cardia 
with the combination of these 2 medications (odds ratio 2.48 [95% 
CI 1.28- 4.79]) (27). In a commercial claims database analysis of 
events from 2001 through 2017, after 5 days of HCQ therapy 
the incidence of cardiac events (including myocardial infarction 
[MI], cerebrovascular accident/transient ischemic attack, sudden 
death, and arrhythmia) in 2001– 2017 among women ages 60– 79 
years was 0.92 per 1,000 (28). Among those receiving both HCQ 
and azithromycin, the rate was 4.78 per 1,000 patients (28).

Other studies suggest that QTc prolongation has not been a 
substantial problem among rheumatic disease patients receiving 
HCQ or CQ. An FDA Adverse Event Reporting System (FAERS) 
review was conducted from 1969 through 2019, evaluating 
reports of prolonged QT/TdP and death. For HCQ and CQ the 
proportional reporting ratio (PRR) was 1.43 (95% CI 1.29– 2.59), 
which was below the accepted meaningful safety signal of >2.0 
(31). With the addition of azithromycin treatment the PRR became 
clinically meaningful (3.77 [95% CI 1.80– 7.87]) (31). Other studies 
have shown that with higher cumulative exposure to antimalarial 

therapy the incidence of conduction abnormalities, including pro-
longed QTc, was decreased (32,33).

In a majority- female population with connective tissue disease, 
85 unselected patients had normal ECG results after ≥1 year of 
HCQ therapy (34). While one study demonstrated a significant 
increase in the QTc in RA patients treated with HCQ versus other 
disease- modifying antirheumatic drugs (DMARDs) (mean ± SD 
420.3 ± 30.8 ms versus 410.6 ± 28.7 ms), the QTc even with this 
prolongation remained within the normal range (35). It was reported 
in abstract form that in a population of RA and SLE patients (all 
without any known cardiovascular disease [CVD]), there was no sig-
nificant difference in QTc among those treated with HCQ (n = 368) 
and those not treated with HCQ (n = 313) (36). Likewise, in a sec-
ond abstract it was reported that rates of arrhythmia did not differ 
between RA patients who took HCQ and those who did not (37). 
A WHO Evidence Review Group found very few cases of docu-
mented arrhythmia due to prolonged QTc among patients treated 
for malaria with higher doses of HCQ (1 dose of 800 mg orally, fol-
lowed by 3 doses [at 6, 24, and 48 hours] of 400 mg orally) despite 
2.2 billion courses of HCQ and CQ administered worldwide, 
although arrhythmia monitoring was not routinely performed (38).

Antimalarial-induced cardiomyopathy

Both HCQ and CQ accumulate in mammalian lysosomes to 
cause a more alkaline pH (39). HCQ and CQ concentrate in the 
eyes (particularly in the melanin- containing retinal pigment epi-
thelium), adrenal and pituitary glands, kidney, bone marrow, lung, 
liver, and cardiac tissue (40– 42). This lysosomal accumulation may 
confer efficacy in the treatment of rheumatic and cutaneous con-
ditions, but also may be responsible for toxicities such as atrio-
ventricular (AV) conduction defects and cardiomyopathy. While 
channel blockade tends to be dose dependent and more imme-
diate (18,19), cardiac toxicities related to HCQ/CQ deposition 
in cardiac myocytes to cause cardiomyopathy typically requires a 
longer duration of treatment (43,44).

Accumulation of HCQ/CQ in lysosomes of cardiac myocytes 
leading to arrhythmias and infiltrative cardiomyopathy has been 

Table 1. Risk factors for prolonged QTc*

Risk factor Ref.
Female sex 81
Older age (especially >68 years) 81
Heart disease (including recent MI or CHF) 81
Use of >1 QTc- prolonging medication 81
Severe acute illness (sepsis, ICU admission, potentially COVID- 19) 14, 20, 81, 82
Congenital long QT syndrome (estimated prevalence of 1/2,500) 80, 83, 84
Electrolyte abnormalities (hypokalemia, hypomagnesemia, hypocalcemia) 81, 85
Alcoholic liver disease 86
Hypothyroidism 87, 88
Obesity 89
Diabetes mellitus (due to cardiac autonomic neuropathy) 90, 91
Anti– Ro 52 positivity 21, 22

* QTc = corrected QT interval; MI = myocardial infarction; CHF = congestive heart failure; 
ICU = intensive care unit. 
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reported (45). A 2018 systematic review of rheumatologic use of 
HCQ/CQ identified 127 published cases of conduction system 
 diseases and structural myocardial changes (43). Long- term use of 
HCQ/CQ is known to cause AV conduction system disease, includ-
ing bundle branch block, fascicular blocks, and third- degree AV 
block (45– 48). While the AV conduction disease is permanent once 
it occurs, there is evidence that there can be improvement in the 
cardiomyopathy upon cessation of these medications (43,49). Endo-
myocardial biopsy is often necessary for diagnosis, and the classic 
histologic findings of curvilinear bodies and lysosomal inclusions are 
similar to those in Fabry’s disease (44,50). Hypertrophic, dilated, 
restrictive cardiomyopathy and/or biventricular endomyocardial fibro-
sis are all possible, though classically the cardiomyopathy associated 
with HCQ/CQ use is that of a biventricular concentric hypertrophy 
with restrictive physiology (44). Duration of drug use and daily dose 
appear to be the main risks for this cardiac toxicity, although endo-
myocardial biopsy– proven cases described in the literature occurred 
after as little as 2 (and as long as 35) years of use, with mean treatment 
durations of 7– 12 years (43,44). Cardiomyopathy can develop more 
quickly in those receiving higher- than- recommended daily doses of 
CQ (51– 53).

Cardiomyopathy was thought to be a rare occurrence since 
there were few biopsy- proven cases reported in the literature (54), 
but it may be both underrecognized and underreported. Serious 
Individual Case Safety Reports (ICSRs) for HCQ registered in the 
Vigibase data system between 2010 and 2019 showed cardiomy-
opathy in 3.3% of all reported ICSR cases (55). The FAERS phar-
macovigilance database for HCQ/CQ showed a cardiomyopathy 
reporting odds ratio of 29.9 (95% CI 23.3– 35.9) in 2004– 2019 
(56). Review of the WHO pharmacovigilance database showed 
that HCQ use was associated with heart failure (27).

For cardiac arrhythmias, ICSRs for HCQ registered in the 
Vigibase data system in 2010– 2019 reported arrhythmias in 3.4% 
of reported events (this specifically does not include QTc prolonga-
tion or TdP) (55). The FAERS pharmacovigilance database report-
ing odds ratio for bradyarrhythmia in 2004– 2019 was 5.1 (95% CI 
3.9– 6.7) (56). Review of the WHO pharmacovigilance database 
demonstrated that HCQ was associated with AV and bundle 
branch block (27).

Rheumatic autoimmune diseases, antimalarial 
agents, and atherosclerotic disease

It should be recognized that RA and SLE are themselves 
established independent risk factors for atherosclerotic CVD, 
especially with high disease activity (57– 60). RA patients are more 
likely to be hospitalized for acute MI or to have an unrecognized 
MI, and disease duration of >10 years confers higher MI risk 
(61,62). Among patients with SLE, the relative risks of nonfatal MI 
and of death due to CVD have been estimated to be 10.1 (95% 
CI 5.8– 15.6) and 17.0, respectively (60,63). Traditional risk factors 
further increase CVD risk in individuals with RA or SLE (64,65).

In observational studies, HCQ use has been associated with 
lower CVD risk in RA and SLE populations. In RA, a retrospective 
study showed a 72% lower CVD risk among HCQ- treated compared 
to non– HCQ- treated patients (66). A population- based study with 
propensity score matching showed an adjusted CVD hazard ratio 
for HCQ- treated versus non– HCQ- treated patients of 0.32 (95% 
CI 0.18– 0.56, P < 0.01), with an even stronger relationship demon-
strated among patients under age 50 years (67). A 2018 meta- 
analysis of HCQ use among RA patients demonstrated improved 
lipid profiles and a lower incidence of diabetes in those who had taken 
HCQ versus those who had never received this treatment (68). In ret-
rospective studies of SLE, antimalarial therapy has been associated 
with improved dyslipidemia and lower CVD risk, though confounding 
by indication remains possible in all of these retrospective uncon-
trolled studies as treatment with HCQ may be a marker of better care 
or milder rheumatic disease (69– 71). It is interesting to note, however, 
that in a multinational retrospective study of 14 international health 
databases prior to March 27, 2020, with >950,000 patients receiving 
HCQ monotherapy, HCQ (compared to sulfasalazine) administered 
long- term in patients with RA was associated with increased cardio-
vascular mortality (hazard ratio 1.65 [95% CI 1.12– 2.44]) (72).

Cardiac monitoring considerations

The FDA HCQ label contains warnings and monitoring guid-
ance, commenting on risk of heart failure due to cardiomyopathy 
and conduction abnormalities, as well as on the QT prolongation 
and risk of TdP (Figure 1). However, ECG monitoring is not part 
of the current standard practice when HCQ or CQ is prescribed 
for the treatment of rheumatologic or dermatologic conditions, 
and there is currently insufficient evidence on which to base 
specific monitoring recommendations across all patient popula-
tions prescribed HCQ/CQ. Practice considerations could include 
obtaining a baseline ECG in patients with additional risk factors for 
QT prolongation, such as those listed in Table 1, and avoidance, 

Table 2. Selected QTc- prolonging medications that rheumatol ogists 
and dermatologists may see used in their patients with autoimmune 
conditions*

Class Examples
Analgesics/sedatives Propofol, hydrocodone
Antibiotics Fluoroquinolones, macrolides, 

HIV antiretrovirals
Antiemetics Ondansetron, droperidol
Antihistamines Hydroxyzine
Beta- 2- agonists Albuterol, salmeterol
Diuretics Furosemide (under conditions of 

electrolyte deficiencies)
Immunosuppressants Tacrolimus
Psychotropic medications Antipsychotics (haloperidol, 

ziprasidone), TCAs, SSRIs
* For more specific information on corrected QT interval (QTc)– 
prolonging medications, see www.credi bleme ds.org. TCAs = tricyclic 
antidepressants; SSRIs = selective serotonin reuptake inhibitors. 

http://www.crediblemeds.org
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when possible, of concomitant medications also known to pro-
long the QTc interval (Table 2). Patients should be educated and 
involved in shared decision- making about the potential for HCQ/
CQ cardiac effects as well as the effect of other medications that 
prolong the QTc (Table 2). If patients do have symptoms sug-
gestive of an arrhythmia such as syncope, presyncope, or unex-
plained dizziness, a cardiac evaluation including an ECG should 
be performed as per FDA label recommendations. Providers 
should also maintain a high index of suspicion for cardiomyopathy 
in patients who have received long- term HCQ/CQ treatment and 
present with new cardiac symptoms. If a restrictive cardiomyopa-
thy is found and no other cause is identified, an endomyocardial 
biopsy should be considered.

By including FDA label recommendations, we do not wish 
to imply that we unequivocally endorse the FDA recommenda-
tion to never administer other drugs with the potential to prolong 
the QTc interval. As with all approved drugs, prescribers may 
deviate from the label directions using their clinical judgment. 
These decisions are best made with a discussion of the risks 
and benefits of combining medications. Though we focus on 
the HCQ label, this also applies to CQ. Some data suggest that 
CQ has a higher rate of adverse cardiac outcomes (56).

CVD is the leading cause of death worldwide (73). Both RA 
and SLE increase the risk of CVD by severalfold (61– 63). The trag-
edies of the COVID- 19 pandemic should not be underestimated, 
but one positive outcome is that it led to the discovery of previ-
ously underrecognized and potentially lethal cardiac side effects 
of what is generally held to be a truly safe medication. Many pre-
scribers correctly assert that despite years of practice, they have 
never encountered arrhythmia in a patient receiving antimalarial 
treatment. The precise incidence of serious arrhythmia in patients 
taking HCQ for rheumatic disease is unknown; let us assume for 
the sake of argument that it is one per one thousand. At this rate, 
indeed the majority of prescribers would never have a patient in 
whom sudden cardiac death occurs. Since prescribers are unlikely 
to ascribe sudden death to HCQ, this might also contribute to 
a potentially mistaken assumption that antimalarials are not an 
important cause of arrhythmia. But even if the rate is as low as 
one per thousand, an ECG— a relatively inexpensive screening 
tool that is also indicated by virtue of the increased cardiac risk 
secondary to inflammatory disease— could save hundreds of lives.

The importance of antimalarial therapy in diseases such 
as SLE cannot be overstated. These medications have been 
found to lead to a decreased need for glucocorticoid treat-
ment, lowered risk of thrombosis (74), improved dyslipidemia 
(69), lowered risk of CVD (70), and reduced organ damage 
(75) and risk of disease flares (76). Ultimately the low risk of 
cardiac toxicity in the setting of the benefits of these medi-
cations should be weighed appropriately, as the benefits far 
outweigh the risks. Furthermore, in terms of side effects and 
laboratory abnormalities, HCQ is well- tolerated compared to 
other DMARDs (77).

Limitations

There are several limitations to the studies we have reviewed 
here. The pre– COVID- 19 published studies on cardiac toxicity 
were smaller retrospective studies or case reports. Safety data his-
torically have been based on clinical experience and spontaneous 
reporting of adverse events, both of which have been shown to 
be ineffective methods of assessing drug safety in practice com-
pared to randomized trials or active surveillance (78). Since the 
start of the COVID- 19 pandemic, larger studies from databases 
have emerged, though data from large prospective trials in rheu-
matic disease patients are lacking. While administrative database 
studies are powerful in providing large sample sizes and many 
person- years of exposure, it is not possible to correctly identify 
the underlying causes of outcomes such as “cardiovascular mor-
tality” and whether deaths were due to atherosclerotic disease 
and thrombosis, infiltrative cardiomyopathy, or arrhythmias asso-
ciated with QTc prolongation. Data from patients with  COVID- 19 
should not be extrapolated directly to patients with RA or SLE. 
There is evidence of cardiotoxicity with COVID- 19 itself, and HCQ 
doses used for treatment of COVID- 19 were much higher than 
the usual dosing for autoimmune diseases (for examples of HCQ 
dosing see Supplementary text, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41934/ abstract). Additionally, patients may have 
received other QTc- prolonging medications along with HCQ/CQ 
treatment (79).

Future studies

There is a lack of strong prospective data on the risk of QTc 
prolongation from HCQ/CQ and the true incidence of the cardiac 
toxicity from drug accumulation in cardiac myocytes in cohorts 
of patients with autoimmune diseases. Cross- sectional and ret-
rospective observational studies have many limitations, which 
include confounding by indication, as well as immortal time, 
surveillance, and survival biases. Prospective studies should be 
designed to evaluate QTc intervals in patients with rheumatic dis-
ease before and after treatment with HCQ or CQ, although it may 
take several years and extremely large populations for any safety 
signals to be observed. Other long- term studies with regular car-
diac monitoring including ECG should be undertaken to evalu-
ate the association between cumulative HCQ/CQ exposure and 
the risk of ECG abnormalities (both TdP and AV conduction sys-
tem disease), sudden cardiac death, as well as heart failure and 
cardiomyopathy.

Studies free of confounding by indication and biases related 
to retrospective, uncontrolled, observational data will be very 
challenging to perform, however. Sudden cardiac death due to 
TdP may be an extremely rare outcome and often misreported 
or difficult to capture. It would also be helpful to have studies 
that include assessment of economic cost- benefit and quality- 
adjusted life years gained from performing ECG monitoring. We 

http://onlinelibrary.wiley.com/doi/10.1002/art.41934/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41934/abstract
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look forward to better data informing recommendations and 
to more accurate estimates of the true number needed to harm in 
our patient population, which is thought to be very low.

Key points

HCQ and CQ are important medications used in SLE and 
RA with known clinical benefits, and patients should not stop tak-
ing them without talking to their prescriber. The risk of cardiac 
toxicity is considered to be low in comparison to the benefits of 
these medications. There is risk of TdP with the use of HCQ/CQ 
that is thought to be low. Current data do not support institution of 
specific recommendations regarding how to avoid these adverse 
effects; options include baseline ECG in patients with multiple risk 
factors and follow- up ECG in patients with prolonged QTc or those 
receiving HCQ/CQ in combination with other QTc- prolonging ther-
apies. Cardiomyopathy and conduction blocks are reported with 
long- term use, and providers should be vigilant to screen for car-
diac symptoms in their patients.

Conclusions

Prescribers of HCQ and CQ should be aware of the potential 
cardiac toxicity of these medications, especially in high- risk pop-
ulations. There is considerable clinical overlap between patients 
who are at high risk for cardiac complications and those who 
are likely to be treated by rheumatologists. The COVID- 19 pan-
demic has focused attention on the potential cardiac toxicity of 
these drugs with the risk for prolonged QTc and TdP. However, 
existing studies of patients with autoimmune disease are retro-
spective with lower- quality data. Risk factor assessment and per-
formance of baseline ECG in patients with risk factors can help 
identify those at higher risk of QTc prolongation when starting 
antimalarial therapy, as well as screening for long- term toxicity 
including cardiomyopathy. Increased clinical awareness of the 
potential for cardiac toxicity, both pro- arrhythmic and associated 
with long- term use, is essential as HCQ and CQ remain foun-
dational medications in the treatment of autoimmune rheumatic 
diseases, and their proven benefits should be weighed along with 
these risks.
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E D I T O R I A L

Where There’s Smoke, There’s a Joint: Passive Smoking and 
Rheumatoid Arthritis
Milena A. Gianfrancesco1  and Cynthia S. Crowson2

Among the established risk factors associated with devel-
oping rheumatoid arthritis (RA), smoking remains one of the 
leading environmental exposures associated with disease onset. 
One meta- analysis of 10 studies found that the risk of develop-
ing RA increased by 26% among those who smoked 1– 10 pack- 
years, and nearly doubled among those who smoked more than 
20 pack- years, compared to never smokers (1). Studies that 
closely examine smoking and the development of RA continue 
to be important, as smoking is a modifiable risk factor and its 
reduction can significantly decrease the burden of disease in the 
population.

Despite the extensive body of literature on smoking and RA, 
less is known regarding the impact of passive and active smok-
ing throughout the life course on the development of incident RA. 
Ideally, examining this research question requires longitudinal data 
captured in disease- free individuals with sufficient follow- up time, 
which is not commonly available. Additionally, detailed information 
beyond “ever” versus “never” smoking is valuable in that the win-
dow of exposure susceptibility can be assessed, offering insight 
into how different exposures accumulate over the life course, 
since these are not singular risk factors, but rather are correlated 
variables that may contribute both directly and indirectly to the 
development of RA through various pathways.

In this issue of Arthritis & Rheumatology, Yoshida et al (2) 
report the findings of their analysis using the Nurses’ Health Study 
II (n = ~90,000) and a life- course epidemiology approach to 
examine the effect of 3 passive smoking exposures on RA onset: 
1) maternal smoking during pregnancy, 2) parental smoking dur-
ing childhood, and 3) adulthood passive smoking. Analyses also 
accounted for personal (active) smoking, since earlier- life experi-
ences of passive smoking could potentially influence the uptake 
of later- life personal smoking, which itself is a risk factor for RA 
onset. The life- course epidemiology approach is appropriate given 
how correlated the smoking variables are to each other, which can 

potentially accumulate to increase the risk of disease in adulthood 
and act through a number of pathways. Therefore, the analysis 
calculated both the direct and indirect effect of passive smoking, 
accounting for the time ordering of variables across the lifespan 
and controlling for time- varying covariates. Results demonstrated 
that early- life inhaled exposures, such as passive cigarette smok-
ing, were associated with adult- onset seropositive RA, even after 
controlling for later- life personal smoking. Further, the effect of 
childhood passive smoking exposure was especially pronounced 
among “ever” adult smokers, similar to the findings of previous 
studies (3).

The study by Yoshida et al is unique in that it teases apart 
smoking exposure with the use of multiple variables and uti-
lizes robust statistical analyses, including an inverse probability– 
weighted controlled direct effect model (a type of marginal 
structural model) (4,5). These models were developed to account 
for confounding in observational studies and have demonstrated 
the ability to mimic randomized clinical trial results. Since a clin-
ical trial of exposure to passive smoking in childhood as a risk 
factor for the development of RA in adulthood is not feasible or 
ethical, investigation of this issue must use observational data. 
The life- course epidemiology approach and the state- of- the- art 
statistical models used in the study by Yoshida et al provide the 
best evidence to date regarding the association between passive 
smoking and RA development.

While a role for passive smoking aligns with previous work and 
the mucosal paradigm of RA pathogenesis (6), several unknowns 
remain. For example, residual confounding of factors such as 
socioeconomic status and/or other social determinants of health 
(e.g., poverty, poor diet) that are correlated with active and passive 
smoking may increase the risk of autoimmune disease and cannot 
be ruled out. Smoking also increases the risk of infections (7,8) 
and periodontal disease (9), which in turn could increase the risk of 
RA (10). As the authors note, smoking may also induce epigenetic 
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changes years before symptoms develop in individuals genet-
ically susceptible to RA. Lastly, there may be interaction effects 
with other factors, such as anti– citrullinated protein antibodies and 
rheumatoid factor, which were not explored in this analysis.

Although the specific mechanism remains unexplained, the 
research by Yoshida et al adds evidence to the literature suggesting 
that reducing exposure to passive smoking during early years may 
reduce the risk of RA in adulthood. Looking forward, interventions 
should focus on reducing not only personal smoking habits, but 
also secondhand smoke exposure in children, especially those at 
risk for autoimmune conditions (e.g., with familial susceptibility). 
Smoking harms nearly every organ of the body, and remains the 
leading cause of preventable disease, disability, and death in the 
US (11). Additionally, >40% of US children ages 3– 11 years are 
exposed to secondhand smoke (12). Intervening on this important 
public health issue will not only potentially reduce the risk of RA, 
but also reduce the impact of other debilitating chronic diseases.
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Targeting the Myddosome in Systemic Autoimmunity: 
Ready for Prime Time?
Mariana J. Kaplan

Innate immune responses play key roles in the initiation and 
perpetuation of a variety of systemic autoimmune diseases, includ-
ing rheumatoid arthritis (RA) and systemic lupus erythematosus 
(SLE) (1). While effective biologic agents and small molecules tar-
geting innate and adaptive immune responses in these diseases 
are currently available, there are still significant gaps in the devel-
opment of therapies that can hamper innate immune dysregula-
tion in certain subgroups of patients in whom this pathway may 
play crucial pathogenic roles. Cellular receptors belonging to the 
Toll- like receptor (TLR)/interleukin- 1 receptor (IL- 1R) superfamily 
play fundamental roles in innate immune responses. TLRs sense 
pathogen- associated molecular patterns but are also implicated 
in detecting endogenous stimuli involved in immune dysregulation 
in autoimmune diseases, while members of the IL- 1R family are 
stimulated by cytokines such as IL- 1α and IL- 1β (2). TLRs share 
with IL- 1R a carboxyterminal intracellular domain that acts as a 
platform to recruit downstream signaling molecules. Upon activa-
tion with respective ligands, the intracellular Toll/IL- 1R domains of 
TLR dimers initiate oligomerization of a multiprotein signaling plat-
form comprising myeloid differentiation factor 88 and members 
of the interleukin- 1 receptor– associated kinase (IRAK) family (3). 
Formation of this so- called myddosome complex initiates signal 
transduction pathways, leading to the activation of transcription 
factors and the production of various important inflammatory 
cytokines (4).

In this context, IRAK4 has a pivotal role as the master IRAK 
in TLR/IL- 1R– triggered responses, as it functions upstream of 
other IRAK molecules. It serves as both a structural protein and 
a kinase, and both functions are required for myddosome com-
plex formation. Switching on IRAK4 promotes the activation of 
NF- κB, interferon regulatory factor 5 (IRF- 5), and the signaling
pathways that lead to MAPK activity. Therefore, proper activa-
tion of this pathway leads to the synthesis of interferons (IFNs) 
and various proinflammatory cytokines including tumor necrosis 
factor (TNF), IL- 1, and IL- 6. While IRAK4 has been implicated in 

the pathogenesis of several autoimmune diseases, clinical devel-
opment of IRAK4 inhibitors has been difficult due to conflicting 
effects on downstream inflammatory pathways related to inhibi-
tion of kinase activity versus scaffolding functions, as well as dif-
ferences among species studied in the investigation of responses 
to the inhibitory effects of these compounds. Indeed, the selective 
utilization of IRAK kinases has been reported to differ substantially 
in mouse and human cells (5).

In this issue of Arthritis & Rheumatology, Winkler et al report 
that PF- 06650833, an IRAK4- specific inhibitor, suppresses 
inflammation in preclinical models of RA and SLE and in phase 
I studies of healthy volunteers (6). The authors showed that PF- 
06650833 is highly selective as an inhibitor of the kinase activity 
of IRAK4. In in vitro experiments, it blocked specific downstream 
effects of disease- relevant stimuli in RA (inflammatory responses 
in synovial fibroblasts and immune complex– induced TNF pro-
duction in macrophages) and in SLE (nucleic acid release from 
neutrophils and nuclear localization/activation of IRF- 5 in mono-
cytes, in response to TLR- 7 agonists and/or lupus sera). Also rel-
evant to SLE, PF- 06650833 inhibited B cell cytokine synthesis 
and differentiation into plasma cells in response to IFNs and/or 
TLR- 7 agonists and hampered type I IFN release by plasmacytoid 
dendritic cells and PBMCs in response to immune complexes. 
In in vivo systems, it inhibited various clinical and immunologic 
features in the rat collagen- induced arthritis model of RA and in 
2 lupus models (pristane- induced lupus and the genetically prone 
MRL/lpr mouse model). In 2 previous studies, PF- 06650833 had 
been well tolerated and induced a sustained decrease in serum 
high- sensitivity C- reactive protein levels in healthy volunteers (7).

Moving further into human in vivo studies, Winkler and col-
leagues performed 2 randomized, double- blind, ascending- dose 
phase I studies to assess the safety of PF- 06650833 in healthy 
volunteers. The compound was well tolerated and induced a 
decrease of almost one- third in the type I IFN gene signature. 
As this inhibitory effect was tested in healthy subjects under 
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steady- state conditions, it will be important to determine whether 
a significant inhibitory effect on the type I IFN gene signature that 
is enhanced in many SLE patients (1) can be achieved, and how 
the degree of inhibition will compare to that achieved with other 
currently used anti– type I IFN strategies (8).

Overall, this multimodal assessment of the potential efficacy 
of targeting IRAK4 activity in RA and SLE demonstrates promis-
ing effects on multiple innate inflammatory pathways relevant to 
a variety of chronic inflammatory conditions. These observations 
are supported by previously reported findings that indicate an 
antiinflammatory role of IRAK4 inhibition in crucial aspects of RA 
and SLE disease pathogenesis. These include end- organ com-
plications, such as bone damage in the context of RA (9), as well 
as previous evidence from murine systems that IRAK4 is essen-
tial for autoimmune traits in various lupus- prone mouse models 
(10– 12).

Although the study by Winkler et al presents many pro-
vocative findings, there are some limitations to the interpreta-
tion of the results. The renal phenotype in the pristane- induced 
lupus model on a BALB/c background was surprisingly mild and 
did not allow for full assessment of the role of an IRAK4 inhibitor 
in clinical kidney involvement in lupus, although the findings in the 
MRL/lpr mouse model do support the notion that IRAK4 inhibition 
could target lupus nephritis. The assessment of IRAK4 inhibition 
on the IFN signature in healthy volunteers under conditions of 
homeostasis is unlikely to adequately reflect the potential effects 
on dysregulated IFN pathways in SLE and other autoimmune dis-
eases, which may not be entirely TLR dependent (13).

Safety will be a key issue to monitor in future studies in 
humans. Animals that lack IRAK4 are resistant to lipopolysaccha-
ride challenge, display severe impairments in ability to synthesize 
proinflammatory cytokines, and are more susceptible to certain 
viral and bacterial infections (14). Of interest, despite the fun-
damental role of IRAK4 in innate immune signaling and danger 
sensing, patients with autosomal- recessive amorphic mutations 
in IRAK4 display an immunologic syndrome with defective immu-
nity in response to IL- 1, IL- 8, and various TLR ligands and effects 
on B cell subsets and IgM synthesis (15), but restricted effects 
on increased susceptibility to certain bacterial pyogenic infections 
that occur earlier, but not later, in life (16). These observations may 
suggest that, especially in adults, IRAK4 inhibition might provide 
benefits in autoimmune disorders without significantly hampering 
antimicrobial responses. Future studies will need to assess the 
safety effects of longer- term treatment with this compound in indi-
viduals with systemic autoimmunity.

Over the last few years an increased number of IRAK4 inhib-
itors have been developed and tested (5). While phase II and III 
studies will be needed to assess the role of these compounds 
in inhibiting various chronic inflammatory diseases, the results 
of the study by Winkler et al suggest a promising novel avenue 
that may be added to the armamentarium of drugs involved 
in hampering innate immune dysregulation in the context of 

systemic autoimmune disease. It will also be important to assess 
whether targeting of IRAK4 could be used in combination with 
other treatments (disease- modifying antirheumatic drugs or bio-
logics) in patients whose disease may be resistant to more limited 
immunomodulatory therapy. Overall, identifying those patients 
with systemic autoimmunity in whom myddosome activation is a 
key dysregulated pathway in their specific syndrome and clinical 
presentation will be crucial in selecting those who may be more 
likely to benefit from such a targeted therapy.
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R E V I E W

A Decade of JAK Inhibitors: What Have We Learned and 
What May Be the Future?
Christine Liu,1 Jacqueline Kieltyka,1  Roy Fleischmann,2  Massimo Gadina,1  and John J. O’Shea1

The discovery of cytokines and their role in immune and inflammatory disease led to the development of a plethora 
of targeted biologic therapies. Later, efforts to understand mechanisms of cytokine signal transduction led to the 
discovery of JAKs, which themselves were quickly identified as therapeutic targets. It has been a decade since the 
first JAK inhibitors (jakinibs) were approved, and there are now 9 jakinibs approved for the treatment of rheumatic, 
dermatologic, hematologic, and gastrointestinal indications, along with emergency authorization for COVID- 19. In 
this review, we will summarize relevant discoveries that led to first- generation jakinibs and review their efficacy and 
safety as demonstrated in pivotal clinical studies. We will discuss the next generation of more selective jakinibs, along 
with agents that target kinase families beyond JAKs. Finally, we will reflect on both the opportunities and challenges 
ahead as we enter the second decade of the clinical use of jakinibs.

Introduction

Cytokines serve as critical means of intercellular communi-
cation among immune and other cells, controlling many aspects 
of normal immune responses. However, their aberrant produc-
tion results in the loss of immune homeostasis and exaggerated 
immune responses that underlie pathologies from autoimmunity 
to “cytokine storm.”

The introduction of targeted anticytokine biologic (pro-
tein) therapies at the end of the 20th century led to dramatic 
improvements in our ability to treat many diseases, including 
rheumatoid arthritis (RA), psoriatic arthritis (PsA), ankylosing 
spondylitis (AS), psoriasis, atopic dermatitis, and inflammatory 
bowel disease (IBD). Their clinical success was largely driven by 
our understanding of the cells and molecules that drive these 
pathologies, which allowed the production of effective, generally 
safe, molecules that inhibit relevant inflammatory pathways. The 
development of biologic disease- modifying antirheumatic drugs 
(bMARDs)— namely, engineered proteins capable of selectively 
binding cytokines or their cognate receptors that include tumor 

necrosis factor (TNF), interleukin- 1 (IL- 1), IL- 4/IL- 13, IL- 6, IL- 17, 
and IL- 12/23— was the capstone of years of research.

Many, but not all, of the cytokines that drive immunopathol-
ogy act via type I or type II cytokine receptors. Cytokine bind-
ing to these receptors activates phosphotransferases (kinases) 
associated with the intracellular portion of these receptors. These 
kinases belong to a small family termed JAKs, comprising 4 mem-
bers: JAK1, JAK2, JAK3, and TYK2. Different receptors are cou-
pled with different JAKs working in pairs, either in a heterodimeric 
or homodimeric complex. Following receptor engagement, the 
JAKs phosphorylate themselves and tyrosine residues on the 
receptor chains that recruit the STAT family of DNA binding pro-
teins. These factors are phosphorylated by the JAKs, resulting in 
their dimerization, translocation to the nucleus, and subsequent 
regulation of gene expression (Figure 1).

A series of mutant cell lines revealed the essential functions 
of JAKs in cytokine signaling (1), but identification of JAK3 muta-
tions in patients with severe combined immunodeficiency (SCID) 
revealed a critical role of JAK in vivo (2), as did various knock-
out mice. These insights led to the proposition that JAK inhibitors 
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could represent a new class of immunomodulatory drugs (3). 
Recognition of JAK2 gain- of- function mutations in myeloprolifer-
ative neoplasms (4) provided further rationale for JAK inhibition 
as an attractive therapeutic option. TYK2 mutations in humans 
result in primary immunodeficiency (5), and TYK2 variants are 
linked to a wide range of autoimmune diseases. Specifically, TYK2 
coding variants (e.g., rs34536443, P1104A) provide protection 
against multiple sclerosis, RA, psoriasis, and systemic lupus ery-
thematosus (SLE) (5,6).

The development of jakinibs has accelerated over the 
past decade, with the subsequent approval of multiple agents 
and more candidates under investigation in various diseases. In 
this review, we will briefly discuss the efficacy of the approved 
jakinibs and their associated adverse events (AEs). Though these 
jakinibs are relatively specific for JAK family kinases, several 

inhibit multiple members of the family; other jakinibs demonstrate 
improved in vitro selectivity, which is influenced by a number of 
factors that will be discussed. We will also discuss the role of this 
class of drugs in the management of COVID- 19.

Efficacy of approved jakinibs

The initially developed group of inhibitory molecules exert 
their effect by blocking the ATP- binding pocket of the JAK 
catalytic domain. Although these compounds are relatively 
selective, with limited off- target effects compared to other 
kinases, these jakinibs block the activity of multiple JAKs both 
in vitro and in vivo. Nonetheless, the promising results of these 
jakinibs in a wide range of preclinical disease models quickly 
led to investigation in multiple clinical settings and for diverse 

Figure 1. Physiologic impact of JAK inhibitor (jakinib) targeting. Pan- jakinibs and jakinibs specific for the indicated JAK family members are 
listed. Type I and type II cytokine receptors (illustrations) associate with different members of the JAK family (JAK1, JAK2, JAK3, and TYK2) 
in order to transduce intracellular signals. Selective blockade of specific JAK molecules should inhibit specific biologic actions while allowing 
other JAK- dependent cytokines to signal normally. For example, by selectively inhibiting JAK1, the adverse events related to JAK2 inhibition, 
such as anemia and neutropenia, should be avoided. JAK3- mediated signaling, which is associated exclusively with the common γ- chain 
receptor, should also be unaffected, sparing T cell, B cell, and natural killer (NK) cell function. IL- 2 = interleukin- 2; EPO = erythropoietin; TPO = 
thrombopoietin; G- CSF = granulocyte colony- stimulating factor; GM- CSF = granulocyte– macrophage colony- stimulating factor; GH = growth 
hormone; LIF = leukemia inhibitory factor; OSM = oncostatin M; IFNα = interferon- α.
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pathologies; regulatory agencies have now approved 9 jakin-
ibs (Table 1).

The first jakinib to enter clinical trials, initially for renal transplan-
tation, was tofacitinib, which inhibits JAK1/JAK2/JAK3; however, 
ruxolitinib, a JAK1/JAK2 inhibitor, was the first agent to receive 
approval, as a treatment for myeloproliferative neoplasms that often 
exhibit gain- of- function JAK2 mutations. Ruxolitinib is also approved 
for steroid- refractory acute graft- versus- host disease (GVHD).

Tofacitinib was the first jakinib to be approved for the treat-
ment of a rheumatic disease, specifically for patients with RA with 
an incomplete response to a conventional synthetic DMARD (csD-
MARD), either as tofacitinib monotherapy or in combination with 
a csDMARD (7– 11). Subsequently, tofacitinib has been approved 
for PsA (12,13) and ulcerative colitis (UC) (14).Tofacitinib has also 
been approved for the treatment of polyarticular course juvenile 
idiopathic arthritis (JIA) in the US.

Baricitinib, a JAK1/JAK2 inhibitor, is approved for patients 
with RA in the US, with a dosage limited to 2 mg every day in 
combination with a csDMARD, or as monotherapy in patients 
with RA refractory to a bDMARD, based on phase III trial results. 
In many other countries, both 2 mg and 4 mg doses are approved 
for patients with an incomplete response to csDMARDs (15– 18). 
Baricitinib is also approved for the treatment of atopic dermatitis 
in Europe.

Peficitinib, a pan- JAK inhibitor, is approved in Japan, 
Republic of Korea, and Taiwan for the treatment of RA in patients 
with an incomplete response to csDMARDs (19,20). Tofacitinib, 
baricitinib, and peficitinib have shown clinical, functional, and radi-
ographic efficacy, after failure of a csDMARD, prior to treatment 
with a bDMARD, or after treatment with a bDMARD. Broadly 
speaking, with the exception of peficitinib, jakinibs have been 
documented to be more effective than methotrexate (MTX) (7,18).

Selective targeting of JAK1 should block the broadest 
cytokine profile compared to targeting of other JAKs, while avoid-
ing a negative impact on hematopoiesis by sparing erythropoi-
etin, thrombopoietin, and granulocyte colony- stimulating factor 
(G- CSF) signaling. Two jakinibs with relative JAK1 selectivity have 
been approved in RA: upadacitinib in many countries, including the 

US, the European Union (EU), Canada, and Japan, and filgotinib 
in the EU and Japan. Phase III trials demonstrated clinical, func-
tional, and radiographic efficacy both in combination with a csD-
MARD or as monotherapy in patients with incomplete response 
to a csDMARD or a bDMARD (21– 27). Upadacitinib monotherapy 
has also been shown to be more effective than MTX in MTX- naive 
patients with RA (24). Both upadacitinib and filgotinib have been 
referred to as “second- generation jakinibs” since they both pref-
erentially inhibit JAK1 in vitro but their clinical efficacy and safety, 
to a large extent, is similar to pan- jakinibs in RA, although anemia 
and herpes zoster are seen less often with filgotinib.

The clinical responses to jakinibs are more rapid than clinical 
responses to bDMARDs, with a clinical effect shown as early as 
the first week of jakinib therapy, as well as more rapid and deeper 
pain alleviation. Of clinical interest, tofacitinib, baricitinib, upadac-
itinib, and filgotinib were all at least as effective as a bDMARD in 
those with an incomplete response to MTX, which suggests that 
after an incomplete response to a csDMARD, one can utilize a jak-
inib prior to a bDMARD. Additionally, if a patient does not respond 
adequately to a jakinib (upadacitinib), they may respond to a TNF 
inhibitor (adalimumab) (17,25,26,28,29).

Whether greater selectivity of JAK inhibition will lead to dif-
ferent outcomes remains unclear, and there is currently a lack of 
well- designed clinical studies evaluating the efficacy or safety of 
one jakinib compared to another. Determination of selectivity is not 
simple and is dependent upon the nature of the assay, whether 
the assay is done in whole blood, and exactly what is being meas-
ured. Evaluation of the in vitro cellular selectivity of baricitinib, 
tofacitinib, upadacitinib, and filgotinib has shown that all 4 agents 
inhibit IL- 6 and interferon- α (IFNα) signaling; upadacitinib and 
tofacitinib were more potent inhibitors of JAK1/JAK3- dependent 
cytokines (IL- 2, IL- 4, IL- 15, and IL- 21) than baricitinib and filgo-
tinib; and baricitinib, tofacitinib, and upadacitinib, but not filgo-
tinib, inhibited the JAK2/JAK2 and JAK2/TYK2 cytokines  IL- 3, 
GM- CSF, and G- CSF but to varying degrees (30,31). Upadac-
itinib was the most potent inhibitor of the JAK2/JAK2- dependent  
cytokines IL- 3 and GM- CSF, followed by baricitinib and to fa-
citinib; filgotinib was the least potent JAK2 inhibitor. Tofacitinib was 

Table 1. Approved JAK inhibitors and their current indications*

Drug Target Indication
Tofacitinib JAK1/JAK2/JAK3 RA, PsA, UC, polyarticular course JIA
Baricitinib JAK1/JAK2 RA, atopic dermatitis (approved in EU), COVID- 19 (EUA)
Upadacitinib JAK1 RA
Filgotinib JAK1 RA (approved in EU, Japan)
Peficitinib Multiple JAKs RA (approved in Japan, Korea, Taiwan)
Ruxolitinib JAK1/JAK2 Myeloproliferative neoplasms , acute GVHD
Fedratinib JAK2/FLT3/RET/BRD- 4 Myeloproliferative neoplasms
Delgocitinib (topical) Multiple JAKs Atopic dermatitis (approved in Japan)
Oclacitinib Multiple JAKs Atopic dermatitis (in dogs)

* RA = rheumatoid arthritis; PsA = psoriatic arthritis; UC = ulcerative colitis; JIA = juvenile idiopathic arthritis; EU = 
European Union; EUA = emergency use authorization; GVHD = graft- versus- host disease; BRD- 4 = bromodomain- 
containing protein 4. 
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the most potent inhibitor of the JAK2/TYK2- dependent cytokine 
G- CSF, followed by upadacitinib and baricitinib (31).

A common measure of JAK inhibition is the assessment of 
cytokine- induced STAT phosphorylation, and a nuanced aspect of 
the assay is exactly what STAT is being measured; measurement 
of different STATs can give different answers. Thus, interpretation 
of selectivity appears to also be influenced by the cytokine and 
STAT being assessed. Most receptors use JAKs in pairs, but the 
importance of one JAK versus the other in signaling is still not fully 
understood and will require more basic research and likely more 
specific agents. Perhaps most important in terms of safety and 
efficacy is that no jakinib mediates sustained reduction in cell sig-
naling throughout the dosing interval— a high degree of JAK inhi-
bition is very transient. This is likely to be relevant for side effects. 
Nonetheless, while the clinical relevance of these differences is 

unclear, jakinibs all appear to have similar efficacy and safety with 
the exception of fewer cases of anemia and herpes zoster with 
filgotinib.

Ongoing trials are investigating the efficacy of jakinibs in a 
wide range of additional indications. Phase III studies involving 
patients with active AS demonstrated promising efficacy and 
improvement with tofacitinib (32) and upadacitinib (33). Efficacy of 
upadacitinib in PsA has also recently been reported, with 30 mg 
upadacitinib shown to be superior to adalimumab (34,35). Upa-
dacitinib has been evaluated in dose- ranging trials assessing effi-
cacy in Crohn’s disease (CD) and UC and has shown efficacy in 
both (36,37). Upadacitinib was found to be more effective than 
placebo in atopic dermatitis (38), and phase III trials are ongoing. 
Although phase II studies of filgotinib in PsA, AS, CD, and UC had 
positive results, these clinical development programs have been 

Table 2. Selected ongoing clinical trials of first- generation JAK inhibitors*

Agent, specificity and indication ClinicalTrials.gov identifier
Tofacitinib, JAK1/JAK2/JAK3

Down syndrome NCT04246372
COVID- 19 NCT04332042, NCT04415151, NCT04390061, and NCT04469114
Inflammatory eye disease (uveitis and scleritis) NCT03580343
Sjögren’s syndrome NCT04496960
SLE NCT03288324

Ruxolitinib, JAK1/JAK2†
COVID- 19 NCT04348071, NCT04477993, NCT04414098, NCT04359290, 

NCT04377620, NCT04348695, NCT04374149, NCT04424056, 
NCT04338958, NCT04403243, and NCT04334044

Vitiligo NCT04530344, NCT04057573, NCT04052425, and NCT03099304
Thrombocythemia and polycythemia vera NCT04644211, NCT04116502, NCT02962388, NCT03669965, 

NCT02577926, NCT03952039, and NCT04455841
Hypereosinophilic syndrome or primary 

eosinophilic disorders
NCT03801434 and NCT00044304

Atopic dermatitis NCT03745638
Hidradenitis suppurativa NCT04414514

Baricitinib, JAK1/JAK2
COVID- 19 NCT04340232, NCT04320277, NCT04399798, NCT04421027, 

NCT04393051, NCT04373044, NCT04640168, and NCT04321993
Alopecia areata NCT03570749 and NCT03899259
JIA NCT03773965, NCT04088396, and NCT03773978
SLE NCT03843125, NCT03616964, and NCT03616912
Atopic dermatitis NCT03559270, NCT03952559, NCT03435081, NCT03334435, and 

NCT03428100
GVHD NCT02759731
Giant cell arteritis NCT03026504
Uveitis NCT04088409
Aicardi- Goutières syndrome NCT03921554
Idiopathic inflammatory myopathies NCT04208464
PMR NCT04027101

Fedratinib
Myelofibrosis/polycythemia vera NCT03755518, NCT03952039, NCT04282187, NCT04446650, 

NCT04629508, NCT04562870, and NCT04370301
Delgocitinib, JAK1/JAK2/JAK3/TYK2

Atopic dermatitis NCT03826901 and NCT03725722
Chronic hand eczema NCT03683719

CTP- 543, JAK1/JAK2
Alopecia areata NCT03898479 and NCT04518995

* SLE = systemic lupus erythematosus; JIA = juvenile idiopathic arthritis; GVHD = graft- versus- host disease; PMR = 
polymyalgia rheumatica. 
† Trials for cancer and/or malignancies were excluded. 
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halted subsequent to the complete response letter from the US 
Food and Drug Administration (FDA) denying approval for filgotinib 
at present (39– 41).

An open- label trial of subjects with refractory dermatomyosi-
tis receiving tofacitinib and a trial of tofacitinib in combination with 
glucocorticoids in subjects with amyopathic dermatomyositis- 
associated interstitial lung disease both suggested efficacy and  
reasonable safety profiles (42,43). In a compassionate use  
program for patients with refractory juvenile dermatomyositis, 
preliminary data indicated clinically significant improvements with 
baricitinib treatment (44). Other indications being investigated 
include alopecia areata, SLE, interferonopathies including Down 
syndrome, relapsing giant cell arteritis, GVHD, myasthenia gravis, 
and vitiligo (Table 2). Delgocitinib (JTE- 052) is a topical jakinib 
approved in Japan for atopic dermatitis and oclacitinib, a JAK1/
JAK2/JAK3 inhibitor, is approved for canine allergic dermatitis.

Safety of approved jakinibs

Jakinibs have been confirmed to be reasonably safe, with 
an AE profile that is similar to bDMARDs, although the specific 
AEs are somewhat different (Table 3). Many of the AEs seen with 
jakinibs could have been predicted based on their mechanism 
of action, while others could not. Common side effects are infec-
tions, including serious and opportunistic infections and herpes 
zoster (45– 47). Vaccination with recombinant adjuvanted her-
pes zoster subunit is generally safe in patients with autoimmune 
disease, although flares are not uncommon (48,49). Investiga-
tion of the serologic response to the recombinant vaccine in 
RA patients treated with jakinibs suggests satisfactory antibody 
responses and acceptable tolerability (50). In contrast to herpes 
zoster, the rates of influenza AEs in an RA clinical program were 
comparable in the tofacitinib, adalimumab, MTX, and placebo 
groups (51).

Cytopenias such as neutropenia and anemia are also com-
mon AEs, likely due to JAK2 inhibition. Upadacitinib, a relatively 
JAK1- selective molecule, has similar effects as pan- jakinibs with 
regard to anemia, whereas anemia appears to occur less fre-
quently in patients treated with filgotinib. Jakinibs can also result 
in lymphopenia, in particular a reduction in natural killer (NK) cells, 
related to JAK3 inhibition. Jakinib administration has been asso-
ciated with elevated serum lipid levels due to reduced cholesterol 

ester catabolism, increasing cholesterol levels toward those in 
healthy volunteers, and improvement in markers of antiathero-
genic high- density lipoprotein function (52).

The FDA requested a long- term safety study after the  
approval of tofacitinib in 2012, evaluating the safety of tofa-
citinib 5 mg and 10 mg twice daily versus a TNF inhibitor (TNFi),  
all in combination with MTX, in subjects with RA who were 50 
years of age or older and had at least one additional cardiovascu-
lar risk factor (ORAL- Surveillance). The coprimary end points were 
noninferiority of the combined tofacitinib doses (5 mg and 10 mg 
twice a day) compared to the TNFi (etanercept or adalimumab) 
regarding 1) major adverse cardiovascular events (MACE) and 
2) malignancies. Noninferiority was defined by the upper bound 
of the confidence interval not being greater than 1.8 (lower bound 
not calculated). The top- line results have been reported. Although 
the incidence rates for both end points for both mechanisms were 
<1.2 per 100/patient- years, with the differences between tofac-
itinib and TNFi being 0.25– 0.35, the prespecified noninferiority 
criteria were not met for the primary comparison of the combined 
tofacitinib doses to TNFi. As seen for tofacitinib in the general RA 
population, the most frequently reported MACE was myocar-
dial infarction, and the most frequently reported malignancy was 
lung cancer. Of note, most of the events with both mechanisms 
occurred in subjects with a higher prevalence of known risk fac-
tors for MACE and malignancy (e.g., older age, smoking) and one 
can only conclude that there is probably a slight advantage of 
TNFi over tofacitinib for avoiding such events but cannot conclude 
that tofacitinib increases these events (53,54).

A concern that the incidence of venous thromboembolism 
(VTE), including pulmonary embolism, would be increased was 
originally raised with regard to baricitinib. During the placebo- 
controlled portion of the phase III studies, there was an imbal-
ance in the development of VTEs, which occurred only in the 
4 mg group and not in the 2 mg or placebo groups. However, in 
a report of >8 years of follow- up, the incidence rate of VTE was 
comparable between the 2 mg and 4 mg groups and similar to 
what has been observed in RA patients treated with agents with 
other mechanisms of action (46). No disparity was seen in the 
clinical trials of tofacitinib (34) and upadacitinib (55).

Other studies have shown that there is no evidence of short- 
term risk of MACE or VTEs in RA patients initiating jakinibs (56). 
However, the situation has been confused because of the results 
of ORAL- Surveillance. Prior to completion of the study, data 
were released suggesting that, while there was not a statistically 
significant difference in the risk of VTE or pulmonary embolism 
between the tofacitinib 5 mg twice a day and TNFi groups, there 
was a significantly increased risk in the tofacitinib 10 mg twice a 
day a group, and a numerical difference favoring TNFi over 5 mg 
tofacitinib twice a day. For that reason, the European Medicines 
Agency placed severe restrictions on the use of tofacitinib, while 
the FDA strengthened its guidance and has proposed that a jak-
inib should be utilized after failure of a TNFi.

Table 3. Major side effects of JAK inhibitors
Infections

Serious and opportunistic infections
Herpes zoster

Hematologic side effects
Anemia
Leukopenia
Thrombocytopenia

Venous thrombosis*
Hyperlipidemia

* Studies have shown conflicting results (34,46,55– 57). 
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In further analysis and meta-analyses in patients treated 
with jakinibs compared to placebo, no clear evidence of jakin-
ib-associated VTE could be found; therefore, longer-term data 
are needed to assess the risk of these events (57). To compli-
cate matters further, there has been no clear mechanism that 
explains an increased risk of VTE with jakinibs, and thus, this is an 
area that requires further exploration. Regarding the risk of devel-
oping malignancies in RA, patients treated with jakinibs revealed 
higher rates of malignancy in the treated groups versus controls 

in a meta- analysis of 36 trials, but these differences did not reach 
statistical significance (58).

A long- term safety study of tofacitinib integrating data from 
phase I, II, IIIb/IV, and long- term extension studies in adult patients 
with RA (n = 7,061) found that AEs were stable over time and 
that incident rates were consistent with previous reports. No new 
safety risks were observed over the span of 9.5 years of cumu-
lative tofacitinib exposure, and rates of safety events were com-
parable to those observed for bDMARDs and other jakinibs (59).

Table 4. Selected ongoing clinical trials of JAK inhibitors*

Agent, specificity, indication ClinicalTrials.org identifier
Upadacitinib, JAK1

Atopic dermatitis NCT03569293, NCT03738397, 
NCT03568318, NCT03661138, 
NCT04195698, NCT03607422, 
and NCT04666675

Hidradenitis suppurativa NCT04430855
Spondyloarthritis NCT04169373
PsA NCT03104374 and 

NCT03104400
AS NCT03178487
SLE NCT03978520 and 

NCT04451772
UC NCT03653026, NCT03006068, 

and NCT02819635
CD NCT03345836, NCT03345823, 

NCT02782663, and 
NCT02365649

Takayasu arteritis NCT04161898
Giant cell arteritis NCT03725202

Filgotinib, JAK1
RA NCT02065700 and 

NCT03025308
PsA NCT03320876, NCT04115839, 

and NCT04115748
CD NCT02914600, NCT02914561, 

and NCT03077412
AS NCT04483700 and 

NCT04483687
UC NCT02914535
IBD NCT03201445
Noninfectious uveitis NCT03207815

Abrocitinib, JAK1
Atopic dermatitis NCT04345367, NCT03422822, 

and NCT03915496
Itacitinib, JAK1

Acute GVHD NCT03846479
Chronic GVHD NCT04200365, NCT03584516, 

and NCT04446182
Prophylaxis for GVHD 

and immune effector 
cell therapy (prevention 
of cytokine release 
syndrome)

NCT04071366 and 
NCT04339101

Asthma NCT04129931
Myeloproliferative 

neoplasms/myelofibrosis
NCT04640025, NCT03144687, 

NCT01633372, and 
NCT04629508

* PsA = psoriatic arthritis; AS = ankylosing spondylitis; SLE = systemic lupus erythematosus; UC = ulcerative colitis; CD = Crohn’s disease;
RA = rheumatoid arthritis; IBD = inflammatory bowel disease; GVHD = graft- versus- host disease; ALK1 = activin receptor– like kinase 1. 
† Trials for cancer and/or malignancies have been excluded. 

Agent, specificity, indication ClinicalTrials.org identifier
Non– small cell lung cancer NCT03425006 and 

NCT02917993
ARQ- 252, JAK1

Hand eczema NCT04378569
BMS- 986165, TYK2

SLE NCT03252587 and 
NCT03920267

Lupus nephritis NCT03943147
CD NCT03599622
UC NCT03934216 and NCT04613518
PsA NCT03881059
Plaque psoriasis NCT03624127, NCT03611751, 

and NCT04167462
Psoriasis NCT04036435 and 

NCT03924427
Brepocitinib (PF- 06700841), 

TYK2/JAK1
Psoriasis NCT03850483
Acne inversa NCT04092452
Hidradenitis suppurativa NCT04092452
Non- segmental vitiligo NCT03715829
PsA NCT03963401
SLE NCT03845517
CD NCT03395184
UC NCT02958865

Ritlecitinib, JAK3/TEC kinases
RA NCT02969044
CD NCT03395184
UC NCT02958865
Non- segmental vitiligo NCT03715829
Alopecia areata NCT03732807, NCT04006457, 

and NCT04517864
Cerdulatinib, JAK1/JAK2/Syk†

Vitiligo NCT04103060
Momelotinib, JAK1/JAK2/ALK1

Myeloproliferative 
neoplasms

NCT04173494

Pacritinib, JAK2/IRAK1†
GVHD NCT02891603
Myeloproliferative neoplasms NCT03645824 and NCT03165734
COVID- 19 NCT04404361

Gusacitinib (ASN002), JAK1/
JAK2/JAK3/TYK2/Syk†

Chronic hand dermatitis NCT03728504
Atopic dermatitis NCT03531957
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Filgotinib, but not other jakinibs, produced defects in sper-
matogenesis in rodent models, which prompted a safety study 
in male patients to investigate whether the 200 mg dose would 
have similar effects in humans. The top- line results have been 
reported: 8.3% of the patients receiving placebo and 6.7% of the 
patients receiving filgotinib had a ≥50% decline in sperm concen-
tration at week 13. The study is ongoing, and results indicating 
whether the decrease will persist or affect more patients receiving 
filgotinib over time are still pending (60).

In summary, multiple trials support the conclusion that in RA, 
jakinibs are at least equivalent to or are superior to TNFi when 
used with a csDMARD in inducing a rapid response, with a reduc-
tion in pain observed in as early as 1 week. Jakinibs have safety 
profiles generally comparable to biologics, with the exceptions of 
an increased frequency of herpes zoster infection and hemato-
logic side effects, and a slightly higher risk of MACE and malig-
nancy in older patients with a history of smoking.

Next- generation jakinibs

The success of jakinibs has motivated the development of 
yet more jakinibs (Table 4). CTP- 543, a deuterium- modified form 
of ruxolitinib, has received breakthrough and fast- track desig-
nation from the FDA and is currently being assessed in phase II 
and III studies of alopecia areata. Deuterated compounds have 
the potential advantage of improved pharmacokinetics with lower 
rates of metabolism, and hence a longer half- life.

Another JAK1- selective jakinib, abrocitinib, has been evalu-
ated in phase III trials in atopic dermatitis and plaque psoriasis 
(61,62), showing efficacy in both diseases. AEs included herpes 
simplex and herpes zoster infection, appendicitis, pancreatitis, 
and IBD. No cases of VTEs, malignancies, MACE, or deaths were 
observed. Decreased platelet counts were noted with no decrease 
in hemoglobin. The JAK1- selective inhibitor, itacitinib, is currently 
being assessed in multiple clinical trials for oncologic indications 
as well as for chronic and acute GVHD, including GVHD prophy-
laxis. ARQ- 252 is a selective topical JAK1 inhibitor, and a phase I/
IIb trial in adults with chronic hand eczema is underway.

Inhibition of TYK2 would be expected to impact type I and 
type III IFNs, IL- 10 family cytokines, IL- 12, and IL- 23, but not 
other cytokines. The success of monoclonal antibodies targeting 
IL- 12 and IL- 23 with acceptable AEs, along with TYK2 coding 
variants being associated with reduced incidence of autoimmun-
ity (63,64), support the potential efficacy of TYK2 inhibition. Deu-
cravacitinib (BMS- 986165) has shown efficacy in a psoriasis trial 
(65) and significantly greater American College of Rheumatology 
20% improvement rates compared to placebo in patients with 
PsA. No anemia, cytopenias, serious infections, herpes zoster, 
opportunistic infections, or thrombotic events were observed (66). 
Trials are ongoing in SLE, including lupus nephritis, and in CD and 
UC. Unlike other jakinibs, deucravacitinib binds to the kinase- like 
domain (67). Since the kinase- like domain is a relatively unique 

feature of JAKs, in principle, this strategy could provide increased 
kinome selectivity.

PF- 06826647 is a TYK2- selective jakinib (68) currently in tri-
als for the treatment of psoriasis, UC, and hidradenitis suppura-
tiva; brepocitinib is a TYK2/JAK1 inhibitor that was assessed in a 
phase II trial of psoriasis where clinical responses were seen with 
all doses (69). Ongoing investigations of either oral or topical bre-
pocitinib include trials in atopic dermatitis, SLE, CD, UC, alopecia 
areata, hidradenitis suppurativa, and vitiligo.

Though the goal of JAK1-  and TYK2- selective inhibitor 
use is to minimize JAK2 signaling interference and subsequent 
cytopenias, specifically targeting JAK2 can offer a treatment 
advantage for myeloproliferative neoplasms and potentially 
other hematologic malignancies. Fedratinib is a selective JAK2 
inhibitor approved for primary and secondary myelofibrosis. An 
important AE observed with fedratinib is Wernicke’s encepha-
lopathy, which has been observed in patients taking the highest 
daily dosage (500 mg) (70). Fedratinib exerts off- target inhibi-
tory activity against bromodomain- containing protein 4 and is 
effective regardless of JAK2 mutational status. Phase III trials are 
ongoing to assess fedratinib for long- term safety, efficacy, and its 
effects on overall survival (71).

Gandotinib is a JAK2- selective inhibitor that has potential 
increased potency for the JAK2V617F mutant kinase and has shown 
efficacy in myeloproliferative neoplasm (72), although there are 
currently no ongoing clinical investigations of gandotinib.

Within the JAK family, the action of JAK3 is seemingly most 
restricted because of its exclusive association with the common 
γ- chain, a shared subunit used by IL- 2, IL- 4, IL- 7, IL- 19, IL- 15, and 
IL- 21. Mutations of either the γ- chain (encoded by IL2RG) or JAK3 
lead to the complete absence of signaling of these cytokines and 
the consequent development of SCID, characterized by depletion 
of T, B, and NK cells, but with no other defects. Thus, JAK3 has 
been identified as a potential target to treat various inflammatory 
and autoimmune diseases.

Developed to target the kinase domain of JAK3, decernotinib 
(VX- 509) showed selective in vitro inhibition of JAK3 over the other 
JAKs and efficacy in RA (73,74). However, a CYP3A4- mediated 
drug– drug interaction was also described, potentially limiting the 
use of decernotinib; development of this molecule has currently 
been halted (75).

Beyond just JAKs

Despite the effort to search for drugs with greater specific-
ity, there may be advantages in efficacy in targeting JAKs along 
with kinases involved in other signaling pathways (Table 4). Rit-
lecitinib is an irreversible covalent inhibitor that binds to a distinct 
cysteine residue in the JAK3 catalytic domain, which other JAK 
family members lack. However, TEC family kinases possess this 
cysteine residue in their kinase catalytic domains. The TEC family 
consists of 5 members: Bruton’s tyrosine kinase, bone marrow 
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tyrosine kinase on chromosome X, IL- 2– inducible T cell kinase, 
resting lymphocyte kinase, and TEC protein tyrosine kinase. 
These kinases are important mediators of signaling for T cell anti-
gen receptors, B cell antigen receptors (BCR), and chemokine 
receptors. Thus, ritlecitinib targets more than just type I/II cytokine 
receptor signaling. Ritlecitinib was found to be superior to placebo 
in a phase II study in RA patients with an inadequate response 
to MTX (76). AEs included lymphopenia and infections such as 
herpes simplex. Ritlecitinib is currently in phase II trials for CD, UC, 
alopecia areata, and vitiligo.

Spleen tyrosine kinase (Syk) is highly expressed in hemato-
poietic cells and plays important and varied roles in immune cell 
signaling from BCR and FcR to lectins and integrins. Thus, simul-
taneous targeting of Syk along with JAKs could have utility in 
the treatment of immune and inflammatory disease. Gusacitinib 
(ASN002) is an oral JAK/Syk inhibitor that showed clinical efficacy, 
associated with decreased expression of inflammatory biomark-
ers, in a phase II trial in atopic dermatitis (77). Another JAK/Syk 
inhibitor, cerdulatinib (PRT062070), has been tested in several 
trials for the treatment of leukemia and lymphoma, and a topical 
formulation is being tested in phase II trials in patients with vitiligo.

Momelotinib is a JAK1/JAK2 inhibitor as well as an activin 
receptor– like kinase (ALK1) inhibitor. Because ALK1 is a receptor 

for bone morphogenic proteins, momelotinib is undergoing test-
ing for the treatment of myelofibrosis (78). Pacritinib is a JAK2 and 
IL- 1 receptor– associated kinase 1 inhibitor also being evaluated 
for the treatment of myelofibrosis. Blocking IL- 1 and Toll receptor 
signaling might offer some interesting opportunities for autoim-
mune disease treatment.

Jakinibs in COVID- 19

The emergence of a pandemic due to the novel coronavirus 
SARS– CoV- 2 with its associated severe systemic immune hyper-
activation has motivated the search for novel therapeutics to treat 
COVID- 19 cytokine release syndrome, also termed cytokine storm 
(Figure 2). The extremely elevated levels of multiple cytokines are 
associated with pulmonary and endothelial disease, myocar-
dial damage, and mortality. Consequently, the search for effec-
tive drugs to manage COVID- 19 has focused on the modulation 
of cytokines. While dexamethasone has shown efficacy for the 
treatment of COVID- 19 in the Randomized Evaluation of Cov-
id- 19 Therapy (RECOVERY) trial (79), the use of biologics has not 
consis tently demonstrated efficacy.

Many of the cytokines elevated in COVID- 19, including IL- 2, 
IL- 6, IL- 12, IFNγ, and GM- CSF, signal via JAKs. For this reason, 

Figure 2. Potential mechanisms of JAK inhibitors (jakinibs) in blocking SARS– CoV- 2 viral invasion and suppressing cytokine storm syndrome. 
SARS– CoV- 2 entry is mediated by angiotensin- converting enzyme 2 (ACE- 2), a receptor widely expressed in the lungs, heart, vasculature, 
kidneys, and gastrointestinal tract. The primary site of infection is alveolar epithelial cells in the lungs, and rapid replication of virus can lead 
to a hyperimmune response. Macrophage activation and chemokine release for neutrophil, Th1, and natural killer (NK) cell recruitment can 
lead to a massive cytokine release responsible for the clinical evolution to acute respiratory distress syndrome (ARDS). Jakinibs such as 
baricitinib can potentially block viral entry by inhibiting numb- associated kinase family proteins AP2- associated protein kinase 1 (AAK1) and 
cyclin G– associated kinase (GAK). During the inflammatory phase, many of the cytokines elevated in COVID- 19 (interleukin- 6 [IL- 6], IL- 12, and 
interferon- γ [IFNγ]) signal via JAKs, and therefore, jakinibs are being considered as potential therapeutics in severe SARS– CoV- 2. TNF = tumor 
necrosis factor; MIP- 1α = macrophage inflammatory protein 1α; IP- 10 = IFNγ-inducible 10- kd protein; IL- 6R = IL- 6 receptor.



LIU ET AL2174       |

jakinibs were considered potential therapeutic candidates. How-
ever, an obvious argument against the use of jakinibs is the risk  
of increased infection. While jakinibs generally have a reason able 
degree of kinome selectivity, baricitinib additionally inhibits the 
Numb- associated kinase (NAK) family, AP2- associated protein 
kinase 1, and cyclin G– associated kinase (80,81) involved in viral 
entry of SARS– CoV- 2. Several small trials have shown efficacy of 
ruxolitinib in the context of severe SARS– CoV- 2 (82,83).

Baricitinib has shown utility in small trials in COVID- 19 (84,85). 
Adaptive Covid- 19 Treatment Trial 2 (ACTT- 2) (86) is a double- 
blind, randomized, placebo- controlled trial testing remdesivir plus 
4 mg baricitinib daily versus remdesivir plus placebo. This study 
enrolled 1,033 hospitalized adults with COVID- 19 in 67 sites in 8 
countries, and assessed the outcomes of time to recovery and 
clinical status at day 15. The results showed that baricitinib plus 
remdesivir was safe and superior to remdesivir alone for patients 
with COVID- 19– associated pneumonia. The observed benefit of 
combination treatment was most evident in patients receiving sup-
plemental oxygen, high- flow oxygen, or noninvasive ventilation. 
Overall, patients receiving baricitinib had a median time to recovery 
of 7 days compared to 8 days for control patients, whereas the 
time to recovery for patients receiving oxygen or noninvasive venti-
lation was 10 days for those treated with baricitinib plus remdesivir 
versus 18 days for those treated with remdesivir plus placebo. The 
benefit of the combination treatment was less evident in patients 
who did not require oxygen or in patients who required mechanical 
oxygenation or extracorporeal membrane oxygenation. Importantly 
and perhaps surprisingly, serious AEs, including infection, were less 
frequent in the combination group than in the control group.

ACTT- 4, the fourth adaptive COVID- 19 treatment trial, ran-
domized patients to receive either remdesivir, intravenous (IV) 
dexamethasone, and placebo tablets or remdesivir, baricitinib 
tablets, and IV placebo. The goal was to assess which combi-
nation was more effective at preventing adults hospitalized with 
COVID- 19 and receiving supplemental oxygen from progress-
ing to requiring mechanical ventilation or death. Upon review of 
the current data, the Data Safety Monitoring Board determined 
that it is unlikely that the study will show a significant difference 
between these 2 arms even if the trial continued to full enroll-
ment of 1,500 participants. As a result, enrollment in the trial was 
closed after slightly more than 1,000 participants were enrolled. 
Thus, at present, the 2 strategies appear to be equivalent (87).

An important outstanding question is the relevance of the 
potential antiviral activity of baricitinib via its inhibition of the NAK 
family. The Study of Baricitinib (LY3009104) in Participants With 
COVID- 19 (COV- BARRIER) examined the addition of baricitinib 
versus placebo to standard of care. The results have been 
announced but not yet published. The primary end points were 
progression to noninvasive or invasive mechanical ventilation 
or death, which was not statistically significant in the baricitinib 
group, although a reduction in mortality was seen without addi-
tional AEs (88).

Many other trials with a variety of jakinibs are underway and 
will hopefully assess the utility of baricitinib versus other jakinibs. 
Beyond COVID- 19, the data beg the question as to whether 
jakinibs have broad use in sepsis and acute respiratory distress 
syndrome.

Conclusions and challenges ahead

The year 2011 witnessed the approval of the first jakinib, ruxol-
itinib. Since that time, it has been remarkable to see the rapid devel-
opment of multiple jakinibs and their approval for use in a broad 
range of indications, crossing multiple clinical specialties. We now 
know that jakinibs are generally as safe and effective as biologics, 
albeit with some differences in safety, and exert their effect more 
rapidly. Not surprisingly, they are being tested for the treatment of a 
plethora of disorders, from genetic interferonopathies to COVID- 19. 
Despite the impressive advances, many questions remain.

In RA, should jakinibs be used prior to MTX, assuming equal 
patient access and affordability? Tofacitinib, baricitinib, and upa-
dacitinib have been shown to be more efficacious than MTX, but 
there are some differences in safety and tolerability— some of which 
favor MTX while others favor jakinibs. Should jakinibs be used prior 
to bDMARDs considering that each jakinib has been shown to be 
at least as effective as bDMARDs and that jakinibs have the advan-
tage of oral administration with rapid benefit? It has been shown 
that each jakinibs is more effective in combination with a csDMARD 
in RA, although monotherapy is effective in many patients. If a jak-
inib is added to a csDMARD and sustained control of the disease 
is achieved, should the jakinib or csDMARD be tapered or discon-
tinued first? Many patients are initially treated with glucocorticoids 
as “bridge therapy,” but in many, the “bridge” lasts for a prolonged 
time. Can jakinibs decrease the total exposure to glucocorticoids 
and thus prevent their significant toxicity? Importantly, what is the 
real risk of VTE, MACE, and malignancy with the use of a jakinib ver-
sus a treatment with another mechanism of action? As discussed 
above, issues surrounding specificity are not straightforward; do 
different in vitro specificities, measured by various assays, correlate 
with differences in efficacy and safety among the jakinibs? Well- 
designed head- to- head trials will need to be performed to answer 
all of these questions. Many of the same questions lack answers in 
PsA and AS, such as initial versus later use, monotherapy versus 
combination therapy, and treatment with a second jakinib after fail-
ure of the first. The question regarding glucocorticoids is not as rel-
evant; however, we do not know the efficacy of jakinibs compared 
to non- TNF bDMARDs, such as the inhibitors of IL- 17 or IL- 23.

The use of jakinibs in combination with other inhibitors, 
whether intracellular or bDMARDs, or with potent immunosup-
pressants such as azathioprine and cyclosporine, is currently not 
recommended. However, it is conceivable that there are combina-
tions which are more efficacious and/or safer; obviously, this too 
will need to be assessed in the setting of a rigorous randomized 
controlled trial— again, not a trivial undertaking. Mechanistic 
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studies have been performed that elucidate relevant aspects of 
jakinib action in terms of efficacy (89–92); however, more work is 
needed to understand how transient blockade of signaling by jak-
inibs versus sustained blockade of cytokines by biologics impacts 
relevant cell populations and immunopathogenesis.

In disorders such as lupus nephritis or vasculitis, aggressive 
approaches are warranted. Use of jakinibs has the potential for 
reducing toxicities of other agents, but as was clear in transplant tri-
als, they also have the potential to lead to overimmunosuppression 
(93). We now know that jakinibs have utility in COVID- 19 cytokine 
storm; remarkably, these agents are safe in patients with severe, 
life- threatening infectious disease. However, it is by no means clear 
that we have identified the right dose and the right combination of 
agents. Also remarkable is that a parenteral jakinib has yet to be 
generated. An advantage of this class of drugs is their rapid onset 
of action and short half- life, but it is not clear that that the cur-
rent doses and formulations are optimal to interdict inflammatory 
responses quickly and effectively in severely ill patients.

The utility of jakinibs in COVID- 19 cytokine storm suggests 
that these agents may be useful in additional clinical scenarios. 
Cytokine storm associated with chimeric antigen receptor T cell 
therapies is one possible setting. A concern, of course, would be 
that first- generation jakinibs might be toxic for the engineered T 
cells; however, this is a setting in which a selective JAK2 inhib-
itor might be advantageous. Similarly, in autoimmune disease 
associated with checkpoint blockade inhibitors, jakinibs might 
also have utility in dampening immune responses (94). On the 
one hand, jakinibs are being studied as therapy for a number of 
cancers, many of which are driven by a cytokine/STAT signature 
(95). On the other hand, jakinibs have the capacity to block IFNs 
and limit the ability of immune cells to kill cancer cells. However, 
there is an additional wrinkle here— by attenuating the action of 
IFNs, jakinibs have the capacity to reverse T cell exhaustion and 
promote elimination of tumors (96).

These reflections are certainly not an exhaustive list of chal-
lenges and opportunities in the jakinib arena. We present a few 
ideas of issues that will need to be addressed by thoughtful clinical 
studies, the need for which will likely increase as generic forms of 
jakinibs become available and jakinibs are more accessible to more 
patients. Considering a decade in, especially for those of us in the 
specialty, the advances in the jakinib field have been astonishing; 
however, we hope we have made the case that, in many respects, 
we are still at the beginning of what needs to be understood.
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Risk of COVID- 19 in Rheumatoid Arthritis: A National 
Veterans Affairs Matched Cohort Study in At- Risk 
Individuals
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Objective. Rheumatoid arthritis (RA) and its treatments are associated with an increased risk of infection, but it 
remains unclear whether these factors have an impact on the risk or severity of COVID- 19. The present study was 
undertaken to assess the risk and severity of COVID- 19 in a US Department of Veterans Affairs (VA) cohort of patients 
with RA and those without RA.

Methods. A matched cohort study using national VA data was conducted. Patients diagnosed as having RA were 
identified among nondeceased individuals who were active in the VA health care system as of January 1, 2020 and who 
had received care in a VA medical center in 2019; patients for whom no RA diagnostic code was indicated were matched 
to the RA patients (1:1) by age, sex, and VA site (non- RA controls). Patients diagnosed as having COVID- 19 and those with 
severe COVID- 19 (defined as requiring hospitalization or leading to death) were ascertained from a national VA COVID- 19 
surveillance database through December 10, 2020. Multivariable Cox models were used to compare the risk of COVID- 19 
and COVID- 19 hospitalization or death between RA patients and non- RA controls, after adjusting for demographic 
characteristics, comorbidities, health care utilization and access, and county- level COVID- 19 incidence rates.

Results. This VA cohort of RA patients and non- RA controls (n = 33,886 subjects per group) predominantly 
comprised male patients (84.5%), and the mean age was 67.8 years. During follow- up, 1,503 patients in the cohort 
were diagnosed as having COVID- 19; among them, 388 patients had severe COVID- 19 (hospitalization or death), 
while in 228 patients, the deaths were not related to COVID- 19. In the multivariable model, RA was associated with a 
higher risk of COVID- 19 (adjusted hazard ratio [HR] 1.25 [95% confidence interval (95% CI) 1.13– 1.39]) and a higher 
risk of COVID- 19 hospitalization or death (adjusted HR 1.35 [95% CI 1.10– 1.66]) as compared to non- RA controls. 
Use of disease- modifying antirheumatic drugs and prednisone, as well as self- reported Black race, self- reported 
Hispanic ethnicity, and presence of several chronic conditions, but not seropositivity for RA autoantibodies, were 
each associated with risk of COVID- 19 and severe COVID- 19 (hospitalization or death).

Conclusion. Patients with RA are at higher risk of developing COVID- 19 and severe COVID- 19 (leading to 
hospitalization or death) compared to those without RA. With a risk of COVID- 19 that approaches that of other 
recognized chronic conditions, these findings suggest that RA patients should be prioritized for COVID- 19 prevention 
and management strategies.
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INTRODUCTION

Despite marked improvements in the long- term outcomes 
observed in patients with rheumatoid arthritis (RA) (1), infections 
frequently complicate the natural course of the disease and are 
likely overrepresented in this patient population; this could be 
attributable to several mechanisms. An increased risk of infec-
tion or serious infection in patients with RA is associated with 
the immune dysregulation inherent to RA itself, but also could be 
associated with RA treatments, such as disease- modifying anti-
rheumatic drugs (DMARDs) and glucocorticoids, and with chronic 
conditions that often develop in conjunction with RA (2,3). How-
ever, most of the research in RA has focused on bacterial, and not 
viral, etiologies.

COVID- 19 appears to yield a disproportionate impact among 
vulnerable populations, particularly among the elderly and those 
with chronic diseases (4,5). With the rapid development of effec-
tive vaccines for COVID- 19, individuals with select chronic con-
ditions that predispose the individual to a more severe COVID- 19 
disease course have been prioritized for vaccine administration 
(6). High- risk chronic conditions and lifestyle factors specified 
in these recommendations include cancer, chronic kidney dis-
ease, cardiovascular disease, prior solid organ transplantation, 
sickle cell disease, type 2 diabetes mellitus, obesity, smoking, 
and pregnancy (6). RA and other rheumatic diseases that require 
immunosuppressive therapies for management have not been 
prioritized. While the vaccine supply is increasing in the US, the 
need, timing, and prioritization of subsequent booster vaccina-
tion is unknown.

Few observational studies have evaluated whether rheumatic 
diseases and related immunosuppressive therapies are asso-
ciated with COVID- 19 outcomes. Findings from an international 
registry of rheumatic disease patients identified links between 
the severity of rheumatic disease, use of prednisone, and use of 
select immunosuppressive therapies with a higher risk of mortal-
ity, specifically among those with RA (7). Results of subsequent 
analyses have suggested that confounding by indication may 
explain the association between prednisone treatment and worse 
 COVID- 19 outcomes (8). Moreover, these observations have also 
been noted in the general population, including an association of 
certain ethnic groups and comorbidities with the development of 
severe COVID- 19 or COVID- 19– related death (7,9). 

In a multicenter study utilizing electronic health records, 
patients with COVID- 19 and systemic autoimmune rheumatic 
diseases had a higher risk of severe outcomes compared 
with matched comparators, although this appeared largely related 
to accompanying comorbidities (10). Similarly, a separate study 
in a multicenter health care system found that the association of 
rheumatic diseases with mechanical ventilation in COVID- 19 was 
attenuated by the presence of comorbidities (11). In a study using 
a national sample of primary care patients from the UK, patients 
diagnosed as having RA, lupus, or psoriasis were found to have a 

19% higher risk of COVID- 19– related death (12). Although these 
findings, along with evidence from other investigators, are begin-
ning to shed light on the outcomes experienced by patients with 
COVID- 19, the aforementioned studies are prone to selection bias, 
which could be related to the approach taken for patient enroll-
ment and/or to the fact that patient selection may be conditioned 
on a positive SARS– CoV- 2 test finding. Moreover, prior studies 
have focused on heterogeneous populations, comprising patients 
with a number of different rheumatic conditions and treatments; 
this is likely to reduce the precision of the risk estimates generated.

Recognizing these gaps in our understanding and the signif-
icant limitations of prior study designs, the objective of the pres-
ent study was to compare the risk of SARS– CoV- 2 infection and 
the development of severe COVID- 19 between patients with RA 
and matched comparator patients in an at- risk population. We 
hypothesized that patients with RA would have a higher risk of 
acquiring a SARS– CoV- 2 infection, and would be more likely to 
require hospitalization or to die after having been diagnosed with 
COVID- 19.

PATIENTS AND METHODS

Study design. We conducted a retrospective, matched 
cohort study within the US Department of Veterans Affairs (VA) 
Health Administration database. Patients who were active in the 
VA system as of January 1, 2020 were identified as having RA 
based on administrative algorithms, which searched for a record 
of multiple RA diagnostic codes, a rheumatologist’s diagnosis of 
RA, treatment with a DMARD, or a positive test finding for RA 
autoantibodies (rheumatoid factor [RF] and/or anti– cyclic citrulli-
nated peptide [anti- CCP] antibodies). Such algorithms have 
a >90% positive predictive value for the diagnosis of RA (13). 
Patients who had received care (outpatient or inpatient encounter) 
during the 2019 calendar year at the same VA medical center and 
for whom no RA diagnostic code was assigned were matched 
1:1 to the RA patients by age, sex, and site (non- RA controls). 
Patients with other autoimmune conditions (rheumatic or non-
rheumatic diseases) and those who were receiving immunosup-
pressant drugs were not excluded from the non- RA control group; 
this ensured that the control group was fully reflective of the VA 
non- RA population. For study eligibility, both RA patients and 
non- RA controls had to be alive as of January 1, 2020. Patients 
were subsequently followed up from January 1, 2020 to the first 
diagnosis of COVID- 19, occurrence of death, or end of the study 
period (December 10, 2020). This study received institutional 
review board approval.

Identification of COVID- 19. Among this VA cohort of 
RA patients and non- RA controls, a diagnosis of COVID- 19 and 
information on related outcomes were obtained through the VA 
COVID- 19 shared data resource. This is a national VA COVID- 19 
surveillance database that captures testing for COVID- 19, clinical 
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results, severity of the disease, and patient outcomes, for the 
purposes of secondary research studies (14– 16). In addition to 
capturing molecular SARS– CoV- 2 test results and COVID- 19 
diagnoses within the VA health care system, natural language pro-
cessing and medical record validation are performed to identify 
COVID- 19 cases that are diagnosed outside the VA system (17). 
However, a negative SARS– CoV- 2 test result that is determined 
outside the VA system is not captured in this resource.

The primary definition of COVID- 19 included positive test 
results within or outside the VA health care system. We also iden-
tified patients with severe COVID- 19, defined as COVID- 19 that 
required hospitalization or that resulted in death within 30 days of 
infection. In sensitivity analyses, respiratory illnesses that could be 
attributed to SARS– CoV- 2 infection but which lacked confirma-
tion of the diagnosis (according to the VA COVID- 19 shared data 
resource case definition) were also classified as COVID- 19 (17). 
Data on death were collected from the VA COVID- 19 shared data 
resource and from vital status records maintained by the VA.

Covariates. Data on covariates were obtained from the 
VA Corporate Data Warehouse. The covariates included race, 
ethnicity, body mass index (BMI), urban versus rural residence, 
presence of a VA service– connected condition (i.e., a condition 
directly related to military service for which the individual receives 
VA benefits), private insurance status, smoking status (current, 
former, or never), comorbidities, number of hospitalizations in 
the prior year, and county- level COVID- 19 rates as of Novem-
ber 16, 2020. Demographic characteristics (race, ethnicity) were 
obtained from administrative VA data collected at the time of 
enrollment in the VA. BMI was calculated from the nearest visit 
preceding January 1, 2020, using vital signs data obtained from 
VA clinic encounters, as previously described (18,19). Smoking  
status was assessed by selecting and coding health factors 
recorded in the VA electronic medical record (20). 

Comorbid conditions were assessed using scores on the 
Elixhauser Comorbidity Index (21) (excluding RA and collagen 
vascular diseases). In addition, we identified specific conditions 
within the Elixhauser Comorbidity Index that are recognized to 
portend a higher risk of COVID- 19, including heart failure, chronic 
lung disease, dia betes, hypertension, cancer, chronic kidney dis-
ease, and liver disease (21). We required a record of at least 1 
diagnostic code from outpatient or inpatient encounters during 
2019 for one of these comorbid conditions to be considered pres-
ent. International Classification of Diseases, Tenth Revision codes 
for each of the comorbidities were obtained from the Healthcare 
Cost and Utilization Project Elixhauser Comorbidity Software 
database (https://www.hcup- us.ahrq.gov/tools softw are/comor 
bidit yicd1 0/comor bidity_ icd10.jsp). Cumulative county- level inci-
dence rates of COVID- 19 since the start of the pandemic were 
obtained from the COVID- 19 Data Repository by the Center for 
Systems Science and Engineering at Johns Hopkins University 

(https://github.com/csseg isand data/covid - 19; accessed Novem-
ber 16, 2020) (22).

Medications and RA autoantibody status. We assessed 
recent treatments based on medical records noting a dispens-
ing or infusion of DMARDs and prednisone in the 180 days prior 
to and including January 1, 2020, except for rituximab, which 
we assessed during an infusion period up to 365 days prior to 
 January 1, 2020. The noted medications included conventional 
synthetic DMARDs (csDMARDs) (methotrexate, hydroxychloro-
quine, sulfasalazine, and leflunomide), and biologic or targeted 
synthetic DMARDs (bDMARDs/tsDMARDs) (tumor necrosis fac-
tor inhibitors [etanercept, adalimumab, certolizumab, golimumab, 
and infliximab], abatacept and interleukin- 6 inhibitors [tocilizumab 
and sarilumab], rituximab, and JAK inhibitors [tofacitinib, baric-
itinib, and upadacitinib]). Prior work has shown that RA patients in 
the VA system rarely obtain DMARDs from non- VA sources (23). 
RA autoantibody status was determined based on laboratory data 
from the VA Corporate Data Warehouse database, with patients 
classified as either seronegative or seropositive for RF and anti- 
CCP antibodies.

Statistical analysis. Descriptive statistics were used to 
compare demographic and clinical characteristics between the 
RA patients and non- RA controls. We used multivariable Cox 
regression models to assess the incidence and risk of COVID- 19 
in RA patients compared to non- RA controls, censoring for non– 
COVID- 19– related death or end of the study period. Models were 
clustered by matched pair, and included all of the aforementioned 
covariates. Similar models and covariates were used to compare 
the risk of severe COVID- 19 (hospitalization or death) between RA 
patients and non- RA controls.

Sensitivity analyses were performed to 1) additionally include 
in the COVID- 19 case definition respiratory illnesses that may 
have been related to SARS– CoV- 2 infection but which lacked 
testing confirmation as evidence of COVID- 19, and 2) model 
the effect of individual comorbidities, rather than the overall Elix-
hauser Comorbidity Index, on the risk of COVID- 19. Secondary 
analyses included those that stratified RA patients and non- RA 
controls according to RA- specific autoantibody status (seropos-
itive, seronegative, and unknown), recent DMARD use (none, 
csDMARDs, and bDMARDs/tsDMARDs), prednisone use (yes 
versus no), and use of combination treatment with DMARDs and 
prednisone. To address missing covariate data, we used multiple 
imputation with 10 imputations. Each imputed covariate (race, 
ethnicity, smoking status, BMI, urban/rural residence, and insur-
ance status) was missing for <7% of patients.

Recognizing that COVID- 19 outcomes began to improve 
later in the pandemic among both patients with rheumatic 
diseases and those without rheumatic diseases (24,25), we 
assessed time- dependent differences in the risk of COVID- 19 
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through proportional hazards testing. Schoenfeld residuals and 
interactions between RA status and log(time) were not signifi-
cant (all P > 0.3). Similarly, log– log survival rates and Schoen-
feld residual plots indicated that there was no violation of the 
proportional hazards assumption (data not shown). All anal-
yses were completed using Stata MP software, version 15.1 
(StataCorp).

RESULTS

Characteristics of the study patients. In this study 
cohort, we identified 33,886 patients with RA and 33,886 
non- RA controls who were age- , sex- , and site- matched to each 
RA patient. Compared to controls, RA patients were more likely 
to be current smokers and to have a higher BMI, greater comor-
bidity burden according to the Elixhauser Comorbidity Index, 
and more hospitalizations in the prior year (Table 1). The majority 
of patients with RA were seropositive for RF or anti- CCP anti-
bodies (60.5%). DMARDs were dispensed within the prior 180 
days (i.e., recent DMARD treatment) in 73% of the patients with 
RA, with 34.2% having received a bDMARD or tsDMARD. The 
frequency of recent use of each individual DMARD is provided in 
Supplementary Table 1 (available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41800/ 
abstract).

Incidence rates of COVID- 19. In analyses spanning 
62,894 patient- years of follow- up among patients assessed 
according to the primary case definition of COVID- 19 (i.e., con-
firmed SARS– CoV- 2 infection), we identified 1,503 patients with 
COVID- 19. Among these, the diagnosis was categorized as 
severe in 388 cases, of which 345 required hospitalization and 
84 resulted in death. During the same period of observation, there 
were 288 non– COVID- related deaths.

When a more sensitive case definition of COVID- 19 was 
applied to the cohort (i.e., additional inclusion of patients with 
respiratory illnesses possibly attributable to COVID- 19 but lacking 
testing confirmation), we identified 2,037 patients with COVID- 19, 
with 468 cases resulting in either hospitalization or death. Crude 
incidence rates of COVID- 19 and severe COVID- 19 (hospitali-
zation or death), both in the primary analysis and in the sensi-
tivity analysis, were higher in RA patients compared to matched 
non- RA controls (Table 2).

Risk of COVID- 19 in RA patients. In unadjusted multivar-
iable Cox regression models assessing RA patients compared to 
non- RA matched controls, as well as adjusted models that fur-
ther accounted for demographic characteristics, comorbidities, 
health care utilization and access, and county- level COVID- 19 
incidence rates, the risk of COVID- 19 was found to be significantly 

Table 1. Baseline characteristics of the RA patients and non- RA 
controls*

RA patients 
(n = 33,886)

Non- RA 
controls 

(n = 33,886) P
Age, years 67.8 ± 11.1 67.8 ± 11.1 ND
Male sex, % 84.5 84.5 ND
Race, % 0.01

White 74.4 73.7
Black 17.3 17.2
Other 3.3 2.9
Unknown 5.1 6.2

Ethnicity, % <0.001
Non- Hispanic 90.7 91.0
Hispanic 6.1 5.0
Unknown 3.2 3.9

Smoking status, % <0.001
Current 50.0 40.8
Former 31.8 31.3
Never 15.7 21.4
Unknown 2.5 6.6

BMI category, % <0.001
<18.5 kg/m2 0.7 0.6
18.5– 25 kg/m2 8.4 9.0
25– 30 kg/m2 28.8 30.8
30– 35 kg/m2 31.1 31.1
>35 kg/m2 31.0 27.9
Unknown 0.1 0.7

Elixhauser Comorbidity 
Index

3.0 ± 2.2 2.5 ± 2.0 <0.001

Type of residence, % 0.33
Urban 63.5 64.0
Rural 34.9 34.4
Highly rural 1.5 1.5
Unknown 0.1 0.1

RF or anti- CCP antibody 
status, %

<0.001

Seropositive 60.5 0.9
Seronegative 25.7 3.8
Unknown 13.9 95.4

DMARDs in prior 180 
days, %†

<0.001

None 27.4 98.9
csDMARDs 37.6 0.5
bDMARDs/tsDMARDs 34.2 0.5

Prednisone in prior 180 
days, %

24.7 3.6 <0.001

Number of 
hospitalizations in 
prior year

0.2 ± 0.8 0.1 ± 0.6 <0.001

Insurance beneficiary, % 80.9 78.7 <0.001
Service- connected 

condition, %
62.6 58.7 <0.001

* Patients who were not assigned a diagnostic code for
rheumatoid arthritis (RA) were matched to each RA patient by 
age, sex, and site (non- RA controls). Except where indicated 
otherwise, values are the mean ± SD. ND = no difference; BMI = 
body mass index; RF = rheumatoid factor; anti- CCP = anti– cyclic 
citrullinated peptide. 
† Disease- modifying antirheumatic drugs (DMARDs), which included 
conventional synthetic DMARDs (csDMARDs) and biologic or 
targeted synthetic DMARDs (bDMARDs/tsDMARDs), were assessed 
180 days prior to and including January 1, 2020, except for rituximab, 
which was assessed during an infusion period up to 365 days prior 
to January 1, 2020. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41800/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41800/abstract
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higher in RA patients compared to non- RA controls. Specifically, 
the risk of COVID- 19 in RA patients was 25% higher (adjusted 
hazard ratio [HR] 1.25 [95% confidence interval (95% CI) 1.13– 
1.39]) and the risk of COVID- 19 hospitalization or death was 35% 
higher (adjusted HR 1.35 [95% CI 1.10– 1.66]) when compared 
to non- RA controls (Table 3). Results of the sensitivity analysis, in 
which possible COVID- 19 cases were included, were consistent 
with those of the primary analysis (Table 3).

In addition to the association with RA, other factors that 
were significantly associated with a higher risk of COVID- 19 
were self- reported Black race, self- reported Hispanic ethnicity, a 
higher Elixhauser Comorbidity Index, lack of insurance, presence 
of a military service– connected condition, a BMI categorized as 
either underweight or obese, a greater number of hospitaliza-
tions in the prior year, and higher county- level incidence rates of 
COVID- 19 (Table 4). Fewer factors were significantly associated 
with a higher risk of severe COVID- 19 (resulting in hospitalization 
or death). These factors included a higher Elixhauser Comorbid-
ity Index, lack of insurance, a greater number of hospitalizations 
in the prior year, and higher county- level COVID- 19 incidence 
rates.

In sensitivity analyses that incorporated individual comorbidi-
ties rather than the overall Elixhauser Comorbidity Index, both the 
risk of COVID- 19 and the risk of severe COVID- 19 (hospitalization 
or death) were elevated to a similar extent as that seen in patients 
with RA in patients with individual comorbidities, specifically among 
patients with heart failure (adjusted HRs for COVID-19 and severe 
COVID-19 of 1.30 and 1.70, respectively), those with chronic lung 
disease (adjusted HRs of 1.28 and 1.32, respectively), those with 
diabetes (adjusted HRs of 1.29 and 1.85, respectively), those with 
liver disease (adjusted HRs of 1.35 and 1.52, respectively), and 
those with chronic kidney disease (adjusted HRs of 1.14 and 1.76, 
respectively) (Table 5).

Risk of COVID- 19 by RA autoantibody status 
and medication usage. In secondary analyses, we compared 
the risk of COVID- 19 and severe COVID- 19 (resulting in hospitali-
zation or death) between RA patients and non- RA controls based 
on RA autoantibody status and use of medications. The risk of 
COVID- 19 and of severe COVID- 19 (hospitalization or death) was 
similar between patients with seronegativity for RA autoanti bodies 

Table 2. Crude incidence rates of COVID- 19 and severe COVID- 19 in patients with RA and non- RA controls*

Number of events
Person- years of 

follow- up
Incidence rate per 1,000 

person- years (95% CI)
Primary analysis

All COVID- 19
Non- RA 647 31,552 20.5 (19.0– 22.1)
RA 856 31,342 27.3 (25.5– 29.2)

Severe COVID- 19†
Non- RA 153 31,552 4.8 (4.1– 5.7)
RA 235 31,342 7.5 (6.6– 8.5)

Sensitivity analysis‡
All COVID- 19

Non- RA 863 31,465 27.4 (25.7– 29.3)
RA 1,174 31,217 37.6 (35.5– 39.8)

Severe COVID- 19†
Non- RA 181 31,465 5.8 (5.0– 6.7)
RA 287 31,217 9.2 (8.2– 10.3)

* RA = rheumatoid arthritis; 95% CI = 95% confidence interval.
† Severe COVID- 19 was defined as COVID- 19 requiring hospitalization or resulting in death. 
‡ Sensitivity analyses additionally included patients with respiratory illnesses that were suspected to be attributable 
to COVID- 19 but lacked confirmation. 

Table 3. Risk of COVID- 19 and severe COVID- 19 in RA patients 
relative to non- RA controls*

Unadjusted HR 
(95% CI)

Adjusted HR 
(95% CI)

Primary analysis
All COVID- 19

Non- RA 1 (Referent) 1 (Referent)
RA 1.34 (1.21– 1.48) 1.25 (1.13– 1.39)

Severe COVID- 19†
Non- RA 1 (Referent) 1 (Referent)
RA 1.55 (1.26– 1.90) 1.35 (1.10– 1.66)

Sensitivity analysis‡
All COVID- 19

Non- RA 1 (Referent) 1 (Referent)
RA 1.38 (1.26– 1.50) 1.29 (1.18– 1.41)

Severe COVID- 19†
Non- RA 1 (Referent) 1 (Referent)
RA 1.60 (1.33– 1.93) 1.39 (1.15– 1.68)

* Results are the hazard ratio (HR) with 95% confidence interval (95%
CI) for the risk of developing COVID- 19 or severe COVID- 19 in patients 
with rheumatoid arthritis (RA) relative to matched non- RA controls, 
as determined in unadjusted models and models adjusted for race, 
ethnicity, smoking status, Elixhauser Comorbidity Index, private 
insurance status, urban/rural residence, number of hospitalizations 
in prior year, military service– connected condition, and county- level 
COVID- 19 incidence rates. 
† Severe COVID- 19 was defined as COVID- 19 requiring hospitalization 
or resulting in death. 
‡ Sensitivity analyses additionally included patients with respiratory 
illnesses that were suspected to be attributable to COVID- 19 but 
lacked confirmation. 
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and those with a seropositive status, independent of potential 
confounders (Figures 1A and B).

Moreover, compared to non- RA controls, a higher risk of 
COVID- 19 and of severe COVID- 19 (hospitalization or death) was 
observed among RA patients who had received treatment with csD-
MARDs, bDMARDs/tsDMARDs, and prednisone (Figures 1A and 
B). RA patients treated with both bDMARDs/tsDMARDs and pred-
nisone had the highest risk of COVID- 19 (adjusted HR 1.66 [95% 
CI 1.36– 2.03]) and the highest risk of COVID- 19 hospitalization or 
death (adjusted HR 2.12 [95% CI 1.48– 3.03]), relative to non- RA 
controls.

DISCUSSION

In this large, national VA at- risk cohort of RA patients 
and matched non- RA controls, we found that patients with RA 
were at a significantly higher risk of developing SARS– CoV- 2 
infection and having severe COVID- 19 leading to hospitalization 
or death. Those treated with DMARDs and prednisone were at 

the highest risk of COVID- 19 and more severe disease. This was 
independent of potential confounders, including demographic 
characteristics, comorbidities, health care utilization and access, 
and county- level COVID- 19 incidence rates. Strikingly, the height-
ened risk of COVID- 19 related to RA was consistent with the risk 
posed by other chronic conditions that receive priority vaccina-
tion status. Thus, the immediate implication of our findings is the 
suggestion that similar consideration for vaccine prioritization 
should be given to patients with RA receiving immunosuppres-
sive therapies.

After adjusting for potential confounders, we estimated that 
RA was associated with a 25% increased risk of COVID- 19 and a 

Table 4. Fully adjusted models evaluating potential risk factors for 
COVID- 19 and severe COVID- 19 in the study cohort*

All COVID- 19 Severe COVID- 19
RA, vs. non- RA 1.25 (1.13– 1.39)† 1.35 (1.10– 1.66)†
Race

White 1 (Referent) 1 (Referent)
Black 1.22 (1.07– 1.39)† 1.25 (0.97– 1.60)
Other 1.29 (0.99– 1.68) 1.23 (0.71– 2.11)

Ethnicity
White 1 (Referent) 1 (Referent)
Hispanic 1.48 (1.23– 1.78)† 1.25 (0.85– 1.86)

Smoking status
Current 0.78 (0.68– 0.90) 1.09 (0.80– 1.50)
Former 0.90 (0.78– 1.04) 1.31 (0.94– 1.82)
Never 1 (Referent) 1 (Referent)

Elixhauser Comorbidity 
Index, per 1- unit 
increase

1.12 (1.09– 1.15)† 1.24 (1.20– 1.30)†

Insurance (no, vs. yes) 1.40 (1.24– 1.58)† 1.88 (1.49– 2.37)†
Service- connected 

condition
1.22 (1.10– 1.37)† 1.08 (0.87– 1.34)

BMI category
<18.5 kg/m2 1.78 (1.01– 3.15)† 1.30 (0.38– 4.47)
18.5– 25 kg/m2 1 (Referent) 1 (Referent)
25– 30 kg/m2 1.21 (0.96– 1.54) 1.29 (0.79– 2.11)
30– 35 kg/m2 1.36 (1.08– 1.72)† 1.42 (0.88– 2.31)
>35 kg/m2 1.51 (1.19– 1.90)† 1.59 (0.98– 2.57)

Urban/rural status
Urban 1 (Referent) 1 (Referent)
Rural 0.90 (0.80– 1.01) 0.98 (0.78– 1.22)
Highly rural 1.06 (0.70– 1.61) 0.79 (0.29– 2.14)

No. of hospitalizations 
in prior year

1.11 (1.05– 1.16)† 1.13 (1.06– 1.21)†

County COVID- 19 
incidence rate per 
100,000

1.00 (1.00– 1.00)† 1.00 (1.00– 1.00)†

* Values are the hazard ratio (95% confidence interval) for the risk of 
developing COVID- 19 or severe COVID- 19 (requiring hospitalization 
or resulting in death) based on each factor assessed. RA = rheumatoid 
arthritis; BMI = body mass index. 
† P < 0.05. 

Table 5. Sensitivity analysis of fully adjusted models evaluating 
potential risk factors for COVID- 19 and severe COVID- 19 in the 
study cohort*

All COVID- 19 Severe COVID- 19
RA, vs. non- RA 1.27 (1.14– 1.41)† 1.39 (1.13– 1.71)†
Race

White 1 (Referent) 1 (Referent)
Black 1.25 (1.09– 1.42)† 1.24 (0.97– 1.59)
Other 1.26 (0.97– 1.65) 1.18 (0.67– 2.08)

Ethnicity
White 1 (Referent) 1 (Referent)
Hispanic 1.50 (1.24– 1.80)† 1.30 (0.88– 1.92)

Smoking status
Current 0.78 (0.68– 0.90) 1.15 (0.84– 1.57)
Former 0.90 (0.78– 1.04) 1.30 (0.93– 1.80)
Never 1 (Referent) 1 (Referent)

Chronic condition
Heart failure 1.30 (1.09– 1.15)† 1.70 (1.25– 2.32)†
Chronic lung disease 1.28 (1.13– 1.44)† 1.32 (1.04– 1.67)†
Diabetes mellitus 1.29 (1.16– 1.45)† 1.85 (1.47– 2.33)†
Hypertension 0.96 (0.86– 1.08) 1.18 (0.91– 1.52)
Liver disease 1.35 (1.11– 1.63)† 1.52 (1.09– 2.12)†
Cancer 1.16 (0.98– 1.37) 1.35 (1.00– 1.82)†
Renal disease 1.14 (0.97– 1.34) 1.76 (1.34– 2.32)†

Insurance (no, vs. yes) 1.40 (1.24– 1.59)† 2.01 (1.59– 2.56)†
Service- connected 

condition
1.24 (1.11– 1.38)† 1.12 (0.90– 1.38)

BMI category
<18.5 kg/m2 1.85 (1.04– 3.27)† 1.32 (0.39– 4.52)
18.5– 25 kg/m2 1 (Referent) 1 (Referent)
25– 30 kg/m2 1.21 (0.96– 1.54) 1.22 (0.74– 2.00)
30– 35 kg/m2 1.38 (1.10– 1.74)† 1.32 (0.81– 2.15)
>35 kg/m2 1.57 (1.24– 1.98)† 1.49 (0.91– 2.45)

Urban/rural status
Urban 1 (Referent) 1 (Referent)
Rural 0.89 (0.80– 1.00) 0.95 (0.76– 1.18)
Highly urban 1.04 (0.68– 1.58) 0.72 (0.26– 2.00)

Number of 
hospitalizations in 
prior year

1.17 (1.12– 1.22)† 1.23 (1.16– 1.30)†

County COVID-19 
incidence rate per 
100,000

1.00 (1.00– 1.00)† 1.00 (1.00– 1.00)†

* Values are the hazard ratio (95% confidence interval) for the risk of 
developing COVID- 19 or severe COVID- 19 (requiring hospitalization 
or resulting in death) in sensitivity analyses of fully adjusted models, 
in which individual comorbidities, rather than the overall Elixhauser 
Comorbidity Index, were incorporated in the model. RA = rheumatoid 
arthritis; BMI = body mass index. 
† P < 0.05. 



RA AND COVID- 19 |      2185

35% increased risk of COVID- 19 hospitalization or death. These 
are among the first data to link RA with a higher risk of COVID- 19. 
Moreover, our results linking RA with a higher risk of viral infection 
is an important contribution to our understanding of how RA may 
affect the risk of developing other viral infections, since prior lit-
erature has focused on bacterial infections (3). Our findings of a 
higher risk of a more severe COVID- 19 disease course in RA are 
consistent with results from a UK study of at- risk patients with 
RA, psoriasis, or lupus, in whom a 19% higher risk of COVID- 19–   
associated death was observed (12), and also consistent with 

results from another study of COVID- 19 patients in which a 14% 
higher risk of hospitalization in those with a rheumatic disease was 
observed (10). Our findings are also in line with prior estimates 
of the risk of serious infection (bacterial or nonbacterial) in RA 
patients relative to those without RA, with one study of patients in 
the FORWARD registry showing a 50% increased risk of serious 
infection (26).

In our study, RA patients receiving csDMARDs, those receiv-
ing bDMARDs/tsDMARDs, and those receiving prednisone had 
a higher risk of COVID- 19 and higher risk of a severe COVID- 19 

Figure 1. Risk of COVID- 19 (A) and severe COVID- 19 (requiring hospitalization or leading to death) (B) in subgroups of patients with rheumatoid 
arthritis (RA) and age- , sex- , and site- matched non- RA controls. RA patients were stratified according to antibody (Ab) status, treatment with 
disease- modifying antirheumatic drugs (DMARDs), treatment with prednisone (pred), and combination treatment with DMARDs and prednisone. 
Values are the hazard ratio (HR) with 95% confidence interval (95% CI) for the risk of COVID- 19 or severe COVID- 19, adjusted for race, ethnicity, 
smoking status, body mass index, Elixhauser Comorbidity Index, insurance status, urban/rural residence, number of hospitalizations in prior 
year, presence of a military service– connected condition, and county- level COVID- 19 incidence rates. Ref = referent; csDMARDs = conventional 
synthetic DMARDs; b/tsDMARDs = biologic/targeted synthetic DMARDs.
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disease course. Although we are not aware of prior literature 
describing a link between these therapies and COVID- 19 risk in 
RA, others have similarly found that select immunosuppressive 
therapies, specifically rituximab and prednisone, were associ-
ated with a more severe disease course among patients with 
 COVID- 19, including those with RA (7,10,27). The highest- risk 
RA subgroup in our study was those who were receiving both 
bDMARDs/tsDMARDs and prednisone. These individuals had a 
>2- fold higher risk of COVID- 19 hospitalization or death com-
pared to non- RA controls. Similar risks have been identified in 
RA patients who were receiving bDMARDs/tsDMARDs and pred-
nisone for non– COVID- 19– related severe infections (28,29). 

While there has been hope that some of these therapies might 
suppress the hyperinflammatory features of COVID- 19 and 
improve outcomes, findings in this study highlight the notion that 
the timing of immunosuppressive therapies (preceding or at the 
time of exposure, early infection, or severe infection stages) may be 
crucial for measuring their potential impact on disease outcomes. 
Use of immunosuppressive medications may predispose an indi-
vidual to COVID- 19 infection or a more severe disease course early, 
but during the hyperinflammatory phase of severe COVID- 19 (30), 
select immunosuppressive therapies may become beneficial. Our 
findings, and those of others, also raise concerns that patients 
with other medical conditions receiving these immunosuppressive  
therapies may be at higher risk of COVID- 19 and severe 
 COVID- 19. Importantly, confounding by indication is recognized as 
a complicating factor in such observational studies of therapies and 
COVID- 19, and therefore causal conclusions cannot be drawn (8). 
Further study is warranted.

Our findings have clear relevance to health policy surrounding 
COVID- 19 prevention and management. Risk stratification for vac-
cination, for example, has primarily been established on the basis 
of age, occupational risks, and the presence of several chronic 
conditions. RA or the use of immunosuppressive therapies outside 
the setting of prior organ transplantation are not considered chronic 
conditions that would receive priority vaccination status (6). Our 
results suggest that RA patients receiving DMARDs and/or pred-
nisone should be considered for priority status in these prevention 
efforts, including priority for receiving initial and booster vaccina-
tion. The 35% increased risk of COVID- 19 hospitalization or death 
related to RA falls within the range we estimated for other conditions 
that receive priority status (adjusted HR ranging from 1.18 to 1.85). 
With <1.0% of the population having RA (31), the inclusion of RA as 
a priority group is unlikely to drastically impact vaccine or treatment 
supplies for other individuals, and the vulnerable population would 
remain protected. Moreover, since treatment with DMARDs and/or 
prednisone was linked to more severe COVID- 19 in both our study 
(RA only) and other studies (including those with other rheumatic 
diseases [7,10]), prioritization may be warranted for any medical 
conditions requiring long- term immunosuppressive medications.

Consistent with other studies in the general population and in 
patients with rheumatic diseases, we found that race and ethnicity 

were major determinants of SARS– CoV- 2 infection and severe COV-
ID- 19 (9,32). Black patients had a 22% higher risk of SARS– CoV- 2 
infection and a 25% higher risk of COVID- 19 hospitalization or 
death. Similarly, patients with Hispanic ethnicity had a 48% higher 
risk of SARS– CoV- 2 infection and a 25% increased risk of COV-
ID- 19 hospitalization or death, though the latter did not reach statis-
tical significance. Importantly, the associations of race and ethnicity 
with COVID- 19 were independent of other factors, including demo-
graphic characteristics, comorbidity burden and individual chronic 
conditions, health care utilization and insurance, and county- level 
COVID- 19 incidence rates, all of which may mediate or confound 
such associations. Our findings therefore suggest that additional 
factors may contribute to the racial and ethnic disparities in the inci-
dence and severity of COVID- 19, such as differences in the severity 
of comorbid chronic conditions, community or occupational risks, 
time to receiving care, access during surges, or immune responses 
to SARS– CoV- 2 (32); these factors will require further study.

There are limitations to this study. There is a potential for mis-
classification of RA status with the use of administrative algo-
rithms. This is most likely to occur in RA patients who were not 
receiving DMARDs. Misclassification of non- RA patients as having 
RA should only bias the findings toward the null, resulting in an 
underestimation of the risk of COVID- 19 in RA. Our study was 
designed to compare the risk of COVID- 19 between RA patients 
and non- RA controls, rather than comparing the risk between 
specific medications or medication doses. To generate valid data 
for such comparisons and avoid the misinformation that has 
plagued the pandemic (33), alternative study designs would be 
required. DMARD and prednisone doses were not available for 
these analyses. In addition, misclassification of COVID- 19 may 
have occurred, and the sensitivity of the standardized process 
utilized in the VA system for capturing non- VA COVID- 19 cases 
has not been established. Our study population was composed 
primarily of older male patients (although >10,000 female patients 
were included), consistent with the demographics of the VA health 
care system, but findings may not be generalizable to other pop-
ulations. While male sex has been associated with more severe 
COVID- 19 (34), it is not expected that the impact of RA and RA 
therapies on COVID- 19 risk would be differential between men 
and women. Finally, because of the observational nature of our 
study, unmeasured confounding may be present.

In conclusion, we observed that patients with RA in this VA 
cohort had a 25% increased risk of COVID- 19 and a 35% increased 
risk of severe COVID- 19 (leading to hospitalization or death), inde-
pendent of several potential confounders. RA patients who had 
recently received DMARDs and prednisone were at the highest risk 
of COVID- 19 and more severe COVID- 19, risks that rivaled those 
accompanying other chronic conditions. Consideration should be 
given to the establishment of RA, and potentially other conditions 
that require treatment with similar immunosuppressive medica-
tions, as a chronic condition that should receive prioritization for 
COVID- 19 prevention and management strategies.
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Clinical Images: Leukocytoclastic vasculitis after vaccination with a SARS– CoV- 2 vaccine

The patient, a 42- year- old White woman, presented to the emergency room with a 1- week history of rash on the lower legs, which had 
first appeared 4 days after vaccination with the BioNTech/Pfizer SARS– CoV- 2 vaccine. The rash— with the typical appearance of cuta-
neous small vessel vasculitis (SVV)— spread from the lower limbs up to the gluteal area over the course of a few days (A). Application 
of topical steroids did not lead to improvement. Physical examination showed no other conditions, except for hypertension and severe 
obesity (body mass index 47 kg/m2). Typical causes of cutaneous SVV (1) were considered, and concomitant medication or infection 
could be ruled out as possible triggers. Besides slightly elevated levels of inflammation markers, laboratory test results for complement 
components C3 and C4, CH50, IgM, IgA, immunofixation, and renal and liver parameters were normal. IgG and thyroid- stimulating hor-
mone were slightly elevated (20.3 gm/liter and 8.3 μU/liter, respectively). Chest radiography, echocardiography, and ultrasound exam-
ination of the abdomen revealed normal results, as did serologic tests for autoimmune antibodies (classic/perinuclear antineutrophil 
cytoplasmic antibody, rheumatoid factor, anti– citrullinated protein antibody, antinuclear antibody [titer 1:160 with nuclear fine speckled 
pattern] and negativity for a panel of extractable nuclear antigen antibodies [including Jo-1, U1 RNP, Scl-70, Sm, and Ro/La antibodies]), 
and screening for viral infections (hepatitis B and C, cytomegalovirus, Epstein- Barr virus, coxsackievirus, and HIV) and cryoglobulins. 
Following analysis of a skin biopsy sample from the patient’s left ankle (B), leukocytoclastic vasculitis was diagnosed. The skin tissue 
was also assessed by immunostaining, but results were not evaluable. Prednisolone treatment was started, at an initial dose of 30 mg/day 
which was later increased to 60 mg/day due to poor response. With this treatment the rash resolved over the next 5 days. Leukocy-
clastic vasculitis is typically found to be idiopathic in up to 50% of cases; however, due to its emergence in this patient shortly after 
she had received the SARS– Cov- 2 vaccination, we think a possible connection to the vaccine should be considered. To our knowl-
edge, this might be the first case of the development of leukocytoclastic vasculitis after vaccination against SARS– CoV- 2, whereas 
cutaneous SVV has been described in a patient following SARS– CoV- 2 infection (2), and also SVV has been observed in patients after 
various other vaccinations, such as those against influenza or pneumococci (3). Since experience with the new COVID- 19 vaccines is 
limited— as they have been in use for <1 year— further investigations and observations are essential.
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Incident Rheumatoid Arthritis in HIV Infection: 
Epidemiology and Treatment
Jennifer S. Hanberg,1  Evelyn Hsieh,1  Kathleen M. Akgün,1 Erica Weinstein,2 Liana Fraenkel,1

Amy C. Justice,1  and the VACS Project Team

Objective. To assess the incidence, presentation, and management of rheumatoid arthritis (RA) in patients with 
HIV, including the use of disease- modifying antirheumatic drugs (DMARDs) in this immunosuppressed population.

Methods. Patients included in this study were from the Veterans Aging Cohort Study, a longitudinal cohort of 
veterans with HIV and age- , race- , and site- matched uninfected veterans. We identified all patients who had ≥1 
rheumatologist- generated International Classification of Diseases, Ninth Revision (ICD- 9) or Tenth Revision (ICD- 10) 
code for RA and whose serum samples were tested for rheumatoid factor (RF) and anti– cyclic citrullinated peptide 
(anti- CCP) antibodies. To further confirm the diagnosis of RA, medical charts were reviewed to verify whether patients 
met the American College of Rheumatology/European Alliance of Associations for Rheumatology 2010 criteria for RA. 
We recorded DMARD use and adverse effects during the first contiguous course of treatment (i.e., >6 months of no 
interruption in DMARD treatment).

Results. This study included 56,250 patients with HIV and 116,944 uninfected individuals over 2,384,541 person- 
years. Of the 2,748 individuals in this cohort who were reviewed for a diagnosis of RA based on ICD- 9 or ICD- 10 
codes, incident RA was identified in 215 individuals, including 21 patients with HIV. The incidence rate ratio of RA 
for patients with HIV compared to uninfected individuals was 0.29 (95% confidence interval 0.19– 0.48). Most of the 
patients diagnosed as having RA (88%) were seropositive for RA- associated autoantibodies (RF and/or anti- CCP). 
However, high autoantibody titers were less frequent in RA patients with HIV compared to RA patients without HIV. 
In total, 5% of RA patients with HIV (1 of 21) had both high titers of anti- CCP and high titers of RF, compared to 41% 
of uninfected individuals (81 of 194). DMARDs were prescribed in 71% of RA patients with HIV (15 of 21) compared 
to 94% of RA patients without HIV (183 of 194). There was no indication that the DMARD safety profile was worse 
among RA patients with HIV who were prescribed DMARDs (n = 10 assessed) compared to RA patients without HIV 
who were prescribed DMARDs (n = 158 assessed).

Conclusion. In this cohort, incident RA was less common in patients with HIV compared to uninfected individuals. 
Moreover, compared to RA patients without HIV, the seropositivity rate and titers of RA- specific autoantibodies 
were lower among RA patients with HIV, and those with HIV were prescribed DMARDs less frequently than those 
without HIV.

INTRODUCTION

HIV infection affects >37 million individuals worldwide. In the 
era of modern antiretroviral therapy (ART), the care of patients 
with HIV has moved beyond the management of opportunistic 

infections to encompass the management of a lifelong, viral, 
proinflammatory infection that is associated with increased risk 
of multiple chronic diseases, as well as accelerated mortality (1,2). 
Although HIV was initially regarded as a purely immunosuppressive 
condition, mounting evidence among patients with HIV receiving 
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ART suggests that it is associated with chronic inflammation and 
immune dysfunction, and a wide variety of autoinflammatory and 
autoimmune conditions have been described in patients with 
HIV (3– 5). Among these, rheumatoid arthritis (RA) is of particular 
interest, given the shared tendency toward autoantibody devel-
opment, the shared increased risk of chronic inflammation– driven 
end- organ disease, and the relatively high population-level preva-
lence of RA (0.5– 2% in the general population) (6– 11).

There is evidence to suggest that RA may interfere in the 
diagnosis of HIV (due to false- positive enzyme- linked immuno-
sorbent assay findings in RA patients) and HIV may interfere 
in the diagnosis of RA (due to the presence of autoantibodies 
and nonspecific inflammatory arthritis in both conditions) (12). 
Increased frequency of autoantibodies and impaired immune 
tolerance are shared features of RA and HIV: ~80% of patients 
with RA have detectable levels of autoantibodies (including 
rheumatoid factor [RF], anti– cyclic citrullinated peptide [anti- 
CCP] antibodies, or both) (12– 15). For comparison, 10– 47% of 
patients with HIV were reported to be positive for RF. While anti- 
CCP antibodies are rarer, both types of autoantibodies are less 
prevalent in patients with HIV receiving ART (12,16). Additionally, 
hepatitis C virus (HCV) infection, a common coinfection among 
patients with HIV, can cause an individual to be positive for RF. 
Finally, multiple types of inflammatory arthritic conditions have 
been reported in HIV, including, but not limited to, RA. These 
conditions range from suspected “HIV arthritis” in 0.4– 13.8% of 
patients, to reactive arthritis in 0– 11% of patients with HIV, to RA 
in 0.1– 5% of patients with HIV (7,16– 18).

Formal estimates of the incidence of RA among patients 
with HIV compared to uninfected individuals are lacking. With 
the improved prognosis and life expectancy among patients with 
HIV, it is crucial to understand the epidemiology and clinical fea-
tures of RA in HIV patients, since RA is one of the most preva-
lent autoimmune conditions in adults and since these have not 
been described to date. Furthermore, given that patients with 
HIV have underlying immune dysfunction, and RA is often treated 
with immunosuppression, clinicians often struggle with treating 
these opposing yet overlapping diseases. Current clinical prac-
tices, treatments, and outcomes of RA among patients with HIV 
have not been well described. Additionally, there is a paucity of 
data on the prescribing practices, safety, and efficacy of disease- 
modifying antirheumatic drugs (DMARDs), which include the core 
immunomodulatory and immunosuppressive medications, to treat 
RA in patients with HIV.

To address these knowledge gaps, we utilized a large data-
base of patients with HIV and age- , race- , and site- matched HIV- 
negative individuals with the following aims: 1) to compare the 
incidence and presentation of RA in patients with HIV to individ-
uals without HIV, 2) to assess DMARD prescribing patterns in RA 
patients with HIV, and 3) to evaluate the safety and tolerability of 
these regimens in patients with HIV.

PATIENTS AND METHODS

We conducted a prospective cohort study using data 
from the Veterans Aging Cohort Study (VACS), which has been 
described in detail previously (19,20). Briefly, the VACS is a pro-
spective, longitudinal observational study of patients with HIV 
within the Veterans Health Administration. The cohort comprises 
~56,000 patients with HIV and 117,000 HIV- negative individuals. 
In the present study, for each patient with HIV, 2 HIV- negative indi-
viduals were matched to the patients by age, race, and site. The 
institutional review boards associated with the participating sites, 
as well as the coordinating center for the study, approved use 
of the VACS, and written informed consent was obtained from 
each subject. The RA cohort was drawn from the overall VACS 
cohort, which we defined as our population at risk of RA. Within 
the VACS, we aimed to identify patients who may have RA, based 
on a recorded International Classification of Diseases, Ninth Revi-
sion (ICD- 9) or Tenth Revision (ICD- 10) code for RA and clinical 
findings from rheumatology clinic visits (according to clinic stop 
codes) between 1997 and 2017.

Identification of patients with HIV, and classifica-
tion of RA within the cohort. Patients with HIV were identified 
based on the presence of 2 outpatient or 1 inpatient ICD- 9 or ICD- 
10 codes for HIV (20). ICD- based algorithms used for the identifi-
cation of patients with RA have been published. In particular, Kim 
et al reported that 2 rheumatologist- based diagnoses ≥6 weeks 
apart, in conjunction with a DMARD prescription, had a positive 
predictive value of 89%, making it the gold standard for RA diag-
nosis by a rheumatologist observable on chart review (21). How-
ever, in preliminary analyses, we found a significant discrepancy in 
the rates of DMARD use in ICD- coded RA patients with HIV versus 
those without HIV (28% [158 of 556] versus 42% [923 of 2,200], 
respectively), which led to concerns that this algorithm may not 
be as sensitive in patients with HIV. Therefore, we used an alter-
native approach to identify patients for inclusion (Supplementary 
Figure 1, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41802/ abstract), 
which consisted of a sensitive algorithm to identify potential RA 
patients, followed by manually reviewing charts to confirm all iden-
tified cases.

Given the findings above, we used the following algorithm to 
identify patients for inclusion (Supplementary Figure 1, avail able on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41802/ abstract). First, individuals with at least 
one ICD- 9 (714.x) or ICD- 10 (M05.x, M06.x) diagnosis code for 
RA were identified. Of these, we excluded those who did not have 
a diagnosis from a rheumatologist (required for documentation of 
a thorough, standardized joint examination with documentation of 
swelling, tenderness, and synovitis). We then excluded individu-
als without serologic assessment of RA- associated antibodies 

http://onlinelibrary.wiley.com/doi/10.1002/art.41802/abstract
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(which are required for classification in the 2010 American Col-
lege of Rheumatology [ACR]/European Alliance of Associations for 
Rheumatology [EULAR] criteria for RA) (22). After applying these 
requirements, we manually reviewed charts to identify only cases 
fulfilling the 2010 RA classification criteria (Figure 1).

In accordance with the ACR/EULAR criteria, points were 
assigned for the following features: duration of symptoms 
(1  point = disease duration of ≥6 weeks), presence of ele-
vated markers of inflammation (1 point), serologic status (i.e., 
absence of RF and/or anti- CCP antibodies versus presence and 
titers of RF and/or anti- CCP antibodies; 0 points = absence of 
RF and anti- CCP, 2 points = low- positive titers [defined as ≥1 
value above the upper limit of normal (ULN)], and 3 points = high- 
positive titers [defined as ≥1 value ≥3 times the ULN]). In addition, 
points were assigned for the extent of joint involvement (excluding 
the first carpometacarpal joints and distal interphalangeal joints of 
the hands), as follows: 0 points = 1 large joint involved, 1 point = 2– 
10 large joints involved, 2 points = 1– 3 small joints involved, 3 
points = 4– 10 small joints involved, and 5 points = >10 small joints 
involved (22). In accordance with the criteria, we required a score 
of ≥6 or the presence of radiographic erosions, with no alternative 
diagnosis to explain the symptoms, to classify a patient as having 
“definite” RA. If criteria were not fulfilled at the first visit, all subse-
quent rheumatology visits were reviewed to determine if the patient 
fulfilled criteria at a later date, which is consistent with the intended 
use of the criteria as published. Any patients who eventually fulfilled 
the criteria were considered to have incident RA, with the date of 
onset recorded as the date that they fulfilled the criteria.

Since the criteria listed above do not specifically address 
some situations that arise during chart review, we used the follow-
ing additional decision rules. For example, if a clinician indicated 

that the metacarpophalangeal (MCP) joints were swollen, a score 
of 2 was assigned; if the clinician indicated swelling in all MCPs, 
then a score of 3 was assigned, consistent with the involvement 
of 8 small joints. Patients were classified as having prevalent RA 
if there was documentation of a medical history of RA or a prior 
diagnosis of RA.

Baseline demographic and clinical data. Demographic 
data, including age, sex, and race or ethnicity, were extracted 
as categorical variables from the VACS database. Smoking sta-
tus was evaluated by determining the most common smoking 
status designation between all visits (never, former, or current 
smoker) (23). The presence of HCV in the VACS database was 
determined based on assessment of HCV serologic test results, 
genotype, and viral loads. We classified patients as HCV positive 
if they had either HCV antibody positivity or a positive genotype 
or were viral load– positive (24).

Additional clinical variables of interest, including CD4 cell 
counts and HIV viral load data at diagnosis of RA and at the begin-
ning of follow- up or first measurement, serologic results indicating 
positivity for RF and anti- CCP antibodies, and the presence of 
radiographic erosions, were collected during manual chart review. 
Radiologist reports were used to determine the presence of ero-
sions, since we did not have access to radiographic images.

Outcomes. Primary outcomes included incident RA, 
DMARD prescription among RA patients with HIV, and safety/tol-
erability events during DMARD therapy in RA patients with HIV 
who are new users. To evaluate tolerability and safety, events in 
the first course of contiguous DMARD therapy, defined as a period 
of >6 months with no interruption in DMARD treatment, were 
identified during manual review of charts. We recorded medica-
tions used to treat RA for at least the first 5 years after diagnosis or 
until the end of follow- up (December 31, 2019). In patients whose 
first course of DMARD therapy was >5 years, all medications used 
in that course were recorded. We excluded hydroxychloroquine 
(HCQ) from this analysis, since it has been shown to be more tol-
erable, with studies showing that its immunosuppressive effects in 
the bone marrow are less intense than those observed with other 
DMARDs. Records from rheumatology clinic visits were evalu-
ated to determine changes in therapy and the reasons for these 
changes, including loss of efficacy and adverse effects. We eval-
uated trends in HIV disease control after the initiation of DMARD 
therapy using viral load data and CD4 cell percentage. We used 
CD4 cell percentage rather than absolute CD4 cell counts due to 
the anticipated treatment effects on total leukocyte counts.

To determine the occurrence of serious infections in patients 
receiving DMARD therapy (and those not receiving DMARD 
therapy, as a comparator group), we utilized previously vali-
dated discharge diagnosis ICD- 9 codes for infectious pneumo-
nia, meningitis/encephalitis, skin/soft tissue infections, bacteremia/  
sepsis, septic arthritis, and pyelonephritis (25). We also utilized 

Figure 1. Distribution of rheumatoid factor and anti– cyclic citrullinated 
peptide autoantibody patterns in rheumatoid arthritis patients (RA) with 
HIV (cross- hatched bar) compared to RA patients without HIV (shaded 
bar). High- positive (High Pos) was defined as a titer of ≥3 times the upper 
limit of normal (ULN), in accordance with the 2010 American College 
of Rheumatology/European Alliance of Associations for Rheumatology 
criteria for RA. Low- positive (Low Pos) was defined as a titer of above 
the ULN but lower than 3 times the ULN or any autoantibody recorded 
as “positive” without quantification of the titer. Values above the bars 
represent the number of RA patients with HIV or RA patients without HIV 
in each serologic pattern group.
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their ICD- 10 counterpart codes with Crosswalk (also known as 
General Equivalence Mappings, a process that translates ICD 
codes between versions, such as translating ICD- 9 codes to ICD- 
10; more details available at www.icd10 codes earch.com and 
www.icd10 data.com).

Statistical analysis. Measures of central tendency were 
reported as the mean ± SD or the median (interquartile range 
[IQR]). Between- group differences in terms of the distribution of 
categorical variables were assessed using chi- square test, except 
where values were <5, in which case Fisher’s exact test was used. 

Table 1. Characteristics of the overall study population*

HIV patients
(n = 56,250)

HIV- negative 
individuals

(n = 116,944)
Demographic characteristic

Age at study initiation, mean ± SD years 45 ± 11 44 ± 11
Sex, male 54,772 (97) 113,642 (97)
Race or ethnicity

White 22,253 (40) 47,334 (40)
Black 26,757 (48) 54,282 (46)
Hispanic 4,519 (8) 9,686 (8)
Other 2,712 (5) 5,612 (5)

HCV status
Negative (by antibody or RNA test) 32,340 (57) 74,570 (64)
Positive (by antibody or RNA test or ICD code) 16,062 (29) 16,200 (14)
Never tested 7,848 (14) 26,174 (22)

Smoking status†
Current 26,214 (56) 53,281 (51)
Former 7,619 (16) 20,133 (19)
Never 13,288 (28) 32,002 (30)

CD4 cell count at cohort entry, cells/mm3

≥500 14,794 (33) – 
350– 499 8,489 (19) – 
300– 349 3,082 (7) – 
100– 299 11,598 (26) – 
50– 99 2,590 (6) – 
<50 4,373 (10) – 

HIV- 1 RNA, copies/ml
<500 18,479 (41) – 
500– 10,000 8,077 (18) – 
>10,000 18,938 (42) – 

RA status‡
Only ICD code present 108 (76) 376 (51)
Prevalent RA 14 (10) 168 (23)
Incident RA 21 (15) 194 (26)

Serology
No antibody testing 48,528 (86) 96,202 (82)
Anti- CCP, no. 1,449 4,460

High- positive 83 (6) 447 (10)
Low- positive 113 (8) 250 (6)
Negative 1,253 (86) 3,763 (84)

RF, no. 7,510 20,229
High- positive 319 (4) 938 (5)
Low- positive 1,202 (16) 3,082 (15)
Negative 5,989 (80) 16,209 (80)

Serologic pattern, no.§ 1,636 4,338
Both high- positive 32 (2) 241 (6)
1 high- positive/1 low- positive 32 (2) 83 (2)
Both low- positive 17 (1) 55 (1)
1 positive/1 negative 371 (23) 1,065 (25)
1 positive/1 not tested 1,184 (72) 2,894 (67)

* Except where indicated otherwise, values are the number (%) of subjects. HCV = hepatitis C 
virus; HIV- 1 = HIV type 1; anti- CCP = anti– cyclic citrullinated peptide; RF = rheumatoid factor. 
† Data on smoking status were collected from 47,121 HIV patients and 105,416 HIV- negative 
individuals. 
‡ Of those with an International Classification of Diseases (ICD) code for rheumatoid arthritis 
(RA). 
§ Of those with ≥1 positive antibody test finding. 
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Differences in the distribution of continuous variables between >2 
groups were assessed using the Kruskal- Wallis test. Incidence 
rate ratios with corresponding 95% confidence intervals (95% CIs) 
for incidence rates were estimated using generalized linear model-
ing and Poisson regression. Logistic regression analyses were 
used to evaluate the association between the dependent variable 
of treatment with DMARDs and independent covariates, includ-
ing HIV infection, HCV infection, and the presence of radiographic 
erosions. These covariates were chosen based on the clinical rel-
evance of parameters to disease severity and treatment options 
(e.g., severe liver disease may be a contraindication for certain 
DMARDs, whereas the presence of radiographic erosions may 
indicate more severe disease that is more likely to require therapy).

Statistical analysis was performed using Stata software ver-
sion 14 (StataCorp), SAS software version 9.4 (SAS Institute), and 
R software (R Core Team). P values less than 0.05 (2-tailed) were 
considered significant.

RESULTS

Sociodemographic and clinical characteristics of 
the overall cohort. The VACS Cohort includes 56,250 patients 
with HIV and 116,944 individuals without HIV, comprising a total 
of 2,384,541 person- years of observation. Most patients with 
HIV were men (97%), and the median age of patients with HIV 
at the initiation of the study was 45 years (44 years in uninfected 
individuals) (Table 1). HCV infection was more common among 
patients with HIV (29%) than among individuals without HIV (14%), 
although any type of testing for HCV was more frequently per-
formed among patients with HIV (86% versus 78% among unin-
fected individuals).

Among the entire cohort, 16% of patients underwent sero-
logic testing for RA (Table 1). The distribution of individuals in 
each RF and/or anti- CCP serologic category was similar between 
patients with HIV and individuals without HIV. High- positive titers 
(≥3 times the ULN) were observed in 4% of patients with HIV and 
5% of HIV- negative individuals (P = 0.13). Low- positive titers were 
observed in 15– 16% of individuals in each group. In total, 80% of 
individuals were seronegative for RF and/or anti- CCP antibodies 
(Table 1). The percentage of individuals with high titers of anti- CCP 
(≥3 times the ULN) was lower in patients with HIV than in individ-
uals without HIV (6% [83 of 1,449] versus 10% [447 of 4,460]; 
P < 0.0001). Despite similar rates of antibody positivity overall, the 
false- positive rates for a diagnosis of RA based on RF testing (i.e., 
positive for RF in the absence of RA) was higher in patients with 
HIV than in individuals without HIV. That is, among patients pos-
itive for RF, 14 of 1,521 patients with HIV (0.9%) were classified 
as having incident RA compared to 145 of 4,020 individuals with-
out HIV (3.6%). Furthermore, among the whole cohort, the known 
association of HCV with autoantibody positivity was observed. 
Any seropositivity was present in 19% of both patients with HIV 
without HCV and HIV- negative individuals without HCV, compared 

to 25% of HIV patients with HCV and 31% of HIV- negative individ-
uals with HCV (P < 0.0001).

Prevalence and incidence of RA among patients 
with HIV and uninfected individuals. Of 2,748 patients 
(547 patients with HIV, 2,201 uninfected individuals) with an 
ICD- 9 or ICD- 10 code for RA, 1,609 had ≥1 rheumatologist- 
generated ICD- 9 or ICD- 10 code (305 patients with HIV, 1,304 
uninfected individuals). The rates of ICD- based RA diagnoses 
by a rheumatologist were comparable between groups (55% in 
patients with HIV versus 59% in uninfected individuals; P = 0.14). 
We excluded patients without documentation of serologic test-
ing for RA (n = 728) (Supplementary Figure 1, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41802/ abstract). This left us with 881 charts to 
review. After reviewing the charts of these remaining cases (143 
patients with HIV, 738 uninfected individuals), 182 cases of preva-
lent RA (14 patients with HIV, 168 uninfected individuals) and 215 
cases of incident RA (21 patients with HIV, 194 uninfected individ-
uals) were identified (Tables 1 and 2).

The median time from first observation at the Veterans Ad-    
min  is  tration clinic recorded in the electronic medical records to 
fulfilment of RA criteria was 10 years in patients with HIV (IQR 
6– 15) and 10 years in individuals without HIV (IQR 7– 15). The 
crude incidence of RA was 0.33 cases per 10,000 person- years 
in patients with HIV (95% CI 0.21– 0.51) compared to 1.11 cases 
per 10,000 person- years in individuals without HIV (95% CI 
0.96– 1.28). The incidence rate ratio of RA in individuals without 
HIV compared to patients with HIV was 0.29 (95% CI 0.19– 
0.48; P < 0.0001).

Clinical and serologic features of RA patients. Most 
patients classified as having RA were seropositive (Table 2). How-
ever, high antibody titers were found less frequently in patients 
with HIV: among patients with HIV with incident RA, 5% had both 
high anti- CCP titers and high RF titers, compared to 41% of unin-
fected individuals with incident RA (Figure 1). Among patients with 
HIV, the most common serologic pattern observed was a positive/
negative mixed autoantibody pattern (52% of patients showing 
this mixed pattern); the proportion of patients who were positive 
for RF/negative for anti- CCP and the proportion of patients who 
were negative for RF/positive for anti- CCP was roughly equally 
divided (Figure 1). This further confirms the association between 
HIV infection and less robust RA serologic profiles among those 
with prevalent RA (i.e., RA diagnosed before HIV is diagnosed); 
serologic profiles were at least as strongly positive as those of 
uninfected individuals. The occurrence of both high titers of anti- 
CCP and high titers of RF was in fact more frequently observed 
among patients with HIV (43%) than individuals without HIV (29%).

The median time from the diagnosis of HIV to the diagnosis 
of incident RA was 13.7 years (IQR 9.3– 19.7). At diagnosis, 
the median CD4 cell count in patients with HIV was 487 cells/

http://onlinelibrary.wiley.com/doi/10.1002/art.41802/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41802/abstract
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mm3 (range 367– 650), and 81% of patients with recent (within 
1 year) type 1 HIV viral titer measurements had <500 copies/ml.

Among individuals with RA, HCV infection was more prev-
alent in patients with HIV than individuals without HIV (43% ver-
sus 14%; P < 0.0001). The incidence of RA in patients with HIV 
and HCV was 0.46 cases per 10,000 person- years (95% CI 
0.23– 0.91) compared to an incidence of RA of 0.30 cases per 
10,000 person- years (95% CI 0.17– 0.53) in HIV patients without 

HCV (P = 0.35). Among these groups, HIV status appeared to be 
a more powerful determinant of serologic status than was HCV 
status (Table 2), since seronegativity was present in 22– 25% of 
HIV patients with or without HCV compared to 7% of HIV- negative 
individuals (P = 0.02 for the differences in serologic patterns 
across the 4 groups).

Erosive disease (at any time point) developed in 47% of 
patients with HIV compared to 33% of individuals without HIV 

* Except where indicated otherwise, values are the number (%) of subjects. Due to missing data, some values are not percentages of the total 
patient populations. IQR = interquartile range; ART = antiretroviral therapy; HIV- 1 = type 1 HIV; HCQ = hydroxychloroquine; SSZ = sulfasalazine; 
MTX = methotrexate; LEF = leflunomide; AZA = azathioprine; RF = rheumatoid factor; anti- CCP = anti– cyclic citrullinated peptide. 
† Hepatitis C virus (HCV)– positive status was determined by antibody test or International Classification of Diseases code. 
‡ Values were obtained at rheumatoid arthritis (RA) diagnosis. 
§ Joint involvement is defined as tenderness and swelling. 
¶ Other drugs include oral gold and tetracyclines. 

Characteristic

Patients 
with HIV 
(n = 21)

Patients 
without HIV 

(n = 194) P
Demographic

Age at diagnosis,  
mean ± SD years

58 ± 11 56 ± 10 0.38

Sex, male 20 (95) 181 (93) 0.73
Race or ethnicity 0.67

White 8 (42) 73 (40)
Black 9 (47) 73 (40)
Hispanic 2 (11) 26 (14)
Other 0 (0) 11 (6)

Smoking status 0.47
Current 9 (43) 98 (51)
Former 8 (38) 49 (26)
Never 4 (19) 45 (23)

HCV status 0.004
Negative 12 (57) 162 (84)
Positive† 9 (43) 28 (14)
Never tested 0 (0) 4 (2)

Time from first observation  
to RA criteria fulfilment,  
median (IQR) years

10 (6– 15) 10 (7– 15)

Time since HIV diagnosis,  
median (IQR) years

14 (10– 20) – 

Time since ART initiated,  
median (IQR) years

8 (1– 10) – 

CD4 cells cells/mm3‡
≥500 11 (52) – 
350– 499 6 (29) – 
300– 349 2 (10) – 
100– 299 1 (5) – 
50– 99 0 (0) – 
<50 1 (5) – 

HIV- 1 RNA, copies/ml‡
≤500 16 (80) – 
501– 10,000 4 (20) – 
>10,000 0 (0) – 

Joint involvement§ 0.07
One large joint 0 (0) 1 (1)
2– 10 large joints 1 (5) 12 (6)
1– 4 small joints 9 (42) 103 (53)
5– 10 small joints 7 (33) 54 (28)
>10 small joints 4 (19) 24 (12)

Characteristic

Patients 
with HIV 
(n = 21)

Patients 
without HIV 

(n = 194) P
Elevated inflammation 

markers
12 (67) 140 (73) 0.55

Radiographic erosions
Present within 1 year  

of RA diagnosis
5 (24) 51 (26) 0.81

Ever present 7 (33) 91 (47) 0.18
Treatments

None 6 (29) 11 (6) 0.0002
Glucocorticoids 15 (71) 127 (65) 0.58
HCQ 12 (57) 119 (61) 0.71
SSZ 4 (19) 61 (31) 0.24
MTX 7 (33) 127 (66) 0.004
LEF 0 (0) 23 (12) 0.01
AZA 0 (0) 7 (4) 0.38
Biologics and JAK inhibitors 2 (10) 68 (35) 0.02
Other¶ 0 (0) 7 (4) 0.38

Serology
RF status 0.0002

High positive 6 (29) 116 (60)
Low positive 5 (24) 47 (24)
Negative 9 (43) 19 (10)
Not tested 1 (5) 12 (6)

Anti- CCP status 0.01
High positive 5 (24) 116 (60)
Low positive 5 (24) 18 (9)
Negative 9 (43) 44 (23)
Not tested 2 (10) 16 (8)

Serologic pattern 0.002
Both high- positive 1 (5) 81 (42)
1 high- positive/1 low- 

positive
2 (10) 31 (16)

Both low- positive 1 (5) 4 (2)
1 positive/1 negative 11 (52) 43 (22)
1 positive/1 not tested 2 (10) 22 (11)
Seronegative 4 (19) 13 (7)

Baseline characteristics of the patients with incident RA, separated by HIV status*Table 2. 
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(P = 0.18). Of all patients with HIV, 24% had developed radio-
graphic erosions within 1 year of the RA diagnosis compared to 
26% of individuals without HIV (P = 0.81) (Table 2). Subgroup anal-
yses stratified by HCV status did not demonstrate any differences 
in terms of the presence of erosions in RA patients with HIV or 
individuals without HIV according to the presence or absence of 
HCV (P = 0.18).

Use of DMARDs and other RA therapies. Among those 
with RA, 29% of patients with HIV compared to 6% of RA patients 
without HIV (P = 0.0002) did not receive targeted DMARD therapy. 
The most commonly used DMARD among RA patients with HIV 
was HCQ (57%), while methotrexate (MTX) was more common in 
RA patients without HIV (66%) (Table 2). Compared to RA patients 
without HIV, RA patients with HIV were significantly less likely to be 
prescribed MTX (33% versus 66%; P = 0.004), leflunomide (0% 
versus 12%; P = 0.01), and biologic agents or JAK inhibitors (10% 
versus 35%; P = 0.02) (Table 2). Rates of prednisone use were 
similar between RA patients with HIV and RA patients without HIV 
(71% versus 65%, respectively; P = 0.58).

In a logistic regression model incorporating the presence of 
erosive disease, HIV status, and HCV status, HIV infection was 
associated with lower odds of being prescribed DMARD therapy 
other than HCQ (OR 0.21 [95% CI 0.08– 0.52]; P = 0.002). In the 
same model, as expected, the presence of erosions was associ-
ated with higher odds of being prescribed DMARD therapy (OR 
2.1 [95% CI 1.01– 4.24]; P = 0.047). In a sensitivity analysis incor-
porating an interaction term of HIV and the presence of erosions, 
the presence of erosions was not found to be an effect modifier in 
the relationship between an RA patient having HIV and receiving a 
DMARD prescription (P = 0.85).

DMARD tolerability and safety. Among the 10 RA 
patients with HIV who received non- HCQ DMARD therapy, 7 
patients required changes in their treatment regimen due to 
adverse effects, and 2 patients required changes in their treat-
ment regimen due to a lack or loss of efficacy (Tables 3 and 4). 
In comparison, the 158 RA patients without HIV who received 
DMARD therapy were more likely to require changes in their treat-
ment regimen due to a lack of efficacy (49% in RA patients without 
HIV versus 20% in RA patients with HIV; P = 0.08) and less likely 
to require changes due to adverse effects (38% in RA patients 
without HIV versus 70% in RA patients with HIV; P = 0.04). Most 
treatment- limiting side effects occurred between 5 months and 1 
year after the initial DMARD treatment had been started.

Among RA patients with HIV treated with non- HCQ 
DMARDs, CD4 cell percentages stayed stable. The CD4 cell per-
centages and viral load trajectories of 9 of 10 RA patients with 
HIV treated with DMARDs are shown in Figure 2. Data on CD4 
cell percentages and viral load trajectories were missing for 1 of 
the RA patients with HIV who were treated with DMARDs. It is 
notable that 2 of the 9 patients with available data experienced 

significant increases in viral load (defined as a log fold change from 
baseline of 2– 3- fold) after treatment with DMARDs (patients 7 and 
9) (Figure 2). At the time, patient 7 was determined to be a long- 
term nonprogressor and did not receive antiretroviral therapy at 
any point during the study. While patient 9 experienced a viral load 
increase during the use of a biologic agent, patient 9 did not have 
a prior history of sustained viral suppression.

Among the 10 RA patients with HIV receiving DMARD ther-
apy, no serious infections requiring hospitalization occurred. Sim-
ilarly, among RA patients with HIV with an ICD- 9 or ICD- 10 code 
for RA but no confirmed incident RA, the overall hospitalized 
infection rate during follow- up was 24% compared to 21% in RA 
patients with HIV without an ICD- 9 or ICD- 10 code for RA.

DISCUSSION

In a large cohort of patients with HIV and uninfected individu-
als, we investigated the incidence of RA using established classifi-
cation criteria, as well as presenting features of RA in both groups. 
We found that incident RA was less common in patients with HIV 
than in age- , race- , and site- matched HIV- negative individuals. In 
terms of presentation, RA- associated autoantibodies were present 
less frequently and at lower titers in RA patients with HIV than in RA 
patients without HIV, but with respect to the vari ables we evaluated, 
clinical presentation of RA was otherwise similar between the 2 
groups. Additionally, we provide evidence that prescribing patterns 
differed between RA patients with HIV and RA patients without HIV, 
with DMARDs prescribed less frequently in RA patients with HIV.

Given that RA is generally considered to be a state of immune 
system overactivation, while HIV is associated with immunode-
ficiency and immune dysregulation, the interplay and compara-
tive incidence between these 2 diseases provides an interesting 
opportunity to investigate their pathophysiology. Our finding that 
RA was 3.4 times less common in patients with HIV than in HIV- 
negative individuals is unsurprising: it has been well established 

Table 3. Frequency of adverse effects occurring in RA patients with 
HIV compared to RA patients without HIV during the first contiguous 
course of disease- modifying antirheumatic drug therapy other than 
hydroxychloroquine among those with newly diagnosed RA*

Patients 
with HIV
(n = 10)

Patients 
without HIV

(n = 158)
Adverse effect

General malaise 0 (0) 10 (6)
Infections 1 (10) 8 (5)
Increased liver enzyme 

levels
2 (20) 14 (9)

Hematologic abnormalities 2 (20) 9 (6)
GI side effects 2 (20) 13 (8)
Rash or oral ulcers 0 (0) 5 (3)
Worsening renal function 0 (0) 1 (1)
Pulmonary complications 2 (20) 8 (5)

* Except where indicated otherwise, values are the number (%) of 
subjects. RA = rheumatoid arthritis; GI = gastrointestinal. 
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that in patients with HIV, levels and function of memory B cells 
are decreased, whereas in RA patients, memory B cell levels are 
elevated and the sites of abnormal cell expression differ from 
those in HIV patients (14,26). Furthermore, cell- mediated immu-
nity plays a significant role in the development and progression of 
RA, whereas a defect in cell- mediated immunity is central to the 
pathogenesis of HIV (15). From a clinical perspective, our find-
ings are consistent with prior studies demonstrating decreased 
incidence of RA in patients with HIV taking ART compared to the 
overall population (27).

With respect to the humoral immune system, we observed 
differences in autoantibody profiles among patients with HIV 
compared to individuals without HIV. Prior studies of RF in HIV 
have demonstrated conflicting results depending on when they 
were performed, and these studies have been limited by small 
sample sizes. As a result, some studies have shown elevated 
frequencies of RF and/or anti- CCP positivity in patients with 
HIV, while other studies have shown no difference in terms of 
autoantibody levels between patients with HIV and HIV- negative 
individuals (12,28–30). In our overall population, we found that 
low titers of RF occurred more commonly in patients with HIV, 
but that this appeared to be attributable to the presence of 
HCV coinfection. In patients with HIV without HCV, the rate of 
RF positivity was equivalent to that in individuals without HIV 
who are HCV- negative. Among patients with HIV with incident 
RA, positive autoantibody titers tended to be less robust. The 
clinical implication of this finding is that in patients with HIV in 

whom a diagnosis of RA is suspected, low- positive serologic test 
results could be considered normal, rather than the exception. 
Therefore, in the right clinical setting, an RA diagnosis should be 
strongly considered even if autoantibody titers are negative or 
only mildly positive.

We identified differences in antirheumatic drug prescribing 
patterns between RA patients with HIV and RA patients with-
out HIV. Specifically, while the majority of both groups received 
HCQ, more potent immunosuppressant treatment was less fre-
quently prescribed in RA patients with HIV, and RA patients with 
HIV were more likely to be treated with expectant management 
or glucocorticoids alone. This was true even when controlling for 
a measure of disease severity (presence of radiographic joint ero-
sions). There are many possible explanations for this trend, the 
simplest being understandable concern on the part of the clinician 
regarding the risk of infection in patients with already suppressed 
immune function. There may also be concerns on the part of 
patients who fear experiencing the same rate or a higher rate of 
comorbidities or who are concerned about the baseline pill burden 
or anticipated drug interactions, which could result in hesitancy 
to change their existing medical treatment regimens. Additionally, 
higher rates of HCV coinfection in RA patients with HIV may pre-
clude the use of MTX or leflunomide due to cytopenias or liver 
toxicity. This is a concerning trend, since RA- related outcomes are 
worse among patients not receiving appropriate DMARD therapy, 
and both patients with RA and patients with HIV have a higher risk 
of comorbidities related to systemic inflammation (9,31,32).

When addressing safety and tolerability, our very small sam-
ple of RA patients with HIV receiving non- HCQ DMARDs (n = 10) 
was a limiting factor in our analysis. Due to the sample size, we 
were unable to control for health care exposure, attendance to 
follow- up visits, or adherence to laboratory monitoring, which may 
have influenced our rates of detection of adverse effects, such 
as increases in liver enzyme levels. With this caveat, we did not 
observe any hospitalizations for serious infections, and we did not 
observe any indications that would suggest that DMARD therapy 
in clinically selected patients receiving antiretroviral therapy inter-
fered with the management of HIV in these patients. It is, however, 
notable that intolerance or adverse effects were more common in 
RA patients with HIV than in RA patients who were HIV- negative, 
and it is not clear whether this is due to drug interactions, the 
presence of viral comorbidities (i.e., HCV) predisposing the patient 
to drug- induced liver injury, or other factors (18,33).

Our study was primarily limited by the small number of cases 
of incident RA among patients with HIV (n = 21). This was despite 
our use of a sensitive algorithm to identify potential RA patients. 
Although a score of ≥6 indicated definite RA according to the 
2010 RA classification criteria, post hoc analyses have shown that 
these criteria are much more sensitive than they are specific, since 
they are designed to identify a population with early high- risk RA 
that may benefit from DMARD therapy (34). However, the level of 
detail used when documenting clinical joint examinations, even 

Figure 2. CD4 cell percentages and viral load (VL) trajectories 
among 9 of 10 rheumatoid arthritis (RA) patients (Pt) with HIV treated 
with disease- modifying antirheumatic drugs (DMARDs) other than 
hydroxychloroquine. Data on CD4 cell percentages and viral load 
trajectories were missing for 1 RA patient with HIV treated with 
DMARDs.
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by board- certified rheumatologists, was highly variable, and our 
interpretation of ambiguous findings may have led to the underes-
timation of incident RA cases in this cohort.

Inconsistent documentation also limited our analysis of RA 
clinical presentation, since we were unable to systematically assess 
validated disease activity scores, such as the Disease Activity Score 
in 28 joints (35) or Clinical Disease Activity Index (36) scores, in our 
cohort. Our study population was also almost entirely male, which 
limits generalizability to female patients. Additionally, our defini-
tion of HCV positivity included those with only a positive antibody, 
which may only reflect past infection. Since this was an observational 
study, the results should be regarded as hypothesis- generating and 
are susceptible to uncontrolled confounding variables. Although we 
took several steps to minimize the risk of misclassification bias in 
this study, a lack of diagnostic certainty remains for this population 
of patients with HIV diagnosed as having RA, due to the prevalence 
of low titers of antibodies and atypical inflammatory arthritis among 
patients with HIV. Finally, this investigation was primarily limited to 
the presentation and frequency of incident RA in patients with HIV. 
Further research is required to fully characterize the impact of inci-
dent HIV in patients with established RA.

In a large cohort of patients with HIV and age- , race- , and 
site- matched HIV- negative individuals, the incidence of RA was 
lower in the patients with HIV compared to those who were HIV- 
negative. Incident RA in patients with HIV, compared to those 
without HIV, was characterized by less robust autoantibody titers 
but otherwise similar clinical features. DMARDs were less fre-
quently prescribed in RA patients with HIV than in RA patients 
without HIV. Future research is needed to characterize RA- related 
outcomes and optimal management of RA in patients with HIV.
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Identification of Novel, Immunogenic HLA– DR- Presented 
Prevotella copri Peptides in Patients With Rheumatoid 
Arthritis
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Catherine E. Costello,2 and Allen C. Steere1

Objective. We previously identified HLA– DR- presented epitopes from a 27- kd protein of Prevotella copri (Pc) 
obtained from peripheral blood mononuclear cells (PBMCs) from 1 rheumatoid arthritis (RA) patient. Herein, we 
sought to identify other HLA– DR- presented Pc peptides and source proteins in PBMCs from additional patients to 
better understand Pc immune responses and RA disease pathogenesis.

Methods. Using tandem mass spectrometry, we searched for HLA– DR- presented Pc peptides in PBMCs from RA 
and Lyme arthritis (LA) patients. The identified peptides and source proteins were tested for reactivity in RA patients, 
those with other arthritides, and the general population. These results were assessed for correlation with clinical findings.

Results. Including Pc- p27, we identified 5 HLA– DR- presented Pc peptides, each derived from a different Pc 
protein, in 3 of 4 RA patients, but none in 2 LA patients. When tested in our RA cohort, 14 of 19 patients (74%) had 
T cell responses, and 47 of 89 patients (53%) had IgG or IgA responses to ≥1 of the 5 Pc peptides or proteins, most 
commonly IgA reactivity with Pc- p27. Additionally, 74% of RA patients with IgA antibodies to ≥1 Pc protein had 
anti– citrullinated protein antibodies (ACPAs) compared with 49% of patients who lacked IgA Pc antibody responses  
(P = 0.05), and IgA Pc antibody levels correlated with ACPA values.

Conclusion. The majority of the RA patients had Pc immune responses. The correlation of IgA Pc antibody 
responses, particularly to Pc- p27, with ACPA supports the hypothesis that specific microbial antigens in the mucosa 
have a role in shaping or amplifying immune responses in RA joints.

INTRODUCTION

There is increasing evidence that mucosal immune responses 
to microbial agents in the periodontium, lung, or intestine may 
shape immune responses in the joints of patients with rheumatoid 
arthritis (RA) (1,2). However, identification of microbial agents and 
immune responses that may connect mucosal and joint immunity 
remains incomplete. In a seminal study of the gut microbiota in 

RA patients, Scher et al reported an overabundance of Prevotella 
species, particularly Prevotella copri (Pc), in stool samples from 
patients with new- onset RA (3), which was the stimulus for our Pc 
immune response studies.

We developed a novel technique to identify HLA– DR- 
presented microbial peptides or self- peptides in synovial 
 tissue, synovial fluid mononuclear cells (SFMCs), or peripheral 
blood  mononuclear cells (PBMCs) from arthritis patients using 
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nano– liquid chromatography tandem mass spectrometry (nano- 
LC- MS/MS), followed by determination of the antigenicity of the 
peptides and their source proteins using patient samples (4). With 
this technique, we first searched for Pc peptides and self- peptides 
in 9 such samples (2 from PBMCs) from RA patients. In the PBMCs 
from 1 of the 2 patients, 1 HLA– DR- presented Pc peptide was 
identified, which was derived from a 27- kd Pc protein (Pc- p27) 
(5). Pc peptides were not identified in synovia or SFMCs. When 
testing was performed in our entire cohort of RA patients, 42% of 
40 patients had Th1 responses to the Pc- p27 peptide, and 24% 
of 127 patients had IgG or IgA antibodies to the Pc- p27 protein.

Two novel, immunogenic HLA– DR- presented self- peptides (1 
derived from N- acetylglucosamine- 6- sulfatase and the other from 
filamin A) were identified in the synovial tissue from the same patient 
in whom the Pc peptide was identified (6). These 2 self- proteins have 
sequences homologous with Prevotella epitopes, and patients who 
had T cell reactivity with 1 or both self- peptides also had responses 
to the corresponding Prevotella peptides (6), implicating molecu-
lar mimicry between these microbial and self- proteins as a possible 
link between gut microbial immunity and autoimmunity in joints.

In the present study, we searched for HLA– DR- presented Pc 
peptides in PBMCs from 2 additional RA patients and, for compar-
ison, from 2 Lyme arthritis (LA) patients. We identified 4 new HLA– 
DR- presented Pc peptides (T cell epitopes) in the 2 additional RA 
patients. When samples from our recent RA cohort were tested for 
reactivity with these 4 Pc proteins and the previously identified Pc- 
p27, the majority of patients had T cell and/or B cell responses to 
≥1 of these 5 Pc antigens. Moreover, the correlation between IgA 
responses to Pc proteins and anti– citrullinated protein antibodies 
(ACPAs) supports the hypothesis that specific microbial antigens in 
the mucosa may shape immune responses in RA.

PATIENTS AND METHODS

Patients. This study was approved by the Human Inves-
tigations Committee at Massachusetts General Hospital (MGH). 
All subjects provided written informed consent. All RA patients 
fulfilled the 2010 American College of Rheumatology/European 
Alliance of Associations for Rheumatology criteria for RA (7). 
HLA– DR typing was performed at the American Red Cross in 
Dedham, Massachusetts.

Isolation and identification of HLA– DR- presented 
peptides. We have previously published methods for immuno-
precipitation of HLA– DR molecules from patient samples, followed 
by the elution and identification of HLA– DR- presented peptides 
using nano- LC- MS/MS (4). Here, only PBMCs were analyzed, as 
we did not previously identify Pc proteins in synovia or SFMCs. 
 Spectra- to- peptide assignments were made by searching 
each patient’s MS/MS data set against a UniProt Pc database 
(assembled in-house) using 3 search engines: Mascot, OMSSA, 
and X!Tandem. A consensus match among ≥2 programs was 

required for identification of a peptide sequence, with a Mascot 
score of ≥20, OMSSA E- value of ≤0.01, and X!Tandem score of 
≤10. To rule out erroneous assignment of a human sequence as 
a Pc sequence, each microbial sequence was screened against 
the most recent version of the UniProt human database.

Enzyme- linked immunospot (ELISpot) T cell assay. 
Each HLA– DR- presented candidate microbial antigen was syn-
thesized and purified by high- performance liquid chromatography 
in the Core Proteomics Laboratory at MGH. Each peptide was 
used first to stimulate the matching patient’s PBMCs in an inter-
feron- γ (IFNγ) ELISpot assay. Immunogenic peptides were then 
tested in larger numbers of patients as previously described (5). 
A positive T cell response was defined as a value 3 SD above 
the mean value in healthy subjects.

Determination of Pc antibodies. Recombinant prepa-
rations of the 5 Pc proteins were made by GenScript using an 
Escherichia coli expression vector (pET30a). Target protein purity 
was estimated to be ~90% based on densitometric analysis with 
sodium dodecyl sulfate– polyacrylamide gel electrophoresis.

Enzyme- linked immunosorbent assays were performed, 
with modifications of previously described methods (5). After 
coating with each recombinant Pc protein (1 μg/ml) overnight at 
4°C, the plates were incubated at room temperature with block-
ing buffer (phosphate buffered saline– Tween, 5% milk) for 1 hour. 
Depending on the Pc protein, each patient’s serum sample (diluted 
at 1:50 or 1:100) was added for 2 hours, followed by horseradish 
peroxidase– conjugated goat anti- human IgG or IgA (Dako) (diluted 
at 1:2,000 or 1:3,000) for 1.5 hours and then tetramethylbenzidine 
substrate (BD Biosciences) for 10– 15 minutes. A positive antibody 
response was defined as a value 2 SD above the mean value in 
the general population.

Statistical analysis. Quantitative data were analyzed 
using the Mann- Whitney test or t- test with Welch’s correction, 
categorical data using Fisher’s exact test, and correlations using 
Spearman’s correlation test. All analyses were performed using 
GraphPad Prism 8. All P values were 2- tailed. P values less than 
0.05 were considered significant.

RESULTS

Identification of naturally presented HLA– DR Pc 
peptides. When HLA– DR- presented peptides were eluted from 
PBMCs from 2 new RA patients and analyzed by nano- LC- MS/MS, 
4 new Pc peptides were identified. When combined with the 2 pre-
viously described RA patients (5), 3 of the 4 RA patients tested had 
1– 3 HLA– DR- presented Pc peptides, and each of these 3 patients 
had Pc IgG or IgA antibodies. Pc peptides or antibodies were not 
identified in the remaining RA patient or in the 2 LA patients. Clinical 
data on all 6 RA and LA patients are presented in Supplementary 
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Table 1 (available on the Arthritis & Rheumatology website at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41807/ abstract).

The 5 HLA– DR- presented Pc peptides that have been iden-
tified to date were each derived from a different Pc protein: 27- kd 
protein (Pc- p27), ribonuclease HII protein (Pc- ribo), DNA binding 
protein (Pc- DNAbind), glutamate 5- kinase protein (Pc- glut), and 
type III restriction endonuclease protein (Pc- endo) (Supplementary 
Figure 1, http://onlin elibr ary.wiley.com/doi/10.1002/art.41807/ 
abstract). Peptide length ranged from 10 to 19 amino acids, which 
is typical of HLA– DR class II– presented peptides. Each peptide 
had 100% sequence homology with the corresponding Pc pro-
tein but had limited sequence homology with any human pep-
tide, suggesting that they were not human peptides erroneously 
assigned with a microbial database.

T cell reactivity with Pc peptides. As previously reported 
(5), when PBMCs from 40 patients with new- onset RA were stim-
ulated with the peptide sequence from Pc- p27, 17 patients (42%) 
secreted IFNγ levels that were >3 SD above the mean value in 

healthy controls (P = 0.0002) (Figure 1). To conserve cells, sam-
ples from these patients were not retested for Pc- p27 responses. 
However, the 4 new Pc peptides were tested for this study using 
PBMCs from 20 of the 40 patients with new- onset RA in whom 
enough cells remained.

Of the 20 patients with new- onset RA, 40% responded to 
the promiscuous binding Pc- ribo, and 45% reacted with the Pc- 
DNAbind peptide (Figure 1). A smaller percentage of patients 
(20%) responded to the 2 peptides with more restricted HLA– DR 
binding profiles (Pc- glut and Pc- endo). Of the 19 patients in whom 
testing was conducted with all 5 proteins, 14 patients (74%) had 
T cell reactivity with ≥1 of the 5 Pc peptides.

B cell reactivity with Pc proteins. IgG and IgA anti-
body responses to the 5 Pc proteins were determined in 89 RA 
patients, including 54 patients with new- onset RA and 35 patients 
with chronic RA (Figure 2). The 89 patients included 17 of the 20 
patients in whom T cell testing was performed and 72 patients in 
our new RA cohort who were enrolled during the past 2 years. 
Because the results were similar in patients with new- onset RA 
and those with chronic RA, these data were combined for pres-
entation here. For comparison, we tested serum samples from 
37 patients with other chronic inflammatory arthritides (including 
spondyloarthritides, psoriatic arthritis, or sarcoidosis), from 80 
patients with LA, and from 45 individuals in the general population, 
including hospital personnel and blood donors.

Of the 89 RA patients, 24 (27%) had IgA antibody responses 
to Pc- p27 that were >2 SD above the mean value in the general 
population (Figure 2). The number of patients with positive IgA 
responses to Pc- p27 and quantitative Pc- p27 values was signif-
icantly greater than in comparison groups. Although only small 
numbers of patients had positive IgA responses to the 4 new Pc 
proteins, quantitative values were frequently greater in the RA 
cohort than in other groups.

Among the 89 RA patients, 12% had positive IgG Pc- 
p27 responses, 10% had IgG Pc- ribo antibodies, and 10% 
had IgG Pc- endo antibodies, which tended to be higher than 
the percentages in the other groups, but the number of patients 
who had positive values was not significantly different among the 
groups. However, quantitative values for each Pc protein, except 
for Pc- DNAbind, were significantly greater in RA patients than 
in the inflammatory arthritides group. Surprisingly, 13 of the 80 
LA patients (16%) had elevated IgG responses to Pc- DNAbind, 
which was a higher percentage than that in RA patients, rais-
ing the question of whether Pc- DNAbind has a cross- reactive 
antibody epitope with a spirochetal protein. Unlike RA patients, 
only a small number of LA patients had IgA responses to Pc- 
DNAbind or other Pc proteins.

Most patients in the RA or comparison groups had IgG or IgA 
responses to only a single Pc protein. Only 8 RA patients had pos-
itive IgG or IgA responses to >1 Pc protein, but none had both IgG 
and IgA responses to the same protein. Overall, 29 RA patients 

Figure 1. T cell responses to Prevotella copri (Pc) HLA– DR- 
presented peptides in rheumatoid arthritis (RA) patients. Five peptides 
derived from 5 Pc proteins were synthesized and used to stimulate 
peripheral blood mononuclear cells from RA patients by interferon- γ 
enzyme- linked immunospot assay. Using TEPITOPE, the Pc- p27, 
Pc– ribonuclease HII, and Pc– DNA binding peptides were predicted 
to be promiscuous binders of ≥20 of the 25 HLA– DR molecules 
modeled in the program. The predicted binding of the Pc– glutamate 
5- kinase and Pc– type III restriction endonuclease peptides was 
restricted primarily to DRB1*04 molecules. The superscript numbers 
around each peptide sequence show the location of the amino acids 
within the source protein. Each symbol represents an individual 
subject. Bars show the mean, and the shaded areas show >3 SD 
above the mean value in healthy control (HC) subjects (hospital 
personnel). The groups were compared using unpaired t- tests with 
Welch’s correction. SFU = spot- forming units per 1 × 106 cells.
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(33%) had IgA responses to ≥1 of the 5 Pc proteins, compared with 
18 of 161 patients (11%) in all other groups (P < 0.0001). Twenty- 
six of the 89 RA patients (29%) had IgG antibody responses to ≥1 

of the 5 Pc proteins, compared with 39 of 161 patients (24%) in 
the other groups (P = 0.45). A total of 47 of 89 RA patients (53%) 
had IgG or IgA responses to ≥1 of the 5 Pc proteins.

Figure 2. Antibody responses to Prevotella copri (Pc) proteins in rheumatoid arthritis (RA) patients, those with other forms of arthritis (e.g., 
inflammatory arthritides [IA] and Lyme arthritis [LA]), and those in the general population (GP). IgG and IgA antibody responses to the 5 Pc 
proteins, including Pc- p27, Pc– ribonuclease HII (Pc- ribo), Pc– DNA binding (Pc- DNAbind), Pc–glutamate 5- kinase (Pc- glut), and Pc– type III 
restriction endonuclease (Pc- endo) proteins, are shown. Each symbol represents an individual subject. The shaded areas show 2 SD above the 
mean value in the general population. Quantitative values were compared between RA patients and those in each of the other groups using the 
Mann- Whitney test, and these P values are shown above the data points. The number of individuals with positive responses in each group was 
compared between RA patients and those in each of the other groups by Fisher’s exact test, and these P values are indicated with asterisks. 
** = P = 0.001; *** = P = 0.0001. Only significant P values are shown.
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Table 1. Demographic and clinical characteristics of the patients with rheumatoid arthritis according to presence versus absence 
of Prevotella copri (Pc) antibodies*

Pc- p27 IgG
(n = 10)

Pc- p27 IgA
(n = 24)

No Pc- p27 
IgG/IgA (n = 55)

Any Pc IgG
(n = 26)

Any Pc IgA
(n = 31)

No Pc IgG/IgA 
(n = 41)

Demographics
Age, years 52 (24– 75) 46 (19– 91) 51 (19– 80) 53 (24– 75) 49 (19– 91) 52 (19– 75)
Female:male ratio 5:5† 20:4 46:9 17:9 25:6 34:7
Smoking, no. (%)

Current 1 (10) 1 (4) 8 (15) 3 (12) 2 (7) 6 (15)
Former 2 (20) 5 (21) 16 (29) 5 (19) 7 (23) 14 (34)
Never 7 (70) 18 (75) 31 (56) 18 (69) 22 (71) 21 (51)

Autoantibodies
RF positive, no. (%) 5 (50) 11 (46) 19 (35) 13 (50) 14 (45) 13 (32)
ACPA positive, no. (%) 7 (70) 18 (75) 30 (55) 18 (69) 23 (74)‡ 20 (49)

HLA– DRB1 alleles
SE, no. positive/no. tested (%)§ 4/7 (57) 12/19 (63) 21/38 (55) 12/18 (67) 15/24 (63) 16/29 (55)

Disease activity
ESR, mm/hour 22 (2– 67) 23 (4– 107) 14 (2– 60) 21 (2– 107) 23 (4– 107) 12 (2– 60)
CRP, mg/liter 16 (0.5– 92) 3.7 (0.1– 126) 4.7 (0.2– 0.96) 9.6 (0.5– 126) 7.7 (0.1– 126) 4.3 (0.2– 96)
DAS28- ESR 4.5 (2– 7) 3.6 (1.3– 8.2) 3.3 (1– 7) 3.7 (1.6– 8.2) 3.7 (1.3– 8.2) 3.17 (1– 7)
DAS28- CRP 3.8 (2– 7) 3.1 (1.5– 7.6) 3.2 (1.1– 6.8) 3.5 (1.3– 7.6) 3.5 (1.3– 7.6) 3.17 (1.1– 6.8)

* Except where indicated otherwise, values are the median (range). RF = rheumatoid factor; ACPA = anti– citrullinated protein antibody;
SE = shared epitope; DAS28- ESR = Disease Activity Score in 28 joints using the erythrocyte sedimentation rate; DAS28- CRP = DAS28 
using the C- reactive protein level. 
† P = 0.03 versus patients with neither Pc- p27 IgA or IgG antibodies. 
‡ P = 0.05 versus patients with neither Pc IgA or IgG antibodies. 
§ Alleles *0101, 0102, 0401, 0404, 0405, 0408, and 1001. 
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Clinical correlations. Among the 89 RA patients, the major-
ity (60%) had new- onset RA, the female:male ratio was 4:1, 60% 
were positive for ACPA, 38% were positive for rheumatoid factor 
(RF), and 62% were positive for ACPA or RF, percentages typi-
cal of cohorts of early RA patients (8). Among patients with IgA 
Pc- p27 antibodies, 75% had ACPA compared with 55% of those 
without IgA/IgG Pc- p27 antibodies (P = 0.1), and there was a sim-
ilar trend for RF (Table 1). Moreover, IgA antibody responses to 
Pc- p27, Pc- ribo, or Pc- glut correlated directly with ACPA  levels, 
and IgA antibody responses to Pc- ribo, Pc- glut, or Pc- endo cor-
related with RF levels (Table 2). Overall, ACPAs were found in 74% 
of those who had IgA responses to ≥1 of 5 Pc proteins, compared 
with 49% of those who lacked such responses (P = 0.05). Con-
versely, among the 34 patients who lacked ACPA or RF, 6 patients 
(18%) had IgA Pc- p27 antibodies, and 3 patients (9%) had IgG 
Pc- p27 antibodies. Finally, patients with Pc tended to have higher 
levels of inflammatory markers and a higher frequency of shared 
epitope HLA– DRB1 alleles than patients without Pc antibodies, 
but the differences were not statistically significant.

DISCUSSION

Using a novel approach in which HLA– DR- presented pep-
tides were identified directly from patient samples, we have now 
identified 5 immunogenic HLA– DR- presented Pc peptides from 
PBMCs in 3 of 4 RA patients tested. The large sample volumes 
and the complexity of the technique precluded evaluation of large 
numbers of patients. However, when serum samples from our cur-
rent RA cohort and comparison groups were tested for IgG or IgA 
reactivity with each of the 5 Pc proteins, the most robust differ-
ence between the groups was IgA Pc- p27 reactivity. Of the 89 RA 
patients, 24 (27%) had IgA responses to this protein, a significantly 

higher percentage compared with the other groups, making it an 
attractive diagnostic target. However, in contrast to findings from 
our initial study (5), the number of patients with positive IgG Pc 
responses was not significantly greater in RA patients, though 
quantitative values were often higher in the RA group than in the 
other groups.

Because of the importance of ACPAs in RA (9,10), we 
searched our MS/MS spectra carefully for evidence of peptides 
with the 1- dalton gain that could indicate an arginine- to- citrulline 
 conversion. Of the 5 Pc T cell epitopes examined here, only Pc- 
p27 contained an arginine, and that peptide was not citrulli-
nated. However, ACPA levels correlated significantly with Pc- p27 
antibodies, suggesting that another portion of the protein may 
become citrullinated. Moreover, when we previously citrullinated 
2  autoantigens, N- acetylglucosamine- 6- sulfatase and filamin A, 
which had T cell epitopes with sequence similarity with Prevotella 
species, RA patients had higher antibody responses to citrullinated 
N- acetylglucosamine- 6- sulfatase than to its noncitrullinated pro-
teoform (6), suggesting that the N- acetylglucosamine- 6- sulfatase 
self- protein may be citrullinated in vivo.

In the current study, the correlation of IgA Pc responses with 
ACPA values supports a central hypothesis in RA pathogene-
sis that specific microbial antigens in the mucosa, which may 
cross- react with like self- proteins (6), could shape immune 
responses in RA joints (1). ACPAs appear to be beneficial in con-
trolling microbes in the mucosa but may become detrimental 
in joints (1). In addition, we previously found Prevotella DNA in 
joint fluid in 3 of 5 patients with IgG Pc antibody responses (5), 
suggesting that Pc or their products may sometimes reach joints 
where they may further amplify inflammatory responses. There 
is provocative, emerging literature about the distant spread of 
commensal organisms resulting not only in autoimmunity, but 
also in malignancies and adverse treatment outcomes (11,12).

Limitations of this study include the small number of patients 
in whom it was possible to test for HLA– DR- presented Pc pep-
tides. However, this initial assessment shows that nano- LC- MS/
MS is now sensitive enough to identify immunogenic in vivo HLA– 
DR- presented microbial peptides directly from PBMCs, which can 
then be tested in large numbers of patients. Second, the reasons 
for gut dysbiosis and mucosal Pc immunoreactivity are not yet 
defined in RA patients. However, in a recent analysis of ileal biop-
sies in 50 HLA– B27- positive patients with ankylosing spondylitis, 
adherent, invading rod- shaped bacteria, identified primarily as 
E coli or Prevotella species, were often seen in the epithelial layer 
of the gut mucosa along with significant down- regulation of tight 
junction proteins, resulting in a loosening of the epithelial and gut 
vascular barriers (13). A similar process may occur in RA patients.

Greater understanding of the interactions between gut com-
mensals and joint autoimmunity will likely influence the diagnosis  
and treatment of RA. In addition to disease- modifying antirheumatic  
drugs, adjunctive treatment aimed at the control of gut “ pathobionts,” 
such as targeted nonabsorbable  antibiotic therapy, probiotic 

Table 2. Correlation of rheumatoid arthritis autoantibodies with Pc 
antibodies*

ACPA RF

r P r P
Pc antibody IgG

Pc- p27 IgG 0.116 0.3 0.086 0.4
Pc- ribo IgG 0.172 0.1 0.135 0.2
Pc- DNAbind 0.098 0.4 0.026 0.8

IgG
Pc- glut IgG 0.051 0.6 −0.0752 0.5
Pc- endo IgG −0.137 0.2 −0.0631 0.6

Pc antibody IgA
Pc- p27 IgA 0.283 0.008 0.194 0.07
Pc- ribo IgA 0.251 0.018 0.245 0.02
Pc- DNAbind 0.006 0.95 0.087 0.42

IgA
Pc- glut IgA 0.271 0.01 0.260 0.014
Pc- endo IgA 0.112 0.3 0.212 0.047

* Correlations were calculated using Spearman’s test. Pc- ribo = Pc- 
ribonuclease HII protein; Pc- DNAbind = Pc- DNA binding protein; Pc- 
glut = Pc- glutamate 5- kinase protein; Pc- endo = Pc- type III restriction 
endonuclease protein (see Table 1 for other definitions). 
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strategies, dietary changes, or fecal  matter transplants, may prove 
to be effective and safe. Moreover, the identification of T cell 
epitopes to microbial and related self- proteins may lead to therapies 
with blocking peptides.  Animal  models have shown that blocking 
peptides may ameliorate pathogenic responses (14), and rees-
tablishment of tight junctions in the gut restores gut homeostasis, 
which may reverse autoimmune processes (15). In the future, bio-
markers, such as those identified here, may contribute to the diag-
nosis and treatment of patients with gut- associated RA.
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The Interleukin- 1 Receptor– Associated Kinase 4 Inhibitor 
PF-06650833BlocksInflammationinPreclinicalModels
ofRheumaticDiseaseandinHumansEnrolledina
RandomizedClinicalTrial
Aaron Winkler,1  Weiyong Sun,1 Saurav De,2 Aiping Jiao,1 M. Nusrat Sharif,1 Peter T. Symanowicz,1 
Shruti Athale,3 Julia H. Shin,1 Ju Wang,1 Bruce A. Jacobson,1 Simeon J. Ramsey,1 Ken Dower,1  
Tatyana Andreyeva,1 Heng Liu,1 Martin Hegen,1 Bruce L. Homer,1 Joanne Brodfuehrer,1 Mera Tilley,1 
Steven A. Gilbert,1 Spencer I. Danto,1 Jean J. Beebe,1 Betsy J. Barnes,2 Virginia Pascual,3 Lih- Ling Lin,1 Iain Kilty,1 
Margaret Fleming,1 and Vikram R. Rao1

Objective. To investigate the role of PF- 06650833, a highly potent and selective small- molecule inhibitor of 
interleukin- 1– associated kinase 4 (IRAK4), in autoimmune pathophysiology in vitro, in vivo, and in the clinical setting.

Methods. Rheumatoid arthritis (RA) inflammatory pathophysiology was modeled in vitro through 1) stimulation of 
primary human macrophages with anti– citrullinated protein antibody immune complexes (ICs), 2) RA fibroblast- like 
synoviocyte (FLS) cultures stimulated with Toll- like receptor (TLR) ligands, as well as 3) additional human primary cell 
cocultures exposed to inflammatory stimuli. Systemic lupus erythematosus (SLE) pathophysiology was simulated in 
human neutrophils, dendritic cells, B cells, and peripheral blood mononuclear cells stimulated with TLR ligands and 
SLE patient ICs. PF- 06650833 was evaluated in vivo in the rat collagen- induced arthritis (CIA) model and the mouse 
pristane- induced and MRL/lpr models of lupus. Finally, RNA sequencing data generated with whole blood samples 
from a phase I multiple- ascending- dose clinical trial of PF- 06650833 were used to test in vivo human pharmacology.

Results. In vitro, PF- 06650833 inhibited human primary cell inflammatory responses to physiologically relevant 
stimuli generated with RA and SLE patient plasma. In vivo, PF- 06650833 reduced circulating autoantibody levels in 
the pristane- induced and MRL/lpr murine models of lupus and protected against CIA in rats. In a phase I clinical trial 
(NCT02485769), PF- 06650833 demonstrated in vivo pharmacologic action pertinent to SLE by reducing whole blood 
interferon gene signature expression in healthy volunteers.

Conclusion. These data demonstrate that inhibition of IRAK4 kinase activity can reduce levels of inflammation 
markers in humans and provide confidence in the rationale for clinical development of IRAK4 inhibitors for 
rheumatologic indications.

INTRODUCTION

Rheumatoid arthritis (RA) affects ~1% of the population, man-
ifesting with joint pain and tissue destruction and characterized in 

seropositive cases by the presence of antibodies against post-
translationally modified proteins, as well as IgM (rheumatoid 
factor) (1,2). Cells involved in RA inflammation include not only 
lymphocytes but also neutrophils, macrophages, osteoclasts, and 
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synovial fibroblasts. Treatments for RA include small- molecule 
disease- modifying antirheumatic drugs as well as biologic agents 
(3). The rate of sustained remission over time in RA remains dis-
appointingly low, highlighting the need for additional therapeu-
tic mechanisms (4).

Systemic lupus erythematosus (SLE) is also a systemic dis-
ease mediated by autoantibodies, and is characterized by tissue 
inflammation and damage to multiple organ systems including 
joints, skin, and kidneys (5). Defects in the clearance of apoptotic 
and necrotic cells have been demonstrated, allowing access to 
nuclear antigens by autoantibodies (6). Resulting immune com-
plexes activate numerous immune cell types, including dendritic 
cells (DCs) and B lymphocytes. Treatments for SLE include glu-
cocorticoids and antimalarial agents, but efficacy is limited and 
long- term use is associated with toxicity. The BAFF-neutralizing 
antibody belimumab was approved in 2015, and while it provides 
benefit in some SLE patients, there remains a clear need for addi-
tional treatment modalities (5).

Interleukin- 1 receptor– activated kinase 4 (IRAK4) is a central 
regulator of the innate immune response. IRAK4 transmits signals 
from Toll- like receptors (TLRs) and interleukin- 1 receptor (IL- 1R) by 
binding the adaptor protein myeloid differentiation factor 88 (MyD88) 
and inducing signaling through IRAK1 and IRAK2 (7,8). The down-
stream result of myddosome assembly is activation of NF- κB, inter-
feron regulatory factor 5 (IRF- 5), and MAPK (9). Deletion of IRAK4 
or inactivation of IRAK4 activity in mice prevents the development 
of inflammation in multiple models of inflammatory disease (10– 14). 
Cells from IRAK4- deficient humans also show no response to TLR 
or IL- 1R family ligands that signal through MyD88 (15).

Several recent studies have highlighted the antiinflammatory 
efficacy of IRAK4 inhibitors in human cells and preclinical mod-
els of inflammation (16– 20). However, clinical development has 
been hampered by debate over the role of IRAK4 kinase activity 
in disease, as a significant role of kinase- independent signaling by 
IRAK4 has been demonstrated (21,22). We have shown that inhi-
bition of the kinase activity of IRAK4 does not significantly affect 
IL- 1–  or TLR- induced NF- κB or MAPK activation and only min-
imally suppresses IL- 1– induced cytokines, whereas NF- κB or 
MAPK activation by IL- 1 or TLR and production of cytokines are 
not observed with IRAK4- null cells (7,23). Additionally, several in 
vitro studies have suggested that IRAK4 inhibitors, which inhibit 
inflammatory responses in rodent cells, are not equally efficacious 
for the same activity in human cells (22,24,25). It has also been 
speculated that inhibition of both IRAK4 and IRAK1 kinase activ-
ities may be required for efficacy in human cells (21,22). A recent 
study using an IRAK4 inhibitor has confirmed the requirement for 
IRAK4 kinase activity in mouse and human DC and B cell acti-
vation as well as in several in vivo models of SLE (20). However, 
translation of in vitro antiinflammatory efficacy of IRAK4 inhibition 
to reduction of inflammation in humans is lacking.

We have recently developed potent and selective inhibitors of 
IRAK4 with little activity against IRAK1 (18). In the present study 

we demonstrated that PF- 06650833, a small- molecule inhibi-
tor of IRAK4, reduces responses to disease- relevant stimuli in 
human cells and in animal models of RA and SLE. Importantly, we 
showed that administration of PF- 06650833 to humans resulted 
in the suppression of an interferon (IFN) gene signature in a phase 
I multiple- ascending- dose clinical trial (26). Our findings show 
that selective IRAK4 inhibitors reduce signals of inflammation in 
humans and are potential therapies for autoimmune disease.

MATERIALS AND METHODS

The identification of PF- 06650833 and methods used to 
define its pharmacology have been described previously (18). 
Details on materials and experimental procedures used in the 
present study are provided in Supplementary Materials, on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41953/ abstract.

In vitro cellular assays. Human, mouse, and rat whole 
blood collected under institutional review board (IRB)–  and institu-
tional animal care and use committee (IACUC)– approved protocols 
and anticoagulated with heparin, or peripheral blood mononuclear 
cells (PBMCs) derived from these blood samples, were incubated 
with PF- 06650833, exposed to TLR ligands, and cytokines were 
assayed with Meso Scale Discovery assay kits. Occupancy of the 
IRAK4 ATP- binding site was quantified via blockade of covalent 
labeling with a biotin- labeled ATP probe, followed by immunopre-
cipitation and Western blotting for IRAK4.

Human macrophages were exposed to inhibitors and then 
incubated with anti– citrullinated protein antibody (ACPA) immune 
complexes (ICs), and cytokines in the supernatant were mea-
sured with Meso Scale Discovery kits. Broad antiinflammatory 
phenotypic profiling was performed at Eurofins Scientific (St. 
Charles, MO), using a BioMAP Diversity Plus Panel with protocols 
that have been described previously (27,28).

Human RA fibroblast- like synoviocytes (FLS) were incubated 
with inhibitors, and stimulatory ligands added. Supernatants were 
analyzed with a Meso Scale Discovery assay kit.

Neutrophils were isolated from healthy volunteers and SLE 
patients under IRB- approved protocols. Neutrophils from healthy 
volunteers were primed with IFNα2β and stimulated with R837 
alone or in combination with PF- 06650833. SLE patient neutro-
phils were cultured in media for 8– 12 hours. Double- stranded DNA 
(dsDNA) was quantified using a Quant- iT PicoGreen kit.

PBMCs were isolated from healthy volunteers, incubated 
with PF- 06650833, and stimulated with R848 or SLE patient sera. 
Nuclear localization of IRF- 5 was measured using an Amnis imaging 
cytometer (7).

For B cell maturation assays, human B cells were isolated from 
Leukopaks, primed with IFNα, incubated with PF- 06650833, and 
stimulated with R848. Supernatants were analyzed for cytokines, 
and the cells were assessed for plasmablast differentiation.

http://onlinelibrary.wiley.com/doi/10.1002/art.41953/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41953/abstract
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Figure 1. Pharmacologic properties of PF- 06650833, an interleukin- 1– associated kinase 4 (IRAK4) inhibitor. A, Structure of PF- 06650833. 
B, Selectivity of PF- 06650833 in an ActivX ATP occupancy assay using THP- 1 lysates. The top 26 of >200+ kinases are shown. Fifty percent 
inhibition concentrations (IC50) were determined using a 5- point dose- response curve (full data set shown in Supplementary Table 1, on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41953/ abstract). C, Potency of PF- 06650833 in enzyme 
and cell- based assays. IC50 values for enzyme and peripheral blood mononuclear cell (PBMC) assays are a single value, whereas whole blood 
(wb) assays for human, mouse, and rat are denoted as total concentration of compound over the non– protein- bound (free [f]) concentration 
of compound, calculated as (wb IC50 × [fu/(B/P)] = IC50 free, where fraction unbound [fu] = 0.22 and blood/plasma ratio [B/P] = 0.91). D, 
Demonstration of the relationship between free drug concentration, IRAK4 ATP binding site occupancy, and inhibition of downstream biology by 
PF- 06650833 in a whole blood sample from a patient with systemic lupus erythematosus. Values are the mean ± SEM. E, Use of 50% maximum 
response concentration data from each preclinical assay to determine that 100 nM was the target free compound concentration required to 
maintain >90% IRAK4 inhibition across species and assays. CK1g2 = casein kinase 1 gamma 2; PIP4K2C = phosphatidylinositol- 5- phosphate 
4- kinase 2C; NDR1 = nuclear Dbf2- related kinase 1; PRP4 = pre–mRNA processing factor 4; MPSK1 = myristoylated and palmitoylated serine/
threonine kinase 1; LKB1 = liver kinase B1; LATS2 = large tumor suppressor kinase 2; LRRK2 = leucine- rich repeat kinase 2; TLK2 = tousled-
like kinase 2; MASTL = microtubule-associated serine/threonine kinase–like; MLKL = mixed- lineage kinase domain– like; CHK2 = checkpoint 
kinase 2; AurA = aurora A kinase; AXL = AXL receptor tyrosine kinase; CAMK2g = Ca2+/calmodulin- dependent protein kinase 2g; GAK = 
cyclin G–associated kinase; TNF = tumor necrosis factor; IL- 6 = interleukin- 6; HWB = human whole blood; LPS = lipopolysaccharide; IRF- 5 = 
interferon regulatory factor 5.

http://onlinelibrary.wiley.com/doi/10.1002/art.41953/abstract
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The total DC fraction was obtained from healthy volunteer 
buffy coats, and plasmacytoid DCs (pDCs) were isolated by 
fluorescence- activated cell sorting and cultured with 40% SLE 
neutrophil supernatants with or without PF- 06650833. IFNα levels 
were measured by enzyme- linked immunosorbent assay (ELISA).

SLE ICs were generated from patient plasma and used to 
stimulate human PBMCs, with or without PF- 06650833. IFNα 
was measured by ELISA. IFN- responsive gene expression was 
analyzed by quantitative reverse transcription– polymerase chain 
reaction.

In vivo disease models. To model RA, female Lewis rats 
were immunized with collagen. Subsequently they were admin-
istered PF- 06650833 or tofacitinib orally for 7 days. Paw vol-
ume and body weight were measured daily. All procedures were 
reviewed and approved by the Pfizer IACUC.

To model SLE, BALB/c mice were treated with pristane. Sub-
sequently PF- 06650833 was administered in chow at weeks 8– 20, 
while prednisone was administered orally once daily at weeks 1– 20. 
Serum was collected at weeks, 4, 8, 12, and 20. Anti- dsDNA, anti- 
SSA, and anti- RNP were quantified by ELISA. Kidney specimens 
were prepared as previously described (29) and evaluated by a 
pathologist who was blinded with regard to the treatment group.

Female lupus- prone MRL/lpr mice were fed standard chow 
with or without added PF- 06650833 for 12– 13 weeks. Body 
weights were recorded once a week, proteinuria was assessed 
every 2 weeks, and blood was collected every 4 weeks.

Clinical trial. The phase I studies of PF- 06650833 have 
been described previously (26). RNA was extracted from whole 
blood and subjected to RNA sequencing. To assess effects on 
the IFN gene signature, an equally weighted 21- gene signature 
(30) was analyzed for percent change on day 14 compared to 
day 0.

RESULTS

Pharmacologic properties of PF- 06650833. PF- 
06650833 was identified as described previously (18) (Figure 1A). 
The compound is selective as measured by its ability to com-
pete with a covalent analog of ATP in monocyte cell lysates 
(assessed with an ActivX ATP occupancy assay) (31). Twelve 
kinases other than IRAK4 had 50% inhibition concentration (IC50) 
values of <1 μM (Figure 1B and Supplementary Table 1, on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41953/ abstract), and PF- 06650833 was nearly 
7,000 times more selective for IRAK4 than for IRAK1 (Figure 1B). In 
PBMCs stimulated with the TLR- 7/8 ligand R848, PF- 06650833 
had an IC50 of 2.4 nM for inhibition of tumor necrosis factor (TNF) 
release and was potent in human whole blood, with an IC50 of 8.8 
nM (Figure 1C). The free IC50 values for PF- 06650833 in rodent 
whole blood were determined to be 5– 10- fold less potent than in 

human whole blood, in contrast to previous reports indicating lack 
of IRAK4 inhibitor activity in human cells (24,25).

Modeling of PF- 06650833 IRAK4 pharmacology to 
select efficacious dose. Pfizer has established the “Three Pillars 
of Survival” concept (32) to predict clinical success based on the 
ability to measure candidate pharmacology. For PF- 06650833, we 
established a system that captured all 3 pillars (free drug concen-
tration [pillar I], target occupancy [pillar II], and downstream biologic 
effect [pillar III]) in an in vitro assay performed in SLE patient whole 
blood (Figure 1D). Increasing concentrations of PF- 06650833 (pil-
lar I) resulted in increased target occupancy (pillar II), as measured 
by blockade of the IRAK4 binding site from covalent modification 
by a probe. With a 50% maximum response concentration (EC50) 
value very similar to the target occupancy value, R848- induced 
IL- 6 release (pillar III) was inhibited by PF- 06650833. Similar results 
were obtained using blood from a healthy volunteer (Supplemen-
tary Figure 1, http://onlin elibr ary.wiley.com/doi/10.1002/art.41953/ 
abstract). Thus, target occupancy and cytokine inhibition were pro-
portional and predictable from compound concentration, allowing 
us to infer pillar II (target occupancy) from pillar III assay results. 
Using experimentally generated EC50, Hill slope, and protein 
binding values, we then examined the relationship between free 
drug concentration and target inhibition in the preclinical assays 
(Figure 1E). The EC50 values for PF- 06650833 varied by only 5- fold 
in these assays— from 2 nM to 10 nM— such that achieving >100 
nM free drug concentration would be expected to inhibit >90% 
of any downstream biologic events dependent on IRAK4 kinase 
activity. Thus, the target efficacious concentration for preclinical 
experiments was set at 100 nM.

PF- 06650833– induced inhibition of pathophysio-
logic processes central to RA. In seropositive RA, ACPAs 
are observed prior to the clinical diagnosis of RA, are a spe-
cific marker of autoimmunity, and indicate more rapid progression 
of disease and poorer treatment response (33,34). ACPA ICs acti-
vate macrophages to release TNF (35). Thus, we tested the abil-
ity of PF- 06650833 to block ACPA IC– induced TNF in samples 
from 11 donors. PF- 06650833 at 100 nM inhibited TNF release 
to a mean ± SEM of 57.5 ± 17.9% of that seen with DMSO treat-
ment alone (P = 0.003 by paired t- test) (Figure 2A). As a positive 
control, we included a Bruton’s tyrosine kinase (BTK) inhibitor, as 
this kinase has been previously implicated in macrophage TNF 
responses to both TLR and Fcγ receptor ligands (36). Results with 
this inhibitor were similar to those observed with IRAK inhibition.

Synovial fibroblasts from RA patients display increased 
inflammatory responses to TLR ligands and IL- 1β (37,38). We 
exposed RA FLS to inflammatory stimuli in the presence or 
absence of 100 nM PF- 06650833 and quantified their inflam-
matory response. As depicted in Figure 2B, PF- 06650833 sub-
stantially reduced cytokine and matrix metalloproteinase (MMP) 
release in response to all ligands profiled. However, it did not 

http://onlinelibrary.wiley.com/doi/10.1002/art.41953/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41953/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41953/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41953/abstract
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Figure 2. PF- 06650833 inhibits rheumatoid arthritis (RA) pathophysiology. A, Human macrophages were exposed to anti– citrullinated protein 
antibody (ACPA) immune complexes (ICs) formed with cyclic citrullinated peptide– positive RA sera in the presence or absence of 100 nM 
interleukin- 1– associated kinase 4 inhibitor (IRAK4i) (PF- 06650833) or 100 nM Bruton’s tyrosine kinase inhibitor (BTKi) (PF- 303). Supernatants 
were analyzed by enzyme- linked immunosorbent assay for induction of tumor necrosis factor (TNF). Values are the percent in relation to DMSO 
treatment (set at 100). Symbols represent individual subjects (n = 11 per group); bars show the mean. B, Human RA fibroblast- like synoviocytes 
were stimulated with 10 μg/ml Pam3Cys (Toll- like receptor 1/2 [TLR- 1/2]), 10 ng/ml lipopolysaccharide (LPS) (TLR- 4), 100 ng/ml flagellin (TLR- 5), 
or 0.1 ng/ml interleukin-1β (IL- 1β) in the presence or absence of 100 nM PF- 06650833. Cytokine and matrix metalloproteinase (MMP) content 
in supernatants was assessed by Meso Scale Discovery assay. Values are the percent of those observed with vehicle control. C, Compounds 
at the noted concentrations were profiled with DiscoverRx on the BioMAP platform. Data represent the log ratio of values in compound- treated 
samples to controls, with negative values indicating inhibition and points outside of the gray shading demonstrating a statistically significant 
difference based on assay variability. Each point on the x- axis represents the result of a different end point in each assay system: venular 
endothelial cells (4H), peripheral blood mononuclear cells (PBMCs) plus venular endothelial cells stimulated with LPS (LPS), PBMCs plus 
venular endothelial cells stimulated with superantigen (SAg), B cells plus PBMCs (BT), lung fibroblasts (MyoF), and macrophages plus venular 
endothelial cells (/Mphg). Unstim = unstimulated; MCP- 1 = monocyte chemotactic factor 1; VCAM- 1 = vascular cell adhesin molecule 1; uPAR 
= urokinase- type plasminogen activator receptor; SRB = sulforhodamine B staining; VEGFR- 2 = vascular endothelial growth factor receptor 
2; M- CSF = macrophage colony- stimulating factor; sPGE2 = soluble prostaglandin E2; MIG = monokine induced by interferon- γ; bFGF = basic 
fibroblast growth factor; PAI- 1 = plasminogen activator inhibitor 1; TIMP- 1 = tissue inhibitor of metalloproteinases 1.
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inhibit IL- 1– induced cytokines in RA FLS. This is similar to our 
previous findings in dermal fibroblasts stimulated with IL- 1β, in 
which cytokine release was only weakly affected by IRAK4 inhi-
bition (8,23). Similar results were also generated using FLS from 
non- RA donors (n = 2), although the magnitude of inflamma-
tory mediators released was lower (data not shown). Intriguingly, 
PF- 06650833 was able to block MMP induction by IL- 1β: the 
first response to IL- 1β in nonhematopoietic cells we have found 
to be IRAK4 kinase dependent.

We next tested the ability of PF- 06650833 to inhibit  
inflammatory processes in more physiologic tissue culture mod-
els involving multiple human primary cells, using the DiscoveRx 
BioMAP platform. The effect was compared to those of 2 approved 
RA therapies, the TNF inhibitor etanercept and the JAK inhibitor 
tofacitinib. As depicted in Figure 2C, PF- 06650833 showed the 
greatest inhibition of inflammatory readouts in assays of innate 
immunity, notably the lipopolysaccharide (LPS)– stimulated PBMC 
plus endothelium assay, with modest activity in a small number 
of end points in the B– T cell assay. In contrast and as expected, 
the JAK inhibitor had no impact on assays of innate immunity 
(LPS, lung myofibroblasts, macrophages plus venular endothelial 
cells), blocking only responses in the B– T cell assay. Etanercept 
exhibited yet a third pattern, with predominant activity in the myofi-
broblast-  and macrophage- containing assays, and a modest 
effect on some readouts in the LPS and bacterial superantigen– 
stimulated PBMC assays. These results indicate that an IRAK4 
inhibitor would block multicellular inflammatory processes in RA 
in a pattern distinct from those of the approved RA treatments.

PF- 06650833– induced reduction of inflammation 
in the rat collagen- induced arthritis (CIA) model. To 
profile PF- 06650833 in vivo, we used the rat CIA model. Start-
ing on the first day of disease activity (day 11–14 after collagen 
boost), rats with CIA were administered vehicle, 10 mg/kg tofac-
itinib daily, or 3 mg/kg PF- 06650833 twice daily for 7 days. The 
kinetic disease activity data for the treatment days from a rep-
resentative study (n = 10 animals per group) are presented in 
Figure 3, demonstrating that both PF- 06650833 and tofacitinib 
significantly inhibited paw volume compared to that observed 
in vehicle- treated animals (mean ± SEM paw volume on day 7 
0.786 ± 0.043 ml, 0.555 ± 0.034 ml, and 0.371 ± 0.044 ml with 
vehicle, PF- 06650833, and tofacitinib, respectively; P = 0.0005, 
PF- 06650833 versus vehicle and P < 0.0001, tofacitinib versus 
vehicle, by t- test). These results indicate that PF- 06650833 is 
capable of inhibiting inflammation in vivo, even when administered 
weeks after the initial inflammatory insult.

PF- 06650833– induced inhibition of pathophysiologic 
processes central to SLE. High titers of antinuclear antibodies 
are diagnostic for SLE, and formation of ICs contributes to the mul-
tiorgan inflammation characteristic of the disease (39). Exposure 
of the immune system to nuclear antigens results from impaired 

clearance of apoptotic cells and/or enhanced release from neu-
trophils via NETosis (40– 42). Lupus ICs can then induce cytokine 
release from monocytes and T cell– independent B cell matura-
tion and can activate pDCs to release type I IFNs, resulting in the 
characteristic IFN gene signature of SLE (43,44). We stimulated 
DNA release from human neutrophils by application of the TLR- 7 
agonist R837 for 15 hours. DNA content in the supernatants was 
significantly higher than that in neutrophils incubated in medium 
alone (mean ± SEM 113.5 ± 10.7 ng/ml versus 43.3 ± 9.6 ng/ml; 
P = 0.0001 by paired t- test [n = 3 per group]), and was completely 
reversed by preincubation with PF- 06650833 (45.83 ± 9.7 ng/ml;   
P = 0.0017 versus R837 without PF- 06650833) (Figure 4A). 
Monocytes from SLE patients exhibit increased IRF- 5 protein 
expression and nuclear localization (45). After confirming the  
ability of PF- 06650833 to inhibit nuclear localization of IRF- 5 stim-
ulated by R848 (23.0 ± 13.0% versus 6.8 ± 4.4%, respectively, 
without versus with PF-06650833 exposure; P = 0.012 by two- 
way analysis of variance [ANOVA] [n = 3]), we demonstrated its 
capacity to inhibit IRF- 5 nuclear localization in response to SLE 
patient sera (38.6 ± 18.4% versus 24.2 ± 13.0%, respectively; 
P < 0.0001 by two- way ANOVA [n = 12]) (Figure 4B).

Exposure to IFN and TLR- 7 ligands results in B cell cytokine 
release and T cell– independent B cell maturation into plasma-
blasts (46,47). Incubation of human B cells with 100 nM PF- 
06650833 prior to addition of IFNα and R848 inhibited B cell IL- 6 
production at 24 hours to a mean ± SEM of 50.0 ± 16.7% of con-
trol (P = 0.0045 by paired t- test [n = 6 donors]), IL- 10 production 

Figure 3. PF- 06650833 is efficacious in rat collagen- induced 
arthritis (CIA). Rats with CIA were treated for 7 days with PF-06650833 
3 mg/kg twice daily (bid), tofacitinib 10 mg/kg daily (qd), or vehicle, 
and paw volume was measured daily. Data are from a representative 
experiment (of 3 experiments performed). Values are the mean ± SEM.
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Figure 4. PF- 06650833 inhibits pathophysiology in human systemic lupus erythematosus (SLE). A, DNA release was measured in neutrophil 
supernatant (sup) following exposure to R837 in the presence or absence of 100 nM PF- 06650833. Values are the mean ± SEM (n = 3 donors). 
B, Peripheral blood mononuclear cells (PBMCs) were exposed to either R848 or SLE sera in the presence or absence of 100 nM PF- 06650833, 
incubated for 2 hours at 37°C, and then interferon regulatory factor 5 (IRF- 5) nuclear translocation was analyzed by Amnis imaging cytometry. 
C, B cells were exposed to interferon-α (IFNα) plus R848 in the presence or absence of 100 nM PF- 06650833. Supernatants were harvested 
at 24 hours to assess interleukin- 6 (IL- 6) release and at 72 hours to assess IL- 10 release. Plasmablasts were quantified by flow cytometry after 
6 days. D, Neutrophils were isolated from SLE patients and NETosis induced with R837. Supernatants were used to stimulate plasmacytoid 
dendritic cells for 24 hours in the presence or absence of 200 nM PF- 06650833 prior to quantification of CD83 induction by flow cytometry 
(n = 5) or IFNα release by enzyme- linked immunosorbent assay (ELISA) (mean ± SEM; n = 3). Iso = isotype. E, PBMCs were exposed to 
SLE immune complexes (ICs) in the presence or absence of 100 nM PF- 06650833. After 24 hours, supernatant was analyzed by ELISA for 
IFNα, and IFN- induced gene expression in cells was measured by quantitative reverse transcription– polymerase chain reaction. RQ = relative 
quantification.
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at 72 hours to 41.3 ± 7.1% of control (P = 0.0023 by paired t- 
test [n = 6 donors]), and CD27+CD38+ plasmablast differentiation 
at 7 days to 35.1 ± 6.6 % of control (P = 0.02 by paired t- test 
[n = 6 donors]) (Figure 4C). Although the potency of PF- 06650833 
(IC50) for inhibiting these activities in primary human B cells (not 
shown) is comparable to that for inflammatory cytokine release 
by other cell types, inhibition is less complete than for inflamma-
tory cytokine production by monocytes (48), suggesting IRAK4 
kinase- independent signaling.

Plasmacytoid DCs are a rare population in peripheral blood, 
but are responsible for the majority of IFNα release (44,49). 
Neutrophil damage- associated molecular patterns (DAMPs) 
induced pDCs to up- regulate CD83, indicating maturation; this 
response was significantly inhibited by preincubation with 200 
nM PF- 06650833, and IFNα release from pDCs was significantly 
inhibited by PF- 06650833 (mean ± SEM 5.7 ± 2.5 pg/ml versus 
755 ± 147 pg/ml [n = 3]; P = 0.012 by paired t- test) (Figure 4D). 

SLE ICs formed by purifying IgG from plasma from an anti- RNP/
anti- dsDNA– positive SLE patient and mixing with apoptotic cells 
were used to stimulate human PBMCs. PF- 06650833 exposure 
inhibited IFNα release in all donors (n = 5), as well as the induc-
tion of 3 IFN- responsive genes (RSAD2, USP18, and GBP1) 
(P = 0.0008 by 2- way ANOVA) (Figure 4E).

Taken together, the above findings demonstrate that numer-
ous SLE pathophysiologic processes, including neutrophil DAMP 
release, monocyte inflammatory cytokine response, B cell cytokine 
release and plasmablast differentiation, pDC maturation, and IFNα 
release as well as the resulting IFN gene signature, are dependent 
on IRAK4 kinase activity.

Therapeutic efficacy of PF- 06650833 in mouse  
models of SLE. The pristane- induced model of SLE is depen dent 
on TLR activation and results in an antinuclear antibody reper-
toire similar to that in human SLE (50). BALB/c mice were treated 

Figure 5. Effect of PF- 06650833 on pristane- induced systemic lupus erythematosus. PF- 06650833 was administered to BALB/c mice by 
chow dosing during weeks 8– 20 following pristane administration. Anti– double- stranded DNA (anti- dsDNA) was quantified by enzyme- linked 
immunosorbent assay at weeks 4, 8, 12, and 20, and the mean ± SEM value at each of these time points is shown. Additional autoantibody 
titers (anti-SSA, anti-RNP) were determined, and immunohistochemical assessments (periodic acid– Schiff [PAS] staining) were performed, at 
week 20. Data are from a representative experiment (of 2 experiments performed). Symbols represent individual subjects; bars show the mean. 
PBS = phosphate buffered saline; mpk = mg/kg.
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intraperitoneally with pristane to induce disease, and standard 
chow was replaced 8 weeks later with PF- 06650833– containing 
chow for the remaining 12 weeks of the study. Longitudinal quan-
titation of antibody levels is shown in Figure 5. Anti- dsDNA titers 
were significantly increased in pristane- treated animals versus 
controls beginning at 12 weeks (mean ± SEM 10,977 ± 1,503 
units/ml versus 5,294 ± 678 units/ml [n = 10 animals per group]; 
P = 0.0023 by two- way ANOVA), which persisted at week 20 
(17,645 ± 3527 units/ml versus 5,103 ± 816 units/ml; P < 0.0001 
by two- way ANOVA). At week 20, therapeutic dosing with PF- 
06650833 had significantly reduced anti- dsDNA titers compared 
to control (8,159 ± 1282 units/ml versus 17,645 ± 3,527 units/ml; 
P < 0.0001 by Mann- Whitney test), as had prednisone treatment 
(8,608 ± 1,637 units/ml; P < 0.0001). With PF- 06650833 treat-
ment, there also were significant reductions at week 20 in anti- 
SSA IgG (2,726 ± 494 units/ml versus 7,693 ± 1,241 units/ml; 
P < 0.004 by Mann- Whitney test) and anti- RNP IgG (3,730 ± 2,861 
units/ml versus 18,127 ± 7,902 units/ml; P = 0.011 by Mann- 
Whitney test).

Kidney inflammation in the pristane- induced lupus model 
was mild and did not result in proteinuria. As there was no 
increase in renal inflammation, tubular injury, or proteinuria/
cast scores in response to pristane exposure, the effects of the 
IRAK4 inhibitor on these end points were not evaluated. Kidneys 
in all groups were also evaluated by quantitative image analysis, 
as described previously (51), for glomerular tuft area, periodic 
acid– Schiff (PAS) staining area per tuft, glomerular nuclear area, 
IgG immunohistochemistry scores, and C3 immunohistochem-
istry scores. Of these, only mean glomerular tuft area was sig-
nificantly increased by pristane, and only mean PAS area per 
tuft was significantly reduced by PF- 06650833 (mean ± SEM 
1,045 ± 47 μm2, versus 1,252 ± 45 μm2 with pristane treatment 
alone [n = 8 animals per group]; P = 0.013 by Kruskal- Wallis 
test) (Figure 5).

Treatment with PF- 06650833 was also explored in the 
MRL/lpr mouse model of SLE. In 2 studies, PF- 06650833 sig-
nificantly reduced lymphadenopathy, anti– histone IgG, histologic 
kidney inflammation, glomerular nephropathy, and C3 and IgG 
deposition by immunohistochemistry, and glomerular tuft area 
and glomerular nuclear area by image analysis (Supplementary 
Figures 2 and 3, on the Arthritis & Rheumatology website at  
http://onlin elibr ary.wiley.com/doi/10.1002/art.41953/ abstract), 
while showing trends toward reductions in splenomegaly, protein-
uria, anti- dsDNA, anti- SSA, and tubular injury. As BTK inhibitors 
have previously shown efficacy in this model (52– 54) and we pre-
viously showed in vivo efficacy of the BTK inhibitor PF- 06250112 
in the NZB/NZW mouse model of lupus (29), it was included as 
a positive control. PF- 06250112 significantly reduced proteinuria, 
autoantibody titers, and all renal histologic pathology end points 
other than PAS area per tuft (Supplementary Figures 2 and 3). 
It may be that in the pristane- induced SLE model, in which autoan-
tibodies are induced via TLR activation, IRAK4 kinase activity is 

essential, while in the MRL/lpr model, in which autoantibody pro-
duction is initiated by faulty B cell apoptosis, IRAK4 kinase activity 
is more important for the resulting inflammation than for the pro-
duction of autoantibodies themselves.

Reduction of IFN signature genes in healthy volun-
teers by selective IRAK4 inhibition. We have completed 2 
randomized, double- blind, sponsor- open phase I studies of the 
safety, pharmacokinetics, and pharmacodynamics of single-  
and multiple- ascending doses of PF- 06650833 (26). Since the 
300- mg dose of a modified- release formulation showed maximum 
pharmacologic effect in reducing C- reactive protein (CRP) levels 
on day 14 of dosing, we evaluated the effect of PF- 06650833 
on an IFN signature (comprising the normalized expression of 21 
genes [30]) as a biomarker of systemic inflammation relevant to 
SLE pathogenesis at this time point, in comparison to the respec-
tive gene signature for each volunteer on day 0, prior to dosing. 
As shown in Figure 6, the IFN gene signature in the placebo 
group had changed positively by a median of 9.1%, while that 
in the PF- 06650833– treated trial participants was reduced by 

Figure 6. PF- 06650833 inhibits type I interferon signature in vivo 
in humans. Moderate- release (MR) PF- 06650833 (300 mg/day [qd]) 
(n = 7) or placebo (n = 11) was administered for 14 days in a phase 
I multiple- ascending- dose trial in healthy human volunteer subjects. 
Whole blood was collected in a PAXgene tube on day 0 prior to 
administration of the first dose and on day 14 prior to administration 
of the last dose, RNA extracted, and a composite gene signature 
calculated. The percent change in the composite gene signature 
for each individual participant between the 2 time points is shown. 
Each box represents the 25th to 75th percentiles. Lines inside the 
boxes represent the median. Lines outside the boxes represent the 
full range of values. Symbols represent individual patients.

http://onlinelibrary.wiley.com/doi/10.1002/art.41953/abstract
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a median of 28.8% (difference −37.9%; P = 0.015 by Wilcoxon 
test). The paired gene score values for each volunteer on day 0 
and day 14 are also plotted in Supplementary Figure 4 (http://
onlin elibr ary.wiley.com/doi/10.1002/art.41953/ abstract), showing  
minimal regulation of gene scores in placebo- treated subjects 
(positive change in 6 of 11 and negative change in 5 of 11), 
whereas the magnitude of change between day 0 and day 14 
was consistently higher, and the change was negative in 6 of 7 
cases, among PF- 06650833– treated subjects.

Thus, we have demonstrated that in humans, an IRAK4 
inhibitor reduces biomarkers of inflammation that are relevant to 
RA and SLE pathophysiology.

DISCUSSION

Inhibitors of innate immune signaling pathways are poten-
tial targets for treatment of autoimmune diseases (55,56). In this 
study, we demonstrated that PF- 06650833 effectively inhibits 
cytokines produced by macrophages activated by ACPA ICs 
from RA patients as well as pDCs activated by SLE ICs. We also 
showed that PF- 06650833 effectively inhibits cytokines induced 
by TLR ligands on RA FLS but is not effective against IL- 1β– 
induced cytokines. However, PF- 06650833 is effective at block-
ing MMPs induced by IL- 1β on these cells. The reason for this 
difference is not known but may result from the differential effects 
of IRAK4 inhibition on early versus late myddosome formation 
and/or differential effects on transcription factor activation. Pre-
viously, investigators in our group have shown that inhibition of 
IRAK4 kinase activity affects IL- 1β signaling by stabilizing the early 
form of the myddosome that signals primarily through IRAK1 and 
NF- κB (8,57). It is possible that IL- 6/8 secretion is induced primar-
ily by signaling via the early myddosome, whereas activation of 
MMPs might be mediated by the late myddosome, which signals 
through IRAK2 (58). Regarding transcription factors, inhibition of 
IRAK4 kinase activity is known to block activation of IRF- 5, but 
not NF- κB or MAPK (7), and these effects are cell type specific 
(38). It is possible that in RA FLS, chromatin remodeling makes 
the MMP promoters more dependent on IRF- 5 or other IRAK4 
kinase- dependent transcription factors.

We also demonstrated that PF- 06650833 is efficacious 
in a rat model of arthritis that did not include use of Freund’s 
complete adjuvant (to ensure it was not driven by TLR). While it 
is encouraging that PF- 06650833 significantly reduces severity 
in the rat CIA model, it is notable that the degree of inhibition 
was not as great as that observed with tofacitinib. It is possible 
that the rapid clearance of PF- 06650833 from rodent species 
(rat T½ = 0.6 hours [18]) resulted in transient loss of IRAK4 tar-
get inhibition in rat CIA. It has been shown previously that the 
efficacy of tofacitinib is driven by average target occupancy 
(59), while the evidence thus far suggests that minimum target 
occupancy is more relevant for IRAK4- mediated efficacy. Thus, 
the respective efficacies of PF- 06650833 and tofacitinib in rat 

CIA may be related to target occupancy, mechanism of inhibition, 
or the respective contribution of each kinase to disease patho-
physiology. Of greater relevance to the treatment of human RA, 
our group recently identified significant effects on disease activity 
in a phase II study of the efficacy and safety of PF- 06650833 in 
patients with active RA and inadequate response to methotrex-
ate (60). The rate of clinical response at 12 weeks in that study 
was consistent with those reported for tofacitinib, and the study 
itself included a cohort treated with tofacitinib. Thus, the respec-
tive efficacy of the 2 molecules will be revealed by the publication 
of data from this clinical trial.

We have shown here that PF- 06650833 can block type I 
IFN induced by SLE serum and by neutrophil DAMPs in primary 
human pDCs. We also demonstrated that it can block plasma-
blast differentiation and B cell activation induced by TLR ligands 
and activation of the transcription factor IRF- 5 by SLE serum 
in monocytes (61,62). Therapeutic dosing of PF- 06650833 was 
efficacious in reducing the induction of all antinuclear antibodies 
tested in the pristane model of SLE, while significantly reducing 
only 1 of 3 reactivities assayed in the MRL/lpr model. Interest-
ingly, PF- 06650833 did demonstrate robust inhibition of kidney 
inflammatory histology in the MRL/lpr mouse model. It is unknown 
whether this difference is due to the different mechanisms of dis-
ease initiation in the 2 models or differences in ability to cover the 
target, as PF- 06650833 is rapidly cleared from mouse circulation.

Despite lower potency in rodent cells and rapid clearance 
from rodent circulation, the in vitro and in vivo results generated 
with PF- 06650833 presented here provide important insights with 
regard to some of the controversies concerning the relative impor-
tance of IRAK1 and IRAK4 kinase activity in various cell types 
in mice and humans (16,19,21,22,24,25). IRAK4 kinase activity is 
necessary for DAMP- induced inflammatory signaling in rodent and 
human leukocytes, and IRAK1 kinase activity does not provide a 
sufficient substitute. Findings of a recent study (20) are consistent 
with our data, confirming the importance of IRAK4 activity to lupus 
pathophysiologic signaling in DCs and B cells, and in in vivo mod-
els using an unrelated small molecule inhibitor of IRAK4. Further 
work is needed in the effort to understand the role of IRAK4 kinase 
activity in stromal cells, as well as in IL- 1β– induced inflammation. 
We have shown that IL- 1β– induced cytokines from human fibro-
blasts treated with an IRAK4 inhibitor were only weakly inhibited 
even though IRAK4 autophosphorylation was completely inhibited 
(8,63), while inhibition of TLR- 7/8 (R848)– induced cytokine pro-
duction by IRAK4 inhibition coincided with the inhibition of IRAK4 
autophosphorylation in primary human monocytes (7,63). Like-
wise, in the results presented here, IL- 1β– induced cytokines in 
RA FLS were not inhibited by PF- 06650833, in contrast to MMPs, 
which were inhibited.

To demonstrate proof of pharmacologic effect in humans, 
we assessed markers of inflammation in a phase I clinical trial in 
healthy volunteers. These markers were IFN signature (increased 
in SLE) (44) and CRP levels (increased in RA) (64,65). Basal levels 
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of these markers were present in healthy volunteers, and notably, 
with modified- release PF- 06650833 at a daily dosage of 300 mg, 
we observed statistically significant reductions in both end points, 
demonstrating that an IRAK4 inhibitor reduces markers of inflam-
mation in humans. To our knowledge, this is the first demonstra-
tion of modulation of IFN- regulated genes in healthy volunteers. 
Together with the CRP data (26), the present results represent the 
first proof of pharmacologic effect of a selective IRAK4 inhibitor 
on inflammatory signaling pathways in humans. Taken together, 
these data strongly support the clinical utility of IRAK4 inhibitors 
for the treatment of multiple human inflammatory autoimmune 
diseases.
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Passive Smoking Throughout the Life Course and the 
Risk of Incident Rheumatoid Arthritis in Adulthood 
Among Women
Kazuki Yoshida,1  Jiaqi Wang,2 Susan Malspeis,2 Nathalie Marchand,1  Bing Lu,1 Lauren C. Prisco,2 
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Objective. To investigate passive smoking throughout the life course and the risk of rheumatoid arthritis (RA), 
while accounting for personal smoking.

Methods. We analyzed the Nurses’ Health Study II prospective cohort, using information collected via biennial 
questionnaires. We assessed the influence of 1) maternal smoking during pregnancy (in utero exposure), 2) childhood 
parental smoking, and 3) years lived with smokers since age 18. Incident RA and serostatus were determined by 
medical record review. Using the marginal structural model framework, we estimated the controlled direct effect of 
each passive smoking exposure on adult incident RA risk by serologic phenotype, controlling for early- life factors and 
time- updated adulthood factors including personal smoking.

Results. Among 90,923 women, we identified 532 incident RA cases (66% seropositive) during a median of 27.7 
years of follow- up. Maternal smoking during pregnancy was associated with RA after adjustment for confounders, 
with a hazard ratio (HR) of 1.25 (95% confidence interval [95% CI] 1.03– 1.52), but not after accounting for subsequent 
smoking exposures. Childhood parental smoking was associated with seropositive RA after adjustment for 
confounders (HR 1.41 [95% CI 1.08– 1.83]). In the controlled direct effect analyses, childhood parental smoking was 
associated with seropositive RA (HR 1.75 [95% CI 1.03– 2.98]) after controlling for adulthood personal smoking, 
and the association was accentuated among ever smokers (HR 2.18 [95% CI 1.23– 3.88]). There was no significant 
association of adulthood passive smoking with RA (HR 1.30 for ≥20 years of living with a smoker versus none [95% 
CI 0.97– 1.74]).

Conclusion. We found a potential direct influence of childhood parental smoking on adult- onset incident 
seropositive RA even after controlling for adulthood personal smoking.

INTRODUCTION

Rheumatoid arthritis (RA) is a debilitating systemic inflamma-
tory disease characterized by prominent polyarthritis with associ-
ated morbidity and mortality (1– 3). In its pathogenesis, considered 

an interplay of genetic and environmental exposures (4), lung inflam-
mation is strongly implicated as an initial site of immune dysregulation 
and RA- related autoantibody production (5– 7). Thus, smoking, per-
sonal (active) and passive, has been of interest as a major modifiable 
environmental risk factor for seropositive RA, which is characterized 
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by the presence of autoantibodies such as rheumatoid factor (RF) 
and anti– citrullinated protein antibodies (ACPAs), particularly among 
genetically predisposed individuals (4,8).

Personal (active) smoking is the most well- established envi-
ronmental risk factor for the development of RA, as demonstrated 
in multiple epidemiologic studies (9– 13). The potential link between 
passive smoking and incident RA is less established (14). This is 
partly due to the challenge of having a sufficiently large longitu-
dinal database with adequately granular data to capture passive 
smoking and incident RA. Among the few existing cohort studies 
of passive smoking and RA risk are a birth cohort study of mater-
nal smoking during pregnancy and childhood polyarthritis (15), an 
analysis of years living with smokers and adult incident RA in the 
Nurses’ Health Study (NHS) (11), and a population registry– based 
study of childhood passive smoking and adult incident RA (16). No 
single study to date has provided a comprehensive view of the link 
between passive smoking over the life course (maternal smoking 
during pregnancy while in utero, childhood passive smoking, and 
adulthood passive smoking) and incident RA during adulthood.

Therefore, we aimed to examine the influence of passive 
smoking at several stages of the life course while accounting for 
personal smoking behavior using a framework from the life- course 
epidemiology literature (17). We analyzed the NHSII prospective 
cohort, which provided data on both passive smoking exposure 
spanning the participants’ life course and confirmed diagnoses of 
adult incident RA with serostatus. We hypothesized that early- life 
passive smoking exposure would increase seropositive RA risk.

SUBJECTS AND METHODS

Participants and eligibility. We performed a cohort 
study based on the prospectively collected data in the NHSII. 
Briefly, the NHSII enrolled 116,429 female registered nurses ages 
25– 42 years in 1989. Since then, the prospective follow- up has 
continued every 2 years to date through mailed questionnaires, 
with >90% response rates. The questionnaires collect information 
on sociodemographic characteristics, anthropometrics, behav-
iors, medications, dietary intake, and health conditions. For the 
present study, we excluded those who self- reported prevalent RA 
or connective tissue diseases before the 1989 baseline question-
naire to focus on incident RA during follow- up. Subjects missing 
childhood parental smoking status or adulthood passive smoking 
information were excluded. The study protocol was approved by 
the institutional review board of Mass General Brigham.

Passive smoking exposure variables of interest. We 
examined 3 passive smoking exposures of interest: 1) maternal 
smoking during pregnancy as an in utero exposure, 2) parental 
smoking during childhood as a childhood exposure, and 3) adult-
hood passive smoking as an adulthood exposure. Information on 
all of these passive smoking variables was collected through addi-
tional smoking behavior questionnaire items in 1999, when women 

ranged in age from 35– 52 years. Maternal smoking during preg-
nancy was then classified into 3 categories: yes, no, and missing/
don’t know. For childhood parental smoking, we compared any 
childhood parental smoking (either or both parents) versus no child-
hood parental smoking. Adulthood passive smoking was asked as 
years lived since age 18 with household smokers. In 1999, when 
the passive smoking questionnaire was administered, participants 
were ages 35– 52 years old. We categorized the adulthood passive 
smoking exposure levels as 0 years, 1– 19 years, or ≥20 years.

Identification of incident RA outcome. Participants 
who self- reported a new physician diagnosis of RA in the main 
NHSII questionnaires received a validated follow- up questionnaire 
for connective tissue disease screening (18). For participants who 
screened positive, medical records were requested and inde-
pendently reviewed by 2 physicians to confirm the RA diagno-
sis and date of clinical onset based on the American College of 
Rheumatology (ACR) 1987 classification criteria (19) or the ACR/
European Alliance of Associations for Rheumatology 2010 classi-
fication criteria (20). RA cases were further classified as seropos-
itive (positivity for RF and/or ACPA, if available) or seronegative 
based on the results of clinical testing found in the medical record. 
RA cases were identified using all questionnaire cycles up to and 
including the 2017 questionnaire cycle.

Accounting for personal (active) smoking exposure 
in the life- course analysis framework. Our interest was in 
the direct influence of passive smoking on incident RA. Thus, we 
needed to adequately control for personal smoking exposure. 
Additionally, since personal smoking behaviors temporally occur 
after earlier- life passive smoking exposure, personal smoking may 
serve as a “mediator”. That is, the earlier- life experience of pas-
sive smoking might have influenced the uptake of later- life per-
sonal smoking, as suggested by previous studies (21– 23). Such 
increased uptake of personal smoking due to earlier- life experi-
ence could then affect the risk of adult incident RA (Supplemen-
tary Figure 1, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41939/ abstract).

In the life- course analysis framework for early- life exposure 
that may influence later- life exposure as well as adulthood health 
outcomes, several types of hypotheses can be formed (17). On 
one extreme is the “social trajectory” model, which hypothesizes 
that early- life passive smoking is important only in that it promotes 
later- life uptake of personal smoking, and it does not cause harm 
by itself. The other extreme is the “cumulative exposure” model, 
in which passive and active cigarette smoke inhalation increases 
the risk of RA by cumulative dose response. The distinction can 
be made if we examine the “direct effect” of early- life passive 
smoking, controlling for later personal smoking. If such an associ-
ation is observed, early- life passive smoking is demonstrated not 
to follow the pure “social trajectory” model. Additionally, if the early 
life is a particularly heightened risk period regarding smoking’s link 
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to later- life incident RA, the direct effect may be observed even 
when adulthood personal smoking is absent.

We conceptualized our direct effect of interest as the “con-
trolled direct effect” in the causal inference literature (24,25). A 
controlled direct effect of earlier- life passive smoking is the direct 
impact of earlier- life passive smoking when everybody is hypo-
thetically forced to follow the same later- life personal smok-
ing pattern (e.g., everybody is forced to remain never personal 
smokers or everybody is forced to take up personal smoking). 
Since everybody is controlled to have the same later- life personal 
smoking pattern, the direct effect of earlier- life passive smoking 
is isolated.

Covariates. Variables that may affect passive and/or per-
sonal smoking exposure and incident RA risks are considered 
confounders. A variable that lies temporally prior to a smoking 
exposure can be a confounder but not a mediator. However, 
because smoking exposures span the life course, the same covar-
iate may be temporally ordered after an earlier smoking exposure 
(potential mediator), but temporally ordered before a later smok-
ing exposure (potential confounder). Thus, from the larger set of 
covariates, we defined a timeline ordering the passive smoking 
exposures of interest, personal smoking, and additional covariates 
related to RA risk (Figure 1). For example, personal smoking dur-
ing late adolescence could be considered a mediator occurring 

after the in utero smoking exposure, but be considered a con-
founder for the adulthood passive smoking exposure.

For the in utero passive smoking exposure of maternal smok-
ing during pregnancy, we considered the participant’s race and eth-
nicity, maternal and paternal education level, maternal and paternal 
occupation, home ownership, US state of birth, and family history 
of RA as confounders. For the childhood parental smoking expo-
sure, we additionally considered preterm birth status, birth weight, 
breastfeeding status, and maternal smoking during pregnancy as 
confounders. For the adulthood passive smoking exposure, we 
additionally accounted for age at menarche, body mass index 
(BMI) at age 18, childhood parental smoking, personal smoking by 
age 19, and time- varying covariates up until 1999 (ascertainment 
of adulthood passive smoking) as confounders. Earlier exposures 
were considered confounders with respect to later exposures since 
they could be associated with later exposure and incident RA.

We additionally incorporated time- varying covariates mea-
sured during the NHSII cohort follow- up beginning in 1989, such 
as menopausal status and postmenopausal hormone use. Par-
ticipants’ personal parity and breastfeeding were self- reported. 
BMI was calculated as self- reported weight in kilograms/height 
in meters squared. Weekly hours of moderate- to- vigorous physical 
activity were calculated from a validated survey (26,27). Using the 
food- frequency questionnaires (28), we calculated the Alternate 
Healthy Eating Index (29,30). US residence regions were classified 

Figure 1. Time line of passive and personal smoking variables and covariates in the Nurses’ Health Study II (NHSII). Exposures of interest 
were passive smoking exposures spanning the participants’ life course: 1) maternal smoking during pregnancy (in utero passive smoking), 2) 
childhood parental smoking (childhood passive smoking), and 3) years lived with smokers from age 18 to 1999 (ages 35– 52 years; adulthood 
passive smoking). In assessing the influence of passive smoking exposures on the development of rheumatoid arthritis (RA), we accounted 
for personal (active) smoking variables, including childhood and adolescent personal smoking and adulthood personal smoking in pack- years 
(pkyr). Covariates incorporated into the analyses are shown at the bottom of the figure. BMI = body mass index.
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as New England, Mid- Atlantic, Midwest, South, and West based 
on zip code. Median household income was derived from the par-
ticipant’s address and US Census tract- level data by zip code.

Statistical analysis and modeling strategies. Partic-
ipant characteristics at baseline, stratified by the categories in 
each of the 3 passive smoking exposure variables, are summa-
rized as the mean ± SD or proportion as appropriate.

We employed several regression approaches to examine the 
total effect of passive smoking regardless of adulthood personal 
smoking and the direct effect of passive smoking accounting for 
adulthood personal smoking. We considered 3 separate outcomes 
in each analysis: all RA, seropositive RA, and seronegative RA.

First, we fit the base model using Cox proportional haz-
ards models accounting only for the age and questionnaire cycle 
(calendar time). Second, we fit the confounder- adjusted models 

using the aforementioned passive smoking exposure– specific 
set of covariates that were deemed to be temporally preceding 
the exposure using Cox proportional hazards models. Third, we 
accounted for the personal smoking variables in 2 ways: using the 
conventional time- varying regression model (model A), and using 
the inverse probability– weighted controlled direct effect model (a 
type of marginal structural model [31]) (model B). Model B is con-
sidered less biased and is preferred for estimating the controlled 
direct effect, although it tends to yield a wider confidence interval. 
Both model A and model B adjusted for the personal smoking 
variables, but they accounted for the time- varying confounders 
of personal smoking variables differently. In model A, time- varying 
covariates were also included in the regression model as further 
adjustment variables. Model A tends to yield a more precise con-
fidence interval, but it can result in an estimate biased toward null 
due to overadjustment. We fit model A with the pooled logistic 

Table 1. Childhood and baseline adulthood characteristics of women in the Nurses’ Health Study II  
(n = 90,923), according to childhood parental smoking*

Overall 
(n = 90,923)

No childhood 
parental smoking  

(n = 32,064)

Any childhood 
parental smoking  

(n = 58,859)
Adulthood variables at baseline in 1989

Age, mean ± SD years 34.47 ± 4.66 33.95 ± 4.71 34.76 ± 4.60
White race, % 92.98 91.85 93.57
Household income, %

Quartile 1 (lowest income) 21.09 21.30 20.98
Quartile 2 34.61 35.13 34.34
Quartile 3 21.95 21.88 22.00
Quartile 4 (highest income) 22.34 21.69 22.68

BMI, mean ± SD kg/m2 24.01 ± 4.99 23.57 ± 4.69 24.25 ± 5.12
Physical activity, %†

<3 METs/week 14.73 14.59 14.81
≥3 METs/week 85.27 85.41 85.19

Menopausal status and PMH use, %
Premenopausal 97.81 98.20 97.61
Postmenopausal and never used PMH 0.10 0.09 0.11
Postmenopausal and any PMH use 2.09 1.71 2.28

Smoking status, %
Never smoker 65.88 73.67 61.65
Past smoker 21.64 18.25 23.48
Current smoker 12.47 8.08 14.87

Pack- years among ever smokers, mean ± SD 11.30 ± 8.14 9.6 ± 7.56 11.88 ± 8.2
Childhood variables

Mother’s occupation, %
Professional 9.62 10.29 9.24
Other 70.98 71.05 70.97
Missing 19.40 18.67 19.79

Father’s occupation, %
Professional 23.08 25.83 21.55
Other 57.16 55.15 58.28
Missing 19.75 19.02 20.16

Maternal smoking during pregnancy, %
No 64.98 94.56 48.84
Yes 24.87 1.39 37.78
Don’t know/missing 10.15 4.05 13.38

* See Supplementary Table 2, available on the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41939/ abstract, for a complete list of variables. BMI = body mass index; METs = metabolic 
equivalents; PMH = postmenopausal hormone use. 
† Data were missing for <1% of subjects. 
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regression approach to ensure comparability to model B. This 
approach approximates Cox regression with a rare outcome such 
as incident RA. The adulthood pack- year variable was incorpo-
rated as a 4- level ordinal time- varying covariate (0 pack- years, 
>0 to 10 pack- years, >10 to 20 pack- years, or >20 pack- years).

In model B, these time- varying covariates were handled 
through stabilized inverse probability weights (32), which aimed 
to eliminate their confounding upon the subsequent personal 
smoking variables while allowing for their mediating roles with 
respect to preceding passive smoking variables. We constructed 
stabilized inverse probability weights for each smoking variable 
using a weight denominator model, which included all covariates 
preceding the smoking variable (including those prior to birth), 
and a weight numerator model, which included only the covari-
ates prior to birth. Both weight models were used to predict the 
probability of the smoking variable as actually observed. Adulthood 
personal smoking during the cohort follow- up was modeled as a 
pack- year ordinal variable (0 pack- years, >0 to 10 pack- years, 
>10 to 20 pack- years, or >20 pack- years) in ordinal logistic regres-
sion models. The final stabilized inverse probability weights were 
constructed as the cumulative product of the stabilized inverse 
probability weights over time. To avoid extreme weights, we con-
ducted “weight truncation” at the 1st and 99th percentiles (32). 
We fit a weighted pooled logistic regression for the incident RA 
outcome using the generalized estimating equation procedure.

For both models A and B, we also conducted analyses 
stratified by the personal smoking status (lifelong never smoker 

stratum versus any personal smoking stratum) for passive smok-
ing exposures that demonstrated associations with the incident 
RA outcome in the overall unstratified analyses. For the adulthood 
passive smoking exposure, we additionally conducted a sensitivity 
analysis excluding participants who were younger than 28 years in 
1989, since they could not have been in the ≥20 years category. 
Analyses were conducted in SAS version 9.4 (33). We provided 
point estimates and their 95% confidence intervals (95% CIs).

RESULTS

Participants and descriptive analyses. Our analysis 
sample included 90,923 participants. Table 1 shows adulthood 
(1989 baseline questionnaire) and childhood characteristics 
of the participants according to childhood parental smoking. 
The mean ± SD age at baseline was 34.5 ± 4.7 years. The 
characteristics were mostly similar between those reporting no 
childhood parental smoking and those exposed to any child-
hood parental smoking. Smoking- related variables did exhibit 
some differences. Personal smoking at baseline was higher 
among those reporting any childhood parental smoking (38% 
were current or past smokers versus 26% of those with no 
childhood parental smoking). Maternal smoking during preg-
nancy was reported for 38% of those who reported any child-
hood parental smoking but only 1.4% of those who reported 
no childhood parental smoking. See Supplementary Tables 1– 
3, available on the Arthritis & Rheumatology website at http://

Table 2. Hazard ratios for incident RA, overall and by serologic phenotype, among women in the Nurses’ Health Study II (n = 90,923), 
according to maternal smoking during pregnancy (in utero exposure)*

No. of RA cases/
no. of person- 

years Base model† Confounders‡

Adulthood personal 
smoking and covariates 
(conventional model)§

Controlled 
direct effect 

model¶
All RA

No maternal smoking 325/1,524,879 1.00 (referent) 1.00 (referent) 1.00 (referent) 1.00 (referent)
Maternal smoking 153/578,896 1.23 (1.02– 1.49)# 1.25 (1.03– 1.52)# 1.14 (0.92– 1.41) 1.10 (0.76– 1.57)
Don’t know/missing 54/236,559 1.03 (0.77– 1.37) 1.04 (0.78– 1.39) 0.98 (0.73– 1.32) 1.01 (0.64– 1.58)

Seropositive RA
No maternal smoking 209/1,523,144 1.00 (referent) 1.00 (referent) 1.00 (referent) 1.00 (referent)
Maternal smoking 104/578,180 1.31 (1.03– 1.66)# 1.34 (1.06– 1.70)# 1.12 (0.86– 1.46) 1.04 (0.67– 1.61)
Don’t know/missing 39/236,345 1.16 (0.82– 1.64) 1.21 (0.86– 1.70) 1.07 (0.75– 1.52) 1.01 (0.58– 1.75)

Seronegative RA
No maternal smoking 116/1,521,421 1.00 (referent) 1.00 (referent) 1.00 (referent) 1.00 (referent)
Maternal smoking 49/577,267 1.09 (0.78– 1.53) 1.10 (0.78– 1.53) 1.17 (0.79– 1.72) 1.23 (0.65– 2.32)
Don’t know/missing 15/235,895 0.79 (0.46– 1.35) 0.75 (0.44– 1.30) 0.80 (0.46– 1.39) 1.00 (0.47– 2.14)

* Except where indicated otherwise, values are the hazard ratio (95% confidence interval). 
† Adjusted for age and questionnaire cycle. 
‡ Additionally adjusted for race and ethnicity, maternal and paternal education, maternal and paternal occupations, home ownership, US state of 
birth, and family history of rheumatoid arthritis (RA; temporally preceding confounders for the maternal smoking during pregnancy exposure). 
§ Additionally adjusted for adulthood personal smoking pack- years, childhood parental smoking, adulthood passive smoking (years lived with a 
smoker since age 18), and temporally preceding covariates (birth weight, preterm birth, breastfeeding, age at menarche, body mass index [BMI] 
at age 18, menopausal status and hormone use, parity/breastfeeding, BMI, physical activity [≥3 metabolic equivalents], Alternate Healthy Eating 
Index, residence, and census income). 
¶ Controlling for adulthood personal smoking pack- years, childhood parental smoking, adulthood passive smoking (years lived with a smoker 
since age 18) via conditioning and inverse probability weighting using temporally preceding covariates (birth weight, preterm birth, breastfeeding, 
age at menarche, BMI at age 18, menopausal status and hormone use, parity/breastfeeding, BMI, physical activity [≥3 metabolic equivalents], 
Alternate Healthy Eating Index, residence, and census income). 
# P < 0.05. 
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onlin elibr ary.wiley.com/doi/10.1002/art.41939/ abstract, for a 
full listing of characteristics stratified by each passive smoking 
exposure. During a median of 27.7 years of follow- up since 
1989, there were a total of 532 confirmed incident RA cases. 
Of these, 352 incident RA cases were determined to be sero-
positive, whereas the remaining 180 were seronegative.

Maternal smoking during pregnancy (in utero  
exposure) (exposure 1). Table 2 presents the results for mater-
nal smoking during pregnancy. This exposure was associated 
with all incident RA after adjustment for temporally preceding con-
founder variables (hazard ratio [HR] 1.25 [95% CI 1.03– 1.52]). The 
HR was slightly higher for seropositive incident RA (HR 1.34 [95% 

Table 3. Hazard ratios for incident RA, overall and by serologic phenotype, among women in the Nurses’ Health Study II (n = 90,923), 
according to childhood parental smoking*

No. of RA cases/
no. of person- 

years Base model† Confounders‡

Adulthood personal 
smoking and covariates 
(conventional model)§

Controlled 
direct effect 

model¶
All RA

No parent smoked 160/829,934 1.00 (referent) 1.00 (referent) 1.00 (referent) 1.00 (referent)
Any parent smoked 372/1,510,400 1.24 (1.03– 1.49)# 1.18 (0.96– 1.46) 1.11 (0.90– 1.38) 1.27 (0.84– 1.92)

Seropositive RA
No parent smoked 95/829,037 1.00 (referent) 1.00 (referent) 1.00 (referent) 1.00 (referent)
Any parent smoked 257/1,508,631 1.46 (1.15– 1.84)# 1.41 (1.08– 1.83)# 1.30 (0.99– 1.70) 1.75 (1.03– 2.98)#

Seronegative RA
No parent smoked 65/828,417 1.00 (referent) 1.00 (referent) 1.00 (referent) 1.00 (referent)
Any parent smoked 115/1,506,166 0.93 (0.68– 1.26) 0.86 (0.60– 1.22) 0.85 (0.60– 1.21) 0.77 (0.40– 1.45)

* Except where indicated otherwise, values are the hazard ratio (95% confidence interval). 
† Adjusted for age and questionnaire cycle. 
‡ Additionally adjusted for race and ethnicity, maternal and paternal education, maternal and paternal occupations, home ownership, US state of 
birth, family history of rheumatoid arthritis (RA), birth weight, preterm birth, breastfeeding, and maternal smoking during pregnancy (temporally 
preceding confounders for the childhood parental smoking exposure). 
§ Additionally adjusted for adulthood personal smoking pack- years and adulthood passive smoking (years lived with a smoker since age 18) and 
temporally preceding covariates (birth weight, preterm birth, breastfeeding, age at menarche, body mass index [BMI] at age 18, menopausal 
status and hormone use, parity/breastfeeding, BMI, physical activity [≥3 metabolic equivalents], Alternate Healthy Eating Index, residence, and 
census income). 
¶ Controlling for adulthood personal smoking pack- years and adulthood passive smoking (years lived with a smoker since age 18) via conditioning 
and inverse probability weighting using temporally preceding covariates (birth weight, preterm birth, breastfeeding, age at menarche, BMI at age 
18, menopausal status and hormone use, parity/breastfeeding, BMI, physical activity [≥3 metabolic equivalents], Alternate Healthy Eating Index, 
residence, and census income). 
# P < 0.05. 

Table 4. Hazard ratios for incident RA, overall and by serologic phenotype, among women in the Nurses’ Health Study II (n = 90,923), 
according to childhood parental smoking stratified by adulthood personal smoking status*

Lifelong never personal smokers  
(n = 58,707)†

Ever personal smokers  
(n = 32,216)‡

No. of RA 
cases/no. 
of person- 

years

Adulthood 
covariates 

(conventional 
model)§

Controlled 
direct effect 

model¶

No. of RA 
cases/no. 
of person- 

years

Adulthood personal 
smoking and covariates 
(conventional model)§

Controlled 
direct effect 

model¶
All RA

No parent smoked 115/604,161 1.00 (referent) 1.00 (referent) 45/225,773 1.00 (referent) 1.00 (referent)
Any parent smoked 188/915,414 0.99 (0.75– 1.31) 0.84 (0.41– 1.70) 184/594,986 1.35 (0.94– 1.92) 1.43 (0.89– 2.32)

Seropositive RA
No parent smoked 67/603,473 1.00 (referent) 1.00 (referent) 28/225,565 1.00 (referent) 1.00 (referent)
Any parent smoked 128/914,492 1.15 (0.81– 1.65) 0.90 (0.31– 2.61) 129/594,139 1.55 (0.99– 2.43) 2.18 (1.23– 3.88)#

Seronegative RA
No parent smoked 48/603,055 1.00 (referent) 1.00 (referent) 17/225,362 1.00 (referent) 1.00 (referent)
Any parent smoked 60/913,236 0.76 (0.48– 1.21) 0.79 (0.43– 1.45) 55/592,930 1.02 (0.56– 1.84) 0.74 (0.33– 1.66)

* Except where indicated otherwise, values are the hazard ratio (95% confidence interval). 
† No adjustment for the level of personal smoking was required since it uniformly remained 0. 
‡ Further adjustment for the level of adolescent and adulthood personal smoking was conducted. 
§ Adjusted for age, questionnaire cycle, race and ethnicity, maternal and paternal education, maternal and paternal occupations, home ownership, 
US state of birth, family history of rheumatoid arthritis (RA), birth weight, preterm birth, breastfeeding, maternal smoking during pregnancy, 
adulthood personal smoking pack- years (only among adulthood personal smokers), adulthood passive smoking (years lived with a smoker since 
age 18), and temporally preceding covariates (menopausal status and hormone use, parity/breastfeeding, body mass index, physical activity [≥3 
metabolic equivalents], Alternate Healthy Eating Index, residence, and census income). 
¶ Controlling for adulthood personal smoking and adulthood passive smoking (years lived with a smoker since age 18) via conditioning and 
inverse probability weighting using the same covariates listed above for the conventional model. 
# P < 0.05. 
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CI 1.06– 1.70]). Accounting for later- life personal smoking further 
reduced the point estimates toward null in all incident RA and in 
seropositive incident RA. Estimates were similarly unremarkable for 
the seronegative incident RA analyses. These direct effect estimates 
were similar across the conventional approach (more precise) and 
the controlled direct effect approach (considered less biased and 
preferred).

Childhood parental smoking (exposure 2). Table 3 
pres ents the results for childhood parental smoking. This expo-
sure was associated with seropositive incident RA after adjust-
ment for temporally preceding confounder variables (HR 1.41 
[95% CI 1.08– 1.83]). There was no association for all RA (1.18 
[95% CI 0.96– 1.46]). Accounting for later- life personal smoking by 
the conventional approach resulted in an HR of 1.30 for seropos-
itive incident RA (95% CI 0.99– 1.70). In contrast, the controlled 
direct effect analysis indicated a potential direct influence (HR 1.75 
[95% CI 1.03– 2.98]). Both approaches gave similar nonsignificant 
results for seronegative incident RA.

We further conducted analyses stratified by adulthood per-
sonal smoking status: lifelong never personal smokers (n = 58,707) 
and ever personal smoking at any time (n = 32,216). We con-
ducted both the conventional and controlled direct effect analyses 
in these 2 strata (Table 4). Increased risk of incident RA was not 
detected among the lifelong never personal smokers. In contrast, 
controlled direct effect analysis indicated a significantly increased 

risk of seropositive incident RA among the adulthood personal 
smokers (2.18 [95% CI 1.23– 3.88]), also controlling for smoking 
pack- years. Results of the corresponding conventional analyses 
were not significant.

Adulthood passive smoking (exposure 3). Table 5 
presents the results for adulthood passive smoking, defined as 
years lived with household smokers from age 18 through 1999 
(ages 35– 52 years). This exposure at the level of 1– 19 years had 
no association with all RA or seropositive RA after adjustment for 
temporally preceding confounder variables. At the level of ≥20 
years, the point estimates were increased but were not signifi-
cant. Accounting for later- life personal smoking using the conven-
tional approach and the controlled direct effect model gave null 
results for both exposure levels. A sensitivity analysis that included 
only participants who were ≥28 years old in 1989 (n = 83,336) 
yielded similar results (Supplementary Table 4, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41939/ abstract).

DISCUSSION

In this large cohort study of women, we found that passive 
smoking exposure during childhood was associated with adult- 
onset seropositive RA, suggesting a direct influence of early- life 
exposures on RA risk. We performed our study using a statistical 

Table 5. Hazard ratios for incident RA, overall and by serologic phenotype, among women in the Nurses’ Health Study II (n = 90,923), 
according to years lived with a smoker since age 18*

No. of years lived 
with a smoker

No. of RA cases/
no. of person- 

years Base model† Confounders‡

Adulthood personal smoking 
and covariates (conventional 

model)§

Controlled 
direct effect 

model¶
All RA

None 267/1,314,937 1.00 (referent) 1.00 (referent) 1.00 (referent) 1.00 (referent)
1– 19 years 194/821,678 1.12 (0.93– 1.35) 1.00 (0.82– 1.23) 0.92 (0.75– 1.13) 1.00 (0.69, 1.44)
≥20 years 71/203,719 1.59 (1.22– 2.08)# 1.30 (0.97– 1.74) 0.99 (0.73– 1.35) 1.26 (0.73– 2.17)
P for trend – <0.001 0.10 0.91 0.40

Seropositive RA
None 169/1,313,506 1.00 (referent) 1.00 (referent) 1.00 (referent) 1.00 (referent)
1– 19 years 136/820,861 1.26 (1.00– 1.58)# 1.07 (0.84– 1.37) 1.00 (0.78– 1.28) 1.15 (0.76– 1.75)
≥20 years 47/203,301 1.74 (1.25– 2.42)# 1.34 (0.94– 1.93) 1.05 (0.72– 1.53) 1.62 (0.84– 3.15)
P for trend – <0.001 0.11 0.82 0.15

Seronegative RA
None 98/1,312,174 1.00 (referent) 1.00 (referent) 1.00 (referent) 1.00 (referent)
1– 19 years 58/819,399 0.89 (0.65– 1.24) 0.87 (0.61– 1.24) 0.79 (0.54– 1.14) 0.77 (0.38– 1.57)
≥20 years 24/203,011 1.36 (0.86– 2.14) 1.24 (0.76– 2.05) 0.89 (0.52– 1.54) 0.79 (0.31– 1.98)
P for trend – 0.32 0.50 0.61 0.61

* Except where indicated otherwise, values are the hazard ratio (95% confidence interval). 
† Adjusted for age and questionnaire cycle. 
‡ Additionally adjusted for race and ethnicity, maternal and paternal education, maternal and paternal occupations, home ownership, US state 
of birth, family history of rheumatoid arthritis (RA), birth weight, preterm birth, breastfeeding, maternal smoking during pregnancy, childhood 
parental smoking, age at menarche, body mass index (BMI) at age 18, personal smoking by age 19, and adulthood covariates during the Nurses’ 
Health Study II follow- up (menopause and hormone use, parity/breastfeeding, BMI, physical activity [≥3 metabolic equivalents], Alternative 
Healthy Eating Index, residence, and census income; all updated until 1999). 
§ Additionally adjusted for adulthood personal smoking pack- years and temporally preceding covariates during the Nurses’ Health Study II 
follow- up (fully time- updated). 
¶ Controlling for adulthood personal smoking via conditioning and inverse probability weighting using the covariates listed above for the model 
including confounders and the conventional model. 
# P < 0.05. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41939/abstract
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framework that accounted for the complex confounding or medi-
ating effects of variables that occur throughout the life course. To 
our knowledge, ours is the first study to comprehensively apply 
the life- course epidemiology framework (17,25,31) to examine 
RA risk using a large prospective cohort with repeated measures 
of exposures and covariates, and lengthy follow- up. Our findings 
suggest that early- life inhaled exposures such as passive ciga-
rette smoking could predispose individuals to develop RA not 
explained by later personal smoking behaviors. These results add 
to the mucosal paradigm of RA pathogenesis (5– 7), where inhal-
ants in pulmonary mucosa may trigger biologic processes that 
contribute to RA- related autoantibody production years before 
clinical RA symptoms emerge.

Personal smoking is one of the most well- established mod-
ifiable risk factors for incident RA, whereas the influence of pas-
sive smoking is less well understood (14). In a prospective cohort 
study utilizing the Finish Medical Birth Registry, Jaakkola and 
Gissler (15) examined the association of maternal smoking dur-
ing pregnancy with incident RA and other polyarthritis, defined 
as health care utilization with relevant International Classification 
of Diseases, Ninth Revision codes during the first 7 years of life. 
They found an elevated odds ratio of developing disease (2.10 
[95% CI 1.30– 3.40]) for those exposed to maternal smoking dur-
ing pregnancy. There was no consideration of childhood paren-
tal smoking, which could be another major source of passive 
smoking.

Although we did examine maternal smoking during preg-
nancy as one of the exposures of interest in the present study, 
a direct comparison to the study by Jaakkola and Gissler is dif-
ficult, since our outcome was later- life incident RA, which does 
not overlap with the early- life incident RA outcome used in their 
study. In our analysis, maternal smoking during pregnancy as an 
in utero exposure was almost exclusively reported by those who 
reported childhood parental smoking. The lack of a clear associ-
ation between maternal smoking and later- life incident RA, after 
accounting for childhood passive smoking and personal smok-
ing, in our study may be partly due to the strong correlation of 
these 2 early- life passive smoking exposures. The fact that mater-
nal smoking during pregnancy affects the fetus through placental 
transfer, and not through direct inhalation, may also explain some 
of the differences between this passive smoking exposure and 
the others.

In a past study utilizing the NHS prospective cohort, Costen-
bader et al (11) examined the association between years lived with 
smokers and adult all incident RA, adjusting for variables includ-
ing personal smoking pack- years. They found suggestive results 
for both lifelong never smokers (HR 1.46 [95% CI 0.92– 2.32] for 
≥30 years lived with smokers) and ever adult smokers (HR 1.59 
[95% CI 0.92– 2.74] for ≥30 years lived with smokers). Childhood 
parental smoking was not associated with incident RA using con-
ventional analysis in that study, since personal smoking was the 
exposure of interest.

Since the study by Costenbader et al utilized the older NHS 
cohort (ages 30– 55 years in 1976; ages 36– 61 years at passive 
smoking assessment in 1982), childhood parental smoking expo-
sure in that study occurred in the 1930s– 1950s, which was dif-
ferent from the life experience of the more contemporary NHSII 
cohort, whose childhood parental smoking exposure occurred in 
the 1960s– 1970s, when the negative health effects of smoking 
were more widely accepted. Such societal change may explain 
the difference in results between the 2 cohorts. Also, our study 
had a shorter possible duration of years lived with a smoker due 
to the earlier age at assessment of this exposure (ages 35– 52 
years). For the exposure “years lived with a smoker” (≥20 years 
category), we did find elevated point estimates in the controlled 
direct effect analyses (1.26 [95% CI 0.73– 2.17] for all RA and 1.62 
[95% CI 0.84– 3.15] for seropositive RA), although they did not 
reach statistical significance.

Another more recently published prospective cohort study 
utilized the French E3N cohort, a general population cohort of 
98,995 French women convened in 1990 (age range at baseline 
40– 65 years) (16). Seror et al examined the association of child-
hood and adulthood passive smoking exposures with RA, defined 
by self- report (collected in 2008, 2011, and 2014) with billing code 
confirmation. To account for adulthood personal smoking, they 
stratified the analyses into lifelong never smokers and ever smok-
ers. Compared to the reference group of no passive or personal 
smoking exposure, the lifelong never smoker with childhood pas-
sive smoking exposure had an HR of 1.43 [95% CI 0.97– 2.11]. 
The ever- smoker with childhood passive smoking exposure had 
an HR of 1.67 [95% CI 1.17– 2.39], whereas the ever- smoker with-
out childhood passive smoking exposure had an HR of 1.38 [95% 
CI 1.10– 1.74]. Within the ever- smoker stratum, the comparison of 
childhood passive smoking exposure versus none should yield an 
HR of 1.67/1.38 = 1.21.

Similar to our results, adulthood passive smoking was not 
associated with RA in the study by Seror et al (16). Their results 
are consistent with ours, in that childhood passive smoking expo-
sure in conjunction with adulthood personal smoking were asso-
ciated with the most evidently increased risk of RA, whereas the 
childhood passive smoking exposure alone was less clearly asso-
ciated. Our study’s contribution is clarifying that the association 
was significant only for seropositive RA, which we ascertained 
through detailed medical record review, in addition to the more 
formal evaluation through the controlled direct effect approach.

A case– control study from the Swedish Epidemiological 
Investigation of Rheumatoid Arthritis examined the association of 
passive smoking and RA (34) among only lifelong never smokers. 
The authors did not find a significant association. The distinction 
between childhood and adulthood passive smoking was not made 
clearly, although a distinction was made between passive smok-
ing within or before 10 years of the diagnosis of RA. Our findings 
suggest little influence of adulthood passive smoking (from age 
18 years up to ages 35– 52 years) on RA risk when accounting 
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for preceding confounding factors. Another case– control study 
used the Mayo Clinic Biobank repository (Minnesota and Florida) 
to study the association between RA outcome and several expo-
sures, including passive smoking (35). Although the association of 
passive smoking and incident RA was not evident, they found that 
the highest pack- years of passive smoking exposure may sub-
ject individuals to an elevated risk of incident RA. Our study adds 
to this literature by investigating more granular passive smoking 
information over participants’ life course using repeated measures 
of variables collected from a prospective cohort and using causal 
inference methods.

The potential biologic effects underpinning the association 
between early- life passive smoking exposures and adult- onset RA 
deserve further study. One possibility could be that passive smok-
ing results in epigenetic modifications as a “first- hit” in individu-
als genetically predisposed to develop RA, and that subsequent 
triggers, including personal smoking, influence loss of immune 
tolerance and the production of RA- related autoantibodies years 
before clinical RA symptoms develop. Our controlled direct effect 
analyses are particularly appropriate for examining this possibility, 
because it enabled us to examine the influence of early- life passive 
smoking while conceptually intervening on the later- life personal 
smoking status.

A hypothetical, perfectly designed observational cohort study 
investigating the direct influence of passive smoking on incident 
RA would enroll participants at conception and record passive and 
personal smoking status as well as other covariates in granular 
detail as they occurred during the entire childhood and adulthood 
of participants. No such study exists to date, and this is unlikely to 
happen in the future. Our study has several limitations compared 
to such hypothetical perfection. One is the adult cohort nature of 
the NHSII, which enrolled subjects at ages 25– 42 years. Since 
our ability to ascertain incident RA was limited to the period after 
enrollment, we could not study early- life RA cases. This limitation 
is the case for all existing studies (11,16,34,35), except one (15), 
which did not study adult RA cases since this would have required 
very lengthy surveillance. Our window of observation does cap-
ture the age range in which adult incidence of RA progressively 
increases (36).

One limitation of our analysis of adulthood passive smoking 
exposure was the time point of exposure assessment at ages 
35– 52 years, since the NHSII only included these questions on a 
single questionnaire. Longer duration of passive smoking expo-
sure could be associated with increased RA risk. Also, postex-
posure enrollment poses a potential for selection or recall bias; 
that is, earlier exposure could theoretically bias enrollment of 
exposed and unexposed individuals if the exposure affects early 
deaths and attitudes toward participation. Since deaths attrib-
utable to passive smoking before our enrollment are likely rare 
and the NHSII was not initiated to study smoking (but rather to 
study oral contraceptives), we consider such biased enrollment 
to be minimal.

The determination of RA serostatus was based on med-
ical record review of routine care laboratory data. As such, 
we could not conduct an analysis that distinguished patients 
with RF- positive RA from patients with ACPA– positive RA 
among those with seropositive RA, since patients diagnosed 
as having RA prior to the 2000s did not have ACPA checked 
for clinical purposes. Therefore, it is unclear whether the 
association of passive smoking with seropositive RA may 
have been different if RF and ACPA serostatus were analyzed 
separately.

The major strength of the NHSII is in the detailed collection 
of data on adulthood personal smoking (pack- years of smoking 
collected every 2 years) as well as other known risk factors, such 
as diet and BMI. This enabled us to conduct the controlled direct 
effect analysis that accounted for such a rich set of time- varying 
variables in the inverse probability weight construction. The ben-
efit of this analytical approach appeared in the childhood parental 
smoking analysis, where the conventional time- varying regres-
sion model produced borderline results, likely due to overadjust-
ment by including mediators in the model, whereas the controlled 
direct effect approach depicted a clearer picture of the increased 
risk of incident RA associated with childhood parental smoking, 
controlling for adulthood smoking status and pack- years. How-
ever, the potential for residual confounding still exists in our obser-
vational study.

To summarize, we found an increased risk of medical 
record– confirmed incident seropositive RA associated with 
early- life passive smoking from childhood parental smoking 
when combined with adulthood personal smoking, even after 
controlling for adulthood smoking pack- years. Our observations 
are most compatible with the “cumulative exposure” model in life- 
course epidemiology, in which both childhood parental smoking 
and later- life personal smoking increase the risk of adult incident 
seropositive RA. In particular, childhood passive smoking may 
be a risk factor that further amplifies the influence of adulthood 
personal smoking.
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Prediction of the Progression of Undifferentiated Arthritis 
to Rheumatoid Arthritis Using DNA Methylation Profiling
Carlos de la Calle- Fabregat,1  Ellis Niemantsverdriet,2  Juan D. Cañete,3  Tianlu Li,1  
Annette H. M. van der Helm- van Mil,2 Javier Rodríguez- Ubreva,1 and Esteban Ballestar1

Objective. The term “undifferentiated arthritis (UA)” is used to refer to all cases of arthritis that do not fit a specific 
diagnosis. A significant percentage of UA patients progress to rheumatoid arthritis (RA), others to a different definite 
rheumatic disease, and the rest undergo spontaneous remission. Therapeutic intervention in patients with UA can delay 
or halt disease progression and its long- term consequences. It is therefore of inherent interest to identify those UA 
patients with a high probability of progressing to RA who would benefit from early appropriate therapy. This study was 
undertaken to investigate whether alterations in the DNA methylation profiles of immune cells may provide information 
on the genetically or environmentally determined status of patients and potentially discriminate between disease 
subtypes.

Methods. We performed DNA methylation profiling of a UA patient cohort, in which progression to RA occurred 
for a significant proportion of the patients.

Results. We found differential DNA methylation in UA patients compared to healthy controls. Most importantly, 
our analysis identified a DNA methylation signature characteristic of those UA cases that differentiated to RA. We 
demonstrated that the methylome of peripheral mononuclear cells can be used to anticipate the evolution of UA to 
RA, and that this methylome is associated with a number of inflammatory pathways and transcription factors. Finally, 
we designed a machine learning strategy for DNA methylation- based classification that predicts the differentiation of 
UA toward RA.

Conclusion. Our findings indicate that DNA methylation profiling provides a good predictor of UA- to- RA 
progression to anticipate targeted treatments and improve clinical management.

INTRODUCTION

Undifferentiated arthritis (UA) is a form of early arthritis that 
involves joint inflammation that cannot be classified as any defi-
nite rheumatic disorder (1). Eventually, ~30% of patients with UA 
will develop rheumatoid arthritis (RA) or other differentiated forms 
of arthritis, whereas 45– 55% of patients will achieve spontane-
ous remission (1). UA represents a unique window of opportu-
nity to intervene during the course of the disease before more 
severe manifestations become established.

The ability to provide early indicators for the treatment of UA 
patients at high risk of developing RA is of utmost relevance for 
decision making regarding whether and when to start treatment 
with disease- modifying antirheumatic drugs (DMARDs), which 
usually hamper RA progression but are not recommended for UA 
patients who achieve eventual remission (2). To that end, predic-
tion rules have been proven to be crucial tools to provide guidance 
to clinicians by estimating patient outcome probabilities. In fact, 
a prediction rule for UA patients, based strictly on patient clinical 
data, has been developed previously (3). This model accurately 
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estimates the risk of developing RA in >75% of patients with UA. 
However, rules based on clinical data, although easy to implement 
in the clinical setting, usually fail to identify a detailed biologic basis 
for individual phenotypic presentations of the disease, and usu-
ally do not succeed in all predictions. In this regard, approaches 
including “- omics” data may provide compelling alternatives or 
complementary tools for both improving prediction accuracy and 
allowing an in- depth characterization of the molecular alterations 
in patients (4).

Epigenetic alterations are associated with both genetic and 
environmentally driven determinants, which can in turn charac-
terize pathogenic phenotypes. Specifically, DNA methylation and 
histone modifications, which are altered in multiple pathologic 
contexts, are proposed to be both a causal factor (5) and a con-
sequence of disease (6), as well as an intermediary for genetic 
susceptibility (7). In all cases, the exhaustive study of these 
alterations using high- throughput technologies allows a detailed 
description and identification of novel molecular pathways that 
undergo alterations in a pathogenic context. DNA methylation is 
one of the most stable and easily comparable epigenetic modifi-
cations, and thus stands out as an ideal candidate for biomarker 
discovery (8).

In the present study, we characterized the DNA methylome 
of patients with UA in comparison to healthy controls. We also 
analyzed the data using different patient classification criteria, 
which proved to have a pivotal effect on DNA methylation pro-
files. In addition, we obtained the DNA methylation profiles of UA 
patients with known diverging future phenotypes. Moreover, we 
analyzed the profiles of patients with definite RA and compared 
them to those of patients with UA. The identification and inter-
pretation of these data stand out as a valuable resource to delve 
into the molecular alterations in UA patients. Finally, we propose 
the use of DNA methylation data as a candidate biomarker with 

the ability to improve clinical prediction rules by integrating molec-
ular insights and clinical knowledge for the prediction of patient 
outcomes.

PATIENTS AND METHODS

Patient cohort. A total of 72 samples from patients with UA 
and 8 samples from patients with RA were obtained from the Lei-
den Early Arthritis Clinic (EAC) cohort, which has been described 
previously (9). Thirteen healthy donor samples were also obtained. 
Patient samples were collected at the first visit (baseline). Patients 
had not received prior treatment with DMARDs (including gluco-
corticoids and antimalarial agents) and were diagnosed according 
to the American College of Rheumatology (ACR) 1987 criteria for 
RA (10). Within the group of UA patients, 39 had developed RA, 
while 33 remained classified as having UA, 1 year after baseline. 
The study was approved by the medical ethical testing commit-
tee (METC) Leiden Den Haag Delft, with cohort METC number 
P11.210, and the board of the Bellvitge Hospital Ethical Com-
mittee (PR275/17). The demographic and clinical characteristics 
of the patients and healthy donors are summarized in Supple-
mentary Tables 1 and 2, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41885/ 
abstract. Data on additional patient samples from the Leiden EAC 
cohort (with other disease subtypes) are also included in Supple-
mentary Table 1.

DNA methylation profiling, bioinformatics analysis, 
and machine learning methods. Infinium HumanMethyla-
tion450K BeadChip arrays (Illumina) were used for DNA methyl-
ation analysis in the discovery cohort. By the time of the analysis 
of the validation cohort, 450K microarrays had been commer-
cially discontinued; therefore, Infinium HumanMethylation EPIC 

Figure 1. Flow chart of the study design, showing the conceptual and analytical workflow. Samples were obtained from healthy donors 
(HDs) and patients with undifferentiated arthritis at baseline (UA0). One year after the initial visit, patients with UA at baseline were classified as 
continuing to have UA (UA1) or as having developed rheumatoid arthritis (RA1). DNA methylation profiles and clinical covariates were used to 
generate models to predict RA diagnosis. TF = transcription factor. Color figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.41885/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41885/abstract
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BeadChip arrays (Illumina) were used instead. Methylation array 
data have been deposited in the National Center for Biotechnol-
ogy Information GEO database and are accessible through GEO 
series accession number GSE17 5364. Details on the bead array 
analysis, downstream bioinformatics methods, machine learn-
ing methods, and representation are provided in full in the Sup-
plementary Methods, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41885/ 
abstract.

RESULTS

Altered DNA methylome in inflammation- related 
genes in peripheral blood mononuclear cells (PBMCs) 
from patients with UA. First, we determined the DNA methyl-
ation profile of PBMCs obtained from patients in the Leiden Early 
Arthritis Clinic (EAC) cohort (as described in Patients and Methods). 
Patient demographic and clinical characteristics, including age, 
sex, anti– cyclic citrullinated peptide (anti- CCP) antibody status, 
rheumatoid factor (RF) status, and Disease Activity Score (DAS) 
(11) were also obtained (Supplementary Table 1). Samples from a 
total of 64 UA patients at the first visit (baseline), referred to as UA0, 
and 13 healthy donors were analyzed. An illustrated flow chart of 
the study design is depicted in Figure 1. After data correction for 
age and sample balancing by sex and cell type proportions (Sup-
plementary Methods and Supplementary Figure 1A, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41885/ abstract), a comparison of UA0 and 
healthy donor DNA methylation profiles revealed 321 hypermeth-
ylated and 3,029 hypomethylated CpG sites (Figure 2A). Of note, 
the differentially methylated positions (DMPs) identified did not vary 
significantly with regard to the different microarray chips (slide) or 
position within the chip (array; see Supplementary Figure 1D and 
the Supplementary Methods).

Gene ontology (GO) analysis of the DMPs revealed enrich-
ment for multiple categories related to inflammatory response, 
immune cell activation, vitamin metabolism, and cytokine and 
chemokine signaling pathways in both the hypermethylated and 
hypomethylated clusters (Figure 2B). Among those, interleukin- 1 
(IL- 1), IL- 6, IL- 12, IL- 10, tumor necrosis factor (TNF), macrophage 
colony- stimulating factor, and chemokine CXCL2 signaling path-
ways were shown to be enriched within the affected regions. The 
hypomethylated regions were specifically enriched in categories 
related to antimicrobial response and type I interferon (IFN) pro-
duction. Detailed examples of the methylation of CpG sites proxi-
mal to genes contained in the GO categories, showing B values in 
the healthy donor and UA0 groups, are depicted in Figure 2C. Two 
examples of differentially methylated regions are shown in Sup-
plementary Figure 1B. These genes were selected due to their 
previously reported direct involvement in rheumatic diseases and 
their underlying molecular pathways. For instance, we found dif-
ferences between healthy donors and patients with UA at baseline 

(UA0) in CpG sites located in cytokine and chemokine genes, 
such as CXCR5, IL10, IL1R1, and IRAK2; TNF signaling pathway 
genes, such as LTA, TNFSF10, and TRAF4; type I IFN– activated 
transcription factor IRF8; and others.

Analysis of transcription factor binding motifs revealed enrich-
ment of motifs belonging to the RUNX transcription factor family 
in the hypermethylated cluster. Within the hypomethylated clus-
ter, motifs of transcription factors in the basic leucine zipper and 
ETS families were predominantly enriched (Figure 2D).

Additionally, we performed a differentially variable posi-
tion (DVP) analysis, which revealed a greater heterogeneity of 
DNA methylation within the UA0 group (Figure 2E). Those DVPs 
exhibited <2% overlap with the previously identified DMPs, further 
suggesting the presence of intrinsic variance within the UA0 group 
(Supplementary Figure 1C). Figure 2F depicts examples of 2 DVPs 
proximal to genes related to the previously identified GO catego-
ries. These data suggest the existence of an underlying epigenetic 
heterogeneity among UA patients, which might play a role in the 
diverse clinical presentation of the disease.

To ascertain the relationship between DNA methylation and 
genomic functional features, we calculated enrichment of the 
identified DMPs in 15 distinct chromatin states, defined by com-
binations of epigenetic modifications in PBMCs (12) (Figure 2G). 
DMPs in the hypermethylated cluster were enriched in regions 
containing gene coding sequences and transcription start sites 
(TSS), while hypomethylated DMPs were enriched in actively 
transcribed regions. Both clusters displayed an enrichment in 
enhancer regulatory regions, consistent with previously published 
studies focusing on the analysis of dynamic DNA methylation (13).

The methylome of UA patients anticipating sub-
sequent evolution of the disease. The higher variability 
of methylation profiles among UA0 samples compared to healthy 
individuals is consistent with the clinical heterogeneity in the UA0 
group. UA0 was composed of 2 subgroups, one of patients who 
underwent subsequent differentiation to RA 1 year after the initial 
visit (designated as RA1) and one of patients who remained clas-
sified as having UA 1 year after the initial visit (designated as UA1) 
(Figure 1). In fact, slight clinical dissimilarities were found between 
these 2 groups (Supplementary Table 1). For instance, RA1 
patients had a higher frequency of seropositivity for rheumatoid 
factor (RF) (Figure 3A). The DAS (14) and some of the parameters 
included in its calculation, of note, the erythrocyte sedimentation 
rate and the number of swollen joints, were also higher in the RA1 
group (Figure 3B). However, technically, such differences do not 
allow the identification of those patients as having definite RA in 
the clinical setting. Therefore, we aimed to identify DNA meth-
ylation alterations that might help predict a future diagnosis in a 
prospective manner. In our analysis, we included the clinical fea-
tures that were significantly different between the 2 groups (RF 
and DAS) as covariates, in order to identify methylation changes 
that were not due to the effect of those differences.

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE175364
http://onlinelibrary.wiley.com/doi/10.1002/art.41885/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41885/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41885/abstract
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Figure 2. Characterization of the DNA methylation (DNAm) profiles of patients with undifferentiated arthritis at baseline (UA0) compared to healthy 
donors (HDs). A, Heatmap showing differentially methylated positions (DMPs) between UA0 and healthy donors (false discovery rate [FDR] < 0.05). 
Blue indicates lower methylation and red indicates higher methylation. RF = rheumatoid factor; CCP2 = anti– cyclic citrullinated peptide antibody; 
DAS44 = Disease Activity Score (44 joints assessed). B, Significant gene ontology (GO) categories in each cluster, selected by Genomic Regions 
Enrichment of Annotations Tool analysis of the DMPs identified. AP- 1 = activator protein 1; CSF1 = colony- stimulating factor 1; CSF1R = CSF1 
receptor. C, B values for selected significant CpG sites in the GO categories shown in B. Data are shown as box plots. Each box represents the 
25th to 75th percentiles. Lines inside the boxes represent the median. Lines outside the boxes represent the 25th percentile minus 1.5 times the 
interquartile range (IQR) and the 75th percentile plus 1.5 times the IQR. Circles represent individual subjects. D, Significantly enriched motifs in DMPs 
from both clusters, analyzed by HOMER. TF = transcription factor; bZIP = basic leucine zipper; CTF = CCAAT box- binding transcription factor; NR 
= nuclear receptor; Zf = zinc finger domain. E, Variability plot depicting log2 ratio of variance (varUA0:varHD) for individual CpG sites by log10 FDR of the 
mean comparison t- test. Significant differentially variable position (DVPs) for both groups identified by the iEVORA package are shown in color. F, Two 
examples of DVPs, showing DNA methylation in individual healthy donors (blue) and patients with UA at baseline (red). Broken lines show the mean. 
G, Chromatin functional state enrichment in each cluster, based on public peripheral blood mononuclear cell data from the Roadmap Epigenomics 
Project (http://www.roadm apepi genom ics.org/). TssA = active transcription start site; TssAFlnk = flanking active TSS; TxFlnk = transcript at gene 5′ 
and 3′; Tx = strong transcription; TxWk = weak transcription; EnhG = genic enhancers; Quies = quiescent; NS = not significant.

http://www.roadmapepigenomics.org/
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After verification of the similarity of cell type composition (Supple-
mentary Figure 2A, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41885/ abstract), the 
comparison of the DNA methylation profiles determined from baseline 

samples in relation to the clinical groups defined 1 year later (UA1 ver-
sus RA1) led to the identification of 12,381 hypermethylated CpGs and 
4,159 hypomethylated CpGs (Figure 3C). These DMPs did not vary 
significantly with regard to slide or array (Supplementary Figure 2D).

Figure 3. Characterization of the DNA methylation profiles of UA patients with diverging outcomes after 1 year. A and B, Demographic and 
clinical characteristics (A) and clinical variables included in the DAS (B) in patients with UA 1 year after baseline (UA1) and patients with RA 1 year 
after baseline (RA1). Violin plots show density curves; circles and vertical lines show the mean ± SD. Bars show the absolute number of patients. 
Significance was determined by Wilcoxon’s test for numeric variables and by chi- square test for categorical variables. Symp. dur. = symptom 
duration in days; ESR = erythrocyte sedimentation rate; CRP = C- reactive protein. C, Heatmap showing DMPs between UA1 and RA1 (P < 0.05). 
Blue indicates lower methylation and red indicates higher methylation. D, Significant GO categories in each cluster, selected by Genomic Regions 
Enrichment of Annotations Tool analysis of the DMPs identified. MHC = major histocompatibility complex; TAP = transporter associated with 
antigen processing; SNARE = soluble N- ethylmaleimide– sensitive factor attachment protein receptor. E, B values for selected significant CpG 
sites in the GO categories shown in D. Data are shown as box plots. Each box represents the 25th to 75th percentiles. Lines inside the boxes 
represent the median. Lines outside the boxes represent the 25th percentile minus 1.5 times the IQR and the 75th percentile plus 1.5 times the 
IQR. Circles represent individual subjects. See Figure 2 for other definitions. Color figure can be viewed in the online issue, which is available at 
http://onlinelibrary.wiley.com/doi/10.1002/art.41885/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41885/abstract
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DMPs in the hypermethylated cluster were enriched in GO 
categories related to antigen presentation through major his-
tocompatibility complex (MHC) class I, as well as inflammatory 
cytokine signaling (such as IL- 1 and IL- 6). GO categories in the 
hypomethylated cluster were mainly related to basic cellular 
processes such as gene transcription, translation, and metabo-
lism, and an additional category related to antigenic presentation 
through MHC class II (Figure 3D). CpG sites proximal to genes 
contained in the aforementioned GO categories and related 
to inflammatory cytokines and chemokine pathways, such as 
CCL25, CD5L, and IL17RA, were selected, and their B values in 
the UA1 and RA1 groups are depicted in Figure 3E.

Analysis of transcription factor binding motifs in the hyper-
methylated cluster revealed an enrichment of motifs belonging to 
the basic helix- loop- helix and zinc finger domain (Zf) families. The 
hypomethylated cluster showed enrichment of transcription fac-
tors from the ETS and Zf families (Supplementary Figure 2B). Chro-
matin state enrichment for the hypomethylated cluster revealed an 
enrichment of regions located in active and poised TSS or their 
flanking regions. The hypermethylated cluster showed enrichment 
in actively transcribed regions, enhancers, and repressed chroma-
tin (Supplementary Figure 2C). None of the chromatin states were 
commonly enriched in the 2 clusters, suggesting the involvement 
of distinct pathways underlying the identified alterations.

Additionally, samples from patients with UA at baseline that had 
differentiated into other arthritis subtypes 1 year after the initial visit 
(psoriatic arthritis, spondyloarthritis, osteoarthritis, or reactive arthritis), 
labeled “other subtypes” (see Supplementary Table 1), were com-
pared to UA1 and RA1. Due to the sparsity of samples of each of 
the other subtypes (n = 2 patients per group), we decided to identify 
DMPs from the UA1 versus RA1 comparison, and to represent the 
DNA methylation values of the additional samples in an unsuper-
vised manner. In a principal components analysis (PCA), the distribu-
tion of the samples from the other subtypes group largely overlapped 
with the distribution of the RA1 samples (Supplementary Figure 2E). 
This tendency was corroborated by inspecting the mean methyla-
tion value of the DMPs. The mean value in the other subtypes group 
appeared closer to that of RA1 than to that of UA1, in both the hypo-
methylated and hypermethylated CpGs (Supplementary Figure 2F).

Of note, this tendency was not reproduced individually by 
all of the samples, as shown by a pairwise mean comparison 
between the UA1 and RA1 groups (Supplementary Figure 2G). 
However, after comparing UA1 and RA1 to each of the samples in 
the group of other subtypes, we found that significant differences 
in the mean values occurred more frequently between the UA1 
group and the other subtypes group (6 of 8 in the hypomethylated 
cluster and 8 of 8 in the hypermethylated cluster) than between 
the RA1 group and the other subtypes group (2 of 8 in the hypo-
methylated cluster and 6 of 8 in the hypermethylated cluster). 
Although these results need to be further confirmed, this tendency 
suggests the existence of an altered signature shared by patients 
with differentiated arthritis. Taken together, these results indicate 

for the first time the existence of a pre- established epigenetic sig-
nature in UA patients whose disease will evolve to RA.

Improvement of patient classification by incor-
poration of DNA methylation data into the clinical 
parameters– based model. Given our findings of DNA meth-
ylation differences between UA patient groups that had divergent 
diagnoses 1 year after baseline, we investigated the possibility 
of using DNA methylation data to obtain predictive markers of 
disease progression. To this end, we applied machine learning 
approaches to build a classification system based on DNA meth-
ylation data alone or DNA methylation data in combination with 
clinical data. The pipeline of the methodology included a random 
split of the original data into “training” and “test” sets, followed by 
a selection of predictor CpG sites, and a cross- validation for the 
internal evaluation of the model (Figure 4A). Models developed 
and evaluated through this procedure were constructed using 
logistic regression, random forest, and support vector machine 
(SVM) algorithms. Aiming at obtaining a relatively simple classifier, 
we generated models with increasing numbers of CpG sites as 
predictors (from 1 to 50 CpG sites). In parallel, patient clinical data 
(RF and DAS) were included as explanatory variables. These var-
iables, which showed significant differences among groups, have 
also been included in previous studies describing classification 
rules that were based strictly on 9 clinical parameters (3).

The comparison of the accuracies of all models (see Sup-
plementary Methods) showed the highest precision for SVM- 
generated models with RF and DAS covariates included 
(SVM+RF,DAS models) (Figure 4B). The top 10 most frequent 
CpGs (after performing 100- fold cross- validation) in the SVM+RF,-
DAS model are shown in Figure 4C. Given that SVM+RF,DAS mod-
els discriminate relatively well with >10 CpGs, we selected 2 
examples of models, representing a complex classifier, with 40 
CpGs, and a simpler classifier, with 25 CpGs, that might poten-
tially be implemented in the clinical setting. Finally, these models 
were applied to an external validation cohort (n = 8), recruited inde-
pendently (Supplementary Table 2, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41885/ abstract). The predicted outcome was then compared 
to the observed outcome 1 year after baseline for every patient 
(Figure 4D). For benchmarking purposes, the previously described 
clinical classification score (3) (named “composite score”) was also 
used alone or along with DNA methylation in the analysis, in parallel.

Within the validation cohort, the prediction accuracy of the 
composite score alone was 75%, while the simplified model, 
which included only 2 variables (DAS and RF), showed an accu-
racy of 62.5% (Figure 4D). The simplified model with 25 CpGs 
increased the accuracy (area under the curve [AUC] 0.875) of 
the prediction by the clinical covariates alone (AUC 0.625). The 
simplified model with 40 CpGs accurately predicted the class of 
all 8 patients (AUC 1) (Figure 4D and Supplementary Figure 3A, 
available on the Arthritis & Rheumatology website at http://onlin e 
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libr ary.wiley.com/doi/10.1002/art.41885/ abstract). In fact, sim-
plified models with >25 CpGs predicted future diagnosis with an 
average accuracy of >75%, and the addition of the CpG methyl-
ation data improved the predictive ability of clinical parameters in 
the majority of the models (Supplementary Figure 3B). Although 
the prediction accuracy of the composite score was higher than 
that of DAS+RF alone, after the addition of DNA methylation data, 
the accuracy of the simplified models was higher when compared 
to the composite score models, in the majority of the cases. In 
fact, in models with >30 CpGs, the accuracy of the models that 
included the composite score as a covariate dropped to random 

classifier levels, ~50% accuracy (Figure 4D and Supplementary 
Figure 3B). Taken together, these results highlight the potential of 
adding DNA methylation as a diagnostic predictive biomarker.

Comparison of UA and definite RA profiles, reveal-
ing progression of RA1 status to RA status. To further 
characterize the UA0 subgroups, we compared the DNA meth-
ylation profiles of UA0 with those of patients with terminally dif-
ferentiated RA (diagnosed as having RA at baseline), labeled 
RA0 (Supplementary Table 2). The RA0 group displayed the most 
distinct methylation profile, as shown by the greatest differences 

Figure 4. Development of a DNA methylation- based prediction rule by machine learning. Models were constructed to predict whether 
patients with UA at baseline would have RA 1 year after the initial visit (RA1) or UA 1 year after the initial visit (UA1). A, Schematic representation 
of the machine learning methodology, including splitting of data into training and test sets, feature (CpG) selection, evaluation of the model 
parameters, and cross- validation. B, Accuracy of the models developed using logistic regression (Log. Reg.), random forest (RF), and support 
vector machine (SVM) algorithms. Models included varying numbers of most frequent CpGs as explanatory variables (1– 50 CpGs). Values 
are the mean ± SEM from 10 independent cross- validations. C, Top 10 most frequent CpGs after 100- fold cross- validation in the SVM model 
with covariates (SVM + covars). CV = cross-validation. D, Classification results of selected models in an independent validation cohort. Left, 
Prediction models based on clinical covariates only. Right, Prediction models based on the combination of DNA methylation data plus clinical 
covariates. Comp. score = composite score (see Figure 2 for other definitions). Color figure can be viewed in the online issue, which is available 
at http://onlinelibrary.wiley.com/doi/10.1002/art.41885/abstract.
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in mean DNA methylation when compared to both UA1 and RA1 
(Figure 5A). We then performed unsupervised clustering of the 
significant DMPs among the 3 groups (RA0, UA1, and RA1). We 
observed that all UA1 and RA1 samples (both subgroups of UA0) 
aggregated together in the same cluster, while all RA0 samples 
clustered independently (Figure 5B). Overall methylation of the 
identified DMPs showed significant differences among the 3 
groups. In addition, these regions appeared to experience a 
progressive dynamic from UA1 to RA1 to RA0, both for the hyper-
methylated and the hypomethylated clusters (Figure 5A). This 
tendency was further reinforced after reducing the dimensional-
ity of the DMP data by PCA, where RA1 patients lie in between 
RA0 and UA1, which appeared as the most extreme groups when 
projected in principal component 1 (PC1) and PC2 (Figure 5C).

Additionally, unsupervised K- means clustering of the DMP data 
revealed a total association of RA0 in an isolated cluster (cluster 3), 
while UA1 and RA1, which were largely associated with independent 
clusters (clusters 1 and 2), showed a certain degree of interspersing 
(Supplementary Figure 4A, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41885/ 
abstract). When samples were assigned to clusters, 5 (15.6%) 
of 32 UA1 samples belonged to cluster 2 (“RA1 cluster”), while 7 
(20%) of 35 RA1 samples belonged to cluster 1 (“UA1 cluster”). All 
(100%) of the 8 RA0 samples belonged to cluster 3 (Supplementary 
Figure 4B). These data reinforce the notion of a pre- existing RA- like 
epigenetic profile underlying UA in some patients, which reveals a 
progression of the disease in these patients to RA.

DISCUSSION

Our analysis of the DNA methylomes of UA patients showed 
a distinct signature in comparison with healthy individuals, as well 

as specific differences between patients whose disease subse-
quently evolved to RA and those whose disease remained undif-
ferentiated. These observations prompted us to design a machine 
learning– based method, which improved previous classification 
systems (3), to predict outcomes in UA patients in our cohort. The 
finding that UA patients who will develop RA have a more sim-
ilar DNA methylation signature to patients with well- established 
RA supports the notion of pre- existing epigenetic signatures 
that might be used to anticipate patient outcomes and, therefore, 
improve therapeutic decisions.

Our results show for the first time that UA patients display epi-
genetic alterations when compared to healthy individuals. Those 
alterations, which occur in regions that are functionally associated 
with inflammatory pathways, are common to those previously 
observed in other inflammatory diseases. In particular, enriched 
functional categories of inflammation, immune cell activation, 
and cytokine signaling have also been found in RA (6,15,16), 
SLE (17,18), asthma (19), and inflammatory bowel disease (20) 
in comparable studies, supporting the idea that UA shares epi-
genetic similarities with other inflammatory diseases and thus can 
be molecularly considered as such. Furthermore, the identification 
of vast DNA methylation differences at the TNF locus, as well as 
alterations at several CpGs within the HLA class II region (both at 
the DMP and DVP level) confirms that UA is an arthritide like RA, 
with which it shares clinical characteristics (7,21– 23). Of note, the 
results of this particular analysis may be partially limited due to 
the exclusion of sex chromosomes and age- associated CpGs, in 
which UA- associated alterations could also occur.

Furthermore, we identified DNA methylation differences 
among UA patients based on their prospective status, namely, the 
diagnosis 1 year after the first visit (evolution to RA or persistent 
UA). After correcting for clinical features among the 2 groups, we 

Figure 5. Comparison of the methylome profiles of patients with undifferentiated arthritis (UA) at baseline who continued to be classified as 
having UA 1 year after baseline (UA1), patients with UA at baseline that progressed to RA 1 year after baseline (RA1), and patients with RA at 
baseline (RA0). A, Violin plots showing normalized B value distributions of differentially methylated positions (DMPs) between UA1, RA1 and RA0 
profiles. Boxes show the 25th to 75th percentiles. Lines inside the boxes represent the median. Values above the violin plots are P values. The 
microarray model (450k or EPIC) was included as a covariate in the limma model. B, Heatmap of the identified DMPs. Columns (samples) were 
clustered by a complete- linkage clustering algorithm. C, Principal components analysis of the DMPs. Ellipses show the 95% confidence interval 
for the distribution of each group. Circles represent individual patients. PC1 = principal component 1. Color figure can be viewed in the online 
issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41885/abstract.
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identified DNA methylation differences mainly localized in regions 
near genes related to inflammation and antigen presentation (24– 
27). For instance, HLA genes have been recursively linked to 
autoimmunity, showing both association with genetic susceptibil-
ity and epigenetic alterations in several studies (7,28,29). HLA– B, 
HLA– DMA, and HLA– F have further been linked to autoimmunity 
(30– 32). Other genes, such as CD38, have been shown to be 
up- regulated at the protein level in UA patients, and CD38 has 
been proposed as a therapeutic target in UA and early arthritis 
(33). These observations suggest that those patients possess 
early biologic alterations before undergoing diverging clinical 
outcomes.

Identification of disease onset in the clinical setting is often 
preceded by the presence of unapparent molecular triggers, as 
previously described for RA treatment response (34) and flare 
outbreaks (35). Those determinants appear early in the disease 
course and cannot easily be detected by clinicians through non-
invasive means. However, their sustained presence and effect at 
several levels may contribute to a specific pathologic phenotype. 
We believe that this study underpins the potential of using epige-
netic modifications as a molecular sensor for those early disease 
determinants in UA, in order to improve the classification criteria for 
UA and prevent damage caused by sustained inflammation. How-
ever, future longitudinal studies that include data from  follow- up 
visits would provide further insights into the mechanisms by which 
UA patients diverge, and their underlying epigenetic dynamics. 
Also, further evidence is needed to confirm whether the observed 
phenomenon is common to differentiated subtypes of arthritis 
other than RA, as suggested by the preliminary data included in 
this study.

Autoimmune arthritides are characterized by a high level 
of heterogeneity in terms of patient prognosis, joint damage, 
and response to treatment, for which mechanistic causality 
remains largely unknown (36). In this sense, the use of high- 
throughput technologies has enabled the development of com-
putational methods for the processing of patient - omic data 
in search of novel and more precise conclusions (37– 39). For 
instance, the implementation of machine learning algorithms 
in high- dimensional data analysis has previously been used to 
improve stratification of patients (40– 42) or to predict disease 
activity (43,44) in RA and SLE. In the present study, we used 
DNA methylation in addition to clinical data on UA patients by 
applying machine learning approaches, fine- tuning the pre-
diction performance of previously existing classifiers (3) in an 
independent validation cohort. Nevertheless, although the use 
of data obtained from PBMCs might limit the identification of 
alterations in specific cell subtypes, it simplifies the generation 
of data in clinical practice, avoiding the need for cell sorting. 
Our conclusions highlight the convenience of using both clini-
cal and basic research data in conjunction for a complete and 
robust patient prognostic and therapeutic assessment. The 
results obtained herein are presented as a proof of concept to 

be further confirmed in independent studies with larger sample 
sizes. We hope our methodology can also be applied to other 
disease contexts.

The comparison of the methylation profiles of all of the UA 
patients included in our cohort (regardless of their prospective 
status at year 1, i.e., UA or RA) versus those initially classified 
as having RA, showed that patients with UA and those with RA 
displayed differential methylation profiles, further supporting the 
idea that these 2 groups actually belong to distinct disease enti-
ties from a molecular/epigenetic perspective. Upon exploration 
by unsupervised analyses, the 2 UA subgroups, UA1 and RA1, 
showed a higher resemblance to each other than either did to 
RA0, suggesting that despite the existing differences among them, 
the 2 UA groups (UA1 and RA1) still behaved as an entity when 
compared to a differentiated group. Interestingly, UA1 and RA0 had 
the most extreme distributions, while RA1 displayed an interme-
diate distribution. In all, these data suggest the pre- existence of 
a molecular/epigenetic signature in UA patients that develop RA 
in the future.

Many efforts have been devoted to promptly abort the inflam-
matory process and the progression of the disease to a more 
severe form, facilitating a rapid halt of the dysregulated inflam-
matory process and avoiding inflammation- associated tissue 
damage. Indeed, a delayed treatment of these patients is com-
monly associated with a worse global response to treatment, 
joint destruction, and impaired quality of life. In this context, our 
results regarding epigenetic signatures associated with distinctive 
UA evolution suggest that, in addition to specific clinical parame-
ters, molecular features such as DNA methylation should be con-
sidered to be integrated into the clinic with the aim of a better 
classification of these patients.
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Clinical Images: Cerebral autosomal-dominant arteriopathy with subcortical infarcts and leukoencephalopathy 
syndrome, a central nervous system vasculitis mimic

Author disclosures are available at https://onlin elibr ary.wiley.com/actio n/ downl oadSu pplem ent?doi=10.1002%2Fart.41922 &file=art41 922- sup-  0001- 

Discl osure form.pdf.
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The patient, a 37- year- old man with diabetes mellitus and hypertension, presented with severe headache. Over a 1- month period, mag-
netic resonance imaging showed acute strokes in the right paramedian pons, left thalamus/globus pallidus/subinsula, and right corona 
radiata. Evaluation for primary angiitis of the central nervous system (PACNS) included lumbar puncture revealing 7 white blood cells, 
as well as normal protein and glucose levels. Cerebral arteriography demonstrated diffuse small vessel beading in the anterior and mid-
dle territories of the cerebral artery bilaterally (A). The patient was started on pulse- dose therapy with methylprednisolone empirically for 
PACNS. Brain biopsy did not show the expected finding of vasculitis on light microscopy, and transmission electron microscopy revealed 
the presence of granular osmophilic material (GOM) around smooth muscle cells in cerebral white matter arterioles. An abundance of 
lipofuscin in association with GOM (as indicated by arrows in B with arrowhead denoting a scavenger cell containing GOM and lipofus-
cin) suggested the presence of a degenerative process. In contrast, in patients with PACNS, brain biopsies show transmural lymphocytic 
vasculitis with fibrinoid necrosis (1). Given the young age of the patient, genetic testing was performed to assess for possible hereditary 
syndromes. The test identified a Notch homolog 3 mutation, which confirmed the diagnosis of cerebral autosomal- dominant arteriopathy 
with subcortical infarcts and leukoencephalopathy (CADASIL). CADASIL is the most common genetic cause of ischemic stroke, often pre-
senting with early- onset strokes, migraines, and white matter lesions (2). Mutations in the Notch- 3 gene, which encodes a transmembrane 
receptor expressed in arterial smooth muscle cells, result in an arteriopathy that can mimic CNS vasculitis with hypointense lesions at the 
cortico– subcortical junction and white matter hyperintensities in the anterior temporal lobes (1,2). The ultrastructural findings in this case 
could explain the beaded appearance of arterioles on arteriography, mimicking vasculitis. This case demonstrates that findings suggestive 
of PACNS on arteriography often lack specificity, and brain biopsy and genetic testing can be critical tools to secure the right diagnosis. 
Familiarity with this rare vasculitis mimic can ensure early diagnosis and avoid unnecessary immunosuppression.
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Subchondral Bone Length in Knee Osteoarthritis: A Deep 
Learning– Derived Imaging Measure and Its Association 
With Radiographic and Clinical Outcomes
Gary H. Chang,1 Lisa K. Park,1 Nina A. Le,1 Ray S. Jhun,1 Tejus Surendran,1 Joseph Lai,1 Hojoon Seo,1 
Nuwapa Promchotichai,1 Grace Yoon,1 Jonathan Scalera,1 Terence D. Capellini,2  David T. Felson,3  and 
Vijaya B. Kolachalama1

Objective. To develop a bone shape measure that reflects the extent of cartilage loss and bone flattening in knee 
osteoarthritis (OA) and test it against estimates of disease severity.

Methods. A fast region- based convolutional neural network was trained to crop the knee joints in sagittal dual- 
echo steady- state magnetic resonance imaging sequences obtained from the Osteoarthritis Initiative (OAI). Publicly 
available annotations of the cartilage and menisci were used as references to annotate the tibia and the femur 
in 61 knees. Another deep neural network (U- Net) was developed to learn these annotations. Model predictions 
were compared to radiologist- driven annotations on an independent test set (27 knees). The U- Net was applied to 
automatically extract the knee joint structures on the larger OAI data set (n = 9,434 knees). We defined subchondral 
bone length (SBL), a novel shape measure characterizing the extent of overlying cartilage and bone flattening, and 
examined its relationship with radiographic joint space narrowing (JSN), concurrent pain and disability (according 
to the Western Ontario and McMaster Universities Osteoarthritis Index), as well as subsequent partial or total knee 
replacement. Odds ratios (ORs) and 95% confidence intervals (95% CIs) for each outcome were estimated using 
relative changes in SBL from the OAI data set stratified into quartiles.

Results. The mean SBL values for knees with JSN were consistently different from knees without JSN. Greater 
changes of SBL from baseline were associated with greater pain and disability. For knees with medial or lateral JSN, 
the ORs for future knee replacement between the lowest and highest quartiles corresponding to SBL changes were 
5.68 (95% CI 3.90– 8.27) and 7.19 (95% CI 3.71– 13.95), respectively.

Conclusion. SBL quantified OA status based on JSN severity and shows promise as an imaging marker in 
predicting clinical and structural OA outcomes.

INTRODUCTION

Knee osteoarthritis (OA) is one of the most common debil-
itating conditions among older adults (1), with a burden that is 
expected to increase around the globe due to factors such as 
increasing rates of obesity (2). Because there is no effective 

disease- modifying therapy for knee OA, current clinical manage-
ment relies in part on identification of radiographic abnormalities 
such as joint space narrowing (JSN) to assist in diagnosing OA 
and/or estimating the likelihood of progression to severe OA (3– 6). 
Since it is important to accurately evaluate OA pathophysiology, 
there is a need to develop additional imaging markers, and in 
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some cases, improve the measurement sensitivity and specificity 
of existing imaging markers to better predict disease progression 
and potential clinical outcomes.

Magnetic resonance imaging (MRI) can allow us to visually 
differentiate joint tissues, which facilitates accurate characteriza-
tion of several imaging markers of knee OA (7). Previously, a case– 
control study on a subset of data from the Osteoarthritis Initiative 
(OAI) showed that bone shape derived from knee MRI scans pre-
dicted later onset of radiographic knee OA (8). In other studies, 
researchers used MRI to identify increased tibial plateau size and 
subchondral bone attrition during the preradiographic OA stage (9) 
and found variability in knee articular surface geometry in individ-
uals with and those without OA (10). Most of these studies were 
performed using a small subset of individuals. While findings from 
these important investigations established a proof of principle, it is 
not trivial to extend such studies to a larger cohort due to the sheer 
volume of cases and the manual labor needed to precisely anno-
tate different anatomic structures in the knee. Recently, Bowes and 
colleagues proposed a machine learning– driven measure of femur 
bone shape (defined as B- score), based on a large set of individu-
als from the OAI cohort (n = 4,796) (11). They showed that B- score 
was associated with risk of current and future pain, functional lim-
itation, and total knee replacement (TKR). Few other studies have 
also attempted to characterize bone shapes in OA (8,12). A major 
contributor to the bone shape metric is the crust of osteophytes 
that arises at the margin of the cartilage plate in advanced OA. 
These marginal osteophytes are probably not a source of pain (13), 
and their size and number are poor proxies for the severity of nearby 
cartilage loss (14), which is the signature pathologic feature of OA.

We developed a bone shape measure defined as subchon-
dral bone length (SBL), which did not include these marginal 
osteophytes but rather was driven by the extent of overlying car-
tilage, decreasing with cartilage denudation. Bone also flattens 
with increasing disease severity, increasing its area (15,16). We 
hypothesized that SBL variations increase with the severity of 
radiographic knee OA, as it accounts for the dynamic changes 
that occur within the subchondral region due to cartilage loss 
and bone flattening. We then tested whether SBL correlated with 
severity of knee OA defined by JSN, concurrent knee pain and 
disability, as well as subsequent partial knee replacement or TKR.

PATIENTS AND METHODS

Study population. Data were obtained from the OAI, an 
NIH- funded observational study of patients with knee OA or those 
at- risk for knee OA. Study subjects included men and women 
ranging in age from 45 to 79 years with (or at- risk for) symptom-
atic tibiofemoral knee OA (Table 1). Minorities made up 20.9% 
of the population, of whom 87.3% were African American, 4.5% 
were Asian, and 8.2% were in the “Other” category. Subjects 
with contraindications for 3T MRI (such as inflammatory arthritis) 
were excluded from the OAI study (Table 1). The majority of knees 

at baseline had a Kellgren/Lawrence (K/L) radiographic severity 
grade (17) of 0– 3, with a K/L grade of 4 making up ~3% of the 
population. Note that knees with information regarding K/L grade 
also had data regarding JSN grade. All subjects who had both 
K/L and JSN grades were included in the study. The severity 
of JSN was based on scores read centrally ranging from 0 to 3 
(0 = normal, 1 = mild, 2 = moderate, and 3 = severe) by compart-
ments (18).

MRI acquisition and measurements. Three- dimensional 
(3- D) dual- echo steady- state (DESS) sagittal MR sequences of the 
left and right knees were available from the OAI data set at base-
line (n = 9,434 knees). All scans, along with the subject- level base-
line clinical data, are available on the NIH website (https://nda.nih.
gov/oai/) and can be forwarded upon request. We also obtained 
detailed segmentation masks of the femur cartilage, lateral tibia 
cartilage, and medial tibia cartilage for a small portion of knees 
from the OAI database (n = 88), which were used to train and 
validate the model. The cartilage and meniscal image masks were 
provided by the OA Biomarkers Consortium Foundation for the 

Table 1. Study population (n = 4,791) demographics*

Characteristic No. (%) Characteristic No. (%)

Sex (Right knees (n = 4,727) cont’d).
Male 1,992 (41.58) JSN grade, lateral
Female 2,799 (58.42) 0 4,067 (86.0)

Age range, years 1 175 (3.7)
45– 49 549 (11.46) 2 147 (3.1)
50– 54 867 (18.10) 3 52 (1.1)
55– 59 794 (16.57) Data missing 286 (6.1)
60– 64 763 (15.93) K/L grade
65– 69 699 (14.59) 0 1,672 (35.4)
70– 74 684 (14.28) 1 791 (16.7)
75– 79 435 (9.08) 2 1,225 (25.9)

Race 3 605 (12.8)
Caucasian 3,788 (79.06) 4 148 (3.1)
African American 871 (18.18) Data missing 286 (6.1)
Asian 82 (1.71) Left knees (n = 4,707)
Other 45 (0.94) JSN grade, medial
Data missing 5 (0.10) 0 2,922 (62.1)

BMI, kg/m2 1 884 (16.7)
<18.5 11 (0.23) 2 517 (25.9)
18.5– 24.9 1,136 (23.71) 3 103 (12.8)
25– 29.9 1,874 (39.11) Data missing 281 (6.1)
30– 34.9 1,262 (26.34) JSN grade, lateral
35– 39.9 423 (8.83) 0 4,084 (86.8)
>40 81 (1.69) 1 193 (4.1)
Data missing 4 (0.08) 2 109 (2.3)

Right knees (n = 4,727) 3 40 (0.9)
JSN grade, medial Data missing 281 (6.0)

0 2,837 (60.0) K/L grade
1 1,039 (22.0) 0 1,757 (37.3)
2 469 (9.9) 1 793 (16.8)
3 96 (2.0) 2 1,121 (23.8)
Data missing 286 (6.1) 3 614 (13.0)

4 141 (3.0)
Data missing 281 (6.0)

* Data on subjects from the Osteoarthritis Initiative were used for
this study. BMI = body mass index; JSN = joint space narrowing; K/L = 
Kellgren/Lawrence scale. 

https://nda.nih.gov/oai/
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CHANG ET AL2242       |

National Institutes of Health Project and performed by iMorphics 
(Manchester, UK). As per the OAI documentation (https://nda.nih.
gov/oai/study_docum entat ion.html), knees were chosen to repre-
sent the OAI database population (primarily moderate and severe 
K/L grades; n = 45 men and 43 women) and should be applicable 
for the validation process of our study.

DESS sequence images provide detailed definition of 3- D 
structures and their shapes, particularly of cartilage morphol-
ogy (19,20). Imaging was performed with a 3.0 Tesla magnet 
using imaging sequence with a repetition time/echo time of 
16.3/4.7 msec. We selected knees (4,727 right knees and 4,707 
left knees) from the OAI baseline examination with DESS sequence 
MR images. The DESS sequence provides high in- plane and out- 
of- plane resolution (0.7 mm × 0.365 mm × 0.456 mm) in a time- 
efficient manner. The images encompassed the cartilage of the 
knee joint as well as the subchondral structures of the tibia and 
the femur.

Image preprocessing and a fast region- based convo-
lutional neural network. Image registration and quality check 
were performed on all knees as previously described (21). To focus 
the network on the joint area, a large- sized bounding box with 
dimensions of 272 × 240 pixels was created to identify regions of 
interest (ROIs) comprising all subchondral compartments contain-
ing the manually annotated femoral and tibia cartilage. Coordinates 
of the ROI of each knee were subsequently used to train a fast 
region- based convolutional neural network (Fast R- CNN) model 
(22) to automatically detect the region of the knee joint (Sup-
plementary Figure 1, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41808/ 
abstract). The sagittal MRI slices subsequently underwent histo-
gram equalization, and their intensity values were normalized to 
a range of 0– 1. These slices were then used as the inputs to the 
neural network used to extract the knee joint structures. More 
details are available in the Supplementary Figures.

Image annotation pipeline. In the OAI database, 88 
knee MRIs had expert- driven annotations of the cartilage. These 
MRIs were chosen as our primary data set for training and vali-
dating the model for both automated segmentation of cartilage 
and bone shape (Supplementary Figure 2, http://onlin elibr ary.
wiley.com/doi/10.1002/art.41808/ abstract). The 88 knee MRIs 
were randomly split using a ratio of 7:3 for training:validation. 
The 61 knee images used for training (1,753 2- D sagittal slices) 
were passed through an image- processing pipeline based on 
 distance-regularized level set evolution (DRLSE) to extract the bone 
shapes (Supplementary Figure 3, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41808/ abstract). DRLSE is an edge- based active 
contour model that uses the gradient information of the images 
to expand the segmented area until it meets the boundary (23). 
Once the active contour model was applied, the obtained bone 
shapes were further manually verified and adjusted to exclude 

erroneously captured soft tissues in the bone shapes. Finally, the 
expert- driven segmented regions of cartilage and meniscal areas 
were superimposed to adjust the bone shapes, where needed. 
The modified bone shapes from the 61 cases were then used 
to train a deep neural network. The remaining cases (794 2- D 
sagittal slices from 27 knees) were used for model validation and 
underwent expert- assisted manual annotation of the bone shapes 
as detailed below.

Annotation of the knee structures. A board- certified 
radiologist (JS) manually annotated bone shapes of the knee on 
the 27 test cases. Using a stylus on a touch- screen device, the 
expert outlined the cortical surface of the tibia and the femur. We 
traced the SBLs on both the tibia and the femur to capture the 
shape of the cortical bone of the femur or the tibia in contact with 
the cartilage.

Deep learning framework for bone and cartilage 
shape segmentation. All subject data reviewed by the expert 
radiologist were used to train a deep neural network to simulta-
neously extract the bone and cartilage shapes of the tibia and 
the femur (Supplementary Figure 4, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41808/ abstract). The neural network was based 
on a well- known deep learning architecture (U- Net) (24) and has 
the capability to learn different patterns within imaging data. More 
details can be found in the Supplementary Figures.

Measurement of SBL. We extracted SBLs on both the 
tibia and femur to capture the shape of the cortical bone of the 
femur or tibia that is in contact with the cartilage. Briefly, we 
applied a distance transform on the output of the U- Net model to 
detect the edge of the bone region in contact with the cartilage. 
The distance transform measures the distance of each pixel on 
the bone from its closest pixel on the cartilage. We subsequently 
skeletonized the detected region to a thickness of 1 pixel and 
calculated its arc length. If there were multiple regions detected 
in the femur or tibia for a specific 2- D sagittal slice, then we skel-
etonized each region individually and summed the arc lengths 
of each segment as SBL. For instance, areas denuded of carti-
lage would produce a gap in bone length; thus, the computed 
SBL would be the sum of the segments of the cartilage- covered 
bone. These measurements were confirmed by the radiologist.

The SBL estimates for both the femur and tibia were 
extracted from each 2- D sagittal slice at various locations along 
the frontal axis (medial to lateral side) of each knee. The knees 
were further stratified by JSN grade within the medial and lateral 
compartments on the femur and tibia.

Statistical analysis. The deep neural network used for 
segmenting the bone shapes was evaluated by computing the 
Dice coefficient between the predicted masks (generated from 
the U- Net model) and the bone shapes outlined by the radiologist 

https://nda.nih.gov/oai/study_documentation.html
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on the test cases (n = 27). Descriptive statistics are presented as 
the mean ± SD. Student’s t- test was used to compare the mean 
value of 2 different groups. P values less than 0.05 were consid-
ered significant. To compare SBLs between knees of various sizes, 
we obtained the calculated SBL values from the MRI slices where 
cartilage was visible and interpolated the values uniformly along 
the frontal axis. For SBLs obtained from the nth location along the 
frontal axis, we applied a t- test comparing SBLs of knees with only 
lateral JSN (374 right knees and 342 left knees) to knees with no 
JSN (5,128 right and left knees) and knees with only medial JSN 
(1,604 right knees and 1,504 left knees) to knees with no JSN 
(5,128 right and left knees).

We computed mean estimates of femur- specific and tibia- 
specific SBL measurements at each location on the frontal axis 
for all the knees with a JSN grade of 0. For each knee with a JSN 

grade >0, we computed difference between the SBL value mea-
sured at the nth location and the corresponding mean SBL esti-
mate at that location in knees with a JSN grade of 0. We then 
added the absolute value of these differences to create knee- 
specific SBL measures and divided them into quartiles. Each 
group (medial or lateral JSN cases) was further stratified based 
on clinical outcomes, which included baseline pain and disabil-
ity scores (according to the Western Ontario and McMaster Uni-
versities Osteoarthritis Index [25]) and future TKR. The baseline 
pain and disability scores were divided by severity, such that pain 
scores ≥4– <8 were considered moderate, and those ≥8 were 
severe. Similarly, disability scores ≥20– <35 were moderate, and 
those ≥35 were severe (11). The criterion for future TKR was the 
subject having a knee replacement seen on follow- up radiography 
at any time during an 8- year follow- up after baseline.

We calculated odds ratios (ORs) by comparing the odds of 
each quartile developing the various outcomes, using quartile 1 as 
a reference, and 95% confidence intervals (95% CIs) were deter-
mined. ORs were calculated using a 2 × 2 contingency table with 
binomial outcomes for the pain and disability scores, such that 1 
outcome was compared to the remaining outcomes in its corre-
sponding category. For example, the odds of having moderate 
pain were compared to no pain and severe pain combined. Severe 
pain was compared to the combination of moderate and no pain. 
P values were calculated using Fisher’s exact test. Python scripts 
are available on GitHub (https://github.com/vkola - lab/ar2021).

RESULTS

Manual versus automated segmentation. Using the 
deep learning framework, we estimated the bone shapes defining 
the tibiofemoral joint (Supplementary Figure 5, http://onlin elibr ary.
wiley.com/doi/10.1002/art.41808/ abstract). The Dice coefficients 
for the femur cartilage, medial tibia cartilage, and lateral tibia car-
tilage, using the U- Net model, were 0.903, 0.913, and 0.873, 
respectively. Comparison of the manual annotation and auto-
mated segmentation of the femur, tibia, and meniscus with Dice 
coefficients demonstrated the similarity between the predicted and 
expert- driven segmentations for the U- Net model. Figures 1C and 
D show SBLs connected with femoral and tibial cartilage. In a fur-
ther comparison between the respective masks generated by the 
U- Net model (predicted) and the expert- driven hand- annotated 
images, scatter plots were generated with the measured SBL of 
each MRI slice of the reference estimate against predicted val-
ues (n = 27 subjects). Reference estimate versus predicted SBL 
of the femur generated an R2 value of 0.922 (Supplementary 
Figure 6A, http://onlin elibr ary.wiley.com/doi/10.1002/art.41808/ 
abstract). Much of the discrepancy between the reference esti-
mate from the radiologist versus predicted SBL values occurred 
at the extreme medial and lateral sagittal slices (SBL length <50 
pixels). This pattern was consistent with the findings in tibial SBL 
(R2 = 0.902) (Supplementary Figure 6B), with higher discrepancies 

Figure 1. Subchondral bone length (SBL). A, A magnetic 
resonance imaging (MRI) slice in the sagittal plane, with traced SBLs 
on both the femur (red line) and tibia (blue line). Dotted lines show 
the direction of tracing to obtain the SBLs on the femur and tibia. B, 
Estimation of SBL by performing a distance transform using masks 
of the bone and cartilage. C and D, Examples of the original MRI 
slices (sagittal view) along with the respective masks generated by 
the deep learning model. Note the exclusion of the gap in cartilage 
coverage caused by a protruding central osteophyte in C and the 
exclusion of the anterior marginal osteophyte in D. SBL is shown as 
a red line on the femur and a blue line on the tibia.

https://github.com/vkola-lab/ar2021
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seen at SBLs <25 pixels. These correspond to lateral- most 
and medial- most slices of the knees.

SBL in relation to joint space narrowing. Our analysis 
showed that most SBL values from knees with JSN grades >0 were 
significantly different in length than knees with no JSN for both the 
femur and tibia (Figures 2B– D and Figures 3B– D). This was true for 
knees with both medial and lateral JSN. In cases of medial JSN, on 
the femur we observed significant differences in SBL values for most 
of the medial- central, central, and lateral- most regions of the femur 
(Figure 2C). In the cases of lateral JSN, SBL values were significantly 
different from knees with grade 0 JSN in most of the lateral regions 

of the femur (Figure 2D), except for a few lateral- most regions for 
knees with grade 3 JSN. For cases with lateral JSN, statistically sig-
nificant differences were not observed in most of the medial- central 
regions of the femur, regardless of the JSN grade (Figure 2D).

In cases of medial JSN on the tibia, we observed statisti-
cally significant differences in the medial and central regions 
for JSN grades >1 but only in the central regions for grade 1 
JSN (Figure 3C). No significant differences were observed in 
the medial- central and the lateral- central regions for JSN grade 
1 (Figure 3C). In cases of lateral JSN in the tibia, differences were 
observed in the medial- most and lateral- most regions for all JSN 
grades (Figure 3D). The variability in the SBL estimates seemed 
highest for medial- central and medial- most regions when there 

Figure 2. Distribution of subchondral bone lengths (SBLs) on 
the femur. A, Placement of the normalized x- axis on the magnetic 
resonance imaging (MRI) slices. For each location on the x- axis 
shown in the frontal axis, SBLs were computed on the sagittal slices 
for all knees. Two hundred total locations were chosen along the 
frontal axis. B, Normalized femoral SBL values plotted along the 
frontal axis for joint space narrowing (JSN) grade 0. C, Normalized 
SBL values plotted along the frontal axis for different grades of 
medial JSN. D, Normalized SBL values plotted along the frontal axis 
for different grades of lateral JSN. SBL normalization was performed 
by dividing the SBL estimated per slice by the summation of all 
femur and tibial SBLs for a given knee. Color coding at each location 
denotes the P value computed using the corresponding location on 
the JSN grade 0 plot as the reference.

Figure 3. Distribution of SBLs on the tibia. A, Placement of the 
normalized x- axis on the MRI slices. For each location on the x- axis 
shown in the frontal axis, SBLs were computed on the sagittal slices 
for all knees. Two hundred total locations were chosen along the 
frontal axis. B, Normalized tibial SBL values plotted along the frontal 
axis for JSN grade 0. C, Normalized SBL values plotted along the 
frontal axis for different grades of medial JSN. D, Normalized SBL 
values plotted along the frontal axis for different grades of lateral JSN. 
SBL normalization was performed by dividing the SBL estimated per 
slice by the summation of all femur and tibial SBLs for a given knee. 
Color coding at each location denotes the P value computed using 
the corresponding location on the JSN grade 0 plot as the reference. 
See Figure 2 for definitions.
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was medial JSN, and in the lateral- central and lateral- most regions 
when there was lateral grade 3 JSN in the tibia (Figures 3C and D).

When we further examined the mean differences along the 
frontal axis for the femur and tibia, the variability in SBL distribu-
tion increased with JSN grade. Notably, subjects with grade 3 JSN 
had mean SBL values with higher peaks and troughs than JSN 
grades <3, regardless of the location of JSN (Figure 4). For medial 
grade 3 JSN in the femur and tibia, the trough was in the middle of 
the medial compartment, whereas for lateral grade 3 JSN, it was in 
the far lateral part of the lateral compartment. SBL values closer to 
the middle of the knee in the frontal axis showed an increase in SBL 
compared with grade 0 JSN (Figures 4B and C). While reductions 
in SBLs were seen in some locations within the affected compart-
ments, regions near the middle of the knee often showed increased 
SBL lengths compared with knees that had grade 0 JSN.

SBL in relation to outcomes. In subjects with medial 
JSN, the ORs for moderate pain and disability were highest for 
knees in the highest SBL quartile (Table 2 and Supplementary 
Table 1, http://onlin elibr ary.wiley.com/doi/10.1002/art.41808/ 

abstract). Among knees with a medial JSN grade >0, the odds of 
severe pain at baseline increased with increasing quartiles of SBL, 
increasing about 4- fold for knees in the highest quartile (OR 4.09 
[95% CI 2.88– 5.79]). The ORs for severe disability showed a simi-
lar pattern. Among these knees, the odds of future TKR increased 
with increasing SBLs, rising to 5.68 (95% CI 3.90– 8.27) for knees 
in the highest quartile. For knees with lateral JSN, the pattern was 
similar, with increasing odds of pain and disability and increased 
odds of TKR for knees with higher SBLs (Table 2).

DISCUSSION

In this work, we introduced a new MRI- derived bone meas-
ure, SBL, by leveraging a deep learning– based image segmen-
tation framework and expert- driven annotations of structures 
comprising the knee joint. SBL depicts both tibiofemoral articular 
cartilage morphology and bone shape, as it reflects the cartilage- 
covered articular area translated to length by excluding osteo-
phytes and denuded areas. As accurate manual segmentation 
of MRI studies can be highly labor- intensive, there have been 
several efforts to develop computational methods for automating 
the segmentation and measurement of knee structures, with spe-
cific focus on the cartilage and the meniscus (26– 33) and other 
structures of the knee joint (27,34– 36). We performed additional 
analyses to show that SBL values at different locations of the knee 
vary in magnitude as a function of JSN grade in both the femur 
and tibia. Finally, we showed that high mean SBL values identify 
knees with a high risk of pain and disability and with an increased 
risk of later TKR.

Imaging biomarkers visualized solely on MRI, such as 
subchondral changes, cartilage volume, and bone marrow  
lesions, have been found to have better correlation with 
symptom atic presentation in patients compared to radiographic 
findings such as K/L grade (37). If we measure subchondral 
changes on MRI at the slice level, then we can expand the range 
of analyses by considering how specific regions of the subchon-
dral bone correlate with the progression and outcomes of knee 
OA. Our work is unique in focusing on SBL as a shape meas-
ure and provides novel insights into areas where bone length 
changes with increasing disease severity. There are 2 factors 
affecting this planar bone length measure: cartilage loss, which 
creates gaps in bone length and shortens it, and flattening of the 
bone, which can have the opposite effect, causing an increase 
in length. Since SBL shows shortening only with complete local 
loss of cartilage and not cartilage thinning, the dominant effect of 
disease is to cause SBL lengthening. Because of flattening, the 
bone lengthens in affected compartments even with removal of 
osteophytes (15).

We observed that mean SBL values displayed an interesting 
dynamic in knees with JSN grades >0 versus those with grade 
0 JSN, suggesting that cartilage loss and increased bone length 
both drive this measure. Consistent with findings from studies in 

Figure 4. Differences in mean SBLs. A, Placement of the 
normalized x- axis on the MRI slices. B, Difference in mean femoral 
SBLs compared between subjects with different grades of medial or 
lateral JSN. C, Difference in mean tibial SBLs compared between 
subjects with different grades of medial or lateral JSN. Two hundred 
total locations were chosen along the frontal axis. The units of the 
mean SBL values plotted on the y- axis are the number of MRI pixels 
separating the mean SBL in knees with the given JSN grade. See 
Figure 2 for definitions.
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which cartilage loss occurs with advancing OA (38), the mean 
SBL was shorter in the peripheral subregions of the knee. Addi-
tionally, mean SBL values followed a trend in which the peaks 
occurred consistently at similar locations along the frontal axis, 
where the magnitude of these peaks was a function of the JSN 
grade. We would expect, with increasing cartilage loss, that SBL 
would decrease but also increase due to bone flattening. Since 
the odds of TKR and other outcomes increased with increasing 
SBL, it implies that SBL changes were predominantly influenced 
by bone flattening. The same reasoning would apply to decreasing 
joint space widening based on Osteoarthritis Research Interna-
tional scales (3,4), such that SBL would be expected to increase in 
those cases as well. Nevertheless, understanding region- specific 
subchondral bone lengthening with developing disease may pro-
vide insights into how bone response to loading affects disease in 
different regions of the knee.

SBL shows promise as an imaging measure to analyze OA. 
It allows for feasible statistical analysis of both the amount of 
exposed bone from cartilage loss and the remodeling of the corti-
cal envelope that occurs as part of the disease process. By utiliz-
ing the length instead of the subchondral surface area, it becomes 
straightforward to derive insights based on slice location into 
common regions of joint degeneration in different presentations of 
knee OA. Because SBL was derived by excluding marginal osteo-
phytes, this shape measure is distinct from other published meas-
ures of bone shape dependent on the crust of the osteophytes 
around the edges of the articular cartilage (8). Marginal oste-
ophytes do not appear to be related to joint pain. Furthermore, 
atrophic and hypertrophic forms of disease have similar levels 
of cartilage loss, and studies suggest that marginal osteophytes 
are often not in the same compartment as cartilage loss and can 
even occur with no loss (14). Finally, molecular stimuli of osteo-
phyte growth often have no measurable effect on cartilage loss 
(39,40). SBL measurement may become more relevant because 

this feature could facilitate future studies related to quantifying the 
effects of subchondral bone changes on transarticular loading 
patterns across the knee and provide a better understanding of 
OA progression.

From the OAI database, we acquired demographic data that 
allowed for analysis of correlations between JSN and sex, age, 
race, and body mass index. Using our U- Net model, we could 
also apply automated segmentation to find correlations between 
specific knee structure changes in OA with other biomarkers. 
These correlations can be used to determine risk factors and indi-
vidual susceptibility to develop knee OA. It would also be possible 
to visualize biomarker changes in relation to bone structure over 
time. Since the entire process is automated, these analyses can 
be conducted in an efficient manner.

One of the main challenges in applying deep learning to 
perform automated segmentation of medical imaging is the 
lack of high- volume expert- annotated data. To circumvent this, 
we adapted an efficient strategy by using the DRLSE method 
in combination with human verification to generate a large vol-
ume of bone annotations from the MRIs of 61 knees to train the 
U- Net model. The automated segmentations of bone and carti-
lage from the U- Net were subsequently compared to the annota-
tion of an expert radiologist, which showed high accuracy in terms 
of the Dice coefficient.

There are a few limitations to our study. Our deep learning 
framework is based on a 2- D U- Net architecture, and recent 
studies have attempted to employ more advanced frameworks 
involving 3- D neural network architectures for image segmenta-
tion tasks (27). However, the selection of the 2- D architecture was 
sufficient to develop SBL as a novel 2- D shape measure. Addi-
tionally, more studies are needed to understand the distributions 
of mean SBL values for various grades of disease and to evaluate 
whether this effect is due to cartilage loss or flattening of the bone 
or some combination of both. There are some areas of the knee 

Table 2. Association of SBL with various outcomes*

Condition and outcome Quartile 2, OR (95% CI) Quartile 3, OR (95% CI) Quartile 4, OR (95% CI)
JSN grade, medial (≥1)

Moderate pain (≥4– <8) 0.90 (0.69– 1.17) 1.31 (1.02– 1.68)† 1.60 (1.26– 2.04)‡
Severe pain (≥8) 2.49 (1.72– 3.58)‡ 2.24 (1.55– 3.24)‡ 4.09 (2.88– 5.79)‡
Moderate disability  

(≥20– <35)
1.10 (0.81– 1.50) 1.51 (1.13– 2.02)‡ 1.86 (1.40– 2.48)‡

Severe disability (≥35) 2.90 (1.60– 5.28)‡ 2.47 (1.34– 4.55)‡ 4.33 (2.44–7.68)‡
Future TKR 1.45 (0.93– 2.24) 2.53 (1.69– 3.78)‡ 5.68 (3.90–8.27)‡

JSN grade, lateral (≥1)
Moderate pain (≥4– <8) 1.29 (0.79–2.11) 1.29 (0.79–2.11) 1.49 (0.91– 2.42)
Severe pain (≥8) 1.40 (0.72– 2.73) 1.92 (1.02–3.62) 3.11 (1.70–5.68)‡
Moderate disability  

(≥20– <35)
1.17 (0.62–2.22) 1.86 (1.03–3.38) 2.51 (1.41–4.48)‡

Severe disability (≥35) 2.28 (0.78–6.70) 2.06 (0.69– 6.15) 3.89 (1.41–10.72)‡
Future TKR 2.36 (1.15– 4.85)† 2.15 (1.04– 4.46) 7.19 (3.71–13.95)‡

* Quartiles represent change in subchondral bone length (SBL) from lowest to highest (quartile 2 to quartile 4, with quartile 1 
as reference). OR = odds ratio; 95% CI = 95% confidence interval; JSN = joint space narrowing; TKR = total knee replacement. 
† P < 0.05. 
‡ P < 0.001. 
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where SBL measurement is likely to be challenging. These areas 
correspond to subchondral sagittal slices at the medial- most and 
lateral- most aspects of the knee. It is at this region that the defin-
ing border between cartilage and bone becomes unclear, thus 
complicating the segmentation process for radiologists as well as 
our automated segmentation model. Furthermore, these portions 
of the knee are common locations for the development of osteo-
phytes, leading to irregular SBL that may lead to variability and 
poor correlation with scoring systems that utilize osteophytes as 
a factor.

In conclusion, our study demonstrates the ability for a deep 
learning framework to learn from expert- driven annotations and 
extend it to generating a quantitative understanding of the knee 
joint structures across a large cohort. Such extensions have the 
potential to generate statistically significant representations of 
knee joint shapes without having to manually process imaging 
data from all the cases. As an example, we identified SBL as a 
potentially useful measure of the subchondral bone morphology 
within the knee joint and showed that it varies according to JSN 
grade. Our findings can assist in a more detailed quantification of 
shape- specific risk factors of knee OA.
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Amelioration of Posttraumatic Osteoarthritis in Mice Using 
Intraarticular Silencing of Periostin via Nanoparticle- Based 
Small Interfering RNA
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Objective. Recent evidence delineates an emerging role of periostin in osteoarthritis (OA), since its expression 
after knee injury is detrimental to the articular cartilage. We undertook this study to examine whether intraarticular (IA) 
knockdown of periostin would ameliorate posttraumatic OA in a murine model.

Methods. Posttraumatic OA was induced in 10- week- old male C57BL/6J mice (n = 24) by destabilization of the medial 
meniscus (DMM), and mice were analyzed 8 weeks after surgery. Periostin expression was inhibited by small interfering 
RNA (siRNA) delivered IA using a novel peptide– nucleotide polyplex. Following histologic assessment of the mouse 
knee cartilage, the extent of cartilage degeneration was determined using Osteoarthritis Research Society International 
(OARSI) cartilage damage score, and severity of synovitis was also assessed. Bone changes were measured using micro– 
computed tomography. The effect and mechanism of periostin silencing were investigated in human chondrocytes that 
had been stimulated with interleukin- 1β (IL- 1β) with or without the IκB kinase 2 inhibitor SC-514.

Results. Periostin expression in mice with posttraumatic OA was significantly abolished using IA delivery of a 
peptide– siRNA nanoplatform. OARSI cartilage damage scores were significantly lower in mice receiving periostin 
siRNA (mean ± SEM 10.94 ± 0.66) compared to untreated mice (22.38 ± 1.30) and mice treated with scrambled siRNA 
(22.69 ± 0.87) (each P = 0.002). No differences in the severity of synovitis were observed. Subchondral bone sclerosis, 
bone volume/total volume, volumetric bone mineral density, and heterotopic ossification were significantly lower in 
mice that had received periostin siRNA treatment. Immunostaining of cartilage revealed that periostin knockdown 
reduced the intensity of DMM- induced matrix metalloproteinase 13 (MMP- 13) expression and also diminished 
the phosphorylation of p65 and immunoreactivity of the aggrecan neoepitope DIPEN. Periostin knockdown also 
suppressed IL- 1β– induced MMP- 13 and ADAMTS- 4 expression in chondrocytes. Mechanistically, periostin- induced 
MMP- 13 expression was abrogated by SC-514, demonstrating a link between periostin and NF-κB.

Conclusion. IA delivery of the periostin– siRNA nanocomplex represents a promising clinical approach to mitigate the 
severity of joint degeneration in OA. Our findings may thus provide an unequivocal scientific rationale for longitudinal studies of 
this approach. Utilizing a cartilage- specific gene- knockout strategy will further illuminate the functional role of periostin in OA.

INTRODUCTION

Osteoarthritis (OA) is a painful degenerative disease that 
affects the diarthrodial joints and is one of the leading causes of 

disability and financial burden around the globe. It affects >50 mil-
lion Americans, and its prevalence is projected to increase to 
78 million Americans by 2040 (1). Current treatment options for 
OA are not optimal, and no disease- modifying OA therapy has 
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successfully completed clinical trials (2). Presently, the focus of 
OA treatment continues to be on established, late- stage disease, 
which is often recalcitrant to medical therapy and generally entails 
costly surgical intervention, such as arthroplasty, to maintain or 
restore joint mobility.

We believe pharmacologic intervention represents a more 
cost- effective approach, but it would require targeting etiologic 
pathways of early, preradiographic OA, prior to irreversible structural 
joint damage. Posttraumatic OA— which accounts for ~12% of all 
OA cases— develops after joint injury and is particularly prevalent in 
young active adults (3). Joint injury initiates molecular changes that 
lead to posttraumatic OA over the course of 10– 15 years (4,5). In 
posttraumatic OA, the nature and time of trauma is generally known 
(4), thus offering a unique window into the early events that are 
potentially reversible and amenable to disease- modifying therapy.

Recent studies have shown an emerging role of matricellu-
lar and matrix proteins, which regulate important chondrocyte 
functions (6). Periostin is a matricellular secretory matrix protein 
expressed by mesenchymal stem cells and periosteum (7,8). 
Emerging evidence indicates that periostin expression is increased 
in human OA (9– 14). In addition, studies have shown that expres-
sion of periostin is increased in the cartilage matrix following knee 
injury in mice, suggesting it has a catabolic role in OA progres-
sion (13,15,16). We recently measured and reported on periostin 
expression in patients with an anterior cruciate ligament (ACL) 
tear— a common joint injury that often leads to posttraumatic OA. 
We found that expression of periostin was relatively low in the 
first month after injury, then increased within the first 3 months 
following injury, peaked at 3– 6 months following injury, and then 
significantly declined (17). Therefore, we believe early intervention 
after joint injury will prevent the disease sequelae before irreversible 
damage occurs.

Although a complete understanding of the mechanism of 
action of periostin in regulating catabolic processes in the human 
joints remains elusive, some in vitro data indicate that periostin gain- 
of- function in chondrocytes increases expression of matrix metal-
loproteinase 13 (MMP- 13). In contrast, periostin loss- of- function 
reduces interleukin- 1β (IL- 1β)– induced MMP- 13 expression 
(15,16), which introduces the possibility that it affects NF- κB signal-
ing. While periostin appears to be an attractive therapeutic target in 
joint degeneration, to date, no study has investigated the protective 
effects of periostin knockdown in vivo.

Given the catabolic role of periostin in OA, we hypothesized 
that intraarticular (IA) knockdown of periostin would reduce joint 
degeneration. To test this hypothesis, we examined the protec-
tive effects of periostin knockdown on cartilage degeneration 
in a murine model of posttraumatic OA. Moreover, we gained 
insights into the effects of periostin knockdown on the expres-
sion of MMP- 13 and NF- κB pathways. To achieve periostin 
knockdown in cells and in the joint, we used RNA interference 
(RNAi) technology. RNAi effectively induces posttranscriptional 
sequence- specific gene silencing with a high degree of specificity 

using small interfering RNA (siRNA) (18,19). The siRNA was deliv-
ered by a nanocarrier platform (20) consisting of a peptide- based 
self- assembled oligonucleotide nanocomplex that penetrates car-
tilage to deliver siRNA to chondrocytes (21,22). The results of this 
study show that IA knockdown of periostin in mice ameliorates 
cartilage degradation and mitigates changes in the bone. Mech-
anistically, our findings demonstrate that suppressing periostin 
dampens the inflammatory NF- κB– MMP- 13 signaling axis.

MATERIALS AND METHODS

Ethics statement. All animal procedures were performed 
following provision of ethics and statutory approval from the Wash-
ington University Institutional Animal Care and Use Committee 
(approval no. 20190113). All efforts were made to minimize animal 
suffering during this study. The institutional review board approved 
the use of discarded human cartilage specimens (approval no. 
201104119). All patients provided written and signed informed 
consent prior to participation.

Mice. C57BL/6J mice were obtained from The Jackson Lab-
oratory. Mice were housed in individually ventilated cages, with 
each cage containing 2– 4 mice. All mice were housed in the animal 
husbandry facility operating at 21– 22°C and were maintained on 
a 12- hour light/dark cycle with unrestricted food and water intake.

Generation of p5RHH– siRNA nanoparticles. We used 
an engineered cationic amphipathic peptide (VLTTGLPALISWIR-
RRHRRHC) designated p5RHH (23,24) as a vehicle for siRNAs. 
The p5RHH peptide that forms a polyplex with siRNAs was syn-
thesized by GenScript. These peptide nanoparticles have been 
used for efficient and safe siRNA transfection in rodent joints and 
human articular cartilage explants (21,22,25). The periostin (prod-
uct no. 162562) and scrambled siRNAs (product no. 4390846) 
were purchased from ThermoFisher Scientific. The p5RHH– siRNA 
polyplexes were prepared as described previously (21). Briefly, 
10 mM of p5RHH peptide and 100 μM of siRNA were mixed in 
equal volumes at a peptide:siRNA ratio of 100:1 in Hanks’ bal-
anced salt solution (HBSS). The mixture was then incubated at 
37°C for 40 minutes followed by stabilization with albumin at a 
final siRNA concentration of 500 nM before IA injection.

IA delivery of p5RHH–siRNA nanoparticles. The p5RHH–  
siRNA nanocomplex was administered immediately after destabi-
lization of the medial meniscus (DMM) surgery in mice, as well as 
at 1, 2, 4 and 6 weeks after surgery, for a total of 5 injections. The 
following sterile technique was used for IA injections: the knee 
was kept in a flexed position and 15 µl of p5RHH– siRNA nano-
particle complex was injected IA using a 30- gauge needle (21). 
Mice were either left untreated or received a single IA injection 
of one of the following treatments (n = 8 mice per group): HBSS 
(untreated), nontargeted scrambled siRNA, or periostin siRNA 
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(Figure 1A). While we did not check for any leakage of the injected 
contents, we have previously demonstrated that injected contents 
stay within the joint cavity (21).

Induction of OA in mouse knees. For OA induction,  
DMM surgery was performed in the right hind knee of 
10- week- old mice following administration of general anesthesia 
(inhalation of 2.5% isoflurane in 4 liters/minute of oxygen); the sur-
gery was carried out by transection of the anterior attachment of 
the medial meniscotibial ligament in the knee (26,27). To minimize 
pain, sustained- release buprenorphine SR (1.0 mg/kg) (SR Veteri-
nary Technologies) was administered subcutaneously prior to sur-
gery. The contralateral left limb was not operated on and served as 
an internal control. After recovering from anesthesia, all mice were 
weight bearing and resumed prior cage activity with normal water 
and food consumption.

Histologic evaluation of cartilage degeneration. 
Eight weeks after surgery, mice were killed in a CO2 chamber. The 
knees were harvested, fixed with 10% neutral  buffered formalin for 
48 hours, and maintained in 70% ethyl alcohol until used. Joints 
were decalcified for 48 hours using Inmmunocal Decalcifier (Stat-
Lab) and then embedded in paraffin for sectioning. Serial coronal 
sections (5- µm thick) were cut, extending throughout the joint 
(26). Briefly, sections were cut at 8 levels, with each level com-
prising 12 sections, with 80 μm of tissue discarded between each 

level, thus covering >75% of the depth of the joint. Selected sec-
tions were stained with Safranin O– fast green to evaluate cartilage 
proteoglycans. All images were visualized with a NanoZoomer 
slide scanner (Hamamatsu). Cartilage damage was measured 
using the Osteoarthritis Research Society International (OARSI) 
scoring system (28). We report mean scores from 4 consecutive 
levels in each mouse knee and from all 4 knee compartments. 
The score shown is calculated based on a total possible score 
of 96 (6 highest scores × 4 compartments × 4 sections). OARSI 
scoring of cartilage damage was performed by 2 investigators 
(XD and LC) who were blinded with regard to sample identity, and 
disparities were resolved by consensus.

Histologic evaluation of synovitis. Four Safranin O– fast 
green– stained sections from consecutive levels of each knee were 
graded by researchers under blinded conditions to determine syn-
ovial pathology in the medial compartment for 2 parameters (29): 
enlargement of the synovial lining cell layer and synovial stroma. 
Scores for both synovial pathology parameters (score scale 0– 6) 
were averaged separately, and the mean values were used for 
analysis.

Micro– computed tomography (micro- CT) analysis of 
bone. Prior to decalcification, knees were assessed by micro- CT 
scanning using a vivaCT 40 scanner (Scanco Medical) to analyze 
the 3- dimensional bone structure and to determine bone volume/

Figure 1. Suppression of up-regulated periostin (Postn) expression by gene silencing with small interfering RNA (siRNA) in the knee joints of 
mice following destabilization of the medial meniscus (DMM) surgery for induction of osteoarthritis (OA). A, DMM surgery was performed for 
OA induction in the knees of 10- week- old male mice, followed by intraarticular (IA) injection of periostin siRNA, nontargeted scrambled siRNA 
(Scram), or Hanks’ balanced salt solution as an untreated control (Ctrl) (n = 8 mice per group), administered immediately after surgery and at 1, 
2, 4, and 6 weeks post- DMM (5 injections total). Harvested knee joints were analyzed 8 weeks post- DMM. B, Immunostaining of knee cartilage 
revealed up-regulated expression of periostin in DMM- operated knees compared to uninjured control knees. IA administration of periostin siRNA 
nanoparticles suppressed the DMM- induced up-regulation of periostin. Broken white lines in middle and bottom panels delineate the area of 
cartilage in which type II collagen (Col2)–positive staining was detected. Scale bar = 50 μm. C, Quantification of periostin expression (measured 
as the normalized mean fluorescence intensity per chondrocyte on z-stack confocal microscopy images) shows significant differences in 
periostin expression between the scrambled siRNA and periostin siRNA groups. Circles represent individual samples; bars show the mean ± 
SEM. * = P = 0.013 versus scrambled siRNA treatment, by Kruskal- Wallis test followed by Dunn’s correction for multiple comparisons.

*
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total volume (BV/TV), volumetric bone mineral density (vBMD), and 
heterotopic ossification (30). The medial and lateral subchondral 
bone parameters of each tibia were contoured separately. The rel-
ative outcome was determined by dividing the medial side meas-
urement of the right knee by the medial side measurement of the 
left knee of the same mouse. This method serves as a better inter-
nal control, since it minimizes variation within each mouse.

Immunofluorescence/confocal microscopy. Paraffin- 
embedded sections of cartilage from the knee joints of mice were 
deparaffinized with xylene and rehydrated in a graded series of 
ethanol (70%, 50%, and 30%). Proteinase K (10 μg/ml) (Abcam) 
was applied to the sections for antigen retrieval for 20 minutes 
at 37°C. The slides were washed with phosphate buffered saline 
(PBS) and blocked with 10% normal goat serum. Subsequently, 
slides were incubated overnight at 4°C with the following primary 
antibodies (obtained from Abcam) diluted in 2% normal goat 
serum: anti- periostin (1:100 dilution), anti– phospho- p65 (1:100 
dilution), anti– MMP- 13 (1:200 dilution), as well as in- house anti– 
type II collagen (1:200 dilution). The slides were washed with PBS 
and incubated with the corresponding Alexa Fluor 488–  or Alexa 
Fluor 594– conjugated secondary antibodies in 2% normal goat 
serum for 1 hour at room temperature and were counterstained 
with Fluoro- Gel II with DAPI (Electron Microscopy Sciences). All 
images were visualized using a confocal laser scanning micro-
scope (Leica Biosystems). Signal intensity was quantified in 20– 30 
cells/section using LAS X software (Leica Biosystems).

Detection of DIPEN. Immunohistochemical analysis using 
antibodies against the C- terminal aggrecan neoepitope DIPEN 
was carried out to detect cartilage expression of DIPEN; these 
anti-DIPEN antibodies were generated at the aggrecan cleavage 
sites produced by MMP- 13 (31). Briefly, sections were deparaffin-
ized, rehydrated, and digested with proteinase K, as detailed 
above. Then, sections were incubated with hydrogen peroxide 
blocking reagent (Abcam) for 15 minutes to quench endogenous 
peroxidases. Sections were subsequently incubated overnight at 
4°C with anti- DIPEN (1:50 dilution in 2% normal goat serum, a gift 
from Dr. Amanda Fosang) after blocking with 10% normal goat 
serum. The next day, sections were incubated with horse radish 
peroxidase– conjugated goat anti- rabbit secondary antibody 
(1∶200 dilution in 2% normal goat serum) (Abcam) for 1 hour at 
room temperature. The signal was developed as a brown- reaction 
product using the peroxidase substrate diaminobenzidine (Beta-
zoid DAB Chromogen Kit; BioCare Medical), and the sections 
were then counterstained with hematoxylin 560 MX (Leica Bio-
systems). Images were acquired with the NanoZoomer scanner.

Isolation and culture of human chondrocytes. Samples  
of human cartilage were obtained from patients with knee OA at 
the time of total knee arthroplasty. Chondrocytes were isolated 
through enzymatic digestion, as described previously (16). Cells were 

counted using a hemocytometer, and cell viability was determined 
using 0.4% trypan blue exclusion dye (Sigma- Aldrich). Chondrocytes 
were seeded at a density of 0.5 × 105 cells/well in 12- well plates 
and maintained at 37°C and 5% CO2 with 95% humidity to reach 
80– 90% confluence. Once confluence was achieved after 2−3 days 
of culture, cells at passage 0 were used in subsequent experiments.

Preparation of p5RHH– siRNA nanoparticles. The 
p5RHH– siRNA nanoparticles were prepared for chondrocyte cul-
ture as follows: 20 mM of p5RHH peptide was diluted to a ratio 
of 1:400 (volume/volume) with Opti- MEM medium (ThermoFisher 
Scientific) and was vortexed for 30 seconds, followed by addi-
tion of 10 μM of periostin siRNAs (product nos. S20889 and 
HSS116400; ThermoFisher Scientific) or nontargeting scrambled 
siRNA (product no. 4390846, ThermoFisher Scientific) to achieve 
a peptide:siRNA ratio of 100:1. The mixture was incubated at 
37°C for 40 minutes with gentle shaking. The Cy5.5- labeled 
scrambled siRNAs were commercially obtained (Sigma- Aldrich).

Evaluation of transfection efficiency. First, 1.0 × 105  
human chondrocytes were seeded onto a Lab- Tek Chamber 
Slide (ThermoFisher Scientific) and incubated with p5RHH- 
Cy5.5– labeled siRNA nano particles for 5 hours. Control cells were 
incubated with either only Opti- MEM, only peptide, or only Cy5.5- 
labeled siRNA. Then, the chambers were washed with PBS and 
cultured in complete culture medium for 72 hours. Subsequently, 
cells were washed in PBS and fixed with 4% paraformaldehyde for 
15 minutes. Phalloidin- iFluor 488 reagent (1:1,000 dilution) (Abcam) 
was applied to the chamber slides. Slides were incubated for 1 
hour at room temperature, washed, and mounted with Fluoro- Gel 
with DAPI. Images were captured using a confocal microscope.

Transfection of human chondrocytes with periostin 
siRNA. Human chondrocytes (n = 7) were transfected with periostin 
siRNA nanoparticles, scrambled siRNA nanoparticles, or Opti- MEM 
for only 5 hours. Then, cells were washed with PBS and cultured at 
37°C for 72 hours. Thereafter, the cells were washed with PBS and 
1 ng/ml of human recombinant IL- 1β (R&D Systems) was added to 
each group. In the final step, the cells were cultured for 24 hours, 
washed with PBS, and used for RNA and protein extraction.

Evaluation of MMP- 13 inhibition by an IKK-2  inhibitor. 
Next, we tested whether periostin- induced expression of MMP- 
13 can be suppressed by an IKK- 2 inhibitor, SC- 514 (product 
no. 354812- 17- 2; Sigma- Aldrich). Normal human chondrocytes 
were obtained from MilliporeSigma (product no. 402- 05a) and 
were cultured as recommended by the manufacturer. Briefly, cells 
were cultured in a culture dish containing 10 ml of chondrocyte 
growth medium (MilliporeSigma) and were incubated at 37°C in a 
humidified incubator with 5% CO2. Once cells reached 80% con-
fluence, they were subcultured for the following experiments. In 
one experiment, 0.5 × 106 cells (n = 4) were either left untreated 
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(control) or treated with human recombinant IL- 1β (10 ng/ml), or 
combined IL- 1β and SC- 514 (the latter was added 30 minutes 
before IL- 1β). In another experiment, cells (n = 6) were treated 
exactly as above; however, human recombinant periostin (10 μg/
ml) (product no. 3548- F2; R&D Systems) was instilled instead of 
IL- 1β, and for comparison, another group of cells was treated with 
SC- 514 alone (20 μmoles/liter). Cells were cultured at 37°C for 24 
hours and then collected for RNA isolation.

Real- time quantitative polymerase chain reaction 
(qPCR). Total RNA was extracted using an RNeasy Mini kit (Qia-
gen). RNA (800 ng) was treated with DNase I (1 unit/μl) (Invitrogen) 
and reverse- transcribed using a High- Capacity cDNA Reverse 
Transcription Kit (ThermoFisher Scientific). To quantify messen-
ger RNA (mRNA) expression of periostin, MMP- 13, and IL- 1β, 
real- time qPCR analysis was performed using custom- designed, 

gene- specific primers (see Supplementary Table 1, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41794/ abstract) and standard methods (32).  
Target gene expression was normalized with respect to PPIA 
using the 2– ΔΔCt method.

Western blotting. Proteins were extracted from chondro-
cytes using a radioimmunoprecipitation assay buffer containing a 
protease inhibitor cocktail (Sigma- Aldrich). The total protein concen-
tration was determined using a protein assay kit (Bio- Rad). Next, 
20 μg of total proteins diluted in sodium dodecyl sulfate sample 
buffer was resolved on 4– 20% Mini- PROTEAN TGX Precast Pro-
tein Gels (Bio- Rad). Subsequently, proteins were electrophoreti-
cally transferred to polyvinylidene fluoride membrane (Invitrogen). 
Membranes were blocked with Odyssey Blocking Buffer (Li- Cor 
Biosciences) for 1 hour. Blots were incubated overnight at 4°C with 

Figure 2. Attenuation of cartilage degeneration, but not synovitis, with periostin siRNA treatment in knees of mice with DMM- induced 
posttraumatic OA. A, Representative Safranin O– fast green– stained images of the knee cartilage show significantly less severe cartilage 
degeneration in an uninjured left knee compared to an untreated, DMM- operated right knee. Treatment with periostin siRNA resulted in reduced 
cartilage degeneration in the DMM- operated right knee compared to the untreated or scrambled siRNA– treated, DMM- operated right knee. In 
addition, more pronounced sclerosis was observed in the untreated and scrambled siRNA– treated, DMM- operated right knee as compared 
to the periostin siRNA– treated, DMM- operated right knee. Arrows indicate areas of cartilage degeneration. Broken black lines denote the 
subchondral bone area assessed for synovitis. Scale bar = 200 μm. B and C, Uninjured left knees and DMM- operated right knees in each 
treatment group were assessed for the extent of cartilage degeneration using Osteoarthritis Research Society International (OARSI) damage 
scores among the 4 knee compartments (B) and for the severity of synovitis in the knee joints (C). * = P = 0.002 versus untreated control or 
scrambled siRNA– treated, DMM- operated right knees, by Kruskal- Wallis test followed by Dunn’s correction for multiple comparisons. *** = P 
for trend < 0.001 by two- way analysis of variance with Tukey’s post hoc test for multiple comparisons. In B and C, circles represent individual 
samples; bars show the mean ± SEM. 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.41794/abstract.
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the following primary antibodies: anti- periostin (1:1,000 dilution), 
anti– phospho- p65 (1:1,000 dilution), anti–MMP–13 (1:4,000 dilu-
tion), or anti– total- p65 (1:1,000 dilution). The next day, membranes 
were washed and subsequently incubated with fluorescence-(IRDye 
680RD)– labeled goat anti-rabbit IgG (Li-CoR) secondary antibody 
(1:20,000 dilution). For cell lysates, a housekeeping antibody, anti– 
β- actin (1:4,000 dilution) (Sigma- Aldrich) was used as the primary 
antibody, and the fluorescence (IRDye 680RD)– labeled goat anti- 
mouse IgG (1:20,000 dilution) was used as the secondary antibody. 
Blots were imaged using an Odyssey Infrared Imager, and the signal 
intensity was quantified using ImageJ software.

Statistical analysis. OARSI scores in DMM- operated and 
control mouse limbs, treated with or without periostin siRNA, were 
compared using two- way analysis of variance (ANOVA) with Tukey’s 
post hoc test for multiple comparisons. A nonparametric paired t- test 

(Wilcoxon matched pairs signed rank test) was used for analysis of real- 
time qPCR data. For all other comparisons, we used the Kruskal- Wallis 
test followed by Dunn’s test to correct for multiple comparisons for 3 
groups and Mann- Whitney test for comparison between 2 groups. All 
analyses were performed with GraphPad Prism software. Data are 
the mean ± SEM unless indicated otherwise. P values less than 0.05 
by 2- tailed test were considered significant.

RESULTS

Reduction in DMM- induced periostin expression fol-
lowing periostin siRNA treatment in mice. In knee cartilage 
from uninjured control mice, we observed only minimal immuno-
fluorescence staining for periostin expression, whereas in mice 
subjected to DMM surgery, periostin expression was significantly 
increased after DMM surgery, which was consistent with our 

Figure 3. Blockade of DMM- induced subchondral bone changes and heterotopic ossification following treatment with periostin siRNA in 
knees of mice with DMM- induced OA. A, Three- dimensional micro– computed tomography (micro- CT) reconstructions of the knee joints show 
that subchondral bone sclerosis was reduced in the medial tibial compartment (circled areas) of a periostin siRNA– treated, DMM- operated 
knee compared to an untreated or scrambled siRNA– treated, DMM- operated knee. M = medial; L = lateral; F = femur; T = tibia. Scale bar = 
1 mm. B and C, In DMM- operated right knees, bone volume/total volume (BV/TV) (B) and volumetric bone mineral density (vBMD) (C) were 
significantly lower in the periostin siRNA–treated mice than in the untreated or scrambled siRNA– treated controls. Values in the DMM- operated 
right knee were normalized to those in the uninjured left knee of the same animal to eliminate intraindividual variation. In B, * = P = 0.027 versus 
untreated control; § = P = 0.004 versus scrambled siRNA. In C, * = P = 0.01 versus untreated control; § = P = 0.022 versus scrambled siRNA, 
by Kruskal- Wallis test followed by Dunn’s correction for multiple comparisons. D, Three- dimensional micro- CT reconstructions of mouse knee 
joints show heterotopic ossification (arrows) in the DMM-operated knees of an untreated control mouse compared to a mouse that received 
either periostin siRNA treatment or scrambled control siRNA. E, Periostin siRNA treatment reduced the number of ossified nodules in DMM- 
operated knees when compared to the DMM-operated knees of untreated and scrambled siRNA– treated mice. * = P = 0.018 versus scrambled 
siRNA, by Kruskal- Wallis test followed by Dunn’s correction for multiple comparisons. In B, C, and E, circles represent individual samples; bars 
show the mean ± SEM. HA = hydroxyapatite (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.41794/abstract.
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previous observations (16). Expression levels of periostin remained 
elevated in both the untreated control group and the scrambled 
siRNA– treated group after DMM surgery, while periostin siRNA 
treatment significantly suppressed expression of periostin protein 
in cartilage (Figure 1B). Quantification of the fluorescence intensity 
of signaling further confirmed that periostin expression was signifi-
cantly attenuated in the periostin siRNA– treated group compared 
to the scrambled siRNA group (mean ± SEM fluorescence intensity 
units 0.63 ± 0.42 versus 3.91 ± 1.19; P = 0.013). Periostin expres-
sion levels were lower in the periostin siRNA group compared to the 
untreated control group but the difference was not statistically signif-
icant (mean ± SEM fluorescence intensity units 0.63 ± 0.42 versus 
1.89 ± 0.16; P = 0.187). There was a slight increase in expression of 
periostin in the scrambled siRNA group compared to the untreated 
control group, but the difference was not significant (Figure 1C).

In addition to the inhibitory effects of periostin siRNA treatment 
in the cartilage, periostin siRNA treatment suppressed expression 
of periostin in the synovium of mice. The periostin protein lev-
els were significantly lower in mice that received periostin siRNA 

compared to the untreated control group and the scrambled 
siRNA group (see Supplementary Figures 1A and B, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41794/ abstract).

Mitigation of DMM- induced cartilage degenera-
tion by periostin gene knockdown in mice. Cartilage  
degeneration was significantly less severe in the uninjured left 
knees compared to the DMM- operated right knees of mice 
(mean ± SEM OARSI score 1.33 ± 0.69 versus 22.38 ± 1.30; 
P < 0.001 by two- way ANOVA) at 8  weeks after surgery. We  
there fore examined whether periostin knockdown would convey 
protective effects in the mouse cartilage. We observed a reduction 
in the severity of cartilage degeneration in destabilized knee joints 
following IA treatment with periostin siRNA (Figure 2A). No difference 
in the severity of cartilage degeneration was observed between the 
untreated control group and the scrambled siRNA group.

A semiquantitative analysis of cartilage degradation using 
the OARSI scoring system (calculated from a total possible score 

Figure 4. Abrogation of up- regulated matrix metalloproteinase 13 (MMP- 13) expression and canonical NF- κB signaling following treatment 
with periostin siRNA in DMM-operated mouse knees. A, Immunofluorescence analysis of MMP- 13 expression in superficial zone chondrocytes 
(arrows), in conjunction with type II collagen gene expression in cartilage, revealed higher levels of MMP- 13 in untreated, DMM- operated 
right knees compared to uninjured left knees. Treatment with periostin siRNA reduced the MMP- 13 levels around the injury site (denoted by 
broken vertical lines). Scale bar = 100 μm. B and D, Quantification of MMP-13 expression (B) and phosphorylation of p65 (D) shows significant 
differences between the scrambled siRNA–  and periostin siRNA– treated DMM- operated knees. P values were determined by Mann- Whitney 
test. C, Immunofluorescence images of the mouse knee cartilage show 2- dimensional views (top) and 3- dimensional views (bottom), indicating 
localization of p- p65 subunits in the cartilage adjacent to the DMM injury site. Less colocalization of activated and phosphorylated p65 was 
observed in periostin siRNA– treated knees than in untreated or scrambled siRNA– treated knees. Scale bar = 50 μm. In B and D, circles 
represent individual samples; bars show the mean ± SEM. 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.41794/abstract.
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of 96) confirmed that there was no significant difference in the 
OARSI score of cartilage damage between the untreated con-
trol group and scrambled siRNA treatment group (mean ± SEM 
OARSI score 22.38 ± 1.30 versus 22.69 ± 0.87; P = 0.999). How-
ever, treatment with periostin siRNA significantly reduced OARSI 
scores compared to scores in both the untreated control group 
(mean ± SEM 10.94 ± 0.66 versus 22.38 ± 1.30; P = 0.002) and 
the scrambled siRNA group (10.94 ± 0.66 versus 22.69 ± 0.87; 
P = 0.002) (Figure 2B).

Lack of improvement in synovitis score with perios-
tin knockdown in mice. There were no significant differences  
(P = 0.999 by Kruskal- Wallis test) in synovitis scores across 
groups (Figure 2C). The mean ± SEM synovitis score was 
1.31 ± 0.08 in untreated controls, 1.29 ± 0.07 in those receiving 
scrambled siRNA, and 1.30 ± 0.06 in those receiving periostin 
siRNA.

Improvement in DMM- induced bone changes using 
periostin knockdown in mice. The subchondral bone plate 
exhibited reduced sclerosis in the subchondral bone area of 
the medial tibial compartment in DMM- operated, periostin siRNA– 
treated knees compared to knees in the untreated control group or 
scrambled siRNA group (Figure 3A). Moreover, a histomorphometric 
analysis of the knee joints revealed that BV/TV values were signifi-
cantly lower in the mice treated with periostin siRNA compared to 
untreated control mice (13.7%; P = 0.027) and mice treated with 
scrambled siRNA (17.1%; P = 0.004) (Figure 3B). Similarly, vBMD 
was also significantly lower in periostin siRNA– treated knees com-
pared to untreated control mice (18.5%; P = 0.010) and mice treated 
with scrambled siRNA group (18.5%; P = 0.022) (Figure 3C).

Findings from measurements of other bone parameters, 
such as the structural model index and trabecular thickness, 
did not reveal any significant differences across groups (data not 
shown). Ectopic calcified nodules (heterotopic ossification) formed 

Figure 5. Attenuation of the catabolic effects of interleukin- 1β (IL- 1β) with periostin siRNA nanoparticle treatment in human primary 
chondrocytes. A, Human primary chondrocytes were treated with p5RHH peptide, Cy5.5- labeled siRNA, or peptide– Cy5.5- labeled siRNA. 
Cy5.5- labeled siRNAs delivered with nanoparticles (NPs) were effectively taken up by the human primary chondrocytes (shown in red and 
indicated by the arrows) and remained in the cells after 72 hours in culture. Scale bars in first 3 panels = 100 μm; the panel on the far right 
is a higher- magnification view of the boxed area to the left (scale bar = 100 μm) B, Real- time quantitative polymerase chain reaction analysis 
shows that human chondrocytes treated with IL- 1β and transfected with periostin siRNA exhibit significantly lower levels of periostin, matrix 
metalloproteinase 13 (MMP- 13), IL- 1β, ADAMTS- 4, ACAN, and COL2A1 mRNA. There was no effect of siRNA treatment on COL1A1 expression 
(P = 0.688 by Wilcoxon matched pairs signed rank test). C, First panel, Western blotting confirms that IL- 1β treatment induced MMP- 13 
expression and activated phosphorylation of p65. Right panels, Cells treated with periostin siRNA show significantly lower levels of periostin and 
MMP- 13 and reduced phosphorylation of p65 compared to the untreated controls and scrambled siRNA group. Second panel, * = P = 0.025 
versus untreated control; § = P = 0.025 versus scrambled siRNA. Third panel, * = P = 0.079 versus untreated control; § = P = 0.030 versus  
scrambled siRNA. Fourth panel, * = P = 0.010 versus untreated control; § = P = 0.046 versus scrambled siRNA, by Kruskal- Wallis test followed 
by Dunn’s correction for multiple comparisons. In B and C, circles represent individual samples; bars show the mean ± SEM. 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.41794/abstract.

*§

§

*§

http://onlinelibrary.wiley.com/doi/10.1002/art.41794/abstract


SILENCING OF PERIOSTIN WITH siRNA IN AN OA MOUSE MODEL |      2257

in and around the sy novium in DMM- operated joints (Figure 3D); 
however, slightly fewer of these nodules were observed in the 
periostin siRNA– treated group compared to the untreated control 
group (mean ± SEM nodule count 3.00 ± 0.42 versus 4.00 ± 0.42; 
P = 0.481) and the scrambled siRNA group (3.00 ± 0.42 versus 
4.75 ± 0.31; P = 0.018) (Figure 3E).

Suppression of MMP- 13 expression and NF- κB signa-
ling by periostin knockdown in mice with DMM- induced 
OA. We observed that the intensity of MMP- 13 protein expres-
sion was increased in the knee joints of mice following DMM sur-
gery, whereas after treatment with periostin siRNA, the intensity 
of MMP- 13 expression was significantly reduced (Figures 4A 
and B). These results suggest that periostin modulates MMP- 13 
expression in vivo. We also observed that NF- κB signaling activ-
ity was low in control knees, whereas DMM surgery significantly 
increased the expression of canonical (p65) NF- κB activation, 
evident from increased phosphorylation of p65. Furthermore, we 
demonstrated that periostin siRNA treatment significantly sup-
pressed phosphorylation of p65 compared to the untreated con-
trol and scrambled siRNA groups (Figures 4C and D).

Decrease in DIPEN expression following periostin 
knockdown in mice with DMM- induced OA. We noted that 
there was no staining for the aggrecan neoepitope DIPEN in con-
trol left knees; however, there was markedly increased staining 
in untreated knees and scrambled siRNA– treated knees from 
DMM- operated mice. In contrast, we found that periostin siRNA– 
treated knees had reduced expression of DIPEN (see Supplemen-
tary Figure 2, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41794/ abstract).

Suppression of MMP- 13 and NF- κB activity following 
periostin knockdown in human chondrocytes. We dem on-
strated that Cy5.5- labeled siRNA nanoparticles were effectively 
taken up by human primary chondrocytes and subsequently 
remained in the cells (Figure 5A). As expected, naked, noncom-
plexed siRNA was not taken up by chondrocytes. These results 
further suggest that the peptide– siRNA nanoparticles are required 
for efficient siRNA transfection of chondrocytes.

After establishing the efficiency of siRNA delivery, we 
stimulated human primary chondrocytes with IL- 1β to model an in 
vitro inflammatory condition, and then evaluated the therapeutic 
effects of periostin knockdown in the IL-1β–stimulated chondro-
cytes. We observed that exposure to IL- 1β significantly increased 
expression levels of MMP- 13 mRNA (~10- fold) and IL- 1β mRNA 
(~5,500- fold) relative to untreated controls. We confirmed that 
periostin siRNA significantly knocked down expression of per-
iostin both at the mRNA level (Figure 5B) and the protein level 
(Figure 5C). We observed that periostin siRNA treatment signifi-
cantly suppressed mRNA expression of IL- 1β (P = 0.016), MMP- 
13 (P = 0.016), ADAMTS- 4 (P = 0.016), ACAN (P = 0.016), and 
COL2A1 (P = 0.016), compared to treatment with scrambled 
siRNA. There was no effect of treatment on COL1A1 expression 
(P = 0.688) (Figure 5B). Furthermore, periostin knockdown also 
attenuated NF- κB p65 phosphorylation and NF- κB downstream 
product MMP- 13, as determined using Western blotting. Signal 
intensity was quantified using ImageJ (Figure 5C). Specifically, 
we noted that signal intensity of periostin (P = 0.025) and p- p65 

Figure 6. Pathways and mechanisms of cartilage degradation 
involving periostin. A and B, Expression of matrix metalloproteinase 
13 (MMP- 13) in human chondrocytes was assessed in the presence 
of interleukin- 1β (IL- 1β) alone or IL-1β plus the IκB kinase 2 inhibitor 
SC- 514 (A) or following treatment with exogenous recombinant 
periostin (Postn) alone, SC- 514 alone, or periostin plus SC- 514 (B). 
Circles represent individual samples; bars show the mean ± SEM. 
In A, * = P = 0.029 versus IL- 1β alone, by Wilcoxon matched pairs 
signed rank test. In B, * = P = 0.045 versus periostin alone; § = 
P = 0.002 versus SC-514 alone, by Kruskal- Wallis test followed 
by Dunn’s correction for multiple comparisons. The broken 
horizontal line indicates untreated controls. C, Destabilization of the 
medial meniscus (DMM) surgery in mice or stimulation of human 
chondrocytes with IL-1β activates the NF- κB signaling pathway, as 
evidenced by the increased phosphorylation of p65, leading to its 
nuclear translocation and expression of catabolic mediators (e.g., 
MMP- 13) that promote extracellular matrix degradation. Treatment 
with p5RHH–periostin (POSTN) small interfering RNA (siRNA) reduces 
the activation of p65, blocks the downstream catabolic effects of NF- 
κB signaling, and prevents progressive cartilage degradation. Color 
figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.41794/abstract.
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(P = 0.010) were significantly lower in the periostin- treated group 
than in the untreated control group, while MMP- 13 signal inten-
sity was borderline significant (P = 0.079). The signal intensity of 
periostin (P = 0.025), MMP- 13 (P = 0.030), and p- p65 (P = 0.046) 
was significantly lower in the periostin siRNA group compared 
to the scrambled siRNA group. We noted subtle increases in 
expression of periostin and MMP- 13 in the scrambled siRNA 
group compared to the untreated control group, which were not 
statistically significant.

Suppression of periostin- induced MMP- 13 expres-
sion in human chondrocytes using an IKK- 2 inhibitor. We 
observed increased expression of MMP- 13 in human chondrocytes 
treated with IL- 1β (Figure 6A) or periostin (Figure 6B). Treatment 
with SC- 514 significantly suppressed the expression of MMP- 13 
(Figures 6A and B), indicating that periostin is expressed upstream 
of the NF- κB pathway (Figure 6C).

DISCUSSION

Despite significant advances in our understanding of the 
affected cellular and molecular pathways in OA, no new clini-
cal therapeutic targets have been identified. The current study 
explored the intermittent local joint delivery of periostin siRNA 
using nanoparticles to mitigate OA pathology in a murine model 
of knee joint injury. Previous studies showed that periostin is 
expressed in human and mouse OA cartilage, where periostin 
levels are strongly associated with cartilage- degrading enzyme 
MMP- 13 (15,16). Herein, we show that knockdown of periostin 
suppresses NF- κB and its downstream catabolic genes, includ-
ing MMP- 13 and IL- 1β. To the best of our knowledge, this is 
the first study that shows the therapeutic effects of periostin 
knockdown in posttraumatic OA in vivo, whereas previous stud-
ies mainly focused on periostin overexpression or inhibition in 
vitro.

We used the peptide– siRNA nanoplatform that was previ-
ously used for IA administration of NF- κB siRNA and showed that 
NF- κB knockdown suppressed injury- induced chondrocyte death 
and early joint responses to injury (21,22). In the present study, we 
demonstrate, for the first time, the long- term (8- week) efficiency 
of this nanoparticle delivery system. These results further confirm 
the translational potential of this technology in the treatment of 
posttraumatic OA.

We noted that IA delivery of periostin siRNA mitigated sev-
eral aspects of posttraumatic OA, i.e., cartilage degeneration, 
subchondral bone sclerosis, and heterotopic ossification, suggest-
ing that periostin affects the whole joint, which is consistent with 
findings of previous studies that showed differential expression 
patterns of periostin in various joint tissues (13,16,33,34). Thus, 
periostin knockdown effectively suppressed events that lead to the 
structural damage characteristic of OA, in addition to suppress-
ing cartilage degeneration. Of note, periostin siRNA treatment 

reversed subchondral bone changes that were mainly confined 
to the medial region, indicating that periostin exerts therapeutic 
effects in the diseased compartment. In the present study, we did 
not observe significant differences in synovitis scores across the 
various treatments. While lower periostin intensity in the periostin 
siRNA– injected group confirms that the injected particles localized 
there, a complete knockdown of periostin was not achieved, thus 
potentially explaining the lack of significant differences in syno-
vitis score. Moreover, we recently found that periostin- null mice 
developed significantly less synovitis after DMM compared to 
wild- type mice, whereas 24- month- old animals did not demon-
strate such differences in a model of age-induced spontaneous 
OA (35). These observations imply that the link between periostin 
expression and synovitis is context dependent and merits further 
investigation.

How periostin exerts its effects on these various tissues is 
still unclear. Periostin binding to integrin receptors (αvβ3/αvβ5 or 
DDR- 1) in various cell types (36– 38) reportedly activates intracel-
lular signaling pathways directly (39) or indirectly (via downstream 
ERK signaling) (40) and leads to NF- κB activation. This in turn reg-
ulates the production of inflammatory mediators, such as MMPs. 
In injured joints, NF- κB activation triggers expression of a myriad 
of genes that promote the destruction of the articular joint and 
lead to changes that are characteristic of OA (21,41).

One NF- κB– dependent gene is MMP- 13, which is thought to 
represent the major collagenase activity in OA, since its expres-
sion is up- regulated in human OA and experimental OA mod-
els (42,43). Conditional overexpression of MMP- 13 in murine 
cartilage induces cartilage pathology and OA (44). In contrast, 
global knockout of MMP- 13 protects against experimental OA in 
rodents (45). Our results showed that periostin knockdown sup-
pressed MMP- 13 expression in chondrocytes in OA patients and 
in an experimental posttraumatic OA mouse model. Moreover, we 
demonstrated that MMP- 13– generated C- terminal neoepitope 
DIPEN was also reduced, indicating less proteolytic cleavage of 
aggrecan (46). In addition to MMP- 13, periostin knockdown also 
significantly suppressed expression of ADAMTS- 4 and IL- 1β, 
which surprisingly reduced expression of matrix genes (COL2A1 
and ACAN), suggesting an antiinflammatory role rather than a 
pro- anabolic role of periostin. To test whether periostin- mediated 
regulation of MMP- 13 expression is NF- κB  dependent, we per-
formed pilot studies. Preliminary data revealed that periostin- 
induced MMP- 13 expression can be abrogated by an IKK- 2 
inhibitor, suggesting a possible link between periostin and the NF- 
κB signaling pathway.

A limitation of the current investigation is the lack of multiple 
time points to demonstrate how periostin expression and treat-
ment effects vary with time. With regard to the expression of per-
iostin, we noted increased periostin signal intensity at 4 weeks 
after DMM (data not shown). Periostin expression remained ele-
vated at 8 weeks (in the current study) and at 12 weeks (16). 
These findings, along with findings from ACL tears in humans 
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(16,17,34), prompted us to initiate siRNA therapy early, prior to 
periostin- mediated cartilage degeneration. Our study provides 
proof-of-concept that early intervention to knock down periostin 
expression after joint injury leads to significant mitigation of post-
traumatic OA progression. However, intervention immediately 
after joint injury is not always possible. Additional longitudinal 
studies will be necessary to determine the therapeutic window 
during which periostin knockdown will still result in a protective 
effect.

Another limitation is that we did not analyze the role of per-
iostin in the meniscus and ligaments. However, previous studies 
showed that IA administration of peptide– siRNA nanoparticle tar-
gets the whole joint (21). Future research will determine if and 
how periostin knockdown affects meniscal/ligament biology. It is 
likely that periostin modulates meniscus and ligament biology in 
different ways (16,34,47). Another limitation of our current study 
is the lack of measurements for functional tests, such as pain, 
gait, and behavior.

Last, we used 10- week- old mice, which falls within the 
standards of the field. Although some researchers believe skel-
etal maturity in mice is reached at ≥12 weeks of age (48,49), 
others recommend a minimum age of 10 weeks for the mouse 
to reach skeletal maturity in preclinical modes of OA, in order to 
gain meaningful insights into human OA (50). While growth plates 
do not completely close in mice, it is recommended that OA 
experiments in mice are conducted after the major growth spurt 
has occurred and when the animals are sexually mature. In our 
study, since siRNA treatment was administered at 10 weeks of 
age through 16 weeks of age and analysis was performed at 18 
weeks of age, it was not clear how skeletal maturation confounds 
the therapeutic effects of siRNA treatment. Even if the mice are 
not skeletally mature, skeletal maturity does not explain the effect 
of treatment. In all 3 groups, mice matured at the same rate, and 
the differences in OA parameters were specific to periostin siRNA 
treatment.

In summary, we demonstrated that the IA periostin– siRNA 
nanocomplex represents a promising clinical approach to delay 
or mitigate the development of posttraumatic OA. Moreover, our 
data suggest that periostin knockdown suppresses the activity of 
NF- κB, a classical pathway implicated in OA development. Mech-
anistically, we show that periostin- induced MMP- 13 expression 
was abrogated by SC- 514, demonstrating a link between per-
iostin and NF- κB. Follow- up mechanistic and cartilage- specific 
gene– knockout studies will further elucidate this link and the func-
tional role of periostin in OA.
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Osteoarthritis Care and Risk of Total Knee Arthroplasty 
Among Medicare Beneficiaries: A Population- Based Study 
of Regional Covariation
Michael M. Ward

Objective. To examine health care utilization among patients with knee osteoarthritis (OA) and assess whether 
utilization differs among residents of regions with high and low rates of total knee arthroplasty (TKA).

Methods. This was a retrospective cohort study of US Medicare beneficiaries with knee OA enrolled from 2005 
to 2010. Health care utilization data for knee complaints, including rates of physician visits, physical therapy, knee 
injections, and arthroscopy, were abstracted from claims files until time of TKA or the end of the study in 2015. 
Utilization was compared among beneficiaries who lived in regions with high or low rates of TKA.

Results. Among 988,570 beneficiaries with knee OA, 327,499 (33.1%) underwent TKA during follow- up (median 
5.6 years). Higher frequency of visits for knee complaints was associated with increased risk of TKA, whereas physical 
therapy, specialist care, and intraarticular treatments were associated with lower risk of TKA. Frequency of TKA 
varied from 26.4% in the lowest regional TKA rate quintile to 42.1% in the highest regional TKA rate quintile. Rates 
of physician visits, physical therapy, specialist care, and treatment with intraarticular injections varied inversely with 
regional TKA rate quintile. For example, 32.5% of beneficiaries in the lowest region quintile and 23.6% in the highest 
region quintile underwent physical therapy. Across all quintiles, physical therapy was associated with lower TKA rates.

Conclusion. Dedicated nonsurgical OA care was infrequently used to treat elderly Americans with knee OA. 
Nonsurgical care was more common in regions with low TKA rates, suggesting reciprocal emphasis on medical 
treatment compared to surgical treatment across regions.

INTRODUCTION

Forty to fifty percent of Americans will develop symptomatic 
knee osteoarthritis (OA) in their lifetime, often with substantial 
functional limitations and pain (1). Total knee arthroplasty (TKA), 
the most effective treatment for advanced knee OA, is the most 
commonly performed nonobstetric procedure in the US (2– 4). In 
2014, aggregate costs of TKA hospitalizations were $11.8 billion, 
while the overall cost of care for patients with knee OA was ~$34 
billion (4,5). Rising rates of TKA are projected to strain clinical 
capacity, prompting efforts to develop care models to optimize 
knee OA treatment and increase the appropriateness of TKA 
(6– 12). These care models emphasize patient education, weight 
loss, exercise and physical therapy, analgesics, and, in selected 
patients, orthoses and intraarticular injections, to lessen knee OA 
progression and the need for TKA (10– 12). Based on evidence of 

their benefit, these interventions have also been recommended by 
professional societies (12,13).

The frequency of conservative care use in the US population of 
patients with knee OA is unknown. It is unclear how often patients 
are seen for knee complaints, how commonly specialists such as 
rheumatologists or physiatrists are consulted, and how commonly 
physical therapy and intraarticular medications are used. Find-
ings from studies of selected US cohorts and data from a study 
population in Ontario suggest low rates of office visits, the use of 
intraarticular injections by fewer than one- half of patients, and infre-
quent use of physical therapy and visits to specialists other than 
orthopedists (14– 18). If nonoperative mea sures are infrequently 
used, particularly among patients who later undergo TKA, it could 
suggest opportunities to improve the health status in patients with 
knee OA and potentially decrease the need for TKA (10– 13). Con-
versely, if conservative care is already widely used, efforts to slow 
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the increase in TKA rates would need to rely more on primary pre-
vention strategies, such as weight loss interventions.

In the US and in other countries, rates of TKA vary consider-
ably among regions (19– 22). We recently reported that TKA rates 
among Medicare beneficiaries varied from 61% to 182% of the 
national average in different regions (23). Rates were highest in 
the Midwest and Mountain West regions. This wide variation was 
observed despite adjustment for regional differences in disease 
burden. It is not known whether conservative care for knee OA 
follows similar patterns, but study of the relationship between con-
servative care and TKA rates would indicate whether TKA use was 
commensurate with the overall intensity of knee OA care in each 
region. If levels of conservative care and TKA rates were inversely 
associated, with lower use of conservative care in regions with 
high rates of TKA, it could suggest that high rates of TKA were 
partly the result of using TKA as a substitute for conservative care. 
In our prior study (23), TKA rates were shown to be inversely asso-
ciated with the number of outpatient visits for knee complaints on 
the group level. The goal of this study was to investigate health 
care utilization among elderly patients with knee OA, determine 
the association between conservative care and TKA rates using 
patient- level data, and examine whether conservative care cova-
ried with TKA use across regions with high and low rates of TKA.

PATIENTS AND METHODS

Data source. In this retrospective cohort study, 100% 
Medicare fee- for- service inpatient and outpatient claims from 
2005 to 2015 were used. The study protocol was approved by 
the National Institute of Diabetes and Digestive and Kidney Dis-
eases Institutional Review Board (no. 15- AR- N010), which waived 
the requirement for patient written informed consent because the 
data were deidentified.

Study cohort. The source group comprised beneficiaries 
who were enrolled in Medicare at age 65 years from 2005 to 2010. 
These years were selected so that those who were enrolled in 
Medicare in 2010 would have at least 5 years of follow- up, given 
that 2015 was the latest year of available data. From this group, 
those who had an outpatient or inpatient diagnosis claim of knee 
OA in accordance with the International Classification of Diseases, 
Ninth Revision, Clinical Modification (ICD- 9- CM) diagnosis code 
(715.x6) during a face- to- face physician encounter were identi-
fied. This group was then limited to beneficiaries living in one of 
the 50 states or the District of Columbia and those who had valid 
zip codes. These restrictions were needed to assign beneficiaries 
to one of 306 hospital referral regions of the Dartmouth Atlas of 
Health Care. Hospital referral regions are defined geographic areas 
that reflect local referral patterns for major surgeries (24). A flow 
diagram of the cohort construction is presented in Supplemen-
tary Figure 1 (available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41878/ abstract). A 

single outpatient or inpatient knee OA claim has a positive predic-
tive value of 0.82, sensitivity of 0.55, and specificity of 0.75 for the 
presence of knee OA (25), using the American College of Rheuma-
tology classification criteria for knee OA as the standard (26), and 
has been used in previous studies of health care utilization in knee 
OA (5,27,28). Requiring at least 2 claims is associated with higher 
specificity (0.91), but much lower sensitivity (0.25) (25).

Health care utilization. Following the initial knee OA claim, 
all subsequent outpatient and inpatient claims for knee OA, knee 
pain, stiffness, or other symptoms (ICD- 9 719.46, 719.56, 719.66, 
719.7, 719.86, 719.96; ICD- 10 M17, M25.56), knee effusion (ICD- 9 
719.06, 719.16, 719.26, 719.36; ICD- 10 M25.46), or internal 
derangement (ICD- 9 717, 718.46, 718.56, 718.86, 718.96; ICD- 10 
M23) were identified. These claims were considered to represent 
provider visits related to knee OA because they followed the initial 
claim. Claims reported by orthopedic surgeons, physiatrists, rheu-
matologists, or pain medicine specialists were noted. Beneficiaries 
who had primary TKA based on ICD- 9 procedure code 81.54 or 
ICD- 10 procedure code prefixed 0SRC or 0SRD were identified.

Codes from the Healthcare Common Procedure Coding Sys-
tem, along with diagnosis codes for knee complaints, were used to 
identify treatment by physical therapy, arthrocentesis, intraarticular 
glucocorticoid or hyaluronic acid (HA) injections, and arthroscopy 
(Supplementary Table 1, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41878/ 
abstract). Medicare Part D data from 2006 to 2015 were used to 
identify beneficiaries who were prescribed oral opiates, limiting this 
to the time prior to TKA among those who underwent TKA (29).

Data on visits and procedures were obtained until the time of 
the first primary TKA, death, or the study end date of December 
31, 2015. Visits that did not include diagnosis codes for knee OA or 
knee complaints were not included. All provider visits and treatments 
analyzed were covered by Medicare and would generate a claim.

Covariates. Demographic information from master benefi-
ciary files was collected. Beneficiaries were categorized as being 
poor if they received subsidies for medical insurance premiums. 
Zip code of residence at the time of the initial knee OA claim 
was used to assign each beneficiary to a hospital referral region 
(30). The TKA rate for each region was previously indexed to the 
national average as an observed/expected ratio, with expected 
rates based on a national model adjusted for beneficiary demo-
graphics and socioeconomic characteristics, the prevalence of 
knee OA and knee symptom claims, area- based measures of 
knee OA risk factors (i.e., obesity, smoking, or occupational physi-
cal activity), and comorbidities (23). An observed/expected ratio of 
1.0 represents a region with TKA rates at the national average. For 
this analysis, regions were categorized into quintiles of observed/
expected ratios of TKA rates: 0.61– 0.88, 0.89– 0.96, 0.97– 1.04, 
1.05– 1.20, and 1.21– 1.82 (Supplementary Figure 2, http://onlin e  
libr ary.wiley.com/doi/10.1002/art.41878/ abstract), hereafter termed 

http://onlinelibrary.wiley.com/doi/10.1002/art.41878/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41878/abstract
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regional TKA rate quintile. Data were also collected on 13 comor-
bidities present at the time of cohort entry that were most strongly 
associated with TKA risk in the previous study (23,31).

Statistical analysis. Analysis was performed in 4 steps. 
First, levels and types of health care use, overall and across 
regional TKA rate quintiles, were examined. Second, time- to- 
event analysis to examine the association between measures of 
conservative care and TKA was used. Third, in the time- to- event 
analysis, whether measures of conservative care were differentially 
associated with TKA among patients in regions with high or low 
rates of TKA was examined. This moderation analysis indicated 
whether subgroups of patients, defined by their health care use, 
had similar (or more disparate) risk of TKA across regions with high 
or low rates of TKA. Fourth, sensitivity analyses were performed.

In the first step, annual visit rates using the duration of 
 follow- up as the denominator were calculated. Follow- up was 
censored if the beneficiary changed to a managed care plan or if 
they moved to a region in a different quintile and did not return to 
their original region within 6 months. Visit rates for patients who 
underwent TKA and those who did not undergo TKA were calcu-
lated separately and by region quintile to determine whether care 
varied among regions with high or low TKA rates. The propor-
tion of beneficiaries who made any visits to physical therapists, 
physiatrists, rheumatologists, or pain medicine physicians and the 
proportion who had any intraarticular glucocorticoid injections, 
HA injections, or knee arthroscopy were calculated. Beneficiaries 
who were prescribed opiates for ≥60 days or ≥20% of follow- up 
were classified as being prolonged opiate users. It was hypothe-
sized that conservative care would be more frequent in regions 

with lower relative rates of TKA. The Jonckheere- Terpstra test and 
Cochran- Armitage test were used to compare trends in median 
visit rates and proportions across region quintiles, respectively.

Next, time- to- event analysis was used to examine whether TKA 
rates varied by region quintile. Beneficiaries were followed up from 
the time of the first knee OA claim to TKA, death, relocation, enroll-
ment in a managed care plan, or the end of the study, whichever 
occurred first. Cox proportional hazards models were used to adjust 
for age, sex, race, socioeconomic status, and the 13 comorbidities. 
For each covariate, log(-log(survival)) plots were vi sually examined 
to ensure that the proportional hazards assumption was satisfied. 
Given the very large sample size, hypothesis tests for this purpose 
were not informative. Because differences in TKA rates by region 
previously defined on the group level may have been confounded by 
a group- level third variable (23), this analysis at the individual patient 
level helps test whether an ecologic fallacy was present.

The association of measures of health care use with time to TKA 
were analyzed in the Cox proportional hazards model. These meas-
ures included visit rates for knee complaints in 4 categories (<1 visit/
year, 1.0– 2.9 visits/year, 3.0– 5.9 visits/year, and ≥6.0 visits/year) 
and indicator variables for prolonged opiate use and having ever 
visited a physical therapist, physiatrist, rheumatologist, or pain spe-
cialist. Visit categories were based on preliminary analysis of deciles 
of visit rates that showed similar risks of TKA. This analysis was 
repeated using the annual orthopedic surgeon visit rate, and also 
the association of TKA risk with intraarticular glucocorticoid injec-
tions, HA injections, and arthroscopy was assessed.

In the third step, the interaction between the visit frequency 
category and region quintile was analyzed to determine whether 
higher visit rates moderated the risk of TKA across regions. In 

Figure 1. Cumulative incidence of total knee arthroplasty (TKA) by regional TKA rate quintile. The numbers below the graph are the number 
of beneficiaries under observation at each time point. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.
wiley.com/doi/10.1002/art.41878/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41878/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41878/abstract
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separate models, interactions between region quintile and each of 
the other measures of health care use were examined. Among ben-
eficiaries who had a given intervention, less steep gradients from the 
lowest region quintile to the highest region quintile would indicate 
that the intervention was associated with less disparity in TKA use 
across regions. Given the large sample size, all tests of interactions 
were significant (P < 0.0001). Interpretation therefore focused on 
differences in adjusted hazard ratios (HRs) across region quintiles.

As one sensitivity analysis, all analyses were repeated in White 
Medicare beneficiaries, since racial/ethnic minorities have lower 
rates of TKA compared to White populations, and the racial/ethnic 
composition of regions varied with TKA rates. To assess the poten-
tial effects of left truncation, analyses were repeated in the subset 
of beneficiaries whose first knee OA claim occurred ≥2 years after 
entry into Medicare. Analysis was performed using SAS, version 9.4.

RESULTS

Study cohort. This cohort of 988,570 beneficiaries 
included mostly women (64.6%), with a mean age of 66.5 years at 
the time of the first knee OA visit (Table 1). The median time to first 
knee OA claim after entry into Medicare was 1.27 years, and median 
 follow- up after the first knee OA visit was 5.62 years. During follow-   
up, 327,499 beneficiaries (33.1%) had TKA, 3,633 (0.4%) died, 
45,830 (4.6%) changed to managed care coverage, and 35,949 
(3.6%) changed regional TKA rate quintiles. The most common 
comorbidity was depression (18%) (Supplementary Table 2, http://
onlin elibr ary.wiley.com/doi/10.1002/art.41878/ abstract). White 
beneficiaries comprised 78.9% of the lowest regional TKA rate quin-
tile (quintile 1), but 95.7% of the highest regional TKA rate quintile 
(quintile 5) (Table 1 and Supplementary Table 3, http://onlin elibr ary.   
wiley.com/doi/10.1002/art.41878/ abstract). Overall, 3.0% of bene-
ficiaries had a single knee OA claim, but this proportion was 8.9% 
in the subset who progressed to undergoing TKA.

Regional differences in TKA rates. In quintile 1, 26.4% of 
beneficiaries underwent TKA, and 42.1% of beneficiaries in quintile 
5 underwent TKA (Figure 1). Compared to beneficiaries in quin-
tile 3 (regions with rates at the national average), the adjusted HR 
for TKA was 0.80 (95% confidence interval [95% CI] 0.78– 0.81) 
among beneficiaries in quintile 1 and 1.28 (95% CI 1.26– 1.30) 
among beneficiaries in quintile 5 (Supplementary Table 4, http://
onlin elibr ary.wiley.com/doi/10.1002/art.41878/ abstract). Results 
were similar among White Medicare beneficiaries (Supplementary 
Tables 3 and 4). This analysis indicates that regional differences in 
TKA rates previously found at the group or population level are also 
evident at the patient level, which excludes an ecologic fallacy (23).

Health care use overall and by region. Beneficiaries 
had a median of 1.8 visits/year to any provider for knee complaints 
(interquartile range [IQR] 0.5– 5.6) and a median of 0.5 visits/year 
(IQR 0– 2.0) to orthopedic surgeons (Table 2). Visit rates were 

substantially higher among those who subsequently had TKA 
(median 7.1 visits/year [IQR 3.1– 15.6] overall and median 3.0 visits/
year [IQR 0.9– 7.4] to orthopedic surgeons), likely reflecting more 
severe knee OA. Physical therapy was used by 27.1% of bene-
ficiaries, while smaller proportions had visits to physiatrists, rheu-
matologists, or pain specialists. There was little overlap in visits to 
different specialists (Supplementary Table 5, http://onlin elibr ary.
wiley.com/doi/10.1002/art.41878/ abstract).

Although 26.1% of beneficiaries had ever been prescribed 
opiates, only 7.7% were treated with opiates regularly. Intraarticu-
lar glucocorticoid injections were received by 39.2% of beneficiar-
ies, and HA injections were received by 18.9%. Of those without 
TKA, 9.9% underwent arthroscopy.

Visit rates for knee complaints were higher among beneficiar-
ies in quintile 1 compared to those in quintile 5 (Table 2). For exam-
ple, among those without TKA, median visit rates were 1.3/year 
in quintile 1 and 0.8/year in quintile 5. There were no clear trends 
in orthopedic surgeon visit rates or prolonged opiate use across 
quintiles. However, compared to beneficiaries in quintile 5, those 
in quintile 1 were more likely to have visited physical therapists, 
physiatrists, rheumatologists, or pain specialists and were more 
likely to be treated with intraarticular glucocorticoid and HA injec-
tions. In contrast, beneficiaries in quintile 5 more often underwent 
arthroscopy.

Results were similar in White beneficiaries and in the 233,296 
beneficiaries with ≥6.0 visits/year, indicating regional differences 
in care even among more frequent users (Supplementary Tables 
6 and 7, http://onlin elibr ary.wiley.com/doi/10.1002/art.41878/ 
abstract). Similar gradients in utilization were present among 
the 332,080 beneficiaries whose first knee OA claim occurred  
≥2 years after Medicare entry (Supplementary Table 8, http://  
onlin e libr ary.wiley.com/doi/10.1002/art.41878/ abstract).

Health care utilization and risk of TKA. Among all ben-
eficiaries, higher rates of knee- related visits to any provider and 
higher rates of orthopedic surgeon visits were associated with 
increased TKA rates (Table 3). In contrast, TKA rates were lower 
among beneficiaries who underwent physical therapy or visited 
physiatrists, rheumatologists, or pain specialists, those who were 
treated with opiates for a prolonged period of time, or those who 
received intraarticular treatments. While these associations may 
reflect clinical benefit and reduced need for TKA from these inter-
ventions, they could also represent selection of these interventions 
by beneficia ries more averse to TKA. These results were similar 
among White beneficiaries (Supplementary Table 9, http://onlin 
elibr ary.wiley.com/doi/10.1002/art.41878/ abstract).

Health care utilization and moderation analysis 
of differences in TKA rates across regions. Compared to 
the reference group (quintile 3), TKA rates were higher in region 
quintile 5 and lower in region quintile 1 at all frequencies of knee- 
related visits (Figure 2). However, the gradient in TKA rates across 

http://onlinelibrary.wiley.com/doi/10.1002/art.41878/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41878/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41878/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41878/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41878/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41878/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41878/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41878/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41878/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41878/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41878/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41878/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41878/abstract
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regions was steeper among beneficiaries with low visit rates, and 
less steep among beneficiaries with high visit rates. For exam-
ple, the adjusted HR from quintile 1 to quintile 5 ranged from 
0.76 to 1.39 among beneficiaries with <1.0 visit/year, compared 
to a lower range (adjusted HR 0.80 to  1.21) among beneficiaries 
with ≥6.0 visits/year. Results were similar for orthopedic surgeon 
visit rates, with a gradient in adjusted HR of 0.75 to 1.59 among 
beneficiaries with <1.0 visit/year, compared to a gradient of 0.80 
to  1.30 among those with ≥6.0 visits/year. These results indicate 
that the greatest disparity in TKA use across regions was among 
beneficiaries with the lowest frequency of knee- related visits. In 
the lowest TKA rate quintiles (quintiles 1 and 2), beneficiaries 
with low visit frequencies were somewhat less likely to undergo 
a TKA compared to those with higher visit frequencies, whereas 

in the highest TKA quintile (quintile 5), beneficiaries with low visit 
frequencies were more likely to undergo a TKA relative to those 
with higher visit frequencies.

Regardless of region, beneficiaries who received physical 
therapy had lower risk of TKA compared to those who did not 
(Figure 2). With respect to intraarticular treatments, risks for TKA 
were substantially lower among those in quintile 5 who received 
intraarticular glucocorticoid injections, HA injections, or arthros-
copy. Conversely, risks for TKA were somewhat higher among 
beneficiaries in quintile 1 who received these treatments (i.e., 
closer to those of beneficiaries in quintile 3), indicating a smaller 
gradient in TKA risk across regions among beneficiaries who 
received these interventions. There was no moderation in TKA 
risk by physiatrist, rheumatologist, or pain specialist visits, or 

Table 3. Association of health care utilization with total knee arthroplasty rates among 
Medicare beneficiaries with knee osteoarthritis*

All office visits, 
adjusted HR (95% CI)

Orthopedic surgeon 
visits,   

adjusted HR (95% CI)
Annual visits for knee complaints

<1.0 visit/year 1.00 (referent) 1.00 (referent)
1.0– 2.9 visits/year 2.14 (2.11– 2.18) 4.34 (4.30– 4.39)
3.0– 5.9 visits/year 8.38 (8.27– 8.50) 11.54 (11.42– 11.67)
≥6.0 visits/year 32.38 (31.99– 32.77) 31.97 (31.63– 32.30)

Physical therapy 0.31 (0.30– 0.31) 0.55 (0.54– 0.56)
Physiatrist visit 0.47 (0.45– 0.48) 0.75 (0.73– 0.77)
Rheumatologist visit 0.50 (0.49– 0.51) 0.93 (0.91– 0.95)
Pain specialist visit 0.42 (0.40– 0.44) 0.74 (0.71– 0.76)
Prolonged opiate use 0.57 (0.55– 0.58) 0.62 (0.60– 0.63)
Intraarticular glucocorticoid injection 0.61 (0.60– 0.62) 0.63 (0.62– 0.65)
Intraarticular HA injection 0.46 (0.45– 0.47) 0.44 (0.43– 0.45)
Arthroscopy 0.56 (0.54– 0.57) 0.54 (0.53– 0.55)

* Results are the adjusted hazard ratio (HR) and 95% confidence interval (95% CI) for association 
of each utilization variable with total knee arthroplasty rates according to visit type (all office 
visits for knee complaints or visits to orthopedic surgeons). Cox proportional hazards models 
were used, with adjustments for age, sex, race, socioeconomic status (poor), 13 comorbidities, 
and region quintile. HA = hyaluronic acid. 

Figure 2. Rates of total knee arthroplasty (TKA) by  regional TKA rate quintile in strata of health care utilization. Results are shown as adjusted 
hazard ratios (HRs) and 95% confidence intervals based on interactions between regional TKA rate quintiles and each measure of health care 
utilization, calculated using Cox proportional hazards models. Quintile 3 is the reference category for each stratum.
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with prolonged treatment with opiates (Supplementary Figure 3, 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41878/ abstract).  
Results were very similar in analyses that were limited to White 
beneficiaries (Supplementary Figure 4, http://onlin elibr ary.wiley.
com/doi/10.1002/art.41878/ abstract).

DISCUSSION

This study had 3 main findings. First, dedicated nonsurgical 
OA care was infrequently used. Physical therapy and intraarticu-
lar treatments were used by a minority of patients, and few were 
treated by rheumatologists, physiatrists, or pain specialists. While 
this may be because many beneficiaries had mild knee OA, use 
of these services was also low among those who subsequently 
had TKA. Second, there was an inverse association between 
TKA rates and the use of conservative treatments across regions, 
including office visit rates, treatment by specialists, and receipt of 
intraarticular injections. Third, disparities in the risk of TKA across 
regions were more pronounced among beneficiaries with low 
office visit rates and those who did not receive prior intraarticu-
lar treatments, which are markers of less severe knee OA. Taken 
together, these results suggest opportunities to expand nonsurgi-
cal care for knee OA that may reduce TKA rates.

The finding of generally low use of conservative interventions in 
patients with knee OA is consistent with findings from a prior claims- 
based US study, which showed that 10.0% of patients received 
physical therapy prior to TKA and 25.9% received physical therapy 
without TKA (14). Intraarticular glucocorticoid injections (43.5% ver-
sus 16.6%) and HA injections (15.4% versus 6.3%), and arthros-
copy (19.6% versus 11.5%) were more common among patients 
who subsequently had TKA. In other US studies that only examined 
health care use prior to TKA, 13– 16% of patients received phys-
ical therapy, 46– 63% received glucocorticoid injections, 18– 24% 
received HA injections, and 15– 35% received any opiates (32– 35). 
In this study, prolonged opiate use was more common among 
those who did not ultimately undergo TKA, perhaps indicating the 
presence of contraindications or reservations about surgery. Other 
studies did not specifically examine knee OA or visit rates (36– 38).

Visit rates for knee complaints and the frequency of use of 
physical therapy, specialists in musculoskeletal medicine, and 
intraarticular injections were inversely associated with TKA rates 
across regions. Lower use of physical therapy, physiatry, and 
rheumatology care in regions with high TKA rates in the upper 
Midwest and Northwest were not likely related to an under-
supply of providers in these regions. Recent workforce studies 
indicate that a shortage of physical therapists is most severe in 
southern states, California, and Nevada, whereas supply of phy-
siatrists is lowest in Arizona, New Mexico, and several southern 
states (39,40). Similarly, the supply of rheumatologists per capita 
is higher in the upper Midwest and Northwest regions compared 
to the south (41). While intraarticular glucocorticoid injections 
are recommended to treat knee OA, recent clinical guidelines 

now recommend against the use of HA injections as a general 
treatment approach (12,42). Although arthroscopy was associ-
ated with a lower risk of subsequent TKA in the group overall, 
arthroscopy was more common in regions with higher TKA rates, 
possibly reflecting a predisposition to surgery among beneficiar-
ies in these regions. Visit rates to orthopedic surgeons prior to 
TKA were also lower in regions with higher TKA rates, consistent 
with faster progression to TKA in these regions. Taken together, 
these associations suggest that TKA is a substitution for longer 
periods of conservative care in regions with higher TKA rates.

The moderation analysis provides additional support that TKA 
was a substitution for conservative care in some regions. Risks 
of TKA were most disparate across regions among patients with 
low rates of knee- related visits (<1.0 visit/year). In most regions, 
patients with low visit rates had a low risk of TKA, presumably 
because low visit rates reflect less severe knee OA. Yet, these “low-
risk” patients were at substantially higher risk if they lived in regions 
with high TKA rates. There was less disparity in TKA rates across 
regions among patients with higher office visit rates (≥6.0 visits/
year), a marker of more severe knee OA, indicating more consist-
ency across regions in the use of TKA among such patients. These 
associations were present for both overall visit frequency and visits 
specifically to orthopedic surgeons.

An alternative explanation is that regions with high TKA risks 
included more beneficiaries with more severe knee OA. Although 
opiate use is an indicator of pain severity, patient- reported mea-
sures of pain and physical function and radiographs were not 
available, and differences in knee OA severity could not be exam-
ined directly. However, if higher TKA risks represent more severe 
knee OA, higher rates of physician visits for knee OA, higher use 
of physical therapy and specialty care, and greater use of intraar-
ticular glucocorticoid injections would have also been expected 
in these regions, yet the opposite trends were present. The mod-
eration analysis also indicated regional differences in TKA risk 
among beneficiaries with the same frequency of visits and among 
those who received intraarticular injections or arthroscopy, which 
are indirect measures of knee OA severity. Additionally, TKA risks 
varied widely across several small geographic areas (Maine/New 
Hampshire/Massachusetts, the greater Chicago region, West 
Texas/New Mexico), which cannot be explained by differences in 
the clinical presentation or severity of knee OA.

The moderation analysis also provides insight into the sub-
sets of patients for which there was more consistency in TKA 
use across the country. TKA rates were more consistent across 
regions among beneficiaries who had arthroscopy or intraarticu-
lar injections, indicating greater agreement on the need (or lack 
of need) for TKA among these patients. Conversely, there were 
greater disparities in TKA use among patients who did not receive 
these interventions, which may reflect a group with milder knee 
OA. Beneficiaries who received physical therapy had lower TKA 
rates relative to those who did not receive physical therapy across 
all regions, suggesting a true benefit in reducing TKA (43– 45).

http://onlinelibrary.wiley.com/doi/10.1002/art.41878/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41878/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41878/abstract
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This study has some potential limitations. The population 
analyzed was limited to Medicare beneficiaries age ≥65 years. 
Associations may be different in younger patients. TKA rates 
in persons age <65 years are approximately one- half those 
among persons age ≥65 years, and differential rates of TKA 
among younger and older persons across regions (46) may bias 
the results of this study. For example, regions with high TKA 
rates may reflect greater postponement of TKA until Medicare 
eligibility, rather than higher overall use of TKA. Conversely, TKA 
rates might be high among young persons in the regions identi-
fied as having low rates among Medicare beneficiaries, resulting 
in depletion of persons eligible for TKA at older ages. There are 
no national studies of TKA rates by region among younger indi-
viduals. The TKA quartile map in this study corresponds with the 
geographic distribution of persons living with a TKA (irrespective 
of age at surgery), which suggests that the findings among those 
age ≥65 years may also apply to the whole population (47), but 
this could not be tested directly. It is not known what treatments 
were used prior to entry into Medicare. However, most benefi-
ciaries were in Medicare for >1 year before their first knee OA 
claim, and results were similar in the subset whose first knee 
OA claim occurred after 2 years in Medicare. Willingness to 
undergo TKA is an important factor determining its use (48), and 
it is unknown whether this varies by region. There may be cod-
ing inaccuracies, but beneficiaries had multiple visits for knee 
complaints. A small proportion of beneficiaries had only one 
knee OA claim, but it was important to include these patients 
because they were overrepresented among those receiving a 
TKA. Finally, costs of care and the relative cost- effectiveness 
of different treatment approaches were not examined, but the 
costs of nonoperative care for knee OA are generally low (49).

In conclusion, physical therapy and specialist care were 
infrequently used by Medicare beneficiaries with knee OA, even 
among those who later underwent TKA. It would be important 
to know whether use of these services was limited by capacity 
constraints or underappreciation of their role in knee OA treat-
ment. These results indicate the possibility for greater use of 
conservative care for knee OA, with the potential to slow rising 
TKA rates. The reciprocal association between TKA rates and 
use of nonsurgical treatments across regions suggests that TKA 
was a substitution for nonoperative care more often in regions 
with high TKA rates. Disparities in TKA use across regions were 
greatest among patient subgroups with indicators of less severe 
knee OA, for which TKA may be more discretionary. These asso-
ciations raise questions about whether the appropriateness of 
TKA also varies by region.
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Targeting the CCR6/CCL20 Axis in Entheseal and  
Cutaneous Inflammation
Zhenrui Shi,1  Emma Garcia- Melchor,2 Xuesong Wu,3 Anthony E. Getschman,4  Mimi Nguyen,3 
Douglas J. Rowland,3 Machelle Wilson,3 Flavia Sunzini,2 Moeed Akbar,2 Mindy Huynh,3 Timothy Law,3  
Smriti K.  Raychaudhuri,5 Siba P. Raychaudhuri,5 Brian F. Volkman,4 Neal L. Millar,2  and Sam T. Hwang3

Objective. To assess the involvement of the CCR6/CCL20 axis in psoriatic arthritis (PsA) and psoriasis (PsO) and 
to evaluate its potential as a therapeutic target.

Methods. First, we quantified CCL20 levels in peripheral blood and synovial fluid from PsA patients and examined the 
presence of CCR6+ cells in synovial and tendon tissue. Utilizing an interleukin- 23 minicircle DNA (IL- 23 MC) mouse model 
exhibiting key features of both PsO and PsA, we investigated CCR6 and CCL20 expression as well as the preventive 
and therapeutic effect of CCL20 blockade. Healthy tendon stromal cells were stimulated in vitro with IL- 1β to assess the 
production of CCL20 by quantitative polymerase chain reaction and enzyme- linked immunosorbent assay. The effect 
of conditioned media from stimulated tenocytes in inducing T cell migration was interrogated using a Transwell system.

Results. We observed an up- regulation of both CCR6 and CCL20 in the enthesis of IL- 23 MC– treated mice, which 
was confirmed in human biopsy specimens. Specific targeting of the CCR6/CCL20 axis with a CCL20 locked dimer 
(CCL20LD) blocked entheseal inflammation, leading to profound reductions in clinical and proinflammatory markers 
in the joints and skin of IL- 23 MC– treated mice. The stromal compartment in the tendon was the main source of 
CCL20 in this model and, accordingly, in vitro activated human tendon cells were able to produce this chemokine and 
to induce CCR6+ T cell migration, the latter of which could be blocked by CCL20LD.

Conclusion. Our study highlights the pathogenic role of the CCR6/CCL20 axis in enthesitis and introduces the 
prospect of a novel therapeutic approach for treating patients with PsO and PsA.

INTRODUCTION

Psoriatic arthritis (PsA) is a chronic inflammatory arthritis 
affecting up to one- third of individuals with psoriasis (PsO) (1). 
Current treatments aim to control aberrant inflammation in both 
skin and joints by targeting inflammatory cytokines. Blockade 
of tumor necrosis factor (TNF), interleukin- 17A (IL- 17A), and  
IL- 23 have been remarkably successful in treating skin PsO, with 
~80% of PsA patients achieving 75% improvement according 

to the Psoriasis Area and Severity Index (PASI) (2,3), while only 
60% of patients with PsA achieve a clinically meaningful improve-
ment according to the American College of Rheumatology 20% 
improvement criteria (1,4– 6). Furthermore, their use is restricted 
by their side effect panel, with an increased susceptibility to infec-
tions (7), and the development of neutralizing antibodies (8). There 
is therefore a clear need for novel therapeutics targeting both skin 
and joint inflammation with greater selectivity, fewer side effects, 
and longer periods of clinical remission.
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Recent findings have underscored the role of the IL- 23/  
IL- 17 axis as a key player in PsO and PsA (9). In the skin, IL- 23 
is essential for the differentiation and maintenance of Th17 cells 
(10) contributing to the activation of keratinocytes (11), recruit-
ment of neutrophils, and perpetuating dysregulated cytokine/
chemokine production (12). In PsA, synovial IL- 23 expression 
is associated with higher indexes of disease severity (13), and 
the neovascularity of the tissue correlates with the recruitment 
of pathogenic IL- 23/IL- 17– producing CD4+ T cells into the joints 
(14). Furthermore, the enthesis, an important site of inflamma-
tion in PsA that is represented by the connective tissue linking 
tendons and ligaments with bones, has been shown to contain 
populations of IL- 23 receptor (IL- 23R)– expressing cells capable 
of producing IL- 17, including γδ T cells and innate lymphoid cells 
(ILCs) (15– 17).

Chemokines represent a superfamily of immunomodulatory 
small protein molecules that regulate leukocyte migration to inflam-
matory sites through their chemoattractant properties. The CCR6/
CCL20 axis is a prominent immune modulator in both innate and 
adaptive immune responses of a wide range of inflammatory 
disorders (18). CCL20 is produced by epithelial and endothelial 
cells, peripheral blood mononuclear cells (PBMCs), Th17 cells, 
and neutrophils, whereas CCR6 is expressed in Th17 and Treg 
cells, memory T cells, B cells, and dendritic cells (19,20). Both 
CCR6 and CCL20 are strongly induced by retinoic acid receptor– 
related orphan nuclear receptor γt (21), a critical transcription 
factor for Th17 differentiation. Importantly, CCR6 and CCL20 are 
expressed at significantly higher levels in lesional psoriatic skin, 
and CCR6 expression is increased on circulating PBMCs from 
PsO patients compared to healthy donors (22). While CCL20 syn-
ovial fluid levels have been shown to correlate with markers of 
PsA disease activity (13), there remains a paucity of mechanistic 
investigation into the CCR6/CCL20 axis in PsA and, particularly, in 
its role at the enthesis.

We previously manipulated the monomeric wild- type CCL20 
sequence such that the resulting protein adopted a locked 
dimeric structure that is similar to spontaneous dimers of CCL20 
that occur in nature (23). The resulting dimeric molecule, CCL20 
locked dimer (CCL20LD), binds CCR6 with physiologic affinity but 
blocks chemotactic activity of the natural CCL20 and was able to 
ameliorate psoriasiform dermatitis (PsD) in an IL- 23 intradermal 
injection mouse model.

To further explore the potential for CCR6/CCL20 as a thera-
peutic target for PsO and PsA, we tested the efficacy of CCL20LD 
in an IL- 23– dependent model of skin and entheseal inflammation 
in the autoimmune- prone strain of B10.RIII mice (16,24). In this 
study, we demonstrate that CCL20LD not only reduces IL- 23– 
mediated skin inflammation but also attenuates entheseal and 
synovial inflammation. Importantly, we show that the CCR6/
CCL20 axis is highly enriched in tendon tissue and mediates the 
recruitment of inflammatory cells into the entheseal site.

PATIENTS AND METHODS

Human tissue collection and preparation. All proce-

dures and protocols were approved by the NHS West of Scot-

land Ethics Committee (REC14/WS/1035). Informed consent was 

obtained from all patients according to standard procedures.

Tendon samples were collected from patients with PsA who 

were undergoing shoulder surgery. Tissues were immediately 

fixed in 4% formalin for a minimum of 24 hours and then embed-

ded in paraffin. Healthy human tendon stromal cells or tenocytes 

were explanted from hamstring tendons of patients undergoing 

anterior cruciate ligament reconstruction.

Mice. The therapeutic effects of CCL20LD were exam-

ined in vivo with an IL-23 minicircle DNA (IL-23 MC) model. 

Female B10.RIII- H2r H2- T18b/(71NS)SnJ mice that were 8– 10 

weeks of age were purchased from The Jackson Laboratory 

(Bar Harbor, ME). Mice were acclimatized for 1 week before any 

treatments and housed in the same animal vivarium. All ani-

mal experiments were performed under protocols (no. 20960) 

approved by the Institutional Animal Care and Use Committee 

at the University of California, Davis.

CCL20LD treatment. CCL20LD (provided by Xlock Bio-

sciences, LLC, Muskego, WI) was expressed and purified as 

previously described (23). Protein purity was determined by mass 

spectrometry, and biologic function was confirmed by the inhibition 

of wild- type CCL20– dependent migration of CCR6- transfected 

Jurkat cells in a Transwell chemotaxis assay.

In the therapeutic model, mice received intraperitoneal (IP) 

injection of 20 µg (~1 mg/kg) or 100 µg (~5 mg/kg) once daily in 

200 µl phosphate buffered saline (PBS) starting on day 7 after IL- 23  

MC delivery. To create a preventative model, mice received IP 

injections of 20 µg (~1 mg/kg) CCL20LD once daily dissolved in 

200 µl PBS starting on day 0. More detailed experimental proce-

dures are described in the Supplementary Methods (available on 

the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.

com/doi/10.1002/art.41882/ abstract).

Statistical analysis. Results are expressed as the  

mean ± SEM for continuous variables. Data were analyzed 

using GraphPad Prism version 6 and SAS version 9.4. Student’s 

unpaired 2- tailed t- test was used to compare 2 groups, and 

one- way analysis of variance (ANOVA) with Dunnett’s post hoc 

test was used for multiple comparisons unless otherwise indi-

cated. Given the relatively small sample size of mice, Cohen’s d 

coefficient was calculated to assess the effect size before using 

parametric tests. Clinical associations were analyzed using 

Wilcoxon’s rank sum test or Spearman’s rank correlation test. 

P values less than 0.05 were considered significant.

http://onlinelibrary.wiley.com/doi/10.1002/art.41882/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41882/abstract


ROLE OF CCR6/CCL20 AXIS IN ENTHESIS |      2273

RESULTS

Elevated CCR6/CCL20 expression in patients with 
PsA. In order to assess the contribution of CCR6 and CCL20 to 
PsA pathogenesis, we first measured CCL20 levels in serum and 
synovial fluid (SF) from PsA patients and compared them to those 
of healthy controls and individuals with osteoarthritis (OA). While 
serum CCL20 levels were comparable among healthy controls 
and PsA patients, SF levels were significantly increased in PsA 
patients compared to the OA group (Figure 1A). We also found 
that among PsA patients, CCL20 levels were higher in SF than in 
peripheral blood, with a significant correlation observed between 
CCL20 SF levels and bone erosions or the use of nonsteroidal 
antiinflammatory drugs (NSAIDs) (Supplementary Tables 1 and 2, 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41882/ abstract).

We then screened for the presence of multiple chemokines 
and cytokines in SF. As expected, levels were higher in PsA as com-
pared to OA patients (Figures 1B and C and Supplementary Table 3, 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41882/ abstract). It 
was striking, however, that the fold change in CCL20 in PsA ver-
sus OA patient samples was the highest among all 17 mea sured 

chemokines (Figure 1D). Moreover, in PsA patients, the intensity of 
CCL20 was positively correlated with IL- 6 (Figure 1E). No significant 
correlations were observed between the levels of CCL20 and any 
other cytokines/chemokines listed in Figure 1C (data not shown).

Based on the presence of high levels of CCL20 in joint fluids 
from PsA patients, we next assessed the presence of CCR6+ cells 
in synovial tissues. We observed CCR6+ cells in synovial mem-
branes from both healthy subjects and PsA patients, with staining 
in vessels, infiltrating immune cells, and stromal cells (Figure 1F). 
Thus, both CCL20 and its receptor CCR6 are locally expressed 
at high levels in PsA patients, suggesting a potential role for this 
pathway in its pathogenesis.

Elevated CCR6/CCL20 expression in IL- 23 MC– treated  
mice. We next investigated whether CCR6 and CCL20 expres-
sion was similarly increased in the IL- 23 MC mouse model that 
recapitulates the clinical and immunologic features of both PsO 
and PsA (25,26). IL- 23 MC– injected mice showed a significant 
elevation of IL- 23 in serum as early as 24 hours after delivery (Sup-
plementary Figure 1A, http://onlin elibr ary.wiley.com/doi/10.1002/
art.41882/ abstract). Four days after IL- 23 MC treatment, skin 

Figure 1. CCR6/CCL20 expression in patients with psoriatic arthritis (PsA). A, Quantification of CCL20 by enzyme- linked immunosorbent 
assay in serum from healthy controls (HC) (n = 19) and PsA patients (n = 19), and in synovial fluid (SF) from patients with osteoarthritis (OA) 
(n = 14) and those with PsA (n = 31). B– D, Representative image of cytokine array showing the expression profile of 80 chemokines/cytokines 
(B), heatmap showing expression of chemokines and cytokines (normalized by Z- score for each protein) (C), and quantification of the relative 
fold change in normalized signal intensity of chemokines (D) in SF from patients with OA and those with PsA (n = 6). In A and D, symbols 
represent individual subjects; horizontal lines show the mean. E, Analysis of correlations between the normalized signal intensity of CCL20 and 
interleukin- 6 (IL- 6) using Spearman’s rho correlation coefficients. F, Immunohistochemical staining for CCR6 in the synovial membrane (SM) 
from PsA patients and healthy controls. Original magnification × 10; original magnification in insets × 40. * = P < 0.05; ** = P < 0.01; *** = P < 
0.001, by Mann- Whitney U test for serum samples in A, and by Student’s 2- tailed t- test in D. IFNγ = interferon- γ; TNF = tumor necrosis factor; 
VEGF = vascular endothelial growth factor; OPG = osteoprotegerin; G- CSF = granulocyte colony- stimulating factor.

http://onlinelibrary.wiley.com/doi/10.1002/art.41882/abstract
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erythema and hind paw inflammation were visible, and by day 
7, both hind and front paws were involved. Typical features of 
PsO (scaling, redness, and edema) and PsA (swollen paws) were 
observed for >3 weeks (Supplementary Figures 1B and C).

Our previous study suggested that γδ T cells were the pre-
dominant cell type expressing CCR6 in murine models of PsO 
(27). On day 7, IL- 23 MC delivery led to increased percentages 
and absolute numbers of γδ T cells expressing CCR6 into the ear 
skin, cervical skin draining lymph nodes, ankle joints, and popliteal 
lymph nodes (Figures 2A– E and Supplementary Figure 2A, http://
onlin elibr ary.wiley.com/doi/10.1002/art.41882/ abstract). Consis-
tently, γδ T cells from IL- 23 MC– treated mice had higher mean 
fluorescence intensity of CCR6 expression (Supplementary 
Figure 2B, http://onlin elibr ary.wiley.com/doi/10.1002/art.41882/ 
abstract). It should be noted that there are 2 distinct subsets of 
γδ cells in mice skin in terms of the amount of T cell receptors 
present on their surface, γδ high– expressing (γδ- high) T cells (also 
known as dendritic epidermal T cells [DETCs]) and γδ- low T cells 
(28). We have previously shown that γδ- low T cells account for 
the majority of IL- 17A production and are required for the devel-
opment of maximal skin inflammation in an IL- 23 injection model 
of psoriasiform dermatitis (29). Consistent with this, our data 
show that γδ- low T cells, as opposed to γδ- high T cells, were 

the major cell population expressing CCR6 in ear skin from IL- 23 
MC– injected mice.

Polymerase chain reaction analysis further confirmed signifi-
cant up- regulation of Ccr6 and Ccl20 expression in both ear skin 
and hind paw tissue from IL- 23 MC– treated mice (Figure 2F). Thus, 
systemic induction with IL- 23 MC resulted in an up- regulation of 
CCR6 and CCL20 in both skin and joints.

Attenuation of IL- 23 MC– mediated skin inflamma-
tion by CCL20LD. We then tested the efficacy of CCL20LD in 
preventing psoriatic inflammation in the IL- 23 MC model, with daily 
IP injections of either 20 µg CCL20LD or vehicle being adminis-
tered for 7 consecutive days (Supplementary Figure 3A, http://
onlin elibr ary.wiley.com/doi/10.1002/art.41882/ abstract). Within 7 
days of initiation, vehicle- treated mice developed remarkable ery-
thema, desquamation, and induration (Supplementary Figure 3B), 
whereas CCL20LD- treated mice developed significantly less 
skin inflammation. This was assessed clinically, with CCL20LD- 
treated mice showing a nearly 50% reduction in ear thickness and 
Psoriasis Severity Index (PSI) score, and histologically, showing 
a 54% reduction in epidermal thickness and a 62% reduction 
in Munro microabcesses (Supplementary Figures 3C and D). In 
keratinocytes, CCL20LD treatment resulted in reduced nuclear 

Figure 2. CCR6/CCL20 expression in interleukin- 23 minicircle DNA (IL- 23 MC)– treated mice. A– D, Representative gating strategy of flow 
cytometry, showing γδ- low T cells expressing CCR6 in ear skin (A), and γδ T cells expressing CCR6 in the cervical skin draining lymph node 
(cLN) (B), ankle joint (C), and popliteal lymph node (pLN) (D). E, Absolute numbers of CCR6+ γδ T cells per sample of ear skin, cervical skin 
draining lymph node, ankle joint, and popliteal lymph node. F, Expression of Ccr6 and Ccl20 in ear skin and hind paw tissue. Bars show the 
mean ± SEM (n = 4 mice per group). Data are representative of 2 independent experiments. * = P < 0.05; ** = P < 0.01; *** = P < 0.001, by 
Student’s 2- tailed t- test. GFP = green fluorescent protein. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.
wiley.com/doi/10.1002/art.41882/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41882/abstract
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staining of Ki- 67 and phospho- STAT3 (Supplementary Figure 3E). 
Flow cytometric analysis revealed marked reductions in CD45+ 
leukocytes, CCR6+ γδ- low T cells, and neutrophils (Supplemen-
tary Figure 3F). Gene expression of PsO- associated cytokines 
including Il17a, Il17f, Il22, Il6, and S100a8 was also suppressed 
by CCL20LD (Supplementary Figure 3G).

We next assessed whether CCL20LD could block estab-
lished skin disease in a therapeutic manner. Beginning on day 7 
following IL- 23 MC injection, mice were treated daily with vehicle 
alone, 20 µg of CCL20LD, or 100 µg of CCL20LD for 7 additional 
days (Figure 3A). Mice treated with the higher dose developed sig-
nificantly less scaling and erythema (Figure 3B) and had a nearly 
50% reduction in ear thickness and clinical PSI score (Figure 3C). 
Histologically, both CCL20LD treatment groups exhibited reduc-
tions in epidermal thickness and profoundly decreased numbers 
of Munro microabcesses (Figure 3D). CCL20LD treatment damp-
ened the increased nuclear staining of Ki- 67 and phospho- STAT3 
in a dose- dependent manner (Figure 3E). Flow cytometric anal-
ysis showed a reduction in the infiltration of CD45+ leukocytes, 
CCR6+ γδ T cells, and neutrophils (Figure 3F). Although not sta-
tistically significant, mice receiving high- dose treatment exhibited 

down- regulation of Ccr6 and Ccl20 expression (Supplementary 
Figure 4A, http://onlin elibr ary.wiley.com/doi/10.1002/art.41882/ 
abstract). Similar trends were seen in the expression profiles of 
cytokine transcripts such as Il17a, Cxcl1, Cxcl2, Il6, and S100a9. 
A significant reduction was observed in the expression of Il1b and 
S100a8 in the group with high- dose treatment (Supplementary 
Figure 4B). We further performed immunohistochemical staining of 
CD4, CD8, and F4/80. In contrast to CCR6+ γδ T cells and neutro-
phils, the infiltration of CD4+ T cells, CD8+ T cells, and F4/80 mac-
rophages was not reduced by CCL20LD treatment, which may 
contribute to the sustained levels of some cytokines (Supplementary 
Figure 5, http://onlin elibr ary.wiley.com/doi/10.1002/art.41882/ 
abstract). Thus, we determined that CCL20LD suppresses the 
clinical, histologic, and molecular features of IL- 23– mediated der-
matitis in a preventative, therapeutic, and dose- dependent manner.

Attenuation of IL- 23 MC– mediated joint inflam-
mation by CCL20LD. Above, we demonstrated that IL- 23 
MC delivery resulted in significantly swollen hind paws by day 7  
following delivery of IL- 23 MC (Supplementary Figure 1, http://
onlin e libr ary.wiley.com/doi/10.1002/art.41882/ abstract). When 

Figure 3. CCL20 locked dimer (CCL20LD) ameliorates IL- 23 MC– mediated psoriasiform dermatitis in a therapeutic manner. A, Schematic 
illustration of experimental protocols. B10.RIII mice were treated with phosphate buffered saline (PBS) vehicle or CCL20LD at a dose of 20 µg or 
100 µg for 7 consecutive days beginning on day 7 after MC was delivered. B and C, Photographs of the ear of a representative mouse in each 
treatment group (B) and time course of ear thickness and Psoriasis Severity Index (PSI) score (C). D, Hematoxylin and eosin– stained sections 
of ear tissue from a mouse in each group (bar = 50 μm) and histologic analysis of epidermal thickness and number of microabcesses. E, 
Immunohistochemical staining of Ki- 67 and phospho- Stat3 in tissue sections from a mouse in each group. Bar = 50 μm; original magnification 
× 20. Inset, higher-magnification view (25:1 ratio). F, Absolute numbers of CD45+ leukocytes, γδ- low T cells expressing CCR6, and neutrophils 
as determined by flow cytometry. Bars show the mean ± SEM (n = 4 mice per group). Data are representative of 2 independent experiments. * = 
P < 0.05; ** = P < 0.01; *** = P < 0.001 versus the IL-23 MC + vehicle–treated group, by two- way analysis of variance (ANOVA) with Bonferroni 
correction in C and by one- way ANOVA with Dunnett’s post hoc test in D and F. IP = intraperitoneal (see Figure 2 for other definitions).
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treated with preventative administration of CCL20LD, we observed 
a 60% reduction in the incidence of arthritis and a 95% reduction 
in severity (Supplementary Figures 6A and B, http://onlin elibr ary.
wiley.com/doi/10.1002/art.41882/ abstract). Synovial hyperplasia 
and inflammation were profoundly attenuated, with a reduction in 
synovial neutrophilic infiltration (Supplementary Figures 6C and D). 
The increased expression of Tnfsf11(RANKL), but not of Tnfrsf11b 
(Opg), in paw tissue from IL- 23 MC– treated mice was also sup-
pressed by CCL20LD (Supplementary Figure 6E). In contrast to 
the partial reduction in proinflammatory markers in skin, CCL20LD 
treatment resulted in a >75% reduction in all measured proinflam-
matory markers in the paw tissues, including Il17a, Tnf, Il6, and 
Il1b (Supplementary Figure 6F).

In the therapeutic model, mice treated with CCL20LD had 
clinically ameliorated joint inflammation, with greater improvement 
seen in the high- dose group than in the low- dose group (60% 
versus 50% reduction in paw swelling score) (Figures 4A and B). 
Histologically, IL- 23– induced joint swelling was characterized by 
pannus formation with destruction of articular surfaces, which 
was milder in the low- dose group and nearly absent in the high- dose 
group (Figure 4C). Accordingly, a significant reduction in histologic 
score was observed in the CCL20LD- treated group (Figure 4D). 
In the paw tissue, the reduced inflammation was corroborated 
by a reduction in synovial neutrophilic infiltration (Supplementary 

Figure 7, http://onlin elibr ary.wiley.com/doi/10.1002/art.41882/ 
abstract) and decreased metabolic activity as demonstrated by 
lower 18F- fluorodeoxyglucose uptake as observed on positron 
emission tomography/computed tomography scans (Figure 4E). 
Expression of Ccr6 and Ccl20 was down- regulated in mice 
treated with CCL20LD (Supplementary Figure 8, http://onlin elibr 
ary.wiley.com/doi/10.1002/art.41882/ abstract), and a  similar trend 
was observed in the expression of other genes involved in bone 
and tissue erosion (RANKL, Mmp9, and Ctsk) (30) and inflamma-
tion (Il17a, Il1b, Il6, and Tnf) (Figure 4F).

We then compared the therapeutic effect between CCL20LD 
and anti– IL- 17A antibody, a biologic agent that has previously 
demonstrated a high level of efficacy in treating PsO and PsA 
(2,31). Mice treated with CCL20LD at a daily dosage of 100 μg 
exhibited a better therapeutic effect on ear inflammation com-
pared to those receiving 100 µg anti– IL- 17A antibodies every 
other day, as measured by lower ear thickness, PSI score, and 
decreased infiltration of neutrophils and CCR6+ γδ- low T cells 
(Supplementary Figures 9A– D, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41882/ abstract). Treatment with CCL20LD 
and anti– IL- 17A antibodies both resulted in significant improve-
ment of IL- 23– mediated joint inflammation, as evidenced by 
decreased inflammation score, less cellular infiltrates in ankle 
joints, and suppressed transcripts of IL- 17A, IL- 1β, IL- 6, and TNF 

Figure 4. CCL20 locked dimer (CCL20LD) ameliorates IL- 23 MC– mediated joint inflammation in a therapeutic manner. A, Photographs of the 
front and hind paw of a representative mouse in each treatment group. B10.RIII mice were treated with phosphate buffered saline (PBS) vehicle or 
CCL20LD at a dose of 20 µg or 100 µg for 7 consecutive days beginning on day 7 after IL- 23 MC was delivered. B, Time course of paw inflammation 
score. C, Hematoxylin and eosin– stained sections of paw tissue for histologic evaluation of disease severity (bar = 200 μm). D, Histologic scores 
of disease severity in the ankle joints. E, Maximum- intensity projections of 18F- fluorodeoxyglucose– positron emission tomography (18F- PET) images 
showing a representative mouse in each treatment group (top left), with enlarged images of the hind paw of these 2 mice (top right). The pseudo- color 
in PET indicates higher glucose metabolism, hence the increased cellular metabolic activity. Quantification of joint disease, using the standardized 
uptake maximum value (SUVmax) based on body weight (BW) in the hind paw of mice in each group is shown (bottom right). F, Relative expression of 
genes for osteoclastogenesis- related markers and proinflammatory cytokines in the paw tissue. Bars show the mean ± SEM (n = 4 mice per group). 
* = P < 0.05; ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001 versus the IL-23 MC + vehicle–treated group, by two- way ANOVA with Bonferroni
correction in D, by Student’s 2-tailed t- test in E, and by one- way ANOVA with Dunnett’s post hoc test in F. See Figure 2 for other definitions.
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(Supplementary Figures 9E– H). Collectively, our findings showed 
that CCL20LD treatment led to profound reductions in all meas-
ured clinical and proinflammatory markers in the joints of IL- 23 
MC– treated mice in both preventative and therapeutic settings.

Attenuation of IL- 23– mediated enthesitis by 
CCL20LD. To understand the potential role of the CCR6/CCL20 
axis in enthesitis, we first assessed CCR6 expression in human 
tendon tissue. In healthy tissue, CCR6 staining localized on ves-
sels in the para- tendon tissue, with some tenocytes showing 
CCR6 cytoplasmic staining. In tendon tissue from PsA patients, 
CCR6 staining increased with the cell infiltrate and numerous 
CCR6+ cells were observed throughout the tendon (Figure 5A).

We next assessed the involvement of the enthesis in IL- 23 
MC– treated mice, observing an increased percentage and abso-
lute number of CCR6+ γδ T cells in the Achilles tendon from 
IL- 23 MC– treated mice (Figure 5B). Strikingly, 50-  and 1,000- 
fold increases in Ccr6 and Ccl20 expression were found in the 
tendons of IL- 23 MC– treated mice, respectively (Figure 5C), 

significantly higher than those observed in the paw tissue overall. 
Of note, expression of Ccl20 in CD45− cells was 6- fold higher 
than in CD45+ cells (Figure 5D). The up- regulation of Ccl20 
was accompanied by dramatic elevations in several inflamma-
tory mediators in the Achilles tendon such as Il23r, Il17a, Il22, Il6, 
Il1b, and Tnf (Supplementary Figure 10, http://onlinelibrary.wiley.
com/doi/10.1002/art.41882/abstract). In line with these transcrip-
tional changes, IL- 23 MC– treated mice also exhibited histologic 
findings of enthesitis, such as the infiltration of leukocytes in and 
adjacent to the Achilles tendon and synovio– entheseal complex 
(Figure 5E and Supplementary Figure 11, http://onlinelibrary.wiley.
com/doi/10.1002/art.41882/abstract).

No obvious calcaneal erosion was found in IL- 23 MC– 
injected mice treated with vehicle or CCL20LD (Supplementary 
Figure 12, http://onlin elibr ary.wiley.com/doi/10.1002/art.41882/ 
abstract). These histologic changes, together with accumu-
lation of Gr- 1– positive neutrophils, were markedly attenuated 
by CCL20LD treatment (Supplementary Figure 13, http://onlin e  
li br ary.wiley.com/doi/10.1002/art.41882/ abstract). Consistent with 

Figure 5. CCL20 locked dimer (CCL20LD) attenuates interleukin- 23 minicircle DNA (IL- 23 MC)– mediated enthesitis in patients with psoriatic 
arhritis (PsA) and in mouse models of PsA. A, Immunohistochemical staining for CCR6 in tendon tissue from PsA patients and healthy donors. 
Original magnification × 40. B, Representative results from intracellular staining for CCR6 in the tendon tissue from mice in each treatment group, 
and flow cytometry results showing the percentage and absolute counts of CCR6+ γδ T cells and mean fluorescence intensity (MFI) of staining 
for CCR6 on γδ T cells. C, Relative expression of Ccr6 and Ccl20 in Achilles tendons from mice treated with green fluorescent protein (GFP) 
MC or IL- 23 MC on day 7 after gene delivery. D, Relative expression of Ccl20 in CD45+ and CD45− cells in Achilles tendons from mice treated 
with IL- 23 MC. E, Hematoxylin and eosin– stained sections of mouse tendon tissue showing enthesis. Mice were treated with either GFP MC + 
vehicle, IL- 23 MC + vehicle, or IL- 23 MC + 100 µg CCL20LD (bar = 100 μm), according to the same protocol as described in Figure 3A. Enthesitis 
scores were lower in the IL- 23 MC– injected group treated with CCL20LD than in the IL-23 MC–injected group treated with vehicle. F, Relative 
expression of genes for proinflammatory markers in Achilles tendons from IL- 23 MC– injected mice treated with either vehicle or CCL20LD. Bars 
show the mean ± SEM (n = 3– 6 mice per group). * = P < 0.05; ** = P < 0.01, by Student’s 2- tailed t- test. TCRγδ = T cell receptor γδ.
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these findings, expression of Ccr6 and Ccl20 as well as other 
proinflammatory markers were suppressed in the tendons of mice 
therapeutically treated with CCL20LD following establishment of 
enthesitis (Figure 5F). These results suggest an important role 
of the stromal compartment in the tendon in the production of 
CCL20 and show that CCL20LD blockade dampens this inflam-
matory response in the entheses following IL- 23 MC induction.

Human tenocytes produce CCL20 upon activation 
with IL- 1β. Because our data in the IL- 23 MC mouse model sug-
gest that tendon stromal cells were the main producers of CCL20 in 
this model, we wondered if activated human tendon stromal cells, 
also known as tenocytes, could be capable of producing CCL20. 
To evaluate this, we stimulated healthy tenocytes with IL- 1β, an 
inflammatory cytokine that has been involved in sterile inflammation 

(32) and has been shown to be increased in animal models of ten-
don injury and exercise (33). We observed a striking up- regulation 
of CCL20 expression (2−△Ct 3.825 × 10−6 ± 1.387× 10−6 ver-
sus 0.001701 ± 0.0004745; fold change 680.5 ± 215.2; n = 5) 
(P < 0.0001) and significant increases in CCL20 protein in super-
natants of activated tenocytes (mean ± SEM 1.048 ± 0.5658 pg/
ml versus 481.8 ± 84.26 pg/ml; n = 13) (P < 0.0001) (Figure 6A).

We next assessed the capacity of conditioned medium 
from tenocytes activated with IL- 1β to induce the migration 
of T cells using a Transwell assay. After 4 hours, we observed 
increased migration of CCR6+ cells (mean ± SEM 20.39% ± 2.9 
with medium alone, 20.56% ± 2.6 with unstimulated tenocytes, and 
24.77% ± 3.1 with activated tenocytes) and increased migration 
of CCR6+CD161+ cells (mean ± SEM 11.1% ± 1.99 with medium 
alone, 11.59% ± 1.89 with unstimulated tenocytes, and 14.66%  

Figure 6. Human tenocytes produce CCL20 upon stimulation with IL- 1β. A, Tendon stromal cells (Ten) from healthy donors were stimulated 
with IL- 1β (1 ng/ml) for 4 hours for quantitative polymerase chain reaction analysis of CCL20 gene expression, or stimulated for 18 hours 
for analysis of CCL20 protein expression by enzyme-linked immunosorbent assay in the supernatants. B and C, CD3+ cells from peripheral 
blood of healthy donors were preactivated overnight with CD3 and CD28 antibodies in a Transwell system, and conditioned medium alone, 
conditioned medium cultured with unactivated tenocytes, or conditioned medium cultured with IL-1β–activated tenocytes was added into the 
Transwells. After 4 hours, cells that migrated to the lower chamber were analyzed by flow cytometry. Representative fluorescence- activated cell 
sorting plots show the percentage and number of CCR6+ or CCR6+CD161+ cells among total CD3+ live cells (B), and the percentage and 
number of CCR6+ or CCR6+CD161+ cells compared to other cell subsets under each Transwell condition (C). D, Migration of CCR6+ Jurkat 
cells toward conditioned medium alone, conditioned medium cultured with unactivated tenocytes, conditioned medium cultured with IL- 1β–
activated  tenocytes, or conditioned medium cultured with IL- 1β– stimulated tenocytes in the presence of CCL20LD (100 ng/ml) was assessed. 
Bars show the mean ± SEM. Data are representative of 3 independent experiments. * = P < 0.05; ** = P < 0.01; *** = P < 0.001; **** = P < 
0.0001, by Student’s paired t- test (left) or by Wilcoxon’s signed rank test (right) in A, and by one- way analysis of variance with Dunnett’s post 
hoc test in C and D. See Figure 5 for other definitions.
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± 2.48 with activated tenocytes) toward conditioned medium from 
tenocytes, particularly if they had been previously activated (Fig-
ures 6B and C). While migration was not vigorous, it should be 
noted that ~30% of the unsorted T cells used in these assays 
expressed CCR6 (data not shown), thus limiting the migration 
response that could be detected.

We therefore performed chemotaxis assays with a human 
Jurkat T cell line that does not overexpress CCR6 and a retro-
virally transduced CCR6- overexpressing (CCR6+) Jurkat T cell 
line (23) (Supplementary Figure 14A, http://onlin elibr ary.wiley.
com/doi/10.1002/art.41882/ abstract). Only CCR6+ Jurkat cells 
but not nontransduced Jurkat cells responded to CCL20 in a 
dose- dependent manner (Supplementary Figure 14B). Compared 
to medium from unstimulated tenocytes, medium from stimu-
lated tenocytes attracted more migration of CCR6+ Jurkat cells, 
which was totally blocked by 100 ng/ml CCL20LD (Figure 6D). 
Such increased chemotaxis by media from stimulated tenocytes 
and further inhibition by CCL20LD was not observed when using 
CCR6– Jurkat cells (Supplementary Figure 14C). Taken together, 
these findings demonstrate that stromal cells in human tendons 
are able to produce chemotactically active CCL20 in response to 
inflammatory stimuli and damage, resulting in enhanced recruit-
ment of CCR6+ cells in vitro and, possibly, into the tendon in vivo.

DISCUSSION

Strategies to target chemokines and their respective recep-
tors are extremely attractive to reduce the burden of chronic 
inflammatory diseases. Among the ~20 known chemokine recep-
tors, the CCR6/CCL20 pair particularly has been associated with 
Th17- dominant immune activity (34). We have previously shown in 
an experimental model of human PsO involving local intradermal 
injection of IL- 23 that CCR6 is essential for the epidermal traffick-
ing of IL- 17/22– producing cells (29) and that CCR6- deficient and 
anti- CCL20 monoclonal antibody– treated mice are resistant to the 
development of PsD (27,35). In accordance with this, treatment 
with CCL20LD led to a partial reduction in IL- 23– mediated skin 
inflammation in both the preventative and therapeutic models in 
the current work.

In addition to PsO, where CCR6 has long been proposed as 
a target for therapy (34), emerging data also suggest that CCR6/
CCL20 signaling is involved in the pathology of other inflammatory 
rheumatic diseases such as rheumatoid arthritis (RA). In patients 
with RA, increased numbers of CCR6+ T cells have been found 
in the circulation as well as in inflamed joints (36). Synoviocytes 
from arthritic joints of both mice and humans were found to pro-
duce large quantities of CCL20 (21). Furthermore, administra-
tion of blocking antibodies to CCL20 inhibited experimental joint 
inflammation in a collagen- induced arthritis model (21). Indeed, 
a CCL20-neutralizing antibody (GSK3050002) with a high bind-
ing affinity to human CCL20 has been used in a first- in- humans 
study to show selective blockade of CCR6+ cells in a suction 

blister model without significant safety concerns (37), suggest-
ing that a blocking antibody– based approach may be possible in 
humans. In contrast to this approach to CCR6/CCL20 blockade, 
CCL20LD only differs by 1 internal amino acid residue from the 
natural chemo kine, and thus is likely to be resistant to the devel-
opment of anti drug antibodies that lead to loss of therapeutic effi-
cacy with many antibody- based therapeutics (38).

In the current study, we showed that CCL20LD and anti– IL- 
17A antibodies had similar therapeutic effects on IL- 23– mediated 
skin and joint inflammation. Th17 cells are important mediators 
of immune responses against extracellular bacteria and fungi, 
and, as such, play critical regulatory roles in maintaining mucosal 
homeo stasis (39). For example, mice deficient in IL- 17A or IL- 
17RA are more vulnerable to local infection of Candida albicans, 
but CCR6- deficient mice exhibit similar resistance to C albicans 
compared to wild-type mice (40). Further studies are warranted 
to evaluate CCR6- targeted therapy in terms of risk for infection.

Though the significance of Th17 cells in PsA was identified a 
decade ago, the cellular and molecular mechanisms of enthesitis 
in spondyloarthritis, including PsA, remain largely unknown (41). 
Recent studies have provided evidence for the role of mechanical 
stress in the pathogenesis of arthritis (42). Mechanical stress in 
the enthesis, areas where tendons and ligaments attach to bones 
and therefore are responsible for the transmission of mechanical 
forces from the muscle to the bone (43), could trigger the devel-
opment of a chronic immune response in individuals with a certain 
genetic background. This fact, taken together with the observa-
tion of increased local levels of CCL20, prompted us to interrogate 
whether the stromal compartment could be the source of CCL20. 
In the IL- 23 MC model, we found that CD45− cells exhibited 
higher CCL20 gene expression and that healthy human tenocytes 
were able to produce CCL20 in response to activation with IL- 1β, 
as previously reported for synovial fibroblasts (21). As our in vitro 
experiments suggest, tenocytes can then promote the migration 
of CCR6+ cells, such as γδ T cells or ILCs, that populate healthy 
entheses (15,17,44). In sum, we propose that tenocytes likely play 
a critical role in both initiation and perpetuation of enthesitis by 
locally regulating interactions of CCL20 and CCR6.

We have previously showed that CCR6- deficient mice on 
the C57BL/6J strain background were resistant to IL- 23– induced 
skin inflammation but exhibited no observed changes in the inci-
dence or severity of relatively mild joint inflammation compared to 
wild- type mice (45). It is, however, well known that the standard 
C57BL/6J strain of mice is relatively resistant to experimental auto-
immune arthritis (46), whereas others, such as the closely related 
B10.RIII strain, are much more prone to and have greater sever-
ity of induced arthritis (16,24). This susceptibility is associated 
with the major histocompatibility complex (MHC) allele, H2r, the 
T cell receptor V β8 chain, and other non- MHC loci (23,34). The 
 differences in the propensity to arthritis between different mouse 
strains led us to conduct our follow up studies using the B10.RIII 
strain and CCL20LD to more conclusively evaluate the role of 
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the CCR6/CCL20 axis in psoriatic joint inflammation. We found 
that the fold change in transcripts of CCR6 and CCL20 in paw 
tissue was higher in B10.RIII mice than that in C57BL/6J mice 
after delivery of the same dose of IL- 23 MC (mean ± SD fold 
change in C57BL/6J versus B10.RIII mice 1.59 ± 0.59 versus 
3.14 ± 1.03 for Ccr6, 10.69 ± 6.07 versus 22.40 ± 8.12 for Ccl20) 
(45), which may contribute to the discrepancy between our stud-
ies. Given the fact that the levels of CCL20 were highly elevated 
in the SF from PsA patients, we suggest that the results from   
B10.RIII mice will probably more closely mirror the response to 
CCR6/CCL20 blocking treatment in human patients.

The present study had some limitations, such as small sample 
size and heterogeneity of the recruited patients. Further studies with 
an enlarged sample size are necessary to comprehensively evaluate 
the profile of CCL20 in SF as well as its correlation with the clinical 
phenotype. Also, considering the higher dosage of IL- 23 MC we 
used (26), it is possible that the high levels of  IL- 23 made it difficult 
to reverse or improve some of the outcomes. Mouse models with 
different disease severity due to titration of IL- 23 MC, optimal dos-
ing, and route of administration of CCL20LD treatment need to be 
explored and warrant further optimization along with determination 
of the ability of this therapy to reverse or ameliorate bone destruction.

In summary, these data confirm the role of the CCR6/CCL20 axis 
in IL- 23/IL- 17– mediated skin and joint disease, but, perhaps most 
importantly, we could also bridge the role of CCR6 and CCL20 in 
entheseal disease as suggested by both human and murine study 
findings. In IL- 23 MC– driven entheseal and joint inflammation, an 
engineered variant of CCL20 reverses the histologic and molecular 
signs of inflammation, offering hope that targeting this pathway may 
be a new avenue for treating an unmet need in treating PsA.
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RNA Externalized by Neutrophil Extracellular Traps 
Promotes Inflammatory Pathways in Endothelial Cells
Luz P. Blanco,1  Xinghao Wang,1  Philip M. Carlucci,1  Jose Jiram Torres- Ruiz,1 Jorge Romo- Tena,2   
Hong- Wei Sun,1 Markus Hafner,1 and Mariana J. Kaplan1

Objective. Neutrophil extracellular traps (NETs) are extracellular lattices composed of nucleic material bound to 
neutrophil granule proteins. NETs may play pathogenic roles in the development and severity of autoimmune diseases 
such as systemic lupus erythematosus (SLE), at least in part, through induction of type I interferon (IFN) responses 
via externalization of oxidized immunostimulatory DNA. A distinct subset of SLE proinflammatory neutrophils (low- 
density granulocytes [LDGs]) displays enhanced ability to form proinflammatory NETs that damage the vasculature. 
We undertook this study to assess whether NET- bound RNA can contribute to inflammatory responses in endothelial 
cells (ECs) and the pathways that mediate this effect.

Methods. Expression of newly synthesized and total RNA was quantified in NETs from healthy controls and lupus 
patients. The ability of ECs to take up NET- bound RNA and downstream induction of type I IFN responses were 
quantified. RNAs present in NETs were sequenced and specific small RNAs were tested for induction of endothelial 
type I IFN pathways.

Results. NETs extruded RNA that was internalized by ECs, and this was enhanced when NET- bound nucleic acids 
were oxidized, particularly in lupus LDG– derived NETs. Internalization of NET- bound RNA by ECs was dependent on 
endosomal Toll- like receptors (TLRs) and the actin cytoskeleton and induced type I IFN–stimulated genes (ISGs). This 
ISG induction was dependent on NET- associated microRNA let- 7b, a small RNA expressed at higher levels in LDG- 
derived NETs, which acted as a TLR- 7 agonist.

Conclusion. These findings highlight underappreciated roles for small RNAs externalized in NETs in the induction 
of proinflammatory responses in vascular cells, with implications for lupus vasculopathy.

INTRODUCTION

Systemic lupus erythematosus (SLE) is an autoimmune syn-
drome characterized by development of autoantibodies that tar-
get nucleic acids or proteins binding to nucleic acids, pleiotropic 
clinical manifestations, immune complex (IC) deposition in various 
organs, and acute and chronic inflammation (1,2). Endogenous 
nucleic acids released during various forms of cell death have been 
considered important sources of autoantigens in SLE, leading to 
chronic stimulation of innate and adaptive immune responses. 
Recognition of self– nucleic acids by endosomal Toll- like recep-
tors (TLRs) on various immune cells is considered an important 
step in the pathogenesis of SLE, promoting autoantibody and 

IC formation and the production of type I interferons (IFNs), with 
pathogenic effects (3).

In addition to apoptosis and necrosis as putative sources of 
externalized nuclear autoantigens, there is another form of cell 
death whereby extracellular traps extruded by neutrophils con-
tain modified DNA. Dysregulation on formation and clearance 
of these neutrophil extracellular traps (NETs) may play impor-
tant roles in generating and exposing modified autoantigens to 
the immune system and in amplifying inflammatory responses in 
SLE and other autoimmune conditions (4). SLE is characterized 
by the presence of a distinct subset of proinflammatory neutro-
phils, low- density granulocytes (LDGs), endowed with enhanced 
capacity to form NETs (5,6) in a mitochondrial reactive oxygen 
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species (ROS)– dependent manner (7,8). Oxidation of genomic 
and mitochondrial DNA during NET formation amplifies immuno-
genicity of this nucleic acid and promotes type I IFN responses 
through engagement of the cyclic GMP- AMP synthase/stimulator 
of IFN genes (cGAS/STING) pathway (8,9). NETs also damage the 
endothelium and may play pathogenic roles in the development 
of vasculopathy and premature atherosclerosis characteristic of 
SLE (4,10).

While mitochondrial DNA and chromatin are present in NETs, 
it is unclear if additional nuclear components with potential immu-
nomodulatory capabilities become externalized and modified 
during this process, and the role that they may play in immune 
dysregulation and tissue injury. RNAs, particularly small RNAs, 
are increasingly described for their central roles in promoting 
cross- talk between cells and their immunomodulatory and proin-
flammatory activities (11). RNAs can be delivered to other cells 
inside microvesicles or exosomes and, following uptake, can reg-
ulate gene expression in target cells (12). Recently, RNAs present 
in NETs have been associated with perpetuation of inflammation 
and subsequent propagation of NET formation in psoriasis skin 
lesions (13), while NET- bound miR- 142 microRNA induces tumor 
necrosis factor expression by macrophages in vitro (14).

We hypothesized that NETs serve as carriers of RNAs 
that may regulate endothelial cell (EC) responses and that differen-
tial RNA expression in lupus NETs may induce exacerbated proin-
flammatory responses in the endothelium. To test this hypothesis, 
we assessed whether RNA present in NETs could be internalized 
by ECs. We also characterized differential expression of miRNAs 
in NETs from healthy controls and SLE patients and their effects 
on EC biology and type I IFN responses.

MATERIALS AND METHODS

Cell lines. Human aortic ECs (HAECs) (no. CC- 2535; 
Lonza) and human dermal microvascular ECs (no. 2543; Lonza) 
were seeded over gelatin- coated (no. G1890; Sigma- Aldrich) cell 
culture containers in MCDB 131 medium (no. 10372019; Gibco, 
ThermoFisher Scientific) or EBM- 2 Endothelial Cell Growth Basal 
Medium (no. CC- 3156; Lonza), containing an EGM- 2 Endothe-
lial SingleQuots kit (no. CC- 4176; Lonza). Cells were used after 
no more than 10 passages.

Isolation of neutrophils and NETs. Low-  and normal- 
density neutrophils were isolated from peripheral venous blood 
from SLE patients and healthy controls, as previously described 
(8,15). SLE patients met the American College of Rheumatol-
ogy revised criteria for this disease (16) and were enrolled in the 
study (National Institutes of Health [NIH] protocol no. 94- AR- 
0066). Healthy volunteers were recruited at the Blood Bank Clin-
ical Center (NIH). All subjects provided written informed consent. 
Neutrophils (2 × 106 cells/ml RPMI) were allowed to form spon-
taneous NETs for 1.5 hours at 37°C, followed by the addition 

of 10 units/ml RNase- free DNase (no. 00672727; ThermoFisher 
Scientific). Some of the NET preparations were induced in the 
presence of 5 µl 5- ethynyl uridine (5- EU) reagent from a Click- It 
RNA Alexa Fluor 488 Imaging kit (no. C10329; ThermoFisher 
Scientific) to label newly synthesized RNA. NETs were collected 
after 30 minutes and were further separated from cells by cen-
trifugation (5 minutes at 5,000 revolutions per minute), followed 
by filtering through 0.45- μm syringe filters to exclude whole cells 
(no. 6901- 2504; GE Healthcare Life Sciences). NET aliquots 
were stored at −80°C until used.

Immunofluorescence microscopy. Neutrophils were 
seeded onto chambered coverslips (no. 155383; Lab- Tek, Ther-
moFisher Scientific) at a density of 100,000 cells/ml and were 
allowed to attach for 1.5 hours, followed by fixation in 4% para-
formaldehyde overnight at 4°C. Cells were washed with phos-
phate buffered saline (PBS) and permeabilized with Triton X- 100    
0.2% for 10 minutes, and were then washed and incubated with 
Click- It reagent, according to the manufacturer’s instructions. 
Cells were blocked in 0.5% gelatin for 15 minutes and then incu-
bated with various primary nonconjugated antibodies followed 
by secondary fluorochrome-conjugated antibodies, after labeling    
with Click- It. Anti- human antibodies (all from Abcam) included 
LL- 37 mouse monoclonal antibody (1:250 dilution; no. ab80895), 
neutrophil elastase rabbit polyclonal antibody (1:500 dilution; no. 
ab21595), histone H2A rabbit polyclonal antibody (1:250 dilution; 
no. ab18255), and high mobility group box chromosomal protein 1 
(HMGB- 1) rabbit polyclonal antibody (1:250 dilution; no. 10829- 1- 
AP). Secondary fluorochrome-conjugated antibodies (all at 1:250 
dilution and from ThermoFisher Scientific) included Alexa Fluor 488 
donkey anti- mouse antibody (no. A- 21202) and Alexa Fluor 555 
and Alexa Fluor 488 donkey anti- rabbit antibody (nos. A- 32773 
and A- 21206). Hoechst 33342 (no. H3570; ThermoFisher Scien-
tific) was used at a 1:1,000 dilution to stain nuclear and extracellu-
lar DNA fibers, in conjunction with the secondary antibody.

For neutrophils and NETs, incubations were conducted 
overnight at 4°C for primary antibodies and for 2 hours at room 
temperature with the secondary antibodies and Hoechst. Pro-
Long Gold antifade reagent (no. P36930; ThermoFisher Scien-
tific) was used to mount the samples that were then imaged in a 
Zeiss LSM780 confocal microscope. Total protein measurement 
in NETs was performed using a BCA kit (no. 23225; ThermoFisher 
Scientific), with 50 μg/ml used per experiment. For ImageJ analy-
sis of microvesicles in NETs, images were examined using Adobe 
Photoshop software, and the setting Photoshop>filter>styl-
ize>find edges was applied to estimate the mean size of vesicles 
containing newly synthesized RNA in NETs.

Quantification of NET- bound newly synthesized and 
total RNA. Newly synthesized RNA in neutrophils and NETs was 
labeled using a Click- It RNA imaging kit after incubating cells for 
1.5 hours with 5- EU (5 µl/ml), according to the manufacturer’s 
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instructions. Additional experiments labeled NET- bound RNA 
using SYTO RNASelect green dye (no. S32703; ThermoFisher 
Scientific) or ExoGlow red dye (no. EXOR100A- 1SBI; System 
Biosciences). SYTO RNASelect green dye (1 μl/ml) was added 
to NETs for the duration of the incubations. ExoGlow red dye was 
added to 100 µl/ml NETs for 20 minutes at 37°C, followed by the 
addition of 200 µl trichloroacetic acid for 40 minutes on ice. Sus-
pensions were centrifuged for 10 minutes at 14,000 rpm, and the 
pellet containing labeled NETs was resuspended in 500 µl PBS    
and stored at −80°C. Staining of total RNA in EC lines was 
performed by incubating cells with SYTO RNASelect green dye 
(1 µl/ml media) for 1 hour at 37°C.

In vitro oxidation of NETs and determination of 
oxidized nucleotide content. Spontaneously formed NETs 
from healthy control neutrophils were oxidized in vitro following an    
adapted protocol (17). Briefly, 1 ml of NETs was mixed with 25 
μM cytochrome c (no. C2867; Sigma- Aldrich) and 1 mM hydro-
gen peroxide in HEPES (pH 7.3) for 1 hour at 37°C. The reaction 
was stopped with 5 mM EDTA, and oxidized NETs were stored at 
−80°C. Negative controls were defined as NETs without addition of 
cytochrome c and hydrogen peroxide. Oxidation of nucleic acids 
was confirmed by an 8- hydroxyguanosine (8- OHG) immunoblot 
and was also performed in LDGs without in vitro oxidation. Briefly, 
5 µl of NET suspension was attached to a nitrocellulose mem-
brane strip and allowed to dry. After blocking by incubation in 10% 
bovine serum albumin and successive washes in 0.05% PBS– 
Tween 20, the nitrocellulose membrane was incubated overnight 
at 4°C with anti– 8- OHG mouse monoclonal antibody (1:500 dilu-
tion) (no. ab62623; Abcam), washed with 0.05% PBS– Tween 20, 
and incubated with donkey anti- mouse IRDye 800 CW (1:10,000 
dilution) (no. 926- 32212; Li- Cor). The membrane was scanned 
and imaged using an Odyssey CLx imager.

Assessment of NET- bound RNA uptake by ECs. EC lines 
were seeded onto gelatin- coated coverslips (density 25,000 cells/
ml). Semiconfluent cells were incubated with 5- EU– containing 
NETs (50 μg/ml protein) for 3 hours, washed in PBS and fixed in 
4% paraformaldehyde overnight at 4°C. To assess the uptake of 
NET- derived newly synthesized RNA containing 5- EU into ECs, 
cells were treated using the Click- It newly synthesized RNA label-
ing procedure, permeabilized for 10 minutes with Triton X- 100    
0.2%, and washed and blocked in 0.5% gelatin for 30 minutes. 
Immunostaining was performed using the protocol described 
above for neutrophils in order to quantify internalization of newly 
synthesized RNA. In additional experiments aimed at quantifying 
total RNA uptake by ECs, NETs were labeled with ExoGlow red 
dye and then incubated with ECs in 96- well plates in the presence 
or absence of the following: RNase 1 (20 units/ml; no. EN0601), 
RNase A (0.1 mg/ml; no. EN0531), and RNase H (50 units/ml; 
no. EN0201) (all from ThermoFisher Scientific); TLR- 7/9 inhibitor 
(ODN TTAGGC) and respective control (ODN TTAGGG) at 4 μM 

final concentration (both from InvivoGen); or chloroquine at 20 
μM final concentration (no. C6628) or cytochalasin D at 2 μg/ml 
final concentration (no. C8273; both from Sigma- Aldrich). Exper-
iments were performed in triplicate. Cells were washed in PBS, 
and nuclei were stained with Hoechst to quantify cell numbers. 
Fluorescence (excitation/emission 460 nm/650 nm for cells and 
361 nm/497 nm for nuclei) was measured using a Synergy HTX 
BioTek plate reader.

Isolation and sequencing of NET- bound small RNAs 
and use of small RNA inhibitors and mimics. NET- bound 
RNA was isolated using an ExoMir kit (no. 5145; Bioo Scientific). 
For each sample, 1 µg eluted RNA was subjected to limited alka-
line hydrolysis in a 15 µl buffer of 10 mM Na2CO3 and 10 mM 
NaHCO3 (pH 10.3) at 60ºC for 10 minutes. The partially hydro-
lyzed RNA was dephosphorylated for 1 hour with 10 units of calf 
intestinal phosphatase (New England Biolabs) in a 50- µl reaction 
of 100 mM NaCl, 50 mM Tris HCl (pH 7.9) at 25ºC, and 10 mM 
MgCl2, 1 mM dithiothreitol, 3 mM Na2CO3, and 3 mM NaHCO3 at 
37ºC. The resulting RNA was re- phosphorylated for 1 hour with 
10 units of T4 polynucleotide kinase (NEB) in a 20- µl reaction of 
70 mM Tris HCl (pH 7.6), 10 mM MgCl2, 5 mM dithiothreitol, and 
1 mM ATP at 37ºC.

Fragments of 19– 35 nucleotides were converted into bar-
coded small RNA complementary DNA (cDNA) libraries, as previ-
ously described (18), and sequenced on an Illumina HiSeq 2500 
instrument. Adapters were trimmed using Cutadapt (http://journ al.  
embnet.org/index.php/embne tjour nal/artic le/view/200/458).    
Alignment and annotation were performed as previously described 
(19). Sequencing reads were mapped to human genome hg19 
with Bowtie version 0.12.8. Small RNA expression values (reads 
per kilobase per million) were calculated using Partek version 6.6, 
with genomic annotations generated using HOMER (20). Analysis 
of variance was performed with Partek version 6.6. The sequence 
data files are deposited in Gene Expression Omnibus (accession 
no. GSE16 0143).

The miRCURY LNA miRNA power inhibitor and negative con-
trol against microRNA let- 7b (miR- let- 7b) were from Qiagen (nos. 
YI04102235 and YI00199006- DCA) and were used at a final con-
centration of 50 nM. The miR- let- 7b MISSION microRNA mimic 
was from Sigma- Aldrich (no. HMI0007) and was also used at a 
final concentration of 50 nM.

Immunoprecipitation of HMGB- 1– bound miR- let- 7b 
and quantification by quantitative polymerase chain 
reaction (PCR). Immunoprecipitation of NET- bound HMGB- 1 
was performed by incubating 1 ml of control or SLE NETs with 
1 μg anti– HMGB- 1– conjugated rabbit polyclonal antibody over-
night at 4°C. The suspension was incubated with protein A–   
conjugated agarose beads (50 µl diluted 2× in PBS) (no. 
17127901; GE Healthcare) for 2 hours at room temperature. After 
3 washes in water, agarose pellets were stored at −80°C. Elution   

http://journal.embnet.org/index.php/embnetjournal/article/view/200/458
http://journal.embnet.org/index.php/embnetjournal/article/view/200/458
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE160143
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of RNA from immunoprecipitated HMGB- 1 was performed as 
previously described (21). After elution, the RNA was precipitated, 
and each sample was resuspended in 15 µl water. The miR- let- 7b 
quantitative PCR was performed using an hs_let- 7b_1 miScript 
Primer Assay (no. MS00003122; Qiagen) with HiSpec buffer, 12 
µl of template for the cDNA synthesis, and following the kit instruc-
tions for quantitative PCR.

Gene expression analysis by quantitative PCR. Gene 
expression in HAECs was quantified using specific TaqMan primers 
probes (GAPDH, Hs02786624_g1; IFNA5, Hs04186137_sH; IFI44, 
Hs00951349_m1; IRF7, Hs01014809_g1; all from ThermoFisher 
Scientific) after isolation of the RNA using a Direct- zol RNA miniprep 
kit (no. R2050; Zymo Research). Quantitative PCR was conducted 
following a protocol that we previously described (22).

RESULTS

NETs express newly synthesized RNA that is   
internalized by ECs. The first indication that RNA was present 
in NETs from lupus neutrophils was obtained using NanoDrop and 
confirmed by Bioanalyzer quantification (Supplementary Table 1,   
available on the Arthritis & Rheumatology website at http://onlin e  
libr ary.wiley.com/doi/10.1002/art.41796/ abstract). Results showed   
that the amount of RNA in cells from SLE patients versus   
those from healthy controls was not significantly different. RNA 
present in NETs was predominantly small RNA; a representative 
Bioanalyzer electrophoretography report for RNA isolated from 
SLE normal- density granulocyte (NDG)– derived NETs is shown 
in Figure 1A. To confirm that RNA was present in NETs in a more 
refined manner, we used the Click- It technology (23) to label and 
track de novo synthesized RNA. Newly synthesized RNA in neu-
trophils was effectively labeled following a 2- hour incubation in 
the presence of modified ribonucleotide 5- EU, which is incor-
porated into newly synthesized RNA and can be subsequently 
labeled with fluorescence. Labeled newly synthesized RNA was 
detected in vesicle- like structures in healthy control NDGs and 
SLE LDGs before active NET formation (Supplementary Figures 
1A and B, http://onlin elibr ary.wiley.com/doi/10.1002/art.41796/ 
abstract). Using confocal microscopy, we observed that newly 
synthesized RNA was present in well- defined vesicle- like struc-
tures within NETs (Figures 1B and C). The mean ± SD size of 
these vesicles was 1.99 ± 0.16 μm in diameter. Overall, these 
findings suggest that NETs externalize newly synthesized RNA.

We tracked the uptake of NET- associated newly synthesized 
RNA by ECs. HAECs were incubated for 2.5 hours with lupus- 
derived NETs carrying 5- EU– labeled RNA and permeabilized and 
stained to detect internalized newly synthesized RNA. Newly 
synthesized RNA derived from NETs was internalized by HAECs, 
detected in their cytoplasm in vesicle- like structures (Figures 2A– 
C) and colocalized with neutrophil granule proteins neutrophil 
elastase (Figure 2A) and neutrophil- derived LL- 37 (Figure 2B). 

Both molecules were externalized during NET formation and were 
quantified to track colocalization of RNA with granule proteins 
contained within NETs. NET- derived newly synthesized RNA also 
trafficked into HAEC nuclei, as shown in the fluorescence pro-
file graphs (Figure 2A). Coincubation of NETs with RNase A for 
the duration of the assay attenuated uptake of newly synthesized 
NET- bound RNA by HAECs (Figure 2C).

Figure 1. RNA is detected in neutrophil extracellular traps (NETs), 
and newly synthesized RNA in NETs colocalizes in vesicle- like 
structures. A, Bioanalyzer electrophoretography report on RNA from 
a representative sample of systemic lupus erythematosus (SLE) 
normal- density granulocyte–derived NETs, showing that small RNAs 
are the predominant RNA species quantified in NETs. B, Confocal 
microscopy image of SLE low- density granulocytes undergoing NET 
formation. The newly synthesized RNA (green) in NETs is contained 
in vesicle- like structures that colocalize with extracellular DNA (blue) 
and neutrophil elastase (red). Original magnification × 63. C, The 
image in B, after processing using the Photoshop>filter>stylize>find 
edge, and then transformation to black and white. Inset, Higher- 
magnification view of the area where the newly synthesized RNA 
shows a vesicle- like morphology. FU = fluorescent units; nt = 
nucleotides.

http://onlinelibrary.wiley.com/doi/10.1002/art.41796/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41796/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41796/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41796/abstract


BLANCO ET AL2286       |

Furthermore, the DNA/protein NET scaffold appeared to be 
required for efficient uptake of NET- bound RNA, because naked 
newly synthesized RNA purified from NETs was not readily taken 
up by HAECs (Supplementary Figure 2A, http://onlin elibr ary.wiley.
com/doi/10.1002/art.41796/ abstract). However, adding 1 μM 
recombinant LL- 37 (as previously used [24]) to the RNA further 
enhanced RNA internalization (Supplementary Figure 2B). Taken 
together, these results indicate that newly synthesized RNA 
present in NETs can be internalized by ECs. Additionally, after 
ImageJ analysis of several images from different experiments, the 
amount of internalized newly synthesized RNA from NETs was 
higher when using NETs derived from lupus patients compared to 
healthy controls (Supplementary Figure 3, http://onlin elibr ary.wiley.
com/doi/10.1002/art.41796/ abstract).

Modulation of RNA uptake by ECs via oxidative   
status of NETs. Previous studies have suggested that the level 
of DNA oxidation in NETs modulates the induction of type I IFN   
responses in target cells and that lupus LDG– derived NETs con-
tain higher amounts of oxidized nucleic acids than NETs gener-
ated by other types of stimulation (8). To explore whether oxidation 
status of nucleic acids present in NETs modulates the ability of 
target cells to internalize NET- bound newly synthesized RNA,   
we oxidized, in vitro, spontaneously generated NETs purified 
from healthy control neutrophils that were labeled with 5- EU to 
identify newly synthesized RNA. Following an in vitro oxidation 

procedure using cytochrome c (17), we confirmed by dot- blot 
the presence of oxidized nucleic acids using an antibody that 
recognizes 8-OHG. Both spontaneously formed SLE LDG– 
derived NETs and in vitro– oxidized spontaneously generated 
healthy control NETs displayed enhanced amounts of oxidized 
nucleic acids compared to non- oxidized healthy control NETs 
(Figure 3A). The degree of uptake of newly synthesized RNA by 
HAECs correlated with the level of nucleic acid oxidation in NETs 
(Figures 3B and C) and was the highest for lupus LDG– derived 
NETs that carried the most elevated levels of nucleic acid oxida-
tion (Figure 3D).

To confirm these data, representative nuclei- associated 
green fluorescence images of internalized newly synthesized 
NET- associated RNA were quantified using ImageJ (Supple-
mentary Figure 3A, http://onlin elibr ary.wiley.com/doi/10.1002/
art.41796/ abstract). To confirm that green fluorescence detected 
in HAECs was due to incorporation of traces of free 5- EU carried 
by NETs, HAECs were incubated with free 5- EU. The faint diffuse 
fluorescence pattern detected with free 5- EU was different from 
that of newly synthesized RNA labeled in NETs (Supplementary 
Figure 3B). To confirm our findings, we used SYTO RNASelect 
green dye, another dye that stains total RNA and also labels HAEC 
nucleoli (Supplementary Figure 3). Internalized NET- bound newly 
synthesized RNA displayed enhanced localization in nucleoli. 
These observations indicate that the ability of NET- bound RNA to 
be internalized by ECs is dependent on the oxidation status of the 

Figure 2. Newly synthesized RNA from neutrophil extracellular traps (NETs) is internalized by human aortic endothelial cells (HAECs). The 
uptake of newly synthesized RNA from NETs into HAECs was analyzed with laser confocal microscopy. Representative images of permeabilized 
HAECs with intracellular newly synthesized RNA (green), DNA/Hoechst (blue), and either neutrophil elastase (red in A and C) or LL- 37 (red in B) 
are shown. In C, the experiment was performed in the presence of RNase A. For each profile image, the fluorescence for each fluorochrome 
was quantified in the region of the arrow displayed, and the respective fluorescence quantification is shown in the bottom graphs. The images 
are representative of ≥3 experiments using different systemic lupus erythematosus and healthy control samples. Original magnification × 126.

http://onlinelibrary.wiley.com/doi/10.1002/art.41796/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41796/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41796/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41796/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41796/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41796/abstract
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nucleic acids in NETs, with RNA bound to lupus NETs being more 
readily internalized.

Uptake of NET- bound total RNA by ECs is dependent 
on actin cytoskeleton and endosomal TLRs. To characterize 
the mechanisms by which NET- bound RNA is internalized by ECs, 
we labeled total RNA in NETs with ExoGlow red dye. This dye is 
based on the chemistry of acridine orange designed for staining 
nucleic acids contained in exosomes, and it interacts with RNA and 
DNA but emits fluorescence in distinct wavelengths (red for RNA 
and green for DNA). The total RNA- labeled NETs were incubated 
with HAECs in a plate assay to fluorometrically quantify both total 
RNA uptake and the relative number of cells by staining nuclei with 
Hoechst. The ability of ECs to internalize NET- bound total RNA was 

significantly reduced by the preincubation of these cells with cyto-
chalasin D (an inhibitor of actin cytoskeleton polymerization) and 
by chloroquine (an inhibitor of endosomal acidification/endosomal 
TLRs) (25) (Figure 4A). Uptake of RNA was also inhibited by a spe-
cific TLR- 7/9 inhibitor, suggesting a role for endosomal TLRs in 
the internalization of NET- bound RNA and consistent with previous 
observations that NET internalization by other cells, such as syno-
vial fibroblasts, is dependent on the function of these TLRs (26).

Figure 3. NET- derived newly synthesized RNA uptake by 
endothelial cells (ECs) increases with the degree of nucleic acid 
oxidation in NETs. NETs spontaneously derived from healthy control 
normal-density granulocytes were oxidized in vitro using cytochrome 
c. A, A dot- blot of anti– 8- hydroxyguanosine was used to determine
the level of nucleic acid oxidation. Healthy control NETs before 
(quadrant 1) and after (quadrant 2) in vitro oxidation are shown. 
Controls included SLE low-density granulocyte (LDG)– derived NETS 
without added in vitro oxidation (quadrant 3) and vehicle alone without 
NETs (quadrant 4). B– D, Human aortic ECs (HAECs) were incubated 
with non- oxidized control NETs (B), in vitro– oxidized control NETs (C), 
or non- oxidized SLE LDG– derived NETs (D) for 3 hours, and images 
of newly synthesized RNA were obtained. The confocal images 
display internalized newly synthesized RNA (green), DNA (blue), and 
neutrophil elastase (red). Images are representative of 3 independent 
experiments. Nuclei- associated green and blue fluorescence from 
B, C, D, and images from additional experiments were quantified 
using ImageJ (Supplementary Figure 2, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41796/ abstract). Original magnification × 126 in B 
and C; × 97 in D. See Figure 1 for other definitions.

Figure 4. Uptake of NET- bound total RNA by endothelial cells (ECs) 
depends on the actin cytoskeleton and endosomal Toll- like receptors 
(TLRs). A, Ratio between ExoGlow red fluorescence– stained 
internalized total RNA derived from NETs and blue fluorescence 
(Hoechst)– stained DNA, quantified by plate assay and fluorometry. 
Bars show the mean ± SEM of 3 independent experiments; symbols   
represent individual samples. * = P < 0.05; ** = P < 0.01; *** = P < 0.001;  
**** = P < 0.0001, by Mann- Whitney U test. B, Representative 
images of human aortic ECs (HAECs) with total RNA in NETs stained 
with the ExoGlow red dye. Original magnification × 126. Hoechst 
(blue) was used to quantify the number of cells in A and to label 
nuclei in B. See Figure 1 for other definitions.
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To further assess the type of NET- bound RNA that may be 
preferentially internalized by ECs, we tested different RNases 
(RNase H, RNase 1, and RNase A). Both RNase 1 and RNase A 
have been shown to act similarly on single- stranded RNAs, par-
ticularly under high- salt conditions (27). In contrast, RNase H pref-
erentially targets RNA– DNA hybrids. The addition of either RNases 
or HAEC- derived non- labeled RNA to digest or compete with NET- 
bound RNAs, respectively, significantly decreased the uptake of 
NET- bound labeled RNA by HAECs (Figure 4A). Different RNases 
showed variable effects in reducing the ability of ECs to internalize 
NET- bound RNA, suggesting that NETs contain diverse types of 
RNAs with the potential to be internalized by HAECs. The most 
effective inhibitor was RNase H, followed by RNase 1 and RNase 
A. Representative laser confocal images are shown in Figure 4B. 
These findings indicate that ECs internalize RNA through mecha-
nisms involving the actin cytoskeleton and endosomal TLRs.

Characterization of NET- bound RNAs. Identifying that 
some NET- associated RNAs are contained in vesicle- like struc-
tures (Figure 1) led us to characterize methods to purify the NET- 
bound RNA derived from healthy control and SLE neutrophils, by 
using a kit designed for RNA isolation from exosomes. To exclude 

remaining whole cells from the NET analyses, suspensions were 
filtered through a 0.45- μm pore- size filter before the RNA isolation 
procedure, as described above. We then sequenced NET- bound 
small RNAs (Supplementary Table 2, http://onlin elibr ary.wiley.
com/doi/10.1002/art.41796/ abstract). Hierarchical clustering and 
principal components analyses revealed significant differences in 
small RNA expression in NETs from SLE NDGs and LDGs and 
healthy control NDGs (Figures 5A and B). Among the small RNAs 
sequenced, most of them were more abundant in spontaneous 
NETs from healthy control NDGs, compared to SLE- derived NETs. 
NETs from SLE NDGs were enriched in miR- 7704 and miR- 24– 1, 
compared to NETs from control NDGs and SLE LDGs (Figure 5C 
and Supplementary Table 2). The most abundant small RNAs in 
LDG- derived NETs were miR- let- 7b and miR- 27b (Figure 5C), 
when compared to SLE and control NDG– derived NETs. There-
fore, subsequent work focused on their putative role in modulating 
EC biology.

Promotion of type I IFN responses in ECs by NET- 
bound small RNA miR- let- 7b. We hypothesized that small 
RNAs present in NETs may regulate proinflammatory responses 
in ECs. NETs can induce type I IFN responses in myeloid cells, 

Figure 5. Small RNAs present in NETs characterized by sequencing. A, Hierarchical clustering after Partek analysis of small RNA sequencing. 
B, Principal components analysis (PCA) of small RNA sequences comparing NETs from healthy control normal-density granulocytes (NDGs) 
(blue), SLE low-density granulocytes (LDGs) (red), and SLE NDGs (yellow). C, Heatmap showing expression of selected small RNAs from NETs 
purified from control NDGs, SLE NDGs, or SLE LDGs. The gene expression in log2 (reads per kilobase per million) was normalized to the small 
RNA housekeeping gene RNU6ATAC. The small RNA sequencing analysis in NETs was performed using 12 samples (6 from SLE patients and 
6 from healthy controls). See Figure 1 for other definitions.
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at least in part, through oxidation of nucleic acids that trigger the 
cGAS/STING pathway (8). To test whether NETs promote type I 
IFN responses in ECs, which induces proinflammatory responses 
in vasculature, we incubated HAECs with spontaneously gener-
ated NETs from SLE NDGs and LDGs and from control NDGs 
for 6 hours (Figure 6A) or 24 hours (Figures 6B– D), and quanti-
fied type I IFN messenger RNAs and type I IFN–stimulated genes 
(ISGs). Only NETs derived from SLE NDGs and LDGs, but not 
NETs derived from control neutrophils, significantly enhanced 
expression of IFNA, IFNB, and the ISGs IFI44 and IRF7 in ECs 
(Figures 6A– D).

To assess whether type I IFN responses induced in ECs by 
lupus NETs are driven, at least in part, by specific small RNAs, we 
evaluated putative candidates. As mentioned above, miR- let- 7b 
was the highest expressed small RNA in LDG- derived NETs. It 
was previously implicated in induction of ISGs in rheumatoid arthri-
tis synovial macrophages and in nociceptor neurons, as it has a 
GU- rich sequence that directly activates TLR- 7 (28,29). We incu-
bated HAECs with NETs in the presence or absence of a specific 

antagomir (antisense oligonucleotide inhibitor) against miR- let- 7b 
or a control antagomir (oligonucleotide sequence with <70% 
homology to any sequence in any organism in NCBI and miR-
Base databases), and measured IFNB, IFNA, and ISG expres-
sion. The miR- let- 7b antagomir (but not the control antagomir) 
significantly inhibited expression of these IFN genes, suggesting 
that miR- let- 7b contributes to induction of type I IFN responses 
in ECs triggered by lupus NETs (Figures 6A– D). To further con-
firm this effect, we incubated HAECs with or without control 
NDG– derived NETs in the presence or absence of exogenously 
added miR- let- 7b mimic and then quantified gene expression. 
The miR- let- 7b mimic added to control NETs significantly induced 
IFN gene expression in HAECs.

A putative candidate by which miR- let- 7b interacts with 
TLR- 7 is HMGB- 1, a histone- like alarmin described in NETs (30) 
that forms complexes with miR- let- 7b, leading to cell toxicity in 
TLR- 7– dependent models (31). Indeed, total RNA colocalized with 
HMGB- 1 in NETs, and this was enhanced in SLE LDG– derived 
NETs when compared with SLE NDG– derived NETs (Figures 6E 

Figure 6. MicroRNA let- 7b (miR- let- 7b) in NETs induces type I interferon responses in endothelial cells (ECs). A– D, Expression levels of IFNB 
(A), IFNA (B), IRF7 (C), and IFI44 (D) in HAECs, quantified after 6 hours (A) and 24 hours (B– D) of coincubation with SLE NETs (average of 
low-density granulocytes [LDGs] and normal-density granulocytes [NDGs]) or healthy control NDGs (control NET) in the presence or absence 
of antagomir for miR- let- 7b and control antagomir. Results also show the effect of a miR- let- 7b mimic added to control NETs or the antagomir 
alone. Bars show the mean ± SEM of 3 independent experiments; symbols represent individual samples. * = P < 0.05; ** = P < 0.01; *** = P < 
0.001; **** = P < 0.0001, by Mann- Whitney U test. E and F, In NETs, high mobility group box chromosomal protein 1 (HMGB- 1) colocalizes with 
total RNA. Representative images show SLE LDG cells (E) or SLE NDG cells (F) and NETs. NETs and nuclei are stained with Hoechst (blue), and 
for HMGB- 1 (red) and total RNA (green). The left panel in each image depicts plots of profile fluorescence quantification, with arrows showing 
the NET. See Figure 1 for other definitions.
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and F). Following immunoprecipitation with an antibody against 
HMGB- 1, we assessed remnant HMGB- 1– associated miR- let- 7b 
using quantitative PCR. Indeed, HMGB- 1– associated miR- let- 7b 
was more abundant in SLE LDG– derived NETs compared to 
autologous NDG– derived NETs (Supplementary Figure 4, http://
onlin elibr ary.wiley.com/doi/10.1002/art.41796/ abstract). These 
data suggest that small RNA miR- let- 7b present in NETs pro-
motes type I IFN responses in ECs and that this phenomenon is 
enhanced in lupus- derived NETs.

DISCUSSION

We have shown that NETs contain small RNAs that, upon 
uptake and internalization by ECs, induce type I IFN responses. 
This process is enhanced by NET- associated oxidized nucleo-
tides that are significantly increased in SLE LDG– derived NETs. 
The resultant enhanced oxidation of nucleotides in lupus NETs 
correlated with the ability of ECs to internalize NET- bound RNA. 
Previous reports have indicated that oxidation of cell membranes 
increases the ability of cells to internalize extracellular cargoes by 
reducing lipid hydrophobicity (32). Oxidation of NETs, either in 
vivo through neutrophil- derived ROS or in vitro as shown in this 
study, may modify vesicle- associated lipids that contain RNAs 
and enhance their uptake by ECs.

The alarmins LL- 37 and HMGB- 1 have RNA binding activ-
ity and are present in NETs (6,13,33). We confirmed that ECs 
exposed to NETs take up LL- 37 that colocalizes with neutrophil- 
derived newly synthesized RNA. This is consistent with previous 
studies that have shown that exogenous LL- 37 can enter target 
cells and disrupt nuclear membranes during NET formation (34). 
Furthermore, both HMGB- 1 and LL- 37 have been associated with 
the ability of plasmacytoid dendritic cells (pDCs) to take up exog-
enous DNA from NETs (30,35,36) and enhance type I IFN synthe-
sis. Also, previous evidence indicates that extracellular LL- 37 can 
bind to extracellular self- RNA and transfer it to the endosomes of 
DCs to activate type I IFN responses through TLR- 7/8. As such, 
the presence of both RNA and LL- 37 in NETs may lead to the 
creation of stable complexes that protect RNA from degradation 
and promote immunomodulatory and vasculopathic activity that is 
enhanced in the context of SLE NETs (37,38).

Among the small RNAs contained in the NETs, miR- let- 7b 
was shown to display interferogenic activity on pDCs (37), given 
its intrinsic ability to act as a natural ligand of TLR- 7 (28,31). 
Recently, miR- let- 7b was characterized as an endogenous TLR- 7 
agonist involved in inflammation propagation in psoriatic arthritis 
(39). Induction of type I IFN responses in ECs has been linked 
to the development of vasculopathy and atherothrombosis, par-
ticularly in SLE, through pleiotropic effects on vascular repair, 
inflammation, and coagulation (40– 43). As such, the induction 
of endothelial interferogenic responses induced by small RNAs 
bound to NETs may be highly conducive to vascular damage. 
The roles of endogenous miR- let- 7b in endothelial function are 

complex and may also involve protecting these cells from oxi-
dation (44– 47). Consequently, future studies should compre-
hensively address how this NET- bound small RNA modulates 
overall vascular health in SLE and other inflammatory diseases. 
Of note, other components of NETs can induce endothelial dam-
age, including histones (48– 50) and matrix metalloproteinases 
(10). Therefore, dissecting the precise role that these different 
NET components play in the overall development of vasculop-
athy should be characterized in future studies to define the best 
therapeutic target.

In conclusion, we report that NETs are a source of intracel-
lular RNAs that impact EC biology. These effects are particularly 
driven by small RNAs and their interactions with NET- derived 
alarmins. These observations are relevant not only for vascular 
damage induced in SLE but also for other conditions associated 
with NET formation and vascular damage, such as sepsis, ath-
erothrombosis, and cancer. Future studies should assess whether 
targeting specific RNAs present in NETs could have therapeutic 
implications in these potentially devastating conditions.
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Objective. To determine predictors of change in neuropsychiatric (NP) event status in a large, prospective, 
international inception cohort of patients with systemic lupus erythematosus (SLE).

Methods. Upon enrollment and annually thereafter, NP events attributed to SLE and non- SLE causes and 
physician- determined resolution were documented. Factors potentially associated with the onset and resolution of 
NP events were determined by time- to- event analysis using a multistate modeling structure.

Results. NP events occurred in 955 (52.3%) of 1,827 patients, and 593 (31.0%) of 1,910 unique events were 
attributed to SLE. For SLE- associated NP (SLE NP) events, multivariate analysis revealed a positive association 
with male sex (P = 0.028), concurrent non- SLE NP events excluding headache (P < 0.001), active SLE (P = 0.012), 
and glucocorticoid use (P = 0.008). There was a negative association with Asian race (P = 0.002), postsecondary 
education (P = 0.001), and treatment with immunosuppressive drugs (P = 0.019) or antimalarial drugs (P = 0.056). For 
non- SLE NP events excluding headache, there was a positive association with concurrent SLE NP events (P < 0.001) 
and a negative association with African race (P = 0.012) and Asian race (P < 0.001). NP events attributed to SLE had 
a higher resolution rate than non- SLE NP events, with the exception of headache, which had comparable resolution 
rates. For SLE NP events, multivariate analysis revealed that resolution was more common in patients of Asian race   
(P = 0.006) and for central/focal NP events (P < 0.001). For non- SLE NP events, resolution was more common in 
patients of African race (P = 0.017) and less common in patients who were older at SLE diagnosis (P < 0.001).

Conclusion. In a large and long- term study of the occurrence and resolution of NP events in SLE, we identified subgroups 
with better and worse prognosis. The course of NP events differs greatly depending on their nature and attribution.

The views expressed in this article are those of the authors and not 
necessarily those of the NHS, the NIHR, or the UK Department of Health.

The Hopkins Lupus Cohort is supported by the NIH (grants AR- 43727 
and AR- 69572). The Montreal General Hospital Lupus Clinic is partially 
supported by the Singer Family Fund for Lupus Research. Dr. Hanly’s work 
was supported by the Canadian Institutes of Health Research (grant MOP- 
88526). Dr. Gordon’s work was supported by Lupus UK, Sandwell and West 
Birmingham Hospitals NHS Trust, and the Birmingham NIHR/Wellcome 
Trust Clinical Research Facility. Dr. Bae’s work was supported in part by the 
Republic of Korea (grant NRF- 2017M3A9B4050335). Dr. Bernatsky holds a 
James McGill Research Chair. Dr. Clarke holds The Arthritis Society Chair in 
Rheumatic Diseases at the University of Calgary. Drs. Isenberg and Rahman’s 
work was supported by the NIHR University College London Hospitals 
Biomedical Research Center. Dr. Fortin holds a tier 1 Canada Research Chair 
on Systemic Autoimmune Rheumatic Diseases at Université Laval. Dr. Bruce 
is an NIHR Senior Investigator and is supported by Versus Arthritis UK, the 
NIHR Manchester Biomedical Research Centre, and the NIHR Manchester 
Clinical Research Facility. Dr. Dooley’s work was supported by the NIH (grant 
RR- 00046). Dr. Ramsey- Goldman’s work was supported by the NIH (grants 

5UL1- TR- 001422- 02 [formerly 8UL1- TR- 000150 and UL- 1RR- 025741], K24- 
AR- 02318, and P30- AR- 072579 [formerly P60- AR- 064464 and P60- AR- 48098]). 
Dr. Ruiz- Irastorza’s work was supported by the Department of Education, 
Universities, and Research of the Basque Government. Dr. Jacobsen’s work 
was supported by the Danish Rheumatism Association (grant A3865) and the 
Independent Research Fund Denmark (grant 0134- 00473B).

1John G. Hanly, MD: Queen Elizabeth II Health Sciences Centre and Dalhousie 
University, Halifax, Nova Scotia, Canada; 2Caroline Gordon, MD: University of 
Birmingham, Birmingham, UK; 3Sang- Cheol Bae, MD, PhD, MPH: Hanyang 
University Hospital for Rheumatic Diseases, Seoul, Republic of Korea; 4Juanita 
Romero- Diaz, MD, MSc, Jorge Sanchez- Guerrero, MD, MSc: Instituto Nacional 
de Ciencias Médicas y Nutrición Salvador Zubirán, Mexico City, Mexico; 5Sasha 
Bernatsky, MD, PhD: McGill University, Montreal, Quebec, Canada; 6Ann E. 
Clarke, MD, MSc: University of Calgary, Calgary, Alberta, Canada; 7Daniel J. 
Wallace, MD: Cedars- Sinai Medical Center and University of California, Los 
Angeles; 8David A. Isenberg, MD, Anisur Rahman, MD, PhD: University College 
London, London, UK; 9Joan T. Merrill, MD: Oklahoma Medical Research 
Foundation, Oklahoma City; 10Paul R. Fortin, MD, MPH: Centre Hospitalier 
Universitaire de Québec– Université Laval, Quebec City, Quebec, Canada;  

mailto:
https://orcid.org/0000-0003-1029-9483
https://orcid.org/0000-0002-1244-6443
https://orcid.org/0000-0003-4658-1093
https://orcid.org/0000-0002-3112-9646
https://orcid.org/0000-0001-9514-2455
https://orcid.org/0000-0003-2346-4484
https://orcid.org/0000-0002-4514-2382
https://orcid.org/0000-0002-7278-2596
https://orcid.org/0000-0002-9074-0592
https://orcid.org/0000-0001-7506-9166
https://orcid.org/0000-0003-1441-5373
https://orcid.org/0000-0001-5190-9175
https://orcid.org/0000-0001-7788-1043
https://orcid.org/0000-0003-2361-0787
https://orcid.org/0000-0001-6704-5295
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fart.41876&domain=pdf&date_stamp=2021-10-29


HANLY ET AL2294       |

INTRODUCTION

Neurologic and psychiatric clinical events resulting from 
abnormalities of the central, peripheral, and autonomic nervous 
systems occur in patients with systemic lupus erythematosus 
(SLE) (1,2). Recent studies suggest that ~30– 50% of all neu-
ropsychiatric (NP) events in SLE patients are attributable to SLE 
(3,4), although the exact proportion varies depending on the type 
of NP event. Prospective, observational cohort studies of SLE 
patients have shown differences in the outcome of NP events 
depending, in part, on their attribution to SLE or non- SLE causes.

In a recent study (5) using multistate modeling at the patient 
level, we reported the occurrence, attribution, and outcome of all 
NP events in SLE patients. Regardless of attribution, NP events 
occurred most frequently around the time of the diagnosis of 
SLE and had a significant negative impact on health- related 
quality of life. Although the majority of NP events resolved over 
time, patients with NP events attributed to SLE (NP SLE events) 
had a higher mortality rate.

To further advance the understanding of nervous system dis-
ease in SLE patients, we aimed to identify the clinical and labora-
tory variables associated with the development and resolution of 
NP events over time. The present study in a large, prospective, 
international inception cohort of SLE patients was performed to 
determine predictors of change in a patient’s NP event status, 
based on a multistate modeling approach and attribution rules 
previously described (5).

PATIENTS AND METHODS

Research study network. The study was conducted by 
the Systemic Lupus International Collaborating Clinics (SLICC) (6), 
a network that currently consists of 52 investigators at 43 aca-
demic centers in 16 countries. At the initiation of the present study, 

patients recently diagnosed as having SLE were recruited from 
the then 31 SLICC sites in Europe, Asia, and North America. Data 
were collected per protocol at enrollment and annually, ensuring 
data quality, management, and security. The Nova Scotia Health 
Authority Central Zone Research Ethics Board and each of the 
participating centers’ research ethics review boards approved the 
study.

Patients. Enrollment was permitted up to 15 months after the 
diagnosis of SLE, defined as when the revised American College of 
Rheumatology (ACR) classification criteria (7) were first recognized. 
Lupus- related variables included the SLE Disease Activity Index 
2000 (SLEDAI- 2K) (8) and SLICC/ACR Damage Index (SDI) (9).

NP events. NP events were first characterized within an 
enrollment window (6 months prior to the diagnosis of SLE up to 
the enrollment date) using ACR case definitions for 19 NP syn-
dromes (10). Patients were reassessed annually within a 6- month 
window using a detailed protocol to record information on the 
same 19 NP syndromes (10), presence of prespecified non- 
SLE causes, results of appropriate investigations, medications, 
and outcomes. New NP events since the last study assessment 
and the status of previous NP events were determined at each 
assessment. For recurring events within an assessment period, 
the date of the first episode was taken as the onset of the event.

NP events were also classified into the following mutually 
exclusive categories: central/diffuse, central/focal, and peripheral. 
Central/diffuse NP events included aseptic meningitis, demyelinat-
ing syndrome, headache, acute confusional state, anxiety disor-
der, cognitive dysfunction, mood disorder, and psychosis. Central/
focal NP events included cerebrovascular disease, movement 
disorder, myelopathy, and seizure disorders. Peripheral NP events 
included autonomic neuropathy, mononeuropathy, myasthenia 
gravis, Guillain- Barré syndrome, cranial neuropathy, plexopathy, 
and polyneuropathy.
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Attribution of NP events. Factors considered in the 
attribution decision rules included: 1) temporal onset of NP 
event(s) in relation to the diagnosis of SLE; 2) concurrent non- 
SLE factor(s), such as potential causes (“exclusions”) or con-
tributing factors (“associations”) for each NP syndrome listed 
in the glossary of the ACR case definitions of NP events (10); 
and 3) “common” NP events that are frequent in normal popu-
lation controls as described by Ainiala et al (11). These common 
events include isolated headaches, anxiety, mild depression 
(mood disorders failing to meet the criteria for “major depressive- 
like episodes”), mild cognitive impairment (deficits in <3 of the 
8 specified cognitive domains), and polyneuropathy without 
 electrophysiologic confirmation. Two attribution decision rules 
of different stringency (models A and B) were designed (12,13).

Attribution model A (more stringent). NP events attributed 
to SLE 1) had their onset within the enrollment window or sub-
sequently and 2) had no “exclusions” or “associations,” and 3) 
were not one of the NP events identified by Ainiala et al (11).

Attribution model B (less stringent). NP events attributed to 
SLE 1) had their onset within 10 years prior to the diagnosis 
of SLE and were still present within the enrollment window, or 
occurred subsequently, and 2) had no “exclusions,” and 3) were 
not one of the NP events identified by Ainiala et al (11).

All NP events attributed to SLE using model A were included 
in the NP events attributed to SLE using model B. All other events 
were classified as a non- SLE NP event.

Outcome of NP events. The change in NP events between 
onset and follow- up was compared at each follow- up assess-
ment using a physician- generated score on a 7- point Likert scale, 
where 1 = patient demise, 2 = much worse, 3 = worse, 4 = no 
change, 5 = improved, 6 = much improved, and 7 = resolved (14). 
A precise date was recorded for outcomes 1 and 7.

Factors potentially associated with NP events. Varia-
bles of interest included sex; race, ethnicity, and location; age at SLE 
diagnosis; education level; concurrent NP events with a different 
attribution (updated at each assessment); and SLEDAI- 2K and SDI 
scores (excluding NP variables); as well as medications. Central/
diffuse, central/focal, and peripheral events were also considered in 
the analyses, as were lupus anticoagulant (LAC), IgG anticardiolipin, 
anti– β2- glycoprotein I, anti– ribosomal P, and anti- NR2 glutamate 
receptor (anti- NR2) antibodies. The LAC assay was performed 
using screen- and- confirm reagents (Rainbow Scientific), and the 
other autoantibodies were measured by enzyme- linked immu-
nosorbent assay at the Oklahoma Medical Research Foundation 
 (15– 18). Autoantibody levels were measured once at enrollment.

Statistical analysis. As we previously described (5), mul-
tistate patient-level models, characterized by transition rates 
between states, were examined, one for NP events attributed to 
SLE (by model B) and the other for non- SLE events (Figure 1). 

In the present study, an additional multistate model for non- SLE 
events excluding headache was examined due to the predomi-
nance of headache among the non- SLE NP events. Models for 
SLE NP events restricted by central/diffuse, central/focal, and 
peripheral events were also examined. Events other than the 
type being modeled were excluded when fitting each model.

The 4 states in the multistate models were as follows: state 
1 = no NP event ever; state 2 = no current NP event but ≥1 event 
in the past, with state entry defined as the time of resolution of the 
last active NP event after entry into state 3; state 3 = new/ongoing 
NP event(s) with state entry defined as the onset of any NP event 
when previously in state 1 or state 2; and state 4 = death. Modeling 
assumed transitions could occur between and not just at assess-
ments, and each site investigator provided the approximate dates 
for the onset and resolution of NP events and the precise date of 
death.

The time origin was 6 months before SLE diagnosis. Patients 
could move back and forth between state 2 (resolution of NP 
event) and state 3 (new/ongoing NP event). The model incorpo-
rates deaths occurring in any state from state 1 to state 3.

For the purposes of this analysis, the transition rates were  
estimated using Cox’s semiparametric relative risk regression  
model. This allows explanatory (predictor) variables to influence 
transition rates through a regression model on the logarithm of 
the transition rates, while the baseline transition rate is allowed to 
be an arbitrary function of time since entering the state. The pri-
mary focus is on hazard ratio (HR) estimates and 95% confidence 
intervals (95% CIs), which are provided based on univariate (single- 
factor) analyses and from multivariate models. Effects are assumed 
to be the same on the transitions to the NP event state from both 
the no NP event state and the resolved state. Model estimation 
was implemented using the R (19) package ‘survival’(20). Kaplan- 
Meier– like estimates of the probability of onset and probability of 
resolution over time were also calculated both for transitions within 
the multistate models and for some NP event- level analyses.

Figure 1. Multistate model of observed transitions in 
neuropsychiatric (NP) status in patients with systemic lupus 
erythematosus.
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RESULTS

Patient characteristics. Over 12 years (1999– 2011), 1,827 
patients were recruited into the SLICC inception cohort from 5 differ-
ent geographic areas of the world, namely the US (n = 540 [29.5%]), 
Europe (n = 477 [26.1%]), Canada (n = 418 [22.9%]), Mexico (n = 223 
[12.2%]), and Asia (n = 169 [9.3%]). Of these patients, 88.8% were 
women. The mean ± SD age at enrollment was 35.1 ± 13.3 years, and 
patients were of various races and ethnicities (Caucasian, 48.8%; Afri-
can, 16.8%; Hispanic, 15.4%; Asian, 15.1%; and other, 3.9%). Study 
participants had a mean ± SD disease duration of 5.6 ± 4.2 months, 
SLEDAI- 2K of 5.3 ± 5.4, and SDI of 0.32 ± 0.74. At enrollment, patients 
were receiving glucocorticoids (70.3%), antimalarials (67.4%), immuno-
suppressants (40.1%), warfarin (5.4%), low- dose aspirin (14.3%), anti-
depressants (10.1%), anticonvulsants (4.4%), and antipsychotic drugs 
(0.7%). For this analysis, the final study visit was in September 2017. 
Patients underwent up to 19 assessments, and the mean follow- up 
duration was 7.6 ± 4.6 years. During the study, there were 100 deaths 
(5.6%). The number of patients who died while in state 1, state 2, and 
state 3 were 61, 18, and 21, respectively, for the SLE NP event model 
and 66, 13, and 21, respectively, for the non- SLE NP event model.

NP manifestations. Of 1,827 patients, 955 (52.3%) experi-
enced a single NP event, and 493 (27.0%) experienced ≥2 events. 
All 19 NP syndromes (10) were represented, with a total of 1,910 
unique NP events. The majority, 1,749 (91.6%) of 1,910, involved 

the central nervous system, and 161 (8.4%) involved the periph-
eral nervous system (10). Further classification of the NP events 
revealed that, of the 1,910 total events, 1,479 (77.4%) were cen-
tral/diffuse, 270 (14.1%) were central/focal, and 161 (8.4%) were 
peripheral. The proportion of NP events attributed to SLE varied 
from 17.9% (attribution model A) to 31.0% (attribution model B) 
and occurred in 13.5% (model A) to 21.2% (model B) of patients. 
Of the 593 events attributed to SLE by model B, 231 (39.0%), 244 
(41.1%), and 118 (19.9%) were central/diffuse, central/focal, and 
peripheral, respectively. For the 1,317 non- SLE events, the com-
parable numbers were 1,248 (94.8%), 26 (2.0%), and 43 (3.2%).

Factors associated with the onset of SLE NP events. 
For SLE NP events, univariate analyses of transitions to the NP event 
state revealed a positive association with male sex (HR 1.39 [95% CI 
1.07– 1.81]; P = 0.014), SLEDAI- 2K without NP  var iables (HR 1.13 
[95% CI 1.01– 1.27]; P = 0.030), SDI without NP  variables (HR 1.12 
[95% 1.01– 1.24]; P = 0.029), glucocorticoid use (HR 1.50 [95% CI 
1.13– 2.01]; P = 0.006), and concurrent non- SLE NP events (HR 
1.58 [95% CI 1.25– 2.01]; P = 0.002). There was a negative asso-
ciation with Asian race (HR 0.57 [95% CI 0.41– 0.79]; P < 0.001), 
postsecondary education (HR 0.71 [95% CI 0.59– 0.86]; P < 0.001), 
and antimalarial drug use (HR 0.72 [95% CI 0.55– 0.94]; P = 0.014). 
There was no association with anticardiolipin (HR 1.05 [95% CI 0.75– 
1.47]; P = 0.766), anti– β2- glycoprotein I (HR 0.93 [95% CI 0.67– 
1.30]; P = 0.69), LAC (HR 1.10 [95% CI 0.84– 1.45]; P = 0.478), 

Table 1. Multivariate analysis of predictors of transitions to the NP event state for SLE NP events and for non- SLE 
NP events excluding headache*

Model 1
(n = 426 transitions)

Model 2
(n = 192 transitions)

HR (95% CI) P HR (95% CI) P
SLE NP events

Male sex 1.35 (1.03– 1.78) 0.028 1.55 (1.05– 2.29) 0.026
Asian race† 0.59 (0.42– 0.82) 0.002 0.60 (0.37– 0.98) 0.04
Postsecondary education 0.72 (0.59– 0.88) 0.001 0.73 (0.55– 0.98) 0.040
Past non- SLE NP events (without headache) 1.21 (0.74– 1.98) 0.434 1.16 (0.68– 1.99) 0.59
Concurrent non- SLE NP events (without 

headache)
1.83 (1.31– 2.55) <0.001 1.79 (1.17– 2.75) 0.007

SLEDAI- 2K (without NP variables) – – 1.19 (1.04– 1.36) 0.012
SDI (without NP variables) – – 1.05 (0.94– 1.18) 0.35
Glucocorticoids – – 1.59 (1.12– 2.34) 0.008
Antimalarial drugs – – 0.74 (0.54– 1.01) 0.056
Immunosuppressive drugs – – 0.67 (0.50– 0.94) 0.019

Non- SLE NP events excluding headache‡
Non- US African race† 0.52 (0.32– 0.86) 0.012 – – 
Asian race† 0.40 (0.26– 0.62) <0.001 – – 
Past SLE NP events 1.29 (0.84– 2.00) 0.24 – – 
Concurrent SLE NP events 2.31 (1.66– 3.21) <0.001 – – 

* Two models were used for the multivariate analysis of predictors of transition to the neuropsychiatric (NP) event 
state for systemic lupus erythematosus (SLE)– associated NP (SLE NP) events. Model 1 included only time- invariant 
variables, or those defined at all time points. Model 2 was restricted to transitions for which there was information 
on all of the variables included in model 1 and additional time- varying explanatory variables, which were available 
only for events that occurred after the initial patient assessment. HR = hazard ratio; 95% CI = 95% confidence interval; 
SLEDAI- 2K = SLE Disease Activity Index 2000; SDI = Systemic Lupus International Collaborating Clinics/American 
College of Rheumatology Damage Index. 
† Other races and ethnicities were included in the analysis, but the results were not significant. 
‡ n = 337 transitions. 
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anti– ribosomal P (HR 0.95 [95% CI 0.64– 1.40]; P = 0.781), or 
anti- NR2 (HR 0.78 [95% CI 0.52– 1.16]; P = 0.216) antibodies.

The results of multivariate analyses for SLE NP events in 
the multistate models are summarized in Table 1. For transitions to 
the NP event state (state 3) from either state 1 or state 2, two mod-
els, with associated estimated HRs and 95% CIs and P values, are 
presented. The first model includes only time- invariant variables, or 
those defined at all time points, and is estimated on all 492 observed 
transitions into state 3. (New events occurring while other events 
are ongoing do not represent a transition.) The second model is 
restricted to the 192 transitions for which there is information on all 
the variables in the first model and additional time- varying explan-
atory variables, the latter only being available for events occurring 
after the initial patient assessment. Results discussed are based on 
the first model when possible and on the second model otherwise.

For SLE NP events, there was a positive association with male 
sex (HR 1.35 [95% CI 1.03– 1.78]; P = 0.028), concurrent non- 
SLE NP events excluding headache (HR 1.83 [95% CI 1.31– 2.55]; 
P < 0.001), SLEDAI- 2K without NP variables (HR 1.19 [95% CI 
1.04– 1.36]; P = 0.012), and glucocorticoid use (HR 1.59 [95% 
CI 1.12– 2.34]; P = 0.008). There was a negative association with 
Asian race (HR 0.59 [95% CI 0.42– 0.82]; P = 0.002), postsecond-
ary education (HR 0.72 [95% CI 0.59– 0.88]; P = 0.001), and immu-
nosuppressive drug use (HR 0.67 [95% CI 0.50– 0.94]; P = 0.019). 
The negative association with antimalarial drug use approached 
statistical significance (HR 0.74 [95% CI 0.54– 1.01]; P = 0.056).

Factors associated with the onset of non- SLE NP 
events. For non- SLE NP events, univariate analyses revealed a 
positive association with Caucasian race at US sites (HR 1.37 [95% 
CI 1.14– 1.65]; P < 0.001), glucocorticoid use (HR 1.30 [95% CI 
1.09– 1.55]; P = 0.004), and concurrent SLE NP events (HR 1.61 

[95% CI 1.29– 2.02]; P < 0.001). There was a negative association 
with male sex (HR 0.56 [95% CI 0.44– 0.71]; P < 0.001), Hispanic 
ethnicity (HR 0.70 [95% CI 0.57– 0.86]; P ≤ 0.001), age at SLE 
diagnosis (HR 0.99 [95% CI 0.98– 0.99]; P < 0.001), and immuno-
suppressive drug use (HR 0.78 [95% CI 0.66– 0.93]; P = 0.005).

Since headache was a very frequent non- SLE NP event, 
occurring in 670 (36.7%) of the patients and accounting for 916 
(69.5%) of non- SLE NP events, the univariate analysis for non- SLE 
NP events was repeated with headache excluded. This analysis 
revealed a lower number of significant associations, albeit with 
substantially fewer transitions, which included a positive associa-
tion with concurrent SLE NP events (HR 2.37 [95% CI 1.72– 3.29]; 
P < 0.001) and a negative association with African race at non- US 
sites (HR 0.54 [95% CI 0.32– 0.89]; P = 0.015), Asian race (HR 
0.38 [95% CI 0.28– 0.58]; P < 0.001), and immunosuppressive 
drug use (HR 0.67 [95% CI 0.49– 0.92]; P < 0.001). Complete 
univariate analyses for SLE NP events, non- SLE NP events, non- 
SLE NP events excluding headache, and headache only revealed 
additionally that Asian race had a positive association with head-
ache, so that the negative association with other non- SLE events 
led to no demonstrable association when all non- SLE events were 
examined. A comprehensive analysis of predictors of headache 
has been published previously (21).

The results of multivariate analyses for non- SLE events 
excluding headache in the multistate models are summarized in 
Table 1. For non- SLE events, variables included in the model are 
defined at all time points and therefore only one model is pre-
sented. Excluding headache, there was a positive association 
with concurrent SLE NP events (HR 2.31 [95% CI 1.66– 3.21]; 
P < 0.001) and a negative association with African race at non- US 
sites (HR 0.52 [95% CI 0.32– 0.86]; P = 0.012) and Asian race (HR 
0.40 [95% CI 0.26– 0.62]; P < 0.001).

Figure 2. Probability curves for the onset and recurrence of peripheral, central/focal, and central/diffuse neuropsychiatric (NP) events attributed 
to systemic lupus erythematosus (SLE) using attribution model B, in which NP events were attributed to SLE if they 1) had their onset within 10 
years prior to the diagnosis of SLE and were still present within the enrollment window, or occurred subsequently, and 2) had no “exclusions” 
(potential non- SLE causes), and 3) were not one of the common NP events identified by Ainiala et al (11).



HANLY ET AL2298       |

Onset of new SLE NP events in central/diffuse, cen-
tral/focal, and peripheral groups. Estimated probability- 
of- onset curves and the number of patients at risk for new and 
recurrent SLE NP events, representing entries into multistate model 
state 3, are provided in Figure 2 and Table 2, respectively. The NP 
events are clustered into central/diffuse, central/focal, and periph-
eral groups, with curves based on multistate models for each 
group. As can be seen, the rates for new and recurrent NP events 
in each of these clusters are similar, with the exception of the higher 
rate of recurrence in the central/focal group.

An initial investigation of the potential differential effects of 
predictors of central/diffuse, central/focal, and peripheral SLE 
NP events revealed no marked variation. An approximate global 
test for differential effects, used to make allowance for multiple 
comparisons, for the factors in model 1 (shown in Table 1) gener-
ated a chi- square statistic of 21.8 with 20 degrees of freedom (df) 
(P = 0.34). The only estimated quantitative difference of note was 
for the effect of Hispanic ethnicity, which had a common nonsig-
nificant estimated effect (HR 0.93 [95% CI 0.71– 1.21]; P = 0.57) 
but had somewhat different estimated effects in the central/
diffuse, central/focal, and peripheral groups (HR 0.50 [95% CI 
0.31– 0.83] [P = 0.007], HR 1.34 [95% CI 0.90– 1.99] [P = 0.15], 
and HR 1.13 [95% CI 0.65– 1.99] [P = 0.66], respectively).

For the additional variables in the second SLE NP events model 
in Table 1, a global test of differential effects generated a chi- square  

statistic of 18.66 with 10df (P = 0.04). There was some evidence 
that the glucocorticoid effect was more marked in the central/focal  
group (HR 2.42 [95% CI 1.40– 4.17]; P = 0.002) than in the central/diffuse 
group (HR 1.40 [95% CI 0.84– 2.33]; P = 0.20) or in the peripheral group 
(HR 1.30 [95% CI 0.69– 1.46]; P = 0.42). There was also some evidence 
that the effect of antimalarial drugs was more evident in the central/  
focal group (HR 0.69 [95% CI 0.45– 1.07]; P = 0.09) and central/  
diffuse group (HR 0.60 [95% CI 0.37– 0.95]; P = 0.03) than in the 
peripheral group (HR 0.93 [95% CI 0.50– 1.74]; P = 0.83). Multiplicity 
 consider ations suggest that these findings should be interpreted cau-
tiously. Sample size was insufficient to address differential effects for 
non- SLE NP events.

We looked for an association between central/focal SLE NP 
events and antiphospholipid antibodies and between central/diffuse 
SLE NP events and generalized SLE disease activity as reflected in 
the SLEDAI- 2K score. Neither association was identified in our anal-
ysis. Specifically, although the presence of LAC had a slightly higher 
HR for central/focal events, it was not significant in the univariate 
analysis, and there was no evidence of differential effects by event 
type (P = 0.33). The same pattern emerged when LAC was added 
to the multivariate model, with the test for differential effects yield-
ing P = 0.22. With respect to the SLEDAI- 2K, there was no clear 
evidence of differential effects by event type. A formal test gener-
ated P = 0.10, and when we looked at individual effects, the largest 
effect was for central/focal events, not central/diffuse events.

Table 2. Number of patients at risk at the indicated time points for new and recurrent NP events attributed 
to SLE and for resolution of NP events*

0 years 5 years 10 years 15 years
New and recurrent SLE NP events†

Initial peripheral 1,827 1,340 695 175
Recurrent peripheral 59 31 14 1
Initial central/focal 1,827 1,295 666 174
Recurrent central/focal 144 64 22 1
Initial central/diffuse 1,827 1,271 654 175
Recurrent central/diffuse 102 65 20 4

Resolution of all NP events‡
Non- SLE NP events 401 109 31 6
SLE NP events 593 120 41 12
Headache 916 198 57 11

Resolution of SLE NP events‡
Peripheral 118 34 10 5
Central/focal 244 31 12 2
Central/diffuse 231 55 19 5

Resolution of non- SLE NP events‡
Peripheral 43 15 3 1
Central/focal 26 4 3 0
Central/diffuse 1,248 288 82 16

Resolution of non- SLE NP events with headache as 
separate category‡

Peripheral 43 15 3 1
Central/focal 26 4 3 0
Central/diffuse 332 90 25 5
Headache 916 198 57 11

* Values are the number of patients at risk. See Table 1 for definitions.
† Probability curves are shown in Figure 2.
‡ Probability curves are shown in Figures 3A–D. 
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Resolution of central/diffuse, central/focal, and 
peripheral NP events. To provide background to the devel-
opment of regression models for transitions to the resolved 
state, probability- of- resolution curves at the event level, i.e., each 
event provides one observation, are presented in Figure 3, and 
the numbers of patients at risk are presented in Table 2. Due to 
the predominance of headache in the non- SLE NP event group, 
headache was separated from the other non- SLE NP events in 
this analysis. As a group, NP events attributed to SLE had a higher 
rate of resolution than non- SLE NP events, with the exception of 
headache, which had a comparable rate of resolution to SLE NP 
events (Figure 3A). Within the SLE NP events, the rate of resolu-
tion was highest for central/focal NP events compared to central/
diffuse and peripheral NP events (Figure 3B). For the non- SLE NP 
events, a similar pattern of resolution was seen (Figure 3C), which 
was more apparent when the rate of resolution for headache was 
separated from the other central/diffuse NP events (Figure 3D).

Factors associated with the resolution of NP events. 
Since predictors of resolution of headache have been presented 
elsewhere (21), in this analysis, predictors of the transition to the 
resolved state, state 2, from the new/ongoing NP event state, 
state 3, were examined for SLE NP events and non- SLE events 

excluding headache. For these multistate models, explanatory 
variables were defined as binary indicators of any peripheral 
event in the active state and of any central/focal event in the 
active state because multiple types of events may be present 
for patients in the NP event state. The reference category for 
the effects associated with these indicators was all active events 
being central/diffuse because these events were the most 
frequent.

For SLE NP events, univariate analyses of transitions to the 
resolved NP state revealed a positive association with Asian race 
(HR 1.77 [95% CI 1.19– 2.63]; P = 0.004) and any central/focal NP 
event (HR 1.66 [95% CI 1.29– 2.15]; P < 0.001). For non- SLE NP 
events, there was a positive association with Hispanic ethnicity 
(HR 1.69 [95% CI 1.14– 2.48]; P = 0.008) and with African race at 
non- US sites (HR 1.99 [95% CI 1.10,3.61]; P = 0.022).

The results of multivariate analysis are summarized in Table 3. 
For SLE NP events, there was a positive association with Asian 
race (HR 1.72 [95% CI 1.17– 2.54]; P = 0.006) and with any cen-
tral/focal NP event (HR 1.74 [95% CI 1.33– 2.27]; P < 0.001). For 
non- SLE NP events there was a positive association with African 
race at non- US sites (HR 2.06 [95% CI 1.14– 3.73]; P = 0.017) 
and a negative association with age at diagnosis of SLE (HR 0.98 
[95% CI 0.96– 0.99]; P < 0.001).

Figure 3. Probability curves for the resolution of all neuropsychiatric (NP) events (A), NP events attributed to systemic lupus erythematosus 
(SLE) (B), NP events not related to SLE (C), and NP events not related to SLE, with headache analyzed as a separate category (D). NP events 
were attributed to SLE or non- SLE causes using attribution model B, in which NP events were attributed to SLE if they 1) had their onset within 
10 years prior to the diagnosis of SLE and were still present within the enrollment window, or occurred subsequently, and 2) had no “exclusions” 
(potential non- SLE causes), and 3) were not one of the common NP events identified by Ainiala et al (11).
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DISCUSSION

Long- term observation of a large international SLE dis-
ease inception cohort was used to identify predictors of both 
the occurrence and resolution of NP events with current 
standard of care. The inclusion of all NP events, regardless 
of attribution, provided insight into differences between NP 
events attributed to SLE and to non- SLE causes. The predom-
inance of headache within the non- SLE NP group prompted 
a separate analysis of this individual event. The results of our 
study indicate heterogeneity in the occurrence, resolution, 
and recurrence of different NP events and in predictors of 
those events over time. As multiple NP events due to differ-
ent causes may present concurrently in individual patients, the 
findings emphasize the importance of recognizing attribution 
of NP events as a determinant of clinical outcome.

The SLICC SLE disease inception cohort is well suited for 
the present study. Over the course of 21 years since enrollment 
began, this large, prospective, international cohort has provided 
the basis for examining several SLE manifestations and complica-
tions, including atherosclerosis (22), lupus nephritis (23), cumula-
tive organ damage (24), frailty (25), and NP disease (4). The study 
of NP disease has been facilitated by standardized data collection, 
use of predetermined rules to identify attribution of NP events to 
SLE and non- SLE causes, and recruitment of patients close to 
the time of diagnosis of SLE. Previous studies of NP disease in 
the SLICC cohort have focused on individual NP manifestations 

(4,21,26– 29), made possible by the large size of the cohort and  
prolonged follow- up. In the present study, using a multistate  
modeling approach, we examined the long- term course of all NP  
events in the SLICC cohort, with a particular emphasis on the fac-
tors associated with clinically meaningful change in NP status over 
time. NP events occur frequently in SLE patients (30,31). In the 
present study, more than half of the patients experienced at least 
a single event during the study, and more than a quarter experi-
enced ≥2 events. There was also a wide spectrum of manifes-
tations, and all 19 of the individual ACR case definitions for NP 
disease in SLE were represented. More than three- quarters of the 
NP events were in the central/diffuse category, and only 31% of all 
events were attributed to SLE.

There is a paucity of information on predictors of NP events in 
SLE. This is partly due to study limitations, including small cohort 
size, failure to determine attribution of NP events in a standard-
ized way, and short observation period (32– 34). In the present 
study, multivariate analysis of predictors of the onset of SLE NP 
events indicated a higher risk in men than in women and a reduced 
risk in individuals of Asian race. Of interest, the risk was also 
reduced in patients with postsecondary education, consistent with 
the findings of a study of 1,121 Korean SLE patients (30). Likewise, 
Asian race was also associated with a lower risk of non- SLE NP 
events, as was African race at non- US sites. For both types of 
NP events, adjustment for age at diagnosis did not alter the find-
ings regarding race, and there was a significant association with 
concurrent NP events of the alternate attribution, indicating that 
NP events due to SLE and non- SLE causes present concurrently 
in many patients. As the etiology of NP events due to SLE and 
non- SLE causes is different, their co- occurrence emphasizes the 
importance of determining the correct attribution, which will direct 
therapy. In support of this point and consistent with the findings 
of other studies (30,35), the present study showed that the onset 
of NP events attributed to SLE was associated with SLE disease 
activity and glucocorticoid use. None of the lupus autoantibodies  
measured at enrollment predicted the onset of NP events. This 
finding is not surprising, given that previous autoantibody associa-
tions with SLE NP events have been restricted to specific NP mani-
festations, such as cerebrovascular events (26) and psychosis (27).

Previous studies have sought predictors of clinical outcome 
in patients with NPSLE. In a study of 32 hospitalized SLE patients 
(36), 14 of whom had antiphospholipid syndrome (APS), NP status 
improved in 69% of cases over 2 years of followup. In the same 
study, prior NP events and APS were associated with adverse 
outcomes. An increased mortality risk in SLE patients with NP dis-
ease has been demonstrated in previous studies (5,30), especially 
in patients with central/focal NP events (30). In the present study, 
there were group differences in the rate of resolution of NP events. 
Overall, SLE NP events were more likely to resolve compared to 
non- SLE NP events with the exception of headache. Resolution 
of SLE events was more likely in patients of Asian race and those 
with central/focal nervous system disease, with no effect seen for 

Table 3. Multivariate analysis of predictors of transitions to the 
resolved NP event state for SLE NP events and for non- SLE NP 
events excluding headache*

HR (95% CI) P
SLE NP events (n = 270 

transitions)
Asian race† 1.72 (1.17– 2.54) 0.006
Any peripheral event 0.89 (0.65– 1.24) 0.500
Any central/focal event 1.74 (1.33– 2.27) <0.001
All central/diffuse events 1.00 – 
Past non- SLE NP events 

(excluding headache)
0.93 (0.59– 1.47) 0.76

Concurrent non- SLE 
NP events (excluding 
headache)

0.63 (0.44– 0.91) 0.12

Previous headache 0.98 (0.67– 1.43) 0.93
Current headache 0.80 (0.58– 1.09) 0.15

Non- SLE NP events 
excluding headache 
(n = 176 transitions)

Hispanic ethnicity† 1.43 (0.96– 2.13) 0.082
Non- US African race† 2.06 (1.14– 3.73) 0.017
Age at SLE diagnosis 0.98 (0.96– 0.99) <0.001
Any peripheral event 0.76 (0.44– 1.29) 0.306
Any central/focal event 1.38 (0.72– 2.64) 0.328
All central/diffuse events 1.00 – 

* See Table 1 for definitions. 
† Other races and ethnicities were included in the analysis, but the 
results were not significant. 
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age at diagnosis. For non- SLE NP events, African race at non- US 
sites and younger age at diagnosis were associated with a better 
outcome. There was no association between the resolution of NP 
events and lupus autoantibodies measured at enrollment.

The higher rate of recurrence of central/focal SLE NP events 
(Figure 2) likely explains the previously reported overall higher rate 
for SLE versus non- SLE events (5). The central/focal disease 
group also had the highest rate of resolution of SLE NP events 
(Figure 3B). This group of NP events includes transient ischemic 
attacks (TIAs) which, by definition, resolve within 24 hours and thus 
could have influenced both recurrence and resolution rates. How-
ever, this is very unlikely, as TIAs were few in number (n = 29) and 
the curves for both recurrence and resolution were not apprecia-
bly different when TIAs were removed from the analysis (data not 
shown). Overall, central/focal SLE NP events were not associated 
with lupus autoantibodies, although we have previously reported 
an association of stroke and TIAs with antiphospholipid antibod-
ies in the SLICC cohort (26). Likewise, in the present study we 
found an overall association between SLE NP events and global 
SLE disease activity, excluding neurologic variables, but no such 
association was found with central/diffuse SLE NP events per se.

How can the findings of this study inform our approach to 
patient management? First, although nervous system events 
occur frequently in SLE patients, the majority are not a direct 
effect of a targeted autoimmune lupus response. The manage-
ment of these non- SLE NP events rests primarily on the treatment 
of comorbid conditions and symptomatic therapies. Second, as 
is the case with other lupus manifestations such as nephritis (23), 
SLE NP events occur most frequently early in the disease course 
(5). Third, the presentation of SLE NP events is often associated 
with generalized SLE disease activity, and SLE NP events have 
a more favorable outcome than NP events attributed to non- SLE 
causes. Finally, the associations with race or ethnicity, sex, and 
education, and the lack of association with lupus autoantibodies, 
emphasizes the importance of not overlooking etiologic factors 
beyond the more traditional autoimmune disease paradigms for 
NPSLE. For example, the negative association between the onset 
of SLE NP events and education may be due to differences in 
adherence to prescribed medications (37).

There are limitations to the present study. First, the pre-
dominance of Caucasian race in the cohort may have limited 
the ability to find additional associations for NPSLE in racial or 
ethnic minorities. Second, the clustering of NP events into a lim-
ited number of categories reduced the likelihood of finding spe-
cific clinical– serologic associations, such as the association of 
cerebrovascular disease with antiphospholipid antibodies (26). 
Third, assessment of the outcome of NP events was restricted 
to physician determinations and did not include patient- centered 
perceptions, as has been done in previous studies of individual 
NP manifestations in the SLICC inception cohort (4,21,26– 29). 
Finally, although the study was well suited to evaluate NP events 
early in the disease course when events are frequently due to SLE 

disease activity, the mean follow up of 7.6 years is likely insuffi-
cient for the study of later NP events, such as cerebrovascular 
disease attributed to accelerated atherosclerosis. Despite these 
limitations, the present study provides valuable data on the pres-
entation, outcome, and predictors of NP disease in SLE patients 
enrolled in a long- term, international, disease inception cohort.
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Lupus Susceptibility Region Containing CDKN1B rs34330 
Mechanistically Influences Expression and Function of 
Multiple Target Genes, Also Linked to Proliferation and 
Apoptosis
Bhupinder Singh,1 Guru P. Maiti,1 Xujie Zhou,2 Mehdi Fazel- Najafabadi,1  Sang- Cheol Bae,3  Celi Sun,1 
Chikashi Terao,4 Yukinori Okada,5  Kek Heng Chua,6 Yuta Kochi,7 Joel M. Guthridge,1 Hong Zhang,2 
Matthew Weirauch,8 Judith A. James,1  John B. Harley,8 Gaurav K. Varshney,1 Loren L. Looger,9 and  
Swapan K. Nath1

Objective. In a recent genome- wide association study, a significant genetic association between rs34330 of 
CDKN1B and risk of systemic lupus erythematosus (SLE) in Han Chinese was identified. This study was undertaken 
to validate the reported association and elucidate the biochemical mechanisms underlying the effect of the variant.

Methods. We performed an allelic association analysis in patients with SLE, followed by a meta- analysis assessing 
genome-wide association data across 11 independent cohorts (n = 28,872). In silico bioinformatics analysis and 
experimental validation in SLE- relevant cell lines were applied to determine the functional consequences of rs34330.

Results. We replicated a genetic association between SLE and rs34330 (meta- analysis P = 5.29 × 10−22, odds ratio 
0.84 [95% confidence interval 0.81– 0.87]). Follow- up bioinformatics and expression quantitative trait locus analysis 
suggested that rs34330 is located in active chromatin and potentially regulates several target genes. Using luciferase 
and chromatin immunoprecipitation– real- time quantitative polymerase chain reaction, we demonstrated substantial 
allele- specific promoter and enhancer activity, and allele- specific binding of 3 histone marks (H3K27ac, H3K4me3, 
and H3K4me1), RNA polymerase II (Pol II), CCCTC- binding factor, and a critical immune transcription factor (interferon 
regulatory factor 1 [IRF- 1]). Chromosome conformation capture revealed long- range chromatin interactions between 
rs34330 and the promoters of neighboring genes APOLD1 and DDX47, and effects on CDKN1B and the other target 
genes were directly validated by clustered regularly interspaced short palindromic repeat (CRISPR)– based genome 
editing. Finally, CRISPR/dead CRISPR- associated protein 9– based epigenetic activation/silencing confirmed these 
results. Gene- edited cell lines also showed higher levels of proliferation and apoptosis.

Conclusion. Collectively, these findings suggest a mechanism whereby the rs34330 risk allele (C) influences the 
presence of histone marks, RNA Pol II, and IRF- 1 transcription factor to regulate expression of several target genes 
linked to proliferation and apoptosis. This process could potentially underlie the association of rs34330 with SLE.

INTRODUCTION

Systemic lupus erythematosus (SLE) is an inflammatory 
 autoimmune disease characterized by autoantibody production, 
complement activation, and immune complex deposition,  resulting 
in tissue and organ damage (e.g., in the kidney, skin, and lungs, 
among others). SLE incidence and prevalence has a strong sex 

bias (ratio of women to men 9:1)  primarily affecting women 
of childbearing age, and a strong racial/ethnic bias, with a   
prevalence of SLE that is 3– 5- fold higher in populations of 
Black, Hispanic, and Asian ancestries compared to those of 
White ancestry (1).

Genetic influence in SLE susceptibility is well established. 
Several genome- wide association studies (GWAS) have identified 
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genetic associations between numerous single- nucleotide 
polymorphisms (SNPs) and SLE susceptibility (2). Among them, 
rs34330 was identified as a novel SLE susceptibility locus 
in East Asian populations (3). This SNP is located within the 
5′- untranslated region (5ʹ- UTR) (−79 C/T) of the cyclin- dependent 
kinase (CDK) inhibitor 1B gene (CDKN1B) at 12p13. CDKN1B 
encodes p27Kip1, an inhibitor of cyclin/CDK complexes, which are 
crucial for cell cycle progression and development. CDKN1B plays 
a key role in many cellular events and can act as a tumor suppres-
sor gene (4). The primary function of this multifunctional enzyme 
is to pause cell cycle progression during the G1/S transition by 
inhibiting cyclin A/CDK2 activity until S phase onset (5), allow-
ing cells to repair DNA damage and replication errors. Genetic 
lesions at CDKN1B could disrupt cell cycle control and contribute 
to cellular damage and SLE progression. Inhibitor p27Kip1 localizes 
to multiple places in the cell. Its cell cycle functions are largely 
performed in the nucleus, whereas in the cytoplasm, it binds to 
the G protein RhoA, promoting apoptosis by inhibiting both p27 
and RhoA (6). CDKN1B is also involved in autophagy modulation 
and autoimmunity development (7). The roles of p27Kip1 in T cell 
function are complex. It opposes the development of CD4+ T 
cell effector function, inhibits proliferation of thymic and mature T 
cells, promotes T cell anergy and immune tolerance, and is critical 
for autophagy and apoptosis (7). In turn, autophagy promotes 
T cell proliferation through T cell receptor– driven degradation of 
p27Kip1 (8).

The CDKN1B polymorphism at rs34330 has also been asso-
ciated with susceptibility to multiple cancers including breast, 
lung, thyroid, endometrial, and hepatocellular cancer, where T is 
a risk allele (9). CDKN1B signaling promotes apoptosis in SLE 
patients undergoing bone marrow mesenchymal stem cell trans-
plantation (10).

Since the first report, no study has been conducted to 
replicate rs34330 association with SLE, establish rs34330 tar-
get genes, or determine specific mechanisms and downstream 
genes by which rs34330 contributes to SLE susceptibility. In this 
study, using a combination of in vitro experimental assays in 3 
SLE- relevant cell lines, we extensively characterized the impact 
of the rs34330 risk allele on CDKN1B and its neighboring genes. 
Our findings support the notion that the risk allele elevates cell 
type– specific promoter and enhancer activity, influencing the 
expression of multiple neighboring genes. Using clustered reg-
ularly interspaced short palindromic repeat (CRISPR)– based 
genetic and epigenetic editing, we validated and extended the 
predicted effects on target gene expression, proliferation, and 
apoptosis.

MATERIALS AND METHODS

Study design. The overall study design and experimental 
steps are outlined in Figure 1. First, to assess the consistency 
and veracity of the genetic effect, we performed an allelic asso-
ciation analysis with new cohorts followed by a meta- analysis of 
rs34330 (CDKN1B) across 11 independent cohorts of Asian and 
European ancestries (n = 28,872). Second, we used in silico bio-
informatics analysis to identify potential regulatory effects on gene 
expression and annotated this region with epigenetic data on his-
tone modifications and expression quantitative trait loci (eQTLs) 
across multiple tissues. Third, we performed luciferase reporter 
assays in the cell lines HEK 293 (kidney- derived neuronal), Jurkat 
(T lymphocyte), U937 (monocyte), and lymphoblastoid cell lines 
(LCLs) (lymphoblastoid B cells) to measure allele- specific regu-
latory effects. Fourth, a combination of DNA pull- down, electro-
phoretic mobility shift assay (EMSA), Western blotting, and mass 
spectrometry was used to identify DNA- bound proteins followed 
by chromatin immunoprecipitation (ChIP)– quantitative polymerase 
chain reaction (qPCR) to identify allele- specific binding of inter-
acting proteins. Fifth, using chromosome conformation capture 
assays, we assessed chromatin interaction between rs34330 
and neighboring genes in primary B cells, T cells, HEK 293 cells, 
and Jurkat cells. Sixth, CRISPR- based deletion and activation/
inhibition were performed to assess SNP effects on target gene 
expression. Finally, we compared cell growth and viability between 
35 nucleotide- edited knockout (KO) and wild- type (WT) cells using 
proliferation and apoptosis assays.

The methods discussed below are described in further 
detail in Supplementary Materials and Methods, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41799/ abstract.

Assessment of rs34330 association with SLE. To 
assess the genetic association between rs34330 and SLE, we 
performed a meta- analysis using METAL (11) to assess GWAS 
data from 11 cohorts. We used summary statistics from the 
original 6 cohorts (12) (Supplementary Table 1, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41799/ abstract) as the discovery cohort. To rep-
licate the association with SLE, we genotyped rs34330 in 4 inde-
pendent cohorts of Beijing Han Chinese (BHC), Korean, Malayan 
Chinese, and European- American ancestries (Supplementary 
Table 1) and added genetic data from a Japanese cohort (13). 
Association analysis and summary statistics for the genotyped 
SNPs were performed using Plink (14).
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Bioinformatics, transcription factor binding, and 
allelic imbalance analyses. To identify functional roles of the 
rs34330 region, we first used annotations from HaploReg- version 
4.1 (15), and Bayesian functional scores from 3DSNP (16) and 
RegulomeDB (17). To assess chromatin context and epigenetic 
regulation at this locus, we identified several active histone marks 
(H3K27ac, H3K4me1, and H3K4me3), DNase I hypersensitiv-
ity, and RNA polymerase II (Pol II) binding for lymphoblastoid B 
cells (GM12878), using data from the ENCODE database (18) 
(Figure 2A).

Expression QTL analysis. To determine the effects of the 
rs34330 region on the expression of CDKN1B and neighboring 
genes, we assessed its effect in multiple tissue samples from the 
Genotype- Tissue Expression Project (19), LCLs from the Multiple 
Tissue Human Expression Resource project (18), and blood cell 
lines from Blood eQTL (20). We also queried whole blood– based 
eQTL data from the East Asian eQTL mapping project (21) and a 
Korean eQTL database for Crohn’s disease (22). Additionally, we 
used a conditional eQTL database, which distinguishes between 
dependent and independent eQTL effects (23).

Figure 1. Overall study design and experimental steps to validate the association between rs34330 and systemic lupus erythematosus 
(SLE). eQTL = expression quantitative trait locus; SNP = single- nucleotide polymorphism; MS = mass spectrometry; ChIP = chromatin 
immunoprecipitation; qPCR = quantitative polymerase chain reaction; CRISPR = clustered regularly interspaced short palindromic repeat; Cas9 
= CRISPR- associated protein 9.

Figure 2. Genetic association between the single-nucleotide polymorphism rs34330 and systemic lupus erythematosus (SLE). A, ENCODE project 
data showing relevant histone marks, DNase I hypersensitivity, and RNA polymerase II (Pol II) binding in lymphoblastoid B cells (GM12878), with data 
obtained using the UCSC genome browser. B, Meta- analysis (Meta) and forest plots of association between rs34330 and SLE in the 11 cohorts of 
Asian and European ancestries. Squares represent the odds ratio (OR), and horizontal lines represent the 95% confidence interval. The elongated 
diamond represents the overall OR for the 11 cohorts. HK = Hong Kong; GWAS = genome- wide association study; AH = Anhui; Rep1 = replication 
1; Thai = Thailand; JPT = Japanese in Tokyo; BHC = Beijing Han Chinese; KR = Korean; MC = Malayan Chinese; EA = European American.
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Luciferase reporter assay. To assess the potential 
enhancer/promoter activity of this rs34330- containing region, 
we used the Dual- Luciferase Reporter Assay system (Promega). 
Briefly, the rs34330- containing region was cloned into the pGL4.26 
vector for enhancer assay and the pGL4.14 vector for promoter 
assay (both from Promega). Each plasmid was transiently cotrans-
fected with pGL4.74 (internal control) in HEK 293 cells, Jurkat 
cells, U937 cells, and LCLs. After 24 hours, enhancer/promoter 
activity was measured using a Dual- Luciferase Reporter Assay.

DNA pull- down assay. A DNA pull- down assay was per-
formed as previously described (24). Briefly, nuclear extract from 
cultured Jurkat cell lines was incubated with biotin- labeled DNA 
(risk and non- risk alleles of rs34330) attached to Dynabeads 
M- 280. Proteins bound to the beads were separated from 
unbound proteins by successive washes and later resolved with 
sodium dodecyl sulfate– polyacrylamide gel electrophoresis, fol-
lowed by peptide mass fingerprint matrix- assisted laser desorp-
tion ionization mass spectrometry analysis of single bands.

ChIP assay. Two Coriell cell lines with the risk (CC) and 
non- risk (TT) genotypes for rs34330 were cultured in RPMI 
1640 medium, and ChIP assays were performed using a Magnify 
ChIP kit (Invitrogen). Briefly, 1 × 107 cells were fixed, sonicated, 
and immunoprecipitated against targeted antibodies (poly[ADP- 
ribose] polymerase [PARP- 1], interferon regulatory factor 1 [IRF- 1], 
CCCTC- binding factor [CTCF], Pol II, H3K27ac, H3K4me3, and 
H3K4me1). DNA from the immunoprecipitated chromatin com-
plexes was eluted, reverse crosslinked, purified, and later subjected 
to quantitative reverse transcriptase– PCR (qRT- PCR) analysis.

Chromosome conformation capture assay. Chro mosome 
conformation capture is an important technique used to study 
chromatin structures that occur in living cells. Briefly, together 
with primary T cells and B cells, HEK 293 and Jurkat cells were 
fixed with formaldehyde, and crosslinked nuclei were isolated after 
cells were lysed. The nuclear content was digested with Sac I and 
T4 DNA ligase. The digested DNA was purified by proteinase K 
digestion, followed by phenol– chloroform treatment and alcohol 
precipitation. The purified DNA was diluted for chromosome con-
formation capture– PCR after quantitation.

CRISPR/CRISPR- associated protein 9 (Cas9)– based 
deletion of the rs34330 region. We used CRISPR/Cas9 
to delete a small region (<40 bases) surrounding rs34330 in 2 
different cell lines (HEK 293 and Jurkat). Briefly, to deliver the 
single- guide RNA (sgRNA)/Cas9 RNP complex into HEK cells, 
we used Lipofectamine 3000, and a Neon Electroporation sys-
tem was used for Jurkat cells. After 4 days and 7 days, indel 
efficiency was measured using Sanger sequencing, and analyzed 
using TIDE and/or ICE. For downstream experiments, CRISPR- 
edited pooled cells were grown, harvested, and later subjected 

to messenger RNA isolation and quantitative PCR for CDKN1B 
and neighboring genes DDX47, APOLD1, MANSC1, and GPR19.

CRISPR- based activation and CRISPR inhibition. For 
CRISPR inhibition and CRISPR- based activation, plasmids SP- 
dCas9- VPR (no. 63798), pcDNA- dCas9- p300 (no. 61357), and 
dCas9- KRAB- MeCP2 (no. 110821) (all from Addgene; kind gifts 
from Dr. George Church, Harvard Medical School, Boston, MA) 
(25– 27) were used. The pools of sgRNA were the same as those 
used for the Cas9 deletion experiment. Transfections in HEK 293 
cells were performed in 24- well plates using 375 ng of respective 
dead Cas9 (dCas9) expression vector and 125 ng of equimolar- 
pooled or individual guide RNA expression vectors mixed with 
Lipofectamine 3000 (no. L300001; Life Technologies). Cells 
were harvested for RNA 72 hours post- transfection. RNA was 
extracted, and qPCR was performed as previously described (24).

Flow cytometric analysis of cell apoptosis. KO and WT 
Jurkat cells were stained with Ki- 67 for proliferation assays. Apo-
ptosis between 2 groups of cell lines (KO and WT) was also meas-
ured after cells were maintained under serum starvation conditions 
for 2 hours. The progression of the cell cycle was measured using 
propidium iodide staining.

RESULTS

Meta- analysis of rs34330 association with SLE. 
We used the rs34330 association results directly from the first 
report (3) (5,365 cases and 10,024 controls in the discovery 
set, with a P value for association with SLE of 5.00 × 10−13). 
To replicate the genetic association of rs34330, data from 5 
cohorts (4,858 cases and 8,625 controls in the replication set) 
were used (Supplementary Table 1, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41799/ abstract). We used direct genotyping data 
on rs34330 from 4 cohorts (BHC, Korean, Malayan Chinese, and 
European American ancestries) and augmented with summary 
data from a recently published report from our Japanese collabo-
rators (13). Our results confirmed the association of rs34330 with 
SLE (P = 1.71 × 10−10) (Supplementary Table 2, http://onlin elibr ary.
wiley.com/doi/10.1002/art.41799/ abstract).

Next, we performed a meta- analysis of the combined effect 
of the association of rs34330 and SLE across 11 cohorts of 
Asian and European ancestries (total 28,872 [10,223 cases and 
18,649 controls]) (Supplementary Table 2). The results showed 
a strong and consistent association between rs34330 and SLE 
(meta- analysis P = 5.29 × 10−22, odds ratio 0.84 [95% confi-
dence interval 0.81– 0.87]) (Figure 2B). The odds ratios were 
consistent across populations with no significant heteroge-
neity (I2 = 0, P for heterogeneity = 0.48), and the findings were 
confirmed to be robust when tested for publication bias, as sup-
ported by a symmetric funnel plot (Supplementary Figure 1, http://
onlin elibr ary.wiley.com/doi/10.1002/art.41799/ abstract).
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Bioinformatics prediction of rs34330 as a potential 
regulatory variant. Our findings of the presence of various his-
tone marks, chromatin accessibility, and RNA Pol II occupancy all 
indicated that rs34330 is located within an active regulatory region 
(Figure 2A). Using multiple bioinformatics packages, rs34330 was 
scored as highly probable to be functional, based on a 3DSNP score 
of 163.7 (predicted as a promoter in 109 cells/tissues, 51 predicted 
transcription factor binding sites), a RegulomeDB score of 4 (pre-
dicted as having regulatory potential), and the presence of a Chrom-
HMM active transcription start site (TSS).

Next, we predicted differential transcription factor binding 
between the risk (C) and non- risk (T) alleles of rs34330 using mul-
tiple databases, discovering several with predicted differential 
binding. Among these, IRFs exhibited 3– 5- fold greater binding 
to the risk allele (Supplementary Table 3, http://onlin elibr ary.wiley.
com/doi/10.1002/art.41799/ abstract). The transcriptional repres-
sor CTCF bound preferentially (4– 16- fold) to the non- risk allele, 
suggesting greater transcriptional activation at the risk allele.

Expression QTL and allele- specific expression analy-
ses. Using several databases, we identified rs34330 as a signifi-
cant eQTL, especially in immune cells (P values between 2.3 × 10−2 
and P >1.8 × 10−17  for several immune cell types), affecting nearby 
genes APOLD1, DDX47, and GPR19 (Supplementary Table 4, 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41799/ abstract). 
All eQTL target genes were also identified among the eQTLs 
assessed in Asian cohorts (21). This SNP is also an eQTL for a long 
noncoding RNA RP11- 59H1.4 (P = 1.89 × 10−6) in the whole blood 
of patients of Korean descent with Crohn’s disease (22).

To detect allelic imbalance, we used the allele- specific 
expression database AlleleDB, which contains LCLs derived 
from individuals from the 1000 Genomes Project (28). We iden-
tified 2 heterozygous (C/T) individuals with strong allele- specific 
expression at rs34330. The risk allele (C)– containing CDKN1B 
transcripts were significantly greater than the non- risk allele (T)– 
containing transcripts in both individuals (P = 2.15 × 10−12 and 
P = 1.22 × 10−7, respectively).

Figure 3. Results of luciferase reporter assay and chromatin immunoprecipitation (ChIP)– quantitative polymerase chain reaction (qPCR) assay 
for rs34330 functionality. A, Allele- specific promoter assays across 4 cell lines (HEK 293, Jurkat, U937, and lymphoblastoid cell lines [LCL]). 
B, Allele- specific enhancer assays across 4 cell lines (HEK 293, Jurkat, U937, and LCL). Empty vectors pGL4.14 and pGL4.26 were used as 
reference. C, ChIP- qPCR assays for determining allele- specific DNA– protein interactions with H3K4me1, H3K27ac, and H3H4me3. D, ChIP- 
qPCR assays for determining allele- specific DNA– protein interactions with poly(ADP- ribose) polymerase 1 (PARP- 1), interferon regulatory factor 
1 (IRF- 1), RNA polymerase II (Pol II), and CCCTC- binding factor (CTCF). All analyses were conducted according to CC risk (R) and TT non- risk 
(NR) genotype. For each assay, the binding affinity was measured against IgG control. Bars show the mean ± SD (n = 3). Numbers above the 
bars are the P values, determined by Student’s t- test. Primers and their sequences used for these experiments are listed in Supplementary Table 
5, http://onlinelibrary.wiley.com/doi/10.1002/art.41799/abstract. RLU = relative luminescence units; NS = not significant.
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Validating allele- specific regulatory effects of 
rs34330. To experimentally assess the allele- specific regulatory 
potential (promoter and enhancer) of 575- bp sequences sur-
rounding rs34330, we used luciferase reporter assays in 4 differ-
ent cell lines (HEK 293, Jurkat T lymphocytes, U937 monocytes, 
and LCLs [B lymphocytes]). We found marked promoter activity 
(up to  30- fold over empty vector) in all 4 cell lines, with the C 
risk allele showing significantly more activity than the T non- risk 
allele (~5- fold [P = 5.0 × 10−4] for HEK 293, ~3- fold [P = 4.0 
× 10−4] for Jurkat, ~50% more [P = 2.3 × 10−2] for U937, and 
~2-fold [P = 2.0 × 10−2] for LCLs) (Figure 3A). This is consist-
ent with previous reports that rs34330- C exerts higher promoter 
activity than rs34330- T (29). Substantial enhancer activity (up to 
26- fold over empty vector) was observed, using a minimal pro-
moter plasmid (pGL4.26) with both risk- allele and non- risk allele 
sequence, in 3 of the 4 cell types. Sequences containing the risk 
allele produced significantly more reporter gene activity in HEK 
293 cells (~50% more [P = 4.15 × 10−2]), U937 cells (~30% more 

[P = 3.38 × 10−2]), and LCLs (40% more [P = 2.0 × 10−2]), but 
not Jurkat cells (P = 0.188), indicating that the rs34330- C base 
is critical for enhancer activity in a cell type– dependent manner 
(Figure 3B).

Allele- specific binding of rs34330 to regulatory pro-
teins. Since the region containing rs34330 colocalizes with 
strong promoter and enhancer activity, we sought to identify inter-
acting proteins. Two Coriell cell lines with risk and non- risk geno-
types were used for these experiments. First, using ChIP- grade 
antibodies (Abcam), we checked histone marks H3K27ac and 
H3K4me3, which are usually associated with active transcription 
near the promoter/transcription start site, and H3K4me1, which 
is usually associated with active transcription at an enhancer. As 
expected, we observed significantly more active marking with the 
CC genotype (risk) than the TT genotype (non- risk) (~2- fold [P = 2.2 
× 10−2] for H3K4me1, ~1.6- fold [P = 3.92 × 10−2] for H3K27ac, and 
~3- fold [P = 1.4 × 10−3] for H3K4me3) (Figure 3C), with the 2 most 

Figure 4. Long- range chromosomal interaction analysis of the rs34330 region using chromosome conformation capture. A, Schematic 
representation of the rs34330 region with primer locations for chromosome conformation capture experiments and neighboring gene regions. 
Vertical lines indicate the position of Sac I restriction enzyme sites. Small arrows represent the primer location with orientation. The forward 
primer at the rs34330 region is the common primer for all other reverse primers within the APOLD1 and DDX47 gene regions. Similarly, the 
reverse primer at the rs34330 region is the common primer for all other forward primers within the GPR19 and MANSC1 gene regions. Large 
arrows represent the transcriptional start site of the respective genes. B– E, Relative interaction of rs34330 regions with different genomic 
regions in primary B cell lines (B), primary T cell lines (C), HEK 293 cell lines (D), and Jurkat cell lines (E). The relative interaction frequency for 
each primer set represents the intensity of the polymerase chain reaction band from experimental DNA normalized to the polymerase chain 
reaction band intensity from bacterial artificial chromosome DNA. The x- axis shows the genomic distance of the interacting region in the 
forward and reverse directions from single- nucleotide polymorphism rs34330 (0 kb). Circles represent the relative interaction frequencies at the 
corresponding restriction sites. Primers and their sequences used for these experiments are listed in Supplementary Table 5, http://onlinelibrary.
wiley.com/doi/10.1002/art.41799/abstract.
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significant marks being the promoter/TSS- associated modifications 
(H3K4me1 and H3K4me3), consistent with the location of rs34330.

Next, we tested the differential binding of the transcription 
factors predicted through bioinformatics. Antibodies against Pol 
II bound significantly more with the risk genotype (~50% more; 
P = 2.11 × 10−3) than the non- risk genotype, consistent with 
greater transcriptional activity of the risk allele. As it was pre-
dicted by bioinformatics analysis that several IRF transcription 
factors could differentially bind to the SNP region (Supplemen-
tary Table 3, http://onlin elibr ary.wiley.com/doi/10.1002/art.41799/ 
abstract), we tested IRFs 2, 4, 5, and 8, but did not detect any 
binding at this region (data not shown). However, IRF- 1 showed 
strong binding, with ~2- fold as much at the risk locus (P = 2.5 × 
10−3). With post hoc annotation of the SNP region using  ConSite 
(30), we identified a plausible IRF- 1 site 27 bp away from the 
SNP (Supplementary Figure 2, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41799/ abstract). SNP effects on transcription 
factor binding sites that are within close proximity are routinely 
observed (31), manifested through mechanisms such as protein– 
protein interactions with the transcription factor, alteration of his-
tone occupancy, or mediators of chromatin looping. To assess 
differential binding with CTCF, we tested for binding that was sig-
nificantly enriched around the rs34330 region compared to IgG. 

Relatively greater binding was found with the non- risk allele com-
pared to the risk allele (as suggested in the bioinformatics anal-
ysis), but the difference was not significant (P = 0.4) (Figure 3D).

In addition to testing the predicted transcription factors, we 
pursued an unbiased approach to discovering binding proteins, 
using a DNA pull- down assay followed by an EMSA. This revealed 
an ~100- kd band preferentially binding to the risk allele; mass 
spectrometry of this band identified PARP- 1 as the binding pro-
tein  (Supplementary Figure 3, http://onlin elibr ary.wiley.com/doi/10. 
1002/art.41799/ abstract). Follow- up experiments with ChIP- qPCR 
showed substantial binding to both the risk and non- risk alleles, 
with no allelic differences (Figure 3D). The source of the apparent 
discrepancy in findings between the 2 techniques is not known 
and may involve cell type– specific effects (Jurkat cells for EMSA 
and Coriell LCLs for ChIP- qPCR).

Long- range chromatin interactions between rs34330   
and target genes. To examine interactions between the 
rs34330 region and neighboring promoters, we performed chro-
mosome conformation capture experiments in primary T cells, 
B cells, HEK 293 cells, and Jurkat cells, using semiquantitative 
PCR (Figure 4A). We detected interaction between rs34330 
and the APOLD1 and DDX47 promoters in all 4 cell lines tested 

Figure 5. Effects of clustered regularly interspaced short palindromic repeat (CRISPR)– based genetic and epigenetic editing in different study 
models. A, Levels of mRNA for CDKN1B, APOLD1, and DDX47 in pooled edited cells. B, Epigenetic effects of CRISPR- based activation on 
CDKN1B, APOLD1, and DDX47 using dCas9- p300 and dCas9- VPR in HEK 293 cells. C, Epigenetic effects of CRISPR inhibition using dCas9- 
KRAB- MeCP2 in HEK 293 cells. D, Epigenetic fine- mapping of rs34330 relative to the transcriptional functional unit for CDKN1B expression 
using dCas9- p300. Numbers above the bars are the P values, determined by Student’s t- test. Bars show the mean ± SD (n = 3). NS = not 
significant; sgRNA = single- guide RNA. Primers and their sequences used for these experiments are listed in Supplementary Table 5, http://
onlinelibrary.wiley.com/doi/10.1002/art.41799/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41799/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41799/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41799/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41799/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41799/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41799/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41799/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41799/abstract
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(Figures 4B– E). Chromosome conformation capture cannot dis-
criminate CDKN1B promoter binding, as it is only 79 bp away. 
Interactions with the DDX47 promoter were higher in Jurkat cells 
than HEK 293 cells, indicating cell type– specific interactions or 
chromatin states of this region. Thus, the rs34330 region pre-
dominantly interacts with the DDX47 and APOLD1 promoters, 
consis tent with the eQTL results in which these 2 genes were 
the most significantly modulated. While no significant interaction 
with the MANSC1 promoter regions was detected in any cells, 
interaction with GPR19 was detected in both primary B cells 
and T cells.

Validating transcriptional impacts of rs34330 on tar-
get genes using CRISPR- based genome editing. To validate 
the observed transcriptional effects of the rs34330 region, we 
deleted ~35 bases in HEK 293 and Jurkat cells with CRISPR/
Cas9 (32), using a pool of 3 sgRNAs. We confirmed ~35 bp dele-
tion by Sanger sequencing. The editing efficiency was very high: 
98% for HEK 293 cells and 87% for Jurkat cells (Supplementary 

Figure 4, http://onlin elibr ary.wiley.com/doi/10.1002/art.41799/ 
abstract). Next, we performed qRT- PCR on WT and CRISPR/
Cas9- edited (KO) HEK 293 and Jurkat cells. Levels of CDKN1B, 
DDX47, and GPR19 were significantly reduced in KO cells (~50% 
[P = 2.0 × 10−3], ~25% [P = 9.0 × 10−3], and ~25% [P = 2.0 × 
10−3], respectively, in HEK 293 cells and ~50% [P = 1.0 × 10−4], 
~40% [P = 1.0 × 10−4], and ~25% [P = 3.0 × 10−3], respectively, in 
Jurkat cells) (Figure 5A). Interestingly, APOLD1 was up- regulated 
in KO HEK 293 cells (~35% [P = 6.0 × 10−3]), but not in Jurkat cells 
(P = 4.5 × 10−1). These observations confirm that rs34330 has cell 
type– specific repressive and enhancing effects on CDKN1B and 
nearby genes.

Epigenetic modification of the rs34330 region. 
CRISPR/Cas9 can be converted into a targetable transcriptional 
activator or repressor, permitting mechanistic epigenetic studies 
of gene loci (25). We performed CRISPR/dCas9- based activation 
using 2 transcriptional modulator domains, one performing his-
tone acetylation with a histone acetyltransferase (dCas9-  p300) 

Figure 6. Flow cytometry analysis for assessing proliferation and apoptosis of clustered regularly interspaced short palindromic repeat 
(CRISPR)– edited Jurkat cell lines. A, Ki- 67 staining in wild- type (WT) Jurkat cells versus CRISPR- edited knockout (KO) Jurkat cells, showing 
high proliferation (pro) in KO cells (red) compared to WT cells (blue). B, Cell cycle analysis performed with propidium iodide (PI) staining of KO 
cells (red) versus WT cells (blue), showing highly increased levels of S phase and G2 phase. C and D, Flow cytometry charts showing apoptosis 
measured by staining with phycoerythrin (PE)– conjugated annexin V/7- aminoactinomycin D (7- AAD). The percentage of apoptotic cells was 
determined in WT cells (C) and KO cells (D).

http://onlinelibrary.wiley.com/doi/10.1002/art.41799/abstract
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and another recruiting transcription complexes to the promoter 
with the HIV- derived VPR activator (dCas9- VPR) (25). We also 
used CRISPR/dCas9- based inhibition with the hybrid repressor 
protein Kruppel- associated box (KRAB)– methyl- CpG binding 
protein 2 (MeCP- 2). Epigenetic activation with P300 and VPR 
increased expression of CDKN1B ~2– 3- fold, along with DDX47 
(~2- fold), in HEK 293 cells, whereas APOLD1 expression was sig-
nificantly reduced (~20%) (Figure 5B). The KRAB- MeCP- 2 repres-
sor significantly decreased CDKN1B expression in HEK 293 cells 
by ~2- fold, DDX47 by ~40%, and GPR19 by ~30%; APOLD1 was 
unaffected (Figure 5C).

Next, to determine the importance of sgRNA position with 
respect to rs34330, we measured CDKN1B expression using 
sgRNA- based activation with dCas9- p300. We found that all 4 
sgRNAs significantly increased CDKN1B expression. The greatest 
expression increase was from sgRNA2 (12 bases from rs34330), 
increasing expression ~40% more than was observed with the 
other sgRNAs (Figure 5D).

Impact of the rs34330 region on apoptosis and prolif-
eration. Cyclins, CDKs, and CDK inhibitors, including CDKN1B/
p27Kip1, play crucial roles in the cell cycle and cellular proliferation. 
These proteins regulate transitions between the G1, S, G2, and 
M cell cycle phases, especially the G1 to S phase (33). Cell cycle 
progression is usually inhibited by p27Kip1 (7), primarily by blocking 
CDK- 2/cyclin E complex activation. We sought to determine the 
effect of the rs34330 region on apoptosis and proliferation, using 
the WT and KO cells described above. Cell cycle progression 
was monitored with propidium iodide staining of DNA, proliferation 
was assessed by immunolabeling against Ki- 67, and apo ptosis 
was investigated by staining of DNA with 7- aminoactinomycin D 
(7- AAD) and anti– annexin V antibodies. A substantial increase 
in Ki- 67 staining (50%) was seen in KO Jurkat cells compared 
to WT Jurkat cells (Figure 6A). The number of cells at the G1 to 
G2 division dramatically increased in KO cells (Figure 6B). Upon 
serum starvation, KO cells showed much greater annexin V/7- 
AAD staining than WT cells (35% versus 11%) (Figures 6C and 
D). Thus, KO cells showed much higher levels of proliferation, cell 
cycle progression, and apoptosis than WT cells, suggesting that 
the rs34330 region played a prominent role in suppressing these 
3 phenomena, likely through regulation of p27Kip1 levels.

DISCUSSION

Converting GWAS data on complex traits into mechanistic 
understanding of the underlying pathologic processes presents 
a formidable challenge (34). CDKN1B (i.e., p27Kip1 and Kip1) has 
been proposed as an SLE susceptibility locus in Asian popula-
tions (3). However, this association result has not yet been thor-
oughly studied, nor have underlying mechanisms been defined or 
any target gene(s) of this genetic association been proposed. In 
this study, we replicated a genetic association between SLE and 

rs34330 and established several aspects of the mechanism of its 
contribution to disease.

SLE is accompanied by dysregulated activation and prolif-
eration of immune cells, primarily T cells and B cells. An intricate 
balance of cyclins, CDKs, and CDK inhibitors (e.g., p27Kip1) reg-
ulates cell cycle progression, activation, proliferation, autophagy, 
and apoptosis in these cells, and genetic lesions can disrupt 
these pathways. Increasing evidence has shown that immune 
cell abnormalities, dysregulated apoptosis, and poor clearance of 
apoptotic and autophagic materials can contribute to SLE devel-
opment and progression.

CDKN1B encodes p27Kip1, an inhibitor of cyclin/CDK com-
plexes, which are crucial for cell cycle progression and devel-
opment (4,5). Dysregulated expression of p27Kip1 is a frequent 
event in several human cancers (7). CDKN1B has 2 paralogs in 
the genome, CDKN1A (encoding p21Waf1) and CDKN1C (encod-
ing p57Kip2), with related functions in cell cycle regulation, prolif-
eration, and apoptosis (35). Reduced expression of CDKN1A is 
associated with SLE susceptibility, and the 5ʹ- UTR SNP rs762624 
is linked to risk of both SLE and lupus nephritis (36). Moreover, 
interferon- 1– mediated induction of p21Waf1 contributes to induc-
tion of apo ptosis (37). Apoptosis is inhibited by binding of p57Kip2 
to the stress- related kinase MAPK8. We have previously shown 
that rs1990760, the SLE risk allele of IFIH1, drove inflammatory 
signaling in part, leading to increased transcription of MAPK8 (38). 
Autoantibodies against p57Kip2 are frequently observed in neona-
tal lupus, particularly in conjunction with anti- Ro antibodies (39). 
Thus, all 3 members of the CDKN1 (also known as Cip/Kip) family 
have demonstrated SLE involvement.

In this study, we replicated the association of rs34330 in 
4 additional Asian cohorts and in a European cohort. We also 
subsequently proposed and experimentally validated a poten-
tial mechanism underlying SLE pathogenicity. The rs34330 vari-
ant is located in a region of active chromatin upstream (−79 bp) 
of the CDKN1B translation start site, with potential for both pro-
moter and enhancer activity. Our analysis supports the notion that 
rs34330 is an eQTL for multiple neighboring genes, APOLD1 in 
particular. Luciferase reporter assays using a 575- bp sequence 
surrounding rs34330 confirmed allele- specific promoter (HEK 
293, Jurkat, and U937) and enhancer (HEK and U937) activities, 
with the risk allele (C) having significantly higher promoter and 
enhancer activity than the non- risk allele (T). ChIP- qPCR showed 
allele- specific binding to IRF- 1 and Pol II, as well as several active 
histone marks (H3K4me1, H3K27ac, and H3K4me3). IRF- 1 is a 
critical immune transcription factor, with implications in numerous 
autoimmune diseases. It drives inflammasome hyperactivity in 
SLE, is a dendritic cell marker for SLE progression (40), and is a 
potent transcriptional activator of major histocompatibility com-
plex class I genes (41), among many other targets.

We applied several approaches to identify target genes 
and mechanisms underlying the rs34330 association. First, we 
used chromosome conformation capture experiments to detect 
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regions of chromatin looping, bringing together promoters and 
enhancers. Our chromosome conformation capture experiments 
showed a significant interaction between the rs34330 region and 
APOLD1, GPR19, and DDX47. Second, to functionally detect 
target genes, we used CRISPR/Cas9 to delete ~35 bases sur-
rounding rs34330. KO cells showed APOLD1 up- regulation and 
CDKN1B, GPR19, and DDX47 down- regulation. Third, we used 
CRISPR- based activation and CRISPR inhibition– based epige-
netic activation and silencing. The up- regulation of APOLD1 and 
down- regulation of CDKN1B, DDX47, and GPR19 were repro-
duced with the two approaches. GPR19 is similarly involved in 
both cell cycle progression (particularly G2/M) (42) and apopto-
sis (43), and rs34330 may regulate these processes by changing 
levels of both p27Kip1 and GPR19. DDX47 is a DEAD box RNA 
helicase, many of which are involved in innate immunity, with 
some being known SLE risk genes, including IFIH1/MDA5, RIG1/
DDX58, and LGP2/DHX58, as well as their adaptor mitochondrial 
antiviral signaling protein (44). Further studies are required to more 
finely dissect the effects of rs34330 on CDKN1B, APOLD1, 
DDX47, and GPR19 contributing to SLE susceptibility.

We cannot rule out the involvement of other biochemical 
pathways not explored in our study. Notably, p27Kip1 plays other 
roles in immune function, for instance in regulating T cell anergy 
(inadequate T cell costimulation despite antigen recognition) (41). 
Systemic autoimmunity was also inhibited by p27Kip1 through con-
trol of Treg cell activity and differentiation (45). Deficiency of p27Kip1 
in aged C57BL/6 mice reduced the number and activity of Treg 
cells and induced the development of mild lupus- like abnormali-
ties, indicating that the SLE association of CDKN1B may be due, 
at least in part, to immune phenotypes not directly queried in this 
study (45). However, no studies in humans have been reported.

Despite the strong genetic association of rs34330, and our 
experiments directly evaluating the effect of this single- basepair 
change on enhancer and promoter activity, gene expression, and 
binding of active histone marks and transcriptional activators (as 
well as a direct validation of the effects of the ~35- bp rs34330 
region on apoptosis, proliferation, and cell cycle progression), we 
cannot rule out the possibility that there may be other functional 
SNPs in this locus. Interestingly, no SNPs with a linkage disequi-
librium (LD) threshold of r2 = 0.6 were found in our study pop-
ulations of Asian ancestry (Supplementary Table 6, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41799/ abstract). At a relaxed LD threshold, 
we found several SNPs around rs34330. However, the closest top 
and bottom SNPs were far away (r2 = 0.55 [distance 759 bases] for 
rs36228499 and r2 = 0.42 [distance 2,958 bases] for rs34324). As 
rs34330- deleted KO cells had many relevant phenotypes, we can 
at least accept the rs34330 region as a functional regulatory unit.

Taken together, our findings show that the risk rs34330 C 
allele exhibits increased binding with the IRF- 1 transcriptional acti-
vator, and Pol II is associated with significant increases in 3 active 
chromatin marks, has potent promoter activity (~3– 5 times more 

than the non- risk allele) and enhancer activity (~40% more than 
the non- risk allele), is physically associated with the APOLD1 and 
DDX47 promoters (in addition to being located in the CDKN1B 
promoter), and drives increased expression of CDKN1B, DDX47, 
and GPR19 and decreased expression of APOLD1. Increased 
occupancy of CTCF around rs34330 supports its role, but it is 
unclear whether CTCF affects allele- specific gene expression 
through its looping. The region surrounding the SNP was also 
shown to negatively regulate proliferation, cell cycle progression, 
and apoptosis, as evidenced from studies on KO cells. This study 
demonstrates the effectiveness of hypothesis- driven follow- up 
experiments to conclusively localize GWAS association with spe-
cific SNPs and their associated mechanisms.
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Objective. To explore the molecular mechanisms underlying dysregulation of lipid metabolism in the pathogenesis 
of systemic lupus erythematosus (SLE).

Methods. B cells in peripheral blood from patients with SLE and healthy controls were stained with BODIPY dye 
for detection of lipids. Mice with targeted knockout of genes for B cell– specific inositol- requiring enzyme 1α (IRE- 1α) 
and stearoyl- coenzyme A desaturase 1 (SCD- 1) were used for studying the influence of the IRE- 1α/SCD- 1/SCD- 2 
pathway on B cell differentiation and autoantibody production. The preclinical efficacy of IRE- 1α suppression as a 
treatment for lupus was tested in MRL.Faslpr mice.

Results. In cultures with mouse IRE- 1α– null B cells, supplementation with monounsaturated fatty acids largely 
rescued differentiation of plasma cells from B cells, indicating that the compromised capacity of B cell differentiation 
in the absence of IRE- 1α may be attributable to a defect in monounsaturated fatty acid synthesis. Moreover, activation 
with IRE- 1α/X- box binding protein 1 (XBP- 1) was required to facilitate B cell expression of SCD- 1 and SCD- 2, which 
are 2 critical enzymes that catalyze monounsaturated fatty acid synthesis. Mice with targeted Scd1 gene deletion 
displayed a phenotype that was similar to that of IRE- 1α– deficient mice, with diminished B cell differentiation into 
plasma cells. Importantly, in B cells from patients with lupus, both IRE- 1α expression and Xbp1 messenger RNA 
splicing were significantly increased, and this was positively correlated with the expression of both Scd1 and Scd2 
as well as with the amount of B cell lipid deposition. In MRL.Faslpr mice, both genetic and pharmacologic suppression 
of IRE- 1α protected against the pathologic development and progression of lupus- like autoimmune disease.

Conclusion. The results of this study reveal a molecular link in the dysregulation of lipid metabolism in the 
pathogenesis of lupus, demonstrating that the IRE- 1α/XBP- 1 pathway controls plasma cell differentiation through 
SCD- 1/SCD- 2– mediated monounsaturated fatty acid synthesis. These findings provide a rationale for targeting IRE- 
1α and monounsaturated fatty acid synthesis in the treatment of patients with SLE.

INTRODUCTION

One signature of systemic lupus erythematosus (SLE) 
in patients is the production of self- reactive antibodies. The 

autoantibodies often deposit into tissues and organs, leading to 
impairment of their functions, including development of nephrop-
athy, which leads to loss of kidney function. Since plasma cells, 
which differentiate from B cells upon recognition of self antigens, 
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are the only resource of autoimmune antibodies, suppression of 
B cell activation has been a focus in the development of thera-
peutic strategies for lupus as well as for other antibody- mediated 
diseases (1– 3). Accumulated evidence has suggested that dysreg-
ulation of lipid metabolism is involved in the pathogenesis of human 
autoimmune diseases. Dramatic increases in the levels of free fatty 
acids, in particular the monounsaturated fatty acids oleic acid and 
palmitoleic acid, are positively correlated with the extent of disease 
activity in SLE (4– 7). However, a direct connection between dysreg-
ulation of lipid metabolism and SLE has remained largely unclear.

Immune responses can also be adversely affected by abnor-
malities in the unfolded protein response, which could potentially 
contribute to the development of autoimmunity (8,9). The tran-
sition of B cells into plasma cells provokes the unfolded protein 
response, as indicated by observations of the inositol- requiring 
enzyme 1α (IRE- 1α)– mediated messenger RNA (mRNA) splic-
ing of X- box binding protein 1 (XBP- 1), a transcription factor that 
promotes expression of endoplasmic reticulum (ER) chaperones 
(10). IRE- 1α is an ER stress sensor which contains an ER luminal 
sensor domain that recognizes unfolded proteins, and a cyto-
solic kinase/RNase domain that regulates downstream effectors 
such as XBP- 1 (11– 14). XBP- 1 up- regulates the synthesis of 
lipids and chaperones, contributing to the expansion of the ER 
and increased production of Ig in plasma cells (15– 17). As the 
only enzyme that catalyzes this XBP- 1 splicing, it is not surprising 
that IRE- 1 is involved in regulating B cell differentiation (18– 20). 
The IRE- 1α RNase also selectively cleaves ER- bound mRNAs to 
alleviate ER protein load, a process known as regulated IRE- 1– 
dependent decay (RIDD) (21). Indeed, phosphorylation of IRE- 1α 
at S729 regulates RIDD in B cells and contributes to antibody 
production (18). However, the exact molecular mechanisms 
underlying how IRE- 1α controls B cell differentiation into antibody- 
secreting plasma cells are not fully defined.

In the present study, we unexpectedly observed that addi-
tion of monounsaturated fatty acids to the culture medium con-
taining IRE- 1α– null B cells fully rescued plasma cell differentiation 
from these B cells, indicating that the compromised capacity of 
IRE- 1α– null B cell differentiation could be attributed to a defect 
in monounsaturated fatty acid  synthesis. Importantly, in our 
analysis of B cells from lupus patients, we detected a dramatic 
increase in IRE- 1α/XBP- 1 activation, which positively correlated 
with the up- regulation of stearoyl- CoA desaturase 1 (SCD- 1) and 
SCD- 2 expression by B cells and also with the accumulation of 
lipids in B cells. Similar to observations in mice with knockout 
of either the Ire1α or Xbp1 genes, targeted deletion of the Scd1 
gene in mice largely diminished B cell differentiation into plasma 
cells. Ablation of the IRE- 1α/XBP- 1 pathway or treatment with 
an IRE- 1α– specific inhibitor partially protected mice against the 
development of lupus- like autoimmunity. These findings define a 
previously unappreciated molecular mechanism underlying the 
control of B cell immunity through the IRE- 1α/XBP- 1 pathway, 
and provide a rationale for manipulation of the IRE- 1α/XBP- 1 

pathway in combating autoimmune diseases, including the man-
agement of SLE.

MATERIALS AND METHODS

Collection of blood samples and isolation of B cells 
from SLE patients and healthy controls. This study was 
approved by the Ethics Committee at the Third Xiangya Hospital 
of Central South University in China (approval no. 2019- S190). 
All patients fulfilled the American College of Rheumatology 1982 
revised criteria for the classification of SLE (22). The extent of dis-
ease activity in all patients was clinically evaluated using the SLE 
Disease Activity Index 2000 (SLEDAI- 2K) (23). All patients with a 
SLEDAI- 2K score of ≥6 who had not received immunosuppres-
sive treatment, in particular with rituximab, were included in the 
study. Fourteen patients with active SLE and 11 healthy subjects 
were enrolled. Prior to study enrollment, all subjects gave their 
written informed consent to participate, in accordance with the 
Declaration of Helsinki.

Whole venous blood samples were collected from the SLE 
patients and healthy controls. Peripheral blood mononuclear cells 
(PBMCs) were isolated using Ficoll- Hypaque density- gradient 
centrifugation of EDTA- anticoagulated blood samples (24). B lym-
phocytes were isolated from the PBMCs using CD19 microbeads 
(catalog no. 130- 050- 301; Miltenyi Biotec) in accordance with 
the manufacturer’s instructions.

Mice. Ire1αfl/fl mice (25) and CD19- Cre C57BL/6 mice (26) 
were backcrossed to an MRL- MpJ- Faslpr/J mouse strain (stock 
no. 000485; The Jackson Laboratory) for at least 10 generations. 
All animals used in this study were maintained under specific 
pathogen– free conditions, and all experiments were approved by 
the Institutional Animal Care and Use Committees at Northwestern 
University. More details are described in the Supplementary Materi-
als and Methods (available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41883/ abstract).

Enzyme- linked immunosorbent assay (ELISA) and 
flow cytometry analyses of mouse serum. Serum titers 
of antinuclear antibodies and anti– double- stranded DNA (anti- 
dsDNA) antibodies from Ire1αfl/fl and CD19- Cre/Ire1αfl/fl MRL.
Faslpr mice were measured using commercial ELISA kits (catalog 
no. M- 5210 for antinuclear antibodies, catalog no. M- 5110 for anti- 
dsDNA; Alpha Diagnostic). Absorbance at 450 nm was detected 
using a FilterMax F5 microplate reader (Molecular Devices).

For flow cytometry analyses, sera from Ire1αfl/fl and CD19- Cre 
Ire1αfl/fl MRL.Faslpr mice were diluted in 1% bovine serum albumin, 
followed by incubation with prefixed and permeabilized mouse 
lymphoma EL4 cells on ice for 30 minutes. Staining was per-
formed with the appropriate fluorophore- conjugated anti- mouse 
Ig antibodies, followed by washing. Results were analyzed on a 
FACSCanto II instrument (BD Biosciences).

http://onlinelibrary.wiley.com/doi/10.1002/art.41883/abstract
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Statistical analysis. All results are expressed as the   
mean ± SD. Groups were compared using Student’s 2- tailed   
t- test. The Gehan- Berslow- Wilcoxon test was used for calculation 
of survival curves, and the Spearman’s rank correlation test was 
applied to assess correlations. P values less than or equal to 0.05 
were considered significant.

RESULTS

Elevated lipid accumulation in B cells from SLE 
patients. It has been well documented that dramatic increases 
in the levels of free fatty acids, in particular monounsaturated fatty 
acids, are positively correlated with the extent of disease activity 

in SLE (4– 7,27,28). We thus speculated that deposition of lipids 
would accumulate in B cells from lupus patients. Analysis of 
the culture medium with BODIPY staining revealed a significant 
increase in lipid volumes in B cells from lupus patients compared 
to healthy controls (Figure 1A). In contrast, there was only a mod-
est increase in lipid volumes in T lymphocytes from SLE patients, 
with no significant difference compared to healthy controls (Sup-
plementary Figure 1, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41883/ 
abstract).

Further analyses of the cells with real- time reverse 
transcription– polymerase chain reaction (RT- PCR) detected a 
drastic increase in the expression of Scd1 and Scd2 mRNA 

Figure 1. Increased lipid accumulation in B cells from patients with systemic lupus erythematosus (SLE) compared to healthy controls. 
CD19+ B cells were isolated from peripheral blood mononuclear cells from patients with active SLE (SLE Disease Activity Index score ≥6; 
n = 14) and healthy controls (n = 11). A, Intracellular lipid content in CD19+ B cells. Left, Representative flow cytometry profiles of lipid BODIPY 
493/503 staining of B cells. Values are the mean quantification of lipids detected. Right, Results of lipid BODIPY staining, expressed as the 
mean fluorescence intensity. B and C, Reverse transcription– quantitative polymerase chain reaction (RT- qPCR) analyses of CD19+ B cells 
showing the relative expression of Scd1 and Scd2 mRNA (B) as well as Ire1α, Xbp1s, and Xbp1t mRNA and the ratio of Xbp1s to Xbp1t (C). D, 
Spearman’s rank correlation analyses assessing correlations of intracellular lipid content with relative expression of Ire1α and Xbp1s mRNA. 
E and F, RT- qPCR analyses of CD19+ B cells showing the relative expression of Chop mRNA (E), and Spearman’s rank correlation analyses 
assessing correlations of intracellular lipid content with Chop mRNA levels (F). In A– C and E, symbols represent individual samples; bars 
show the mean ± SD. * = P < 0.05; ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001, by Student’s 2- tailed t- test. Color figure can be viewed 
in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41883/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41883/abstract
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by B cells from patients with SLE (Figure 1B). Scd1 and Scd2 
are critical enzymes for catalyzing the rate- limiting step in the 
formation of  monounsaturated fatty acids (29), and therefore 
the observed increase in the expression of Scd1 and Scd2 in 
lupus patients suggests that both genes are involved in B cell 
autoimmunity.

We then analyzed whether the activation of the IRE- 1α/
XBP- 1 pathway, which plays a critical role in the regulation of 
lipid metabolism (15,29), is altered in lupus B cells. Indeed, a dra-
matic increase in the expression of Ire1α was detected in B cells 
from patients with active lupus compared to B cells from healthy 
controls. As a consequence, levels of spliced Xbp1 (Xbp1s) mRNA 
were significantly increased. In addition, we detected a modest 
increase in the levels of total Xbp1 (Xbp1t) mRNA (Figure 1C). 
More importantly, the ratio of Xbp1s to Xbp1t transcripts, an indi-
cator of IRE- 1α activation, was increased almost 3- fold in B cells 
from lupus patients compared to B cells from healthy controls 
(Figure 1C). These results suggest that elevated activation of the 
IRE- 1α/XBP- 1 pathway in B cells is possibly involved in the patho-
genesis of SLE.

Based on these findings showing that B cells in the 
SLE microenvironment exhibit a robust activation of the IRE- 1α/
XBP- 1 pathway, leading to more lipid accumulation in lupus B 
cells through induction of Scd1 and Scd2 gene transcription, 
we assessed the potential correlations of these processes. Our 
analyses confirmed a strong positive correlation between IRE- 1α/
XBP- 1 activation and levels of lipid accumulation in B cells from 
lupus patients (Figure 1D). In contrast, despite the fact that the 
expression of the ER stress– responsive gene Chop was also 
increased in lupus B cells, its correlation with B cell lipid levels was 
rather modest (Figures 1E and F).

Role of B cell– intrinsic IRE- 1α in the progression of 
lupus- like disease and rapid mortality in mice. Generation 
of IRE- 1α– deficient mice. To determine the possible pathogenic 
role of increased B cell IRE- 1α activation in lupus- like disease, we 
 backcrossed Ire1αfl/fl/CD19- Cre mice, initially on the C57BL/6 
genetic background, for at least 10 generations with MRL.Faslpr   
mice, a strain that develops a spontaneous lupus-like disease that  
resembles human SLE (30,31); this allowed us to generate Ire1αfl/fl/ 
CD19- Cre/MRL.Faslpr (Ire1∆MRL.Faslpr) mice for this study. The 
expression of Cre recombinase under the CD19 promoter, which 
was insufficient to delete the floxed Ire1α gene in naive B cells, 
resulted in a sufficient Ire1α deletion upon 48- hour stimulation of 
B cells with lipopolysaccharide (LPS) (Supplementary Figures 2A 
and B, available on the Arthritis & Rheumatology website at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41883/ abstract). Simi-
larly, while Xbp1s mRNA levels in naive B cells were indistinguish-
able between wild- type and Ire1∆MRL.Faslpr mice, Xbp1s mRNA 
expression in activated B cells was largely diminished in mice 
with Ire1α deletion (see Supplementary Figure 2B). Further anal-
yses revealed that neither the development of nor maturation 

of B cells was altered in Ire1∆MRL.Faslpr mice (Supplementary 
Figure 2C [http://onlin elibr ary.wiley.com/doi/10.1002/art.41883/ 
abstract]), which is likely attributable to insufficient Ire1α gene 
deletion during B cell development and maturation in the mice.

Effect on mortality and kidney and lung function. Importantly, 
the survival of mice with lupus- like disease was dramatically 
improved among those with suppressed B cell IRE- 1α expres-
sion as compared to littermate control mice (Figure 2A). More 
than 50% of MRL.Faslpr mice with B cell– specific Ire1α deletion 
survived for at least 6 months. In contrast, only 12.5% of Ire1α- 
sufficient MRL.Faslpr control mice were able to survive to the same 
age (Figure 2A).

Impairment of kidney function has been known to be one 
of the important pathogenic factors responsible for occurrence 
of death in lupus (32). Indeed, in our mouse model, the levels 
of proteinuria, a measure of kidney function, were markedly 
reduced in Ire1∆MRL.Faslpr mice compared to littermate controls 
(Figure 2B).

Histopathologic analysis of the kidneys demonstrated that 
the decrease in proteinuria was associated with significantly 
reduced severity of glomerulonephritis in mice with Ire1α deletion, 
whereas the extent of interstitial nephritis was not significantly 
altered in Ire1∆MRL.Faslpr mice (Figures 2C– E). Furthermore, his-
tologic examination of tissue samples demonstrated a substan-
tial reduction in both lung and liver inflammation in mice with B 
cell– specific Ire1α deletion (Figures 2F– H). However, the severity 
of dermatitis was indistinguishable between Ire1∆MRL.Faslpr mice 
and control mice (Figure 2I), thus demonstrating that ablation of 
B cell Ire1α does not protect MRL.Faslpr mice from development 
of dermatitis. These data demonstrate that B cell expression of 
IRE- 1α is responsible for multiorgan disease manifestations and 
rapid mortality in MRL.Faslpr mice.

Kidney failure is known to develop in the presence of high 
titers of autoantibodies during lupus- like autoimmunity (33). 
Therefore, we evaluated whether Ire1α deficiency in mouse B cells 
affected the production of autoantibodies. In a previously reported 
study, the autoreactive antibody levels were gradually increased 
with age in the serum of MRL.Faslpr mice (34). Importantly, in our 
study, B cell– specific IRE- 1α suppression largely diminished the 
production of both anti- dsDNA and antinuclear antibodies (Fig-
ures 2J and K). Further analysis validated the results by showing a 
similar reduction in autoreactive IgG, IgG1, IgG2a, and IgA levels 
in the serum of Ire1∆MRL.Faslpr mice, particularly those in later 
stages of the disease (Supplementary Figures 3A and B, availa-
ble on the Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41883/ abstract). As a consequence, 
the autoreactive immune complex deposition in the kidneys of 
MRL.Faslpr mice was largely abolished by suppression of B cell 
IRE- 1α expression (Figures 2L and M). Collectively, our data indi-
cate that B cell IRE- 1α activation drives lupus pathogenicity, and 
IRE- 1α suppression is a potential therapeutic strategy to treat the 
symptoms and severity of lupus.

http://onlinelibrary.wiley.com/doi/10.1002/art.41883/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41883/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41883/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41883/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41883/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41883/abstract
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Effect on differentiation of plasma cells. Since plasma cells 
are the primary sources of autoantibodies, we analyzed the 
 differentiation of B cells into plasma cells in Ire1α- sufficient and 
Ire1α- deficient MRL.Faslpr mice. As expected, both the percent-
ages and absolute numbers of B220intermediateCD138+ plasma cells 

in the spleens and lymph nodes were markedly decreased, in 
an age- dependent manner, in MRL.Faslpr mice with B cell Ire1α 
 ablation (Supplementary Figures 4A and B, available on the 
 Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41883/ abstract), indicating that suppression of 

Figure 2. Role of B cell– intrinsic inositol- requiring enzyme 1α (IRE- 1α) in disease progression and rapid mortality in a murine model of lupus. 
A, Survival rate over time among Ire1∆MRL.Faslpr mice compared to littermate controls (n = 10 per group). B, Proteinuria scores in 16- week- 
old Ire1∆MRL.Faslpr mice compared to littermate controls. C– E, Periodic acid– Schiff staining of kidney sections for histologic analysis (C; low- 
magnification images from a representative mouse in each group), with scoring for the severity of glomerulonephritis (GN) (D) and interstitial 
nephritis (IN) (E) (n = 11 per group). F, Hematoxylin and eosin– stained lung sections (top) and liver sections (bottom) from a representative 
20- week- old mouse in each group, illustrating perivascular infiltrates in target organs. G– I, Scores for the severity of pneumonitis (G), hepatitis 
(H), and dermatitis (I) in Ire1∆MRL.Faslpr mice compared to littermate controls. J and K, Enzyme- linked immunosorbent assays analyzing anti– 
double- stranded DNA (anti- dsDNA) (J) and antinuclear antibodies (ANA) (K) in serum from Ire1∆MRL.Faslpr mice compared to littermate controls. 
L and M, Immunofluorescence staining of kidney glomeruli (L; images from a representative mouse in each group), and quantification of the 
intensity scores of anti- IgG staining in Ire1∆MRL.Faslpr mice compared to littermate controls (M). In B, D, E, G– I, and J– M, symbols represent 
individual samples; bars show the mean ± SD. Scale bars in C, F, and L = 200 μm. * = P < 0.05; ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001, 
by Gehan- Berslow- Wilcoxon test in A, and by Student’s unpaired t- test in B, D, E, G– K, and M. Mo = months; NS = not significant; W = weeks.

http://onlinelibrary.wiley.com/doi/10.1002/art.41883/abstract
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Figure 3. Effects of monounsaturated fatty acids on plasma cell differentiation from inositol- requiring enzyme 1α (IRE- 1α)– null B cells in mice. 
A, Volcano plots of differential gene expression, including expression of Scd1 and Scd2 (blue dots), in RNA- sequencing analyses of sorted 
B220intermediateCD138high plasma cells from B cell– specific IRE- 1α– deficient mice, with red scatter dots representing up-regulated genes and 
gray scatter dots representing down-regulated genes relative to that in littermate controls. B, Gene set enrichment analysis of significantly up-
regulated pathways (red bars and dark gray bars) and significantly down-regulated pathways (blue bars) in plasma cells from IRE- 1α– deficient 
mice relative to controls. The red bars are used to emphasize the lipid-associated signaling pathways. C, Expression of Scd1 and Scd2 
mRNA in plasma cells from IRE- 1α– deficient mice compared to controls, with results expressed as fragments per kilobase million (FPKM).  
D, Reverse transcription– quantitative polymerase chain reaction analysis of expression of Scd1, Scd2, Ire1α, and Xbp1s mRNA in plasma cells 
from Ire1α- deficient mice compared to controls. Results in C and D are the mean ± SD (n = 3 samples per group). E, BODIPY staining for 
detection of lipids in B cells from Ire1α-null mice compared to control mice; a negative control (NC) was used as reference. Graphs and values 
show the mean quantification of lipids detected (top), with results of BODIPY staining in each mouse group expressed as the mean ± SD (n = 
6 samples per group) (bottom). F and G, Representative flow cytometry profiles (F) and quantification of the results (G), showing frequencies 
of B220intermediateCD138high plasma cells following stimulation with lipopolysaccharide (LPS) and treatment with either bovine serum albumin 
(BSA), oleic acid (OA), or palmitoleic acid (PA). H and I, Representative profiles of fluorescence- activated cell– sorted plasma cells (left panels) 
and quantification of the results (right panels), showing plasma cell differentiation from IRE- 1α– null B cells upon in vitro stimulation with either 
LPS (H) or anti- CD40 (I) followed by treatment with BSA or OA. Results in F– I are the mean ± SD (n = 4 samples per group). * = P < 0.05;   
** = P < 0.01; *** = P < 0.001, by Student’s unpaired 2- tailed t- test. Log2FC = log2 fold change; Log10(FDR) = log10 false discovery rate;   
NES = normalized enrichment score; MTORC1 = mechanistic target of rapamycin complex 1; PI3K = phosphatidylinositol 3- kinase. Color 
figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41883/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41883/abstract
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B cell– specific IRE- 1α protects MRL.Faslpr mice from lupus patho-
genesis via the suppression of plasma cell differentiation.

To support this finding, we further demonstrated that Ire1α 
gene deletion largely abolished B cell differentiation into plasma 
cells in vitro (Supplementary Figures 4C and D [http://onlin elibr ary.
wiley.com/doi/10.1002/art.41883/ abstract]). In addition, lack of 
Ire1α expression in B cells displayed a time- dependent reduction 
in both viability and proliferation (Supplementary Figures 4E and 
F [http://onlin elibr ary.wiley.com/doi/10.1002/art.41883/ abstract]). 
Collectively, these data demonstrate a pivotal role for IRE- 1α 
expression in promoting B cell immunity, including in regulating B 
cell survival, growth, and plasma cell differentiation.

Supplementation of the culture medium with monounsatu-
rated fatty acids largely rescued the differentiation of plasma cells 
from IRE- 1α– null B cells in mice. Since the increased activation 
of the IRE- 1α/XBP- 1 pathway was found to positively correlate 

both with the expression of the monounsaturated fatty acid syn-
thetic genes Scd1 and Scd2 and with lipid accumulation in B cells 
from patients with SLE (as shown in Figure 1), we then hypothe-
sized that IRE- 1α may promote plasma cell differentiation through 
its facilitation of B cell lipid homeostasis. Indeed, in an unbiased 
genome- wide transcriptome analysis, we detected a significant 
reduction in the expression of lipid metabolic enzymes, including 
both Scd1 and Scd2, in B cells from IRE- 1α– deficient mice (Fig-
ures 3A and C). Furthermore, gene set enrichment analysis con-
firmed that, with the deletion of Ire1α in plasma cells from mice, the 
expression of genes in multiple lipid metabolic pathways, includ-
ing the fatty acid metabolism pathway, was reduced (Figure 3B). 
In contrast, the top up- regulated genes in plasma cells from Ire1α- 
deficient mice were involved in cell cycle progression and survival 
(Figure 3B), thus further validating our discovery that suppres-
sion of IRE- 1α attenuates the growth of plasma cells and even 

Figure 4. Inositol- requiring enzyme 1α (IRE- 1α) activation promotes stearoyl- coenzyme A desaturase 1 (SCD- 1)/SCD- 2– mediated lipid 
accumulation during B cell (BC) activation and plasma cell (PC) differentiation. A and B, In vivo intracellular lipid content in naive B cells, activated 
B cells, and plasma cells isolated from splenocytes from Ire1∆MRL.Faslpr mice (each n = 6) was assessed using fluorescence- activated cell 
sorter (FACS) analysis of lipid BODIPY 493/503 staining (representative FACS plots shown) (A), with results quantified as the mean fluorescence 
intensity (MFI) of staining (B). C– F, In vitro intracellular lipid content was assessed using FACS analysis of naive B cells, activated B cells, 
and plasma cells isolated from splenocytes from Ire1∆MRL.Faslpr mice (each n = 4) (C and E). Primary naive B cells were left unstimulated or 
stimulated with either lipopolysaccharide (LPS) (1 mg/ml) for 2 days or anti- CD40 (4 μg/ml) for 3 days, with results quantified as the MFI of lipid 
BODIPY staining (D and F). G– J, Reverse transcription– quantitative polymerase chain reaction was used to assess expression levels of Scd1 
(G), Scd2 (H), Ire1α (I), and Xbp1s (J) in naive B cells, activated B cells, and plasma cells (each n = 3). K– N, Primary B cells were isolated from 
4– 5- week- old Ire1∆MRL.Faslpr mice and littermate control mice and stimulated with LPS (K and L) or anti- CD40 (M and N) in vitro for 4 days 
(each n = 4). Representative FACS plots are shown (K and M), with results expressed as the MFI of lipid BODIPY staining (L and N). Bars show 
the mean ± SD. O, Representative FACS plots show the proportions of activated B cells and plasma cells among splenocytes from Ire1∆MRL.
Faslpr mice and littermate controls. * = P < 0.05; ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001, by Student’s unpaired 2- tailed t- test. Color 
figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41883/abstract.
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promotes apoptosis of plasma cells (Supplementary Figures 4D– F 
[http://onlin elibr ary.wiley.com/doi/10.1002/art.41883/ abstract]).

Real- time RT- PCR analysis confirmed that the expression of 
both Scd1 and Scd2 in plasma cells was largely inhibited by Ire1α 
suppression (Figure 3D). A similar reduction in Scd1 and Scd2 
gene expression was also detected in activated IRE- 1α– null B 
cells (Supplementary Figure 5, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41883/ abstract). As a consequence, the lipid volumes in 
B cells were dramatically decreased by Ire1α gene deletion 
(Figure 3E). These results suggest that the reduction in expres-
sion of lipid metabolic genes is possibly involved in the defect in 
plasma cell differentiation from IRE- 1α– null B cells.

Since activation of the IRE- 1α/XBP- 1 pathway promotes 
B cell differentiation through SCD- 1 and SCD- 2, we examined 
whether the monounsaturated fatty acid products of SCD- 1 and 
SCD- 2 could facilitate plasma cell differentiation. Surprisingly, 
cocultivation of B cells with oleic acid significantly enhanced B cell 
differentiation into plasma cells in vitro (Figures 3F and G). In con-
trast, addition of the saturated fatty acid palmitoleic acid showed 
little effect (Figures 3F and G).

We then speculated whether administration of oleic acid 
would rescue IRE- 1α– null B cell differentiation into plasma cells. 
As expected, Ire1α gene suppression dramatically impaired B cell 
differentiation into plasma cells upon in vitro stimulation (Figures 
3H and I). Notably, supplementation with oleic acid largely res-
cued plasma cell differentiation from IRE- 1α– null B cells (Figures 
3H and I), clearly indicating that the impairment in SCD- 1/SCD- 
2– mediated oleic acid synthesis was responsible for the defect in 
IRE- 1α– null B cell differentiation into plasma cells. These results 
reveal that the IRE- 1α/XBP- 1/SCD- 1/SCD- 2 pathway is essential 
for optimal plasma cell differentiation.

Promotion of SCD- 1/SCD- 2– mediated lipid accumu-
lation during B cell activation and plasma cell differenti-
ation following activation of the IRE- 1α/XBP- 1 pathway. 
Our discovery that oleic acid supplementation largely rescued 
IRE- 1α– null B cell differentiation into plasma cells suggests that 
IRE- 1α controls plasma cell differentiation through promotion of 
SCD- 1/SCD- 2– mediated lipid synthesis. Indeed, analysis of the 
lipid levels in primary naive and activated B cells and plasma cells 
revealed a gradual increase in the intensity of lipid BODIPY stain-
ing (Figures 4A and B). This increase in lipid levels during B cell 
activation and differentiation was further validated following in 
vitro stimulation of the cells with either LPS (Figures 4C and D) or 
anti- CD40 (Figures 4E and F).

Consistent with the increase in lipid levels, the expression of 
both Scd1 and Scd2 was up- regulated in activated B cells and 
plasma cells (Figures 4G and H). Similarly, both the expression of 
IRE- 1α and activation of IRE- 1α were dramatically elevated dur-
ing B cell activation and differentiation (Figures 4I and J). Taken 
together with the observation that Ire1α genetic deletion resulted 

in reduced expression of Scd1 and Scd2 in B cells, these results 
indicate that IRE- 1α– induced SCD- 1/SCD- 2 expression is critical 
for B cell activation and plasma cell differentiation.

To further confirm this, we found that suppression of IRE- 1α 
dramatically reduced the lipid levels in naive B cells, activated B 
cells, and plasma cells (Figures 4K– N). Importantly, Ire1α genetic 
suppression dramatically reduced the BODIPY signal for lipids in 
activated B cells and plasma cells, without showing any effect 
on cell size, as indicated by analysis of their forward-  and side- 
scatter patterns (Figure 4O). Collectively, our results suggest-
ing that IRE- 1α regulates B cell differentiation through SCD- 1/  
SCD- 2–mediated lipid synthesis.

Impairment of B cell differentiation into plasma 
cells through genetic and pharmacologic SCD- 1 suppres-
sion. For analysis of the effects of SCD- 1 suppression, we first 
validated the critical functions of SCD- 1 in B cell differentiation 
with a commercially available specific SCD inhibitor (SCDi), and 
tested its effects on plasma cell differentiation. As expected, SCDi 
treatment achieved a similar effect, with comparable efficacy, as 
that of Ire1α deletion, with results predominantly demonstrat-
ing diminished plasma cell differentiation in vitro following SCDi 
treatment (Figures 5A– C). Similar to the observations in cultures 
with IRE- 1α– null B cells, the addition of oleic acid largely rescued 
plasma cell differentiation, reversing the inhibitory effects of SCDi 
treatment (Figures 5D– F). Therefore, our results suggest that  
SCD- 1– mediated synthesis of oleic acid is essential for optimal B 
cell differentiation into plasma cells.

To provide proof- of- concept evidence to support our con-
clusion that SCD- 1 is required for plasma cell differentiation, we 
determined the impact of targeted Scd1 gene deletion on B cell 
 differentiation. Genetic deletion of Scd1 did not alter the frequency 
of B220+ B cells in the spleens of Scd1−/− mice. In contrast, both the 
absolute number and percentage of B220intermediateCD138+ plasma 
cells in the spleens were remarkably reduced in Scd1−/− mice 
when compared with their littermate controls (Figures 5G and H), 
indicating that SCD- 1 functions are essential for maintaining the 
plasma cell pool in the steady state in mice.

In addition, Scd1 gene deletion dramatically inhibited B cell 
differentiation into plasma cells in vitro. More importantly, the addi-
tion of oleic acid largely rescued the plasma cell differentiation 
from Scd1−/− B cells (Figures 5I and J). These results clearly define 
a critical role of SCD- 1– mediated monounsaturated fatty acid syn-
thesis in B cell differentiation into plasma cells.

Effects of an IRE- 1α– specific inhibitor as a potential 
therapy for lupus. We then evaluated the preclinical efficacy of 
an IRE- 1α– specific inhibitor, BI09, in protecting MRL.Faslpr mice 
from lupus pathogenesis. BI09 has been shown to prevent the 
ability of IRE- 1α to splice Xbp1 mRNA into the activated Xbp1 
transcription factor (35). We initiated BI09 treatment in MRL.Faslpr mice 
from age 10 weeks, a time point after disease onset that allows 

http://onlinelibrary.wiley.com/doi/10.1002/art.41883/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41883/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41883/abstract


ZHANG ET AL2322       |

for assessment of autoimmune antibody production. Unsurpris-
ingly, transient BI09 treatment of MRL.Faslpr mice largely protected 
against the progression of lupus nephropathy, as indicated by dra-
matic reduction in the levels of proteinuria compared to that in 
untreated control mice (Figure 6A).

Immunohistologic staining of the kidneys detected a trend 
toward reduced autoreactive antibody deposition in the kidneys 
of BI09- treated MRL.Faslpr mice (P = 0.054) (Figures 6B and 
C), which might be attributed to the effects of BI09 treatment, 
unlike that with targeted genetic deletion of Ire1α, which could 
only achieve partial suppression of IRE- 1α activity (as shown in 

Figure 2). Consistent with our findings, neither the reduction in 
severity of kidney glomerulonephritis nor the reduction in sever-
ity of interstitial nephritis was statistically significantly different 
between the BI09 treatment group and the control group (Figures 
6D– F). However, similar to the effects of B cell– specific IRE- 1α 
suppression, BI09 treatment significantly reduced the infiltration of 
lymphocytes into the lungs and livers of mice, without any effect 
on skin inflammation (Figures 6D– H). These results indicate that 
the IRE- 1α– specific inhibitor BI09 protects MRL.Faslpr mice from 
autoreactive antibody– mediated lupus pathogenesis. To support 
these findings, we analyzed serum antibody levels and found that 

Figure 5. Genetic and pharmacologic suppression of stearoyl- coenzyme A desaturase 1 (SCD- 1) impairs B cell differentiation into plasma cells. 
A– C, Representative flow cytometry profiles (A) and quantification of the results (B and C) show the frequencies of CD3– B220intermediateCD138high 
plasma cells after primary CD43–  B cells from mouse splenocytes had been treated with an SCD inhibitor (SCDi) (0.5 μM) followed by stimulation with 
lipopolysaccharide (LPS) (1 mg/ml) on day 3 (D3) and day 4 (A and B) or with anti- CD40 (4 μg/ml) on day 4 and day 5 (A and C) (each n = 3– 4). 
D– F, Representative flow cytometry profiles (D) and quantification of the results (E and F) show partial rescue of plasma cell differentiation from B cells 
with the addition of oleic acid (OA) to the culture medium, after the cells had been treated with an SCDi and stimulated in vitro with either LPS (D and 
E) or anti- CD40 (D and F) (each n = 4). G and H, Representative flow cytometry profiles (G) and quantification of the results (H) show percentages
and absolute numbers of CD3– B220intermediateCD138high plasma cells from Scd1- deficient mouse B cells in vivo (each n = 5). I and J, Representative 
flow cytometry profiles (I) and quantification of the results (J) show partial rescue of plasma cell differentiation from Scd1- null mouse B cells with the 
addition of OA to the culture medium, after the cells that had been stimulated in vitro with LPS (each n = 5). Bovine serum albumin (BSA) was used 
as a comparator. Symbols represent individual samples; bars show the mean ± SD. * = P < 0.05; ** = P < 0.01; *** = P < 0.001, by Student’s 2- tailed 
t- test. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41883/abstract.
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Figure 6. BI09, an inositol- requiring enzyme 1α (IRE- 1α)– specific inhibitor, protects mice from lupus pathogenesis. A, Proteinuria scores at 
3 weeks posttreatment in the kidneys of BI09-treated mice with lupus- like disease compared to DMSO controls. B and C, Immunofluorescence 
staining for histologic assessment of the kidney glomeruli from BI09- treated mice compared to DMSO controls (representative images are 
shown) (B), with results quantified as IgG1 staining intensity scores (C). D– G, Kidney sections from BI09- treated mice and DMSO controls 
were stained with periodic acid– Schiff for histologic analysis (representative images shown (D; top panels), and scores for the severity of 
glomerulonephritis (GN) (E) and interstitial nephritis (IN) (F) were assessed. In addition, lung sections (D; middle panels) and liver sections (D; 
bottom panels) were stained with hematoxylin and eosin, and scores for the severity of pneumonitis and hepatitis were assessed (G). Arrows 
indicate lymphocyte infiltration. H, Dermatitis scores in BI09- treated mice compared to DMSO controls. I and J, Fluorescence- activated cell 
sorter (FACS) analysis of autoreactive antibody profiles in the serum of BI09- treated mice compared to DMSO controls (representative FACS 
plots shown) (I), with results pre-  and posttreatment quantified as the mean fluorescence intensity (MFI) of IgG1 staining (J). Values in I are the 
mean number of autoantibodies detected. K– M, Representative flow cytometry profiles (K) and quantification of the results (L and M), showing 
absolute numbers of CD3−B220intermediateCD138high plasma cells in splenocytes (SP) (K and L) and frequencies in lymph nodes (LN) (K and M) 
from BI09- treated mice compared to DMSO controls. N, BODIPY staining for detection of lipids in B cells from BI09- treated mice compared 
to DMSO controls. Values in N are the mean quantification of lipids detected. Symbols represent individual samples; bars show the mean ± 
SD. Scale bars in B and D = 200 μm. * = P < 0.05; ** = P < 0.01, by Student’s unpaired 2- tailed t- test. NS = not significant; NC = unstained 
control. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41883/abstract.
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the autoreactive antibody levels in the serum of BI09- treated mice 
were dramatically reduced when compared to those in con-
trol mice (Figures 6I and J).

Flow cytometry analysis confirmed that BI09 treatment inhib-
ited plasma cell differentiation in MRL.Faslpr mice (Figures 6K– M). 
Consistent with our observation in Ire1α- null B cells, pharmaco-
logic inhibition of IRE- 1α resulted in a dramatic reduction in B cell 
lipid volumes (Figure 6N, and Supplementary Figure 6A, available 
on the Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41883/ abstract). However, the autoim-
mune antibody levels rebounded back to pretreatment levels at 
4 weeks after the termination of BI09 treatment (Supplementary 
Figure 6A), implying that pharmacologic suppression of IRE- 1α, 
unlike that with genetic deletion, has transient effects in the treat-
ment of lupus.

For validation of these findings, we further assessed the 
suppressive effects of BI09 treatment on B cell differentiation 
in vitro, and observed that BI09 dose- dependently inhibited 
CD138+  plasma cell differentiation (Supplementary Figures 
6B– D [http://onlin e libr ary.wiley.com/doi/10.1002/art.41883/ 
abstract]). This reduction in plasma cell differentiation by BI09 
is likely attributable to a direct inhibition of IRE- 1α activation, 
because Xbp1 mRNA splicing was largely inhibited by BI09 treat-
ment (Supplementary Figure 6E [http://onlin elibr ary.wiley.com/
doi/10.1002/art.41883/ abstract]). As a consequence, expression 
of Scd1 and Scd2 mRNA in B cells was significantly inhibited 
(Supplementary Figures 6F and G [http://onlin elibr ary.wiley.com/
doi/10.1002/art.41883/ abstract]). Collectively, our data indicate 
that both genetic deletion and pharmacologic suppression of 
IRE- 1α blocks B cell differentiation into plasma cells, and con-
sequently mice are protected from the pathogenesis of B cell– 
mediated autoimmune disease.

DISCUSSION

Results of the present study define a previously unappreci-
ated molecular mechanism underlying how the IRE- 1α/XBP- 1 
pathway controls the differentiation of B cells, and our findings 
further provide a rationale for IRE- 1α suppression as a strategy in 
the treatment of lupus. First, our findings demonstrate that IRE- 1α 
suppression blocks B cell differentiation into plasma cells, which 
can be rescued by supplementation with monounsaturated fatty 
acids. Second, IRE- 1α activation positively regulates the tran-
scription of the monounsaturated fatty acid synthesis–related 
genes Scd1 and Scd2. Third, genetic deletion and pharmacologic 
suppression of Scd1 inhibits plasma cell differentiation from B 
cells. In addition, IRE- 1α suppression largely protects mice from 
lupus pathogenesis. Furthermore, our studies in B cells from lupus 
patients show that IRE- 1α/XBP- 1 activation is elevated in lupus 
B cells, and this is positively correlated both with the increased 
expression of Scd1 and Scd2 and with lipid accumulation in B 
cells. Thus, taken together, these findings indicate that IRE- 1α is a 

potential therapeutic target in the treatment of lupus and other B 
cell– mediated autoimmune diseases.

It has been well established that the transcription factor XBP- 1 
is essential for B cell differentiation into antibody- producing plasma 
cells (20,36). As it is the only enzyme required for Xbp1 mRNA 
splicing in B cells, it is not surprising that B cell– specific IRE- 1α 
suppression would largely diminish plasma cell differentiation and 
antibody secretion. XBP- 1 promotes antibody production partially 
through induction of interleukin- 6, a cytokine that is critical for B 
cell growth and plasma cell survival (37– 39). In addition, it is spec-
ulated that in the absence of Xbp1, the cellular unfolded protein 
response is impaired, and the inefficient processing and expor-
tation of immunoglobulin results in an accumulation of unfolded 
protein, which consequently leads to cell death (40). Surprisingly, 
we discovered that supplementation with monounsaturated fatty 
acids largely rescues plasma cell differentiation from B cells lack-
ing IRE- 1α, indicating that lack of monounsaturated fatty acids 
is at least partially responsible for the compromised capacity of 
IRE- 1α– null B cell differentiation into plasma cells. Indeed, as 
was recently reported (29), we further confirmed that IRE- 1α is 
required for the optimal expression of 2 monounsaturated fatty 
acid synthetic enzymes, SCD- 1 and SCD- 2. As proof of concept, 
our studies showed that genetic Scd1 suppression impairs B 
cell differentiation into plasma cells. Therefore, the IRE- 1α/XBP- 1 
pathway appears to regulate B cell differentiation into plasma cells 
through multiple mechanisms.

Results from our previous studies demonstrated that HRD- 1, 
an ER- resident E3 ligase critical for degradation of misfolded pro-
teins through the ubiquitin pathway, also catalyzes IRE- 1α degra-
dation and functions as a negative regulator of IRE- 1α functions 
to suppress ER stress– induced cell apoptosis, all being mecha-
nisms that are involved in the pathogenesis of arthritis and main-
tenance of intestinal homeostasis (41). Interestingly, as an ER 
stress– responsive gene, HRD1 has been shown to be a direct tar-
get of the XBP- 1 transcription factor, suggesting that a feedback 
loop occurs between the IRE- 1α/XBP- 1 pathway and HRD- 1– 
mediated ubiquitination. In addition to our present study findings 
indicating the role of IRE- 1α, we have previously discovered that 
HRD- 1 protects B cells from activation- induced apoptosis by tar-
geting the death receptor Fas (42). It will be interesting to further 
elucidate the effects of HRD- 1– mediated IRE- 1α degradation on 
B cell autoimmunity.

Results from the present study also define a pathogenic 
role for the IRE- 1α/XBP- 1 pathway in autoantibody- producing 
plasma cell differentiation through SCD- 1, as well as through pos-
sibly other SCD family members such as SCD- 2, which medi-
ates monounsaturated fatty acid synthesis; these findings provide 
a rationale for manipulation of this pathway in lupus treatment. 
However, only transient efficacy could be achieved with pharma-
cologic suppression of IRE- 1α, because the autoreactive anti-
body levels were restored 3 weeks after the termination of BI09 
inhibitor treatment. In addition, we observed that, whereas BI09 
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treatment inhibited the production of autoimmune antibodies and 
partially protected mice from increasing severity of proteinuria, nei-
ther the reduction in kidney glomerulonephritis nor the reduction 
in interstitial nephritis reached statistically significant levels in the 
treated mice. Unlike B cell– specific targeted gene deletion, phar-
macologic suppression of IRE- 1α with BI09 presumably inhibits all 
types of cells that express IRE- 1α. Indeed, suppression of IRE- 1α 
in T cells resulted in an elevated Th2 immune response (43). Obie-
dat et al reported that deletion of IRE- 1α or XBP- 1 was sufficient 
to promote the expression of the NKG2D ligand, leading to an 
elevation in apoptosis of IRE- 1α/XBP- 1– knockout target cells by 
natural killer cells (44). Therefore, pharmacologic IRE- 1α suppres-
sion is more complicated than is the B cell– specific genetic dele-
tion of IRE- 1α.

One of the most successful drugs developed as a strategy 
for depleting B cells is the chimeric anti- human CD20 monoclo-
nal antibody rituximab, which has been successfully used to treat 
lupus and other antibody- mediated autoimmune diseases such 
as rheumatoid arthritis (45,46). However, in a recent review, it was 
reported that among 71 patients with various blistering skin dis-
eases who were receiving rituximab, 6 deaths occurred in associa-
tion with the rituximab treatment (46). Paraneoplastic pemphigus, 
a disease that is characteristically resistant to conventional med-
ications and is associated with a high mortality rate, appeared to 
be the primary cause of death in the patients who were receiv-
ing rituximab, as 4 of the 6 deaths occurred in patients with this 
disease. Infectious disease, whether related to viral infections 
or bacterial infections, is often associated with rituximab usage 
(46). After binding of rituximab to CD20+ cells, the cells undergo 
apoptosis as a result of either a direct effect, complement-  and 
antibody- dependent cytotoxicity, or inhibition of cell proliferation 
(45). Recovery of B cells begins 6– 9 months after the initiation of 
rituximab treatment, with levels returning to normal at 1 year after 
treatment initiation (47). In contrast, our observations herein sug-
gest that IRE- 1α could be a better target for antibody- mediated 
lupus therapy, because 1) genetic suppression of IRE- 1α abol-
ishes antigen- specific antibody production without reducing B cell 
numbers in mice, and 2) IRE- 1α suppression by its specific inhibi-
tor, BI09, suppresses plasma cell differentiation and protects mice 
from lupus pathogenesis.

These are important facts to consider in drug development, 
because we might expect that in the case of infection occurring 
during treatment for lupus, termination of the IRE- 1α inhibitor 
treatment would allow an immediate recovery of B cell functions 
to combat the pathogens. Moreover, a therapeutic combination 
of rituximab with an IRE- 1α inhibitor could produce a synergistic 
effect in the treatment of lupus. More importantly, while rituximab 
suppresses autoantibody production through the depletion of B 
cells, presumably it has no effects on suppressing inflammatory 
cytokine production by myeloid cells. Based on our previous 
results (25) and the findings from the present study, we conclude 
that IRE- 1α suppression has a “kill two birds with one stone” 

efficacy in the inhibition of the autoimmune response of both mye-
loid cells and B cells, which provides a rationale for targeting 
IRE- 1α in the treatment of patients with SLE.
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A Distinct Macrophage Subset Mediating Tissue 
Destruction and Neovascularization in Giant Cell Arteritis: 
Implication of the YKL- 40/Interleukin- 13 Receptor α2 Axis
Yannick van Sleen,1  William F. Jiemy,2  Sarah Pringle,1 Kornelis S. M. van der Geest,1  Wayel H. Abdulahad,1 
Maria Sandovici,1 Elisabeth Brouwer,1 Peter Heeringa,1  and Annemieke M. H. Boots1

Objective. Macrophages mediate inflammation, angiogenesis, and tissue destruction in giant cell arteritis 
(GCA). Serum levels of the macrophage- associated protein YKL- 40 (chitinase 3– like protein 1), previously linked 
to angiogenesis and tissue remodeling, remain elevated in GCA despite glucocorticoid treatment. This study was 
undertaken to investigate the contribution of YKL- 40 to vasculopathy in GCA.

Methods. Immunohistochemistry was performed on GCA temporal artery biopsy specimens (n = 12) and aortas 
(n = 10) for detection of YKL- 40, its receptor interleukin- 13 receptor α2 (IL- 13Rα2), macrophage markers PU.1 and 
CD206, and the tissue- destructive protein matrix metalloproteinase 9 (MMP- 9). Ten noninflamed temporal artery 
biopsy specimens served as controls. In vitro experiments with granulocyte– macrophage colony- stimulating factor 
(GM- CSF)–  or macrophage colony- stimulating factor (M- CSF)– skewed monocyte- derived macrophages were 
conducted to study the dynamics of YKL- 40 production. Next, small interfering RNA– mediated knockdown of YKL- 
40 in GM- CSF– skewed macrophages was performed to study its effect on MMP- 9 production. Finally, the angiogenic 
potential of YKL- 40 was investigated by tube formation experiments using human microvascular endothelial cells 
(HMVECs).

Results. YKL- 40 was abundantly expressed by a CD206+MMP- 9+ macrophage subset in inflamed temporal 
arteries and aortas. GM- CSF– skewed macrophages from GCA patients, but not healthy controls, released significantly 
higher levels of YKL- 40 compared to M- CSF– skewed macrophages (P = 0.039). In inflamed temporal arteries, IL- 
13Rα2 was expressed by macrophages and endothelial cells. Functionally, knockdown of YKL- 40 led to a 10– 50% 
reduction in MMP- 9 production by macrophages, whereas exposure of HMVECS to YKL- 40 led to significantly 
increased tube formation.

Conclusion. In GCA, a GM- CSF– skewed, CD206+MMP- 9+ macrophage subset expresses high levels of YKL- 40 
which may stimulate tissue destruction and angiogenesis through IL- 13Rα2 signaling. Targeting YKL- 40 or GM- CSF 
may inhibit macrophages that are currently insufficiently suppressed by glucocorticoids.

INTRODUCTION

Giant cell arteritis (GCA) is an inflammatory disease that 
affects the medium-  and large- sized arteries and has potential 
serious acute complications, such as blindness and stroke (1). 
Chronic complications can also occur, since long- term aortic 

inflammation is associated with the development of aneurysms 
and aorta dissections (2,3). GCA is commonly treated with glu-
cocorticoids (GCs). More recently, tocilizumab (interleukin- 6 [IL- 6] 
receptor blockade) has become available as GC- sparing therapy 
in GCA (4). Both GCs and tocilizumab treatment suppress dis-
ease symptoms. It is less clear, however, if GCs and tocilizumab 
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suppress smoldering vascular inflammation, which is likely associ-
ated with relapses and chronic complications of GCA (5– 9).

The inflamed vessel wall in GCA patients is characterized by 
a granulomatous tissue reaction involving mainly T cells and mac-
rophages (1). Besides promoting ongoing inflammation, mac-
rophages release factors leading to myofibroblast proliferation 
(e.g., platelet- derived growth factor), angiogenesis (e.g., vas-
cular endothelial growth factor [VEGF]), and tissue destruction 
(e.g., matrix metalloproteinase 9 [MMP- 9]) (10,11). These pro-
cesses are responsible for the pathologic changes associated 
with the serious complications of GCA, such as vascular occlu-
sion due to intima hyperplasia and aneurysms due to media deg-
radation. Importantly, several studies have shown that even with 
treatment, macrophage activity persists in GCA patients, indicat-
ing that currently available treatments do not sufficiently suppress 
the local inflammatory response (6,12). Therefore, new strate-
gies and targets are needed to adequately halt inflammation and 
destruction of the vessel wall.

We recently described functionally heterogeneous mac-
rophage subsets in GCA lesions, likely due to local signals involv-
ing granulocyte– macrophage colony- stimulating factor (GM- CSF) 
(13). We demonstrated the presence of a specific macrophage 
subset in and around the media layer that lacked folate receptor 
β expression but showed high expression of the mannose recep-
tor CD206. Importantly, these CD206+ macrophages exclusively 
expressed MMP- 9, indicating that these cells are likely to be 
important in media destruction. Moreover, others reported MMP- 9 
to be an important mediator of endothelial cell migration and neo-
angiogenesis, thus facilitating T cell and macrophage recruitment 
to the vessel wall, processes crucial in the pathogenesis of GCA 
(11). Subsequent in vitro experiments demonstrated that the 
CD206+ macrophage phenotype can be induced by culturing mac-
rophages with GM- CSF, a growth factor abundantly expressed in 
GCA lesions (13). Our findings on functional  macrophage heter-
ogeneity in GCA lesions, along with additional recent studies on 
GM- CSF signaling in GCA (12), prompted us to investigate the 
phenotype and functioning of the CD206+ macrophage subset 
in GCA in more detail. To this end, we took clues from the field of 
cancer immunology on tumor- associated macrophages.

Tumor- associated macrophages promote tumor growth and 
are associated with poor survival (14). Prior studies indicated an 
important role for YKL- 40 (also known as chitinase 3– like pro-
tein 1) produced by tumor- associated macrophages in various 
inflammatory and tissue remodeling processes, including angio-
genesis and tissue destruction. Furthermore, YKL- 40 has been 
implicated as an upstream signal for MMP- 9 production (15). 
Although early reports described elevated serum levels of YKL- 40 
in autoinflammatory conditions, including GCA (16), less is known 
about the role of YKL- 40 in the immunopathology of GCA. YKL- 
40 is a chitinase- like protein, meaning that it is able to bind to 
chitin but does not cleave it, owing to the lack of enzymatic activ-
ity of YKL-40 (14). YKL- 40 production by innate immune cells, 

including macrophages, is induced by various stimuli, including 
the cytokines IL- 6, IL- 1β, and interferon- γ (IFNγ) (17).

Interestingly, we previously showed that serum levels of YKL- 
40 are elevated in GCA patients at diagnosis, but do not normalize 
after GC treatment. In contrast, acute- phase markers such as C- re-
active protein are strongly suppressed by treatment with GCs and 
tocilizumab, since their levels are highly dependent on IL- 6 in GCA 
(7,18). Moreover, abundant expression of YKL- 40 has been docu-
mented in GCA temporal artery biopsy specimens (7,16). However, 
it is yet unknown which specific cell type(s) produce YKL- 40 and 
what the role of YKL- 40 is in the immunopathogenesis of GCA.

IL- 13 receptor α2 (IL- 13Rα2), a high- affinity receptor for 
IL- 13 that is distinct from IL- 13Rα1, was previously thought to 
be a decoy receptor for IL- 13 due to the lack of a signal trans-
ducing cytoplasmic tail (19,20). However, recent studies demon-
strated the activation of MAPK, Akt, ERK, and STAT3 pathways 
in intestinal epithelial cells, nasal epithelial cells, glioblastoma cells, 
dendritic cells, and macrophages upon binding of either IL- 13 or 
YKL- 40 to IL- 13Rα2 (21– 25). The expression of this receptor in 
the context of GCA has so far not been reported.

In this study, we aimed to determine the cellular source of YKL- 
40 and to investigate its contribution to vascular pathology in GCA. 
Using immunohistochemistry (IHC) and immunofluorescence, we 
identified the subset of CD206+ macrophages as the main cellular 
source of YKL- 40 in inflamed temporal arteries and in the aorta. In 
the same tissues, we next examined the expression of IL- 13Rα2 
to establish whether YKL- 40 can signal at the site of inflamma-
tion. To assess whether YKL- 40 is an upstream modulator of the 
tissue- destructive MMP- 9, we performed in vitro experiments 
with monocyte- derived macrophages on the dynamics of YKL- 
40 and MMP- 9 expression. Finally, we confirmed the angiogenic 
potential of YKL-40 in vitro in a tube formation assay. Our data 
support an important role for the YKL- 40/IL- 13Rα2 axis in tissue 
destruction and neovascularization in GCA.

PATIENTS AND METHODS

For more details on the methods, see the Supplementary 
Methods, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41887/ abstract.

Patients. Twelve inflamed temporal artery tissue samples 
from treatment- naive patients with histologically proven GCA 
were studied. The diagnosis of GCA was based on a pathologist’s 
assessment of the temporal artery biopsy sample as positive for 
panarteritis. Ten inflamed aorta tissue samples from patients with an 
untreated GCA- related aneurysm were also included (13). Ten non-
inflamed temporal artery biopsy specimens were included as con-
trols. These noninflamed temporal artery biopsy specimens were 
obtained from patients with positron emission tomography (PET)– 
proven GCA (skip lesions; n = 3), patients with isolated polymyalgia 
rheumatica (PMR; n = 5), and individuals who had neither GCA nor 
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PMR (n = 2). The study was approved by the institutional review 
board of the University Medical Center Groningen (METc2010/222), 
and written informed consent was obtained. All procedures were 
conducted in compliance with the Declaration of Helsinki.

Serum and frozen peripheral blood mononuclear cells 
(PBMCs) from treatment- naive GCA patients and age-  and sex- 
matched healthy controls were used for Luminex assay and in 
vitro studies. (Baseline characteristics of the patients and con-
trols are shown in Supplementary Table 1, available on the Arthri-
tis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41887/ abstract.) GCA diagnoses were confirmed 
by temporal artery biopsy and/or PET. Healthy controls were 
screened by health assessment questionnaires, physical exami-
nation, and laboratory tests for past and current morbidities and 
were excluded if they were not healthy. Follow- up serum samples 
were obtained from GCA patients 1 year after the start of treat-
ment and at treatment- free remission for the Luminex analysis. 
Patients were considered to be in treatment- free remission if it had 
been ≥2 years since the start of treatment, ≥3 months since the 
last treatment, and they did not have a relapse for ≥6 months after 
the sample was obtained.

IHC and triple fluorescence multispectral imaging. 
Formalin- fixed, paraffin- embedded tissue sections (3 μm) were dep-
araffinized and rehydrated, followed by antigen retrieval. For single 
staining IHC, tissues were stained with antibodies targeting YKL- 40 
and IL- 13Rα2. Double staining for YKL- 40 and the macrophage 
transcription factor PU.1 was performed to confirm the expression 
of YKL- 40 by macrophages. Temporal artery biopsy specimens 
from GCA patients were semiquantitatively scored as previously 
described (26). Briefly, samples were scored on a 5- point semiquan-
titative scale of 0– 4, where 0 = no positive cells, 1 = occasional pos-
itive cells (0– 1% estimated positive), 2 = small numbers of positive 
cells (>1– 20%), 3 = moderate numbers of positive cells (>20– 50%), 
and 4 = large numbers of positive cells (>50%). Scores represent the 
average of the scores of 2 independent investigators (YvS and WFJ).

For colocalization study, triple fluorescence stainings of 
CD206, YKL- 40, and MMP- 9 were performed (n = 5). Colocali-
zation of all 3 fluorophores was assigned the color cyan. For lists 
of antibodies used in IHC and immunofluorescence staining, see 
the Supplementary Methods and Supplementary Tables 2 and 3, 
available on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41887/ abstract.

Monocyte- derived macrophages. Monocytes were iso-
lated from thawed PBMCs from GCA patients and healthy con-
trols using an EasySep monocyte enrichment kit without CD16 
depletion (StemCell Technologies). Isolated monocytes were 
cultured in the presence of GM- CSF or macrophage colony- 
stimulating factor (M- CSF) to generate GM- CSF– skewed or 
M- CSF– skewed macrophages. Supernatants were collected for 
Luminex assay or enzyme- linked immunosorbent assay (ELISA) 

(see the Supplementary Methods for details on the Luminex assay 
and ELISA methods). For the assessment of YKL- 40 levels, mac-
rophages were activated by the addition of lipopolysaccharide (LPS) 
on day 5, and the supernatants were collected on day 7. Assess-
ment of IL- 6 was included as stimulation control. For YKL- 40 and 
MMP- 9 kinetics experiments, GM- CSF– skewed macrophages 
were generated and the supernatants were collected every 48 
hours, with the final collection on day 8 for ELISAs.

Small interfering RNA (siRNA) knockdown of YKL- 40. 
Monocyte- derived macrophages were generated in the presence 
of GM- CSF. On day 6, macrophages were harvested and trans-
fected with YKL- 40 siRNA (assay ID s2999, Silencer Select; Ther-
moFisher) or nontargeting control siRNA (catalog no. 4390843, 
Silencer Select; ThermoFisher) using INTERFERin (Polyplus Trans-
fection). After 24 hours, the medium was replaced with fresh com-
plete medium containing GM- CSF and incubated for 24 hours. 
The medium was then refreshed with complete medium contain-
ing GM- CSF with or without LPS. After 24 hours, medium was 
collected for ELISA and cells were lysed for RNA extraction and 
quantitative polymerase chain reaction analysis.

Tube formation assay. Human microvascular  endothelial 
cells (HMVECs; Lonza) were treated with medium only, 150 ng/ml   
YKL- 40 (Organon; MSD), 1,500 ng/ml YKL- 40, or 20 ng/ml 
VEGF (PeproTech) in triplicate. HMVECs were cultured for 16 
hours and then scanned on a TissueFAXS system (TissueGnos-
tics). Tube formation was assessed by counting the number of 
visible enclosed fields in a blinded manner.

Flow cytometric analysis. HMVECs were stained for expres-
sion of endothelial cell marker CD31, IL- 13Rα2, and VEGF receptor 
(VEGFR) (all from Miltenyi Biotec). Three technical replicates containing 
the 3 markers were compared to “fluorescence minus one” controls, 
in which either IL- 13α2 or VEGFR antibody was omitted.

Statistical analysis. To analyze the differences between 
YKL- 40 expression in different layers of the vessel wall and 
the results for GM- CSF– skewed macrophages and M- CSF– 
skewed macrophages from the same donor, the paired Wilcoxon 
signed rank test was used. Correlation analyses were performed 
with Spearman’s correlation. To analyze the difference between 
groups in the tube formation assay, one- way analysis of variance 
with Tukey’s post hoc test was used.

RESULTS

Elevation of serum levels of YKL- 40 in GCA patients, 
without normalization of YKL- 40 levels after GC treat-
ment. To unravel the dynamics of YKL- 40 in GCA patients over 
time, we first examined serum levels of YKL- 40. In this expansion 
of our previous work (7), serum YKL- 40 levels were confirmed to 
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be elevated in treatment- naive GCA patients when compared to 
age- matched healthy controls (P < 0.0001) (Figure 1A). Treatment 
with GCs for 1 year did not significantly decrease YKL- 40 levels. 
Moreover, even GCA patients in treatment- free remission had ele-
vated YKL- 40 levels. In contrast, the high levels of IL- 6 observed at 
baseline decreased significantly after 1 year of treatment with GCs 
and in treatment- free remission (Figure 1B).

Production of YKL- 40 by a distinct subset of 
CD206+MMP- 9+ macrophages in inflamed temporal 
arteries and aortas from GCA patients. IHC for the detec-
tion of YKL- 40 in inflamed temporal artery biopsy specimens from 
GCA patients (n = 12) revealed a distinct staining pattern char-
acterized by abundant expression primarily at the intima- media 
border (Figure 2A) (see Supplementary Figure 1, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41887/ abstract, for isotype control staining). 
Double staining for YKL- 40 and the transcription factor PU.1, 
which is highly expressed by macrophages, revealed that YKL- 40 
was expressed predominantly by macrophages (Figure 2B). Inter-
estingly, not all PU.1- positive cells expressed YKL- 40, suggesting 
that YKL- 40 is produced by a specific subset of macrophages. 
Consecutive staining of YKL- 40 revealed a pattern similar to 
that of CD206 and MMP- 9 expression, suggesting that YKL- 40 
is predominantly produced by tissue- destructive CD206+M-
MP- 9+ macrophages (Figure 2A). Expression of YKL- 40 was 
not detected in noninflamed temporal arteries (Supplementary 
Figure 2, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41887/ abstract).

YKL- 40 expression was also observed in the aortas of 
patients with a GCA- related aortic aneurysm (n = 10) (Figure 2C). 
In these aortas, YKL- 40 expression was mainly detected in areas 
of granulomatous inflammation in the media, a region containing 
CD206+MMP- 9+ macrophages (Figure 2C). Semiquantitative 

scoring indeed revealed an interesting spatial distribution of 
YKL- 40– expressing cells in inflamed temporal arteries, with the 
highest expression in the intima- media region (Figure 2D). To for-
mally prove expression of YKL- 40 by the CD206+MMP- 9+ mac-
rophage subset, we performed triple fluorescence staining for 
these markers. These data confirmed expression of YKL- 40 by 
CD206+MMP- 9+ macrophages in the inflamed temporal artery 
biopsy specimens (Figures 2E– G; for single immunofluorescence 
staining of each marker, see Supplementary Figure 3, available 
on the Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41887/ abstract). Taken together, our 
results indicate that in GCA lesions, YKL- 40 is highly expressed 
primarily by a subset of CD206+MMP- 9+ tissue- destructive mac-
rophages located in the media and at its borders.

Production of higher levels of YKL- 40 by GM- CSF– 
skewed macrophages than by M- CSF– skewed mac-
rophages from GCA patients. Previously, we demonstrated 
that GM- CSF skews macrophages into a CD206+ phenotype 
(13). To determine whether GM- CSF– skewed macrophages 
produce YKL- 40, monocytes from GCA patients (n = 8) were 
differentiated into macrophages in the presence of GM- CSF or 
M- CSF for 7 days. During the last 2 days of culture, cells were 
stimulated with LPS (Figure 3A). Higher levels of YKL- 40 were 
detected in the supernatants of GM- CSF– skewed macrophages 
than in the supernatants of M- CSF– skewed macrophages from 
GCA patients (P = 0.0391) (Figure 3B). This finding is consistent 
with the coexpression of CD206 and YKL- 40 observed in GCA 
temporal artery biopsy specimens. Interestingly, no significant dif-
ference in YKL- 40 levels was detected in the culture supernatant 
when comparing GM- CSF– skewed macrophages and M- CSF– 
skewed macrophages from healthy controls (n = 7).

Assessment of IL- 6 levels as stimulation control revealed   
significant up- regulation of IL- 6 production by GM- CSF– skewed   

Figure 1. Serum levels of YKL- 40 and interleukin- 6 (IL- 6) in patients with giant cell arteritis (GCA) and healthy controls (HCs). A cross- sectional 
analysis of serum levels of YKL- 40 (A) and IL- 6 (B) was conducted in treatment- naive GCA patients (n = 51) and healthy controls (n = 42), and a 
longitudinal analysis of serum levels of YKL- 40 (A) and IL- 6 (B) was conducted in matched samples from GCA patients at baseline (n = 51), 1 year 
after the start of glucocorticoid treatment (n = 42), and at the time of treatment- free remission (TFR; n = 17). Shading indicates the interquartile 
range (IQR) in healthy controls. Symbols represent individual subjects; horizontal lines show the median. In the cross- sectional analysis, P values 
were determined by Mann- Whitney U test. In the longitudinal analysis, P values were determined by Wilcoxon’s signed rank test. NS = not 
significant. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41887/abstract.
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macrophages compared to M- CSF– skewed macrophages 
(Supplementary Figure 4, available on the Arthritis & Rheuma-
tology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41887/ abstract), consistent with previous studies (27,28), 

in both GCA patients and healthy controls. Our data suggest 
an altered GM- CSF/M- CSF signaling sensitivity in mono-
cyte/macrophages from GCA patients compared to healthy 
controls.

Figure 2. YKL- 40 expression in CD206+MMP- 9+ macrophage- rich areas in inflamed medium-  and large- sized arteries from patients with 
giant cell arteritis (GCA). A, Temporal artery biopsy (TAB) specimens from treatment- naive GCA patients were stained for detection of YKL- 40 
by immunohistochemistry (IHC). Right panels are higher- magnification views of the boxed area, showing expression of YKL- 40, CD206, and 
matrix metalloproteinase 9 (MMP- 9) within the same region of the temporal artery biopsy. B, Double staining for YKL- 40 and the transcription 
factor PU.1, which is predominantly expressed by macrophages, indicated that YKL- 40 was mainly expressed by macrophages. The bottom 
boxed area is a higher- magnification view of the top boxed area, showing YKL- 40 staining in macrophages. C, Aortas from patients with GCA- 
related aortic aneurysm were stained for detection of YKL- 40 by IHC. Right panels are higher- magnification views of the boxed area, showing 
expression of YKL- 40, CD206, and MMP- 9. A pattern of YKL- 40 production similar to that shown in A was observed within the region of 
CD206- expressing cells, located at the site of the granuloma in the media of inflamed aortas. D, YKL- 40 expression in GCA temporal artery 
biopsy specimens and aortas was scored semiquantitatively. Expression of YKL- 40 was higher in the intima- media region of temporal artery 
biopsy specimens, but no significant differences were found between layers in the aortas. The intima was not scored in GCA aortas due to a 
lack of infiltrate. Data are shown as Tukey box plots. Each box represents the 25th to 75th percentiles. Lines inside the boxes represent the 
median. Lines outside the boxes represent the 75th percentile plus 1.5 times the interquartile range. P values were determined by Wilcoxon’s 
signed rank test. E– G, IHC staining of GCA temporal artery biopsy specimens was performed. Single staining IHC for CD206 (E), a merged 
image of triple immunofluorescence staining for CD206, YKL- 40, and MMP- 9 (F), and overlapping pixels (cyan) indicating colocalization of 
CD206, YKL- 40, and MMP- 9 (G) are shown. Results are representative of 12 samples in A and B, 10 samples in C, and 5 samples in E– G.

http://onlinelibrary.wiley.com/doi/10.1002/art.41887/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41887/abstract
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Strong expression of IL- 13Rα2, the receptor for YKL- 40,  
in GCA lesions. Since YKL- 40 is highly expressed in GCA 
lesions, we next investigated the expression of IL- 13Rα2, a con-
firmed receptor for YKL- 40 (24,25), in inflamed temporal artery 
biopsy specimens from GCA patients (n = 12). IHC detection 
revealed high expression of IL- 13Rα2 by endothelial cells, infil-
trating leukocytes, vascular smooth muscle cells, and fibroblasts 
(Figure 4A), which is consistent with previous reports in the litera-
ture (19,25,29– 31). Semiquantitative scoring of IL- 13Rα2 staining 
demonstrated high expression levels in all 3 layers of the vessel 
wall, most prominently in the adventitia and media- intima borders 
(Figure 4B).

Interestingly, when analyzing the expression of IL- 13Rα2 
in noninflamed temporal arteries with no or few infiltrating cells, 
a more restricted staining was seen. IL- 13Rα2 was only weakly 
expressed by endothelium and vascular smooth muscle layers in 
noninflamed temporal artery biopsy specimens from individuals 
without GCA or PMR (Figure 4C), while IL- 13Rα2 was strongly 
expressed by endothelial cells, vascular smooth muscle cells, 
and fibroblasts in noninflamed temporal artery biopsy specimens 

from patients with PET- proven GCA (skip lesions) (Figure 4D) and 
patients with isolated PMR (Supplementary Figure 5, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41887/ abstract). Taken together, our data 
suggest a role for the YKL- 40/IL- 13Rα2 signaling axis in GCA 
lesions.

YKL- 40 as an upstream modulator of macrophage 
MMP- 9 production. To assess if YKL- 40 is an upstream mod-
ulator of the tissue- destructive MMP- 9, we studied the kinetics 
of YKL- 40 and MMP- 9 production by differentiating monocytes 
from healthy controls (n = 8) into macrophages in the presence 
of 20 ng/ml or 100 ng/ml of GM- CSF (Supplementary Figures 6A 
and B, available on the Arthritis & Rheumatology website at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41887/ abstract). Both 
concentrations of GM- CSF equally induced the up- regulation of 
YKL- 40 and MMP- 9 as the monocytes differentiated into mac-
rophages. Interestingly, the increase in YKL- 40 levels preceded 
the up- regulation of MMP- 9 by 2– 4 days. Moreover, the increase 
in YKL- 40 production from day 6 to day 8 strongly correlated with 

Figure 3. Elevated levels of YKL- 40 in granulocyte– macrophage colony- stimulating factor (GM- CSF)– skewed macrophages from patients with 
giant cell arteritis (GCA). A, Monocytes from peripheral blood mononuclear cells (PBMCs) from healthy controls (HCs; n = 7) and GCA patients 
(n = 8) were differentiated into macrophages and subsequently activated for 48 hours with lipopolysaccharide (LPS). B, YKL- 40 concentrations 
in the supernatants of GM- CSF– skewed macrophages (GM- MØ) and macrophage colony- stimulating factor (M- CSF)– skewed macrophages 
(M- MØ) from healthy controls and GCA patients were determined by Luminex assay. YKL- 40 concentrations were significantly higher in GM- 
CSF– skewed macrophages than in M- CSF– skewed macrophages from GCA patients. P values were determined by Wilcoxon’s signed rank 
test. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41887/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41887/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41887/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41887/abstract
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the increase in MMP- 9 production (Supplementary Figure 6C), 
suggesting that YKL- 40 could be an upstream modulator of 
MMP- 9 production.

To confirm the potential role of YKL- 40 as an upstream 
signal for MMP- 9 production in macrophages, we performed 
siRNA- mediated knockdown of YKL- 40 using monocyte- 
derived macrophages from healthy controls and GCA patients 
(n = 3 each), demonstrating a knockdown efficiency of 80– 95% 
for YKL-40 mRNA (Supplementary Figure 7, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41887/ abstract). This knockdown in turn 
led to an 80– 95% reduction in YKL- 40 protein levels com-
pared to nonbinding siRNA control (Figure 5A). Interestingly, 
YKL- 40 knockdown reduced MMP- 9 protein levels by 10– 50% 
when compared to siRNA control (Figure 5B), suggesting that 

(autocrine/paracrine) MMP- 9 secretion by macrophages is par-
tially dependent on YKL- 40.

Promotion of endothelial tube formation by YKL- 40. 
YKL- 40 and VEGF likely stimulate neovascularization by interact-
ing with their respective receptors, IL- 13Rα2 and VEGFR, both 
of which are abundantly expressed by HMVECs (Figure 6A). We 
aimed to confirm the proangiogenic potential of YKL- 40 by per-
forming a tube formation assay, which is often used to measure 
the ability of endothelial cells to form capillary- like structures. Pre-
viously, it has been demonstrated that YKL- 40 has high angio-
genic potential, performing equally as well as VEGF in stimulating 
HMVEC tube formation (32). Indeed, we demonstrated potentia-
tion of tube formation in the presence of YKL- 40 when compared 
to unstimulated HMVECs (Figures 6B and C). Moreover, the higher 

Figure 4. Elevated expression of interleukin- 13 receptor α2 (IL- 13Rα2) in the inflamed temporal arteries of patients with giant cell arteritis (GCA). 
A, Temporal artery biopsy (TAB) specimens from treatment- naive GCA patients were stained for IL- 13Rα2. Expression of IL- 13Rα2 was detected 
in all 3 layers of the vessel wall. Right panels are higher- magnification views of the boxed areas, showing expression of IL- 13Rα2 by macrophages 
(red arrows), vascular smooth muscle cells (orange arrow), infiltrating leukocytes (yellow arrows), fibroblasts (blue arrows), and endothelial 
cells (black arrows). B, IL- 13Rα2 expression in the vessel layers of GCA temporal artery biopsy specimens was scored semiquantitatively. The 
box represents the 25th to 75th percentiles. The line outside the box represents  the 75th percentile plus 1.5 times the interquartile range (IQR). 
Horizontal lines represent the median. Circles indicate points outside the 25th or 75th percentile plus 1.5 times the IQR. C, Temporal artery biopsy 
specimens from individuals without GCA or polymyalgia rheumatica were stained for IL- 13Rα2. Right panels are higher- magnification views of 
the boxed areas, showing minimal expression of IL- 13Rα2 in the medial vascular smooth muscle layer and the lumen, and stronger expression 
in the vasa vasorum endothelial cells (black arrows). D, Temporal artery biopsy specimens from patients with positron emission tomography– 
proven GCA were stained for IL- 13Rα2. Strong expression of IL- 13Rα2 was detected in all 3 layers of the vessel wall. Right panels are higher- 
magnification views of the boxed areas, showing expression of IL- 13Rα2 by endothelial cells (black arrows), vascular smooth muscle cells 
(orange arrows), and presumably resident dendritic cells (red arrows) and fibroblasts (blue arrows). Results are representative of 12 samples 
in A, 2 samples in C, and 3 samples in D.

http://onlinelibrary.wiley.com/doi/10.1002/art.41887/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41887/abstract


VAN SLEEN ET AL2334       |

concentration of YKL- 40 had a stimulation potential equal to that 
of VEGF. Additionally, YKL- 40 and VEGF combined induced even 
higher tube formation. Taken together, these results further impli-
cate YKL- 40 as playing a role in the inflammatory process in GCA 
by enhancing MMP- 9 production and promoting angiogenesis.

DISCUSSION

Whereas the presence of macrophages in GCA lesions is well 
established, their functional heterogeneity and associated role in 
GCA pathology is less well described. In this study, we identified a 
specific CD206+MMP- 9+ subset of macrophages that abundantly 
produces YKL- 40 in the GCA lesions. Moreover, in vitro studies 
revealed that YKL- 40 acts as an upstream signal that contributes 
to macrophage MMP- 9 production and exerts potent proangio-
genic effects. Taken together, our results provide strong evidence 
that YKL- 40, secreted by CD206+MMP- 9+ macrophages and 
giant cells, mediates vascular pathology in GCA through its ability 
to stimulate MMP- 9 secretion and neoangiogenesis.

The presence of YKL- 40 in GCA lesions was first reported in 
1999 (16), when expression of YKL- 40 by CD68+ macrophages 
located in the media borders was demonstrated. Our data con-
firm and extend those findings by revealing abundant expression 

of YKL- 40 predominantly by a specific CD206+MMP- 9+ subset 
of macrophages in the inflamed vessel walls. As recently described 
by our group, CD206+MMP- 9+ macrophages, likely induced by 
local GM- CSF production, are mainly located in the media and its 
borders near sites of medial destruction (13). Hence, local GM- 
CSF production is likely important in skewing this macrophage 
subset toward YKL- 40 production in GCA lesions as well.

Indeed, it has been reported previously that GM- CSF– 
skewed macrophages derived from healthy donors produce 
higher levels of YKL- 40 than their M- CSF– skewed counterparts 
(33). In this study, we also found higher YKL- 40 levels in GM- 
CSF– skewed macrophages (compared to M- CSF– skewed mac-
rophages) derived from monocytes from GCA patients, but not 
in those from healthy controls. Although the exact reason for 
this apparent discrepancy is not known, it may relate to shifts 
in monocyte subset composition in conjunction with altered 
responsiveness to GM- CSF stimulation. With aging, the propor-
tion of classic monocytes decreases (34), whereas this subset is 
expanded in GCA patients (35). Since classic monocytes have the 
highest GM- CSF receptor expression (13), these shifts in monocyte 
subset composition may underlie a heightened sensitivity to GM- 
CSF skewing in GCA patients. Supporting this notion, monocyte- 
derived macrophages from GCA patients also express higher 
levels of CD206, a marker of GM- CSF skewing (13). Currently, 
the efficacy of mavrilimumab, a GM- CSF receptor antagonist, is 
being evaluated for the treatment of GCA (ClinicalTrials.gov iden-
tifier: NCT03827018). The first encouraging results of this phase 
II trial have recently been reported, showing a 62% lower risk of 
flare by week 26 compared to placebo treatment. It is highly likely 
that mavrilimumab targets the YKL- 40– producing macrophage 
subset, a concept which warrants further investigation.

Our data further extend the notion that YKL- 40 is one of the 
upstream signals for MMP- 9 production by macrophages. Our 
experiments show that YKL- 40 and MMP- 9 are produced by the 
same subset of macrophages in GCA lesions and that knocking 
down YKL- 40 in in vitro differentiated macrophages substantially 
reduces their MMP- 9 production. Previously, YKL- 40 was found 
to enhance production of CCL2 and MMP- 9, while YKL- 40 gene 
silencing decreased the expression of these proteins in mac-
rophages in mouse models bearing mammary tumors (15). In 
these mouse models, neutralization of YKL- 40 by administering 
chitin decreased serum YKL- 40 levels and decreased MMP- 9 
production by isolated splenic T cells and macrophages. MMP- 9 
is likely an important factor in the pathogenesis of GCA, not only in 
the context of medial destruction, but also as a mediator of T cell 
and monocyte invasion into the vessel wall (11). Taken together, 
our data implicate GM- CSF– skewed CD206+ macrophages in 
GCA lesions in the production of high levels of YKL- 40 that could 
boost MMP- 9 expression in an autocrine or paracrine manner.

This is the first study to demonstrate that IL- 13Rα2, a con-
firmed receptor for YKL- 40 (24,25), is highly expressed in GCA 
lesions. Previous studies have shown that the interaction of 

Figure 5. Reduction in macrophage YKL- 40 and matrix 
metalloproteinase 9 (MMP- 9) protein secretion upon small interfering 
RNA (siRNA)– mediated knockdown of YKL- 40 mRNA. A, YKL- 40 
secretion in culture supernatants was reduced by 80– 95% after 
siRNA- mediated knockdown in macrophages from both patients 
with giant cell arteritis (GCA) and healthy controls (HCs), left 
unstimulated or stimulated with lipopolysaccharide (LPS; n = 3 per 
group). B, MMP- 9 secretion was reduced by 10– 50% after siRNA- 
mediated knockdown in macrophages from both GCA patients and 
healthy controls, left unstimulated or stimulated with LPS (n = 3 per 
group).



YKL- 40– EXPRESSING MACROPHAGES IN GCA |      2335

YKL- 40 with IL- 13Rα2 activates the Akt and ERK pathways, both 
required for MMP- 9 expression (36– 39). Although IL- 13Rα2 was 
also found to be expressed by endothelial cells, smooth mus-
cle cells, and fibroblasts in the vessel walls of individuals without 
GCA, its expression was highly increased in active GCA lesions, 
predominantly by infiltrating leukocytes. Interestingly, we found 
that IL- 13Rα2 was only weakly expressed in temporal artery 
biopsy specimens from individuals without GCA or PMR (n = 2), 
indicating that up- regulation of IL- 13Rα2 in vessel walls could be 
GCA/PMR specific. Further studies with more artery samples from 
individuals without GCA are warranted to confirm these findings.

Our data also suggest that YKL- 40 may be an impor-
tant mediator of neovascularization in GCA, a process that fuels 
the inflammatory response. The inflamed arteries of GCA patients 
show an expanded vasa vasorum, extending into the media and 
intima layers (40). YKL- 40 may be one of the main instigators of 
this process, together with other proangiogenic molecules such 
as VEGF and angiopoietin 2 (10). Our tube formation assay con-
firms previous reports on the proangiogenic capacity of YKL- 
40 alone and in combination with VEGF, which is also highly 
expressed in GCA lesions (10,32). YKL- 40 is also produced by 

tumor- associated macrophages, and likely plays a role in tumor 
angiogenesis and progression (14). Studies by Shao et al and 
Francescone et al showed increased CD31+ endothelial cell den-
sity in conjunction with increased expression of YKL- 40 in breast 
cancer and glioblastoma tumors, respectively (32,41). Moreo-
ver, those studies also showed a significant reduction in CD31+ 
endothelial cell infiltration in tumors in mice treated with YKL- 40 
siRNA and YKL- 40 neutralizing antibody. This tumor- supportive 
effect is reflected by an association of YKL- 40 serum levels with a 
poor outcome in cancer patients. Consistent with these findings, 
we previously reported that high serum levels of YKL- 40 in base-
line GCA patients predicted a longer time to discontinuation of GC 
treatment (7).

Our data suggest an involvement of YKL- 40 in tissue destruc-
tion and neoangiogenesis. YKL- 40 may signal via IL- 13Rα2, a 
known receptor for YKL- 40, which we found to be expressed by 
endothelial cells at the site of inflammation in GCA. Efforts to silence 
this receptor using siRNA in vitro led to reduced transcript levels, 
but unfortunately did not suppress cell surface protein expression, 
suggesting a long half- life of this receptor (data not shown). Thus, 
we cannot exclude the possibility that the proangiogenic effects 

Figure 6. YKL- 40 promotion of human microvascular endothelial cell (HMVEC) tube formation. A, Flow cytometry staining of CD31+ HMVECs 
showed abundant expression of interleukin- 13 receptor α2 (IL- 13Rα2) and vascular endothelial growth factor receptor (VEGFR). Three technical 
replicates are shown, comparing IL- 13Rα2 and VEGFR stainings with “fluorescence minus one” (FMO) controls. B, HMVECs were treated with 
medium only (control) or the indicated concentrations of VEGF alone, YKL- 40 alone, or VEGF and YKL- 40. Representative images of tube 
formation are shown (top). Tube formation was assessed by counting the number of enclosed fields (bottom). The visible HMVEC membranes 
are indicated in blue, and the enclosed fields are marked with a yellow dot. C, Treatment of HMVECs with a higher concentration of YKL- 40 
induced more tube formation. Bars show the mean ± SD number of enclosed fields formed by HMVEC tube formation (triplicate experiments). 
P values were determined by analysis of variance with Tukey’s post hoc test.
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of YKL- 40 are mediated via another, not yet identified, receptor 
(32,41). Further studies are required to definitely prove a role for 
the YKL- 40/IL-13Rα2 axis in neovascularization in GCA.

Although YKL- 40 is becoming recognized as an important 
biomarker of inflammation, few mechanistic studies have been 
performed to investigate its role in autoinflammatory diseases such 
as GCA. In this study, we used a variety of approaches to identify 
the cellular source of YKL- 40 and its function. Given the substan-
tial effects of GCs on inflammatory processes, it is important to 
emphasize that we used tissues and cells from treatment- naive 
patients. Although our in vitro studies with cultured macrophages 
have elucidated YKL- 40– mediated effects on MMP- 9 produc-
tion, the tissue microenvironment may interfere with these effects 
in more complex ways. Hence, further studies are required, in par-
ticular using in vivo or ex vivo models to improve our understand-
ing of the role of YKL- 40 in GCA pathogenesis.

Given its implication in various pathologic pathways, YKL- 40 
could be a promising target for treatment in macrophage- driven 
diseases. A neutralizing antibody targeting YKL- 40 has shown 
potential in reducing angiogenesis and tumor progression (42). 
Blocking YKL- 40 or IL- 13Rα2 could also prove to be beneficial 
for the treatment of GCA. GCs, as well as new treatment options 
such as tocilizumab, may be able to temporarily repress symp-
toms in GCA patients (4). However, more emerging evidence has 
indicated that asymptomatic vessel wall inflammation persists, 
ultimately leading to relapses in a substantial subset of patients 
(6– 9). The persistently high YKL- 40 levels in spite of GC treat-
ment, observed in our previous study (7) and confirmed in this 
study, suggest ongoing vascular inflammation and remodeling. 
This may be explained by the notion that YKL- 40 expression is 
driven by a multitude of cytokines, including IL- 6, GM- CS, and 
IFNγ (17,33). While IL- 6 signaling may be terminated specifically 
by treatment with tocilizumab and partially by GC treatment, it 
appears that GM- CSF and IFNγ production are resistant to both 
drugs (12,43,44). Moreover, a study by Kunz et al revealed little 
effect of GC treatment on macrophage YKL- 40 expression (33). 
Taken together, these observations are consistent with the persis-
tence of YKL- 40– mediated pathology in the vessel wall.

In conclusion, our findings show that a distinct subset of YKL- 
40– producing CD206+ macrophages is a characteristic feature 
of the vasculopathy in GCA. These macrophages may fuel media 
destruction, vasa vasorum neovascularization, and leukocyte 
invasion into the vessel wall. This process, likely mediated by the 
YKL- 40/IL- 13Rα2 axis, initiates a positive forward loop of proin-
flammatory and tissue remodeling processes via MMP- 9 over-
expression. Given its potential to promote several mechanisms 
involved in vessel wall injury, neutralizing YKL- 40 or its upstream 
pathways may prove to be an interesting treatment option for GCA.
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Anticentromere Antibody Levels and Isotypes and the 
Development of Systemic Sclerosis
Nina M. van Leeuwen,1  Maaike Boonstra,1  Jaap A. Bakker,1  Annette Grummels,1 Suzana Jordan,2 
Sophie Liem,1  Oliver Distler,2  Anna- Maria Hoffmann- Vold,3 Karin Melsens,4  Vanessa Smith,4  
Marie- Elise Truchetet,5 Hans U. Scherer,1  René Toes,1 Tom W. J. Huizinga,1 and Jeska K. de Vries- Bouwstra1

Objective. Little is known on the disease course of very early systemic sclerosis (SSc). Among the information 
yet to be elucidated is whether anticentromere antibody (ACA) isotype levels can serve as biomarkers for future SSc 
development and for organ involvement. This study was undertaken to evaluate whether IgG, IgM, and IgA ACA 
levels in IgG ACA– positive patients are associated with disease severity and/or progression from very early SSc to 
definite SSc.

Methods. IgG ACA– positive patients from 5 different cohorts who had very early SSc or SSc fulfilling the American 
College of Rheumatology (ACR)/European Alliance of Associations for Rheumatology (EULAR) 2013 criteria were 
included. A diagnosis of very early SSc was based on the presence of IgG ACAs and Raynaud’s phenomenon, and/
or puffy fingers and/or abnormal nailfold capillaroscopy, but not fulfilling the ACR/EULAR 2013 criteria for SSc. 
Multivariable regression analyses were performed to determine the association between baseline ACA isotype levels 
and progression to definite SSc with organ involvement.

Results. Six hundred twenty- five IgG ACA– positive patients were included, of whom 138 (22%) fulfilled the criteria 
for very early SSc and 487 (78%) had definite SSc. Levels of IgG ACAs (odds ratio 2.5 [95% confidence interval 
1.8– 3.7]) and IgM ACAs (odds ratio 1.8 [95% confidence interval 1.3– 2.3]) were significantly higher in patients with 
definite SSc. Of 115 patients with very early SSc with follow- up, progression to definite SSc occurred within 5 years 
in 48 (42%). Progression to definite SSc was associated with higher IgG ACA levels at baseline (odds ratio 4.3 [95% 
confidence interval 1.7– 10.7]).

Conclusion. ACA isotype levels may serve as biomarkers to identify patients with very early SSc who are at risk 
for disease progression to definite SSc.

INTRODUCTION

Systemic sclerosis (SSc) is a heterogeneous autoimmune 
disease with high mortality and morbidity (1,2). As early inter
vention has been shown to improve disease course and out
come, it is very important to detect SSc at an early stage, 
when therapeutic interventions can prevent progression of 
organ damage (3,4). The American College of Rheumatology 

(ACR)/European Alliance of Associations for Rheumatology 
(EULAR) 2013 criteria for SSc have a high sensitivity for accu
rately classifying patients as having SSc (5). However, there 
are still patients who do not fulfill these criteria, despite exhib
iting early signs of SSc (6). Currently, there are no biomarkers 
to identify which patients with signs of very early SSc will prog
ress to having definite SSc. Identification of this subgroup of 
patients with very early SSc, with more precise insights into 
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their potential disease course, is crucial for early therapeutic 
interventions (7).

SSc specific antinuclear autoantibodies (ANAs) are com
monly used for disease and risk stratification. Anti– topoisomerase 
I antibodies and anticentromere antibodies (ACAs) are the most 
prevalent autoantibodies in SSc (8). The presence of ACAs is 
associated with limited skin involvement, higher prevalence of cal
cinosis, and gastrointestinal (GI) involvement (9– 11). Compared 
to most other SSc associated autoantibodies, the presence of 
ACAs generally carries a better prognosis with respect to survival 
(10,12). The major reactive antigen of ACAs has been identified as 
CENP B, which has therefore been suggested as the primary tar
get driving a selected B cell response characterized by IgG ACA 
production (13,14). Based on the observation that the generation 
of disease specific ANAs is closely linked to disease development 
and clinical phenotype, it has been hypothesized that ANAs are 
implicated in disease pathogenesis (15– 17). However, the exact 
role of these disease specific ANAs and their underlying antigen 
triggers in SSc remains unclear.

In rheumatoid arthritis (RA), an autoimmune disease char
acterized by polyarthritis and the presence of rheumatoid factor 
and anti– citrullinated protein antibodies (ACPAs), an extended 
ACPA repertoire has been shown to be associated with disease 
development and disease severity, while the effector function of 
ACPAs is still not elucidated (18– 20). At present, little information 
is available regarding ACA isotype levels in SSc. Detailed informa
tion on the ACA isotype distribution in ACA positive patients with 
SSc can contribute to a better understanding of the characteris
tics and dynamics of the underlying autoreactive B cell response. 
Consis tent with findings in RA, we hypothesize that in IgG ACA– 
positive SSc, the expansion of specific ACA isotype responses is 
associated with SSc development and severity, as reflected by 
organ involvement.

By taking advantage of the prospective and comprehensive 
clinical data available from 5 independent and well described 
SSc cohorts (Leiden, Oslo, Zurich, Ghent, and Bordeaux), we 
aimed to evaluate whether individual ACA isotype levels are 
associated with disease severity in IgG ACA– positive patients 
with SSc. We also investigated whether these levels can iden
tify subjects with very early SSc whose condition will progress 
to definite SSc.

PATIENTS AND METHODS

Patient population. The SSc cohorts in Leiden, Oslo, 
Zurich, Ghent, and Bordeaux are prospective cohorts including all 
consecutive patients with SSc (21– 26). Patients in these cohorts 
undergo annual extensive screening, which includes a complete 
physical examination, laboratory testing, pulmonary function test
ing, transthoracic echocardiography, high resolution computed 
tomography (HRCT), 24 hour electrocardiography, nailfold cap
illaroscopy (NFC) evaluation, and an optional cardiopulmonary 

exercise test. At every visit, blood samples are collected and 
stored in respective biobanks (27).

IgG ACA– positive patients who were included had to ful
fill either the ACR/EULAR 2013 criteria for SSc (5) or criteria for 
very early SSc (28,29). Patients were classified as having very 
early SSc if they were IgG ACA positive and had Raynaud’s phe
nomenon (RP) and/or puffy fingers and/or abnormal NFC, but did 
not fulfill the ACR/EULAR 2013 criteria for SSc (5,28,29). In this 
study, we used a prospectively collected data set from routine 
practices with post hoc analyses. Patients entering the cohorts 
before March 2019 were selected for the present study. Detailed 
information on all of the cohorts has been previously reported 
(21,23– 25,30– 32).

Ethics approval. Collection of biomaterials and analy
sis of their clinical associations was approved by the local eth
ics committees in Leiden (CME no. B16.037), Switzerland (no. 
PB 2016 02014 02014 and BASEC Nr. 2018 01873), Nor
way (no. 2006/119), Ghent (no. 2008/385), and Bordeaux (no. 
2012 A00081 42). All participants provided written informed 
consent.

Clinical characteristics. At the baseline visit, clinical data 
and blood samples (including samples obtained for autoantibody 
testing) were collected from all patients. Baseline was defined as 
the first visit in the SSc care pathway, which included screening 
for SSc. Patients were involved in the development of the SSc 
care pathway. Patients with SSc who fulfilled the ACR/EULAR 
2013 criteria were categorized as having definite SSc either with
out organ involvement or with organ involvement, as described 
below.

For analyses, patients were categorized as having 1) very 
early SSc, 2) definite SSc without organ involvement, or 3) 
definite SSc with organ involvement. Follow up data were col
lected only for the very early SSc group, as data from this group 
of patients were of particular interest due to the possibility of 
intervention early in their disease course. Follow up consisted 
of an annual assessment in the SSc care pathway to monitor 
the course of the disease, including evaluations of the organ 
systems (skin, lung, heart, GI, renal, and musculoskeletal). Fol
low up duration was defined as the time calculated from the 
baseline visit to the most recent visit. Disease duration was 
defined as the time from RP onset, since among patients with 
very early SSc, data on the time from onset of the first non RP 
symptom were missing in those who did not have puffy fingers. 
We recorded the clinical characteristics required to evaluate the 
disease status of the patients (very early SSc, SSc with organ 
involvement, or SSc without organ involvement). The modified 
Rodnan skin thickness score (MRSS) (33), sclerodactyly, puffy 
fingers, peripheral vascular involvement including pitting scars, 
digital ulcers, and telangiectasia were evaluated and reported by 
the physician during evaluation. The NFC result was considered 
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abnormal if a scleroderma pattern was present, in accordance 
with the definitions approved by the EULAR Study Group on 
Microcirculation in Rheumatic Diseases and Scleroderma 
Clinical Trials Consortium (34,35). Use of immunosuppressive 
treatment at baseline, including hydroxychloroquine, mycophe
nolate mofetil, methotrexate, cyclophosphamide, azathioprine, 
and glucocorticoids, was recorded. Only ~0.5% of the patients 
were receiving biologic treatment at baseline; therefore, this 
was not considered.

Organ involvement. Digital ulcers were defined as areas 
with visually discernible depth and a loss of continuity of epithelial 
coverage and included both ischemic and traumatic ulcers. Inter
stitial lung disease (ILD) was considered to be present when evi
denced on HRCT imaging. Myocardial involvement was assessed 
using a modified Medsger severity scale (36), which consists of 
at least 2 of the following: arrhythmias (>2% supraventricular and 
ventricular extrasystoles, or atrial fibrillation), conduction problems 
(bundle branch block), decreased left ventricular ejection fraction 
<54%, diastolic/systolic dysfunction, pericarditis, or pericardial 
effusion.

Pulmonary arterial hypertension (PAH) was defined as an 
increase in mean pulmonary arterial pressure of ≥25 mm Hg at 
rest as assessed by right heart catheterization, including the pres
ence of precapillary pulmonary hypertension (PH), defined by a 
pulmonary capillary wedge pressure of ≤15 mm Hg and a pul
monary vascular resistance of >3 Wood units, in the absence of 
other causes of precapillary PH (i.e., PH due to lung diseases, 
chronic thromboembolic PH, or other rare diseases) (37). Renal 
crisis was defined based on clinical data (including an increase in 
blood pressure, increase in creatinine level, and oligo/anuric renal 
failure). GI involvement was defined based on a composite vari
able: presence of confirmed gastric antral vascular ectasia (GAVE) 
(data available for all patients), presence of fecal incontinence 
(data available for 413 of 625 patients), and/or malabsorption syn
drome (data available for 317 of 625 patients), and/or weight loss 
>10% in 1 year (data available for 309 of 625 patients). Patients 
with very early SSc were considered to be progressors to definite 
SSc if they developed ILD, digital ulcers, PAH, renal crisis, myo
cardial involvement, or GI involvement and if they met the ACR/
EULAR 2013 criteria during follow up.

Anticentromere assay and measurement. Blood sam
ples were stored, collected, and processed in accordance with 
the European Scleroderma Trials and Research biobank rec
ommendations (27). All baseline samples were assessed in the 
clinical chemistry department of the Leiden University Medical 
Center. Total IgG, IgA, and IgM ACA levels (CENP B) in all sam
ples were measured by one of the authors (JAB) with an enzyme 
immunoassay (FEIA) using a Phadia 250 system (ThermoFisher 
Scientific). Immunofluorescence (IF) patterns were evaluated at 
baseline, and centromere ANA patterns (speckled) were found. 

IgG ACA levels (IgG CENP B) were usually measured at commer
cial laboratories. The cutoff level for IgG ACA positivity was set 
at 7 units/ml, according to the manufacturer’s instructions. IgM 
and IgA ACAs levels were defined as research only parameters 
by the manufacturer. To define cutoff values for these parameters, 
levels in sera from 50 healthy subjects were measured, and the 
cutoff values for the presence of IgM and IgA were defined as 2 
SD above the mean in these serum samples. The cutoff value for 
IgA ACAs was 37 arbitrary units (AU)/ml, and the cutoff value for 
IgM ACAs was 13 AU/ml.

Statistical analysis. Analyses were performed using IBM 
SPSS version 23, and graphs were created using GraphPad Prism 
7 software. Descriptive statistics were used to summarize clinical 
and serologic features. To compare continuous independent var
iables, the Mann Whitney U test was used for 2 groups, and the 
Kruskal Wallis test with correction for multiple comparisons was 
used for >2 groups. Categorical variables were compared using 
the chi square test. To evaluate cross sectional associations 
between isotype levels and disease status, we used binary logistic 
regression with adjustment for age and disease duration (isotype 
levels [continuous; each isotype tested in a separate model] as 
predictor, and disease status [very early SSc, definite SSc with
out organ involvement, or definite SSc with organ involvement] as 
outcome measure).

Longitudinal analyses included the clinical evaluation of 
patients with very early SSc over time and progression of organ 
involvement in patients with definite SSc. To compare the clin
ical differences between progressors and nonprogressors, the 
Mann Whitney U test and chi square test were used. Multivariable 
logistic regression was used to assess the independent associ
ation between isotype levels and disease progression (isotype 
levels [continuous; each isotype tested in a separate model] as 
predictor, and disease progression [yes/no] as outcome measure), 
and receiver operating characteristic (ROC) curves were evalu
ated (Supplementary Figure 1 available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41814/ abstract). The possibility of predicting disease progres
sion to definite SSc based on IgG ACA level was evaluated. Data 
from the previous evaluation were carried forward and applied if 
follow up data on ILD, PAH, and ejection fraction were missing 
(generally occurring if disease was clinically stable with stable pul
monary function test results, meaning additional testing was not 
performed). As data on the individual components of the compos
ite GI involvement variable were not complete for all patients, the 
validity of this parameter was verified in a sensitivity analysis using 
the subgroup with complete data (Supplementary Table 1, http://
onlin elibr ary.wiley.com/doi/10.1002/art.41814/ abstract).

Data availability. All data relevant to this study are avail
able in the manuscript, supplementary data files, and upon request 
from the corresponding author.

http://onlinelibrary.wiley.com/doi/10.1002/art.41814/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41814/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41814/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41814/abstract
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RESULTS

Clinical characteristics. In total, 625 IgG ACA– positive 
patients were included. Ninety percent (n = 558) were women, with 
a mean age of 58 years and a median disease duration since the 
first non RP symptom of 6 years (interquartile range 2– 9). Baseline 
characteristics of the 3 clinical groups are shown in Table 1. One 
hundred thirty eight patients (22%) had very early SSc, 240 (38%) 
had SSc without organ involvement, and 247 (40%) had SSc with 
organ involvement.

IgG, IgM, and IgA ACA levels. Among all IgG ACA– positive 
subjects, 437 (76%) were also IgA ACA positive at baseline and 
522 (89%) were also IgM ACA positive at baseline. A noncuta
neous disease subset was more common in patients who were 
positive for both IgG and IgA ACAs compared to patients who 
were positive for IgG and IgM ACAs and patients who were posi
tive for all 3 isotypes (47% versus 33% versus 27%, respectively). 
No other clinical differences were observed between subgroups 
defined by numbers of expressed isotypes (data not shown). 
Among patients in the very early SSc group, IgG and IgM ACA 

levels were significantly lower compared to patients in the definite 
SSc group (Figure 1 and Supplementary Figure 2, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41814/ abstract). Using logistic regression 
with adjustment for age and disease duration since the first RP 
symptom, we found a significant association of IgG ACA levels 
(odds ratio 2.54 [95% confidence interval 1.75– 3.69]) and IgM 
ACA levels (odds ratio 1.77 [95% confidence interval 1.34– 2.34]) 
with disease status, with higher levels in patients with SSc (with 
and without organ involvement combined) compared to those 
with very early SSc. No significant associations were found 
between IgG, IgM, or IgA ACA isotype levels and definite SSc with 
or without organ involvement (Table 2). Findings confirming the 
same trend across all SSc centers are shown in Supplementary 
Table 2 and Supplementary Figures 3 and 4 (http://onlin elibr ary.
wiley.com/doi/10.1002/art.41814/ abstract).

To assess a possible effect of immunomodulatory treatment 
on ACA isotype levels, we performed a logistic regression analy
sis. No significant associations were found between use of immu
nosuppressive treatment and IgG ACA levels (odds ratio 1.4 [95% 
confidence interval 0.91– 2.10]), IgM ACA levels (odds ratio 0.91 

Table 1. Baseline characteristics and ACA isotype expression and levels in patients with very early SSc and 
patients with SSc without or with organ involvement*

Characteristic
(n with data available)

Patients 
with very 
early SSc
(n = 138)

Patients with SSc 
without organ 
involvement

(n = 240)

Patients with 
SSc with organ 

involvement
(n = 247)

Female (n = 625) 125 (91) 225 (91) 208 (87)
Age, median (IQR) years (n = 625) 52 (40– 62) 57 (49– 66) 62 (52– 69)
Time since RP onset, median (IQR) years (n = 622) 5 (1– 12) 10 (3– 19) 8 (2– 18)
Time since non- RP onset, median (IQR) years (n = 465) NA 5 (2– 11) 6 (2– 12)
lcSSc (n = 482) NA 202 (84) 187 (78)
dcSSc (n = 482) NA 14 (6) 27 (11)
MRSS, median (IQR) (n = 589) 0 (0– 0) 3 (0– 5) 4 (0– 6)
Digital ulcers (n = 616) 0 0 81 (33)
FVC % predicted, mean ± SD (n = 585) 107 (17) 107 (17) 107 (19)
DLco % predicted, mean ± SD (n = 596) 81 (15) 74 (14) 67 (18)
ILD on HRCT (n = 625) 0 0 86 (36)
PAH (n = 625) 0 0 52 (21)
Myocardial involvement (n = 563) 0 0 42 (22)
Renal crisis (n = 625) 0 0 3 (1)
GI involvement (n = 625) 0 0 120 (49)
Puffy fingers (n = 548) 21 (16) 71 (39) 36 (23)
Abnormal NFC (n = 488) 69 (55) 160 (84) 149 (86)
Immunosuppressive treatment (n = 625) 25 (18)† 48 (20) 112 (46)
ACA characteristics

IgA positivity (n = 617) 88 (72) 177 (78) 172 (75)
IgM positivity (n = 617) 106 (86) 209 (91) 207 (90)
IgG level, median (IQR) units/ml (n = 617) 274 (93– 662) 480 (197– 990) 619 (263– 1,077)
IgM level, median (IQR) AU/ml (n = 617) 101 (41– 363) 183 (55– 907) 251 (63– 965)
IgA level, median (IQR) AU/ml (n = 617) 69 (35– 103) 78 (39– 166) 86 (37– 187)

* Except where indicated otherwise, values are the number (%). ACA = anticentromere antibody; SSc = systemic 
sclerosis; IQR = interquartile range; RP = Raynaud’s phenomenon; NA = not applicable; lcSSc = limited cutaneous 
SSc; dcSSc = diffuse cutaneous SSc; MRSS = modified Rodnan skin thickness score; FVC = forced vital capacity; 
DLco = diffusing capacity for carbon monoxide; ILD = interstitial lung disease; HRCT = high- resolution computed 
tomography; PAH = pulmonary arterial hypertension; GI = gastrointestinal; NFC = nailfold capillaroscopy. 
† Eight patients were treated with glucocorticoids, 12 with methotrexate, and 5 with hydroxychloroquine. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41814/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41814/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41814/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41814/abstract
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[95% confidence interval 0.68– 1.22]), or IgA ACA levels (odds 
ratio 0.74 [95% confidence interval 0.43– 1.29]).

Evolution of very early SSc to definite SSc. Of the 
138 patients classified as having very early SSc, 23 were lost 
to follow up (Supplementary Table 3, http://onlin elibr ary.wiley.
com/doi/10.1002/art.41814/ abstract). In total, 48 (42%) experi
enced disease progression to definite SSc during a median fol
low up period of 2 years (range 1– 4). Of these progressors, 22 
(46%) developed vital organ involvement, which consisted of ILD 
(n = 10; 21%), cardiac involvement (n = 5; 10%), or GI involvement 
(n = 7; 16%). Seventy seven percent of progressors developed skin 

involvement, including an increase based on the minimum clinically 
important difference in MRSS (n = 11; 23%) (38), development of 
telangiectasia (n = 31; 65%), or sclerodactyly (n = 18; 38%). Both 
digital ulcers and pitting scars occurred in 17% of progressors. The 
remaining 67 patients did not develop organ involvement and their 
disease did not progress to fulfilling the ACR/EULAR 2013 criteria 
for SSc after a median follow up of 2 years (range 1– 5).

Compared to patients considered to be nonprogressors, 
those who were considered to be progressors were older and 
had a longer median follow up duration (Table 3). IgG ACA levels 
were significantly higher in progressors compared to nonprogres
sors at baseline and also after adjustment for follow up duration 

Figure 1. Anticentromere antibody (ACA) isotype levels in patients with very early systemic sclerosis (SSc), those with definite SSc without 
organ involvement, and those with definite SSc with organ involvement. Levels of IgG, IgM, and IgA ACAs in each group are shown. IgG and 
IgM ACA levels were significantly higher in patients with definite SSc with organ involvement compared to those with very early SSc; IgG ACA 
levels were also significantly higher in patients with definite SSc without organ involvement compared to those with very early SSc. Symbols 
represent individual patients; bars show the median and interquartile range (IQR). * = P < 0.05. NS = not significant.

Table 2. Association of IgG and IgM ACA levels with baseline disease status and progression to 
definite SSc*

SSc vs. very early 
SSc, OR (95% CI)

SSc with organ involvement 
vs. SSc without organ 

involvement, OR (95% CI)

Very early SSc 
progression to definite 

SSc, OR (95% CI)
IgG ACA units/ml 2.54 (1.75– 3.69) 1.09 (0.77– 1.53) 4.27 (1.70– 10.71)
IgM ACA AU/ml 1.77 (1.34– 2.34) 1.11 (0.83– 1.26) 1.75 (0.97– 3.14)
IgA ACA AU/ml 1.40 (0.90– 2.17) 0.96 (0.67– 1.38) 1.36 (0.47– 3.96)

* Odds ratios (ORs) were adjusted for age and disease duration. IgG, IgM, and IgA anticentromere 
antibody (ACA) levels were log2- transformed to overcome skewness in the data. Data on ACA isotype 
levels were available for 115 patients with very early systemic sclerosis (SSc). 95% CI = 95% confidence 
interval. 
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(Figure 2). In logistic regression analyses with correction for age 
and follow up duration, IgG ACA levels were significantly asso
ciated with disease progression to definite SSc (odds ratio 4.27 

[95% confidence interval 1.70– 10.71]) (Table 2). Puffy fingers were 
a significant predictor of progression to definite SSc in the univaria
ble analysis (odds ratio 2.95 [95% confidence interval 1.31– 6.62]), 

Table 3. Demographic and clinical characteristics of the patients with very early 
SSc whose disease progressed (progressors) and patients with very early SSc whose 
disease did not progress (nonprogressors) at follow up*

Progressor 
group

(n = 48)

Nonprogressor 
group

(n = 67) P
Demographic characteristics

Female 43 (90) 61 (91) 0.52
Age, mean ± SD years 53 (15)† 48 (13) 0.03

Disease duration since RP onset, median 
(IQR) years

5 (2– 11) 6 (2– 14) 0.69

Follow- up duration, median (IQR) years 5 (3– 7)‡ 2 (1– 5) <0.001
Clinical features

Puffy fingers§ 7 (15) 8 (12) 0.55
Abnormal NFC¶ 26 (54) 34 (51) 0.45

ACA isotype#
IgM positivity 36 (86) 51 (81) 0.36
IgA positivity 31 (76) 43 (68) 0.28

* Except where indicated otherwise, values are the number (%). No clinical follow- 
up data were available for 23 patients with very early systemic sclerosis (SSc). RP = 
Raynaud’s phenomenon; IQR = interquartile range; NFC = nailfold capillaroscopy; ACA = 
anticentromere antibody. 
† P = 0.03 versus nonprogressor group. 
‡ P < 0.001 versus nonprogressor group. 
§ Missing data for 10 patients. 
¶ Missing data for 2 patients. 
# Missing data for 9 patients (5 in the progressor group and 4 in the nonprogressor 
group). 

Figure 2. Anticentromere antibody (ACA) isotype levels in progressors and nonprogressors in the very early systemic sclerosis (SSc) group. 
IgG ACA levels were higher in patients with very early SSc whose condition progressed to definite SSc compared to nonprogressors. Symbols 
represent individual patients; bars show the median and interquartile range (IQR). * = P < 0.05. NS = not significant. Color figure can be viewed 
in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41814/abstract.
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whereas abnormal NFC did not show a significant association 
with progression to definite SSc (Supplementary Table 4, http://
onlin elibr ary.wiley.com/doi/10.1002/art.41814/ abstract). The ROC 
curves for progression to definite SSc in association with levels of 
IgG and IgM ACAs are shown in Supplementary Figures 1 and 5, 
with performance characteristics shown in Supplementary Tables 
5 and 6 (http://onlin elibr ary.wiley.com/doi/10.1002/art.41814/ 
abstract). When we applied a threshold for the optimal sensitivity 
and negative predictive value for prediction of progression to defi
nite SSc, we identified an IgG ACA level of 81 units/ml together 
with the presence of puffy fingers as having predictive capacity at 
baseline (Supplementary Figure 7). With this cutoff, 84% of pro
gressors and 49% of nonprogressors were classified correctly at 
baseline. To further evaluate the predictive value of ACA isotype 
levels in SSc progression, we assessed their association with 
disease progression in patients with definite SSc at baseline and 
complete clinical data available at followup (n = 93) (Supplemen
tary Table 5, http://onlin elibr ary.wiley.com/doi/10.1002/art.41814/ 
abstract). In this subgroup, levels of IgG ACAs (odds ratio 2.79 
[95% confidence interval 1.08– 7.26]) and levels of IgM ACAs 
(odds ratio 2.06 [95% confidence interval 1.18– 3.61]) were inde
pendently associated with disease progression.

DISCUSSION

In this study, we analyzed ACA isotype levels in patients 
with very early SSc and in patients with definite SSc to evaluate 
whether disease severity within ACA positive patients is associ
ated with characteristics of the ACA immune response. Secondly, 
we evaluated the clinical course of patients with very early SSc and 
assessed whether ACA isotype levels can identify subjects whose 
condition will progress to definite SSc. We demonstrated that 
patients with definite SSc have higher levels of IgG and IgM ACAs 
compared to patients with very early SSc. Moreover, we showed 
that in patients with very early SSc, higher levels of IgG ACAs are 
associated with disease progression to definite SSc within 2 years.

The lower IgG and IgM ACA levels in the very early SSc 
group might indicate a less pronounced immune response com
pared to the definite SSc group. We identified the highest levels 
of IgG, IgM, and IgA ACAs to be present in patients with SSc 
with organ involvement, and in patients with definite SSc, baseline 
IgG and IgM ACA levels were associated with future disease pro
gression. These findings are consistent with our hypothesis that 
the immune response in patients with very early SSc is less pro
nounced compared to patients with definite SSc.

As shown by our data and by other study findings (30), 
although the classification might suggest short disease duration, 
some patients classified as having very early SSc showed similar 
disease duration as patients with definite SSc. This indicates that 
patients who fulfill the classification criteria for very early SSc are a 
heterogeneous group, in which the condition will eventually prog
ress to definite SSc in some and will continue to only meet criteria 

for very early SSc in others (30). Our data show that the levels 
of ACA specific immune response discriminate between those 
2 subgroups (Supplementary Figure 1, http://onlin elibr ary.wiley.
com/doi/10.1002/art.41814/ abstract). Similar findings have been 
observed in other rheumatic diseases, including RA (18,39). The 
observation that IgG ACA levels are numerically higher in patients 
with SSc who are positive for ACAs with organ involvement com
pared to patients with SSc who are positive for ACAs without 
organ involvement is consistent with our hypothesis. However, in 
this comparison, the differences observed were not statistically 
significant. We presume that the absence of broadly validated out
come measures for SSc might at least partially explain this lack of 
significance. Moreover, commonly accepted definitions of severe 
organ involvement such as ILD and diffuse skin involvement might 
be less sensitive in ACA positive SSc, as severe fibrotic disease 
complications are less frequent in patients with ACAs than in anti– 
topoisomerase I– positive patients.

To date, the effects of disease duration on isotype levels are 
not fully understood. One could hypothesize that isotype levels 
decrease over time as antigen triggering diminishes (40). Whether 
ACA specific immune response occurs before clinical disease 
development, and for how long, is unknown. One study showed 
that in patients with early SSc, the median duration from the time 
of RP onset to definite SSc was 4.6 years (41). There were no data 
reported regarding the first instance of specific antibody expres
sion or different autoantibodies in that study. In our very early SSc 
group, 48 patients (42%) developed definite SSc over a median 
time period of 5 years.

We observed the strongest association between IgG ACA 
 levels and disease subset (very early SSc versus definite SSc). 
Consistent with our hypothesis, it is tempting to speculate that 
either IgG ACAs and/or B cell responses underlying ACA produc
tion are involved in the disease pathogenesis. Since both microa
ngiopathy (clinically shown by RP) and dysregulated immunity 
(reflected by the presence of specific ANAs) are among the ear
liest features of SSc, it could be speculated that specifically IgG 
and IgM ACAs contribute to endothelial cell damage, possibly 
by complement activation. Indeed, ACA positive sera have been 
shown to affect endothelial cells (42). In the Leiden cohort, we 
recently demonstrated an association between ACA specific 
immune response and degree of microangiopathy (43).

Finally, there are a number of possible implications of an 
association between both IgM and IgG ACAs and disease pro
gression. In adaptive immune responses, IgM is the first isotype 
to appear after a vaccination or an infection. In normal adaptive 
immune responses, IgM disappears rapidly due to isotype switch
ing with IgG taking over, and antibodies of the IgM isotype have 
a short lifespan (T½ = 8 days). The ongoing presence of IgM 
ACAs along with the association of levels of IgG ACAs with dis
ease progression in the present study indicate ongoing immune 
activation accompanied by continuous production of IgM, which 
is most likely caused by recently activated B cells. Since there 
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is no evidence regarding the natural origin of IgA ACAs in SSc 
pathogenesis, we can only speculate about the implication of 
the high prevalence of IgA ACAs that was also observed. IgA 
is mostly found in mucous membranes, particularly the respiratory 
tract and the GI tract; as such, expression of disease specific IgA 
ACAs might implicate involvement of these mucous membranes 
in SSc pathogenesis. Frequent pulmonary and GI involvement in 
patients with SSc supports this hypothesis, but how and where 
IgA ACAs are triggered is currently unknown.

Puffy fingers or abnormal NFC were found to be predictive 
of the diagnosis of very early SSc in a population with RP who 
had not yet received a diagnosis of very early SSc (28). Randone 
et al (44) identified SSc specific autoantibodies, puffy fingers, and 
NFC abnormalities as predictors of disease progression in patients 
with RP and/or ANA positivity. We identified ACA characteristics to 
be predictive of disease progression; however, we were not able 
to confirm the association between abnormal NFC and disease 
progression. One explanation could be differences between the 
patient groups studied. In our study, the majority of the patients 
with very early SSc already had 8 points according to the ACR/
EULAR 2013 classification criteria. In the study by Randone et al, 
the majority of the patients scored <6 points at baseline according 
to the ACR/EULAR 2013 classification criteria. Interestingly, disease 
progression rates between patients with 8 points and patients with  
<8 points were comparable. Secondly, we only included ACA 
positive patients, whereas Randone and colleagues included 
patients with RP who could be negative for ANAs or positive for 
ANAs with different specificities. Strikingly, the number of patients 
who were considered to be progressors among those with very early 
SSc was comparable between the 2 studies (41% versus 42%), 
which highlights the necessity of biomarkers to adequately identify 
the patients at risk. Although not within the scope of the present 
study, evaluating the IgG ACA level as a possible predictive bio
marker in clinical practice showed that, in combination with pulmo
nary fibrosis, 84% of progressors and 49% of nonprogressors could 
be accurately identified at baseline. However, this finding needs to 
be further evaluated and confirmed in independent cohorts.

Previous results on the association between disease severity 
and ACA specific responses have been conflicting. Two longitudinal 
studies with a small sample size (n = 13 and n = 15) did not provide 
conclusive results on the associations between clinical characteris
tics and ACA isotypes; however, fluctuating levels of ACA isotypes 
over time were observed (45,46). These studies were limited by 
small sample sizes, the use of nonvalidated outcome measures, 
and older techniques to measure specific isotypes.

To our knowledge, our study is the first to perform complete 
evaluation of ACA isotype responses in patients with SSc, and spe
cifically to evaluate ACA isotype response in association with clinical 
progression to SSc in the very early SSc group. Our results provide 
an answer to one of Witebsky’s postulates (47), offering evidence 
that may be useful in further investigations into a possible pathoge
netic role of ACAs in the SSc disease course. We believe that ACA 

isotypes can be seen as biomarkers for the underlying immune 
response, and the presence and levels of the different isotypes can 
be used as markers for the breadth of the immune response. In 
addition, we hypothesize that the breadth of the immune response 
is a proxy for the intensity of the immune response, i.e., continu
ous expression of more isotypes indicates more active triggering of 
the adaptive immune response, which is also supported by data in 
other autoimmune diseases (18,19,48).

This study has some limitations. We included patients who 
were positive for IgG ACAs at baseline, and cannot completely 
exclude the possibility that patients who were positive only for 
IgM or IgA ACAs were missed. However, as a sensitivity check, 
we additionally measured expression of IgA and IgM ACAs in 46 
patients with SSc of various durations who were negative for IgG 
ACAs (negative both by Phadia FEIA and by IF assay), which con
firmed that clear expression of IgM and IgA ACAs in patients who 
are negative for IgG ACAs is very rare (results not shown). Like
wise, no conclusions can be drawn with regard to other antibody 
subgroups in SSc. Since samples were not analyzed longitudi
nally, the effect of starting or discontinuing immunosuppressive 
treatment remains unclear, although we did not find an association 
between immunosuppressive treatment and ACA isotype levels. 
Another limitation is the difference in follow up duration among 
patients in the very early SSc group. However, we performed 2 
additional sensitivity checks: 1) including patients with long fol
low up duration and 2) including patients with short disease dura
tion, both of which confirmed the significant association between 
levels of IgG ACAs and progression to definite SSc (Supplemen
tary Tables 8 and 9, http://onlin elibr ary.wiley.com/doi/10.1002/
art.41814/ abstract). GI involvement was assessed based on 
available parameters including GAVE. This could have led to 
underestimating the prevalence of GI involvement, and therefore 
we performed a sensitivity check in a subgroup with additional 
data available (Supplementary Table 1, http://onlin elibr ary.wiley.
com/doi/10.1002/art.41814/ abstract). Even with this broader 
definition of GI involvement, patients with organ involvement still 
showed the highest levels of IgG and IgM ACAs. To strengthen 
these results, the next step would be to evaluate ACA isotypes 
longitudinally and at the time of disease progression.

In conclusion, we have shown, to our knowledge for the first 
time and in a large multicenter ACA positive SSc cohort, that IgG 
and IgM ACA levels are significantly higher in patients with defi
nite SSc compared to patients with very early SSc. Moreover, we 
showed that in 42% of ACA positive patients with very early SSc, 
disease progressed to definite SSc within 5 years and was asso
ciated with higher IgG ACA levels. Both observations indicate that 
CENP B– specific IgG levels may be novel biomarkers in SSc and 
can potentially contribute to disease development.
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Addressing immeasurable time bias in an observational 
study: comment on the article by Suissa et al

To the Editor:
We read with great interest the article by Dr. Suissa and 

colleagues that reviewed observational studies of the asso-
ciation between allopurinol and mortality in individuals with 
gout (1). The authors describe immeasurable time bias as 
time periods during which prescription medication records 
are not available (e.g., hospitalizations), leading to at- risk time 
being potentially misclassified as unexposed time. Suissa 
and colleagues recommend accounting for the possibility of 
immeasurable time bias by evaluating hospitalizations dur-
ing follow- up or using an analytic approach that is weighted 
by measurable time (2). Of the 12 studies included in the anal-
ysis, 3 were described as affected by immeasurable time bias, 
including ours (3). We wholeheartedly agree that immeasura-
ble time bias is an important consideration in observational 
studies. We thought it would be useful to inform readers of 
how we sought to address immeasurable time bias in our 
study.

We evaluated hospitalizations and their possible impact 
on the study results in detail. Approximately 80% of individuals 
in our cohort experienced at least 1 hospitalization between 
the index date and end of follow- up. We examined the median 
length of admission for all hospitalizations, which was 6 days 
(interquartile range [IQR] 3– 12). We extended each allopurinol- 
exposed period by a grace period of 14 days, such that, con-
trary to the immea surable time periods depicted in Figure 4B 
in the Suissa et al study, the majority of hospitalizations would 
not have been susceptible to exposure misclassification. Fur-
thermore, the median prescription duration in the cohort was 
78 days (IQR 31.3– 92.2), making it unlikely that brief hospi-
talizations would have affected refill patterns substantially 
and increasing our confidence that hospitalizations were not 
resulting in substantial exposure misclassification. Despite this, 
one- third of the individuals in our cohort who discontinued 
allopurinol had a hospitalization within 3 months of allopurinol 
discontinuation. This led us to conclude that our results could 
have had residual healthy user bias, as was discussed in our 
article.

To examine the possibility of healthy user bias in greater 
detail, we evaluated the characteristics of individuals in our 
cohort by allopurinol persistence and adherence. We found 

that those who persisted in continuing their allopurinol treat-
ment and had the highest adherence to the treatment (i.e., 
highest number of days covered) also had greater comorbidity, 
reflected by higher weighted Johns Hopkins Aggregated Diag-
nosis Groups scores (mean ± SD 8.85 ± 13 versus 6.96 ± 12.9) 
and higher rates of cardio vascular disease, chronic kidney dis-
ease, and prior hospitalization, among other risk factors (4). The 
association between higher allopurinol adherence and greater 
comorbidity has been consis tently demonstrated (5). Thus, 
unlike for many other medications, individuals with the great-
est mortality risk are most adherent to allopurinol, and there-
fore less likely to be misclassified as unexposed despite brief 
hospitalizations.

Finally, we note that the 9 studies avoiding immeasurable 
time bias all did so by using intent- to- treat analyses. This is par-
ticularly problematic in studies of allopurinol as adherence is 
known to be poor and results would thus be biased toward the 
null hypothesis (5).

We thank Dr. Suissa and colleagues for raising this impor-
tant methodologic issue. We are grateful to have the opportunity 
to provide additional useful information about how the issue of 
immeasurable time bias can be investigated in a specific clinical 
context.

Alanna Weisman, MD, PhD
University of Toronto
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Reply

To the Editor:
We thank Dr. Weisman and colleagues for their letter 

regarding our article reviewing observational studies reporting 
on the effectiveness of allopurinol for reducing mortality and 
particularly those studies that were affected by immeasur-
able time bias. Indeed, our review explained that immeasur-
able time bias can be an important complexity in observational 
studies where the outcome is death and hospitalizations are 
frequent (1).

We appreciate the clarifications of Weisman and colleagues 
regarding the patterns of hospitalizations in the elderly cohort 
used in their study (2). In particular, it is relevant to this poten-
tial bias that 80% of the cohort subjects were hospitalized at 
least once during the median 4.7 years of follow- up. Moreover, 
the likelihood of immeasurable time bias is increased as one- 
third of those who discontinued allopurinol had a hospitaliza-
tion within 3 months of allopurinol discontinuation. With respect 
to this bias, however, it would be more informative to exam-
ine the patterns of hospitalizations and prescription durations 
in greater detail, more specifically during the period preceding 
death (perhaps 90 or 180 days). Thus, the uncertainties and 
variations in prescription durations, along with the timing and 
high frequency of hospitalizations, cannot preclude the possi-
bility that immeasurable time bias may have contributed to the 
findings of a protective effect of allopurinol on mortality in the 
study by Weisman and colleagues.

The issue of healthy user bias addresses confounding bias 
which we did not discuss in our report. On the other hand, 
intent-to-treat (ITT) analyses are important, at least as sensitivity 
analyses. While these ITT analyses can attenuate the effects of a 
treatment, limiting the follow- up period to a relatively short time will 
help to reduce the impact of this attenuation. Unfortunately, the 
“all exposed” cohort design that includes only patients exposed 
to allopurinol, used in the study by Weisman and colleagues, does 
not permit ITT sensitivity analyses.

In conclusion, observational studies provide useful evi-
dence of real- world medication effects, though time- related 
biases can introduce important errors. In particular, immeas-
urable time bias can affect observational studies of the effects 
of medications on the outcome of mortality in chronic dis-
eases (1). This bias tends to exaggerate the potential benefit 

of treatments. Our goal was to draw attention to this potential 
bias in the important arena of real- world evidence research and 
suggest ways to avoid it. We appreciate the opportunity to do 
this once more.

Samy Suissa, PhD
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Hypoxia-induced synovial fibroblast activation in 
inflammatory arthritis and the role of Notch-1 and
Notch-3signaling:commentonthearticlebyChenetal

To the Editor:
Rheumatoid arthritis (RA) is a chronic systemic autoim-

mune disease with local systemic inflammation, such as persis-
tent sy novial inflammation. The interaction of immune cells and 
inflammatory mediators results in amplification and perpetua-
tion of the inflammation- induced joint remodeling process. RA is 
characterized by joint swelling, redness, and arthralgia. In their 
recent study, Dr. Chen and colleagues showed that Notch- 1 
and Notch- 3 intracellular domain (N1ICD and N3ICD, respec-
tively) was expressed in the synovial tissue of RA patients, and 
hypoxia- inducible factor 1α (HIF- 1α) regulated expression of 
Notch- 1 and Notch- 3 (1). Hypoxia- induced N1ICD and N3ICD 
expression in RA synovial fibroblasts (RASFs) was inhib-
ited by knocking out HIF- 1α. In turn, knocking out Notch- 1 
or Notch- 3 suppressed hypoxia- induced RASF invasion and 
angiogenesis. Moreover, Notch- 1 regulated RASF migration 
and epithelial– mesenchymal transition under hypoxia, and inhi-
bition of N1ICD/N2ICD slowed the progression of arthritis in 
rats. Chen and colleagues’ findings suggest that Notch- 1 and 
Notch- 3 may regulate RASFs via interaction with HIF- 1α, and 
that targeting Notch- 1 and Notch- 3 in the treatment of RA may 
be beneficial (1).

Notch is a multifaceted transmembrane protein. This 
family of proteins comprises 4 receptors (Notch-1, Notch-2, 
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Notch-3, and Notch-4) and 5 ligands (Jagged- 1 and Jagged- 2 
and delta- like proteins 1, 3, and 4). Their signaling not only reg-
ulates basic cellular processes such as cell growth, differentia-
tion, proliferation, and death, but also can play an active role in 
hematopoiesis and angiogenesis. Previously published studies 
have shown that in patients with active RA there was elevated 
expression of Notch- 3 in T helper cells and especially in acti-
vated T cells (2). Similarly, Notch- 1 and Notch- 3 were highly 
expressed in synovium from RA patients as compared to syn-
ovium from controls (3,4). Interestingly, abrogation of Notch- 1 
signaling inhibited Freund’s complete adjuvant– induced inflam-
matory arthritis, as indicated by the reduction in the progres-
sion and severity of arthritis (assessed using radiologic and 
histologic analyses) (5). Antisense Notch- 1 oligonucleotides 
inhibited the proliferation of RA synoviocytes (3), and stimula-
tion of RA synoviocytes with γ- secretase inhibitor, which blocks 
the production of N1ICD and N3ICD, also suppressed prolifer-
ation of synoviocytes (3). Gao et al demonstrated that N1ICD 
expression was elevated in synovial tissue from RA patients (6). 
Dimethyloxalylglycine induced N1ICD expression and Notch- 1 
knockdown suppressed hypoxia- induced HIF- 1α expression 
(6). Angiogenesis and the migration and invasion of endothelial 
cells induced under conditions of hypoxia (3% oxygen) were 
inhibited following knockdown of Notch- 1 or treatment with a 
γ- secretase inhibitor (6).

Together, Notch- 1 and Notch- 3 may interact with HIF- 1α and 
then mediate hypoxia- induced RASF invasion and angiogenesis 
in inflammatory arthritis. However, several questions need to be 
addressed in the future, such as whether Notch- 1 first interacts 
with Notch- 3 and then affects HIF- 1α, and how Notch- 1 and/or 
Notch- 3 affects HIF- 1α and by what mechanism.
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Reply

To the Editor:
We appreciate the comments from Dr. Xu and colleagues 

regarding our recently published article on hypoxia- induced acti-
vation of synovial fibroblasts in RA. It has been confirmed that 
HIF- 1α regulates the expression of Notch- 1 in RASFs under 
hypoxic conditions (1). Furthermore, our study shows that HIF- 1α 
directly regulates the expression of Notch- 1 and Notch- 3 in the 
hypoxic microenvironment. However, in order for cells to be able 
to adapt to the hypoxic microenvironment, interaction of the regu-
latory functions of HIF- 1α and regulatory functions of Notch signal 
transduction is required.

To adapt to hypoxia, HIF- 1α first becomes stable and 
directly activates the transcription of downstream genes. In 
addition to this canonical response, there is another response 
involving Notch signal integration. It was shown in a study by 
Zheng et al that the affinity of factor- inhibiting HIF- 1α (FIH- 1) to 
NICD is higher than that of HIF- 1α (2). Thus, when the Notch 
signal is activated, the NICD first combines with FIH- 1, which 
leads to the activation of HIF- 1α. This mechanism may also be 
stably related to HIF- 1α under normoxic conditions, such as in 
von Hippel- Lindau syndrome (3). Taken together, the research 
data on the role of FIH- 1 in Notch signal regulation reveal the 
dynamic and complex relationship between Notch signaling 
and hypoxia, which indicates that the signal outputs of these 
2 mechanisms need to be fine- tuned in order to regulate cell 
response to hypoxia.

Accumulating evidence supports the hypothesis that 
repeated periods of hypoxia first cause HIF- 1α stability and then 
activate Notch- 1 and Notch- 3 in RASFs (1,4). Although hypoxia 
has been implicated in the pathogenesis of RA through both 
direct and indirect effects via activation of hypoxia- induced Notch 
signaling, the way in which hypoxia maintains cells in an undif-
ferentiated state remains unknown. Thus, elucidating the impact 
of Notch- 1 and/or Notch- 3 on hypoxia within joints affected by 
RA will allow better understanding of the activation of Notch- 1 
and Notch- 3 and the mechanisms by which they affect RASFs 
and contribute to RA development and progression. Next, 
studies can be designed to examine whether overexpression of 
N1ICD and N3ICD in normoxic and hypoxic environments has an 
effect on HIF- 1α, and chromatin immunoprecipitation assays can 
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be used to determine whether the regulatory functions of HIF- 1α 
are either direct or indirect.
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Disease activity assessment in nonradiographic axial 
spondyloarthritis: is it time to move beyond the Bath 
Ankylosing Spondylitis Disease Activity Index or Ankylosing 
Spondylitis Disease Activity Score? Comment on the  
article by Rusman et al

To the Editor:
We read with great interest the article by Dr. Rusman and 

colleagues on the efficacy of treatment with etanercept in patients 
with suspected nonradiographic axial spondyloarthritis (SpA) (1). 
The study conducted by Rusman and colleagues had an inter-
esting design: patients with nonradiographic axial SpA were 

randomized to receive either etanercept or placebo for 16 weeks 
based on clinical disease activity according to the Bath Ankylosing 
Spondylitis Disease Activity Index (BASDAI) (2). The results of this 
study raise many doubts concerning the methods currently used 
to assess disease activity in axial SpA, and in nonradiographic 
axial SpA in particular.

Among patients with clinically active disease (BASDAI ≥4) in 
the study by Rusman et al, only 13% had C- reactive protein (CRP) 
levels exceeding the upper limit of normal. Similarly, active inflam-
mation in the sacroiliac (SI) joint (according to Spondyloarthritis 
Research Consortium of Canada SI structural lesion score) (3) was 
seen in only 23% of patients at baseline. It would be interesting to 
know the distribution of patients according to Ankylosing Spon-
dylitis Disease Activity Score (ASDAS) (4). Three questions from 
the ASDAS are borrowed from the BASDAI, and it is possible that 
patients who achieved remission or low disease activity according 
to the ASDAS score may have overestimated the extent of their 
disease activity on the BASDAI questionnaire. The median CRP 
level was 2.5 mg/liter, but the mean ASDAS- CRP score was 2.8, 
indicating that the extent of disease activity may have been over-
estimated based on the scoring of some of the components on 
the ASDAS.

Another striking point is the predominance of female 
patients in the study population (64%) and the high prevalence 
of peripheral joint involvement (53%) or high Maastricht Anky-
losing Spondylitis Enthesitis Score (mean 7.9) (5). Although 
none of the joints were considered to be swollen, being instead 
deemed tender joints, this feature could nevertheless have 
contributed to an increase in the BASDAI or ASDAS score. It 
would be pertinent to conduct other objective assessments 
such as power Doppler ultrasound to look for synovial hyper-
trophy in such joints or entheses before considering them as 
actively inflamed. Also, other confounding comorbidities such 
as hypothyroidism (6), fibromyalgia (7), or hypovitaminosis D 
(8), all of which are common features in patients with SpA 
(specifically in female patients), could have affected BASDAI 
responses.

At baseline, ~30% of patients were not taking nonsteroi-
dal antiinflammatory drugs (NSAIDs) (only 11% were taking 
other disease- modifying antirheumatic drugs and no patients 
were taking biologics). Although patients receiving etanercept 
and those receiving placebo showed no differences in objec-
tive treatment responses at 16 weeks, the data on percentage 
of patients still receiving full doses of NSAIDs or who were able 
to have their NSAID doses reduced by at least 50% at weeks 
16 and 24 would clarify the proportion of patients who were 
continuing to rely on NSAID treatment, given that none actually 
restarted etanercept or another biologic during the 16– 24- week 
follow- up.

On conventional radiography, there was a marked discrep-
ancy between the Bath Ankylosing Spondylitis Radiology Index 
(BASRI) (9) and modified Stoke Ankylosing Spondylitis Spine 
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Score (mSASSS) (10) (only 3% of patients had a BASRI spine 
score of ≥2, whereas 60% of patients had an mSASSS score of 
≥2). Explaining this discrepancy would also help to delineate high 
BASDAI scores in this study population.

Taking these points into consideration, it seems fallacious to 
use the BASDAI or ASDAS (although it is more objective) for the 
assessment of disease activity in nonradiographic axial SpA. We 
strongly agree with the authors that these measures are not val-
idated in this specific population and that they measure “level of 
symptoms” more than disease activity. Thus, initiation of treatment 
with biologics (considering cost of therapy and risk of infections) in 
this specific study group (with more subjective than objective evi-
dence) seems irrational and harmful. Even in the study conducted 
by Rusman and colleagues, adverse events were noted in 39.5%  
of patients in the etanercept group while 16.7% of patients  
achieved an Assessment of SpondyloArthritis international Society  
20 response (more risk than benefit). Comorbidities, as mentioned 
above, should be ruled out before introducing treatment with 
etanercept.

There is a need for more objective disease activity measures, 
as nonradiographic axial SpA is being diagnosed more frequently. 
Apart from CRP levels, imaging parameters of active disease (e.g., 
bone marrow edema, enthesitis, capsulitis, or synovitis), swollen 
joint counts, and modified Schober test of spinal mobility (among 
other measurements) should be utilized in order to increase the 
robustness of disease activity assessment in the setting of nonra-
diographic axial SpA.
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Reply

To the Editor:
We would like to thank Dr. Mishra and colleagues for their 

comments on our article on the efficacy of treatment with etaner-
cept in patients with suspected nonradiographic axial SpA. One 
of their suggestions was that the patients included were misdiag-
nosed, but we can confirm that the patients in our study did not 
have any of the comorbidities as suggested by the authors.

The main point of concern of Mishra and colleagues is that 
patients with a suspected diagnosis of axial SpA on the basis 
of the presence of several risk factors, such as inflammatory 
back pain plus at least 2 SpA features as well as high patient- 
reported disease activity (BASDAI ≥4) (1), as in our study, may not 
respond well to treatment with tumor necrosis factor inhibitors 
(TNFi) because objective signs of inflammation are lacking. As we 
have discussed in our article, we agree with the statement that 
the threshold for starting TNFi therapy, even in patients in whom 
a diagnosis of nonradiographic axial SpA is suspected but who 
have not been diagnosed as having nonradiographic axial SpA, 
is often too low. This, of course, may result in overtreatment and 
an increase in health care costs.

However, despite CRP being an attractive objective param-
eter for inflammation, many patients with axial SpA simply do not 
have raised levels of this inflammation marker, while they may 
have many severe manifestations of radiographic axial SpA. 
In addition, MRI of the sacroiliac joints can show bone marrow 
edema due to local inflammation, but these phenomena are also 
present occasionally in healthy individuals who actively participate 
in sports or in women who have recently given birth (2,3). As the 
authors undoubtedly know, the other suggestions for objective 
disease parameters, such as swollen joint counts and abnormal 
findings on the modified Schober test of spinal mobility, are not 
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suitable for evaluation of disease activity in axial SpA; arthritis is 
often absent, and results of the Schober test, most often found 
to be normal in patients with early disease, are not sensitive to 
change after treatment.

Our group therefore has developed a very interesting new 
tool based on physical performance measurements, the Ankylos-
ing Spondylitis Physical Performance- based Index (ASPI), which 
is reliable, feasible for daily practice, and sensitive to change by 
treatment. We have recently published the Spanish translation, 
in addition to the English guidelines, which makes this new tool 
available for many rheumatologists around the globe (4).
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Clinical and methodologic considerations with regard 
to a trial of nintedanib in patients with systemic 
sclerosis–associated interstitial lung disease: comment 
on the reanalysis by Maher et al

To the Editor:
I read with interest the reanalysis of the results of the   

SENSCIS trial by Dr. Maher et al (1). The extended findings in 

Maher and colleagues’ study may represent an advance in the 
knowledge of the effects of nintedanib in systemic sclerosis– 
associated interstitial lung disease (SSc- ILD), but some aspects 
of the trial require additional commentary.

The success of treatment blinding in the SENSCIS trial was 
not assessed by Maher and colleagues, but it seems difficult to 
guarantee blinding with a drug that has been shown to cause 
diarrhea in ~44% of the patients who receive this treatment (2). 
Furthermore, the attributable risk of experiencing at least some 
change in bowel habits or new gastrointestinal symptoms with 
nintedanib must be even larger than the risk of diarrhea. Know-
ing that one is receiving an active intervention may encourage 
attitudes toward better health (e.g., diet to promote weight loss 
for those overweight, or physical exercise) that can improve 
forced vital capacity (FVC).

Maher and colleagues report that data imputation was 
performed using the worst observation carried forward (WOCF) 
approach. This method may perhaps be valid when data 
are missing completely at random; however, this is probably not 
the case in the SENSCIS trial. As SSc- ILD tends to progress over 
time, worse FVC results are more likely with longer follow- up, and 
so the data are probably not missing at random (i.e., the fact 
that the data are missing is related to the value of the outcome 
variable itself). The use of WOCF, as with other single imputa-
tion methods, is inadequate in this context because it can artifi-
cially reduce data variability, producing spuriously low P values, 
and may favor the nintedanib group (which has a higher dropout 
rate) due to the more frequent use of FVC measures recorded 
before week 52.

FVC is accepted as a primary outcome measure in randomized 
controlled trials (RCTs) because it is associated with survival in 
patients with SSc- ILD. However, the results of spirometry should 
not be analyzed outside the context of other clinical outcomes. 
The data released publicly by the manufacturer of nintedanib in 
June 2019 (3) provide additional information on this subject. In our 
analysis of the results presented in Table 36 of the advisory com-
mittee briefing materials, there was statistically significant worsen-
ing in limitations in daily activities due to Raynaud’s phenomenon 
(P = 0.002), in the Functional Assessment of Chronic Illness Ther-
apy functional limitations score (P = 0.013), and in the physician 
global visual analog scale score (P = 0.026) in the group receiving 
nintedanib compared with those receiving placebo (based on the 
numbers provided by the manufacturer, using Student’s 2- tailed 
t- test, not adjusted for multiplicity).

Further studies are necessary before nintedanib can be 
considered an effective treatment for SSc- ILD since no evidence 
to date has indicated that the reduction in loss of FVC will trans-
late into better quality of life, fewer respiratory symptoms, or pro-
longed survival. Perhaps another RCT with a run- in period and 
with selection of patients who have demonstrated adequate tol-
erance to treatment with nintedanib might help to answer these 
questions.
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Reply

To the Editor:
Following the publication of further analyses of the effects 

of nintedanib in patients with SSc- ILD in the SENSCIS trial, Dr. 
Bredemeier has queried whether the occurrence of gastroin-
testinal adverse events in subjects treated with nintedanib may 
have reduced the effectiveness of treatment blinding and so 
introduced bias. The SENSCIS trial followed standard proce-
dures for masking the study drug in randomized controlled tri-
als. While it is true that a greater proportion of subjects treated 
with nintedanib versus placebo experienced gastrointestinal 
adverse events (1), the subjects in this trial may also have expe-
rienced gastrointestinal complications related to SSc or to con-
current medications, and we have no reason to believe that the 
results of the trial were  influenced by a reduction in the effective-
ness of blinding.

Dr. Bredemeier queries the use of a WOCF approach in our 
analyses of changes in FVC. While we are aware of the limitations 
of single imputation methods, this approach was chosen because 
it avoids some of the limitations inherent in the originally planned 
approach of nonresponse imputation, in which missing data at 
week 52 are categorized as indicative of worsening, ignoring 
observed FVC data. In contrast, the WOCF approach considers 
all of the available FVC assessments and uses the worst value. 
We regard this as a reasonable approach to data from the SEN-
SCIS trial as very few subjects (2% [n = 12]) discontinued due to 
disease worsening and >50% of subjects received assessments 
until at least week 36. A reanalysis based on multiple imputation 
yielded a similar magnitude of risk estimates (odds ratios) and 
nominal P values of <0.05 for the same outcomes. Our con-
clusions are further supported by the consistency between the 
analyses based on imputation and the reported time- to- event 
analyses (which do not depend on imputation).

We acknowledge that in the SENSCIS trial, nintedanib did 
not have beneficial effects on patient- reported outcomes assess-
ing quality of life. The changes in patient- reported outcomes 
observed over 52 weeks in the 2 treatment groups, and the differ-
ences between them, were small and we do not believe them to 
be of clinical relevance. In contrast, we believe that the reduced 
rate of decline in FVC observed in subjects treated with nintedanib 
compared with placebo is of high clinical relevance given the 
association between FVC decline and mortality demonstrated 
in patients with SSc- ILD (2– 4) and other fibrosing ILDs (5,6). In 
summary, we believe that the results of the SENSCIS trial provide 
strong evidence that nintedanib has a clinically relevant benefit in 
slowing the progression of SSc- ILD.
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Suggested considerations for the treatment of 
rheumatic diseases in adult patients with COVID- 19: 
comment on the article by Mikuls et al

To the Editor:
We read with great interest the latest American College 

of Rheumatology (ACR) consensus- based guidance for man-
aging rheumatic diseases in adult patients with COVID- 19, as 
presented by Dr. Mikuls and colleagues (1). We would first like 
to note that our nationwide retrospective cohort studies have 
shown that hydroxychloroquine treatment not only presents no 
increased risk of cardiac arrythmia in multiple rheumatic dis-
eases (2), but also likely provides cardiovascular protection (3). 
Therefore, we believe the task force should reconsider the impli-
cations of halting hydroxychloroquine treatment in the context of 
SARS– CoV- 2 infection.

Furthermore, we would like to emphasize the potential 
role of the JAK inhibitor baricitinib in limiting the damage of 
SARS– CoV- 2 infection (4). A recent randomized controlled 
trial of hospitalized adults with COVID- 19 demonstrated that 
combination therapy with baricitinib and remdesivir was more 
effective than remdesivir alone in terms of recovery time and 
clinical improvement (5). Since there was no apparent increase 
in rates of infection and venous thromboembolism with the 
addition of baricitinib, the optimal protocol for continuing bar-
citinib use in the treatment of rheumatic diseases could be dis-
cussed in the context of confirmed or presumptive COVID- 19 
infection.

Finally, we would like to highlight the need for the ACR guid-
ance to stratify based on sex and age. A recent cohort study by 
Avouac et al demonstrated an association between rituximab 
treatment and poorer COVID- 19 outcomes (6). However, older men 
were specifically more likely to be treated with rituximab, further 
confounding the potential causes of this association. Another 

study highlighted lower risks of hospitalizations for rheumatic dis-
ease patients within a predominantly older cohort of female 
patients treated with disease- modifying antirheumatic drugs or 
JAK inhibitors (7). These potential differences in age-  and sex- 
related disease outcomes in rheumatic diseases and COVID- 19 
calls attention to the need for guidelines that address the 
risk/benefit ratio of  rheumatologic treatments at an age-  and sex- 
specific level.
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Erratum

In the article by Atisha- Fregoso et al in the January 2021 issue of Arthritis & Rheumatology (Phase II Randomized 
Trial of Rituximab Plus Cyclophosphamide Followed by Belimumab for the Treatment of Lupus Nephritis [pages 
121– 131]), the frequency of belimumab infusions in the patients randomized to receive rituximab and cyclophospha-
mide followed by belimumab infusions (RCB group) was incorrectly reported in several instances. The first sentence 
of the Methods paragraph of the abstract should have read “In a multicenter, randomized, open- label clinical trial, 43 
patients with recurrent or refractory LN were treated with rituximab, cyclophosphamide (CYC), and glucocorticoids 
followed by belimumab infusions at weeks 4, 6, and 8 and every 4 weeks thereafter through week 48 (RCB group) 
or with rituximab and CYC but no belimumab infusions (RC group).” The first sentence of the third paragraph of 
Patients and Methods (right column on page 122) should have read “At week 4, trial participants were randomized 
to receive rituximab and CYC followed by belimumab infusions (RCB group), or to receive rituximab and CYC but no 
belimumab infusions (RC group).” In the footnotes of Tables 1– 3 and the legend of Figure 1, RCB should have been 
defined as “treatment with rituximab, cyclophosphamide, and glucocorticoids followed by belimumab infusions at 
weeks 4, 6, and 8 and every 4 weeks thereafter through week 48.”

We regret the errors.
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