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Phase II Study Results Suggest ABT-122 Is a Promising 
Treatment for Rheumatoid Arthritis
In this issue, Genovese et al (p. 1710) pres-
ent results from the phase II study of ABT-
122 in patients with rheumatoid arthritis 

(RA) who have an inade-
quate treatment response 
to methotrexate. As in 

the Mease et al study (see below) of patients 
with psoriatic arthritis (PsA), this RA study 
was also a 12-week trial, and the investiga-
tors found that the dual inhibition of tumor 
necrosis factor and interleukin-17A with 
ABT-122 was effective at all tested doses 
and not meaningfully different from adali-
mumab at a dosage of 40 mg every other 

week in patients receiving concomitant 
methotrexate. 

The authors documented American Col-
lege of Rheumatology 20% improvement 
criteria (ACR20) response rates at week 
12 of 62% for ABT-122 60 mg every other 
week, 75% for ABT-122 120 mg every other 
week, and 80% with ABT-122 120 mg every 
week, compared to an ACR20 response 
rate of 68% in patients receiving adalim-
umab 40 mg every other week. Likewise, 
the response rates for ACR50 improvement 
were 35% (ABT-122 60 mg every other 
week), 46% (ABT-122 120 mg every other 

ABT-122 is a tumor necrosis factor (TNF)– and interleukin-17A–
targeted dual variable domain immunoglobulin (DVD-Ig). In this issue, 
Mease et al (p. 1778) report the results of their 12-week phase II 

study of ABT-122 in patients with psoriatic 
arthritis (PsA) who have an inadequate treatment 
response to methotrexate.  The researchers 

found that the efficacy and safety of ABT-122 was like that of; these  
are the first published results of a DVD-Ig in patients with PsA.

For their study, the researchers randomized patients into 4 
groups: placebo, adalimumab (inhibition of TNF alone) 40 mg every 
other week,  ABT-122 120 mg every week, and ABT-122 240 mg  
every week. The American College of Rheumatology 20% 
improvement criteria (ACR20) response rates in both ABT-122 dose 
groups were superior to placebo at week 12, but similar to those 
documented in patients receiving adalimumab.  ACR50 and ACR70 
response rates were also superior in both ABT-122 dose groups 
compared to the placebo group. Psoriasis Area and Severity Index 
criteria for ≥75% improvement (PASI75) in skin scores responses 
were achieved in 27.3% of patients in the placebo group, 57.6% of 
patients in the adalimumab group, 74.4% of patients in the ABT-
122 120 mg group, and 77.6% of patients in the ABT-122 240 mg 
group. PASI90 responses were achieved in 18.2% of patients in the 
placebo group, 45.5% of patients in the adalimumab group, 48.8% of 
patients in the ABT-122 120 mg group, and 46.9% of patients in the 

ABT-122 240 mg group. The investigators note in their discussion 
that although the PASI75 skin score response would suggest that 
ABT-122 240 mg was superior to adalimumab, the other end points 
(such as PASI90 response) were less convincing.

The frequencies of treatment-emergent adverse events were 
similar across all treatment groups and did not prompt discontinuations. 
Moreover, the investigators reported no serious infections or systemic 
hypersensitivity reactions in patients treated with ABT-122.

Safety and Efficacy of ABT-122 Treatment in Patients 
With Psoriatic Arthritis

p. 1778

week), 47% (ABT-122 120 mg every week), 
and 48% (adalimumab 40 mg every week). 
For ACR70, the response rates were 22%, 
18%, 36%, and 21%, respectively.

As with the trial in PsA, this study in RA 
patients showed   that ABT-122 produced a 
safety profile consistent with that of adalim-
umab. Moreover, the safety profile of ABT-
122 was similar across all dosing regimens 
with no serious infections or systemic hyper-
sensitivity reactions reported. The investiga-
tors note, however, that there may have been 
more frequent overall infections in the group 
that received ABT-122.

p. 1710

Figure 1. Proportion of patients meeting the PASI75 and PASI90  improvement 
criteria in skin scores (with nonresponder imputation) at 12 weeks among those with 
≥3% of body surface area affected by psoriasis at baseline. * = P < 0.01 for ABT-122 
versus placebo; † = P < 0.05 for ABT-122 versus adalimumab. EW = every week; 
EOW = every other week.
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Triple Positivity in Combined Antibody Testing Confers 
High Specificity for Rheumatoid Arthritis
Anti–citrullinated protein antibodies 
(ACPAs) and rheumatoid factor (RF) are 
both used to aid in the diagnosis of rheu-

matoid arthritis (RA). 
While these antibodies 
are commonly found in 

individuals with RA, their specificity is 
not optimal. Physicians, therefore, have 
difficulty identifying patients with RA 
based solely on the presence of ACPAs and 
RF. This problem is especially pronounced 
for individuals with very early disease. A 
previous meta-analysis demonstrated that 
the presence of anti–carbamylated protein 
(anti-CarP) antibodies resulted in a pooled 
odds ratio of 18 for RA relative to healthy 
controls, suggesting that it might also have 
diagnostic potential. Moreover, the pres-
ence of anti-CarP antibodies is associated 

with joint damage in patients with RA, as 
well as with the future development of RA 
in patients with arthralgia.

In this issue, Verheul et al (p. 1721) 
report the results of their study designed to 
investigate the value of combined antibody 
testing for the prediction and diagnosis of 
early RA. They found that an autoantibody 
profile of triple positivity for ACPAs, RF, 
and anti-CarP antibodies may help to iden-
tify individuals who are at risk of developing 
RA. This antibody profile may provide a 
useful tool as the rheumatology field moves 
toward very early identification of RA and 
attempts to screen populations with a low 
pretest probability in order to identify indi-
viduals at maximum risk of RA. 

The investigators found, in agreement 
with previous findings, that the individual 

New treatment algorithms for spondyloarthritis (SpA) recommend use 
of tumor necrosis factor (TNF) blockers in the early stages of disease 
because such a treatment approach is associated with high rates of 

clinical remission or low disease activity. Based 
upon this recommendation, Carron et al (p. 1769) 
asked whether such early intervention strategies 

could induce drug-free remission in peripheral SpA.  In this issue, the 
investigators report results from the first study to indicate that drug-free 
remission is an achievable target in patients with early peripheral SpA. 

The investigators found that when patients with very early, 
mainly oligoarticular, and DMARD-naive disease were treated with 
an anti-TNF agent, they experienced a notably high rate of sustained 
clinical remission.  Moreover,  more than half of patients continued to  
experience remission of their disease after withdrawal of therapy.  
These results suggest that there may be a defined window of 
opportunity for the induction of drug-free remission. 

Specifically, the investigators found that 82% of patients fulfilled 
sustained clinical remission criteria after a regimen of induction therapy 
with golimumab.  Most patients reached remission status at week 24,  with 
even more patients achieving it at weeks 36 and 48.  The study included 
a follow-up period of at least 18 months following drug withdrawal.  The 
researchers found that those patients (47%) who were unable to sustain 
drug-free remission tended to have psoriasis and polyarticular disease.

Early Treatment of Peripheral Spondyloarthritis May 
Lead to Drug-Free Remission
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antibodies were highly prevalent in 
patients with RA compared to the control 
group. Likewise, they found that 0–23% 
of non-RA controls did have the individual 
antibodies. To effectively classify subjects 
correctly as having RA or as a non-RA 
control, the researchers used a combination 
of ACPAs and/or RF (specificity 65–100%, 
sensitivity 59–88%). However, classifica-
tion using triple positivity for ACPAs, RF, 
and anti-CarP antibodies was more effec-
tive, and it resulted in a higher specificity 
for RA (98–100%), but also in a lower 
sensitivity (11–39%). The investigators 
acknowledge that while the measurement 
of all 3 antibodies decreases the risk of 
misclassifying non-Rmay not improve the 
diagnosis of RA, it will decrease the risk of 
misclassifying non-RA controls.

Figure 1. Patient disposition at week 48. Shown are the proportions of patients with 
sustained clinical remission, with a major response, or not responding. pSpARC 40% 
response = meeting the Peripheral Spondyloarthritis 40% Response Criteria.
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Eighty-Second President of the ACR

At the annual business meeting of the American College 
of Rheumatology on October 23, 2018 in Chicago, Paula Mar-
chetta, MD, MA, MBA was installed as the eighty-second Presi-
dent of the College.

Dr. Marchetta is a rheumatologist in New York City and 
the CEO and Managing Partner of Concorde Medical Group 
PLLC, a multispecialty private group practice affiliated with NYU 
Langone Health. She is also Clinical Professor at New York Uni-
versity School of Medicine.

Dr. Marchetta graduated summa cum laude and Phi Beta 
Kappa from Fordham University with a degree in English. Her 
original ambition was to pursue a career in writing and remain in 
academics, but midway through college she changed direction and 
decided to take the 4 science courses required to apply for medi-
cal school. In the intervening year between ending college and 
starting medical school, she stayed on at Fordham as a teaching 
assistant and earned her Master’s degree in English, specializing 
in medieval literature. Dr. Marchetta went on to receive her MD 
from New York University School of Medicine, where she was 
elected to Alpha Omega Alpha and received the Andrew Fried-
lander Memorial Prize for Internal Medicine. She completed her 
internship and residency in Internal Medicine at NYU-Bellevue 

Hospital, followed by fellowship in Rheumatology at the com-
bined NYU-Bellevue/Hospital for Joint Diseases program. She 
was chosen to serve as Chief Resident following her residency and 
as Chief Fellow during her fellowship.

Upon finishing training, Dr. Marchetta began her private 
practice, first as a solo practitioner for 8 years and then as a part-
ner in Concorde Medical Group, which she joined shortly after its 
inception in 1997. She was elected to Concorde’s Executive Com-
mittee by her partners in 2002, and named CEO and Managing 
Partner in 2008. With these greater management responsibilities, 
Dr. Marchetta decided to pursue an MBA, which she earned from 
The George Washington University School of Business in 2009. 
The following year, she completed Harvard Business School’s 
 Executive Education Program in Managing Health Care Deliv-
ery. As head of Concorde, Dr. Marchetta oversees all aspects of 
financial and operational management for her group. Under her 
leadership, Concorde has grown from 7 clinical offices to 10, with 
more than 45 providers in 11 different specialties. She spearhead-
ed the effort to achieve full compliance of Concorde physicians 
with Meaningful Use in 2011 and all subsequent years. With the 
introduction of MACRA (the Medicare Access and CHIP Reau-
thorization Act), she provided the direction and motivation that 
enabled each physician in the group to surpass the exceptional 
performance threshold for the Merit-Based Incentive Payment 
System in 2017, with more than two-thirds reaching the maximum 
total composite score of 100 points. On the financial side, she has 
insured the long-term stability of the group by imposing fiscally 
responsible practices that have improved cash flow and enabled 
the refinancing of the company.

As an active member of the NYU faculty, Dr. Marchetta 
teaches and supervises fellows on the rheumatology inpatient 
consult service as part of the regular attending rotation. She has 
received several Teacher Recognition Awards from NYU School 
of Medicine, including a Service Citation for 25 years of Medical 
Education. She also maintains an active clinical practice as part 
of Concorde and has  been recognized as a Top Doctor by Castle 
Connolly and New York magazine.

Dr. Marchetta has served on numerous committees at 
NYU, including the Executive Committee of the Medical Board 
from 2014 to 2017. She has also been appointed as President of 
the Board of Directors for the Clinically Integrated Network at 
NYU Langone Health (NYUPN) after she played a pivotal role 
on the steering committee that led to its formation in 2012. The 
NYUPN seeks to foster physician–hospital alignment in order 
to deliver exemplary performance in alternative payment mod-
els that reward high quality and cost-efficient care. In addition, 
Dr. Marchetta is on the Executive Committee of the University 
Physicians Network, the physician-led IPA at NYU that obtains 
and administers fee-for-service contracts with commercial insur-
ance plans for its members. In 2016, she led the development of 
the Clinical Leadership Council at NYU to provide a dedicated 
platform for communication between the clinical enterprise of the 
institution and its leadership.

A member of ACR since 1989, Dr. Marchetta attended 
her first Annual Meeting as a fellow that same year in Cincinnati. 
Twenty-one years later, motivated by a desire to give back to an 
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organization which she felt so enriched her career and education, 
she volunteered for the Committee on Finance on the heels of 
completing her MBA. In 2013, she was named to the ACR Board 
of Directors and then as Treasurer for the ACR and the Founda-
tion from 2015 to 2017. In 2018, she served as ACR President-
Elect. Committed to using her business education in service to 
the College, Dr. Marchetta chaired the 2017 Revenue Task Force, 
which was charged with exploring new sources of revenue for ACR 
to ensure its sustainability and growth and to tap its potential as a 
truly global organization. As Treasurer, Dr. Marchetta also devel-
oped educational webinars for the Foundation on understanding 
not-for-profit financial statements. She served as a member of the 
Foundation’s Reserves Task Force in 2018 and on the ACR Stra-
tegic Planning Committees in 2013 and 2017.

Dr. Marchetta has numerous interests, including home 
design, old movies, writing, and all forms of art, from decorative 
to performing. She has studied and practiced Tai Chi for many 
years. She also has two very important men in her life, both named 
Michael: the first, her son, who is a gifted software engineer, and 
the other significant Michael, a retired hotelier, who brings joy 
and perspective to her life and work. 

ACR Board of Directors, 2018–2019

Executive Committee
President: Paula Marchetta, MD, MA, MBA, CEO and Managing 

Partner, Concorde Medical Group PLLC; and Clinical Professor, 
New York University School of Medicine, New York, New York

President-Elect: Ellen M. Gravallese, MD, Professor of Medicine, 
Chief, Division of Rheumatology, and Myles J. McDonough 
Chair in Rheumatology, University of Massachusetts Medical 
School and University of Massachusetts Memorial Medical 
Center, Worcester, Massachusetts

Treasurer: Charles M. King II, MD, Rheumatology & Osteoporosis 
Center, North Mississippi Health Services, Tupelo, Mississippi 

Secretary: Kenneth G. Saag, MD, MSc, Jane Knight Lowe Professor, 
Division of Clinical Immunology and Rheumatology, Vice Chair, 
Department of Medicine Center for Outcomes, Effectiveness 
Research and Education, and Center of Research Translation in 
Gout and Hyperuricemia, University of Alabama at Birmingham, 
Birmingham, Alabama

Foundation President: Abby Abelson, MD, Chair, Department of 
Rheumatic & Immunologic Diseases, Orthopaedic and Rheuma-
tology Institute and Rheumatology Education Program Director, 
Cleveland Clinic, Cleveland, Ohio

ARHP President: Hazel L. Breland, PhD, OTR/L, FAOTA, 
 Associate Professor, Division of Occupational Therapy, Medi-
cal University of South Carolina, Charleston, South Carolina

Members
Daniel F. Battafarano, DO, San Antonio, Texas
Jody K. Hargrove, MD, Edina, Minnesota
William F. Harvey, MD, MSc, Boston, Massachusetts
V. Michael Holers, MD, Aurora, Colorado
Evelyn Hsieh, MD, PhD, New Haven, Connecticut
Kent Kwas Huston, MD, Kansas City, Missouri
Marisa S. Klein-Gitelman, MD, PhD, Chicago, Illinois
Carol Langford, MD, MHS, Cleveland, Ohio
Elizabeth L. Perkins, MD, Hoover, Alabama
William Robinson, MD, PhD, Stanford, California
George C. Tsokos, MD, Boston, Massachusetts
Kelly Weselman, MD, Atlanta, Georgia
Douglas W. White, MD, PhD, Onalaska, Wisconsin

David I. Daikh, MD, PhD, San Francisco, California,
 Immediate Past President (ex officio)
S. Louis Bridges, Jr., MD, PhD, Birmingham, Alabama,
 Foundation Vice-President (ex officio)

ACR Meetings 

Annual Meetings 
November 8–13, 2019, Atlanta

Winter Rheumatology Symposium
January 26–February 1, 2019, Snowmass

State-of-the-Art Clinical Symposium
April 5–7, 2019, Chicago

For additional information, contact the ACR office. 

ACR Open Rheumatology Accepting Submissions and Pub-
lishing Soon

The American College of Rheumatology will be publishing 
the first issue of its third official journal, ACR Open  Rheumatology 
(ACROR), in early 2019. Editors-in-Chief Drs. Patricia P. Katz and 
Edward H. Yelin, and Clinical and Basic Science Deputy  Editors 
Drs. David I. Daikh and Bruce N. Cronstein, will be heading 
 ACROR’s editorial team.

ACROR will publish manuscripts describing potentially 
important findings of rigorously conducted studies in all aspects 
of rheumatology. As an open access journal, immediate access 
to full content of ACROR will be available to all readers. The 
electronic-only format of the journal, as well as other aspects of 
the review and production processes, will allow for faster review 
and publication, and liberal sharing of articles. The projected 
article publication fee (APC) for ACROR will be $2,500 with a 
discounted rate of $2,000 for articles in which the first or cor-
responding author is an ACR/ARHP member. In addition, there 
will be waivers of the APC for all articles submitted through 
March 31, 2019.

For additional information, visit www.acropenrheum.org.

ACR 2019 Winter Rheumatology Symposium

The 2019 Winter Rheumatology Symposium boasts a 
carefully crafted program that provides a unique blend of world-
class lectures and interactive sessions in an intimate setting, 
allowing for quality interactions with peers and experts in the field. 
The symposium will provide attendees with a well-rounded view 
of the latest advances in the discipline. Highlights for this annual 
event include the interactive panel discussion on arthritis, with Jon 
Giles, MD, MPH, Vivien Bykerk, MD, FRCPC, Joel Kremer, MD, 
Christopher Ritchlin, MD, MPH, Douglas Veale, MD, FRCPI, and 
Michael Weinblatt, MD. The program also includes a second panel 
discussion on systemic lupus erythematosus, with Maria Dall’Era, 
MD, David Wofsy, MD, Joseph McCune, MD, and David Pisetsky, 
MD, PhD. Back by popular demand will be the Points-on-Joints 
session, presented in the “thieves’ market” format and providing a 
series of interesting, difficult, or puzzling rheumatologic cases via 
10-minute summaries followed by audience discussion. Registration 
and housing for the 2019 Winter Rheumatology Symposium are 
limited, so be sure to register by the early-bird deadline of November 
28, 2018, and book your hotel room by December 19, 2018. For 
additional information and to register, visit www.rheumatology.org/
Learning-Center/Educational-Activities.



Clinical Connections

SUMMARY 
Sphingosine 1-phosphate (S1P), acting via S1P receptor 
1 (S1P1), is a key regulator of endothelial cell (EC) barrier 
function, as well as lymphocyte egress from lymphoid 
organs, thymus, and spleen. Drug discovery and 
development targeting the S1P/S1P1 axis for systemic 
lupus erythematosus (SLE) and rheumatoid arthritis 
(RA) has focused solely on lymphocyte trafficking to 
limit autoreactive lymphocytes access to target tissues. 
However, the vascular effects of S1P1 signaling have 
been largely ignored.  

Burg et al tested the hypothesis that increasing the 
EC barrier function limits inflammation in response to 
immune complex (IC)–mediated injury.  S1P1 agonists 
preserved the EC barrier function in the face of IC-
activated neutrophils by limiting actin–myosin-dependent 
EC contraction and destabilization of adherens junctions. 
S1P1 agonists also decreased inflammation in a mouse 
model of acute IC injury in both skin and lung.  

KEY POINTS 
•  S1P signaling protects the EC barrier by enhancing

intercellular adhesion at cell–cell junctions.

•  S1P1 agonists protected ECs from IC-activated
neutrophil-induced injury and limited inflammation
and tissue damage in response to ICs. 

•  EC barrier function may be a novel target to prevent
IC-mediated vascular injury characteristics of SLE, RA, 
and vasculitis.

Sphingosine 1-Phosphate Receptor 1 Signalizing 
Maintains Endothelial Cell Barrier Function and Protects 
Against Immune Complex–Induced Vascular Injury 
Burg et al, Arthritis Rheumatol 2018;70:1879–1889.

CORRESPONDENCE
Timothy Hla, PhD:  Timothy.Hla@childrens.harvard.edu
Jane Salmon, MD:  salmonj@HSS.edu
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Clinical Connections

Lu et al, Arthritis Rheumatol 2018;70:1732–1744.

CORRESPONDENCE 
William H. Robinson, MD:  wrobins@stanford.edu

T Cell–Dependent Affinity Maturation and Innate 
Immune Pathways Differentially Drive Autoreactive  
B Cell Responses in Rheumatoid Arthritis

SUMMARY  
Rheumatoid arthritis (RA) is characterized by 2 types of autoantibodies: rheumatoid 
factor (RF) and anti–citrullinated protein antibodies (ACPAs). To gain insights into 
how immune tolerance is broken in B cells producing these autoantibodies, Lu et al 
performed single-cell RNA sequencing analysis on RF- and ACPA-producing B cells 
from RA patients.  The gene expression profiles of these 2 classes of autoreactive B 
cells revealed 454 genes that were differentially expressed in RF+ or ACPA+ B cells 
as compared to non-RF/ACPA B cells.  The ACPA+ B cells exhibited higher somatic 
hypermutations and isotype class-switching than RF+ B cells, and these differences 
were accompanied by up-regulation of genes that promote class-switching and T cell–
dependent responses.  In contrast, RF+ B cells expressed transcriptional programs that 
stimulate memory reactivation through innate immune pathways.  These findings indicate 
that ACPA+ and RF+ B cells are imprinted with distinct transcriptional programs that 
underlie the loss of immune tolerance and the production of ACPA and RF in RA.  

KEY POINTS 
•  ACPA+ and RF+ B cells 

are imprinted with distinct 
transcriptional programs.

•  ACPA+ B cells exhibit loss 
of tolerance in their primary 
response and are germinal 
center response driven.

•  RF+ B cells exhibit an innate 
immune response signature.

•  Different mechanisms mediate 
loss of tolerance in ACPA+ as 
compared to RF+ B cells.
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EDITORIAL

Arthritis Gene Therapy Using Interleukin-1 Receptor Antagonist

Christopher Evans

In its most basic form, gene therapy for arthritis
rests on a simple concept: genes, or more pragmatically,
complementary DNAs (cDNAs), encoding antiarthritic
products are introduced into the joint by intraarticular
injection (1). Therapeutic gene products are synthesized
within the joint in a sustained and potentially regulated
manner, thereby overcoming the major barrier to intraar-
ticular therapy, namely, the short dwell time of molecules
within joints (2). Although this concept has been around
for more than 25 years, its clinical implementation has
been long and tortuous (3).

Two key questions regarding intraarticular gene
therapy are which gene(s) to transfer to the joint and
which gene delivery strategy to use. Osteoarthritis (OA),
the form of arthritis investigated in the study by Nixon
et al reported in this issue of Arthritis & Rheumatology
(4), is a complex, polygenic condition. Although OA has
high heritability, many genes make small contributions
and there is no single, generally accepted genetic target,
unlike the situation with a classic Mendelian disorder.
However, it is possible to make a decent case for targeting
interleukin-1 (IL-1) by expressing its natural inhibitor,
IL-1 receptor antagonist (IL-1Ra). IL-1 is produced by
cells within osteoarthritic joints, and it mediates many of
the pathophysiologic processes occurring in and around
such joints, including cartilage loss, inflammation, osse-
ous changes, and pain. IL-1Ra is small, safe, native, and

has no agonist activity or other confounding properties.
Its entire coding sequence can be comfortably packaged
into practically any vector.

Data from a number of different animal models,
stretching back over 2 decades, support the delivery of
IL-1Ra cDNA to joints as a means of combatting OA
(Table 1). Depending on the animal model, IL-1Ra
inhibits the degenerative, osseous, inflammatory, and symp-
tomatic components of OA, and a clinical trial of delivery
of IL-1Ra cDNA to the knee joints of patients with OA is
expected to start later this year (ClinicalTrials.gov identifier
NCT02790723). IL-1Ra cDNA has already been trans-
ferred to human joints in the setting of rheumatoid arthri-
tis (RA) (5,6).

The novelty of the study by Nixon et al resides not
so much with the concept or the transgene, but with the
vector used for gene delivery. Reflecting the technology
of the time, initial research into arthritis gene therapy
explored ex vivo gene delivery using autologous cells
transduced with retroviral vectors. Although success was
recorded in animal models and 2 small human trials in
RA ensued (5,6), this technology proved cumbersome
and expensive, and ran the risk of insertional mutagenesis
from retroviral integration. One solution to these limita-
tions has been to use allogeneic cells from a universal
donor and to irradiate the transduced cells prior to injec-
tion into the joint. This approach has led to the develop-
ment of Tonogenchoncel-L, which uses a line of
chondrocytes transduced with retrovirus to express large
amounts of transforming growth factor b1. This product
has been approved in Korea for the treatment of OA,
with phase III trials about to begin in the US (7).

In vivo gene delivery to joints is a simpler and
more expeditious strategy, but it has been a challenge to
identify clinically suitable vectors for this purpose.
Adeno-associated virus (AAV) has emerged as a popular
vector now that technology provides recombinant, self-
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complementing AAV containing a double-stranded DNA
genome that removes the barriers previously imposed by
the single-stranded DNA genome of the wild-type virus.
Two clinical trials using AAV to deliver genes to joints
have been completed, one more is in progress, and
another is scheduled to begin later this year (1).

Nixon and colleagues advance the field by evaluat-
ing a novel vector based on adenovirus (4). This virus was
the first to be tested experimentally as a vehicle for
in vivo gene transfer to joints (8). The vectors used in
such experiments proved to be powerful vectors in joints,
delivering genes very effectively to synoviocytes, but not
chondrocytes (9). However, these “first-generation” ade-
novirus vectors continue to express low levels of adenovi-
ral proteins, which are highly antigenic. This curtails
transgene expression within approximately a month as
the immune system destroys transduced cells. Neverthe-
less, such vectors have proved very useful experimentally
to screen potential antiarthritic genes and obtain proof of
concept in animal models. Notably, a first-generation
adenovirus vector was used to demonstrate the antiar-
thritic properties of IL-1Ra cDNA in the same equine
model of OA as used by Nixon and colleagues (10).

Building upon these observations, Nixon et al
report the use of an improved adenoviral vector that lacks
all viral coding sequences and thus does not provoke cell-
mediated immune responses to virally transduced cells.
The genome of adenovirus is ~36 kb in size. After removal
of all viral coding sequences, vectors contain only the non-
coding termini of the viral genome and can deliver large
DNA fragments of up to 36 kb into target cells. Because
these viruses can no longer replicate, their production
requires proteins delivered in trans by so-called “helper
virus;” hence the name “helper-dependent adenovirus.”
These vectors, also known as “high-capacity,” “gutted,”
“gutless,” or “third-generation” adenoviruses, are very
useful when it is necessary to deliver large or multiple
transgenes and their regulatory elements. Because they
provoke no cell-mediated immune response, extended

periods of transgene expression can be achieved. The vec-
tor used by Nixon and colleagues places IL-1Ra transgene
expression under the transcriptional control of an NF-jB
response element. This ensures that the level of IL-1Ra
production reflects the amount of inflammation in the
joint. A similar promoter is being used in a clinical trial of
gene therapy for RA, to control the level of interferon-b
transgene expression after intraarticular delivery with
AAV (ClinicalTrials.gov identifier NCT02727764).

In Nixon and colleagues’ study (4), helper-
dependent adenovirus was used to deliver murine and
equine IL-1Ra cDNA into the knee joints of mice and
horses, respectively, with surgically induced OA. Consis-
tent with data from previous studies using retrovirus, first-
generation adenovirus, and AAV in this context (Table 1),
the authors confirmed safety and specific antiarthritic
effects in both models. But there were interesting differ-
ences, depending on age, species, surgical model, and
possibly, target joint.

The murine model involves transection of both
cruciate ligaments of the knee, provoking a severe and
rapidly progressing form of OA. In 8-week-old, skeletally
immature mice, intraarticular injection of the vector pre-
served cartilage and reduced osteophyte formation but,
surprisingly, had no effect on synovitis. In 12-week-old,
skeletally mature mice, a 10-fold higher dose of the vector
also improved cartilage scores, but had no effect on
osteophyte formation or synovitis; however, one measure
of pain was reduced.

The equine model targeted the middle carpal joint
and involves the creation of an osteochondral defect fol-
lowed by exercising the horse on a treadmill. This induces
a milder form of OA than the murine model, and one that
progresses more slowly. Data from the equine model
were more striking. Intraarticular injection of the vector
reduced synovitis, effusion, osteophytes, and lameness,
while increasing range of motion and preserving cartilage.
The fact that statistical significance was achieved with
only 4 horses per treatment group suggests a very high
effect size.

Safety is an overriding concern when using gene
therapy for nonlethal diseases such as OA. Several
detailed studies, the present one included, have demon-
strated no evidence of persistent viral genomes outside
the injected joint, and no major adverse events have
been reported (4,11,12), thus providing reassurance on
this issue.

Overall, the findings of Nixon et al strengthen the
case for using IL-1Ra as a transgene in intraarticular gene
therapy for OA. Whether high-capacity adenovirus will
emerge as the vector of choice in clinical development
will be determined by a number of additional factors,

Table 1. IL-1Ra cDNA delivery in animal models of osteoarthritis*

Animal model Vector Reference

Canine ACL transection Retrovirus, ex vivo 14
Horse osteochondral defect First-generation

adenovirus, in vivo
10

Rabbit MCL–meniscus
resection

First-generation
adenovirus, in vivo

15

Rat ACL–meniscus resection AAV, in vivo 16
Horse osteochondral defect AAV, in vivo 17
Horse osteochondral defect Helper-dependent

adenovirus, in vivo
4

* IL-1Ra = interleukin-1 receptor antagonist; ACL = anterior cruciate
ligament; MCL = medial collateral ligament; AAV = adeno-associated
virus.
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including cost and ease of manufacture. Another question
is whether a robust, sustained anti-OA effect will require
transduction of chondrocytes. Detailed in vitro studies by
Bajpayee and colleagues (13) have shown that particles
larger than ~10 nm, depending on shape and charge, do
not penetrate the extracellular matrix of normal cartilage.
However, AAV, which is ~20 nm in size, is able to trans-
duce chondrocytes in situ after injection into equine joints
(12). This may be enabled by the pumping action that
occurs in cartilage as the horse moves. Adenovirus, which
is >100 nm in size, is unable to penetrate the extracellular
matrix of normal cartilage (9). However, as OA progresses,
proteoglycans are progressively lost, thereby allowing
larger particles to gain access to chondrocytes.

Although vectors such as helper-dependent ade-
novirus and AAV do not express viral proteins in trans-
duced cells, the virions themselves are antigenic. This
may hinder gene transfer in individuals who have preex-
isting neutralizing antibodies to the serotypes commonly
used for vector development, i.e., adenovirus 5 and AAV
2. Even when novel serotypes are used they will provoke
a primary immune response, which could prevent redos-
ing. Intraarticular gene delivery has the advantage of
injection into a defined cavity where simple lavage or
local, transient immunosuppression may be sufficient to
overcome immunologic barriers to gene transfer.

Another consideration of relevance to the entire
field is the applicability of the animal models used for pre-
clinical development of novel therapies for OA. In nearly
all models the disease is acute and follows surgical injury
to the joint. These may be pertinent to the early treatment
of posttraumatic OA, but their relevance to established
disease and idiopathic OA is unknown. Nevertheless, the
work of Nixon et al (4) adds to a growing body of evi-
dence that permits optimism concerning the development
of genetic medicines for OA that are more effective than
existing therapies, and possibly disease-modifying.
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NEWPERSPECTIVES IN RHEUMATOLOGY

Implications of the Cardiovascular Safety of Febuxostat
and Allopurinol in Patients With Gout and

Cardiovascular Morbidities Trial and the Associated
Food and Drug Administration Public Safety Alert

Hyon Choi,1 Tuhina Neogi,2 Lisa Stamp,3 Nicola Dalbeth,4 and Robert Terkeltaub5

Recently, the US Food and Drug Administration
(FDA) issued a public safety alert, responding to the
results of the now-published Cardiovascular Safety of
Febuxostat and Allopurinol in Patients With Gout and
Cardiovascular Morbidities (CARES) trial. The CARES
trial showed no significant difference between allopurinol
and febuxostat in the primary composite end point of car-
diovascular (CV) events in subjects with gout and estab-
lished CV comorbidities at baseline. However, there was a
significantly increased risk of CV and all-cause mortality
with febuxostat. Urate-lowering therapy (ULT) is central
to the long-term management of gout, and xanthine oxi-
doreductase inhibitor (XOI) therapy is the consensus
first-line approach. Allopurinol is generally the first XOI
used, but febuxostat is an effective XOI option, and is
commonly used when allopurinol is not tolerated. These

data are further relevant since CV comorbidities are com-
mon in gout. Here, we examine why the CARES trial was
done, and discuss other, ongoing comparative studies of
febuxostat and allopurinol whose results are awaited. We
assess the strengths and limitations of the CARES trial,
and appraise the robustness and biologic plausibility of
the results. The CARES trial does not prove that febux-
ostat raises CV mortality risk, but suggests greater risk
with febuxostat than allopurinol. The CARES trial results
do not support first-line use of febuxostat ULT, and raise
questions about febuxostat placement at various pharma-
cologic ULT decision tree branches. Alternatives to febux-
ostat that are frequently effective include allopurinol dose
escalation and uricosuric therapy alone or combined with
allopurinol. The FDA safety alert highlights the need for
shared ULT medical decision-making with gout patients,
including discussion of the CV safety of febuxostat.

Supported by the New Zealand Ministry of Health (Health
Research Council of New Zealand Clinical Trial Support Awards).
Drs. Choi and Terkeltaub’s work is supported by the NIH (National
Institute of Arthritis and Musculoskeletal and Skin Diseases grant
AR-06-0772). Dr. Neogi’s work is supported by the NIH (National
Institute of Arthritis and Musculoskeletal and Skin Diseases grants
AR-06-2506 and AR-07-0892). Dr. Terkeltaub’s work is supported by
the VA Research Service (grant I01 BX001660-06).

1Hyon Choi, MD: Massachusetts General Hospital, Boston;
2Tuhina Neogi, MD, PhD: Boston University School of Medicine,
Boston, Massachusetts; 3Lisa Stamp, MD, PhD, FRACP: University
of Otago, Christchurch, New Zealand; 4Nicola Dalbeth, MD,
FRACP: University of Auckland, Auckland, New Zealand; 5Robert
Terkeltaub, MD: VA San Diego Healthcare System and University of
California San Diego, La Jolla, California.

Dr. Choi has received consulting fees from Takeda, Selecta,
Kowa, and Horizon (less than $10,000 each) and research support from
AstraZeneca, and is a member of the Data Safety Monitoring Commit-
tee for the VA-CSP 594 STOP GOUT clinical trial. Dr. Neogi has
received consulting and/or speaking fees from Takeda, Menarini, and
Teijin (less than $10,000 each), was principal investigator on a clinical
trial of febuxostat in early gout within the last 5 years, and is an uncom-
pensated Executive Steering Committee member for the VA-CSP 594
STOP GOUT clinical trial. Dr. Stamp has received speaking fees from
Amgen, consulting fees from AstraZeneca (less than $10,000 each), and
grant funding from Ardea/AstraZeneca, is principal investigator on an

allopurinol dose escalation study funded by the Health Research Council
of New Zealand, and is a member of the Pharmaceutical Management
Agency of New Zealand Rheumatology Subcommittee. Dr. Dalbeth has
received speaking fees from Pfizer, Janssen, and AbbVie, consulting fees
from Horizon and Kowa (less than $10,000 each), and research funding
from Amgen and AstraZeneca, and is currently principal investigator on
a clinical trial of intensive urate-lowering therapy (funded by the Health
Research Council of New Zealand). Within the last 5 years, she has been
principal investigator on a clinical trial of febuxostat in early gout, and
received consulting or speaking fees from Takeda, Menarini, and Teijin
(less than $10,000 each). She was also principal investigator on a clinical
trial of lesinurad and febuxostat (funded by Ardea/AstraZeneca) and a
coinvestigator on a clinical trial of allopurinol dose escalation (funded by
the Health Research Council of New Zealand). Dr. Terkeltaub has
received consulting fees from Sobi, Kowa, Takeda, Horizon, and Relburn
(less than $10,000 each) and from Selecta and AstraZeneca (more than
$10,000 each) and research grants from Ardea/AstraZeneca and Iron-
wood, and is a local site investigator for the VA-CSP 594 STOP GOUT
clinical trial.

Address correspondence to Robert Terkeltaub, MD, VA San
Diego Healthcare System, Department of Medicine, University of
California San Diego, 3350 La Jolla Village Drive, San Diego, CA
92161. E-mail: rterkeltaub@ucsd.edu.

Submitted for publication April 9, 2018; accepted in revised
form May 31, 2018.

1702

ARTHRITIS & RHEUMATOLOGY
Vol. 70, No. 11, November 2018, pp 1702–1709
DOI 10.1002/art.40583
© 2018, American College of Rheumatology

mailto:
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fart.40583&domain=pdf&date_stamp=2018-10-26


Introduction

In November 2017, the US Food and Drug
Administration (FDA) issued a public safety alert
concerning febuxostat for the management of hyper-
uricemia in gout, citing a signal for increased risk of
cardiovascular (CV) and all-cause mortality (1). This
notice was in response to preliminary results of the
Cardiovascular Safety of Febuxostat and Allopurinol in
Patients With Gout and Cardiovascular Morbidities
(CARES) clinical trial. Full CARES trial results were
published in the New England Journal of Medicine in
March 2018 (2).

Urate-lowering therapy (ULT) is central to the
long-term management of gout (3–6). Use of an inhibitor
of the dual enzyme xanthine oxidoreductase (commonly
known as xanthine oxidase) is the consensus first-line
therapeutic strategy for ULT (3–6). In clinical practice,
allopurinol is generally used as the first-line xanthine oxi-
doreductase inhibitor (XOI) in gout. The XOI febuxostat
is commonly used in ULT when allopurinol is not toler-
ated, or when the maximum allopurinol dose chosen has
not achieved lowering of the urate level to the selected
target. Since risk factors and manifestations of CV dis-
ease are particularly common in gout (7), questions
raised by the CARES trial findings are fundamentally
important to clinical practice. From our perspective as
rheumatologist gout researchers, we recap the original
purpose of the CARES trial, evaluate the study results,
and cite and discuss other relevant recent and ongoing
trials. We also examine the potential ramifications of the
CARES trial results for clinical practice.

Why was the CARES trial done?

The febuxostat CV safety issue originated from
concerns about potential CV signals in the Febuxostat,
Allopurinol and Placebo-Controlled Study in Gout Sub-
jects (APEX) (8), the Febuxostat versus Allopurinol
Controlled Trial (FACT) (9), a phase II trial (10), and
2 long-term extension studies (11,12). Specifically, there
was a numerical imbalance in the rate of CV events,
with the group of patients who received febuxostat
experiencing a higher number of events than those who
received allopurinol or placebo. However, definitive
conclusions could not be drawn from these earlier trials
(13). The numbers of events were too small to make
meaningful inferences, no dose response was noted, the
long-term extension studies had a limited number of
participants receiving active control allopurinol, and
Antiplatelet Trialists Collaboration (APTC) events had
been evaluated in a post hoc manner.

In a subsequent 6-month randomized controlled
trial (RCT) of febuxostat compared to allopurinol in
2,269 participants (termed CONFIRMS), CV adverse
events were prospectively defined by a 3-person com-
mittee that adjudicated the APTC events (14). At base-
line in CONFIRMS, comorbid conditions were
common, including mild-to-moderate renal impairment
in 65%, a history of diabetes in 13.8%, hyperlipidemia
in 42%, and hypertension in 53% of the patients. Adju-
dicated CV event rates were 0% for febuxostat 40 mg,
0.4% for febuxostat 80 mg, and 0.4% for allopurinol
(P = 0.41 for allopurinol versus febuxostat) (14). No
CV deaths occurred in either of the febuxostat groups,
and 2 CV deaths occurred in the allopurinol group.

Subsequent to CONFIRMS, febuxostat was
approved in 2009 by the FDA for the management of
hyperuricemia in gout, but the FDA required the drug
manufacturer to perform a postmarketing RCT of ade-
quate size and duration to compare febuxostat and
allopurinol for the risk of serious adverse CV events.
Similarly, the European Medicines Agency requested a
post-licensing CV safety study comparing febuxostat to
allopurinol in gout, termed the Febuxostat versus Allo-
purinol Streamlined Trial (FAST). This RCT is ongoing
in the UK and Denmark (15). An ongoing RCT in
Japan (Febuxostat for Cerebral and Cardiorenovascular
Events Prevention Study [FREED]) (16) is distinct, in
large part, in that the study population consists of
patients with asymptomatic hyperuricemia (Table 1).

What did the CARES trial show?

The CARES trial was a very large, multicenter,
double-blind, noninferiority RCT comparing febuxostat
to allopurinol treatment in patients with gout and
established CV disease (2). The primary end point was
a composite of major adverse CV events (MACEs): CV
death, nonfatal myocardial infarction (MI), nonfatal
stroke, and unstable angina with urgent revasculariza-
tion (Table 1). Investigators determined sample size
based on a noninferiority upper margin of 1.3, with the
plan being to accrue 624 MACEs (17). CARES subjects
were randomized 1:1 to receive febuxostat 40 mg/day
or allopurinol stratified on baseline renal function. The
febuxostat dose was increased to 80 mg/day if serum
urate concentration was >6 mg/dl at the week 2 study
visit. The starting dose of allopurinol was dependent
on renal function, and allopurinol dose escalation,
based on reaching a target serum urate level of <6 mg/dl,
was implemented in 100 mg/day increments monthly over
the first 10 weeks to a maximum dose of 600 mg daily
(400 mg daily in those with an estimated creatinine
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clearance of 30 to <60 ml/minute). Gout flare prophy-
laxis was provided for the first 6 months, preferentially
with colchicine. Naproxen, other nonsteroidal antiin-
flammatory drugs (NSAIDs), and prednisone were per-
missible alternatives.

The CARES trial followed up 6,190 randomized
participants, documenting a total of 656 primary end
points (2). The median duration of exposure was compa-
rable for febuxostat and allopurinol (728 versus 719 days,
respectively), as was the duration of follow-up (968 ver-
sus 942 days, respectively). The investigators reported no
increased risk related to febuxostat compared with al-
lopurinol for the primary end point (hazard ratio [HR]
1.03 [95% confidence interval (95% CI) 0.87–1.23]).
However, prespecified secondary analyses revealed an
increased risk of CV death (HR 1.34 [95% CI 1.03–
1.73]) and death from any cause (HR 1.22 [95% CI
1.01–1.47]), with all-cause mortality mainly due to CV
mortality (Table 1). Sudden cardiac death, the most com-
mon cause of CV death in both groups, occurred in
2.7% of the patients receiving febuxostat and 1.8% of
the patients receiving allopurinol. The risk of CV death
occurring during treatment or within 30 days after dis-
continuation of treatment was higher among those
receiving febuxostat than those receiving allopurinol.

Gout flare rates over the study period were simi-
lar in the 2 groups in the CARES trial (2). Although
more participants in the febuxostat group had serum
urate levels <5 mg/dl, the rates of participants achieving
the serum urate treatment target of <6 mg/dl was
similar between the 2 groups at all time points after
2 weeks. Below, we summarize key aspects of the
CARES trial, and uncertainties from the trial results
(Table 2).

What are the strengths of the CARES trial design?

The CARES trial was double-blinded and ran-
domized, with a state-of-the-art adjudication process for
relevant CV disease end points. As such, it was designed
to be free from confounding, performance bias, and
detection bias, which are strengths compared to multiple
prior observational studies of XOIs and CV disease in
gout (18–22). The CARES trial enrolled a relevant study
population (i.e., people with gout and established CV dis-
ease), and investigators were able to observe a sufficient
number of relevant CV and mortality events during the
study period. Moreover, the direct comparison of allo-
purinol and febuxostat dose titration, including allopurinol
dosing to >300 mg/day even in those with moderate renal
impairment, and use of initial gout flare prophylaxis,
preferably with colchicine rather than NSAIDs, to

diminish systemic inflammation due to gout flares, were
noteworthy in the CARES trial (2). NSAIDs may have
substantial CV event risk, particularly in people with
established CV disease (23). Moreover, in prespecified
subgroup analyses, taking NSAIDs and not taking
low-dose aspirin during the study were associated with a
significantly elevated risk ratio for CV mortality in
CARES (2).

What uncertainties arise from the results of the
CARES trial?

Impact of high rates of discontinuation and loss
to follow-up. In the CARES trial, 57% of the partici-
pants discontinued treatment prematurely and 45% were
lost to follow-up regardless of their treatment status,
though the rates were similar between the 2 groups.
These findings are applicable to clinical practice, since
rates of long-term continuation of ULT are low (24).
However, from an experimental perspective, premature
discontinuation of treatment assignment would generally
bias safety signals toward the null. This could in turn
threaten the validity of the results of the CARES trial
primary end point, the risk of MACE composite end
points. Furthermore, although the rates of loss to follow-
up were similar between the 2 groups and the measured
characteristics did not appear to be associated with loss
to follow-up, it is conceivable that participants who

Table 2. Our assessment of the strengths of the CARES study and
uncertainties arising from the results*

Strengths of the study
Large, double-blinded, and randomized study of a relevant
population (i.e., patients with gout and established CVD),
powered for CV events

State-of-the-art adjudication process for relevant CVD end points
Direct comparison of allopurinol and febuxostat dose titration,
including allopurinol dosing >300 mg/day

Use of initial gout flare prophylaxis (preferably with colchicine)
Uncertainties arising from the results
Particularly high dropout rate of ~50% on average (45–57%) in the
treatment groups

Inconsistent findings between fatal and nonfatal CV end points
~85% of deaths occurred while not receiving study drugs
Without a placebo comparator, the study design does not answer
the question of whether allopurinol or febuxostat independently
carry an increased risk of CV disease and mortality

Questions about biologic plausibility, due to antiinflammatory and
antiatherogenic effects of XOIs, and comparable primary
mechanism of action of allopurinol and febuxostat on xanthine
oxidoreductase

Lack of data on temporal course and severity of gout flares, which
can exert systemic effects potentially pertinent to CV mortality

* CARES = Cardiovascular Safety of Febuxostat and Allopurinol in
Patients With Gout and Cardiovascular Morbidities; CVD = cardio-
vascular disease; XOIs = xanthine oxidoreductase inhibitors.
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developed the end point events were more often lost to
follow-up in one group than the other. Additional
ascertainment of the mortality status suggests that this
was the case. When the post hoc ascertainment efforts
added 199 deaths to the original 442 deaths (45%), 21
more deaths were added to the allopurinol group than
the febuxostat group (110 versus 89), nullifying the HR
(i.e., HR 1.09 [95% CI 0.94–1.28], as opposed to the
original HR 1.22 [95% CI 1.01–1.47]) (2). These con-
cerns appear to call for assessments of the potential
impact of the high rate of loss to follow-up, to quantify
the level of threat to the validity of primary as well as
secondary end point results.

Lack of data on the temporal course and sever-
ity of gout flares. In theory, the intense inflammation
pathophysiology of gout flares, with potential for asso-
ciated prothrombotic status, and acute pain-related
stress responses could have an impact on CV mortality.
However, we do not know if there were undefined dif-
ferences in the temporal course and severity of gout
flares between the febuxostat and allopurinol groups in
the CARES trial.

Questions regarding the biologic plausibility of
the CARES trial results. Xanthine oxidoreductase and
excess soluble urate, the joint targets of XOI treatment,
can exert noxious effects in the vasculature and other tis-
sues (25–28). Hence, the CARES trial leaves us with
more questions than answers with respect to XOI effects
on CV mortality. Xanthine oxidoreductase has wide tis-
sue expression, can be released into the circulation, and
binds the surface of endothelial cells (25). XOI drugs
directly reduce superoxide generation by the oxidized
state of the enzyme, and limit oxidative stress and alter
nitric oxide–redox balance, endothelial cell and mononu-
clear phagocyte activation, and inflammation in vitro and
in vivo (25–28). Furthermore, XOI treatment inhibits
experimental atherogenesis in vivo in mice (27).

With respect to pharmacologic lowering of serum
urate levels, a large body of in vitro and in vivo evidence
supports the notion of proinflammatory effects, and toxic
effects in the vasculature, of high levels of soluble urate
(28). These collective findings are buttressed by many
human observational studies that have shown an associa-
tion between elevated serum urate levels and CV disease
event risk, all-cause mortality, and congestive heart fail-
ure (18–22). On the other hand, Mendelian randomiza-
tion analysis, though possessing a variety of limitations,
has not supported the concept that urate lowering lowers
the risk of CV disease (29). To date, studies of the treat-
ment of hyperuricemia in humans, including use of XOIs,
and assessment of CV disease, are inconclusive
(22,23,28).

It remains possible that allopurinol may have
beneficial effects on CV mortality, and also that the
higher observed CV mortality rates in the febuxostat
group in the CARES trial could have been similar to
background rates. However, this hypothesis has not
been directly tested in an RCT, and would be ethically
challenging to address in a long-term RCT in patients
with gout. We also note that in a biologic sense, the
differences in the findings between fatal and nonfatal
CV end points in the CARES trial (2) were unexpected
and difficult to explain. For example, only 37 of the
234 CV deaths and 63 of the 442 all-cause deaths
occurred in patients receiving study drugs, meaning that
~85% of these deaths occurred when patients were not
receiving study drugs (2). In additional analyses, the
investigators reported that 103 CV-related deaths and
164 all-cause deaths occurred while patients were
receiving treatment or within 30 days after discontinua-
tion of treatment. It is unclear why ~23–28% of CV-
related and all-cause deaths occurred within 30 days
after treatment discontinuation in the CARES trial.

Subtle differences in allopurinol and febuxostat
need to be considered when positing biologic explana-
tions for differing CV mortality results in the CARES
trial. In this regard, febuxostat is a selective XOI, whereas
the purine-like backbone of allopurinol and its active
metabolite oxypurinol allow them to act as substrates for
several enzymes involved in purine and pyrimidine me-
tabolism, leading to the generation of a variety of ribonu-
cleotides (30). It is possible that the biologic effects of
such ribonucleotides, and other intracellular actions of
allopurinol and oxypurinol on purine and pyrimidine
metabolism, could account for the effects of allopurinol
on CV disease distinct from those of febuxostat in the
CARES trial (30), and possibly other RCTs (18).

What would the differences in mortality be for
either XOI drug compared to a non-XOI ULT control
group or to placebo? Although the CARES trial addressed
comparative safety between 2 XOIs, the results lead to
new questions regarding how the mortality signal with
either XOI agent would have compared to no ULT use
(e.g., placebo) or to use of a non-XOI, urate-lowering
agent such as a uricosuric agent. From a clinical trials
design perspective, lack of a placebo was entirely appro-
priate, noting that allopurinol is the most widely used
ULT agent, and a placebo arm would have been consid-
ered unethical for a long-term study in gout. However,
the lack of placebo limits our ability to determine whether
the mortality results of the CARES study are due to ben-
eficial effects of allopurinol or deleterious effects of
febuxostat. With respect to uricosuric ULT, a large obser-
vational study using Medicare data compared CV risk for
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allopurinol and probenecid (7). Those with gout who initi-
ated treatment with probenecid had a lower risk of hospi-
talization for MI or stroke compared with allopurinol
initiators (HR 0.80 [95% CI 0.69–0.93]), with consistent
results regardless of baseline chronic kidney disease or
CV status (7). However, without performance of a
prospective RCT with similar design features to the
CARES trial, including assessment of serum urate lower-
ing and gout flares, the Medicare study results cannot be
compared to the results of the CARES trial.

Where do we go from here in current clinical practice?

Despite the aforementioned uncertainties related
to the CARES study, the FDA public safety alert
appears justified, and is likely to have a substantial
impact on clinical practice. Specifically, clinicians and
patients must take notice of the new, major findings of
the CARES trial of increased risk of CV mortality by
34% and all-cause mortality by 22% with febuxostat
compared with allopurinol. If we take at face value the
point estimates reported in the CARES trial, febuxostat,
compared to allopurinol, is calculated to have a number
needed to harm of 91 for CV deaths and 71 for all-cause
deaths among patients with gout and established CV
disease over 2.7 years.

The ongoing European and Japanese febuxostat
trials with CV end points (Table 1) may provide more
clarity, which may lead regulatory agencies to take
more definitive action than the current warning about
the CV risk of febuxostat. Results of a large-scale trial
(the ALL-HEART Study) are also awaited to assess
potential allopurinol CV end point and mortality bene-
fits in subjects without gout. In that study, allopurinol
600 mg/day is added to therapeutic regimens for
patients with ischemic heart disease (31). The ongoing
VA STOP GOUT comparative effectiveness RCT of
allopurinol versus febuxostat does not appear likely to
meaningfully impact the interpretation of the CARES
results, since gout flare rate is the primary end point of
VA STOP GOUT, and the study is not specifically pow-
ered to evaluate CV event risk (32).

Ways in which we believe the new CARES trial
results and FDA alert affect clinical practice are summa-
rized in Table 3. Patients are likely to ask the practicing
clinician questions, including the following. Should I con-
tinue my febuxostat? Does taking febuxostat increase my
risk of myocardial infarction? Finally, what are the
alternatives to febuxostat? In this era of shared medical
decision-making, it is advisable to discuss with patients
the comparative CV mortality risks of allopurinol
and febuxostat, and other safety risks of allopurinol,

febuxostat, and uricosuric agents, such as the risks of
side effects from severe drug hypersensitivity and drug–
drug interactions, and renal adverse events including
urolithiasis. The decisions made are based on the best
available information and the personal values and
preferences of each patient.

Clearly, both clinicians and patients should bear
in mind that the CARES trial does not prove that tak-
ing febuxostat raises CV mortality risk in gout. Instead,
the data suggest greater mortality risk with febuxostat
than allopurinol in patients with preexisting CV dis-
ease. In this light, the CARES trial results do not sup-
port first-line use of febuxostat in ULT. The results also
raise new questions regarding febuxostat placement at
various pharmacologic ULT decision tree branches,
since there are several efficacious first-line and second-
line options other than febuxostat (Table 3). For those
clinical situations where febuxostat may be the most
effective, or in a few scenarios, the only effective oral
ULT option appropriate to use, engaging in shared
medical decision-making helps patients make informed
decisions about the risks and benefits of initiating and
maintaining different therapy options.

All 4 recent major rheumatology society gout
management guidelines have recommended febuxostat
as a ULT option (3–6). In our opinion, systematic
updates of gout ULT management guidelines by rele-
vant professional organizations, employing appropriate
committee processes and methodologies, are now
needed to help guide decision-making on febuxostat

Table 3. Implications of the new CARES trial results and FDA
public alert on febuxostat safety for clinical practice*

Informative discussions with patients on febuxostat CV mortality risk,
when initiating and maintaining the drug, are an important part of
shared decision-making

The CARES CV mortality signal does not support first-line use of
febuxostat in ULT

CARES raises new questions on where febuxostat should be placed
at different branches in the oral pharmacologic ULT decision tree,
when compared to alternatives that work in many gout patients, as
supported by:

Evidence of efficacy of allopurinol dose escalation in the majority
of patients with gout

Evidence of efficacy of uricosuric monotherapy, and of combinations
of allopurinol with certain uricosuric agents

Specific recommendations in the 2012 ACR, 2016 EULAR, and
2017 BSR gout management guidelines

ULT treatment algorithms in gout now need reconsideration by
relevant professional organizations, using appropriate committee
processes and methodologies

* CARES = Cardiovascular Safety of Febuxostat and Allopurinol in
Patients With Gout and Cardiovascular Morbidities; FDA = US Food
and Drug Administration; CV = cardiovascular; ULT = urate-lowering
therapy; ACR = American College of Rheumatology; EULAR =
European League Against Rheumatism; BSR = British Society for
Rheumatology.
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and alternatives in oral pharmacologic ULT. This need
arises from more than the new CARES study data and
associated FDA safety alert. First, there are new data,
from other RCTs, that support the efficacy of treat-to–
urate target pharmacologic ULT strategies for clinically
and structurally meaningful end points in gout (33,34).
Second, we note that the efficacy data for serum urate
lowering, and the gout flares end points, were close
between dose-titrated allopurinol and febuxostat in the
CARES trial (2). Third, more evidence now exists to
support allopurinol as a relatively safe urate-lowering
drug when risk factors for allopurinol hypersensitivity
syndrome are taken into appropriate consideration
(35). Fourth, there is increased evidence of clinical effi-
cacy and safety of allopurinol dose escalation in gout,
commonly reaching doses >300 mg/day, and operable in
the subset of patients with stage 3 chronic kidney disease
(31,36–38). Fifth, allopurinol dose escalation was effec-
tive in the majority of patients with gout in a recent
RCT (34). Last, uricosuric monotherapy, and the combi-
nations of allopurinol with certain uricosuric agents (e.g.,
probenecid or lesinurad), also are effective in many
patients (3–6,39,40).

Conclusions

The newly published signal for increased CV
and all-cause mortality with febuxostat compared with
allopurinol in patients with gout in the CARES trial,
and the associated FDA public safety alert, arose from
a large and well-designed RCT powered to study CV
events. There remain several uncertainties about the
CARES trial findings. We await results of further ongo-
ing RCTs, and there is the potential for further regula-
tory action. In the interim, the CARES trial does not
support first-line use of febuxostat in ULT, and raises
new questions regarding where febuxostat placement
should be at different branches in the oral pharmaco-
logic ULT decision tree for gout. New evidence has
emerged in recent years of the efficacy of alternative
options in many patients with gout, such as allopurinol
dose escalation and the combination of allopurinol with
uricosuric therapy. Moreover, uricosuric therapy remains
a viable ULT option in many. Timely updates are now
needed for gout ULT management guidelines by relevant
professional organizations, using appropriate committee
processes and methodologies.
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ABT-122, a Bispecific Dual Variable Domain Immunoglobulin
Targeting Tumor Necrosis Factor and Interleukin-17A,

in Patients With Rheumatoid Arthritis With an Inadequate
Response to Methotrexate

A Randomized, Double-Blind Study

Mark C. Genovese ,1 Michael E. Weinblatt,2 Jacob A. Aelion,3 Heikki T. Mansikka,4

Paul M. Peloso,4 Kun Chen,4 Yihan Li,4 Ahmed A. Othman,4 Amit Khatri,4

Nasser S. Khan,4 and Robert J. Padley4

Objective. Tumor necrosis factor (TNF) and inter-
leukin-17A (IL-17A) may independently contribute to the
pathophysiology of rheumatoid arthritis (RA). This study
sought to evaluate the safety and efficacy of ABT-122, a
novel dual variable domain immunoglobulin targeting
human TNF and IL-17A, in patients with RA who have
experienced an inadequate response to methotrexate.

Methods. Patients with active RA who were receiv-
ing treatment with methotrexate and had no prior expo-
sure to biologic agents (n = 222) were enrolled in a 12-week
phase II randomized, double-blind, active-controlled,
parallel-group study. Patients were randomized to receive
either ABT-122 at dosages of 60 mg every other week, 120
mg every other week, or 120 mg every week or adalimumab
at 40 mg every other week, administered subcutaneously.
The primary efficacy end point was the proportion of
patients achieving a ≥20% improvement response based on
the American College of Rheumatology criteria for 20%
improvement (ACR20) at week 12.

Results. Treatment-emergent adverse events were
similar across all treatment groups, with no serious
infections or systemic hypersensitivity reactions reported
with ABT-122. ACR20 response rates at week 12 were
62%, 75%, and 80% with ABT-122 60 mg every other week,
120 mg every other week, and 120 mg every week, respec-
tively, compared with an ACR20 response rate of 68%
with 40 mg adalimumab every other week. The corre-
sponding response rates for ACR50 and ACR70 improve-
ment in the ABT-122 dose groups and adalimumab group
were 35%, 46%, 47%, and 48%, respectively, and 22%,
18%, 36%, and 21%, respectively.

Conclusion. Over the 12-week study period, dual
inhibition of TNF and IL-17A with ABT-122 produced a
safety profile consistent with that of adalimumb used for
inhibition of TNF alone. The efficacy of ABT-122 over 12
weeks at dosages of 120 mg every other week or 120 mg
every week was not meaningfully differentiated from that
of adalimumab at a dosage of 40 mg every other week in
patients with RA receiving concomitant methotrexate.
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The treatment goal for all patients with rheuma-
toid arthritis (RA) should be tailored to the individual
patient, keeping in mind that low disease activity and dis-
ease remission are optimal aims (1). Because current
therapies may fall short of these target goals (1–3) and fail
to improve quality of life in some patients (4), novel phar-
macologic therapies are needed to improve outcomes.
RA is a complex disease involving numerous cell types
and a variety of inflammation mediators operating in the
innate and adaptive immune systems (5). Thus, therapies
that simultaneously target different pathways involved in
the pathogenesis of RA may enhance treatment responses
in patients with RA.

Some patients fail to improve following treatment
with tumor necrosis factor (TNF) inhibitors or these
agents tend to lose effectiveness over time (6,7). TNF inhi-
bitor therapy in patients with RA was found to signifi-
cantly increase the frequency of circulating Th17 cells in
the peripheral blood (8), thereby enhancing the release of
the proinflammatory cytokine interleukin-17A (IL-17A)
(9). Moreover, in one study, patients with RA who failed
to respond to TNF inhibition had elevated concentrations
of circulating Th17 cells and increased serum levels of
IL-17 in comparison to patients who responded to TNF
inhibition (10).

IL-17A induces the release of a broad range of
proinflammatory cytokines and chemokines and may be
involved in cartilage destruction (9). TNF and IL-17A
may act synergistically to induce osteoclastogenesis via
pathways involving RANKL, resulting in bone loss
(11,12). Serum and synovial concentrations of IL-17A
are elevated in patients with RA compared with age-
and sex-matched healthy individuals, and these raised
levels are correlated with the severity of the disease
(13). In a mouse collagen-induced arthritis model,
simultaneous neutralization of TNF and IL-17 by 2 dif-
ferent selective monoclonal antibodies (mAb) reduced
the arthritis severity scores to a greater extent than did
neutralization by either mAb alone (14,15). Thus, tar-
geting both TNF and IL-17A in a combined strategy of
dual neutralization may lead to more effective and
enhanced clinical responses in patients with RA com-
pared with the response achieved by targeting TNF or
IL-17A alone. However, some studies reported an
increased rate of serious adverse events (AEs), most
notably serious infections, in patients with RA who
received combination therapy with 2 biologic disease-
modifying antirheumatic drugs (bDMARDs) compared
with patients who received single bDMARD therapy
(16–18). Combination bDMARD therapy was associated
with little or no incremental efficacy benefit when com-
pared with a single biologic agent in patients with RA

(16–18). Therefore, it is important to carefully assess
the safety, tolerability, and efficacy of any combination
biologic therapy.

ABT-122 is a dual variable domain immunoglobulin
(DVD-Ig) targeting human TNF and IL-17A (19). Each
molecule of ABT-122 has 2 sets of selective binding
domains, with 1 pair targeting TNF and the other pair
targeting IL-17A. Thus, the ratio of TNF to IL-17A binding
sites in each molecule of ABT-122 is inherently constant
(ratio of 2:2) (20). In vitro surface plasmon resonance
analysis revealed that ABT-122 bound a similar amount of
TNF with high affinity independent of the occupancy of
IL-17A binding sites, and vice versa (20). In fibroblast-like
synoviocytes from patients with RA, ABT-122 fully
inhibited TNF- and IL-17A–induced production of IL-6 (20).

In addition, ABT-122 rapidly modulates potential
pathophysiologic pathways in patients with RA, including
reducing the serum levels of chemokines CXCL9, CXCL10,
and CCL23 (21), all of which are involved in lymphocyte
and myeloid cell recruitment into inflamed tissue. With
single doses of up to 3 mg/kg subcutaneously (SC) and
10 mg/kg intravenously in healthy volunteers, ABT-122
was well tolerated, and at these doses, target activity was
demonstrated ex vivo (20). In phase I studies, multiple
ascending SC doses of ABT-122 were administered to
patients with RA for 8 weeks (21,22). ABT-122 showed
approximately dose-proportional exposure at SC doses
of >1 mg/kg (22). Peak ABT-122 serum concentrations
were observed within 2–4 days after SC dosing, with
steady-state levels obtained by 6 weeks of SC dosing. The
effective half-life of ABT-122 was 10 days with dosing
every other week, and 18 days with dosing every week.
The results of these studies in patients with RA indicate
that there are no meaningful safety signals with ABT-
122, and it has potential antiinflammatory effects and a
pharmacokinetic profile favorable for SC administration
every other week or every week.

The objective of the current study was to deter-
mine the safety, efficacy, and pharmacokinetics of ABT-
122 in patients with RA who had an inadequate response
to methotrexate.

PATIENTS AND METHODS

The study was conducted in accordance with the Inter-
national Conference on Harmonisation Guidelines for Good
Clinical Practice, and adhered to the principles of the Declara-
tion of Helsinki. An independent ethics committee or institu-
tional review board at each center approved the protocol. All
patients provided written informed consent.

Study design. The study was designed as a phase II ran-
domized, double-blind, active-controlled, parallel-group study
in patients with active RA who had experienced an inadequate
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response to methotrexate, conducted at 46 sites in the United
States, Bulgaria, the Czech Republic, Germany, Hungary,
Poland, Romania, and New Zealand. After screening, eligible
patients receiving weekly stable treatment with methotrexate
were randomized 1:1:1:1 to receive either ABT-122 at dosages
of 60 mg every other week, 120 mg every other week, or 120 mg
every week or adalimumab (Humira; AbbVie) at a dosage of 40
mg every other week, administered SC for 12 weeks.

Patients. Adult patients (ages ≥18 years) who had a
diagnosis of RA for at least 3 months, with the diagnosis based
on the American College of Rheumatology (ACR)/European
League Against Rheumatism 2010 criteria (23), were eligible.
All eligible patients had active RA, defined as the presence of
≥6 swollen joints and ≥6 tender joints (based on the 66/68-joint
counts at screening and baseline visits) and a high-sensitivity
C-reactive protein (hsCRP) level higher than the upper limit of
normal (cutoff 4.99 mg/liter) at screening or the presence of
rheumatoid factor and anti–cyclic citrullinated peptide antibod-
ies at screening. Eligible patients were those who had experi-
enced an inadequate response to methotrexate after having
received the treatment for ≥3 months (with no change in the
route of administration) and after having received a stable
dosage of ≥10 mg/week for at least 4 weeks before baseline.

Key exclusion criteria included the following: previous
exposure to adalimumab, other TNF inhibitors, and other
bDMARDs; current treatment with conventional DMARDs
(except methotrexate, sulfasalazine, and hydroxychloroquine);
having received stable oral doses of prednisone or its equivalent
at >10 mg/day within 30 days of the first dose of study

medication; having received treatment with intraarticular or
parenteral glucocorticoids in the 4 weeks before the first dose of
study medication; presence of active tuberculosis, chronic recur-
ring infections, and/or active viral infections; and having
received treatment with anti-infective agents within 30 days (in-
travenously) or 14 days (orally) of the first dose of study medica-
tion. Patients could continue to receive stable treatment with
oral prednisone or its equivalent (at a dosage of ≤10 mg/day) if
they had begun the treatment at least 4 weeks before the first
dose of study medication. Furthermore, use of inhaled glucocor-
ticoids to treat stable medical conditions was allowed.

Safety assessments. Occurrence of AEs was monitored
and recorded throughout the course of the study. AEs were
coded using the preferred terms and system organ classes desig-
nated in the Medical Dictionary for Regulatory Activities, ver-
sion 17.1. Treatment-emergent AEs (TEAEs) were categorized
by treatment and by severity. The severity of TEAEs was classi-
fied by investigators according to the Rheumatology Common
Toxicity Criteria, version 2.0 (24).

Efficacy assessments. The primary efficacy end point was
the proportion of patients achieving a ≥20% improvement re-
sponse based on the ACR criteria for 20% improvement
(ACR20) (25) at week 12. Missing data were analyzed using
nonresponder imputation (NRI) and also the last observation
carried forward (LOCF) method. Secondary end points in-
cluded the following: the proportion of patients achieving a
≥50% and ≥70% ACR improvement response (ACR50 and
ACR70, respectively) at week 12, as well as change from base-
line in the Disease Activity Score in 28 joints using hsCRP level

Table 1. Demographic and baseline clinical characteristics of the patients in the full analysis set*

Characteristic

Adalimumab
40 mg SC

every other week
(n = 56)

ABT-122
60 mg SC

every other week
(n = 55)

ABT-122
120 mg SC

every other week
(n = 56)

ABT-122
120 mg SC
every week
(n = 55)

Women, no. (%) 42 (75.0) 45 (81.8) 49 (87.5) 45 (81.8)
White, no. (%) 51 (91.1) 52 (94.5) 53 (94.6) 49 (89.1)
Age, years 57.6 � 12.4 55.2 � 11.8 53.5 � 13.0 55.6 � 12.3
Weight, kg 80.2 � 17.6 78.4 � 19.5 73.7 � 16.5 77.3 � 14.1
BMI, kg/m2 29.3 � 6.0 28.7 � 5.9 27.5 � 5.1 28.3 � 4.7
Duration of RA, years 7.6 � 7.8 7.0 � 8.1 9.4 � 9.2 6.8 � 6.7
MTX dose, mg/week 16.8 � 4.3 17.5 � 4.9 17.1 � 4.7 16.7 � 4.7
Prior use of non-MTX DMARD, no. (%)† 8 (14.3) 12 (21.8) 10 (17.9) 8 (14.5)
1 5 (8.9) 10 (18.2) 9 (16.1) 6 (10.9)
2 3 (5.4) 1 (1.8) 1 (1.8) 2 (3.6)
≥3 0 1 (1.8) 0 0

Prior use of systemic glucocorticoids, no. (%)† 33 (58.9) 36 (65.5) 34 (60.7) 30 (54.5)
hsCRP, mg/liter 16.3 � 24.0 13.8 � 13.1 15.7 � 19.3 17.3 � 25.0
hsCRP category, no. (%)
≤4.99 mg/liter 16 (28.6) 15 (27.3) 18 (32.1) 20 (36.4)
>4.99 mg/liter 40 (71.4) 40 (72.7) 38 (67.9) 35 (63.6)

DAS28-hsCRP score 5.8 � 1.0 6.0 � 0.8 5.6 � 0.9 5.7 � 0.9
DAS28-hsCRP category, no. (%)
<5.1 12 (21.4) 8 (14.5) 14 (25.0) 11 (20.0)
≥5.1 44 (78.6) 47 (85.5) 42 (75.0) 44 (80.0)

* Except where indicated otherwise, values are the mean � SD. Patients were enrolled from sites in Poland (n = 112), the
United States (n = 49), Bulgaria (n = 17), the Czech Republic (n = 17), Hungary (n = 11), New Zealand (n = 9), Romania
(n = 6), and Germany (n = 1). SC = subcutaneous; BMI = body mass index; RA = rheumatoid arthritis; MTX = methotrex-
ate; DMARD = disease-modifying antirheumatic drug; hsCRP = high-sensitivity C-reactive protein; DAS28-hsCRP = Disease
Activity Score in 28 joints using hsCRP level.
† Therapy was stopped before the first dose of study drug.
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(DAS28-hsCRP) (26) at weeks 2, 4, 6, 8, and 12; the proportion
of patients achieving a DAS28-hsCRP score of <3.2 or Clinical
Disease Activity Index (CDAI) score (27) of ≤10 at week 12;
and the proportion of patients achieving a DAS28-hsCRP score
of <2.6 or CDAI score of ≤2.8 at week 12. Exploratory end
points included ACR response rates at weeks 2, 4, 6, and 8 and
changes in ACR components over time, including changes from
baseline of at least �1.2 in the DAS28-hsCRP and of at least
�0.5 in the Health Assessment Questionnaire (HAQ) disability
index (DI) (28).

Assessments of pharmacokinetics and immunogenicity.
Serum concentrations of ABT-122 were determined at baseline
(before dosing), weekly during the 12-week treatment period,
and at a follow-up visit 6 weeks after treatment ended. Immuno-
genicity was characterized by assessment of antidrug antibodies
to ABT-122 at baseline, every 2–3 weeks during the 12-week
treatment period, and at a follow-up visit 6 weeks after treatment
ended. Serum concentrations of ABT-122 were determined using
a validated chimeric electrochemiluminescence immunoassay,
and the antidrug antibody assessment was performed using a vali-
dated bridging electrochemiluminescence immunoassay. The
assay included an acid dissociation step to allow for dissociation
of antibodies from the drug–antibody complex, thereby ensuring
reduced drug interference. The details of the bioanalytic assays
have been described previously (22,29).

Statistical analysis. The safety analysis set included
patients who received ≥1 dose of study drug. The full analysis set,
defined as all randomized patients from the safety analysis set,
was used for baseline and efficacy analyses. Summary statistics
were provided by treatment group. Given a sample size of ~55
patients per group and an estimated ACR20 response rate of
60% for those treated with adalimumab, the study had 88%
power to detect an ACR20 response rate of 85% among patients
who were treated with ABT-122, using a 1-sided a level of 0.05,
with comparisons between groups by Fisher’s exact test. Missing
categorical efficacy end points were imputed using NRI, whereas
missing continuous efficacy end points were imputed using LOCF;
safety data were not imputed. Statistical analyses were performed
using SAS software (version 9.2 or higher; SAS Institute).

RESULTS

Characteristics of the study patients. The demo-
graphic and clinical characteristics of the patients at base-
line were comparable across the treatment groups (Table 1).
Most of the patients were white (92%) and female
(82%), with a mean duration of RA of ~8 years. Of the
222 randomized patients, 209 (94%) completed the study
(Figure 1). Three patients discontinued because of
TEAEs. The safety analysis set and the full analysis set
comprised the same patients.

Safety. The overall incidence of TEAEs was simi-
lar among the treatment groups, with most events being
mild or moderate in severity, and without evidence of a
relationship to dose (Table 2). There were very few severe
TEAEs or TEAEs that led to discontinuation from the
study. There were 4 serious AEs that occurred after treat-
ment with ABT-122, compared with no serious AEs after
treatment with adalimumab, without any deaths. There
were no reported serious infections. Two serious AEs
(1 case of head injury and 1 case of an ovarian cyst)
occurred in patients treated with ABT-122 at 60 mg every
other week. Two serious AEs occurred in patients treated
with ABT-122 at 120 mg every week (1 case of a tibia frac-
ture, and 1 case of angina pectoris). The latter serious
AE, angina pectoris, occurred in a 69-year-old male
patient with a history of angina and hypertension, and
resolved after 2 days; on follow-up, the patient was found
to have cardiac failure.

Twenty-seven patients (16%) who received ABT-
122 reported experiencing ≥1 infection-related TEAE dur-
ing the study, with the highest proportion of patients
(24%) being those who received ABT-122 at 120 mg every

Figure 1. Disposition of the study patients. SC = subcutaneous; EOW = every other week; EW = every week; AE = adverse event.
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week; 18% of patients who received adalimumab at 40 mg
every other week reported experiencing ≥1 infection over
the 12-week treatment course (Table 2). The most fre-
quently reported infections (≥2 patients in any treatment
group) were urinary tract infection, nasopharyngitis, upper
respiratory tract infection, and lower respiratory tract inf-
ection. All infections were mild or moderate in severity,
were transient, and resolved with standard therapy. Menin-
gioma was diagnosed in 1 patient who was receiving ABT-

122 at 60 mg every other week. Systemic hypersensitivity
(urticaria) occurred in 1 patient who was being treated
with adalimumab at 40 mg every other week; after a tem-
porary treatment interruption, the patient completed the
study.

Efficacy. At week 12, there was a dose-related in-
crease in the proportion of patients achieving the primary
efficacy end point, the ACR20 response, among those
receiving ABT-122, as observed in NRI analyses (Table 3).

Table 2. Frequency of TEAEs observed in patients in the safety analysis set*

Event

Adalimumab
40 mg SC

every other week
(n = 56)

ABT-122
60 mg SC

every other week
(n = 55)

ABT-122
120 mg SC

every other week
(n = 56)

ABT-122
120 mg SC
every week
(n = 55)

Any TEAE 24 (42.9) 23 (41.8) 21 (37.5) 20 (36.4)
Any serious AE 0 2 (3.6) 0 2 (3.6)
Any severe AE 0 1 (1.8) 0 0
Any AE leading to discontinuation 0 2 (3.6) 0 1 (1.8)
Infection† 10 (17.9) 8 (14.5) 6 (10.7) 13 (23.6)
Infections reported in ≥2 patients†
Urinary tract infection 1 (1.8) 5 (9.1) 1 (1.8) 1 (1.8)
Nasopharyngitis 3 (5.4) 2 (3.6) 1 (1.8) 3 (5.5)
Upper respiratory tract infection 1 (1.8) 1 (1.8) 0 4 (7.3)
Lower respiratory tract infection 0 0 2 (3.6) 2 (3.6)

Serious infection† 0 0 0 0
Ischemic event† 0 0 0 1 (1.8)‡
Cardiac failure† 0 0 0 1 (1.8)
Malignancy† 0 1 (1.8)§ 0 0
Systemic hypersensitivity reaction† 1 (1.8) 0 0 0
Severe injection site reaction† 0 0 0 0
Demyelinating disorder† 0 0 0 0
Hematologic disorder† 0 0 0 0
Hepatic AE† 0 0 0 0

* Values are the number (%) of patients. Treatment-emergent adverse events (TEAEs) were defined as an adverse event
(AE) with an onset date that was on or after the first dose of study drug administration and no more than 70 days after the
last dose of study drug administration, or an AE with an onset date before the first dose of study drug administration but
with increased severity on or after the first dose of study drug administration and no more than 70 days after the last dose
of study drug administration. SC = subcutaneous.
† Based on a standardized search of AEs, using a set of terms from the Medical Dictionary for Regulatory Activities (version
17.1) or compiled by the study sponsor.
‡ Angina pectoris.
§ Meningioma.

Table 3. Treatment response rates at week 12 in patients in the full analysis set with nonresponder imputation*

Response at week 12

Adalimumab
40 mg SC

every other week
(n = 56)

ABT-122
60 mg SC

every other week
(n = 55)

ABT-122
120 mg SC

every other week
(n = 56)

ABT-122
120 mg SC
every week
(n = 55)

ACR20 38 (67.9) 34 (61.8) 42 (75.0) 44 (80.0)
ACR50 27 (48.2) 19 (34.5) 26 (46.4) 26 (47.3)
ACR70 12 (21.4) 12 (21.8) 10 (17.9) 20 (36.4)
DAS28-hsCRP <3.2 25 (44.6) 18 (32.7) 29 (51.8) 30 (54.5)
DAS28-hsCRP <2.6 17 (30.4) 12 (21.8) 21 (37.5) 23 (41.8)
CDAI ≤10 22 (39.3) 18 (32.7) 24 (42.9) 30 (54.5)
CDAI ≤2.8 4 (7.1) 4 (7.3) 6 (10.7) 6 (10.9)

* Values are the number (%) of responders based on the American College of Rheumatology response criteria for improve-
ment of 20% (ACR20), 50% (ACR50), and 70% (ACR70), 2 different cutoffs for scores on the Clinical Disease Activity
Index (CDAI), and 2 different cutoffs for scores on the Disease Activity Score in 28 joints using high-sensitivity C-reactive
protein level (DAS28-hsCRP). SC = subcutaneous.
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The ACR20 treatment response rate was numerically
higher, but not statistically significantly different, in patients
treated with ABT-122 at 120 mg every other week (75%) or
120 mg every week (80%) compared with those receiving
adalimumab (68%) (Table 3). At week 12, the ACR50
treatment response rate was similar between patients

treated with ABT-122 at 120 mg every other week (46%) or
120 mg every week (47%) and those treated with adali-
mumab (48%), whereas the ACR70 response was numeri-
cally higher in patients treated with ABT-122 at 120 mg
every week (36%) compared with those who received
ABT-122 at 120 mg every other week (18%) or those who

Figure 2. Percentage of patients in each treatment group achieving improvement according to the American College of Rheumatology response
criteria for an improvement of at least 20% (ACR20) (A), 50% (ACR50) (B), and 70% (ACR70) (C) over the 12-week treatment course (full
analysis set, nonresponder imputation). SC = subcutaneous; EOW = every other week; EW = every week.
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received adalimumab (21%) (Table 3). Similar results were
obtained when missing data were imputed using LOCF
(see Supplementary Table 1, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/doi/
10.1002/art.40580/abstract).

Mean improvements in the ACR score compo-
nents from baseline to week 12 were numerically highest
among patients who were treated with ABT-122 at 120 mg
every week compared with those who received the other
treatments (see Supplementary Table 2, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40580/abstract). Following ini-
tiation of ABT-122, there was a time-dependent increase
in the proportion of patients achieving ACR20, ACR50,

and ACR70 responses during the course of the 12-week
study (Figure 2).

At week 12, measures of disease activity based on
DAS28-hsCRP cutoff scores of <3.2 and <2.6 showed a
dependence on the ABT-122 dose. The proportions of
patients falling within these disease activity score ranges
were numerically higher among those receiving ABT-122
at 120 mg every week (55% for DAS28-hsCRP <3.2
and 42% for DAS28-hsCRP <2.6) compared with those
receiving adalimumab (45% for DAS28-hsCRP <3.2 and
30% for DAS28-hsCRP <2.6), in analyses using NRI
(Table 3).

At week 12, measures of disease activity based on
CDAI cutoff scores of ≤10 and ≤2.8 also showed a

Figure 3. Differences in efficacy end points at 12 weeks between the ABT-122 dosing groups compared with the adalimumab group. The end points
include the American College of Rheumatology response criteria for an improvement of at least 20% (ACR20), 50% (ACR50), and 70% (ACR20), 2
score cutoffs for the Disease Activity Score in 28 joints based on high-sensitivity C-reactive protein level (DAS28-hsCRP), 2 score cutoffs for the Clinical
Disease Activity Index (CDAI), and change from baseline (CFB) of ≤�1.2 in the DAS28-hsCRP score or ≤�0.5 on the disability index (DI) of the
Health Assessment Questionnaire (HAQ). Bars show the difference in response with 95% confidence interval (95% CI). EOW = every other week;
EW = every week.
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dependence on the ABT-122 dose. The proportions of
patients falling in these score ranges were numerically
higher among those receiving ABT-122 120 mg every
week (55% for CDAI ≤10 and 11% for CDAI ≤2.8) com-
pared with those receiving adalimumab (39% for CDAI
≤10 and 7% for CDAI ≤2.8), in analyses using NRI
(Table 3). These patterns of disease activity levels based
on the DAS28-hsCRP and CDAI scores were similar
when determined with LOCF methods (see Supplemen-
tary Table 1, http://onlinelibrary.wiley.com/doi/10.1002/art.
40580/abstract).

When the data were analyzed as forest plots, we
found that the response rates at 12 weeks favored ABT-
122 over adalimumab in most of the comparisons of effi-
cacy end points, although the 95% confidence intervals
crossed zero for all parameters except for change from
baseline in the HAQ DI scores when comparing the ada-
limumab group with the ABT-122 120 mg every week
group (Figure 3). However, differences considered to be
clinically important between the treatment groups were
few, and no statistically significant and clinically meaning-
ful differences between the ABT-122 groups and the adali-
mumab group were observed.

Pharmacokinetics and immunogenicity. ABT-122
serum concentrations increased in a dose-dependent man-
ner and reached steady state at ~6 weeks after initiation
of dosing. The mean steady-state serum concentrations
(Ctrough) of ABT-122 at week 12 were 1.4 lg/ml, 4.4 lg/ml,
and 12.1 lg/ml in the 60 mg every other week, 120 mg
every other week, and 120 mg every week treatment groups,
respectively. The mean serum concentration at steady state
for adalimumab at week 12 was 5.4 lg/ml. The average
molar serum concentrations of ABT-122 in the dosing inter-
val at steady state at 60 mg every other week (15 nM), 120
mg every other week (34 nM), and 120 mg every week (60
nM) were approximately one-half, comparable, and 2-fold
higher, respectively, compared with the average serum
exposure at steady state for adalimumab 40 mg every other
week (30 nM).

The proportions of patients with treatment-
emergent antidrug antibodies to ABT-122 at week 12
were 56%, 20%, and 13% in the ABT-122 60 mg every
other week, 120 mg every other week, and 120 mg every
week groups, respectively. During treatment with ABT-
122, some patients showed a decrease in ABT-122 serum
concentrations to below the lower limit of detection (13.6
ng/ml), which was likely the result of the development
of antidrug antibodies. The proportions of patients with
ABT-122 serum concentrations below the lower limit of
detection at week 12 were 36%, 13%, and 5% for ABT-
122 60 mg every other week, 120 mg every other week,
and 120 mg every week, respectively. Details on the

ABT-122 pharmacokinetic and immunogenicity results
are reported elsewhere (29). Overall, the frequency of
TEAEs and clinical laboratory profiles in patients receiv-
ing ABT-122 treatment were comparable between those
who had detectable antidrug antibodies to ABT-122 and
those without antidrug antibodies to ABT-122, indicating
that the safety profile of ABT-122 was not associated with
the development of antidrug antibodies to ABT-122 dur-
ing the study.

DISCUSSION

In this study utilizing dual inhibition of TNF and
IL-17A with a single immunoglobulin, there was no
observable increase in safety findings with ABT-122 com-
pared with adalimumab. The safety profile of ABT-122
was similar across all dosing regimens, with the possible
exception of more frequent overall infections with ABT-
122 at 120 mg every week. Moreover, the safety profile of
ABT-122 was comparable to that of adalimumab and did
not appear to be affected by the formation of antidrug
antibodies. There were no serious infections or systemic
hypersensitivity reactions with ABT-122. This safety pro-
file is of particular importance because in some studies
(16–18), but not all (30), an increased rate of serious AEs,
most notably serious infections, was observed in patients
with RA who received combination therapy with 2
bDMARDs compared with patients with RA who received
single bDMARD therapy. Although these studies targeted
different mechanisms than those targeted by ABT-122, and
the results may not be directly comparable, it is reassuring,
in this short-term study, to note that the safety profile of
ABT-122, a novel bispecific DVD-Ig construct, was compa-
rable to that of adalimumab. The similarity of the safety
profiles of adalimumab and ABT-122 in the current study
and its 24-week open-label extension (31) provides evi-
dence that dual inhibition of TNF and IL-17A with the use
of a single agent that targets both of these inflammatory
cytokines did not increase the incidence of AEs, a compli-
cation that is known to occur as a result of treatment with
adalimumab.

ABT-122 was also efficacious over 12 weeks in
patients with RA who have demonstrated an inadequate
response to methotrexate. A time- and dose-dependent
increase in the percentage of patients achieving the pri-
mary end point of an ACR20 response was observed over
the 12-week treatment period. Compared with patients
receiving adalimumab at 40 mg every other week, the
ACR20 response rate was numerically higher following
treatment with ABT-122 at 120 mg every week, and was
comparable to that following treatment with ABT-122 at
120 mg every other week.
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Although the efficacy of ABT-122 could not be
consistently differentiated from adalimumab in the pre-
sent study, ABT-122 is known to be a suitable bispecific
blocking antibody for clinical research, having demon-
strated high affinity, high selectivity, and independent
engagement of each targeted cytokine, with correspond-
ing biologic activity (20,21). Further, with the evaluated
doses, ABT-122 serum exposures approximated those of
other biologic drugs, such as adalimumab and ixek-
izumab. The average molar serum concentration of ABT-
122 at a dosage of 120 mg every other week (34 nM) was
comparable to that of adalimumab at a dosage of 40 mg
every other week (30 nM), while the average molar
serum concentration with the ABT-122 dosage of 120 mg
every week (60 nM) was ~2-fold higher than that for adal-
imumab. Furthermore, the steady-state Ctrough molar
concentrations for the ABT-122 120 mg every week
dosage were comparable to that of the anti–IL-17 mAb
ixekizumab at 80 mg every other week (32), which has a
similar anti–IL-17A affinity.

The proportion of anti-TNF and anti–IL-17A func-
tionalities in the ABT-122 molecule is inherently constant
because of the fixed 2:2 ratio of TNF to IL-17A binding
sites in the ABT-122 molecule. These serum exposure com-
parisons suggest that exposure to the anti–IL-17A and anti-
TNF components of ABT-122 would be approximately in
the same range as exposure to the anti-TNF component of
adalimumab or the anti–IL-17A component of ixekizumab.
Overall, the lack of evidence to indicate a consistently
differentiable efficacy profile of ABT-122 in comparison
with adalimumab suggests that the anti–IL-17A component
of ABT-122 did not significantly add to the efficacy at the
evaluated dosages or exposure range. Results of mechanis-
tic analyses in the present study are consistent with the
notion of an anti-TNF effect of ABT-122 as the main driver
of its efficacy (33). In addition, the results of recent studies
published after the development of ABT-122 suggest that
IL-17A may not be a major contributor to the pathophysi-
ology of RA (34–36). This is consistent with the findings in
studies showing no or only modest improvement in the
efficacy of anti-TNF therapy when coadministered with
other biologic agents that target IL-1 (16), CD20-
positive B cells (30), or T cell activation (17) in patients
with RA.

A strength of the present study was having a
simultaneous cohort of patients treated with adalimu-
mab, which allowed a direct comparison to the safety and
efficacy of ABT-122. However, a number of limitations
should be noted. The lack of a placebo control group
(i.e., patients who were receiving methotrexate only) did
not allow for direct assessment of the magnitude of the
response to ABT-122. It is conceivable that a higher dose

of ABT-122 might have improved its efficacy; however, in
a separate study conducted in patients with psoriatic
arthritis, even ABT-122 at a dosage of 240 mg every week
was not associated with significant differentiation from
adalimumab at 40 mg every other week (37). The propor-
tions of anti-TNF activity versus anti–IL-17A activity of
ABT-122 are fixed, which is unavoidable with a dual
inhibitor, thereby precluding the evaluation of different
ratios of anti-TNF and anti–IL-17A activity on efficacy
outcomes.

The duration of the study was 12 weeks, which did
not allow for longer-term assessment of the safety of ABT-
122 or the potential for identification of longer-term effi-
cacy. However, results of a 24-week open-label extension
of this study found that the frequency of AEs was
unchanged and the clinical effect was stable when all
patients continued treatment with ABT-122 at a dosage of
120 mg every other week (31).

Futhermore, the current study was limited to
biologic-naive patients; therefore, it could not be deter-
mined whether ABT-122 might be of benefit in patients
with a partial response to anti-TNF therapy.

Finally, the size of the study precluded a robust sub-
group analysis. This would have been helpful to investigate
whether ABT-122 might be more effective in certain sub-
groups of patients.

In conclusion, dual inhibition of TNF and IL-
17A with a DVD-Ig at the dosages tested in this study
provided efficacy with an acceptable safety profile in
patients with RA who had an inadequate response to
methotrexate. However, the clinical efficacy of ABT-
122 (120 mg SC every other week or every week) was
comparable to, and not significantly distinguishable
from, that of adalimumab (40 mg SC every other
week). Therefore, based on the results of this study, it
does not appear that a strategy of dual inhibition of
TNF and IL-17A with ABT-122 in patients with RA is
significantly different from that of TNF inhibition alone
with adalimumab. Because of these findings, further
development of ABT-122 for the treatment of RA is
not being pursued. It remains to be seen whether a
therapeutic approach involving dual inhibition targeting
TNF and IL-17A might be more efficacious with the
use of other molecules, or whether the efficacy of this
approach might differ in other populations of RA
patients.
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Triple Positivity for Anti–Citrullinated Protein Autoantibodies,
Rheumatoid Factor, and Anti–Carbamylated Protein Antibodies

Conferring High Specificity for Rheumatoid Arthritis

Implications for Very Early Identification of At-Risk Individuals
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Objective. In rheumatoid arthritis (RA), anti–
citrullinated protein antibodies (ACPAs) and rheumatoid
factor (RF) are commonly used to aid in the diagnosis.
Although these autoantibodies are mainly found in RA,
their specificity is not optimal. It is therefore difficult to
identify RA patients, especially in very early disease, based
on the presence of ACPAs and RF alone. In addition,

anti–carbamylated protein (anti-CarP) antibodies have
diagnostic and prognostic value, since their presence is
associated with joint damage in RA patients and also
associated with the future development of RA in patients
with arthralgia. Therefore, the aim of the present study
was to investigate the value of combined antibody testing
in relation to prediction and diagnosis of (early) RA.

Methods. A literature search resulted in identifica-
tion of 12 relevant studies, consisting of RA patients, pre-
RA individuals, disease controls, healthy first-degree rela-
tives of RA patients, and healthy control subjects, in which
data on RF, ACPAs, and anti-CarP antibody status were
available. Using these data, random effects meta-analyses
were carried out for several antibody combinations.

Results. The individual antibodies were highly
prevalent in patients with RA (34–80%) compared to the
control groups, but were also present in non-RA controls
(0–23%). For the classification of most subjects correctly
as having RA or as a non-RA control, the combination of
ACPAs and/or RF often performed well (specificity 65–
100%, sensitivity 59–88%). However, triple positivity for
ACPAs, RF, and anti-CarP antibodies resulted in a higher
specificity for RA (98–100%), accompanied by a lower
sensitivity (11–39%).

Conclusion. As the rheumatology field is moving
toward very early identification of RA and possible screen-
ing for individuals at maximum risk of RA in populations
with a low pretest probability, an autoantibody profile of
triple positivity for ACPAs, RF, and anti-CarP provides
interesting information that might help identify individu-
als at risk of developing RA.
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Rheumatoid arthritis (RA) is a common autoim-
mune disease that is characterized by immune cell infil-
tration in the joint, joint pain, and possibly cartilage and
bone degradation. In RA, several antibody systems have
been identified on the basis of their target antigens. Two
of these autoantibodies, rheumatoid factor (RF) and
anti–citrullinated protein antibodies (ACPAs), have also
been incorporated into the classification criteria for RA
(1). RFs are antibodies that recognize the Fc tail of other
(IgG class) antibodies, while ACPAs recognize proteins
that contain citrullines, which arise by a posttranslational
modification. While ACPAs and RF are highly prevalent
in RA, they can also be detected in a small percentage of
healthy control subjects (2–4). In a meta-analysis in
which RA patients were compared to healthy controls
for the presence of ACPAs (measured using the anti–
cyclic citrullinated peptide [anti-CCP] test in this meta-
analysis), a pooled sensitivity of 67% was observed, while
for IgM-RF, the pooled sensitivity was 69%. Moreover,
in this pooled population, the specificity for RA was
95% for ACPA measurements and 85% for IgM-RF (5).
Although more than one-half of the RA patients were
positive for ACPAs and/or RF, a substantial proportion
of the patients could not be identified in this manner. To
date, it is unclear whether it will be possible to fill this
serologic gap (6) with other (antibody) biomarkers.

Importantly, ACPAs and RF can both be detected
more than 10 years before disease onset (7), which would
possibly allow for early identification of individuals at
risk of developing RA. However, fewer than 50% of
ACPA-positive patients with nonspecific musculoskeletal
symptoms develop RA after 1 year (8). Furthermore,
fewer than 50% of ACPA/RF double-positive patients
with arthralgia develop RA after up to 2 years of follow-
up (9). The presence of ACPAs and/or RF is therefore
not sufficient for the prediction of RA development.

In RA patients, there seems to be a “window of
opportunity” in the early phase of disease. Treatment during
this phase may increase the number of RA patients who
reach drug-free remission, effectively reducing the number
of individuals with chronic disease (10). However, since
treatment of asymptomatic individuals may not be free from
side effects, it is important to identify as accurately as possi-
ble those individuals who may be considered at risk of
developing RA, and thus minimize the potential for misclas-
sification and unnecessary side effects of treatments.

Besides ACPAs and RF, several other autoanti-
bodies, such as anti–carbamylated protein (anti-CarP) anti-
bodies, anti–peptidylarginine deiminase antibodies, and
anti-malondialdehyde antibodies, have been identified in
RA patients (11,12). Of these autoantibodies, antibodies
that target carbamylated proteins (anti-CarP) have been

studied extensively (13). Carbamylation is a posttransla-
tional modification that can arise via a chemical reaction
with cyanate, converting a lysine into a homocitrulline.
Anti-CarP antibodies can also be present before disease
onset (14–17) and have been measured and analyzed in a
substantial number of patients with RA (13–36) and in
those with other conditions (28,29,33–35,37–41). Impor-
tantly, anti-CarP autoantibodies also occur in RA patients
who are seronegative for both ACPAs and RF, and may
therefore represent an interesting additional biomarker to
aid in the diagnosis of RA (13,25).

In the present study, we sought to test 2 hypotheses
in relation to the usefulness of ACPAs, RF, and anti-CarP
antibody measurements. First, we aimed to determine
whether the combination of these 3 autoantibodies could
assist in improving the diagnosis of RA. Second, we investi-
gated whether recognition of this autoantibody combination
would provide additive value for the prediction of RA
development. To investigate this, we combined newly
obtained data from several unique cohorts in a literature
search to investigate the diagnostic and predictive value of
an autoantibody profile that combines positivity for anti-
CarP antibodies with positivity for ACPAs and RF. In this
meta-analysis of 12 different studies involving >5,000 unique
individuals, we found that the presence of ACPAs and/or
RF, as often used in the clinical setting, seems to perform
well for the identification of patients diagnosed as having
RA. However, the highest specificity for RA was achieved
when the 3 autoantibodies were present at the same time.

METHODS

Study selection and inclusion. PubMed was searched
for the term “anti-CarP antibodies.” Furthermore, a com-
bined search for “carbamylation” and “antibody” was carried
out to identify possible missing studies. On January 2, 2017,
the first search yielded 61 results, while the second search
resulted in 52 relevant PubMed citations.

Studies were selected based on the following criteria.
First, antibody data on ACPAs, RF, and anti-CarP antibodies
had to be available for at least 2 groups, such as RA patients and
non-RA controls or RA patients and healthy first-degree rela-
tives (HFDRs). Studies in which these antibodies were described
in non-RA patients without a comparison to RA patients were
excluded. Second, since the assay to measure anti-CarP antibod-
ies is not yet commercially available, similar antigens, in this case
carbamylated fetal calf serum (Ca-FCS), had to be used for the
measurement of anti-CarP antibodies. Third, the control sub-
jects who were included had to be geographically matched con-
trols. The following subgroups were included: RA patients,
HFDRs, pre-RA subjects, and healthy control subjects.

After the selection, data were extracted with a standard
form, describing the number of subjects positive for each of the
possible antibody combinations. If data could not be acquired
from the published reports, authors were approached for fur-
ther information.
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Data analysis. Informative antibody combinations (anti-
CarP alone, ACPAs alone, RF alone, RF and/or ACPAs, RF and
ACPAs, RF and/or ACPAs and anti-CarP, at least 1 antibody, at
least 2 antibodies, all 3 antibodies) were selected and used for
further analysis. Within each group, the percentage of individu-
als positive for each antibody combination was calculated. In
addition, specificity, sensitivity, odds ratios (ORs), positive likeli-
hood ratios (LR+), and negative likelihood ratios (LR�) were
determined.

Calculations were carried out in Microsoft Excel version
2010, SPSS statistical package version 23 (IBM), or R version
3.2.3 (42). The control group did not contain antibody-positive
individuals for some antibody combinations, which interferes
with the calculation of ORs and LR+. To estimate these values,
a pseudo-frequency modification was used (43). This modifica-
tion entails adding a small number to each cell in the contin-
gency table. This number was different for each study and based
on the percentage of positive individuals for a certain antibody
combination in all of the relevant control samples combined.
The replacement values added varied between 0.04 and 1.

Meta-analyses were carried out in Stata version 14
using an inverse variance random effects model, resulting in
combined ORs as output. The meta-analysis was carried out
for the selected antibody combinations separately for each of
the categories (RA versus healthy controls, RA versus HFDRs,
RA versus disease controls, pre-RA versus no RA develop-
ment). For the comparison of RA patients to disease controls,
2 studies (35,41) were combined before the meta-analysis, since
the RA population in both studies was the same.

RESULTS

Study inclusion and exclusion. A total of 12 pub-
lications were included in the meta-analysis. Table 1
shows an overview of the included studies and the num-
ber of patients included in each of the different groups.
The studies that were excluded were those that investi-
gated fewer than 2 groups, making it impossible to com-
pare groups, or were those in which none of the groups

included were RA patients (32,37–40). Studies were also
excluded because data from the control group were not
available for at least 1 of the 3 antibodies (18,19,25,36)
or because individuals who were negative for ACPAs or
RF were excluded from the study (17). Furthermore,
some studies used a different antigen than Ca-FCS to
measure anti-CarP antibodies (33,44,45), and 1 study did
not use geographically matched controls (24). Finally,
the IMPROVED study (Remission Induction Therapy
with Methotrexate and Prednisone in Patients with Early
Rheumatoid Arthritis and Undifferentiated Arthritis)
was excluded since part of the patient population over-
lapped with that of the Leiden Early Arthritis Clinic
study cohort, whose data were also included (13,20).

All 12 of the studies included were retrospective
studies that used a case–control setting. However, 3 of the
studies were nested case–control studies, all investigating
serum samples obtained from RA patients before the
development of RA (14–16). Although prospective stud-
ies would have been ideal to include in our study, the only
prospective study available had to be excluded due to its
selection of patient and control groups based on antibody
status (17).

In all of the studies that were included, the
American College of Rheumatology 1987 revised classi-
fication criteria for RA (46) were used for the diagno-
sis of RA. Furthermore, ACPAs were measured using
the anti–CCP-2 test in all studies, except for 1 study in
which positivity for either anti–CCP-2 or anti–CCP-3
antibodies was used (26). For RF measurement, RF-
IgM was measured in each of the included cohorts.

Prevalence of ACPAs, RF, and anti-CarP antibodies.
To acquire more insight into the data that were acquired,
initially, simple overviews of the data were made. The

Table 1. Sample sizes and locations of each of the studies included in the meta-analysis, by cohort category*

Study (ref.) Location

Cohort

Pre–RA
development

Healthy
first-degree relatives

Disease
controls RA

Healthy
controls

Shi 2011 (13), Shi 2015 (41) The Netherlands – – 780 934 208
Janssen 2015 (34) The Netherlands – – 235 86 36
Verheul 2015 (53) Japan – – – 268 127
Challener 2016 (23) Canada and US – – – 517 63
Koppejan 2016 (26) Canada – 105 – 92 77
Allesandri 2015 (21) Italy – 141 – 63 –
Verheul 2016 (35) The Netherlands – – 759 934 –
Pecani 2016 (29) Italy – – 298 309 –
Shi 2014 (16) The Netherlands 79 – – – 141
Gan 2015 (14) US 76 – – – 41
Brink 2015 (15) Sweden 224 – – – 150

* Values are the number of subjects. The studies by Shi et al in 2011 and 2015 (13,41) made use of the same rheumatoid
arthritis (RA) patient cohort for comparison to either disease controls or healthy controls. The same RA patient population
was also used as a comparison for the study by Verheul et al in 2016 (35).
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different studies could be divided into 4 subgroups, namely
RA patients before disease development (pre-RA) com-
pared to healthy controls, RA patients compared to healthy
controls, RA patients compared to HFDRs, and RA
patients compared to disease controls. Frequencies of

antibody positivity for ACPAs, anti-CarP, and RFs within
each subgroup in the different studies were compared (Fig-
ures 1A–C). Within, for example, the RA patient group,
ACPA positivity was 50–78%, anti-CarP positivity was 34–
53%, and RF positivity was 53–80%. This indicates that

Figure 1. Frequencies of positivity for anti–citrullinated protein antibodies (ACPAs) (A), anti–carbamylated protein (anti-CarP) antibodies (B),
and rheumatoid factor (RF) (C) in studies fulfilling the inclusion criteria. Comparisons of cohort categories were as follows: rheumatoid arthritis
(RA) patients versus healthy controls, individuals who developed RA after a certain time span (pre-RA) versus individuals who did not develop
disease (healthy controls), RA patients versus healthy first-degree relatives (HFDRs), and RA patients versus disease controls. Some studies are
mentioned twice, as they fit more than one category. The number of patients in each study is shown in Table 1. Color figure can be viewed in the
online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40562/abstract.
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within each subgroup, there is some variation with regard to
antibody positivity. However, the most obvious differences
were between each of the 4 subgroups, indicating that these
subgroups should not be pooled in a meta-analysis.

General presence of autoantibody combinations.
Since we hypothesized that the combination of the 3
autoantibodies would provide additional insight into the
diagnosis or prediction of RA, we set out to investigate
different autoantibody combinations that may co-occur
within 1 individual. Distributions of subjects within the
subgroups based on the number of autoantibodies (0, 1,
2, or 3) present in the samples from the different studies
are shown in Figures 2A–D.

Among the RA patients in the different studies,
we observed positivity for at least 1 antibody in a large

proportion of the patients, but also the combination of 2
antibodies, and especially 3 antibodies, was common
among the RA patients (mean number of autoantibodies
between 1.4 and 2.1). For the other groups, it was most
common to observe positivity for none of the antibodies.
However, positivity for 1 of the 3 antibodies or a combi-
nation of multiple antibodies was not completely absent.
The lowest number of antibodies was observed in healthy
controls (mean number of autoantibodies present
between 0.0 and 0.2), whereas the average number of
autoantibodies present was slightly larger in HFDRs
(mean 0.4) and disease controls (mean between 0.2 and
0.4).

These data indicated that a large proportion of
the RA patients in these studies had at least 1 of the 3

Figure 2. Distributions of the number of antibodies present in rheumatoid arthritis (RA) patients as compared to non-RA controls in the differ-
ent studies. The pie charts show the comparisons for RA patients versus healthy controls (A), RA patients versus healthy first-degree relatives
(HFDRs) (B), before RA development (pre-RA) versus no RA development (C), and RA patients versus disease controls (D). The number of
patients in each study is shown in Table 1.
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antibodies present, and more than 40% of the RA
patients were positive for 2 or 3 of these antibodies. This
pattern was completely different in healthy controls, for
whom the presence of 1 or 2 antibodies could be observed
in only a limited number of individuals, while the pres-
ence of all 3 of the autoantibodies at the same time was
not detected in nearly all of the healthy controls. The
other groups, pre-RA, HFDRs, and disease controls, had
a slightly higher mean number of autoantibodies present
than that observed in the healthy controls, but had fewer
than were observed in the RA patients. The combination
of the 3 autoantibodies present at the same time was also
rare in these control groups. The fact that triple positivity

for the 3 autoantibodies was rare in these control groups
indicates that this antibody combination may be the most
interesting profile for further investigation, although some
of the other antibody combinations may show surprising
results as well. A complete overview of the different
autoantibody combinations observed in each subgroup in
these studies is shown as Venn diagrams in Figure 3.

Sensitivity, specificity, ORs, and likelihood ratios
for the diagnosis and prediction of RA. To further
investigate these observations, several antibody combi-
nations were studied, with a focus on the following 4
combinations: ACPAs and/or RF, ACPAs and/or RF and
anti-CarP antibodies, 2 of the 3 antibodies, and all 3

Figure 3. Detailed overview of autoantibody status and antibody combinations in the studies included. The Venn diagrams show the combinations
of positivity for anti–citrullinated protein antibodies (ACPAs), anti–carbamylated protein (anti-CarP) antibodies, and rheumatoid factor (RF) in
rheumatoid arthritis (RA) patients versus healthy controls, RA patients versus disease controls, pre-RA versus RA patients, and RA patients ver-
sus healthy first-degree relatives (HFDRs). The size of a circle represents the percentage of individuals with that specific antibody combination
when compared to other antibody-positive subjects in the study. Sizes of the circles cannot be compared between groups and are an approximation
of the true percentages. The basis for the Venn diagrams was made using eulerAPE software.
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antibodies. The combination of ACPAs and/or RF was
chosen because this has been incorporated into the cur-
rent guidelines for RA classification (1). The second
combination adds anti-CarP antibodies to the current
standard. We hypothesized that the presence of all 3
autoantibodies at the same time would be the most
specific for the diagnosis or prediction of RA. We there-
fore also included this triple combination and, as a sec-
ond option, investigated whether the presence of 2
different autoantibodies, of the 3 investigated, would
also result in increased specificity for RA.

In general, an increase in the number of anti-
bodies resulted in a higher specificity and OR for the
odds of developing RA, whereas there was a decrease
in the sensitivity as the number of antibodies increased.
For example, for RA patients compared to healthy con-
trols, the specificity for RA in the presence of 1 anti-
body varied between 85.7% and 97.2%, whereas this
was between 98.7% and 100% for the combination of
the 3 antibodies. However, the sensitivity for the detec-
tion of RA in this same group was between 60.5% and
90.2% with 1 antibody present, and was between 30.8%
and 39.1% for the combination of all 3 autoantibodies
present. Interestingly, in many of the studies, a speci-
ficity of 100% could be achieved with certain antibody
combinations. This occurred most frequently for the
combination of all 3 autoantibodies. This indicates that,

in the case–control settings in these studies, the subjects
without RA could be identified perfectly by the absence
of the combination of the 3 autoantibodies.

An overview of the specificity, sensitivity, and
ORs for several antibody combinations is shown in
Table 2. An overview of these values for other selected
antibody combinations is shown in Supplementary
Table 1 (available on the Arthritis & Rheumatology web
site at http://onlinelibrary.wiley.com/doi/10.1002/art.40562/
abstract). An overview of the LR+ and LR� values for the
same antibody combinations can be seen in Supplementary
Table 2 (available on the Arthritis & Rheumatology web
site at http://onlinelibrary.wiley.com/doi/10.1002/art.40562/
abstract). A complete overview of the number of antibody-
positive individuals in each group, and the ORs for the
odds of developing RA in the presence of these antibodies,
can be seen in Supplementary Table 3 (available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40562/abstract).

Results of the meta-analysis. A random effects
meta-analysis was carried out on the ORs calculated for
each of the discussed antibody combinations. These calcula-
tions were carried out separately for each of the different
categories, since the differences between these categories
are too large to combine the data. An overview of the
meta-analysis can be found in the Supplementary Figures
(available on the Arthritis & Rheumatology web site at

Table 2. Specificity, sensitivity, and AUC for the diagnosis of RA based on each of 4 different antibody combinations*

Subgroup, study (ref.)

ACPAs and/or RF
ACPAs and/or RF
and anti-CarP

Any 2 of the 3
antibodies All 3 antibodies

Spec Sens AUC Spec Sens AUC Spec Sens AUC Spec Sens AUC

RA vs. healthy controls
Shi 2011 (13) 94.2 67.5 0.808 100 48.6 0.743 99.5 52.7 0.761 100 35 0.675
Janssen 2015 (34) 97.2 87.2 0.922 100 44.2 0.721 100 68.6 0.843 100 34.9 0.674
Verheul 2015 (53) 97.6 80.2 0.889 99.2 44 0.716 99.2 69 0.841 100 37.3 0.687
Challener 2016 (23) 100 59 0.795 100 32.5 0.662 100 53.4 0.767 100 30.8 0.654
Koppejan 2016 (26) 90.9 88 0.895 98.7 44.6 0.716 97.4 76.1 0.867 98.7 39.1 0.689

RA vs. HFDRs
Koppejan 2016 (26) 80 88 0.84 92.4 44.6 0.685 90.5 76.1 0.833 99 39.1 0.691
Alessandri 2016 (21) 74.5 65.1 0.698 95 30.2 0.626 93.6 49.2 0.714 99.3 19 0.592

RA vs. disease controls
Janssen 2015 (34) 87.2 87.2 0.872 98.7 44.2 0.715 97.9 68.6 0.832 99.6 34.9 0.672
Shi 2015 (41) 90.5 67.5 0.79 97.6 48.6 0.731 96.7 52.7 0.747 99.1 35 0.671
Verheul 2016 (35) 78.8 67.5 0.731 97.4 48.6 0.73 97.2 52.7 0.75 99.6 35 0.673
Pecani 2016 (29) 73.2 71.5 0.723 92.6 29.4 0.61 88.9 58.3 0.736 98 26.5 0.623

Before RA vs. no RA
Shi 2014 (16) 100 44.3 0.722 100 32.9 0.665 100 34.2 0.671 100 20.3 0.601
Gan 2015 (14) 85.4 60.5 0.729 97.6 23.7 0.606 95.1 42.1 0.686 100 17.1 0.586
Brink 2015 (15) 93.3 50 0.717 100 12.9 0.565 100 30.4 0.652 100 10.7 0.554

* The sensitivity (Sens), specificity (Spec), and area under the receiver operating characteristics curve (AUC) for 5 more antibody combinations
(namely, anti–citrullinated protein antibodies [ACPAs] only, anti–carbamylated protein [anti-CarP] antibodies only, rheumatoid factor [RF] only,
at least 1 antibody, and RF and ACPAs) can be seen in Supplementary Table 1 (available on the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40562/abstract). RA = rheumatoid arthritis; HFDRs = healthy first-degree relatives.
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http://onlinelibrary.wiley.com/doi/10.1002/art.40562/abstrac
t), and a summary is provided in Figures 4A–D. With
regard to the diagnosis of RA, the 2 most interesting sub-
groups would be RA patients as compared to disease con-
trols or RA patients as compared to HFDRs.

When RA patients were compared to healthy
controls, disease controls, or healthy relatives, the anti-
body combination of ACPAs and/or RF seemed to per-
form very well, and might be rather similar to the
performance of all 3 autoantibodies combined. This
indicates that the autoantibodies that are currently in

use for the diagnosis of RA may be sufficient, and not
much improvement may be gained with the addition of
anti-CarP antibodies.

With regard to the prediction of RA, it is most
important to assess the group of subjects in whom anti-
bodies were measured before the development of RA and
to compare them to individuals without RA. In this com-
parison, a clear increase in the OR for conferring RA risk,
with an OR of >100, could be observed in the presence
of all 3 autoantibodies combined when compared to
all other combinations of antibodies (Figure 4D). This

Figure 4. Overview of pooled odds ratios for the odds of developing rheumatoid arthritis (RA), using data derived from random effects meta-
analyses carried out for each of the antibody combinations. Pooled odds ratios are shown separated for the different categories of patients and
controls: RA patients versus healthy controls (A), RA patients versus healthy first-degree relatives (HFDRs) (B), RA patients versus disease con-
trols (C), and pre-RA versus no RA (D). For the comparison between RA patients and disease controls, 2 studies were combined before analysis,
since the same RA patient cohort was used (35,41). An overview of the meta-analyses, with the individual forest plots, can be seen in the Supple-
mentary Figures, and the individual numbers of antibody-positive patients and odds ratios for each cohort are shown in Supplementary Table 3
(available on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.1002/art.40562/abstract). ACPAs = anti–citrullinated pro-
tein antibodies; anti-CarP = anti–carbamylated protein (antibodies); RF = rheumatoid factor.
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indicates that, especially in a setting of very early RA, the
presence of these 3 antibodies, ACPAs, RF, and anti-CarP,
results in the highest odds of developing RA. Therefore,
this combination may be helpful in predicting the devel-
opment of RA.

DISCUSSION

Herein we aimed to investigate the additional
value of anti-CarP antibodies together with ACPAs and
RF for 2 different applications, the diagnosis of RA and
prediction of RA development. We therefore carried out
a literature search and described the studies in which RF,
ACPAs, and anti-CarP antibodies were measured. Based
on the findings from our meta-analysis, we conclude that
measuring all 3 of these antibodies reduces the chance of
misclassifying non-RA controls, but may not improve the
diagnosis of RA. Analysis of this triple autoantibody com-
bination may thus be especially relevant in populations
with a low pretest probability of RA, although sensitivity
will be low with these measurements. These findings are
of particular relevance in view of the efforts aimed at pre-
emptive treatment of individuals considered to be at max-
imum risk of developing RA.

A previous meta-analysis investigated anti-CarP
antibodies in RA patients compared to healthy controls
(47), which resulted in a pooled OR of 17 for a conferred
risk of RA with anti-CarP antibodies alone. Our pooled
OR with anti-CarP antibodies alone in RA patients com-
pared to healthy controls was 30, which is slightly higher,
possibly because there were differences in the inclusion
criteria used in each study. The previous study, however,
did not compare any antibody combinations within the
same patient groups and only investigated RA patients
compared to healthy controls. In our study, we also com-
pared RA patients to disease controls and HFDRs, which
represent subgroups known to have a higher frequency of
autoantibody positivity as compared to healthy controls.
The comparison to disease controls is especially impor-
tant, since the studied antibodies can also be present in
non-RA populations (41,48). Furthermore, we also inves-
tigated the number of autoantibodies present in individu-
als before RA development (pre-RA) and compared
these subjects to healthy controls. One of the studies pub-
lished after we selected the articles for our meta-analysis
confirmed our observations, that the use of positivity for
ACPAs and RF might be a sufficient tool after the diagno-
sis of RA, although, in this case, the addition of anti-CarP
antibodies also increased the specificity, in exchange for a
reduced sensitivity (49).

One of the limitations of this study is that all of
the cohorts included were case–control or nested case–

control study cohorts, and not prospective cohorts. Unfor-
tunately, none of the prospective cohorts available ful-
filled the inclusion criteria. Another limitation of this
study might be that the assay for anti-CarP antibody mea-
surement is not yet commercially available, indicating that
there might be differences in these measurements. There-
fore, rather strict criteria were applied with regard to
study inclusion, thereby eliminating some interesting stud-
ies that could not be included. Furthermore, some of the
studies may have used different methods to determine the
cutoff value for positivity in their assay. Nevertheless, we
used the original data on antibody positivity, as described
in each individual article. Finally, we do not have any
information on the stability of the 3 biomarkers in these
patients, and whether any seroconversion may occur over
time in the patients analyzed.

Of the several antibody combinations, measuring
all 3 autoantibodies, ACPAs, RF, and anti-CarP antibod-
ies, or measuring ACPAs and RF often results in the
highest specificity and LR+, thereby reducing the sensi-
tivity. Therefore, depending on the context of the investi-
gation, one of the antibody combinations might be more
suitable than the other. When aiming to identify RA
patients as early as possible, the most relevant group to
study would be a group of individuals before the onset of
RA, who are currently present in the healthy population.
Interestingly, in this group, there was a clearly higher
OR for the odds of developing RA when the combina-
tion of all 3 autoantibodies was present, suggesting that
the combination of anti-CarP antibodies, ACPAs, and
RF might result in improvement in the early identifica-
tion of individuals at risk of developing RA.

Although these antibody-based biomarkers pro-
vide an interesting and robust method for the identifica-
tion of individuals at risk of developing RA, this will, in
the current setting, identify fewer than 50% of (future)
RA patients, as the other groups were negative for these
biomarkers (8,9). Whether the identification of addi-
tional biomarkers will close this “serologic gap” remains
to be seen (6). Other biomarkers or early clinical symp-
toms may serve as additional input into the risk stratifica-
tion model. Furthermore, it has been suggested that the
early identification of RA patients, or the identification
of patients with arthralgia who are at high risk of devel-
oping RA, is important for effective treatment of RA
(50–52). The combination of these 3 autoantibodies may
help to identify these high-risk patients. A benefit of the
3-autoantibody approach highlighted herein is the low
cost of the assays and equipment, the nature of the sam-
ple to be used (serum), and the stability of the antibodies
in the serum. Moreover, the ease of testing and interpre-
tation of these tests allows for feasible implementation
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of large-scale testing to identify patients at risk of RA
development, in contrast to other proposed methods
such as imaging-based tests.

In order to further investigate whether this 3-
autoantibody approach would be a suitable option, and
whether the addition of anti-CarP antibodies would
result in increased detection of individuals at risk of the
development of RA, carrying out prospective studies in
large healthy populations would be appropriate. In
conclusion, the combination of anti-CarP antibodies,
ACPAs, and RF has a very high specificity for the identi-
fication of patients with early RA in comparison to dif-
ferent types of controls.
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T Cell–Dependent Affinity Maturation and Innate Immune
Pathways Differentially Drive Autoreactive B Cell Responses in

Rheumatoid Arthritis

Daniel R. Lu,1 Andrew N. McDavid,2 Sarah Kongpachith,1 Nithya Lingampalli,1

Jacob Glanville,3 Chia-Hsin Ju,1 Raphael Gottardo,4 and William H. Robinson 1

Objective. Rheumatoid arthritis (RA) is character-
ized by the activation of B cells that produce anti–
citrullinated protein antibodies (ACPAs) and rheumatoid
factors (RFs), but the mechanisms by which tolerance is
broken in these B cells remain incompletely understood.
We undertook this study to investigate whether ACPA+
and RF+ B cells break tolerance through distinct molecu-
lar mechanisms.

Methods. We developed antigen–tetramers to iso-
late ACPA+ and RF+ B cells and performed single-cell
RNA sequencing on 2,349 B cells from 6 RA patients and
1 healthy donor to analyze their immunoglobulin reper-
toires and transcriptional programs. Prominent
immunoglobulins were expressed as monoclonal antibod-
ies and tested for autoantigen reactivity.

Results. ACPA+ and RF+ B cells were enriched in
the peripheral blood of RA patients relative to healthy
controls. Characterization of patient-derived monoclonal
antibodies confirmed ACPA and RF targeting of tetra-
mer-specific B cells at both antigen-inexperienced and
affinity-matured B cell stages. ACPA+ B cells used more
class-switched isotypes and exhibited more somatic

hypermutations relative to RF+ B cells, and these differ-
ences were accompanied by down-regulation of CD72 and
up-regulation of genes that promote class-switching and
T cell–dependent responses. In contrast, RF+ B cells
expressed transcriptional programs that stimulate rapid
memory reactivation through multiple innate immune
pathways. Coexpression analysis revealed that ACPA+
and RF+ B cell–enriched genes belong to distinct tran-
scriptional regulatory networks.

Conclusion. Our findings suggest that ACPA+ and
RF+ B cells are imprinted with distinct transcriptional
programs, which suggests that these autoantibodies asso-
ciated with increased inflammation in RA arise from 2
different molecular mechanisms.

Rheumatoid arthritis (RA) is characterized by
chronic synovitis and joint destruction. Autoantibodies
are a hallmark of RA and include anti–citrullinated
protein antibodies (ACPAs) and rheumatoid factors
(RFs) (1). Recent data suggest that ACPA and RF
autoantibodies uniquely contribute to systemic inflam-
mation and are associated with increased disease activ-
ity scores in RA (2). Furthermore, B cells, which
produce autoantibodies and cytokines and provide T
cell help, contribute to pathology as evidenced by the
efficacy of B cell–depleting therapies in RA (3).

B cell activation requires coordination of many
cell-extrinsic and -intrinsic factors (1), and our understand-
ing of how B cell tolerance is broken in RA remains lim-
ited. B cell activation is regulated by B cell receptor
(BCR) signaling and costimulatory signals, and dysregu-
lated signaling events can promote the survival and differ-
entiation of autoreactive B cells that would otherwise be
deleted or tolerized. RFs, which can be present in other
autoimmune diseases and chronic inflammation states,
can also develop following acute microbial infections (4,5).
RF generation has been recapitulated through challenges
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with lipopolysaccharide or double-stranded DNA in mice,
providing evidence that RF+ B cells become activated in
diverse states of inflammation (6,7). In contrast, ACPAs
are highly specific for RA and promote synovial inflamma-
tion and joint destruction in mouse models (8,9). Indeed,
ACPA+ B cells continuously undergo antigen-driven acti-
vation throughout disease, as evidenced by the continual
regeneration of ACPA+ plasmablasts in patients (10).
Based on these observations, we reasoned that the devel-
opment and persistence of RFs and ACPAs may involve
differential regulation of B cells at different stages of dif-
ferentiation and may arise through the loss of tolerance
mediated by distinct mechanisms.

In the present study, we developed antigen–
tetramer staining reagents to isolate RF+ and ACPA+ B
cells from seropositive RA patients and used single-cell
RNA sequencing (RNA-Seq) to simultaneously recover
the paired BCR variable region and the transcriptional
profiles of individual B cells. By using a subset of B cells
with assessed surface markers and sequenced immuno-
globulins, we developed a computational B cell classifier
(“BCellNet”) that used the single-cell RNA-Seq profile to
organize B cells by subtype and characterize the primary,
secondary, and antibody-producing stages of B cell differ-
entiation. We applied these new methods to RA and iden-
tified distinct activation programs that distinguish RF+ B
cell responses from ACPA+ B cell responses. Our findings
suggest that tolerance mediated by 2 different molecular
mechanisms must be broken to activate ACPA+ and RF+
B cells to produce autoantibodies and promote synovitis
in RA.

PATIENTS AND METHODS

Study design. All samples were collected after obtaining
informed consent and according to human subject protocols
approved by the Investigational Review Board at Stanford
University (see Supplementary Table 1, available on the Arthritis
& Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.40578/abstract). Peripheral blood was obtained from 6
individuals with RA who met the American College of Rheuma-
tology 1987 revised classification criteria (11), were seropositive
for RF and/or anti–cyclic citrullinated peptide (anti-CCP), and
did not receive B cell–depleting therapy. Five age-matched
healthy donors who were negative for HIVand tuberculosis were
recruited from the Stanford Blood Center.

Autoreactive B cell isolation.RF tetramers were prepared
as described in Supplementary Methods, http://onlinelibrary.
wiley.com/doi/10.1002/art.40578/abstract. Fourteen citrullinated
peptides (400 lM) of highly prevalent citrullinated protein
antigens (12) were selected for citrullinated protein tetramer
preparation as described in Supplementary Methods. Live
CD3�CD14�CD19+ B cells were sorted using a FACSAria II
flow cytometer (Becton Dickinson) at a single-cell purity of
>99%. B cells were considered ACPA+RF� or RF+ACPA� if

they stained double positive for the autoantigen of interest and
double negative for the other tetramerized antigen.

Library preparation and next-generation sequencing.
Template-switching reverse transcription of messenger RNA
was primed using the STRT-oligo (13), and complementary
DNAs (cDNAs) were barcoded using template-switched oligos
containing cell and molecular identifiers (see Supplementary
Table 2, http://onlinelibrary.wiley.com/doi/10.1002/art.40578/
abstract). Barcoded cDNA libraries were pooled and amplified
using PCR1-FWD and PCR1-REV primers and then soni-
cated. We purified 50 fragments of cDNA molecules using
MyOne C1 Streptavidin Dynabeads (Life Technologies) and
uncoupled them by restriction digestion. Libraries were con-
structed using TruSeq-V2 kits (Illumina) and sequenced using a
HiSeq 2000 Sequencing System (2 9 100 bp read length; Illu-
mina). Details are available in Supplementary Methods, http://
onlinelibrary.wiley.com/doi/10.1002/art.40578/abstract.

Single-cell RNA-Seq pipeline. Custom R scripts
extracted cell and molecule barcodes from raw sequencing
reads. Reads were aligned to the human genome (Genome Ref-
erence Consortium Human Build 38) (14) using Bowtie2 soft-
ware (version 2.1.0) (15). Duplicate reads generated by
polymerase chain reaction were removed, and final expression
was calculated using RSEM software (version 1.2.25) (16). The
BCellNet subtype classification was trained as described in Sup-
plementary Methods (http://onlinelibrary.wiley.com/doi/10.1002/
art.40578/abstract), allowing us to estimate a classification func-
tion that provided the most likely cell type for any cell with a
single-cell RNA-Seq profile. De novo assembly of immunoglob-
ulin VH and VL regions, classification of germline V, D, and J
regions, and identification of third complementarity-determining
region (CDR3) clusters were performed as described in Supple-
mentary Methods.

Recombinant monoclonal antibody testing. A prelimi-
nary list of candidate antibodies was first generated from autore-
active CDR3 clusters. The top VH–VL pairings from each
CDR3 cluster with complete V-region sequence reconstitution
were expressed as human IgG1 antibodies with IgL2 or IgK light
chains (LakePharma). RF reactivity was determined by generat-
ing F(ab0)2 fragments and probing plates coated with Human
IgG, Fc fragment (Jackson ImmunoResearch). CCP binding was
determined using a CCP3 enzyme-linked immunosorbent assay
(ELISA; Inova Diagnostics). The threshold for positivity was 3
SD above the mean of negative control monoclonal antibodies.
Autoantigen microarrays were printed and probed as previously
described (9). Details are available in Supplementary Methods,
http://onlinelibrary.wiley.com/doi/10.1002/art.40578/abstract.

Differential expression testing. We tested differential
expression through a series of linear models including a subset-
stratified model, which accounts for the probability of cells
belonging to the plasmablast (antibody-secreting cell [ASC]),
double-negative (DN), memory, and naive subtypes, and a glo-
bal model, which does not account for subtype. Further expla-
nation of the 2 models is in Supplementary Methods, http://
onlinelibrary.wiley.com/doi/10.1002/art.40578/abstract.

Both models were fit in MAST (17) version 0.933 using
a 2-step procedure to select genes that showed consistent differ-
ential expression across patients. Genes were considered to be
differentially expressed if they 1) were marginally differentially
expressed at a false discovery rate (FDR) of 10% and 2) had a
standardized effect size of >2. The standardized effect size selects
genes most likely to substantially affect transcription in the
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population of RA patients. Both models also returned a partial
residual, which is the logarithm of expression after correction for
nuisance factors. Gene functional categories were defined by
organizing the differentially expressed genes (DEGs) and 33
genes of interest into 16 potentially overlapping groups. Partial
residuals were used to calculate functional scores for each cell.
Details are available in Supplementary Methods, http://onlinelib
rary.wiley.com/doi/10.1002/art.40578/abstract.

Coexpression analysis. We tested 487 genes of interest
for coexpression after stratifying by subtype and removing mar-
ginal coexpression due to subtype, tetramer specificity, patient,
and CDR effects. Pearson correlation matrices were calculated
for each pair of genes, and the averages of the matrices were com-
pared within the 16 gene sets. Gene pairs were considered differ-
entially expressed if their average correlation differed from the
background correlation coefficient at an FDR of <5%. Details
are available in Supplementary Methods, http://onlinelibrary.
wiley.com/doi/10.1002/art.40578/abstract.

Data and materials availability. Raw sequencing data
have been deposited in NCBI SRA and are available upon
request from the corresponding author. Processed data are
available at https://github.com/amcdavid/RA-BCell-Response.

RESULTS

Elevation of naive, memory, and antibody-secreting
autoreactive B cells in blood of RA patients. In this study,
we sampled blood B cells from seropositive RA patients
using flow cytometry to examine the frequency of ACPA+
and RF+ B cells as well as to isolate these cells for single-
cell RNA-Seq analysis (Figure 1A). To isolate RF+ and
ACPA+ B cells, biotinylated human IgG Fc as well as 14
citrullinated peptides previously demonstrated to be tar-
geted by RA ACPAs were individually coupled to 2 sets of
streptavidin-bound fluorophores (Figure 1B). Autoantigen
labeling with dual fluorophores was previously demon-
strated to reduce the false-positive detection of fluo-
rophore-reactive B cells, and tetramerization enabled the
detection of B cells expressing BCRs with moderate affinity
for autoantigen epitopes (10,18). Analysis of B cell fre-
quencies revealed that RF+ and ACPA+ cells were virtually
undetectable in healthy controls (<0.01%) and rare in
blood from RA patients, comprising on average 0.25% and
0.14%, respectively, of sampled B cells (Figure 1C). This
small enrichment of RF+ and ACPA+ cells in RA patients
was significant compared to healthy controls. While the fre-
quency of RF+ and ACPA+ B cell subsets varied between
patients, autoreactive B cells from the CD27� (naive, non–
affinity matured, and DN memory) and CD27+ (classical
memory) compartments were present in all individuals,
consistent with previous observations of defective central
and peripheral tolerance in RA (19,20). The presence of
RF+ and ACPA+ ASCs in blood of RA patients reveals
that they have active ongoing humoral autoimmunity.

We then performed single-cell RNA-Seq on sorted
ACPA+, RF+, and tetramer-negative B cells from RA

patients and 1 healthy donor, using a modified STRT-Seq
method that enables single molecule quantification and
computational reconstitution of the paired BCR for each
B cell (Figure 1A; also see Supplementary Figure 1,
http://onlinelibrary.wiley.com/doi/10.1002/art.40578/abstract).
The population of tetramer-negative cells provides a
baseline to compare characteristics of the autoreactive
populations. After aligning and deduplicating reads, we
recovered an average of 4.8 9 104 molecules per cell with
no substantial differences between experimental groups
(see Supplementary Figure 2, http://onlinelibrary.wiley.
com/doi/10.1002/art.40578/abstract).

BCellNet predicts peripheral B cell subsets using
single-cell RNA-Seq profiles. To evaluate the contribution
of various B cell subsets to RA pathology, we organized B
cells by subtype using a B cell transcriptomic classifier we
developed, termed BCellNet. Predicting subtype with this
transcriptomic classification scheme allows us to consider
a continuum of differentiation states (21) and assign a
subset probability score for each cell, improving upon the
quantized subset identifications available in flow cytomet-
ric gating. In total, 159 genes (<2.5%) served as predictors
(see Supplementary Table 3, http://onlinelibrary.wiley.
com/doi/10.1002/art.40578/abstract). Some, such as
MS4A1 and TNFRSF13B, were previously described in
bulk-level studies (22), while others, such as SEC61G and
EIF5A, were novel (see Supplementary Figure 3, http://
onlinelibrary.wiley.com/doi/10.1002/art.40578/abstract).

Applying BCellNet to heterogeneous B cells iso-
lated from RA samples demonstrated positive correlations
between subtype fractions assessed by flow cytometry and
the classifier (Spearman’s q = 0.56–0.89), indicating that
the classifier recapitulates flow cytometry–identified popu-
lations while also parsing subtype-dependent gene effects
(see Supplementary Figure 4, http://onlinelibrary.wiley.
com/doi/10.1002/art.40578/abstract). There were certain
discrepancies between the flow fractions and classifier
fractions, likely due to sampling variability in the flow sort-
ing and classification error from BCellNet. However, we
do not believe that these discrepancies significantly altered
B cell subtype classification (see Supplementary Methods,
http://onlinelibrary.wiley.com/doi/10.1002/art.40578/abstract).
In light of this, rather than using quantized assignments to
the most likely subtype, we used the continuously valued
posterior probabilities of subtype membership as stratify-
ing covariates for subsequent analysis (see Supplementary
Table 4, http://onlinelibrary.wiley.com/doi/10.1002/art.40578/
abstract).

We observed a general correlation between sero-
logic autoantibody levels and the recovery of ACPA+ and
RF+ B cells, despite minor variances in the number of cells
sorted due to stochastic selection during fluorescence-

1734 LU ET AL

http://onlinelibrary.wiley.com/doi/10.1002/art.40578/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40578/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40578/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40578/abstract
https://github.com/amcdavid/RA-BCell-Response
http://onlinelibrary.wiley.com/doi/10.1002/art.40578/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40578/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40578/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40578/abstract).&thinsp;Some
http://onlinelibrary.wiley.com/doi/10.1002/art.40578/abstract).&thinsp;Some
http://onlinelibrary.wiley.com/doi/10.1002/art.40578/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40578/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40578/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40578/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40578/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40578/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40578/abstract


Disease 
Sample PBMCs

Antigen-specific
B-cell Labeling

FACS Single-cell
Library Prep

Deep 
Sequencing

mAbExpression 
and Antigen 
Discovery

Single-cell V(D)J
Reconstitution

Transcriptomic 
Analysis

Single cell
Classifier

BA

C

R26 R48 R01 R59 R72 HD1
HD2

HD3
HD4

HD5
0

1000

2000

3000

4000

5000
ACPA+ B cells

CD27-

CD27+

ASC

HealthyRA

R04 R26 R01 R59 R72 HD1
HD2

HD3
HD4

HD5
0

1000

2000

3000

4000

5000
RF+ B cells

C
el

ls
 p

er
 1

06  B
 c

el
ls

CD27-

CD27+

ASC

HealthyRA

CD19+ RF+

CD3+

CD19+ CIT+

RF-FITC CIT-APC

CIT-APC

FSC-A

S
S

C
-A

SSC-A

FS
C

-W

CD19

Li
ve

/D
ea

d

CD19

C
D

3/
C

D
14

C
IT

-P
E

R
F-

A
le

xa
75

0

RF-FITC

R
F-

A
le

xa
75

0

C
IT

-P
E

CIT-APCRF-FITC

R
F-

A
le

xa
75

0

C
IT

-P
E

29.9 99.2 81.2

52.4 24.6

61.024.0

00

Subset-based
Analysis

D

C
el

ls
 p

er
 1

06  B
 c

el
ls 0

50

100

150

Te
t−

A
C

P
A R
F

Te
t−

A
C

P
A R
F

Te
t−

A
C

P
A R
F

Te
t−

A
C

P
A R
F

Te
t−

A
C

P
A R
F

Te
t−

A
C

P
A R
F

Te
t−

A
C

P
A R
F

C
ou

nt

Subtype
DN
Memory
Naive
ASC

HD5 R01 R26 R04 R48 R59 R72*

*

Figure 1. Interrogation of autoreactive B cell subsets through tetramer sorting and transcriptomic classification of single cells. A, Schematic of the
experimental workflow for the tetramer-based isolation, single-cell RNA sequencing, and simultaneous immunoglobulin repertoire and transcriptomic
analyses of B cells. B, Representative flow cytometry gating approach for the identification of B cells producing rheumatoid factors (RFs) or anti–
citrullinated protein antibodies (ACPAs). C, Comparison of RF+ and ACPA+ B cell subtype frequencies in peripheral blood between rheumatoid
arthritis (RA) patients and healthy donors (HDs). A minimum of 15,000 B cells were analyzed for each sample. * = P < 0.05 versus healthy donors.
D, B cell subtype distribution using the BCellNet classifier for the recovered 2,349 single cells from 7 individuals. The ACPA+ and RF+ B cells from
subject R01 produced poor-quality yields during library preparation and were excluded from analysis. No ACPA+ cells were recovered from subjects
R04 and HD5, and no RF+ cells were recovered from subjects R48 and HD5. PBMCs = peripheral blood mononuclear cells; FACS = fluorescence-
activated cell sorting; mAb = monoclonal antibody; CIT+ = citrullinated antigen positive; PE = phycoerythrin; APC = allophycocyanin; FITC =
fluorescein isothiocyanate; ASC = antibody-secreting cell; Tet� = tetramer negative; DN = double negative.
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activated cell sorting. We also observed an enrichment in
the classification of memory cells through transcriptome
analysis (Figure 1D). The BCellNet classifier accounted
for much of the variability inherent to single-cell RNA-Seq.
The remaining bias in classification through this method
most likely did not have a significant impact on our further
analyses of these cells (see Supplementary Methods, http://
onlinelibrary.wiley.com/doi/10.1002/art.40578/abstract).

BCR analysis reveals CDR3 convergence and
autoantigen targets. Next, we recovered paired BCR vari-
able-region genes expressed by individual B cells, enabling
integrated analysis of affinity maturation between autoreac-
tive populations and functional characterization of recombi-
nant antibodies expressed from reconstituted VH/VL

sequences (see Supplementary Figure 5 and Supplementary
Table 5, http://onlinelibrary.wiley.com/doi/10.1002/art.40578/
abstract). To investigate how affinity maturation shapes B
cell responses against the autoantigens, we clustered RF+,
ACPA+, and tetramer-negative B cells sharing >80% Leven-
shtein similarities in their CDR3 sequences (Figure 2B; also
see Supplementary Figure 6, http://onlinelibrary.wiley.com/
doi/10.1002/art.40578/abstract). This represented the most
stringent threshold that preserved cluster membership
among cells that exhibit identical germline genes and
CDR3 lengths and that therefore putatively derive from the
same progenitor (23) (see Supplementary Table 6, http://
onlinelibrary.wiley.com/doi/10.1002/art.40578/abstract).

To determine if the size of the CDR3 clusters can
measure the magnitude of convergent evolution, we com-
pared the number of cells per tetramer group in each

CDR3 cluster to calculate the cluster multiplicity. If each
cell from a tetramer group clustered separately, then the
multiplicity would be 1, while if all N cells were in a single
cluster, the multiplicity would be N. ACPA+ B cell multi-
plicities were significantly larger than tetramer-negative B
cell multiplicities in 2 of 4 patients (multiplicity differ-
ences 1.3 and 0.3 cells/cluster; P < 0.002 under hyper-
geometric sampling) and significantly larger than RF+ B
cell multiplicities in 1 of 3 patients (multiplicity difference
0.17 cells/cluster; P < 0.04). No significant differences
were observed between RF+ B cell multiplicities and tet-
ramer-negative B cell multiplicities. Hence, the elevated
frequency of CDR3 convergence suggests that ACPA+ B
cells undergo extensive affinity maturation relative to tet-
ramer-negative and RF+ B cell populations.

We then expressed 42 representative RF and
ACPA BCRs from the most prominent VH–VL pairings
and CDR3 clusters as recombinant monoclonal antibod-
ies to identify their autoantigen targets and examine
whether autoreactivity is present in antigen-inexperienced
and -experienced B cell stages (Figures 2A and B; also
see Supplementary Table 7, http://onlinelibrary.wiley.
com/doi/10.1002/art.40578/abstract). Eleven of the 12
antibodies cloned from RF-sorted cells bound to human
IgG Fc, while only 1 of the 30 antibodies from ACPA-
sorted cells bound to IgG Fc, and none of the antibodies
from tetramer-negative B cells bound to IgG Fc (Fig-
ure 2C). We also found that 13 of the 30 monoclonal anti-
bodies from citrullinated antigen–sorted cells bound to
CCP3, a citrullinated peptide mimic used to diagnose RA.
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None of the antibodies from tetramer-negative B cells
recognized CCP3, and only 2 of the 12 antibodies from
RF-sorted cells bound CCP3 (Figure 2C). Using the
CCP3 ELISA and a protein microarray coated with >300
RA autoantigens, we identified citrullinated antigen hits
for 25 of the 30 antibodies from citrullinated antigen–
sorted cells (Figure 2D). We do note that several antibod-
ies cloned from ACPA+ B cells were cross-reactive with
noncitrullinated antigens, consistent with previous reports
(9). This confirms that the RF–tetramer and ACPA–tet-
ramer reagents enabled isolation of RF+ and ACPA+ B
cells. Notably, RF+ and ACPA+ B cells are in all subsets,
including non–affinity matured cells, implicating dysfunc-
tional central and peripheral tolerance in RA.

RF+ and ACPA+ B cells differ in class-switch and
somatic mutation frequencies. We next investigated
whether the duration of affinity maturation differs
between ACPA+ and RF+ B cells, as measured through
class-switch recombination (CSR) rates and accumulated
somatic mutations on the BCR. Because CSR and muta-
tion rates vary between subtypes, which themselves vary by
specificity, we used a mixed-effects logistic regression to
measure the unique effect of antigen on CSR and muta-
tion rates adjusted for subtype. We found that ACPA+ B
cells had >3.8-fold greater odds of being class-switched
than tetramer-negative B cells and 3.7-fold greater odds
compared to RF+ B cells, but there was no difference
between tetramer-negative and RF+ B cells (Figures 3A
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and B). We also found that RF+ B cells were 3% less
mutated from germline than tetramer-negative B cells,
while ACPA+ B cells had 1% higher mutation rates than
tetramer-negative B cells, although the difference was
not significant (Figures 3C and D). Thus, ACPA+ B cells
undergo more isotype class-switching, have higher muta-
tion rates, and show evidence of increased CDR3 con-
vergence, while RF+ B cells tend to use unswitched
isotypes and have fewer mutations.

Functional differential regulation in the primary
and secondary RF+ and ACPA+ B cell responses. To elu-
cidate the transcriptional profiles underlying the BCR dif-
ferences between RF+ and ACPA+ B cell responses, we
applied a hurdle model to identify 454 DEGs between
RF+, ACPA+, and tetramer-negative B cell populations
for all patients in global (i.e., regressing out the effect of
subset on gene expression) and subset-stratified compar-
isons (Figure 4A; also see Supplementary Tables 8 and 9,
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http://onlinelibrary.wiley.com/doi/10.1002/art.40578/abstract).
Performing both global and subset-stratified analyses
allowed us to identify a greater amount of DEGs than
would be possible using either method alone. Both gene
sets were relevant to identifying autoreactive B cell signa-
tures. To examine the cumulative functional impact of the
DEGs, we organized DEGs into modules based upon pre-
viously
published literature. The partial residual for each gene,
which represents residual expression attributable to antigen
specificity, was used to calculate a module score for
ACPA+, RF+, and tetramer-negative cells for each sub-
type (see Supplementary Figure 7, http://onlinelibrary.
wiley.com/doi/10.1002/art.40578/abstract), pinpointing the
developmental stage(s) at which differential autoimmune
regulation occurs. The most significantly different mod-
ules were concentrated within the naive and memory
compartments (Figures 4B and C).

ACPA+ B cell primary responses initiate class-
switch programs and down-regulate CD72. In the naive
ACPA+ B cell population, module scores for antibody
response and B cell activation were elevated relative to
the RF+ and tetramer-negative naive B cell populations
(Figures 5A and B). Within these modules, the genes
MSH5, JAK3, and EXOC4, which all promote antibody
class-switched responses (24–26), were highly elevated in
the naive ACPA+ B cell compartment and sustained in
memory ACPA+ B cells (Figure 5C). Additionally, CD72,
which inhibits the differentiation of resting B cells, was
down-regulated in naive and memory ACPA+ populations
but not in RF+ cells (27). In the B cell activation module,
we detected naive ACPA+ B cell elevation of the adhe-
sion molecule genes CD84, JAM2, and ITGB2, which
prolong B cell–T cell interactions and thereby promote
affinity maturation (28,29) (Figure 5D). Taken together,
these signatures suggest that ACPA+ B cell responses
are programmed for class-switching through T cell help
and facilitated by CD72 down-regulation in the naive
stage.

RF+ B cells express transcriptional programs
associated with IgM responses and rapid recall re-
sponses.Within the B cell activation module, the transcrip-
tion factor SOX11, which promotes highly proliferative
IgM responses and suppresses germinal center transcrip-
tion factor BCL6, and DBN1, a SOX11-regulated gene,
were elevated in memory RF+ B cells relative to memory
ACPA+ B cells and tetramer-negative B cells (30,31)
(Figure 5D). The transcriptional regulator BACH2 was
also significantly up-regulated in memory RF+ B cells
relative to memory ACPA+ B cells, which is a feature of
unswitched B cell responses (32,33) (Figure 5D). The
selective up-regulation of SOX11 and BACH2 in memory

RF+ B cells provides an explanation for their low class-
switch and mutation rates.

Differences in B cell costimulation drive ACPA
generation and RF versatility to multiple innate activa-
tion pathways. Innate immune mediators provide costim-
ulatory signals that can augment B cell responses (34). In
the memory compartment, RF+ and ACPA+ cells exhib-
ited differentially expressed subsets of genes despite not
having higher average module scores relative to tetramer-
negative B cells (Figures 6A and B). RF+ memory B cells
exhibited altered expression of signature genes involved
in myeloid differentiation factor 88 (MyD88) signaling
(LRRFIP1), interferon (IFN) signaling (IFI6, PSMB10),
and DNAX-activation protein 12 (DAP-12) signaling
(SIGLEC14), none of which were enriched in ACPA+
memory B cells (Figure 6B). In contrast, ACPA+ memory
B cells showed coordinated up-regulation of positive regu-
lators of NF-jB signaling (REL and HSP90AA1) (Fig-
ure 6B), which is critical for promoting germinal center
responses and survival (35).

Distinct antibody response and innate immune
transcriptional regulatory networks characterize ACPA+
and RF+ B cells. We analyzed single-cell gene coexpres-
sion to identify transcriptional regulatory networks within
genes differentially expressed by ACPA+ and RF+ B cells
and to provide insights into the mechanisms underlying
the loss of tolerance in ACPA+ B cells as compared to
RF+ B cells (see Supplementary Table 10, http://online
library.wiley.com/doi/10.1002/art.40578/abstract). In both
the primary response and memory compartments, ACPA+
B cells coexpressed MSH5, CD84, and JAK3 (Figures 6C
and D), revealing a coregulated transcriptional network
specific to ACPA development. We also investigated
whether upstream effectors of JAK3 signaling were coex-
pressed with JAK3. IL21R, which receives signals from fol-
licular helper T cells, was coexpressed with the MSH5/
CD84/JAK3 network in ACPA+ memory B cells (36,37)
(Figure 6D). Coexpression of these genes suggests that
JAK3 links germinal center signals with class-switch func-
tions in both ACPA+ B cell primary and secondary
responses. Thus, antigen-experienced ACPA+ B cells exhi-
bit a transcriptional program characterized by a robust ger-
minal center response.

We found evidence that RF+ B cells coexpressed
genes belonging to multiple B cell response pathways.
The innate immune genes PSMB10, LRRFIP1, IFI6,
and SIGLEC14 were all coexpressed, implying that
individual memory RF+ B cells exhibit coordinated up-
regulation of genes (Figure 6D). Further, we found
that these genes were all significantly coexpressed with
PRDM1 and CCND2. The coexpression among these
innate immune genes, SOX11, and markers of ASC

1740 LU ET AL

http://onlinelibrary.wiley.com/doi/10.1002/art.40578/abstract).<<F4
http://onlinelibrary.wiley.com/doi/10.1002/art.40578/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40578/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40578/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40578/abstract


C

D

Enriched in RF
Enriched in ACPA
Not enriched

Coexpression (Z)

-10 10

JAK3

MSH5

DBN1

GDE1

MYOG

PIGM

SOX11

LAPTM5

REL

CCND2

PRDM1

LRRFIP1

IFI6

PSMB10

TNFRSF1B

IL17RD

TRAF6

SIGLEC14

CD84

AICDA
IL21R

IL21R

JAK3
MSH5

DBN1
MYOG

SOX11

IL17RD

TRAF6

PIGM

LRRFIP1

CD84

AICDA

LAPTM5

GDE1

Memory

Naive

Enriched in RF
Enriched in ACPA
Not enriched

Coexpression (Z)

-10 10

P2RY2
EFNA1
TMEM181
HSP90AA1
TCL1A
IL17RD
TLR7
PRKRIR
ADAM10
PSMB10
LRRFIP1
HSP90AB1
ARRB2
UBE2V1
SARNP
MEGF9
F5
BPIFB1
TRIM56
REL
VSIG10
SAMD9
TRIM73
MGST3
PTGER4
TXLNG
NKG7
MLLT4
ITGB2
P2RY10
F2RL2
SRP72
PYGL
BRCA2
TNFRSF1B
ARHGEF10
SIGLEC14
IL18RAP
IFI6
MUC5B
UBE2D1
ITGB3BP
GZMH
TNFAIP2
CD2
GZMB
GRN

N
ai

ve

M
em

or
y

ACPA−RF Z
10
5
0
−5
−10

Innate Immune
Genes

A

B

−5

0

5

Tet−

ACPA

RF

Innate Immune (47)

Naive Memory DN ASC

* * *

Fu
nc

tio
n 

S
co

re

Figure 6. Innate immune mediators are enriched in rheumatoid factor–positive (RF+) B cells and comprise coexpression networks distinct from
those of genes enriched in anti–citrullinated protein antibody–positive (ACPA+) B cells. A, Subset-stratified plot of average partial residual expres-
sion in the innate immune module (47 genes). * = P < 0.05. B, Z score testing for differential expression between ACPA+ and RF+ B cells in
innate immune genes. C and D, Coexpression networks of selected module genes, stratified by subset. Genes enriched either in ACPA+ or in RF+
B cells have differential expression Z scores >1 relative to the corresponding RF+ or ACPA+ B cell subsets, respectively, and expression greater
than or equal to that in the tetramer-negative (Tet�) population. The color and weight of the edges indicate the Z score of the Pearson correla-
tion coefficient for pairs of genes. Correlations with false discovery rate–adjusted P values greater than 0.05 are omitted. C, Network displaying
coexpression of B cell activation and innate immune genes involved in either ACPA+ or RF+ naive B cell responses. D, Network displaying coex-
pression of B cell activation and innate immune genes involved in either ACPA+ or RF+ memory B cell responses. DN = double negative; ASC =
antibody-secreting cell.

MOLECULAR MECHANISMS OF AUTOREACTIVE B CELL RESPONSES IN RA 1741



differentiation suggests that innate immune genes up-
regulated in RF+ memory B cells help prime rapid
recall responses. Therefore, in contrast to ACPA+ B
cells, RF+ B cells up-regulate transcriptional programs
that are involved in innate immune response pathways
and that facilitate rapid recall responses.

DISCUSSION

Accumulating clinical evidence implicates a patho-
genic role of B cells in RA (3,38,39), and therapeutic
modalities that specifically target dysregulated pathways
in autoreactive B cell development will be critical for sus-
tained remission. In the present study, we investigated the
differential regulation of B cell tolerance in RA using
antigen–tetramers to isolate disease-relevant B cells, and
we used single-cell RNA-Seq to define RF- and ACPA-
specific immunoglobulin usage and transcriptional pro-
grams. Our findings demonstrate that ACPA+ and RF+ B
cells are imprinted with distinct transcriptional programs,
suggesting that different molecular mechanisms mediate
the loss of tolerance in ACPA+ B cells versus RF+ B cells.

While self-reactive B cell precursors leak into the
periphery at a low frequency in healthy individuals (40),
the nearly exclusive detection of CD27�IgM+IgD+ACPA+
B cells and the elevation of CD27�IgM+IgD+RF+ B cells
in RA patients indicate that ACPA+/RF+ B cell precursors
are predominantly deleted in healthy individuals but not
in RA patients. This suggests a defect of central toler-
ance in RA that is likely due to a combination of genetic
and environmental factors. Defective regulation through
polymorphisms in BCR signaling genes as well as altered
receptor editing have been previously reported and may
permit the survival of autoreactive immature B cells that
are normally removed (41). Systemic inflammatory medi-
ators can also promote the survival of autoreactive B
cells by overwhelming apoptotic or receptor-editing pro-
cesses (42). While our data indicate that differential reg-
ulation of ACPA+ B cells begins at the naive stage,
future studies will be needed to decipher whether this
occurs in the bone marrow or in the periphery.

The development of ACPAs appears to stem
from multiple defective tolerance mechanisms that fail
to restrain ACPA+ B cell activation and from promo-
tion by autoreactive T cell help. In support of this, a
study by Makrygiannakis and colleagues demonstrated
that citrullinated protein levels are increased in both
RA and non-RA inflamed tissues, yet only RA patients
persistently develop ACPAs (43). We found that CD72,
an inhibitory coreceptor, was down-regulated in naive
ACPA+ B cells relative to RF+ and tetramer-negative
B cells. This may enable transduction of activating B

cell signals that override tolerogenic signals received by
ACPA+ B cells (44). In addition, expression of the
coreceptor CD21 was down-regulated between naive
ACPA+ and tetramer-negative B cells, although this
effect was not significant in our study.

Once activated, ACPA+ B cells undergo extensive
affinity maturation as evidenced by high mutation rates,
class-switching rates, and CDR convergence that are
associated with expression of robust transcriptional pro-
grams reminiscent of those in germinal centers. The ele-
vation of JAK3 in ACPA+ B cells suggests dependence
on the IL21R/JAK3 pathways for ACPA production and
provides a potential explanation for why tofacitinib,
which targets JAK3, results in lower remission rates in
ACPA+ patients (45). Further emphasizing the impor-
tance of T cell help, we found an up-regulation in genes
that prolong B cell–T cell interactions (CD84, JAM2,
and ITGB2) and in molecules that promote antibody
class-switching (MSH5). While these transcriptional sig-
natures suggest that affinity maturation of ACPA+ B
cells occurs in germinal centers, future studies will be
necessary to determine whether this occurs in conven-
tional germinal center reactions, through ectopic T cell
help, or through other mechanisms.

Identification of shared transcriptional programs
for ACPA+ B cells that target diverse citrullinated pro-
teins suggests that exposure to a spectrum of citrullinated
proteins rather than to a specific citrullinated epitope
drives the ACPA response, consistent with a previous
study that examined ACPA formation during relapse (38).
Hence, we propose that differential B cell imprinting,
enhanced inflammation, and citrullinated protein avail-
ability combinatorially create an environment conducive
to ACPA+ B cell activation and autoantibody production.

In contrast to the ACPA+ B cell response, the
RF+ B cell response is characterized by transcriptional
programs associated with broad innate immune activa-
tion, rapid recall responses, and ASC differentiation.
Unlike the extensive affinity maturation driving the
ACPA response, the RF response is characterized by B
cells that express IgM and exhibit lower mutation rates.
The bias toward the IgM isotype, which can bind up to
10 IgG molecules in its pentameric form, enables RF
responses to aggregate secreted antibodies and immune
complexes. The low mutation rates suggest that certain
V(D)J combinations may be intrinsically reactive with
IgG Fc. While T cell help causes ACPA+ B cells to
undergo prolonged affinity maturation, RF+ B cells can
differentiate into memory B cells or ASCs with minimal
somatic hypermutation.

Our data indicate that RF+ B cells mount rapid
secondary responses with costimulation from multiple
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innate immune pathways (e.g., MyD88, IFN, DAP-12),
which suggests that RF+ B cells are primed to expand in
response to diverse inflammatory stimuli. Up-regulation
of these signatures in RF+ memory B cells correlates with
markers of ASCs, implying that RF memory B cell differ-
entiation generates a reservoir of cells that can mount
rapid recall responses.

The etiology of RF production in multiple inflam-
matory contexts remains an area of active investigation.
Given the presence of RF in other inflammatory diseases
and its relatively lower specificity for diagnosing RA (4,5),
our results suggest that RF could represent a response to
resolve antibody-mediated inflammation by facilitating
the clearance of antibodies and immune complexes (46).
Thus, RF elevations in RA may represent an expanded
pool of naturally occurring B cells for the purpose of
engulfing antigen–antibody complexes to enable antigen
presentation to Tcells. Future studies comparing the gene
expression of RF+ B cells between individuals with and
those without RA will be important to provide further
insights into whether RF in fact results from dysregulated
B cell tolerance.

Our findings reveal that ACPA+ and RF+ B
cells are imprinted with distinct transcriptional pro-
grams at different stages of development, with RF+ B
cells characterized by activation of innate immune acti-
vation pathways, while ACPA+ B cells are character-
ized by loss of tolerance in the primary response
followed by robust affinity-matured responses. Future
studies will further define how ACPA+ and RF+ B
cells promote tissue damage in RA, as well as the
impact of targeted therapies on ACPA+ and RF+ B
cell activation.
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Role of ADAMTS-12 in Protecting Against Inflammatory
Arthritis in Mice By Interacting With and Inactivating
Proinflammatory Connective Tissue Growth Factor

Jian-lu Wei,1 Wenyu Fu,2 Aubryanna Hettinghouse,2 Wen-jun He,2

Kenneth E. Lipson,3 and Chuan-ju Liu4

Objective. It has been reported that ADAMTS-12
is a susceptibility gene for rheumatoid arthritis (RA)
development, and its level is significantly increased in
RA patients. In addition, ADAMTS-12 is reported to be
required for inflammation in otherwise healthy subjects.
This study was undertaken to determine the role of
ADAMTS-12 and the underlying mechanisms in the
pathogenesis of inflammatory arthritis.

Methods. The collagen-induced arthritis (CIA)
model was established in ADAMTS-12–deficient mice
and their control littermates to determine the role of
ADAMTS-12 in vivo. Micro–computed tomography
scanning was used to demonstrate the destruction of
the ankle joint; histologic analysis illustrated synovitis,
pannus formation, and bone and cartilage destruction;
enzyme-linked immunosorbent assay was performed to
measure serum levels of inflammatory cytokines; and
protein–protein interaction assays were performed to
detect the interactions of ADAMTS-12 and its various
deletion mutants with connective tissue growth factor
(CTGF).

Results. Deficiency of ADAMTS-12 led to acceler-
ated inflammatory arthritis in the CIA mouse model.

Loss of ADAMTS-12 caused enhanced osteoclastogenesis.
In vitro and in vivo protein–protein interaction assays
demonstrated that ADAMTS-12 bound and processed
CTGF, a previously unrecognized substrate of
ADAMTS-12. In addition, deletion of ADAMTS-12
enhanced, while overexpression of ADMATS-12 reduced,
CTGF-mediated inflammation. Furthermore, ADAMTS-
12 regulation of inflammation was largely lost in CTGF-
deficient macrophages. Importantly, blocking of CTGF
attenuated elevated inflammatory arthritis seen in the
ADAMTS-12–deficient CIA mouse model.

Conclusion. This study provides evidence that
ADAMTS-12 is a critical regulator of inflammatory
arthritis and that this is mediated, at least in part,
through control of CTGF turnover.

Rheumatoid arthritis (RA) is a chronic inflam-
matory disease that is characterized by synovial inflam-
mation, progressive bone erosion, and cartilage
destruction (1). Development of chronic, systemic
inflammation is a central characteristic of RA that
drives the emergence of pathologic disease features;
however, the mechanisms underlying the interplays
between aberrant matrix regulation and inflammation
remain incompletely described (2).

Members of the ADAMTS family consist of extra-
cellular proteases with a precisely ordered modular orga-
nization that includes at least one thrombospondin type I
(TSP-1) repeat (3–5). ADAMTS-12, an ADAMTS family
member sharing a structure similar to ADAMTS-7 (3,4),
is expressed in the musculoskeletal system, placenta, and
fetal lungs (6). ADAMTS-12 has been reported to play
an important role in various biologic processes, including
inflammation, arthritis, atherosclerosis, cancer, and angio-
genesis (6–12).

ADAMTS-12 was recently identified as an RA
susceptibility gene (13). Specifically, the rs10461703
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single-nucleotide polymorphism was found to correlate
with RA incidence. Moreover, ADAMTS-12 was found
to be significantly increased in the cartilage and syno-
vium of RA patients (14,15). Importantly, ADAMTS-
12 is necessary for regulating normal inflammation
through inducing neutrophil apoptosis (16), and dele-
tion of ADAMTS-12 leads to enhanced allergen-
induced inflammation and airway hyperresponsiveness
(17). Interestingly, the release of interleukin-4 (IL-4),
IL-5, IL-13, and IL-33 is notably increased in allergen-
challenged ADAMTS-12–deficient mice compared to
their control littermates (17).

Given that inflammation plays a critical role in
RA and that ADAMTS-12 is an RA- and inflamma-
tion-associated gene, we aimed to determine whether
ADAMTS-12 plays a role in the pathogenesis of RA
and to define the mechanisms involved.

MATERIALS AND METHODS

Animals. All animal studies were performed in accor-
dance with institutional guidelines and with approval from the
Institutional Animal Care and Use Committee of New York
University. Twelve-week-old male mice were used in the experi-
ments. ADAMTS-12–deficient mice on a B6 background were
backcrossed at least 10 times before the mice were used for the
experiments. Each group contained at least 6 mice, and the
experiments were replicated 3 times unless otherwise stated.

Collagen-induced arthritis (CIA) mouse model. The
CIA mouse model was established as previously described (18).
All steps were performed on ice or at 4°C in the dark to avoid
the degradation of type II collagen (CII). A total of 100 lg
chick CII was emulsified with an equal volume of Freund’s
complete adjuvant (CFA) containing 4 mg/ml heat-denatured
mycobacterium (all from Chondrex). A total of 0.1 ml of the
chick CII–CFA mixture was intradermally injected into 12-
week-old male ADAMTS-12–deficient knockout (KO) mice or
wild-type (WT) mice on day 0; injections were performed at a
site ~1.5 cm distal from the base of the tail. A booster, com-
prising 100 lg chick CII emulsified with an equal volume of
Freund’s incomplete adjuvant (Chondrex), was intradermally
applied on day 21.

The arthritis clinical score was evaluated using the fol-
lowing criteria: 0 = no evidence of erythema and swelling, 1 =
erythema and mild swelling confined to the tarsals or ankle
joint, 2 = erythema and mild swelling extending from the
ankle to the tarsals, 3 = erythema and moderate swelling
extending from the ankle to the metatarsal joints, and 4 =
erythema and severe swelling encompassing the ankle, foot,
and digits, or ankylosis of the limb. CIA was considered to
have been induced when the score reached >1 in more than 2
limbs or >2 in more than 1 limb. Incidence was taken as
equal to the ratio of CIA mice to the total number of mice
exposed to the emulsion injections, multiplied by 100.

To determine whether connective tissue growth factor
(CTGF) could mitigate the inflammation seen in ADAMTS-
12–deficient mice with CIA, commercially available human IgG
or CTGF antibody (FG-3019; FibroGen) was intraperitoneally

administered at 30 mg/kg body weight twice per week for
6 weeks beginning at 3 weeks following the initial primary
immunization.

Osteoclast differentiation. Osteoclastogenesis was
induced as previously reported (19). Briefly, bone marrow
cells were collected from WT or ADAMTS-12–deficient mice.
After that, cells were suspended in prepared culture medium
consisting of a-minimum essential medium (a-MEM) with
L-glutamine, penicillin, streptomycin, and heat-inactivated
10% fetal bovine serum, supplemented with 10 ng/ml macro-
phage colony-stimulating factor (M-CSF). Then the cells were
incubated at 37°C overnight. On the next day, the nonadher-
ent cells (bone marrow–derived macrophages [BMDMs]) were
collected and seeded in 96-well plates for 7 days with 10 ng/ml
M-CSF. Tartrate-resistant acid phosphatase (TRAP) staining
was used to determine osteoclast formation. Briefly, the cells
were fixed with formalin and processed with regular TRAP
staining. Red coloration indicated TRAP-positive cells. TRAP-
positive multinucleated cells with >3 nuclei visualized by light
microscopy were recorded as osteoclasts.

Yeast 2-hybrid (Y2H) assay. Y2H assay was performed
as previously described (20). Co-transformation of plasmids
carrying ADAMTS-12 mutants fused with the VP16 transacti-
vation domain and plasmids expressing CTGF fused with
Gal4 binding domain was performed in yeast strain CG1945.
Interaction was evaluated on the basis of the growth of co-
transformants on selective media lacking tryptophan, leucine,
and histidine in the presence of 5 mmoles/liter 3-amino-1,2,
4-triazole. The interaction was also verified by color change
of co-transformants due to b-galactosidase activity converting
X-Gal substrate into a blue product.

Statistical analysis. Results were expressed as the
mean � SD. For comparison of treatment groups, we per-
formed Mann-Whitney unpaired t-tests, paired t-tests, and
(where appropriate) one- or two-way analysis of variance.
P values less than 0.05 were considered significant.

Detailed protocols and other procedures, including
micro–computed tomography (micro-CT), histologic analysis,
immunostaining, real-time polymerase chain reaction (PCR),
generation of CTGF-deficient RAW 264.7 macrophages, co-
immunoprecipitation, and Western blotting, are provided in the
Supplementary Methods and Supplementary Figure 1, available
on the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40552/abstract.

RESULTS

Deficiency of ADAMTS-12 and acceleration of
inflammatory arthritis. To determine the role of
endogenous ADAMTS-12 in vivo in the pathogenesis
of inflammatory arthritis, we investigated the clinical
and histopathologic features of ADAMTS-12–deficient
mice and their control littermates in a mouse model of
CIA. Accelerated disease onset, as well as significant
increases in the arthritis severity score and arthritis
incidence, were observed in ADAMTS-12–deficient
mice as compared to control littermates (Figures 1A
and B). Representative images demonstrated that
ADAMTS-12–deficient mice developed more severe
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paw swelling than WTmice (Figure 1C). Micro-CT imag-
ing revealed more bone destruction in ADAMTS-12–
deficient mice (Figure 1D). Additionally, ADAMTS-12–

deficient mice exhibited significantly less bone volume to
total volume compared to WT mice (Figure 1D). Histo-
logic analysis of whole ankle joints demonstrated a

Figure 1. ADAMTS-12–deficient mice are more susceptible to collagen-induced arthritis (CIA). A, Clinical arthritis scores in wild-type (WT) and
knockout (KO) mice with CIA. Values are the mean � SEM. B, Incidence of arthritis in the indicated groups. C, Paws of WT and KO mice immu-
nized with type II collagen (CII) for 9 weeks. D, Representative micro–computed tomography (micro-CT) images of paws of CII-immunized WT
and KO mice (left). Arrows indicate areas of severe joint destruction. Measurements of bone volume/total volume (BV/TV) in paws of CII-immu-
nized WTand KO mice (right). E, Hematoxylin and eosin (H&E)–stained sections of ankle joints from WTand KO mice. Bar = 200 lm. F, Safranin
O staining of ankle joints from WT and KO mice. Bar = 200 lm. G–I, Evaluation of synovitis (G), pannus (H), and erosion (I) in the ankle joints
from WT and KO mice based on H&E staining. J–O, Serum levels of tumor necrosis factor (TNF) (J), interleukin-1b (IL-1b) (K), IL-6 (L), IL-17
(M), IL-10 (N), and mouse anti-CII IgG (O), as measured by enzyme-linked immunosorbent assay. Six mice were used in each group, and each
experiment was repeated 3 times. Values are the mean � SD. * = P < 0.05; ** = P < 0.01 versus the control WT group. NS = not significant.
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significant increase in synovitis, pannus formation, and
destruction of bone in ADAMTS-12–deficient mice
(Figures 1E and G–I). In addition, Safranin O staining
revealed that ADAMTS-12–deficient mice exhibited
more cartilage loss (Figure 1F).

Given that inflammatory arthritis is a systemic
disease (19), we collected sera from mice with CIA to
investigate the level of inflammation-related cytokines
by enzyme-linked immunosorbent assay. Data indicated
that levels of proinflammatory cytokines in ADAMTS-
12–deficient mice, including tumor necrosis factor
(TNF), IL-1b, IL-6, and IL-17, were significantly
higher than those in control littermates (Figures 1J–M).
Interestingly, the level of IL-10, an antiinflammatory
cytokine, was significantly lower in ADAMTS-12–

deficient mice than that in WT mice (Figure 1N).
These data indicate that ADAMTS-12–deficient mice
exhibit enhanced release of proinflammatory and
reduced secretion of antiinflammatory cytokines in the
CIA model. Given that CIA is also associated with anti-
collagen IgG responses, we investigated whether
ADAMTS-12 deficiency affected anticollagen IgG re-
sponse. The results revealed that ADAMTS-12–defi-
cient mice with CIA generated a similar level of
collagen-specific IgG, as compared to WT mice with
CIA (Figure 1O), suggesting that increased susceptibil-
ity of ADAMTS-12–deficient mice to CIA is not the
consequence of an increased anticollagen IgG
response.

Figure 2. Deficiency of ADAMTS-12 leads to accelerated osteoclastogenesis. A, Representative tartrate-resistant acid phosphatase (TRAP)–
stained ankle joint sections (left) and percentage of TRAP+ cell surface per bone surface (OC.S/BS) in ankle joint sections (right) from wild-type
(WT) and knockout (KO) mice immunized with type II collagen (CII) for 9 weeks. Arrows indicate osteoclasts. Six mice were used in each group,
and each experiment was repeated 3 times. Bars = 200 lm. B, TRAP staining (left) and enumeration of TRAP-positive cells (right) in cell cultures
from WT and KO mice. TRAP-positive staining indicates osteoclast formation. The experiments were replicated 3 times. Bars = 200 lm. C–E,
Transcriptional levels of TRAP (C), cathepsin K (D), and calcitonin receptor (E) in WT and KO mouse bone marrow–derived macrophages.
Values are the mean � SD. * = P < 0.05; ** = P < 0.01; *** = P < 0.001 versus the control WT group. Color figure can be viewed in the online
issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40552/abstract.
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Deficiency of ADAMTS-12 and accelerated osteo-
clastogenesis. In the pathogenesis of inflammatory
arthritis, osteoclastogenesis accompanies bone destruc-
tion. Accordingly, we next investigated the role of
ADAMTS-12 in osteoclastogenesis during the inflam-
matory arthritis process. For this purpose, ankle joints
collected from mice with CIA were used for TRAP
staining; more osteoclasts were observed in ADAMTS-
12–deficient mice compared to WT mice (Figure 2A).
To further confirm this finding and investigate the
mechanism involved, we examined the effects of
ADAMTS-12 on osteoclastogenesis in vitro. We iso-
lated primary bone marrow cells and induced differen-
tiation of these cells into osteoclasts. TRAP staining
demonstrated that ADAMTS-12 deficiency led to signif-
icantly more TRAP-positive osteoclasts when compared
to control mice (Figure 2B). In accordance with this,
ADAMTS-12 deficiency significantly up-regulated the

expression of marker genes of osteoclastogenesis, such
as TRAP, cathepsin K, and calcitonin receptor (Fig-
ures 2C–E). Collectively, these findings demonstrated
that ADAMTS-12 deficiency resulted in enhanced osteo-
clastogenesis in the pathogenesis of inflammatory arthri-
tis.

ADAMTS-12 interacts with and cleaves CTGF.
It is known that CTGF plays a proinflammatory and
pro-osteoclastogenesis role in the pathogenesis of
inflammatory arthritis (21). The facts that 1) ADAMTS-7
and ADAMTS-12 share similar structure (12), and that
2) ADAMTS-7 binds and digests CTGF (20) prompted
us to investigate whether ADAMTS-12 exerts its role in
inflammatory arthritis through interacting with CTGF. To
address this issue, we cotransfected CTGF and
ADAMTS-12 into 293T cells and performed a co-immu-
noprecipitation assay. As indicated in Figure 3A, a speci-
fic CTGF band was immunoprecipitated by anti-CTGF

Figure 3. ADAMTS-12 is specifically associated with connective tissue growth factor (CTGF). A, Co-immunoprecipitation (IP) assays with
Western blotting (WB), revealing specific associations of ADAMTS-12 with CTGF in immune complexes precipitated with CTGF antibody (Ab)
from protein lysates of 293T cells that were cotransfected with CTGF (a) and ADAMTS-12 (b) expression plasmids. B, CTGF interaction with
ADAMTS-12 or truncated forms in yeast 2-hybrid analyses, shown in a schematic representation of ADAMTS-12 and its truncation mutants. Inter-
action was evaluated by color change of cotransformants in the colony lift assay resulting from b-galactosidase–mediated conversion of X-Gal sub-
strate into a blue product. TSP = thrombospondin type 1. C, Western blotting of CTGF. CTGF was transfected into 293T cells (1) or CTGF and
ADAMTS-12 were cotransfected into 293T cells (2). Forty-eight hours later, cell lysates were prepared and CTGF processing was analyzed by
immunoblotting with anti-CTGF antibody. “X” indicates a nonspecific band recognized by the antibody. D, Immunohistochemical (IHC) analysis
of ADAMTS-12 in ankle joints of wild-type (WT) and knockout (KO) mice. Bars = 200 lm. E, IHC analysis of CTGF in ankle joints of WT and
KO mice with collagen-induced arthritis, in samples of cartilage (top) and synovium (bottom). Bars = 200 lm. F, Serum CTGF levels as measured
by enzyme-linked immunosorbent assay. Values are the mean � SD. ** = P < 0.01 versus the control WT group. Color figure can be viewed in the
online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40552/abstract.
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antibodies in CTGF and ADAMTS-12–cotransfected cells;
ADAMTS-12 bands were also immunoprecipitated by
anti-CTGF antibodies under the same conditions (Fig-
ure 3A, part b), suggesting that ADAMTS-12 specifi-
cally associates with CTGF. We next sought to identify
the domains of ADAMTS-12 required for binding to
CTGF. For this purpose, a series of truncated mutants
of ADAMTS-12 were subcloned into a yeast expression
pPC86 vector, and a Y2H assay was performed. Like
ADAMTS-7, which has been reported to interact with
CTGF (20), the C-terminal region containing a mucin
domain (also called spacer-2) and TSP-1 repeats 5–8 of

ADAMTS-12 were required and sufficient for interac-
tion with CTGF (Figure 3B).

More importantly, we observed the accumulation
of CTGF fragments in Western blot analysis using a rabbit
polyclonal antibody that recognized C-terminal CTGF
protein (Figure 3C) in the lysate collected from cotrans-
fected 293T cells, indicating binding and degradation
of CTGF by ADAMTS-12 in mammalian cells. Further-
more, immunohistochemistry staining demonstrated that
ADAMTS-12 was mainly expressed in cartilage, and
CTGF was expressed in cartilage and synovium (Fig-
ure 3D). In addition, the CTGF expression was highly

Figure 4. ADAMTS-12 deficiency leads to enhanced connective tissue growth factor (CTGF)–mediated inflammatory responses. A, Bone mar-
row–derived macrophages (BMDMs) from wild-type (WT) and knockout (KO) mice were incubated with or without interleukin-1b (IL-1b) in the
absence or presence of CTGF, and phosphorylation and expression of the indicated signaling molecules at various time points were determined by
immunoblotting (left). Phosphorylated protein was quantified relative to total protein (right). Values are the mean � SD. D = P < 0.05, relative
expression of phosphorylated protein in IL1b–treated cells with or without CTGF as compared to untreated cells; * = P < 0.05, relative expression
of phosphorylated protein in cells treated with CTGF and IL-1b compared to those treated with IL-1b only, or in KO mouse cells compared to
WT mouse cells with the similar treatments. B, BMDMs from WT and KO mice were incubated with or without IL-1b in the absence or presence
of CTGF for 48 hours, and expression of type 2 nitric oxide synthase (NOS-2) was examined by immunoblotting (left). NOS-2 expression was
quantified relative to GAPDH (right). Values are the mean � SD. D = P < 0.05, relative expression of NOS-2 in IL-1b–treated cells with or with-
out CTGF as compared to untreated cells, * = P < 0.05, relative expression of NOS-2 in cells treated with CTGF and IL-1b compared to those
treated with IL-1b only, or in KO mouse cells compared to WT mouse cells with the same treatments. C–E, Transcription levels of IL-6 (C),
NOS-2 (D), and COX-2 (E) were determined in BMDMs from WT and KO mice incubated with or without IL-1b in the absence or presence of
CTGF. Values are the mean � SD. * = P < 0.05; ** = P < 0.01 versus the control WT group. The experiments were repeated 3 times.
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up-regulated in ADAMTS-12–deficient CIA mice as com-
pared to WT mice with CIA (Figure 3E). Serum CTGF
levels were also markedly increased in ADAMTS-12–defi-
cient CIA mice as compared to WT mice with CIA (Fig-
ure 3F). Taken together, all of the in vitro and in vivo
evidence indicated that ADAMTS-12 interacted with and
cleaved CTGF, and that ADAMTS-12 deficiency caused
accumulation of CTGF during inflammatory arthritis.

Deletion of ADAMTS-12 enhances CTGF-
mediated inflammatory responses. It is known that CTGF
is a key proinflammatory mediator in fibroblast-like syn-
oviocytes (FLS) (22). Additionally, in FLS, CTGF could
promote expression of proinflammatory mediators in the
presence of IL-1b (23). Moreover, CTGF could enhance
IL-1b–mediated signaling pathways. Given the fact that
ADAMTS-12 interacts with and cleaves CTGF, we next
investigated whether ADAMTS-12 regulates CTGF-
mediated inflammatory signaling. To address this issue,
we isolated BMDMs from ADAMTS-12–KO mice and
their control littermates and cultured the cells in the
absence or presence of IL-1b with or without CTGF. As

indicated in Figure 4A, IL-1b activated JNK, p38, and
NF-jB signaling, and CTGF further enhanced IL-1b–
mediated inflammatory signaling pathways in WT
BMDMs, which is consistent with previous findings
(23,24). Interestingly, in ADAMTS-12–deficient mouse
BMDMs, the phosphorylation of these molecules was
enhanced at each time point compared to WT mouse
BMDMs. In addition, ADAMTS-12 deficiency led to
increased expression of nitric oxide synthase 2 (NOS-2),
an inflammation marker, in the presence of CTGF (Fig-
ure 4B). To further investigate the mechanism involved,
we cultured the BMDMs with various stimuli for 6 hours,
followed by real-time PCR. IL-1b could up-regulate the
expression of inflammatory factors such as IL-6, NOS-2,
and COX-2. The up-regulation of these genes was further
enhanced in the presence of CTGF. Of note, the tran-
scription level of IL-6, NOS-2, and COX-2 was signifi-
cantly higher, in the absence or presence of CTGF, in
ADAMTS-12–deficient mouse BMDMs as compared to
WT mouse BMDMs in response to IL-1b stimulation
(Figures 4D and E). Additionally, the transcript levels of

Figure 5. ADAMTS-12–mediated signaling depends on connective tissue growth factor (CTGF) during inflammation. A, Generation of CTGF-
deficient (CTGF-def) RAW 264.7 cells using the clustered regularly interspaced short palindromic repeat/Cas9 technique. Expression of CTGF
was determined by immunoblotting. B and C, Wild-type (WT) or CTGF-def RAW 264.7 macrophages were transfected with pcDNA-ADAMTS12
(pcDNA-TS12) for 48 hours, and cells were then treated with or without interleukin-1b (IL-1b) for the indicated time. Cells were isolated to deter-
mine the phosphorylation of p65, p38, and JNK and the expression level of TS12 (B), or the expression of type 2 nitric oxide synthase (NOS-2)
and TS12 (C) by immunoblotting. D–F, WT or CTGF-def RAW 264.7 cells were transfected with pcDNA-TS12 for 48 hours, and cells were then
treated with or without IL-1b. Transcription expression levels of IL-6 (D), NOS-2 (E), and COX-2 (F) were evaluated by real-time polymerase
chain reaction. Values are the mean � SD. * = P < 0.05; ** = P < 0.01 versus control group. The experiments were repeated 3 times.
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IL-6, NOS, and COX-2 were significantly higher with a
combination of CTGF and IL-1b stimulation than with
IL-1b stimulation alone. Collectively, these findings indi-
cate that deficiency of ADAMTS-12 results in enhanced
CTGF-mediated inflammatory responses.

CTGF is a critical mediator of ADAMTS-12 sig-
naling during inflammation. Since loss of ADAMTS-12
increased CTGF-mediated signaling, we next investigated
whether CTGF is also a critical regulator of ADAMTS-12–
mediated signaling. To address this issue, we generated
CTGF-deficient RAW 264.7 macrophages using the clus-
tered regularly interspaced short palindromic repeat/
Cas9 technique, then transfected these CTGF-deficient
macrophages with an ADAMTS-12 overexpression
plasmid. As shown in Figure 5A, the expression of
CTGF was dramatically decreased in CTGF-deficient
RAW 264.7 macrophages. Interestingly, overexpression of

ADAMTS-12 could decrease the activation of inflamma-
tory signaling, such as NF-jB, p38, and JNK, in
response to IL-1b. CTGF deficiency also resulted in the
decreased activation of these signaling molecules, and this
decrease reached an extent comparable to that observed in
ADAMTS-12–overexpressing WT RAW 264.7 macro-
phages. More importantly, overexpression of ADAMTS-
12 in CTGF-deficient RAW 264.7 macrophages failed
to further inhibit the activation of these signal molecules
as compared to CTGF-deficient RAW 264.7 macro-
phages (Figure 5B). Accordingly, the expression of
NOS-2, one of the inflammatory markers, was inhibited
by overexpression of ADAMTS-12 in RAW 264.7
macrophages and CTGF-deficient RAW 264.7 macro-
phages at a comparable level in response to IL-1b.
Overexpression of ADAMTS-12 in CTGF-deficient
RAW 264.7 macrophages failed to further inhibit the

Figure 6. Blocking connective tissue growth factor (CTGF) attenuates inflammatory arthritis in ADAMTS-12–deficient mice with collagen-induced
arthritis (CIA). A, Wild-type (WT) and ADAMTS-12–deficient mice (n = 8 per group) were immunized with type II collagen to establish the CIA
model; subsequently, mice were treated with human IgG or anti-CTGF antibodies (FG-3019) for a total of 6 weeks starting from the onset of disease.
Clinical arthritis scores were recorded. B, Hematoxylin and eosin (H&E)–stained sections of ankle joints from control IgG- or CTGF antibody–treated
ADAMTS-12–deficient mice with CIA. Bars = 200 lm. Black arrows indicate synovium inflammation, green arrows indicate bone erosion, and blue
arrows indicate pannus formation. C, Safranin O staining of ankle joints from control IgG- or CTGF antibody–treated ADAMTS-12–deficient mice
with CIA. Bars = 200 lm. D–F, Evaluation of erosion (D), synovitis (E), and pannus (F) in the ankle joints from control IgG- or CTGF antibody–trea-
ted ADAMTS-12–deficient mice with CIA. Values are the mean � SD. * = P ˂ 0.05; ** = P ˂ 0.01 versus human IgG–treated control group. KO =
knockout. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40552/abstract.
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expression of NOS-2 (Figure 5C). In addition, the tran-
scription levels of inflammatory markers such as IL-6,
NOS-2, and COX-2 exhibited the same trend demon-
strated at the protein level for NOS-2 in response to
IL-1b (Figures 5D–F). Taken together, these results sug-
gest that CTGF is a critical mediator of ADAMTS-12–
mediated signaling during inflammation. In other words,
ADAMTS-12 exerts its inhibition of inflammation at
least in part through, regulating CTGF turnover.

Blocking of CTGF attenuates inflammatory
arthritis in ADAMTS-12–deficient mice with CIA. To
determine whether the enhanced inflammation in
ADAMTS-12–deficient mice with CIA resulted from
accumulation of CTGF, we injected CTGF antibody, FG-
3019, into ADAMTS-12–deficient mice after CIA onset.
The arthritis score in ADAMTS-12–deficient mice treated
with FG-3019 was significantly reduced, to a similar level
as observed in WT mice with CIA (Figure 6A). More-
over, histologic analysis indicated that FG-3019 signifi-
cantly reduced inflammation and abrogated further tissue
destruction in ADAMTS-12–deficient mice with (Fig-
ures 6B and C). Specifically, the scores for erosion, synovi-
tis, and pannus formation were significantly decreased in
the presence of FG-3019 in ADAMTS-12–deficient mice
(Figures 6D–F). These results show that ADAMTS-12
deficiency led to accelerated inflammatory arthritis, and
blocking CTGF could attenuate the elevated inflammatory
response in these mice. Cumulatively, these findings sug-
gest that processing of CTGF by ADAMTS-12 could limit
inflammation.

DISCUSSION

RA is a chronic autoimmune disorder in which
inflammatory cytokines play a critical role (25), and
antiinflammatory drugs are widely used to improve the
disease symptoms (26). ADAMTS-12 was shown to be
required for maintaining inflammation in a model of
allergen-induced airway disease (17). Previous data indi-
cated that ADAMTS-12 was an RA susceptibility gene
(13), and that the level of ADAMTS-12 was significantly
increased in RA patients (14,15), suggesting that
ADAMTS-12 might also play a role in RA pathology.
Indeed, in this study we provide comprehensive evidence
indicating that ADAMTS-12 plays a critical role in
inflammatory arthritis in mice. We found that deletion of
ADAMTS-12 in genetically modified mice leads to
enhanced inflammation in the CIA model. Higher clini-
cal scores of arthritis and disease incidence in ADAMTS-
12–deficient mice indicated that ADAMTS-12–deficient
mice are more susceptible to CIA. Given that inflamma-
tory arthritis involves cartilage destruction, bone erosion,

and synovitis, we examined the histologic changes to
bone and cartilage after deleting ADAMTS-12. Data sug-
gested that loss of ADAMTS-12 resulted in more carti-
lage and bone loss. Importantly, synovial inflammation
and pannus formation were significantly increased in
ADAMTS-12–deficient mice. Additionally, it is well-
known that inflammatory cytokines such as TNF, IL-1,
IL-6, and IL-17 are up-regulated, and the antiinflamma-
tory cytokine, IL-10, is down-regulated, in the pathogene-
sis of RA. Interestingly, our data showed that loss of
ADAMTS-12 resulted in increased levels of inflammatory
cytokines and decreased levels of antiinflammatory cyto-
kine. All of these data suggest that ADAMTS-12 is
required for limiting inflammatory arthritis.

Even though the potential involvement of
ADAMTS-12 in arthritis was suggested in previous stud-
ies (3,6,14,15,27–29), the elucidation of a detailed mech-
anism was not possible without defining its substrate.
Importantly, ADAMTS-7 and ADAMTS-12 share a sim-
ilar structure and form one ADAMTS subgroup. The
high similarity between ADAMTS-7 and ADAMTS-12
suggests that they could share a similar substrate.
Indeed, both of them were reported to be able to inter-
act with and digest cartilage oligomeric matrix protein
(COMP) (14,15,27,30–33). Interestingly, it was recently
reported that ADAMTS-7 could directly interact with
and processes CTGF. CTGF, also called CCN2, belongs
to the CCN family and is associated with angiogenesis,
fibrosis, atherosclerotic blood vessels, and erosive arthri-
tis lesions (34). It is well accepted that CTGF con-
tributes to the proinflammatory and proatherogenic
state in patients with RA (21,35,36). Given the impor-
tance of CTGF in RA and the similar structure between
ADAMTS-7 and ADAMTS-12, we hypothesized that
ADAMTS-12 also interacts with and cleaves CTGF.
Both Y2H and co-immunoprecipitation assays indicated
that ADAMTS-12 and CTGF could bind together; the
C-terminal mucin and TSP motifs of ADAMTS-12 were
required and sufficient for binding CTGF. After overex-
pression of ADAMTS-12, the expression of full-length
CTGF was reduced and the expression of CTGF frag-
ments was increased. Importantly, CTGF appeared to
accumulate in the synovium of ADAMTS-12–deficient
mice with inflammatory arthritis, suggesting that
ADAMTS-12 is involved in CTGF turnover and
ADAMTS-12 deficiency may slow CTGF clearance.

CTGF is a well-studied protein in arthritis; how-
ever, its roles in osteoarthritis (OA) and inflammatory
arthritis differ. OA is considered to be a degenerative dis-
ease characterized by cartilage destruction, subchondral
bone sclerosis, synovial inflammation, and osteophyte for-
mation (37). Even though it is well accepted that
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cartilage, plasma, and synovial fluid CTGF concentrations
positively correlate with radiographic severity in OA (38),
studies have yielded conflicting results regarding its role
in this disease. Specifically, some studies using genetically
modified mouse models and in vitro assays have demon-
strated a protective role of CTGF against articular carti-
lage degeneration in OA progression through regulating
chondrocyte differentiation and proliferation (39–43).
However, given the importance of synovial lining cells in
OA progression, some studies suggested that CTGF pro-
moted inflammation and cartilage damage in the patho-
genesis of OA (23,44–46).

Regardless of the controversy in OA, studies have
consistently demonstrated that CTGF strongly promoted
a catabolic effect in inflammatory arthritis progression
(21,47). The different roles of CTGF in OA and inflam-
matory arthritis may be due to its different roles in
different cells and distinct microenvironments. In
inflammatory arthritis progression, synovial fibroblasts
play a critical role. In both OA and RA fibroblast cells,
CTGF could up-regulate proinflammatory cytokines such
as IL-6 and monocyte chemoattractant protein 1 to
accelerate the disorder (45,46,48). Interestingly, studies
have indicated that blocking CTGF largely ameliorated
inflammatory arthritis in multiple murine models
(21,35,48). In the present study, we found that CTGF
enchanced expression of proinflammatory mediators such
as IL-6, NOS-2, and COX-2 in response to IL-1b stimu-
lation, and more importantly, ADAMTS-12 deficiency
resulted in further enhanced up-regulation of these proin-
flammatory cytokines in response to IL-1b. Additionally,
MAPK and NF-jB signaling pathways involved in inflam-
mation were enhanced after deletion of ADAMTS-12.
On the other hand, overexpression of ADAMTS-12
reduced CTGF-induced inflammation (see Supplementary
Figure 1, available on the Arthritis & Rheumatology web
site at http://onlinelibrary.wiley.com/doi/10.1002/art.40552/
abstract). ADAMTS-12 constraint of inflammation was
lost in CTGF-deficient RAW 264.7 macrophages cells
(Figure 5).

Our data suggested that ADAMTS-12 deficiency enhanced
inflammatory arthritis at least in part via the CTGF pathway. To further
confirm this, we injected FG-3019 into ADAMTS-12–deficient
mice with CIA. FG-3019 effectively rescued the symptoms
and pathologic changes caused by loss of ADAMTS-12,
whereas it failed to further suppress inflammation in WT
CIA mice (Figure 6). These results, together with the find-
ing that blocking CTGF improved the arthritis in
ADAMTS-12–deficient mice but only to the level of severity
seen in WT mice with CIA, suggest that targeting CTGF
could be an effective approach for treating inflammatory
arthritis under conditions in which CTGF levels are

significantly elevated, for instance, in the absence or defi-
ciency of ADAMTS-12. It should be noted that the failure
of CTGF antibody to suppress inflammation in WT mice
with CIA may also be due to an insufficient dose and/or fre-
quency of antibody administration, as well as the genetic
background of the mice used in the current study.

Besides inflammation, osteoclastogenesis also plays
an important role in inflammatory arthritis by promoting
bone erosion. Additionally, proinflammatory cytokines
effectively promote osteoclast differentiation (19). Accord-
ingly, we examined whether ADAMTS-12 was involved in
osteoclast differentiation. The present study indicated that
deletion of ADAMTS-12 caused accelerated osteoclast for-
mation both in vivo and in vitro. Considering that CTGF
strongly promoted osteoclastogenesis (36) and there is an
interaction between CTGF and ADAMTS-12, the data
suggest that ADAMTS-12 deficiency caused enhanced
osteoclastogenesis at least partially through the CTGF path-
way. Collectively, these findings suggest that in inflamma-
tory arthritis progression, ADAMTS-12–deficient mice
might lose the ability for inactivating CTGF, leading to
enhanced susceptibility. Even though ADAMTS-12 and
ADAMTS-7 share similar structure and substrate(s), the
metalloproteinases play different roles in inflammatory
arthritis. Previous data indicated overexpression of
ADAMTS-7 promoted inflammation and cartilage destruc-
tion in transgenic ADAMTS-7 mice with CIA (49). Perhaps
ADAMTS-7 exhibits better efficacy in degrading COMP rel-
ative to ADMATS-12. Furthermore, the transgenic mouse
model may create an artificial environment that cannot fully
demonstrate the real mechanism. Additionally, ADAMTS-7
is regarded as a proinflammatory metalloproteinase since it
forms a positive loop with TNF (50). Although ADAMTS-7
could bind and cleave CTGF, TNF enhances CTGF produc-
tion in synovial fibroblasts while inhibiting CTGF in chondro-
cytes. Therefore, the true CTGF levels in ADAMTS-7–
deficient mice are still unknown, and the role of ADAMTS-7
in inflammatory arthritis remains to be delineated (48).

In conclusion, ADAMTS-12 appears to be a criti-
cal regulator of inflammatory arthritis, at least in part via
interaction with and inactivation of CTGF. These find-
ings not only provide novel insights into the role of
ADAMTS-12 in the pathogenesis of inflammatory
arthritis in vivo, but may also lead to the development of
novel therapeutic intervention strategies for RA.
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Disease-Modifying Osteoarthritis Treatment With Interleukin-1
Receptor Antagonist Gene Therapy in Small and Large

Animal Models

Alan J. Nixon,1 Matthew W. Grol,2 Hayley M. Lang,1 Merry Z. C. Ruan,2 Adrianne Stone,2

Laila Begum,1 Yuqing Chen,2 Brian Dawson,2 Francis Gannon,2 Stanislav Plutizki,3

Brendan H. L. Lee,2 and Kilian Guse4

Objective. Gene therapy holds great promise for
the treatment of osteoarthritis (OA) because a single
intraarticular injection can lead to long-term expression
of therapeutic proteins within the joint. This study was
undertaken to investigate the use of a helper-dependent
adenovirus (HDAd)–mediated intraarticular gene ther-
apy approach for long-term expression of interleukin-1
receptor antagonist (IL-1Ra) as sustained symptomatic
and disease-modifying therapy for OA.

Methods. In mouse models of OA, efficacy of
HDAd–IL-1Ra was evaluated by histologic analysis,
micro–computed tomography (micro-CT), and hot plate
analysis. In a horse OA model, safety and efficacy of
HDAd–IL-1Ra were evaluated by blood chemistry, analy-
ses of synovial fluid, synovial membrane, and cartilage,
and gross pathology and lameness assessments.

Results. In skeletally immature mice, HDAd–IL-
1Ra prevented development of cartilage damage, osteo-
phytes, and synovitis. In skeletally immature and mature
mice, treatment with HDAd–interleukin-1 receptor antago-
nist post–OA induction resulted in improved—albeit not
significantly—cartilage status assessed histologically and
significantly increased cartilage volume, cartilage surface,
and bone surface covered by cartilage as assessed by micro-
CT. Fewer osteophytes were observed in HDAd–IL-1Ra–
treated skeletally immature mice. Synovitis was not affected
in skeletally immature or mature mice. HDAd–IL-1Ra
protected against disease-induced thermal hyperalgesia in
skeletally mature mice. In the horse OA model, HDAd–IL-
1Ra therapy significantly improved lameness parameters,
indicating efficient symptomatic treatment. Moreover,
macroscopically and histologically assessed cartilage
and synovial membrane parameters were significantly
improved, suggesting disease-modifying efficacy.

Conclusion. These data from OA models in small
and large animals demonstrated safe symptomatic and
disease-modifying treatment with an HDAd-expressing
IL-1Ra. Furthermore, this study establishes HDAd as a
vector for joint gene therapy.

Osteoarthritis (OA) is the most common joint
disorder and the leading cause of disability in the aged
population. Currently, there are no available drugs with
a disease-modifying effect that could positively influence
the ongoing cartilage degeneration. Thus, because medi-
cation is limited to management of the symptoms of
OA, many patients progress to development of end-
stage disease due to continuous cartilage degeneration.
There is therefore a large unmet medical need for novel
therapeutic approaches that can be used to sustainably
treat the symptoms of OA and are disease-modifying.

OA is characterized by progressive cartilage degen-
eration, subchondral bone remodeling, and chronic in-
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flammation. One of the key players in OA is interleukin-1
(IL-1), which is up-regulated in cartilage and synovial
tissue and can be correlated with osteoarthritic changes
(1–3). IL-1 amplifies inflammation in OA by inducing
other inflammatory mediators (4) and directly con-
tributes to cartilage matrix loss by increasing cartilage
catabolism through up-regulation of extracellular pro-
teolytic enzymes while simultaneously suppressing carti-
lage anabolism through down-regulation of collagen and
proteoglycan synthesis (1). IL-1 is also suspected to be
one of the key mediators of pain in OA, which is one of
the major symptoms and the most common reason for
patients to consult a physician (5,6). Therefore, the IL-1
pathway may be an ideal target for OA therapy because
blockade of this pathway could potentially be used to
both treat symptoms and modify disease.

One of the most efficient inhibitors of the IL-1
pathway is the endogenous IL-1 receptor antagonist
(IL-1Ra), which competes with IL-1 for IL-1R binding
without inducing signal transduction (7). Recombinant
IL-1Ra is available as the drug anakinra, which has
been evaluated in a randomized, double-blind, placebo-
controlled clinical trial in knee OA patients (8). In that
study, patients treated with a single intraarticular injec-
tion of anakinra exhibited significantly improved pain
scores compared with placebo-treated patients at an
early time point. However, 4 weeks after injection there
was no longer a significant difference between the
active treatment and placebo groups. These findings
suggested that IL-1Ra is effective against OA; how-
ever, based on the limited bioavailability of the IL-1Ra
protein in the joint, the effect was not sustained (8).
With a synoviocyte-targeted gene therapy approach,
which leads to long-term IL-1Ra production within
the joint, the bioavailability issue could be overcome.

In multiple small and large animal models,
helper-dependent adenoviral vectors (HDAds), also
known as high-capacity or gutless adenoviral vectors,
have been shown to mediate long-term transgene expres-
sion and exhibit significantly less adaptive immunogenic-
ity compared with first-generation adenoviral vectors, as
HDAds do not express viral proteins (9–11). In a previous
study we have shown that in joints, HDAds achieve stable
gene expression for >1 year after intraarticular injection
(12). Furthermore, we have demonstrated that HDAds
transduce synoviocytes in mice after intraarticular injec-
tion, with greater efficiency than the widely used adeno-
associated viruses (AAVs) (12). Therefore, HDAds seem
to be well suited for joint-directed gene therapy, and we
chose to utilize these vectors for IL-1Ra gene therapy for
local administration in OA. In this study, we have shown
that HDAd–IL-1Ra vectors efficiently treat the

symptoms of OA and are disease-modifying in small
(mouse) and large (horse) animal models.

MATERIALS AND METHODS

HDAds. HDAd–murine IL-1Ra (HDAd–mIL-1Ra)
and HDAd–equine IL-1Ra (HDAd–eqIL-1Ra) carry the mu-
rine and equine variants, respectively, of IL-1Ra complemen-
tary DNA (cDNA) driven by the inflammation-inducible NF-
jB endothelial leukocyte adhesion molecule (ELAM) pro-
moter. The control vector HDAd-GFP contains the green flu-
orescent protein (GFP) cDNA under the control of the same
NF-jB ELAM promoter. HDAd genomic plasmids pD28 con-
taining NF-jB ELAM promoter and murine or equine IL-
1Ra, or GFP were constructed, and HDAd viruses were res-
cued using AdNG163 helper virus as described by Palmer and
Ng (13). Large-scale preparations of these vectors were pro-
duced as described by Suzuki et al (14). HDAd preparations
were confirmed to be endotoxin free.

Mouse cruciate ligament transection model. Cruciate
ligament transection (CLT) surgery was performed on knee
joints of 8-week-old and 12-week-old male FVB/N mice as pre-
viously described (15). For histologic assessment, knee joints
were decalcified in 14% or 10% EDTA for 5 or 10 days, respec-
tively, at 4°C and then embedded in paraffin. Sections were cut
at 6 lm and stained with Safranin O and fast green using stan-
dard protocols. For assessments of cartilage damage, sections
from the lateral compartment were scored according to the
Osteoarthritis Research Society International (OARSI) histo-
logic grading system (16) and scores for the tibia and femur
were summed. The medial compartment was not scored as in
this model the severity of displacement on the medial side is
typically too great to be scored with the OARSI system. To
assess for the presence of synovitis, sections from the lateral
compartment were scored using a 3-point scale. Osteophytes
were scored as being either present in or absent from histologic
sections and expressed as the percentage of joints with osteo-
phytes in relation to all analyzed joints. For phase-contrast
micro–computed tomography (micro-CT) imaging, whole knee
joints were prepared, scanned, and evaluated as described pre-
viously (15).

In 12-week-old mice, hot plate nociception analysis was
performed to assess thermal hyperalgesia. On the day of assess-
ment, mice were transferred to the room of analysis and allowed
to acclimate for at least 30 minutes prior to studies being per-
formed at 50 Lux and 60 dB. Each mouse was then placed on
the hot plate (Columbus Instruments) at 55°C and observed for
a maximum of 45 seconds. The latency period to hind limb flick-
ing and hind limb licking or jumping was recorded as minor and
major response time, respectively.

Horse osteochondral fragment model. These studies
were conducted at Cornell University and approved by the
Institutional Animal Care and Use Committee.

In the middle carpal joint of 1 randomly chosen forelimb
skeletally mature (3–6 years) thoroughbred racehorses, a radial
carpal bone osteochondral fragment was surgically formed to
induce OA. A 10-mm curved gouge was used to separate the
fragment from the dorsal aspect of the radial carpal bone, and a
motorized burr was used to expand the fracture bed to 15 mm.
Debris was deliberately retained in the joint to induce degenera-
tive changes. The middle carpal joint in the opposite limb was
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sham operated, but no fracture formation was performed. Five
days after surgery (day 0), the fragmented joint was injected with
2 9 1011 viral particles (vp) HDAd–eqIL-1Ra (low dose), 2 9
1012 vp HDAd–eqIL-1Ra (high dose), or phosphate buffered
saline (PBS) as a control (n = 4 per treatment group). Horses
were exercised with a rigorous treadmill program 5 days per week.

Serial lameness examination, limb swelling assessment,
and synovial fluid analysis for total protein, nucleated cell
count, and differential cell count, as well as enzyme-linked
immunosorbent assay for equine IL-1Ra (R&D Systems) were
performed multiple times over a period of up to 72 days, after
which the horses were killed and tissue obtained for assess-
ment. Blood was collected at multiple time points for complete
blood cell count and serum chemistry analysis. Lameness evi-
dent at walk, range of motion, lameness after flexion, and joint
effusion were assessed daily for the first week after HDAd
injection and weekly thereafter.

Horses were killed by pentobarbital overdose 72 days
after HDAd injection. The carpi from both fore limbs were dis-
articulated from the remaining tissues, and gross examination
of the carpal joint surfaces and synovial membrane was per-
formed by 2 observers. Gross necropsy examination was per-
formed by a board-certified pathologist. Samples of articular
cartilage and osteochondral sections were collected and fixed
in 4% paraformaldehyde prior to paraffin embedding. Osteo-
chondral samples were decalcified in citrate buffered formic
acid. Cartilage and osteochondral sections were cut and stained
with hematoxylin and eosin (H&E)–toluidine blue to assess
proteoglycan content, or by immunohistochemistry for type II
collagen. Sections were evaluated under blinded conditions.

Biodistribution quantitative polymerase chain reaction
(PCR). DNA from tissue (~100 mg) was extracted using pro-
teinase K and phenol–chloroform and diluted in water to a con-
centration of 20 ng/ll. DNA from serum samples (~200 ll) was
extracted using a ChargeSwitch gDNA 1ml Serum Kit (Thermo-
Fisher Scientific) and diluted in water to a concentration of 10
ng/ml. One microliter of each sample was used for PCR.

Quantitative real-time PCR was performed using a Light-
Cycler v2 and FastStart DNAMaster SYBR Green (Roche). The
following primers binding the HDAd–eqIL-1Ra genome were
used: 50-TCTGAATAATTTTGTGTTACTCATAGCGCG-30 and
50-CCCATAAGCTCCTTTTAACTTGTTAAAGTC-30. Annealing
temperature was 60°C.

Statistical analysis. In mouse experiments, groups were
compared by one-way analysis of variance followed by Tukey mul-
tiple comparisons test. Group differences in the scored data from
the horse experiments (lameness assessment, macroscopic carti-
lage and synovial membrane analysis, and histologic evaluation)
were tested by nonparametric Kruskal-Wallis analysis of variance
with follow-up pairwise comparison. Observer scores were aver-
aged for statistical testing. Statistical analysis was performed
using Prism 6 (GraphPad) or Statistix 9 (Analytical Software).
For all tests, P values less than 0.05 were considered significant.

RESULTS

HDAd–mIL-1Ra prevents and treats OA in a
mouse model. To test the efficacy of an HDAd expressing
murine IL-1Ra under the control of the inflammation-

Figure 1. Histologic scoring after presurgical treatment of skeletally immature mice with a helper-dependent adenoviral vector expressing murine
interleukin-1 receptor antagonist (HDAd–mIL-1Ra) in a model of severe posttraumatic osteoarthritis (OA). Two days prior to cruciate ligament
transection surgery, 8-week-old male mice were injected intraarticularly with HDAd–mIL-1Ra, a control vector containing green fluorescent pro-
tein (GFP), or phosphate buffered saline (PBS). Six weeks later, joints were collected and processed for Safranin O–fast green histochemical stain-
ing (n = 10 knees from 5 mice). To assess histologic signs of OA pathogenesis, tissue sections from the lateral compartment were analyzed for
cartilage damage (A) (n = 5–8 per group), synovitis (B) (n = 9–10 per group), and the presence of osteophytes (percentage of joints with osteo-
phytes in relation to all analyzed joints) (C) (n = 9–10 per group). HDAd–mIL-1Ra–treated joints had significantly lower (better) Osteoarthritis
Research Society International (OARSI) scores compared with HDAd-GFP–treated controls and PBS-injected joints, with trends toward reduc-
tions in synovitis and osteophyte formation. In A and B, circles represent individual joints; bars show the mean � SD. * = P < 0.05.

IL-1Ra GENE THERAPY FOR OSTEOARTHRITIS 1759



inducible promoter NF-jB (HDAd–mIL-1Ra) in OA
in vivo, we used the mouse CLT model recently developed
in our laboratory (15). HDAd–mIL-1Ra (1 9 108 vp), the
GFP-expressing control vector HDAd-GFP (1 9 108 vp),
or PBS was injected intraarticularly into 8-week-old mice
(10 knees from 5 mice), and 2 days later OA was induced
by CLT. Six weeks after surgery, mice were killed and OA
severity was assessed by OARSI histologic grading by an
independent observer, who was blinded with regard to
intervention. Joints treated with HDAd–mIL-1Ra had
significantly lower OARSI scores, i.e., less severe OA,
compared with joints treated with HDAd-GFP or PBS (n

= 5–8 per group) (Figure 1A and Supplementary Figure 1,
on the Arthritis & Rheumatology web site at http://onlinelib
rary.wiley.com/doi/10.1002/art.40668/abstract). The aver-
age synovitis score of HDAd–mIL-1Ra–treated joints
appeared to be lower compared with the HDAd-GFP and
PBS groups (n = 9–10 per group), although the difference
was not statistically significant (Figure 1B). Furthermore,
fewer osteophytes were observed in the HDAd–mIL-1Ra
group compared with the HDAd-GFP and PBS groups (n
= 9–10 per group) (Figure 1C). These data suggest that
HDAd–mIL-1Ra prevents the development of OA in this
model.

Figure 2. Histologic scoring and phase-contrast micro–computed tomography (micro-CT) results after postsurgical treatment of skeletally imma-
ture mice with HDAd–mIL-1Ra in a model of severe posttraumatic OA. Cruciate ligament transection surgery was performed on 8-week-old male
mice to induce OA, followed by intraarticular delivery of HDAd–mIL-1Ra, HDAd-GFP (control), or PBS 2 weeks after surgery. Six weeks later,
joints were collected and processed for Safranin O–fast green histochemical staining (n = 10 joints from 8 mice) or phase-contrast micro-CT analy-
sis (n = 5). To assess histologic signs of OA pathogenesis, tissue sections from the lateral compartment were analyzed for cartilage damage (A) (n
= 6–8 per group), synovitis (B) (n = 7–10 per group), and the presence of osteophytes (percentage of joints with osteophytes in relation to all ana-
lyzed joints) (C) (n = 3–5 per group). To quantify cartilage volume (D), cartilage surface (E), and bone surface covered by cartilage (F), whole-
joint phase-contrast micro-CT was performed on separately prepared joints. The mean OARSI score in the HDAd–mIL-1Ra–treated group was
slightly lower compared with the HDAd-GFP– and PBS-treated groups, but the difference was not statistically significant. Synovitis was unaffected
by HDAd–mIL-1Ra treatment. Osteophytes were not detected in HDAd–mIL-1Ra–treated joints but were detected in 33.3% and 66.7% of sam-
ples from the HDAd-GFP and PBS groups, respectively. Phase-contrast micro-CT analysis of cartilage volume, cartilage surface, and bone surface
covered by cartilage revealed significantly higher values in HDAd–mIL-1Ra–treated joints compared with HDAd-GFP– and PBS-injected joints,
while there was no significant difference between HDAd–mIL-1Ra–treated and sham-operated joints. In A, B, and D–F, circles represent individ-
ual joints; bars show the mean � SD. * = P < 0.05. See Figure 1 for other definitions.
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Next, we evaluated whether HDAd–mIL-1Ra can
efficiently treat established OA in 8-week-old mice. CLT
was performed, 2 weeks later HDAd–mIL-1Ra (1 9 108

vp), HDAd-GFP (19108 vp), or PBS was injected, and a
further 6 weeks later joints were analyzed by OARSI
grading (n = 10 knees from 8 mice per group) and phase-
contrast micro-CT imaging (n = 5 per group). The mean
OARSI score was lower in HDAd–mIL-1Ra–injected
joints compared with HDAd-GFP–treated and PBS-
injected joints, although the differences were not statisti-
cally significant (n = 6–8 per group) (Figure 2A and
Supplementary Figure 2 [http://onlinelibrary.wiley.com/
doi/10.1002/art.40668/abstract]). All treatment groups
(HDAd–mIL-1Ra, HDAd-GFP, and PBS) had signifi-
cantly worse OARSI scores compared with sham-
operated (healthy) joints from age-matched mice. No
difference in the synovitis score was observed between
treatment groups, all of which had higher scores than the
sham group (n = 7–10 per group) (Figure 2B). No osteo-
phytes were detected in the HDAd–mIL-1Ra-injected
joints, while 33.3% and 66.7% of the HDAd-GFP and
PBS samples, respectively, had osteophytes (n = 3–5 per
group) (Figure 2C). Using phase-contrast micro-CT
imaging, we showed that the HDAd–mIL-1Ra–treated
joints had significantly higher cartilage volume, cartilage
surface area, and bone area covered by cartilage com-
pared with HDAd-GFP– and PBS-treated joints (Fig-
ures 2D–F). While these parameters were all significantly
lower in the HDAd-GFP and PBS groups compared with
the sham-operated group, no significant difference was
observed between HDAd–mIL-1Ra–treated and sham-
operated joints.

To evaluate the efficacy of the treatment in mice
that were skeletally mature, we repeated the above experi-
ments in 12-week-old mice. Three days after surgery, mice
were injected with HDAd–mIL-1Ra (1 9 109 vp), HDAd-
GFP (1 9 109 vp), or PBS and assessed 2 months later for
cartilage damage, synovitis, and osteophytes by histologic
analysis and phase-contrast micro-CT imaging, as well as
for pain by hot plate nociceptive assay. The mean histo-
logic score for cartilage damage in HDAd–mIL-1Ra–trea-
ted mice tended to be lower compared with that in the
HDAd-GFP and PBS groups (n = 12–16 mice per group),
but the differences were not statistically significant (Fig-
ure 3A and Supplementary Figure 3, on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/d
oi/10.1002/art.40668/abstract). All treatment groups had
significantly higher scores compared with the sham-oper-
ated group. No difference was seen in the synovitis scores
of the HDAd–mIL-1Ra, HDAd-GFP, and PBS groups,
while all of these groups had significantly higher scores
compared with the sham group (Figure 3B). Additionally,

the number of osteophytes did not differ between the
HDAd–mIL-1Ra, HDAd-GFP, and PBS groups (Fig-
ure 3C). Phase-contrast micro-CT revealed significantly
higher cartilage volume in HDAd–mIL-1Ra–treated
joints compared with joints injected with HDAd-GFP, but
there was no significant difference between the HDAd–
mIL-1Ra group and the PBS group (Figure 3D) or the
sham-operated group. Bone surface covered by cartilage
was significantly higher in HDAd–mIL-1Ra–treated joints
compared with both the HDAd-GFP and the PBS groups
(Figure 3E). In the hot plate nociception analysis,
HDAd–mIL-1Ra treatment led to a significantly higher
minor response time compared with HDAd-GFP and
PBS treatment (Figure 3F). The minor response time of
HDAd–mIL-1Ra–treated mice was not significantly dif-
ferent from that of healthy mice in the sham group, indi-
cating protection from thermal hyperalgesia. Major
response times in the hot plate nociception analysis of
HDAd–mIL-1Ra–treated mice were higher on average
than in the HDAd-GFP and PBS groups, but the differ-
ences did not reach statistical significance (Figure 3G).

Expression of equine IL-1Ra by HDAd–eqIL-1Ra
in vitro and in vivo, dependent on inflammatory status.
Expression and functionality of the inflammation-induc-
ible promoter system of an HDAd expressing equine
IL-1Ra (HDAd–eqIL-1Ra) was confirmed in vitro (Sup-
plementary Figure 4, on the Arthritis & Rheumatology web
site at http://onlinelibrary.wiley.com/doi/10.1002/art.40668/
abstract). In a dose-escalation experiment, 4 different
doses of HDAd–eqIL-1Ra (2 9 1011 vp, 6 9 1011 vp, 2 9

1012 vp, and 6 9 1012 vp) were injected into the carpal
and metacarpophalangeal joints of 1 horse. IL-1Ra con-
centrations in the synovial fluid were high on the first 2
days (Supplementary Figure 5, http://onlinelibrary.wiley.
com/doi/10.1002/art.40668/abstract). Administration of a
nonsteroidal antiinflammatory drug (NSAID) (phenylbu-
tazone, 1 gm twice daily on days 2–5) reduced the IL-1Ra
concentration in the synovial fluid, but levels increased
again when NSAID treatment was stopped (day 7). On
day 90, inflammation was induced by injection of
lipopolysaccharide (0.125 ng) into 2 of the joints (previ-
ously injected with 2 9 1011 and 6 9 1012 vp HDAd–
eqIL-1Ra), which led to reactivation of IL-1Ra expres-
sion 2 days later, confirming sustained IL-1Ra expression
in vivo.

Intraarticular delivery of HDAd–eqIL-1Ra is well
tolerated in horses. OA was induced by surgical forma-
tion of an osteochondral fragment in 1 carpal joint per
horse. Five days later (day 0), HDAd–eqIL-1Ra at a
dose of 2 9 1011 vp (low dose) or 2 9 1012 vp (high
dose) or PBS was injected intraarticularly (n = 4 per
group). Since we had shown in 3 mouse OA experiments
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that the control vector HDAd-GFP has no significant
effect, we omitted this group in the horse experiment
for ethical and cost reasons. The injection site showed
no signs of inflammation or other adverse reactions. A
mild and transient elevation of white blood cell counts
in the synovial fluid, which returned to normal after 14
days, was noted in the low-dose group; whereas no sig-
nificant change occurred in the high-dose group

(Figure 4A). Compared with earlier studies with a first-
generation adenovirus expressing equine IL-1Ra in
horses (17), the white blood cell reaction in our study
using an HDAd was much lower. Synovial fluid total
protein concentration in both the low- and high-dose
HDAd–eqIL-1Ra groups did not change more than in
the PBS group (Figure 4B). Gross pathologic assessment
of the liver, spleen, heart, and ovaries (where present)

Figure 3. Histologic scoring, phase-contrast micro–computed tomography (micro-CT) results, and pain assessment after postsurgical treatment of
skeletally mature mice with HDAd–mIL-1Ra in a model of severe posttraumatic OA. Cruciate ligament transection surgery was performed on 12-
week-old skeletally mature mice to induce OA, followed by intraarticular delivery of HDAd–mIL-1Ra, HDAd-GFP (control), or PBS 72 hours later.
Eight weeks postsurgery, joints were collected and processed for Safranin O–fast green histochemical staining or phase-contrast micro-CTanalysis. To
assess histologic signs of OA pathogenesis, tissue sections from the lateral compartment were analyzed for cartilage damage (A), synovitis (B), and the
presence of osteophytes (percentage of joints with osteophytes in relation to all analyzed joints) (C) (n = 12–16 mice per group). To quantify cartilage
volume (D) and bone surface covered by cartilage (E), whole-joint phase-contrast micro-CT was performed on separately prepared joints (n = 7–9
mice per group). To assess effects of IL-1Ra gene therapy on OA-associated pain, mice were evaluated using the hot plate nociceptive assay, in which
response time to hind paw flick (minor response) (F) and hind paw lick or jump (major response) (G) was quantified (n = 12–16 mice per group). In
this model, HDAd–mIL-1Ra treatment did not affect histologic signs of cartilage damage, synovitis, or osteophytes. Phase-contrast micro-CTanalysis
showed significantly higher values for cartilage volume in the HDAd–mIL-1Ra group compared with the HDAd-GFP group. Bone surface covered by
cartilage was also significantly greater in HDAd–mIL-1Ra-injected joints compared with PBS- and HDAd-GFP–injected joints. Hot plate nociception
analysis revealed that HDAd–mIL-1Ra protected against increased thermal hyperalgesia as evidenced by a significantly longer hind paw flick response
time compared with the HDAd-GFP and PBS groups. Response times to hind paw lick or jump for hot plate nociception analysis were on average
higher in the HDAd–mIL-Ra group compared with the HDAd-GFP and PBS groups, but the differences were not significant. In A, B, and D–G, circles
represent individual joints; bars show the mean � SD. * = P < 0.05. See Figure 1 for other definitions.
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at the end of the experiment (72 days after injection)
showed no pathologic changes. Moreover, no significant
levels of HDAd–eqIL-1Ra vector genomes were found
in the liver, spleen, heart, or ovaries by quantitative
PCR (Supplementary Table 1, on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.40668/abstract), indicating that the virus did not
disseminate from the joint. This conclusion is further
supported by the fact that levels of HDAd–eqIL-1Ra
vector genomes were not increased in the serum on days
21 or 72, and HDAd–eqIL-1Ra vector genome levels in
the feces from animals in the high-dose group were not
increased, above those in controls.

Reduction of OA symptoms with HDAd–eqIL-1Ra
treatment in a horse model. Equine IL-1Ra protein levels
in the synovial fluid were ~20 ng/ml 4 days after injection
of low- or high-dose HDAd–eqIL-1Ra. These levels

gradually declined during the course of the experiment,
until they were ~1 ng/ml and 0.1 ng/ml in the low- and
high-dose groups, respectively, on day 72 (Figure 4C).
The clinical parameters lameness, range of motion, pain
on flexion, and effusion were all improved (lower scores)
by HDAd–eqIL-1Ra treatment compared with PBS treat-
ment, although no dose-dependency was seen (Fig-
ure 4D). Specifically, the average lameness score assessed
on the American Association of Equine Practitioners
(AAEP) 0–5 scale (0 = no lameness, 5 = severe lameness)
was 58% lower in the low-dose HDAd–eqIL-1Ra group
compared with the PBS group (P = 0051), while the high-
dose group had a statistically significant 67% improve-
ment in the average score (P = 0.029). Range of motion
assessed on a 0–4 scale (0 = no reduction, 4 = >75%
reduction) was completely restored in the low-dose
HDAd–eqIL-1Ra group (P = 0.029), while in the

Figure 4. Synovial fluid white blood cell (WBC) influx, protein content, interleukin-1 receptor antagonist (IL-1Ra) expression, and lameness symptoms
in horses with osteoarthritis treated with a helper-dependent adenoviral vector expressing equine IL-1Ra (HDAd–eqIL-1Ra). In the osteochondral frag-
ment model, horses were injected intraarticularly with 2 9 1011 viral particles (vp) (low dose) or 2 9 1012 vp (high dose) HDAd–eqIL-1Ra (n = 4 per
group). Horses had a mild, transient elevation ofWBC counts in synovial fluid (A). Total protein content of the synovial fluid did not change significantly
after HDAd–eqIL-1Ra injection (B). Equine IL-1Ra levels in the synovial fluid were � 20 ng/ml 4 days after injection and declined to � 1 ng/ml and
0.1 ng/ml in the low- and high-dose HDAd–eqIL-1Ra groups. (C). The clinical parameters lameness, range of motion, lameness after flexion (“flexion”),
and effusion in HDAd–eqIL-1Ra–treated horses were all improved compared with phosphate buffered saline (PBS)–treated controls, with range
of motion completely restored in the horses treated with low-dose HDAd–eqIL-1Ra. (D). Values are the mean � SD (A–C) or the mean � SEM (D).
* = P < 0.05.
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high-dose group it was reduced by 38% compared with
the PBS group (P = 0.229). Videos of the range of
motion assessment of representative animals from the
PBS group (score 3) and the low-dose HDAd–eqIL-1Ra
group (score 0) are shown in Supplementary Videos 1
and 2, on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40668/abstract).
The average score for lameness after flexion assessed on
the AAEP 0–5 scale was significantly lower in the low-
dose HDAd–eqIL-1Ra group (71%; P = 0.031) and high-

dose HDAd–eqIL-1Ra group (57%; P = 0.039) compared
with the PBS group. Also, effusion assessed on a scale of
0–4 (0 = no effusion, 4 = marked effusion) was signifi-
cantly improved in the low-dose HDAd–eqIL-1Ra group
(44%; P = 0.029) and high-dose HDAd–eqIL-1Ra group
(33%; P = 0.049) compared with the PBS group.

Improved synovial membrane status in osteoar-
thritic joints of horses with HDAd–eqIL-1Ra treatment.
The horses were killed on day 72, and the synovial mem-
brane was evaluated macroscopically (Figure 5A). In both

Figure 5. Synovial membrane status of the osteoarthritic joints of HDAd–eqIL-1Ra–injected horses. HDAd–eqIL-1Ra at a low dose (2 9 1011

vp) or high dose (2 9 1012 vp) was injected intraarticularly into horse carpal joints with osteochondral fragments, and horses were killed 72 days
later (n = 4 per group). Macroscopic evaluation of the synovial membrane showed that the color of the HDAd–eqIL-1Ra–treated joints was simi-
lar to the color of sham-operated joints, whereas PBS-treated control joints appeared more reddish (A and B). Arrowheads indicate location of
osteochondral fragmentation. The synovial membrane of HDAd–eqIL-1Ra–treated joints was also significantly less thick compared with that of
PBS-treated controls (B). Values are the mean � SEM. Hematoxylin and eosin staining of synovial membrane from the dorsal aspect of the mid-
dle carpal joint indicated less infiltration of inflammatory cells and less synovial hyperplasia in the HDAd–eqIL-1Ra–treated joints compared with
PBS-treated joints (C). Original magnification 9 100. * = P < 0.05. See Figure 4 for definitions.
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Figure 6. Macroscopic and histologic evaluation of cartilage from the osteoarthritic joints of HDAd–eqIL-1Ra–injected horses. HDAd–eqIL-1Ra at a low
dose (29 1011 vp) or high dose (29 1012 vp) was injected intraarticularly into horse carpal joints with osteochondral fragments, and horses were killed 72 days
later (n = 4 per group). Macroscopic evaluation of the joint surface showed less fibrillation (lower scores) in the intermediate carpal bone (CI), radial carpal
bone (CR), third facet of the intermediate carpal bone (C3IF), and third facet of the radial carpal bone (C3RF) regions of the joints in the HDAd–eqIL-1Ra–
treated joints compared with PBS-treated control joints, and the total fibrillation score for all regions was significantly lower (better) in the HDAd–eqIL-1Ra
groups compared with PBS-treated controls (A). Hematoxylin and eosin (H&E)–staining of cartilage sections revealed better-healed cartilage defects in
HDAd–eqIL-1Ra–treated joints compared with PBS controls (B) (Middle row shows radial carpal bone with a healing fracture [top] and opposing third carpal
bone [bottom] [original magnification9 2]; upper and lower rows show higher-magnification views [original magnification9 5] of radial carpal bone and third
carpal bone.) Type II collagen staining was more intense in HDAd–eqIL-1Ra–treated joints compared with PBS-treated controls (original magnification × 5;
bar = 300 lm) (C). Histologic sections stained with H&E or toluidine blue or for type II collagen were evaluated for 9 different osteoarthritis-related parame-
ters: cartilage fibrillation (CF), polarized collagen fiber pattern (PCFP), tidemark duplication (TD), chondrocyte density (CD), chondrocyte cloning (CC),
subchondral bone erosions (SBE), osteophytes (Oste), proteoglycan content (% toluidine stained [TS]), and type II collagen content (C2C) (D). All parame-
ters were improved (lower scores) in HDAd–eqIL-1Ra–treated joints compared with PBS controls, and the total histology score was significantly lower
(better) in the HDAd–eqIL-1Ra groups compared with the PBS group. Values are the mean� SEM. * = P < 0.05. See Figure 4 for other definitions.
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the low- and high-dose HDAd–eqIL-1Ra groups the color
of the synovial membrane (assessed on a scale of 0–4: 0 =
tan/normal, 4 = red/black) was more similar to the color
of sham-operated (normal healthy) joints than was the
color of PBS-treated joints (Figures 5A and B). Further-
more, the synovial membrane from the HDAd–eqIL-1Ra
groups was significantly less thick (0–4 scale: 0 = normal,
4 = fibrotic) compared with that from the PBS group (Fig-
ure 5B), indicating a decrease in synovitis. Microscopic
evaluation of H&E-stained samples of the synovial mem-
brane confirmed the macroscopic findings by demonstrat-
ing less inflammatory cell infiltration and less synovial
hyperplasia in the HDAd–eqIL-1Ra-treated groups com-
pared with the PBS-treated group (Figure 5C).

Improved cartilage status in osteoarthritic joints
of horses with HDAd–eqIL-1Ra treatment. The cartilage
surface was macroscopically evaluated in 4 different
areas: intermediate carpal bone, radial carpal bone (the
site where the osteochondral defect was created), the
intermediate facet of the third carpal bone, and the radial
facet of the third carpal bone. In all 4 areas, the low- and
high-dose HDAd–eqIL-1Ra–treated joints had less severe
cartilage fibrillation compared with those of PBS-treated
controls (assessed on a scale of 0–4: 0 = normal, 4 = ebur-
nation), and the total fibrillation scores (for all regions
combined) in the HDAd–eqIL-1Ra groups were signifi-
cantly lower compared with the PBS group (Figure 6A).

Histologic sections exhibited better healing of the
osteochondral fragment of the radial carpal bone (Fig-
ure 6B) and better cartilage status of the opposing third
carpal bone in both HDAd–eqIL-1Ra groups compared
with PBS-treated joints. Type II collagen staining was more
intense and more evenly distributed in the HDAd–eqIL-
1Ra groups compared with the PBS group (Figure 6C). To
quantify histologic changes, stained sections were scored
on a scale of 0–3 or 0–4 (0 = normal/healthy status, 3/4 =
most severe status) by a pathologist who was blinded with
regard to treatment. Less cartilage fibrillation was
observed in both the low- and high-dose HDAd–eqIL-1Ra
groups, together with better-organized collagen fiber
polarization, compared with the PBS group (Figure 6D).
Less tidemark duplication was seen in the low-dose
HDAd–eqIL-1Ra group compared with the PBS group.
Chondrocyte density was comparable with that in healthy
cartilage, and less chondrocyte cloning was seen in both
HDAd–eqIL-1Ra groups compared with the PBS group.
Furthermore, there were fewer subchondral bone erosions
and fewer osteophytes in both the low- and high-dose
HDAd–eqIL-Ra groups compared with the PBS group.
Both HDAd–eqIL-1Ra groups also had higher proteogly-
can and type II collagen content (lower scores) compared
with PBS controls. For some of the histologic parameters,

low- and high-dose HDAd–eqIL-1Ra seemed to have dif-
ferently strong effects, although there were no statistically
significant differences between the 2 groups. The total his-
tologic scores in the low- and high-dose HDAd–eqIL-1Ra
groups were significantly better (lower scores) compared
with those in the PBS control group and were not signifi-
cantly different from those in sham-operated controls.

DISCUSSION

One of the major challenges in the treatment of
chronic joint diseases such as OA is the necessity to pro-
vide sustained bioavailability of a therapeutic agent within
the joint. Systemically administered drugs cannot suffi-
ciently reach the synovial space, and intraarticularly
injected agents are cleared from the joint fluid rapidly by
the lymphatic system, which severely compromises their
bioavailability (18). Gene therapy may offer an ideal
approach for treatment of OA because local application
can lead to long-term production of a therapeutic protein
within the joint, resulting in high, sustained intraarticular
concentrations.

Herein we report that intraarticular, synoviocyte-
targeted HDAd-mediated IL-1Ra gene therapy results
in symptomatic and disease-modifying treatment of OA
in small and large animal models. In order to work with
a homologous model, we constructed an HDAd express-
ing murine IL-1Ra and tested this vector in mice that
had undergone CLT. In younger, skeletally immature
mice, HDAd–mIL-1Ra efficiently prevented and treated
surgically induced OA as shown by improved histologic
scores and fewer osteophytes compared with treatment
with control vector (HDAd-GFP) or PBS, although syn-
ovitis was not affected (Figures 1 and 2A–C). However,
in older mice, histologic and osteophyte scores in
HDAd–mIL-1Ra–treated mice were not significantly dif-
ferent from those in controls (Figures 3A and C), due to
the more aggressive nature of the posttraumatic disease.
At the same time, phase-contrast micro-CT imaging
demonstrated significantly higher cartilage volume, carti-
lage surface area, and bone surface covered by cartilage
in HDAd–mIL-1Ra–treated joints compared with con-
trols in both skeletally immature mice (Figures 2D–F)
and skeletally mature mice (Figures 3D and E) post-
surgery. The discrepancy between the histologic scores
and the phase-contrast micro-CT results in the older
cohort is understandable given the increased sensitivity
of the latter. Interestingly, despite the severe damage
caused by surgery in the skeletally mature mice, HDAd–
mIL-1Ra significantly protected against thermal hyperal-
gesia compared with that observed in controls. Taken
together, these data suggest that HDAd-mediated IL-
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1Ra gene expression has a disease-modifying effect and
provides symptomatic relief from pain in the CLT mouse
model of posttraumatic OA.

Next, we sought to test this gene therapy approach
in large animals and chose the equine carpal osteochon-
dral fragment model. Since horses and humans have simi-
larly sized joints, comparable cartilage thickness, and
similar subchondral bone structure, the equine model is
highly relevant for OA in humans (17,19–21). In this
model, we tested the efficacy and toxicity of 2 different
doses of an HDAd expressing equine IL-1Ra after a sin-
gle intraarticular injection. No injection site reactions and
no changes in blood chemistry, gross pathology, or gen-
eral behavior were observed in any of the horses, indicat-
ing good tolerability and absence of overt adverse events.
Both doses led to IL-1Ra concentrations in the synovial
fluid over the 72-day period of the experiment that had
earlier been shown to be therapeutic (17,22,23). Marked
improvements in lameness, range of motion, lameness
after flexion, and effusion were seen with HDAd–eqIL-
1Ra at both doses compared with control (Figure 4D).
The effect correlated with IL-1Ra levels in the synovial
fluid at this time point but was not dose dependent. These
results indicate efficient management of OA-associated
pain, which is particularly important since OA-associated
chronic pain significantly affects patients’ quality of life
and is the most common reason for patients to consult
their physicians. We also demonstrated significantly better
cartilage status in HDAd–eqIL-1Ra–treated joints com-
pared with control joints (Figure 6), which is consistent
with the results of previous studies demonstrating a posi-
tive effect on OA cartilage after blocking of the IL-1 path-
way (17,23,24). Moreover, HDAd–eqIL-1Ra resulted in
significantly improved status of the synovial membrane
(Figure 5) and subchondral bone, as well as fewer osteo-
phytes (Figure 6D) compared with controls, although no
significant dose-dependency was seen with the 2 tested
doses. Since OA is considered a “whole joint disease”
involving not only cartilage but also subchondral bone,
synovium, and ligament, these data are of particular
importance.

The murine CLT surgical model of OA used in this
study mimics severe OA progression and end-stage dis-
ease as seen in human patients following traumatic joint
injury. Specifically, in this mouse model, transection of
both cruciate ligaments leads to complete anteroposterior
destabilization of the knee and subsequent OA develop-
ment. We have shown that in this mouse model, cartilage
degeneration progresses continuously with great severity
(15), similar to findings in patients with OA caused by cru-
ciate ligament tears. Further, by performing surgeries on
mice of 2 different ages, we were able to assess the

efficacy of HDAd–IL-1Ra gene therapy in disease of
varying and increasing severity. In the horse model, the
osteochondral defect, which is created initially, has some
self-healing capacity. However, lameness and cartilage
status do not return to normal in untreated controls dur-
ing the observation period (17,19–21), which is compara-
ble to findings in patients with OA due to cartilage
defects. These 2 models, therefore, likely represent 2 dif-
ferent, clinically relevant types of OA, both of which we
were able to treat with our IL-1Ra gene therapy
approach.

In this study we chose to use HDAd as a gene
therapy vector. Frisbie et al demonstrated that a first-
generation adenovirus expressing IL-1Ra treats OA effi-
ciently (17). However, IL-1Ra expression was lost after
~5 weeks. HDAds, which lack all viral genes, have been
shown to elicit a significantly lower adaptive immune
response compared with first-generation adenoviral vec-
tors (25) and to achieve multi-year expression in various
animal models (9–11). Recently we showed that HDAds
with a constitutive promoter mediated stable gene ex-
pression after intraarticular injection for the entire
follow-up period of >1 year in mice (12). Furthermore,
herein we have demonstrated markedly less white blood
cell influx in synovial fluid with the use of HDAds (Fig-
ure 4A) compared with the study by Frisbie et al with a
first-generation adenovirus using the same dose (17).
AAVs have also been evaluated for joint gene therapy
(26–28). In a direct comparison we observed that HDAds
have higher transduction efficiency in joints compared
with several AAV serotypes (12), which explains why in
most studies higher doses of AAV were used for joint
gene therapy (28,29) compared with the HDAd doses in
this study. Therefore, HDAds may be ideally suited for
joint-directed gene therapy.

In conclusion, we have shown that an HDAd
expressing IL-1Ra efficiently treats the symptoms of OA
and exerts disease-modifying activity in relevant small
and large animal models. In the horse model, we
assessed 2 doses but did not see a consistently better
effect with the higher dose, indicating that the low dose
could be used to treat OA in joints of the size assessed in
this study (i.e., equine carpal joints and human knee
joints). We did not observe any adverse events or toxicity
with either of the doses, indicating that both the low
dose, which may be optimal for joints of this size, as well
as a 10-fold higher dose are safe. The studies described
herein lay the foundation for the clinical development of
HDAds expressing IL-1Ra for treatment of OA in
horses, humans, and other species. Furthermore, this
work establishes HDAd as a gene therapy platform for
the treatment of OA and other joint disorders.
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High Rate of Drug-Free Remission After Induction Therapy
With Golimumab in Early Peripheral Spondyloarthritis

Philippe Carron,1 Ga€elle Varkas,1 Thomas Renson,1 Roos Colman,2 Dirk Elewaut,1 and
Filip Van den Bosch1

Objective. New treatment algorithms using tumor
necrosis factor (TNF) blockers in early stages of spondy-
loarthritis (SpA) induce high rates of clinical remission
or low disease activity. It could be anticipated that such
early intervention strategies in peripheral SpA may induce
drug-free remission. We undertook this study to evaluate
drug-free clinical remission after induction therapy with
golimumab in patients with very early active peripheral
SpA, and to identify patient characteristics that predict
sustained drug-free remission.

Methods. Eligible patients were age ≥18 years and
fulfilled the Assessment of SpondyloArthritis interna-
tional Society criteria for peripheral SpA. All patients
had symptom duration of <12 weeks. Sustained clinical
remission was defined as the absence of arthritis, enthe-
sitis, and dactylitis at 2 consecutive major visits, after
which treatment was withdrawn. Patients were prospec-
tively followed up to assess the rate of sustained drug-free
clinical remission and clinical relapse.

Results. Eighty-two percent of patients (49 of 60)
fulfilled sustained clinical remission criteria after a regi-
men of induction therapy with golimumab. The majority
of patients already reached this status at week 24 (n =
30), with an additional 11 and 8 patients at weeks 36 and
48, respectively. All patients had a follow-up period of at
least 18 months after drug withdrawal. Fifty-three

percent of patients (26 of 49) still have drug-free remis-
sion of their disease. Inability to sustain drug-free remis-
sion was associated with the presence of psoriasis and
polyarticular disease (swollen joint count >5).

Conclusion. Anti-TNF treatment in very early
peripheral SpA results in a remarkably high rate of
sustained clinical remission. More than 50% of patients
continue to have remission of their disease after with-
drawal of therapy, which highlights a defined window of
opportunity permitting induction of drug-free remission.

Peripheral spondyloarthritis (SpA) represents a
common form of SpA that includes psoriatic arthritis
(PsA) and nonpsoriatic peripheral SpA (1) with limited
therapeutic options. Most patients with peripheral SpA
who have symptoms of peripheral arthritis, dactylitis,
and/or enthesitis will experience some level of improve-
ment by the intake of nonsteroidal antiinflammatory
drugs (NSAIDs), but additional treatment is necessary.
Sulfasalazine is the only disease-modifying antirheu-
matic drug (DMARD) that has been proven to have
some level of efficacy in peripheral SpA (2). The use
of biologic therapies has drastically improved clinical
responses in peripheral SpA, with approved indications
in PsA for tumor necrosis factor (TNF), interleukin-
17A (IL-17A), and IL-12/IL-23 inhibitors. In particu-
lar, the efficacy of the TNF inhibitors (TNFi) inflix-
imab, etanercept, adalimumab, certolizumab pegol, and
golimumab has been demonstrated across the entire
SpA spectrum, including ankylosing spondylitis (AS)
and PsA (3–12).

Over the past decade, several studies have shown
improved therapeutic responses in early versus longstand-
ing forms of various rheumatic diseases. In axial SpA,
TNFi are also effective in early stages of disease. Hence,
studies in patients with nonradiographic axial SpA have
demonstrated at least similar, if not better, efficacy
responses compared to treatment at a more advanced
stage of the disease (7,13–15). Trials in AS have been set
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up to evaluate the possibility of withdrawal of TNFi. How-
ever, in most cases, discontinuation of TNF blockers after
achieving a status of sustained low disease activity or
remission led to clinical relapse within a few months (16–
21). Despite this, several ongoing trials in axial SpA are
testing the possibility of discontinuing therapy once clinical
remission is achieved, especially in view of regulatory agen-
cies’ requests to demonstrate a need for continued therapy
(ClinicalTrials.gov identifiers NCT01808118 [adalimumab]
[22], NCT02509026 [etanercept] [23], NCT02505542 [cer-
tolizumab pegol] [24], and NCT02407223 [ustekinumab]
[25]).

There are currently no data on the ability to
induce drug-free remission in early peripheral SpA,
although a fast relapse was observed in patients with
longstanding peripheral SpA after TNFi discontinua-
tion (26). In this study, we tested the window of oppor-
tunity hypothesis, a time frame in which the disease is
potentially more susceptible to treatment leading to
better disease outcome, in very early peripheral SpA by
examining the ability to induce drug-free sustained clin-
ical remission after a regimen of induction therapy with
golimumab. We explored patient and disease character-
istics predicting sustained clinical remission as opposed
to clinical relapse after withdrawal of therapy.

PATIENTS AND METHODS

Patients. All included patients were adults newly diag-
nosed as having active peripheral SpA and fulfilling the Assess-
ment of SpondyloArthritis international Society (ASAS) criteria
for peripheral SpA (1,27). Active disease was defined as the per-
sistent presence of arthritis, enthesitis, and/or dactylitis and by a
visual analog scale (VAS) score of ≥40 mm on both the patient’s
global assessment of disease activity and the patient’s global

assessment of pain at both the screening and baseline visits. All
subjects had onset of peripheral SpA symptoms (arthritis, enthe-
sitis, dactylitis) ≤12 weeks prior to the screening visit. In patients
with concurrent axial SpA symptoms, the peripheral SpA symp-
toms were the predominant symptoms at study entry based on
the investigator’s clinical judgment.

Exclusion criteria included serious infections in the pre-
vious 4 weeks, history of malignancy in the past 10 years, and a
history of significant other severe or uncontrolled diseases.
Patients were allowed to be treated with NSAIDs provided that
the dose at baseline was stable for 2 weeks. During the trial,
tapering of NSAIDs guided by clinical signs and symptoms was
allowed and reported. No concomitant DMARD or corticoster-
oid therapy was allowed, except for patients already being trea-
ted for established psoriasis or inflammatory bowel disease
(IBD), and provided that the dose was stable 4 weeks before
baseline, with the patient having developed signs and symptoms
of SpA for the first time. Local corticosteroid treatments for skin
psoriasis and local treatments for uveitis were allowed. Treat-
ment with intraarticular corticosteroid injection(s) for peripheral
SpA symptoms in the preceding 12 weeks were not allowed.

The study was approved by the Medical Ethics Commit-
tee of Ghent University Hospital, and written informed consent
was obtained from each patient before study-related procedures
were performed. The study was conducted in compliance with
the International Conference on Harmonisation Good Clinical
Practice guidelines and the Declaration of Helsinki.

Study design. Clinical Remission in Peripheral Spondy-
loarthritis (CRESPA) study. Sixty patients fulfilling the ASAS cri-
teria for peripheral SpA were enrolled in the CRESPA trial,
which consisted of a placebo-controlled part, followed by an
open-label phase starting at week 24 until week 48. Patients were
randomized in a 2:1 ratio (2 golimumab:1 placebo), and 50 mg
golimumab or placebo was administered subcutaneously (SC)
every 4 weeks through week 20. Multiple scenarios could occur
during this study (Figure 1). Patients who showed sustained dis-
ease activity at the end of the placebo-controlled phase (week
24) received 50 mg golimumab every 4 weeks through week 48.
Active disease was defined as the presence of clinical arthritis,
enthesitis, or dactylitis. In the open-label CRESPA extension
part of the study, patients had to develop a clinical relapse after

Figure 1. Design of the Clinical Remission in Peripheral Spondyloarthritis (CRESPA) study. Rescue consisted of starting open-label golimumab
at 50 mg subcutaneously (SC) every 4 weeks (q4wk) at weeks 12, 16, and 20. Rescue could be started for 1 of 3 reasons: 1) no improvement of
patient-reported outcome compared to baseline (according to the Bath Ankylosing Spondylitis Disease Activity Index, patient’s global assessment
of disease activity, or patient’s global assessment of pain); 2) severe disability defined by a Bath Ankylosing Spondylitis Functional Index >6; and
3) no improvement of arthritis, enthesitis, and/or dactylitis compared to baseline. R = ratio; PSpARC40 = Peripheral Spondyloarthritis 40%
Response Criteria.
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reaching remission or major clinical response at week 48, after
which treatment with 50 mg golimumab every 4 weeks was con-
tinued for a total of 104 weeks. Clinical evaluations, standard
laboratory evaluations including erythrocyte sedimentation rate
(ESR) and C-reactive protein (CRP) level, and patient-reported
outcomes were evaluated every 3 months according to daily
practice guidelines for the treatment of AS and/or PsA with bio-
logic agents.

Sustained clinical remission. If patients had sustained
clinical remission of disease, defined by the absence of clinical
arthritis, enthesitis, and dactylitis at 2 major consecutive visits
planned at weeks 12, 24, 36, and 48, all treatment was stopped.
Subsequently, these patients were prospectively followed up to
assess the possibility of maintaining drug-free remission. All
patients were instructed to call the treating physician’s office in
case of increasing symptoms between planned visits, and a
rheumatologic evaluation was carried out within 3 days. In case
of clinical relapse after drug withdrawal, therapy was restarted
with 50 mg golimumab every 4 weeks for a total of 104 weeks in
the CRESPA extension part of the study. Clinical relapse was
defined as the presence of at least 1 swollen joint, as well as the
presence of enthesitis or dactylitis, in the context of SpA.

Major clinical response at week 48. If patients did not
reach sustained clinical remission at week 48 but were major
responders defined as meeting the Peripheral SpA 40%
Response Criteria (achieving a PSpARC40 response) (28), they
went directly to the CRESPA extension part of the study and
received uninterrupted treatment with 50 mg golimumab every 4
weeks for a total of 104 weeks. A PSpARC40 response was
defined as ≥40% improvement from baseline in the scores for
the patient’s global assessment of disease activity and the
patient’s global assessment of pain (absolute improvement of
≥20 mm or ≥30 mm, respectively) on a 0–100-mm VAS, coupled
with ≥40% improvement in at least 1 of the following: 1) both
76-joint swollen joint count (SJC) and 78-joint tender joint count
(TJC), 2) total enthesitis count, or 3) dactylitis count.

Nonresponse. Patients who did not reach sustained
clinical remission or meet the PSpARC40 criteria at week 48
were considered nonresponders. In these patients, study treat-
ment was discontinued and conventional treatment options
available in daily practice were initiated.

Procedures during every visit. Clinically, we deter-
mined the 76-joint SJC, the 78-joint TJC, the dactylitis count
(scale 0–20), and the enthesitis count including the Maastricht
AS Enthesitis Score (scale 0–13) (29) with the addition of the
plantar fascia insertion to the calcaneus, quadriceps tendon
insertion into the superior pool of the patella, and patellar
ligament insertion into the inferior pool of the patella,
accounting for a total of 19 entheseal locations. Body surface
area affected by psoriasis was also evaluated.

The clinical remission status and the PSpARC40
response (defined previously) were determined as response
criteria. Laboratory tests including CRP level and ESR were
performed at each visit.

We calculated the proportion of patients reaching a
status of clinical remission at weeks 12, 24, 36, and 48, drug-
free sustained clinical remission, clinical relapse after reaching
remission, major clinical response at week 48, and nonre-
sponse after a regimen of induction therapy with golimumab.
We identified patient and disease characteristics predicting a
status of drug-free sustained clinical remission or occurrence
of relapse after reaching remission. We documented data

regarding duration of drug-free interval until recurrence of
symptoms.

Statistical analysis. Data were analyzed using SAS soft-
ware, version 9.4 (SAS Institute). We calculated that a sample
size of 60 patients (20 receiving placebo and 40 receiving golim-
umab) would be needed to provide 80% statistical power and an
alpha level of 0.05, based on previous anti-TNF trials that
included peripheral SpA (30,31). Descriptive statistics were pro-
vided as the proportion of patients achieving the following out-
comes: a state of clinical remission at weeks 12, 24, 36, and 48,
drug-free sustained clinical remission, clinical relapse after
reaching remission, major clinical response at week 48, and non-
response after a regimen of induction therapy with golimumab.

Logistic regression models were applied to estimate the
effects of different patient and disease characteristics on the
likelihood that patients achieved these outcomes. The following
predictors were analyzed at baseline: duration between onset of
first symptoms and start of golimumab treatment, age, CRP
level, AS Disease Activity Score (ASDAS) (32), Bath Ankylosing
Spondylitis Functional Index (BASFI) (33), Bath Ankylosing
Spondylitis Disease Activity Index (BASDAI) (34), presence of
psoriasis, and SJC >5 versus SJC ≤5. A rapid response to treat-
ment, defined as the clinical absence of arthritis, enthesitis, and
dactylitis at weeks 4, 8, or 12, was analyzed as a predictor for the
different outcomes and compared to patients who achieved this
status only after 12 weeks. Estimated odds ratios (ORs) are pre-
sented with their corresponding 95% confidence intervals (95%
CIs). The time to relapse was correlated with the duration of
golimumab treatment by using Spearman’s correlation coeffi-
cient. Kaplan-Meier curves were created to describe the drug-
free remission time. Log rank tests were used to determine if
there were differences in the distribution of survival for different
subpopulations: those with presence or absence of psoriasis, SJC
>5, and HLA–B27 positivity. For all analyses, P values less than
0.05 were considered significant.

RESULTS

Baseline demographic and clinical characteristics.
Sixty patients were enrolled in the study and subsequently
randomized to receive treatment with golimumab (n = 40)
or placebo (n = 20) from March 2012 to July 2015. The
demographic features and disease characteristics of the
patients were comparable across both treatment arms and
are summarized in Table 1. The mean symptom duration
was 4.4 and 5.2 weeks in the placebo and golimumab
arms, respectively. The presence of peripheral arthritis,
enthesitis, and dactylitis was observed in 59, 25, and 24,
respectively, of the 60 patients. There was only 1 patient
with dactylitis as the unique peripheral manifestation. In
all other patients with dactylitis and/or enthesitis, there
was also concomitant arthritis. The overall median TJC
and SJC was 4. The overall number of patients with an
SJC >5 at baseline was 14 (23%). Almost all patients were
receiving NSAIDs at baseline and had a high NSAID
index, with no differences between the 2 treatment
groups. None of the included patients were receiving
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DMARD therapy except for 1 patient who was receiving
a stable dose of sulfasalazine for established IBD. No
patients were receiving glucocorticoids at screening.

The most frequent extraarticular manifestation
was skin and/or nail psoriasis in 23 of the 60 patients, with
an overall median disease duration of 4 years. Psoriasis
involvement was mild, since all 23 patients had a body
surface area affected by psoriasis <5%. Regarding other
SpA manifestations, proven Crohn’s disease and acute
anterior uveitis were present in only 1 patient each, with
disease durations of 6.4 years and 0.6 years, respectively.
Only 7 of 60 patients reported having experienced inflam-
matory back pain in their medical history, with a median
VAS back pain score of 2 (range 0.0–9.0); nevertheless,
35% of patients (21 of 60) exhibited bone marrow edema
of the sacroiliac (SI) joints on magnetic resonance imag-
ing (MRI), fulfilling the ASAS definition of a positive
MRI. In patients with a positive MRI of the SI joint, the
median VAS back pain score was 2.0, compared to 1.0 in
patients without sacroiliitis on MRI (P = 0.597).

Proportion of patients achieving a status of clini-
cal remission, major response, and nonresponse. The re-
sults of the first 24 weeks, a double-blind placebo-controlled
phase, have already been reported (27). Forty-nine of the
60 patients (82%) achieved the status of sustained clinical
remission at week 48 (Figure 2A), the majority of whom
had already achieved this status at week 24 (n = 30), with
an additional 11 and 8 patients at weeks 36 and 48,
respectively (Figure 2B). Of the 49 patients who achieved
sustained clinical remission, only 4 were in the placebo
arm, while all other patients were treated with golimumab
from baseline or used the rescue arm with golimumab
treatment. Ten patients did not reach sustained clinical
remission at week 48 but were major responders defined
as meeting the PSpARC40, and these patients went
directly to the CRESPA extension part of the study to
receive uninterrupted treatment with 50 mg golimumab
SC every 4 weeks for a total of 104 weeks. One patient
was a nonresponder at week 24, and treatment with
golimumab was discontinued.

Table 1. Demographic features and baseline disease characteristics of the study patients by treatment group*

Total group
(n = 60)

Golimumab
(n = 40)

Placebo
(n = 20)

Demographics
Male 39 (65) 26 (65) 13 (65)
Age, mean � SD years 39.7 � 13.4 38.3 � 13.2 42.3 � 13.7
HLA–B27 positive 33 (55) 20 (50) 13 (65)

Disease characteristics
Symptom duration, mean � SD weeks 5.0 � 2.4 5.2 � 2.8 4.4 � 2
TJC, median (IQR) 4 (3–8) 5 (3–8) 4 (2–9)
SJC, median (IQR) 4 (2–5) 4 (2–5) 3 (2–5)
SJC >5 14 (23.3) 9 (22.5) 5 (25)
Enthesitis 25 (41.7) 16 (40) 9 (45)
Dactylitis 24 (40) 15 (37.5) 9 (45)
Concomitant NSAID use at baseline 50 (83.3) 32 (80) 18 (90)
NSAID index, median (IQR) 92.9 (50–100) 89.3 (35–100) 100 (65–100)

SpA features
Anterior uveitis, past or present 1 (1.7) 1 (2.5) 0 (0)
IBD, past or present 1 (1.7) 0 (0) 1 (5)
Preceding infection† 5 (8.3) 3 (7.5) 2 (10)
Skin and/or nail psoriasis 23 (38.3) 15 (37.5) 8 (40)
Duration of skin and/or nail psoriasis, median (IQR) years 4.0 (0.2–16.6) 4.0 (0.2–19.8) 8.5 (1.9–15.1)
Elevated CRP (≥5 mg/liter) 39 (65) 24 (60) 15 (75)
Family history of SpA 21 (35) 13 (32.5) 8 (40)
Inflammatory back pain (history or presence) 7 (11.7) 5 (12.5) 2 (10)
Sacroiliitis on MRI‡ 21 (35) 12 (30) 9 (45)

Patient-reported outcomes
Global assessment of pain (0–10 NRS), median (IQR) 6 (4–7) 5 (4–7) 6 (4–8)
Global assessment of disease activity (0–10 NRS), median (IQR) 7 (5–9) 7 (5–8) 8 (4–9)

Laboratory findings
ESR, median (IQR) mm/hour 23 (10–44) 21 (8–41) 28 (11–60)
CRP, median (IQR) mg/liter 13 (4–36) 8 (3–33) 16 (4–48)

* Except where indicated otherwise, values are the number (%) of patients. TJC = tender joint count; IQR = interquartile
range; SJC = swollen joint count; NSAID = nonsteroidal antiinflammatory drug; SpA = spondyloarthritis; IBD = inflamma-
tory bowel disease; CRP = C-reactive protein; NRS = numerical rating scale; ESR = erythrocyte sedimentation rate.
† Acute diarrhea or nongonococcal urethritis or cervicitis 1 month before arthritis.
‡ Active sacroiliitis on magnetic resonance imaging (MRI) according to the Assessment of SpondyloArthritis international
Society consensus definition.

1772 CARRON ET AL



In all patients who achieved a status of sustained
clinical remission, treatment was stopped to evaluate drug-
free remission. All patients had a follow-up period of at
least 23 months after treatment discontinuation, with a
maximum of 5 years to date. Currently, 53% of these
patients (26 of 49) still have clinical drug-free remission,
while 47% (23 of 49) had relapse of disease after golim-
umab discontinuation. The median time to relapse was
31.5 weeks. Reinitiation of golimumab promptly restored
clinical remission in all patients with recurrence of disease.

Analyses were performed on different subtypes of
peripheral SpA (Table 2). A rather low percentage of
drug-free remission (29.4%) was observed in PsA patients
compared to patients with other subtypes of peripheral
SpA without psoriasis (Table 2). Five patients had reac-
tive arthritis. Four of them were HLA–B27 positive, 2 of
whom experienced clinical relapse upon treatment with-
drawal, while the 1 HLA–B27–negative patient still has

drug-free remission. Of interest, in the HLA–B27–
positive group (n = 33), a better response to treatment, a
higher percentage of patients with sustained clinical
remission, and a lower percentage of clinical relapse after
treatment withdrawal were observed compared to the
HLA–B27–negative group (n = 27).

Description of patients’ characteristics at the
moment of clinical relapse after drug withdrawal. The
majority of patients with relapsing disease were male.
Recurrence of disease was characterized by development of
arthritis in all 23 patients (see Supplementary Table 1, avail-
able on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40573/abstract), with
a median of 3 painful and 2 swollen joints. We observed
a similar proportion of entheseal symptoms (35%) and
dactylitis (48%) compared to baseline during recurrence of
disease. Of these patients, 48% were HLA–B27 positive
and 52% had psoriasis. The severity of skin disease

Figure 2. A, Patient disposition at week 48. Shown are the proportions of patients with sustained clinical remission, with a major response, or not
responding. B, Proportions of patients having achieved sustained clinical remission at different time points. PSpARC 40% response = meeting the
Peripheral Spondyloarthritis 40% Response Criteria.

Table 2. Proportions of patients with sustained clinical remission or drug-free remission versus those experiencing clinical relapse after treatment
withdrawal and time to relapse, by SpA subtype*

All patients,
no./total no. (%)

Fulfilling sustained
clinical remission

criteria, no./total no. (%)

Sustained drug-free
clinical remission,
no./total no. (%)

Clinical relapse
upon treatment
withdrawal,

no./total no. (%)

Time to relapse
upon treatment

withdrawal, median
(IQR) weeks

Total population 60/60 (100) 49/60 (81.7) 26/49 (53) 23/49 (47) 32 (19–49)
PsA (fulfilling CASPAR criteria) 23/60 (38.3) 17/23 (73.9) 5/17 (29.4) 12/17 (70.6) 29 (15–57)
Reactive arthritis, HLA–B27 negative 1/60 (1.7) 1/1 (100) 1/1 (100) 0/1 (0) NA
Reactive arthritis, HLA–B27 positive 4/60 (5) 4/4 (100) 2/4 (50) 2/4 (50) 46 (36–56)
IBD-related arthritis 1/60 (1.7) 0/1 (0) NA NA NA
Peripheral SpA, HLA–B27 positive 32/60 (53.3) 29/32 (90.6) 18/29 (62.1) 11/29 (37.9) 36 (8–56)
Peripheral SpA, HLA–B27 negative 28/60 (46.7) 20/28 (71.4) 8/20 (40) 12/20 (60) 29 (19–49)

* SpA = spondyloarthritis; IQR = interquartile range; PsA = psoriatic arthritis; CASPAR = Classification of Psoriatic Arthritis (Study Group); NA =
not applicable; IBD = inflammatory bowel disease.

DRUG-FREE REMISSION IN EARLY PERIPHERAL SpA 1773

http://onlinelibrary.wiley.com/doi/10.1002/art.40573/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40573/abstract


during recurrence of disease in these patients was mild
and comparable to that at baseline. Severity of joint
symptoms was also reflected by substantially increased
numerical rating scale scores for both patient’s global
assessment of disease activity and patient’s global assess-
ment of pain. All patients restarted treatment with 50
mg golimumab every 4 weeks, and all regained clinical
remission within 12 weeks.

Parameters predicting occurrence of drug-free
sustained clinical remission and clinical relapse. The
estimated odds of sustained drug-free remission was
80% lower for patients with psoriasis (OR 0.2 [95% CI
0.06–0.65], P = 0.008) (Figure 3). Additionally, in
patients with polyarticular disease (SJC >5), the odds of
sustained drug-free remission was 83% lower (OR 0.17
[95% CI 0.03–0.84], P = 0.03) compared to patients with
oligoarticular disease. In contrast, HLA–B27 positivity
was a positive predictor for sustained remission with an
estimated OR of 3.68 (95% CI 1.22–11.16) (P = 0.021).
Similar findings were observed regarding the predictive
value of the same parameters for the outcome of clinical

relapse. The OR for clinical relapse in patients with pso-
riasis was 4.58 (95% CI 1.28–16.36) (P = 0.019), and the
OR for clinical relapse in patients with polyarticular dis-
ease (SJC >5) was 5.25 (95% CI 0.97–28.57) (P = 0.055).
Other parameters, including treatment duration, age,
CRP level, ASDAS, BASDAI, BASFI, and rapid
response to treatment, were not significantly associated
with sustained clinical remission or occurrence of
relapse. Time to relapse was not correlated with dura-
tion of golimumab treatment (r = 0.24, P = 0.29) as
assessed by Spearman’s correlation coefficient. Figure 4
depicts the survival distribution for drug-free clinical
remission over time for the overall population and for
the subgroups with presence or absence of psoriasis, SJC
>5, and HLA–B27 positivity. The survival distribution
was significantly different for the presence of psoriasis
(P = 0.02) and SJC >5 (P = 0.01), while the difference
was not significant for HLA–B27 positivity (P = 0.10).

Safety analysis. All patients completed the first 48
weeks and had a follow-up period of at least 18 months
upon drug withdrawal or were treated in the CRESPA
extension part of the study. Overall, there were no unex-
pected safety signals or serious adverse events. The most
common events (Medical Dictionary for Regulatory
Activities preferred terms) were nasopharyngitis and
upper respiratory tract infection in both groups. No local
injection site reactions were observed. No deaths or
malignancies were noted during the study period. No
tuberculosis reactivation was observed.

DISCUSSION

This is the first study indicating that drug-free
remission is an achievable target in early peripheral SpA
in at least 50% of patients. It corroborates and extends
our earlier results that initiation of TNF blockade in very
early peripheral SpA yields remarkably high rates of clini-
cal remission. In contrast, substantially lower responses
are observed in patients with more established forms of
the disease (27). Importantly, the lack of a significant
response in placebo-treated patients ruled out the possi-
bility of spontaneous remission. Polyarticular disease or
preexisting psoriasis were strong predictors of relapse
after drug withdrawal. Collectively, these data establish a
novel therapeutic framework in defined subsets of early
peripheral SpA.

In contrast to most phase III clinical trials in PsA,
our population consisted of patients with very early,
mainly oligoarticular and DMARD-naive disease, with
preexisting psoriasis as the most prevalent extraarticular
manifestation. According to the so-called window of
opportunity hypothesis, the immune-mediated

Figure 3. Results of logistic regression analyses of baseline predictors
of the outcome of sustained clinical remission 18 months after drug with-
drawal. CRP = C-reactive protein; ASDAS = Ankylosing Spondylitis Dis-
ease Activity Score; BASDAI = Bath Ankylosing Spondylitis Disease
Activity Index; BASFI = Bath Ankylosing Spondylitis Functional Index;
SJC = swollen joint joint; 95% CI = 95% confidence interval.
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inflammatory process underlying peripheral SpA becomes
less reversible over time, which could be reflected in
changes in therapeutic efficacy. The data presented here
underscore the potential of such a strategy in at least half
of the patients with peripheral SpA. The immunologic
mechanisms underlying the observed inverse relationship
between disease duration and ability to induce drug-free
remission using TNFi are still unclear. One could antici-
pate that chronic stages of the disease are marked by
increased loss of tolerance, epigenetic modifications, or
impaired immunoregulatory pathways. Such mechanisms
could account for the distinct drug-free remission rates
in the present study as opposed to other studies with
more established forms of peripheral SpA. However, the
precise time frame in which the disease becomes more
refractory to drug withdrawal strategies is still unknown.
With this perspective, it should be underscored that the
mean disease duration in our cohort was only 5 weeks.

Previous studies have also aimed to assess the
impact of therapy withdrawal in peripheral SpA, but
ours is the first to study this in very early peripheral
SpA. This difference in disease duration appears to be
instrumental in the long-term outcome. Hence, Para-
marta et al studied the rate of drug-free remission in
longstanding peripheral nonpsoriatic SpA with a mean
symptom duration of ~7 years (26). Patients received
adalimumab for either 12 weeks (n = 12) or 24 weeks (n
= 14) before discontinuing anti-TNF therapy, once the
primary end point (an improvement in the patient’s glo-
bal assessment of disease activity) was achieved (35). At
the time point of adalimumab discontinuation, 11
patients (42.3%) had no swollen joints (0–66 SJC), and
14 patients (53.8%) had reached inactive disease status
according to the ASDAS. After adalimumab discontinu-
ation, 73.1% had relapse of disease after a mean � SD
10.0 � 3.2 weeks (26). The striking difference in relapse
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Figure 4. Proportion of patients with drug-free clinical remission over time in the overall population (A) and grouped according to presence or
absence of psoriasis (B), HLA–B27 positivity or negativity (C), and swollen joint count (SJC) >5 or ≤5 (D). 95% CI = 95% confidence interval.
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rate between Paramarta et al’s study and our own is
most likely due to the difference in symptom duration (7
years in their study versus only 5 weeks in our trial).
However, there were also some differences in the entry
criteria used. Paramarta et al’s trial used the European
Spondylarthropathy Study Group criteria (36) and/or
the Amor criteria for SpA (37) without fulfilling the cri-
teria for AS or PsA, while in our study all included
patients fulfilled the ASAS criteria. Nevertheless, 38 of
the 40 patients in Paramarta et al’s study also fulfilled
the ASAS criteria for peripheral SpA.

Another difference that could have led to a
lower relapse rate in our study was the use of more
stringent remission criteria to permit anti-TNF treat-
ment withdrawal. These involved the lack of any joint
swelling as well as the absence of signs of enthesitis or
dactylitis, criteria that exclude patients with unstable
remission. In Paramarta et al’s trial, anti-TNF therapy
was stopped if patients had an improvement in their
global assessment of disease activity. Consequently,
only 42.3% had a complete disappearance of joint
swelling, which was mandatory in our study.

In patients with PsA treated with DMARDs, the
possibility of drug-free remission was also examined
once patients had continuous disease remission (no mus-
culoskeletal symptoms, no or minimal skin/nail disease)
for at least 6 months (38). The mean disease duration of
the examined study group was 6.54 years. A high recur-
rence rate (76.9%) was observed after treatment discon-
tinuation, which occurred rapidly within 74.50 days on
average. Of interest, the median time to relapse after
discontinuation of treatment in our trial was 31.5 weeks,
which is substantially longer than that observed in more
longstanding peripheral SpA and PsA (26,38). Consis-
tent with these observations, psoriasis appeared to pre-
dict poor outcome in our study as well. Patients with
preexisting psoriasis had a significantly greater chance of
relapse after therapy withdrawal, after achievement of
clinical remission. This could indicate that the disease
had progressed to a more chronic stage. Indeed, in our
patient group, psoriasis was present for 4 years on aver-
age, even though the articular symptoms only appeared
within a time frame of less than 3 months. Thus, the exis-
tence of psoriasis appears to be an indicator of disease
chronicity.

The results of this proof-of-concept study will
need to be confirmed in large multicenter studies. In
any case, the data reiterate the importance of early
recognition and referral from primary care to rheuma-
tologists to permit early induction of remission. Such a
strategy results in substantially better outcomes in the

majority of patients and drug-free remission in half of
patients with peripheral SpA.
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Phase II Study of ABT-122, a Tumor Necrosis Factor– and
Interleukin-17A–Targeted Dual Variable Domain

Immunoglobulin, in Patients With Psoriatic Arthritis With
an Inadequate Response to Methotrexate

Philip J. Mease,1 Mark C. Genovese ,2 Michael E. Weinblatt,3 Paul M. Peloso,4

Kun Chen,4 Ahmed A. Othman,4 Yihan Li,4 Heikki T. Mansikka,4 Amit Khatri,4

Neil Wishart,4 and John Liu4

Objective. To investigate the safety and efficacy of
ABT-122, a tumor necrosis factor (TNF)– and interleukin-
17A (IL-17A)–targeted dual variable domain immunoglob-
ulin, in patients with active psoriatic arthritis (PsA) who
have experienced an inadequate response to methotrexate.

Methods. Patients (n = 240) were randomized to
receive ABT-122 (120 or 240 mg every week), adalimu-
mab (40 mg every other week), or placebo in a 12-week
double-blind, parallel-group study. The primary efficacy
end point was the proportion of patients achieving ≥20%
improvement in disease activity according to the

American College of Rheumatology response criteria
(ACR20) at week 12. Secondary and exploratory 12-week
end points included 50% improvement (ACR50) and 70%
improvement (ACR70) response rates, and proportion of
patients meeting the Psoriasis Area and Severity Index
(PASI) response criteria for ≥75% (PASI75) and ≥90%
(PASI90) improvement in skin scores among those with
≥3% of their body surface area affected by psoriasis.

Results. In both ABT-122 dose groups, ACR20
response rates at week 12 (64.8–75.3%) were superior to
that in patients receiving placebo (25.0%) (P < 0.001) but
similar to that in patients receiving adalimumab (68.1%).
ACR50 and ACR70 response rates were also superior in
both ABT-122 dose groups (36.6–53.4% and 22.5–31.5%,
respectively) compared to the placebo group (12.5% and
4.2%, respectively) (P < 0.05). Among eligible patients in
the placebo, adalimumab, ABT-122 120 mg every week,
and ABT-122 240 mg every week treatment groups,
PASI75 responses were achieved in 27.3%, 57.6%, 74.4%,
and 77.6% of patients, respectively, whereas PASI90
responses were achieved in 18.2%, 45.5%, 48.8%, and
46.9% of patients, respectively. Frequencies of treatment-
emergent adverse events, including infections, were simi-
lar across all treatment groups, causing no discontinua-
tions. No serious infections or systemic hypersensitivity
reactions were reported with ABT-122.

Conclusion. Dual neutralization of TNF and IL-
17A with ABT-122 had efficacy and safety that was similar
to, and not broadly differentiated from, that of adalim-
umab over a 12-week treatment course in patients with
PsA.

Psoriatic arthritis (PsA) is a chronic immune-
mediated inflammatory arthritis that is associated with
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psoriasis (1). Multiple pathways and mediators contribute
to the pathogenesis of PsA, including tumor necrosis fac-
tor (TNF) (2–4) and interleukin-17A (IL-17A) (1,5–8).
Levels of TNF and IL-17A–producing CD8+ T cells are
elevated in the synovial fluid of patients with PsA (4,9).
Inhibition of either TNF or IL-17A alone has demon-
strated efficacy in improving joint inflammation, features
of skin disease, and quality of life in patients with PsA
(10–16), suggesting that TNF and IL-17A may both con-
tribute to the pathophysiology of PsA. An unanswered
question has been whether, assuming that the contribu-
tions of TNF and IL-17A are at least partly independent
of one another, dual neutralization of TNF and IL-17A
may provide the opportunity to achieve better control of
inflammation in patients with PsA compared to neutral-
ization of either target alone. This hypothesis was sup-
ported by observations in patients with rheumatoid
arthritis (RA), in whom inhibition of TNF alone signifi-
cantly raised the levels of IL-17 and Th17 cells (17,18),
and both cytokines appeared to have separate influences
in an ex vivo model (19).

The treatment of PsA with a combination of 2
conventional disease-modifying antirheumatic drugs
(DMARDs) (20,21) or a DMARD plus a TNF inhibitor
has been reported (10,11,15,22). However, clinical trials
simultaneously inhibiting 2 cytokines, TNF and IL-17A,
with biologics have not been reported in patients with PsA.
In RA patients, combination therapy involving TNF inhibi-
tors combined with biologic agents that engage other tar-
gets, including IL-1 (23), T cells (24,25), and B cells (26),
was associated with an increase in serious adverse events
(AEs), including serious infections, and little or no efficacy
benefit compared to treatment with a TNF inhibitor alone
(23–26).

ABT-122 is a dual variable domain immunoglobu-
lin (DVD-Ig) that was engineered to target both human
TNFand IL-17A and is built on an adalimumab backbone
with added IL-17A binding domains (27). ABT-122 binds
TNF and IL-17A in a fixed ratio of 1:1 (28), with high
affinity (KD of 11 pM and 45 pM for human TNF and
human IL-17A, respectively) and has in vitro functional
activity in the low pM range (27), consistent with that of
anti-TNF antibodies alone and anti–IL-17A antibodies
alone (29,30). In phase I studies in patients with RA,
ABT-122 has been shown to have dose-proportional phar-
macokinetics, with an effective half-life of 10–18 days fol-
lowing dosing every week or every other week (31). In
these studies, no clinically significant safety findings were
observed with ABT-122 through 8 weeks of dosing in
patients with RA (32). Minor infections, common in
phase I studies, were reported, with nasopharyngitis being
the most frequent. There were no serious infections or

systemic hypersensitivity reactions. In addition, ABT-122
at clinically relevant doses suppressed the production of
high-sensitivity C-reactive protein (hsCRP) and chemo-
kines contributing to inflammation (32). Furthermore, in
a phase II study in patients with RA, ABT-122 at 120 mg
every week had a safety profile and efficacy similar to that
of adalimumab over 12 weeks (33) and similar safety dur-
ing an additional 24-week extension (34).

The objective of this phase II trial was to assess
the safety and efficacy of ABT-122 in dosages of up to 240
mg every week over 12 weeks of therapy in patients who
had active PsA despite receiving stable treatment with
methotrexate.

PATIENTS AND METHODS

This study was conducted in accordance with the Guide-
lines for Good Clinical Practice from the International Confer-
ence on Harmonisation and adhered to the principles of the
Declaration of Helsinki. A local independent ethics committee
or institutional review board or a central institutional review
board (Schulman IRB, Cincinnati, OH) approved the protocol.
All patients provided written informed consent.

Patients. Eligible patients (ages ≥18 years) had to have
active PsA, defined as a diagnosis fulfilling the criteria of the
Classification of Psoriatic Arthritis Study Group (35) for ≥3
months, as well as the presence of ≥3 tender joints and ≥3 swol-
len joints at screening, and at least 1 psoriatic plaque of ≥2 cm in
diameter. Patients also had to have been receiving a stable
dosage of methotrexate at ≥10 mg/week for ≥4 weeks. Key exclu-
sion criteria included the following: prior exposure to adalim-
umab or another TNF inhibitor if the TNF inhibitor was
discontinued for lack of efficacy or safety reasons or the drug
had not been washed out for ≥5 half-lives; prior exposure to
other non-TNF inhibitors or IL-17 inhibitor biologic DMARDs,
unless washed out for ≥5 half-lives; current treatment with con-
ventional synthetic DMARDs other than methotrexate, sul-
fasalazine, and hydroxychloroquine; having received orally
administered prednisone or its equivalent at ≥10 mg/day within
30 days of the baseline visit; current pregnancy or breastfeeding;
and presence of active tuberculosis, chronic recurring infections,
or active viral infections if the investigator assessed that the
patient would be an unsuitable candidate for the study.

Study design. The study was designed as a phase II 12-
week, double-blind, placebo-controlled, parallel-group study
conducted at 54 sites in Australia, Bulgaria, the Czech Repub-
lic, Germany, Hungary, Latvia, New Zealand, Poland, Roma-
nia, Spain, and the United States. Following a screening
period, patients receiving background methotrexate were ran-
domized 3:3:3:1 to receive ABT-122 120 mg every week, ABT-
122 240 mg every week, adalimumab (Humira; AbbVie) 40 mg
every other week, or matching placebo subcutaneously for 12
weeks. Randomized treatments were assigned at each site via
an interactive voice response or web response system, based
on a randomization schedule that had been previously gener-
ated by the statistics group of the study sponsor.

ABT-122 and its placebo were prepared from lyophilized
powder by a pharmacist at each site who was unblinded with
regard to the treatment; prefilled syringes of adalimumab and its
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placebo arrived ready for use. The patients and all other study
site personnel remained blinded with regard to treatment assign-
ments throughout the study. Because the syringes containing
ABT-122 and adalimumab were different in appearance, blind-
ing required that all patients receive injections of ABT-122 or its
matching placebo at every weekly site visit, and adalimumab or
its matching placebo at every other weekly site visit.

End point assessments. The primary efficacy end point
was a ≥20% improvement in disease activity based on the Amer-
ican College of Rheumatology improvement response criteria
(ACR20) (36) compared to placebo at week 12. A secondary
end point was to compare the ACR20 response rates between
ABT-122 and adalimumab at week 12, although the study was
not powered for these comparisons. Additional efficacy end
points included ACR20 response rates as well as ≥50% improve-
ment (ACR50) and ≥70% improvement (ACR70) response rates
at each postbaseline assessment (weeks 2, 4, 8, and 12); disease
control, defined for this study as a score of <3.2 or <2.6 on the
Disease Activity Score in 28 joints using hsCRP level (DAS28-
hsCRP) (37) at week 12; mean decrease from baseline in the
DAS28-hsCRP of at least 1.2 at week 12; mean changes from
baseline in the DAS28-hsCRP at each postbaseline assessment;
improvement in the Psoriasis Area and Severity Index (PASI)
skin scores by ≥50% (PASI50), ≥75% (PASI75), and ≥90%
(PASI90) (38) at week 12 in patients who had ≥3% of their body
surface area affected by psoriasis at baseline; responses on the
Stanford Health Assessment Questionnaire modified for the
spondyloarthritides (HAQ-S) (39), defined empirically in this
study as an improvement (decrease) from baseline of at least 0.5
points; mean changes in the HAQ-S score at each postbaseline
assessment; mean changes from baseline in the Spondyloarthritis
Research Consortium of Canada (SPARCC) Enthesitis Index
(40) at weeks 4, 8, and 12; and scores of 0 or 1 (full scale 0–6) on
the physician’s global assessment of psoriasis at week 12.

Safety assessments. Safety was assessed throughout the
study period by monitoring the incidence of AEs, vital signs,
physical examination findings, and laboratory abnormalities.
The severity of the AEs and laboratory abnormalities was judged
by the study investigators using the Rheumatology Common
Toxicity Criteria, version 2.0 (41). Recorded AEs were coded

using the Medical Dictionary for Regulatory Activities, version
18.1. Only treatment-emergent AEs (i.e., those that occurred
from the first dose of study drug until 70 days after the last dose)
were analyzed.

Statistical analysis. Patients were analyzed based on
the intent-to-treat principle. The full analysis set, which
included all randomized patients who received at least 1 dose
of study drug, was used for baseline and efficacy analyses. Base-
line characteristics were calculated with summary statistics. For
the primary efficacy end point (ACR20 response rates at week
12), it was estimated that a sample size of 66 patients in each
ABT-122 treatment arm and 22 patients in the placebo arm
would result in >90% power to detect a 50% difference in
response for ABT-122 compared to placebo, assuming an
ACR20 response rate of 20% with placebo and a 1-sided alpha
level of 0.025. The sample size was not designed to detect sta-
tistically significant differences between either of the ABT-122
groups and the adalimumab group. Missing values were
imputed as being a nonresponse, unless otherwise noted. The
superiority of ABT-122 at weeks 2, 4, 8, and 12 compared to
placebo or adalimumab was calculated using Fisher’s 1-sided
exact test (for categorical variables) or 2-sided analysis of
covariance models, with treatment as the fixed factor and the
baseline value of the assessment as the covariate (for continu-
ous variables). No statistical tests compared adalimumab to
placebo. Safety was analyzed with summary statistics in all
patients who received the study drug.

RESULTS

Characteristics of the study patients. A total of
240 patients were enrolled, randomized to a treatment
group, and analyzed for treatment efficacy and safety
from May 12, 2015 to April 28, 2016 (Figure 1). Approx-
imately 50% of the patients were women; the mean age
ranged from 47 years to 51 years, and the mean duration
of PsA ranged from 6 years to 8 years (Table 1). Among
the eligible patients, 46–67% had ≥3% of their body

Figure 1. Disposition of the study patients. EW = every week; EOW = every other week.
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surface area affected by psoriasis, with a mean PASI
score ranging from 9 to 15 across treatment groups at
baseline. Four patients (1.7%) who withdrew consent
discontinued from the study before its completion (1
patient in the adalimumab group, 2 in the ABT-122 120
mg every week group, and 1 in the ABT-122 240 mg
every week group) (Figure 1).

Efficacy. The ACR20 response rates at week 12
(primary end point) for the ABT-122 120 mg every week
and ABT-122 240 mg every week dose groups (64.8%
and 75.3%, respectively) were statistically superior (P <
0.001) to that in the placebo group (25.0%) and compa-
rable to that in the adalimumab group (secondary end
point; 68.1%) (Figure 2A). ACR20 response rates at
other time points were also statistically significantly
greater with ABT-122 120 mg every week and ABT-122
240 mg every week compared to placebo: at week 2,
39.4% (P = 0.003) and 42.5% (P = 0.001) versus 8.3%; at
week 4, 49.3% (P = 0.004) and 67.1% (P < 0.001) versus
16.7%; and at week 8, 62.0% (P < 0.001) and 72.6% (P <
0.001) versus 16.7%.

Furthermore, at early time points, ACR20 response
rates in the ABT-122 120 mg every week or ABT-122 240
mg every week groups were statistically significantly supe-
rior to that following treatment with adalimumab. At week
2, the ACR20 response rates were 39.4% with ABT-122
120 mg every week (P = 0.007) and 42.5% with ABT-122

240 mg every week (P < 0.003) compared to 19.4% with
adalimumab. At week 4, the ACR20 response rate was
67.1% with ABT-122 240 mg every week compared to
44.4% with adalimumab (P = 0.005). However, at later
time points (weeks 8 and 12), the ACR20 response rates
were comparable between ABT-122 and adalimumab
treatment.

ACR50 responses in both ABT-122 dose groups
were statistically significantly superior to that in the pla-
cebo group at week 12: with ABT-122 120 mg every week
and 240 mg every week, 36.6% (P = 0.021) and 53.4% (P <
0.001), respectively, compared to 12.5% in the placebo
group. Moreover, the ACR50 response rate at week 12
was statistically significantly superior with ABT-122 240
mg every week compared to adalimumab (37.5%; P =
0.039) (Figure 2B).

In addition, at some earlier time points, ACR50
responses were statistically significantly greater with ABT-
122 compared to placebo: at week 2, with ABT-122 120
mg every week and 240 mg every week, 16.9% (P = 0.023)
and 15.1% (P = 0.036), respectively, compared to 0% with
placebo; and at week 4, with ABT-122 120 mg every week
and 240 mg every week, 16.9% (P not significant) and
30.1% (P = 0.025), respectively, compared to 8.3% with
placebo. ACR50 responses at some earlier time points
were also statistically significantly greater with ABT-122
compared to adalimumab: at week 2, with ABT-122 120

Table 1. Demographic and baseline disease characteristics of the study patients*

Characteristic

Placebo
every week
(n = 24)

Adalimumab
40 mg

every other week
(n = 72)

ABT-122

120 mg
every week
(n = 71)

240 mg
every week
(n = 73)

Women, no. (%) 12 (50.0) 33 (45.8) 37 (52.1) 37 (50.7)
White, no. (%) 24 (100) 70 (97.2) 70 (98.6) 70 (95.9)
Age, years 47.7 � 13.7 50.5 � 12.0 51.0 � 12.4 47.4 � 13.8
Weight, kg 76.9 � 17.4 86.7 � 16.0 85.4 � 16.8 83.1 � 18.4
BMI, kg/m2 26.8 � 4.0 29.4 � 5.0 29.6 � 5.3 28.3 � 5.8
Duration of PsA, years 7.6 � 7.2 8.4 � 9.2 5.9 � 7.1 7.5 � 8.2
MTX dose, mg/week 17.4 � 5.2 16.9 � 4.4 15.3 � 4.5 15.3 � 4.7
Any prior non-MTX DMARD, no. (%) 6 (25.0) 22 (30.6) 16 (22.5) 16 (21.9)
TJC68 19.0 � 14.7 23.4 � 17.0 21.7 � 14.6 23.6 � 14.3
SJC66 13.4 � 11.4 14.0 � 10.6 12.7 � 10.4 14.8 � 11.8
DAS28-hsCRP score 4.6 � 1.1 5.1 � 1.1 5.0 � 1.2 4.8 � 1.3
HAQ-S score (range 0–3) 1.2 � 0.6 1.3 � 0.6 1.3 � 0.6 1.3 � 0.6
BSA ≥3%, no. (%) 11 (45.8) 33 (45.8) 43 (60.6) 49 (67.1)
PASI (in patients with ≥3% BSA) (range 0–72) 8.8 � 4.6 11.9 � 9.3 11.8 � 9.5 14.9 � 12.9
Enthesitis, no. (%) 14 (58.3) 54 (75.0) 50 (70.4) 53 (72.6)
SPARCC Enthesitis Index (range 0–16) 2.8 � 4.1 3.7 � 3.9 3.6 � 4.1 4.0 � 4.1
Dactylitis, no. (%) 13 (54.2) 42 (58.3) 40 (56.3) 46 (63.0)

* Except where indicated otherwise, values are the mean � SD. BMI = body mass index; PsA = psoriatic arthritis; MTX =
methotrexate; DMARD = disease-modifying antirheumatic drug; TJC68 = tender joint count based on 68 joints assessed;
SJC66 = swollen joint count based on 66 joints assessed; DAS28-hsCRP = Disease Activity Score in 28 joints using high-
sensitivity C-reactive protein level; HAQ-S = Stanford Health Assessment Questionnaire modified for the spondyloarthri-
tides; BSA = body surface area affected by psoriasis; PASI = Psoriasis Area and Severity Index; SPARCC = Spondyloarthritis
Research Consortium of Canada.
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mg every week and 240 mg every week, 16.9% (P = 0.004)
and 15.1% (P = 0.009), respectively, compared to 2.8%
with adalimumab; and at week 4, with ABT-122 240 mg
every week, 30.1% compared to 13.9% with adalimumab
(P = 0.015).

ACR70 responses at week 12 were statistically
significantly greater with ABT-122 120 mg every week
(22.5%) (P = 0.034) and ABT-122 240 mg every week
(31.5%) (P = 0.004) compared to placebo (4.2%) (Fig-
ure 2C). The ACR70 response rate at week 12 was also

Figure 2. End point analyses in patients with psoriatic arthritis in the different treatment groups. A–C, Proportion of patients achieving ≥20%
improvement in disease activity according to the American College of Rheumatology response criteria (ACR20) (A), as well as 50% (ACR50) (B)
and 70% (ACR70) (C) improvement response rates, over the 12-week treatment course (with nonresponder imputation). D, Least squares mean
change in the Disease Activity Score in 28 joints using high-sensitivity C-reactive protein level (DAS28-hsCRP) (with last observation carried for-
ward imputation). E, Mean change in scores on the Stanford Health Assessment Questionnaire modified for the spondyloarthritides (HAQ-S)
(with last observation carried forward imputation). No statistical testing was done for the mean change in HAQ-S scores; it was only done for the
responder definition of a score increase of ≥0.5. * = P < 0.05; ** = P < 0.01; *** = P < 0.001 for ABT-122 versus placebo. † = P < 0.05; ‡ = P <
0.01; § = P ≤ 0.005 for ABT-122 versus adalimumab. EOW = every other week; EW = every week.
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significantly greater with ABT-122 240 mg every week
compared to that following treatment with adalimumab
(31.5% versus 15.3%; P = 0.017). At earlier time points,
the ACR70 response rate with ABT-122 240 mg every
week was significantly greater than with placebo at week
4 (17.8% versus 0%; P = 0.019) and at week 8 (21.9%
versus 4.2%; P = 0.038).

The mean change from baseline in the DAS28-
hsCRP score was significantly greater in both the ABT-
122 120 mg every week and ABT-122 240 mg every week
dose groups than in the placebo group at week 2 (�1.07
and �1.08 versus �0.44; P < 0.008 and P < 0.006, respec-
tively), week 4 (�1.44 and �1.57 versus �0.60; both P <
0.001), week 8 (�1.87 and �1.88 versus �0.84; both P <
0.001), and week 12 (�1.96 and �2.28 versus �0.89; both
P < 0.001) (Figure 2D). At week 12, the mean change
from baseline in the DAS28-hsCRP score was statistically
significantly greater with ABT-122 240 mg every week
(�2.28) compared to that with adalimumab (�1.83; P =
0.012).

Disease control responses based on the proportion
of patients achieving DAS28-hsCRP score thresholds of
<3.2 or <2.6 were statistically superior or numerically
higher, but not statistically significantly different, in all
active treatment groups compared to the placebo group,
but differences between each ABT-122 dose group and
the adalimumab group were not statistically significant

(see Supplementary Figure 1, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40579/abstract). At week 12, the response
rate based on a DAS28-hsCRP score of <3.2 was signifi-
cantly greater in patients receiving ABT-122 240 mg every
week compared to those receiving placebo (68.5% versus
41.7%; P = 0.018). The response rates based on a DAS28-
hsCRP score of <2.6 at week 12 were significantly greater
with ABT-122 120 mg every week (45.1%) and 240 mg
every week (52.1%) compared to placebo (16.7%; P =
0.011 and P = 0.002, respectively).

All active treatment groups had clinically impor-
tant greater mean changes from baseline in the HAQ-S
scores compared to the placebo group; statistical compar-
isons were not performed (Figure 2E). At week 12,
HAQ-S responses based on a decrease in score of ≥0.5
were generally similar across the active therapy groups,
and only the ABT-122 240 mg every week group showed a
statistically significantly greater HAQ-S response rate
compared to the placebo group (54.8% versus 25.0%; P =
0.01) (see Supplementary Figure 2, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40579/abstract).

The mean change from baseline in the SPARCC
Enthesitis Index at week 12 was numerically similar across
active therapies. Statistically significantly greater mean
changes in the SPARCC Enthesitis Index scores at week

Figure 3. Proportion of patients meeting the Psoriasis Area and Severity Index (PASI) response criteria for ≥75% (PASI75) and ≥90% (PASI90)
improvement in skin scores (with nonresponder imputation) at 12 weeks among those with ≥3% of body surface area affected by psoriasis at base-
line. * = P < 0.01 for ABT-122 versus placebo; † = P < 0.05 for ABT-122 versus adalimumab. EW = every week; EOW = every other week.
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12 were seen with ABT-122 120 mg every week (�2.8)
and 240 mg every week (�2.5) compared to that with pla-
cebo (�1.2; P = 0.003 and P = 0.017, respectively) (see
Supplementary Figure 3, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40579/abstract).

All active treatment groups had higher PASI75
and PASI90 responses compared to the placebo group at
week 12 (Figure 3). The PASI75 response at week 12 in
those who received ABT-122 120 mg every week was
numerically higher than, but not statistically significantly
different from, that in patients who received adalimumab
(74.4% versus 57.6%). In the ABT-122 240 mg every
week group, the PASI75 response at week 12 was statisti-
cally significantly greater than the response with ada-
limumab (77.6% versus 57.6%; P = 0.047). PASI90
responses were similar among the treatment groups
receiving either ABT-122 or adalimumab. Furthermore,
in all active treatment groups, the PASI90 responses
were higher than, but not statistically significantly differ-
ent from, those observed in the placebo group, possibly
because the PASI analyses were limited to the smaller
subgroup of patients who had an affected body surface
area of ≥3% at baseline.

Joint and skin responses to treatment at week 12
mostly favored ABT-122 over adalimumab, as depicted
by the forest plots in Figure 4 (19 of 22 dose-group com-
parisons). However, clinically important differences were
few, and statistically significant separation was seen for
only 1 comparison: the ACR70 response with ABT-122
240 mg every week (i.e., the 95% confidence interval
excluded zero).

Pharmacokinetics. The average molar serum con-
centrations of ABT-122 in the dosing interval at steady
state with dosages of 120 mg every week and 240 mg
every week were ~2-fold and ~4-fold higher, respectively,
compared to the exposure with adalimumab at 40 mg
every other week. The mean steady-state serum concen-
trations (Ctrough) of ABT-122 at week 12 were 11.6 lg/ml
and 27.3 lg/ml in the 120 mg every week and 240 mg
every week treatment groups, respectively. The propor-
tion of subjects with Ctrough concentrations below the
limit of quantitation at the 12-week time point was ~3%
in both the ABT-122 120 mg every week and ABT-122
240 mg every week groups. Details of ABT-122 pharma-
cokinetic results are reported elsewhere (42).

Safety. The frequency of treatment-emergent AEs
was similar across groups, and none led to discontinua-
tion (Table 2). There were 2 reports of serious AEs: 1 in
a patient receiving placebo (motor vehicle collision), and
1 receiving ABT-122 240 mg every week (sick sinus syn-
drome, with fainting; coded as heart rate decreased, with

syncope). The incidence of infections was generally simi-
lar across the active treatment groups (range 19.7–
27.8%) and placebo group (20.8%); no serious infections
were reported in any treatment group. A nonserious
event, oral candidiasis, was reported in 2 patients in the
ABT-122 groups. No systemic hypersensitivity or severe
injection site reactions occurred with ABT-122, adalim-
umab, or placebo. At week 12, the mean decrease from
baseline in the neutrophil count was ~20% in both ABT-
122 dose groups (range �20.5% to �20.9%) and in the
adalimumab group (�18.6%); however, there were no
reports of a neutrophil count decrease with a severity of
grade 3 or above in the ABT-122 groups. The decreased
neutrophil count was not found to be associated with
infection events. Abnormal values for other laboratory
parameters were indicative of generally mild or moder-
ately severe changes and were not clinically meaningful.

DISCUSSION

ABT-122 is the first DVD-Ig for which results have
been reported in patients with PsA. The results show that
over 12 weeks, the efficacy of ABT-122 was superior to
placebo, and with ABT-122 at 240 mg every week, the
PASI75, ACR50, and ACR70 response rates were supe-
rior to those with adalimumab. However, other outcomes
were generally similar between the ABT-122 and adalim-
umab groups, including the study’s primary end point, the
ACR20 response, and the PASI90 response. ABT-122 had
an acceptable safety profile over 12 weeks of therapy in
patients with PsA who were receiving background
methotrexate, with similar incidences of treatment-
emergent AEs across different treatment groups and an
infection risk similar to that with placebo and adali-
mumab, despite the fact that dual inhibition of TNF and
IL-17A provided molar exposures that were equivalent to
or higher than those with adalimumab.

Although higher-dose ABT-122 did show superior-
ity to adalimumab in terms of the PASI75 skin score
response, and also showed higher-threshold ACR disease
activity improvement responses, there was little convinc-
ing benefit of either ABT-122 dose over adalimumab at
40 mg every other week in terms of the effects on multiple
other end points, including the PASI90 response. Thus,
the relative contribution of anti-TNF antibodies compared
to anti–IL-17A antibodies to the efficacy observed with
ABT-122 in this study remains unknown.

Our observations from exposure response models
with ABT-122, in which multiple end points, including
ACR and PASI response scores, were examined, suggest
that the additional benefits with ABT-122 at higher doses
could be related to higher exposures of TNF inhibition.
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These exposure response models, the results of which
will be published separately, did not suggest that the
IL-17A inhibitory action of ABT-122 contributed to the

dose-related additional efficacy observed with the dosage
of 240 mg every week. The exposures of TNF inhibition
with ABT-122 dosages of 120 mg every week and 240 mg

Figure 4. Treatment responses in the joints and skin at 12 weeks in the ABT-122 120 mg every week or 240 mg every week groups as compared
to the adalimumab group. A, Joint responses at 12 weeks were measured according to the American College of Rheumatology response criteria of
≥20% (ACR20), ≥50% (ACR50), and ≥70% (ACR70) improvement, score thresholds of <3.2 and <2.6, as well as change from baseline (CFB)
≤�1.2, for the Disease Activity Score in 28 joints using high-sensitivity C-reactive protein level (DAS28-hsCRP), and CFB ≤�0.5 in the score on
the Stanford Health Assessment Questionnaire modified for the spondyloarthritides (HAQ-S). B, Skin responses at 12 weeks in patients with ≥3%
body surface area affected by psoriasis at baseline were measured as a score of 0 or 1 on the physician’s global assessment of psoriatic disease
activity (PhGAPsO) (full scale 0–6) and as the proportion of patients achieving improvement in skin scores according to the Psoriasis Area and
Severity Index response criteria of ≥50% (PASI50), ≥75% (PASI75), and ≥90% (PASI90) improvement. All analyses used last observation carried
forward imputation. Bars show the difference in response with 95% confidence interval (95% CI). EW = every week.
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every week were 2 times and 4 times higher, respectively,
than that with adalimumab at 40 mg every other week.
ABT-122 serum exposure at a dose of 120 mg every week
was comparable to or lower than that reported in the
labels for the anti–IL-17A monoclonal antibodies ixek-
izumab (80 mg every week) or secukinumab (150 mg
every 4 weeks or 300 mg every 4 weeks). At a dosage of
240 mg every week, ABT-122 serum exposure was 2-fold
higher than that of ixekizumab at 80 mg every week,
equal to that of secukinumab at 150 mg every 4 weeks,
and approximately one-half that of secukinumab 300 mg
every 4 weeks (43,44).

The affinity and potency of ABT-122 with regard
to its interactions with TNF and IL-17A were compara-
ble to those of antibodies directed solely against TNF
and antibodies directed solely against IL-17A (27,29,30).
The PASI90 skin responses in particular suggest that
ABT-122 is functioning largely through its effects on
anti-TNF activity, since the greater efficacy expected with
the addition of IL-17A inhibition (13,14) was not seen.

Data from RA patients treated in phase I
research trials have shown that ABT-122 rapidly and per-
sistently modulates potential pathophysiologic pathways
involved in RA, including reducing the serum levels of
chemokines involved in inflammatory cell recruitment
into inflamed tissues (32), suggesting that dual inhibition
of TNF and IL-17A provides functional blockade of both
of these cytokines. In addition, a genomic and epigenetic
analysis of phase II data in patients with RA showed

changes in the expression of genes associated with IL-
17A signaling after 4 weeks of treatment, indicating that
IL-17A is inhibited by ABT-122 (45). These data sets
suggest that both the anti-TNF component and the anti–
IL-17A component of the molecule are active.

In addition, in the RA patient trials, changes in the
serum levels of associated proteins were observed at 4
and 12 weeks. The measurement of free serum IL-17A
showed a decline in serum levels in patients with RA treat-
ed with ABT-122, which was not seen in those receiving
adalimumab treatment alone (data on file) (45). How-
ever, analyses of the correlation between changes in gene
expression and DNA methylation at week 4 and DAS28-
hsCRP responses at week 12 indicated that the response
to ABT-122 in patients with RA was primarily driven by
TNF inhibition, with little added contribution from inhibi-
tion of IL-17A (45).

In light of data from other recent clinical trials,
inhibition of IL-17A does appear to have greater effi-
cacy in terms of its impact on end points in patients
with psoriasis (46,47) and on PsA skin and joint disease
end points (12,13), as compared to its impact on joint
disease end points in patients with RA (48,49). These
findings support immunohistologic observations of the
importance of Th17 cells and IL-17A in the pathogene-
sis of psoriasis (50–52).

Despite the demonstrated activity of both the anti-
TNF component and the anti–IL-17A component of
ABT-122, the similar efficacy of ABT-122 and adalimumab

Table 2. Summary of safety data*

Event

Placebo
every week
(n = 24)

Adalimumab
40 mg

every other week
(n = 72)

ABT-122

120 mg
every week
(n = 71)

240 mg
every week
(n = 73)

Any TEAE 11 (45.8) 38 (52.8) 33 (46.5) 31 (42.5)
Serious AE 1 (4.2) 0 0 1 (1.4)†
Severe AE 0 1 (1.4) 0 1 (1.4)†
Infection 5 (20.8) 20 (27.8) 14 (19.7) 15 (20.5)
Candidiasis 0 0 1 (1.4)‡ 1 (1.4)‡
Nasopharyngitis 0 6 (8.3) 4 (5.6) 3 (4.1)
Upper respiratory tract infection 2 (8.3) 5 (6.9) 1 (1.4) 7 (9.6)
Urinary tract infection 0 1 (1.4) 2 (2.8) 4 (5.5)

Leukopenia§ 0 2 (2.8) 1 (1.4) 1 (1.4)
Neutropenia§ 0 2 (2.8) 2 (2.8) 1 (1.4)
Neutrophil count grade
Grade 1 (1.5–1.9 9 109/liter) 2 (8.3) 11 (15.3) 6 (8.5) 14 (19.2)
Grade 2 (1.0–1.4 9 109/liter) 0 2 (2.8) 5 (7.0) 5 (6.8)
Grade 3 (0.5–0.9 9 109/liter) 1 (4.2) 2 (2.8) 0 0

* Values are the number (%) of patients. There were no treatment-emergent adverse events (TEAEs)
leading to discontinuation, deaths, malignancies, systemic hypersensitivity reactions, severe injection site
reactions, serious infections, or grade 4 neutrophil count abnormalities (<0.5 9 109/liter).
† Non–drug-related decreased heart rate/syncope was reported in 1 patient.
‡ Oral candidiasis.
§ Reported for laboratory values of special interest.
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seen in the present study suggests that the effects of ABT-
122 were primarily the result of inhibition of TNF. The
anti–IL-17A property of ABT-122 may have contributed
little additive benefit to the observed treatment effects.

A strength of this study was the ability to directly
compare the efficacy of ABT-122 to that of adalimumab.
In addition, it was the first direct study of dual cytokine
inhibition in patients with PsA, in whom no evidence of
serious AEs or serious infections was observed.

Limitations of this study included its short dura-
tion of 12 weeks. Although 12 weeks has been an ade-
quate length of time to assess the efficacy of other
biologic agents in terms of improvements in both the skin
and the joints (10–14), it remains a limitation in terms of
reaching conclusions with regard to safety. Another limi-
tation is that although an active comparator arm targeting
TNF inhibition alone (adalimumab) was included for
comparison to ABT-122, the study had no active compara-
tor with an agent that targeted IL-17A inhibition alone.

In conclusion, the similarity of the incidence rates
of AEs between ABT-122 and adalimumab adds to a
growing database suggesting that inhibition of 2 cyto-
kines may not always be associated with higher incidence
of AEs, although direct comparison with the AE profile
of combined treatment with 2 single cytokine blockers in
patients with PsA was not undertaken, and results could
differ from those in the current study. Compared to ada-
limumab, and despite the dual neutralization of TNF and
IL-17A with a DVD-Ig, there was not a clearly differen-
tiated efficacy between ABT-122 and adalimumab over
12 weeks. Due to this lack of adequate efficacy differen-
tiation, further development of ABT-122 for the treat-
ment of PsA is not being pursued.
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Comparison of Remission and Lupus Low Disease Activity State
in Damage Prevention in a United States
Systemic Lupus Erythematosus Cohort

Michelle Petri 1 and Laurence S. Magder2

Objective. One objective in the treatment of sys-
temic lupus erythematosus (SLE) disease activity is to
reduce long-term rates of organ damage. We undertook
this study to analyze data from a large clinical SLE cohort
to compare patients achieving different levels of disease
activity with respect to rates of long-term damage.

Methods. We analyzed data from 1,356 SLE
patients in the Hopkins Lupus Cohort, followed up quar-
terly, with 77,105 person-months observed from 1987 to
2016. Three outcome measures were considered: clinical
remission with no treatment, clinical remission on treat-
ment, and lupus low disease activity state (LLDAS).

Results. Patients achieved LLDAS in 50% of their
follow-up months. They achieved clinical remission with
no treatment or clinical remission on treatment in only
13% and 27%, respectively, of their follow-up visits. The
rates of damage consistently declined with increased
percentage of prior time in either LLDAS or clinical
remission on treatment. Spending a short proportion of
prior time (<25%) in clinical remission on treatment
was associated with a relatively low rate of damage com-
pared to never achieving that condition (1.01 events per
10 person-years versus 1.82 events per 10 person-years;
rate ratio 0.54, P < 0.0001). Those patients who experi-
enced LLDAS at least 50% of the time had relatively low
rates of damage (rate ratio 0.39–0.47, P < 0.0001).

Conclusion. LLDAS is an easier target to achieve
than clinical remission on treatment and results in
reduced risk of long-term damage. However, even a small

percentage of time in clinical remission on treatment was
associated with reduced damage.

Disease activity in systemic lupus erythematosus
(SLE) is related to long-term organ damage (1,2). One
complication in the choice of a “treat-to-target” outcome
is the fact that some treatments for disease activity (e.g.,
corticosteroids) might themselves increase the rates of
damage. Any dose of 6–12 mg/day increases major damage
by 50% (3); doses of ≥10 mg/day increase cardiovascular
events 2.4-fold, with a 20 mg daily dose increasing the risk
5.1-fold (4). There is uncertainty regarding the optimal
combination of disease activity target and treatment target
from the perspective of long-term damage risk.

One potential treatment target is “remission.” A
recent international collaborative effort, definitions of
remission in SLE (DORIS), has developed a framework
for defining remission (5). This included subtypes of remis-
sion with or without abnormal serologic findings and with
or without low levels of treatment.

An alternative approach has been taken by
Franklyn et al (6), who developed and validated criteria
defining the lupus low disease activity state, or LLDAS.
LLDAS is a less ambitious target than remission and
allows for low levels of disease activity and treatment.
LLDAS has been successfully applied post hoc to ran-
domized clinical trials, including a trial of anifrolumab
(an anti–interferon receptor monoclonal antibody) (7),
proving that it is achievable in clinical research.

Clinical trials can rarely maintain randomization
beyond 12 months, which is insufficient time to ascertain
differences in organ damage. Thus, longitudinal cohorts
have offered the best opportunity to determine if achieve-
ment of DORIS remission or LLDAS can reduce later
organ damage, and by how much.

The Hopkins Lupus Cohort allowed us to study
the association between time in various types of remis-
sion and/or LLDAS and long-term organ damage. We
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examined not just total organ damage, but individual
organ damage, as well.

PATIENTS AND METHODS

Patients and data. The Hopkins Lupus Cohort is a
prospective longitudinal single-center cohort of SLE patients
ongoing since 1987. Patients met either the Systemic Lupus
International Collaborating Clinics (SLICC) classification criter-
ia (8) or the classification criteria as defined by the American
College of Rheumatology (ACR) (9) and as updated in 1997
(10). Patients were seen by 1 rheumatologist at least every 3
months, with ascertainment of the physician’s global assessment
of disease activity (PhGA) (11), the Safety of Estrogens in Lupus
Erythematosus National Assessment version of the SLE Disease
Activity Index (SLEDAI) (12,13), and treatment. New organ
damage was determined at each visit using the SLICC/ACR
Damage Index (SDI) (14). All patients provided informed con-
sent, and the study was approved yearly by the Johns Hopkins
University School of Medicine Institutional Review Board.

This analysis is based on cohort experience prior to Octo-
ber 2016. Only patients who provided at least 1 year of cohort
participation were included. This included 1,356 SLE patients, of
whom 55% were Caucasian, 38% African American, and 92%
female. Their mean � SD age at cohort entry was 38.2 � 13.0
years. At cohort entry, 39% had had SLE for less than 1 year,
28% had had SLE for 1–5 years, and 33% had had SLE for more
than 5 years. The median SLEDAI score at cohort entry was 2.0.

Definitions of remission and LLDAS. Based on the
DORIS framework, for each visit, “clinical remission with no
treatment” was defined as a PhGA of <0.5 and a SLEDAI score
of 0, with no prednisone or immunosuppressant use. “Clinical
remission on treatment” was the same but allowed prednisone at
≤5 mg/day and maintenance treatment with immunosuppres-
sants. LLDAS was defined as a SLEDAI score of ≤4 with no
SLEDAI scores for the renal, central nervous system, serositis,
vasculitis, and constitutional components, no increase in any
SLEDAI component since the previous visit, a PhGA of ≤1, and
a prednisone dose of ≤7.5 mg/day. Immunosuppressants were
allowed for LLDAS. Hydroxychloroquine treatment was allowed
for all 3 definitions.

Statistical analysis. Using information collected at
clinic visits, each visit for each patient was categorized as in
remission or LLDAS based on the above definitions. Then,
each month of follow-up for each patient was defined as in
remission or LLDAS based on the status at the most recent
clinic visit. For each follow-up month, we determined whether
a new damage event occurred in that month. The months were
then classified into subgroups defined by the percentage of
prior months in remission or LLDAS, and the rate of damage
events in each subgroup was calculated. For ease of interpreta-
tion, rates are reported per 10 person-years. Rate ratios and
associated P values were estimated using logistic regression
models fit by generalized estimating equations to account for
the fact that each patient contributed multiple person-months.

The patients included in this analysis were followed up
for a total of 77,105 person-months. All these months were used
in computing the proportion of prior months in various disease
states. In estimating rates of damage by prior history of disease
states, we only used months of follow-up after the first year of
cohort participation. In addition, we excluded any follow-up that

occurred after a gap of more than 182 days between clinic visits.
These exclusions resulted in an analysis of damage over 62,189
person-months of experience between 1988 and 2016. The mean
number of person-months at risk per person was 46 and ranged
from 1 to 292.

RESULTS

Table 1 shows the proportion of person-months of
follow-up in various states of disease activity. In 27% of
the follow-up months, patients satisfied the definition
of clinical remission on treatment. In contrast, in 50% of
the follow-up months, patients satisfied the definition of
LLDAS. Over 62,189 person-months of follow-up, we
observed 595 new damage events. This corresponds to
1.15 events per 10 person-years.

Table 2 shows the rates of damage in subgroups
defined by percentage of prior cohort follow-up in remis-
sion or LLDAS. For each type of remission/LLDAS, the
rates of damage decreased as the percentage of prior time
in remission/LLDAS increased. Those who had clinical
remission on treatment at any point in time but during
less than 25% of their follow-up had substantially lower
rates of damage than those who never had clinical remis-
sion on treatment (rate ratio 0.54, P < 0.0001). Patients
with a small proportion of time in LLDAS did not experi-
ence a comparable reduction in damage rates. On the
other hand, those patients who experienced LLDAS at
least 50% of the time had relatively low rates of damage
(between 0.75 and 0.88 events per 10 person-years). This
LLDAS target was relatively easy to achieve (satisfied in
~50% of the person-months of follow-up).

Because experience of prior damage is a strong
predictor of future damage, we performed the analyses
shown in Table 2 separately for those with no prior dam-
age, those with an SDI of 1, and those with an SDI of ≥2.
The results are available in Supplementary Tables 1–3,
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40571/abstract. For
those months of follow-up among those with no prior

Table 1. Number (percent) of follow-up months in which patients
were in various states of systemic lupus erythematosus disease activity*

State of disease activity Follow-up months

LLDAS 38,880 (50)
Clinical remission on treatment† 20,489 (27)
Clinical remission with no treatment‡ 10,347 (13)

* Patients included in this analysis were followed up for a total of
77,105 person-months. LLDAS = lupus low disease activity state.
† Requires prednisone dose ≤5 mg/day, but allows for maintenance
immunosuppressants and hydroxychloroquine.
‡ Requires no use of prednisone or immunosuppressants, but allows
for use of hydroxychloroquine.
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damage, the pattern was similar to that shown in Table 2
(see Supplementary Table 1). For those months after a
person has had 1 previous damage event, there was gener-
ally less of an association between damage and time spent
in the categories of LLDAS and clinical remission on

treatment (see Supplementary Table 2). Finally, for those
months after a person has ≥2 previous damage events,
there were strong associations between subsequent dam-
age and prior LLDAS and remission, and even a small
proportion of previous time in LLDAS was associated with

Table 2. Rates of new damage in subgroups defined by past levels of disease activity*

No. of
person-years
observed

No. of
damage
events

Rate of
events per 10
person-years

Rate ratio
(95% CI) P

Prior months in LLDAS
None 638 117 1.83 1.0 (referent)
Not none, but <25% 880 134 1.52 0.80 (0.61–1.06) 0.12
25–49% 1,057 129 1.22 0.63 (0.48–0.84) 0.0012
50–74% 1,513 133 0.88 0.47 (0.36–0.62) <0.0001
≥75% 1,095 82 0.75 0.39 (0.29–0.53) <0.0001

Prior months in clinical remission on treatment†
None 1,374 250 1.82 1.0 (referent)
Not none, but <25% 1,681 170 1.01 0.54 (0.44–0.67) <0.0001
25–49% 1,195 103 0.86 0.47 (0.36–0.60) <0.0001
50–74% 700 54 0.77 0.43 (0.30–0.60) ≤0.0001
≥75% 232 18 0.77 0.45 (0.27–0.75) 0.0019

Prior months in clinical remission with no treatment‡
None 2,981 406 1.36 1.0 (referent)
Not none, but <25% 1,197 102 0.85 0.60 (0.48–0.75) <0.0001
25–49% 548 50 0.91 0.66 (0.46–0.94) 0.023
50–74% 320 27 0.84 0.63 (0.42–0.97) 0.035
≥75% 137 10 0.73 0.58 (0.30–1.15) 0.12

* 95% CI = 95% confidence interval; LLDAS = lupus low disease activity state.
† Requires prednisone dose ≤5 mg/day, but allows for maintenance immunosuppressants and hydroxychloroquine.
‡ Requires no use of prednisone or immunosuppressants, but allows for use of hydroxychloroquine.

Table 3. Numbers of specific types of damage events (rate per 10 person-years) in groups classified by prior LLDAS experience

Damage type

Percentage of prior visits in LLDAS (person-years)*
P for
trend†None (638) <25% (880) 25–49% (1,057) 50–74% (1,513) ≥75% (1,095)

Arthritis (deforming or erosive) 9 (0.15) 6 (0.08) 1 (0.01) 6 (0.04) 1 (0.01) 0.0010
Avascular necrosis 12 (0.23) 14 (0.20) 4 (0.05) 7 (0.05) 1 (0.01) <0.0001
Cataracts 12 (0.23) 16 (0.23) 11 (0.13) 27 (0.21) 16 (0.17) 0.38
Cognitive impairment 1 (0.02) 4 (0.05) 7 (0.07) 3 (0.02) 7 (0.07) 0.71
Cardiomyopathy 4 (0.07) 4 (0.05) 3 (0.03) 4 (0.03) 1 (0.01) 0.053
Cranial or peripheral neuropathy 3 (0.05) 7 (0.09) 9 (0.10) 8 (0.06) 3 (0.03) 0.26
Cerebrovascular accident 5 (0.09) 5 (0.06) 4 (0.04) 4 (0.03) 6 (0.06) 0.34
Diabetes mellitus 3 (0.05) 6 (0.07) 3 (0.03) 3 (0.02) 1 (0.01) 0.020
End-stage renal disease 11 (0.18) 3 (0.04) 3 (0.03) 1 (0.01) 1 (0.01) 0.0001
Glomerular filtration rate <50% 7 (0.12) 1 (0.01) 0 (0.00) 1 (0.01) 0 (0.00) 0.0046
Infarction or resection of bowel below duodenum 4 (0.07) 8 (0.11) 10 (0.11) 3 (0.02) 6 (0.06) 0.076
Malignancy 6 (0.10) 9 (0.11) 11 (0.11) 11 (0.08) 8 (0.08) 0.66
Myocardial infarction 7 (0.11) 3 (0.04) 7 (0.07) 3 (0.02) 2 (0.02) 0.0077
Osteomyelitis 4 (0.06) 1 (0.01) 1 (0.01) 0 (0.00) 1 (0.01) 0.037
Osteoporosis with fracture or vertebral collapse 18 (0.31) 18 (0.24) 20 (0.22) 22 (0.16) 14 (0.14) 0.0051
Pleural fibrosis 4 (0.06) 4 (0.05) 5 (0.05) 5 (0.03) 1 (0.01) 0.11
Premature gonadal failure 4 (0.07) 4 (0.05) 1 (0.01) 0 (0.00) 0 (0.00) 0.0046
Pulmonary fibrosis 9 (0.16) 3 (0.04) 9 (0.10) 9 (0.06) 11 (0.11) 0.93
Pulmonary hypertension 2 (0.03) 5 (0.06) 11 (0.11) 9 (0.06) 6 (0.06) 0.99
Retinal change or optic atrophy 1 (0.02) 4 (0.05) 4 (0.04) 5 (0.03) 2 (0.02) 0.93
Ruptured tendon 1 (0.02) 3 (0.03) 5 (0.05) 3 (0.02) 4 (0.04) 0.63
Seizures requiring therapy for at least 6 months 4 (0.07) 1 (0.01) 4 (0.04) 1 (0.01) 1 (0.01) 0.038
Valvular disease 2 (0.03) 2 (0.02) 8 (0.08) 5 (0.03) 0 (0.00) 0.19

* The actual number of person-years used to calculate rates for each damage item varies somewhat because follow-up after damage of that type
occurs is not included.
† Based on a logistic regression model treating lupus low disease activity state (LLDAS) percentage as a quantitative predictor.
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a large reduction in damage risk (see Supplementary
Table 3).

Tables 3 and 4 show the effect of achieving
LLDAS or clinical remission on treatment on individual
organ damage items as defined by the SDI. Both LLDAS
and clinical remission on treatment were associated with
significantly reduced rates of musculoskeletal, renal, and
osteoporosis damage and with significantly reduced rates
of premature gonadal failure. LLDAS was also associ-
ated with a lower risk of diabetes mellitus, myocardial
infarction, and seizures. There was no evidence of a rela-
tionship between either remission or LLDAS and risk of
cataracts, malignancy, pulmonary damage, or eye organ
damage.

We found a substantially higher level of disease
activity among African Americans than among Caucasians.
Caucasians had 58% of follow-up (out of 41,860 months) in
LLDAS and 32% in clinical remission on treatment. Afri-
can Americans had only 41% of follow-up (out of 30,255
months) in LLDAS and 19% in clinical remission on treat-
ment (P < 0.0001 for each difference). This increased level
of disease activity was not explained by socioeconomic sta-
tus as represented by education (P < 0.0001 for each com-
parison after adjustment for years of education). Table 5
shows the relationship between damage and LLDAS or

clinical remission on treatment separately by ethnicity. Both
in Caucasians and in African Americans, a reduced rate of
damage was strongly associated with LLDAS or clinical
remission.

DISCUSSION

This is the largest study (based on number of
patients and duration of follow-up) of DORIS remission
and LLDAS as predictors of organ damage. Because
patients were followed up by protocol quarterly and all
indices were completed by 1 rheumatologist, we were able
to reduce variation and to avoid biases of different follow-
up intervals based on disease activity. Our analysis used
percentage of months (rather than “consecutive years”) to
reflect that over years of follow-up most patients experi-
ence flares, temporarily leaving remission or LLDAS.
Also, unlike previous analyses, we examined the associa-
tion between prior experience of remission or LLDAS
and subsequent damage, rather than the association
between remission or LLDAS and damage that occurred
in the same interval of time.

First, we showed that even a small percentage of
time (<25%) in DORIS clinical remission with minimal
treatment led to an ~50% reduction in organ damage. A

Table 4. Numbers of specific types of damage events (rate per 10 person-years) in groups classified by prior clinical remission on treatment
experience

Damage type

Percentage of prior visits in clinical remission on treatment (person-years)*
P for
trend†None (1,374) <25% (1,681) 25–49% (1,195) 50–74% (700) ≥75% (232)

Arthritis (deforming or erosive) 10 (0.08) 8 (0.05) 3 (0.03) 2 (0.04) 0 (0.00) 0.050
Avascular necrosis 25 (0.22) 9 (0.06) 3 (0.03) 0 (0.00) 1 (0.05) <0.0001
Cataracts 27 (0.25) 24 (0.18) 20 (0.20) 7 (0.11) 4 (0.18) 0.091
Cognitive impairment 5 (0.04) 7 (0.05) 5 (0.05) 5 (0.08) 0 (0.00) 0.89
Cardiomyopathy 7 (0.05) 3 (0.02) 1 (0.01) 4 (0.06) 1 (0.04) 0.86
Cranial or peripheral neuropathy 11 (0.09) 11 (0.07) 5 (0.05) 3 (0.05) 0 (0.00) 0.027
Cerebrovascular accident 11 (0.09) 5 (0.03) 2 (0.02) 4 (0.06) 2 (0.09) 0.51
Diabetes mellitus 7 (0.06) 6 (0.04) 2 (0.02) 1 (0.01) 0 (0.00) 0.052
End-stage renal disease 14 (0.11) 2 (0.01) 2 (0.02) 1 (0.01) 0 (0.00) 0.013
Glomerular filtration rate <50% 8 (0.06) 0 (0.00) 0 (0.00) 1 (0.01) 0 (0.00) 0.045
Infarction or resection of bowel below duodenum 12 (0.10) 11 (0.08) 4 (0.04) 2 (0.03) 2 (0.09) 0.14
Malignancy 16 (0.13) 10 (0.07) 13 (0.12) 6 (0.09) 0 (0.00) 0.39
Myocardial infarction 9 (0.07) 7 (0.04) 3 (0.03) 3 (0.03) 0 (0.00) 0.23
Osteomyelitis 6 (0.04) 0 (0.00) 0 (0.00) 0 (0.00) 1 (0.04) 0.16
Osteoporosis with fracture or vertebral collapse 34 (0.28) 31 (0.22) 13 (0.12) 11 (0.17) 3 (0.13) 0.048
Pleural fibrosis 9 (0.04) 6 (0.04) 3 (0.03) 1 (0.01) 0 (0.00) 0.069
Premature gonadal failure 6 (0.05) 3 (0.02) 0 (0.00) 0 (0.00) 0 (0.00) 0.045
Pulmonary fibrosis 13 (0.10) 7 (0.05) 14 (0.13) 6 (0.09) 1 (0.05) 0.53
Pulmonary hypertension 10 (0.08) 12 (0.08) 8 (0.07) 1 (0.01) 2 (0.09) 0.36
Retinal change or optic atrophy 5 (0.04) 4 (0.03) 6 (0.05) 0 (0.00) 1 (0.05) 0.61
Ruptured tendon 4 (0.03) 7 (0.04) 4 (0.03) 1 (0.02) 0 (0.00) 0.33
Seizures requiring therapy for at least 6 months 7 (0.05) 1 (0.01) 3 (0.03) 0 (0.00) 0 (0.00) 0.078
Valvular disease 6 (0.05) 4 (0.02) 4 (0.03) 3 (0.04) 0 (0.00) 0.52

* The actual number of person-years used to calculate rates for each damage item varies somewhat because follow-up after damage of that type
occurs is not included.
† Based on a logistic regression model treating lupus low disease activity state percentage as a quantitative predictor.
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longer period of time in LLDAS was required to achieve
a comparable reduction in organ damage.

Second, we showed that patients who satisfied the
criteria for LLDAS over 50% of their follow-up achieved
a substantial reduction in damage. This is noteworthy
since this may be an easier target to achieve. Fully 50% of
the follow-up time of our cohort satisfied this condition.
The fact that those who achieve LLDAS >50% of the
time have just as low risk as those who achieve the more
stringent targets of clinical remission >50% may be due to
sampling variability. However, if this association is real, it
has implications regarding the treatment target for those
with relatively good disease control.

Third, we showed that being in LLDAS >50% of the
time did not prevent all types of organ damage. In particu-
lar, it prevented musculoskeletal, cerebrovascular accident,
and renal damage, osteoporotic fractures, and myocardial
infarction. There was no evidence that time in LLDAS
prevented cataracts (likely as even low-dose prednisone use
contributes to cataracts). It did not prevent pulmonary fibro-
sis or pulmonary hypertension. It did not prevent cognitive
impairment. Thus, much as we believe that reduction in
both disease activity and prednisone is our optimum clinical
outcome, we are obviously missing some additional factors
that lead to important organ damage.

Fourth, we found that African Americans have
substantially more disease activity than Caucasians even
after adjustment for years of education, leading to a
decreased chance of achieving either LLDAS or clinical
remission. However, the same relationship holds true
that achieving LLDAS or clinical remission leads to a
significant reduction in organ damage. This is consistent
with a previous analysis of our cohort in which we
showed that rates of damage were significantly higher
among African American patients, but this disparity was
substantially reduced after adjustment for disease activity
and other variables (1).

Our findings are consistent with recent studies of
new definitions of LLDAS and remission. In their semi-
nal study on LLDAS, Franklyn et al found that patients
in their cohort with more than 50% of their follow-up in
LLDAS had an average increase in damage score of 0.57
points less than those with more disease activity during
an average of 3.9 years of follow-up per person. Their
cohort had somewhat more disease activity than ours,
with an average of only 39% of follow-up in LLDAS
compared to 50% in ours. In 293 Italian Caucasian
patients, patients with 2 consecutive years in LLDAS had
less damage accrual (15). In 183 patients with a median
follow-up of 5 years, either LLDAS or remission in

Table 5. Rates of new damage in subgroups defined by past levels of disease activity by ethnicity*

No. of
person-years
observed

No. of
damage
events

Rate of
events per 10
person-years

Rate ratio
(95% CI) P

Caucasians
Prior months in LLDAS
None 225 45 2.00 1.0 (referent)
Not none, but <25% 344 58 1.68 0.79 (0.49–1.26) 0.32
25–49% 495 74 1.49 0.68 (0.45–1.04) 0.075
50–74% 904 83 0.92 0.44 (0.29–0.67) 0.0002
≥75% 836 65 0.78 0.36 (0.23–0.55) <0.0001

Prior months in clinical remission on treatment†
None 576 116 2.01 1.0 (referent)
Not none, but <25% 832 90 1.08 0.51 (0.38–0.70) <0.0001
25–49% 734 65 0.88 0.44 (0.30–0.62) <0.0001
50–74% 485 40 0.82 0.40 (0.27–0.61) <0.0001
≥75% 178 14 0.79 0.43 (0.24–0.78) 0.0059

African Americans
Prior months in LLDAS
None 356 65 1.82 1.0 (referent)
Not none, but <25% 480 67 1.39 0.76 (0.54–1.07) 0.13
25–49% 468 49 1.05 0.57 (0.39–0.83) 0.0029
50–74% 528 45 0.85 0.46 (0.31–0.68) <0.0001
≥75% 219 14 0.64 0.35 (0.19–0.61) 0.0003

Prior months in clinical remission on treatment†
None 699 121 1.73 1.0 (referent)
Not none, but <25% 755 73 0.97 0.56 (0.41–0.75) 0.0002
25–49% 375 31 0.83 0.47 (0.32–0.70) 0.0002
50–74% 186 14 0.75 0.43 (0.20–0.90) 0.026
≥75% 36 1 0.28 0.16 (0.02–1.18) 0.072

* 95% CI = 95% confidence interval; LLDAS = lupus low disease activity state.
† Requires prednisone dose ≤5 mg/day, but allows for maintenance immunosuppressants and hydroxychloroquine.
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>50% of observable visits was associated with reduced
organ damage (16). However, ours is the first study to
show a comparison of DORIS remission and LLDAS,
the first to include a large number of African Americans,
and the first to include damage to individual organs (and
not just total damage).

Our findings on the rate of achievement of LLDAS
and remission and the number of subsequent damage
events might be useful to those planning clinical trials of
the impact of reducing disease activity on damage. In clin-
ical trials, LLDAS seems to be a very reasonable outcome
measure, with trials already showing that it is achievable.
In clinical practice, remission would remain the best (but
hard to achieve) goal.

A limitation of our study is that it is based on dis-
ease activity measures and damage accrual over a 30-year
period. The relationship between disease activity, treat-
ment, and damage accrual may be somewhat different
today given new approaches to patient management.

Another limitation of analyses of observational
studies such as ours or those cited above is that they can-
not establish a causal relationship between disease activity
and damage. Thus, for example, increased SLE disease
activity might reflect an unknown underlying condition
that also leads to increased risk of damage. If that is the
case, then reducing disease activity would not result in a
decline in damage risk to the same degree observed in
these studies.

Just as not all types of SLE damage are associated
with SLE disease activity, not all manifestations of SLE
disease activity are associated with damage. Therefore,
an alternative to setting the target of overall low disease
activity would be to target specific types of disease activ-
ity that are associated with specific types of damage.
These relationships need to be identified. For example,
in previous work, we have tried to identify specific risk
factors for cardiovascular events (4), cataracts (17), sei-
zures (18), and depression (19).

In conclusion, DORIS remission on treatment
even for a small percentage of visits reduces later organ
damage. LLDAS 50% of the time reduces organ damage
by ~50%. However, not all types of individual organ dam-
age are reduced.
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BRIEF REPORT

Risk of Childhood Rheumatic and Nonrheumatic Autoimmune Diseases in
Children Born to Women With Systemic Lupus Erythematosus

Julie Couture,1 Sasha Bernatsky,2 Susan Scott,2 Christian A. Pineau,2 and Evelyne Vinet2

Objective. Several autoimmune diseases have famil-
ial aggregation and, possibly, common genetic predispo-
sitions. In a large population-based study, we evaluated
whether children born to mothers with systemic lupus ery-
thematosus (SLE) have an increased risk of rheumatic
and nonrheumatic autoimmune diseases versus children
born to mothers without SLE.

Methods. Using the Offspring of SLE Mothers
Registry, we identified children born live to SLE mothers
and their matched controls, and ascertained autoim-
mune diseases based on ≥1 hospitalization or ≥2 physi-
cian visits with a relevant diagnostic code. We adjusted
for maternal age, education, race/ethnicity, obstetric com-
plications, calendar birth year, and sex of child.

Results. A total of 509 women with SLE had 719
children, while 5,824 matched controls had 8,493 children.
The mean � SD follow-up period was 9.1 � 5.8 years.
Children born to mothers with SLE had a similar fre-
quency of rheumatic autoimmune diagnoses (0.14%; 95%
confidence interval [95% CI] 0.01–0.90) versus controls
(0.19% [95% CI 0.11–0.32]). There was a trend toward
more nonrheumatic autoimmune diseases in SLE offspring
(1.11% [95% CI 0.52–2.27]) versus controls (0.48% [95%
CI 0.35–0.66]). In multivariate analyses, we did not see a
clear increase in rheumatic autoimmune disease (odds
ratio [OR] 0.71 [95% CI 0.11–4.82]), but children born to
mothers with SLE had a substantially increased risk of
nonrheumatic autoimmune disease versus controls (OR
2.30 [95% CI 1.06–5.03]).

Conclusion. Although the vast majority of off-
spring have no autoimmune disease, children born to
women with SLE may have an increased risk of non-
rheumatic autoimmune diseases versus controls. Addi-
tional studies assessing offspring through to adulthood
would be additionally enlightening.

Familial aggregation of autoimmune diseases sug-
gests a common genetic predisposition and shared envi-
ronmental factors. Concurrent cases of systemic lupus
erythematosus (SLE) and other autoimmune diseases
have been reported (1), but, until recently, only a few
small studies have evaluated the risk of autoimmune dis-
eases in children born to mothers with SLE (2–4). The
results were inconsistent, mainly because of small sample
size. Robust data could be valuable when counseling fami-
lies, and to prompt further study on the contributions of
genetic, environmental, and in utero factors contributing
to autoimmune disease susceptibility.

Therefore, using a large population-based study
and specifically focusing on the childhood and adolescence
periods, we aimed to determine whether children born to
mothers with SLE have an increased risk of rheumatic and
nonrheumatic autoimmune diseases compared to children
born to mothers without SLE.

PATIENTS AND METHODS

Study cohort. We used the Offspring of SLE Mothers
Registry (OSLER), a population-based cohort of 719 children
born to mothers with SLE, matched to 8,493 control children
in the province of Quebec, Canada. Using provincial adminis-
trative data for hospitalizations (Maintenance et exploitation
des donn�ees pour l’�etude de la client�ele hospitali�ere; MED-
ECHO) and physician billing (R�egie de l’assurance maladie
du Qu�ebec; RAMQ), all women with SLE who had at least 1
hospitalization for a delivery (stillbirth or live birth), between
January 1989 and December 2009, were identified. MED-ECHO
has documented all hospitalizations in Quebec since 1987. All
Quebec residents have public insurance covering hospitalizations
and fee-for-service physician encounters; thus, the MED-ECHO
and RAMQ physician billing databases hold information on
essentially all births in the province.
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Exposure of interest. Based on a validated definition
(5), using International Classification of Diseases, Ninth Revi-
sion (ICD-9), code 710.0 or ICD-10 code M32, women were
identified as SLE cases if they had any of the following: 1) ≥1
hospitalization with a diagnosis of SLE (either primary or
nonprimary) prior to the delivery, 2) a diagnosis of SLE (ei-
ther primary or nonprimary) recorded at the time of their
hospitalization for delivery, or 3) ≥2 physician visits with a
diagnosis of SLE, occurring 2 months to 2 years apart, prior
to the delivery. These women with SLE were individually
matched at least 4:1 for age and year of delivery to women
who did not have a diagnosis of SLE prior to or at the time
of delivery.

Mother–child linkage was done using the mother’s
encrypted number, present in every child’s file in the data-
bases, and leading to very few linkage failures (<2%). In our
current study, the exposed group consisted of children born
to women with SLE, and the control group included children
born to women without SLE.

Outcome assessment. The study interval spanned
from birth to the first of the following: end of eligibility for
RAMQ coverage (migration from Quebec), event of interest
(rheumatic and nonrheumatic autoimmune diseases), age 18
years, death, or end of study (December 31, 2009).

Our ascertainment of autoimmune diseases in off-
spring was based on ≥1 hospitalization or ≥2 physician visits
with a relevant ICD-9 and/or ICD-10 diagnostic code, at least
2 months apart but within 24 months. For rheumatic autoim-
mune diseases, we identified diagnoses of inflammatory
arthritis (juvenile idiopathic arthritis [JIA] [ICD-9 code 714,
ICD-10 codes M05–M09], ankylosing spondylitis [ICD-9 code
720, ICD-10 code M08.1], and psoriatic arthritis [ICD-9 code
696.0]); systemic autoimmune rheumatic diseases (ICD-9
code 710, ICD-10 codes M32–M35.1), and systemic vasculitis
(Takayasu arteritis [ICD-9 code 446.7, ICD-10 code M31.4],
polyarteritis nodosa [ICD-9 code 446.0, ICD-10 codes M30.0
and M30.8], Kawasaki disease [ICD-9 code 446.1, ICD-10
code M30.3], granulomatosis with polyangiitis [ICD-9 code
446.4, ICD-10 code M31.3], eosinophilic granulomatosis with
polyangiitis [ICD-9 code 446.2, ICD-10 code M30.1], micro-
scopic polyangiitis [ICD-10 code M31.7], Behc�et’s disease
[ICD-9 code 136.1, ICD-10 code M35.2], and unspecified vas-
culitis [ICD-9 code 447.6]). For nonrheumatic autoimmune
diseases, we identified diagnoses of type 1 diabetes mellitus
(ICD-9 code 250, ICD-10 code E10), inflammatory bowel dis-
ease (Crohn’s disease [ICD-9 code 555, ICD-10 code K50
and ulcerative colitis [ICD-9 code 556.9, ICD-10 code K51]),
celiac disease (ICD-9 code 579.0, ICD-10 code K90.0), psori-
asis (ICD-9 code 696.1, ICD-10 code L40), autoimmune thy-
roid disease (Hashimoto’s disease [ICD-9 code 245.2, ICD-10
code E06.3] and Graves’ disease [ICD-9 code 242.0, ICD-10
code E05.0]), myasthenia gravis (ICD-9 code 358.0, ICD-10
code G70.0), and multiple sclerosis (ICD-9 code 340.9, ICD-
10 code G35) (6,7).

Relevant covariate assessment. Data on the demo-
graphics of the parents at the time of delivery, as well as
infant birth weight and gestational age, were provided by the
Institut de la statistique du Qu�ebec. This information allowed
determination of obstetric complications, such as small for
gestational age babies (birth weight below the 10th percentile
Canadian statistics for gestational age) (8) and premature
births (babies born before 37 weeks’ gestation).

By reviewing the MED-ECHO and RAMQ data, we
identified comorbidities for all mothers, including hypertension,
asthma, diabetes mellitus, and depression, based on ICD-9 and
ICD-10 codes, with an indicated ≥1 hospitalization or ≥2 physi-
cian visits (at least 8 weeks apart) for the diagnosis of interest, as
per previously validated methodology (9). Most individuals of
working age in Quebec have private insurance that covers pre-
scription medications, and only those who are unemployed or on
social assistance are covered under the public drug plan. This
explains why we had information on medications for 22% of
exposed children and 21% of controls, and not for the entire
cohort. Indeed, relevant maternal medication exposures (i.e.,
antimalarials, glucocorticoids, and immunosuppressive drugs),
based on at least 1 prescription filled during pregnancy, were
obtained through the RAMQ prescription database, but only
for those who benefited from the public drug plan throughout
pregnancy.

Statistical analysis. We performed univariate and multi-
variate analyses using a generalized estimating equation method
to estimate the odds ratio (OR) for the outcome of interest (i.e.,
autoimmune diseases), for children born to women with SLE, rel-
ative to the control group. We adjusted for maternal age, educa-
tion, race/ethnicity, obstetric complications, calendar year of
birth, and sex of the child. These analyses were performed using
R software, version 2.15.1.

We also performed a sensitivity analysis further adjusting
for cesarean section, as well as one further controlling for relevant
maternal medications. Moreover, maternal history of non-
rheumatic autoimmune diseases might be considered an intermedi-
ate variable in the causal pathway between the exposure (maternal
SLE) and the outcome (autoimmune diseases) in the offspring.
Although one should not adjust for an intermediate variable to
estimate the total effect (i.e., direct and indirect effect) of an expo-
sure on the outcome, we sought to assess the direct effect of mater-
nal SLE (independent of maternal nonrheumatic autoimmune
diseases) by performing a sensitivity analysis further controlling for
maternal nonrheumatic autoimmune diseases (using the same case
definition as in offspring). The study was approved by the Commis-
sion d’acc�es �a l’information du Qu�ebec and the McGill University
Research Ethics Board. Informed consent is not required for
administrative database research in Quebec.

RESULTS

A total of 509 women with SLE had 719 children,
while 5,824 matched controls had 8,493 children. The
mean � SD maternal SLE disease duration was 3.7 � 4.0
years, and mean � SD follow-up of children was 9.1 � 5.8
years. Mothers with SLE had similar demographic charac-
teristics in comparison to control mothers, with the excep-
tion that the former were less likely to be white, had more
comorbidities, and experienced substantially more obstet-
ric complications, such as preterm births and cesarean sec-
tions (Table 1). Compared to children of the controls, SLE
offspring were more exposed in utero to drugs, particularly
glucocorticoids and antimalarials.

In comparison to controls, children born to mothers
with SLE had similar records of rheumatic diagnoses
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(0.14% [95% confidence interval (95% CI) 0.01–0.90] ver-
sus 0.19% [95% CI 0.11–0.32]). However, there was a
trend toward more nonrheumatic autoimmune diseases in
offspring of mothers with SLE versus controls (1.11%
[95% CI 0.52–2.27] versus 0.48% [95% CI 0.35–0.66]). In
both groups, the most frequently observed nonrheumatic
autoimmune diseases were Crohn’s disease (0.56% of SLE
offspring and 0.19% of control children) and type 1 dia-
betes mellitus (0.42% of SLE offspring and 0.22% of con-
trol children) (Table 2).

In multivariate analysis (n = 9,212), the adjusted
SLE effect estimate was inconclusive for rheumatic
autoimmune diseases (OR 0.71 [95% CI 0.11–4.82]).

However, SLE offspring had a substantially increased risk
of nonrheumatic autoimmune diseases compared to con-
trol children (OR 2.30 [95% CI 1.06–5.03]) (Table 3). In
the analysis further controlling for cesarean section (n =
9,212), the adjusted SLE effect estimate remained similar
for nonrheumatic autoimmune diseases (OR 2.27 [95% CI
1.02–5.06]). In the subsample of children born to mothers
with public drug coverage (155 SLE offspring and 1,770
control offspring), we identified only 1 case of rheumatic
autoimmune disease in 1 control child, and 7 cases of non-
rheumatic autoimmune diseases in 2 SLE offspring and 5
control children. None of these 8 offspring were exposed
in utero to any drugs of interest (antimalarials, glucocorti-
coids, immunosuppressive drugs, antidepressants, or anti-
convulsants). When we repeated the multivariate analysis
further controlling for maternal history of nonrheumatic
autoimmune diseases, we found that the independent
effect of maternal SLE on the risk of nonrheumatic
autoimmune diseases in offspring was almost identical to
the one obtained from the primary analysis (OR 2.33 [95%
CI 1.04–5.19]).

DISCUSSION

Within a large cohort of SLE offspring, although
we observed a trend toward more nonrheumatic diseases
in SLE offspring during the childhood and adolescence
periods relative to children from the general population,
the absolute numbers were small. The effect of maternal
SLE on the risk of nonrheumatic autoimmune diseases
was not completely explained by variables such as preterm
birth and cesarean section, which have been associated
with an increased risk of certain autoimmune diseases in
offspring, such as type 1 diabetes mellitus (10,11).

Previous studies evaluating the risk of autoimmune
diseases in children born to mothers with SLE showed

Table 2. Frequencies of nonrheumatic autoimmune diseases in SLE
offspring and control children (n = 9,212) in Quebec’s administrative
databases, Canada, 1989–2009*

SLE offspring,
no. (%)
(n = 719)

Control children,
no. (%)

(n = 8,493)

Crohn’s disease 4 (0.56) 16 (0.19)
Type 1 diabetes mellitus 3 (0.42) 19 (0.22)
Psoriasis 1 (0.14) 0 (0.00)
Ulcerative colitis 0 (0.00) 4 (0.05)
Celiac disease 0 (0.00) 1 (0.01)
Multiple sclerosis 0 (0.00) 1 (0.01)
Graves’ disease 0 (0.00) 1 (0.01)
Hashimoto’s disease 0 (0.00) 0 (0.00)
Myasthenia gravis 0 (0.00) 0 (0.00)

* SLE = systemic lupus erythematosus.

Table 1. Characteristics of the SLE offspring and control children
(n = 9,212) in Quebec’s administrative databases, Canada, 1989–2009

Characteristic

SLE
offspring
(n = 719)

Control
children

(n = 8,493)

Maternal characteristics
Age, mean � SD years 30.2 � 5.1 30.3 � 5.0
Education, mean � SD years 14.0 � 3.1 13.8 � 3.1
Marital status, no. (%)
Couple 576 (80.1) 6,904 (81.3)
Single 50 (7.0) 523 (6.2)
Unknown 93 (12.9) 1,066 (12.6)

Comorbidities, no. (%)
Hypertension 47 (6.5) 85 (1.0)
Asthma 38 (5.3) 238 (2.8)
Diabetes mellitus 23 (3.2) 144 (1.7)
Depression 11 (1.5) 34 (0.4)

Paternal characteristics
Age, mean � SD years 33.2 � 5.8 33.3 � 5.9

Demographic characteristics
Male sex, no. (%) 402 (55.9) 4,374 (51.5)
Ethnicity, no. (%)
White 444 (61.8) 6,225 (73.3)
Other 275 (38.2) 2,268 (26.7)

Obstetric characteristics
Gestational age, mean � SD weeks 37.7 � 2.9 38.8 � 1.9
Birth weight, mean � SD grams 2,976 � 707 3,366 � 567
Birth order, no. (%)
1 308 (42.8) 2,333 (27.5)
≥2 411 (57.2) 6,160 (72.5)

Obstetric complications, no. (%)
Preterm birth 157 (21.8) 637 (7.5)
Small for gestational age 120 (16.7) 694 (8.2)
Cesarean section 171 (23.8) 1,231 (14.5)
Gestational diabetes mellitus 30 (4.2) 263 (3.1)

In utero medication information
Public drug coverage, no. (%) 155 (21.5) 1,770 (20.8)
Glucocorticoids 34 (21.9)* 12 (0.7)†
Antimalarials 25 (16.1)* 1 (0.1)†
Immunosuppressive drugs 11 (7.1)* 0 (0.0)†
Antidepressants 11 (7.1)* 52 (2.9)†
Anticonvulsants 1 (0.6)* 7 (0.4)†

* Denominator used for proportion is number of children born to sys-
temic lupus erythematosus (SLE) mothers with public drug coverage
during pregnancy.
† Denominator used for proportion is number of children born to
control mothers with public drug coverage during pregnancy.

1798 COUTURE ET AL



inconsistent results. One population-based family study
assessed risk of SLE in subjects with affected first-degree
relatives (12). The authors estimated the SLE prevalence
ratios between first-degree relatives of an individual with
SLE and the Taiwan population. A 14-fold increased risk
of SLE in subjects with affected mothers was found com-
pared to the general population. However, timing of SLE
diagnosis in both mother and offspring was not considered.
The risk of developing SLE during childhood was not
specifically evaluated.

McAllister et al assessed the parent-reported prev-
alence of immune disorders in 154 children born to moth-
ers with SLE compared to 154 unexposed children. They
found that children in the SLE group had significantly
more reports of inflammatory bowel disease and thyroid
disease (2). Furthermore, after administering question-
naires to mothers with anti-Ro and/or anti-La antibodies
(with or without SLE) of 49 children age ≥8 years (mean
age 15 years), Martin et al reported an increased risk of
JIA and nonrheumatic autoimmune diseases (such as
Hashimoto thyroiditis, psoriasis, iritis, and diabetes melli-
tus) in children who developed neonatal lupus compared
to their unaffected siblings (4). Sanchez-Manubens et al
conducted telephone surveys on a cohort of 39 children
born to 29 mothers with autoimmune diseases (65% of
whom had SLE), with a mean follow-up of children of 4
years (range 1–7 years) (3). They reported the case of 1
boy born to a mother with SLE who developed oligoarticu-
lar JIA with positive antinuclear antibody. There were no

cases of thyroid disease, celiac disease, diabetes mellitus,
or other autoimmune diseases. The inconsistent conclu-
sions of these observational studies could be the result of
their small sample size or could be due to potential imper-
fect ascertainment.

Our study has many strengths. We had a large sam-
ple size, which provided enough power to assess rare
events such as autoimmune diseases. In addition, the pop-
ulation-based nature of our study sample reduces the pos-
sibility for selection bias. Moreover, Quebec’s
administrative databases are a valid data source for obser-
vational studies of SLE subjects, with prior work from our
group showing that our SLE case definition has a very
high specificity (0.999) (5). Prior studies have shown good
validity for type 1 diabetes mellitus and inflammatory
bowel disease case definition (6,7), as well as for the preg-
nancy-related variables (9).

We need to acknowledge potential limitations to
our study as well. First, in administrative databases,
there are inherent sources of uncertainty about case
ascertainment. To minimize this, we used case defini-
tions that have shown good validity in prior studies
(6,7). Furthermore, we had information on in utero
drug exposures only in the subsample of children with
maternal drug coverage throughout pregnancy, repre-
senting ~20% of the entire cohort. This reduced the
power of our subsample analysis investigating the effect
of in utero drug exposures on the risk of autoimmune
diseases.

Table 3. Univariate and multivariate analyses of the risk of rheumatic and nonrheumatic autoimmune diseases in SLE
offspring compared to control children (n = 9,212)*

Covariates

Rheumatic autoimmune diseases Nonrheumatic autoimmune diseases

Univariate,
OR (95% CI)†

Primary multivariate,
OR (95% CI)†

Univariate,
OR (95% CI)†

Primary multivariate,
OR (95% CI)†

Maternal SLE
No Reference Reference Reference Reference
Yes 0.74 (0.10–5.64) 0.71 (0.11–4.82) 2.32 (1.08–4.98) 2.30 (1.06–5.03)

Sex of child
Female Reference Reference Reference Reference
Male 0.72 (0.10–5.47) 0.74 (0.28–1.95) 1.04 (0.59–1.83) 1.06 (0.60–1.87)

Race/ethnicity
Other Reference Reference Reference Reference
White 0.82 (0.11–6.36) 0.32 (0.04–2.42) 0.79 (0.36–1.76) 0.75 (0.33–1.68)

Education
High school or less Reference Reference Reference Reference
College or more 0.75 (0.10–5.69) 5.96 (1.51–23.54) 0.58 (0.07–4.87) 0.58 (0.07–5.04)

Preterm birth
No Reference Reference Reference Reference
Yes 0.66 (0.10–4.31) 1.59 (0.37–6.83) 1.31 (0.52–3.32) 1.13 (0.45–2.86)

Small for gestational age
No Reference Reference Reference Reference
Yes 0.72 (0.09–5.79) 1.12 (0.26–4.86) 0.98 (0.38–2.48) 0.91 (0.35–2.35)

* When small for gestational age is included in the model, sample size is reduced from 9,212 to 9,199. SLE = systemic lupus
erythematosus; OR = odds ratio; 95% CI = 95% confidence interval.
† Matching and adjusting for maternal age and calendar year.
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We were unable to detect an increased risk of
rheumatic autoimmune diseases in SLE offspring, as the
CI was large and included the null value. In the general
population, observational studies have shown that rheu-
matic autoimmune diseases are rarer during childhood.
For instance, compared to the prevalence of 20–150 cases
per 100,000 adults in adult-onset SLE, the prevalence of
pediatric-onset SLE has been estimated to be 3.3–8.8 per
100,000 children (13). Follow-up of OSLER offspring, into
adulthood, would be additionally helpful.

It should be noted that the occurrence of autoim-
mune diseases in children born to women with SLE is
uncommon, and the vast majority of offspring do not have
any autoimmune disease, as far as we have been able to
study them. There is increasing evidence that there is
cross-talk between a pregnant woman and the fetus. Stud-
ies indicate that maternal antibodies, immune complexes,
inflammatory mediators, and maternal cells are trans-
ferred in utero and program the fetal immune system (14).
Maternal autoimmune disorders, such as SLE, might mod-
ify these signals and may thereby alter immunity in early
life and childhood. A better understanding of the maternal
programming of the fetal immune system could potentially
help explain the increased risk of nonrheumatic autoim-
mune diseases in SLE offspring.

In conclusion, compared to children from the gen-
eral population, children born to women with SLE might
have an increased risk of nonrheumatic autoimmune dis-
eases during the childhood and adolescence periods. The
effect estimate was inconclusive for the risk of rheumatic
autoimmune disease. Future studies throughout adult-
hood might show increased risk at a later age. These data
could be considered when counseling families with
affected mothers. Further research is warranted to inves-
tigate the relative contribution of genetic factors and
shared environmental exposures, as well as in utero expo-
sure to inflammation and maternal autoantibodies.
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Tubulointerstitial Damage in Lupus Nephritis: A Comparison of the Factors
Associated With Tubulointerstitial Inflammation and Renal Scarring

Alejandra Londo~no Jimenez,1 Wenzhu B. Mowrey,2 Chaim Putterman,2 Jill Buyon,3 Beatrice Goilav,4

and Anna Broder1

Objective. To characterize and compare the factors
associated with tubulointerstitial inflammation (TII) and
tubulointerstitial scarring, defined as interstitial fibrosis
and/or tubular atrophy (IF/TA), in patients with lupus
nephritis (LN).

Methods. We identified systemic lupus erythemato-
sus patients who had renal biopsy results consistent with
LN between 2005 and 2017. Clinical data were collected
from medical records. Multivariable logistic regression
models were fitted to assess factors associated with TII
and with IF/TA (moderate-to-severe versus none/mild).

Results. Of 203 LN patients included, 41 (20%)
had moderate-to-severe TII, 45 (22%) had moderate-
to-severe IF/TA, and 21 (10%) had both. Multivariable
logistic regression models showed that moderate-to-severe
TII was associated with a shorter disease duration, Afri-
can American race, proliferative LN, and an estimated
glomerular filtration rate (eGFR) of <60 ml/minute/
1.73 m2 at the time of biopsy. Hydroxychloroquine use was
associated with significantly lower odds of moderate-
to-severe TII (odds ratio 0.27 [95% confidence interval
0.10–0.70], P = 0.008). Similar to TII, factors associated
with moderate-to-severe IF/TA included proliferative LN
and eGFR <60 ml/minute/1.73 m2 at the time of biopsy. In
addition, the presence of moderate-to-severe TII and older
age was associated with moderate-to-severe IF/TA. None
of the routinely available serologic markers—including

anti–double-stranded DNA antibodies, anti-Ro/La anti-
bodies, and low complement—were associated with tubu-
lointerstitial damage.

Conclusion. The use of hydroxychloroquine was
strongly associated with less inflammation, while the pre-
sence of TII, proliferative LN, and low eGFR were major
determinants of tubulointerstitial scarring. Identifying
modifiable factors is critical for the development of bet-
ter preventive and therapeutic strategies with the goal of
improving survival in patients with lupus-related kidney
disease.

The majority of studies in lupus nephritis (LN)
have focused primarily on identifying the mechanisms
behind glomerular disease (1). However, glomerular-based
measures of disease activity do not consistently predict
adverse renal outcomes and perform poorly in identifying
patients at the highest risk for renal failure (2). A growing
body of evidence indicates that indices of tubulointerstitial
damage (TID) are better predictors of progression to renal
failure than glomerular parameters (2–4). Both tubuloint-
erstitial inflammation (TII) and tubulointerstitial scarring,
namely interstitial fibrosis and tubular atrophy (IF/TA),
strongly correlate with poor renal outcomes independent
of the extent of glomerular damage (2,3,5,6).

TII is thought to precede IF/TA, but whether there
are any differences in their clinical and serologic profiles is
unknown. Unlike glomerular disease, complement levels
and elevated titers of double-stranded DNA (dsDNA) anti-
bodies have no correlation with TID (2,7). In Sj€ogren’s
syndrome, the presence of extraglandular manifestations,
including interstitial nephritis, is associated with high titers of
anti-Ro/La antibodies (8). In addition, previous studies have
demonstrated potential renoprotective effects of hydroxy-
chloroquine (HCQ) (9,10). However, no clinical studies to
date have explored these associations specifically in TID.

Therefore, the objective of this study was to
characterize and compare the factors associated with
TII and IF/TA in patients with LN. We hypothesized that
TII occurs earlier in the disease course and its presence
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could be influenced by medication use, whereas IF/TA
would largely be determined by the degree of TII, renal
impairment, and the presence of anti-Ro/La antibodies.
Understanding the differences between TII and IF/TA is
fundamental in the identification of risk factors for pro-
gression to permanent scarring and is an essential step in
the development of novel preventive and targeted thera-
peutic strategies.

PATIENTS AND METHODS

This was a retrospective study conducted at Monte-
fiore Medical Center, a community-based urban tertiary care
center. The study was approved by the Institutional Review
Board. We identified all adult and pediatric patients who ful-
filled either the American College of Rheumatology (ACR)
classification criteria (11) or the Systemic Lupus International
Collaborating Clinics (SLICC) classification criteria for sys-
temic lupus erythematosus (SLE) (12) and had a renal biopsy
between January 2005 and May 2017.

Tubulointerstitial indices were defined based on the
National Institutes of Health activity and chronicity definitions
as none/mild (involvement of <25% of the tubulointerstitium)
or moderate (25–50%)–to–severe (>50%) (13). The estimated
glomerular filtration rate (eGFR) was calculated using the 4-
variable Modification of Diet in Renal Disease formula.
Glomerular lesions were categorized as proliferative (class III
or class IV, with or without class V [class III/IV� V]), according
to the 2003 International Society of Nephrology/Renal Pathol-
ogy Society classification criteria (14). Clinical, demographic,
and laboratory parameters were compared, in parallel, between
patients with and those without moderate-to-severe TII, and
patients with and those without moderate-to-severe IF/TA. Sen-
sitivity analyses were performed in the following subgroups:
patients with proliferative nephritis only (excluding class I/II/V
LN), patients >17 years old, and patients with mildly-to-moder-
ately impaired eGFR (≥30 ml/minute/1.73 m2).

RESULTS

Study sample. A total of 236 patients who had a
kidney biopsy between January 2005 and May 2017 were
identified. Ten patients who had biopsy findings not con-
sistent with LN and 1 patient with class I LN and lupus
podocytopathy with concurrent acute tubular necrosis
were excluded. In addition, 22 patients had no clinical or
histologic information available. Therefore, a total of 203
patients who fulfilled the ACR/SLICC SLE criteria and
had complete TII and IF/TA data were included in the
primary analysis.

Patient characteristics.Moderate-to-severe TII and
moderate-to-severe IF/TA were found in 41 patients (20%)
and 45 patients (22%), respectively. Moderate-to-severe
IF/TA or TII was present in 65 (32%) of the 203 biopsy
samples. Twenty-one patients (10%) had both moderate-
to-severe IF/TA and moderate-to-severe TII. Twenty-four

patients (12%) had moderate-to-severe IF/TA alone with
no significant TII, and 20 patients (10%) had moderate-
to-severe TII alone with no significant IF/TA. Twenty-one
patients (47%) with moderate-to-severe IF/TA also had
moderate-to-severe TII, compared to only 20 patients
(13%) with no/mild IF/TA (P < 0.01) (Table 1). The med-
ian serum creatinine level was 0.9 mg/dl (interquartile
range [IQR] 0.7–1.4), and the median urine protein creat-
inine ratio was 2.0 mg/mg (IQR 0.96–4.90).

One hundred thirty-nine patients (70%) were
receiving glucocorticoids at the time of biopsy. Seventy-
one patients (37%) had received immunosuppressive
medications prior to biopsy; of these, 35 patients (53%)
received mycophenolate mofetil. Less commonly used
medications included azathioprine (29%), cyclophos-
phamide (5%), methotrexate (5%), and others (8%),
including rituximab, tacrolimus, and intravenous
immunoglobulin. Fifty-three percent of the patients were
receiving HCQ at the time of biopsy.

Comparison of factors associated with moderate-
to-severe TII and moderate-to-severe IF/TA. Univariable
analysis of factors associated with moderate-to-severe TII.
Among the group of patients with moderate-to-severe
TII, a higher proportion were African American (68%)
compared to patients with no/mild TII (47%) (P = 0.01).
Hypertension was present in 21 patients (54%) with
moderate-to-severe TII and 55 patients (35%) with no/
mild TII (P = 0.03). There were no differences in the
frequency of diabetes or Sj€ogren’s syndrome.

In terms of histologic features, proliferative LN
(class III/IV � V) was more common in patients with
moderate-to-severe TII compared to those with no/mild
TII (83% versus 57% [P = 0.02]). Classes I/II and V LN
were seen accompanying moderate-to-severe TII in 2
(5%) and 5 (12%) biopsy specimens, respectively. With
regard to laboratory findings, moderate-to-severe TII was
associated with a lower eGFR at the time of biopsy (P <
0.001). The severity of TII was not associated with the
degree of proteinuria, complement levels, or anti-dsDNA,
anti-SSA/Ro, anti-SSB/La, anti-Sm/RNP, or antiphospho-
lipid antibody levels.

At the time of biopsy, no differences between the
groups were found with respect to the use of angiotensin-
converting enzyme (ACE) inhibitors, angiotensin receptor
blockers (ARBs), glucocorticoids, nonsteroidal antiin-
flammatory drugs (NSAIDs), or immunosuppressants.
However, patients with no/mild TII were more likely to
be receiving HCQ than patients with moderate-to-severe
TII (60% versus 28% [P < 0.001]).

Univariable analysis of factors associated with
moderate-to-severe IF/TA. Patients with moderate-to-severe
IF/TA were significantly older at the time of biopsy
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Table 1. Baseline characteristics of the study population overall and stratified by TII and IF/TA status*

Total
sample

(n = 203)

TII

P

IF/TA

P
TII none/mild
(n = 162)

TII moderate-
to-severe
(n = 41)

IF/TA none/
mild

(n = 158)

IF/TA moderate-
to-severe
(n = 45)

Demographics
Age, median (IQR) years 28 (20–42) 28 (20–41) 33 (22–47) 0.26 27 (19–38) 41 (25–53) <0.001
Female 164 (81) 133 (82) 31 (76) 0.35 129 (82) 35 (78) 0.56
African American 104 (51) 76 (47) 28 (68) 0.01 76 (48) 28 (62) 0.05

Clinical characteristics
Duration of disease, median (IQR)
months

15 (1.1–68) 17 (1.8–70) 3.0 (0.1–53) 0.08 5.7 (0.7–58) 54 (11–93) <0.001

Comorbidities
Hypertension 76 (38) 55 (35) 21 (54) 0.03 48 (31) 28 (65) <0.001
Diabetes 7 (3) 5 (3) 2 (5) 0.59 5 (3) 2 (4) 0.69
Sj€ogren’s syndrome diagnosis 11 (6) 10 (6) 1 (3) 0.35 9 (6) 2 (5) 0.84

Histologic characteristics
ISN/RPS LN class
I/II 17 (8) 15 (9) 2 (5) 16 (10) 1 (2)
III/IV 89 (44) 64 (40) 25 (61) 0.02 59 (37) 30 (67) 0.002
V 60 (30) 55 (34) 5 (12) 54 (34) 6 (13)
Mixed III/IV + V 37 (18) 28 (17) 9 (22) 29 (18) 8 (18)

Moderate-to-severe TII 41 (20) – – – 20 (13) 21 (47) <0.01
Moderate-to-severe IF/TA 45 (22) 24 (15) 21 (51) <0.001 – – –

Laboratory parameters
Serum creatinine, median (IQR) mg/dl 0.9 (0.7–1.4) 0.8 (0.6–1.1) 1.6 (1.0–3.2) <0.001 0.8 (0.6–1.1) 1.0 (1.8–3.1) <0.001
eGFR <60 ml/minute/1.73 m2 58 (30) 34 (22) 24 (60) <0.001 28 (19) 30 (70) <0.001
Protein/creatinine ratio, median
(IQR) mg/mg

2.0 (0.96–4.90) 1.7 (0.9–4.9) 2.6 (1.5–4.9) 0.15 2.1 (0.95–4.5) 2.0 (1.3–5.5) 0.52

Low C3 132 (72) 103 (71) 29 (76) 0.52 104 (72) 28 (72) 0.96
Low C4 125 (69) 100 (70) 25 (68) 0.78 98 (69) 27 (71) 0.81
Anti-dsDNA 115 (66) 92 (67) 23 (66) 0.92 90 (66) 25 (68) 0.87
Anti-Sm 113 (64) 93 (65) 20 (61) 0.63 94 (67) 19 (54) 0.17
Anti-RNP 113 (63) 91 (64) 22 (61) 0.8 94 (66) 19 (53) 0.15
Anti-Ro 97 (51) 81 (54) 16 (40) 0.11 77 (52) 20 (49) 0.71
Anti-La 36 (19) 27 (18) 9 (23) 0.53 22 (15) 14 (34) 0.005
Anti-Ro and anti-La 33 (18) 24 (17) 9 (23) 0.43 20 (14) 13 (33) 0.008
aCL IgG/IgM >40 IU 11 (6) 10 (7) 1 (3) 0.31 10 (7) 1 (2) 0.55
Lupus anticoagulant positive 29 (17) 22 (16) 7 (19) 0.66 24 (18) 5 (14) 0.58
Anti-b2GPI >40 IU 6 (4) 4 (3) 2 (6) 0.4 5 (4) 1 (3) 0.80
Hemoglobin, median (IQR) mg/dl 10.6 (9.5–11.5) 10.7 (9.7–11.7) 10.2 (9.1–10.8) 0.02 10.6 (9.5–11.5) 10.3 (9.2–11.6) 0.26

Medications
Immunosuppressant use at time of biopsy 0.9 0.03
No 127 (66) 101 (66) 26 (67) 106 (70) 21 (51)
Yes 66 (34) 53 (34) 13 (33) 46 (30) 20 (49)

Ever received immunosuppressants 71 (37) 57 (37) 14 (36) 0.9 50 (33) 21 (51) 0.03
MMF 35 (53) 25 (44) 10 (77) – 22 (44) 13 (62) –
Hydroxychloroquine 103 (53) 92 (60) 11 (28) <0.001 85 (56) 18 (44) 0.18
NSAIDs 20 (10) 18 (12) 2 (5) 0.23 18 (12) 2 (5) 0.19
Glucocorticoid use 139 (70) 113 (73) 23 (59) 0.08 104 (68) 32 (78) 0.23
Prednisone dose, median
(IQR) mg/day

0 (10–40) 10 (0–40) 0 (0–40) 0.25 10 (0–40) 15 (0–40) 0.45

Prednisone dose
None 74 (38) 54 (35) 20 (51) 60 (40) 14 (34)
≤10 mg/day 31 (16) 27 (18) 4 (10) 0.29 25 (16) 6 (15) 0.88
>10 mg/day to <40 mg/day 50 (26) 42 (27) 8 (21) 38 (25) 12 (29)
≥40 mg/day 38 (20) 31 (20) 7 (18) 29 (19) 9 (22)

ACE inhibitors 56 (29) 43 (28) 13 (33) 0.55 42 (27) 14 (33) 0.46
ARBs 17 (9) 12 (8) 5 (13) 0.34 12 (8) 5 (12) 0.41
ACE inhibitors or ARBs 73 (37) 55 (35) 18 (45) 0.27 54 (35) 19 (45) 0.24

* Except where indicated otherwise, values are the number (%) of patients. Small variations in the percentages are due to small numbers of miss-
ing data for some variables. TII = tubulointerstitial inflammation; IF/TA = interstitial fibrosis and/or tubular atrophy; IQR = interquartile range;
ISN/RPS = International Society of Nephrology/Renal Pathology Society; LN = lupus nephritis; eGFR = estimated glomerular filtration rate; anti-
dsDNA = anti–double-stranded DNA; aCL = anticardiolipin; anti-b2GPI = anti–b2-glycoprotein; MMF = mycophenolate mofetil; NSAIDs = non-
steroidal antiinflammatory drugs; ACE = angiotensin-converting enzyme; ARBs = angiotensin receptor blockers.
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compared to patients with no/mild IF/TA (median 41
years [IQR 25–53] versus 27 years [IQR 19–38]) (P <
0.001). African American race was associated with mod-
erate-to-severe IF/TA, similar to TII. Patients with mod-
erate-to-severe IF/TA had a longer disease duration,
with a median time from diagnosis of 54 months (IQR
11–93) compared to 5.7 months (IQR 0.7–58) in patients
with no/mild IF/TA (P < 0.001). Hypertension was the
only comorbidity associated with IF/TA—as was the case
with TII patients—and was present in 28 patients (65%)
with moderate-to-severe IF/TA, compared to 48 patients
(31%) with no/mild IF/TA (P < 0.001). Proliferative LN
classes were also predominant in the moderate-to-severe
IF/TA group, compared to the none/mild IF/TA group
(84% versus 56% [P = 0.002]). Like TII, IF/TA was also
associated with a lower eGFR at the time of biopsy. In
contrast to TII, IF/TA was associated with dual positivity
for anti-Ro and anti-La, which was seen in 13 patients
(33%) with moderate-to-severe IF/TA versus 20 patients
(14%) with none/mild IF/TA (P = 0.008). As in TII, there
were no significant differences between the groups in
complement levels, or levels of anti-dsDNA or other
autoantibodies.

Regarding medications, the use of immunosup-
pressants was more common in patients with moderate-
to-severe IF/TA compared to patients with none/mild
IF/TA (49% versus 30% [P = 0.03]). There were no dif-
ferences between the groups in the use of ACE inhibi-
tors, ARBs, NSAIDs, or glucocorticoids, but unlike
TII, HCQ was not associated with milder stages of
IF/TA.

Multivariable analysis of the factors associated with
TII and IF/TA. In a logistic regression model comparing
moderate-to-severe TII to none/mild TII (Table 2), fac-
tors associated with moderate-to-severe TII included a
shorter disease duration, African American race, prolif-
erative LN, and eGFR <60 ml/minute/1.73 m2 at the
time of biopsy. The adjusted association between history
of hypertension and moderate-to-severe TII was only
borderline significant (odds ratio [OR] 2.68 [95% confi-
dence interval (95% CI) 0.99–7.03], P = 0.055). HCQ
use was associated with significantly lower odds of
moderate-to-severe TII (OR 0.27 [95% CI 0.10–0.70],
P= 0.008). The magnitude of the association of these vari-
ables (expressed as ORs) remained very similar in the
sensitivity analyses. The association of lower odds of TII
with HCQ use, eGFR, and proliferative LN remained
significant in all sensitivity analyses. The associations of
TII with hypertension, disease duration, and race were
not statistically significant in some of the sensitiv-
ity analyses due to loss of statistical power (data not
shown).

Similar to TII, factors associated with higher odds
of moderate-to-severe IF/TA in a logistic regression model
included proliferative LN and eGFR <60 ml/minute/
1.73 m2 at the time of biopsy (Table 2). In the same logis-
tic regression model, the presence of moderate-to-severe
TII and older age was also associated with moderate-to-
severe IF/TA. Use of immunosuppressive medications
prior to biopsy was associated with a 6-fold increase in
risk of moderate-to-severe IF/TA, suggesting the pres-
ence of more severe, refractory, and/or longstanding
lupus activity at the time of biopsy. Disease duration,
African American race, HCQ use, and hypertension
were not associated with moderate-to-severe IF/TA.
These findings remained unchanged in all of the sensitiv-
ity analyses (data not shown).

DISCUSSION

Multiple studies have recognized TID as a strong
independent predictor of poor renal outcomes in LN
(2,3,5,7). However, little is known about the factors that
drive its development. In this hypothesis-generating study,
we evaluated multiple clinical and serologic features
that are routinely available to clinicians and compared
the factors associated with TII and IF/TA in patients
with LN.

In the current study, both moderate-to-severe TII
and IF/TA were associated with proliferative LN and
eGFR, as previously described (2,6). African American
race was associated with moderate-to-severe TII. An
increased frequency of TID has been previously reported
in African Americans (13). Whether the poor renal out-
comes in African American patients with LN are partly

Table 2. Results of multivariable logistic regression analysis of
factors associated with TII and IF/TA*

OR 95% CI P

Factors associated with TII
Age at time of biopsy, per year 1.00 0.97–1.03 0.99
Race, African American vs. other 3.22 1.27–8.18 0.014
Duration of disease, per month 0.99 0.98–1.00 0.024
Hypertension history 2.68 0.99–7.03 0.055
eGFR <60 ml/minute/1.73 m2 3.85 0.15–10.0 0.005
LN class, proliferative vs. other 4.53 1.50–13.74 0.007
Hydroxychloroquine use 0.27 0.10–0.70 0.008

Factors associated with IF/TA
Age at time of biopsy, per year 1.06 1.02–1.10 0.002
eGFR <60 ml/minute/1.73 m2 4.55 1.61–14.3 0.005
Immunosuppressant use at time of
biopsy

5.65 2.00–16.3 0.001

LN class, proliferative vs. other 11.32 2.68–47.8 0.001
Anti-Ro and anti-La positive 2.45 0.79–7.59 0.12
TII 3.64 1.19–11.1 0.02

* OR = odds ratio; 95% CI = 95% confidence interval (see Table 1
for other definitions).
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explained by an increased prevalence of TID deserves
further study to better understand the significance of the
underlying genetic and sociodemographic factors.

Moderate-to-severe IF/TA or TII was present in
32% of the biopsies. In prior studies, moderate-to-severe
TID was reported in 20–72% of kidney biopsy specimens
from patients with SLE, the large variation in its preva-
lence owing to differences in staining methods and defini-
tions of significant TID (2,3,7). The prevalence of TID in
the current study is similar to that in studies that have
used routine light microscopy (3,7). The 72% prevalence
of TID reported by Hsieh et al was based on CD45 stain-
ing which, although more sensitive, is not readily available
in routine clinical practice (2).

As expected, moderate-to-severe TII was more
likely to occur early in the disease course, while IF/TA
was largely determined by age, immunosuppressant use
(as a proxy for disease severity and/or refractory disease),
and the presence of TII. The consistency of many of these
findings with previous studies supports the external valid-
ity and generalizability of our results.

The concept of inflammation leading to fibrosis
is derived from the principles of tissue repair and from
previous reports that have described a close association
between tubulointerstitial inflammation and scarring (2,7).
Our results are consistent with these observations and
indicate that the presence of moderate-to-severe TII is
independently associated with more advanced stages of
IF/TA. The reversibility of TII was illustrated by Pagni et al
in a study that examined the evolution of tubulointerstitial
changes over time (5). Consequently, there is a pressing
need for early identification of patients with TII, in order
to implement therapeutic strategies prior to the onset of
irreversible scarring.

Several mechanisms by which glomerular disease
can initiate TID have been proposed (15). However, the
fact that severe TID is also seen in isolation suggests that
different pathways might be implicated in its pathogenesis
(3,15). Immune complex deposition in the tubular basement
membrane and in the peritubular capillaries is thought to
arise from in situ antibody production and binding to locally
available antigens (16). This may occur early in the disease
course, independently of glomerular immune complex
deposition. Recent evidence suggests that the presence of
tubular basement membrane complexes correlates with the
severity of interstitial inflammation, clinical disease activity,
and renal outcome (17). Unfortunately, the presence or
absence of these tubular deposits was not consistently
reported for the biopsies included in the current study, and
therefore we could not explore these associations.

Interestingly, HCQ was associated with a 73%
decrease in the odds of moderate-to-severe TII. HCQ

is known to interfere with Toll-like receptor (TLR) sig-
naling. HCQ can inhibit the ligation of nucleic acid to
TLRs by decreasing the endosomal acidification and/or
directly binding to nucleic acids, masking their TLR-
binding epitope (18). Notably, previous experimental
studies have demonstrated that participation of renal
tubular TLRs in the pathogenesis of tubulointerstitial
injury is instrumental in bridging the innate and adap-
tive immune responses responsible for kidney damage
(19). No clinical studies have evaluated the role of HCQ
specifically in TII, but its association with higher rates of
remission, fewer relapses, and reduced renal damage has
been extensively described in LN (9,10).

In contrast to TII, we did not observe any associa-
tion of HCQ with no/mild IF/TA. Given the retrospective
nature of this study, these findings may have been
affected by unmeasured confounders and lack of informa-
tion about the duration of treatment with HCQ and med-
ication compliance. Since IF/TA was associated with
longer SLE duration at the time of biopsy, it is possible
that patients with significant IF/TA were rapid progres-
sors and HCQ was started too late in their disease course
to alter its progression. In addition, the intricate mecha-
nisms that ultimately lead to irreversible scarring remain
unknown, and whether IF/TA can develop through nonin-
flammatory cell death is also a consideration. Rigorous
pharmacoepidemiologic studies are needed to ascertain
potential benefits of HCQ in TID. In addition, the appro-
priate dosing regimen, as well as relative risks and bene-
fits of long-term HCQ use, should be carefully assessed,
considering concerns regarding ocular toxicity, especially
in individuals with impaired kidney function (20). Further
studies are needed to examine whether HCQ use results
longitudinally in a lower incidence of IF/TA.

Similar to previous studies, no association was
seen between complement levels, anti-dsDNA, or degree
of proteinuria and the severity of TII or IF/TA (2,7). A
possible association of moderate-to-severe IF/TA with
dual positivity for anti-Ro and anti-La antibodies, as
shown by the results of our univariable analysis, should
be investigated further.

In summary, this is the largest study, to date, com-
paring a comprehensive array of clinical and serologic fac-
tors associated with TII and IF/TA. Our results provide
compelling evidence that routinely available serologic
markers have no correlation with TID and highlight the
need to identify novel biomarkers and targeted therapies.
The findings of this study suggest that there is a window
of opportunity to treat TII before the development of
fibrosis. If validated in other patient populations, these
results would strongly support the continued benefit of
HCQ in lupus-related kidney disease even after initiation
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of immunosuppressive therapy to decrease tubular inflam-
mation. Identifying the mechanisms by which HCQ
decreases tubular inflammation and exploring the effects
of interstitial immune complex deposition and peritubular
capillaritis on cell death may result in the discovery of
new biomarkers, aiding in the development of therapies
that lead to ultimate improvement in renal survival.
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Inhibition of Cyclic GMP-AMP Synthase Using a Novel
Antimalarial Drug Derivative in Trex1-Deficient Mice

Jie An,1 Joshua J. Woodward,1 Weinan Lai,2 Mark Minie,1 Xizhang Sun,1 Lena Tanaka,1

Jessica M. Snyder,1 Tomikazu Sasaki,1 and Keith B. Elkon1

Objective. Type I interferon (IFN) is strongly
implicated in the pathogenesis of systemic lupus erythe-
matosus (SLE) as well as rare monogenic interfer-
onopathies such as Aicardi-Gouti�eres syndrome (AGS), a
disease attributed to mutations in the DNA exonuclease
TREX1. The DNA-activated type I IFN pathway cyclic
GMP-AMP (cGAMP) synthase (cGAS) is linked to sub-
sets of AGS and lupus. This study was undertaken to iden-
tify inhibitors of the DNA–cGAS interaction, and to test
the lead candidate drug, X6, in a mouse model of AGS.

Methods. Trex1�/� mice were treated orally from
birth with either X6 or hydroxychloroquine (HCQ) for 8
weeks. Expression of IFN-stimulated genes (ISGs) was
quantified by quantitative polymerase chain reaction.
Multiple reaction monitoring by ultra-performance liq-
uid chromatography coupled with tandem mass spec-
trometry was used to quantify the production of cGAMP
and X6 drug concentrations in the serum and heart tis-
sue of Trex1�/� mice.

Results. On the basis of the efficacy-to-toxicity
ratio established in vitro, drug X6 was selected as the
lead candidate for treatment of Trex1�/� mice. X6 was
significantly more effective than HCQ in attenuating ISG

expression in mouse spleens (P < 0.01 for Isg15 and
Isg20) and hearts (P < 0.05 for Isg15, Mx1, and Ifnb, and
P < 0.01 for Cxcl10), and in reducing the production of
cGAMP in mouse heart tissue (P < 0.05), thus demon-
strating target engagement by the X6 compound. Of note,
X6 was also more effective than HCQ in reducing ISG
expression in vitro (P < 0.05 for IFI27 and MX1, and P <
0.01 for IFI44L and PKR) in human peripheral blood
mononuclear cells from patients with SLE.

Conclusion. This study demonstrates that X6 is
superior to HCQ for the treatment of an experimental
autoimmune myocarditis mediated in vivo by the cGAS/
stimulator of IFN genes (cGAS/STING) pathway. The
findings suggest that drug X6 could be developed as a
novel treatment for AGS and/or lupus to inhibit activa-
tion of the cGAS/STING pathway.

TREX-1 is the most abundant 30–50 exonuclease in
mammalian cells (1). This enzyme digests DNA in the
cytosol and, possibly, in the nucleus (2). Mutations in the
TREX1 gene in humans are associated with several dis-
eases, including Aicardi-Gouti�eres syndrome (AGS), reti-
nal vasculopathy with cerebral leukodystrophy, chilblain
lupus, and systemic lupus erythematosus (SLE) (in a small
percentage of patients) (3–5). Patients with AGS have a
high mortality rate and there is currently no effective treat-
ment reported for these patients (6). Most experimental
evidence suggests that impaired digestion of intracellular
DNA leads to chronic stimulation of type I interferon
(IFN), a process which, over time, leads to inflammation
and autoimmunity (3). Curiously, although TREX1 defi-
ciency in humans causes a brain phenotype characterized
by spasticity, dystonia, seizures, and psychomotor retarda-
tion in childhood, the dominant clinical manifestation in
Trex1�/� mice is an autoimmune myocarditis (7,8).

The cyclic GMP-AMP (cGAMP) synthase (cGAS)/
stimulator of IFN genes (STING) signaling pathway has
recently emerged as a major source of type I IFN
induction downstream of cytosolic DNA sensing. Following
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DNA binding by cGAS, enzymatic production of the sec-
ond messenger, 20,30-cGAMP, mediates signal transduction
by binding to the adapter protein STING, ultimately
resulting in induction of type I IFN (IFNb) through the
transcription factor IFN regulatory factor 3 (IRF-3) (9–
12). The cGAS-dependent sensing of cytosolic DNA is
responsible for the stimulation of type I IFN in Trex1-defi-
cient mice, as has been shown by direct detection of
cGAMP in the hearts of Trex1�/� mice and by complete
prevention of disease when Trex1�/� mice were rendered
cGAS deficient (13,14). Of note, these studies also demon-
strated that expression of inflammation markers was signif-
icantly reduced in the hearts of Trex1�/� 9 cGas�/+ mice,
indicating that partial reduction of cGAS activity is likely
to have therapeutic benefit. Furthermore, a recent study
by our group revealed that one-third of patients with SLE
had increased expression levels of cGAS messenger RNA
(mRNA), and in ~15% of the SLE patients, cGAMP was
detected by mass spectrometry (MS), thus indicating that
the cGAS/STING pathway is also activated in a subset of
SLE patients (15).

Antimalarial drugs (AMDs) such as hydroxychloro-
quine (HCQ) and quinacrine are effective in the treatment
of skin rash and arthritis in SLE (16). Several mechanisms
contributing to their beneficial action have been proposed,
including alteration of the lysosomal pH with a consequent
reduction in antigen presentation, impaired Toll-like
receptor (TLR) function, and direct interaction with
nucleic acids (for review, see ref. 17). Recently, we
reported that many quinolone- and aminoacridine-based
AMDs were effective inhibitors of IFNb production, and
that they functioned by blocking double-stranded DNA
(dsDNA) stimulation of cGAS (18).

In the present study, we describe the synthesis of a
new antimalarial-like drug (AMLD) of the aminoacridine
class, which we have named X6. When either X6 or HCQ
was administered to Trex1-deficient mice from birth, we
observed a statistically significant reduction in the levels
of cGAMP, Ifnb, and IFN-stimulated genes (ISGs) follow-
ing treatment with X6, but not with HCQ, in Trex1�/�

mice. In addition, X6 was superior to HCQ in suppressing
ISG expression in vitro in peripheral blood mononuclear
cells (PBMCs) from patients with SLE. Our findings sug-
gest that this modified AMLD may be beneficial in the
treatment of severe debilitating diseases associated with
type I IFN induction via cGAS activation.

MATERIALS AND METHODS

Study approval. All experimental procedures in mice
were undertaken with approval from the Institutional Animal
Care and Use Committee of the University of Washington

(protocol no. 3380-02). Patients who fulfilled the American Col-
lege of Rheumatology criteria for SLE (19) and gave their
informed consent to participate were included in this study.
Samples were collected in compliance with the Declaration of
Helsinki. Ethics approval was granted by the University of Wash-
ington (approval no. 39712).

Drug design. Following the initial selection of inhibi-
tory AMDs using the CANDO platform (20), with analysis
using the AutoDock Vina (21) and Chimera (22) programs,
analogs of the identified AMDs were selected via a structural
search and tested for activity using a cGAS activity assay, in
which purified components and thin-layer chromatography
(TLC) were utilized for the detection of cGAMP (18) (as eluci-
dated below). Further analysis of all small molecule drugs
found to be inhibitory revealed a strong correlation between
their activity and the presence of amine side groups, confirming
previous findings by others suggesting that amine groups in
AMDs could be an important factor in the inhibition of inflam-
matory responses, possibly via ionic interactions with DNA
(23). This established a “rule-of-thumb”—i.e., that dsDNA
binding aminoacridine molecules with positively charged amine
side groups are inhibitory—to guide in the design and creation
of novel inhibitory drugs, including those discussed below.

Drug synthesis. Using our previous computational work
on AMDs and their inhibitory effect on cGAS activity, we syn-
thesized the new drugs X5–X7, based on our predictions that
they would enhance inhibition of cGAS activity coupled with
previous observations of their good solubility and oral availabil-
ity (24). Since these new drugs, X5–X7, share the same acridine
core, 6-amino-2-methoxy-9-aminoacridine, we employed a con-
vergent strategy for their synthesis. After the initial construction
of the aminoacridine core (for further details, see Supplemen-
tary Methods, available on the Arthritis & Rheumatology web site
at http://onlinelibrary.wiley.com/doi/10.1002/art.40559/abstract),
the core was reacted with different side chains to yield the 3
compounds. All of the compounds were purified to homogeneity
by reverse-phase high-performance liquid chromatography
(HPLC), and then characterized by 1H-nuclear magnetic
resonance imaging and electrospray ionization tandem mass
spectrometry (ESI-MS). The ESI-MS mass/charge (m/z) ratios
were as follows: for X5, m/z 415.5 ([M + H]+); for X6, m/z 416.3
([M +H]+); for X7, m/z 405.2 ([M +H]+).

cGAS activity assay. The activity of cGAS in vitro was
monitored in the presence of 250 lM ATP, 250 lM GTP, 25 lg/ml
herring testes DNA, 1.4 lM cGAS, and 3.3 nM [32P]-ATP in Tris
buffer (pH 7.5) in the presence or absence of different concentra-
tions of the study drugs. After incubation for 1 hour at room tem-
perature, samples were spotted on polyethyleneimine-cellulose
TLC plates, and then developed using a solvent composed of 1:1.5
(volume/volume) saturated (NH4)2SO4 and 1.5M KH2PO4 (pH
3.6). The TLC plates were exposed to a phosphor storage screen
and imaged using a Typhoon imaging system, with results quanti-
fied using ImageQuant software.

In vivo treatment of Trex1�/� mice with X6 and HCQ.
Within a day of birth, mothers of Trex1�/� mice were treated
with either X6 or HCQ (25 mg/kg/day), administered orally in
sweetened water (sweetened with Splenda), or treated with
sweetened water alone. After weaning, Trex1�/� mice contin-
ued treatment with the same oral dose of X6 or HCQ in swee-
tened water or continued treatment with sweetened water
alone. After 8 weeks of treatment, 9–11 mice in each group
were sacrificed, and the spleens were weighed. ISGs and
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cGAMP were quantified using quantitative polymerase chain
reaction (qPCR) and a mass spectrometer, as described below.
As additional controls, Trex1+/+ C57BL/6 (B6) wild-type mice
and Trex1+/� littermate mice were treated with sweetened
water alone.

In vitro incubation of SLE patient cells with X6 and
HCQ. PBMCs were purified from the blood of patients with
SLE by Ficoll gradient centrifugation. The PBMCs were then
incubated with different concentrations of drug X6 or HCQ or
were left untreated for 20 hours. Cell viability was tested by
Alamar blue assay. The cells were then harvested, RNA was
extracted, and complementary DNA (cDNA) was synthesized.

Expression of ISGs in the SLE PBMCs was quantified
by qPCR, as described below. ISG expression in drug-treated SLE
PBMCs was compared to that in corresponding untreated
SLE PBMCs (with the values normalized to 1), and the data
were analyzed by paired t-test. Expression levels of ISGs in
healthy control PBMCs were normalized to the average ISG
expression in untreated SLE PBMCs, and the data were ana-
lyzed by unpaired t-test.

Quantitative real-time PCR. Total RNA was isolated
from mouse hearts or spleen tissue or from SLE PBMCs using
the RNeasy Mini kit with a DNase treatment step (Qiagen), and
cDNA was generated using 100 ng RNA with an Applied Biosys-
tems high-capacity cDNA reverse transcription kit using random
primers. Reactions were run in duplicate on an ABI StepOne
Plus, using the different gene-specific primers. A 2-stage cycle of
95°C for 15 seconds and 60°C for 1 minute was repeated for 40
cycles, followed by a dissociation stage. Threshold cycle values
were set at a constant threshold of 0.2, and fold changes in gene
expression were then calculated using the 2�ΔΔCt method.

Purification and quantification of cGAMP and drug
concentrations. Samples of mouse heart tissue were lysed with
80% MeOH spiked with 5 nM heavy isotope–labeled cGAMP
(cGAMP*), containing 13C,15N-perlabeled AMP as an internal
standard. Tissue extracts were sonicated on ice for 1 minute,
with settings of 20% duty cycle and 1 output. Tissue debris was
pelleted at 14,000 revolutions per minute for 10 minutes. Metha-
nol extraction solution was transferred to a new tube and evapo-
rated using a Speed Vac. Thereafter, cGAMP was further
purified using a solid-phase extraction column (OASIS WAX
column; Waters) and resuspended in 50 ll Optima LC/MS water
(Thermal Scientific) for MS analysis.

For targeted detection of cGAMP, a multiple reaction
monitoring (MRM) assay was developed on a Waters Xevo TQS
mass spectrometer coupled with an ultra-performance liquid
chromatogram (UPLC-MS). In the MS assay for cGAMP, 2
transitions of each target ion were monitored: for cGAMP,
parent ion/daughter ion +675.1/152.1 and +675.1/136.0; for
cGAMP*, +690.0/152.1 and +690.0/146.0.

Similarly, drug X6 or HCQ was isolated from mouse
heart tissue or serum by methanol extraction and quantified by
MS using MRM. The signal peak area for drug X6 or HCQ was
normalized to the peak area for an external standard to deter-
mine the drug concentrations. In the MS assays for X6 and HCQ,
2 transitions of each target ion were monitored: for X6, parent
ion/daughter ion +416/225 and +416/182; for HCQ, +336/247 and
+336/158. To evaluate the steady-state serum concentrations of
X6 compared to those of HCQ, normal B6 mice were given either
X6 or HCQ (60 mg/kg/day) in drinking water for 3 weeks, after
which samples of blood were obtained and drug concentrations
were measured in the same manner as described above.

Heart histopathologic scoring. Following 8 weeks of
treatment with HCQ, X6 in sweetened water, or sweetened
water alone, residual tissue from the hearts of mice, which
included the myocardium and endocardium, was harvested, fixed
in formalin, paraffin embedded, cut into 4–5-lm sections, and
stained with hematoxylin and eosin (H&E). The mice examined
included Trex1�/� mice treated with X6 (n = 9), Trex1�/� mice
treated with sweetened water alone (n = 8), Trex1�/� mice trea-
ted with HCQ (n = 10), Trex1+/+ B6 wild-type mice (n = 3), and
Trex 1+/� mice treated with sweetened water alone (n = 8).

Samples of heart tissue were evaluated in a blinded man-
ner, without knowledge of genotype or treatment, for evidence
of inflammation and fibrosis. Numeric scores for the degree of
severity of inflammation and fibrosis (ranging from 0 = normal
to 5 = most severe) were assigned semiquantitatively using a
modification of a previous scoring system (8), to account for the
smaller pieces of heart tissue analyzed. The scoring criteria for
inflammation were as follows: 0 = normal, 1 = few inflammatory
cells, 2 = multifocal smaller clusters of inflammatory cells, 3 =
multifocal larger clusters of inflammatory cells, 4 = coalescing
foci of inflammatory cells, and 5 = coalescing to diffuse foci of
inflammatory cells.

Endocardial fibrosis was also scored on H&E-stained
sections of the heart tissue using a previously described scor-
ing system (8) that was similarly modified. Images of repre-
sentative lesions were acquired using NIS-Elements BR
version 3.2 imaging software (64-bit edition) and plated in
Adobe Photoshop Elements. The brightness and/or contrast
of the images were adjusted using Levels (white balance)
and/or Auto Contrast manipulations, which were applied to
the entire image. Original magnifications of the images are
provided.

Statistical analysis. Statistically significant differences
between groups were determined using GraphPad Prism soft-
ware (version 6.0). Data are expressed as the mean � SEM of
2–3 independent experiments, performed in duplicate or tripli-
cate. When applicable, Student’s t-test (2-tailed and unpaired)
was used to detect differences within groups. P values less than
0.05 were considered significant.

RESULTS

Design and synthesis of the novel AMLDs. Our
previous in silico studies demonstrated a correlation
between the predicted binding affinities of many of the
quinolone- and acridine-based AMLDs that target the
cGAS–DNA complex and their potency, as determined
using an in vitro assay with purified components to inhibit
cGAMP production and also to reduce IFNb expression
in a cell-based assay (18). Prompted by these findings, we
designed novel aminoacridine derivatives with positively
charged amine side groups that were predicted to bind to
cGAS and that were therefore expected to be good cGAS
inhibitors. Figure 1A shows the chemical structures of the
new acridine compounds, X5, X6, and X7, and Figure 1B
outlines their synthesis. In silico analysis showed that the
new aminoacridine compounds are all predicted to sit in
the minor groove of the DNA between the protein–DNA

cGAS INTERFERON THERAPY 1809



interface, interacting with the DNA binding sites on 2
adjacent cGAS monomers (Figure 1C).

Attenuation of cGAS activity and inhibition of
IFNb expression by the novel AMLDs. Using a TLC assay
with 32P-ATP and cold GTP, we performed in vitro dose-
titration experiments with recombinant cGAS, and then
quantified the production of cGAMP (Figure 2A). Each
of the 3 aminoacridine drugs (X5, X6, and X7) yielded
similar dose-response curves but had different inhibitory
activities (Figure 2A).

To test the functional effects of these drugs, we
transfected THP-1 cells with dsDNA in the presence or
absence of X5–X7 and quantified the expression of IFNb
by qPCR. As shown in Figure 2B, all 3 drugs inhibited
IFNb production by dsDNA-transfected THP-1 cells, with
the rank order of potency being X7 > X5 > X6 (50% in-
hibitory concentration [IC50] 5, 13, and 14, respectively).
These IC50 values were similar or modestly more potent
than those of HCQ and quinacrine, which are AMDs that
are currently used to treat patients with lupus.

To determine the in vitro cytotoxicity of the newly
synthesized drugs, we incubated the drugs with THP-1

cells for 24 hours and quantified cell death by annexin V
staining. As shown in Figure 2C, quinacrine had the high-
est toxicity profile. In contrast, drug X6 had the lowest
toxicity profile, being similar to that of HCQ. A similar
rank order of toxicity was seen using 2 other cell lines,
Ramos B lymphocytes and Jurkat T lymphocytes (data
not shown). Since X6 had the most favorable efficacy-to-
toxicity profile (Figure 2D), further studies were per-
formed with drug X6, using HCQ as the standard-of-care
drug as a control.

Reduction of spleen mass and ISG expression by
treatment with X6, but not HCQ, in Trex1�/� mice.
Trex1�/� mice develop a severe inflammatory myocarditis
that leads to progressive, dilated cardiomyopathy and cir-
culatory failure (7,8). The disease is dependent on the
activity of type I IFN, as has been indicated by studies
showing that the disease can be reversed when Trex1�/�

mice are crossed to mice deficient in the IFNAR gene
(25). Further genetic studies have illuminated the finding
that type I IFN is stimulated through the cGAS/STING/
IRF-3 pathway (8,13,14). Since X6 inhibited the produc-
tion of cGAMP by cGAS in vitro and also inhibited the

Figure 1. Synthesis and structure of the new aminoacridine derivatives. A, In designing the drugs X5–X7, an amino group was introduced at the
6-position of the aminoacridine ring to provide hydrogen bonding as well as ionic interactions with DNA, and a hydrophobic aromatic ring was
included on the side chain to enhance the van der Waals contacts with cyclic GMP-AMP synthase (cGAS). B, The compound 6-amino-2-methoxy-
9-chloroacridine was synthesized by reducing the corresponding nitroacridine with iron powder in ethanol–acetic acid. The N,N0-dimethylpropane-
1,3-diamine was monoalkylated by chloromethylaromatic compounds. The resulting propane-1,3-diamine derivatives were purified by distillation
under reduced pressure, and then attached to 6-amino-2-methoxy-9-chloroacridine. C, A representative image of the optimal pose of X6 in the
cGAS dimer is shown, focusing on the C-chain/double-stranded DNA region, as that is predicted by the AutoDock Vina program to be the inter-
action of highest affinity, with visualization using the Chimera program. THF = tetrahydrofuran.
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cellular synthesis of IFNb with no apparent toxicity (up to
a concentration of 50 lM), we explored whether X6 treat-
ment could have an impact on the severity of the disease
in Trex1-deficient mice. Since the disease often becomes
apparent immediately after birth, we treated mothers of
pups immediately after birth with either no drug, X6, or
HCQ and continued treatment of the progeny for a total
of 8 weeks.

Treatment with X6, but not HCQ, significantly
reduced the spleen mass in Trex1-deficient mice compared
to control mice (Figure 3A). Consistent with this observa-
tion, X6 treatment resulted in a significant reduction in
the expression of Isg15 and Isg20 in the spleens

(Figures 3B and C). Curiously, the expression levels of
these ISGs increased following treatment with HCQ,
although the increases did not reach statistical signifi-
cance.

Reduction in expression of Ifnb, ISGs, and
cGAMP by treatment with X6, but not HCQ, in Trex1�/�

mice. AMDs such as HCQ are mainly used to treat the
skin manifestations of lupus, and their effect on systemic
diseases is less clear (16). To compare the effects of X6
and HCQ on the heart, the main systemic organ affected
by disease in Trex1�/� mice, we quantified the expression
of Ifnb and a panel of ISGs from heart tissue obtained fol-
lowing termination of the mice at 8 weeks. Gene

Figure 2. Inhibition of cyclic GMP-AMP (cGAMP) synthase (cGAS) activity by drugs X5, X6, and X7. A, Using purified components and 32P-
labeled ATP, each drug was tested for the percentage of cGAS inhibition at various concentrations, using thin-layer chromatography to separate
cGAMP from free ATP (see Materials and Methods and ref. 18). Reactions were normalized to the values for the no inhibitor controls, and fit by
nonlinear regression using GraphPad Prism software to determine the 50% inhibitory concentration (IC50) of each compound. Data are the mean
of 2 independent experiments, and the IC50 was calculated from the averaged data. B, THP-1 cells were transfected with double-stranded DNA
and cultured in the presence of X5, X6, or X7, hydroxychloroquine (HCQ), or quinacrine (QC). After 4 hours, cells were harvested and inter-
feron-b (IFNb) mRNA levels were measured by quantitative polymerase chain reaction, with results normalized to the values for the no drug con-
trols. C, To determine the in vitro cytotoxicity of the newly synthesized drugs, THP-1 cells were incubated with various concentrations of each drug
for 24 hours, and cell death was determined by annexin V staining and flow cytometry. D, The efficacy-to-toxicity ratio of each drug was calculated
by dividing the viability (at a concentration of 25 lM) by the IC50. Data in B–D are the mean � SEM of 3 independent experiments.
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expression analysis revealed that treatment with X6, but
not HCQ, caused a statistically significant reduction in
the cardiac expression of Ifnb as well as the ISGs Mx1,
Isg15, and Cxcl10 in the hearts of Trex1-deficient mice
(Figures 4A–D). Of note, Isg15 and Cxcl10 are 2 promi-
nent ISGs stimulated by the cGAS–DNA sensing pathway
in Trex1-deficient mice (13,14).

To determine whether the reduction in Ifnb and
ISG expression in X6-treated mice was, in fact, due to
attenuation of the cGAS pathway, we quantified cGAMP
in the hearts of treated mice by MRM with UPLC cou-
pled with tandem MS. Heavy isotope–labeled cGAMP
was spiked into each sample as an internal standard, and
the relative expression of cGAMP was calculated as the
cGAMP signal peak area normalized to the peak area of
the heavy isotope–labeled cGAMP internal standard.
This measurement revealed a statistically significant
reduction in cGAMP concentrations in Trex1�/� mice
treated with drug X6, but not in mice treated with HCQ
(Figure 4E). These results indicate that target

engagement by X6 was achieved, in that drug X6
reduced the expression of IFNb and ISGs through inhibi-
tion of cGAS activity in vivo. This study was designed to
evaluate proof of principle and target engagement in the
maximum proportion of live mice. The numbers of mice
that died in each group were as follows: 1 X6-treated
mouse, 2 HCQ-treated mice, and 2 control mice.

Analysis of autoantibody production. Evaluation of
anti-dsDNA and antichromatin autoantibody production
in the mouse serum revealed that the levels of both
autoantibodies were low (relative to those in MRL-lpr
mice), as expected at 8 weeks, and that neither X6 nor
HCQ treatment statistically significantly reduced the levels
of anti-dsDNA and anti–single-stranded DNA antibodies
(see Supplementary Figures 1A and B, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40559/abstract). Similarly, titers
of antinuclear antibodies (ANAs) were very low in most of
the tested mice, and there was no statistically significant
difference in ANA levels between treated and untreated

Figure 3. Reduction of immune activation in Trex1�/� mice by treatment with drug X6, but not hydroxychloroquine (HCQ). A, Trex1�/� mice were
treated with drug X6 (n = 9) or HCQ (n = 11) (both at 25 mg/kg/day, dissolved in sweetened water) or with sweetened water only (n = 10) for 8
weeks from birth. Trex1+/+ and Trex1+/� mice treated with sweetened water only served as controls. At age 8 weeks, the mice were sacrificed and
spleen mass was determined. Symbols represent individual mice; horizontal bars show the mean. B and C, Expression of the interferon-stimulated
genes Isg15 (B) and Isg20 (C) was quantified by quantitative polymerase chain reaction in cDNA from the mouse spleens. Symbols represent indi-
vidual mice; horizontal bars show the mean. Values for mRNA expression were normalized to those of 18S mRNA. Group comparisons were per-
formed using Student’s unpaired 2-tailed t-test.
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mouse serum samples (see Supplementary Figure 1C,
http://onlinelibrary.wiley.com/doi/10.1002/art.40559/abstract).

Effect of AMDs on endocardial fibrosis and
inflammation in Trex1-deficient mice. Given the fact that
the disease is most severe in the endocardium (8), we
compared endocardial fibrosis and inflammation in Trex1-
deficient mice. When inflammatory changes were com-
pared between X6-treated/HCQ-treated and control
(Splenda-treated) Trex1-deficient mice, blinded histo-
pathologic scoring revealed a statistically significant re-
duction in the severity of endocardial fibrosis in the
X6-treated mice, whereas the reduction was more modest

(and statistically nonsignificant) following HCQ adminis-
tration (Figure 5A).

When we evaluated changes in fibrosis combined
with changes in endocardial inflammation, the histopatho-
logic scoring showed a statistically significant reduction in
severity in both X6- and HCQ-treated mice (Figure 5B).
Comparison of the results among the 3 groups by analysis
of variance did not reveal statistically significant differences.

Representative images of the histologic findings
are shown in Figure 5C. In the B6 controls and Trex1+/�

mice, absent-to-minimal inflammation and fibrosis were
noted, whereas in the Trex1�/� mice treated with X6 or

Figure 4. Reduction in expression of interferon-stimulated genes (ISGs) and cyclic GMP-AMP (cGAMP) in the hearts of Trex1�/� mice by treat-
ment with drug X6, but not hydroxychloroquine (HCQ). A–D, After 8 weeks of treatment of Trex1�/� mice with drug X6 or HCQ, expression of
the ISGs Ifnb (A), Mx1 (B), Isg15 (C), and Cxcl10 (D) was quantified by quantitative polymerase chain reaction in the mouse heart tissue. Trex1+/+

and Trex1+/� mice treated with sweetened water only served as controls. Values for mRNA expression were normalized to those of 18S mRNA. E,
Methanol extraction was used to isolate cGAMP from the mouse hearts, and cGAMP was quantified by mass spectrometry in multiple reaction
monitoring assays. Heavy isotope–labeled cGAMP was spiked into each sample as an internal standard, and the mass spectrum of the internal
standard was used to determine the peak of endogenous cGAMP production in each treatment group. The cGAMP signal peak area was normal-
ized to that of the heavy isotope–labeled cGAMP internal standard. Symbols represent individual mice; horizontal bars show the mean. Group
comparisons were performed using Student’s unpaired 2-tailed t-test.
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HCQ, there was generally mild-to-moderate endocardial
fibrosis and associated inflammation. Trex1�/� mice that
received sweetened water alone had more pronounced
changes, with generally moderate-to-severe, coalescing
endocardial inflammation and fibrosis (Figure 5C).

To determine whether the different effects noted in
X6-treated mice (reduced expression of Ifnb and ISGs,
reduced production of cGAMP, and attenuated endocardial

fibrosis) as compared to those in HCQ-treated mice
could be explained by different drug concentrations in
the tissue, we measured the concentrations of drug X6
and HCQ in the mouse heart tissue by MS. Surprisingly,
the concentration of HCQ (~30 nM) was more than 10-
fold higher than the concentration of X6 (~2.5 nM)
(Figure 5D). Similarly, in a separate study in which we
compared steady-state serum drug concentrations after

Figure 5. Reduced severity of endocardial fibrosis following treatment with drug X6. Hematoxylin and eosin (H&E)–stained cardiac tissue from
Trex1�/� mice treated with X6 or hydroxychloroquine (HCQ) in sweetened water or with sweetened water only, as well as Trex1+/+ C57BL/6 (B6)
wild-type mice and Trex1+/� mice treated with sweetened water only as controls, was scored semiquantitatively for endocardial inflammation and
fibrosis (see Materials and Methods). A and B, Histopathologic scores for the severity of endocardial fibrosis (scale 0–5) (A) and combined scores
for endocardial inflammation and fibrosis (scale 0–10) (B) were compared. Symbols represent individual mice; horizontal bars show the mean.
Group comparisons were performed using Student’s unpaired 2-tailed t-test. C, H&E-stained images of the mouse hearts were assessed for the
presence of inflammation or fibrosis. Representative images are shown. In Trex1�/� mice treated with X6 or HCQ, there is mild endocardial fibro-
sis (pale stained tissue, indicated by thin arrows) and mild-to-moderate associated inflammation (increased intensity of blue staining, indicated by
thick arrows). These changes appear more severe in Trex1�/� mice treated with sweetened water alone, where there is moderate-to–regionally
severe coalescing and extensive endocardial inflammation and fibrosis (indicated by thin arrows and thick arrows). Original magnification 9 10 in
top panels; 9 40 in bottom panels. D, Trex1�/� mice were treated with X6 (n = 8) or HCQ (n = 9) (each at 25 mg/kg/day) from birth to age 8
weeks. The mice were then sacrificed and mass spectrometry was used to quantify X6 or HCQ drug concentrations in the heart tissue. E, B6 wild-
type mice were given X6 or HCQ (at 60 mg/kg/day orally; n = 3 per group) for 3 weeks. Serum drug concentrations of X6 or HCQ were quanti-
fied by mass spectrometry. Results in D and E are the mean � SEM.
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oral administration for 3 weeks, the HCQ concentration
in the serum (~110 nM) was more than 10-fold higher
than the concentration of X6 in the serum (~9.5 nM) (Fig-
ure 5E). In summary, these observations indicate that the
lower efficacy of HCQ compared to X6 was not explained
by a lower concentration of the drug in the target tissue.

Inhibition of the expression of ISGs by X6, but not
HCQ, in PBMCs from SLE patients. Attempts to obtain
PBMCs from children with AGS were unsuccessful. Since

some patients with SLE also display elevations in the levels
of cGAS mRNA, and ~15% of SLE patients produce
cGAMP, we explored the effect of X6 on ISGs in PBMCs
from SLE patients. To achieve this, we incubated SLE
PBMCs with X6 or HCQ for 20 hours and quantified ISG
expression by qPCR. Treatment with X6 at concentrations
of 6.25 lM and 12.5 lM, but not treatment with HCQ, sig-
nificantly reduced the expression of ISGs compared to that
in untreated cells from the same patients (Figures 6A–D).

Figure 6. Inhibition of the expression of interferon-stimulated genes (ISGs) by drug X6, but not hydroxychloroquine (HCQ), in peripheral blood
mononuclear cells (PBMCs) from patients with systemic lupus erythematosus (SLE). PBMCs were purified from the blood of SLE patients (n = 7)
by Ficoll-Hypaque centrifugation, and then incubated with different concentrations of drug X6 or HCQ or left untreated for 20 hours. A–D, Cells
were harvested, RNA was extracted, and cDNA was synthesized. Expression of ISGs IFI27 (A), IFI44L (B), PKR (C), and Mx1 (D) was quantified
by quantitative polymerase chain reaction. Expression of mRNA was normalized to that of 18S mRNA. Expression of ISGs in drug-treated SLE
PBMCs was compared to that in corresponding untreated SLE PBMCs (normalized to 1) and analyzed by paired t-test. Expression of ISGs in
healthy donor (HD) PBMCs was normalized to the average ISG expression in untreated SLE PBMCs and analyzed by unpaired t-test. Symbols
represent individual subjects; horizontal bars show the mean. E, After 20 hours of incubation with 2 different concentrations of drug X6 or HCQ,
Alamar blue reagent was added into the medium of PBMCs, and the fluorescence signal was recorded after 1 hour. Cell viability was calculated
by dividing the fluorescence signal of drug-treated samples by the fluorescence signal of untreated samples. Group comparisons were performed
using Student’s paired 2-tailed t-test. Bars show the mean � SEM.
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Under these conditions, the drugs were not cytotoxic to
the cells (Figure 6E). Surprisingly, in some cases, HCQ
increased, rather than reduced, the expression of ISGs
when compared to baseline values or to that in healthy
donors. Overall, these results were similar to those
obtained in vivo in the Trex1�/� mice treated with X6 or
HCQ.

DISCUSSION

AMDs such as HCQ and quinacrine are effective
in the treatment of skin rash and arthritis in SLE (for
review, see ref. 16) and have also been used as adjunctive
therapies in other autoimmune disorders such as
rheumatoid arthritis (17). AMDs inhibit TLR-stimulated
IFNa production either by noncompetitive mechanisms
(e.g., inhibiting endosome acidification) or by competi-
tive mechanisms (e.g., structural binding to DNA or
TLR to block the interaction) (23,26–29). Recently, we
reported that several AMDs are effective inhibitors of
IFNb production, and that this functional effect can be
attributed to attenuated dsDNA stimulation of cGAS
(18). Based on these findings, we synthesized several
new AMD derivatives. One of these compounds, X6,
had excellent water solubility and cell penetration and
also had a lower toxicity profile compared to quinacrine.
Biochemical and cellular assays revealed that X6 effec-
tively inhibited cGAS activity as well as IFNb production
in vitro. Two months of treatment of Trex1�/� mice with
X6 resulted in a significant reduction in cardiac cGAMP
production and ISG expression, indicating that there was
target engagement by this drug.

AGS is a rare inherited “orphan” disease that
mostly affects infants and children (30). It is character-
ized predominantly by abnormalities in the skin and
brain, resulting in severe neurologic defects, with ~75%
of patients being profoundly disabled in the first few
years of life (31). For reasons that remain unclear, loss-
of-function mutations in TREX1 in humans causes severe
neurologic deficits, characterized by spasticity, dystonia,
seizures, and psychomotor retardation, whereas the
major clinical manifestation of Trex1 deficiency in mice is
a lethal myocarditis (7). In both species, deficiencies of
this 30–50 DNA exonuclease lead to excessive type I IFN
production associated with a prominent type I IFN signa-
ture (3,25). Type I IFN is convincingly implicated in the
inflammatory myocarditis and early mortality observed
in this mouse model, since disease manifestations were
strikingly attenuated in Trex1 9 Ifnar double-knockout
mice (25) and were also improved in mice treated with
an inhibitor of the downstream kinase TANK-binding
kinase 1 (32). Furthermore, the profound reduction in or

loss of disease manifestations and the extended survival
observed in Trex1�/� mice deficient in either STING or
cGAS (13,14) indicate that type I IFN is induced through
the cGAS/STING pathway. This mouse model of AGS
therefore provided a unique opportunity to test the drug
X6, a compound that, as demonstrated in the present
study, could inhibit DNA stimulation of cGAS as well as
IFNb production in vitro.

Disease in Trex1�/� mice begins in utero, as evi-
denced by the fact that pups are frequently of low birth
weight and many die soon after birth (7,8). Since these
mice have a median survival of 8–10 weeks, we elected to
treat mice with X6 from conception by the oral route for
8 weeks, so as to analyze the effect of the drug on live
mice. The significant reduction in spleen size, heart
cGAMP concentrations, and ISG expression indicates
that X6 can ameliorate disease when given early in the
disease course. This result is all the more significant
since studies indicate that AMDs such as HCQ can take
1–2 months to exert a clinical effect, most likely because
of the extended time it takes to concentrate sufficient
amounts of the drug in tissue (33,34).

In vivo, X6 was much more effective than HCQ in
attenuating cGAS activity and type I IFN stimulation in
both the spleen and the heart. This drug superiority could
be explained by the fact that X6 binds more efficiently to
cGAS, as was predicted from in silico studies, and has bet-
ter pharmacologic properties, such as pK, metabolism,
cell penetration, or other factors. Since the concentration
of HCQ in the mouse heart tissue was more than 10-fold
higher than that of X6, the lack of efficacy of HCQ could
not be explained by a lower concentration of the drug in
the target tissue. We cannot, however, exclude the possi-
bility that a more potent X6 metabolite was present in the
heart tissue, but not detected with the MS assay under the
conditions tested. Surprisingly, we noted that, in contrast
to expectations from cell-based studies in vitro, HCQ
often induced an increase rather than decrease in ISG
expression in Trex1�/� mice.

To exclude the possibility that there may be poten-
tial differences in pharmacologic properties between the 2
drugs, we first attempted to compare their effects on
PBMCs from children with TREX1 deficiency. However,
because of the extreme rarity of the condition and limited
volumes of blood from infants, efforts were unsuccessful,
and therefore we compared the effect of the 2 drugs on
PBMCs from patients with SLE, a disease in which
increased expression levels of ISGs are found. Remark-
ably, we observed a similar phenomenon to that observed
in Trex1�/� mice in vivo, namely that treatment with X6
consistently reduced the expression levels of ISGs,
whereas in many samples, HCQ actually increased the
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levels of ISGs. The mechanisms responsible for these dif-
fering effects are currently under investigation, but could
potentially be explained by the fact that drugs like HCQ
exert only partial agonism, as has been reported previ-
ously (35). Consistent with these findings and our inter-
pretation, in a disease also associated with a type I IFN
signature in the skin, dermatomyositis (36), one-third of
patients developed worsening of skin lesions following
treatment with HCQ (37).

As reported previously (13,14), absence of cGAS
entirely rescues Trex1�/� mice from the development of
disease, indicating that cGAS, rather than TLRs, is neces-
sary to incite disease. However, these gene-knockout stud-
ies cannot exclude the possibility that once the disease is
initiated, TLRs play some role in enhancing disease. The
results of our study, however, suggest that TLRs likely do
not play a major role in the disease, since the tissue con-
centration of HCQ, an effective TLR inhibitor (35,38),
was present at concentrations >10-fold higher than those
of X6, and yet did not abrogate the expression of ISGs
(generally used as a surrogate of disease activity) (31).

It is important to note some limitations of our
study. The pathologic manifestations of the disease were
not completely eliminated. Furthermore, we did not ana-
lyze all sites of inflammation, and we did not address
whether X6 alters the survival of Trex1-deficient mice.
Higher doses and longer duration of treatment would be
necessary to determine all of these outcomes. Regardless,
since there is currently no effective treatment for AGS
(6), and since mutations in TREX1 or RNaseH2, both of
which activate cGAS (39), account for ~75% of cases of
AGS (31), our findings suggest that X6 and/or similar
AMLDs should be developed for the treatment of
patients with AGS. In mothers with a known genetic risk,
it is likely that treatment could begin during pregnancy, as
several AMDs have been shown to be safe in mothers
with SLE and their fetuses (16). Furthermore, AMDs pass
through the blood–brain barrier, and P-glycoprotein efflux
transporter inhibitors can be coadministered to slow down
the egress of the drug from the brain, as was shown in
mice treated with quinacrine (40).

One note of caution that should be mentioned is
the observation that STING deficiency was reported to
aggravate, rather than protect from, lupus in MRL-Faslpr

and B6-Faslpr mice (41). While the exact mechanisms
responsible for this activity remain to be determined, the
activation of negative regulators of TLR signaling, such
as SOCS1 or A20, that occurs in a state of STING defi-
ciency may have contributed. Nevertheless, in the future,
careful selection of patient subsets and early monitoring
of the response will be required for any drug that modu-
lates cGAS or STING.

X6 and/or similar derivatives could also be con-
sidered for the treatment of other diseases in which acti-
vation of the cGAS/STING pathway is implicated. Gao
et al (14) recently reported that in certain mouse models
of rheumatoid arthritis, such as in mice with DNase II
deficiency, the disease can be attributed to leakage of
DNA from dying in the endosomal compartments into
the cytosol, resulting in the activation of the cGAS/
cGAMP pathway. Other studies have suggested that
cGAS/STING activation can lead to arthritis when type I
IFN responses are blunted (42–44). Moreover, SLE
immune complexes escape from the phagolysosomal
membrane, which promotes activation of cytosolic
sensors (45,46).

Given these observations of the central role played
by type I IFN in the pathogenesis of SLE (47) and the fact
that 1–2% of SLE patients have mutations in TREX1
(4,5), we directly examined cGAS expression and cGAMP
production in patients with SLE (15). We observed that
there was increased cGAS expression in approximately
one-third of the SLE patients, and 15% of the patients
had detectable cGAMP in their PBMCs. The cGAMP-
positive patients had significantly higher levels of disease
activity, as measured by the SLE Disease Activity Index,
compared to patients without increased cGAMP produc-
tion (15). Since the addition of type I IFN to normal
PBMCs up-regulated the expression of cGAS but did not
induce the synthesis of cGAMP, we concluded that the
presence of cGAMP was a consequence of DNA stimula-
tion of cGAS, rather than being attributable to exposure
to type I IFN (15). Considering that the cGAS pathway is
activated in a subset of SLE patients and that X6 was
superior to HCQ in suppressing ISG expression in SLE
PBMCs, X6 and similar drugs may prove to have wider
clinical applications that extend beyond the treatment of
childhood interferonopathies.
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prine, sulfasalazine), have been used to treat CRMO, with variable success. Biologic therapy, such as interleukin-6 inhibition with
tocilizumab, is usually reserved for advanced cases and represents a promising new treatment option.
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Treatment Algorithms for Systemic Sclerosis According
to Experts

Andreu Fern�andez-Codina,1 Kyle M. Walker,2 and Janet E. Pope,3 on behalf of
the Scleroderma Algorithm Group

Objective. There is a lack of agreement regarding
treatment for many aspects of systemic sclerosis (SSc).
We undertook this study to generate SSc treatment algo-
rithms endorsed by a high percentage of SSc experts.

Methods. Experts from the Scleroderma Clinical
Trials Consortium and the Canadian Scleroderma Re-
search group (n = 170) were asked whether they agreed
with SSc algorithms from 2012. Two consensus rounds
refined agreement; 62, 54, and 48 experts (36%, 32%, and
28%, respectively) completed the first, second, and third
surveys, respectively.

Results. For treatment of scleroderma renal crisis,
81% of experts agreed (first-, second-, and third-line
treatments were angiotensin-converting enzyme inhibi-
tors, then adding calcium-channel blockers [CCBs], then
adding angiotensin receptor blockers [ARBs], respec-
tively). For pulmonary arterial hypertension (PAH), 81%
of experts agreed (for mild PAH, treatments were phos-
phodiesterase 5 [PDE5] inhibitors, then endothelin re-
ceptor antagonists plus PDE5 inhibitors, then prostanoids,
respectively; for severe PAH, prostanoids were first-line
treatment). For mild Raynaud’s phenomenon (RP), 79%
of experts agreed (treatments were CCBs, then adding
PDE5 inhibitors, then ARBs or switching to another
CCB, respectively; after the third line of treatment, mild

RP was deemed severe). For severe RP, the first- through
fourth-line treatments were CCBs, then adding PDE5
inhibitors or prostanoids, then adding PDE5 inhibitors
(if not added as second-line treatment) or prostanoids (if
not added as second-line treatment), then switching to
another CCB, respectively. For active treatment of digital
ulcers, 66% of experts agreed (first- and second-line
treatments were CCBs and PDE5 inhibitors, respec-
tively). For interstitial lung disease, 69% of experts
agreed (for induction therapy, treatments were mycophe-
nolate mofetil [MMF], intravenous cyclophosphamide
[IV CYC], and rituximab, respectively; for maintenance,
first-line treatment was MMF). For skin involvement,
71% of experts agreed (for a modified Rodnan skin thick-
ness score [MRSS] of 24, first- and second-line treat-
ments were methotrexate [MTX] and MMF, respectively;
for an MRSS of 32, first- through fourth-line treatments
were MMF, MTX, IV CYC, and hematopoietic stem cell
transplantation, respectively). For inflammatory arthri-
tis, 79% of experts agreed (first- through fourth-line
treatments were MTX, low-dose glucocorticoids, hydroxy-
chloroquine, and rituximab or tocilizumab, respectively).
Algorithms for cardiac and gastrointestinal involvement
had ≥75% agreement.

Conclusion. Total agreement for SSc algorithms
was considerable. These algorithms may guide treatment.

Systemic sclerosis (SSc; scleroderma) is an
autoimmune connective tissue disease characterized by
autoantibodies, fibrosis, and microvascular injury and
endothelial cell activation that result in vascular dam-
age. Vascular injury induces both innate and acquired
immune responses, resulting in fibroblast activation and
organ fibrosis (1). SSc may target multiple organs,
including the skin, lungs, heart, vascularization, kidneys,
gastrointestinal tract, and musculoskeletal structures
(2). Mortality among scleroderma patients is significant,
with a standardized mortality ratio (SMR) of 3.5 in
studies of prevalent cases (3). This mortality may be
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increased in the early years of the disease, reaching an
SMR of 4 in a multinational inception cohort (4). In
general, treatment strategies target involved organs as
early as possible to avoid damage. Many treatment
options are available for each manifestation, but evi-
dence with respect to the order of treatment is scarce.
Current management guidelines have some gaps
regarding second-line treatment, combinations, and
proposed algorithms (5).

In 2012, several algorithms for SSc treatment were
developed by a consensus of international experts (6).
The goal was to provide a consensus for treatment options
in SSc management in usual practice. Since new therapeu-
tic advances have been developed, we intended to review
and update the previous expert-assessed algorithms.

METHODS

The surveys were conducted between August 2016 and
September 2017. A complete list of SSc experts participating in
the Scleroderma Clinical Trials Consortium (SCTC) and/or in
the Canadian Scleroderma Research Group (CSRG) was
obtained. All the participants received the first survey in 2 sepa-
rate e-mails (Figure 1). All those who answered the previous
survey were invited to complete the next one, and so on. The
collaborators who completed the 3 surveys were listed as authors

in the Scleroderma Algorithm Group. A list of Scleroderma
Algorithm Group authors is provided in Appendix A.

We designed 3 consecutive surveys using Google forms.
The first survey was based on the previous 2012 algorithms (6).
Experts were questioned on demographics (age, sex, specialty,
years of practice, practice setting, management of SSc patients,
number of SSc patients in their practice, number of SSc referrals
per year) and if they agreed (yes/no/minor modifications) with
each of the 2012 organ-based SSc treatment algorithms. In case
they did not agree, spaces for free text were provided for each
line of treatment to provide their treatment preferences. The
SSc algorithms included scleroderma renal crisis (SRC), pul-
monary arterial hypertension (PAH), Raynaud’s phenomenon
(RP), interstitial lung disease (ILD), gastrointestinal (GI)
involvement, skin involvement, and inflammatory arthritis. No
previous algorithm was available for cardiac involvement; there-
fore, each respondent stated what he or she would use as first-
line, second-line, and further treatment for various cardiac sce-
narios (such as treatment for pericardial involvement, myocar-
dial dysfunction, and conduction alterations).

The second survey provided the frequencies with which
respondents from the first survey agreed, along with suggested
modifications (represented in a modified algorithm if the number
of experts who disagreed was higher than the number of those
who agreed; otherwise, the suggested changes were reflected in a
notation to the previous algorithm). Experts were asked if they
would add the next treatment or just switch to the next treatment
for second- to fifth-line treatments depending on each algorithm.
A semiquantitative approach was used to ask questions regarding
dosing for prednisone and nifedipine (chosen as the most repre-
sentative drugs of their respective classes). The GI involvement
algorithm was completely redesigned after suggestions from the
participants to cover distinct manifestations. This new algorithm
was included in the second survey. Experts were asked to rate
their agreement, and some extra open questions were added
regarding likely modifications and use of prokinetics.

A third survey was conducted to show the likely final con-
figuration of the algorithms, open to minor modifications. Minor
modifications were made to pool different treatment options with
similar agreement rates in the same line of treatment to increase
the agreement rate among participants. Unfortunately, due to
database design issues (missing identification in the first survey),
we were unable to link the demographic information collected at
the first survey with some experts who completed the 3 surveys.

There were no definitions for each organ involved. Algo-
rithms were provided by experts asking which treatment they
would use first, then which second treatment, and so on, under
the assumption that there was no contraindication to treatment.
Grading agreement was not predetermined.

RESULTS

Percentages of experts responding to surveys.
One hundred seventy SSc experts received the survey.
Sixty-two, 54, and 48 experts completed the first, second,
and third surveys, respectively. Thirty-six percent of the
experts responded to the first survey, 87% of those who
responded to the first survey responded to the second
survey, and 89% of those who responded to the second
survey responded to the third survey. The demographic

Figure 1. Flow chart of the systemic sclerosis algorithm surveys. For
the 2012 algorithms, see ref. 6. SCTC = Scleroderma Clinical Trials
Consortium; CSRG = Canadian Scleroderma Research Group.
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and practice characteristics of the respondents are sum-
marized in Table 1. The final percentages of agreement
for the 2012 and 2017 algorithms are shown in Table 2.

SRC. The initial agreement after the first survey
was 69%. The algorithm was simplified, but no major
changes were made (Figure 2A). Eighty-one percent of
the experts agreed with this algorithm after the third
survey. It is important to mention that before every new
add-on to the treatment, the previous antihypertensive
medication should have been well tolerated and should
have had some benefit. The blood pressure (BP) goals
were 140/85 mm Hg for 39% of respondents or ≤120/80
mm Hg for 37% of respondents; only 9.3% of respon-
dents would target a higher BP (150/90 mm Hg). The
time to obtain the target BP was <24 hours for 15% of
respondents, 24–48 hours for 44%, 48 hours to 1 week
for 33%, and >1 week for 7%. Approximately half of
respondents (36 of 62) would not prescribe angiotensin-
converting enzyme (ACE) inhibitors during pregnancy.

ACE inhibitors are used for first-line SRC treat-
ment. Experts proposed adding calcium-channel blockers
(CCBs) only after first-line treatment to gain rapid con-
trol of hypertension. Regarding CCBs, initial doses of
nifedipine at 30 mg extended release once daily (37% of
respondents) or 10 mg 3 times daily (30% of respondents)
were the preferred options. Doses of 30 mg extended
release twice daily and 20 mg 3 times daily accounted for
11% and 22%, respectively, of the experts.

PAH. The original algorithm for mild PAH had a
45% acceptance rate in the first survey, while that for
severe PAH had 64% agreement. In mild PAH, phospho-
diesterase 5 (PDE5) inhibitors replaced endothelin
receptor antagonists (ERAs) as the first-line treatment
(Figure 3B). As an alternative, the initial combination of
ERAs and PDE5 inhibitors was proposed by 23% of the
experts. ERAs were second-line treatment and prosta-
noids stayed as third-line treatment. Provided that the
previous treatment was well tolerated, adding treatment
was the most common practice if the PAH target was not
achieved. In severe PAH, 27% of the experts would
advocate for the combination of ERAs and PDE5 inhibi-
tors as first-line treatment. Lung transplantation with or
without heart transplantation was incorporated as a
fourth line of treatment. Overall, after the third survey,
the final agreement rate was 81%. The use of oral anti-
coagulants in SSc patients for PAH was infrequent (6%
of experts for always, 28% for occasionally, 30% for
rarely, and 37% for never). If anticoagulation was used
for PAH, 60% would use warfarin, 7% would use direct
action anticoagulants, and 31% would use either class of
anticoagulant.

RP. Fifty-two percent of the experts agreed with
the old algorithm for mild RP, and 66% agreed with the
severe RP algorithm. After the third line of treatment,

Table 2. Comparison of agreement on treatment guidelines from
the previous report with agreement obtained in the current study*

Algorithms for SSc treatment
Agreement in
2012, %†

Agreement in
2017, %

Scleroderma renal crisis 69 81
Pulmonary arterial hypertension 45 81
Raynaud’s phenomenon 66 79
Digital ulcers 58 66
Interstitial lung disease 64 69
Gastrointestinal involvement NA 77
Skin involvement 56, 40, 36‡ 71
Inflammatory arthritis 45 79
Cardiac involvement NA 75

* Agreement is the percentage of experts who agreed to the algo-
rithm. SSc = systemic sclerosis; NA = not applicable.
† See ref. 6.
‡ For modified Rodnan skin thickness scores of 10, 24, and 32,
respectively.

Table 1. Characteristics of the respondents comparing the first and
final rounds*

First survey
(n = 62)

Third survey
(n = 32)†

Practice
Community based 2 (3) 1 (3)
University based 59 (95) 30 (94)
Other 1 (2) 1 (3)

Sex
Female 32 (52) 14 (45)
Male 30 (48) 17 (55)

Specialty
Rheumatology 55 (90) 26 (84)
Pediatric rheumatology 1 (2) 1 (3)
Internal medicine 4 (7) 3 (10)
Other 1 (2) 1 (3)

Years in practice
<5 2 (3) 0 (0)
5–10 7 (11) 5 (16)
11–15 12 (20) 6 (19)
16–20 3 (5) 2 (7)
>20 37 (61) 18 (59)

SSc patients per year
<30 2 (3) 2 (7)
31–50 5 (8) 2 (7)
51–100 18 (29) 7 (23)
101–200 10 (16) 6 (19)
201–300 12 (19) 7 (23)
301–400 9 (14) 3 (10)
>400 6 (10) 4 (13)

New SSc patients per year
<10 8 (13) 4 (13)
11–25 22 (35) 12 (39)
26–50 19 (31) 9 (29)
51–100 9 (14) 3 (10)
>100 4 (6) 3 (10)

* Values are the number (%). SSc = systemic sclerosis.
† Forty-eight experts responded to the third survey, but data for 16 of
them were not identifiable due to database design problems.

1822 FERN�ANDEZ-CODINA ET AL



mild RP was deemed severe (Figure 3C). Digital sympa-
thectomy and botulinum toxin infiltrations were included
as a fifth line of treatment, although this was more con-
troversial. Only 44% of the experts occasionally recom-
mended digital sympathectomy. Recommendations for
other potential RP treatment varied (58% of experts),
including aspirin (75% of experts), statin (29%), fluox-
etine (21%), and pentoxifylline (7%). Respondents were
asked about use of topical nitrates; 54% said they would
consider their use, mostly as topical paste (62%) applied
in the interdigital areas. The modified algorithm resulted
in 79% agreement.

Digital ulcers. Agreement with the 2012 algorithm
was 58% for digital ulcer prevention and 40% for active
treatment of digital ulcers. The prevention algorithm was
simplified without major changes (Figure 3D). The active
treatment scheme incorporated prostanoids as third-line
treatment. The final overall expert agreement increased
to 66%, although 34% suggested minor modifications.

ILD. Only 24% of the participants agreed with the
previous ILD induction therapy algorithm, while 64%
agreed with the maintenance proposal. Mycophenolate
mofetil (MMF) replaced intravenous cyclophosphamide
(IV CYC) as first-line induction therapy (Figure 3A).

Figure 2. Algorithms for the treatment of systemic sclerosis (SSc) renal crisis (A), SSc-related inflammatory arthritis (B), and SSc-related skin
involvement (C). ACEi = angiotensin-converting enzyme inhibitor; CCB = calcium-channel blocker; ARB = angiotensin receptor blocker; MTX =
methotrexate; GC = glucocorticoid; anti-TNF = anti–tumor necrosis factor; MRSS = modified Rodnan skin thickness score; MMF = mycophenolate
mofetil; IV = intravenous; HSCT = hematopoietic stem cell transplantation. * = only if the previous drug was tolerated and gave some benefit.
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Rituximab was added as the third option, and the possibility
of hematopoietic stem cell transplantation (HSCT) in
selected cases or for clinical trial referral was open for non-
responding patients. Maintenance treatment for ILD did
not show significant changes in agreement. In the final
survey, 69% of the experts agreed with the modified
algorithm.

Use of glucocorticoids (GCs) in ILD induction
therapy was not common (11% of experts would use
them always, 28% sometimes, 24% occasionally, and
37% never). Among the experts who would use GCs in
ILD induction therapy, 41% would treat with prednisone
at <7.5 mg/day, 46% at 7.5–20 mg/day, and 13% at >20
mg/day. GC treatment would be prescribed for <3
months by 42%, for 3–6 months by 33%, and for >6
months by 8%.

GI involvement. The original algorithm was rede-
signed to cover more GI manifestations. The new algo-
rithm had 77% agreement (Figure 4A). Agreement among
experts varied for first-line promotility agents (metoclo-
pramide 44%, domperidone 31%, erythromycin 15%,
octreotide 15%) and for antibiotics (metronidazole 60%,
ciprofloxacin 60%, rifaximin 35%, doxycycline 23%).

Skin involvement. Agreement rates with the
2012 algorithms for SSc skin involvement in 3 different
patient scenarios were 56% for patients with a modi-
fied Rodnan skin thickness score (MRSS) (7) of 10,
40% for those with an MRSS of 24, and 35% for those
with an MRSS of 32. The skin score scenarios were to
mimic mild, moderate, and severe skin disease activity.
The final results for first-line treatments were close
(Figure 2C), especially for an MRSS of 24 (agreement
of 52% for methotrexate [MTX] and 48% for MMF)
and an MRSS of 32 (agreement of 52% for MMF and
48% for MTX). Most of the experts would switch from
one treatment to the next. For an MRSS of 32, IV
CYC was considered third-line treatment and HSCT
was considered fourth-line treatment, while nonre-
sponding patients or those eligible for HSCT would be
candidates for a clinical trial. Agreement reached 71%.

Experts were questioned about the concomitant
use of GCs for skin treatment. Thirteen percent pre-
scribed them always, 19% sometimes, 33% occasionally,
and 35% never. Among the experts who would use GCs,
49% would suggest prednisone at <7.5 mg/day, and 51%
would suggest prednisone at 7.5–20 mg/day.

Figure 3. Algorithms for the treatment of systemic sclerosis–related interstitial lung disease (A), pulmonary arterial hypertension (B), Raynaud’s
phenomenon (RP) (C), and digital ulcers (D). Note that in some countries or regions, certain drugs (i.e., prostanoids or bosentan) may have pre-
scription restrictions or may not be available. MMF = mycophenolate mofetil; IV = intravenous; HSCT = hematopoietic stem cell transplantation;
AZA = azathioprine; NYHA = New York Heart Association; PDE5i = phosphodiesterase 5 inhibitor; ERA = endothelin receptor antagonist; CCB
= calcium-channel blocker; ARB = angiotensin receptor blocker. * = only if blood pressure is not low and previous drug was tolerated and gave
some benefit.
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Inflammatory arthritis. Forty-five percent of the
experts agreed with the initial algorithm for inflammatory
arthritis. Multiple first-line treatment options were used by
the participants, but MTX was the most commonly used
(59%), followed by hydroxychloroquine (27%). GCs might
be prescribed by 75% of the experts and nonsteroidal anti-
inflammatory drugs by 77%, if these were not contraindi-
cated or if there were no safety concerns. GCs in low doses
(54% would treat with prednisone at <7.5 mg/day and 41%
at 7.5–20 mg/day) for a short period (67% would prescribe
for <3 months, 8% for 3–6 months, and 25% for >6
months) were part of second-line treatment for inflamma-
tory arthritis. Biologic agents (rituximab and tocilizumab)
were introduced into the algorithm for fourth-line treat-
ments, and other advanced treatments for patients with
features of rheumatoid arthritis (RA) were left as fifth-
line treatments. Most participants (79%) agreed with the
algorithm (Figure 2B).

Cardiac involvement. No previous algorithm was
available. The main conditions included were symptomatic
pericardial involvement, myocarditis, ischemic cardiopa-
thy, diastolic dysfunction, and rhythm/conduction

alterations (Figure 4B). Specific expert recommendations
were made for symptomatic pericardial involvement and
myocarditis. The final agreement was 75%.

DISCUSSION

The low prevalence of SSc (8) and the limited
treatment algorithms available, especially after first-line
treatments have failed, may lead to variations in SSc man-
agement. The main causes of death among SSc patients
are PAH, ILD, cardiac involvement, and cancer (8). Most
of the treatments available are organ-based therapies that
were originally indicated for other conditions, but multiple
new drugs are currently in the pipeline (9). Treatment may
modify the natural history of SSc (10). The heterogeneous
features of SSc may make trials challenging (11). The cur-
rent guidelines for treatment of SSc are those of the Brit-
ish Society for Rheumatology (BSR) and British Health
Professionals in Rheumatology (BHPR) (12) and the
updated European League Against Rheumatism
(EULAR) recommendations (13), published in 2016 and
2017, respectively. The treatment algorithms are not

Figure 4. Algorithms for the treatment of systemic sclerosis (SSc)–related gastrointestinal (GI) involvement (A) and SSc-related cardiac involve-
ment (B). GERD = gastroesophageal reflux disease; PPI = proton-pump inhibitor; GAVE = gastric antral vascular ectasia; NSAIDs = nonsteroidal
antiinflammatory drugs; MMF = mycophenolate mofetil; MTX = methotrexate; IV = intravenous. * = only if the previous drug was tolerated and
gave some benefit.
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meant to contradict SSc or other organ-specific guidelines.
The suggestions by experts for therapy reported herein
intend to provide consensus in SSc where there is uncer-
tainty regarding therapy and to provide information about
current practice using the drugs available. Many clinical
trials do not provide treatment after first- or second-line
standard therapy has failed.

In the present study, we updated the 2012 algo-
rithms according to experience of experts in SSc. Algo-
rithms include those for SRC, PAH, RP, ILD, GI
involvement, skin involvement, inflammatory arthritis, and
cardiac involvement. In general, the agreement has
remained the same for many organ treatment algorithms,
but some, such as that for treatment of PAH, have imp-
roved. Some new trends and advances in SSc treatment
are reflected in the evolution of the algorithms. These rec-
ommendations may help clinicians in dealing with situa-
tions in which evidence supporting one treatment versus
another is weak and guidelines fall short.

The rate of response to the first survey was modest.
Most of the 62 experts who responded to the first survey
responded to the subsequent surveys. Given the similarity
of the expert panel composition between the first and third
surveys, dropouts did not seem to diminish the global
expertise. We did not define agreement rates a priori, but
we thought that they were mostly fair to good (69–82%).

Differences in practice have been described be-
tween SSc experts and general rheumatologists who occa-
sionally see SSc patients (14). Even among experienced
centers, practices vary by center size (15). Experienced
clinicians who contributed to the algorithms were mainly
at university centers, where only 15% see fewer than 50
SSc patients annually. The characteristics of the respon-
dents are comparable to those of the respondents who par-
ticipated in the 2012 study (6).

SRC algorithms did not change substantially over
time. The present algorithm is simpler because the drugs
used for both severe and mild SRC were the same and
agreement improved from 66% to 81%. No major
changes to SRC treatment have been reported since the
introduction of ACE inhibitors (16). Rapid control of BP
should be a target with the addition of other antihyperten-
sive agents to ACE inhibitors. In the present survey, CCBs
replaced angiotensin receptor blockers as the second line
of treatment (to be added to the first line). Although
ACE inhibitors may increase the risk of fetal malforma-
tions in pregnancy, 40% of the experts would keep using
them if a patient had previous SRC due to the chance of
recurrence with discontinuation of ACE inhibitors. Con-
sensus might be improved if there was universal access to
drugs and if the experts had a face-to-face meeting to fur-
ther discuss points of view where differences exist.

PAH treatment algorithms have evolved since the
2012 study. Previously, after monotherapy failed, a combi-
nation of drugs was accepted for severe PAH (9). In 2017,
the AMBITION study, a phase III/IV double-blind ran-
domized clinical trial that evaluated the use of combined
ambrisentan and tadalafil as an initial treatment for class
II/III PAH (including SSc patients), demonstrated more
improvement in the combination arm (17). This combina-
tion (or other combinations of ERAs and PDE5 inhibi-
tors) could potentially replace prostanoids as the first
option in severe PAH. Riociguat, a guanylate cyclase stim-
ulator, has been approved to treat PAH and connective
tissue disease–related PAH (18). Only a minority of
experts recommended riociguat (possibly due to incom-
plete access to the drug and less experience with it), but
its use may increase in the future. Finally, lung transplan-
tation (occasionally along with heart transplantation),
which appears to be a valid treatment option for selected
patients with end-stage PAH or ILD (19), was included as
a fourth-line treatment for severe ILD.

Treatment for RP has remained without major
changes. Ancillary treatments for RP may be introduced
along with the treatments in the algorithms. An important
consideration is that side effects are fewer and financial
costs are lower in comparison with more advanced treat-
ments like PDE5 inhibitors or prostanoids.

Prevention of digital ulcers was simplified in com-
parison with the previous algorithm. Macitentan was not
effective in preventing digital ulcers (20), so only bosentan
was included in the algorithm. Regarding active treatment
of digital ulcers, prostanoids were third-line treatment,
although a meta-analysis only showed a trend toward sig-
nificance in digital ulcer healing with IV iloprost (21).
Use of prostanoids to treat digital ulcers also appears in
SSc guidelines (12,13).

Management of ILD induction therapy has
changed considerably. After the Scleroderma Lung Studies
(SLS 1 and SLS 2) (22), experts have changed their first-
line preference from CYC to MMF. Oral CYC was used in
the SLS studies, but the majority of experts said that if they
used CYC, it would be mostly IV. There are more adverse
events with oral CYC than with IV CYC. Some experts
suggested the use of oral CYC either if IV CYC was not
feasible or due to the severity of the disease. The use of
rituximab as a rescue therapy is also increasing, with some
observational data supporting its effectiveness in this con-
text (23). Tocilizumab was only occasionally suggested, and
this could be due to results of a phase III trial not yet being
available along with a lack of experience and access cur-
rently in routine practice (24). The fourth line of treatment
may include referral for ongoing clinical trials and HSCT
for selected patients (25). Experts may have less experience
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with this last option due to high treatment-related morbid-
ity, requirement of specialized teams, and uncertain bene-
fits for ILD. Some experts (60%) may prescribe GCs to
patients with ILD (possibly those with fast-progressing lung
fibrosis), using moderate-to-low doses often for <6 months.

Multiple treatments for GI involvement were
used by experts in their daily practice for dysmotility/gas-
troesophageal reflux disease and bacterial overgrowth.
Randomized clinical trial data are lacking for the best
treatment approach in SSc for various GI complications.

The use of GCs among experts was not high in our
study; however, they have been used more frequently in
some trials (22). Experts incorporated MMF (as first-line
treatment) and IV CYC (as third-line treatment) to treat
SSc patients with high MRSS scores. There is weak evi-
dence favoring the use of immunosuppression in early dif-
fuse cutaneous SSc (dcSSc) (26). Experts have incorporated
the possibility of performing HSCT (25). In skin involve-
ment, randomized clinical trials show a clear benefit of
HSCT versus IV CYC, but it is only a later line of treatment
due to its risks (27). Recruitment for clinical trials may be
an option given the lack of consistently effective treatment
in early dcSSc.

Treatment for inflammatory arthritis was similar
to treatment for RA, such as disease-modifying antirheu-
matic drugs, low-dose GCs, and biologic agents, as sug-
gested in the BSR and BHPR guideline (12). Advanced
treatments like tocilizumab, abatacept, and rituximab
might have a role for refractory arthritis or patients with
overlapping RA (28).

There is no randomized clinical trial evidence for
treatment of cardiac involvement in SSc. Many cardiac
manifestations, such as congestive heart failure, are
treated similarly to other causes of heart failure. Peri-
carditis and myocarditis in SSc seemed to be treated by
experts as inflammatory complications. Small pericardial
effusions often accompany other serious organ involve-
ment such as SRC or PAH, and in these cases they are
usually not inflammatory and not treated, but they may be
a poor prognostic marker (due to the other organs involved).

Expert practices may differ in the treatment
options available according to geographic and socioeco-
nomic restrictions. There was a predominance of North
American (n = 27) and European (n = 17) experts, reflect-
ing the composition of the SCTC and CSRG. The initial
response rate was 36% in those surveyed, but it may be
that 62 SSc experts provide enough variation in opinions
with respect to treatment. However, we don’t know if
results would differ if the response rate was higher. After
the first questionnaire, those who responded were invited
to participate further in the study and their retention was
good. Moreover, experts in respirology, cardiology,

gastroenterology, nephrology, or other specialties were
not consulted. The treatments reported are what are cur-
rently being prescribed for SSc patients, and they may or
may not reflect what is being prescribed by other special-
ists. A limitation is that some treatment is based on expert
opinion. For instance, the use of CCBs as first-line treat-
ment for digital ulcers differs from the EULAR recom-
mendations (13). Delphi exercises can get close to
consensus, but total agreement is not likely.

A strength of our study is that there was a large
sample of experts reflecting a broad range of opinions,
and agreement was still frequently high. These algorithms
may be superseded by specific situations such as drug
intolerance, treatment failure, drug access, and clinical
judgment, so they can serve as a guide to treatment in
SSc. The latest PAH guidelines make some recommenda-
tions that are not immediately available for most of the
regional health care systems due to financial and approval
issues. It is possible that treatment recommendations for
PAH (such as ambrisentan, selexipag, and riociguat) have
not yet been incorporated for all patients.

In conclusion, we have updated our previous
algorithms for treatment of SSc, reaching a higher level of
overall agreement and providing therapeutic options for
real-world situations, especially where high-quality evidence
is not available.
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Smoking in Systemic Sclerosis: A Longitudinal European Scleroderma Trials and
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Objective. Data on the role of tobacco exposure in
systemic sclerosis (SSc; scleroderma) severity and progres-
sion are scarce. We aimed to assess the effects of smoking
on the evolution of pulmonary and skin manifestations,
based on the European Scleroderma Trials and Research
group database.

Methods. Adult SSc patients with data on smoking
history and a 12–24-month follow-up visit were included.
Associations of severity and progression of organ involve-
ment with smoking history and the Comprehensive
Smoking Index were assessed using multivariable regres-
sion analyses.

Results. A total of 3,319 patients were included
(mean age 57 years, 85% female); 66% were never smok-
ers, 23% were ex-smokers, and 11% were current smokers.
Current smokers had a lower percentage of antitopoiso-
merase autoantibodies than previous or never smokers
(31% versus 40% and 45%, respectively). Never smokers
had a higher baseline forced expiratory volume in 1 sec-
ond/forced vital capacity (FEV1/FVC) ratio than previous
and current smokers (P < 0.001). The FEV1/FVC ratio
declined faster in current smokers than in never smokers
(P = 0.05) or ex-smokers (P = 0.01). The baseline modified

Rodnan skin thickness score (MRSS) and the MRSS
decline were comparable across smoking groups. Although
heavy smoking (>25 pack-years) increased the odds of dig-
ital ulcers by almost 50%, there was no robust adverse
association of smoking with digital ulcer development.

Conclusion. The known adverse effect of smoking
on bronchial airways and alveoli is also observed in SSc
patients; however, robust adverse effects of smoking on
the progression of SSc-specific pulmonary or cutaneous
manifestations were not observed.

Systemic sclerosis (SSc; scleroderma) is a rare, mul-
tisystem autoimmune disorder (1). Hypoxia and oxidative
stress have been implicated in the pathophysiology of its
generalized microangiopathy and fibrosis (1). Although
smoking does not appear to confer a risk for SSc develop-
ment (2), it has vasoconstrictive effects and increases free-
radical exposure, and together with other proinflammatory
and immunomodulatory effects may exacerbate SSc mani-
festations (3). Data on the role of tobacco exposure with
regard to the severity of SSc organ manifestations and pro-
gression are, however, scarce, and at times contradictory
(4). A Canadian cohort study of 606 patients, for example,
demonstrated an increased frequency of digital ulcers
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(DUs) in smokers (4), whereas a study of 172 Australian
patients showed no association of smoking history with
vascular characteristics (5).

Larger studies and robust data assessing the possi-
ble effect of smoking on SSc presentation and, impor-
tantly, SSc progression are lacking. We therefore assessed
the association of tobacco exposure with the prevalence
and evolution of SSc organ manifestations.

PATIENTS AND METHODS

This study was performed using data from the multina-
tional, longitudinal European Scleroderma Trials and Research
(EUSTAR) database (6) (see Appendix A for a list of the
EUSTAR coauthors). Each center obtained local ethics committee
approval, and each patient provided written informed consent.
Data collection started in 2004. The smoking module, however,
was introduced to the database in 2013; therefore, smoking data
were only collected from that date onward. Data for this study
were exported in May 2017.

Patients were included if they were older than age 18
years, fulfilled the 1980 American College of Rheumatology
(ACR) or the 2013 ACR/European League Against Rheumatism
criteria for SSc (7,8), and if their smoking status was known.
Additionally, patients were required to have a follow-up visit 12–
24 months after baseline. Information about the core data col-
lected in the EUSTAR database can be found elsewhere (6). The
EUSTAR database smoking module collects patient-reported
smoking status (never/previous/current smoker), the number of
pack-years, and the smoking start and cessation dates.

We assessed the influence of smoking behavior on several
disease parameters: forced expiratory volume in 1 second/forced
vital capacity ratio (FEV1/FVC), FVC, single-breath diffusing
capacity for monoxide (DLCO), systolic pulmonary arterial pres-
sure (PAP) as estimated by echocardiography, modified Rodnan
skin thickness score (MRSS) (9), and DUs. Further information
about outcome measures, as well as variables describing the study
population, can be found in Supplementary Table 1 (available on
the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40557/abstract). Outcome progression was
downscaled to “rate of change per 12 months,” unless otherwise
stated.

Statistical analysis. Frequencies/percentages or means
� SDs were calculated; groups were compared using chi-square
test/Fisher’s exact test or t-test/analysis of variance. Multiple lin-
ear and logistic regression analyses were applied to adjust out-
come/exposure associations with a priori–defined potential
confounding factors (age, sex, time since the onset of Raynaud’s
phenomenon [RP], time since the first non-RP manifestation,
antibody status, and skin involvement). As the SSc-specific anti-
bodies might be on the causal pathway between smoking and
SSc organ involvement, we additionally analyzed the data with-
out adjustment for antibody status. These results can be found
in Supplementary Tables 2–4 (available on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40557/abstract).

Three smoking metrics were modeled separately: model 1:
never/previous/current smoking; model 2: smoking intensity (pack-
years, where never smokers = 0 pack-years, light smokers = 0–10

pack-years, medium smokers = 10–25 pack-years, and heavy smok-
ers = >25 pack-years); and model 3: Comprehensive Smoking
Index (CSI). The CSI is an index incorporating smoking duration,
time since cessation, and smoking intensity into a single variable
(10,11). The CSI depends on 2 parameters that are estimated for
each outcome separately: the half-life (i.e., the rate at which the
smoking’s impact decays over time) and the lag-time (i.e., the delay
between smoking and its impact). Never smokers have a CSI score
of 0, and higher CSI values indicate more smoking. The CSI values
are estimated separately for each outcome variable; therefore, the
CSIs, including their ranges, are different for each outcome vari-
able. The results from the CSI regression analyses should be inter-
preted in the following way: the beta values represent the additive
increase or decrease in the outcome variable per unit increase in
the CSI. The odds ratio (OR) values represent the increase in odds
for the presence of the outcome variable per unit CSI increase.
OR values greater than 1 indicate that increased smoking increases
the likelihood of occurrence of the outcome.

Missing data were imputed using multiple imputation
with chained equations (12). The regression analyses shown in
this report are all based on imputed data; the results based on a
complete case analysis are represented in Supplementary Table 5
(available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40557/abstract). Analyses
were performed with Stata/IC15.1.

RESULTS

Patient and smoking characteristics. Of the 12,912
adult SSc patients within the EUSTAR database, 6,179
patients (48%) had no smoking data available, and a total
of 3,414 patients (26%) had no follow-up visit in the
required time frame. Therefore, 3,319 patients (26%) ful-
filled the inclusion criteria (see Supplementary Figure 1,
available at http://onlinelibrary.wiley.com/doi/10.1002/art.
40557/abstract). The demographic and disease characteris-
tics of the included and excluded patients were clinically
similar (see Supplementary Table 6, available at http://
onlinelibrary.wiley.com/doi/10.1002/art.40557/abstract).
Follow-up visits occurred a mean � SD of 1.4 � 0.33
years after baseline. The mean age of the patients was
57 years, and 85% were female. Demographic and
disease characteristics are shown in Table 1.

A total of 66% of the patients were never smokers,
23% were ex-smokers, and 11% were current smokers;
13% of the current smokers (1.5% of patients) stopped
smoking during the observation time, an average of 9
months after the baseline visit. The ex-smokers had smoked
a mean � SD of 18 � 21 pack-years during a period of 19
� 12 years and ceased smoking 15 � 13 years previously. A
total of 49% of the ex-smokers had ceased smoking before
RP onset, and 58% had quit before the onset of the first
non-RP manifestation. The current smokers had smoked
a mean � SD of 27 � 30 pack-years during a period of
30� 13 years.
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As patients with interstitial lung disease (ILD)
might be more likely to cease smoking than patients with-
out ILD, there might be a higher percentage of ILD
patients in the previous smoker group, which could possi-
bly lead to worse trajectories in lung function measures.
Therefore, in addition to analyzing the entire study popu-
lation, we analyzed the progression of lung function mea-
sures separately for patients with ILD on high-
resolution computed tomography (HRCT) and patients
without ILD on HRCT. Among all patients, 49% had
signs of ILD on HRCT. The smoking behavior patterns

were similar in patients with ILD and in patients without
ILD; 68% of patients in both groups were never smokers,
23% of patients with and 20% of patients without ILD
were previous smokers, and 9% of patients with and 12%
of patients without ILD were current smokers (P = 0.06).

FEV1/FVC ratio. Never smokers had a significantly
higher baseline FEV1/FVC ratio than previous and current
smokers (Table 1). These differences in baseline FEV1/
FVC ratio were seen in all 3 smoking models (Figure 1,
Table 2, and Supplementary Table 7, available at http://
onlinelibrary.wiley.com/doi/10.1002/art.40557/abstract). As

Table 1. Baseline demographic and disease characteristics of the patients, and outcome measures by smoking status*

Characteristic No.†
Never smokers
(n = 2,205)

Ex-smokers
(n = 752)

Current smokers
(n = 362) P

Age, years 3,319 57.5 � 14.1 57.2 � 12.1 52.5 � 11.2 <0.001
Male sex, % 3,319 8 27 29 <0.001
Disease characteristics
Time since RP onset, years 3,286 14.9 � 11.7 13.4 � 11.3 13.3 � 11.8 0.001
Time since first non-RP manifestation, years 2,988 11.7 � 8.8 10.5 � 8.7 8.9 � 7.8 <0.001
Skin involvement, % <0.001
Sine 3,106 7 8 15
Limited 64 62 58
Diffuse 29 30 27

MRSS 2,949 7.7 � 7.4 7.8 � 7.9 6.9 � 7.3 0.14
Follow-up MRSS 2,839 7.4 � 7.2 7.2 � 7.1 6.9 � 6.9 0.40
Change in MRSS 2,684 �0.3 � 3.4 �0.6 � 4.0 �0.2 � 3.3 0.12
Esophageal symptoms, % 3,275 60 66 58 0.010
Stomach symptoms, % 3,241 23 23 21 0.68
Intestinal symptoms, % 3,250 27 30 29 0.24
Dyspnea NYHA functional class, % 33 34 31 0.001
I 3,114 57 54 63
II 33 34 31
III 9 10 5
IV 1 2 1

Digital ulcers, current, % 3,125 14 14 16 0.7
Digital ulcers, ever, % 3,125 46 48 45 0.56
% LVEF 2,448 62.3 � 6.1 61.7 � 6.3 63.0 � 5.8 0.015
FEV1/FVC ratio 2,256 97.5 � 13.5 95.4 � 15.2 92.8 � 15.0 <0.001
Follow-up FEV1/FVC ratio‡ 1,988 97.1 � 12.0 95.4 � 14.5 90.5 � 12.7 <0.001
Change in FEV1/FVC ratio§ 1,656 �0.3 � 10.1 0.4 � 9.4 �1.6 � 7.7 0.065
FVC, % of predicted 2,720 96.1 � 22.0 96.7 � 21.3 98.3 � 19.7 0.25
Follow-up FVC, % of predicted‡ 2,435 95.5 � 22.8 96.3 � 22.5 99.3 � 18.8 0.037
Change in FVC, % of predicted§ 2,166 �0.6 � 8.5 �0.4 � 7.7 0.1 � 9.4 0.45
Single-breath DLCO, % of predicted 2,583 69.8 � 19.6 66.4 � 20.4 67.1 � 17.8 <0.001
Single-breath follow-up DLCO, % of predicted‡ 2,253 67.5 � 20.0 65.6 � 20.0 64.4 � 18.1 0.021
Single-breath change in DLCO, % of predicted§ 1,977 �2.0 � 9.1 �1.7 � 9.2 �2.0 � 7.8 0.86
Systolic PAP, mm Hg 2,317 28.8 � 16.9 26.0 � 1.0 24.3 � 12.5 <0.001
Follow-up systolic PAP, mm Hg‡ 2,055 29.2 � 13.6 28.5 � 14.1 24.7 � 11.6 <0.001
Change in systolic PAP, mm Hg§ 1,706 0.6 � 10.5 1.6 � 8.5 0.2 � 8.1 0.18

Laboratory parameters, % <0.001
ACA positive 2,508 47 47 61
Scl-70 positive 45 40 31
RNAP-III positive 3 6 6
ESR, mm/hour 2,795 22.8 � 18.4 18.9 � 16.7 18.0 � 14.5 <0.001

* Except where indicated otherwise, values are the mean � SD. RP = Raynaud’s phenomenon; MRSS = modified Rodnan skin thickness score;
NYHA = New York Heart Association; LVEF = left ventricular ejection fraction; FEV1/FVC = forced expiratory volume in 1 second/forced vital
capacity; DLCO = diffusing capacity for carbon monoxide; PAP = pulmonary artery pressure as estimated by echocardiography; ACA = anticentromere
antibody; RNAP III = RNA polymerase III; ESR = erythrocyte sedimentation rate.
† Number of patients with available information for each variable.
‡ Based on the follow-up visit, not the 12 months’ projection.
§ The changes in outcomes are shown downscaled to “per 12 month.”
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can be seen in Table 2, patients had a 2.7-unit lower FEV1/
FVC ratio per unit increase in the CSI. Medium and heavy
smokers had lower baseline FEV1/FVC ratios than never
smokers and light smokers (all P < 0.001) (see Supplemen-
tary Table 7, available at http://onlinelibrary.wiley.com/
doi/10.1002/art.40557/abstract). In univariable analysis, the
FEV1/FVC ratio declined similarly across smoking groups
(P = 0.065); however, in multivariable analysis, the FEV1/
FVC ratio declined faster in current smokers (Figure 1).
This result was also observed when stratifying the study pop-
ulation into ILD and non-ILD patients (data not shown).

FVC. There was no significant difference in baseline
FVC or in the FVC change between the 3 smoking groups
(Table 1). This lack of a robust effect of smoking on the
baseline FVC and on the FVC change was also observed in
all 3 multivariable models (see Figure 1, Table 2, and Sup-
plementary Table 7, available at http://onlinelibrary.wiley.
com/doi/10.1002/art.40557/abstract). This lack was also ob-
served when assessing the FVC changes separately for ILD
and non-ILD patients (data not shown).

Single-breath DLco. Smokers had lower baseline
single-breath DLCO levels than never smokers (P <
0.001) (Table 1), and smoking was associated with low
baseline single-breath DLCO in all 3 models. Single-
breath DLCO declined similarly across all 3 smoking

behavior groups in univariable analysis (Table 1) and
multivariable analysis (see Figure 1, Table 2, and Sup-
plementary Table 7, available at http://onlinelibrary.
wiley.com/doi/10.1002/art.40557/abstract). These results
were also seen when ILD and non-ILD patients were
assessed separately (data not shown).

Systolic PAP. The average baseline systolic PAP was
slightly higher in never smokers than in current or ex-smok-
ers (Table 1). These differences stayed apparent, but to a
lesser extent, not only in multivariable assessment of the
smoking groups, but also when evaluating smoking intensity
and the CSI. The systolic PAP increased similarly in the
groups in univariable analysis (Table 1) and multivariable
analysis (see Figure 1, Table 2, and Supplementary Table 7,
available at http://onlinelibrary.wiley.com/doi/10.1002/art.40557/
abstract).

Skin involvement. Regardless of the smoking matri-
ces used, no association was evident between the severity
of skin fibrosis and the smoking history. SSc sine sclero-
derma, however, was twice as prevalent in current as in ex-
or never smokers (Table 1). In all smoking models, no
clinically significant difference in MRSS evolution was
observed (see Figure 1, Tables 1 and 2, and Supplementary
Table 7, available at http://onlinelibrary.wiley.com/doi/10.
1002/art.40557/abstract).

Figure 1. Regression analysis comparing outcomes by smoking status adjusted for age, sex, time since the onset of Raynaud’s phenomenon (RP), time
since the first non-RP manifestation, antibody status, and extent of skin involvement. A, Multiple-adjusted baseline levels of the outcome measures
and corresponding 95% confidence intervals (95% CIs). B, Multiple-adjusted change rates and corresponding 95% CIs in the outcome measures
between baseline and the projected 12-month follow-up. Symbols represent never smokers (light gray), ex-smokers (dark gray), and current smokers
(black). FEV1/FVC = forced expiratory volume in 1 second/forced vital capacity; DLCO/sb = single-breath diffusing capacity for carbon monoxide;
PAPsys = systolic pulmonary artery pressure as estimated by echocardiography (mm Hg); MRSS = modified Rodnan skin thickness score.
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DUs. The prevalence of DUs was comparable in the
smoking behavior groups (Table 1). However, heavy smok-
ers had a greater likelihood of DUs than never smokers in
multivariable analysis (OR 1.6, P = 0.02) (see Supplemen-
tary Table 7, available at http://onlinelibrary.wiley.com/doi/
10.1002/art.40557/abstract). Also, a higher CSI was associ-
ated with the presence of DUs at baseline (OR 1.2, P =
0.002), i.e., for a 1-unit increase in CSI, the odds of having
DUs at baseline increased by a factor of 1.19 (Table 2).

In the subgroup of DU-naive patients at baseline,
14% of never smokers developed new DUs between the 2
visits, compared to 16% ex-smokers and 8% current smok-
ers (P = 0.05). Ex-smokers had comparable odds than never
smokers to develop DUs between the 2 visits (OR 1.1, P =
0.7); current smokers developed DUs less often than never
smoking patients (OR 0.5, P = 0.031). The smoking intensity
was not associated with incident DUs during the observa-
tion period (see Supplementary Table 7, available at http://
onlinelibrary.wiley.com/doi/10.1002/art.40557/abstract).

DISCUSSION

Our study is by far the largest to prospectively
investigate the effect of smoking on SSc outcomes. Smok-
ing was common in our patients; however, it was less com-
mon than in Anglo-Saxon cohorts and also much lower
than the European average of ~28% (4,5,13).

The EUSTAR cohort replicated the known adverse
effect of smoking on bronchial airways in terms of a
decline in FEV1/FVC and DLCO. Given the absence of dis-
cernible adverse effects of smoking on systolic PAP, the
effect of smoking on diffusion capacity may reflect emphy-
sema rather than precapillary pulmonary vasculopathy.
Adverse effects of smoking on pulmonary airway obstruc-
tion and diffusing capacity were also seen in 2 cohorts of
137 SSc patients (14) and 19 smokers (15). In accordance
with findings in one of these cohorts (14), but in contrast
to the second study (15), we found no association between
lung compliance (FVC) and smoking status.

This investigation also demonstrated no robust effect
of smoking on DU prevalence and incidence when assessing
the smoking behavior itself or the smoking intensity, which is
similar to the findings in 2 smaller studies (16,17). We even
found a negative association between tobacco exposure and
incident DUs during the follow-up in a subgroup of DU-
naive patients (OR 0.5). This effect could not be explained
by differences in immunosuppressive and vasoactive medica-
tion (data not shown). However, when we assessed smoking
using the CSI, we did find an association of smoking with
DU prevalence, which is similar to the results in another,
although quite smaller, study also using the CSI (4). This dif-
ference could partially arise due to a “healthy smoker
effect,” although this bias has partly been accounted for by
the CSI (18). Given these results, it is difficult to draw robust
conclusions on the effect of smoking onDUs.

In our study, smokers had a lower prevalence of
Scl-70 autoantibodies than previous and never smokers.
This imbalance in autoantibody status is also in accor-
dance with that found in another study, in which Scl-70–
positive patients were more likely to be never smokers
than ever smokers (2), raising the possibility of an
etiopathologic link between smoking and Scl-70 positivity.
The question, however, is whether this imbalance is partly
due to a link, maybe a causal one, between smoking and
autoantibody status, or whether it is partly explained by a
“healthy smoker effect,” especially as the prevalence of
Scl-70 positivity in previous smokers is more comparable
to that in never smokers than in current smokers.

Like all registry-based studies, the EUSTAR
cohort has limitations. We had no means of verifying
the smoking information provided by the patients; how-
ever, we were able to demonstrate known adverse

Table 2. Regression analysis comparing outcomes at baseline and
progression of outcomes according to the CSI*

Outcome
CSI, mean
(range)†

CSI

b‡ 95% CI P

Baseline
FEV1/FVC ratio 0.45 (0–4.09) �2.71 �3.46, �1.97 <0.001
FVC 0.34 (0–5.12) 0.41 �0.39, 1.22 0.32
Single-breath
DLCO

0.27 (0–2.94) �4.38 �5.89, �2.88 <0.001

Systolic PAP 0.23 (0–2.61) �2.08 �3.57, �0.58 0.006
MRSS 0.40 (0–7.05) 0.20 �0.03, 0.43 0.088
DU current 0.35 (0–7.94) 1.19§ 1.07, 1.32 0.002

Follow-up–
FEV1/FVC ratio 0.33 (0–6.69) �0.45 �0.93, 0.02 0.059
FVC 0.46 (0–6.36) 0.32 �0.01, 0.66 0.059
Single-breath
DLCO

0.43 (0–4.02) 0.37 �0.16, 0.90 0.17

Systolic PAP 0.35 (0–6.19) �0.21 �0.76, 0.34 0.45
MRSS 0.43 (0–6.36) �0.16 �0.29, �0.02 0.021
New DU
between visits

0.30 (0–8.37) 0.83§ 0.68, 1.00 0.056

* Comprehensive Smoking Index (CSI) scores were adjusted for age, sex,
time since the onset of Raynaud’s phenomenon (RP), time since the first
non-RP manifestation, antibody status, and extent of skin involvement.
95% CI = 95% confidence interval; FEV1/FVC = forced expiratory vol-
ume in 1 second/forced vital capacity; DLCO = diffusing capacity for car-
bon monoxide; PAP = pulmonary artery pressure as estimated by
echocardiography; MRSS =modified Rodnan skin thickness score.
† Illustrates each outcome’s CSI score based on the imputed data set.
Higher CSI scores indicate more smoking; never smokers have a CSI
score of 0.
‡ Beta values represent the additive increase or decrease in the out-
come variable per unit increase in the CSI.
§ Value shown is the odds ratio (OR) for current digital ulcer (DU)
and new DU between visits in the DU-naive population and repre-
sents the increase in odds for the presence of the outcome variable
per unit CSI increase. OR values >1 indicate that increased smoking
increases the likelihood of occurrence of the outcome.
– Assessed the projected change per 12 months of the outcomes.
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effects of smoking on airway obstruction, suggesting
that the information provided by the patients was not
random and that our study was powered to detect
meaningful changes in other parameters.

By requiring the study population to have a follow-
up visit, there is a possibility that we excluded sicker
patients, i.e., that we introduced a selection bias for health-
ier patients. However, at baseline the patients who were
excluded due to the absence of a follow-up visit within the
required time frame exhibited similar clinical characteristics
as the included patients (see Supplementary Table 6, avail-
able on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40557/abstract), which
provides evidence against a major selection bias.

In conclusion, our study demonstrates an adverse
effect of smoking on pulmonary airways, but no effects on
SSc-specific pulmonary and cutaneous involvement. These
data provide evidence against a major role of tobacco-asso-
ciated free radicals and vasoconstrictory and immunomodu-
latory effects in the pathogenesis of SSc vasculopathy and
fibrosis.
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Correlation of Lyme Disease–Associated IgG4 Autoantibodies
With Synovial Pathology in Antibiotic-Refractory Lyme Arthritis

Katherine B. Sulka, Klemen Strle, Jameson T. Crowley, Robert B. Lochhead,
Robert Anthony, and Allen C. Steere

Objective. To determine whether IgG subclasses
of Borrelia burgdorferi antibodies differ from those of 3
Lyme disease (LD)–associated autoantibodies.

Methods. IgG antibody subclasses were deter-
mined by enzyme-linked immunosorbent assay in serum
samples from 215 patients with features representative
of each of the 3 stages of LD. Antibody and cytokine pro-
files were measured in matched serum and synovial fluid
(SF) samples from patients with Lyme arthritis. Synovial
tissue from patients with antibiotic-refractory arthri-
tis was examined for histologic features, IgG subclasses
of plasma cells, and messenger RNA (mRNA) subclass
expression.

Results. B burgdorferi antibodies were primarily
of the IgG1 and IgG3 subclasses, and the levels increased
as the infection progressed. In contrast, LD-associated
autoantibodies were mainly of the IgG2 and IgG4 sub-
classes, and these responses were found primarily in
patients with either antibiotic-refractory or antibiotic-
responsive arthritis, particularly in SF. However, com-
pared with the responsive group, the inflammatory
milieu in SF in the refractory group was enriched for

cytokines representative of innate, Th1, Th2, and Th17
responses. Synovial tissue in a subgroup of patients with
refractory arthritis showed marked expression of mRNA
for IgG4 antibodies and large numbers of IgG4-staining
plasma cells. IgG4 autoantibodies in SF to each of the 3
LD-associated autoantigens correlated with the magni-
tude of obliterative microvascular lesions and fibrosis in
the tissue.

Conclusion. Our findings indicate that the sub-
classes of IgG antibodies to B burgdorferi differ from
those of LD-associated autoantibodies. Furthermore, the
correlation of IgG4 autoantibodies with specific synovial
pathology in the refractory group suggests a role for
these autoantibodies, either protective or pathologic, in
antibiotic-refractory Lyme arthritis.

Lyme disease (LD), which is caused by the tick-
transmitted spirochete Borrelia burgdorferi, usually begins
with an expanding skin lesion, erythema migrans (stage
1) (1). Weeks later, patients who do not receive antibiotic
therapy may develop neurologic involvement or carditis
(stage 2), and months later, untreated patients commonly
have Lyme arthritis (stage 3). Patients with each manifes-
tation of the illness usually respond to appropriate antibi-
otic therapy (2), but postinfectious syndromes may delay
recovery (3). For example, a small percentage of patients
with Lyme arthritis have persistent synovitis for months
or several years despite spirochetal killing with 2–3
months of oral and intravenous (IV) antibiotics, called
postinfectious, antibiotic-refractory Lyme arthritis (4).

As the infection progresses, IgG antibody re-
sponses to B burgdorferi expand gradually to an increasing
array of spirochetal proteins (5), and these responses are
important in the control of this large, extracellular patho-
gen (3,6). In addition, we have identified 4 autoantigens,
endothelial cell growth factor (ECGF), matrix metallo-
proteinase 10 (MMP-10), apolipoprotein B-100 (Apo
B-100), and annexin A2, that are targets of T and B cell
responses in LD, particularly in antibiotic-refractory
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Lyme arthritis (7–10). IgG autoantibodies to annexin A2
may be found in several rheumatic diseases (11), but the
other 3 autoantibodies (called here LD-associated autoan-
tibodies) are found primarily or exclusively in LD. In this
study, we focused on the 3 LD-specific autoantibodies.

IgG antibodies are separated into 4 subclasses
(IgG1–4) (12). IgG1 is the most common subclass, and
in healthy individuals, it accounts for ~60% of IgG anti-
bodies in serum. IgG4 is the least abundant subclass,
accounting for only 5% of serum IgG antibodies (13).
IgG1 and IgG3 antibodies, which engage Fcc receptors,
fix complement, and promote opsonization, are generally
activating antibodies (14,15), and IgG3 antibodies are
especially potent inducers of antibody-dependent cell
cytotoxicity (16). In contrast, IgG2 and IgG4 antibodies
often have noninflammatory effects (15,17). Previous
investigators have reported that antibodies to B burgdorferi
were primarily of the IgG1 and IgG3 subclasses (18,19),
the levels of IgG2 B burgdorferi antibodies were generally
low, and IgG4 antibody levels were below the level of
detection (19). However, the antibody subclasses of
LD-associated autoantibodies were not yet known.

Herein, we characterized the IgG subclasses of
antibodies to B burgdorferi and 3 LD-associated autoanti-
gens in each of the 3 stages of LD. We found that B
burgdorferi antibodies were primarily of the IgG1 and IgG3
subclasses, as reported previously (18,19), whereas the
LD-associated autoantibodies were primarily of the IgG2
and IgG4 subclasses. Moreover, in postinfectious antibi-
otic-refractory Lyme arthritis, IgG4 autoantibodies to each
autoantigen, measured in synovial fluid (SF), correlated
directly with the magnitude of obliterative microvascular
lesions and fibrosis in synovial tissue, suggesting a role for
these autoantibodies in disease pathogenesis.

PATIENTS AND METHODS

Study patients. Serum samples, collected from 1988
through 2016, from 215 patients who had manifestations that
were representative of each of the 3 stages of LD were analyzed.
SF from 47 of the 137 patients with Lyme arthritis was available
for testing. All patients with LD met the Centers for Disease
Control and Prevention criteria (20). For comparison, serum
samples were obtained from 16 healthy control subjects and 9
blood bank donors. The Human Investigation Committees at
Tufts Medical Center (1988 and 2002) and Massachusetts
General Hospital (MGH) (2002–2016) approved the study, titled
“Immunity in Lyme Disease,” and all patients (including parents
of patients ages 12–18) provided written informed consent.

Enzyme-linked immunosorbent assay (ELISA) for anti-
bodies to B burgdorferi or LD-associated autoantigens. All
antibody responses were determined by ELISA. B burgdorferi
sonicate (strain G39/40) (5 lg/ml) or recombinant human
MMP-10 (R&D Systems), human Apo B-100 (Millipore), or
ECGF (R&D Systems) (in each instance, 2.5 lg/ml) diluted in

carbonate coating buffer was added to Immulon 1B ELISA
plates (Thermo Scientific), and incubated overnight at 4°C.
After washing with phosphate buffered saline (PBS) with 0.05%
Tween 20 between each step, the plates were incubated with 3%
bovine serum albumin (Sigma-Aldrich) in PBS blocking buffer,
followed by incubation with patient serum or SF samples
(1:100), in each instance for 1 hour on an orbital shaker (200 rev-
olutions per minute). The secondary antibodies were horseradish
peroxidase–conjugated mouse anti-human IgG1, IgG2, IgG3, or
IgG4 Fc antibodies (Life Sciences), which were incubated for 2
hours on a shaker, followed by incubation with tetramethylben-
zidine substrate (BD Biosciences). For interplate standardiza-
tion, 1 positive patient control and 2 negative controls were
included on each plate. A positive antibody response was defined
as >3 SD above the mean value in healthy control subjects.

Cytokine analyses. The levels of 14 cytokines and che-
mokines associated with innate immune response (interleukin-6
[IL-6], IL-8, IL-10, and tumor necrosis factor [TNF]), adaptive
Th1 immune response (interferon-c [IFNc], CXCL10, and
IL-12p40), Th2 immune response (IL-4, IL-5, and IL-13), or
Th17 immune response (IL-17A, IL-17F, IL-23, and IL-27)
were assessed in serum or SF samples from patients with Lyme
arthritis using bead-based Luminex multiplex assays (EMD Mil-
lipore). Because sample volumes were limited, the levels of all
mediators were determined in one complete experiment.

Immunohistologic analysis of synovial tissue.Histologic
and immunohistologic analyses were previously performed with
synovial tissue from patients with antibiotic-refractory Lyme
arthritis (21). Histologic findings in 13 patients were ranked
from 1 to 13, with 13 being the highest ranked patient (21). This
ranking was carried out by 2 independent pathologists prior to
the determination of antibody responses in the present study.
For this study, the absorbance value for each IgG subclass of
antibodies to B burgdorferi, MMP-10, ECGF, and Apo B-100 in
the 13 patients was also ranked from 1 to 13, with 13 being the
highest absorbance value. Correlations were then performed
between each histologic parameter and antibody specificity.

In addition, remaining synovial tissue, which was available
for 10 of the 13 patients, was stained for plasma cells (VS38c;
Dako) and for the IgG subclasses of these cells. After blocking,
sections were incubated with anti-human IgG1, IgG2, IgG3, or
IgG4 rabbit monoclonal antibody (RevMAb Biosciences) for 30
minutes. Optimal concentrations were used according to the man-
ufacturer’s specifications. After washing, sections were incubated
with biotinylated anti-rabbit secondary antibody, peroxidase-
conjugated streptavidin, and then diaminobenzidine chromogen
substrate (Dako). Slides were counterstained with Mayer’s hema-
toxylin and mounted with Permount. Microscopic images were
obtained with a Zeiss widefield microscope.

Expression of messenger RNA (mRNA) for IgG sub-
classes in synovial tissue. Expression of mRNA for the IgG sub-
classes was determined in synovia from 14 patients with
antibiotic-refractory Lyme arthritis and from 5 patients each with
rheumatoid arthritis (RA) or osteoarthritis (OA) who underwent
synovectomies or joint replacement procedures. Tissue was
placed immediately in RNAlater and stored at �20°C. RNA was
recovered from ~100 mg of synovial tissue using a miRNeasy kit
(Qiagen), and quality was determined using a Bioanalyzer (Agi-
lent). Ribosomal RNA was depleted using Ribo-Zero (New
England Biolabs), and paired-end libraries were prepared using
the NEBNext Ultra RNA Library Prep Kit for Illumina (New
England Biolabs). Libraries were sequenced to a depth of 25–35
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million paired-end, 50 base pair filtered reads, resulting in ~40%
transcriptome coverage (HiSeq PE50 Reagent Kit; Illumina).
Library preparation, sequencing, and bioinformatics analysis were
performed at the MGHNextGen Sequencing and Bioinformatics
Core Facilities.

Statistical analysis. IgG antibodies of each subclass were
compared among patients with each of the 3 stages of LD and
between patients with responsive and refractory Lyme arthritis
using unpaired t-test with Welch’s correction. Subclasses in
paired serum and SF samples were compared using paired t-test
with Welch’s correction. Correlations were analyzed using Spear-
man’s correlation test. All analyses were performed using Graph-
Pad Prism 6. For analysis of high-throughput RNA sequencing,
adjusted P values were determined by calculating differential
expression between groups, normalizing expression to copies per
million base pair reads.

RESULTS

IgG subclass analysis of each of the 3 stages of LD.
The subclasses of IgG antibodies to B burgdorferi and 3
LD-associated autoantibodies were determined by ELISA
in serum samples from 215 patients with LD. These
included patients with erythema migrans (stage 1), neu-
roborreliosis or carditis (stage 2), or Lyme arthritis (stage
3), the most common late manifestation of the disease in
the US.

With each disease manifestation, B burgdorferi anti-
bodies were primarily of the IgG1 and IgG3 subclasses,
the subtypes that fix complement and opsonize pathogens.
The levels of these antibodies were low in patients with

Figure 1. IgG subclasses of Borrelia burgdorferi antibodies and 3 Lyme disease (LD)–associated autoantibodies in serum from patients with early
or late manifestations of LD and healthy control (HC) subjects. For each IgG subclass, the antibody responses to B burgdorferi (A) or the LD
autoantigens matrix metalloproteinase 10 (MMP-10), endothelial cell growth factor (ECGF), and apolipoprotein B-100 (Apo B-100) (B) in healthy
controls (n = 25), patients with erythema migrans (EM; n = 20), patients with neuroborreliosis (neuro; n = 20), patients with carditis (cardio; n =
20), and patients with Lyme arthritis (arth; n = 136) were determined by enzyme-linked immunosorbent assay. Symbols represent individual
subjects. Shaded areas correspond to 3 SD above the mean value in healthy controls. P values were determined by unpaired t-test with Welch’s
correction. Only significant differences are shown.
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erythema migrans, intermediate in those with neurobor-
reliosis or carditis, and highest in those with Lyme arthritis
(Figure 1A). In contrast, the IgG2 and IgG4 antibodies to
B burgdorferi were either found at low levels or were nega-
tive in patients with early manifestations of the disease,
but were found at significantly higher levels in those with
Lyme arthritis.

The subclasses of IgG antibodies to the 3 LD-
associated autoantigens were different from those of B
burgdorferi antibodies. The autoantibody responses were

primarily of the IgG2 and IgG4 subclasses, although a few
patients had low levels of IgG1 and IgG3 autoantibodies
(Figure 1B). Small numbers of patients with erythema
migrans (stage 1) or neuroborreliosis or carditis (stage 2)
had autoantibody responses, whereas larger numbers of
patients with Lyme arthritis (stage 3) had these responses.
The only exception was patients with carditis, who had sig-
nificantly higher levels of IgG3 Apo B-100 autoantibodies
than those with erythema migrans or arthritis. Taken
together, our findings indicate that anti–B burgdorferi

Figure 2. IgG subclasses of Borrelia burgdorferi antibodies and 3 Lyme disease (LD)–associated autoantibodies in the serum of patients with
antibiotic-responsive Lyme arthritis (Res; n = 55) and patients with antibiotic-refractory Lyme arthritis (Ref; n = 82) and in the synovial fluid (SF)
of patients with antibiotic-responsive arthritis (n = 17) and patients with antibiotic-refractory arthritis (n = 31). For each assay, the antibody
responses to B burgdorferi (A) or the LD autoantigens matrix metalloproteinase 10 (MMP-10), endothelial cell growth factor (ECGF), and
apolipoprotein B-100 (Apo B-100) (B) were determined by enzyme-linked immunosorbent assay. Symbols represent individual patients; horizontal
lines show the mean. Shaded areas correspond to 3 SD above the mean value in healthy controls. P values were determined by unpaired t-test with
Welch’s correction. Only significant differences are shown.
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antibodies were primarily of the IgG1 and IgG3 subclasses
throughout the illness, whereas autoantibodies were more
often of the IgG2 and IgG4 subclasses, and these responses
were found primarily in patients with Lyme arthritis.

Antibodies in responsive or refractory Lyme arthri-
tis.We next determined whether the antibody responses to
B burgdorferi or the 3 autoantigens differed in serum and
SF in patients with responsive or refractory arthritis.
Because joint swelling in patients with antibiotic-responsive
arthritis resolves with antibiotic treatment, samples in the
responsive group were obtained prior to or soon after start-
ing antibiotic therapy when patients were still infected. In
contrast, patients in the refractory group were usually
referred after antibiotic therapy when few, if any, spiro-
chetes remained. Of the 137 patients with Lyme arthritis,
117 (85%) were seen in the most recent decade (2007–
2016), and only 10 patients were seen in each of the 2 pre-
vious decades. There was no correlation between antibody
levels and the decade in which the patient had arthritis.

The levels of IgG1 and IgG3 B burgdorferi antibod-
ies tended to be higher in patients with antibiotic-respon-
sive Lyme arthritis than in those with antibiotic-refractory
arthritis, and the levels were higher in SF than in serum
(Figure 2A). Conversely, the levels of IgG2 antibodies to
B burgdorferi were significantly higher in patients with
antibiotic-refractory arthritis, but these values were higher
in serum than in SF. A few patients in the refractory and
responsive groups had IgG4 antibodies to B burgdorferi in
serum, but not in SF.

In contrast to B burgdorferi antibodies, IgG2 and
IgG4 were the prominent subclasses of each of the 3 LD-
associated autoantibodies. IgG4 antibodies to MMP-10
were significantly greater in SF than in serum in patients
with refractory arthritis and those with responsive arthri-
tis (Figure 2B). For ECGF, the levels of each IgG sub-
class were greater in serum, except for IgG4 antibodies,
levels of which were similar in serum and SF in both the
antibiotic-responsive and antibiotic-refractory groups.
For Apo B-100, the levels of each IgG subclass were
greater in SF in patients with antibiotic-refractory arthri-
tis than in those with antibiotic-responsive arthritis, par-
ticularly IgG2 and IgG4 antibodies, and the values in SF
tended to be higher than those in serum, especially in
the antibiotic-refractory group.

To emphasize the differences in antibody responses
to B burgdorferi and the LD-associated autoantigens in
refractory and responsive arthritis, we plotted IgG1 versus
IgG4 absorbance values and IgG1 versus IgG2 values in SF
in the 31 patients with refractory arthritis and in the 16
patients with responsive arthritis (Figure 3). With B
burgdorferi, the amount of IgG1 antibodies was significantly
greater than that of IgG4 antibodies in both the responsive

and refractory groups (Figure 3B). In contrast, the levels
of IgG4 antibodies to each of the 3 autoantigens were simi-
lar to or greater than the levels of IgG1 autoantibodies in
the responsive and refractory groups, and these differences
were statistically significant for MMP-10 and ECGF values.
Although the mean levels of IgG1 or IgG4 autoantibodies
in the patients with refractory arthritis were not signifi-
cantly different from those in the patients with responsive
arthritis, several patients in the refractory group had partic-
ularly high levels of IgG4 ECGF or Apo B-100 autoanti-
bodies.

As with IgG1 and IgG4 values, the levels of
IgG1 B burgdorferi antibodies were significantly greater
than the levels of IgG2 antibodies to the organism in
both the refractory and responsive groups (Figure 3A).
However, for ECGF, the levels of IgG2 autoantibodies
in SF were significantly greater than IgG1 levels in
both the responsive and refractory groups, and for
MMP-10 and Apo B-100, the levels of IgG1 and IgG2
autoantibodies in SF were similar in both the responsive
and refractory groups. Thus, although the differences
were greater for the IgG1 and IgG4 autoantibody com-
parisons, there was still reversal of the normal ratio of
the IgG1 and IgG2 antibodies.

When IgG4 autoantibody values in SF were corre-
lated with those of the other subclasses, only limited cor-
relations were observed. For ECGF, IgG4 levels
correlated with IgG1 values (r = 0.4, P = 0.01) and with
IgG2 values (r = 0.7, P < 0.0001) (data not shown). How-
ever, for MMP-10 and Apo B-100, there were no correla-
tions between IgG4 autoantibody levels and those of
the other subclasses. This suggests that IgG subclass
responses to specific autoantigens are variable and are
not simply a reflection of total IgG autoantibody levels.

Cytokine and chemokine levels in serum and SF.
Because antibody subclasses may be determined by the cyto-
kine environment, the levels of 14 cytokines or chemokines
representative of innate, Th1, Th2, and Th17 responses
were measured in serum and SF from 21 patients with
refractory arthritis and 9 patients with responsive arthritis
for whom enough sample remained. In SF, the levels of
most mediators were greater in the refractory group than in
the responsive group, and these differences reached statisti-
cal significance for a number of innate, Th1, Th2, and Th17
mediators (Figure 4A). In contrast, the levels of most medi-
ators in serum were much lower than in SF, and the values
were similar in the responsive and refractory groups (Fig-
ure 4B). The only exception was significantly higher serum
levels of IL-4 in the refractory group. Thus, SF in patients
with antibiotic-refractory arthritis was highly polarized
toward Th1 and innate cytokine responses, but most of
these patients also had moderate levels of Th17 mediators
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and low levels of Th2 cytokines, which could presumably
still support the development of IgG4 antibody responses.

Correlations of SF autoantibodies with histologic
findings in synovial tissue. In 13 patients with refractory
Lyme arthritis in whom synovectomies were performed,
synovial tissue was available for correlation of antibody
levels with synovial pathology. In these patients, the

surgical procedure was usually performed >1 year after
oral and IV antibiotic treatment for B burgdorferi infection.
Synovial tissue was not available in the responsive group
because their arthritis resolves with antibiotic therapy, and
therefore these patients do not undergo synovectomies.

When the levels of each of the 3 LD-specific
autoantibodies in SF were correlated with the rankings

Figure 3. Comparison of absorbance values of IgG1 and IgG2 (A) and of IgG1 and IgG4 (B) Borrelia burgdorferi antibodies and the 3 Lyme
disease–associated autoantibodies matrix metalloproteinase 10 (MMP-10), endothelial cell growth factor (ECGF), and apolipoprotein B-100 (Apo
B-100) in synovial fluid from patients with antibiotic-refractory Lyme arthritis (LA) and patients with antibiotic-responsive Lyme arthritis. Lines
connect values in a single patient. P values were determined by paired t-test with Welch’s correction. Only significant differences are shown.
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for each histologic finding in synovial tissue, IgG4 anti-
body levels to each of the 3 autoantigens correlated
directly with the magnitude of fibrosis and obliterative
microvascular lesions in the tissue (Figure 5). IgG4 anti-
body levels did not correlate with 11 other histologic
findings, including lining layer thickness, global cellular
infiltration, lymphoid aggregates, sublining layer vascu-
larity, and the numbers of plasma cells, B cells, macro-
phages, T cells, endothelial cells, myeloid dendritic cells,
or fibroblasts. Additionally, autoantibody levels of the
other IgG subclasses did not correlate directly with any
histologic finding. Moreover, none of the subclasses of
B burgdorferi antibodies correlated with any histologic
finding (data not shown). Finally, there was no correla-
tion between serum autoantibody responses and syno-
vial histology. Thus, the only significant correlations
were between the levels of IgG4 autoantibodies to
MMP-10, ECGF, and Apo B-100 in SF and the magni-
tude of fibrosis and obliterative microvascular lesions in
synovial tissue.

Expression of mRNA for IgG subclasses and his-
tologic analysis of IgG subclasses in synovial tissue.
Expression of mRNA for IgG antibody subclasses was
determined in synovial tissue from 14 patients with

antibiotic-refractory Lyme arthritis and for comparison,
from 5 patients each with RA or OA. Rather than
responses to specific antigens, this analysis measured the
total expression of all IgG heavy chains, which determi-
nes the antibody subclass. Of the 14 patients with Lyme
arthritis, 10 had high expression of IgG1 heavy chains,
with lower expression of IgG2 and IgG3 heavy chains
(Figure 6A). Although expression of IgG4 heavy chains
was low in most patients with Lyme arthritis, several
patients had especially high IgG4 expression. Expression
of mRNA for each subclass was similar in patients with
Lyme arthritis and patients with RA, the prototypic form
of chronic inflammatory arthritis, whereas patients with
OA, a minimally inflammatory form of arthritis, had very
low expression of each IgG subclass.

Synovial tissue samples from 10 patients with
antibiotic-refractory Lyme arthritis were subjected to his-
tologic staining for antibodies of each subclass. Consis-
tent with the mRNA expression data, there was a range
of plasma cell abundance, but plasma cell staining was
found in the same areas as IgG subclass staining (results
not shown). In Figure 6B, immunohistologic staining for
all 4 IgG subclasses is shown for 2 patients, one (patient
1) with especially large numbers of IgG4-staining cells

Figure 4. Levels of cytokines and chemokines representative of innate, Th1, Th2, and Th17 immune responses in the synovial fluid (A) and serum
(B) of patients with antibiotic-refractory Lyme arthritis (LA) and patients with antibiotic-responsive Lyme arthritis. Bars show the median values,
and I-bars show the 75th percentile. * = P = 0.05; ** = P = 0.01 versus patients with antibiotic-responsive Lyme arthritis.
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and the other (patient 2) with small numbers of IgG1-
and IgG4-staining cells.

DISCUSSION

In this study, we found that the IgG antibody sub-
classes to B burgdorferi were distinct from those of 3 LD-
associated autoantibodies. B burgdorferi antibodies were
primarily of the IgG1 and IgG3 subclasses, which are
antibodies important for the opsonization of pathogens
(13). In contrast, the LD autoantibodies were mainly of
the IgG2 and IgG4 subclasses, and these responses were
found primarily in patients with Lyme arthritis, especially
in SF, implying that some of these antibodies may be pro-
duced locally in synovial tissue. In support of this idea, a
subgroup of patients with refractory arthritis had marked
expression of mRNA for IgG4 antibodies and large num-
bers of IgG4-staining plasma cells in synovial tissue.
Because patients with Lyme arthritis usually had

undetectable levels of IgG4 antibodies to B burgdorferi in
SF, it seems likely that IgG4-staining plasma cells were
producing primarily autoantibodies. It was not possible
to compare these findings with those in patients with
antibiotic-responsive arthritis, since they do not undergo
synovectomies.

The only exception to these generalizations were
the significantly higher levels of IgG3 Apo B-100 autoan-
tibodies in the serum of patients with Lyme carditis
compared with those in patients with other manifesta-
tions of LD. Several factors may play a role. First, since B
burgdorferi acquires essential membrane components,
such as cholesterol, from its host (22), immune process-
ing of the organism early in the disease may lead to cross-
reactive IgG3 autoantibody responses to Apo B-100. But
why is this finding prominent only in patients with Lyme
carditis? In murine Lyme carditis, the heart muscle has a
macrophage predominance unlike that in affected joints
(23). Based on experience with atherosclerosis (24),

Figure 5. Correlations of the absorbance values of the 3 Lyme disease autoantibodies (matrix metalloproteinase 10 [MMP-10], endothelial cell
growth factor [ECGF], and apolipoprotein B-100 [Apo B-100]) with histologic findings in synovial tissue in 13 patients with antibiotic-refractory
Lyme arthritis in whom synovectomies were performed. Synovial fluid was not available for all patients. The autoantibody absorbance values and
histologic findings were each ranked from 1 to 13 by independent observers, with 13 being the highest ranking. The ranks of absorbance values
and histologic findings were correlated using Spearman’s correlation test. Significant correlations are shown. IgG4 antibodies to each of the 3
autoantigens correlated directly with staining for fibrosis and obliterative microvascular lesions, whereas IgG3 antibodies correlated inversely with
obliterative microvascular lesions. Circles represent individual patients.
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myeloperoxidases from macrophages, and to a lesser
degree from neutrophils, oxidize low-density lipoproteins
(LDLs), including Apo B-100, and oxidized LDLs may
contribute to Apo B-100 antigenicity.

We have previously reported total IgG antibody
responses to B burgdorferi (25) and the 3 known LD
autoantigens (7–9) in patients with each of the 3 stages
of LD, as was done here with IgG subclasses. Both total
and subclass IgG antibody responses to B burgdorferi
showed gradually increasing antibody levels over the
course of the disease. In addition, with both total and
subclass determinations, the most prominent autoanti-
body responses were in SF in patients with Lyme arthritis.
In previous studies, autoantibody-positive patients with

erythema migrans usually had only B cell responses to a
given autoantigen, without detectable Tcell responses. In
contrast, patients with Lyme arthritis, particularly those
with refractory arthritis, often had both T and B cell
responses to the antigen (7–9), which is a further indica-
tion of maturation of the autoimmune response in late
disease.

In patients with antibiotic-refractory Lyme arthri-
tis, we previously showed that total IgG autoantibodies
to the 3 LD-associated autoantigens correlated with
obliterative microvascular lesions, fibrosis, or fibroblast
proliferation in synovial tissue (8,9,21). We found here
that it was specifically the IgG4 subclass of these autoan-
tibodies that correlated directly with the magnitude of

Figure 6. Expression of mRNA for each IgG subclass in synovial tissue and immunohistologic staining of the tissue for IgG subclasses in patients
with antibiotic-refractory Lyme arthritis (LA). A, Expression of mRNA for each subclass in 14 patients with antibiotic-refractory Lyme arthritis,
and for comparison in 5 patients each with rheumatoid arthritis (RA) or osteoarthritis (OA). Immunoglobulin heavy chains for each IgG subclass
were determined by high-throughput RNA sequencing. IGHG1 = IgG1 heavy chain. Symbols represent individual patients; horizontal lines show
the mean. B, Immunohistochemical staining of synovial tissue from 2 representative patients with antibiotic-refractory Lyme arthritis for IgG sub-
classes. Patient 1 (represented by the star in A) had high expression of mRNA for each IgG subclass, particularly IgG4, and staining of high num-
bers of plasma cells for each IgG subclass, especially IgG4. Patient 2 (represented by the open circle in A) had low expression of mRNA for each
IgG subclass, and staining of small numbers of plasma cells, particularly for IgG4 antibodies. Brown indicates specific staining of cells for IgG sub-
classes; purple indicates counterstaining with hematoxylin. Original magnification 9 20.
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obliterative microvascular lesions and the degree of
fibrosis. Autoantibodies of the other subclasses did not
have this association. Obliterative vascular lesions appear
to be a unique feature of the synovial tissue in Lyme
arthritis and are not found in other forms of chronic
inflammatory arthritis, including RA (21).

The overall profile of IgG antibody subclass
responses in antibiotic-refractory Lyme arthritis has simi-
larities with that in RA. The finding of increased levels of
IgG antibodies in some RA patients was first noted years
ago (26), but interest in the role of IgG4 autoantibodies
in rheumatic diseases has increased recently (27–29). In
RA, IgG1 antibodies are most prominent, as might be
expected, but IgG4 antibodies are next most prominent
(27,30), which is surprising given that they are normally
the least abundant subclass (13). As was seen here with
synovial tissue in Lyme arthritis, antibodies of each IgG
subclass were found in RA synovial tissue, and in some
patients, IgG4 antibodies were particularly prominent
(28). The subgroup of RA patients with elevated levels of
serum IgG4 antibodies had higher disease activity, higher
levels of rheumatoid factor and anti–citrullinated protein
autoantibodies (ACPAs), and a poor response to disease-
modifying antirheumatic drugs (28), suggesting that serum
IgG4 antibodies define a specific clinical phenotype with
more severe disease. However, the specificities of these
autoantibodies are different in RA from those in Lyme
arthritis. In RA, IgG4 autoantibodies to rheumatoid fac-
tor, ACPAs, or anti–carbamylated protein antibodies have
been noted in almost half of patients (26,29,30). In con-
trast, these RA-associated autoantibodies are not features
of the autoantibody response in Lyme arthritis, and
autoantibodies to the 3 LD-associated autoantigens stud-
ied here are found rarely, if at all, in RA (7–9).

The recently described “IgG4-related disease” has
further increased interest in the role of this IgG subclass
in rheumatic diseases. The histologic hallmarks of IgG4-
related disease include lymphoplasmacytic infiltrates, sto-
rioform (“woven mat”) fibrosis, and predominance of
IgG4-expressing plasma cells in target tissues (31–33).
This description is broadly reminiscent of findings in syno-
vial tissue in certain patients with refractory Lyme arthri-
tis. In IgG4-related disease, CD4+SLAMF7+ cytotoxic
lymphocytes are thought to be the principal drivers of the
disease (34). In contrast, the role of IgG4 antibodies is less
clear. IgG4 antibodies are poor binders to Fc receptors
and complement and they are not usually able to crosslink
antigen or form immune complexes due to Fab-arm
exchange. Therefore, for the most part, they are thought
to blunt the inflammatory response resulting from chronic
antigenic exposure by competing with other IgG sub-
classes to bind antigen at sites of inflammation (35).

On the other hand, in a murine model of IgG4-
related disease, passive transfer of either patients’ IgG4
or IgG1 antibodies to neonatal mice resulted in pancre-
atic and salivary gland injuries reminiscent of those in
human IgG4-related disease (36). Additionally, in pem-
phigus, IgG4 autoantibodies to desmoglein play a direct
role in the disruption of the epithelial cell surface, lead-
ing to the blistering lesions of the disease (37). Moreover,
in lymphatic filariasis, IgG4 antibodies from asymp-
tomatic individuals suppressed granulocytes, whereas
IgG4 antibodies from symptomatic patients did not (38).
Thus, under certain circumstances, the usual antiinflam-
matory effects of IgG4 antibodies may be altered, result-
ing in loss of their usual suppressive function, or these
antibodies may develop a direct pathogenic role.

In antibiotic-refractory Lyme arthritis, the marked
proinflammatory cytokine milieu in joints, which is
enriched for innate, Th1, Th2, and Th17 mediators, may
alter the function of IgG4 autoantibodies. As shown previ-
ously and again here, the levels of proinflammatory cytoki-
nes such as IL-6, TNF, and IFNc are greater in the SF of
patients with antibiotic-refractory arthritis (39,40), and
these cytokines are present in their synovial tissue (41). In
addition, we previously found that total IgG ECGFautoan-
tibody levels in SF correlated strongly with SF IL-17 and
IL-23 values in patients with refractory arthritis, whereas in
patients with responsive arthritis, ECGF antibody levels
correlated with IL-10 values (42). Similarly, in the present
study, the subclasses of ECGF autoantibodies (IgG1, IgG2,
and IgG4) in SF correlated strongly with Th17 cytokine
mediators in the refractory group, but not in the responsive
group. Moreover, the levels of several Th2 mediators,
although low, may still be adequate to support IgG4 anti-
body production or effector functions. To gain further
insights as to whether IgG4 autoantibodies may have a pro-
tective or pathologic role in refractory Lyme arthritis, it will
be important to compare the affinity and function of LD-
associated IgG4 autoantibodies in patients with responsive
or refractory arthritis (15).

In summary, an awareness of IgG4 autoantibodies
is increasing in rheumatic diseases. In LD, the IgG sub-
classes of LD-associated autoantibodies were distinct
from those of B burgdorferi antibodies. Moreover, LD-
associated IgG4 autoantibodies in patients with refractory
arthritis correlated with specific synovial pathology, sug-
gesting that these autoantibodies may play a functional
role in this postinfectious complication of LD. Increased
levels of IgG4 antibodies are not found in all patients
with Lyme arthritis or RA, and therefore they are not an
invariant component of disease pathogenesis. However,
they may have an additive role in inflammatory pro-
cesses, resulting in more severe disease phenotypes.
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BRIEF REPORT

Monosodium Urate Monohydrate Crystal Deposits Are Common in Asymptomatic
Sons of Patients With Gout: The Sons of Gout Study

Abhishek Abhishek,1 Philip Courtney,2 Wendy Jenkins,1 Gabriela Sandoval-Plata,1 Adrian C. Jones,2 Weiya Zhang,1

and Michael Doherty1

Objective. To estimate the prevalence and distri-
bution of asymptomatic monosodium urate monohydrate
(MSU) crystal deposition in sons of patients with gout.

Methods. Patients with gout were mailed an
explanatory letter with an enclosed postage-paid study
packet to mail to their son(s) age ≥20 years old. Sons inter-
ested in participating returned a reply form and under-
went telephone screening. Subsequently, they attended a
study visit at which blood and urine samples were obtained
and musculoskeletal ultrasonography was performed, with
the sonographer blinded with regard to the subject’s
serum urate level. Images were assessed for double con-
tour sign, intraarticular or intratendinous aggregates/
tophi, effusion, and power Doppler signal. Logistic regres-
sion was used to examine associations. Adjusted odds
ratios (ORadj) and 95% confidence intervals (95% CIs)
were calculated.

Results. One hundred thirty-one sons (mean age
43.8 years, mean body mass index 27.1 kg/m2) completed

assessments. The serum urate level was ≥6 mg/dl in 64.1%,
and 29.8% had either a double contour sign or intraarticu-
lar aggregates/tophi in ≥1 joint. All participants with MSU
deposition had involvement of 1 or both first metatar-
sophalangeal joints. Intratendinous aggregates were pre-
sent in 21.4% and were associated with intraarticular
MSU crystal deposits (ORadj 2.96 [95% CI 1.17–7.49]). No
participant with a serum urate level of ≤5 mg/dl had MSU
crystal deposition seen on ultrasonography, and 24.2% of
those with serum urate levels between 5 and 6 mg/dl had
ultrasonographic MSU deposition. MSU crystal deposition
was associated with increasing serum urate levels (ORadj

1.61 [95% CI 1.10–2.36] for each increase of 1 mg/dl).
Conclusion. Asymptomatic sons of patients with

gout frequently have hyperuricemia and MSU crystal
deposits. In this study MSU crystal deposits were present
in participants with serum urate levels of ≥5 mg/dl. Eval-
uation of subjects without a family history of gout is
needed to determine whether the threshold for MSU crys-
tal deposition is also lower in the general population.

Gout is the most common form of inflammatory
arthritis and results from persistent hyperuricemia that
causes intra- and periarticular monosodium urate mono-
hydrate (MSU) crystal deposition. It has multiple risk fac-
tors including genetic factors that act by modulating renal
uric acid excretion (1). The heritability of serum urate
and urinary uric acid excretion is estimated to be ~60%
and 60–87%, respectively (2), while the heritability of
gout is lower at 17.0% and 35.1% in Taiwanese women
and men, respectively (3), and was estimated to range
between 0% and 58% in a study from the US (1). As
14.5–25% of people with high serum urate levels have
asymptomatic MSU crystal deposition (4–6), studies that
use a symptomatic disease phenotype may underestimate
the heritability of MSU crystal deposition.

The prevalence of asymptomatic MSU crystal
deposition in people at high genetic risk of gout, e.g.,
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those with a parent who has gout, is not known. It has
implications for screening and primary prevention of
symptomatic gout and contrasts with rheumatoid arthritis,
in which familial risk and prevalence of autoantibodies in
first-degree relatives are well understood. Thus, we under-
took the present study to 1) examine the prevalence and
distribution of asymptomatic MSU crystal deposition
among sons of people with gout; 2) examine the associa-
tion between serum urate, age, and asymptomatic MSU
crystal deposition; and 3) explore whether parental age at
gout onset is associated with asymptomatic MSU crystal
deposition in sons.

PATIENTS AND METHODS

Study design, subject recruitment, and ethics approval.
This community-based cross-sectional study was approved by the
Nottingham NHS Research Ethics Committee 2 (Rec ref: 15/
EM/0316). People with self-reported physician-diagnosed gout
who had participated in previous surveys at Academic Rheuma-
tology, University of Nottingham and consented to future
research contact were mailed a letter informing them of the
present study and were asked to mail an enclosed study packet
to their sons age ≥20 years. Sons of patients with primary gout

who attended the rheumatology clinic at the Nottingham NHS
Treatment Centre were approached in a similar manner, and the
study was advertised on Facebook and once in a local newspa-
per. These advertisements were targeted at sons living in and
around Nottingham who have a parent with gout.

Sons who returned a reply form or contacted us in
response to the advertisements underwent a telephone screening
questionnaire to exclude those with gout (7). The screening
questionnaire included questions that form part of the 8-point
chronic gout diagnosis (CGD) scale (7). The CGD scale includes
current or past history of attack of acute arthritis, monoarthritis
or oligoarthritis, rapid progression of pain and swelling (<24
hours), podagra, erythema, unilateral tarsitis, tophi, and hyper-
uricemia (7). As serum urate was not measured at the screening
visit in this study, a history of hyperuricemia was substituted. Par-
ticipants scoring ≤3 on the CGD were invited for the study visit.

Study visit. Participants attended a study visit at which
data on demographic characteristics, lifestyle factors, comorbidi-
ties, and drug prescriptions were collected. Targeted muscu-
loskeletal assessment was performed, height, weight, and blood
pressure were measured, and random blood and second-void
early-morning urine samples were collected. Serum urate and
creatinine and urinary uric acid and creatinine were measured at
the clinical pathology laboratories of Nottingham University
Hospitals NHS Trust. Fractional excretion of uric acid (FEUA)
was calculated as ([urinary uric acid 9 serum creatinine]/[serum
urate 9 urinary creatinine]) 9 100% (8).

Table 1. Disease and demographic characteristics of the sons of patients with gout*

Total

Asymptomatic MSU crystal
deposition

Present
(n = 39)

Absent
(n = 92)

Age, mean � SD years 43.80 � 11.20 44.20 � 8.91 43.63 � 12.08
Age 20–29 years, no. (%) 20 (15.3) 3 17
Age 30–39 years, no. (%) 27 (20.6) 10 17
Age 40–49 years, no. (%) 40 (30.5) 15 25
Age 50–59 years, no. (%) 36 (27.5) 10 26
Age 60–69 years, no. (%) 8 (6.1) 1 7
Body mass index, mean � SD kg/m2 27.10 � 4.75 27.65 � 3.99 26.85 � 5.04
Current purine-rich alcohol consumption, no. (%) 97 (74.1) 31 (79.5) 66 (71.7)
Weekly purine-rich alcohol intake, median (IQR) units 10 (5–20) 10 (5–20) 10 (4–20)
Hypertension, no. (%) 12 (9.2)† 3 (7.7) 9 (9.8)
Hyperlipidemia, no. (%) 10 (7.6)‡ 3 (7.7) 7 (7.6)
Diabetes, no. (%) 2 (1.5)§ 0 2 (2.2)
eGFR, mean � SD ml/minute 85.23 � 7.19 85.21 � 7.71 85.24 � 7.00
Serum urate, mean � SD mg/dl 6.41 � 1.13 6.79 � 0.96¶ 6.25 � 1.16
Serum urate <5 mg/dl, no. (%) 14 (10.5) 0 14
Serum urate ≥5 and <6 mg/dl, no. (%) 33 (26.9) 8 25
Serum urate ≥6 and <7 mg/dl, no. (%) 46 (34.3) 18 28
Serum urate ≥7 and <8 mg/dl, no. (%) 27 (20.2) 8 19
Serum urate ≥8 and <9 mg/dl, no. (%) 9 (6.7) 4 5
Serum urate ≥9 mg/dl, no. (%) 2 (1.5) 1 1
FEUA, mean � SD % 5.3 � 1.9 5.3 � 1.7 5.3 � 1.9
Father with gout, no. (%) 111 (84.7) 33 (84.6) 78 (84.8)

* All participants with asymptomatic monosodium urate monohydrate (MSU) crystal deposition had first metatarsopha-
langeal joint involvement. IQR = interquartile range; eGFR = estimated glomerular filtration rate; FEUA = fractional excre-
tion of uric acid.
† Eleven participants were prescribed antihypertensive drugs; 1 received bendroflumethiazide.
‡ Six participants were prescribed statins.
§ Both participants were prescribed oral hypoglycemic drugs.
¶ P = 0.01 versus participants without asymptomatic MSU crystal deposition.
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Ultrasonography was performed by a rheumatologist
with 5 years of ultrasonography experience (AA), who was
blinded with regard to the subject’s serum urate level. The
ultrasonographic examination involved assessment of both
first metatarsophalangeal (MTP) joints, talar domes, femoral
condyles, second metacarpophalangeal joints, wrist triangular
fibrocartilages, and patellar and triceps tendon insertions (9).
These joints and tendons were chosen as they have best sensitiv-
ity and specificity for differentiating subjects with gout from
those with other arthropathies (9). Ultrasound images were
scored for double contour sign, intraarticular or intratendinous
tophi/aggregates, and hyperechoic deposits (present or absent,
as defined by the Outcome Measures in Rheumatology group
[10]). Joint effusion and power Doppler signal were graded on a
0–3 scale. All ultrasonographic assessments were performed
using a Toshiba Aplio machine (8–14 MHz). Images with incon-
clusive readings were reviewed by a second ultrasonographer
with >15 years of ultrasonography experience (PC), also under
blinded conditions with regard to the subject’s serum urate level.
For the purpose of this study, MSU crystal deposits were defined
as present if there was an intraarticular double contour sign
or tophi/aggregates. Hyperechoic deposits alone were not suffi-
cient to define MSU crystal deposits. When available, data on
sex of the parent with gout and age at onset of gout were
extracted from databases at Academic Rheumatology, Univer-
sity of Nottingham.

Statistical analysis. The mean � SD and the number
(%) were used to describe continuous and categorical data,
respectively. Independent-sample t-tests and chi-square tests
were used for univariate analysis; the Kruskal-Wallis test was
used if the data were nonparametric. Logistic regression was
used to examine the association between intraarticular MSU
crystal deposition at any joint in an individual and 1) serum
urate level, 2) FEUA, 3) age, and 4) intratendinous aggregates/
tophi at any tendon. The associations were adjusted for age
where required, body mass index (kg/m2), current purine-rich
alcohol consumption (yes/no), hypertension (yes/no), hyperlip-
idemia (yes/no), diabetes (yes/no), estimated glomerular filtra-
tion rate (ml/minute), and father with gout (yes/no). Adjusted
odds ratios (ORadj) and 95% confidence intervals (95% CIs)
were calculated. The individual was the unit of analysis. Statisti-
cal calculations were performed using Stata version 15. P values
less than 0.05 were considered significant.

RESULTS

One hundred thirty-four participants were recruited
into the study: 125 via postal survey (1,435 study packets

sent, 249 replies received), 6 from among sons of gout
patients attending Nottingham University Hospitals NHS
Trust, and 3 from advertisements. The 3 individuals
recruited from advertisements did not present for ultra-
sonographic assessment and were excluded from further
analysis. The serum urate level was ≥6 mg/dl in 64.1% of
the subjects and ≥7 mg/dl in 29.0%. Demographic
characteristics and comorbidities of the 131 participants
are summarized in Table 1. The mean � SD FEUA was
5.33 � 1.87%, and FEUA was low (defined as ≤6.6%) in
78.6% of the subjects with a serum urate level of ≥6 mg/dl.

MSU crystal deposition was found in 29.8% of the
subjects, with involvement of the first MTP joint (Fig-
ure 1) observed in all subjects in whom asymptomatic
MSU crystal deposition was present. MSU crystal deposi-
tion was not found in any participant with a serum urate
level of ≤5 mg/dl. Among the 262 first MTP joints exam-
ined, intraarticular aggregates were numerically more
common than double contour sign (Table 2). Only 1

Figure 1. Ultrasonographic evidence of asymptomatic monosodium urate monohydrate crystal deposition. Left, Double contour sign in the
first metatarsophalangeal joint. Middle, Intraarticular tophus in the dorsal recess, with a double contour sign. Right, Punctate intratendinous
hyperechoic deposits.

Table 2. Distribution of ultrasound features at different joints and
tendons (n = 262 joints or tendons)*

Asymptomatic MSU
deposition in

first MTP joints

Present
(n = 49)

Absent
(n = 213)

First MTP joints
Double contour sign 13 (5.0) – –
Tophi 27 (10.3) – –
Double contour sign and tophi 9 (3.4) – –
Grade ≥2 effusion 56 (21.4) 26 30

Patellar tendon
Hyperechoic deposits 19 (7.3) 11 8
Unilateral 13 7 6
Bilateral 3 2 1

Triceps tendon
Hyperechoic deposits 15 (5.7) 8 7
Unilateral 13 6 7
Bilateral 1 1 0

* One participant had a double contour sign at 1 ankle; triangular
fibrocartilage involvement was not observed in any participant. Values
are the number (%) of joints/tendons. MSU = monosodium urate
monohydrate; MTP = metatarsophalangeal.
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participant had a double contour sign at the ankle, and
MSU crystal deposits were not present at the other joints
examined. MSU crystal deposition at the first MTP joint
was associated with grade ≥2 effusion at the same joint
(ORadj 9.44 [95% CI 3.62–24.63], ORadj 5.44 [95% CI
1.57–18.82] for the right and left sides, respectively). The
power Doppler signal was grade ≥2 in only 1 first MTP
joint.

Hyperechoic aggregates were present in at least
1 tendon in 28 participants (21.4%). Sixteen partici-
pants (12.2%) had patellar tendon involvement, and 14
(10.7%) had triceps tendon involvement. Of the 28 par-
ticipants with hyperechoic aggregates in at least 1 ten-
don, 14 had asymptomatic MSU crystal deposition at 1
or both first MTP joints. The presence of MSU crystal
deposition at either first MTP joint was associated with
the presence of hyperechoic aggregates in at least 1
tendon (OR 3.12 [95% CI 1.31–7.42]). This association
was statistically significant after adjustment for covari-
ates (ORadj 2.96 [95% CI 1.17–7.49]).

Subjects with asymptomatic MSU crystal deposi-
tion had higher serum urate levels than those without
(mean difference 0.54 mg/dl [95% CI 0.12–0.96]). The
prevalence of asymptomatic MSU crystal deposition at
either first MTP joint increased from 0% to 24.2%,
39.1%, 29.6%, 44.4%, and 50%, respectively, in partici-
pants with serum urate levels of <5, 5–5.99, 6–6.99,
7–7.99, 8–8.99, and ≥9 mg/dl (Table 1). Other disease,
demographic, and laboratory parameters were compara-
ble between the 2 groups (Table 1). MSU crystal deposi-
tion was associated with increasing serum urate level
(OR 1.50 [95% CI 1.06–2.11], ORadj 1.61 [95% CI 1.10–
2.36] for each 1-mg/dl increase in serum urate). How-
ever, there was no association between MSU crystal
deposition and uric acid underexcretion status (FEUA
≤6.6%) (OR 0.71 [95% CI 0.29–1.71], ORadj 0.78 [95%
CI 0.31–1.98]).

Among the 117 participants with serum urate
levels of ≥5 mg/dl (the cutoff value above which MSU
crystal deposits were found in this study), the prevalence
of asymptomatic MSU crystal deposition was 33.33%, and
this increased numerically from ages in the 20s to the 40s
before stabilizing (see Supplementary Table 1, on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40572/abstract). However, the
increase was not statistically significant, and participants
age >40 years were not significantly more likely to have
asymptomatic MSU crystal deposition than those ≤40
years of age (OR 1.32 [95% CI 0.59–2.95], ORadj 1.69
[95% CI 0.34–8.47]). There was no association between
hyperuricemia and tendon hyperechoic deposits, and, in
those with serum urate levels ≥5 mg/dl, there was no

association between increasing age and tendon hypere-
choic deposits (Supplementary Tables 2 and 3, on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40572/abstract).

Self-reported data on age at onset of gout were
available for 60 parents. The median age at onset was
53 years. On univariate analysis, there was no associa-
tion between parental gout onset at or before 53 years
of age and asymptomatic MSU crystal deposition (with
parental gout onset after the age of 53 years as the ref-
erent) (OR 2.64 [95% CI 0.79–8.87]). However, this
approached significance after adjustment for covariates
(ORadj 4.14 [95% CI 0.88–19.46], P = 0.07).

DISCUSSION

This study demonstrates that the sons of patients
with gout have a higher prevalence of hyperuricemia
(11), uric acid underexcretion (8), and asymptomatic
MSU crystal deposition than observed in previous stud-
ies in which participants were preselected according to
their serum urate level (4–6). The results also raise the
possibility that MSU crystal deposition occurs initially
in the first MTP joints and in tendons before appearing
in other joints such as the ankle and the knee. How-
ever, this observation is limited by the cross-sectional
study design. It was surprising that 1 in 5 subjects with
serum urate levels between 5 and 6 mg/dl had ultra-
sonographic features of MSU crystal deposition at the
first MTP joints. This observation must be interpreted
with caution as it is based on a single serum urate mea-
surement, and it is possible that serum urate levels in
these participants were higher at a previous time. How-
ever, it raises the possibility that the threshold for MSU
crystal deposition in vivo may be lower than that esti-
mated from laboratory studies. This may be due to the
fact that the saturation point of urate reduces from 6.75
mg/dl at 37°C to between 4.5 and 6 mg/dl at 30–35°C,
the mean temperature of the human big toe in temper-
ate climates (12,13).

While MSU crystals were present in subjects with
serum urate levels of 5–6 mg/dl, we did not find ultra-
sonographic evidence of MSU crystal deposition in those
with levels below 5 mg/dl. This raises the possibility that
the target serum urate level for treat-to-target urate-
lowering therapy should be <5 mg/dl, at least in individu-
als who continue to have gout flares despite serum urate
levels between 5 and 6 mg/dl. However, further prospec-
tive studies are needed before such a strategy can be rec-
ommended. A lower-than-expected serum urate level in
sons of patients with gout might also be explained in part
by inherited tissue factors (either an increase in
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promoters or decrease in inhibitors) that enhance MSU
crystal deposition at relatively low serum urate levels.

The present findings suggest that MSU crystal
deposition begins early (in the third decade of life) and
becomes more prevalent with increasing age. The reduc-
tion in prevalence of MSU crystal deposition in subjects
older than 60 years could be due to the sampling for this
study, as people older than 60 years with MSU crystal
deposits are likely to have developed gout flares, which
would have excluded them from the study population.

We observed intratendinous hyperechoic deposits
in 35.9% of participants with MSU crystal deposits else-
where. This is consistent with previous reports of tendon
involvement in gout (14,15). As shown in Table 2, a sub-
stantial proportion of tendon hyperechoic deposits
occurred in subjects without ultrasonographic features of
MSU crystal deposition in the first MTP joints. Further
research, e.g., using dual-energy computed tomography,
is therefore needed to confirm the composition of these
tendinous deposits before their presence can be used to
imply MSU crystal deposition in the absence of a double
contour sign or intraarticular tophi in other joints.

Our results indicate that ultrasonographic evalu-
ation of both first MTP joints is sufficient to identify
all individuals with MSU crystal deposition. Thus, men
at a high risk of gout (e.g., those with a positive family
history) could undergo serum urate measurement and
ultrasonography of both first MTP joints to screen for
MSU crystal deposition. While ultrasonographic exami-
nation of multiple peripheral joints is time consuming,
assessment of both first MTP joints takes 10–15 min-
utes and may make it possible for asymptomatic MSU
crystal deposits to be diagnosed, in turn allowing con-
sideration of lifestyle changes to prevent development
of symptomatic gout and associated consequences.

Initiation of prophylactic pharmacologic urate-
lowering treatment at this early stage would be consid-
ered controversial given the absence of symptoms and
the possibility that in many people with asymptomatic
MSU crystal deposition, gout flares would not develop.
Such a screening strategy would require ultrasonogra-
phy of 3 individuals with a serum urate level of ≥5 mg/
dl to detect 1 person with asymptomatic MSU crystal
deposition. However, in the absence of prospective
studies evaluating the relationship between asymp-
tomatic MSU crystal deposition and symptomatic gout,
the benefit from such a strategy remains unproven. Our
data also suggest that parents with younger-onset gout
are more likely to pass on the trait to their sons,
although this association was not statistically significant
and requires further investigation in a study with a lar-
ger sample size.

There are several caveats to this study. First, the
response rate was low, and it is possible that patients
with severe, troublesome gout were more likely to pass
on the study packets to their sons, or that sons with life-
style risk factors were more likely to agree to participate.
This raises the possibility of selection and response bias.
However, the mean � SD age at gout onset in parents
of sons who participated and for whom data on the age
at gout onset were available (n = 60) was 52 � 13.65
years, and they reported a mean � SD of 1.33 � 2.10
gout flares in the 12-month period preceding their origi-
nal research visit. These parents also had a low comor-
bidity burden, with a median of 1 cardiovascular or renal
comorbidity (interquartile range 1–2). Second, we did
not perform joint aspiration to confirm the validity of
our findings. However, in subjects with hyperuricemia,
ultrasonographic changes have 100% sensitivity and 88%
specificity for MSU crystal deposition, compared to joint
aspiration (5). Finally, we measured serum urate only on
a single occasion.

In conclusion, the results of this study demonstrate
that asymptomatic sons of patients with gout frequently
have hyperuricemia and uric acid underexcretion, and
have a high prevalence of MSU crystal deposition. This
suggests that screening of such individuals and discussion
of early management, involving addressing modifiable risk
factors (overweight, obesity, high fructose intake, etc.) in
order to reduce their risk of developing symptomatic gout,
should be considered.
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Aberrant Expansion and Function of Follicular Helper T Cell
Subsets in IgG4-Related Disease

Yu Chen ,1 Wei Lin,2 Hongxian Yang,3 Mu Wang,4 Panpan Zhang,4 Ruie Feng,4

Hua Chen,4 Linyi Peng,4 Xuan Zhang ,4 Yan Zhao,4 Xiaofeng Zeng,4 Fengchun Zhang,4

Wen Zhang,4 and Peter E. Lipsky5

Objective. To determine the number and function
of follicular helper T (Tfh) cell subsets in IgG4-related
disease (IgG4-RD).

Methods. Mononuclear cells from the peripheral
blood and involved tissue of patients with IgG4-RD were
assessed for Tfh cells and their subsets, and levels of B
cell lymphoma 6 (Bcl-6), B lymphocyte–induced matura-
tion protein 1 (BLIMP-1), and interleukin-21 (IL-21)
messenger RNA (mRNA). Immunohistochemical and
immunofluorescence techniques were used to assess the
involved tissue of patients to determine the location of
IL-21, Bcl-6, and CD4+CXCR5+ Tfh cells. Furthermore,
the ability of circulating Tfh (cTfh) cell subsets to induce
B cell proliferation, apoptosis, and differentiation and
to produce IgG4 was explored in cell cocultures in vitro.

Results. Frequencies of cTfh cells were signifi-
cantly increased in the peripheral blood of patients with
IgG4-RD, and even higher frequencies were observed in

the involved tissue. Percentages of programmed cell
death protein 1 in CD4+CXCR5+ICOS+ cTfh cells were
positively correlated with the serum levels of IgG and
IgG4, IgG4:IgG ratio, number of involved organs, and
frequency of CD19+CD24�CD38high plasmablasts/
plasma cells. Levels of BLIMP-1 and IL-21 mRNA in
peripheral CD4+ T cells were increased in patients with
IgG4-RD compared to healthy controls, and this was
correlated with the levels of serum IgG4. Moreover, in
the involved tissue, Bcl-6, IL-21, and Tfh cells were
highly expressed. Compared to cTfh cells from healthy
controls, cTfh cells from patients with IgG4-RD could
facilitate B cell proliferation and inhibit B cell apoptosis
more efficiently, and enhanced the differentiation of
naive B cells into switched memory B cells and plas-
mablasts/plasma cells, with a resultant increase in the
secretion of IgG4. Notably, the cTfh1 and cTfh2 cell sub-
sets were the most effective at providing B cell help.

Conclusion. Tfh cell subsets are expanded in
IgG4-RD and may play pivotal roles in the pathogenesis
of the disease.

Follicular helper T (Tfh) cells are a specialized
CD4+ Tcell subset that mainly reside in the germinal cen-
ter (GC) and initiate and promote humoral immunity (1).
Tfh cells provide critical “helper” functions in the pro-
cesses of inducing activation and differentiation of B cells
and in promoting B cell activation, clonal expansion, Ig
heavy chain isotype switching, and somatic hypermutation
(1). A specific phenotypic profile, which includes high
expression levels of CXCR5, inducible Tcell costimulator
(ICOS), and programmed cell death protein 1 (PD-1) and
a concomitant down-regulated expression of CCR7 and
CD127 (interleukin-7 receptor [IL-7R]), can be used to
identify Tfh cells and to distinguish Tfh cells from other
Tcell subsets (2).

Normally, the expression of CXCR5 on Tfh cells
and the concomitant loss of CCR7 allows Tfh cells to
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migrate into CXCL13-rich follicular areas of secondary
lymphoid organs. Interaction of Tfh cells with B cells at the
Tcell–B cell border results in activation of B cells and dif-
ferentiation into short-lived plasmablasts or long-lived
plasma cells and memory B cells in the GC (1). ICOS, a
member of the CD28 family of costimulatory molecules, is
important for the maintenance and function of Tfh cells
through cognate interactions with ICOSL on the B cell sur-
face (3). PD-1, which is also expressed by Tfh cells, regu-
lates GC B cell survival and selection, and also induces GC
B cell differentiation into high-affinity long-lived plasma
cells by interacting with PD-L1 and/or PD-L2–expressing
B cells (4). Tfh cells themselves contribute to B cell activa-
tion and differentiation through the secretion of cytokines,
such as IL-4, IL-10, and IL-21. Among these, IL-21 serves
as the pivotal regulatory cytokine, since it directly regulates
Tfh cell formation and differentiation and induces GC B
cell proliferation and differentiation into plasma cells (5).

Similar to other T helper cell lineages, multiple
specific gene transcriptional regulatory factors are in-
volved in the differentiation of Tfh cells. B cell lymphoma
6 (Bcl-6), a nuclear phosphoprotein belonging to the
BTB/POZ zinc-finger family, is considered to be the most
critical transcription factor in the functioning of Tfh cells,
and is necessary for the differentiation of Tfh cells and for
promoting the capacity of these cells to provide help for B
cell differentiation. In contrast, B lymphocyte–induced
maturation protein 1 (BLIMP-1), which is encoded by the
PRDM1 gene, is an antagonist of Bcl-6 expression, and
inhibits the differentiation of Tfh cells and disturbs their
capacity to provide B cell help (6).

The presence of Tfh cells is not limited to secondary
lymphoid organs, as human blood contains CD4+CXCR5+
T cell populations that share some functional properties
with Tfh cells, termed circulating (or blood) Tfh (cTfh)
cells (7,8). These cTfh cells can be divided into subsets
based on the expression of CCR6 and CXCR3, with 3 cTfh
populations identified, each having different functional
capabilities. CXCR3+CCR6� cells resemble Th1 cells (term-
ed cTfh1 cells), while CXCR3�CCR6� cells resemble
Th2 cells (termed cTfh2 cells), and CXCR3�CCR6+ cells
resemble Th17 cells (termed cTfh17 cells). Of these cTfh
subsets, only cTfh2 and cTfh17 could induce naive B cells
to proliferate and differentiate into plasmablasts/plasma
cells via the secretion of IL-21 (7).

Abnormal expression and/or dysfunction of Tfh
cells can be involved in the development of autoimmune
disease, with the resultant production of increased concen-
trations of autoantibodies (9–11). IgG4-related disease
(IgG4-RD) is a newly recognized immune-mediated
fibroinflammatory disease that is characterized by enlarge-
ment of tissues or organs, abundant IgG4+ plasma cell

infiltration in damaged organs, and elevated serum IgG4
levels (12,13). Because of its relative novelty, the exact
mechanism involved in the pathogenesis of IgG4-RD
remains unclear. Results of previous studies have sug-
gested that aberrant formation of GCs and perturbation
of B cell subsets contribute to the development of IgG4-
RD (14–16). Notably, we found a population of
CD19+CD24�CD38high plasmablasts/plasma cells whose
levels were abnormally increased in patients with IgG4-
RD, showing a positive correlation with the serum levels
of IgG4, number of organs with disease involvement, and
levels of disease activity. After treatment with glucocorti-
coids and immunosuppressants, these levels of plas-
mablasts/plasma cells were significantly reduced (15,16).

The unresolved question is whether the increase in
circulating IgG4-secreting plasmablasts/plasma cells rep-
resents a primary B cell abnormality or reflects increased
function of Tfh cell subsets. To explore whether abnormal
expansion of Tfh cell subsets could contribute to the char-
acteristic increase in plasmablast/plasma cell differentia-
tion in IgG4-RD, we carried out a detailed analysis of the
pool size and function of these cells in the blood and
involved tissue of patients with this disease.

PATIENTS AND METHODS

Patients and controls. Newly diagnosed and untreated
patients with IgG4-RD (n = 46) who fulfilled the 2011 compre-
hensive IgG4-RD diagnostic criteria (17) were enrolled in this
study. Patients with recurrent infections, cancer, lymphoma, or
other autoimmune diseases were excluded. Details on the
patients’ demographic, clinical, and laboratory characteristics at
the time of analysis are shown in Supplementary Table 1 (available
on the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40556/abstract). Age- and sex-matched
healthy volunteers (n = 33) were studied in parallel as healthy
controls, and 7 patients with IgG4-RD who had been receiving
stable treatment for the disease were also used as a control
group. In addition to the blood samples from patients with
IgG4-RD, 4 fresh submandibular gland tissue samples and 5
paraffin-embedded tissue samples (2 from the submandibular
gland, 1 from the lacrimal gland, 1 from the sinus tissue, and 1
from the parotid gland) were obtained from patients with IgG4-
RD. As controls, 4 fresh submandibular gland tissue samples
from patients without IgG4-RD (non–IgG4-RD controls; most
having pathology-confirmed chronic submandibular sialadenitis)
and 5 paraffin-embedded labial gland tissue samples from
patients with Sj€ogren’s syndrome (SS) were examined.

The study was approved by the Medical Ethics Commit-
tee of Peking Union Medical College Hospital (Peking, China).
Informed consent was obtained from all patients and controls.

Flow cytometry. Using standard Ficoll-Hypaque proce-
dures, mononuclear cells were isolated from fresh peripheral
blood mononuclear cells (PBMCs) or from tissue cell suspensions
purified from fresh submandibular gland tissue. Samples were
preincubated with Fc block (BioLegend) and stained with the fol-
lowing monoclonal antibodies (mAb): PerCP-Cy5.5–conjugated

1854 CHEN ET AL

http://onlinelibrary.wiley.com/doi/10.1002/art.40556/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40556/abstract


anti-CXCR5, phycoerythrin (PE)–Cy7–conjugated anti-CD19,
fluorescein isothiocyanate (FITC)–conjugated anti-CD24, allo-
phycocyanin (APC)–conjugated anti-CD38, PE–Cy7–conjugated
anti-CD19, PE-conjugated anti-IgD (all from BD PharMingen),
PE–Cy7–conjugated anti-ICOS, APC-conjugated anti-CXCR3,
PE-conjugated anti-CCR6 (all from BioLegend), and FITC-con-
jugated anti-CD4 (eBioscience) or isotype-matched controls (BD
PharMingen). The stained cells were analyzed with a BD Bio-
science LSRII flow cytometer immediately after sample prepara-
tion. Data were analyzed using FlowJo software (version 7.6.4;
Tree Star).

Cell isolation. PBMCs were stained with antibodies
against CD4, CXCR5, CCR6, and CXCR3, and then a MoFlo
high-performance cell sorter (Cytomation) was used to sort the
cells into cTfh cells (CD4+CXCR5+) and into subsets of cTfh
cells, including cTfh1 cells (CXCR3+CCR6�), cTh2 cells
(CXCR3�CCR6�), and cTfh17 cells (CXCR3�CCR6+).
CD4+ T cells were enriched by positive selection and B cells by
negative selection with magnetic beads using Miltenyi MACS
kits, according to the manufacturer’s instructions. Among the
sorted cells, >94% purity was achieved.

Quantitative real-time polymerase chain reaction
(qPCR). Total RNA was extracted from peripheral CD4+ Tcells
using TRIzol solution (Invitrogen), according to the manufac-
turer’s instructions. Reverse transcription (RT) was carried out
using a PrimeScript RTreagent kit. With a total volume of 20 ll,
containing 10 ll SYBR Premix Ex Taq 29 TMII (Takara), 1.6 ll
forward and reverse primers, and 2 ll complementary DNA
templates, qPCR reactions were performed on an ABI Prism
7900HT Fast Real-Time PCR system (Applied Biosystems) using
the following amplification conditions: predenaturation at 95°C
for 30 seconds, followed by 40 cycles of amplification, denatur-
ation at 95°C for 5 seconds, and annealing at 60°C for 30 seconds.
Melting curves were used for controlling the specificity of the
amplification products.

Expression values for each gene were normalized to
those for b-actin. The gene-specific primers for qPCR were
designed according to GenBank sequences and synthesized at
Shanghai Sangon Biological Engineering Technology and Ser-
vice Company. The sequences of the primers used are as follows:
for IL-21, forward 50-GGAGAAGACAGAAACACAGAC-30
and reverse 50-GTCCAACTGCAAGTTAGATCC-30; for Bcl-6,
forward 50-AACCTGAAAACCCACACTCG-30 and reverse 50-
TTCGCATTTGTAGGGCTTCT-30; for BLIMP-1, forward 50-
GTGTCAGAACGGGATGAACA-30 and reverse 50-GCTCGG
TTGCTTTAGACTGC-30; and for b-actin, forward 50-CCTG
GGCATGGAGTCCTGTGG-30 and reverse 50-CTGTGTTGG
CGTACAGGTCTT-30. Relative differences between the groups
were analyzed using the 2–DDCt method, with results assessed rel-
ative to the values in healthy controls.

Immunohistochemical analysis and immunofluorescence
staining. Formalin-fixed, paraffin-embedded samples of disease-
involved tissue from patients with IgG4-RD were cut into consec-
utive 3-lm–thick sections. Slides were stained with rabbit anti-
human IL-21, followed by rabbit anti-human Bcl-6 and rabbit
anti-human IgG4 (Abcam), and then sequentially incubated with
biotinylated goat anti-rabbit IgG secondary antibodies and strep-
tavidin-conjugated horseradish peroxidase, in accordance with
conventional immunohistochemical methods. As a negative con-
trol, we used phosphate buffered saline instead of the primary
antibody to assess submandibular gland tissue from IgG4-RD
patients, while positive controls for Bcl-6 were performed using

tonsil tissue (details shown in Supplementary Figure 1A, available
on the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40556/abstract).

For immunofluorescence staining, the slides were also
incubated with primary mouse anti-human CD4 (Abcam) in
combination with rabbit anti-human CXCR5, and then incu-
bated with mixed Alexa Fluor 488–conjugated donkey anti-
mouse IgG antibody and Alexa Fluor 594–conjugated donkey
anti-rabbit IgG antibody. DAPI was used as the nuclear counter-
stain. Immunofluorescence images were acquired, processed to
reduce background, and merged using ZEN Lite microscope
software (Zeiss Microscopy).

Cell coculture. B cells (2 9 104 cells/well) were cocultured
with sorted Tfh cells (2 9 104 cells/well) and cTfh cell subsets (1 9
104 cells/well) in the presence of 1 lg/ml purified plate-bound anti-
CD3 mAb, 2 lg/ml purified anti-CD28 mAb, 100 ng/ml recombi-
nant human CD40L (Abcam), and 0.1 lg/ml CpG-containing
oligonucleotide 2006 (Invivogen) in complete RPMI 1640 medium
supplemented with 10% heat-inactivated fetal bovine serum,
respectively.

Assessment of the proliferation, apoptosis, and differen-
tiation of cocultured B cells. The apoptosis and proliferation of
cocultured B cells were tested by flow cytometry on day 3 of the
cocultures, using a BD Biosciences Apoptosis, DNA Damage,
and Cell Proliferation kit according to the procedure recom-
mended by the manufacturer. The remaining cells were collected
on day 7 and assessed by flow cytometry to determine the differ-
entiation of sorted B cells into plasmablasts/plasma cells.

Enzyme-linked immunoassay (ELISA). Supernatants of
cocultured cells were collected on day 7 and stored at �80°C
until used. The concentrations of IgG4 were measured by
ELISA (eBioscience), according to the procedure recommended
by the manufacturer.

Statistical analysis. All statistical analyses were per-
formed using SPSS software (version 20.0; SPSS Inc.). Data are
presented as the mean � SD and analyzed using the Student’s
t-test (for normally distributed data) or Mann-Whitney U test
(for non–normally distributed data). Comparison of mean values
between the groups was done using one-way analysis of variance.
Correlations between variables were determined using Pearson’s
rank correlation test (for normally distributed data) or Spear-
man’s rank correlation test (for non–normally distributed data).
P values less than 0.05 were considered significant.

RESULTS

Expansion of cTfh cells in patients with IgG4-RD.
Blood samples from 46 untreated patients with IgG4-RD
and 33 healthy controls were collected. As shown in Fig-
ures 1A and B, the percentage of total CD4+ Tcells in the
peripheral blood of patients with IgG4-RD was not signifi-
cantly different from that in healthy controls, whereas the
percentage of CD4+CXCR5+ cTfh-like cells in total lym-
phocytes was significantly increased in patients with IgG4-
RD compared to healthy controls (mean � SD 5.92 �
0.47% versus 3.85 � 0.29%; P < 0.005). In addition, the
frequencies of the following subsets were also significantly
increased in CD4+ T cells from patients with IgG4-RD
compared to healthy controls: CD4+CXCR5+ICOS+
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in CD4+ T cells, 19.21 � 1.13% versus 12.95 � 0.73%
(P < 0.0001); CD4+CXCR5+PD-1+ in CD4+ Tcells, 4.02 �
0.52% versus 1.12 � 0.10%(P < 0.0001); PD-1 in CD4+
CXCR5+ICOS+ T cells, 16.56 � 1.59% versus 8.33 �
0.61% (P < 0.0001); and CD4+CXCR5+ICOS+PD-1+ in
CD4+ T cells, 2.45 � 0.32% versus 0.69 � 0.06% (P <
0.0001) (Figures 1A and B).

We further examined the presence of these cTfh
cells in suspensions of mononuclear cells from fresh sub-
mandibular gland tissue obtained from 4 patients with
IgG4-RD and 4 non–IgG4-RD control patients. Notably,
the percentages of cTfh cells were significantly higher in
the submandibular gland tissue than in the peripheral
blood of patients with IgG4-RD, and were also dramati-
cally increased in the submandibular glands from patients
with IgG4-RD compared to the same tissue from non–

IgG4-RD control subjects with an inflammatory condition
(Figure 1B). Interestingly, PD-1 was expressed by the
majority of CD4+CXCR5+ICOS+ Tfh cells in the
involved gland tissue from IgG4-RD patients (Figures 1A
and B). However, the number of lymphocytes was rather
small in the submandibular gland tissue from non–IgG4-
RD control patients, and CXCR5 was barely expressed.

Correlation of the frequencies of cTfh cells with
clinical parameters. Although there were no significant cor-
relations between the frequencies of CD4+CXCR5+,
CD4+CXCR5+ICOS+, and CD4+CXCR5+PD-1+ cTfh
cells and the serum levels of IgG, serum levels of IgG4,
IgG4:IgG ratio, numbers of involved organs, or percentages
of CD19+CD24�CD38high plasmablasts/plasma cells (data
not shown), the percentage of CD4+CXCR5+ICOS+PD-1+
cTfh cells and the percentage of PD-1 expression in

Figure 1. Expression of follicular helper T (Tfh) cells and plasmablasts in patients with IgG4-related disease (IgG4-RD) compared to healthy con-
trols (HC). A and B, Flow cytometric detection (A) and quantification (B) of total CD4+ T cells, CD4+CXR5+ T cells, CD4+CXCR5+ICOS+ T
cells, CD4+CXCR5+PD-1+ T cells, programmed cell death protein 1 (PD-1) in CD4+CXCR5+ICOS+ T cells, and CD19+CD24�CD38high plas-
mablasts in peripheral blood and submandibular gland tissue (T) from patients with IgG4-RD and healthy controls. Symbols represent individual
subjects; horizontal lines with bars show the mean � SD. * = P < 0.05; ** = P < 0.001. C, Correlations between the percentages of PD-1 in
CD4+CXCR5+ICOS+ T cells and CD4+CXCR5+ICOS+PD-1+ T cells and serum levels of IgG4, serum levels of IgG, IgG4:IgG ratio, numbers of
involved organs, and percentage of CD19+CD24�CD38high plasmablasts. ICOS = inducible T cell costimulator.
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CD4+CXCR5+ICOS+ T cells did show significant posi-
tive correlations with the serum levels of IgG, serum
levels of IgG4, serum IgG4:IgG ratio, and numbers of
involved organs (Figure 1C). Notably, the percentage of
PD-1 in CD4+CXCR5+ICOS+ Tcells was also positively
associated with the percentage of CD19+CD24�CD38high

plasmablasts/plasma cells (Figure 1C).
Expression of Bcl-6, BLIMP-1, and IL-21 mRNA

in patients with IgG4-RD. After the cells were sorted
using positive selection with magnetic beads, we found
that CD4+ T cells were enriched both in patients with
IgG4-RD and in healthy controls. To understand the

status of Tfh cells in greater detail, the levels of Bcl-6 and
BLIMP-1 (PRDM1) mRNA in CD4+ T cells were tested
by real-time qPCR. Our results showed that levels of
BLIMP-1 (PRDM1) mRNA, but not Bcl-6 mRNA, were
up-regulated in untreated patients with IgG4-RD
compared to healthy controls (for PRDM1 mRNA [F =
2–DDCt], mean � SD 3.28 � 0.77 versus 1.33 � 0.21 [P <
0.0001]; for Bcl6 mRNA [F = 2–DDCt], 1.36 � 0.21 versus
1.14 � 0.29 [P > 0.05]) (Figure 2A).

Because of the critical role of IL-21 in the functions
of Tfh cells, we also confirmed that the levels of IL-21
mRNA were much higher in CD4+ Tcells from untreated

Figure 2. Transcriptional levels of B cell lymphoma 6 (Bcl-6), B lymphocyte–induced maturation protein 1 (BLIMP-1; PRDM1), and interleukin-21
(IL-21) in peripheral CD4+ T cells from patients with IgG4-RD compared to healthy controls, and results of immunohistochemical staining of the
involved tissue from patients. A and B, Levels of Bcl-6 and BLIMP-1 (PRDM1) mRNA in peripheral CD4+ Tcells from patients with IgG4-RD (A)
and IL-21 mRNA in peripheral CD4+ T cells from IgG4-RD patients before and after treatment (B), compared to healthy controls. Results are the
mean � SD, calculated using the 2–DDCt method. C, Correlations between levels of IL-21 mRNA and IgG4-RD clinical indices. D, Specific staining
of IL-21, Bcl-6, and IgG4 in the involved tissue from patients with IgG4-RD. Original magnification 9 100. See Figure 1 for other definitions.
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patients with IgG4-RD compared to healthy controls, and
after treatment, the levels of IL-21 mRNA were signifi-
cantly decreased (for IL-21 mRNA [F = 2–DDCt], mean �
SD 0.80 � 0.11 in healthy controls versus 3.43 � 0.69
before treatment and 1.16 � 0.20 after treatment in
patients with IgG4-RD; P < 0.01) (Figure 2B). Moreover,
the relative transcription levels of IL-21 mRNA in CD4+
T cells from untreated patients with IgG4-RD showed a
strong positive correlation with the serum levels of IgG4,
serum levels of IgG, and IgG4:IgG ratio (Figure 2C).

Immunohistochemical and immunofluorescence
staining of IgG4-RD–involved tissue. As shown in Fig-
ure 2D, in experiments using immunohistochemical tech-
niques, we observed specific staining of IL-21, Bcl-6,
and IgG4 in the affected tissue of patients with IgG4-
RD. IL-21 was found to be diffusely located or sur-
rounding glandular structures, while Bcl-6 was found to
be located mainly in ectopic GCs in all of the tissue
samples analyzed, including the sinus tissue, parotid
gland tissue, and lacrimal gland tissue from patients with
IgG4-RD.

In triple-fluorescence immunostaining, the cell
surface markers CD4 and CXCR5 were used to

characterize the localization of Tfh cells in the involved
tissue of patients with IgG4-RD (green and red
immunostaining, respectively, in Figure 3). DAPI was
used to mark the cell nucleus (blue immunostaining in
Figure 3). Labial glands from patients with SS were used
as controls. As can be seen in Figure 3, CD4+CXCR5+
T cells were much more frequent in the affected gland
tissue of patients with IgG4-RD than in the labial gland
tissue of patients with SS. In tissue samples from patients
with IgG4-RD, Tfh cells were mostly distributed around
glandular cells or within ectopic GCs. In the affected
sinus tissue, CD4+CXCR5+ T cells were found as a dif-
fuse infiltration. Comparison of the quantitative data on
the distribution of CD4+CXCR5+ Tfh cells showed
significant differences between patients with IgG4-RD
and patients with SS (P < 0.05) (results in Supplementary
Figure 1B, available on the Arthritis & Rheumatology web
site at http://onlinelibrary.wiley.com/doi/10.1002/art.40556/
abstract).

Promotion of B cell proliferation and differentia-
tion and inhibition of apoptosis by cTfh cells in pa-
tients with IgG4-RD. To assess the ability of cTfh cells
to promote B cell proliferation and differentiation in

Figure 3. Immunofluorescence staining of Tfh cells in the involved tissue (lacrimal glands, submandibular glands, and sinus tissue) from patients
with IgG4-RD compared to labial glands of control patients with Sj€ogren’s syndrome (SS) (stained with the same concentration of primary anti-
bodies). a, CXCR5 (in red). b, CD4 (in green). c, DAPI counterstaining for cell nucleus (in blue). a + b, Merged image of CD4 and CXCR5
immunostaining. a + b + c, Merged image of CD4, CXCR5, and DAPI immunostaining. White arrowheads indicate positive cells. Insets show
higher magnification views of the merged images. Original magnification 9 400. See Figure 1 for other definitions.
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Figure 4. Impact of circulating Tfh (cTfh) cells on B cell proliferation, apoptosis, and differentiation. Magnetic bead–purified B cells from healthy
controls were cultured alone or cocultured with CD4+CXCR5+ T cells in vitro. The 4 groups were healthy control B cells alone, healthy control B
cells cocultured with healthy control cTfh cells, healthy control B cells cocultured with cTfh cells from patients with IgG4-RD, and B cells from
patients with IgG4-RD alone. Representative data from 4 independent experiments are shown. A, Detection of bromodeoxyuridine (BrdU) (blue
box) and cleaved poly(ADP-ribose) polymerase (PARP) (red box) by flow cytometry in B cells on day 3 after stimulation. B, Detection of
CD19+CD24�CD38high plasmablasts (red circle) by flow cytometry on day 7 after stimulation. C, Detection of naive B cells (CD19+CD27�IgD+)
(gray box) and switched (S) memory B cells (CD19+CD27+IgD�) (green box) by flow cytometry on day 7 after stimulation. D, Percentages of
BrdU+ B cells, cleaved PARP+ B cells, plasmablasts/plasma cells, switched memory B cells, and naive B cells and concentrations of IgG4 in the
cultured cell suspensions from the different groups. Results are the mean � SD. See Figure 1 for other definitions.
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patients with IgG4-RD, magnetic bead–purified B cells
from healthy controls were stimulated in vitro alone or
with a 1:1 mixture of sorted CD4+CXCR5+ T cells from
patients with IgG4-RD or age- and sex-matched healthy
controls. The cTfh cells from patients with IgG4-RD
induced B cell proliferation and inhibited B cell apoptosis
more effectively than did the cTfh cells from healthy con-
trols (Figures 4A and D). Importantly, cTfh cells from
patients with IgG4-RD promoted B cell differentiation
into CD19+CD24�CD38high plasmablasts/plasma cells
more efficiently than did healthy control cTfh cells, and
high production of IgG4 antibodies was observed in the
cultures of cTfh cells from patients with IgG4-RD (Fig-
ures 4B and D).

In addition, cTfh cells from patients with
IgG4-RD appeared to be more effective than healthy
control cTfh cells in supporting the differentiation of
naive B cells (CD19+CD27�IgD+) into switched mem-
ory B cells (CD19+CD27+IgD�) (Figures 4C and D).
Although not significantly different, the overall trends
were apparent and consistent across 4 independent
experiments. B cells alone from either patients with
IgG4-RD or healthy controls predominantly underwent
apoptosis, with minimal proliferation or differentiation.

High expression of cTfh1 and cTfh2 cells in
patients with IgG4-RD. Based on the expression of the che-
mokine receptors CXCR3 and CCR6 in CD4+CXCR5+
T cells, we analyzed the proportion of different cTfh cell

Figure 5. Expression of circulating Tfh (cTfh) cell subsets in patients with IgG4-RD compared to healthy controls. A, Expression of cTfh1
(CXCR3+CCR6�), cTfh2 (CXCR3�CCR6�), and cTfh17 (CXCR3�CCR6+) cells was assessed in peripheral CD4+ T cells from patients with
IgG4-RD and healthy controls and in submandibular gland tissue from patients with IgG4-RD. B–E, Percentages of circulating CXCR3+CCR6+ T
cells (B) as well as cTfh17 (C), cTfh1 (D), and cTfh2 cells (E) were determined in peripheral CD4+ T cells from patients with IgG4-RD (n = 38)
compared to healthy controls (n = 26), and in submandibular gland tissue from patients with IgG4-RD (n = 4). Symbols represent individual sub-
jects; horizontal lines with bars show the mean � SD. ** = P < 0.001. See Figure 1 for other definitions.
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subsets in the peripheral blood from patients with IgG4-
RD (n = 38) and healthy controls (n = 26) (Figure 5A). As
shown in Figures 5B–E, when compared to healthy con-
trols, the percentages of cTfh1 cells (CXCR3+CCR6�)
and cTfh2 cells (CXCR3�CCR6�) in CD4+ T cells were
significantly increased in patients with IgG4-RD, whereas
the percentages of the other 2 subpopulations, including
cTfh17 cells (CXCR3�CCR6+) and CXCR3+CCR6+ T
cells, did not show significant differences between patients
with IgG4-RD and healthy controls (for cTfh1, mean� SD
6.27 � 0.45% versus 3.83 � 0.21% [P < 0.0001]; for cTfh2,
5.73 � 0.45% versus 4.22 � 0.24% [P = 0.01]; for cTfh17,
6.27 � 0.45% versus 3.83 � 0.21% [P < 0.0001]; for circu-
lating CXCR3+CCR6+ Tcells, 5.80 � 0.45% versus 6.24 �
0.51% [P = 0.52]). Likewise, the ratio of Tfh1 cells to Tfh2
cells in the involved submandibular glands of patients with
IgG4-RD was also remarkably increased. Because of the
poor expression of CXCR5 in submandibular glands from
non–IgG4-RD control patients, it was difficult to divide
them into subsets of Tfh1, Tfh2, and Tfh17, and we there-
fore did not compare Tfh cell subsets between submandib-
ular gland tissue samples from patients with IgG4-RD and
submandibular gland tissue samples from non–IgG4-RD
control patients.

Aberrant function of cTfh1 and cTfh2 cells in
patients with IgG4-RD. Considering the abnormal func-
tion of cTfh cells in patients with IgG4-RD, we next
investigated which subpopulations might play a major
role in helping B cells. The flow cytometry–sorted total
cTfh1, cTfh2, and cTfh17 cells from patients with IgG4-
RD and age- and sex-matched healthy controls were cul-
tured with magnetic bead–purified B cells obtained from
healthy control subjects. As shown in Figure 6, all of
these cTfh cell subsets from patients with IgG4-RD pro-
moted B cell proliferation and inhibited B cell apoptosis
more effectively than did those from healthy controls, a
finding that was most notable with cTfh1 and cTfh17
cells. In contrast, cTfh1 cells, and especially cTfh2 cells,
from patients with IgG4-RD enhanced B cell differenti-
ation into CD19+CD24�CD38high plasmablasts/plasma
cells more efficiently than did those from healthy con-
trols. However, there were no differences in the abilities
of these cTfh cell subsets to promote naive B cell differ-
entiation into memory B cells either in patients with
IgG4-RD or in healthy controls (data not shown).

DISCUSSION

In this study, we found that cTfh cells were signifi-
cantly expanded in the peripheral blood of patients with
IgG4-RD, and Tfh cells were even more expanded in
the involved tissue. The percentages of PD-1 in

CD4+CXCR5+ICOS+ cTfh cells positively correlated
with the serum levels of IgG and IgG4, the IgG4:IgG
ratio, the number of involved organs, and the frequency
of CD19+CD24�CD38high plasmablasts/plasma cells. The
level of BLIMP-1 (PRDM1), but not Bcl-6, mRNA was
higher in peripheral CD4+T cells from patients with
IgG4-RD than in those from healthy controls. Levels of
IL-21 mRNA were much higher in peripheral CD4+ T
cells from untreated patients with IgG4-RD, and this pos-
itively correlated with the serum levels of IgG4, serum
levels of IgG, and IgG4:IgG ratio. Furthermore, after
treatment, the levels of IL-21 mRNA were significantly
decreased. In addition, CD4+CXCR5+ Tfh cells, as well
as Bcl-6 and IL-21, were highly expressed in the involved
tissue of patients with IgG4-RD, mainly distributed
around glandular cells or within ectopic GCs. Impor-
tantly, compared to healthy controls, cTfh cells in patients
with IgG4-RD more efficiently facilitated B cell prolifera-
tion as well as the differentiation of naive B cells into
switched memory B cells and plasmablasts/plasma cells,
resulting in increased secretion of IgG4.

Finally, the frequencies of cTfh1 and cTfh2 cells,
but not cTfh17 cells, were significantly higher in patients
with IgG4-RD. Moreover, cTfh1 and cTfh17 cells
enhanced B cell proliferation, whereas cTfh1 cells, and
especially cTfh2 cells, promoted B cell differentiation,
and also induced the secretion of IgG4.

Aberrantly expanded cTfh cells have been consid-
ered to be an important inducing factor in the develop-
ment of autoimmune diseases (18). Akiyama et al
reported that CD4+CXCR5+CD45RA� memory cTfh
cells were overexpressed in patients with IgG4-RD (n =
15) (19). However, they did not analyze the expression of
PD-1 and ICOS in cTfh cells. In our study, we measured
not only the levels of PD-1 and ICOS in cTfh cells, but
also the expansion of Tfh cells in involved organ tissue.
Our results demonstrated that, in addition to expansion
of CD4+CXCR5+ cTfh cells in the circulating blood of
patients with IgG4-RD, there is also marked enrichment
and functional maturation of Tfh cells in the involved tis-
sue in these patients.

Notably, the frequency of Tfh cells was signifi-
cantly higher in the affected tissue than in the circulating
blood. CD4+CXCR5+ Tfh-like cells mostly localized
around the glandular cells or within ectopic GCs, whereas
some of them presented as a diffuse infiltration. In con-
trast, in the involved tissue of non–IgG4-RD control
patients, there were few CD4+ or CXCR5+ T cells, fur-
ther supporting the important role of Tfh cells in the
pathogenesis of IgG4-RD.

Moreover, the frequencies of CD4+CXCR5+
ICOS+ cells, CD4+CXCR5+PD-1+ T cells, and CD4+
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CXCR5+ICOS+PD-1+ cTfh cells were much higher in
the circulating blood of patients with IgG4-RD than in
healthy controls, and expansion of mature Tfh cell subsets
was even greater in the involved organ tissue of patients.
Nearly 90% of CD4+CXCR5+ICOS+ Tfh cells in the

involved submandibular gland tissue of patients with
IgG4-RD expressed PD-1. Notably, in patients with IgG4-
RD, the frequency of PD-1 in CD4+CXCR5+ICOS+
T cells showed a significant positive correlation with the
serum levels of IgG, serum levels of IgG4, and IgG4:IgG

Figure 6. Impact of circulating Tfh (cTfh) cell subsets on B cell proliferation, apoptosis, and differentiation. Magnetic bead–purified B cells from
healthy controls were cultured alone or cocultured with cTfh cell subsets (cTfh1, cTfh2, and cTfh17) from healthy controls or patients with IgG4-
RD in vitro. Representative data from 3 independent experiments are shown. A, Detection of bromodeoxyuridine (BrdU) (blue box) and cleaved
poly(ADP-ribose) polymerase (PARP) (red box) by flow cytometry in B cells on day 3 after stimulation. B, Detection of CD19+CD24�CD38high

plasmablasts (red circle) by flow cytometry on day 7 after stimulation. C, Comparison of the percentage of BrdU+ B cells, cleaved PARP+ B cells,
and plasmablasts between the different groups. Results are the mean � SD. * = P < 0.05; ** = P < 0.01. See Figure 1 for other definitions.
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ratio and the number of organs involved. Interestingly,
the frequencies of PD-1 in CD4+CXCR5+ICOS+ T cells
also positively correlated with the frequencies of
CD19+CD24�CD38high plasmablasts/plasma cells, which
have been considered to be a potentially useful biomarker
for diagnosis and assessment of disease activity in IgG4-
RD (16). Therefore, our data demonstrate that the ex-
pression of PD-1 in CD4+CXCR5+ICOS+ Tfh cells might
play an important role in the pathogenesis of IgG4-RD,
especially in the process of inducing GC B cell differentia-
tion into IgG4-secreting plasma cells. Inhibition of the
expansion of, or tissue maturation of, Tfh cells might pro-
vide a target of therapy for IgG4-RD.

Multiple transcriptional regulators influence dif-
ferent aspects of Tfh cell development, migration, and
function. These include the positive transcription factors
Bcl-6, interferon regulatory factor 4, c-Maf, basic leucine
zipper ATF-like transcription factor, and STATs, and the
negative transcription factors BLIMP-1 (PRDM1),
FoxO1, FoxP1, and Kruppel-like factor 2 (20). Among
these transcription factors, the balance between Bcl-6 and
BLIMP-1 (PRDM1) plays an essential role in the genera-
tion and function of normal Tfh cells. In this study,
although there was no significant difference in Bcl-6
mRNA expression in cTfh cells between healthy controls
and patients with IgG4-RD, Bcl-6 was found to be highly
expressed in the tissue of patients with IgG4-RD, mainly
located in ectopic GCs of the involved tissue.

One possible explanation for this is that Bcl-6
expression by Tfh cells is unstable. It has previously been
shown that Bcl-6 expression is only necessary for Tfh cell
generation at the early stage of Tfh cell maturation in
GCs, but no longer required for Tfh cell function once
CD4+ T cells have committed to the Tfh cell pathway,
and Bcl-6 expression may be down-regulated when Tfh
cells are in a state of silence (9,18). Consistent with this
possibility, in a Bcl-6 reporter mouse strain, Tfh cells
gradually down-modulated Bcl-6 protein expression over
a few weeks after development. The Bcl-6low Tfh cells
rapidly terminated proliferation and up-regulated IL-7
receptor expression. In addition, it was reported that
there was no difference between the function of BCl-6+
Tfh cells and the function of Bcl-6� Tfh cells (21). How-
ever, BLIMP-1 was barely expressed in the affected tis-
sue (data not shown), but was up-regulated in the
peripheral blood of patients with IgG4-RD. The up-
regulation of BLIMP-1 (PRDM1) in circulating CD4+
Tcells of patients with IgG4-RD was not quite clear. We
assumed that BLIMP-1 (PRDM1) might function as a
compensatory mechanism and be increased once GC
Tfh cells developed and transformed into memory cTfh
cells. Alternatively, BLIMP-1 (PRDM1) might be up-

regulated in blood cTfh cells as a means to prevent their
full differentiation into functional cTfh cells, a condition
that is restricted to the tissue (22). Therefore, the mecha-
nisms through which cTfh cells are controlled by multi-
ple transcriptional regulators in IgG4-RD needs to be
further investigated.

As mentioned above, IL-21 is essential for Tfh
cell development and plays a pivotal role in the capacity
of Tfh cells to drive B cell differentiation into plas-
mablasts/plasma cells. Our study also revealed that the
levels of IL-21 mRNA were up-regulated in peripheral
CD4+ T cells of patients with IgG4-RD compared to
healthy controls, and significantly decreased after treat-
ment. In addition, we demonstrated that the IL-21
mRNA level was positively correlated with the serum
levels of IgG, serum levels of IgG4, and IgG4:IgG ratio.
These results suggest that IL-21 might play a critical role
in the pathogenesis of IgG4-RD. In the affected tissue of
patients with IgG4-RD, IL-21 protein was highly
expressed around the glandular tissue, as well as diffusely
expressed throughout the tissue.

The major function of Tfh cells is to help naive B
cells expand and differentiate into high-affinity memory
B cells and long-lived plasma cells within GCs (18).
Abnormal expansion and/or functional augmentation of
Tfh cells could lead to ectopic GC formation and abnor-
mal immune responses, which could result in pathologic
immune responses and a large amount of IgG4 in
patients with IgG4-RD (9). In this regard, we further
found that the function of Tfh cells in Ig4-RD was also
abnormal. The ability of cTfh cells from patients with
IgG4-RD to enhance B cell proliferation was augmented
compared to that of cTfh cells from healthy controls.
Importantly, cTfh cells from patients with IgG4-RD
could induce naive B cell differentiation into switched
memory B cells and CD19+CD24�CD38high plas-
mablasts/plasma cells more effectively than could healthy
control cTfh cells, leading to greater production of IgG4.
On the other hand, cTfh cells from patients with IgG4-
RD inhibited B cell apoptosis more effectively than cTfh
cells from healthy controls. The mechanism of this
enhanced function of cTfh cells is currently unknown,
but the augmented function of cTfh cells in patients with
IgG4-RD is likely to contribute to the exaggerated differ-
entiation of IgG4-producing plasma cells and the onset
of the disease.

Previously, Akiyama et al have reported that the
number of cTfh2 cells was greatly increased in patients
with IgG4-RD when compared to healthy controls and
patients with other autoimmune diseases (those with pri-
mary SS and those with mixed connective tissue disease),
and positively associated with the serum levels of IgG4,
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the IgG4:IgG ratio, and the number of organs involved
(19,23). Subsequently, they examined more patients and
further demonstrated that Tfh2 cells induced the differ-
entiation of naive B cells into plasmablasts and
enhanced production of IgG4. Moreover, the frequency
of activated cTfh2 cells positively correlated with the
serum levels of IgG4, IgG4-RD Responder Index (RI),
and number of organs involved in patients with IgG4-
RD, whereas the frequency of activated cTfh1 cells cor-
related with the IgG4-RD RI, but not with serum levels
of IgG4 (23). However, in the current study, we were
able to demonstrate that both cTfh1 and cTfh2 cells were
increased in the circulating blood of IgG4-RD patients,
and were even more expanded in the involved tissue, but
we did not find a statistically significant rela-
tionship between the increase in either cTfh1 or cTfh2
subpopulations with clinical or laboratory parameters of
IgG4-RD.

There are a number of possible explanations for
this apparent discrepancy. First, Akiyama et al analyzed
Tfh cell subsets among the memory CXCR5+
CD45RA�CD4+ cTfh cell subset only. Second, according
to the expression and intensity of PD-1 and ICOS, each
of the cTfh1, cTfh2, and cTfh17 subpopulations could be
further divided into 3 subsets: one activated subset
(ICOS+PD-1+), and 2 quiescent subsets (ICOS-PD-1+
and ICOS�PD-1�) (22,24). In cTfh2 and cTfh17 cells,
the ICOS+PD-1+ activated subpopulation has increased
functional capacity to help both naive and memory B
cells, whereas the ICOS-PD-1+ quiescent populations
more efficiently promote help for memory B cells than
the ICOS-PD-1� population, although the latter was
more efficient in helping naive B cells to produce Ig. The
ICOS+PD-1+ activated cTfh1 cell subpopulation was the
most efficient at inducing memory B cells to proliferate
and differentiate into plasma cells via IL-21 and IL-10,
with an increase in antibody titers (22,24–27). This may
explain why the increased numbers of total cTfh1 and
cTfh2 cells did not reflect the level of disease activity.
Consistent with the findings of Akiyama et al (23), the
number of activated cTfh2 cells, but not total cTfh2 cells,
observed in the current study positively correlated with
the serum levels of IgG4, the IgG4-RD RI, and the num-
ber of involved organs.

Based on the findings of the functional abnormali-
ties of cTfh cells in patients with IgG4-RD, we further
investigated which cTfh cell subset influenced the activa-
tion and differentiation of B cells. Our results demon-
strated that all of the cTfh cell subsets from patients with
IgG4-RD exhibited augmented function when compared
to those from healthy controls. In patients with IgG4-RD,
it was mainly cTfh1 and cTfh17 cells that led to the

increased proliferation of B cells, whereas mainly cTfh1
cells, and especially cTfh2 cells, induced differentiation
of B cells into IgG4-producing plasmablasts/plasma cells.
Taken together, these findings demonstrate that the func-
tions of these Tfh cell subsets may explain many of the
abnormalities in B cell function characteristic of IgG4-
RD.

In conclusion, Tfh cell subsets are expanded and
appear to play critical roles in the pathogenesis of IgG4-
RD. Understanding the involvement of Tfh cell subsets
in IgG4-RD could provide insights into development of
novel treatments.
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The Lupus-Associated Fcc Receptor IIb–I232T Polymorphism
Results in Impairment in the Negative Selection of Low-Affinity

Germinal Center B Cells Via c-Abl in Mice

Jyun-Pei Jhou, I-Shing Yu, Haw Hwai, Chih-Shan Chen,
Pei-Lung Chen, and Shiang-Jong Tzeng

Objective. Fcc receptor IIb (FccRIIb) is an essen-
tial negative regulator of B cells that blocks B cell recep-
tor (BCR) signaling and triggers c-Abl–dependent
apoptosis of B cells. FccRIIb-deficient mice display
splenomegaly with expansion of B cells, leading to lupus.
FccRIIb-I232T is a hypofunctional polymorphism associ-
ated with lupus susceptibility in humans, an autoimmune
disease linked to diminished deletion of autoreactive B
cells. In the context of the FccRIIb-I232T polymorphism,
we investigated the role of FccRIIb in the deletion of low-
affinity germinal center (GC) B cells, an important mech-
anism for preventing autoimmunity.

Methods. We generated FccRIIb232T/T mice tomimic
human FccRIIb-I232T carriers and immunized mice with
chicken gamma globulin (CGG)–conjugated NP, a T cell–
dependent antigen, to examine the response of GC B cells.

Results. Compared to wild-type (WT) mice,
FccRIIb232T/T mice showed increased numbers of low-af-
finity NP-specific IgG and NP-specific B cells and plasma
cells; additionally, the expression of a somatic mutation
(W33L) in their VH186.2 genes encoding high-affinity
BCR was reduced. Notably, FccRIIb232T/T mice had a
higher number of GC light zone B cells and showed less
apoptosis than WT mice, despite having equivalent folli-
cular helper Tcell numbers and function. Moreover, phos-
phorylation of c-Abl was reduced in FccRIIb232T/T mice,
and treatment of WT mice with the c-Abl inhibitor nilo-
tinib during the peak of GC response resulted in reduced
affinity maturation reminiscent of FccRIIb232T/T mice.

Conclusion. Our findings provide evidence of a
critical role of FccRIIb/c-Abl in the negative selection
of GC B cells in FccRIIb232T/T mice. Importantly, our
findings indicate potential benefits of up-regulating
FccRIIb expression in B cells for treatment of systemic
lupus erythematosus.

Fcc receptor IIb (FccRIIb) is a low-affinity Fcc
receptor for IgG. The Fc portion of IgG binds to the sec-
ond Ig domain located near the transmembrane region of
FccRIIb proteins (1,2). In B cells, FccRIIb is an indis-
pensable inhibitory regulator. FccRIIb-deficient mice
exhibit splenomegaly due to expansion of B cells and
eventually develop lupus-like disease (3,4). Depending on
the affinity of antigens to the B cell receptor (BCR),
FccRIIb can transduce 2 distinct inhibitory signals upon
stimulation of IgG immune complexes (ICs) to block B
cell function (5). When FccRIIb is co-ligated to the BCR,
FccRIIb blocks BCR signaling for proliferation and dif-
ferentiation, and when independently engaged, FccRIIb
triggers B cell apoptosis by a c-Abl–dependent mechanism
(1,2,5). When the BCR and FccRIIb are co-engaged, the
cytoplasmic immunoreceptor tyrosine-based inhibition
motif of FccRIIb is phosphorylated by the Lyn kinase, fol-
lowed by recruitment of the lipid phosphatase SH2
domain–containing inositol-50-phosphatase (SHIP), which
hydrolyzes PI(3–5)P3 to antagonize phosphatidylinositol
3-kinase signals for activation and proliferation of B cells
(6–8). On the other hand, when the antigen in IgG ICs has
low or no affinity for BCRs, FccRIIb can directly trigger
apoptosis of B cells via c-Abl kinase (5). The FccRIIb-
dependent apoptosis of B cells has been proposed to play
a role in the elimination of autoreactive B cells, which
emerge as low-affinity B cells in the germinal center (GC)
(9), but evidence from in vivo studies is largely lacking.

The human FccRIIb-I232T polymorphic variant,
in which the isoleucine at position 232 of FccRIIb is
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replaced by threonine, is a risk allele for systemic lupus
erythematosus (SLE). The prevalence of FccRIIb-I232T
carriers has been reported to be up to 40% of SLE
patients in Africans and Southeast Asians (10–12). Bio-
chemical and imaging analyses have revealed a decreased
association of FccRIIb-232T proteins with lipid microdo-
mains on the plasma membranes, resulting in blocking the
association with BCR that results in inhibitory signaling
(13–15). Nevertheless, people carrying the FccRIIb-232T
allele are protected against malaria infection owing to
enhanced antibody response (12,16,17). Conversely, these
subjects are susceptible to autoimmune diseases, e.g.,
SLE (12). Consistent with these findings, the surface
expression of wild-type (WT) FccRIIb in memory B cells
and plasma cells (PCs) is down-regulated in patients with
SLE (18–20). Furthermore, a failure to up-regulate
FccRIIb expression on GC B cells has been found in
lupus-prone mice regardless of their genetic background
(21). These findings strongly suggest a role of FccRIIb in
the GC response and raise the question of whether the
hypofunctional FccRIIb-232Tallele might result in abnor-
mality in the clonal selection of B cells in GCs, particu-
larly in the deletion of low-affinity autoreactive B cells.

The GC is a critical site for antigen-driven selec-
tion of GC B cells for differentiation into PCs to generate
high-affinity antibodies for protective immunity. In
response to antigen, GC B cells first undergo V(D)J gene
hypermutation of their BCRs in the dark zone, followed
by migration of GC B cells to the adjacent light zone for
selection of cells with high affinity to antigen, a critical
process known as affinity maturation (22–24). Impor-
tantly, while high-affinity GC B cells are positively
selected for further development into memory B cells and
PCs, GC B cells carrying mutated BCRs of low or no anti-
genic affinity are negatively selected for apoptosis (25,26).
To investigate the pathogenesis of human lupus associated
with the FccRIIb-I232T polymorphism, we generated
FccRIIb232T/T mice to mimic human FccRIIb-I232Tcarri-
ers. Given that IgG ICs are readily formed after sec-
ondary immunization (27,28), the surface expression level
of FccRIIb in GC B cells is up-regulated (21), and
FccRIIb activation can trigger apoptosis of B cells via c-
Abl (5), we reasoned that the FccRIIb-232T allele with
reduced inhibitory function might result in abnormal neg-
ative selection of GC B cells. Whether the dysfunction of
the FccRIIb-I232T polymorphism is linked to a GC
defect is virtually unexplored. In addition, the conse-
quences of abnormal GC reaction in the pathogenesis of
autoimmune diseases are incompletely understood.
Importantly, new insights into the causal relationship
between the FccRIIb-I232T polymorphism and the
pathogenesis of SLE may provide valuable implications

for therapeutic exploitation of FccRIIb for patients with
SLE and perhaps other autoimmune diseases.

MATERIALS AND METHODS

Reagents. Chicken gamma globulin–conjugated NP20
(NP20-CGG), bovine serum albumin (BSA)–conjugatedNP7, BSA-
conjugated NP30, and phycoerythrin (PE)–conjugated NP were
purchased from LGC Biosearch Technologies. Imject Alum
adjuvant was acquired from Thermo Scientific. F(ab0)2 goat anti-
mouse IgG and IgM antibodies were purchased from Jackson
ImmunoResearch. Mouse IgG isotypes and monoclonal antibod-
ies (mAb) specific for CD16/32 (clone 2.4G2), PE–Cy7–conju-
gated CD19 (clone 1D3), BV421-conjugated CD138 (clone 281-
2), PerCP–Cy5.5–conjugated CD11b (clone M1/70), Alexa Fluor
700–conjugated CD11c (clone HL3), and fluorescein isothio-
cyanate (FITC)–conjugated inducible costimulator (ICOS)
(clone 7E.17G9) were purchased from BioLegend. Allophyco-
cyanin (APC)–Cy7–conjugated B220 (clone RA3-6B2), BV605-
conjugated CD86 (clone GL1), Alexa Fluor 647–conjugated
GL-7 (clone GL-7), BV421-conjugated CXCR4 (clone 2B11),
PE–Cy7–conjugated CD95 (clone Jo2), Alexa Fluor 647–
conjugated CD4 (clone RM4-5), BV421-conjugated
programmed death 1 (PD-1; clone J43), PE-conjugated CXCR5
(clone 2G8), and 7-aminoactinomycin D (7-AAD) were acquired
from BD Biosciences. Ninety-six–well MultiScreen-HTS filter
plates were acquired from Merck Millipore. Blood lancets were
obtained fromMEDIpoint. Mouse reference serum was acquired
from Bethyl Laboratories. Vectastain ABC kits containing
biotinylated goat anti-rabbit IgG and rabbit anti-goat IgG mAb
were purchased from Vector. Horseradish peroxidase (HRP)–
conjugated isotype IgG and polyclonal antibodies specific to
phospho–c-Abl (Y245) were obtained from Santa Cruz Biotech-
nology. The active caspase 3 mAb was purchased from Cell Sig-
naling Technology. Nilotinib and DMSO were obtained from
Selleckchem.

FccRIIb232T/T mice and immunization protocols.
FccRIIb232T/T mice on a C57BL/6J background were generated
at the gene knockout mouse core facility at the Center of Geno-
mic Medicine of National Taiwan University (NTU). The ATT
codon of isoleucine 231 in exon 5 of the Fcgr2b gene was mutated
to ACT to encode threonine using a recombineering approach. A
neo gene cassette flanked with loxP sequences was inserted into
the intron 5 region. The targeting vector was then linearized for
electroporation into JM8A3 embryonic stem cells (ESCs). Cor-
rectly targeted ESC clones were subsequently injected into
C57BL/6 blastocysts to produce chimeras. Chimeric males were
bred with C57BL/6 females to produce FccRIIb232I/T mice. To
remove the neo cassette, FccRIIb232I/T mice were crossed with
Sox2-Cre mice (Tg(Sox2-cre)1Amc/J), which were kindly pro-
vided by Dr. Ming-Ji Fann (National Yang-Ming University, Tai-
pei, Taiwan). Male and female FccRIIb232I/T mice were bred to
generate offspring carrying FccRIIb232I/I (WT), FccRIIb232I/T

(heterozygote), or FccRIIb232T/T (homozygote) genotypes for
experiments. All mice were maintained in specific pathogen–free
conditions at the Center for Laboratory Animals in the College of
Medicine of NTU. The protocols of animal use were reviewed,
and the experiments were performed according to the guidelines
approved by the Institutional Animal Care and Use Committee
of the College of Medicine of NTU. Female mice (7–8 weeks old)
were immunized with 50 lg NP20-CGG per mouse by

FccRIIb-232T IMPAIRS GC B CELL SELECTION 1867



intraperitoneal injection. Nilotinib (2 mg/kg/day) was adminis-
tered intraperitoneally once a day on days 7–9 after secondary
immunization. Mice were killed the day after the last injection.

Flow cytometric analysis.Mouse splenocytes were stained
with FITC-conjugated CD16/32 mAb for 10 minutes at 4°C, fol-
lowed by addition of an antibody cocktail containing PE–Cy7–
conjugated CD19, BV421-conjugated CD138, PerCP–Cy5.5–con-
jugated CD11b, Alexa Fluor 700–conjugated CD11c, Alexa Fluor
647–conjugated GL-7, and PE-conjugated NP for 20 minutes on
ice. To distinguish GC light zone from dark zone B cells, mouse
splenocytes were stained with FITC-conjugated CD16/32, APC–
Cy7–conjugated B220, BV605-conjugated CD86, Alexa Fluor
647–conjugated GL-7, BV421-conjugated CXCR4, PE–Cy7–con-
jugated CD95, and PE-conjugated NP. Splenic follicular helper T
(Tfh) cells were stained with the following mAb: APC–Cy7–con-
jugated B220, Alexa Fluor 647–conjugated CD4, BV421-conju-
gated PD-1, PE-conjugated CXCR5, FITC-conjugated ICOS,
and BV605-conjugated CD69. Bone marrow cells were stained
with FITC-conjugated CD16/CD32, BV421-conjugated CD138,
PE–Cy7–conjugated CD19, PerCP–Cy5.5–conjugated CD11b,
Alexa Fluor 700–conjugated CD11c, and PE-conjugated NP.
Dead splenocytes and bone marrow cells were stained with 7-
AAD for 5 minutes before being washed. Cells were processed
for analysis using a multicolor LSRFortessa cytometer (BD Bio-
sciences). Data were analyzed using FlowJo version 10.

Confocal microscopy. Splenic B cells from 8-week-old
WTand FccRIIb232T/T mice were isolated (>98% purity) using
a mouse B lymphocyte enrichment kit (catalog no. 557792; BD
Biosciences) according to the manufacturer’s instructions. Puri-
fied cells (2 9 106/ml) were incubated with rabbit anti-mouse
IgM (25 lg/ml) for 10 minutes on ice followed by Cy3-labeled
goat anti-rabbit IgG (50 lg/ml) and FITC-labeled cholera toxin
B (10 lg/ml), which binds the lipid raft resident protein gan-
glioside GM1, for an additional 10 minutes. Cells were then
placed on a shaker (200 revolutions per minute) and incubated
at 25°C for the indicated times. After a brief wash, cells were
immediately fixed with 4% paraformaldehyde for 10 minutes at
room temperature before mounting on slides. Images were
acquired, analyzed, and quantified using a Zeiss LSM 880 confo-
cal microscope.

Enzyme-linked immunosorbent assay (ELISA). BSA-con-
jugated NP7 or BSA-conjugated NP30 (5 lg/ml) was added to 96-
well high bind plates (100 ll/well; Corning) and incubated at 4°C
overnight. Mouse serum samples were diluted to detect IgG
(1:200,000) and IgM (1:15,000). After blocking and incubation at
4°C overnight, plates were washed, followed by addition of HRP-
conjugated rabbit anti-mouse IgG (Fcc-specific) (catalog no. 115-
035-071; Jackson ImmunoResearch) or goat anti-mouse IgM (l-
specific) (catalog no. 115-035-075; Jackson ImmunoResearch)
for a 1-hour incubation at room temperature. After washes,
plates were developed with tetramethylbenzidine substrate and
the reaction was quenched with 2N H2SO4. Plates were read at
an optical density of 450 nm (OD450 nm) and OD570 nm using an
ELISA plate reader (BioTek). The reading values of HRP activi-
ties were calculated using OD450 nm minus OD570 nm. Standard
curves of IgM and IgG concentrations were generated using seri-
ally diluted samples of mouse reference serum.

Enzyme-linked immunospot (ELISpot) assay. ELISpot
assay was performed as previously described (29,30), except
that BSA-conjugated NP7 and BSA-conjugated NP30 were
used as the immobilized antigens to capture NP-specific PCs.
Briefly, HRP-conjugated goat anti-mouse IgG and IgM were

used for detection of PCs. Approximately 2 9 104 cells/well and
1.6 9 105 cells/well with 2-fold serial dilutions for the detection
of IgG and IgM PCs, respectively, were incubated overnight at
37°C. Spots in wells were developed by addition of 50 ll per well
of 3-amino-9-ethylcarbazole substrates and incubation for 30
minutes. After washes and complete air dry, plates were scanned
to enumerate spots using a CTL S6 universal analyzer (Cellular
Technology).

Immunohistochemical examination. Immunohistochem-
ical analysis of mouse spleen sections was performed using stan-
dard procedures with Vectastain ABC kits. Deparaffinized
sections (4 lm thick) were stained overnight at 4°C with antibod-
ies specific to active caspase 3 or phospho–c-Abl according to
the manufacturer’s instructions. After washes with phosphate
buffered saline (PBS)–Tween (PBS buffer with 0.1% [volume/
volume] Tween 20), sections were incubated with a species-speci-
fic antibody conjugated with HRP for 1 hour at ambient temper-
ature. Slides were washed thoroughly, followed by addition of
3,30-diaminobenzidine substrates for development. Sections were
counterstained with hematoxylin before mounting. Slides were
photographed using an Axioplan 2 light microscope (Zeiss).

Sequence analysis of the VH186.2 region of BCRs from
NP+ GC B cells. Genomic DNA of sorted GC B cells
(NP+B220+GL-7+IgG+;~1,000 cells per mouse) was
extracted using a QIAamp DNA micro kit (Qiagen). For the
amplification of VH186.2–JH2 segments, 1 ng of genomic DNA
was used as template, and polymerase chain reaction (PCR)
products were generated from high-fidelity PrimeStar DNA
polymerase (Takara Bio). The PCR primers have been described
previously (31): forward primer, 50-AGCTGTATCATGCTCTT
CTTGGCA-30 and reverse primer, 50-AGATGGAGGCCAGT-
GAGGGAC-30 (31). Illumina libraries were generated from
PCR products using a TruSeq library preparation kit and were
sequenced using Illumina MiSeq to generate paired-end reads
of 300 nucleotides. Raw sequencing data were aligned to mouse
germline VH186.2 sequences using Burrows-Wheeler aligner
and SAMtools (32,33). The W33L mutation percentages in first
complementarity-determining region sequences were compared
with those in WT mice.

Statistical analysis. Bar graphs were plotted and ana-
lyzed using GraphPad Prism software version 6.0. Student’s
unpaired 2-tailed t-test was used for statistical analysis. The t-
test was modified by Welch’s correction in case of unequal vari-
ance. Tukey’s test with one-way analysis of variance was used to
compare multiple groups. Results are presented as the mean �
SEM. P values less than 0.05 were considered significant.

RESULTS

FccRIIb232T/T mice exhibit enhanced antibody pro-
duction with reduced affinity maturation. Because the
isoleucine 232 residue of human FccRIIb is conserved in
mice (NCBI accession nos. NP_001070657.1 and NP_
003992.3), we generated a mouse line, termed the
FccRIIb232T/T mouse line, which carries a point mutation
of the isoleucine residue at position 231 (232 in humans)
replaced by threonine (Figure 1A). Consistent with previ-
ous findings of live cell imaging (15), the surface FccRIIb-
232T proteins and lipid rafts were neither stably
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associated nor co-clustered to form cap structures in splen-
ic B cells (see Supplementary Figure 1, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40555/abstract).

To investigate GC response, we immunized each
WT and FccRIIb232T/T mouse by intraperitoneal injec-
tion with 50 lg of NP20-CGG mixed with an equal
volume of alum. All mice received a booster injection
with the same amount of NP20-CGG on day 28 after
primary immunization and were killed on day 35,
when clonal selection was actively proceeding (24,25)
(Figure 1B). Serum samples were collected on day 14
and day 35 and tested in ELISA plates coated with
either IgG-specific antibodies to detect total serum
IgG, NP30 to detect NP-specific antibodies of all affini-
ties, or NP7 to detect high-affinity NP-specific antibod-
ies (30,31). The serum levels of total IgG were
significantly higher in FccRIIb232T/T mice than in WT
mice following both primary immunization (day 14)
(P = 0.0035) and secondary immunization (day 35)
(P = 0.032) (Figure 2A).

Fourteen days after the primary immunization,
FccRIIb232T/T mice produced similar levels of high-
affinity NP-specific antibodies (P = 0.5033) but more
than double the amount of low-affinity NP-specific anti-
bodies compared to WT mice (P < 0.05) (Figure 2B).
By day 35, seven days after secondary immunization,
FccRIIb232T/T mice produced significantly more high-
affinity and low-affinity NP-specific antibodies than WT
mice (P < 0.05 for NP7; P < 0.01 for NP30) (Fig-
ure 2B). The ratio of high-affinity to total (low affinity
plus high affinity) NP-specific IgG (NP7-bound IgG:
NP30-bound IgG) was lower in the serum of
FccRIIb232T/T mice than in that of WT mice, indicating
reduced affinity maturation of antibodies (P < 0.05)
(Figure 2B). Moreover, sequencing of the NP-specific
VH186.2 region of B cells expressing NP-specific BCRs
showed a decreased percentage of W33L replacement,
which gives rise to high-affinity BCR variants, in
FccRIIb232T/T mice (P < 0.001) (Figure 2C). In addi-
tion, we found a trend toward a lower ratio of replace-
ment to silent hypermutation in FccRIIb232T/T mice

Figure 1. Generation of Fcc receptor IIb (FccRIIb)232T/T mice and immunization schedule. A, Schematic diagram of the generation of FccRIIb-
I232T mutant mice. B, Schedule of immunization of mice with chicken gamma globulin–conjugated NP (NP20-CGG). Wild-type and FccRIIb232T/T

mice 7–8 weeks of age were each injected intraperitoneally with 50 lg of NP20-CGG proteins mixed with 50 ll of alum. A second immunization
was performed 4 weeks later.
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than in WT mice 8 days after primary immunization
(Figure 2D). These results indicate a dysfunction in the
affinity maturation of GC B cells in FccRIIb232T/T mice.

Retention of low-affinity B cells in FccRIIb232T/T

mice after secondary immunization. Because affinity mat-
uration was reduced in FccRIIb232T/T mice compared to
WT mice, we investigated whether the elimination of low-
affinity antigen-specific B cells was abnormal in GCs. As
shown in Figure 3A, the percentages of splenic CD19+ B
cells in lymphocytes were comparable in WT and
FccRIIb232T/T mice. However, the percentage of
NP+CD19+ B cells was substantially increased in

FccRIIb232T/T mice compared to WT mice after sec-
ondary immunization. Similarly, the percentage of splenic
CD19+CD138+ PCs in FccRIIb232T/T mice was not dif-
ferent from that in WT mice, but the percentage of
NP+CD19+CD138+ PCs was significantly increased in
FccRIIb232T/T mice (P< 0.001) (Figure 3B).

We next used ELISpot assays to quantify the num-
bers of splenic NP+ PCs. Consistent with an increased
level of circulating NP30+ IgG, a greater number of
NP30+IgG+ PCs was detected in FccRIIb232T/T mice
than in WT mice (P < 0.05) (Figure 3C). Further analysis
of splenic NP+IgG+ PCs revealed no significant

Figure 2. Enhanced NP-specific IgG production in immunized Fcc receptor IIb (FccRIIb)232T/T mice. A and B, Serum levels of total IgG (A) and
high-affinity NP7 IgG and total NP30 IgG (B) in wild-type (WT) mice and FccRIIb232T/T mice 2 weeks after primary immunization (day 14) (P =
0.0035 for IgG, P = 0.5033 for NP7, and P = 0.0469 for NP30) and 1 week after secondary immunization (day 35) (P = 0.032 for IgG, P = 0.0411
for NP7, and P = 0.0068 for NP30). In B, the ratios of NP7 to NP30 IgG levels in serum on day 14 (P = 0.0427) and day 35 (P = 0.0277) after
immunization are also shown. Symbols represent individual mice; bars show the mean � SEM (n = 5–8 mice per group). C, Frequency of W33L
mutation in the VH186.2 region of individual B cell receptor (BCR) genes of NP+ germinal center (GC) B cells in WT mice and FccRIIb232T/T

mice 7–8 days after primary immunization (P = 0.0008). D, Ratio of replacement mutations to silent mutations (R:S) in the VH186.2 region in
NP+ GC B cells in WT mice and FccRIIb232T/T mice (P = 0.0845). In C and D, symbols represent individual mice; horizontal and vertical lines
show the mean � SEM (n = 4 WT mice and 6 FccRIIb232T/T mice). * = P < 0.05; ** = P < 0.01; *** = P < 0.001. NS = not significant.
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differences in the numbers of high-affinity NP7+ PCs
between WT and FccRIIb232T/T mice. In contrast, com-
pared to WT mice, the numbers of low-affinity IgG+ PCs
(NP30+ PCs minus NP7+ PCs) increased ~3-fold in
FccRIIb232T/T mice (P < 0.05) (Figure 3C). These differ-
ences were not observed when the numbers of NP+IgM+
PCs were compared between WTand FccRIIb232T/T mice
(Figure 3D), suggesting a specific IgG-associated effect

through FccRIIb. Of interest, we found that the numbers
of low-affinity NP+IgG+ PCs were also significantly
increased in heterozygous FccRIIb-232T mice compared
to WT mice (see Supplementary Figure 2, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40555/abstract). These findings
suggest that FccRIIb-232T might impede recruitment of
sufficient amounts of WTreceptors to reach the threshold

Figure 3. Increased frequency of low-affinity NP+IgG+ plasma cells (PCs) in the spleen in Fcc receptor IIb (FccRIIb)232T/T mice after secondary
immunization. A and B, Percentages of CD19+ B cells (P = 0.2846) and NP+CD19+ B cells (P = 0.0007) (A) and percentages of CD19+CD138+ PCs
(P = 0.8432) and NP+CD19+CD138+ PCs (P = 0.0009) (B) in splenic lymphocytes from wild-type (WT) mice and FccRIIb232T/T mice on day 35, ana-
lyzed by flow cytometry. C, Splenic total IgG+ PCs (P = 0.0315), high-affinity NP7-specific IgG+ PCs (P = 0.4318), total NP30-specific IgG+ PCs (P =
0.0168), and low-affinity NP+IgG+ (NP30 minus NP7) PCs (P = 0.0159) in WT mice and FccRIIb232T/T mice on day 35, determined using enzyme-
linked immunospot assays (using 6 9 103 cells to detect total PCs and 2.4 9 104 cells to detect NP+ PCs). D, Numbers of total IgM+ PCs (P = 0.5412),
NP7-specific IgM+ PCs (P = 0.355), NP30-specific IgM+ PCs (P = 0.116), and low-affinity NP+IgM+ (NP30 minus NP7) PCs (P = 0.0864) in WT mice
and FccRIIb232T/T mice. Symbols represent individual mice; bars show the mean� SEM (n = 8–12 WT mice and 8–10 FccRIIb232T/T mice in A and B; n
= 5 WT mice and 7–9 FccRIIb232T/T mice in C; n = 4–5 WTmice and 7–9 FccRIIb232T/T mice in D). * = P< 0.05; *** = P< 0.001. NS = not significant.
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required for efficient induction for apoptosis. Consistent
with this notion, we previously demonstrated that
FccRIIb-mediated apoptosis is dependent on the signal
strength transduced from the receptor oligomers (5).

Tfh cell number and function in switching IgG iso-
types are not altered in FccRIIb232T/T mice. Because the
generation of PCs is influenced by Tfh (CD4+B220+PD-

1+ICOS+) cells, which provide help, e.g., interleukin-21,
to GC B cells to further their differentiation into PCs and
to class-switch Ig isotypes (32,33), we examined the num-
bers of splenic Tfh cells to determine their contributions
to the increase in NP+IgG+ PCs in FccRIIb232T/T mice.
As shown in Figure 4A, the numbers of Tfh cells were
comparable between immunized WT and FccRIIb232T/T

Figure 4. Splenic follicular helper T (Tfh) cell numbers and serum titers of class-switched NP+ IgG isotypes in wild-type (WT) and Fcc receptor IIb
(FccRIIb)232T/T mice. A, Percentages of Tfh cells (CD4+B220� programmed death 1–positive inducible costimulator–positive) in splenic Tcells in WT
mice and FccRIIb232T/T mice on day 35 (P = 0.8622). B, Serum concentrations of IgG1 (P = 0.0098), IgG2a (P = 0.0076), IgG2b (P = 0.9813), and IgG3
(P = 0.045) in immunized WT mice and FccRIIb232T/T mice. C and D, Serum levels of high-affinity NP7-specific IgG isotypes (IgG1 [P = 0.0137], IgG2a
[P = 0.0178], IgG2b [P = 0.5956], and IgG3 [P = 0.0091]) (C) and total NP30-specific IgG isotypes (IgG1 [P = 0.0011], IgG2a [P = 0.0283], IgG2b [P =
0.217], and IgG3 [P = 0.0079]) (D) in WT and FccRIIb232T/T mice. Symbols represent individual mice; bars show the mean � SEM
(n = 6 WT mice and 8 FccRIIb232T/T mice in A; n = 7 WT mice and 8 FccRIIb232T/T mice in B; n = 5–7 mice per group in C and D). * = P< 0.05; ** = P
< 0.01. NS = not significant.
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Figure 5. Increased numbers of light zone (LZ) germinal center (GC) B cells and reduced numbers of apoptotic GC B cells in Fcc receptor IIb
(FccRIIb)232T/T mice after secondary immunization. A, Percentages of splenic CD19+GL-7+ GC B cells (P = 0.0011), dark zone (DZ) NP+ GC
B cells (P = 0.0005), and light zone NP+ GC B cells (P = 0.0002) in WT mice and FccRIIb232T/T mice. Symbols represent individual mice; bars
show the mean � SEM (n = 7 WT mice and 8 FccRIIb232T/T mice). B, Representative splenic sections from WT and FccRIIb232T/T mice showing
the size of GCs. Bottom panels are higher-magnification views of the top panels. The boxed areas show follicles. C, Surface expression levels of
FccRIIb on GC B cells in age-matched nonimmunized WT and FccRIIb232T/T mice (open symbols) (P = 0.3613) and immunized WT and
FccRIIb232T/T mice on day 35 (solid symbols) (P = 0.7026). There was a significant difference in expression of FccRIIb in nonimmunized WT mice
versus immunized WT mice (P = 0.0082) and in nonimmunized FccRIIb232T/T mice versus immunized FccRIIb232T/T mice (P = 0.0001). Symbols
represent individual mice; horizontal and vertical lines show the mean � SEM (n = 6 nonimmunized WT mice, 7 nonimmunized FccRIIb232T/T

mice, 7 immunized WT mice, and 11 immunized FccRIIb232T/T mice). MFI = mean fluorescence intensity. D, Left, Percentages of 7-aminoactino-
mycin D (7-AAD)+GL-7+ GC B cells in WT mice and FccRIIb232T/T mice (P = 0.0484). Symbols represent individual mice; bars show the mean
� SEM (n = 3 WT mice and 7 FccRIIb232T/T mice). Right, Staining for active caspase 3 to detect apoptotic GC B cells in the light zone of GCs
(encircled areas) in splenic sections from WT and FccRIIb232T/T mice. * = P < 0.05; ** = P < 0.01; *** = P < 0.001. NS = not significant.
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mice (P = 0.8622) despite an increased number of NP+
PCs in FccRIIb232T/T mice (Figure 3). Consistent with
increased serum levels of total IgG in FccRIIb232T/T mice

(Figure 2A), the serum concentrations of IgG1, IgG2a,
and IgG3 isotypes were all significantly higher in immu-
nized FccRIIb232T/T mice than WT mice (P < 0.05)

Figure 6. Association of reduced c-Abl activation with retention of low-affinity germinal center (GC) B cells in mice after secondary immu-
nization. A, Reduced staining of phospho–c-Abl (Y245)+ GC B cells (arrowhead) in Fcc receptor IIb (FccRIIb)232T/T mice compared to
wild-type (WT) mice. Female WT mice (7–8 weeks old) were immunized as described in Figure 1B. Mice were treated with either vehicle or
nilotinib (2 mg/kg/day) on days 7–9 after the second immunization. Encircled areas show GCs. Bottom panels show higher-magnification
views of the top panels. B and C, Ratio of NP7 to NP30 serum IgG (P = 0.0283) (B) and number of low-affinity NP+IgG+ (NP30 minus
NP7) plasma cells in splenocytes (2.4 9 104) (P = 0.0087) in vehicle-treated WT mice and nilotinib-treated WT mice. Symbols represent indi-
vidual mice; horizontal and vertical lines show the mean � SEM (n = 5–6 vehicle-treated mice and 5–8 nilotinib-treated mice). * = P <
0.05; ** = P < 0.01. D, Illustration of the crucial role of FccRIIb in the negative selection of low-affinity GC B cells via c-Abl in the light
zone of GCs in response to IgG immune complexes (ICs) in secondary immunization in WT mice (solid lines). Broken lines represent
FccRIIb232T/T mice. BCR = B cell receptor; SHM = somatic hypermutation.
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(Figure 4B). Similarly, the serum levels of high-affinity
(NP7)–specific and total NP+ (NP30)–specific IgG iso-
types remained higher in FccRIIb232T/T mice than in WT
mice (Figures 4C and D).

Reduced apoptosis of B cells in GC light zones of
immunized FccRIIb232T/T mice. To further delineate the
abnormality of GC response in FccRIIb232T/T mice, we
quantified NP+CD19+GL-7+ GC B cells and found that
FccRIIb232T/T mice exhibited more splenic NP+ GC B
cells than WT mice (Figure 5A). When GC dark zone
(CD86lowCXCR4high) and light zone (CD86highCXCR4low)
B cells were analyzed and compared, we found a decreased
percentage of GC dark zone B cells (P < 0.001) (Fig-
ure 5A) but an increased percentage of GC light zone B
cells (P < 0.001) (Figure 5A) in FccRIIb232T/T mice.
Moreover, we detected an increase in the size of GCs in
splenic sections from immunized FccRIIb232T/T mice (Fig-
ure 5B). It has been shown that the surface expression of
FccRIIb in GC B cells is up-regulated in normal mice (16).
We examined the FccRIIb expression levels in GC B cells
and found no significant differences in FccRIIb expression
between WTand FccRIIb232T/T mice either before or after
immunization (Figure 5C). Because clonal selection of GC
B cells occurs primarily in the light zone of GCs (17–22),
we next investigated the apoptosis of GC B cells to deter-
mine the extent of negative selection of low-affinity B cells
after secondary immunization. Consistent with an increase
in GC B cell numbers in FccRIIb232T/T mice, the percent-
age of dead GC B cells was significantly decreased in these
mice (P < 0.05) (Figure 5D). Significantly fewer apoptotic
GC B cells, which were stained by active caspase 3 mAb,
were detected in FccRIIb232T/T mice after secondary
immunization (Figure 5D).

Blocking c-Abl activity in WT mice during clonal
selection recapitulates the GC phenotype of FccRIIb232T/T

mice. Because FccRIIb is known to mediate apoptosis via
c-Abl kinase in response to IgG ICs in B cells (5), we
investigated the expression of active c-Abl (p-Y245) pro-
teins in GC B cells. In WT mice, phospho–c-Abl proteins
were readily detectable and mainly localized in the light
zone of GCs, where affinity maturation and clonal selec-
tion occur. In contrast, the levels of phospho–c-Abl pro-
teins were substantially decreased in the GCs of
FccRIIb232T/T mice (Figure 6A). It has been reported
that the apoptosis of GC B cells peaks during days 7–9
after secondary immunization (34). Thus, to determine
whether c-Abl activity is crucial for FccRIIb to negatively
regulate GC B cells, we treated WT mice with nilotinib
(2 mg/kg/day) to block c-Abl kinase activity during the
peak period when GC B cells undergo apoptosis for selec-
tion after secondary immunization. Indeed, the serum
titers of NP+ IgG displayed reduced affinity maturation

in nilotinib-treated mice (P < 0.05) (Figure 6B). More-
over, the number of low-affinity NP+IgG+ PCs (NP30
PCs minus NP7 PCs) was significantly increased after
c-Abl kinase activity was blocked in WT mice (P < 0.01)
(Figure 6C). Thus, the findings in antibodies produced
from nilotinib-treated WT mice are reminiscent of the
GC defect observed in FccRIIb232T/T mice after sec-
ondary immunization (Figures 2 and 3).

DISCUSSION

In this study, we showed for the first time that
compromised inhibitory activity of FccRIIb-232T proteins
results in insufficient deletion of low-affinity antigen-
specific GC B cells and reduces affinity maturation in
clonal selection. Consequently, the resultant increase in
low-affinity antigen-specific GC B cells leads to a corre-
sponding increase in low-affinity antigen-specific IgG in
circulation in FccRIIb232T/T mice (Figures 2 and 3). Com-
pared to WT mice, the number of GC light zone B cells
was increased in FccRIIb232T/T mice due to a decrease in
the apoptosis of GC B cells and in the phosphorylation of
c-Abl proteins (Figures 5 and 6). Furthermore, adminis-
tration of nilotinib to WT mice to block c-Abl kinase activ-
ity at the peak of apoptosis of GC B cells in clonal
selection resulted in reduced affinity maturation reminis-
cent of the phenotype of immunized FccRIIb232T/T mice.
The involvement of c-Abl in the clonal selection of GC B
cells is a novel and important finding. The newly identi-
fied, crucial role of FccRIIb in regulating the stringency of
affinity maturation by triggering apoptosis to delete low-
affinity GC B cells via c-Abl is illustrated in Figure 6D.

Because FccRIIb232T/T mice display a higher serum
level of high-affinity NP-specific IgG, the reduced inhibi-
tion of FccRIIb-232T on BCRs might have the potential
to promote the proliferation of GC B cells. Indeed, num-
bers of GC B cells increased in FccRIIb232T/T mice after
secondary immunization (Figure 5A). Nevertheless, the
increased number of B cells was largely due to an increase
in low-affinity B cells, since no increase in high-affinity
IgG+ PCs was observed in FccRIIb232T/T mice (Figure 3).
This leads us to conclude that the retention of low-affinity
B cells is more a consequence of insufficient apoptosis
rather than insufficient inhibition of proliferation of GC B
cells in FccRIIb232T/T mice. In addition, because low-affi-
nity B cells are intrinsically less competitive than high-affi-
nity cells for antigen stimulation, the increased survival of
low-affinity FccRIIb232T/T GC B cells is positively associ-
ated with reduced apoptosis. One important caveat is that
low-affinity antigen-specific GC B cells may have a chance
to undergo further affinity maturation when the competi-
tion with high-affinity B cells becomes reduced in late
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GCs (35). However, in the persistence of FccRIIb-232T
dysfunction, repeated immunization generates a new pool
of low-affinity B cells, which normally should have been
deleted. Consistent with this finding, the serum level of
low-affinity antigen-specific IgG and the number of IgG+
PCs remained significantly increased after secondary
immunization in FccRIIb232T/T mice (Figures 2 and 3).

These findings raise the possibility of undesired
consequences of enhanced immune response due to the
presence of the FccRIIb-232T allele. For example, low-
affinity memory B cells might persist in peripheral lym-
phoid organs, and low-affinity PCs emigrated from GCs
into circulation might be able to become long-term resi-
dents in the bone marrow to secrete low-affinity antibodies
(36). An additional caveat is that because serum NP+ IgG
display increasing affinity maturation in WT mice over time
but remain reduced in FccRIIb232T/T mice after primary
immunization, the contribution of extrafollicular response
to influence the outcome of low-affinity B cells is likely lim-
ited (Supplementary Figure 3, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/doi/
10.1002/art.40555/abstract).

Consistent with previous findings in living cells
(14,15), FccRIIb-I232T proteins appear to form small
raft-associated clusters rather than coalesced caps for sig-
nal amplification as compared to receptors in WT mice at
30–60 minutes (see Supplementary Figure 1, available on
the Arthritis & Rheumatology web site at http://online
library.wiley.com/doi/10.1002/art.40555/abstract). The resul-
tant diminished recruitment of SHIP to FccRIIb-232T
therefore can account for reduced inhibition on B cells in
response to IgG ICs. However, mice deficient in the Ship
gene show no differences from WT mice in antibody pro-
duction after immunization with a Tcell–dependent antigen
(37). Nevertheless, when the Ship gene is specifically
deleted in B cells, they are indeed more sensitive to antigen
activation than WT cells in vitro (38).

Surprisingly, the number of NP+ GC B cells and
the serum level of NP+ IgG decreased markedly after NP-
CGG immunization. It appears that hyperactive BCR sig-
naling in SHIP-deficient GC B cells directly induces
apoptosis of both low- and high-affinity B cells (38). Thus,
a tightly regulated balance between FccRIIb/SHIP and
FccRIIb/c-Abl pathways in response to IgG ICs is crucial
for normal outcome of GC reaction. Consistent with this
notion, an increased sensitivity to FccRIIb-dependent
apoptosis might contribute in part to the GC phenotype in
mice with SHIP deficiency in B cells. Indeed, loss of SHIP
in DT40 B cells enhances FccRIIb-induced apoptosis (9).
We previously showed that apoptosis of B cells induced by
FccRIIb is dependent on c-Abl, but independent of SHIP,
suggesting a decisive role of c-Abl when activated (5).

In the GC, low-affinity B cells are outcompeted by
high-affinity B cells for antigen stimulation and Tfh cell
help, thereby lacking survival advantages (39,40). In the
present study, we provided evidence of a new role of the
FccRIIb/c-Abl signaling pathway to participate in the neg-
ative selection of low-affinity B cells. Consistent with our
findings, enhancing survival of GC B cells by overexpres-
sion of the Bcl-xL gene in mice results in reduced affinity
maturation (41). Similarly, mice overexpressing Bcl-2 show
decreased negative selection of GC B cells (42,43). These
findings indicate that enhanced BCR signaling can
increase the survival of low-affinity B cells to avoid nega-
tive selection. Whether these low-affinity B cells might
have overcome the apoptotic induction from FccRIIb to
escape deletion is of interest for future studies. Mean-
while, it has been demonstrated that low-affinity autoreac-
tive B cells are more sensitive to CpG double-stranded
DNA–induced differentiation into PCs than high-affinity
B cells (44,45). Thus, low-affinity autoreactive B cells are
able to efficiently expand independent of antigen stimula-
tion if they can escape from elimination in GCs. Because
autoreactive B cells are routinely generated in response to
a foreign antigen in normal mice, e.g., resulting from host
immune response against pathogens (46), low-affinity
autoreactive B cells, which are likely generated from time
to time, need to be deleted when they emerge in GCs to
prevent autoimmunity.

Our findings indicate that in FccRIIb-232T allele
carriers, the persistent presence of low-affinity B cells and
especially PCs may gradually become a key contributor
that puts them at risk of developing autoimmune diseases
over time. Reduced surface expression levels of WT
FccRIIb in the B cells of SLE patients may result in sus-
ceptibility to the presence of low-affinity B cells (18–20).
Accordingly, because transgenic mice overexpressing
Fcgr2b in B cells exhibit reduced SLE disease severity
(47), it will be of interest to investigate whether regimens
that up-regulate the surface expression level of FccRIIb-
232T proteins to enhance their inhibition can restore
competency to negatively regulate low-affinity GC B cells
for therapeutic exploitation.
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Sphingosine 1-Phosphate Receptor 1 Signaling Maintains
Endothelial Cell Barrier Function and Protects Against

Immune Complex–Induced Vascular Injury

Nathalie Burg ,1 Steven Swendeman,2 Stefan Worgall,3 Timothy Hla,2 and Jane E. Salmon1

Objective. Immune complex (IC) deposition acti-
vates polymorphonuclear neutrophils (PMNs), increases
vascular permeability, and leads to organ damage in sys-
temic lupus erythematosus and rheumatoid arthritis.
The bioactive lipid sphingosine 1-phosphate (S1P), act-
ing via S1P receptor 1 (S1P1), is a key regulator of
endothelial cell (EC) barrier function. This study was
undertaken to investigate whether augmenting EC integ-
rity via S1P1 signaling attenuates inflammatory injury
mediated by ICs.

Methods. In vitro barrier function was assessed
in human umbilical vein endothelial cells (HUVECs)
by electrical cell-substrate impedance sensing. Phos-
phorylation of myosin light chain 2 (p–MLC-2) and
VE-cadherin staining in HUVECs were assessed by
immunofluorescence. A reverse Arthus reaction (RAR)
was induced in the skin and lungs of mice with S1P1

deleted from ECs (S1P1 EC-knockout [ECKO] mice)
and mice treated with S1P1 agonists and antagonists.

Results. S1P1 agonists prevented loss of barrier
function in HUVECs treated with IC-activated PMNs.

S1P1 ECKO and wild-type (WT) mice treated with S1P1

antagonists had amplified RAR, whereas specific S1P1

agonists attenuated skin and lung RAR in WT mice.
ApoM-Fc, a novel S1P chaperone, mitigated EC cell bar-
rier dysfunction induced by activated PMNs in vitro and
attenuated lung RAR. Expression levels of p–MLC-2
and disruption of VE-cadherin, each representing mani-
festations of cell contraction and destabilization of
adherens junctions, respectively, that were induced by
activated PMNs, were markedly reduced by treatment
with S1P1 agonists and ApoM-Fc.

Conclusion. Our findings indicate that S1P1 sig-
naling in ECs modulates vascular responses to IC deposi-
tion. S1P1 agonists and ApoM-Fc enhance the EC barrier,
limit leukocyte escape from capillaries, and provide pro-
tection against inflammatory injury. The S1P/S1P1 axis is
a newly identified target to attenuate tissue responses to
IC deposition and mitigate end-organ damage.

Systemic lupus erythematosus (SLE) and rheuma-
toid arthritis (RA), though complex and heterogeneous,
share the basic pathophysiologic mechanisms of immune
complex (IC) deposition in tissues and neutrophil activa-
tion that cause end-organ damage. Circulating ICs induce
neutrophil activation by both Fc and complement recep-
tors which trigger the release of proinflammatory
chemokines and cytokines that lead to endothelial cell
(EC) barrier dysfunction and increase vascular permeabil-
ity (1,2). Loss of EC barrier integrity has been implicated
in inflammatory injury in mouse models of RA (3) and
SLE (4). When the EC integrity is compromised, plasma
proteins extravasate and neutrophils transmigrate via
paracellular (interendothelial) routes orchestrated by acti-
vated adhesion molecules (5). Paracellular transmigration
is mediated in part by phosphorylation of VE-cadherin
and transient separation of adherens junctions, which cre-
ates intercellular gaps (6,7). Enhancing barrier integrity
with pharmacologic or genetic approaches has been
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shown to impede both vascular leakage and neutrophil
transmigration in animals treated with lipopolysaccharide
(LPS) or histamine, respectively, to induce vascular per-
meability (8,9). We hypothesized that augmenting EC bar-
rier function would attenuate inflammatory injury
mediated by ICs. This approach has the potential to limit
IC deposition and leukocyte transmigration into tissues,
yet EC integrity has not been pharmacologically targeted
in either SLE or RA.

Sphingosine 1-phosphate (S1P), a bioactive lipid
secreted mainly by red blood cells (RBCs), ECs, and
activated platelets, is a key regulator of EC barrier
function and lymphocyte egress out of the lymph nodes
and thymus (10,11). S1P interacts with 5 broadly
expressed G protein–coupled receptors, S1P1–5. When
S1P binds EC S1P1, it stabilizes adherens junctions by
increasing the translocation of GTPase Rac and VE-
cadherin to the cell periphery, and resultant homotypic
VE-cadherin interactions cause cell spreading and clo-
sure of intercellular gaps (12–14). Blocking S1P degra-
dation or administration of S1P1 agonists has been
shown to diminish lung inflammation in response to
LPS and bleomycin-induced acute lung injury (15,16).

We asked whether S1P1 agonists could decrease
inflammation in an animal model of IC-mediated vas-
cular injury, the reverse Arthus reaction (RAR). In this
model, ICs activate neutrophils via Fc receptors to
release reactive oxygen species, proteolytic enzymes,
cytokines, and chemokines. Complement receptors are
required in some animal models, depending on the
strain and organ in which the RAR is induced (17,18).
Although vascular injury is a critical pathophysiologic
component of the RAR, pharmacologic targeting of the
EC barrier has not been studied. In this study, we show
that S1P1 agonists, including a novel engineered S1P
chaperone, ApoM-Fc (19), prevent barrier dysfunction
in response to activated neutrophil–induced injury
in vitro and diminish neutrophil transmigration and
RBC extravasation in vivo. These data support a novel
approach to limiting inflammation by enhancing EC
barrier integrity, and thus have implications for the
treatment of patients with IC-mediated injury.

MATERIALS AND METHODS

Reagents. Specific S1P1 agonists, CYM-5442 (Santa
Cruz Biotechnology) and SEW-2871, and a specific S1P1 antago-
nist, W146 (Cayman Chemical), were dissolved in DMSO. A
novel engineered S1P chaperone, ApoM-Fc loaded with S1P
(19), was used in vitro (10 lg/ml) and in vivo (4 mg/kg intraperi-
toneally [IP]). Human recombinant C5a (100 ng/ml; R&D Sys-
tems) was used to activate polymorphonuclear neutrophils
(PMNs). The following antibodies were used for Western

blotting and/or immunofluorescence: ApoM (ab91656; Abcam),
anti–VE-cadherin (C19; Santa Cruz Biotechnology), and anti–p–
myosin light chain 2 (anti–p–MLC-2) (T18/S19; Cell Signaling).

In vitro formation of ICs. Goat anti-ovalbumin IgG
(500 lg in 300 ll phosphate buffered saline [PBS]) (MP
Biomedicals) was incubated with 50 lg ovalbumin for 60 min-
utes at 37°C. ICs were kept at 4°C overnight, and then cen-
trifuged for 5 minutes at 10,000g. After washing in cold PBS,
the pellet was resuspended in 300 ll PBS. Previous work by
other laboratories has shown that goat IgG binds human and
mouse Fc receptors (20,21).

Human umbilical vein endothelial cell (HUVEC) cul-
ture and electrical cell-substrate impedance sensing (ECIS)
assays. HUVECs (1.5 9 105; passages 2–8) were cultured on
fibronectin-coated 8-well ECIS plates (8W10E; Applied
BioPhysics) in M199 supplemented with HEPES, 10% heat-
inactivated fetal bovine serum (FBS), 10 mM HEPES, peni-
cillin/streptomycin (50 mg/ml), and EC growth factors
(Sigma). Cells were plated 18 hours before use and were
serum-starved for 2 hours. In experiments using PMNs, ICs
(1:20 dilution) and C5a (100 ng/ml) were added to HUVECs
15 minutes prior to the addition of PMNs. HUVECs treated
with unstimulated neutrophils were used as a control to vali-
date each experimental run. An AC current (4 kHz) was
applied (ECIS Theta; Applied BioPhysics), and resistance
measurements were obtained every 5 minutes.

Neutrophil isolation and activation. Ten milliliters of
human blood from healthy donors was collected in EDTA.
Neutrophils (PMNs) were isolated using Polymorphoprep
(Axis-Shield), washed in Hanks’ balanced salt solution
(HBSS) without cations, resuspended at 1 9 106/ml, and used
within 1 hour of isolation. Protocols for human subjects were
approved by the Institutional Review Board at the Hospital
for Special Surgery, and written informed consent was
obtained from each subject.

Immunofluorescence staining. HUVECs (3 9 105)
were cultured on fibronectin-coated culture slides and used
when confluent. HUVECs were serum-starved for 2 hours
before the addition of S1P1 agonists or antagonists or ICs (1:20
dilution) and C5a (100 ng/ml). PMNs (1 9 105) were added 10
minutes after the addition of ICs and C5a. After a 30-minute
incubation at 37°C, supernatants were discarded, and wells
were washed in PBS. Cells were fixed in paraformaldehyde
(4%) at room temperature and permeabilized with Triton
X-100 (0.1%). Cells were blocked with 1% FBS for 1 hour at
room temperature. To detect p–MLC-2 and VE-cadherin, sam-
ples were incubated with anti–p–MLC-2 (5 lg/ml) and anti–
VE-cadherin (5 lg/ml) antibodies overnight. After 3 washes,
samples were incubated with fluorescent secondary antibodies
(Alexa Fluor 488 and Alexa Fluor 568; Invitrogen) for 1 hour
at room temperature. Samples were imaged using an Olympus
FluoView FV10i confocal microscope.

Mice. Animal experiments were performed under the
guidelines set by the Institutional Animal Care and Use Commit-
tee at Weill Cornell Medicine. C57BL/6 mice (ages 8–10 weeks)
were obtained from The Jackson Laboratory. EC-specific gene
deletion of S1PR1 was performed as follows. S1pr1f/f mice (22)
were crossed with Cdh5-CreERT2mice (23) to establish Cre-posi-
tive S1pr1f/f (S1P1 EC-knockout [ECKO]) mice and Cre-negative
controls. To induce EC knockdown of S1P1, 8–10-week-old Cre-
positive S1pr1f/f mice and control Cre-negative S1pr1f/f mice
were treated with tamoxifen (10 mg/ml; 200 ll IP) once daily for
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5 days. Deletion of S1P1 exon 2, containing the entire coding
region, was confirmed by polymerase chain reaction (Supple-
mentary Figure 1, available on the Arthritis & Rheumatology web
site at http://onlinelibrary.wiley.com/doi/10.1002/art.40558/
abstract). Mice were evaluated 2–4 weeks after tamoxifen
administration. ApoM�/� mice were a gift from L. B. Nielsen
and C. Christeoffersen (Rigshospitalet, Copenhagen, Den-
mark) (24). The absence of apolipoprotein M was confirmed
by Western blotting of mouse plasma (Supplementary Fig-
ure 1).

Reverse Arthus reaction in mouse skin. Anesthetized
mice were shaved and injected with intradermal goat anti-
ovalbumin IgG (60 lg/30 ll) or PBS alone. Immediately
thereafter, ovalbumin (400 lg; Sigma) and Evans blue (0.5%
in 150 ll PBS) were injected via the tail vein. Some mice
received intradermal W146 (10 lg) or vehicle concomitantly
with anti-ovalbumin IgG. After 4 hours, mice were killed and
the diameter of Evans blue leakage was measured. Six-millimeter
punch skin samples were weighed and treated with for-
mamide (500 ll at 60°C overnight) to extract Evans blue, and
supernatants were measured at 610 nm. In preliminary experi-
ments, we found that nonspecific goat IgG injected intrader-
mally did not elicit a reaction after intravenous (IV) injection

of ovalbumin and Evans blue and that goat anti-ovalbumin
IgG injected intradermally did not elicit a reaction after IV
injection of Evans blue without ovalbumin.

Reverse Arthus reaction in mouse lungs. Mice were
anesthetized, and goat anti-ovalbumin IgG (250 lg) was
administered intranasally; immediately thereafter, mice were
injected with IV 0.5% Evans blue and ovalbumin (750 lg in
150 ll PBS). CYM-5442 (0.5 mg/kg) or SEW-2874 (10 mg/kg)
was administered IP (in 25% Tween/75% water) starting 2
hours prior to RAR and then every 5 hours. In some experi-
ments, W146 (10 lg) or vehicle was administered intranasally
concomitantly with anti-ovalbumin IgG. Twenty-four hours
after RAR, mice were anesthetized and bronchoalveolar
lavage (BAL) was performed. Five hundred microliters of
PBS with 1 mM EDTA was administered and collected 3
times. Samples (300 ll) were stained with Wright-Giemsa
after cytospin. Cell counts were obtained with an automated
hemocytometer, and the number of PMNs was calculated by
multiplying the total number of white blood cells (WBCs) by
the percentage of PMNs assessed on cytospin.

Western blotting. Plasma samples (1 ll) from ApoM�/�

and wild-type (WT) mice were denatured at 95°C for 5 minutes
after the addition of 10% b-mercaptoethanol. Proteins were

Figure 1. Accentuated lung reverse Arthus reaction (RAR) in tamoxifen-treated S1P1 EC-knockout (ECKO) mice compared to tamoxifen-treated
Cre-negative littermate controls. A, Evans blue leakage into the lungs in control and S1P1 ECKO mice after RAR, quantified by formamide extrac-
tion. Symbols represent individual mice (n = 3–5 per group); bars show the mean � SEM. * = P = 0.04. B, Lung mass, a surrogate marker of edema,
in control and S1P1 ECKO mice after RAR. Symbols represent individual mice (n = 5–6 per group); bars show the mean � SEM. * = P = 0.0007. C
and D, Total numbers of polymorphonuclear neutrophils (PMNs) (C) and red blood cells (RBCs) (D) in bronchoalveolar lavage (BAL) fluid from
control and S1P1 ECKO mice. Symbols represent individual mice (n = 8–11 per group); bars show the mean � SEM. * = P = 0.03. E and F, Repre-
sentative Wright-Giemsa staining of BAL fluid after lung RAR in a control mouse (E) and an ECKO mouse (F). Original magnification 9 60.

S1P1 AGONISTS PROTECT AGAINST IC-MEDIATED VASCULAR INJURY 1881

http://onlinelibrary.wiley.com/doi/10.1002/art.40558/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40558/abstract


electrophoresed and transferred onto nitrocellulose. Transferred
proteins were blocked for 1 hour and then probed with anti-
ApoM antibody (10 lg/ml).

Statistical analysis. All data are presented as the
mean � SEM. Comparisons between different groups were
made by unpaired t-test. P values less than 0.05 were consid-
ered significant.

RESULTS

Amplified inflammation and hemorrhage in
response to lung RAR in mice deficient in EC-specific S1P1.
The RAR is a well-established model of acute IC-mediated
vascular injury and inflammation characterized by neu-
trophil activation and vascular leakage (25,26). Because IC
deposition in microvessels correlates with vascular perme-
ability (27), we posited that decreased EC barrier function
and the consequent increase in IC deposition would
enhance inflammation. To test this hypothesis, we induced
lung RAR in mice with ECs lacking S1P1 (S1P1 ECKO
mice). At baseline, S1P1 ECKOmice injected with IV Evans
blue alone showed increased pulmonary extravasation of
Evans blue compared to control mice, indicative of vascular
leakage, as previously reported (28); notably, BAL fluid
from S1P1 ECKO mice injected with Evans blue did not
show increased numbers of RBCs or WBCs (data not
shown). In contrast, after RAR, S1P1 ECKO mice demon-
strated a marked increase in Evans blue extravasation and
lung weight (Figures 1A and B), as well as a greater number
of WBCs and RBCs in the BAL fluid compared to Cre-
negative littermate controls (Figures 1C and D). WBCs in
BAL fluid comprised mostly neutrophils (range 50–80%)
and alveolar macrophages in both control and S1P1 ECKO
mice (Figures 1E and F). Taken together, these findings
demonstrate impaired barrier function and increased
inflammation in response to RAR in S1P1 ECKOmice.

Increased lung and skin RAR in mice treated with
W146, a specific S1P1 antagonist. ApoM, a constituent of
high-density lipoprotein (HDL), carries ~65% of circulat-
ing S1P, while albumin carries 30%. Mice lacking ApoM
have a 50% reduction in circulating S1P compared to con-
trols (29), and ApoM delivery of S1P is more protective
of barrier function and more antiinflammatory than albu-
min delivery (30,31). Therefore, we hypothesized that
ApoM�/� mice would have an increased inflammatory
response to RAR. Surprisingly, ApoM�/� mice and WT
mice had similar numbers of PMNs and RBCs in BAL
fluid after RAR (Figures 2A and B) and similar Evans
blue extravasation in their lungs. We considered the possi-
bility that local levels of S1P were elevated by platelets
and/or EC release during RAR and obscured the effects
of ApoM deficiency. At higher levels of S1P (~500 nM),
albumin and ApoM have been shown to be equally

effective at reducing levels of tumor necrosis factor–
induced vascular cell adhesion molecule 1 in ECs in vitro
(32).

We hypothesized that partial blockade of S1P1
with an S1P1 antagonist would render ApoM�/� mice
more vulnerable to IC-mediated injury than WT mice, in
spite of high local levels of albumin S1P. In preliminary
studies, systemic administration of IV W146 (10 mg/kg or
a total of 250 lg) induced significant pulmonary leakage,
as has been described previously (33) (Supplementary
Figure 2C, available on the Arthritis & Rheumatology web
site at http://onlinelibrary.wiley.com/doi/10.1002/art.40558/
abstract), and we verified that W146 decreased baseline
HUVEC resistance in ECIS (Supplementary Figure 2A).
We reasoned that administration of lower doses of intrana-
sal W146 (10 lg) would not induce vascular leakage at
baseline but would limit S1P1 availability and reveal the
protective effect of ApoM-mediated delivery of S1P
during RAR. Indeed, low-dose W146 administered intra-
nasally to ApoM�/� mice concomitantly with anti-ovalbu-
min IgG markedly increased extravasation of RBCs and
PMNs from blood vessels into the alveolar space (Fig-
ures 2A and B), while treatment of WT mice with W146
at the same dose did not alter RAR. These data demon-
strate that decreased signaling of S1P1 (induced by partial
blockade of S1P1 with W146) increases vulnerability to EC
barrier dysfunction during IC-mediated inflammation
which can be overcome by delivery of S1P by ApoM.

Because IC-mediated injury in skin is common in
patients with SLE, we sought to confirm that modulation
of S1P1 signaling also affects skin RAR. Similar to lung
RAR, there was no evidence that ApoM deficiency
increased skin RAR in mice, and intradermal injection
of low doses of W146 alone did not increase Evans blue
leakage in WT mice (Supplementary Figure 3, available
on the Arthritis & Rheumatology web site at http://online
library.wiley.com/doi/10.1002/art.40558/abstract). How-
ever, in contrast to our findings with regard to lung RAR
in WT mice, low-dose W146 (10 lg) increased the sever-
ity of skin RAR in WT mice when administered con-
comitantly with anti-ovalbumin IgG, compared to
control reaction sites of anti-ovalbumin alone (Fig-
ures 2C–E). The finding that low-dose W146 augmented
skin RAR, but not lung RAR, in WT mice may be
explained by a lower density of S1P1 in the skin compared
to lungs (34). These data show that low doses of locally
administered W146 do not induce skin or lung leakage at
baseline but augment vascular leakage in IC-mediated
injury in the skin of WT mice and in the lungs of ApoM�/

� mice. These findings further support the concept that
blockade of S1P1 receptors increases inflammation in
response to IC deposition.
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The S1P1 agonist CYM-5442 increases barrier func-
tion and mitigates vascular injury induced by activated
PMN injury in vitro and in vivo. Given that blockade of
S1P1 signaling increases IC-driven injury, we hypothesized
that augmentation of EC barrier function would limit
inflammation in response to ICs. We first tested the capacity
of CYM-5442, a specific S1P1 agonist, to increase EC bar-
rier function in vitro with ECIS. CYM-5442 induced a rapid
increase in EC resistance at doses of 50–200 nM that
returned to baseline after 1.5–2 hours (n = 3 HUVEC sam-
ples) (Supplementary Figure 2B, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/doi/

10.1002/art.40558/abstract). Then we modeled the neu-
trophil-mediated EC injury characteristic of the RAR
in vitro by exposing HUVECs to PMNs activated by ICs and
C5a and assessed barrier function in the presence or absence
of S1P1 agonists. No changes were detected when HUVECs
were treated with unstimulated PMNs (Figure 3A). C5a or
ICs alone did not induce a decrease inHUVEC resistance in
ECIS after 1–2 hours (data not shown), but PMNs activated
by both C5a and ICs caused a marked decrease in resistance
within 30 minutes that was sustained for 8 hours (Fig-
ure 3A). CYM-5442 (200 nM) reversed the PMN-induced
drop in resistance (Figure 3A), supporting the possibility

Figure 2. Increased lung reverse Arthus reaction (RAR) in ApoM�/� mice and increased skin RAR in wild-type (WT) mice after treatment with
the sphingosine 1-phosphate receptor 1 antagonist W146. For the lung RAR, mice were treated with intranasal anti-ovalbumin IgG followed by
intravenous (IV) ovalbumin and 0.5% Evans blue. Mice received W146 (10 lg) or vehicle (veh) intranasally concomitantly with anti-ovalbumin
IgG. After 24 hours, mice were subjected to bronchoalveolar lavage (BAL). For the skin RAR, mice were injected intradermally with goat
anti-ovalbumin IgG and W146 (10 lg) or vehicle (DMSO), followed by IV treatment with ovalbumin and Evans blue, and killed after 4 hours. A
and B, Numbers of polymorphonuclear neutrophils (PMNs) (A) and red blood cells (RBCs) (B) in BAL fluid from vehicle-treated and W146-trea-
ted WT and ApoM�/� mice after lung RAR. Symbols represent individual mice (n = 6 per group); bars show the mean � SEM. * = P = 0.04 in A;
* = P = 0.005 in B. C, A representative mouse skin sample obtained after RAR, showing Evans blue leakage at the injection sites. D, Area of
Evans blue leakage at the injection site in vehicle-treated and W146-treated WT mice after RAR, assessed by measuring the diameter of the major
and minor axis. Symbols represent individual mice (n = 6 per group); bars show the mean � SEM. * = P = 0.006. E, Weight of 6-mm skin punch
biopsy specimens obtained from vehicle-treated and W146-treated WT mice after RAR. Symbols represent punch biopsy samples from 6 mice (n
= 11–12 samples); bars show the mean � SEM. * = P = 0.02.
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that CYM-5442 diminishes inflammatory injury in the RAR
by protecting EC barrier function.

Because CYM-5442 is an S1P1 agonist that can act
as a functional antagonist, inducing internalization and
degradation of S1P1 in a dose-dependent manner, we first
determined the dose of CYM-5442 that induced Evans
blue leakage. At 10 mg/kg, a dose that has been shown to
induce maximal lymphopenia and yield plasma concentra-
tions of ~1 lM (35), there was significant Evans blue leak-
age (Supplementary Figure 2C). Because our ECIS
experiments showed that CYM-5442 was protective of the
EC barrier at concentrations of 50–200 nM, we hypothe-
sized that administration of 0.5 mg/kg CYM-5442 to mice
would yield a plasma concentration such that it would
function as an S1P1 agonist (50–200 nM) and increase EC
barrier function.

In WT mice treated with CYM-5442 (0.5 mg/
kg), the lung RAR was blunted. BAL fluid contained
fewer PMNs and RBCs (Figures 3B and C), but Evans
blue extravasation and lung weight were not decreased.
Treatment with a much weaker S1P1 agonist, SEW-
2871 (10 mg/kg) (35), resulted in a similar attenuation
of WBCs and RBCs in BAL fluid after lung RAR, but
no significant change in Evans blue extravasation or
lung weight (Supplementary Figure 4, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40558/abstract). We confirmed
the protective effect of CYM-5442 for IC-driven inflam-
mation in skin RAR. Treatment with intradermal CYM-
5442 reduced vascular leakage as demonstrated by a
decrease in Evans blue extravasation and tissue edema as
assessed by formamide extraction of Evans blue and skin

Figure 3. The sphingosine 1-phosphate receptor 1 agonist CYM-5442 protects endothelial cells (ECs) against immune complex (IC)–activated poly-
morphonuclear neutrophil (PMN)–induced injury in vitro and in vivo. A, Resistance of human umbilical vein endothelial cells (HUVECs) in electrical
cell-substrate impedance sensing. PMNs (1 9 105) activated by ICs and C5a (aPMN) were added to HUVECs (left arrow) and resistance was mea-
sured at 5-minute intervals. CYM-5442 was added (right arrow) 30 minutes after the addition of activated PMNs, and resistance was measured at 5-
minute intervals. CYM-5442 prevented PMN-induced EC barrier dysfunction. The control tracing represents ECs treated with unstimulated PMNs.
Results are representative of 3 experiments with PMNs from 3 different healthy donors. B and C, Numbers of PMNs (B) and red blood cells (RBCs)
(C) in bronchoalveolar lavage (BAL) fluid from vehicle-treated and CYM-5442–treated wild-type (WT) C57BL/6 mice after reverse Arthus reaction
(RAR). Intravenous CYM-5442 (0.5 mg/kg) attenuated lung RAR, as assessed by the numbers of PMNs and RBCs in BAL fluid. Symbols represent
individual mice (n = 8 per group); bars show the mean � SEM. * = P = 0.002 in B; * = P = 0.01 in C. D, A representative mouse skin sample obtained
after skin RAR, showing Evans blue leakage at the sites of injection with DMSO control and CYM-5442 (10 lg). E, Evans blue extravasation in vehi-
cle-treated and CYM-5442–treated WT mice after skin RAR. Symbols represent punch biopsy samples from 5 mice (n = 10 samples); bars show the
mean � SEM. * = P = 0.02. F, Weight of 6-mm skin punch biopsy specimens obtained from vehicle-treated and CYM-5442–treated WT mice after skin
RAR. Symbols represent punch biopsy samples from 8 mice (n = 15–16 samples); bars show the mean � SEM. * = P < 0.0001.
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biopsy weight, respectively (Figures 3E and F). The find-
ing that CYM-5442 was effective at blocking Evans blue
extravasation in the skin, but not the lung, during RAR is
consistent with our observation that W146 exacerbated
skin, but not lung, RAR in WT mice.

ApoM-Fc, a novel S1P chaperone, protects ECs
from loss of barrier integrity induced by activated
PMNs and attenuates lung RAR. A novel biologic chap-
erone of S1P, ApoM-Fc, was recently shown to increase
circulating S1P levels by ~60% and to attenuate myocar-
dial injury after ischemia-reperfusion injury and reduce
brain injury in a mouse model of stroke (19). In addition,
ApoM-Fc increased barrier function to a greater extent
than albumin-S1P and did not induce lymphopenia, sug-
gesting specificity to activation of EC S1P receptors, par-
ticularly S1P1 (19). We examined the ability of ApoM-Fc
to attenuate IC-mediated injury initiated by activated
PMNs in vitro and in vivo. ApoM-Fc rescued EC barrier
function in HUVECs exposed to IC and C5a–activated
PMNs in a sustained manner (Figure 4A). In compar-
ison, albumin-S1P (200 nM) increased resistance, but the
effect was transient (Figure 4A).

To determine whether ApoM-Fc is an effective
means to deliver S1P to ECs and mitigate IC-mediated
injury in vivo, we treated WT mice with ApoM-Fc and ini-
tiated lung RAR. ApoM-Fc attenuated the inflammatory
response in lung RAR, as indicated by a decrease in the
numbers of PMNs and RBCs in BAL fluid (Figures 4B
and C), but like CYM-5442 and SEW-2871, there was no
effect on Evans blue leakage or lung weight (Figures 4D
and E).

S1P1 agonists CYM-5442 and ApoM-Fc limit EC
phosphorylation of MLC and VE-cadherin junction disas-
sembly in response to IC and C5a–activated neutrophils.
Activated neutrophils have been shown to induce the Rho
GTPase pathway in EC which contributes to barrier
breach, vascular leakage (36), and neutrophil migration
(37). Phosphorylation of MLC of myosin II induces
RhoA-mediated assembly of stress fibers and focal adhe-
sions, mediating cell contraction. We hypothesized that
S1P protects ECs from injury induced by activated neu-
trophils and prevents loss of barrier integrity by inhibiting
the Rho pathway. To test this experimentally, we com-
pared p-MLC staining in HUVECs exposed to PMNs

Figure 4. ApoM-Fc mitigates endothelial cell injury induced by immune complex (IC)–activated polymorphonuclear neutrophils (PMNs) in vitro
and in vivo. A, Resistance of human umbilical vein endothelial cells (HUVECs) in electrical cell-substrate impedance sensing. PMNs (1 9 105) acti-
vated by a combination of ICs and C5a (aPMN) were added to HUVECs (left arrow). ApoM-Fc (10 lg/ml) loaded with sphingosine 1-phosphate
(S1P) or albumin S1P (Alb-S1P; 200 nM) was added (right arrow) 30 minutes after the addition of activated PMNs, and resistance was measured at
5-minute intervals. Results are representative of 4 experiments with PMNs from 3 different healthy donors. B and C, Numbers of PMNs (B) and red
blood cells (RBCs) (C) in bronchoalveolar lavage fluid from vehicle-treated and ApoM-Fc–treated mice 24 hours after the initiation of lung reverse
Arthus reaction. Symbols represent individual mice (n = 6 per group); bars show the mean � SEM. * = P < 0.05 in B; * = P = 0.03 in C. D and E, Lung
mass (D) and area of Evans blue extravasation (E) in vehicle-treated and ApoM-Fc–treated mice. Symbols represent individual mice (n = 5–6 per
group); bars show the mean � SEM. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.
40558/abstract.
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activated with ICs and C5a to that of HUVECs exposed
to unstimulated PMNs (control HUVECs) (Figure 5).
Treatment with activated PMNs markedly increased
HUVEC p-MLC staining, which appeared to localize to
stress fibers (Figure 5). The p-MLC staining was attenu-
ated in HUVECs preincubated with ApoM-Fc and then
treated with IC and C5a–activated PMNs (Figure 5).

Because Rho pathway–mediated endothelial
hyperpermeability is associated with disruption of VE-
cadherin at adherens junctions (38), we determined
whether ApoM-Fc protected VE-cadherin localization in
HUVECs treated with PMNs activated with both ICs
and C5a. HUVECs treated with activated PMNs showed
marked loss of VE-cadherin staining, whereas HUVECs
pretreated with ApoM-Fc showed mostly intact staining

(Figure 5). Similarly, HUVECs pretreated with CYM-
5442 were protected against PMN-induced injury,
demonstrating preserved VE-cadherin and attenuated p-
MLC (Supplementary Figure 5, available on the Arthritis
& Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40558/abstract). Taken together,
these data suggest that S1P agonists protect ECs against
neutrophil-mediated induction of the Rho pathway.

DISCUSSION

Herein we present genetic and pharmacologic evi-
dence that S1P1 signaling in ECs modulates vascular
responses to IC deposition. Deletion of S1P1 in ECs aug-
mented vascular leakage and inflammation induced by

Figure 5. ApoM-Fc decreases phosphorylation of myosin light chain (p-MLC) and attenuates disruption of VE-cadherin in human umbilical vein
endothelial cells (HUVECs) treated with activated polymorphonuclear neutrophils (PMNs). Top, HUVECs treated with unstimulated PMNs. Mid-
dle, HUVECs treated for 30 minutes with PMNs activated with immune complexes (ICs) and C5a (1 9 105). Bottom, HUVECs pretreated with
ApoM-Fc prior to incubation with PMNs activated with ICs and C5a. Green indicates VE-cadherin; red indicates p-MLC. Nuclei were stained
with DAPI. Results are representative of 3 experiments with PMNs from 3 different healthy donors. Bars = 20l.
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the RAR, suggesting a protective role of S1P1. This was
supported by evidence that W146, a specific S1P1 antago-
nist, decreased EC barrier function in vitro and increased
skin and lung RAR. Finally, 2 S1P1 agonists, CYM-5442
and SEW-2871, and a novel biologic chaperone of S1P,
ApoM-Fc, protected EC barrier integrity against injury
induced by IC-activated PMNs in vitro and in vivo. Taken
together, our results demonstrate that S1P1 signaling
enhances the EC barrier, limits leukocyte escape from
capillaries, and provides protection against inflammatory
injury. In addition, we show that S1P1 agonists prevent
VE-cadherin disruption and phosphorylation of MLC, a
potential mechanism by which they maintain vascular bar-
rier integrity despite pathogenic mediators released by
activated PMNs.

While the S1P1 agonists were effective in decreas-
ing inflammation, they did not significantly reduce Evans
blue extravasation or plasma escape from the microvascu-
lature. Enhanced S1P1 signaling during IC-mediated
inflammation may not be sufficient to block transudation
of small molecules, such as albumin, but it appears
sufficient to prevent transmigration of PMNs and leakage
of RBCs at sites of barrier breaks. It is also possible
that S1P1 agonists decrease the migration of inflamma-
tory cells at sites of inflammation, at least in part, by
influencing the phosphorylation status of VE-cadherin;
phosphorylation of T685 on the cytoplasmic domain of
VE-cadherin supports permeability, while dephosphoryla-
tion of T731 supports leukocyte transmigration (39). In
contrast to our findings in the lung, CYM-5442 decreased
Evans blue extravasation and skin weight in the skin RAR
in mice. This may be due to the lower density of S1P1
receptors in the skin compared to the lungs. Alternatively,
there may be differential expression of S1P family recep-
tors or other receptors on ECs that determine vascular
barrier function in different vascular beds. The ability of
low-dose W146 to augment the skin, but not lung, RAR
in WT mice also supports the notion of differences in
S1P1 density and/or other receptors influencing perme-
ability in the skin and lung.

Increasing barrier function has been shown to limit
inflammation in models of ischemia-reperfusion injury
and several other models of acute injury (40,41).
Although the RAR is also a model of acute inflammation,
increasing barrier function to limit the number of acti-
vated neutrophils transmigrating into tissues may have
long-term consequences on organ function. PMN influx
has been identified as a key mediator of renal damage in
nephrotoxic serum transfer, a model of IC-initiated
glomerulonephritis (42). Reducing exposure to neu-
trophil-derived chemokines, cytokines, reactive oxidants,
and proteolytic enzymes limits acute damage and allows

resolution of damage. The critical role of microvascular
integrity in limiting joint damage and PMN infiltration is
also supported in the K/BxN serum–transfer model of RA
(3). Indeed, blood vessels in joints appear to be more sus-
ceptible to IC-mediated injury than vasculature in other
tissues (43).

Despite the body of evidence demonstrating the
key role of microvasculature in regulation of tissue injury
induced by inflammation, pharmacologic targeting of ECs
to increase barrier function in RA and SLE has not been
pursued. Drug discovery and development for SLE and
RA targeting the S1P/S1P1 axis has focused solely on
restricting the egress of pathogenic lymphocytes from
lymph nodes and induction of circulating lymphopenia
(44). Because of their ability to induce lymphopenia, S1P1
antagonists have been studied in mouse models of inflam-
matory arthritis (45), and while blocking autoreactive T
cells from entering target tissues is beneficial for reducing
inflammation and organ damage, the effects on ECs may
be deleterious. Indeed, prolonged treatment of mice with
adjuvant-induced arthritis with the S1P1 antagonist
NIBR-0213 decreased joint inflammation but resulted in
pulmonary edema, perivascular fibrosis, and functional
lung impairment (46). Because patients with SLE and RA
frequently have lung involvement, they may be more vul-
nerable to pulmonary vascular leakage and inflammation.

The clinical efficacy of FTY-720, a nonspecific S1P
receptor agonist/functional antagonist that also induces
lymphopenia, for the treatment of multiple sclerosis has
encouraged development of several S1P1-specific ago-
nists/antagonists for the treatment of other autoimmune
diseases (44). In animal models of lupus nephritis, both
FTY-720 and the specific S1P1 receptor agonist KRP-203
induced lymphopenia, reduced renal injury, and increased
survival (47,48). A problem with this approach is that
depending on the dose and frequency of its delivery,
FTY-720 has been shown to induce and/or exacerbate vas-
cular leakage in the lung and brain (49,50); the mecha-
nism by which FTY-720 can impair vascular integrity
involves S1P1 phosphorylation, internalization, and pro-
teasomal degradation (33). CYM-5442, while efficacious
at low doses in our study, had a limited therapeutic win-
dow because it, too, increased vascular leakage at high
doses, consistent with its ability to induce S1P1 internaliza-
tion and proteasomal degradation (35). ApoM-Fc has the
potential to effectively enhance delivery of S1P without
leading to excessive S1P1 internalization. An additional
advantage of ApoM-Fc is that its half-life is 4 days com-
pared to 4–5 hours for CYM-5442 or SEW-2871. Finally,
ApoM-Fc does not induce lymphopenia, but formal stud-
ies on the effects of ApoM-Fc on leukocyte function are
ongoing to determine whether it is immunosuppressive.
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Novel approaches to target the S1P/S1P1 axis, par-
ticularly in systemic diseases that put patients at risk of
pulmonary vascular leakage, are needed to augment bar-
rier function without causing degradation of S1P1. Such
interventions could be used as adjuncts to immunosup-
pressive therapy, allowing simultaneous targeting to
decrease production of autoantibodies and to attenuate
tissue responses to IC deposition. Our data support fur-
ther studies in models of chronic inflammatory injury to
determine whether S1P1-augmented EC barrier function
mitigates end-organ damage.
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Characteristics and treatment of chronic chikungunya
virus: comment on the article by Chang et al

To the Editor:

We were pleased to read the article by Chang et al that
described the frequency of chikungunya virus–related arthritis
in Colombia (1). The authors should be commended for
demonstrating that the chikungunya virus is a public health
issue affecting not only Asia and Africa but the Americas as
well. It is emerging as a global pandemic. In Chandigarh, India
and surrounding areas, 366 positive cases of chikungunya were
reported from September 2016 to January 2017, according to
the National Vector Disease Control Programme. Here, we will
share some findings from our investigation of 99 serologically
confirmed (with a National Institute of Virology IgM capture
enzyme-linked immunosorbent assay kit) cases of chikungunya
in India, in which we followed up patients for 1 year.

The mean age of our patients was 45.31 years, com-
pared to 49.1 years in the study by Chang et al. In the acute
stage, the most common symptoms were arthralgia (in 93.9%
of cases), fever (83.9%), rash (28.3%), headache (19.2%), and
diarrhea (4%). The joints most commonly involved were the
wrist (71.7%), small joints of the hand (67.7%), knee (52.5%),
ankle (32.3%), elbow (26.3%), and shoulder (15.2%). Pain was
reported predominantly in the wrist (24.1% and 15% of
patients at 6 months and 1 year, respectively), small joints of
the hand (15% of patients at 6 months and 1 year), ankle
(15% and 6% of patients at 6 months and 1 year, respec-
tively), and knee (9% and 6% of patients at 6 months and 1
year, respectively). The hip joint was not involved in our
patients. Persistent arthralgia was present in 31.3% of our
patients at 6 months and 14.1% at 1 year. In the Colombian
cohort discussed in the article by Chang et al, 25% of the
infected patients had chronic joint pain at 20 months.

Chang et al did not mention the incidence of rheuma-
toid arthritis (RA) after chikungunya infection. Rheumatoid
factor and anti–cyclic citrullinated peptide were not studied
postinfection. Javelle et al (2) monitored 159 cases of chronic
chikungunya arthritis for >2 years, and 40 of the cases met
clinical and radiologic criteria for RA and 33 for spondy-
loarthritis. None of these patients had any previous history of
rheumatologic symptoms (2). In R�eunion Island, 21 cases of
RA postinfection were reported (3). Among our patients with
chikungunya virus, 4.2% satisfied clinical and radiologic cri-
teria for RA, which means that the chikungunya virus may
have unmasked RA in these patients.

Chang et al administered acetaminophen, ibuprofen,
prednisone, and medicinal plants to patients. However, disease-
modifying antirheumatic drugs (DMARDs, e.g., methotrexate
[MTX]) were not used. They followed up 500 patients for a
median of 20 months, and at 20 months one-fourth of the
patients were symptomatic. This suggests that more explicit
treatment guidelines are necessary and that patients may need
to be treated more aggressively.

Most of our patients with chikungunya virus in the acute
stage reported debilitating pain, and sometimes nonsteroidal

antiinflammatory drugs (NSAIDs) alone did not help. Although
there is limited evidence to support the use of steroids for
postinfection rheumatologic symptoms—and concerns about
chronicity from uncontrolled inflammation due to induction of
autoimmunity—we used steroids to restore mobility to patients
whose symptoms did not respond to NSAIDs; many patients
experienced only brief improvement with steroids.

We administered MTX to patients whose symptoms
persisted after treatment with steroids. The acute phase is
defined as <10 days, the subacute phase is 10–90 days (4), and
the chronic phase is marked by symptoms that last >3 months
after onset of the virus (5). There is evidence for the use of
MTX for chronic chikungunya arthritis based on the R�eunion
Island study, in which 72 of 159 patients were administered
MTX (6). It is unclear whether initiating DMARDs earlier
than 3 months postinfection would improve the outcome in
such patients (7).

In our Indian cohort of 99 patients, we investigated
the effectiveness of each treatment, examining reported symp-
toms after administration of NSAIDs, steroids, and MTX.
Nineteen patients were administered NSAIDs alone, 44 were
administered NSAIDs and steroids, and 36 were administered
NSAIDs, steroids, and MTX. At 6 months, arthralgia was
absent in 14 patients treated with NSAIDs alone (73.7%), in
28 patients treated with NSAIDs and steroids (63.6%), and in
30 patients treated with NSAIDs, steroids, and MTX
(83.3%). Therefore, we found that response rates were the
most promising with MTX treatment.

Chloroquine has also been used to treat chronic
chikungunya arthritis (8). In a few studies, a combination of
different DMARDs was used, which produced better results
than monotherapy (9). Blettery et al used an anti–tumor
necrosis factor agent in 13 patients whose condition had not
responded to conventional DMARDs (10).

Chikungunya is an emerging global pandemic, and the
high rates of chronicity postinfection are worrisome. The infec-
tion has been shown to unmask RA and even spondyloarthropa-
thy. There are currently no guidelines for treatment, so further
investigations into effective therapies are needed.
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Need for accurate and consistent definition of chronic
chikungunya arthritis: comment on the article by
Chang et al

To the Editor:

We read with interest the report by Chang et al regard-
ing the frequency of chikungunya virus–related arthritis in
Colombia (1). Although it was previously commented on by
Mogami et al (2), we want to call attention to the patient enroll-
ment process and the definition of acute and chronic chikun-
gunya virus arthritis. Patients were recruited after a health care
referral because of suspected chikungunya infection, and cases
were considered confirmed if either chikungunya-specific IgM
or chikungunya–specific IgG was positive. However, the time at
which the blood samples were collected for analysis is not clear,
and the inclusion of patients defined as “convalescent” (positive
chikungunya-specific IgG) could have led to the enrollment of
patients with past chikungunya infection but whose time of onset
of infection could not be established.

It is important to note that the definition of chronic
chikungunya arthritis requires that articular manifestations
such as joint pain, joint stiffness, or joint swelling persist con-
tinuously or recurrently for 3 months after acute onset. And
other causes of chronic articular pain such as inflammatory
rheumatic diseases (rheumatoid arthritis, ankylosing spondy-
loarthritis, psoriatic arthritis), gout, or osteoarthritis should
be ruled out. That being said, the prevalence of chronic joint
pain reported by Chang et al (25%) falls within the range
observed with the Asian strain of chikungunya (3,4), which
suggests consistency in their findings.

Finally, as Mogami et al (2) stated, the degree of
chronic joint involvement varies. It does not always indicate
arthritis and can signify a wide variety of musculoskeletal dis-
orders. Although a Disease Activity Score in 28 joints (5)
could be a tool for guiding treatment, it is limited to the
assessment of rheumatic pain or inflammation in a group of
joints, restricting its usefulness for the evaluation of the pro-
portion of evolution to the chronic phase. We agree with
Chang et al that further investigations of chronic manifesta-
tions of chikungunya are required. To this end, appropriate
tools for assessment should be developed with consideration
of the full clinical spectrum of chronic discomfort and disabil-
ities derived from chikungunya infection, and addressing
other factors such as chronic fatigue, mental health issues
and health-related quality of life (6).
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limitations of our evaluation of the cohort was that we have
not yet determined the incidence of rheumatoid factor (RF)
and anti–cyclic citrullinated peptide (anti-CCP) antibodies in
all 485 patients. This will be a valuable assessment to per-
form. However, RF and anti-CCP antibodies were measured
in a subset of chikungunya arthritis patients (Chang AY,
Martins K, Encinales L, Reid SP, Acu~na M, Encinales C,
et al. Chikungunya arthritis mechanisms in the Americas: a
cross-sectional analysis of chikungunya arthritis patients
twenty-two months after infection demonstrating no detect-
able viral persistence in synovial fluid. Arthritis Rheumatol
2018;70:585–93) and none of these patients had elevated
levels of anti-CCP antibodies, 9% had IgM-RF, and 12% had
IgG-RF. In addition, we agree that rigorous controlled trials
of therapeutics including methotrexate for the treatment of
chikungunya arthritis are needed to set evidence-based guide-
lines for treatment. Open-label studies in arthritis and pain
can be confounded by many issues that make it difficult to
interpret the data, including placebo effects.

To clarify the timing of blood collection in our study,
343 of the 485 patients with confirmed chikungunya (71%)
had their blood drawn within the first month of their febrile
illness. It is unlikely that the patients in this cohort with IgG
were previously infected with chikungunya, as all of the
samples were collected in January 2015 during a chikungunya
epidemic in a region where the virus had not previously
circulated.

We also agree that further standardized tools for
assessment of the chronic manifestations of chikungunya are
needed, including patient-reported health outcomes. The Dis-
ease Activity Score in 28 joints was developed primarily for
rheumatoid arthritis but is being used in many other types of
arthritis. Even so, a validated customized measure for chikun-
gunya arthritis would be important for clinical trials and regula-
tory approvals. The Patient-Reported Outcomes Measurement
Information System (PROMIS), which collects information on
patient stiffness, mobility, pain, and mental health, is one possi-
bility. PROMIS is a system developed by multiple academic
medical centers, private research organizations, and numerous
institutes across the National Institutes of Health (Witter JP.
The promise of patient-reported outcomes measurement infor-
mation system—turning theory into reality: a uniform approach
to patient-reported outcomes across rheumatic diseases.
Rheum Dis Clin North Am 2016;42:377–94). The use of a
standardized and validated measure such as PROMIS should
be encouraged so that we can compare across our studies.
However, the use of patient-derived outcomes will probably
require additional traditional measures of disease severity for
regulatory approval.
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Autoimmunity or lineage-specific virulence as drivers
of chikungunya chronic arthritis: comment on the
article by Chang et al

To the Editor:

We read with interest the article by Chang et al
reporting the absence of detectable virus in the synovial fluid
of chikungunya arthritis patients (1). Although tissue biopsies
were not performed, the authors provide compelling argu-
ments against the hypothesis of viral persistence in the patho-
physiology of chikungunya arthritis (2), based on the negative
findings of both synovial fluid culture and proteomic analysis.
Furthermore, given the presumption of efficacy of disease-
modifying antirheumatic drugs, the authors conclude, as others
have before them (2), that autoimmunity may be the leading
contributor to chikungunya arthritis. In addition, they propose
that chikungunya virus debris may persist at low levels as trig-
gering antigens for autoimmunity, or that macrophages may
be modified through epigenetic imprinting, similar to fibro-
blast-like synoviocytes in rheumatoid arthritis (RA), resulting
in persistent alterations in host gene transcriptions.

We wish to corroborate their findings and propose
two other hypotheses to support the clinical pattern of the
moderately active seronegative polyarthritis that they primar-
ily observed. For this purpose, we used a benchmarking of
cohort studies conducted on R�eunion Island populations
infected with the East Central South African–diverged clade
(also known as Indian Ocean lineage [IOL]) of chikungunya
and compared the results to those acquired in Colombia with
the Asian strain of chikungunya. We graded the severity of
chikungunya arthritis according to Disease Activity Score in
28 joints (3), when available, or by the prevalence of synovitis
(1 [mild] to 4 [severe], with 4 fulfilling the American College
of Rheumatology/European League Against Rheumatism cri-
teria for RA) (4).

As seen in Supplementary Table 1 (available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40665/abstract), our investigation showed
that the severity of reported chikungunya arthritis likely
increases from the community to the primary care setting
(as a result of more synovitis case recruitment), and from the
primary care to the rheumatologist (as a result of more poly-
articular injury with severe erosive arthritis). Except in rare
cases of seropositive RA, the severity of chikungunya arthritis
does not seem to correlate with the presence of rheumatoid
factor. Moreover, anti-citrullinated cyclic peptide (anti-CCP)
antibodies are infrequent, even in the setting of prominent
symmetric polyarticular injury, which suggests an operating
mechanism other than autoimmunity. Indeed, citrulline biosyn-
thesis could be inhibited during the acute stage of chikungunya
through massive repression of the synthesis of its 2 precursors
in the urea cycle, carbamyl phosphate (5–37-fold change) and
L-ornithine (20-fold change) (4). Along with the absence of
other anti-CCP antibodies known to be associated with se-
vere erosive forms of RA, this would account for the moderate
activity of chikungunya polyarthritis observed in Colombia (1).
In addition, given the correlation between high viral loads and
chronicity (2), less acute joint pathology with the Asian strain
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of chikungunya (compared to IOL)—due to a lower capacity
for inducing proinflammatory Th1 and natural killer cell
responses (5)—could be another possible explanation for this
observation.
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Reply

To the Editor:

We thank Dr. G�erardin et al for sharing their thoughts
on potential mechanisms that might contribute to the pathogen-
esis of chikungunya arthritis. Although we did not observe anti-
CCP antibodies in our cohort, posttranslational modifications
including citrullination, carbamylation, and malondialdehyde–
acetaldehyde are emerging as having clinical and mechanistic
significance in rheumatoid arthritis. Therefore, one can postu-
late that these modifications may have clinical and mechanistic
significance in the context of viral-induced arthritis as well, and
that further research into these mechanisms in chikungunya
arthritis is needed.

With regard to the possibility of proinflammatory T cell
responses, we are actively investigating the contribution of

adaptive immunity. Studies on peripheral blood and synovial
tissue T cell antigen specificity will be important, and we are
currently studying whether chronic chikungunya arthritis occurs
in the context of aberrant epigenetic marks. Understanding
the pathogenesis and developing targeted therapy is urgently
needed, as chikungunya outbreaks occur with increasing
frequency and can limit mobility for affected individuals.
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T follicular regulatory cells are decreased in patients
with established treated rheumatoid arthritis with
active disease: comment on the article by Liu et al

To the Editor:

We read with great interest the article by Liu et al
(1), in which the authors reported that T follicular regulatory
(Tfr) cell levels are increased in untreated rheumatoid arthri-
tis (RA) patients, especially in those whose disease is in stable
remission, where the Tfr to T follicular helper (Tfh) ratio is
also increased. However, in our own cohort of RA patients,
we observed results that conflict with the conclusions drawn
by the authors.

In a recent study, we defined the phenotype and func-
tion of human circulating Tfr cells (2). We used the same gat-
ing strategy as described by Liu and colleagues (Figure 1A), in
43 patients with established RA (86% female, mean � SD age
56 � 13 years, mean � SD disease duration 11 � 9 years),
who were treated with methotrexate, with or without other
conventional synthetic disease-modifying antirheumatic drugs
(csDMARDs) and/or glucocorticoids. We found a decrease in
Tfr cells and in the Tfr:Tfh ratio in patients with active RA
(defined by a Disease Activity Score in 28 joints [DAS28] of
>3.2 [3]), compared to age- and sex-matched healthy controls
(Figures 1B and C). Unlike Liu et al, we observed no differ-
ences between patients with inactive RA and healthy controls.
We found the same pattern for Treg cells, which were
decreased in patients with active RA, similar to the findings of
Liu et al, but not in patients with RA in remission or with low
disease activity (Figure 1D). We were also unable to confirm
Liu and colleagues’ findings that circulating Tfh and pro-
grammed death 1 (PD-1)–positive Tfh cells are increased in
RA patients, regardless of disease activity (Figures 1E and F).
In fact, we found that in patients with inactive RA, the fre-
quency of PD-1+ Tfh cells was less than that found in healthy
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controls (Figure 1F). Finally, we did not confirm the correla-
tions reported by the authors between Tfr levels and related
clinical indicators such as the DAS28, rheumatoid factor titers,
and anti–citrullinated protein antibody levels (Figures 1G, I,
and J). We did find a negative trend, however, between the
Tfr:Tfh ratio and the DAS28 (Figure 1H).

Several factors can help explain these inconsistent
findings. Most notably, the patient population included in the
study by Liu et al comprised untreated patients, which would
be nearly impossible to reproduce in our patients, as it is rare
to have a patient population with drug-free sustained remis-
sion (4). Moreover, a considerable number of patients from
their cohort (n=39) had active disease and were not treated
with csDMARDs; in fact, only a third of these patients
started treatment during the study. While these findings may
reflect different local prescribing practices, these practices do
not comply with RA treatment recommendations (5) and are
not representative of most countries where csDMARDs (and
increasingly biologics) are widely available and prescribed for
the majority of RA patients. It is also important to note that
disease duration is not specified in their report, making it
unclear whether the patient population had early RA or
established RA (like our cohort). Taking this into considera-
tion, we classified patients’ disease activity states according to
standard criteria used in clinical practice, where low disease
activity (defined as a DAS28 of ≤3.2) is an acceptable target
when remission cannot be achieved, especially in patients with

longstanding disease (6). This definition is closer to clinical
practice, in contrast to that used by Liu et al, which includes
a wide spectrum of disease activity in the active disease group
(i.e., ≥1 joint with signs of disease).

There is conflicting evidence about Tfh distribution in
RA populations, perhaps as a result of varying disease dura-
tion and treatment status (7,8). This is, to our knowledge, the
first report of differences in Tfr cell levels across these popu-
lations. We believe that immunomodulation with csDMARDs
and glucocorticoids can lead to significant changes in the cir-
culating Tfh and Tfr compartments along with fluctuations in
disease activity. This is particularly evident in patients with
longstanding disease, who have been exposed to immunosup-
pressive drugs for years and have experienced many flares fol-
lowed by periods of lower disease activity. Based on these
observations, we propose that the increase in Tfr cells is
important for achievement of sustained remission in patients
with untreated RA, while patients with established RA who
are treated with conventional immunosuppressants and have
lower frequencies of Tfr and Treg cells and a lower Tfr:Tfh
ratio will continue to experience moderate-to-severe disease
activity that requires additional treatment. Moreover, the evi-
dent correlation of Tfr with disease activity and other
immunologic parameters observed in untreated patients
becomes less clear, and the Tfr:Tfh ratio seems to be a better
indicator of disease activity. This aligns with data collected
from our group, in which the Tfr:Tfh ratio demonstrated

Figure 1. Lower frequency of T follicular regulatory (Tfr) cells and ratio of Tfr to T follicular helper (Tfh) cells in patients treated for established
rheumatoid arthritis (RA) with active disease (Disease Activity Score in 28 joints [DAS28] >3.2) (n = 43). A, Gating strategy used on circulating
Tfr and Tfh cells. B–F, Frequencies (%CD4) of Tfr cells (B), Treg cells (D), Tfh cells (E), and programmed death 1 (PD-1)–positive Tfh cells (F),
and Tfr:Tfh ratio (C) according to disease activity and compared to healthy controls (HC). Each circle represents an individual subject; bars show
the mean � SD. * = P < 0.05; ** = P < 0.01. LDA = low disease activity. G–J, Correlation of Tfr cell frequency with the DAS28 (G), anti–citrulli-
nated protein antibody (ACPA) titers (I), and rheumatoid factor (RF) titers (J), and correlation of the Tfr:Tfh ratio with the DAS28 (H). Dashed
lines show the 95% confidence intervals.
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clinical value in another autoimmune rheumatic disease
(Sj€ogren’s syndrome) (9).

In conclusion, we wish to emphasize the potential role
of Tfr and Tfh cells in RA pathogenesis and progression, par-
ticularly in a more typical RA population, treated with
csDMARDs. We think it is necessary to pay particular atten-
tion to disease duration, disease activity, and treatment strate-
gies when assessing these cell populations across different
studies.

Dr. Rom~ao has received consulting fees and/or speaking fees
from Bayer, Hospira, Merck Sharp & Dohme, Pfizer, and Roche (less
than $10,000 each). Dr. Fonseca has received speaking fees from Abbvie,
Biogen, Bristol-Myers Squibb, Janssen, Eli Lilly and Company, Merck
Sharp & Dohme, Novartis, Pfizer, Roche, and UCB (less than $10,000
each) and research grants from those companies.
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Reply

To the Editor:

My coauthors and I were very pleased to see the
response from Dr. Rom~ao and colleagues. Their study plays
an important role in improving the understanding of the sig-
nificance of Tfr cells in RA patients, and they raised points
that will be useful in future in-depth research.

First, I would like to clarify some details about our
research. Ours was an observational study rather than an
interventional clinical study, as we are scientists in a clinical
laboratory, not clinicians. The blood samples used in our
study were from specimens obtained for tests such as com-
plete blood cell count analysis, and we accessed patients’ rele-
vant medical history and condition information, with
permission. We did not influence or interfere with treatment
regimens throughout the duration of the study. However, one
disadvantage of observational studies is that it is difficult to
ensure a high level of patient compliance. We were unable to
monitor all of the patients before and after treatments, since
not all patients returned to our hospital. Many lived in other
provinces and attended their local hospitals for follow-up, so
we only had access to samples from 13 patients with active
RA who returned to our hospital for blood tests after
DMARD treatment.

There has been ongoing discussion about which cri-
teria should be used to define remission in RA. Instead of
using the DAS28 (1), we relied on treat-to-target recommen-
dations (2), which are widely acknowledged and used in
clinical practice. According to several publications, DAS28-
defined remission is not considered consistent with other
clinical definitions of remission (3–6). Fleischmann et al
evaluated several clinical trials and discussed the potential
for the DAS28 remission criteria to underestimate disease
activity (7).

Patients with active RA were easily recruited because
most of them were initially diagnosed in our hospital, with
disease duration of <6 months. Some patients (<25%) en-
rolled in the active RA group based on our criteria had previ-
ously received treatment. A small number of these patients
had stopped complying with their prescribed treatment regi-
mens; when they became ill again, they came to our hospital.
None of the patients in our study had received any glucocorti-
coid and/or immunosuppressive drug treatments within 1
month prior to our examination of blood samples. We did not
recruit recently treated patients, in order to exclude the influ-
ence of drugs.

We agree that immunomodulation with csDMARDs
and glucocorticoids leads to profound changes in the circulat-
ing Tfh and Tfr compartments, and the duration and type of
treatment should be taken into account. A more detailed
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clinical value in another autoimmune rheumatic disease
(Sj€ogren’s syndrome) (9).

In conclusion, we wish to emphasize the potential role
of Tfr and Tfh cells in RA pathogenesis and progression, par-
ticularly in a more typical RA population, treated with
csDMARDs. We think it is necessary to pay particular atten-
tion to disease duration, disease activity, and treatment strate-
gies when assessing these cell populations across different
studies.
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classification of enrolled patients can help investigators better
distinguish the role of Tfr in RA under different physiologic
and pathophysiologic conditions. The study by Rom~ao et al is
instructional for scientists’ further research on the role of Tfr
in RA.
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Clinical Image: Erythema ab igne

The patient, a 41-year-old woman, had been diagnosed in March 2012 as having limited cutaneous systemic sclerosis (lcSSc), with
sclerodactyly associated with pitting scars. Systemic manifestations included esophageal involvement, with absence of peristalsis in
the lower two-thirds of the esophageal body and low pressure in the lower esophageal sphincter. In 2017, she presented with a
1-month history of livedo reticularis lesions of the abdomen. She denied pruritus, pain, or exposure of the abdomen to irritants
prior to lesion onset. Results of routine laboratory tests were normal, and cryoglobulins and antineutrophil cytoplasmic antibodies
were absent. The patient reported prolonged use of a hot water bottle twice a day over 1-hour periods due to pelvic pain. Ery-
thema ab igne was diagnosed. Erythema ab igne presents as livedo reticularis–like lesions with eventual development of brown
hyperpigmentation at sites of prolonged heat exposure (1). Clinicians should be aware of erythema ab igne, as it may be mistaken
for a symptom of systemic disease, leading to unnecessary investigations or inappropriate therapy. Treatment consists of removal
of the heat exposure (laptops, car seat heaters, space heaters, sauna belts) (1). In our patient, erythema ab igne was induced by
hot water bottles. We suggest that lcSSc might have been a contributing factor in the heat-induced injury of the vascular plexus.

1. Patel DP. The evolving nomenclature of erythema ab igne—
redness from fire. JAMA Dermatol 2017;153:685.
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and pathophysiologic conditions. The study by Rom~ao et al is
instructional for scientists’ further research on the role of Tfr
in RA.
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Clinical Image: Erythema ab igne

The patient, a 41-year-old woman, had been diagnosed in March 2012 as having limited cutaneous systemic sclerosis (lcSSc), with
sclerodactyly associated with pitting scars. Systemic manifestations included esophageal involvement, with absence of peristalsis in
the lower two-thirds of the esophageal body and low pressure in the lower esophageal sphincter. In 2017, she presented with a
1-month history of livedo reticularis lesions of the abdomen. She denied pruritus, pain, or exposure of the abdomen to irritants
prior to lesion onset. Results of routine laboratory tests were normal, and cryoglobulins and antineutrophil cytoplasmic antibodies
were absent. The patient reported prolonged use of a hot water bottle twice a day over 1-hour periods due to pelvic pain. Ery-
thema ab igne was diagnosed. Erythema ab igne presents as livedo reticularis–like lesions with eventual development of brown
hyperpigmentation at sites of prolonged heat exposure (1). Clinicians should be aware of erythema ab igne, as it may be mistaken
for a symptom of systemic disease, leading to unnecessary investigations or inappropriate therapy. Treatment consists of removal
of the heat exposure (laptops, car seat heaters, space heaters, sauna belts) (1). In our patient, erythema ab igne was induced by
hot water bottles. We suggest that lcSSc might have been a contributing factor in the heat-induced injury of the vascular plexus.
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