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Role of Cyclic GMP-AMP Synthase Explored in Patients With SLE 
Patients with systemic lupus erythematosus 
(SLE) and interferonopathies such as Aicardi-
Goutières syndrome have aberrant type I 

interferon (IFN) production, 
which has been implicated in 
the pathogenesis and activity 

of these diseases. Scientists suggest that the 
DNA-activated type I IFN pathway known 
as cyclic GMP-AMP synthase (cGAS) may 
underlie the connection between disrupted IFN 
and these conditions. 

In this issue, An et al (p. 800) report the 
results of their study that was designed to 
evaluate whether the cGAS pathway contributes 
to type I IFN production in patients with SLE. 
They found that a subset of SLE patients with 
high levels of disease activity has increased 

cGAS expression and cyclic GMP-AMP 
(cGAMP). These results suggest that the cGAS 
pathway could be a contributor to the production 
of type I IFN and SLE disease expression.

The investigators examined peripheral 
blood mononuclear cells (PBMCs) from 
patients with SLE as well as normal controls 
and found that cGAS expression was higher 
in individuals with SLE. They also noted a 
positive correlation among cGAS expression, 
IFN score, and disease activity in the SLE 
patients, even though the normal control 
population demonstrated considerable 
variation in the expression of cGAS transcript 
in response to IFNα stimulation. 

In vitro studies revealed a dose response 
of PBMC cGAS expression to type I IFN 
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stimulation, which was consistent with cGAS 
being an IFN-stimulated gene. Tandem mass 
spectrometry to detect cGAMP showed that 
15% of the patients with SLE, but none of the 
normal controls or the rheumatoid arthritis 
controls, had measurable cGAMP. They also 
found that disease activity was higher in SLE 
patients with cGAMP compared to those 
without cGAMP.

Describing their study as the first to 
show evidence of cGAS/cGAMP activation 
in human SLE, the authors note that their 
results suggest the IFN signature in PBMCs 
from patients with SLE may not solely be a 
response to IFNα but that other type I IFNs 
may play a role in SLE and other systemic 
autoimmune disorders.

Anti–nerve growth factor (NGF) 
drugs, such as fulranumab, have 

been proposed as a 
potential pain-relief 
option for patients 

who do not respond well to avail-
able pharmaceutical analgesics.

In this issue, Sanga et al (p. 763) 
report that fulranumab is an effec-
tive and well-tolerated long-term 
treatment of osteoarthritis (OA) 
pain. To gauge the safety and effi-
cacy of fulranumab, the research-
ers conducted a phase II double-
blind, placebo-controlled extension 
study of 401 patients who reported long-term sustained improve-
ments following fulranumab treatment (1 mg every 4 weeks, 3 mg 
every 4 weeks, or 10 mg every 8 weeks) in all efficacy parameters 
as compared to placebo. 

In all phases of the study, 88% of patients who took placebo 
and 91% of patients who took fulranumab experienced treatment-
emergent adverse events (TEAEs). In the fulranumab groups, the 
most common TEAEs were arthralgia and OA, and the most com-
mon serious TEAEs were the requirement of knee and hip arthro-
plasties.  The majority (80%) of arthroplasties, however, occurred in 

the posttreatment follow-up period. 
Joint replacements were per-
formed in 11% of patients receiv-
ing placebo and 89% of patients 
receiving fulranumab. The neuro-
logic-related TEAEs were generally 
mild-to-moderate. 

Among patients who took ful-
ranumab, 21% experienced rap-
idly progressive OA (RPOA), but 
these occurred in joints with pre-
existing OA in patients who were 
also taking nonsteroidal anti-
inflammatory drugs (NSAIDs). 
The authors suggested that 

RPOA is a safety signal and called for future studies to deter-
mine whether the risk of RPOA can be decreased in patients 
taking fulranumab.

The authors note that patients who took fulranumab expe-
rienced continued effective pain relief from knee and hip OA 
as early as week 4 and up to week 53, as determined mainly 
by improvements in physical function. More long-term studies 
are needed to compare fulranumab therapy with current stan-
dard-of-care treatment and to gauge the safety and tolerability 
of lower doses without the concurrent use of NSAIDs. 
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Long-Term Safety, Efficacy of Fulranumab Examined in Patients 
With Osteoarthritis

Figure 1. Kaplan-Meier plots showing time to joint replacement surgery in 
each treatment group. Pbo = placebo.
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Phenome-Wide Association Study Looks at Relationship Between 
Autoantibodies and Subphenotypes of Rheumatoid Arthritis
Although patients with rheumatoid arthri-
tis (RA) can develop autoantibodies against a 

spectrum of antigens, the clini-
cal signifi cance of these autoan-
tibodies remains unclear. In this 

issue, Liao et al (p. 742) report on their use of 
a phenome-wide association study (PheWAS), 
a bioinformatics approach, to screen for a re-
lationship between RA-related autoantibodies 
and clinical subphenotypes of RA. 

The researchers examined the electronic 
medical records of a cohort of 1,006 patients 

with RA (79% women). They measured 36 
autoantibodies targeting epitopes implicated 
in RA. The 3,658 unique International Clas-
sifi cation of Diseases, Ninth Revision codes 
for the study cohort were grouped into 625 
PheWAS code categories. The investiga-
tors then focused their attention on the 206 
PheWAS codes that had a prevalence of ≥3%. 
Using this subset of codes, the investigators 
identifi ed 24 signifi cant associations of auto-
antibodies to epitopes.

The strongest associations were found be-

tween autoantibodies against fi bronectin and 
obesity and between autoantibodies against fi -
brinogen and pneumonopathy (which included 
diagnoses for cryptogenic organizing pneumo-
nia and obliterative bronchiolitis). These re-
sults are consistent with previous studies that 
have found associations between higher titers 
of certain antibodies and specifi c pathologic 
conditions. The authors conclude that their re-
search demonstrates potential links between 
variations in the levels of autoantibodies and 
comorbidities of interest in RA. 

Autoimmune diseases originate from a 
sustained and persistent immune response 
against self and thus require a breakdown 

in tolerance. In this issue, 
Levels et al (p. 750) describe 
data that identify the tran-
scriptional coactivator Bob1 

as a candidate molecular switch of patho-
genic B cell responses in human autoim-
mune diseases. 

The researchers performed transcrip-
tional profi ling of rheumatoid arthritis (RA) 
synovitis and found that the prominent B cell 
signature was the transcriptional coactivator Bob1 and its putative tar-
get BCMA.  When they looked more closely at the microarray data, 
they found elevated levels of Bob1 in B cells from the RA synovium. The 
investigators then performed functional studies and found that Bob1-
defi cient mice were unable to produce pathogenic anti–type II colla-

gen (anti-CII) antibodies and were resistant 
to collagen-induced arthritis (CIA).  When 
they then performed adoptive transfer of 
cells from Bob1-defi cient and Bob1-suffi -
cient mice to recombination-activating gene 
1–null mice, they found that Bob1 defi ciency 
in B cells abrogated germinal center (GC) B 
cell formation, anti-CII antibody production, 
and CIA development. 

Their human data were consistent with 
the animal studies in that immunopheno-
typing of human B cell subsets revealed 
increased expression of Bob1, predomi-

nantly in centrocytes and centroblasts. Likewise, Bob1 expression 
in RA synovitis was strongly correlated with the molecular marker 
of GCs, CD2IL.  Finally, similar Bob1 overexpression and correlation 
with CD2IL expression was found in parotid salivary gland tissue from 
patients with primary Sjögren’s syndrome.

Figure 1. Bob1 (POU2AF1) expression correlates with 
germinal center markers and is elevated in patients with 
primary Sjögren’s syndrome.  Expression of Bob1 in 
lymphoid aggregates of B cells in RA synovium. Original 
magnifi cation × 25. 

Transcriptional Coactivator Bob1 Associated With Pathologic B 
Cell Responses in Autoimmune Infl ammation
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Anakinra as Possible Treatment for Colchicine-Resistant Familial 
Mediterranean Fever
Some 10–20% of patients with familial 
Mediterranean fever (FMF) are refractory 

to colchicine prophylaxis 
and are diagnosed as having 
colchicine-resistant FMF 

(CRFMF). Previous case series found that 
these patients might be helped by treatment 
with the interleukin-1 blocking agent anakinra. 

In this issue, Ben-Zvi et al (p. 854) report 
the results of a randomized controlled trial 
of anakinra as a treatment for CRFMF. They 
found that anakinra, administered subcutane-

ously in a dosage of 100 mg/day, appeared to 
be a safe and effective treatment for CRFMF.

Their study included 25 patients (14 wom-
en) with CRFMF who were receiving colchi-
cine at a dosage of ≥1.5 to ≤3 mg/day. Of these, 
12 patients were randomized to receive anakinra 
and 13 to receive placebo for 4 months. Effi ca-
cy was measured by the number of attacks per 
month and number of patients with a mean of 
<1 attack per month. In the anakinra group, the 
patients had a mean ± SD of 1.7 ± 1.7 attacks 
per month, compared to 3.5 ± 1.9 in the placebo 

group. Unfortunately, not all of the patients had 
the same response to anakinra. 

The best response was achieved by 
6 patients who had <1 attack per month, 
compared with none in the placebo group. 
Treatment with anakinra was associated 
with a reduction in the number of attacks 
in the joints per month and in quality of life 
relative to placebo. Both studied groups had 
a comparable number of adverse events per 
patient per month, and the investigators did 
not document any severe adverse events. 

p. 854
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Clinical Connections
Discovery of T Cell Receptor β Motifs Specific 
to HLA–B27–Positive Ankylosing Spondylitis by 
Deep Repertoire Sequence Analysis 
Faham et al, Arthritis Rheumatol 2017;69:774–84.

CORRESPONDENCE
Malek Faham, MD, PhD:  malekfaham@hotmail.com

KEY POINTS 
•  Distinct TCRβ motifs 

are enriched in HLA–
B27+ AS patients 
compared with healthy 
controls.

•  A common antigen 
presented by HLA–B27 
and detected by CD8+ 
T cells may contribute 
to the pathogenesis of 
AS.

•  MHC-restricted TCR 
motifs may represent 
immunopathogenic 
footprints in the search 
for the cause of AS.

SUMMARY  
Ankylosing spondylitis (AS) has the strongest association with major histocompatibility complex (MHC) class I genes of 
any rheumatic disease and is largely restricted to HLA–B27+ individuals.  Immunologically, MHC restriction refers to the 
fact that a T cell receptor (TCR) interacts with both the self-MHC molecule and the antigenic peptide that is bound to it, 
but recognizes the antigen only when it is bound to a particular MHC molecule. The specificity of a TCR in this peptide–
MHC interaction can be regarded as the echo of an antigen encounter, long since past but not forgotten.  TCR sequence 
motifs may constitute evidence of such past molecular encounters.  MHC class I molecules, which consist of α1, α2, and 
α4 domains associated with β2-microglobulin (β2m), present distinctive peptides to CD8+ T cells. The specificity of the 
T cell recognition of a particular peptide–MHC complex resides in the sequence motifs of the TCR, matching a β-chain 
domain of the TCR with the cognate peptide.  Faham et al used T cell repertoire next-generation sequencing to determine 
motifs that are shared among HLA–B27+ AS patients. After combining motifs that were related by sequencing, a total of 
15 independent motifs were identified, along with 6 previously reported motifs. Thus, TCRβ motifs were identified that 
are enriched in B27+ AS patients as compared to B27+ healthy controls.  This suggests that a common antigen that is 
presented by HLA–B27 and detected by CD8+ T cells may contribute to the pathogenesis of AS.
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Clinical Connections

VISTA Deficiency Accelerates the Development 
of Fatal Murine Lupus Nephritis  
Ceeraz et al, Arthritis Rheumatol 2017;69:814–25.

CORRESPONDENCE 
Sabrina Ceeraz, PhD:  Sabrina.C.DeLong@dartmouth.edu
Randolph J. Noelle, PhD:  Randolph.J.Noelle@dartmouth.edu

SUMMARY  
V-domain Ig–containing suppressor of T cell activation (VISTA), a novel negative checkpoint regulator, is highly 
expressed on myeloid cells and to a lesser extent on T cells.  Ceeraz et al show that in the absence of  VISTA, 
proteinuria, reduced survival, and severe glomerulonephritis are accelerated in Sle1,3 lupus-prone mice.  In 
Sle1,3VISTA mice (Sle1,3 mice bred onto a  VISTA-deficient background), a strong increase in T cell activation 
(CD69), striking differences in splenic and bone marrow (BM) myeloid cell activation (CD80, CD40, and 
MHCII), and proinflammatory cytokine production, such as interferon-γ (IFNγ), interleukin-6 (IL-6), and tumor 
necrosis factor,  were detected.  In parallel, a significant increase in myeloid cell infiltration into the kidney was 
found in Sle1,3VISTA mice.  Despite the remarkable impact, the B cell compartment remained unaffected.  As 
VISTA expression is reduced in active disease, further assessment will provide valuable proof that  VISTA may 
be an important therapeutic target in SLE.  

KEY POINTS 
•  Absence of 

VISTA accelerates 
proteinuria, 
glomerulonephritis, 
and poor survival in 
lupus-prone mice. 

•  VISTA regulates 
myeloid cell 
infiltration into the 
kidneys.

•  VISTA is important 
in fine-tuning 
proinflammatory 
myeloid and T 
cell functions 
independently of B 
cell activity.
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ACR ANNOUNCEMENTS
AMERICAN COLLEGE OF RHEUMATOLOGY

2200 Lake Boulevard NE, Atlanta, Georgia 30319-5312
www.rheumatology.org

ACR Meetings

Annual Meetings
November 3–8, 2017, San Diego
October 19–24, 2018, Chicago

State-of-the-Art Clinical Symposium
April 29–30, 2017, Chicago

Pediatric Rheumatology Symposium
May 17–20, 2017, Houston

For additional information, contact the ACR office.

Nominations for ACR Awards of Distinction and
Masters Due May 15

The ACR has many Awards of Distinction, including
the Presidential Gold Medal. Members who wish to nominate
a colleague or mentor for an Award of Distinction must com-
plete the online form at www.rheumatology.org. The nomina-
tion process includes a letter of nomination, 2 additional
letters of recommendation, and a copy of the nominee’s cur-
riculum vitae. Recognition as a Master of the American Col-
lege of Rheumatology is one of the highest honors the ACR
bestows. The designation of Master is conferred on ACR
members age 65 or older who have made outstanding contri-
butions to the field of rheumatology through scholarly
achievements and/or service to their patients, students, and
the profession. To nominate someone for a Master designa-
tion, members must complete the online nomination form at
www.rheumatology.org and include a letter of nomination, 2
supporting letters from voting members of the ACR, and the
nominee’s curriculum vitae. Nominees for ACR Master must
have reached the age of 65 before October 1, 2017.

ACR Invites Nominations for Volunteer Positions

The ACR encourages all members to participate in
forming policy and conducting activities by assuming posi-
tions of leadership in the organization. Positions are available
in all areas of the work of the American College of Rheuma-

tology and the Rheumatology Research Foundation. Please
visit www.rheumatology.org for information about nominating
yourself or a colleague for a volunteer position with the Col-
lege. The deadline for volunteer nominations is June 1, 2017.
Letters of recommendation are not required but are
preferred.

ACR State-of-the-Art Clinical Symposium

The 2017 State-of-the-Art Clinical Symposium, to be
held April 29–30 in Chicago, Illinois, offers high-impact rheu-
matology education over the course of a single weekend. The
symposium will provide up to 12 hours of nonconcurrent ses-
sions with an emphasis on clinical application to rheumatol-
ogy practice. Attendees will hear key opinion leaders speak
on a range of content in areas such as therapeutic develop-
ments, recent research findings, and scientific advances. In
addition, the program will include breakfast and lunch work-
shop sessions to allow for personal interactions with experts.
A presymposium program, the Rheumatology Clinical Docu-
mentation and ICD-10 Coding Course, will provide insight
into specialty-specific coding guidelines and conventions to
help participants navigate the path to ICD-10 implementa-
tion. For additional information and to register, visit www.
rheumatology.org/Learning-Center/Educational-Activities.

2017 Pediatric Rheumatology Symposium

The 2017 Pediatric Rheumatology Symposium, taking
place May 17–20 in Houston, Texas will provide a venue for
attendees not only to hear about cutting-edge updates in the
practice of pediatric rheumatology, but also to attend scien-
tific sessions reporting findings that have yet to be published.
The symposium will focus on closing the gap between clinical
experience and practice through expert lectures, plenary ses-
sions, and oral and poster abstract presentations. Attendees
can participate in lunchtime sessions and informal roundtable
discussions on a wide variety of topics. For additional infor-
mation and to register, visit www.rheumatology.org/Learning-
Center/Educational-Activities.
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Immune-Related Adverse Events With Use of Checkpoint
Inhibitors for Immunotherapy of Cancer
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Introduction

Major advances in the past 2 decades have
enhanced our understanding of the complex interac-
tions between the immune system and cancer cells and
their environment. Genetic and epigenetic alterations
in tumor cells result in diverse antigenic expression that
can elicit an immune response, primarily mediated by
T cells. Immune responses are regulated by stimulatory,
costimulatory, and inhibitory (checkpoint) signals. Inhibi-
tory signals play an important role in self-tolerance under
normal conditions. In the presence of tumor cells,
immune checkpoint pathways can be disrupted, resulting
in tumoral immune resistance. In the past few decades,
several approaches have been proposed to enhance host
antitumor responses. Among the most salient strategies is
the use of monoclonal antibodies against regulatory
immune checkpoint molecules that inhibit T cell activa-
tion (1). These agents up-regulate the immune function
by blocking checkpoint inhibition, resulting in durable
tumor responses in patients with metastatic disease that
are not seen with traditional chemotherapy. Nonethe-
less, despite its impressive therapeutic benefits, check-
point blockade can induce profound inflammatory and
immune-related adverse events (AEs), which can be
severe and limit use of checkpoint inhibition (2).

Tumor immunity

More than a century ago, scientists proposed the
existence of interactions between the immune system and
tumors, which now are established as a hallmark of the
physiologic host response to cancer (3). Several decades
later, experiments using carcinogen-induced and mouse
models of spontaneous tumors showed that tumor cells
are antigenic, and that the immune system can recognize
and eradicate them (4). These observations led to the
immunosurveillance hypothesis, namely, that the immune
system detects and destroys nascent transformed cells to
prevent tumor development and growth (5). Subsequent
studies showed that the development of both spontaneous
and carcinogen-induced tumors was comparable in immu-
nocompetent as well as athymic (nude) mice (6). In the
1990s, improved mouse models of immunodeficiency with
pure genetic backgrounds revived the immunosurveil-
lance theory (6), which later was expanded to propose the
concept of immunoediting, by which the immune system
not only suppresses tumor growth but also shapes tumor
immunogenicity (6). Three sequential phases were pro-
posed: “elimination,” “equilibrium,” and “escape” (6).

Elimination. Both the innate and adaptive
immune systems cooperate to detect and destroy trans-
formed cells before they develop into a tumor. Immune
cells recognize transformed cells and become activated
via classic danger signals such as type I interferon (IFN),
damage-associated molecular patterns, and stress ligands
on transformed cells, including RAE-1, H60, and MICA/
B (6). A hallmark of this immune response is the presence
of tumor-infiltrating lymphocytes (TILs) within the
microenvironment of the tumor. The presence of TILs
has been associated with a better prognosis. Once acti-
vated, TILs, including tumor-specific CD4 and CD8
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T cells, natural killer (NK) T cells, and g/d T cells, as well
as M1 macrophages and dendritic cells, collaboratively
eradicate transformed cells; this effect is mediated by
cytotoxic molecules such as IFN, interleukin-12 (IL-12),
tumor necrosis factor (TNF), NK cell receptor group 2D,
TRAIL, and perforin.

Equilibrium. Some transformed cells may evade
elimination. During equilibrium, the immune system is
able to control tumor growth but does not completely
eliminate it. Mice with induced tumors were observed on
microscopy to have cancer cells at the site of injection
without developing an apparent tumor for a long period
of time; however, when T cells or IFNg was depleted, the
tumor emerged rapidly (7). Equilibrium is believed to be
the longest immunoediting phase, lasting for decades in
some cancers (6). During this phase, the immune system
also sculpts the immunogenicity of tumor cells by provid-
ing continuous selection pressure.

Escape. During the equilibrium phase, tumor
cells gradually lose immunogenicity, to the point at
which they escape immune recognition and destruction.
Both intrinsic and extrinsic mechanisms contribute to
tumor cell escape. Tumor cell intrinsic mechanisms
include 1) expressing less tumor-specific antigens as well
as surface major histocompatibility (MHC) class I mole-
cules, 2) impairing the loading of peptide antigens on
MHC class I molecules, 3) down-modulating expression
of costimulatory factors while enhancing expression of
inhibitory factors such as programmed cell death ligand
(PD-L), and 4) secreting immunosuppressive mediators

(8). Along with tumor cell intrinsic mechanisms, Treg cells,
myeloid-derived suppressor cells, and M2 macrophages
emerge in the tumor microenvironment and suppress anti-
tumor immunity, helping tumor cells expand and escape.

Immune checkpoint inhibitors for the treatment
of cancer

T cells are major players in tumoral immune
responses and have been targeted in therapeutic efforts to
increase antitumor immunity. One of the salient mecha-
nisms leading to tumoral immune resistance is the up-
regulation of processes inhibiting the immune response.
Immune checkpoints are regulatory inhibitory pathways
that contribute to immune homeostasis by modulating the
intensity and duration of immune responses. They are
essential in preventing autoimmunity, maintaining self-
tolerance, and avoiding tissue damage that could result
from persistent immune activation (9). Antibodies block-
ing these inhibitory checkpoints enhance the immune
response, with beneficial antitumoral effects (10). On the
other hand, the same enhancement of the immune
response can give rise to undesirable, off-target, immune-
related, and inflammatory events.

Four checkpoint inhibitors have been approved
by the US Food and Drug Administration (FDA) for
the treatment of cancer: ipilimumab (a CTLA-4 inhibi-
tor), pembrolizumab and nivolumab (anti–PD-1), and
atezolizumab (anti–PD-L1). Many other agents are

Figure 1. Mechanism of anti–CTLA-4 checkpoint inhibitors. A, T cells require 2 signals for activation. Signal 1 is delivered via T cell receptor
(TCR) when it engages with an antigen bound to the major histocompatibility complex (MHC) molecule on the antigen-presenting cell (APC). Sig-
nal 2 is delivered via CD28 when it engages with CD80/86 on APCs. After activation, T cells express CTLA-4 on the surface that binds to CD80/86
with significantly higher affinity, blocking T cell activation. Treg cells also constitutively express CTLA-4, as an inhibitory extrinsic mechanism lead-
ing to tumor cell escape. B, Anti–CTLA-4 agents prevent CTLA-4 from binding to CD80/86, reinvigorating the inhibited T cell. They also deplete
Treg cells via antibody-dependent cell-mediated cytotoxicity.
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being evaluated in clinical trials. This review pertains
primarily to FDA-approved inhibitors.

Anti–CTLA-4 inhibitors. Full activation of
T cells requires 2 signals: 1) binding of the T cell receptor
(TCR) to the antigen presented by MHC on antigen-
presenting cells (APCs), and 2) costimulation by engage-
ment of the TCR CD28 to CD80/86 on APCs. Once
activated, T cells undergo robust proliferation and clonal
expansion. Activated T cells then express negative
immune regulators (checkpoints) on the surface to ter-
minate activation and prevent unnecessary tissue injury.
CTLA-4 is a receptor that inhibits T cell activation by
blocking CD28–CD80/86 engagement via its greater
affinity to CD80/86 (Figure 1), providing a signal to
APCs to reduce CD80/86 expression and to secret
indoleamine dioxygenase, an immunosuppression medi-
ator (11). In addition, Treg cells, a CD4 T cell subset
specialized in global regulation of the innate and adap-
tive immune systems, constitutively express CTLA-4,
which is one of the suppressor mechanisms of Treg cells.
Initial murine studies showed enhanced antitumor
responses following CTLA-4 inhibition in both solid and
hematologic tumors (12), which was later confirmed in
humans. Blocking of CTLA-4 results in persistent T cell
activation (13). Moreover, within the tumor microenvi-
ronment, this inhibition increases the ratio of Teff cells
to Treg cells, depleting intratumoral Treg cells via Fc
receptor–mediated, antibody-dependent cell-mediated
cytotoxicity (14).

Ipilimumab, a fully human IgG1 anti–CTLA-4
monoclonal antibody, was the first checkpoint inhibitor
approved by the FDA for the treatment of advanced
melanoma. Clinical trials showed impressive efficacy and
survival benefits far exceeding those observed with other
chemotherapeutic agents. In contrast to the immune
effects of ipilimumab, abatacept, used for the treatment
of rheumatoid arthritis (RA), is a soluble form of CTLA-4
that down-regulates the immune response through its
affinity with CD80/86.

Anti–PD-1 inhibitors. PD-1 receptors are
expressed on the surface of T cells within 24 hours after
activation, disappearing once the antigen is eradicated
(15). PD-1 down-modulates TCR signaling through
abrogation of phosphatidylinositol 3-kinase activity.
Consequently, PD-1 alters the survival, proliferation,
and functions of Teff cells (15) (Figure 2). When Teff
cells encounter antigens continuously, such as in the set-
ting of chronic infections or cancer, T cells lose the ability
to respond to the antigen; this status is termed exhaustion,
with PD-1 signaling playing a critical role (16). Of note,
PD-1 signals also promote induction of Treg cells. PD-1
has 2 ligands: PD-L1 and PD-L2. PD-L1 is widely

expressed on hematopoietic and nonhematopoietic cells,
including heart, endothelium, pancreatic islets, small
bowel, and placenta, while PD-L2 is expressed mainly on
dendritic cells and macrophages (17). Both PD-L1 and
PD-L2 (but especially PD-L1) are induced by inflamma-
tory cytokines, including IFNs, TNF, and vascular endo-
thelial growth factor. Thus, the induction of PD-L1 in
tissue cells within an inflammatory milieu may be a pro-
tective mechanism to down-regulate Teff cell activity in
tissue (17). PD-L1 and PD-L2 are also expressed on vari-
ous tumor cells, which could partly explain the ability of
tumor cells to evade immunosurveillance. Initial murine
studies showed that PD-1/PD-L1 blockade restored
exhausted Teff cells in tumor microenvironments, leading
to the clinical development of anti–PD-1 inhibitors for
cancer immunotherapy.

Pembrolizumab, an engineered humanized anti-
body, and nivolumab, a fully human IgG4 monoclonal
antibody, are anti–PD-1 inhibitors blocking the binding
of PD-1 to PD-L1 (18–20). Both agents are approved for
the treatment of melanoma, non–small cell lung cancer
(NSCLC), and head and neck cancer. Nivolumab is
also approved for the treatment of renal cell carcinoma

Figure 2. Mechanism of anti–programmed cell death 1 (anti–PD-1)/
anti–PD ligand 1 (anti–PD-L1) checkpoint inhibitors. A, Engagement
of PD-1 with PD-L1 down-modulates TCR signaling and leads to T
cell exhaustion. B, Anti–PD-1/PD-L1 agents restore down-modulated
TCR signaling and reinvigorate the exhausted T cell. See Figure 1 for
other definitions.
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and Hodgkin’s lymphoma. Head-to-head comparisons
between anti–CTLA-4 and anti–PD-1 agents have shown
the latter to be at least as efficacious and better tolerated
(21,22).

Anti–PD-L1 inhibitors. Atezolizumab is an anti–
PD-L1 engineered humanized IgG1 monoclonal anti-
body recently approved for the treatment of urothelial
carcinoma and NSCLC. It up-regulates T cell activation
by blocking the interaction between PD-1 and PD-L1
(23). The safety profile of atezolizumab might be similar
to that of anti–PD-1 agents, but it has not been evaluated
in regular clinical settings.

Combination therapy. Combination immuno-
therapy is increasingly being proposed for the treatment
of advanced cancer, not only combining immunomodu-
lators with traditional therapy such as radiation or che-
motherapy but also combining 2 or more strategies
targeting the immune system (24,25). The FDA has
approved the combination of ipilimumab and nivolumab
for the treatment of metastatic melanoma. Although
these combinations may improve efficacy, they result in
significantly increased toxicity (21,26).

Treatment of immune-related AEs with checkpoint
inhibitors

Therapy with checkpoint inhibitors can be ham-
pered by a broad spectrum of inflammatory and AEs
affecting many organs and systems; these AEs often are
severe and occasionally are fatal (27–29). Up to 80% of
patients receiving checkpoint inhibitors can experience
AEs. Most commonly, they occur within the first 3–4

months of therapy, occasionally after a single dose, but
can also occur at a later stage. Some AEs, such as rash
and colitis, are recognized promptly, but others such as
endocrinopathies or pneumonitis can be more insidious.
Constitutional symptoms, especially fatigue, are com-
mon. Although the majority of the AEs are transient,
some, especially endocrinopathies and neurologic syn-
dromes, can have long-lasting effects and sequelae (30).

Clinical manifestations of AEs. Most AEs can
be associated with all checkpoint inhibitors, but some
occur more frequently with a given agent. In general,
anti–PD-1 agents seem to be better tolerated; they can
trigger AEs similar to those associated with ipilimumab,
including dermatitis and hepatotoxicity, with some varia-
tions (29). The toxicity of newer anti–PD-L1 agents is
not as well described (23). Combination therapy, com-
pared to monotherapy, increases the frequency of AEs
(21). Table 1 shows the frequency of selected AEs for
each class of therapy as observed in clinical trials and
reported in systematic reviews.

Dermatitis. Skin manifestations are the most
common AEs seen with all checkpoint inhibitors. The
majority of patients have self-limited disease, with rash
and/or pruritus. Vitiligo is also common. Rarely, patients
can develop severe disease, with toxic epidermal necroly-
sis. Psoriasis has also been reported.

Enterocolitis. Diarrhea occurs in up to 30% of
patients receiving ipilimumab and less frequently in
patients receiving anti–PD-1 therapy. The incidence and
severity of enterocolitis increase in patients receiving com-
bination therapy. Colonoscopic and histologic findings
resemble those observed in idiopathic inflammatory bowel

Table 1. Frequency of selected immune-related adverse events associated with immune checkpoint
inhibitor treatment*

Anti–CTLA-4
(ipilimumab)

(refs. 21, 96, 97)

Anti–PD-1
(nivolumab or

pembrolizumab)
(ref. 99)

Anti–PD-L1
(atezolizumab)

(ref. 23)

Combination therapy
(ipilimumab 1

nivolumab)
(ref. 21)

Any adverse event 72/25 82/14 69/16 88/40
Dermatologic

Pruritus 24/0 23/,1 10/,1 33/2
Rash 19/1 21/2 7/,1 28/3

Gastrointestinal
Colitis 8/5 1/1 1/1 12/8
Diarrhea 28/5 20/,1 8/,1 44/9

Endocrine 6/2 2 30/5
Thyroiditis 2/0 10/,1 2 25/1
Hypophysitis 2/2 2/1 2 8/2
Hepatitis 4/2 6/1 3/1 30/19
Pneumonitis ,1 7/,1 2/1 6/1

Arthralgia 6/0 11/,1 7/1 10/,1
Arthritis 2 2/0 2 2

* Values are the percentage of treated patients who experienced adverse events of any grade/high-grade
(based on the Common Terminology Criteria for Adverse Events grading system). Anti–PD-1 5 anti–
programmed cell death 1; anti–PD-L1 5 anti–PD ligand 1.
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disease (IBD) (Figure 3), with inflammatory infiltrates
including neutrophils, and primarily CD4 lymphocytes.
Severe colitis can lead to bowel perforation. Anecdotally,
some patients who received ipilimumab and developed
colitis were subsequently treated with anti–PD-1 therapy
without recurrence of colitis.

Endocrinopathies. Several endocrinopathies have
been reported in patients receiving checkpoint blockade.
Thyroiditis is the most commonly reported AE, most
often presenting as hypothyroidism but occasionally as
hyperthyroidism, and it is more frequently observed with
anti–PD-1 therapy than with ipilimumab. Testing of thy-
roid function is required before starting treatment.
Hypophysitis has been observed primarily in patients
receiving ipilimumab (Figure 4) and can occur in up to
5% of patients, more commonly in men than in women. It
is characterized by lymphocytic infiltrates resembling idio-
pathic autoimmune hypophysitis. Symptoms include nau-
sea, headache, and fatigue. Patients should be
evaluated for deficiencies of hormones in the anterior
pituitary gland, most commonly hypothyroidism. Imag-
ing of the brain shows pituitary enlargement. Other
endocrinopathies include hypogonadism, primary adre-
nal insufficiency, pancreatitis, and type 1 diabetes mel-
litus. Although inflammation can be treated, many
patients develop long-term sequelae, especially hypo-
thyroidism and adrenal insufficiency, and require long-
term hormone replacement therapy.

Autoimmune hepatitis. Elevated levels of hepatic
enzymes can be observed in ;5% of patients, more

frequently in those receiving combination therapy. Reg-
ular monitoring of liver function is advisable. An eleva-
tion in transaminase levels is the first sign of liver
inflammation, which can be followed by abdominal pain,
nausea, and jaundice.

Pneumonitis. Pneumonitis has been observed
more frequently in patients treated with nivolumab com-
pared with other agents. However, this is primarily
because nivolumab is approved for the treatment of lung
cancer, and preexisting pulmonary disease is a risk factor
for pneumonitis. Pneumonitis has also been reported in
patients receiving ipilimumab. Symptoms include dry
cough and shortness of breath. Physical examination can
reveal fine crackles. Computed tomography, spirometry,
and carbon monoxide diffusing capacity measurements
are indicated if pneumonitis is suspected. Imaging shows
ground-glass lesions or small nodular infiltrates.

Arthritis. Arthralgia has been observed in ;15%
of patients receiving checkpoint blockade. However, the
incidence of inflammatory arthritis has not been system-
atically reported. A recent study of patients evaluated in
the Johns Hopkins rheumatology clinics identified 9
patients who received ipilimumab and/or nivolumab in
whom inflammatory arthritis developed (31). The clini-
cal presentations of these patients were variable, involv-
ing both large and small joints. Two patients presented
with features of reactive arthritis, including urethritis
and conjunctivitis. Six other patients developed RA-like
symmetric polyarthritis. Four of the 9 patients also
developed colitis. No patients were positive for

Figure 3. Coronal reformatted computed tomography images of the abdomen in a patient with ipilimumab-induced colitis. The patient had
metastatic melanoma and presented with severe diarrhea and abdominal pain 3 weeks after receiving her first dose of ipilimumab. Diffuse thick-
ening of both the ascending colon and the descending colon, suggestive of pancolitis, is present. Arrows indicate diffuse thickening of both the
ascending colon (left) and descending colon (right).

CHECKPOINT BLOCKADE AND IMMUNE-RELATED AEs 691



rheumatoid factor (RF) or anti–cyclic citrullinated (anti-
CCP) antibodies, and 3 were positive for antinuclear
antibodies (ANAs). One of the patients had erosive dis-
ease. Most of the patients received glucocorticoids but
generally required higher doses than those used in clini-
cal practice to treat inflammatory polyarthritis. A few
patients required methotrexate and/or anti-TNF ther-
apy. Some patients had persistent disease for months
after discontinuation of checkpoint therapy.

Although arthritis is a very common manifesta-
tion of autoimmune disease, it has not been frequently

reported as an AE in clinical trials of checkpoint inhibi-
tors. At face value, it appears likely that the prevalence
of arthritis might be underrepresented, because most
oncology clinical trial publications report primarily
grade 3 or higher adverse events, and arthritis may not
be considered as severe as other AEs (32). Nevertheless,
this observation is intriguing and may help elucidate fur-
ther immune mechanisms related to the development of
arthritis within the spectrum of autoimmune disease.

We describe below 2 different patients seen at
our institution who developed arthritis after checkpoint
inhibition, helping to illustrate the variation in joint-
related manifestations. Patient 1, a 46-year-old man with
a history of metastatic duodenal cancer, developed
oligoarthritis 9 weeks after initiation of a phase I trial of
anti–PD-1 antibody in combination with an anti–T cell
immunoglobulin and mucin domain–containing protein
antibody. The patient had moderate-to-large effusions in
both knees and the left ankle. ANAs were weakly posi-
tive (1:80), and RF and anti-CCP antibodies were nega-
tive. Arthrocentesis with intraarticular corticosteroid
injections was performed. The synovial fluid was inflam-
matory (cell count 4,000–10,000/ml) with no evidence of
crystals, and the results of a culture were negative. The
patient did not improve with the steroid injections, and
he was treated with oral prednisone, 40 mg orally daily,
with a good response and subsequent dose tapering.

Patient 2, a 71-year-old woman with NSCLC and
no prior history of joint disease, developed polyarthritis
in her hands after receiving 3 doses of nivolumab. Her
laboratory tests showed RF positivity (38.5 IU [normal
,15.9]) and negativity for anti-CCP antibodies and
ANAs. Nivolumab was discontinued, and the patient was
treated with oral prednisone. Her synovitis markedly
improved, although mild joint tenderness and morning
stiffness persisted. After a few months, the patient had
progression of her tumor and was rechallenged with
nivolumab; she rapidly (within a few weeks) experienced
a polyarthritis flare, and nivolumab was again discontin-
ued. Little is known about the immune pathophysiology
of arthritis as an AE, but we hypothesize that these 2
cases perhaps reflect different aspects of an up-
regulated immune response. The first case might repre-
sent up-regulation of the immune system, resulting in a
non–disease-specific arthritis, perhaps idiosyncratic. The
second case could represent the onset of RA in a geneti-
cally or environmentally predisposed individual.

Sicca syndrome. The report from Johns Hopkins
also described 4 patients who developed sicca syndrome
while receiving checkpoint inhibition therapy (31).
Three of the patients had positive ANAs, and 1 patient
had low-titer SSB antibodies.

Figure 4. Magnetic resonance images of the brain in a patient with
ipilimumab-induced hypophysitis. The patient had metastatic mela-
noma and presented with persistent headache, nausea, and general-
ized fatigue after receiving his fourth dose of ipilimumab. Top,
Diffusely enlarged and inflamed pituitary gland. Bottom, Resolution
of the pituitary inflammation 6 weeks after the onset of symptoms.
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Other reported AEs. In addition to the more
common AEs summarized above, various other inflam-
matory or autoimmune events or syndromes have been
reported. We recently conducted a systematic review of
case reports of AEs in patients receiving checkpoint
blockade, the majority of whom were treated with
ipilimumab. These AEs included lupus-like or acute/
granulomatous interstitial nephritis, acute tubular necro-
sis with renal failure, myositis, polymyalgia rheumatica/
giant cell arteritis, sarcoidosis, uveitis, episcleritis, celiac
disease, myocarditis, cytopenias, various neurologic syn-
dromes such as myasthenia and transverse myelitis, and
other rare disorders (33).

Pathophysiology of AEs. Although the cellular
and molecular mechanisms of AEs induced by check-
point blockade are not fully elucidated, accumulating
evidence provides insights regarding potential mecha-
nisms. Anti–CTLA-4 and anti–PD-1 agents share simi-
larities but also have differences in their effects, which
could conceivably explain some of the variation in the
frequency and phenotypes of AEs caused by each class
of therapy.

Generally, checkpoint blockade results in en-
hanced Th1 and Th17 cell responses, with enhanced
production of cytokines such as IL-6 and IL-17 (34,35).
In addition, murine and human studies of checkpoint
inhibition show impaired function and survival of Treg
cells. Treg cells express CTLA-4 continuously, terminat-
ing T cell activation by inhibiting CD28–CD80/86
engagement. Blocking of CTLA-4 impairs Treg cell sur-
vival and functions. An altered Treg cell/Th17 cell axis is
critical in the development of many autoimmune dis-
eases, including IBD, psoriatic arthritis (PsA), and many
others (36). Recent investigations have also implicated
Th17 cells as key mediators of checkpoint blockade–
induced colitis. Mice in which CTLA-4 on Treg cells is
genetically deleted have dysfunctional Treg cells and
T cell–mediated autoimmune diseases (37). The serum
level of IL-17 (a potent inflammatory cytokine produced
by Th17 cells) is increased in patients with ipilimumab-
induced colitis (38) compared to patients without
immune-related AEs. Moreover, a high baseline serum
IL-17 level is associated with colitis after ipilimumab
therapy (39).

Altered T cell–B cell interactions can result in
pathogenic autoantibody production and appear to con-
tribute to the development of AEs. Repetitive injections
of anti–CTLA-4 into normal mouse strains induced
hypophysitis with development of serum antipituitary anti-
bodies (40). Several case reports of patients with
ipilimumab-induced AEs described autoantibodies against
specific tissues affected by AEs (41), including perinuclear

antineutrophil cytoplasmic antibodies and anti-OmpC
antibodies in colitis (42), anti–double-stranded DNA
antibodies in lupus-like nephritis (43), anti–factor VIII
antibodies in hemophilia (44), antipituitary antibodies in
hypophysitis (40), and anti–thyroid peroxidase and anti-
thyroglobulin antibodies in thyroiditis (45).

The mechanisms underlying AEs occurring with
PD-1/PD-L1 inhibition are also poorly understood. As
observed with ipilimumab, altered Treg cells and height-
ened humoral immunity appear to play key roles. The
suppressor function of human Treg cells is decreased in
vitro in the presence of anti–PD-1 antibody (46). Murine
studies show that PD-1 signaling enhances Treg cell
expression of FoxP3 (a key transcription factor
governing the function and survival of Treg cells), and
that blocking PD-1 impairs function and survival (47,48).
The cardiac biopsy of a patient receiving pembrolizumab
who developed acute congestive heart failure revealed
prominent CD8 T cell infiltrates with apoptotic Treg
cells (49). Some patients who developed inflammatory
arthritis with nivolumab had presentations similar to
those of patients with spondyloarthritides, diseases with
Th17 cell up-regulation (31). PD-1 inhibition also height-
ens humoral immunity with production of pathogenic
autoantibodies. Depending on their various genetic back-
grounds, PD-1–knockout mice develop various autoim-
mune phenotypes mediated by pathogenic autoantibodies
(50–53). This has also been reported in humans treated
with nivolumab who developed thrombocytopenia, diabe-
tes, or thyroiditis, associated with tissue-specific auto-
antibodies (54).

Although CTLA-4 inhibition and PD-1 inhibition
share clear similarities in terms of up-regulation of the
immune system, leading to abnormal Treg cell function
and humoral immunity, the differences in the frequency
and phenotypes of AEs are not well understood. Fur-
thermore, many patients do not develop AEs despite
continued use of an agent, and some who develop AEs
with ipilimumab do not develop the same events with
subsequent PD-1 inhibition. Pathogenic autoantibody
production might be more critical in AEs induced by
anti–PD-1, while dysfunctional Treg cell2 and Th17
cell–mediated autoimmunity may be more relevant in
anti–CTLA-4 toxicity (41). Several areas of future
research might help elucidate the observed differences.
The genetic background of the host must play a role,
because some individuals are more predisposed to auto-
immunity than are others.

The microbiome may influence the development
of AEs. A recent study showed that patients receiving
ipilimumab had varying intestinal microbiota according to
whether they developed subsequent immune-mediated
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colitis, and that increased representation of Bacteroi-
des phylum was associated with lower odds of develop-
ing colitis (55). Because tumor cells are the antigenic
source, the relationship between crossed immunity
between the primary tumor and target tissues of AEs
may be crucial. A recently published article described 2
patients with metastatic melanoma who developed
lethal myocarditis after receiving combination therapy
with ipilimumab and nivolumab (56). Comprehensive
genomic analysis of tumor samples obtained before and
after checkpoint inhibitor treatment and skeletal and
cardiac muscle obtained postmortem was performed;
TCR analysis suggested that T cells may target an anti-
gen shared by the tumor, skeletal muscle, and the heart.
Patients receiving ipilimumab primarily have mela-
noma, while PD-1 inhibition has been used for the
treatment of several other cancers. It is conceivable
that different tumors will have variation in antigenic
expression and load, which could result in differential
tissue targets and AEs.

Finally, there is an ongoing debate as to whether
AEs are associated with better tumor responses in patients

undergoing checkpoint inhibition. Interestingly, Th17
cells, presumptively one of the key players in the develop-
ment of AEs, can have different effects on tumor immu-
nity. In animal models, Th17 cells are protumerogenic in
cancers in which chronic inflammation might be a factor,
including colon, pancreatic, and lung cancers. Conversely,
Th17 cells directly eradicate melanoma tumor cells in
mice (57,58). Thus, depending on the origin of the primary
tumor, AEs might be associated with either positive or
negative tumor responses to checkpoint inhibition.

Management of AEs. The clinical treatment of
patients receiving checkpoint blockade and developing an
AE requires a multidisciplinary patient-centered approach
(27,59). Champiat et al proposed a useful clinical frame-
work for the management of AEs, including prevention,
anticipation, detection, treatment, and monitoring (60). A
modified summary of this approach is shown in Table 2.
Risk factors for autoimmunity need to be carefully evalu-
ated before starting treatment, to ensure personalized
monitoring and prompt recognition of AEs. The diagnosis
of AEs is primarily clinical. Many of the initial symptoms,
such as fatigue, may be nonspecific. A patient with rash

Table 2. Clinical framework for the management of immune-related AEs in patients undergoing immune checkpoint
inhibition*

Prevention and
anticipation

Identify personal and family history of autoimmune diseases
Provide patient education on AEs
Consider concomitant drug toxicity profiles
Baseline physical examination
Baseline laboratory tests

Thyroid testing
Virology (HIV, HBV, HCV)
TB testing
Autoantibodies (not universally recommended), possibly ANAs or anti–thyroid peroxidase

antibodies
Baseline chest radiograph and possibly CT scan
Continue to follow up patient for AEs after treatment is completed

Diagnosis Be familiar with possible AEs involving various systems and organs
When an AE occurs, consider differential diagnoses such as immune-related AEs disease

progression, concomitant comorbidities, AEs caused by other drugs
Perform organ/system-specific testing, including autoantibodies and imaging, as clinically indicated
Inflammatory biomarkers can be useful in the diagnosis if levels are very high
Consider subspecialty referral

Treatment Glucocorticoids are usually indicated as initial therapy; consider high-dose IV pulses for severe AEs
Consider hospitalization
If response is inadequate, consider other immunosuppressants, ideally those that would be used in a

similar noninduced autoimmune syndrome (e.g., TNF inhibitors for colitis)
Consider antibiotic prophylaxis to prevent opportunistic infections (e.g., trimethoprim/

sulfamethoxazole)
Glucocorticoids should be slowly tapered
Discontinuation of immunotherapy

Permanent for severe or persistent AEs
Temporary if event is mild (e.g., rash) and can be managed with low-dose glucocorticoids
Consider an alternative checkpoint inhibitor with a different mechanism of action

Monitor for long-term sequelae (e.g., endocrinopathies, persistent autoimmune features)

* AEs 5 adverse events; HBV 5 hepatitis B virus; HCV 5 hepatitis C virus; TB 5 tuberculosis; ANAs 5 antinuclear anti-
bodies; CT 5 computed tomography; IV 5 intravenous; TNF 5 tumor necrosis factor.
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may have dermatitis arising from concomitant use of other
medications; colitis or pneumonitis can be secondary to an
infection. According to our experience, inflammatory
markers such as C-reactive protein are good biomarkers
to ascertain and to use in monitoring patients with AEs.
The levels of inflammatory markers are usually highly ele-
vated and decrease promptly with therapy. While tissue-
specific autoantibodies underlie certain AEs in some
patients, the majority of patients do not present with more
generic autoantibodies, such as ANAs (29).

Once an AE is identified, the goal of treatment is
to avoid deleterious events and sequelae, with as little
compromise of the patient’s immune function as possi-
ble, to ensure that the antitumor effects of the check-
point therapy can be maximized. Unfortunately, there is
scant information as to whether some approaches may
blunt tumor immunity more than others. It is unclear
whether use of high-dose immunosuppressant therapies
such as glucocorticoids is more appropriate than a more
targeted approach, e.g., anticytokine agents such as TNF
inhibitors. Most patients with AEs are initially treated
with glucocorticoids and supportive therapy. The initial
dose will depend on how severe and life-threatening the
patient’s manifestations are. Mild dermatitis can be
treated with topical glucocorticoids, while severe colitis
will require high-dose glucocorticoids and possibly TNF
inhibitors. The potential influence of TNF inhibitors on
tumor progression remains questionable, but so far, the
available data suggest no risk of tumor development (61)
or cancer progression, recurrence, or survival (62,63).

The FDA has developed a Risk Evaluation and
Mitigation Strategy for severe immune-mediated AEs
related to ipilimumab, on the basis of the Common Ter-
minology Criteria for Adverse Events grading system
(64). Although this guide applies primarily to anti–
CTLA-4 agents, it can be applied to AEs arising from
anti–PD-1 therapy. For AEs that are potentially life-
threatening or can result in sequelae, discontinuation of
treatment is recommended, with initiation of oral pred-
nisone at 1 mg/kg/day, and possible hospitalization. For
more serious events, the recommendations are to admin-
ister intravenous methylprednisolone at 2 mg/kg/day. If
necessary, treatment with infliximab 5 mg/kg can be
administered and repeated 2 weeks later.

For non–life-threatening rheumatologic events
such as arthritis, there are no clear guidelines; our own
unpublished research suggests that most patients respond
well to an initial dose of 20–30 mg of prednisone, which
can be tapered if checkpoint blockade is discontinued.
Occasionally, disease-modifying antirheumatic drugs,
including biologic therapy, might be necessary to allow
quicker tapering of glucocorticoids. Endocrinopathies are

treated with hormone replacement therapy. The use of
higher-dose glucocorticoids for endocrinopathies alone,
with no other AEs, is not universally recommended.

Most patients presenting with severe AEs are not
rechallenged with the same therapy after toxicity has
resolved. However, in some patients, treatment with a
different checkpoint inhibitor (i.e., anti–PD-1 after the
occurrence of ipilimumab-related toxicity) may not
result in repeated or new AEs.

Use of checkpoint inhibitors in patients with cancer
and preexisting autoimmune disease

While the underlying mechanisms involved in the
development of AEs are not completely understood, the
nonspecific up-regulation of T cell activation resulting
from checkpoint inhibition could conceivably result
in exacerbation of inflammation and autoimmunity in
patients with preexisting autoimmune disease (65). An
increasing body of evidence supports the role of
immune checkpoint regulation, involving both CTLA-4
and PD-1 pathways, in the pathogenesis of inflamma-
tory and autoimmune disorders (66,67). In fact, abata-
cept, a soluble form of CTLA-4, with effects opposed to
those of ipilimumab, is approved for the treatment of
RA. Mice lacking CTLA-4 die of massive lympho-
proliferation and inflammation. In addition, specific
polymorphisms in mice have been linked to regulatory
aberrations. In humans, certain CTLA-4 alleles are
associated with various autoimmune diseases, including
thyroiditis and neurologic disorders, IBD, and (interest-
ingly) RA, ankylosing spondylitis (AS), and systemic
lupus erythematosus (SLE) (66,68–71). However, the
functional consequences of the identified polymorphisms
in these patient populations are not fully elucidated but
could play a role in patients with concomitant cancer
who are undergoing checkpoint inhibition.

Similar associations have been observed between
specific PD-1 polymorphisms and various autoimmune
diseases, including type 1 diabetes mellitus, RA, SLE,
and AS (72–74). How these genetic variations may
change PD-1 pathways is still unclear; some of the asso-
ciated polymorphisms are not located in coding regions.
However, it is possible that certain alleles may be more
successful than others in regulating self-tolerance and
activation of autoreactive immune cells. These genetic
variations could play a role in the development of AEs
and potential exacerbation of disease activity in patients
with underlying autoimmunity.

There have been sporadic case reports of patients
with cancer (predominantly melanoma) and preexisting
autoimmune disease who have been treated clinically
practice with immune checkpoint inhibitors. Case
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reports have included patients with RA (75), Sj€ogren’s
syndrome (76), ulcerative colitis (77–79), Behçet’s
disease (79), sarcoidosis (80,81), psoriasis (82–85),
Churg-Strauss vasculitis (86), multiple sclerosis (75,87),
myasthenia gravis (88), idiopathic thrombocytopenic
purpura (89), or autoimmune thyroiditis (83,90–92).

A recent multicenter retrospective case series
reported 30 patients with melanoma and prior autoim-
mune disease who received ipilimumab, including
patients with RA, SLE, psoriasis and/or PsA, reactive
arthritis, IBD, rheumatic fever, celiac disease, sarcoido-
sis, autoimmune thyroiditis, multiple sclerosis, or trans-
verse myelitis (93). The outcomes varied, ranging from
no toxicity (35.3% of patients) to exacerbation of the
preexisting autoimmune disease (25.5% of patients) with
life-threatening intestinal perforation in a patient with
ulcerative colitis (77), or de novo AEs (29.4% of
patients), which were fatal in a patient with psoriasis
who developed grade 5 colitis (93); toxic epidermal
necrolysis was reported in another patient with ulcera-
tive colitis (78). Approximately 10% of patients had both
disease exacerbation and de novo events. More than
one-third of patients who had preexisting active autoim-
mune disease at the start of treatment did not develop
any AEs. De novo AEs involved mainly the skin, the
gastrointestinal tract, and the endocrine system. There
were 2 treatment-related deaths (78,93), but most AEs
were controlled with glucocorticoids and few required
treatment with disease-modifying antirheumatic drugs
(77,78) or infliximab (77,78,93). In more than half of the
cases, AEs did not require discontinuation of treatment.

In a study of 8 patients with melanoma and preex-
isting RA who received ipilimumab, 6 patients had a dis-
ease flare (that was mild in 4 of these patients) requiring
only nonsteroidal antiinflammatory drugs. The other 2
patients required treatment with corticosteroids (94).
Although discontinuation of treatment was required in
several of these patients, it was mostly because of other
more severe AEs such as colitis.

The safety of pembrolizumab and nivolumab was
evaluated in 119 patients with advanced melanoma who
either had a preexisting autoimmune disease or had
experienced severe AEs with ipilimumab therapy (95).
Fifty-two patients had preexisting RA, SLE, scleroderma,
psoriasis and/or PsA, Sj€ogren’s syndrome, IBDs, celiac
disease, sarcoidosis, polymyalgia rheumatica, or other
autoimmune diseases. Exacerbation of the underlying
autoimmune disease was reported in 38% of the patients
(mainly those with active disease) when PD-1 inhibition
was initiated; 29% of the patients reported other AEs.
One-third of the patients did not report exacerbations or
AEs, and there were no treatment-related deaths.

Because of the limited data on the safety of
checkpoint inhibition in patients with cancer and preex-
isting autoimmune diseases, there are no clear recom-
mendations. Further studies are required to help
identify patients with autoimmune disease who are at
risk of developing serious AEs or disease exacerbation.
In the meantime, patients and providers need to care-
fully balance the potential benefits and risks of immuno-
therapy, recognizing the uncertainty surrounding the
potential for AEs with respect to the benefits of cancer
therapy.

Conclusions

Immune checkpoint inhibitors have revolution-
ized the treatment of cancer. Despite their benefits, they
can cause severe AEs that limit their full therapeutic
benefits and result in considerable morbidity and mortal-
ity. There is no clear evidence regarding whether aggres-
sive treatment of AEs may impair the benefits of
immunotherapy. Additional studies are needed to deter-
mine how to adequately control and manage AEs with-
out a detrimental effect on tumor immunity. Because of
concerns of enhanced inflammation and autoimmunity,
patients with cancer and prior autoimmune disorders
have typically been excluded from receiving checkpoint
inhibition therapy. However, until more precise esti-
mates of the potential harms are available, careful con-
sideration of the risks and benefits and individual
preferences need to be considered when making deci-
sions regarding therapy for patients with cancer and
autoimmune disease.
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Rheumatoid Arthritis and Risk of Malignant Lymphoma

Is the Risk Still Increased?

K. Hellgren,1 E. Baecklund,2 C. Backlin,2 C. Sundstrom,2 K. E. Smedby,1 and J. Askling1

Objective. Patients with rheumatoid arthritis (RA)
are at increased risk of malignant lymphomas with a
strong correlation with RA disease severity. Given the
changes in RA therapy over recent decades, this study was
undertaken to assess whether lymphoma risk remains
increased, and if so, to explore risk predictors and lym-
phoma subtypes.

Methods. We identified 12,656 cases of incident
RA in the Swedish Rheumatology Quality Register 1997–
2012 and obtained information on therapy and inflamma-
tory activity during the first year after diagnosis. Each
patient was matched to 10 population comparator sub-
jects. Through linkage to the Swedish Cancer Register,
lymphomas, including subtypes, were identified. We
assessed hazard ratios (HRs) using Cox regression.

Results. Overall, the HR for lymphoma was
increased in RA, to 1.6 (95% confidence interval [95%
CI] 1.2–2.1). Taking RA duration into account, risks did
not appear to have declined over successive calendar
years of RA diagnosis. Neither use of methotrexate the
first year after RA diagnosis nor ever use of tumor necro-
sis factor inhibitors (TNFi) increased lymphoma risk
(HR 0.9 [95% CI 0.4–1.9]). Use of oral corticosteroids

the first year after RA diagnosis was associated with a
reduced risk (HR 0.5 [95% CI 0.3–0.9]). Inflammatory
activity during the first year after RA diagnosis did not
predict future lymphoma risk. Chronic lymphocytic leu-
kemia occurred less frequently, and Hodgkin’s lym-
phoma occurred more frequently, in RA patients than in
the general population.

Conclusion. The average lymphoma risk in recently
diagnosed RA is similar in magnitude to that reported in
historical cohorts. Standard antirheumatic treatment
including TNFi did not predict future lymphoma risk.
Distribution of lymphoma subtypes warrants further
investigation.

In rheumatoid arthritis (RA) an increased risk of
malignant lymphoma, an average doubling of the risk
compared with the general population, is well established
(1–4). Although the mechanisms underlying this risk
increase are not understood (4–7), available data suggest
a strong association with RA disease severity and accu-
mulated inflammatory activity. Further, we have noted
a particularly increased risk of diffuse large B cell
lymphoma (DLBCL) (8) during the period 1964–1995
among RA patients who received the antirheumatic
treatment regimens (agents and dosages) characteristic
of that period. In that population, we also noted a pro-
nounced reduction in risk following treatment with cor-
ticosteroids (9), indirectly suggesting a possible
modification of lymphoma risk through antiinflammatory
or immunomodulatory treatment.

In light of the dramatic changes in RA treatment
over the last decade, toward earlier and more aggressive
therapy and more ambitious treatment goals, it is tempt-
ing to hypothesize that the risk of lymphoma in contem-
porary RA patients may have decreased. In a study
based on incident RA patients from 1997 to 2006 who
were followed up for lymphoma occurrence through
2006, we still observed, however, an overall doubling of
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the lymphoma risk compared with the general popula-
tion (10).

In the present study, based on incident RA from
1997 to 2012, we aimed to update and extend our previ-
ous assessments of lymphoma risk, in particular to
examine the risk in patients diagnosed as having RA
during more recent years, 2007–2012. We further aimed
to explore early risk predictors, including RA disease
characteristics and therapy, and to investigate whether
individual lymphoma risk may be predicted in the first
year after RA diagnosis. We also investigated the distri-
bution of lymphoma subtypes in RA and whether this
distribution remains different from that in the general
population or has changed compared with that observed
in historical RA cohorts (8,11–14). To address these
objectives, we used data from a large incident RA cohort,
a matched general population comparator cohort, link-
age to the Swedish Cancer Register, and histopathologic
review of lymphoma specimens.

PATIENTS AND METHODS

Study design. This was a population-based nation-
wide cohort study of patients with RA and matched general
population comparators. The main exposures of interest were
inflammatory activity and therapy. The outcome was malig-
nant lymphoma.

Setting. The Swedish healthcare system is public and
tax funded. Patients with RA are generally diagnosed, treated,
and followed up by rheumatologists. The unique personal iden-
tification number issued to all Swedish residents and recorded
in all health and census registers enables registry linkages. The
registers also allow for identification of general population
comparator cohorts and enable prospective assessment of
lymphoma diagnoses independently of RA. The study was
approved by the Stockholm Ethics Review Board.

Study population. National cohort of Swedish patients
with incident RA. The Swedish Rheumatology Quality (SRQ)
Register, described in detail elsewhere (15), includes incident
RA patients (,18 months of symptom duration at RA diagno-
sis) $18 years of age who (for the period under study) fulfill
the American College of Rheumatology (ACR) 1987 criteria
for RA (16). At RA diagnosis, patients are entered into the
register with information on age, sex, rheumatoid factor (RF)
status, date of first symptoms, and date of diagnosis of RA.
Since information on anti–citrullinated protein antibody
(ACPA) status was mainly available for patients with incident
RA included after 2010, according to the ACR/European
League Against Rheumatism criteria for the classification of
RA (17), we did not use this information. Patients are followed
up with respect to inflammatory activity and therapy in their
respective rheumatology units. For this study, we included all
patients in the SRQ Register who were diagnosed as having
RA between 1997 and 2012 and had a duration of #12 months
between the first RA symptom and the diagnosis. To avoid the
possibility that an underlying lymphoma might be misclassified
as incident RA, we excluded all person-time and all lympho-
mas during the first 90 days after RA diagnosis. Thus,

individuals with an underlying lymphoma mimicking a diagno-
sis of RA were excluded.

Information on RA characteristics at baseline and sub-
sequent visits was obtained from the SRQ Register. The
28-joint Disease Activity Score (DAS28) (18) was used to mea-
sure inflammatory activity and was recorded at baseline, at 1
year of follow-up, and as a composite measure of DAS28 val-
ues during the first year after inclusion in the SRQ Register,
registered at 3 different time points (3, 6, and 12 months). The
composite measure was based on the lowest DAS28 value in
these 3 time periods. Since these predetermined follow-up
visits with the rheumatologist in reality may differ by a few
months, a time interval for assessment was allowed as follows:
the 3-month visit could occur 30–150 days after inclusion, the
6-month visit could occur 150–270 days after inclusion, and the
12-month visit could occur 270–450 days after inclusion. Since
the objective of this study was to assess time trends in risks and
to identify early predictors for future risk of developing lym-
phoma in patients newly diagnosed as having RA, we did not
assess lymphoma risk in association with inflammatory activity
(DAS28) beyond an RA duration of 1 year. Additionally, for
RA patients enrolled in the SRQ Register before ;2006, visits
to the treating rheumatologist were less frequent, and the physi-
cians’ registration in the SRQ Register was performed in a less
structured way. Therefore, we only included DAS28 data for
the first year after RA diagnosis for all individuals in this study.

Information on treatment with disease-modifying anti-
rheumatic drugs (DMARDs) and oral corticosteroids during
the first year of follow-up and treatment with tumor necrosis
factor inhibitors (TNFi) at any time during the entire follow-
up period was retrieved from the SRQ Register.

General population cohort. We randomly selected 10
population comparator subjects for each RA patient from the
Swedish Population Register. The comparator subjects were
matched to the RA patients by age, sex, and residential area.
The comparator subjects had to be alive and residing in
Sweden at the time of diagnosis of their corresponding RA
patient.

Occurrence and validation of lymphoma diagnosis
and subtype. Through linkage to the Swedish Cancer Regis-
ter 1997–2012 (which includes information on all incident
lymphomas according to the International Classification of
Diseases, Seventh Revision [ICD-7], with coverage of .95%)
(19), we identified all registered cases of lymphoma among the
RA patients and the population comparator subjects, includ-
ing information on the date of diagnosis. Individuals with a
history of lymphoma (but not other cancer diagnoses) before
the beginning of follow-up were excluded.

Malignant lymphomas were defined as non-Hodgkin’s
lymphomas (NHLs), including chronic lymphocytic leukemia
(CLL), and Hodgkin’s lymphoma and were recorded as ICD-7
codes 200, 201, 202, and 204.1. For lymphomas occurring in RA
patients (n 5 62), the pathology reports were collected for review
of lymphoma subtypes. When the initial lymphoma diagnosis had
not been confirmed by a hematopathologist and/or had not been
diagnosed according to the World Health Organization (WHO)
classification criteria (20), the paraffin-embedded lymphoma tis-
sues were reviewed and classified according to the WHO criteria
by an experienced hematopathologist (CS).

In order to compare the distribution of lymphoma sub-
types in RA patients to that in the general population, we used
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the Swedish National Quality Registers of Lymphoma and
CLL (Swedish Lymphoma Register [SLR]) 2000–2010 as the
reference population. The SLR was set up in 2000 and includes
all patients ages $18 years who were diagnosed as having lym-
phoma, including CLL, in Sweden. The SLR includes more
detailed information on lymphoma subtypes according to the
WHO classification criteria than the Swedish Cancer Register.
Data are presented in national reports on a regular basis
(21–23). The coverage of SLR during the period in question is
estimated to be ;95% of all lymphomas and CLL in the Swed-
ish Cancer Register (21,23). The distribution of lymphoma sub-
types in our incident RA cohort was further compared to a
historical Swedish RA cohort including prevalent RA lym-
phoma patients from 1964 to 1995 (8).

For follow-up of vital status, we accessed the nation-
wide and virtually complete Cause-of-Death Register and the
Swedish Population Register to obtain information on date of
emigration and date of death from 1997 to 2012.

Statistical analysis. Lymphoma incidence was calcu-
lated from the start of follow-up, i.e., inclusion in the SRQ Reg-
ister (and the corresponding date for the comparator subjects),
until the first of lymphoma diagnosis, death, emigration, or the
end of the study period (December 31, 2012). We assessed rela-
tive risks as hazard ratios (HRs) derived from Cox regression
analysis (SAS version 9), adjusted for age (5-year age categories
until age 85 years and a category for .85 years) and sex, using
time since inclusion date as the time scale.

HRs for lymphoma were determined overall and sepa-
rately for sex, age (,50 years, 50–74 years, or $75 years), calen-
dar period of RA diagnosis (1997–2003 or 2004–2012), and RF
status. The role of RA duration (0–,6 years or 6–16 years) was
assessed using time-dependent covariates. For certain lym-
phoma subtypes, we estimated HRs in RA patients versus the
general population comparator subjects, taking age and sex into
account.

When assessing inflammatory activity, DMARDs, and
oral corticosteroids during the first year after RA diagnosis as
predictors of lymphoma risk within the RA cohort, all person-
time and all lymphomas within the first year of follow-up were
excluded. When estimating lymphoma risk in relation to TNFi,
we treated TNFi as a time-varying covariate so that patients con-
tributed to the TNF-naive group until the start of the first TNFi
and to the TNFi-exposed group thereafter. “Ever exposure” is
the main risk model that has been used for assessing the risk of
lymphoma in relation to TNFi exposure (24–28). In our study,
however, 90% of the person-time since first starting TNFi was
actually spent on active TNFi treatment.

For all of the treatment analyses, we additionally
adjusted for inflammatory activity (composite measure of
DAS28) during the first year of follow-up.

RESULTS

Risk of lymphoma in recently diagnosed RA
patients with respect to RA duration and calendar
period of diagnosis. Characteristics of the incident RA
cohort are summarized in Table 1. Of the RA patients
diagnosed in 1998, 35% began receiving methotrex-
ate during the first year after RA diagnosis. The
corresponding figure for 2009 was 80%. With regard to

oral corticosteroids, 60% of the patients diagnosed in 1998
started oral corticosteroids during the first year after RA
diagnosis, compared to 73% of the patients diagnosed in
2009.

In the incident RA cohort, we observed 62 lym-
phomas during 79,239 person-years, corresponding to a
crude incidence of 78 per 100,000 person-years (95%
confidence interval [95% CI] 60–100). In the population
comparator cohort, there were 380 lymphomas during
776,578 person-years, corresponding to a crude inci-
dence of 49 per 100,000 person-years (95% CI 44–54).
Overall, the risk of lymphoma among the RA patients
was increased 60% (HR 1.6 [95% CI 1.2–2.1]) (Table 2).
The point estimate of the HR for lymphoma was higher
.6 years after RA onset than during the first 6 years,
and this difference reached statistical significance
(P 5 0.01). When the calendar period of RA diagnosis
was added to the model (in 1-year intervals), these HRs

Table 1. Characteristics of the patients with incident RA in the
SRQ Register 1997–2012 (n 5 12,656)*

Sex, no. (%) female 8,693 (69)
Age at RA diagnosis, mean (range) years 58 (18–95)
Rheumatoid factor status, no. (%)†

Positive 8,310 (66)
Negative 3,955 (31)
Unknown 391 (3)

DAS28 at time of RA diagnosis, median (IQR) 5.2 (4.2–6.0)
First DMARD during first year of

follow-up, no. (%)‡,§
Methotrexate 8,739 (75)
Sulfasalazine 1,484 (13)
Antimalarials 574 (5)
Other¶ 221 (2)
None or no information# 620 (5)

Other antirheumatic treatment, no. (%)
Oral corticosteroids during first year

of follow-up§
7,339 (63)

TNFi therapy ever**,†† 3,072 (24)
Abatacept ever†† 24 (0.2)
Anakinra ever†† 11 (0.1)
Rituximab ever†† 162 (1.3)
Tocilizumab ever†† 36 (0.3)

* DAS28 5 Disease Activity Score in 28 joints; IQR 5 interquartile
range.
† Status at the time of diagnosis of rheumatoid arthritis (RA), i.e.,
the time of inclusion in the Swedish Rheumatology Quality (SRQ)
Register.
‡ First disease-modifying antirheumatic drug (DMARD) received
within the first year after inclusion in the SRQ Register.
§ Only patients with $1 year of follow-up were included (n 5 11,638).
¶ Including auranofin, azathioprine, cyclophosphamide, intramuscu-
lar gold, leflunomide, and D-penicillamine (each received by ,1%
of the patients).
# Includes patients who did not receive therapy and those with miss-
ing information on therapy.
** Includes all patients who started tumor necrosis factor inhibitor
(TNFi) treatment at any time during the entire study period
(1997–2012).
†† Treatment at any time during the entire study period.
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remained largely unchanged (P for calendar period 5

0.3). A similar pattern was observed when HRs were
cross-tabulated according to year of RA diagnosis and
time since RA diagnosis, showing that longer duration
was associated with significantly higher lymphoma risk,
whereas year of RA diagnosis was not (Table 3).

Risk of lymphoma in relation to RA character-
istics and inflammatory activity during the first year
after RA diagnosis. HRs for lymphoma by age at RA
diagnosis, sex, and RF status were not substantially dif-
ferent from the overall HR. There was no obvious asso-
ciation between lymphoma risk and DAS28 levels at
diagnosis of RA and at 1 year of follow-up after RA
diagnosis, although these analyses were hampered by
low precision (Table 2). Similarly, estimating lymphoma
risk with respect to accumulated inflammatory activity
(DAS28) during the first year of follow-up did not result
in significant association with high or low aggregated

DAS28 values (Table 4). The same was true when the
DAS28 components were analyzed individually (data
not shown).

Risk of lymphoma in relation to antirheumatic
therapy. Of the RA patients with $1 year of follow-up
in the SRQ Register who later developed lymphomas
(n 5 55), 72% (n 5 40) were treated with methotrexate
during the first year after RA diagnosis, compared with
74% (n 5 8,621) of the entire RA cohort with $1 year
of follow-up (n 5 11,638), resulting in an HR for later
lymphoma in patients who received methotrexate during
the first year of 0.9 (95% CI 0.8–1.0). Forty percent
(n 5 22) of the 55 patients with lymphomas had been
treated with oral corticosteroids during the same period
compared with 63% (n 5 7,339) in the entire RA cohort
with $1 year of follow-up, resulting in a significantly
decreased lymphoma risk associated with corticosteroid
therapy (HR 0.5 [95% CI 0.3–0.9]) (Table 4).

Table 2. HRs for lymphoma in the patients with incident RA 1997–2012 (n 5 12,656) versus their
individually matched comparator subjects (n 5 124,161), with respect to disease characteristics and
inflammatory activity 1 year after RA diagnosis

Lymphomas, no. (%) HR (95% CI)*

Overall 62 (100) 1.6 (1.2–2.1)
Women 35 (56) 1.5 (1.1–2.2)
Men 27 (44) 1.7 (1.1–2.6)

Age at diagnosis of RA, years†
18–50 5 (8) 1.6 (0.6–4.1)
51–74 49 (79) 1.9 (1.4–2.5)
$75 8 (13) 0.8 (0.4–1.7)

Rheumatoid factor status at diagnosis of RA†
Positive 41 (66) 1.7 (1.2–2.4)
Negative 17 (27.5) 1.2 (0.7–2.0)
Unknown 4 (6.6) ND‡

Inflammatory activity at diagnosis of RA§
High (DAS28 .5.1) 31 (50) 1.6 (1.1–2.4)
Moderate (DAS28 3.2–5.1) 20 (32) 1.6 (1.0–2.6)
Low (DAS28 2.6–3.1) 2 (3) ND‡
Remission (DAS28 ,2.6) 1 (2) ND‡
No information 8 (13) 1.7 (0.8–3.4)

Inflammatory activity at 1 year¶
High (DAS28 .5.1) 4 (7) 2.3 (0.9–6.2)
Moderate (DAS28 3.2–5.1) 17 (31) 2.1 (1.3–3.4)
Low (DAS28 2.6–3.1) 4 (7) 1.0 (0.4–2.6)
Remission (DAS28 ,2.6) 19 (35) 1.7 (1.1–2.7)
No information 11 (20) 1.1 (0.6–2.1)

* Adjusted for age and sex. All hazard ratios (HRs) were determined in comparison with the general
population comparator subjects. 95% CI 5 95% confidence interval.
† As recorded at the time of inclusion in the Swedish Rheumatology Quality (SRQ) Register.
‡ The HR was not determined (ND) because there were ,5 events.
§ Levels of inflammatory activity at diagnosis of rheumatoid arthritis (RA; at the time of inclusion in
the SRQ Register) were based on the lowest Disease Activity Score in 28 joints (DAS28) in the time
period 0–30 days after inclusion in the SRQ Register.
¶ Inflammatory activity after 1 year of follow-up (1 year after inclusion in the SRQ Register). Only
person-time and events with $1 year of follow-up were included, i.e., 55 lymphomas in 11,638 RA
patients. Levels of inflammatory activity at 1 year were based on the lowest DAS28 in the time period
270–450 days after inclusion in the SRQ Register. The median number of visits during the first year of
follow-up was 3 (interquartile range 3–4).
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In a sensitivity analysis, we not only adjusted for
age, sex, and inflammatory activity, but also adjusted for
concomitant use of antirheumatic therapy (use of meth-
otrexate or corticosteroids during the first year after RA
diagnosis [yes/no] and use of TNFi ever during the study
period). This resulted in HRs for lymphoma in relation
to use of corticosteroids (HR 0.5 [95% CI 0.3–0.8]) and
use of methotrexate (HR 0.9 [95% CI 0.9–1.0]) that
were similar to those found in the original analysis.

Of all of the patients with RA and lymphoma
(n 5 62), 19% (n 5 12) had received TNFi therapy at any
time during follow-up compared with 24% (n 5 3,072)

of the entire RA cohort (n 5 12,656). In this study,
exposure to TNFi therapy was not associated with any
increased lymphoma risk (HR 0.9 [95% CI 0.4–1.9])
(Table 4). When we additionally adjusted for concomi-
tant use of corticosteroids and methotrexate (during the
first year after the diagnosis of RA [yes/no]), this
resulted in a largely similar relative risk for lymphoma
associated with exposure to TNFi (HR 1.2 [95% CI 0.6–
2.4]) (Table 4).

Distribution of lymphoma subtypes in the con-
temporary RA cohort. In the RA cohort studied, CLL
comprised a considerably smaller proportion (8%) of

Table 3. HRs for lymphoma in the patients with incident RA 1997–2012 (n 5 12,656) versus their
individually matched comparator subjects (n 5 124,161), with respect to time since RA diagnosis and
calendar period of RA diagnosis*

Time since RA diagnosis, years

Year of RA diagnosis 0–,6 6–16 Total follow-up period

1997–2003 1.3 (0.7–2.2) (14) 1.9 (1.2–3.1) (22) 1.8 (1.3–2.6) (36)
2004–2012 1.4 (0.9–2.2) (21) 2.7 (1.1–6.7) (5) 1.4 (0.9–2.0) (26)
Entire study period 1.3 (0.9–1.8) (35) 2.4 (1.6–3.6) (27) 1.6 (1.2–2.1) (62)

* Values are the hazard ratio (HR) (95% confidence interval [95% CI]), adjusted for age and sex (no.
of lymphomas). All HRs were determined in comparison with the general population comparator sub-
jects. P for time since diagnosis of rheumatoid arthritis (RA) 5 0.01; P for calendar period 5 0.3.

Table 4. HRs for lymphoma in the patients with incident RA 1997–2012 versus all other RA patients, with respect to
inflammatory activity and therapy*

Lymphomas,
no. (%) (n 5 55)

RA patients,
no. (%) (n 5 11,638)

HR
(95% CI)†

HR
(95% CI)‡

Inflammatory activity during the first
year after RA diagnosis§

DAS28 $3.2 8 (14) 1,271 (11) 1.2 (0.5–2.6) –
DAS28 ,3.2 7 (13) 1,481 (13) 0.9 (0.4–2.0) –
Other DAS28¶ 40 (73) 8,886 (76) 1 (reference) –

Therapy
Methotrexate during the first year after

RA diagnosis (yes versus no)
40 (72) 8,739 (75) 0.9 (0.8–1.0) 0.9 (0.9–1.0)

Oral corticosteroids during the first year after
RA diagnosis (yes versus no)

22 (40) 7,339 (63) 0.5 (0.3–0.9) 0.5 (0.3–0.9)

TNFi during follow-up (yes versus no)# 12 (19) 3,072 (24) 0.9 (0.4–1.9) 1.2 (0.6–2.4)

* Except for the analysis of tumor necrosis factor inhibitor (TNFi) during follow-up, only person-time and events with $1
year of follow-up were included, i.e., 55 lymphomas in 11,638 patients with rheumatoid arthritis (RA). 95% CI 5 95% confi-
dence interval.
† Adjusted for age and sex. Hazard ratios (HRs) associated with treatment were also adjusted for inflammatory activity dur-
ing the first year after RA diagnosis.
‡ Adjusted for age, sex, inflammatory activity during the first year after RA diagnosis, and concomitant use of antirheumatic
therapy (use of methotrexate or corticosteroids during the first year after RA diagnosis [yes/no] and TNFi ever during the
study period).
§ Based on a composite measure of the lowest Disease Activity Score in 28 joints (DAS28) in each time period, i.e., within
0–3 months (visit between day 30 and day 150), within 3–6 months (visit between day 150 and day 270), and within 6–12
months (visit between day 270 and day 450) after inclusion in the Swedish Rheumatology Quality Register. The median num-
ber of visits during the first year of follow-up was 3 (interquartile range 3–4).
¶ Includes patients who sometimes had a DAS28 of $3.2, sometimes had a DAS28 of ,3.2, and sometimes had missing
information on DAS28 at the different assessment time points during the first year of follow-up after RA diagnosis.
# Analysis based on the entire RA cohort (n 5 62 lymphomas and n 5 12,656 RA patients).

704 HELLGREN ET AL



all lymphomas compared with the population from
2000 to 2010 as reflected in the SLR (23%). However,
in a formal comparison with the general population
comparator subjects, the decreased risk was not statis-
tically significant (HR for CLL 0.5 [95% CI 0.2–1.5]).
Conversely, Hodgkin’s lymphoma was more common
in the RA cohort (16%) compared to the SLR (9.5%)
and the historical RA cohort (6%), and the risk of
Hodgkin’s lymphoma was significantly increased com-
pared with the comparator subjects (HR 4.1 [95%
CI 1.9–9.1]). The percentage of lymphomas that were
DLBCLs was 33% in the RA cohort in the present study
versus 32% in the SLR and 48% in the historical RA
cohort (Table 5). When we estimated the risk of DLBCL
in the RA cohort versus the general population compara-
tor subjects based on the ICD-10 codes (as registered in
the Swedish Cancer Register), this resulted in an HR for
DLBCL of 1.4 (95% CI 0.9–2.2). We also noted a higher
proportion of mantle cell lymphoma in our RA cohort
(12%) versus the historical cohort (1.5%) and the SLR
(4.5%). For other lymphoma subtypes, there were no
major differences between the RA cohort and the SLR
(Table 5).

DISCUSSION

We found that the overall increase in risk of lym-
phoma in contemporary and incident RA patients
remains largely at the same magnitude as that reported
in historical RA cohorts (8,10,11,13,14). Whereas the
risk increased with longer RA duration, we did not dem-
onstrate any trend toward decreasing risk over succes-
sive calendar periods of RA diagnosis, although we
acknowledge the collinearity of these 2 factors. There
was an inverse association between use of oral cor-
ticosteroids the first year and lymphoma occurrence;
however, we did not observe any significantly increased
risk of lymphoma in association with high inflammatory
activity during the first year after RA onset. TNFi-
exposed RA patients were not at higher risk of lym-
phoma than TNFi-naive patients. The distribution of
lymphoma subtypes in the RA patients partly diverged
from that observed in the general population.

Our finding of a reduced lymphoma risk with
corticosteroid treatment during the first year after RA
diagnosis confirms our observation from the above-
mentioned prevalent RA population followed up for lym-
phoma from 1964 to 1995 (9), despite dramatically

Table 5. Distribution of lymphoma subtypes in patients with incident RA 1997–2012, patients in a historical RA cohort
1964–1994, and patients with lymphoma in the general population 2000–2010*

External comparators

Present study,
1997–2012 (n 5 62)†

RA lymphomas,
1964–1994 (n 5 343)

SLR, 2000–2010
(n 5 23,628)‡

Reference Present study 8 21, 23
Sex, no. (%) female 35 (56) 208 (55)§ 10,630 (45)
Age at lymphoma diagnosis,

median (IQR) years
70 (66–78) 72 (65–77) 69 (58–78)¶

B cell lymphoma, no. (%)
DLBCL 19 (33) 165 (48) 5,789 (32)
Follicular lymphoma 6 (10) 32 (9) 2,664 (15)
Lymphoplasmacytic lymphoma – 7 (2) 1,028 (5.5)
Mantle cell lymphoma 7 (12) 5 (1.5) 844 (4.5)
B cell lymphoma not

further specified
8 (14) 60 (17.5) 3,639 (20)

NHL not further specified 2 (4) 29 (8.5) 1,021 (5.5)
T cell lymphoma, no. (%) 4 (7) 16 (5) 1,186 (6.5)
Hodgkin’s lymphoma, no. (%) 9 (16) 21 (6) 1,737 (9.5)
Other lymphoma, no. (%) 2 (4)# 8 (2.5) 251 (1.5)
All lymphomas (excluding CLL), no. (%) 57 (100) 343 (100) 18,159 (100)
CLL, no. (%)** 5 (8) NA 5,469 (23)

* RA 5 rheumatoid arthritis; IQR 5 interquartile range; DLBCL 5 diffuse large B cell lymphoma; NHL 5 non-Hodgkin’s
lymphoma; NA 5 not applicable (not included in the study).
† Of the 62 lymphomas, 59 were eventually revalidated and/or classified according to the World Health Organization criteria by a
hematopathologist. For the remaining 3 lymphomas, we used the diagnosis of the lymphoma subtype stated in the pathology report.
‡ Modified from http://swedishlymphoma.se (21) and http://www.sfhem.se (23) reports 2000–2010.
§ Based on the number of lymphomas (n 5 378) included in ref. 8.
¶ Based on the report from the Swedish Lymphoma Register (SLR) 2000–2006 (21), which also includes chronic lymphocytic
leukemia (CLL) (n 5 14,083 lymphomas).
# One was classified during revalidation as a lymphoproliferative process rather than a lymphoma.
** Percentage of all lymphomas (n 5 62 in the present study and n 5 23,628 in the SLR).

RISK OF MALIGNANT LYMPHOMA IN RA 705

http://swedishlymphoma.se
http://www.sfhem.se


different levels of RA disease control and use of anti-
rheumatic therapies in these 2 cohorts. The potential
mechanisms of action remain unknown, although cor-
ticosteroids have potent antiinflammatory effects. In light
of the relatively less frequent occurrence of CLL in our
cohort, we cannot exclude the possibility that an incipient
CLL may go undetected longer if masked by an alternative
explanation for a mild leukocytosis such as corticosteroid
therapy.

There is longstanding concern that TNFi agents
might induce lymphoma development (29). Although
the majority of observational studies on this topic have
not demonstrated an association between TNFi and
lymphoma risk (3,11,24,26–28,30), some have (31,32).
In the present study, we found that there was no
increased risk of lymphoma associated with TNFi ther-
apy during the study period. There was also a lack of
association between lymphoma risk and methotrexate
treatment during the first year after RA diagnosis.

Apart from a strong correlation between disease
severity and lymphoma risk in RA, the aggressive
DLBCL subtype has been specifically linked to RA
(33,34), indicating a role for activated peripheral B cells
in the etiology of lymphomas in RA (8,35). In the pres-
ent study, the occurrence of DLBCL was as expected
compared with the general population but lower com-
pared with that previously reported in a Swedish histori-
cal RA cohort, in which DLBCLs comprised almost
50% of all lymphomas (not including CLL) (8). Addi-
tionally, we observed a different distribution of CLL
(which was less frequent) and Hodgkin’s lymphoma and
mantle cell lymphoma (which were more frequent) in
our contemporary RA cohort compared with the gen-
eral population.

In light of the previously reported association
between accumulated inflammatory activity during the
entire RA disease course and lymphoma risk (8), our
observation that the lymphoma risk in patients who
were more recently diagnosed as having RA (and hence
received modern, intensive RA management) remains
elevated is particularly interesting. Similarly, although a
lower proportion of DLBCLs than previously reported
may suggest a less skewed distribution of lymphoma
subtypes in contemporary RA, this is challenged by the
observation of a higher than previously observed pro-
portion and risk of Hodgkin’s lymphoma (36).

Our finding is consistent with a few previous stud-
ies showing an increased risk of Hodgkin’s lymphoma
in RA and other autoimmune diseases (8,13,37,38).
Register-based studies spanning earlier time periods
must, however, be interpreted with caution, since a signif-
icant proportion of NHLs have been misclassified as

Hodgkin’s lymphoma, which may inflate these risk
estimates. Since we used the current WHO classification
of lymphoma and the tumor biopsy specimens in a
majority of the cases were reviewed by an expert
hematopathologist, such a misclassification is unlikely to
explain our finding of an increased risk of Hodgkin’s
lymphoma. Recent data support the notion that
Hodgkin’s lymphoma is one of the lymphoma subtypes
most strongly associated with chronic inflammation
(36). A possible biologic explanation could thus be that
the inflammatory environment and the B cell activation
in patients with RA could lead to the development
of Hodgkin’s lymphoma. Other possible mechanisms
behind this link could include genetic susceptibility.

Furthermore, we cannot exclude the hypothesis
that the remaining increase in lymphoma risk indicates
a shift from disease-related to treatment-related lym-
phoma risk, although this remains speculation. Addi-
tionally, it may also be that despite our efforts to
monitor the risk for a sufficiently long time span, the
follow-up period for more recently diagnosed patients is
still too short to reveal what may eventually develop into
a decline in the elevated lymphoma risk. Likewise, the
absence of a significant association between inflamma-
tory activity during the first year after RA diagnosis and
subsequent lymphoma development might be a conse-
quence of insufficient follow-up time.

Our study has some strengths and limitations.
Using the SRQ Register allowed us to identify a large
incident RA cohort of patients diagnosed by rheumatol-
ogists. It also provided reliable information on inflam-
matory activity and therapy during the first year after
RA diagnosis and on TNFi exposure during the entire
study period. The large cohort size enabled assessment
of uncommon events like lymphoma, overall and in sub-
sets of patients. The detailed information on RA diag-
nosis made it possible to estimate risk by time since RA
diagnosis and calendar period of RA diagnosis. Inclu-
sion of patients with RA diagnosis during the most
recent years allowed assessment of lymphoma risks in a
contemporary RA population, although the follow-up is
by definition short term. Additionally, we did not have
reliable information on disease activity beyond 1 year
after RA diagnosis and therefore could not adjust for
disease activity or disease severity throughout the entire
RA course.

By linkage to the Swedish Cancer Register, cap-
ture of lymphoma was independent of RA and was simi-
lar for the RA and the comparator cohorts, reducing
the risk of misclassification of outcome. However,
although the SRQ Register provides a large RA cohort,
it may be that patients with a short life expectancy (for
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example, those with an advanced cancer) are less likely
to be included in a register with an intended long
follow-up period. This could lead to an underestimation
of the true risks of lymphoma in our RA cohort (but
does not explain the nondeclining lymphoma risks over
calendar time). Further, we lacked information on
potential risk factors (apart from the matching factors)
shared by lymphoma and RA, although few such factors
are currently known (35,39,40).

To conclude, the risk of lymphoma in contempo-
rary RA does not seem to have decreased. Initial use of
methotrexate and the use of TNFi agents were not more
common among those patients who developed lympho-
mas in this inception cohort, while oral corticosteroids
might be associated with a decreased lymphoma risk.
Inflammatory activity during the first year after RA
diagnosis was not a predictor of future lymphoma risk.
The distribution of lymphoma subtypes in RA differs to
some extent from that in the general population.
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Objective. To evaluate the efficacy and safety of
orally administered once-daily peficitinib in combination
with methotrexate (MTX) in patients with moderate-to-
severe rheumatoid arthritis (RA) who had an inadequate
response to MTX.

Methods. In this multinational, phase IIb, random-
ized, double-blind, placebo-controlled, dose-ranging trial,
patients with RA (n 5 378) were treated with peficitinib
25 mg, 50 mg, 100 mg, or 150 mg plus MTX, or matching pla-
cebo plus MTX once daily for 12 weeks. The primary end
point was the percentage of patients who met the American

College of Rheumatology 20% improvement criteria (achieved
an ACR20 response) at week 12.

Results. ACR20 response rates at week 12 were
43.9%, 61.5% (P < 0.05 versus placebo), 46.4%, 57.7%, and
44.4% in the peficitinib 25 mg, 50 mg, 100 mg, 150 mg, and
placebo groups, respectively. Significant decreases from
baseline in the Disease Activity Score in 28 joints using the
C-reactive protein level were seen in the peficitinib 50 mg
(P < 0.05) and 150 mg (P < 0.01) groups compared with pla-
cebo at week 12. Overall, the incidence of adverse events
(AEs) was similar between peficitinib and placebo. The most
common AEs were urinary tract infection (n 5 22 [6%]),
upper respiratory tract infection (n 5 16 [4%]), and diar-
rhea (n 5 16 [4%]). There were 3 cases of herpes zoster
infection (2 in the peficitinib 100 mg group and 1 in the
150 mg group) and 2 cases of serious infection (viral infec-
tion in the peficitinib 100 mg group and erysipelas in the
150 mg group).

Conclusion. The ACR20 response rate in the group
receiving peficitinib 50 mg plus MTX was significantly dif-
ferent compared with the rate in patients receiving placebo,
but there were no apparent dose-dependent responses, and
the placebo response rate was high. Peficitinib plus MTX
in patients with moderate-to-severe RA was well tolerated,
with limited safety signals emerging.

Several proinflammatory cytokines involved in the
pathogenesis of rheumatoid arthritis (RA) use the JAK signal
transduction pathway to initiate their immune responses
(1,2). Tofacitinib, a JAK inhibitor with selectivity for JAK-1
over JAK-3 and JAK-2 over Tyk-2 (3), approved for the treat-
ment of RA in several countries (4,5), has demonstrated effi-
cacy in the treatment of RA in several trials (6–9). Currently,
a number of JAK inhibitors are under investigation, includ-
ing baricitinib (JAK-1 and JAK-2 inhibitors) (10), filgotinib
(JAK-1 inhibitor) (11), and ABT-494 (JAK-1 inhibitor) (12).
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Peficitinib (ASP015K) is an orally administered
once-daily JAK inhibitor in development for the treatment
of RA (13). Peficitinib inhibits JAK-1, JAK-2, JAK-3, and
Tyk-2 enzyme activities, with 50% inhibition concentration
values of 3.9, 5.0, 0.7, and 4.8 nmoles/liter, respectively, and
therefore has moderate selectivity for JAK-3 inhibition
(13). The efficacy and safety profile of peficitinib for the
treatment of RA has been investigated in 2 other phase II
trials. In one phase IIb randomized study assessing the effi-
cacy and safety of peficitinib for the treatment of RA in
Japan (ClinicalTrials.gov identifier: NCT01649999), the
peficitinib 50 mg, 100 mg, and 150 mg groups demonstrated
a significantly greater response rate according to the
American College of Rheumatology 20% criteria for
improvement (ACR20) (14) at week 12 compared with
placebo, with a statistically significant dose response. In
the other phase IIb randomized study assessing the use
of peficitinib without concomitant methotrexate (MTX)
for the treatment of RA, the peficitinib 100 mg and
150 mg groups demonstrated a significantly higher
ACR20 response at week 12 compared with placebo,
which was achieved as early as week 2 (15). In both stud-
ies, peficitinib was well tolerated over 12 weeks.

Here, we report the findings of a third phase IIb
randomized study to evaluate the efficacy, safety, and dose
response of orally administered, once-daily peficitinib in
combination with MTX over 12 weeks in patients with
moderate-to-severe RA who had an inadequate response
to MTX.

PATIENTS AND METHODS

Study design. This phase IIb, randomized, double-
blind, parallel-group, placebo-controlled, dose-finding, global,
multicenter study of orally administered once-daily peficitinib in
patients with moderate-to-severe RA with an inadequate response
to MTX (ClinicalTrials.gov identifier: NCT01554696) was con-
ducted at 43 sites in 8 countries (US [16 locations], Poland [7
locations], Colombia [5 locations], Mexico [4 locations], Bulgaria
[3 locations], Czech Republic [3 locations], Hungary [3 locations],
and Belgium [2 locations]).

The trial was conducted over 12 weeks, during which
patients were seen at baseline and at weeks 1, 2, 4, 8, and 12.
Screening visits were performed up to 4 weeks prior to baseline,
and patients who completed the 12-week study were offered par-
ticipation in a long-term, open-label extension study. If patients
did not participate in the extension study, they were followed up
for 30 days.

Patients were randomly assigned at a 1:1:1:1:1 ratio to
receive, in combination with a weekly dose of MTX, either
peficitinib 25 mg, 50 mg, 100 mg, or 150 mg, or matching placebo.
The investigator, patient, clinical staff, and sponsor were blinded
with regard to treatment assignments. Patients were stratified by
geographic region (Europe [Belgium, Bulgaria, Czech Republic,
Hungary, and Poland], Latin America [Colombia and Mexico], or
North America [US]) and by prior anti–tumor necrosis factor

(anti-TNF) use (,25% of the randomized patients were allowed
to have received an anti-TNF agent).

An independent ethics committee or institutional review
board reviewed the ethical, scientific, and medical appropriate-
ness of the study before it was conducted. Independent ethics
committee/institutional review board approval of the protocol,
informed consent, and patient information were obtained prior
to the authorization of a drug shipment to a study site. Changes
to the protocol, made after the initiation of study enrollment, are
described in Supplementary Materials (available on the Arthritis
& Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.39955/abstract). The study was conducted in accordance
with the protocol, Good Clinical Practice, International Confer-
ence on Harmonization of Technical Requirements for Registra-
tion of Pharmaceuticals for Human Use guidelines, applicable
regulations and guidelines governing clinical study conduct, and
the Declaration of Helsinki.

Study population. Study participants were patients
$18 years of age with RA (diagnosed according to the ACR
1987 revised classification criteria [16]) for $6 months prior to
screening who were treated with oral MTX for $90 days at a sta-
ble dosage of 15–25 mg/week for $28 days prior to first dose.
Lower dosages of MTX (minimum 7.5 mg/week to ,15 mg/
week) were accepted if patients had intolerance to higher doses.
Patients were also required to have met the ACR 1991 revised
criteria for global functional status in RA (class I, class II, or class
III) (17) and to have active RA as defined by a tender joint count
(TJC) in 28 joints of $6, a swollen joint count (SJC) in 66 joints
of $6, and a C-reactive protein (CRP) level of $0.8 mg/dl (nor-
mal range ,1.0 mg/dl) (18) or an erythrocyte sedimentation rate
(ESR) of $28 mm/hour. Patients must have continued to meet
the joint count criteria at the baseline visit, prior to
randomization.

Patients who had taken any of the following disease-
modifying antirheumatic drugs (DMARDs) or biologic agents
within the following periods prior to the first study drug dose
were excluded: gold, azathioprine, and penicillamine (28 days);
etanercept (28 days); certolizumab, adalimumab, golimumab,
and infliximab (60 days); cyclophosphamide (180 days); lefluno-
mide (60 days; if the patient had undergone a cholestyramine
washout, then the period was reduced to 30 days prior to day 1
dosing). Patients were also excluded if they previously used a
non–anti-TNF biologic DMARD (e.g., anakinra, abatacept, any
CD20 inhibitor, or tocilizumab) or had previous intolerance to
JAK inhibitors. A patient was also excluded if he or she had
Mycobacterium tuberculosis infection (and was not receiving anti-
microbial therapy according to local guidelines), abnormal chest
radiograph, virus vaccination within 30 days prior to the first dose
of study drug, hepatitis B, hepatitis C, HIV, any other autoim-
mune rheumatic disease other than Sj€ogren’s syndrome, clinically
significant infections, or any malignancy except successfully
treated basal or squamous cell carcinoma or in situ carcinoma of
the cervix.

Concomitant medications. The only permitted con-
comitant medications for RA other than MTX were nonsteroidal
antiinflammatory drugs, hydroxychloroquine (#400 mg/day), chlo-
roquine (#250 mg/day), sulfasalazine (#3 gm/day), and/or oral
corticosteroids (prednisone or equivalent [#10 mg/day]). Changes
in the MTX dose or in the route of administration within 28 days
prior to the first dose of study drug, or any time during the study,
were prohibited. The dose may have been reduced for safety.
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Study end points. The primary end point was the per-
centage of patients achieving an ACR20 response using the CRP
level at week 12. Secondary and other end points included the
percentage of patients who met the ACR 50% criteria for
improvement (ACR50 response) or the ACR 70% criteria for
improvement (ACR70 response) at week 12, change from base-
line in the Disease Activity Score in 28 joints using the CRP level
(DAS28-CRP) (19) at week 12, and change from baseline in the
Clinical Disease Activity Index (CDAI) (20) at week 12.

Safety and laboratory assessments. Safety was
assessed via adverse event (AE) reporting (coded using Medical
Dictionary for Regulatory Activities version 14.0) (21), vital signs,
clinical laboratory evaluations (hematology, chemistry, urinalysis,
and fasting lipid profile), 12-lead electrocardiograms, and physi-
cal examinations. AE grades were based on National Cancer
Institute Common Terminology Criteria for Adverse Events ver-
sion 4.03.

Sample size determination. The planned sample size
was 375 patients. Assuming ACR20 response rates of 55% for any
peficitinib group and 30% for the placebo group, 75 patients per
treatment group (adjusted for an expected 10% withdrawal rate)
were needed to reach 80% power to detect a difference between
any of the peficitinib groups and placebo using a 2-sided continuity-
corrected chi-square test with a significance level of 5%.

Statistical analysis. The full analysis set consisted of all
patients who were randomized and received at least 1 dose of
peficitinib. This was the primary data set used for efficacy analyses.
Initial analysis of the primary and secondary end points was based
on a logistic regression model with effects for treatment group, prior
treatment with an anti-TNF agent, and geographic region. Missing
ACR responses were imputed using nonresponder imputation. If
not all ACR responses were missing, the missing values were first
imputed using the last observation carried forward (LOCF) approach
at week 12, and then the ACR response rate was calculated.

Additional analyses using normal approximation to the
binomial distribution were also conducted. An analysis of

covariance model with fixed effects for treatment group, prior
treatment with an anti-TNF agent, geographic region, and base-
line score as covariates was used for the secondary end point of
change from baseline in the DAS28-CRP; for the DAS28, miss-
ing component values were imputed using the LOCF method. A
mixed-effects model for repeated measures was used for the
analysis of change from baseline in the CDAI, with the patient as
a random effect. Stratification by geographic region was excluded
from the model if not significant (P , 0.01). Within-patient
variance–covariance was estimated using an unstructured covari-
ance matrix. No adjustments for multiplicity were performed in
these analyses. The safety analysis set was defined as all patients
who received at least 1 dose of peficitinib.

RESULTS

Patients. A total of 548 patients were screened for
inclusion, of whom 379 were randomized (peficitinib 25 mg
[n 5 67], 50 mg [n 5 78], 100 mg [n 5 84], 150 mg [n 5 78],
and placebo [n 5 72]). Of those who received treatment
(n 5 378), a total of 358 patients (95%) completed the 12-
week study (Figure 1).

Demographic characteristics and baseline disease
activity were similar across the study arms (Table 1). In a
predominantly female population (;83%), the mean age
ranged from 52.3 years to 54.5 years across the study arms,
23–33% of patients were Hispanic or Latino, and the mean
duration of RA was 7.2 – 8.1 years. The baseline MTX
dose was similar across the study arms, and the median
duration of MTX treatment prior to baseline was 78.5
weeks.

Figure 1. Disposition of the patients. *5 One patient randomized to the peficitinib 25 mg group did not receive treatment. † 5 Patients who signed
informed consent but discontinued before randomization were considered screen failures. ‡ 5 Only the primary reason was reported. MTX5 methotrexate.
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Efficacy. The primary end point of an ACR20
response at week 12 was achieved by 43.9%, 61.5%, 46.4%,
57.7%, and 44.4% of patients in the peficitinib 25 mg, 50 mg,
100 mg, 150 mg, and placebo groups, respectively (Figure
2A). A statistically significant difference in the ACR20
response rate versus placebo was observed for peficitinib
50 mg (P , 0.05) at week 12. ACR50 response rates at week
12 were 18.2%, 33.3%, 33.3%, 37.2%, and 26.4% in the
peficitinib 25 mg, 50 mg, 100 mg, 150 mg, and placebo
groups, respectively. No statistically significant differences in

the ACR50 and ACR70 response rates versus placebo were
observed for any peficitinib treatment group at week 12.

When the analysis was stratified by geographic
region, in Europe, statistically significant differences
(P , 0.05) in the percentage of patients achieving ACR20
responses at week 12 were seen in the peficitinib 100 mg
and 150 mg groups compared with placebo (53.8% and
56.3%, respectively, versus 28.1%) (Figure 2B). In North
America and Latin America, there were no statistically sig-
nificant differences between any peficitinib group and

Table 1. Baseline characteristics and disease activity in the full analysis set*

Placebo 1 MTX
(n 5 72)

Peficitinib
25 mg 1 MTX

(n 5 66)

Peficitinib
50 mg 1 MTX

(n 5 78)

Peficitinib
100 mg 1 MTX

(n 5 84)

Peficitinib
150 mg 1 MTX

(n 5 78)

Characteristics
Female, no. (%) 63 (87.5) 55 (83.3) 65 (83.3) 68 (81.0) 64 (82.1)
Age, years 52.6 6 12.2 52.8 6 11.9 52.3 6 12.6 54.5 6 12.8 54.2 6 12.5
,65 years, no. (%) 63 (87.5) 55 (83.3) 65 (83.3) 70 (83.3) 62 (79.5)
Weight, kg 75.6 6 7.9† 74.9 6 20.1 76.1 6 18.3 77.2 6 19.2 75.5 6 19.2
Hispanic/Latino, no. (%) 20 (27.8) 21 (31.8) 26 (33.3) 28 (33.3) 18 (23.1)
Duration of RA, years 7.2 6 7.7 8.1 6 6.8 8.0 6 7.9 7.5 6 7.8 7.3 6 6.3
Prior leflunomide use, no. (%) 2 (2.8) 2 (3.0) 2 (2.6) 5 (6.0) 3 (3.8)
Prior anti-TNF use, no. (%) 19 (26.4) 17 (25.8) 23 (29.5) 22 (26.2) 19 (24.4)

No. of agents used
1 8 (11.1) 6 (9.1) 15 (19.2) 9 (10.7) 10 (12.8)
2 8 (11.1) 10 (15.2) 6 (7.7) 9 (10.7) 8 (10.3)
$3 3 (4.2) 1 (1.5) 2 (2.6) 4 (4.8) 1 (1.3)

Prior JAK inhibitor use, no. (%) 0 0 0 0 0
Concomitant SSZ, no. (%) 7 (9.7) 3 (4.5) 3 (3.8) 3 (3.6) 4 (5.1)
Antimalarial, no. (%) 4 (5.6) 10 (15.2) 6 (7.7) 8 (9.5) 7 (9.0)

Geographic region, no. (%)
North America 28 (38.9) 24 (36.4) 34 (43.6) 28 (33.3) 33 (42.3)
Europe 32 (44.4) 29 (43.9) 31 (39.7) 39 (46.4) 32 (41.0)
Latin America 12 (16.7) 13 (19.7) 13 (16.7) 17 (20.2) 13 (16.7)

Disease activity
CDAI 36.0 6 11.7 37.6 6 13.3 37.8 6 11.4 39.4 6 13.4 38.8 6 12.2
TJC68 20.5 6 12.7 22.3 6 15.1 24.0 6 13.5 23.7 6 13.0 24.4 6 14.8
SJC66 12.8 6 7.1 14.1 6 8.8 13.3 6 7.2 14.3 6 8.3 13.6 6 7.9
CRP, mg/dl 1.1 6 1.6 1.0 6 1.1 1.2 6 1.4 1.3 6 1.6 1.1 6 1.3
ESR, mm/hour 36.0 6 15.0 40.2 6 15.2 41.7 6 19.3 41.0 6 18.3 40.1 6 16.0
SGAP (0–100-mm VAS) 59.6 6 22.1 61.2 6 22.4 62.4 6 21.0 59.2 6 21.4 60.5 6 19.4
SGA (0–100-mm VAS) 58.0 6 20.4 59.3 6 21.6 60.9 6 19.9 58.1 6 20.0 60.4 6 18.4
PGA (0–100-mm VAS) 58.4 6 16.4 60.6 6 17.7 60.4 6 16.8 62.4 6 17.1 64.1 6 15.1
HAQ DI 1.4 6 0.7 1.4 6 0.8 1.3 6 0.6 1.3 6 0.7 1.3 6 0.7
DAS28-CRP 5.4 6 0.9 5.5 6 1.0 5.6 6 0.9 5.6 6 1.0 5.6 6 0.9
DAS28-ESR 6.2 6 0.8 6.3 6 0.9 6.4 6 0.9 6.4 6 0.9 6.4 6 0.9

MTX treatment
Dose, mg/week 18.7 6 4.5 18.5 6 4.1 17.9 6 4.1 17.9 6 4.2 18.3 6 4.7
Dose category, no. (%)

,7.5 mg/week 0 0 0 0 0
$7.5 to ,15 mg/week 5 (6.9) 3 (4.5) 5 (6.4) 9 (10.7) 7 (9.0)
$15 to ,25 mg/week 49 (68.1) 50 (75.8) 60 (76.9) 62 (73.8) 54 (69.2)
25 mg/week 18 (25.0) 13 (19.7) 13 (16.7) 13 (15.5) 17 (21.8)

* Except where indicated otherwise, values are the mean 6 SD. MTX 5 methotrexate; RA 5 rheumatoid arthritis; anti-
TNF 5 anti–tumor necrosis factor; SSZ 5 sulfasalazine; CDAI 5 Clinical Disease Activity Index; TJC68 5 tender joint count
in 68 joints; SJC66 5 swollen joint count in 66 joints; SGAP 5 subject’s global assessment of arthritis pain; VAS 5 visual
analog scale; SGA 5 subject’s global assessment of arthritis; PGA 5 physician’s global assessment; HAQ DI 5 Health
Assessment Questionnaire disability index; DAS28-CRP 5 Disease Activity Score in 28 joints using the C-reactive protein
level; DAS28-ESR 5 DAS28 using the erythrocyte sedimentation rate.
† Calculated in 71 patients.
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Figure 2. American College of Rheumatology (ACR) responses at week 12. A, Percentage of patients in each group who met the ACR 20%
improvement criteria (ACR20), ACR50, and ACR70. B, Percentage of patients in each group who achieved an ACR20 response, according to
geographic region. C, Percentage of patients in each group who achieved ACR20, ACR50, and ACR70 responses, in North America and Europe
only. * 5 P , 0.05 versus placebo. MTX 5 methotrexate.
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placebo (Figure 2B). In these regions, higher-than-
expected placebo response rates were observed. When
Latin America was excluded from the analysis, the
peficitinib 50 mg and 150 mg groups showed a statistically
significant ACR20 response compared with placebo
(56.9% and 58.5%, respectively, versus 38.3%; P < 0.05)
(Figure 2C).

Overall, ACR20 response rates increased over time
(Figure 3A). The mean DAS28-CRP decreased from base-
line over time in all study arms (Figure 3B). There was a
statistically significant difference in the mean change in the
DAS28-CRP between baseline and week 1 in patients in
the peficitinib 50 mg and 150 mg groups versus placebo
(P , 0.01), which was maintained throughout the 12-week
trial in the peficitinib 150 mg group. The difference
between the peficitinib 50 mg group and the placebo group
was significant at week 1 (P , 0.01), week 2 (P , 0.05), and
week 12 (P , 0.05). At week 12, there was a statistically sig-
nificant difference in the DAS28-ESR in the peficitinib
50 mg and 150 mg groups versus placebo (P , 0.05 and
P , 0.01, respectively), which was reported as early as week
1 (Figure 3C). At week 12, a statistically significant propor-
tion of patients achieved a decrease in the CRP level and
the ESR, respectively, in the peficitinib 50 mg (P , 0.001
and P , 0.01), 100 mg (P , 0.05 and P , 0.001), and
150 mg (P , 0.001 and P , 0.001) groups compared with
placebo (Supplementary Figure 1, available on the Arthritis
& Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.39955/abstract).

A total of 100 patients (26%) had been exposed to
an anti-TNF treatment prior to study initiation (Figure 4),
and there were no statistically significant differences in
terms of ACR20 responses between any peficitinib group
and placebo, when stratified by prior treatment with an anti-
TNF agent. Placebo response rates were similar in both the
anti-TNF–experienced and anti-TNF–naive groups (42.1%
and 45.3%, respectively) (Figures 4A and B).

Analysis of the individual ACR components
revealed no mean difference from baseline to week 12
between any peficitinib group and placebo for the TJC in
68 joints, the SJC in 66 joints, or the Health Assessment
Questionnaire disability index (22) assessments (Supple-
mentary Table 1, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
39955/abstract). Dose-dependent decreases in physician’s
global assessment, subject’s global assessment, subject’s
global assessment of arthritis pain, CRP, and ESR were
observed with peficitinib. There was a statistically signifi-
cant difference between the peficitinib 150 mg group and
placebo (P , 0.05) for the least squares mean CDAI at
week 12 (Supplementary Figure 2, available on the Arthritis

Figure 3. ACR20 response rates (A) and changes in the Disease
Activity Score in 28 joints using the C-reactive protein level
(DAS28-CRP) (B) and the DAS28 using the erythrocyte sedimenta-
tion rate (DAS28-ESR) (C) from baseline to week 12. In A, P ,

0.05 for the peficitinib 25 mg, 50 mg, and 100 mg groups and P ,

0.01 for the 150 mg group at week 2; P , 0.05 for the 50 mg group
at weeks 4, 8, and 12. In B, P , 0.01 for the peficitinib 50 mg and
150 mg groups at week 1; P , 0.05 for the 50 mg group and P ,

0.01 for the 150 mg group at week 2; P , 0.05 for the 150 mg group
at weeks 4 and 8; P , 0.05 for the 50 mg group and P , 0.01 for
the 150 mg group at week 12. In C, P , 0.05 for the peficitinib 50
mg group and P , 0.01 for the 150 mg group at weeks 1 and 2; P ,

0.01 for the 150 mg group at week 4; P , 0.05 for the 150 mg group
at week 8; P , 0.05 for the 50 mg group and P , 0.01 for the 150
mg group at week 12. See Figure 2 for other definitions.
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& Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.39955/abstract).

AEs and laboratory values. A total of 180
patients (48%) reported AEs (Table 2). AEs occurring in
$2% of patients overall were urinary tract infection
(n 5 22 [6%]), upper respiratory tract infection (n 5 16
[4%]), diarrhea (n 5 16 [4%]), nasopharyngitis (n 5 10
[3%]), and headache (n 5 10 [3%]). The majority of AEs
(97%) were mild or moderate in severity, with a total of 3
serious AEs (SAEs) (1 case of erysipelas in the 150 mg
group, 1 viral infection in the 100 mg group, and 1 pulmo-
nary mass in the 100 mg group); no deaths were reported
during this study (Table 2). Two of the 3 SAEs (viral infec-
tion and pulmonary mass) led to treatment discontinua-
tion. The pulmonary mass, which was not considered to be
drug related, occurred in a 65-year-old white female
patient who was a smoker, and randomized to the
peficitinib 100 mg group, but discontinued treatment on
study day 64, and the study 18 days later (the event was
ongoing at the time of study discontinuation). No biopsy
of the pulmonary mass was performed, nor was treatment
given for the event. Positron emission tomography of the
chest revealed that the pulmonary mass was most likely
due to postinflammatory changes. There were 3 cases
(1%) of herpes zoster (2 grade 1 events in the peficitinib
100 mg group, and 1 grade 2 event in the peficitinib
150 mg group, none of which disseminated).

Dose-dependent decreases in the mean absolute
neutrophil count, white blood cell count, and platelet count
from baseline to week 12 were reported in the peficitinib
groups. One patient (1.3%) in the peficitinib 50 mg group
had a shift from baseline in the absolute neutrophil count to
1,000 cells/ml to ,1,500 cells/ml at week 12. Two patients (1
in the peficitinib 50 mg group and 1 in the peficitinib 150 mg

group) experienced neutropenia to ,1,500 cells/ml (leading
to treatment discontinuation for the patient in the 150 mg
group), and 1 patient (1.3%) in the peficitinib 50 mg group
experienced a grade $2 decrease in the absolute neutrophil
count at week 12. No patient had a shift from baseline in the
white blood cell count at week 12, and 1 patient (1.3%) in
the peficitinib 50 mg group experienced a grade $2
decrease in the white blood cell count at week 12. One
patient (1.2%) in the peficitinib 100 mg group had a shift
from baseline of 200 cells/ml to ,500 cells/ml in the absolute
lymphocyte count at week 12.

Dose-dependent increases in the mean hemoglo-
bin, creatine phosphokinase (CPK), creatinine, and high-
density lipoprotein (HDL) levels from baseline to week 12
were reported in the peficitinib groups. Lipid ratios
(HDL:low-density lipoprotein [LDL] and HDL:total cho-
lesterol) remained stable in all treatment groups through-
out the 12-week study. Six patients (2 in the placebo group,
3 in the peficitinib 25 mg group, and 1 in the peficitinib
100 mg group) had a shift from baseline to the prespecified
range of 8.0 to ,10.0 gm/dl for hemoglobin at week 12,
and 6 patients (2 in the placebo group, 3 in the peficitinib
25 mg group, and 1 in the peficitinib 100 mg group) experi-
enced grade $2 anemia. Two patients (1 in the peficitinib
50 mg group and 1 in the peficitinib 150 mg group) had a
shift from baseline in the CPK level to .23 the upper
limit of normal (ULN) – #53 ULN at week 12. No
patient had a shift from baseline in the creatinine level,
and there were no grade $2 shifts. At week 12, the mean
change from baseline in the alanine transaminase (ALT)
and aspartate transaminase (AST) levels remained stable
in the placebo group and all peficitinib groups except the
peficitinib 150 mg group, in which the mean ALT and AST
levels increased. No patient had shifts from baseline in the

Figure 4. Percentage of patients achieving an ACR20 response at week 12, according to exposure to an anti–tumor necrosis factor (anti-TNF)
agent. A, Previous exposure to anti-TNF agent. B, No previous exposure to an anti-TNF agent. See Figure 2 for other definitions.
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Table 2. Summary of AEs and laboratory values*

Placebo 1 MTX
(n 5 72)

Peficitinib
25 mg 1 MTX

(n 5 66)

Peficitinib
50 mg 1 MTX

(n 5 78)

Peficitinib
100 mg 1 MTX

(n 5 84)

Peficitinib
150 mg 1 MTX

(n 5 78)

Summary of AEs
AE 34 (47.2) 28 (42.4) 39 (50.0) 40 (47.6) 39 (50.0)
SAE 0 0 0 2 (2.4) 1 (1.3)

Cardiac disorder 0 0 0 0 0
Serious infection 0 0 0 1 (1.2) 1 (1.3)
Malignancy 0 0 0 0 0
Other 0 0 0 0 0

Death 0 0 0 0 0
Herpes zoster infection 0 0 0 2 (2.4) 1 (1.3)
GI perforation 0 0 0 0 0
AE leading to discontinuation 1 (1.4) 0 0 3 (3.6) 4 (5.1)
SAE leading to discontinuation 0 0 0 2 (2.4) 0

AEs occurring in $2% of patients
overall

UTI 5 (6.9) 2 (3.0) 5 (6.4) 4 (4.8) 6 (7.7)
URI 4 (5.6) 2 (3.0) 3 (3.8) 4 (4.8) 3 (3.8)
Diarrhea 4 (5.6) 4 (6.1) 2 (2.6) 1 (1.2) 5 (6.4)
Nasopharyngitis 2 (2.8) 2 (3.0) 3 (3.8) 1 (1.2) 2 (2.6)
Headache 1 (1.4) 1 (1.5) 4 (5.1) 2 (2.4) 2 (2.6)

Laboratory parameters
at week 12

Shifts from baseline,
mean 6 SD

ANC, 106/liter 290.9 6 1,893.17 24.0 6 1,300.19 2159.9 6 1,844.02 263.8 6 1,713.87 2241.0 6 1,772.45
Hemoglobin, mg/dl 280 6 832 2100 6 686 90 6 640 20 6 626 280 6 884
ALC, 106/liter 2189.7 6 568.55 2127.3 6 556.14 25.9 6 563.51 235.0 6 726.41 2109.2 6 624.19
Platelet count, 109/liter 8 6 47 7 6 47 29 6 47 210 6 46 217 6 5
WBC, 106/liter 100 6 1,831 2130 6 1,517 2170 6 1,814 2190 6 1,881 2440 6 1,830
ALT, units/liter 20.5 6 9.7 21.3 6 10.8 1.2 6 12.4 20.3 6 11.2 1.7 6 10.0
AST, units/liter 20.5 6 7.4 0.2 6 6.3 0.9 6 9.9 0 6 9.2 3.6 6 6.7
CPK, units/liter 26.7 6 55 5.2 6 48.8 22.8 6 33.9 26.0 6 39.7 57.4 6 59.5
Creatinine, mg/dl 0 6 0.07 0.01 6 0.10 0.03 6 0.08 0.01 6 0.10 0.07 6 0.09
HDL, mg/dl 22.16 6 9.05 0 6 7.95 5.98 6 10.25 6.18 6 11.00 7.34 6 12.04
LDL, mg/dl 1.47 6 19.61 0.08 6 20.94 2.01 6 17.27 23.01 6 26.44 2.70 6 18.43
HDL:LDL 20.03 6 0.12 0 6 0.15 0.03 6 0.17 0.06 6 0.28 0.06 6 0.18
HDL:total cholesterol 20.01 6 0.05 0 6 0.04 0.02 6 0.05 0.02 6 0.06 0.02 6 0.06
Triglycerides, mg/dl 7.96 6 59.75 8.05 6 57.35 20.88 6 39.78 4.07 6 51.90 216.73 6 236.21

Shifts from baseline,
and grade $2 events

ANC
,500 cells/mm3 0 0 0 0 0
500 to ,1,000 cells/mm3 0 0 0 0 0
1,000 to ,1,500 cells/mm3 0 0 1 (1.3) 0 0
Grade $2 0 0 1 (1.3) 0 0

ALC
,200 cells/ml 0 0 0 0 0
200 to ,500 cells/ml 0 0 0 1 (1.2) 0
Grade $2 0 0 0 0 0

Hemoglobin
,8.0 gm/dl 0 0 0 0 0
8.0 to ,10.0 gm/dl 2 (2.8) 3 (4.5) 0 1 (1.2) 0
Grade $2 2 (2.8) 3 (4.5) 0 1 (1.2) 0

Platelet count
#2 3 104 cells/ml 0 0 0 0 0
#5 3 104 cells/ml 0 0 0 0 0
Grade $2 0 0 0 0 0

CPK
.23 to #53 ULN 0 0 1 (1.3) 0 1 (1.3)
.53 to #103 ULN 0 0 0 0 0
.103 ULN 0 0 0 0 0
Grade $2 0 0 0 0 0
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ALT or AST level at week 12. The mean changes from base-
line triglyceride levels were similar between the peficitinib
25 mg, peficitinib 50 mg, peficitinib 100 mg, and placebo
groups, and a decrease was observed in the peficitinib
150 mg group.

Overall, 123 patients (placebo [32%], peficitinib
25 mg [32%], peficitinib 50 mg [31%], peficitinib 100 mg
[31%], and peficitinib 150 mg [37%]) had a shift from
baseline to .1.68 mmoles/liter for triglycerides at week
12. One patient in the placebo group had grade 3
triglyceridemia at week 4, which continued through to
week 12. Overall, 23 patients (placebo [11%], peficitinib
25 mg [5%], peficitinib 50 mg [6%], peficitinib 100 mg
[6%], and peficitinib 150 mg [3%]) had a shift from base-
line to the prespecified range of .160 mg/dl for LDL at
week 12, and 30 patients (placebo [10%], peficitinib 25 mg
[14%], peficitinib 50 mg [8%], peficitinib 100 mg [7%],
and peficitinib 150 mg [3%]) had a shift from baseline to
,1.06 mmoles/liter for HDL at week 12.

DISCUSSION

In this study comparing 4 peficitinib doses versus
placebo, both in combination with MTX, only the peficitinib
50 mg dose had a statistically significant difference in the
ACR20 response at week 12 compared with placebo. In
contrast to the 2 previous phase IIb studies with peficitinib
(13,15), no dose-dependent ACR20 response was observed,
although analysis of the DAS28 and the inflammatory
markers, CRP and ESR, did suggest a dose-dependent
response in the overall population.

Peficitinib in combination with MTX was well tol-
erated at all dose levels, with a safety profile similar to
that observed in previous phase IIb trials of peficitinib
(13,15).

In the current study, the ACR20 response rate in the
placebo group was higher than anticipated, particularly in
some regions of the world, and was in a range not evident in
the 2 previous phase IIb studies of peficitinib. This response

Table 2. (Cont’d)

Placebo 1 MTX
(n 5 72)

Peficitinib
25 mg 1 MTX

(n 5 66)

Peficitinib
50 mg 1 MTX

(n 5 78)

Peficitinib
100 mg 1 MTX

(n 5 84)

Peficitinib
150 mg 1 MTX

(n 5 78)

ALT
.23 to #33 ULN 0 0 0 0 0
.33 to #53 ULN 0 0 0 0 0
.53 ULN 0 0 0 0 0
Grade $2 0 0 0 0 0

AST
.23 to #33 ULN 0 0 0 0 0
.33 to #53 ULN 0 0 0 0 0
.53 ULN 0 0 0 0 0
Grade $2 0 0 0 0 0

Creatinine
.1.53 to #3.03 baseline 0 0 0 0 0
.3.03 baseline 0 0 0 0 0
Grade $2 0 0 0 0 0

WBC count
,3.6 3 109 cells/liter 0 1 (1.5) 1 (1.3) 2 (2.4) 0
3.6–10 3 109 cells/liter 59 (81.9) 56 (84.8) 65 (83.3) 67 (79.8) 71 (91.0)
.10 3 109 cells/liter 13 (18.1) 9 (13.6) 12 (15.4) 15 (17.9) 7 (9.0)
Grade $2 0 0 1 (1.3) 0 0

LDL
#160 mg/dl 58 (80.6) 61 (92.6) 71 (91.0) 71 (84.5) 69 (88.5)
.160 mg/dl 8 (11.1) 3 (4.5) 5 (6.4) 5 (6.0) 2 (2.6)
Grade $2 0 0 0 0 0

HDL
,1.06 mmoles/liter 7 (9.7) 9 (13.6) 6 (7.7) 6 (7.1) 2 (2.6)
$1.06 mmoles/liter 65 (90.3) 57 (86.4) 72 (92.3) 78 (92.9) 76 (97.4)
Grade $2 0 0 0 0 0

Triglycerides
0–1.68 mmoles/liter 49 (68.1) 45 (68.2) 54 (69.2) 58 (69.0) 49 (62.8)
.1.68 mmoles/liter 23 (31.9) 21 (31.8) 24 (30.8) 26 (31.0) 29 (37.2)
Grade $2 3 (4.2) 1 (1.5) 1 (1.3) 2 (2.4) 4 (5.1)

* Except where indicated otherwise, values are the number (%). MTX 5 methotrexate; SAE 5 serious adverse event; UTI 5 urinary tract infection;
URI = upper respiratory tract infection; ANC 5 absolute neutrophil count; ALC 5 absolute lymphocyte count; WBC 5 white blood cell;
ALT 5 alanine transaminase; AST 5 aspartate transaminase; CPK 5 creatine phosphokinase; HDL 5 high-density lipoprotein; LDL 5 low-density
lipoprotein; ULN 5 upper limit of normal.
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rate was considerably higher than the assumed placebo
response rate of 30% in the sample size calculation. Analysis
by region showed that the high placebo rate was predomi-
nantly attributed to Latin America and, unexpectedly,
North America (which included only the US), with placebo
response rates of 75% and 50%, respectively. Only in
Europe, where the placebo response rate was in the
expected range, was there a statistically significant differ-
ence between any peficitinib group and placebo in the
ACR20 response rate, which is consistent with previous
peficitinib phase IIb studies (13,15).

Post hoc analyses excluding Latin America dem-
onstrated a better dose-dependent ACR20 response,
with both the peficitinib 50 mg and peficitinib 150 mg
groups showing a statistically significant difference com-
pared with placebo, driven mainly by a lower response
rate in the placebo group as opposed to an increase in
the response rate in any peficitinib group. Further anal-
ysis of the North America region showed a high
response rate with placebo at 1 investigation site, which
enrolled a substantial number of subjects (n 5 55; data
not shown). Post hoc analyses excluding this site,
although lowering the placebo response rate, were simi-
lar to analyses conducted in the overall population. This
was because response rates in the peficitinib groups
were also high; thus, exclusion of these subjects lowered
the response rates in the peficitinib groups as well and
therefore did not alter the overall interpretation of the
results. It is not yet understood what the underlying
factors were for the higher-than-expected placebo
response rates experienced in Latin America and North
America, but similarly high placebo response rates in
Latin America have been reported in trials assessing
anti-TNF treatments in RA (23).

As with most clinical trials, this study had some
limitations. Interpretation of the results needs to reflect
the short duration and relatively small study size. To fully
assess the efficacy and safety of peficitinib, longer-term
and larger-scale phase III studies are currently ongoing
(ClinicalTrials.gov identifiers: NCT02308163 and NCT02
305849) using the peficitinib 100-mg and 150-mg doses. In
addition, as already discussed, the high placebo response
rate is problematic for the accurate interpretation of
peficitinib efficacy in this trial. Discussions are ongoing
regarding the increasing placebo response rates observed
across clinical trials over time (24), which could represent
a proxy for access to care. Further studies of peficitinib in
treatment-resistant populations may be worth exploring in
light of the lack of efficacy shown in this trial and the posi-
tive dose response seen in a phase II study in which ;50%
of the population had been previously exposed to a
biologic DMARD.

In conclusion, peficitinib has been shown in 2 phase
IIb studies to be effective in reducing the symptoms of RA
in patients with a prior inadequate response to DMARDs
(13,15), demonstrating a dose-dependent response in the
ACR20 and ACR50 response rates as well as a change
from baseline in the DAS28-CRP. Although in this study a
dose response was not observed for ACR20 responses,
efficacy across multiple secondary end points was demon-
strated with higher peficitinib doses. Peficitinib in combi-
nation with MTX was well tolerated, with a safety profile
consistent with that observed in previous studies.
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Different Rating of Global Rheumatoid Arthritis Disease
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Objective. To quantify differences and determine
the factors contributing to the difference in patient
global assessment of rheumatoid arthritis (RA) disease
activity (PtGA) between RA patients with multiple
morbidities (RA-MM) and those with RA only.

Methods. We compared the PtGA between RA-
MM patients and those with RA only, followed up in a
longitudinal cohort (n 5 1,040). In analyses performed
on RA-MM patients (n 5 575) and those with RA only
(matched for swollen joint count, tender joint count,
evaluator global assessment, and disease duration), the
mean difference in PtGA (DPtGA) between the 2 groups
was assessed. The contribution of patient characteris-
tics to the explained variation of DPtGA in the matched
cohort was calculated as semipartial R2 and summa-
rized as the percentage of the total R2 in linear regres-
sion models.

Results. RA-MM patients reported higher (or
worse) PtGA, with an increased PtGA associated with
more morbidities (P for linear trend < 0.01); this rela-
tionship remained significant after adjustment for

disease activity, age, and disease duration. After match-
ing 294 RA-MM patients to those with RA only, the
pairwise comparison of mean PtGA (on a scale of
0–100 mm) was significantly higher (worse) for RA-MM
patients (mean 6 SD 30.5 6 24.3) versus those with RA
only (25.6 6 22.9) (mean DPtGA 4.9 6 26.7; P < 0.01 by
paired t-test). Variables uniquely contributing to
DPtGA were fatigue (18%), pain (17%), and modified
Health Assessment Questionnaire scores (9%).

Conclusion. In RA patients with multiple
morbidities, the perception of RA disease activity as
measured by the PtGA might be impacted by the burden
of multiple diseases in one individual. RA-MM patients
have higher (worse) levels of PtGA scores compared to
patients with RA only. The difference in PtGA is mainly
explained by differences in fatigue and pain.

The patient global assessment of disease activity
(PtGA) is a key variable in management of rheumatoid
arthritis (RA), as it is part of various composite mea-
sures of disease activity. Treatment strategies such as
the one proposed by the Treat-to-Target (T2T) Expert
Committee demand regular assessment of disease activ-
ity using standardized measures, many of them includ-
ing PtGA (and modification of therapy if the target is
not reached) (1). The American College of Rheumatol-
ogy (ACR)/European League Against Rheumatism
(EULAR) provisional definition of remission in RA
includes PtGA in both the Boolean-based as well as the
index-based definition (2).

Previous studies have shown that in 30–60% of
individuals, there is a discrepancy between disease activ-
ity estimations by physicians and those by patients (3,4);
moreover, PtGA is often the reason that patients are
not classified as having reached remission according to
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ACR/EULAR standards (5). Various symptoms might
influence patients’ assessment of RA disease activity
(6), especially in patients with longstanding disease who
have accumulated structural joint damage or in patients
with other chronic conditions in addition to RA. In an
earlier study, we demonstrated that multiple morbidities
negatively affect the therapeutic goal of remission, or
even that of low disease activity, in patients in whom any
disease-modifying antirheumatic drug (DMARD) ther-
apy is initiated (7). This effect was also mentioned in
one of the items among the original T2T recommenda-
tions (1) and reinforced in the updated T2T recommen-
dations (8). The perception of RA disease activity as
measured by the PtGA might be impacted by the bur-
den of several additional diseases in a given person,
leading to higher levels of PtGA. Furthermore, a given
patient factor (i.e., pain, fatigue, or disability) might con-
tribute differently to PtGA in RA patients with multiple
morbidities (RA-MM) versus patients with RA only. We
aimed to quantify differences in PtGA between RA-MM
patients and those with RA only, and to determine the
factors contributing to the differences in the perception
of RA disease activity as measured by PtGA between the
2 groups.

PATIENTS AND METHODS

Study cohort. The study was performed in patients
enrolled in the Brigham and Women’s Hospital Rheumatoid
Arthritis Sequential Study (BRASS), an RA cohort in which
information about demographics, multiple morbidity status,
RA-specific treatment, and RA disease activity and functional
status is collected (9). Patients were allowed to enter the analy-
ses only once, using data from their first BRASS visit in which
complete information on PtGA and multiple morbidity status
was gathered. All patients enrolled in BRASS provided writ-
ten informed consent, and the study was approved by the
Partners HealthCare Institutional Review Board.

Assessement of multiple morbidity status. We iden-
tified chronic morbid conditions of BRASS patients using the
International Classification of Diseases, Ninth Revision (ICD-
9); these data were extracted using an automated search tool
for the electronic medical record (10). To quantify multiple
morbidities, we used our recently described counted multi-
morbidity index (cMMI), an index that is based on the impact
of multimorbidity on health-related quality of life and includes
40 different morbid conditions (11) (see Supplementary Table 1,
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.39988/abstract). We cal-
culated the cMMI by counting the number of morbidities for
each patient. For the main analyses, RA patients were divided
into those with multiple morbidities (patients with 1 or more
morbid conditions in addition to RA [cMMI $2]) and those
with RA only (cMMI 1). For additional analyses, patients were
also classified into the following 4 groups, according to cMMI:
RA only cMMI 1 (n 5 465), cMMI 2–3 (n 5 384), cMMI 4–5
(n 5 112), and cMMI $6 (n 5 79).

Study variables. The outcome of interest was the
PtGA, collected on a 100-mm Likert scale with 5-mm incre-
ments, where 0 was considered “very well” and 100 was consid-
ered “very poor.” The question was worded as: “Considering
all the ways that your illness affects you, rate how you are
doing on the following scale. Mark the response that best
describes how you are doing on a scale of 0–100” (12,13).
Demographic and disease-specific characteristics included
age, sex, race (white or other), disease duration, highest level
of education (7 categories ranging from 0 [“not graduated
high school”] to 6 [“completed graduate education”]), 28-joint
tender joint count (TJC28) and 28-joint swollen joint count
(SJC28), pain and fatigue (both measured on a 100-mm visual
analog scale), modified Health Assessment Questionnaire
(M-HAQ) scores (14), and the evaluator global assessment
(EGA) of disease activity measured on a 100-mm Likert scale
with 5-mm increments.

Statistical analysis. In order to quantify the differ-
ences in PtGA between RA-MM patients and those with RA
only, unadjusted analysis of variance (ANOVA) was used, and
mean PtGA was compared across groups of patients with dif-
ferent morbidity burden and was tested for linear trend. As
RA-MM patients had higher disease activity, we calculated a
modified version of the Clinical Disease Activity Index (M-
CDAI), without PtGA (15), and re-ran ANOVA in patients
stratified into tertiles of M-CDAI. In a generalized linear
model (GLM) with adjustment for age, disease duration, C-
reactive protein (CRP) level, EGA, TJC28, and SJC28, esti-
mated marginal means were calculated and then compared
across groups of patients with different cMMIs. For our pri-
mary analyses we matched RA-MM patients with patients with
RA only on SJC28, TJC28, tertiles of EGA (#20 mm, 20–
40 mm, .40 mm), and category of disease duration (#2 years,
2–5 years, 5–10 years, 10–25 years, .25 years). Pairwise t-test
of mean PtGA was performed and the difference in PtGA
(DPtGA) (PtGA of RA-MM patients minus PtGA of patients
with RA only) within the matched pairs was calculated.

We also performed several sensitivity analyses. First,
to account for disease duration and potential joint damage, we
tested our hypothesis in a subgroup of patients with disease
duration of #1 year (inception cohort). Second, to test
whether the association is specific to PtGA, we performed sen-
sitivity analyses using EGA, a physician-derived instrument,
and TJC28 as another patient-derived instrument, instead of
PtGA.

To determine different characteristics contributing to
PtGA, patient characteristics found to be significantly associ-
ated with PtGA in correlations were entered as independent
variables in multivariable linear regression models. We used
separate models for RA-MM patients and for those with RA
only, to determine the independent contribution to the
explained variation of PtGA for each of the characteristics
entered into the models. In each model, the same characteris-
tics were entered to allow comparison of the models. The pro-
portion of independent contribution of each characteristic was
calculated using semi-partial R-square (sR2), which reflects
the variation uniquely explained by the characteristic after
removing the variation shared with other variables (overlap).
Allowing comparison across different variables, sR2 is a stan-
dardized parameter and is displayed as percentage of the total
R2. In bootstrapping analyses using the percentile method, we
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generated 1,000 samples and calculated the 95% confidence
interval (95% CI) of sR2 for each patient characteristic and
compared it between models with RA-MM patients and those
with RA only. In supplemental analyses stratifying patients
into tertiles of M-CDAI, we re-ran regression models to calcu-
late sR2 for different components within different levels of dis-
ease activity.

In our main analyses, we were interested in the compo-
nents contributing to the difference in PtGA between RA-MM
patients and those with RA only, matched for SJC28, TJC28,
EGA, and disease duration. Differences in characteristics asso-
ciated with PtGA between matched RA-MM patients and those
with RA only were calculated and entered into a multivariable
regression model to determine their independent contribution
to the explained variation of PtGA. Again, the proportion of
independent contribution of each component was calculated
using sR2 and displayed as a percentage of the total R2.

RESULTS

Of 1,040 RA patients in the BRASS cohort, 575
(55%) had multiple morbidities, with a mean cMMI of 2.4
(range 1–11). The prevalence of single morbidities is dis-
played in Supplementary Table 1 (available on the Arthritis
& Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.39988/abstract). RA-MM patients were

older than patients with RA only (mean 60 years versus
53 years; P , 0.01) and had longer disease duration
(mean 15 years versus 12 years; P , 0.01) and higher
disease activity (mean CDAI 24.0 versus 18.3; P , 0.01)
(Table 1).

Higher PtGA scores in RA patients with multiple
morbidities. In unadjusted analyses, the mean PtGA
score was significantly higher in RA patients with multiple
morbidities compared to patients with RA only, increas-
ing with the number of morbidities per patient (P for lin-
ear trend , 0.001, by ANOVA) (Figure 1A). To account
for disease activity, we stratified patients into levels of dis-
ease activity determined by 3 tertiles of M-CDAI (#7
[n5354], 7.1–23 [n 5 334], and $23.1 [n 5 352]). Using
ANOVA testing for linear trend within each stratum, we
again found a significant increase of PtGA with increas-
ing number of morbidities per patient (P # 0.01) (Figure
1C). In the GLM adjusted for disease activity (SJC28,
TJC28, EGA, CRP), age, and disease duration, we calcu-
lated estimated marginal means, which demonstrated a
significant increase in PtGA from 29.4 mm in patients
with RA only to 42.4 mm in RA patients with 5 or more
additional morbid conditions (P , 0.01) (Figure 1B).

Table 1. Characteristics of patients with RA only and those with multiple morbidities*

Total cohort
Cohort matched for SJC28, TJC28,

EGA, and disease duration

RA only
(n 5 465)

RA with multiple
morbidities
(n 5 575) P

RA only
(n 5 294)

RA with multiple
morbidities
(n 5 294) P

Age, years 53 6 14 60 6 13 ,0.01 55 6 14 60 6 12 ,0.01
Disease duration, years 12 6 11 15 6 12 ,0.01 14 6 12 15 6 12 0.17
Female, % 86 80 0.01 86 81 0.43
White, % 98 95 0.01 99 99 0.32
Seropositive, %
Treatment, %

72 72 0.97 65 69 0.24

Synthetic DMARD 71 70 0.78 70 68 0.06
Biologic DMARD 39 39 0.91 46 49 0.73
Steroids 24 33 ,0.01 19 25 0.17

Education level, median (IQR) 4 (2–6) 3 (2–5) ,0.01 4 (2–6) 4 (2–6) 1
SJC28 6 6 7 7 6 8 ,0.01 4 6 6 4 6 6 1
TJC28 7 6 7 9 6 8.1 ,0.01 5 6 7 5 6 7 1
PtGA 28 6 25 35 6 24 ,0.01 26 6 23 316 24 ,0.01
EGA 29 6 20 35 6 22 ,0.01 22 6 17 21 6 17 0.34
CDAI 18.3 6 15.5 24.0 6 17.4 ,0.01 14.0 6 14.1 14.4 6 14.3 0.04
M-CDAI 15.5 6 14.6 20.5 6 16.4 ,0.01 11.4 6 13.2 11.4 6 13.1 0.34
M-HAQ score 0.51 6 0.48 0.70 6 0.52 ,0.01 0.28 6 0.37 0.36 6 0.43 ,0.01
Pain, 0–100 mm 32 6 26 38 6 27 ,0.01 29 6 25 31 6 25 0.57
Fatigue, 0–100 mm 38 6 28 46 6 29 ,0.01 37 6 29 42 6 28 0.03
CRP, mg/liter 7.1 6 12.3 11.0 6 25.3 ,0.01 5.6 6 10.7 6.9 6 24.6 0.35
cMMI 1 6 0 3.461.9 ,0.01 1 6 0 2.6 6 2.1 ,0.01

* Except where indicated otherwise, values are the mean 6 SD. RA 5 rheumatoid arthritis; SJC28 5 swollen joint count (of
28); TJC28 5 tender joint count (of 28); EGA 5 evaluator global assessment; DMARD 5 disease-modifying antirheumatic
drug; IQR 5 interquartile range; PtGA 5 patient global assessment of disease activity; CDAI 5 Clinical Disease Activity
Index; M-CDAI 5 modified CDAI; M-HAQ 5 modified Health Assessment Questionnaire; CRP 5 C-reactive protein;
cMMI 5 counted multimorbidity index.
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In sensitivity analyses using an inception cohort
(n 5 141), we found similar results, showing a linear
increase in PtGA with an increasing number of morbidities
per patient (P for linear trend 5 0.01, by ANOVA;
P 5 0.04 in the GLM) (see Supplementary Figure 1 avail-
able on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.39988/abstract).
We also examined whether these findings were specific
for the PtGA. After adjustment for disease activity, we
found no significant association of EGA or TJC28 with
the number of morbid conditions (see Supplementary
Figure S, http://onlinelibrary.wiley.com/doi/10.1002/art.
39988/abstract).

Characteristics contributing to PtGA differ
between matched RA patients with multiple morbidities
and patients with RA only. There were no differences
between the RA-MM patients and those with RA only in
regard to variables associated with the PtGA from uni-
variate correlation analyses (see Supplementary Table 2,
available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.39988/
abstract). Variables significantly correlating with PtGA
(pain, fatigue, M-HAQ, TJC28, SJC28, EGA, education,

and cMMI) were entered into multivariable regression
analyses to calculate sR2. In RA-MM patients, fatigue
independently contributed the highest proportion to the
total variation of PtGA, followed by pain and M-HAQ
scores (total R2 0.60, fatigue sR2 0.08 [13%], pain sR2

0.05 [8%], M-HAQ sR2 0.02 [3%]). However, in patients
with RA only, pain showed the highest proportion of
unique variation explained (total R2 0.57, pain sR2 0.08
[14%], fatigue sR2 0.03 [5%], M-HAQ sR2 0.02 [4%])
(Figure 2A). The 95% CI of the sR2 for each component
entered into the model was obtained by the bootstrap
method and is displayed in Supplementary Table 3
(http://onlinelibrary.wiley.com/doi/10.1002/art.39988/
abstract).

After patients were stratified into levels of dis-
ease activity based on tertiles of the M-CDAI, most of
the independent variation of PtGA in RA-MM patients
in lower tertiles was explained by fatigue (sR2 0.10
[18%] and sR2 0.12 [22%] in the lowest and middle
tertiles, respectively; both P , 0.01); in patients with RA
only (of the same M-CDAI disease activity level), the
sR2 of fatigue was lower (0.05 [8%] in the lowest tertile
and 0.01 [2%] in the middle tertile; P , 0.01 and
P 5 0.16, respectively). Values of sR2 for each compo-
nent and 95% CIs obtained with the bootstrap method
are summarized in Table 2.

After matching RA-MM patients with those with
RA only for equal measures of SJC28, TJC28, EGA,

Figure 1. Higher mean values of patient global assessment of disease
activity (PtGA) in rheumatoid arthritis (RA) patients with higher
numbers of morbidities according to the counted multimorbidity index
(cMMI) separated into 3 strata, compared to patients with RA only.
A, Unadjusted analysis of variance (ANOVA) (P for linear
trend , 0.001). B, Adjusted ANOVA. Estimated marginal means were
generated by general linear model considering all covariates set to the
cohort mean (tender joint count 7.9, swollen joint count 7.1, evaluator
global assessment 32.2, C-reactive protein 9.3 mg/liter, age 56.8 years,
disease duration 13.7 years). C, Analyses stratified by tertile of the
modified Clinical Disease Activity Index (M-CDAI) (tertile 1 M-CDAI
#7 [n 5 354] [square], tertile 2 M-CDAI 7.1 to #23 [n 5 334] [dia-
mond], tertile 3 M-CDAI $23.1 [n 5 352] [triangle]). ANOVA showed
a significant linear trend of increase in PtGA with increasing number
of morbidities within each cMMI stratum, with an almost parallel
increase across different strata (trendline). Bars show the mean and
95% confidence interval. cMMI 5 counted multimorbidity index.

Figure 2. Contribution of different characteristics to the explained
variation of the patient global assessment of disease activity (PtGA)
(A), and difference in PtGA (DPtGA) between rheumatoid arthritis
patients with multiple morbidities (RA-MM) and patients with RA
only, matched for swollen joint count, tender joint count, evaluator
global assessment of disease activity, and disease duration (B). The
proportion of variation obtained by multivariable regression analyses is
calculated as semi-partial R2 and displayed as percentage of the total
R2 (only significant characteristics with a proportion of .1% are dis-
played). Overlap proportion of R2 is explained by the different
components. M-HAQ 5 modified Health Assessment Questionnaire.
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and disease duration (n 5 294 for each group), we found
significantly higher PtGA scores in RA-MM patients
(mean 6 SD 30.5 6 24.3 mm) compared to those with
RA only (25.6 6 22.8 mm) (mean 6 SD DPtGA 4.9 6

26.7 mm; P , 0.01, by paired t-test). Despite matching
of patients, DPtGA was significantly higher in patients
with a higher number of morbidities (cMMI 2–3 DPtGA
3.3 6 26.3 mm [n 5 193], cMMI 4–5 DPtGA 1.8 6

24.8 mm [n 5 57], cMMI $6 DPtGA 15.6 6 28.6 mm
[n 5 44]; P for linear trend 5 0.02, by ANOVA). RA-
MM patients showed significantly higher levels of
fatigue compared to those with RA only (41.9 6 28.4 mm
versus 36.9 6 28.6 mm, mean 6 SD Dfatigue 5.1 6

38.8 mm; P , 0.025), but similar levels of pain (RA-MM
patients, 30.6 6 24.9 mm versus patients with RA only,

29.2 6 25.4 mm [P 5 0.57]; mean 6 SD Dpain 1.3 6

32.7 mm) (Table 1).
Characteristics independently explaining the var-

iation of DPtGA in the matched cohort were Dfatigue
(sR2 0.26 [18% of total R2]), Dpain (sR2 0.25 [16% of
total R2]), and DM-HAQ score (sR2 0.18 [9% of total
R2]; total R2 5 0.60) (Figure 2B). Differences in age,
CRP level, and education level were not statistically sig-
nificant, and were therefore dropped from the model.

DISCUSSION

In this study, we were interested in differences in
patient perceptions of RA disease activity, as measured
by the PtGA, comparing RA patients with multiple

Table 2. Characteristics contributing to the explained variation of patient global assessment of disease activity in
patients with different levels of RA disease activity (expressed as tertiles of the M-CDAI)*

Patients with RA only RA patients with multiple morbidities‡

Semi-partial R2

(95% CI) % of R2
Semi-partial R2

(95% CI) % of R2

First tertile
(M-CDAI #7)†

Pain 0.04 (0.00–0.12) 7.4 0.03 (0.00–0.08) 5.4
Fatigue 0.05 (0.01–0.10) 8.1 0.10 (0.04–0.18) 18.4
M-HAQ score 0.03 (0.00–0.09) 5.2 0.01 (0.00–0.03) 0.9
SJC2 0.00 (0.00–0.02) 0 0.00 (0.00–0.02) 0
TJC 0.00 (0.00–0.02) 0.4 0.00 (0.00–0.02) 0
EGA 0.01 (0.00–0.06) 2.7 0.03 (0.00–0.08) 5.1
Education level 0.01 (0.00–0.03) 0.9 0.01 (0.00–0.04) 1.6
cMMI NA NA 0.01 (0.00-0.03) 0.9

Second tertile
(M-CDAI 7 to #23)‡

Pain 0.12 (0.04–0.23) 25.7 0.04 (0.07–0.11) 7.7
Fatigue 0.01 (0.00–0.04) 1.5 0.12 (0.06–0.19) 21.8
M-HAQ score 0.02 (0.00–0.06) 5.1 0.00 (0.00–0.03) 0.7
SJC28 0.01 (0.00–0.04) 2.6 0.01 (0.00–0.05) 2.5
TJC28 0.00 (0.00–0.02) 0.2 0 (0.00–0.01) 0
EGA 0.00 (0.00–0.02) 0.4 0.01 (0.00–0.03) 1.1
Education level 0.01 (0.00–0.04) 1.7 0.00 (0.00–0.02) 0.7
cMMI NA NA 0.01 (0.00–0.03) 1.1

Third tertile
(M-CDAI .23)§

Pain 0.07 (0.01–0.17) 11.7 0.08 (0.03–0.14) 14.3
Fatigue 0.08 (0.02–0.16) 13.2 0.04 (0.01–0.08) 6.7
M-HAQ score 0.02 (0.00–0.06) 3.1 0.03 (0.01–0.07) 5.8
SJC28 0.00 (0.00–0.02) 0.2 0.00 (0.00–0.01) 0.2
TJC28 0.00 (0.00–0.04) 0.7 0.01 (0.00–0.03) 0.9
EGA 0.00 (0.00–0.02) 0.2 0.00 (0.00–0.01) 0.2
Education level 0.00 (0.00–0.02) 0.2 0.00 (0.00–0.02) 0.3
cMMI NA NA 0.00 (0.00–0.01) 0.3

* The proportion of variation obtained by multivariable regression analysis was calculated as the semi-partial R2

(sR2) (which reflects the variation uniquely explained by the characteristic after removing the variation shared with
other variables [overlap]), and is displayed as a percentage of the total R2, separately for RA patients with multiple
morbidities (RA-MM) and patients with RA only. NA 5 not applicable (see Table 1 for other definitions).
† Patients with RA only: total R2 0.57 (95% confidence interval [95% CI] 0.47–0.72); RA-MM patients: total R2 0.58
(95% CI 0.47–0.70).
‡ Patients with RA only: total R2 0.50 (95% CI 0.35–0.64); RA-MM patients: total R2 0.58 (95% CI 0.46–0.69).
§ Patients with RA only: total R2 0.64 (95% CI 0.51–0.75); RA-MM patients: total R2 0.59 (95% CI 0.51–0.67).
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morbidities to patients with RA only. We found that
with an increasing number of morbid conditions per
patient, the mean value of PtGA increased significantly,
independent of RA disease activity. On average, the
PtGA of RA-MM patients was ;5 mm higher than that
of patients with RA only who had similar disease activity
and disease duration. Variations in fatigue and pain
were two of the main components explaining this differ-
ence. While a 5-mm difference may seem small on an
absolute range, when aiming to fulfill Boolean remission
criteria (16) in observational studies, this difference may
have a large impact.

Regular measurement of disease activity using
standardized tools is a key feature in the treatment of
patients with RA. Common composite indices that rely
on PtGA as an integral part of treatment strategies are
used to support therapeutic decisions and define thresh-
olds of disease activity. Remission, or at least low disease
activity, is the ultimate goal when treating RA to target
(1). Due to the nature of multiple morbidities, even
under optimal therapy the target may never be reached
because of elevated PtGA from factors not related to RA
(7,17). In our study, we demonstrated that with an
increasing number of morbidities, patients reported sig-
nificantly higher PtGA (which could explain why certain
patients never achieve target disease activity). We found
an almost parallel increase in mean PtGA with an
increasing number of morbidities in each level of disease
activity, with a mean PtGA ;15 mm higher in patients
with the highest burden of multiple morbidities (cMMI
$6) compared to patients with RA only (Figure 1C).
Moreover, a mean difference of 5 mm was found
between RA-MM patients and those with RA only who
had exactly the same number of swollen and tender
joints. We also ran sensitivity analyses using different
matching processes to ascertain that our findings were
not driven by a specific instrument (data not shown).

The impact of multiple morbidities seems spe-
cific for PtGA. Analyses using different outcome mea-
sures (EGA or TJC28) instead of PtGA showed no
significant association of multiple morbidity status and the
outcome of interest (see Supplementary Figure 1, avail-
able on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.39988/abstract).

We found that fatigue was one of the most
important independent characteristics explaining the
variation of PtGA in RA-MM patients compared to
those with RA only. Although only 13% of the variation
was uniquely explained by fatigue, the proportion was
2–3-fold higher in RA-MM patients compared to
patients with RA only. In RA-MM patients in the lowest
2 tertiles of M-CDAI, the proportion of variation

explained by fatigue was approximately one-quarter of
the total R2, whereas in patients with RA only who had
similar disease activity, pain was the main contributor to
PtGA. Interestingly, in RA-MM patients with higher
disease activity (the highest tertile), the proportion of
sR2 for fatigue decreased and pain contributed mainly
to PtGA. This may be due to the fact that pain might be
more influenced by symptoms related to RA (joint
swelling and tenderness), which are more present in
patients with higher levels of RA disease activity. Sex,
CRP level, and disease duration were not significantly
associated with PtGA, and therefore were not included
in our models. Previous studies have already shown a
strong association between pain, fatigue, and PtGA
(3,4), but to our knowledge there is no published study
specifically addressing the differences between RA-MM
patients and those with RA only.

When we investigated the discrepancy in PtGA
between RA-MM patients and those with RA only, with
the same amount of joint swelling, tenderness, and disease
duration, higher levels of fatigue were observed in the for-
mer group. This difference in fatigue mainly contributed
to the explained variation of the difference in PtGA.
Patients with a higher burden of multiple morbidities may
experience more fatigue unrelated to RA, which could
influence their rating of global disease activity.

Several limitations of this study need to be
addressed. First, the phrasing of the PtGA may impact
individual patient ratings. The exact wording used for this
cohort, “Considering all the ways that your illness affects
you, rate how you are doing on the following scale” differs
from the widely employed phrase “Considering all of the
ways your arthritis has affected you, how do you feel your
arthritis is today?” (2). The language used is in accor-
dance with that used in the clinical HAQ and the patient
activity scale, which have both been validated previously
in patients with RA (12,13,18). The BRASS consent form
specifically states that subjects will provide information on
RA treatments, the extent to which they are able to func-
tion with RA, how active their RA is, and how RA affects
their daily living; therefore we can assume that subjects in
our cohort interpreted the word “illness” as “RA.” Fur-
thermore, all patients responded to the same question,
making it unlikely that this wording influenced our results.

Second, our findings are based only on a single-
center study. Patients included in the BRASS cohort are
mostly white (98%) with a higher education level com-
pared to typical RA populations, and therefore may not
be representative. Nevertheless, we included a large sam-
ple of RA patients from clinical practice with a wide range
of disease duration and activity and morbid conditions.
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Third, we did not include any radiologic out-
comes in our analyses. Joint damage may influence
patients’ perception of disease activity and therefore
could lead to higher levels of PtGA. To account for joint
damage, we included disease duration and HAQ scores
in our models, which are both closely related to joint
damage (19–21). We also performed subgroup analyses
on patients with complete data on the modified total
Sharp scores (n 5 766) (22). When re-running regres-
sion models including modified total Sharp scores, we
found no significant association between modified total
Sharp scores and PtGA. Interestingly, disease duration
and age were not significantly associated with PtGA and
therefore were dropped from regression models.
Fourth, we had no data on corticosteroid or DMARD
dosages. However, we found no significant difference in
the proportion of patients receiving corticosteroids or
biologic DMARDs in the RA-MM and RA only groups.

Last, predictor variables entered into regression
models were intercorrelated, leading to colinearity. This
was reflected by the overlapping part of R2, depicting
the variation shared across different characteristics.
Using sR2 we were able to specifically investigate the
unique contribution of each characteristic, taking colin-
earity into account.

To assess multiple morbidities, we decided to use
the cMMI (instead of the commonly used Charlson
Comorbidity Index) as the cMMI includes 40 different
chronic conditions and is based on quality of life rather
than mortality. In previous studies, we tested the validity
of the cMMI using different cohorts (7,11,23). The
assessment of morbid conditions was based on assigned
ICD-9 codes reported in a centralized clinical data reg-
istry. Diagnoses assigned outside the Partners Health-
care system might be missing. When we further assessed
the prevalence rates of morbidities, we did not observe a
systematic error; for many morbidities, we observed
prevalence rates similar to those reported in previous
literature. The association of multiple morbidities and
PtGA might be stronger in patients with certain morbid
conditions, such as cancer or depression. Due to rela-
tively small numbers of patients with any given morbid-
ity, we did not perform analyses in these subgroups.
Furthermore, the aim of this study was to assess the
overall impact of multiple morbidities on PtGA, rather
than evaluating the impact of specific diseases.

In our study we found a mean DPtGA of 5 mm
between RA-MM patients and those with RA only,
which is below the minimal clinically important differ-
ence. It is likely that at these low levels of disease activ-
ity, the effect of morbidities is less than it might be at
higher levels of disease activity. Furthermore, in the

presence of a simple cutoff-based definition of disease
activity, a 5-mm higher rating of PtGA might be enough
to prevent a patient from achieving REM or even LDA,
irrespective of clinically meaningful differences. This
can impact treatment strategies, and might lead to over-
treatment and higher costs. Therefore, differences in
ratings of PtGA, even if small, must be taken into
account when defining and assessing treatment targets
in RA patients with multiple morbidities, to guarantee
the best quality of care.

In summary, RA-MM patients have higher levels
of PtGA compared to patients with RA only, even after
adjustment for disease activity and disease duration.
PtGA is ;5 mm higher in RA-MM patients compared
to patients with RA only who have the same amount of
joint swelling and tenderness. Different levels of fatigue
and pain are the main contributors to the difference in
PtGA between RA-MM patients and those with RA
only. Definitions and ratings of PtGA might be different
in RA patients with multiple morbidities, and this
warrants further investigation
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Remission Rates With Tofacitinib Treatment in Rheumatoid Arthritis: A
Comparison of Various Remission Criteria

Josef S. Smolen,1 Daniel Aletaha,1 David Gruben,2 Samuel H. Zwillich,2 Sriram Krishnaswami,2 and
Charles Mebus2

Objective. Tofacitinib is an oral JAK inhibitor
that is used for the treatment of rheumatoid arthritis
(RA). In previous clinical trials of tofacitinib, a Disease
Activity Score in 28 joints (DAS28)–based analysis was
used to assess outcomes. In this study, remission rates
according to various remission criteria were evaluated
across 5 phase III randomized controlled studies.

Methods. In all 5 studies, tofacitinib was adminis-
tered at a dosage of 5 mg twice daily or 10 mg twice daily,
either as monotherapy or with background methotrexate
or other conventional synthetic disease-modifying anti-
rheumatic drugs. One of the studies included adalimu-
mab 40 mg once every 2 weeks. In addition to the
4-variable DAS28 using the erythrocyte sedimentation
rate (DAS28-4[ESR]), a primary efficacy variable used
in the phase III studies, disease activity was assessed
post hoc by the 4-variable DAS28 using the C-reactive
protein level (DAS28-4[CRP]), the Clinical Disease
Activity Index (CDAI), the Simplified Disease Activity
Index (SDAI), and Boolean-based assessment.

Results. A total of 3,306 patients were analyzed
(1,213 of these patients received tofacitinib 5 mg twice
daily, 1,212 received tofacitinib 10 mg twice daily, 679
received placebo, and 202 received adalimumab 40 mg
every 2 weeks). Remission rates varied according to the
criteria used, with higher rates in the active-treatment
groups for the DAS28-4(CRP) than for other scores. At
month 3, remission rates with tofacitinib 5 mg twice
daily were 18–22% using the DAS28-4(CRP), 5–10%
using the DAS28-4(ESR), 4–7% using the SDAI, 5–6%
using the CDAI, and 2–7% using the Boolean-based
method. In contrast, the remission rates with placebo
varied from 0% to 7%, with small differences between
the DAS28-4(ESR) and the DAS28-4(CRP).

Conclusion. Although tofacitinib at dosages of
5 mg twice daily and 10 mg twice daily was effective
compared with placebo in achieving disease remission,
regardless of the disease activity measure, remission
rates were substantially higher when the DAS28-
4(CRP) was used. The presence or absence and type of
acute-phase reactants in remission criteria were signifi-
cant contributors to remission rates across treatment
groups. This finding has important consequences for
trial design and clinical practice.

The aim of rheumatoid arthritis (RA) treatment
is to decrease synovial inflammation, relieve symptoms,
improve health-related quality of life, and prevent joint
damage. If remission (the absence of disease activity) is
unattainable, particularly in patients with longstanding
RA, a state of low disease activity is targeted (1,2).

Several criteria for defining disease states are
used in clinical practice, including the 28-joint Disease
Activity Score using the erythrocyte sedimentation rate
(DAS28-ESR), the DAS28 using the C-reactive protein
level (DAS28-CRP) (3,4), the Simplified Disease
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Activity Index (SDAI) (5), and the Clinical Disease
Activity Index (CDAI) (4). In 2011, the American Col-
lege of Rheumatology (ACR) and the European League
Against Rheumatism (EULAR) devised new provisional
definitions of remission: an index-based approach using
the SDAI definition or the CDAI definition of remission
(#3.3 and #2.8, respectively) and a Boolean-based
approach requiring scores of #1 for a number of individ-
ual measures of disease activity (6). Although traditional
definitions of remission have included the DAS28-ESR
(,2.6) or the DAS28-CRP (,2.6) (3,4), these defini-
tions have not been regarded as valid criteria by the
ACR and EULAR (6). A state of low disease activity is
typically defined by a higher cutoff point within a com-
posite measure (e.g., SDAI low disease activity is defined
as a score of #11.0, and DAS28 low disease activity is
defined as a score of #3.2).

Tofacitinib is an oral JAK inhibitor used for the
treatment of RA. In the phase III studies of tofacitinib,
the 4-variable DAS28-ESR (DAS28-4[ESR])–based anal-
ysis was consistently used to assess remission and low dis-
ease activity (7–11). Here, we investigated the rates of
remission and low disease activity according to 5 different
definitions in 5 phase III randomized controlled studies
of tofacitinib and explored the consistency and reasons
for possible inconsistencies in the reported rates.

PATIENTS AND METHODS

Study design and patients. The 5 phase III studies
included in this analysis had a duration of 6–24 months,
with tofacitinib (5 mg or 10 mg twice daily) administered
as monotherapy (ORAL Solo, ClinicalTrials.gov identifier:
NCT00814307 [7]); with background methotrexate (ORAL
Scan, ClinicalTrials.gov identifier: NCT00847613 [8], ORAL
Step, ClinicalTrials.gov identifier: NCT00960440 [9], and
ORAL Standard, ClinicalTrials.gov identifier: NCT00853385
[10]); or with conventional synthetic disease-modifying anti-
rheumatic drugs (ORAL Sync, ClinicalTrials.gov identifier:
NCT00856544 [11]). ORAL Standard (10) also included an
active-treatment control arm, with adalimumab 40 mg adminis-
tered subcutaneously once every 2 weeks with background meth-
otrexate. Patient inclusion and exclusion criteria were similar for
all 5 studies and have been reported previously (7–11).

All studies were conducted in compliance with the
Declaration of Helsinki and the International Conference on
Harmonisation Good Clinical Practice Guidelines. All patients
provided written informed consent. Final protocols, amendments,
and consent documentation were reviewed and approved by the
Institutional Review Board and/or Independent Ethics Commit-
tee of the study centers.

Remission and low disease activity assessments. Five
disease activity measures were used for this analysis. The com-
ponent variables included the following: 28-joint tender joint
count, 28-joint swollen joint count, patient’s global assessment
determined using a visual analog scale (VAS [0–10 cm]),

physician’s global assessment determined using a VAS, the
ESR, and the CRP level. The formulas for determining the
DAS28, SDAI, and CDAI disease activity measures as well as
cutoff scores for remission and low disease activity were previ-
ously developed (4,6). Remission and low disease activity were
defined as ,2.6 and #3.2, respectively, for the 4-variable
DAS28 using the CRP level (DAS28-4[CRP]), ,2.6 and #3.2,
respectively, for the DAS28-4(ESR), #2.8 and #10.0, respec-
tively, for the CDAI, and #3.3 and #11.0, respectively, for the
SDAI. Achievement of a Boolean-based definition of remis-
sion required that patients have a 28-joint tender joint count
of #1, a 28-joint swollen joint count of #1, a CRP level of
#1 mg/dl, and a patient’s global assessment score of #1 cm
(using a 0–10-cm VAS).

Statistical analysis. The full analysis set included all
randomized patients who received $1 dose of study drug and
had $1 postbaseline assessment. Analyses were carried out
using the data as observed, with last observation carried for-
ward (LOCF) imputation for missing values; only postbaseline
values were carried forward. The normal approximation for a
difference in binomial proportions was used to test each
tofacitinib dose against placebo. No preservation of Type I error
was applied, and P values less than 0.05 were considered signifi-
cant. Descriptive statistics for continuous variables were calcu-
lated using the observed data (for applicable studies, patients
who advanced from placebo to tofacitinib had their month 6 values
set to missing). For additional analyses of the CRP level and the
ESR, values were pooled across the 5 studies; the actual change
from baseline and the percent change from baseline were calcu-
lated from the pooled mean values, and changes are presented at
the group level.

The primary analyses in the 5 studies presented here
applied nonresponder imputation for missing values. There-
fore, small differences in remission and low disease activity
rates may be observed between this analysis and the primary
analyses (7–11).

RESULTS

This analysis included 3,306 patients: 1,213 patients
received tofacitinib 5 mg twice daily, 1,212 patients
received tofacitinib 10 mg twice daily, 679 patients received
placebo, and 202 patients received adalimumab 40 mg
every 2 weeks. The baseline demographics and disease
characteristics were generally consistent across the 5 studies
(7–11).

Comparison of remission rates across indices.
Across all 5 studies, the DAS28-4(CRP) criteria gener-
ated higher remission rates versus the Boolean-based, the
DAS28-4(ESR), SDAI, and CDAI definitions (Figure 1).
In all instances the DAS28-4(CRP) remission rates dur-
ing active therapy were at least 2-fold higher, and up to
5-fold higher, than the DAS28-4(ESR) remission rates.
This difference was also observed for the DAS28-4(CRP)
low disease activity rate versus the DAS28-4(ESR) low
disease activity rate (additional information is available
upon request from the corresponding author). Low
disease activity rates as defined by the SDAI, CDAI,
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and DAS28-4(CRP) were similar and were higher than
DAS28-4(ESR) low disease activity rates.

The cutoff points for defining remission and low
disease activity were originally established using the
DAS28-4(ESR) and have not been sufficiently validated
for the DAS28-4(CRP). Alternative DAS28-4(CRP)

cutoff points have been estimated that correspond to the
respective cutoff points for the DAS28-4(ESR) and
SDAI (12). As would be expected, lower remission
response rates were observed when the alternative, lower
cutoff point for remission was used (2.4 versus 2.6); how-
ever, the response rates were still substantially higher for

Figure 1. Frequency of remission across all 5 studies, defined as a 4-variable Disease Activity Score in 28 joints using the erythrocyte sedimenta-
tion rate (DAS28-4[ESR]) ,2.6, a 4-variable DAS28 using the C-reactive protein level (DAS28-4[CRP]) ,2.6, a Simplified Disease Activity
Index (SDAI) score #3.3, a Clinical Disease Activity Index (CDAI) score #2.8, and Boolean-based remission, using the last observation carried
forward method in the full analysis set. * 5 P , 0.05; ** 5 P , 0.001; *** 5 P , 0.0001 versus placebo. BID 5 twice daily; Q2W 5 once every 2
weeks; SC 5 subcutaneous.
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the DAS28-4(CRP) than for the other measures (addi-
tional information is available upon request from the
corresponding author). A similar effect was observed for
rates of low disease activity using the alternative cutoff
point (2.9 versus 3.2).

To investigate whether the ESR or the CRP level
was a primary component contributing to these differ-
ences, the mean changes from baseline in the ESR and
CRP level at month 3 were compared (additional infor-
mation is available upon request from the corresponding
author). Clinically significant reductions in both the
ESR and the CRP level were observed in the active-
treatment groups. However, the postbaseline values for
acute-phase reactants had differentially weighted effects
on the DAS-defined target thresholds. For example,
after 3 months of treatment with tofacitinib 10 mg twice
daily, the resulting mean CRP concentration of 5.4 mg/
liter across the 5 studies contributed 0.67 points to the
DAS28-4(CRP) (or 1.63 points when accounting for
“10.96” in the formula), while the mean ESR value of
32.2 mm/hour contributed 2.43 points to the DAS28-
4(ESR).

The relative change from baseline in the CRP lev-
els, based on pooled mean values, was stable in the pla-
cebo group (21.3%) and ranged from 269.1% to
254.0% in the active-treatment groups. Similar trends
were observed for change from baseline in the ESR,
which was comparably stable in the placebo group
(29.1%) but ranged from only 237.8% to 231.9% for
the active-treatment groups. Therefore, given this differ-
ent weighting of the acute-phase reactants and the same
cutoff point for remission (,2.6), a much smaller propor-
tion of patients will achieve DAS28-4(ESR) remission
versus DAS28-4(CRP) remission, if the other score com-
ponents (joint counts and patient’s global assessments)
are equal, as is the case in the individual trials (13,14).

Frequencies of remission. Remission and low
disease activity rates are described at the time point at
which the primary efficacy end point was assessed for
each study: month 3 for ORAL Step and ORAL Solo,
and month 6 for ORAL Scan, ORAL Standard, and
ORAL Sync. The remission rates based on the DAS28,
CDAI, and SDAI using LOCF were generally statisti-
cally significantly greater for both tofacitinib doses ver-
sus placebo and were generally numerically higher for
tofacitinib 10 mg twice daily than for 5 mg twice daily
(Figure 1). Remission rates were lower for the DAS28-
4(ESR) versus the DAS28-4(CRP), while CDAI- and
SDAI-defined rates of remission and low disease activity
were similar, despite the use of the CRP level in the SDAI
formula. Mean values for the DAS-based measures, the

CDAI, and the SDAI across the 5 studies are available
upon request from the corresponding author.

Of note, a co-primary end point in ORAL Solo
was DAS28-4(ESR) remission at 3 months, which was
not significantly different between the placebo and
active-treatment groups (Figure 1). In contrast, the rate
of DAS28-4(CRP) remission was significantly higher in
patients treated with tofacitinib compared with those
treated with placebo. Importantly, although the SDAI
and CDAI remission rates were much lower than the
DAS28-4(CRP) remission rates, the SDAI and CDAI
remission rates in the active-treatment groups were sig-
nificantly different from the rates in the placebo group
(Figure 1). Consistent with this, similar results were
observed when low disease activity was used as an end
point (additional information is available upon request
from the corresponding author).

Boolean-based remission rates were statistically
significantly greater for tofacitinib 10 mg twice daily than
for placebo in all studies except ORAL Standard, and
for tofacitinib 5 mg twice daily versus placebo for ORAL
Step only (Figure 1). Remission rates were generally
numerically greater for tofacitinib 10 mg twice daily than
for 5 mg twice daily, with the exception of the ORAL
Step study.

DISCUSSION

In this analysis, we used data from 5 phase III
clinical studies of tofacitinib in RA to compare remission
rates using 5 disease status criteria. Across the 5 studies,
DAS28-4(CRP) criteria generated 2-fold to 5-fold
higher remission rates compared with the DAS28-
4(ESR). At month 3, remission rates with tofacitinib
5 mg twice daily were 18–22% using the DAS28-4(CRP)
and 5–10% using the DAS28-4(ESR) and with tofaciti-
nib 10 mg twice daily were 19–30% and 7–12%, respec-
tively. Remission rates determined using the SDAI and
the CDAI were consistently similar to each other. At
month 3, remission rates with tofacitinib 5 mg twice daily
were 4–7% using the SDAI and 5–6% using the CDAI
and with tofacitinib 10 mg twice daily were 6–10% and
6–9%, respectively. As expected, these rates were also
similar to rates using the Boolean-based method. At
month 3, remission rates with tofacitinib 5 mg twice daily
were 2–7% and with tofacitinib 10 mg twice daily were
5–7%.

It has been noted that the DAS28-4(CRP) conveys
lower scores than the DAS28-4(ESR) at identical joint
counts and global assessments (12), and with a remission
cutoff of ,2.6, the DAS28-4(CRP) may underestimate
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disease activity more than the DAS28-4(ESR). However,
the extent of the discrepancy between these 2 variants
of the same type of score is surprising. In addition,
previous studies have shown similar low disease activity
response rates when using these DAS28 variants (12).
In the current analysis, however, low disease activity
response rates were ;2-fold higher for the DAS28-
4(CRP) than for the DAS28-4(ESR). Given that the
tender joint count, the swollen joint count, and the global
assessment scores were identical using the DAS28-
4(CRP) and the DAS28-4(ESR) and the ESR and CRP
level are transformed in a similar manner in the 2 formu-
las, the likely explanations for these differences may be
the differential effects of drugs with distinct mechanisms
of action on the ESR and CRP level. Alternatively, the
term “0.36*ln(CRP11) 1 0.96” of the DAS28-4(CRP)
may not adequately replace the term “0.70*ln(ESR)” of
the DAS28-ESR in patients with lower levels of disease
activity when agents affecting the acute-phase response
are used. As a consequence, a greater reduction in the
ESR term than in the CRP term is needed to achieve the
same score for the 2 DAS28 instruments.

While tofacitinib, as a JAK inhibitor, interferes
with interleukin-6 (IL-6) signaling, and IL-6 is the major
activator of acute-phase reactants (15), it appears to
have different effects on the CRP level and the ESR.
Tofacitinib reduces CRP concentrations to a level that,
when entered into the DAS28-4(CRP) formula, may
have resulted in values below the remission threshold,
despite residual joint counts and high patient’s global
assessment, while the ESR was not affected to a similar
extent. Therefore, it is likely that the differing extents of
changes in acute-phase reactant levels, regardless of
treatment, contribute significantly to the disparate rates
of remission and low disease activity achieved using
the DAS28-4(ESR) and the DAS28-4(CRP), especially
when compared with the other criteria; previous studies
that have assessed remission rates using both the DAS28
and the index-based ACR/EULAR criteria demonstrated
SDAI and CDAI remission rates that were consistently
lower than both DAS28-based definitions (16). Here,
DAS28-4(CRP) clearly overestimated remission rates.

The interaction between treatment effects on
acute-phase reactants and the criteria used to assess
rates of remission and low disease activity have been
described previously in the context of IL-6 inhibition
(15). Indices in which acute-phase reactants have higher
weight may lead to discordances in remission rates when
compared with other outcomes across treatments. This
study also reveals the limitations of using DAS28-
defined remission as an end point, consistent with the

conclusions of the ACR/EULAR provisional definition
of remission (6) and expands this information to use of
the DAS28 to determine a state of low disease activity.

The differential effect on the ESR and CRP level
deserves further investigation, bearing in mind that the
CRP level constitutes a measure of a single protein,
while the ESR is a complex reaction of various acute-
phase reactants and presumably other factors (17).
Indeed, in ORAL Solo, DAS28-4(ESR) remission rates
(the primary end point) were not significantly different
with tofacitinib than with placebo, while DAS28-4(CRP)
remission and, of special note, CDAI and SDAI remis-
sion rates (i.e., index-based ACR/EULAR criteria) were
significantly different with tofacitinib than with placebo.
These and other previous findings reveal the importance
of selecting appropriate measures of disease activity and
efficacy end points in clinical trials. Results that are
more consistent are obtained when indices are used in
which clinical components are more highly weighted
than acute-phase reactants (15).

Although it is clearly necessary to select appropri-
ate instruments in clinical trial design, our study also has
important implications for clinical practice, because the
DAS28 is widely used in daily practice during care of RA
patients. Rheumatologists may make little distinction
between the DAS28-ESR and the DAS28-CRP, given the
availability of the respective calculators and programs;
however, today, when both the ACR and EULAR
strongly recommend use of a treat-to-target approach in
the management of RA to achieve remission or low dis-
ease activity (1,2), use of an appropriate instrument is cru-
cial. If a score such as the DAS28-4(CRP) conveys high
rates of remission and low disease activity when a particu-
lar therapy is used, rheumatologists may be inclined to
continue the respective treatment despite persistently
active disease. On the other hand, if a score such as the
DAS28-4(ESR), in the case of tofacitinib use, reveals an
erroneously low frequency of remission, effective therapy
may be regarded as insufficient and may be stopped
despite a state of inactive disease. Because of the huge
number of differences in outcomes, it is alarming when
these scores are used interchangeably, as the term
“DAS28-4” would suggest. The importance of our
findings in terms of clinical practice must be considered in
the context of increasing use of tofacitinib and the advent
of additional JAK inhibitors.

This analysis confirmed that treatment with
tofacitinib in patients with moderate to severe RA
resulted in greater remission and low disease activity
rates versus placebo when a variety of disease activity
indices were used. Irrespective of the instrument used,
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the rates of remission and low disease activity continued
to increase to month 6 in the respective studies (ORAL
Sync, ORAL Scan, and ORAL Standard), and rates
were generally numerically higher for tofacitinib 10 mg
twice daily versus 5 mg twice daily.

A limitation of this analysis was that all patients
had a uniform baseline disease status of moderate to
severe RA; ;90% of these patients met the criteria for
high disease activity (baseline DAS28-4[ESR] .5.1);
patients with less-active RA or early RA may be
expected to achieve higher remission rates. This should
be taken into account when applying these data to clini-
cal practice.

In summary, the rates of remission and low dis-
ease activity observed using SDAI and CDAI criteria
were consistent across studies, while, in line with previ-
ous observations, DAS28-based criteria did not convey
consistent results. In the current study, this was attribut-
able to differential contributions of acute-phase reactant
measures to the observed remission and low disease
activity rates. These data reveal the limitations of the
DAS28 as a definition of remission due to its heavy
dependence on changes in acute-phase reactants. This
is of particular relevance when agents that interfere
with the acute-phase response are used, such as those
that lead to cytokine blockade or JAK inhibition; this
should be considered during the design of clinical trials
and taken into account in clinical practice. The data
also show that the DAS28-4(ESR) and DAS28-4(CRP)
are not interchangeable. Consequently, this study con-
firms the usefulness of the ACR/EULAR provisional
definition of remission, both Boolean-based and index-
based.
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Objective. In many rheumatoid arthritis (RA)
patients, disease is controlled with anti–tumor necrosis fac-
tor (anti-TNF) biologic therapies. However, in a significant
number of patients, the disease fails to respond to anti-TNF
therapy. We undertook the present study to examine the
hypothesis that rare and low-frequency genetic variants
might influence response to anti-TNF treatment.

Methods. We sequenced the coding region of 750
genes in 1,094 RA patients of European ancestry who were
treated with anti-TNF. After quality control, 690 genes were
included in the analysis. We applied single-variant associa-
tion and gene-based association tests to identify variants
associated with anti-TNF treatment response. In addition,
given the key mechanistic role of TNF, we performed gene
set analyses of 27 TNF pathway genes.

Results. We identified 14,420 functional variants, of
which 6,934 were predicted as nonsynonymous 2,136 of
which were further predicted to be “damaging.” Despite the
fact that the study was well powered, no single variant or
gene showed study-wide significant association with change
in the outcome measures disease activity or European
League Against Rheumatism response. Intriguingly, we
observed 3 genes, of 27 with nominal signals of association
(P < 0.05), that were involved in the TNF signaling pathway.
However, when we performed a rigorous gene set enrich-
ment analysis based on association P value ranking, we
observed no evidence of enrichment of association at genes
involved in the TNF pathway (Penrichment 5 0.15, based on
phenotype permutations).

Conclusion. Our findings suggest that rare and
low-frequency protein-coding variants in TNF signaling
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pathway genes or other genes do not contribute substan-
tially to anti-TNF treatment response in patients with RA.

Rheumatoid arthritis (RA) is effectively managed
in many cases with therapies that block the inflammatory
cytokine tumor necrosis factor (TNF) (1). However, in
approximately one-third of patients, the disease fails to
respond to anti-TNF therapy (1). The biologic mechanisms
underlying treatment failure are unknown, which limits the
development of biomarkers to guide anti-TNF use in the
clinical setting. To define genetic predictors of anti-TNF
response, investigators have conducted several genome-
wide association studies (GWAS) (2–5). To date, few stud-
ies have demonstrated significant associations between
common genetic variants and anti-TNF response, and no
loci have consistently been replicated across studies.

Importantly, genetic studies for anti-TNF response
have not investigated rare or low-frequency variants
because these were not included on previous versions of
genotyping arrays or were excluded in the analysis. These
variants are expected to be under purifying selection and
thus are potentially enriched for deleterious, protein-
coding mutations (6) that may have large effects.

We hypothesized that these rare and low-frequency
variants in relevant genes might influence response to anti-
TNF treatment. Herein we report on a rare-variant study
with anti-TNF treatment response data collected through
an international collaboration in which rare and low-
frequency variants in 750 genes from 1,094 anti-TNF–
treated RA patients were examined. Our primary outcome
measure was change in the 28-joint Disease Activity Score
(DAS28) (7) from baseline to 3–12 months after initiation
of therapy. We performed single-variant and gene-based
analysis of the association between rare/low-frequency
variants and anti-TNF treatment response.

PATIENTS AND METHODS

Samples and clinical data. All patients met the Amer-
ican College of Rheumatology 1987 criteria for RA (8) and/or
were diagnosed by a board-certified rheumatologist. Written
informed consent was provided by all patients, and institutional
review board approval was obtained at all sites. To be enrolled,
patients had to have at least moderate disease activity (DAS28
.3.2) at the initial time point. We enrolled patients from 8
cohorts in 5 countries: 1) the Autoimmune Biomarkers Collabo-
rative Network (ABCoN) (US; n 5 31), 2) the Genetics Network
Rheumatology Amsterdam (n 5 11), 3) the BeSt study (Dutch
Behandelstrategie€en voor Rheumatoide Arthritis) (n 5 46), 4)
the Biologics in Rheumatoid Arthritis Genetics and Genomics
Study Syndicate (BRAGGSS) (UK; n 5 76), 5) the Dutch Rheu-
matoid Arthritis Monitoring registry (DREAM) (n 5 189), 6)
Research in Active Rheumatoid Arthritis (ReAct) (France;
n 5 294), 7) the Consortium of Rheumatology Researchers of
North America (US; n 5 87), and 8) the Rheumatic Diseases
Portuguese Register (Reuma.pt) from the Portuguese Society of
Rheumatology (n 5 360).

The following clinical data were collected in each cohort:
1) DAS28 at baseline, 2) DAS28 from at least 1 subsequent time
point, usually 3–6 months after initiation of anti-TNF therapy, 3)
sex, 4) age, 5) concurrent methotrexate use, and 6) autoantibody
status (rheumatoid factor or anti–cyclic citrullinated peptide). We
assessed disease activity according to the DAS28; the DAS28
using the C-reactive protein level was used in the ABCoN cohort
and the DAS28 using the erythrocyte sedimentation rate (ESR) in
the others. Our primary outcome measure was change in the
DAS28 from baseline (DDAS28, i.e., baseline DAS28–ending
DAS28). Responder status according to the European League
Against Rheumatism (EULAR) criteria (9) using baseline and
ending DAS28 was a secondary outcome measure, excluding the
moderate responder category based on the hypothesis that analy-
sis of more extreme phenotypes (good responders versus non-
responders) would yield improved discrimination. We examined
clinical variables for association with the primary and secondary
outcome measures using multivariate linear and logistic regres-
sion, respectively. Age, baseline DAS28, concomitant methotrex-
ate therapy, and patient cohort were strongly associated with
DDAS28. As a result, we included these variables, together with
sex, as covariates in all subsequent genetic association tests (see
Supplementary Table 1, on the Arthritis & Rheumatology web site
at http://onlinelibrary.wiley.com/doi/10.1002/art.39966/abstract).
Principal components (calculated as described below) were not
associated with DDAS28, and were not included as covariates in
the analysis.

Targeted exon sequencing. We sequenced exons tar-
geted from 828 genes, together with all reported noncoding RA
GWAS single-nucleotide polymorphisms (SNPs) and noncoding
regions overlapping histone modification marks in CD41 T cells
(which were not analyzed in the present study). In total we
sequenced ;2 Mb coding and noncoding sequences. We included
genes in known RA risk loci or associated with other autoimmune
diseases, immunodeficiency genes, genes identified from mouse
models of inflammatory arthritis, and genes in the TNF signaling
pathway.

DNA libraries from individual patients were sequenced
by pooling 96 libraries after bar-coding. Target genomic regions
were enriched using NimbleGen Sequence Capture technology.
After target capture, we loaded each pool into 2 lanes of a HiSeq
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sequencer. We aligned reads to the reference human genome
(NCBI Build37/hg19) using Burrows-Wheeler Aligner and
removed duplicate reads using Picard. In total, 95% of the
samples reached a minimum average coverage of 203 in .70%
of target regions, with 96% of the target regions in the samples
passing this initial quality control covered at $203 coverage.
Sequencing, initial quality control, and SNP calling were per-
formed at The Genome Institute. To account for population strat-
ification, we used 138 ancestry-informative markers targeted for
sequencing and passing quality control to calculate principal com-
ponents using EigenSoft version 4.2 (10), with HapMap phase 3
samples as reference populations. After applying stringent filters,
we obtained a final set of 1,094 cases of European ancestry and
restricted our analysis to 750 genes with high coverage across the
coding sequence.

SNPs were called with Samtools version 1.16 and VarScan
2.2.9, using stringent minimum coverage, mapping quality, and
strandness filters. We merged SNP calls from each sample by using
both calling algorithms and filtered variants, further removing
variants with missingness of .0.05 and a Hardy-Weinberg equilib-
rium P value of ,1027. Finally, we included only variants passing
filters in .50% of the samples in the subsequent analysis. Variants
were identified at 1 SNP/97 bp density; the transition:transversion
ratio based on the variants passing quality control was 3.17. We
used AnnoVar to annotate the variants. Variants were then
grouped as synonymous or nonsynonymous. The function of mis-
sense variants was predicted using PolyPhen-2 and Sift. Variants
were recorded as “damaging” if classified as possibly or probably
damaging with both PolyPhen-2 and Sift. We also included the
nonsense and splice variants in the “damaging” variants group.

Association analysis. We first tested the association of
each common variant (minor allele frequency [MAF] $1%) with
the primary outcome measure (DDAS28) and EULAR good
response versus no response using a linear regression model and
logistic model adjusted for covariates in Plink. We also conducted
gene-based association tests to investigate the contribution of rare
variants (defined as MAF ,1%) to anti-TNF treatment response.
This analysis was restricted to 631 genes with at least 2 different
rare variants. We used a simpler method that 1) collapses rare
variants per gene to identify carriers and noncarriers of rare
variants and 2) performs a linear regression or logistic regression
analysis to test for association between rare variant carrier status
and DDAS28 or EULAR good response versus no response. This
method entails the assumption that rare variants have a shared
direction of effect on the phenotype. We investigated the contribu-
tion of 1) all variants in the coding region including synonymous
and nonsynonymous rare variants, 2) nonsynonymous rare
variants, and 3) a subset of nonsynonymous variants that were pre-
dicted to be damaging. For each test performed, we adjusted for
covariates, and performed $1,000 permutations of the phenotype
residuals to calculate empirical P values. As a sensitivity analysis
we used the Skat-O method, which can include continuous out-
come measures as well as adjust for other covariates, and allows
for variants to have opposite effects, to assess association between
genes and DDAS28 as a sensitivity analysis. Study-wide signifi-
cance was defined using the Bonferroni method. A significance
level of P , 2.6 3 1025 was used for common variants analysis
based on 1,908 tests, and P , 7.9 3 1025 was used for gene-based
association analysis based on 631 tests. We also applied the false
discovery rate (FDR) method for multiple testing adjustments.

Data on DAS28 components in 714 patients from the
ABCoN, BRAGGSS, DREAM, ReAct, andReuma.pt cohorts

were collected. We performed a secondary gene-based associa-
tion analysis on rare coding variants with more objective
DAS28 components, i.e., ESR and swollen joint count (SJC).
We used Dlog-transformed ESR, and Dlog-transformed SJC as
outcomes, adding 1 to all SJCs to avoid values of 0.

Gene set enrichment analysis. To assess the enrich-
ment of association of rare variants in genes from the TNF signaling
pathway, we performed a gene set enrichment analysis (GSEA)
using the Kolmogorov-Smirmov test. The goal of GSEA is to deter-
mine whether P values are randomly distributed or whether the P
values of a given subgroup of sequenced genes are enriched for sig-
nificant P values compared to the other genes tested. The advan-
tage of GSEA is its relative robustness to outliers.

RESULTS

Findings of targeted exon sequencing in the RA
patients. We targeted 828 genes for exon sequencing in
1,383 RA patients of European ancestry who had received
anti-TNF treatment. After stringent quality control of the
sequencing data, 1,094 RA patients were included in sub-
sequent analyses. Details of the sample collections, as well
as clinical data, are shown in Table 1. We restricted our
analysis to 750 genes with high coverage across the coding
sequence. Among the 14,420 variants identified in these
750 genes, the largest proportion of observed variants was
intronic (49.8%), and ;15% of the variants were anno-
tated in functional domains.

Single SNP association analysis results. We first
tested 1,908 common variants (MAF $1%) individually
for association with the primary outcome measure
(DDAS28), by linear regression analysis. None of these
variants reached study-wide significance (P , 2.6 3

1025) (see Supplementary Table 2, on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.39966/abstract). We also tested for asso-
ciation with the secondary outcome measure (the dichot-
omized EULAR response) using logistic regression and
found no individual variant reaching study-wide signifi-
cance. In both analyses, all variants showed FDR q val-
ues of .0.25 (Supplementary Table 2).

Gene-based association analysis results. We
then investigated the contribution of rare protein coding
variants (MAF ,1%) to treatment response. Among
14,420 variants in coding regions, there were 10,984 rare
variants. Of these rare variants, 4,050 were predicted as
synonymous and 6,934 were predicted as nonsynonymous,
2,136 of which were predicted to be damaging.

Of the 750 genes with high-quality sequencing data,
631 harbored at least 2 rare protein-coding variants. In
these genes, we tested the following for association with
DDAS28: 1) all coding rare variants, 2) all rare variants pre-
dicted to be nonsynonymous, and 3) all nonsynonymous
rare variants predicted to be damaging. However, none of
the analyses reached study-wide significance (P , 7.9 3
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1025, QQ plot for all rare variants predicted to be
nonsynonymous), and all FDR q values were .0.5 (Supple-
mentary Figure 1 and Supplementary Table 3, http://
onlinelibrary.wiley.com/doi/10.1002/art.39966/abstract).
There were 7, 3, and 7 genes with P values of ,0.01 (31, 32,
and 29 with P values of ,0.05) when the analyses were
restricted to coding variants, nonsynonymous variants, and
damaging variants, respectively. Detailed gene-based associ-
ation results for DDAS28 are presented in Supplementary
Table 3. In the analysis restricted to nonsynonymous
variants, the 3 genes with P values of ,0.01 were NFKBIA
(P 5 0.0017), AICDA (P 5 0.0043), and CDK6 (P 5

0.0058). AICDA and NFKBIA are involved in primary
immunodeficiencies, and NFKBIA is also involved in the
TNF pathway.

When we tested the association between rare
variants and TNF blockade response stratified for the 3
major anti-TNF drugs (etanercept, infliximab, and adalim-
umab), we found no significant associations (P . 0.0007)
(Supplementary Table 4, http://onlinelibrary.wiley.com/doi/
10.1002/art.39966/abstract). Similar results were observed
when we examined the secondary outcome measure,
EULAR responder versus nonresponder criteria (P .

0.004) (Supplementary Tables 3 and 4).

Table 1. Rheumatoid arthritis patient cohorts and clinical data*

Cohort

ABCoN BeSt BRAGGSS CORRONA DREAM GENRA ReAct Reuma.pt Total

Sample size
Total 31 46 76 87 189 11 294 360 1,094
EULAR response

Good responders 13 30 41 47 105 10 104 109 459
Nonresponders 7 9 28 19 83 1 50 83 280

Clinical variables
Age, years 55.4612.8 51.9614.3 52.1613.6 59.4612.8 54.3612.0 49.569.2 54.4611.2 52.5612.2 2

Female % 80.7 63 79 75.9 64.6 72.7 76.5 89.2 2

MTX treatment, % 64.5 100 89.5 66.7 76.2 90.9 47.6 82.2 2
Baseline DAS28 5.360.7 3.860.7 6.361.0 4.961.2 5.061.2 5.461.1 5.861.0 5.861.1 2

DDAS28 1.6561.34 1.6061.1 2.261.9 1.961.5 1.561.5 3.061.2 2.161.2 1.861.3 2

* Except where indicated otherwise, values are the mean 6 SD. ABCoN 5 Autoimmune Biomarkers Collaborative Network; BeSt 5

Behandelstrategie€en voor Rheumatoide Arthritis; BRAGGSS 5 Biologics in Rheumatoid Arthritis Genetics and Genomics Study Syndicate;
CORRONA 5 Consortium of Rheumatology Researchers of North America; DREAM 5 Dutch Rheumatoid Arthritis Monitoring registry;
GENRA 5 Genetics Network Rheumatology Amsterdam; ReAct 5 Research in Active Rheumatoid Arthritis; Reuma.pt 5 Rheumatic Diseases
Portuguese Register; EULAR 5 European League Against Rheumatism; MTX 5 methotrexate; DAS28 5 28-joint Disease Activity Score.

Figure 1. Gene set enrichment analysis for association of tumor necrosis factor signaling pathway genes (defined according to the Kyoto Ency-
clopedia of Genes and Genomes database) with the primary outcome measure, i.e., change in the 28-joint Disease Activity Score (DAS). P for
enrichment 5 0.15.
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We compared the above association results to those
obtained with Skat-O and observed a strong correlation of
the P values (R2 5 0.64) (Supplementary Figure 2, http://
onlinelibrary.wiley.com/doi/10.1002/art.39966/abstract). The
main difference was due to genes that exhibited lower P val-
ues with Skat-O, potentially due to rare variants with oppo-
site effects. Findings of a secondary gene-based analysis of
DESR and DSJC are shown in Supplementary Table 5
(http://onlinelibrary.wiley.com/doi/10.1002/art.39966/
abstract); this analysis did not reveal any study-wide signifi-
cant association.

Gene set enrichment analysis results. Of the 631
genes tested, 27 are involved in the TNF signaling pathway
(based on the Kyoto Encyclopedia of Genes and Genomes
database). Although none of the TNF pathway genes
reached study-wide significance in our gene-based tests, we
observed genes from the TNF signaling pathway with P val-
ues of ,0.05, i.e., NFKBIA (P 5 0.002, b 5 21.38), IL6
(P 5 0.02, b 5 0.42), and PTGS2 (P 5 0.04, b 5 20.85) in
the nonsynonymous variant analysis. We ranked the 631

genes by their association P values with nonsynonymous
variants, calculated the mean rank of the 27 genes from the
TNF pathway, and compared this value to the mean rank of
the remaining 604 genes. Genes in the TNF pathway were
not found to be enriched for rare variants associated with
treatment response, compared to the remaining targeted
genes (Penrichment 5 0.15) (Figure 1).

DISCUSSION

The present investigation is, to our knowledge,
the largest high-coverage exon sequencing study of anti-
TNF–treated RA patients reported to date. Overall, we
found little evidence that rare coding variants contribute
to anti-TNF response.

To investigate the contribution of rare protein-
coding variants to anti-TNF treatment response, we
selected a comprehensive list of candidate genes for exon
sequencing. Compared to exome chip array analysis, exon
sequencing ensures comprehensive capture of rare variants

Figure 2. Power to detect an association with the primary outcome measure, i.e., change in the 28-joint Disease Activity Score (DAS), at given
effect sizes and minor allele frequency (MAF) based on a sample size of 1,094 patients.
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and allows for more targeted investigation of variants in
coding regions. We sequenced up to 50 candidate genes
from the top anti-TNF GWAS hits, even though these loci
did not reach genome-wide significance, together with
genes from the TNF signaling pathway. We also sequenced
genes from RA risk loci and candidate genes related to
RA or other immune-mediated pathways, under the
hypothesis that variants in these genes could also influence
response to anti-TNF therapy. As an example illustrating a
potential connection between disease risk and treatment
response, TCF7L2 has been shown to be a risk locus for
diabetes in association studies, and clear evidence of its
association with treatment response in diabetes has been
reported (11). Using these gene selection criteria, we
tested nearly 10% of genes in the human genome. How-
ever, we recognize the limitations of candidate gene stud-
ies, many of which have tested candidates that were
subsequently shown not to be associated with the pheno-
type of interest. It remains possible that rare genetic
variants within other genes not queried in this study, or in
regulatory regions not examined in this study, might still
contribute significantly to anti-TNF response.

Expanding association studies to investigate anti-
TNF response presents several challenges. While recent
anti-TNF genetic studies (12,13), including the present
study, include .1,000 RA cases collected from interna-
tional efforts, the sample sizes remain relatively small com-
pared to other disease cohorts and limit the statistical
power to detect modest effect sizes, especially if the MAF
is low.

The power to detect an association with DDAS28
at different levels of effect size, based on our sample size
of 1,094, is plotted in Figure 2. Our study had substantial
power to detect clinically relevant single variants with large
effect. However, the power for detection of single rare
variants with more moderate effect is limited. For instance,
for a variant with an MAF of 0.1% there was only ;50%
power to detect an association with an effect size of 2
(which corresponds to DDAS28 of 3). In contrast, for
MAF 0.5% there was .80% power to detect an effect size
of 1.3 (DDAS28 ;2). We recognize that the power of the
study was limited by sample size and the low MAF. It is
therefore not surprising that no single variant we tested
achieved the study-wise significance level. Despite our
efforts to enhance power by using collapsing methods, we
did not demonstrate any study-wide significant association
in our gene-based association tests. We did observe sug-
gestive associations (P , 0.05) in the analysis restricted to
nonsynonymous variants, with the top signal mapping
NFKBIA (NF-kB inhibitor a), with a P value of 0.002
(b 5 21.38), driven by 7 rare nonsynonymous variants
(Supplementary Figure 1, on the Arthritis & Rheumatology

web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
39966/abstract). We found that NFKBIA rare variant car-
riers had smaller DDAS28 (i.e., worse response),
corresponding to an effect size of 0.9; nonetheless, given
the sample size, this association did not reach the study-
wise significance level.

In this study we used DDAS28 as an objective
marker of anti-TNF treatment response, but perhaps other
molecular correlates of treatment response might have
been more effective. It has been reported that patient
global assessment on a visual analog scale (VAS) and
tender joint count subcomponents of the DAS28 are more
correlated with psychological variables (14) and less corre-
lated with imaging scores of synovitis (15). We did test the
association with specific DAS28 components in our sec-
ondary analysis, choosing DESR and DSJC as outcome
measures because these 2 measurements are more objec-
tive than tender joint count and patient global assessment
on a VAS. We did not observe any evidence of association
of either the ESR or the SJC with any of the genes tested.
Nonetheless, DDAS28 remains the outcome that is used
clinically to make decisions regarding continuation (or dis-
continuation) of therapies, and is therefore an important
outcome measure to test for association.

In conclusion, we did not find evidence that rare
protein-coding variants in a large set of candidate genes,
including genes from the TNF signaling pathways, con-
tribute substantially to anti-TNF treatment response in
patients with RA. The identification of molecular bio-
markers for treatment response is hence an important
goal for future study.
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Phenome-Wide Association Study of Autoantibodies to
Citrullinated and Noncitrullinated Epitopes in

Rheumatoid Arthritis

Katherine P. Liao,1 Jeffrey A. Sparks,1 Boris P. Hejblum,2 I-Hsin Kuo,3 Jing Cui,1

Lauren J. Lahey,4 Andrew Cagan,5 Vivian S. Gainer,5 Weidong Liu,6 T. Tony Cai,7

Jeremy Sokolove,4 and Tianxi Cai2

Objective. Patients with rheumatoid arthritis (RA)
develop autoantibodies against a spectrum of antigens, but
the clinical significance of these autoantibodies is unclear.
Using a phenome-wide association study (PheWAS)
approach, we examined the association between auto-
antibodies and clinical subphenotypes of RA.

Methods. This study was conducted in a cohort of
RA patients identified from the electronic medical records
(EMRs) of 2 tertiary care centers. Using a published multi-
plex bead assay, we measured 36 autoantibodies targeting
epitopes implicated in RA. We extracted all International
Classification of Diseases, Ninth Revision (ICD-9) codes
for each subject and grouped them into disease categories
(PheWAS codes), using a published method. We tested for
the association of each autoantibody (grouped by the tar-
geted protein) with PheWAS codes. To determine significant
associations (at a false discovery rate [FDR] of £0.1), we

reviewed the medical records of 50 patients with each
PheWAS code to determine positive predictive values (PPVs).

Results. We studied 1,006 RA patients; the mean 6
SD age of the patients was 61.0 6 12.9 years, and 79.0%
were female. A total of 3,568 unique ICD-9 codes were
grouped into 625 PheWAS codes; the 206 PheWAS codes
with a prevalence of ‡3% were studied. Using the PheWAS
method, we identified 24 significant associations of auto-
antibodies to epitopes at an FDR of £0.1. The associations
that were strongest and had the highest PPV for the
PheWAS code were autoantibodies against fibronectin and
obesity (P 5 6.1 3 1024, PPV 100%), and that between
fibrinogen and pneumonopathy (P 5 2.7 3 1024, PPV 96%).
Pneumonopathy codes included diagnoses for cryptogenic
organizing pneumonia and obliterative bronchiolitis.

Conclusion. We demonstrated application of a bio-
informatics method, the PheWAS, to screen for the clini-
cal significance of RA-related autoantibodies. Using the
PheWAS approach, we identified potentially significant
links between variations in the levels of autoantibodies
and comorbidities of interest in RA.
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A defining feature of rheumatoid arthritis (RA) is a
break in tolerance leading to the development of auto-
antibodies (1,2). The development of antibodies against cit-
rullinated protein epitopes appears to be relatively specific
to RA (3), and the presence of anti–citrullinated peptide
antibodies (ACPAs) is a component of the American Col-
lege of Rheumatology/European League Against Rheuma-
tism classification criteria for RA (4). However, RA patients
have antibodies against a broad range of epitopes, both cit-
rullinated and noncitrullinated (5). The recent identification
of epitopes implicated in the pathogenesis of RA allow
investigators to study the types of ACPAs that are present
in different patients with RA. Whether these ACPAs can
further categorize RA patients into clinically relevant sub-
sets remains unclear. One of the major challenges in deter-
mining the clinical relevance of these autoantibodies is the
need for comprehensive information regarding a patient’s
other conditions or comorbidities. Large observational
cohort studies include adequate numbers of patients with
blood samples but vary in terms of details of the clinical data
for patients with conditions not related to RA.

The use of electronic medical record (EMR) data
as research databases may facilitate comprehensive studies
of relationships between biomarkers and disease
phenotypes. In particular, EMRs linked to biorepositories
allow for the development of EMR-based research plat-
forms, which can support studies examining clinical subsets
of disease. Combined with bioinformatics methods such as
the phenome-wide association study (PheWAS) method
(6,7), these platforms are ideal for examining the potential
clinical relevance of novel biomarkers.

The PheWAS method was initially developed for
use with EMRs; this approach is used to screen for impor-
tant associations between biomarkers or genetic variants of
interest and a broad range of phenotypes (6,8–10).
Phenotypes are typically defined using structured data such
as diagnosis billing codes. Although the PheWAS was ini-
tially designed for application in cohorts in which clinical

EMR data are linked with genetic data, our group previously
applied the PheWAS to screen for potential associations
between clinically available biomarkers of autoimmunity and
phenotypes based on EMR data (7).

The objective of this study was to use the PheWAS
approach to screen for antibodies against RA-related epi-
topes in a large cohort of RA patients identified from
EMRs. The PheWAS method generates hypotheses on
potential relationships between RA autoantibodies and
subphenotypes of RA. As part of this study, we also provide
a “road map” demonstrating how to apply updated biosta-
tistics methods for PheWAS and outline the bioinformatics
approach, from performing a screen to evaluating the
strength of association.

PATIENTS AND METHODS

Study population. We conducted this study in a
cohort of RA patients identified from the EMRs of large aca-
demic institutions, Brigham and Women’s Hospital and Mas-
sachusetts General Hospital. This cohort was identified using
a validated algorithm with a positive predictive value (PPV) of
94% to classify patients with RA (11,12). Discarded blood
samples from Partners Healthcare (Boston) clinical laborato-
ries were collected from 2009 to 2010, using an institutional
review board–approved process (13). The result was a de-
identified data set containing clinical data from the EMRs
until 2009, with linked biospecimens. Due to data suggesting
differences in autoantibody expression across ethnicities (14),
the analyses were limited to individuals of European ancestry
(13). Ancestry data were obtained from a previous analysis of
ancestry using ancestry-informative markers.

Laboratory studies. Using a validated multiplex bead
assay (5), we measured 36 autoantibodies targeting epitopes of
10 antigens (citrullinated and noncitrullinated) found in the
synovial tissue lysates of patients with RA. Autoantibody data
were grouped according to epitope (Table 1). Antibodies
against second-generation cyclic citrullinated peptide (anti–
CCP-2) were measured using a BioPlex system (Bio-Rad).

Statistical analysis. Using EMR-derived data, we ex-
tracted all unique International Classification of Diseases, Ninth
Revision (ICD-9) codes associated with each patient any time dur-
ing follow-up. The ICD-9 codes were grouped into disease catego-
ries, called PheWAS codes, using a previously published method
(6,9). The method for mapping and grouping ICD-9 codes into
PheWAS codes is freely available (https://phewas.mc.vanderbilt.
edu/). This method was created to group ICD-9 codes in a manner
that would facilitate phenotype–genotype studies in linked EMR
data sets. For example, “Rheumatoid arthritis and other inflamma-
tory arthropathies” is the name of a PheWAS code. This PheWAS
code for RA includes Felty’s syndrome (ICD-9 714.1) along with
RA (ICD-9 714.0) but does not include juvenile idiopathic arthritis
(JIA) (ICD-9 714.3); the subtypes of JIA are considered genetically
distinct from those of RA (15). We considered only PheWAS
codes that are present in at least 3% of the population, to ensure
that the effective sample size (number of cases) was at least 30.
This is the smallest sample size needed to ensure stability for fitting
the logistic regression model, adjusting for age, sex, and race and
deriving a stable score statistic. For each PheWAS code, patients

Table 1. Numbers of citrullinated and noncitrullinated auto-
antibodies targeting epitopes with proteins

Target protein Citrullinated Noncitrullinated

Apolipoprotein A-I 2 2
Apolipoprotein E 1 1
Biglycan 1 0
Clusterin 1 1
Enolase 1 0
Fibrinogen 10 1
Fibronectin 2 0
Filaggrin 2 0
Histone 5 2
Vimentin 3 1
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with $1 code were considered as having the phenotype. Data for
these binary traits were linked to the autoantibody data obtained
from the laboratory studies described above.

Because this study involved multiple testing of a large
number of hypotheses, P values were considered significant if
they were lower than a threshold selected to control a desired
false discovery rate (FDR) of 10% (16). An FDR of 10% was
considered, because we expected the rate of Type I errors to
be ,10% among the rejected hypotheses. PheWAS codes,
which are derived from ICD-9 codes, are highly correlated.
The standard FDR-controlling method that accounts for the
correlation tends to be overly conservative (17,18). Thus, to
account for the high degree of correlation without requiring
strong assumptions about the correlation structure, we applied
a modified Benjamini and Hochberg method, which allows for

efficient and simultaneous testing of associations between a
large number of PheWAS codes and multiple autoantibodies
(Cai T, et al: unpublished observations).

For the primary analysis, we summarized the overall associ-
ation between each PheWAS code and each autoantibody group
according to the epitope target (Table 1). The score test statistic was
calculated from fitting the logistic regression model, adjusting for
age, sex, and race. For example, we calculated the score test statistic
for the association between fibrinogen as a group and each PheWAS
code. The P value from the score test statistic accounts for the size of
the autoantibody group. This approach reduces bias for auto-
antibodies with a higher number of the same protein targets. For
example, fibrinogen had 11 different targeted autoantibodies com-
pared with enolase, for which only a single autoantibody targeting it
was measured. As a secondary analysis, we studied the association
between the PheWAS codes and autoantibodies, stratified
according to whether the targets were citrullinated epitopes. The
direction of the effect for a group was determined by averaging the
direction of the effect (positive or negative) over all epitopes in the
group, and then taking the sign (plus or minus) of this average.

We reported the significant associations for protein
targets identified at an FDR level of #0.1, and ranked the
autoantibody/PheWAS code pairs according to P values. For
the 15 strongest associations, we selected a random sample of
50 patients who had the corresponding PheWAS code and
reviewed their medical records to determine the accuracy of
the code. The reviews excluded PheWAS codes based on ICD-
9 codes describing nonspecific conditions, e.g., nonspecific
abnormal results of function studies.

Table 2. Clinical characteristics of the 1,006 RA patients*

Age, mean 6 SD years 61.0 6 12.9
Female, no. (%) 795 (79.0)
Anti–CCP-2 positive, no. (%) 725 (72.0)
Follow-up for RA, mean 6 SD years 8.9 6 5.3
Ever DMARD use

Methotrexate, no. (%) 773 (76.8)
TNF inhibitor, no. (%) 458 (45.5)

Erosions on radiography, no. (%) 694 (69.0)
CRP, median (IQR) mg/liter 5.9 (2.7 – 13.3)

* RA 5 rheumatoid arthritis; anti–CCP-2 5 anti–cyclic citrullinated pep-
tide 2; DMARD 5 disease-modifying antirheumatic drug; TNF 5 tumor
necrosis factor; CRP 5 C-reactive protein; IQR 5 interquartile range.

Figure 1. Phenome-wide significant associations between autoantibodies (grouped by epitope target) and phenome-wide association study (PheWAS)
codes (false discovery rate [FDR] #10%). CCP 5 cyclic citrullinated peptide; Apo E 5 apolipoprotein E; NEC 5 not elsewhere classified.
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The accuracy of the PheWAS codes was reported as the
PPV, calculated by dividing the number of patients confirmed by
medical record review to have the condition described by the
PheWAS code by the number of patients reviewed. The reviews
were performed by 3 of the authors (KPL, IK, and JS). For each
PheWAS code, the first 10 patients were reviewed by 2 reviewers
(JS and IK, or KPL and IK), and all cases were discussed. Subse-
quently, any ambiguous cases were discussed between the
reviewers until consensus was reached (,10% cases reviewed).

This study was approved by the Partners Institutional
Review Board. Analyses were conducted using SAS version
9.3 (SAS Institute) and R Project for Statistical Computing
(http://www.r-project.org).

RESULTS

The clinical characteristics of patients in the RA
cohort are shown in Table 2. The cohort included 1,006 RA

patients. The mean 6 SD age of the patients was
61.0 6 12.9 years, 79% were female, and 72% were anti–
CCP-2 positive (as determined by clinical assay) (Table 2).

In this cohort, 3,568 unique ICD-9 codes were
grouped into 625 PheWAS codes, of which 206 PheWAS
codes had a prevalence of $3%. We observed 28 associa-
tions that achieved phenome-wide significance (FDR
#0.1) between autoantibody groups and PheWAS codes
(Figure 1). The majority of associations were observed
with antibodies against fibrinogen epitopes.

The 3 strongest significant associations were between
apolipoprotein E (Apo E) and “polymyalgia rheumatica”
(P 5 5.36 3 1027), between fibronectin and “other diseases
due to viruses and Chlamydiae” (P 5 3.98 3 1026), and
between Apo A-I and “other disease of blood and blood-
forming organs” (P 5 3.93 3 1025) (Figure 1 and Table 3).

Table 3. Phenome-wide significant associations between autoantibodies targeting epitope protein
groups, and PheWAS codes ranked by the PPV of the PheWAS codes*

PheWAS code description,
autoantibodies targeting proteins P†

Direction of
mean effect

PPV of
PheWAS code, %

Diseases of white blood cells 100
Apo A-I 3.47 3 1024 1

Overweight, obesity 100
Fibronectin 6.14 3 1024 2

Other alveolar and parietoalveolar
pneumonopathy

96

Fibrinogen 2.73 3 1024 1

Peptic ulcers 94
Apo A-I 5.69 3 1024 1

Chronic sinusitis 82
Fibrinogen 2.18 3 1024 2

Disorders of the conjunctiva 76
Fibrinogen 1.69 3 1024 1

Other disorders of the thyroid 72
Fibrinogen 5.64 3 1024 2

Other diseases due to viral or
chlamydial infection

72

Fibronectin 3.98 3 1026 2

Ischemic heart disease 68
Fibrinogen 6.20 3 1024 2

Thyrotoxicosis with or without goiter 66
Clusterin 6.17 3 1024 2

Disorders of mineral metabolism 62
Apo A-I 1.26 3 1025 2

Other disorders of arteries and arterioles 56
Fibrinogen 3.76 3 1024 2

Viral and chlamydial infection 52
Fibrinogen 2.91 3 1024 2

Polymyalgia rheumatica 44
Apo E 5.36 3 1027 2

Fibronectin 1.07 3 1024

Fibrinogen 2.53 3 1024 2
CCP 9.21 3 1024 2

Other diseases of blood and
blood-forming organs

42

Apo A-I 3.93 3 1025 2

* PPV 5 positive predictive value; Apo A-I 5 apolipoprotein A-I; CCP 5 cyclic citrullinated peptide.
† Value for the association between the autoantibody and the phenome-wide association study
(PheWAS) code.
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Autoantibodies targeting enolase, vimentin, or biglycan had
no significant associations with PheWAS codes.

Among the significant associations (FDR #0.10),
the PheWAS codes with the highest accuracy were
“diseases of white blood cells,” “overweight, obesity,” and
“other alveolar and parietoalveolar pneumonopathy.” Phy-
sicians used the pneumonopathy code (ICD-9 code 516.x)
for the following conditions: cryptogenic organizing pneu-
monia, obliterative bronchiolitis, lipoid pneumonia, and
alveolitis. Table 3 shows the associations between autoanti-
body epitope targets and PheWAS codes, ranked by PPV.
The mean direction of effect for the association was also
calculated. For associations with a positive direction, an
increasing concentration of titers was associated with an
increased likelihood of having the PheWAS code.

As a secondary analysis, we investigated phenome-
wide significant associations between autoantibodies, stratified
by those targeting citrullinated versus noncitrullinated pro-
teins (Figure 2). For example, the associations between anti–
cit-fibrinogen and PheWAS codes did not generally overlap
with those between anti-fibrinogen and PheWAS codes. Several

of the associations between anti-fibrinogen and PheWAS
codes included diseases of the respiratory system, e.g., “other
alveolar and parietoalveolar pneumonopathy,” “chronic
sinusitis,” “allergic rhinitis,” and “other diseases of respiratory
system.” In contrast, conditions related to vascular occlusion
such as “ischemic heart disease,” “occlusion and stenosis of
precerebral arteries,” and “coagulation defects,” had stronger
associations with anti–cit-fibrinogen.

In the majority of cases, the associations were driven
by autoantibodies targeting either the citrullinated or the
noncitrullinated epitopes. The directions of the mean effects,
stratified by citrullination status, are shown in Table 4.

DISCUSSION

In this study, we applied the PheWAS method to
examine potential associations between RA autoantibodies
and RA subphenotypes identified from the EMRs of the
cohort. Furthermore, we applied novel biostatistical methods
aimed at accounting for correlations between diagnoses and
correlations between autoantibodies in our data set. Using

Figure 2. Phenome-wide significant associations between autoantibodies (stratified by citrullination status of the epitope target) and PheWAS
codes (FDR #10%). See Figure 1 for definitions.
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this data-driven approach, we identified significant associa-
tions with corresponding PheWAS codes, with an accuracy of
$80%. These include associations between anti-fibronectin
antibodies and obesity, between anti–Apo A-I antibodies and
peptic ulcers, and between anti-fibrinogen antibodies and
inflammatory lung conditions and chronic sinusitis. All of
these associations require formal validation in an indepen-
dent cohort to directly test these hypotheses.

Notably, there are existing data that already support
the associations observed in this study. In the current study,
we observed an association between higher titers of anti-
bodies against fibrinogen with “other alveolar and par-
ietoalveolar pneumonopathy,” describing diagnoses
including cryptogenic organizing pneumonia, obliterative

bronchiolitis, lipoid pneumonia, and alveolitis. These
findings are consistent with those from a previous study
examining the association between ACPA titers and inter-
stitial lung disease (ILD) (19,20). In that study of 177 RA
patients who had lung imaging, pulmonary function tests,
and ACPA testing, a higher titer of all ACPAs was associ-
ated with worse ILD. However, an analysis focused on anti-
bodies targeting specific antigens was not performed.
Additionally, a recently published study used a PheWAS to
evaluate clinical differences between seropositive and sero-
negative RA (20). That study showed that seropositive RA
was associated with lung abnormalities, specifically chronic
airway obstruction. Because the study used measurements
of rheumatoid factor and anti-CCP, ordered as part of

Table 4. Phenome-wide significant associations between autoantibodies targeting epitope groups
stratified by antibodies against citrullinated or noncitrullinated epitopes and PheWAS group*

PheWAS code description,
autoantibody target epitope

Direction of mean effect

All antibodies
against epitope

targets

Antibodies against
citrullinated

targets

Antibodies against
noncitrullinated

targets

Diseases of white blood cells
Apo A-I 1 NS NS

Overweight, obesity
Fibronectin 2 2 NA

Other alveolar and parietoalveolar
pneumonopathy

Fibrinogen 1 NS 1

Peptic ulcers
Apo A-I 1 NS 1

Chronic sinusitis
Fibrinogen 2 NS 2

Disorders of conjunctiva
Fibrinogen 1 1 NS

Other disorders of thyroid
Fibrinogen 2 2 NS

Other diseases due to viral or
chlamydial infection

Fibronectin 2 2 NA
Ischemic heart disease

Fibrinogen 2 2 NS.
Thyrotoxicosis with or without goiter

Clusterin 2 NS NA
Disorders of mineral metabolism

Apo A-I 2 NS NS
Other disorders of arteries and arterioles

Fibrinogen 2 NS 1

Viral and chlamydial infection
Fibrinogen 2 2 NS

Polymyalgia rheumatica
Apo E 2 2 NA
Fibronectin 2 2 NA
Fibrinogen 2 2 NS
CCP 2 2 NA

Other diseases of blood and
blood-forming organs

Apo A-I 2 NS NS

* PheWAS 5 phenome-wide association study; Apo A-I 5 apolipoprotein A-I; NS 5 not significant;
NA 5 not applicable (due to no autoantibodies in the group); CCP 5 cyclic citrullinated peptide.
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routine care, to define seropositivity, finer subphenotyping
of RA based on specific ACPAs was not performed.

The results of the current study also demonstrated
a potential link between autoantibodies against fibrinogen
and ischemic heart disease. These findings are consistent
with a previously published finding that higher levels of
anti–cit-fibrinogen were associated with a higher plaque
burden, as measured by the aortic calcium score (21). In a
previous study designed for hypothesis testing, we
observed that higher levels of anti–cit-fibrinogen were
associated with coronary artery disease, as verified by med-
ical record review (Hejblum BP, et al: unpublished obser-
vations). However, one study that used a different
platform to detect ACPAs did not show an association
between anti–cit-fibrinogen levels and subclinical athero-
sclerosis (22).

Additionally, we highlighted a recent advance in
analyzing the clinical importance of groups of biomarkers.
In previous studies examining the link between auto-
antibodies and phenotypes, each association was tested
individually. Because ACPAs are highly correlated, testing
individual autoantibody/phenotype pairs reduced the
power to detect an association. Testing the association
between autoantibodies grouped by epitope target and
phenotypes has not yet been performed, partially due to
the lack of suitable existing methods. Summarizing the
overall effect of autoantibody groups on individual
phenotypes via a score statistic, and performing multiple
testing correction in the presence of complex yet-unknown
correlation structures allowed, for the first time, assessment
of the overall association between groups of autoantibodies
and phenotypes while controlling for a desired FDR. This
approach is substantially more powerful than the
Bonferroni correction. Additionally, this method allowed
us to incorporate information on the concentration of anti-
bodies into the analyses rather than using cutoffs for posi-
tive and negative results.

Some notable limitations to this study include the
accuracy of ICD-9 codes, which can limit interpretation of
the associations. To address this issue, we reviewed the
EMRs of patients with the diagnosis codes to determine
the accuracy of the codes. As with any EMR study, the
data may not reflect complete capture of a patient’s diag-
noses, because he or she may seek care outside of our
healthcare system. On the other hand, we used informa-
tion derived from a patient’s entire follow-up in the medi-
cal records, reflecting diagnosis assigned by other
healthcare providers not limited to rheumatologists.
Because autoantibodies were measured in all patients in
the study, we avoided the bias that can occur in studies
using measurements that are performed as part of routine
care. Future studies are needed to directly test the

associations identified in this study and control for addi-
tional potential confounders.

In summary, using an EMR-based research plat-
form, we performed a PheWAS screen to examine the
potential significance of autoantibodies in patients with
RA. Our findings suggest that these biomarkers may help
identify subsets of disease. Additionally, the results of our
PheWAS screen supported previous findings that auto-
antibodies may be useful markers for pulmonary condi-
tions and ischemic heart disease in RA. Comprehensive
PheWAS screening for ACPAs can provide data for ongo-
ing as well as future studies in RA. Finally, we demon-
strate methods that can be applied to any EMR-based
population in which biomarkers may be helpful in under-
standing disease subsets to inform screening, manage-
ment, and treatment.
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The Transcriptional Coactivator Bob1 Is Associated
With Pathologic B Cell Responses in Autoimmune

Tissue Inflammation

Maria J. Levels,1 Melissa N. Van Tok,1 Tineke Cantaert,1 Juan D. Ca~nete,2 Frans G. M. Kroese,3

Kristine Germar,1 Hergen Spits,4 Dominique L. P. Baeten,1 and Nataliya G. Yeremenko1

Objective. The molecular mechanisms steering ab-
normal B cell responses in autoimmune diseases remain
poorly understood. We undertook this study to identify
molecular switches controlling pathologic B cell re-
sponses in rheumatoid arthritis (RA).

Methods. Candidate molecules were identified by
gene expression profiling of RA synovitis and validated by
quantitative polymerase chain reaction and immunohisto-
chemistry. B cell–specific expression was confirmed by
immunofluorescence, immunoblotting, and flow cytome-
try. The role of Bob1 in pathologic B cell responses was
assessed in collagen-induced arthritis (CIA).

Results. Transcriptional profiling of RA synovitis
revealed a prominent B cell signature, with the transcrip-
tional coactivator Bob1 and its putative target BCMA being
among the most up-regulated genes. Further analysis con-
firmed the microarray data and demonstrated elevated

levels of Bob1 in B cells in RA synovium. A functional study
showed that Bob1-deficient mice failed to produce patho-
genic anti–type II collagen (anti-CII) antibodies and were
resistant to CIA. Adoptive transfer of cells from Bob1-
deficient and Bob1-sufficient mice to recombination-
activating gene 1–null mice demonstrated that Bob1 defi-
ciency exclusively in B cells abrogated germinal center
(GC) B cell formation, anti-CII antibody production, and
CIA development. Consistent with data from animal stud-
ies, immunophenotyping of human B cell subsets revealed
increased expression of Bob1, predominantly in centrocytes
and centroblasts. Correspondingly, Bob1 expression in RA
synovitis was strongly correlated with CD21L, a molecular
marker of GCs. In addition, similar Bob1 overexpression
and correlation with CD21L expression was evidenced in
parotid salivary gland tissue from patients with primary
Sj€ogren’s syndrome.

Conclusion. These expression and functional data

identify the transcriptional coactivator Bob1 as a candi-

date molecular switch of pathogenic B cell responses in

autoimmune diseases in humans.

Rheumatoid arthritis (RA) is considered a classic
autoimmune disorder based on the central role of presum-
ably autoreactive T and B cells in the immunopathogenesis
of the disease. This is evidenced by data from experimental
models (1,2), by the association with multiple genetic risk
factors linked to pathways controlling T and B lymphocyte
activation (3), by the presence of T and B cell clonal
expansions in RA synovitis (4,5), and by marked humoral
autoimmunity. Circulating autoantibodies found in a large
proportion of RA patients include rheumatoid factor
(RF), anti-RA33, anticalpastatin, antifibronectin, anti–
type II collagen (anti-CII), anti–glucose-6-phosphate isom-
erase, anti-Sa, anti-BiP (6), and, most importantly, anti–
citrullinated protein antibodies (ACPAs). ACPAs are highly
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specific for RA, appear years before the onset of clinical
symptoms (7), and are associated with a more severe course
of disease (8). A potential direct role of these autoantibodies
in disease pathogenesis is suggested by their ability to acti-
vate Fc receptor (FcR)–positive macrophages to produce
proinflammatory cytokines (9), stimulate osteoclasts to dam-
age bone (10), and trigger the complement system (11).
Although it remains difficult to demonstrate a direct patho-
genic role of autoantibodies themselves as the presence and
role of ACPAs in murine models are controversial (12), the
pathogenic role of B lymphocytes in human RA is well
established by the clinical and biologic efficacy of therapeutic
depletion of B cells, but not plasma cells or autoantibodies,
by rituximab (13).

There is a large body of literature on the different
mechanisms that contribute to the breach of central and
peripheral tolerance in RA (14), but the mechanisms lead-
ing to persistence, expansion, and/or activation of patho-
genic B cell responses in the target tissues remain
incompletely understood. From the presence of circulating
ACPAs and RF in healthy individuals, only a fraction of
whom will develop RA over time, it is evident that the
presence of an autoimmune B cell response as such is not
sufficient to drive disease and that additional mechanisms
contribute to the progression from autoimmunity to auto-
immune disease. For example, it has been suggested that
the presence of ectopic lymphoid neogenesis in target tis-
sues such as the synovial membrane may create an immu-
nologic microenvironment that can fast-track progression
of pathogenic B and T cell responses (15,16). Although
the exact role of synovial ectopic lymphoid neogenesis is
still under investigation, these and other studies indicate
clearly that once tolerance is broken, additional molecular
and cellular mechanisms steer pathogenic lymphocyte
responses toward full-blown autoimmune tissue inflamma-
tion. Accordingly, the aim of this study was to identify key
molecular pathways associated with pathogenic B cell
responses during chronic autoimmune joint inflammation
and to validate the potential functional role of these mole-
cules in experimental models.

PATIENTS AND METHODS

Patients and samples. The study included 88 patients
with RA according to the American College of Rheumatology
1987 revised classification criteria (17), 55 patients with spondylo-
arthritis (SpA) according to the European Spondylarthropathy
Study Group classification criteria (18), 8 patients with gout, 10
patients with primary Sj€ogren’s syndrome (SS) according to the
revised American–European Consensus Group criteria (19), and
10 patients with sicca syndrome without SS. Before inclusion in
the study, all patients gave written informed consent to partici-
pate as approved by the local medical ethics committees. A total
of 20–25 synovial tissue biopsy samples per RA patient and per

SpA patient were obtained from clinically inflamed knee or ankle
joints and processed as described previously (20); 6–8 biopsy
samples were pooled and used for RNA isolation, and 6–8 addi-
tional biopsy samples were used for immunohistochemistry.
Biopsy samples from patients with primary SS and patients with
sicca syndrome without SS were obtained from the parotid sali-
vary gland (21). Demographic and clinical data on the different
patient cohorts are shown in Table 1. (Further details are pro-
vided in Supplementary Information, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.39993/abstract.)

Microarrays. RNA isolation, complementary DNA
synthesis, and labeling were carried out using a Two-Color
Microarray-Based Gene Expression Protocol (G4140-90050, ver-
sion 5.7) according to the instructions of the manufacturer
(Agilent Technologies). Labeled samples were hybridized to 4 3
44K Human Whole Genome microarrays (Agilent Technolo-
gies). Data were extracted using Feature Extraction software
(version 10.1; Agilent Technologies) and analyzed using a
Limma package of the Bioconductor project (www.bioconductor.
org) as described previously (22). Briefly, after background sub-
traction and “offset” correction, within-array (“lowess”) and
between-array (“scale”) normalizations were performed. Univer-
sal Human Reference RNA (no. 740000; Agilent) was used as a
reference for gene expression analysis. For the detection of dif-
ferentially expressed genes, a linear model was fitted to the nor-
malized data and empirical Bayes moderated t-statistics were
calculated. The false discovery rate was set at 0.01, and probes
with P values less than 0.001 (as adjusted for multiple hypothesis
testing) were considered to be differentially regulated. The genes
that were generated by the same microarray-based study and
that were up-regulated in SpA synovium compared to RA syno-
vium are described in detail in ref. 22; the present study is
focused on genes up-regulated in RA compared to SpA. Protein
association networks and gene ontology representation were per-
formed using Search Tool for the Retrieval of Interacting Genes/
Proteins database, version 10.0 (http://string-db.org/).

RNA extraction and quantitative polymerase chain
reaction (qPCR). Total RNA was isolated from synovial tissue
biopsy samples using RNA Stat-60 according to the instructions
of the manufacturer (Tel-Test), treated with DNase (Qiagen),
and cleaned using RNeasy columns (Qiagen). An RNeasy Micro
Kit (74004; Qiagen) was used to extract RNA from sorted B
cells. Peripheral blood was drawn in PAXgene RNA isolation
tubes (762165; PreAnalytiX), and total RNA was isolated using a
PAXgene RNA isolation kit (763134; Qiagen) according to the
manufacturer’s instructions, including a DNase (79254; Qiagen)
step to remove genomic DNA.

RNA concentration was determined with a NanoDrop
instrument (NanoDrop Technologies). Quantitative real-time
PCR was performed on a StepOnePlus Real-Time PCR System
(Applied Biosystems) using TaqMan gene expression assays for
POU2AF1 (Hs01573371_m1), TNFRSF17 (Hs00171292_m1),
CD21L (Hs00153398_m1), CXCL13 (Hs00757930_m1), and
GAPDH (4310884E) according to the protocol of the manufac-
turer (Thermo Fisher).

Immunostaining. Tissues were snap-frozen and mounted
in Jung tissue-freezing medium (Leica Instruments). Five-microme-
ter cryosections were used for staining with mouse anti–B cell Oct-
binding factor 1 (anti-Bob1) (ab31834; Abcam) and rabbit anti-
Bob1 (SC-955; Santa Cruz Biotechnology) antibodies. Expression
of Bob1 in synovial tissue was scored on a semiquantitative 4-point
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scale by 2 independent observers (DLPB and NGY) who were
blinded with regard to diagnosis. Double-staining of Bob1-positive
cells was performed with antibodies against CD20 (M0755; Dako),
CD3 (GTX78244; GeneTex), and CD138 (M7228; Dako). (Further
details are described in Supplementary Information, http://
onlinelibrary.wiley.com/doi/10.1002/art.39993/abstract.)

Flow cytometry. Allophycocyanin-conjugated anti-CD19
(555415) and fluorescein isothiocyanate–conjugated anti-CD3
(345763) (both from BD Biosciences) were used for sorting of cells
from synovial fluid samples. For Bob1 staining, cells were stained
for extracellular markers, fixed and permeabilized with a FoxP3/
Transcription Factor Staining Buffer Set (00-5523; eBioscience),
and then stained with phycoerythrin (PE)–conjugated anti-Bob1
antibody (sc-23932 PE; Santa Cruz Biotechnology). FcR Blocking
Reagent (130-059-901; Miltenyi Biotec) was used in both extracellu-
lar and intracellular staining when using the PE-conjugated anti-
Bob1 antibody. (Further details and a full list of antibodies for
sorting and analysis of B cell subsets and lymph nodes of mice are
provided in Supplementary Information, http://onlinelibrary.wiley.
com/doi/10.1002/art.39993/abstract.)

Western blotting. PVDF membranes were incubated
overnight at 48C with rabbit anti-Bob1 or mouse anti–a-tubulin
(T6199; Sigma-Aldrich) diluted in 2.5% milk/Tris buffered
saline–Tween (TBST). Following washing, membranes were
incubated in 2.5% milk/TBST containing horseradish peroxidase
(HRP)–conjugated swine anti-rabbit (P0399; Dako) and HRP-
conjugated rabbit anti-mouse (P0260; Dako), developed using
SuperSignal West Femto Maximum Sensitivity Substrate (34094;
Thermo Scientific), and acquired on an LAS4000 imaging system
equipped with a CCD camera (GE Healthcare Life Sciences).
(Full details are provided in Supplementary Information, http://
onlinelibrary.wiley.com/doi/10.1002/art.39993/abstract.)

Mice. Bob1-deficient mice were kindly provided by Prof.
R. G. Roeder (Rockefeller University, New York, NY) and main-
tained on a C57BL/6NCrl background. CD45.1 (B6.SJL-Ptprca

Pepcb/BoyJ) mice and recombination-activating gene 1 (RAG-1)–
null (B6.129S7-Rag1tm1Mom/J) mice were purchased from The
Jackson Laboratory. All mice were maintained in the Animal
Research Institute at the Amsterdam Medical Center in accor-
dance with institutional and national guidelines. B6.129S7-
Rag1tm1Mom/J mice were housed in individual ventilated cages
upon arrival and were moved to conventional cages when the
immune system was reconstituted after adoptive transfer. All
other mice were housed in conventional cages. All animal experi-
ments were approved by the Animal Ethics Committee of the
Academic Medical Center/University of Amsterdam.

Collagen-induced arthritis (CIA). CIA was induced
as previously described (23). Briefly, chicken CII (2 mg/ml in
0.1M acetic acid; Chondrex) was mixed in an equal volume of
Freund’s complete adjuvant (5 mg/ml of Mycobacterium tubercu-
losis; Chondrex). Mice were immunized intradermally at the base
of the tail with 100 ml of emulsion (containing 100 mg collagen
and 250 mg M tuberculosis) on day 0; this procedure was repeated
as a boost 21 days later. The cumulative score for all 4 paws of
each mouse (maximum possible score of 16) was used to repre-
sent overall disease severity and progression. For evaluation of
incidence, mice were considered to have arthritis if the clinical
arthritis score was $1 for 2 consecutive days. RAG-1–null mice
received a second boost 62 days after the primary immunization.
Mouse groups were randomly mixed in cages and scored in a
blinded manner for the presence of arthritis using an established

semiquantitative scoring system of 0–4 per paw as described pre-
viously (23).

Adoptive transfer of splenic and B and T cells to
RAG-1–null mice. Single-cell suspensions were obtained by
crushing spleens of Bob1-deficient or CD45.1 wild-type (WT)
donor mice through a 40-mm cell strainer (Becton Dickinson).
Erythrocytes were lysed with ice-cold isotonic NH4Cl solution
(155 mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA [pH 7.4]); the
remaining cells were washed twice with complete RPMI 1640
medium (Sigma-Aldrich) supplemented with 10% fetal calf
serum, 1% L-glutamine, 1% HEPES, 0.05% gentamicin, and 1%
penicillin/streptomycin. B and T cells were purified with a Pan B
Cell Isolation Kit (130-095-813) and a Pan T Cell Isolation Kit II
(130-095-130) (both from Miltenyi Biotec). Purity of purification
was controlled by flow cytometry. RAG-1–null mice were injected
intravenously with 4 different combinations of cells.

Anti-CII enzyme-linked immunosorbent assay (ELISA).
Serum levels of antibodies against chicken CII were measured by
ELISA. Nunc Maxisorp 96-well plates were coated overnight with
5 mg/ml chicken CII in sodium carbonate/bicarbonate buffer (pH
9.0). All sera were tested in duplicate. Bound antibodies were
detected with HRP-conjugated rat anti-mouse IgG1 (559626; BD
PharMingen), HRP-conjugated rat anti-mouse IgG2a (555391;
BD PharMingen), and biotinylated goat anti-mouse IgM (1020-
08; SouthernBiotech) in combination with Poly-HRP–conjugated
streptavidin (M2051; Sanquin). Mouse anti–type II collagen IgG1
antibody (20306; Chondrex) and mouse anti–type II collagen
IgG2a antibody (20307; Chondrex) were used for quantitative
determination of IgG concentrations.

Statistical analysis. Data were analyzed using Graph-
Pad Prism software, version 5. The Mann-Whitney U test or
Kruskal-Wallis test was used to compare outcome measures
between groups. The Mann-Whitney U test was used when only
2 groups were compared. A chi-square test was used for compari-
son of disease incidence in 2 groups. Correlations between gene
expression levels were evaluated with Spearman’s rank correla-
tion. Regression lines were fitted with use of a nonlinear regres-
sion model with the power function. P values less than 0.05 were
considered significant.

RESULTS

Elevated Bob1 expression in RA synovitis. To
screen for molecular pathways potentially associated with
pathologic B cell responses in RA, we performed a global
transcriptome analysis of RA synovitis versus SpA synovi-
tis. SpA is a chronic inflammatory joint disease with pro-
nounced synovial inflammation (including T and B
lymphocyte infiltration [15,24] and ectopic lymphoid neo-
genesis [25]) but without clear B cell contribution, as
evidenced by the absence of autoantibodies, the occurrence
of disease in the absence of B cells, and the lack of efficacy
of B cell depletion (26). To minimize biases related to
patient and sample heterogeneity, we selected synovial
samples (cohort 1 in Table 1) matched for the degree of
local tissue inflammation (as assessed by synovial infiltra-
tion with T and B lymphocytes and macrophages on histol-
ogy [27]), and we excluded patients who received disease-
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modifying antirheumatic drugs or who were treated with
biologic agents. While in our previous report we described
genes that were up-regulated in SpA (22), in the present
study we focused only on genes up-regulated in RA.

Using stringent data analysis criteria (.2-fold dif-
ference in expression, P , 0.001), we identified 296 differ-
entially (up- and down-) regulated transcripts, 90 of
which were up-regulated $3-fold in the RA group

compared to the SpA group; a large majority of the genes
overexpressed in RA synovitis were related to a B cell/
plasma cell signature (Table 2 and Figure 1A). (The com-
plete list of up-regulated genes is shown in Supplemen-
tary Table 1, http://onlinelibrary.wiley.com/doi/10.1002/
art.39993/abstract.) Analysis of top up-regulated protein-
encoding genes for protein association networks and gene
ontology representation revealed that these proteins were

Table 2. Selection of genes with known function or similarities that were up-regulated in synovium of RA patients compared with synovium of
SpA patients*

Gene symbol Gene name
Fold change,
RA vs. SpA

TNFRSF17 Tumor necrosis factor receptor superfamily, member 17 7.1
AY172962 Immunoglobulin lambda locus 7.0
IGJ Immunoglobulin J polypeptide, linker protein for immunoglobulin alpha and mu polypeptides 7.0
POU2AF1 POU class 2–associating factor 1 6.3
BI521983 Immunoglobulin lambda light chain 5.8
AW136683 Immunoglobulin J polypeptide, linker protein for immunoglobulin alpha and mu polypeptides 5.7
X57802 Immunoglobulin lambda locus 5.7
IGLL1 Immunoglobulin lambda–like polypeptide 1 5.5
CTA-246H3.1 Similar to omega protein 5.3
DERL3 Der1-like domain family, member 3 5.1
FCRL5 Fc receptor–like 5 4.9
CXCL13 Chemokine (C-X-C motif) ligand 13 (B cell chemoattractant) 4.7
AF076205 Immunoglobulin lambda light chain 4.5
PNOC Prepronociceptin 4.4
IGKC Major histocompatibility complex, class I, C 4.3
IGHV1-69 Immunoglobulin heavy variable 1-69 4.2
SPP1 Secreted phosphoprotein 1 (osteopontin, bone sialoprotein I, early T lymphocyte activation 1) 4.2
BC012876 Immunoglobulin lambda locus 4.1
ADAMDEC1 ADAM-like, decysin 1 3.9
IRF4 Interferon regulatory factor 4 3.8
SMR3A Submaxillary gland androgen-regulated protein 3 homolog A (mouse) 3.8
AF063695 Immunoglobulin lambda locus 3.7
X57818 Immunoglobulin lambda locus 3.6
LAX1 Lymphocyte transmembrane adaptor 1 3.5
AJ399872 Major histocompatibility complex, class I, C 3.5
D83692 (clone TR1.5VH) anti–thyroid peroxidase monoclonal autoantibody IgH chain, V region 3.4
EAF2 ELL-associated factor 2 3.4
IGLV6-57 Immunoglobulin lambda variable 6-57 3.3
AF103312 Immunoglobulin heavy chain variable region (clone Tmu25) 3.3
PIM2 Pim-2 oncogene 3.3
AB063923 Immunoglobulin heavy chain variable region (clone Tmu84) 3.2
L04336 Immunoglobulin heavy constant gamma 1 (G1m marker) 3.2
FAM46C Family with sequence similarity 46, member C 3.2
CP Ceruloplasmin (ferroxidase) 3.2
IGKV1-5 Major histocompatibility complex, class I, C 3.2
OGN Osteoglycin 3.1
LOC647460 Immunoglobulin kappa variable 1D-8 3.1
SEC11L3 SEC11 homolog C (Saccharomyces cerevisiae) 3.1
ELL2 Elongation factor, RNA polymerase II, 2 3.1
AF267875 Immunoglobulin lambda variable 6-57 3.1
LMAN1 Lectin, mannose-binding, 1 3.0
SDC1 Syndecan 1 3.0
Y11328 Immunoglobulin heavy chain, partial, clone VH3-7 3.0
UBD Ubiquitin D 3.0
TPD52 Tumor protein D52 3.0
X01147 Anti–thyroglobulin light chain variable region 3.0
SELE Selectin E (endothelial adhesion molecule 1) 3.0
AF343666 Immunoglobulin heavy constant alpha 1 3.0

* The complete table is presented in Supplementary Table 1, available on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.39993/abstract. RA 5 rheumatoid arthritis; SpA 5 spondyloarthritis.

754 LEVELS ET AL

http://onlinelibrary.wiley.com/doi/10.1002/art.39993/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.39993/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.39993/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.39993/abstract


associated mainly with adaptive immune responses, regu-
lation of lymphocyte activation, cell adhesion, T cell acti-
vation, B cell proliferation, immunoglobulin secretion, and
germinal center (GC) formation (Figure 1B) (see Supple-
mentary Table 2, http://onlinelibrary.wiley.com/doi/10.1002/
art.39993/abstract).

A global transcriptome analysis identified tran-
scriptional coactivator POU2AF1 and its direct target
TNFRSF17 as being among the most up-regulated genes
in RA synovial tissue. TNFRSF17, also known as
BCMA, is expressed on some activated B cells (28) and

Ig-secreting cells (29) as a receptor for BAFF and
APRIL (30), and it is essential for the maintenance of
long-lived plasma cells (29). Its expression is regulated
by various factors, including POU2AF1 (31), also known
as Oct-binding factor 1 (OBF-1), Oct coactivator from
B cells (OCA-B), and Bob1. Bob1 is a B cell–specific
transcriptional coactivator that interacts with the
octamer-binding transcription factors Oct-1 and Oct-2
and augments their function (32). It has been demon-
strated previously that the Bob1-containing complex
binds to an octamer motif upstream of the transcription

Figure 1. Elevated expression of Bob1 in synovial B cells from patients with rheumatoid arthritis (RA). A, Heatmap of hierarchical cluster ana-
lysis of the top 25 most up-regulated genes in RA synovitis, as assessed by microarray analysis of synovial tissue samples from RA patients
(n 5 7) and patients with spondyloarthritis (SpA) (n 5 11) (see cohort 1 in Table 1). Each column represents data from 1 patient, and each row
shows relative expression of a single gene relative to the reference (Universal Human Reference RNA [no. 740000; Agilent]). Dendrogram was
created based on 296 differentially (up- and down-) regulated genes. B, Protein–protein interaction network. Different colors of lines represent
types of evidence for association (magenta 5 experimental; black 5 coexpression; blue 5 co-occurrence; yellow 5 text-mining). C, Gene expression
analysis of TNFRSF17 and POU2AF1 by quantitative polymerase chain reaction on samples from patients with RA that were used for the origi-
nal microarray analysis (cohort 1 in Table 1), samples from patients with early RA (cohort 2 in Table 1), and samples from patients with SpA
(cohort 2 in Table 1). For purposes of comparison, data on samples from patients with osteoarthritis (OA) and patients with gout are also
shown. D, Semiquantitative scores for Bob1 protein expression in synovial membrane biopsy samples obtained from RA patients (n 5 14) and
SpA control patients (n 5 22). E, Expression of POU2AF1 mRNA in B and T cells sorted from synovial fluid of RA patients (n 5 9) and SpA
patients (n 5 5). Symbols in C–E represent individual samples; bars show the median and interquartile range. * 5 P , 0.05; ** 5 P , 0.01.
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start site of TNFRSF17 (31) that is crucial for binding,
since mutation of this region abrogated binding. More-
over, silencing of POU2AF1 reduced TNFRSF17 expression,
and, conversely, TNFRSF17 expression was increased in
POU2AF1-overexpressing cells (31). We selected BCMA
and Bob1 for further study based on their level of overex-
pression in RA synovium, clear information on the protein
coded by these genes, their potential connection in one path-
way, and their potential role in the pathogenesis of RA.

Technical validation in the same set of samples and
biologic validation in an independent cohort of patients
with early RA (disease duration ,1 year) (cohort 2 in
Table 1) by qPCR confirmed elevated expression of
POU2AF1 and TNFRSF17 in RA synovium (Figure 1C).
Next, in order to confirm specificity, since expression
profiles displayed partial heterogeneity even within the RA
group, we assessed expression of both genes in samples
from patients with gout and patients with osteoarthritis
(OA). Analysis confirmed that elevated expression of
POU2AF1 and TNFRSF17 reflects a disease-specific
increase in RA synovitis, as expression of both genes was
significantly lower not only in tissue from patients with
acute inflammatory gout but also in that from patients with
longstanding degenerative disease such as OA (Figure 1C).
Furthermore, we observed a strong positive correlation
between expression levels of POU2AF1 and TNFRSF17 in
RA synovial tissue (see Supplementary Figure 1A, http://
onlinelibrary.wiley.com/doi/10.1002/art.39993/abstract).
Although this correlation obviously does not prove any
causal relationship, it fits well with the causal relationship
previously demonstrated in artificial in vitro experiments
(31).

We next investigated whether the overexpression
of POU2AF1 transcript in RA synovium also resulted in
altered expression of Bob1 protein encoded by the
POU2AF1 gene. Immunohistochemical analysis of RA
and SpA synovial membrane sections confirmed elevated
expression of Bob1 protein in RA synovial sublining
(P 5 0.002) (Figure 1D). To investigate whether the dif-
ference in Bob1 expression was due to a differential
expression of Bob1 in B cells, and to normalize levels of
POU2AF1 transcripts to synovial B cell numbers, we ana-
lyzed expression of the POU2AF1 gene in fluorescence-
activated cell–sorted B cells from synovial fluid of RA
and SpA patients. Quantitative PCR analysis revealed
that a majority of B cells from RA patients showed ele-
vated POU2AF1 expression, and, despite large interindi-
vidual variation, POU2AF1 messenger RNA (mRNA)
levels were significantly increased in synovial B cells from
RA patients compared to synovial B cells from SpA
patients (P 5 0.04), in which POU2AF1 expression
showed a more uniform pattern (Figure 1E).

Since it has been shown recently that Bob1 is
expressed in some T cells in mice and humans (33–35), we
analyzed flow-sorted synovial fluid T cells. Expression of
POU2AF1 in synovial T cells from RA patients was sub-
stantially lower than that in synovial B cells and did not dif-
fer between RA and SpA patients (Figure 1E). Finally,
qPCR analysis of peripheral blood (in cohort 3 in Table 1)
did not show any differential expression of POU2AF1
betweenRAandSpApatients (seeSupplementaryFigure1B,
http://onlinelibrary.wiley.com/doi/10.1002/art.39993/abstract),
which suggests a specific increase in Bob1-expressing B cells
in inflamed RA synovium, the key target of the disease pro-
cess in RA.

High expression of Bob1 in GC B cells. Previ-
ously, high expression of Bob1 has been described in
CD381 B cells in human tonsil (36) and GC dark zones in
mouse spleen (37); however, the question of which B cell
subset expresses the highest levels of Bob1 has not been
thoroughly investigated. In the present study, we
addressed this issue by first analyzing human tonsillar lym-
phoid tissue. Flow cytometry analysis of intranuclear Bob1
demonstrated its expression in tonsillar B cells but not in
peripheral blood B cells (Figure 2A). Further characteriza-
tion of the Bob1-positive population revealed highest
expression in centrocytes (CD191CD10intermediateCD44low

CXCR42) and centroblasts (CD191CD10intermediateCD44
lowCXCR41) and lowest expression in naive B cells
(CD191CD102CD44intermediateCD272IgD1) (Figures 2A
and B) (gating strategy is shown in Supplementary Figure
1C, http://onlinelibrary.wiley.com/doi/10.1002/art.39993/
abstract). Immunoblotting of tonsillar B cell subset protein
extracts with a different anti-Bob1 antibody confirmed flow
cytometry data and revealed several bands corresponding
to described isoforms of Bob1 migrating below the 37-kd
marker in all B cell subsets, with highest expression in cen-
trocytes and centroblasts (Figure 2C). Double immunofluo-
rescence staining of RA synovial tissue showed nuclear
Bob1 expression in CD201 B cells, CD1381 plasma cells,
and some CD31 T cells (Figure 2D). Consistent with
findings in tonsillar lymphocytes observed by our group and
others (36,38), expression of Bob1 was colocalized with
expression of the CD38 molecule, which is detected at high
levels in GC B cells and plasma cells (39).

Absence of Bob1 protects against CIA. To explore
the functional role of Bob1 in pathogenic B cell responses,
we investigated how lack of functional Bob1 protein
affects disease incidence and/or severity in the CIA experi-
mental model. Consistent with the observation that Bob1-
deficient animals lack functional GCs in response to pro-
totypical T cell–dependent antigens (40), both anti-CII
Th1-associated IgG2a and Th2-associated IgG1 were
nearly absent (P 5 0.0001) and anti-CII IgM levels were
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severely reduced (P 5 0.0006) in Bob1-deficient animals
compared to WT animals on day 58 after induction of CIA
(Figure 3A). Accordingly, Bob1-deficient animals were
completely protected from arthritis (P , 0.001) (Figure 3B).

Bob1 in B cells is required and sufficient for
susceptibility to CIA. Recently it has been reported that
Bob1 plays a role in memory T cell development (33) and
in follicular helper T cells in humans (35) and mice (34).
Consistent with those results, we observed that Bob1 was
expressed not only in B cells but also in some T lympho-
cytes in RA synovitis (Figure 2D); however, in contrast to
its expression in B cells, Bob1 expression in RA patient T
cells was not different from that in SpA patient T cells
(Figure 1E). To investigate whether functional Bob1 in B
cells and/or T cells is required for susceptibility to CIA, we
induced CIA after adoptive transfer of B and T cells from
Bob1-deficient or Bob1-sufficient mice in different combi-
nations to RAG-1–null mice. Since RAG-1–null mice lack
endogenous T and B lymphocytes and their immune sys-
tem may still be partially deficient in the adoptive transfer
setting, a second boost immunization on day 62 was
included in these experiments.

Analysis of serum antibodies revealed that only
animals that received B cells from Bob1-sufficient mice,
regardless of whether T cells were from Bob1-deficient or

Bob1-sufficient mice, developed anti-CII IgG1, IgG2a,
and IgM antibodies (Figure 3C). As expected, all 12 ani-
mals receiving B cells from Bob1-deficient mice were pro-
tected from clinical arthritis, while 4 of 6 mice (66.7%)
that received B and T cells from Bob1-sufficient mice and
2 of 6 mice (33.3%) that received B cells from Bob1-
sufficient mice and T cells from Bob1-deficient mice
showed clinical signs of arthritis. Confirming that Bob1
expression in B cells is important in this model, GC B cells
(defined as IgD2CD382GL71Fas1 cells) were mark-
edly reduced in animals receiving B cells from Bob1-
deficient mice (Figure 3D). Taken together, these data
indicate that Bob1 expression in B cells is required for
mounting a GC-dependent autoimmune response and
subsequent development of arthritis in this model.

Bob1 expression in RA synovitis and in inflamed
salivary glands in primary SS is strongly associated
with ectopic GC reactions. Considering the role of B
cell–specific Bob1 expression in GC reactions in the
experimental models, we investigated whether elevated
levels of Bob1 were also associated with the presence of
GC-like ectopic lymphoid structures in RA synovitis.
Immunofluorescence staining of inflamed RA synovium
demonstrated that Bob1-positive B cells were not only
scattered throughout the synovial sublining but were also

Figure 2. Identification of Bob1-expressing cells. A, Representative histograms from flow cytometric analysis of Bob1 expression by total B cells
(top) and B cell subsets (bottom) in human tonsillar tissue. B, Higher mean fluorescence intensity (MFI) values for Bob1 protein expression in
centrocytes and centroblasts. Symbols represent individual samples of cells obtained from 8 donors; bars show the median and interquartile
range. * 5 P , 0.05; ** 5 P , 0.01; *** 5 P , 0.001; **** 5 P , 0.0001. C, Expression of Bob1 in tonsil B cell subsets measured by Western blot-
ting, showing the 3 possible isoforms of Bob1. The band above is nonspecific since it is seen in all cells tested including cells that do not express
Bob1 (such as stromal cells). Results are representative of 6 independent experiments using 1 tonsil per experiment. D, Colocalization of Bob1
expression with expression of CD20 (B cells), CD138 (plasma cells), CD3 (T cells), and CD38 (detected at high levels in germinal center B cells
and plasma cells) in synovium from patients with rheumatoid arthritis. Arrows indicate individual cells expressing Bob1 in the synovium. Results
are representative of 3 independent experiments with 3 samples per experiment. Original magnification 3 25.
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clustered in the lymphoid follicles, similar to their pres-
ence in tonsil (Figure 4A).

As not all lymphoid aggregates in synovial tissue
represent genuine ectopic lymphoid neogenesis with GC
reactions (15), we performed qPCR analysis for long CD21
isoform (CD21L). This isoform of CD21 confers unique
functions to follicular dendritic cells in GC development
(41) and is selectively expressed in GC-containing synovial
tissue (42). Expression of Bob1 was strongly correlated
with expression of CD21L in RA synovitis (rs 5 0.91,
P , 0.0001) (in cohort 3 in Table 1) (Figure 4B). Further
analysis of RA synovium microarray data revealed a strong
correlation between expression of Bob1 and expression of
CXCL13 (one of the most up-regulated molecules in RA)
(Table 2), a B cell–attracting chemokine that is highly up-
regulated in GCs (43) (rs 5 0.86, P 5 0.02) (see Supple-
mentary Figure 1D, http://onlinelibrary.wiley.com/doi/10.
1002/art.39993/abstract) but not in SpA synovium (Supple-
mentary Figure 1E), thus supporting the notion that there
is a link between Bob1 and the presence of GC-like ectopic
lymphoid structures. This observation was validated by
qPCR analysis in an independent cohort (cohort 3 in Table
1) (rs 5 0.75, P 5 0.0002) (Figure 4B).

To confirm and extend these observations, we addi-
tionally analyzed parotid salivary gland biopsy samples
from patients with primary SS (cohort 4 in Table 1),
another prototypical autoimmune disease characterized by
pronounced humoral autoimmunity. Primary SS is charac-
terized by periductal lymphoid infiltrates that may contain
GC-like structures. Bob1 mRNA expression was signifi-
cantly increased in patients with primary SS compared with
control patients with sicca syndrome without primary SS
(P 5 0.0009) (Figure 4C). Similar to observations in RA
synovitis, Bob1 expression was strongly correlated with
CD21L expression in parotid salivary glands of patients
with primary SS (rs 5 0.89, P 5 0.0011) (Figure 4D).
Cumulatively, these data demonstrate that elevated Bob1
expression is strongly and consistently associated with
ectopic GC reactions in autoimmune tissue inflammation
in humans.

DISCUSSION

While autoimmunity is a natural phenomenon and
self-reactive B and T cells are present in all normal indi-
viduals, autoimmune diseases originate from a sustained

Figure 3. Functional Bob1 in B cells is required for development of collagen-induced arthritis (CIA). A, Analysis of anti–type II collagen (anti-
CII) antibodies in Bob1-deficient mice (n 5 13) and in their wild-type (WT) littermates (n 5 13) by enzyme-linked immunosorbent assay
(ELISA). B, Cumulative arthritis incidence in Bob1-deficent mice (n 5 15) and in their WT littermates (n 5 15). Data shown are representative
of 2 independent experiments. C, Analysis of anti-CII antibodies in recombination-activating gene 1 (RAG-1)–null mice by ELISA. CIA was
induced in RAG-1–null mice after adoptive transfer of B and T cells from Bob1-deficient or Bob1-sufficient (WT) mice in different combina-
tions to RAG-1–null mice, which were then euthanized. Data shown are from 1 single experiment with 6 mice per group. D, Percentages of ger-
minal center (GC) B cells (IgD2CD382GL71Fas1) in inguinal lymph nodes of RAG-1–null mice after adoptive cell transfer, assessed by flow
cytometry 2 weeks after the last boost. Data shown are from 1 single experiment with 4 mice per group. In A, C, and D, symbols represent indi-
vidual samples; bars show the median and interquartile range. * 5 P , 0.05; ** 5 P , 0.01; *** 5 P , 0.001.
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and persistent immune response against self-constituents
and require a breakdown in tolerance. It remains unclear
which molecular mechanisms drive progression from a
silent state of autoimmunity toward overt autoimmune
disease. In this study we aimed to identify molecular

switches that could drive and control pathogenic B cells
during joint inflammation in human RA. Using global
transcriptome screening for genes that are differentially
expressed in inflamed synovium, the key target of the dis-
ease process in RA, we identified the transcriptional

Figure 4. Bob1 (POU2AF1) expression correlates with germinal center markers and is elevated in patients with primary Sj€ogren’s syndrome
(SS). A, Expression of Bob1 in lymphoid aggregates of B cells in rheumatoid arthritis (RA) synovium and tonsil. Images are representative of at
least 3 independent experiments with 3 samples per experiment. Original magnification 3 25. B, Correlation of POU2AF1 expression with
CD21L expression (left) and with CXCL13 expression (right) in RA synovium (see cohort 3 in Table 1), as measured by quantitative polymerase
chain reaction (qPCR). C, Gene expression analysis of POU2AF1 in parotid salivary gland tissue from 10 patients with primary SS (pSS) and
from 8 patients with sicca syndrome without SS (see cohort 4 in Table 1), as measured by qPCR. D, Correlation of CD21L expression with
POU2AF1 expression in parotid salivary gland tissue from patients with primary SS (see cohort 4 in Table 1). Symbols represent individual sam-
ples; bars in C show the median and interquartile range. *** 5 P 5 0.0009.
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coactivator Bob1 together with its transcriptional target
BCMA as being among the most up-regulated genes.
This finding was confirmed by several important
observations.

First, further validation by qPCR demonstrated ele-
vated expression of both genes in synovial tissue, not only
in patients with severe RA but also at the early phase of
RA, suggesting that this molecular profile was technically
and biologically reproducible. Second, analysis of tissue
from patients with joint diseases of different origin, includ-
ing acute inflammatory gout and longstanding degenerative
OA, demonstrated that this molecular profile is disease
specific. Third, elevated expression of Bob1 in RA synovitis
was confirmed at the protein level by immunohistochemis-
try in an independent cohort. Fourth, analysis of sorted
synovial B and T cells revealed higher expression of Bob1
exclusively in B cells from RA patients and not in B cells
from SpA patients. Importantly, no difference in peripheral
blood expression of Bob1 was detected between RA
patients and SpA patients, suggesting that this pathway is
specific for the targeted tissue. Finally, increased expression
of Bob1 in salivary glands of patients with primary SS, but
not in salivary glands of control patients with sicca syn-
drome without primary SS, confirmed the link between ele-
vated expression of this B cell–specific coactivator and B
cell–driven autoimmune tissue inflammation.

This increased expression of Bob1 in the targeted
tissue of patients with autoimmune diseases is of major
interest, since gene targeting in mice revealed that aber-
rant expression of Bob1 has serious functional conse-
quences for the immune system. Thus, overexpression of
Bob1 in B cells leads to impairment of B cell differentia-
tion at an early stage in bone marrow, and cells can only
escape this block by posttranslational down-regulation of
the expression of Bob1 (44,45). In contrast, absence of
Bob1 expression leads to a severely reduced immune
response to T cell–dependent antigens and a lack of GC
formation (37,40), indicating that Bob1 is required in
antigen-dependent stages of B cell differentiation. These
findings clearly suggest that aberrant expression of Bob1 in
B cells has major functional consequences. Our data sup-
port this concept, as we show that Bob1-deficient mice,
which lack the capacity to mount a T cell–dependent anti-
body response, are not capable of producing pathogenic
autoantibodies and are markedly protected from CIA.
However, this protection can be reversed by transfer of B
cells from Bob1-sufficient mice. Conversely, B cells
expressing high levels of Bob1 accumulate in the synovium
of patients with RA.

The notion that Bob1 has a functional role in
autoimmune tissue inflammation is further supported by
linkage disequilibrium screening, which identified Bob1

single-nucleotide polymorphisms associated with RA (46)
and multiple sclerosis (47). Consistent with this, genome-
wide association studies in Japanese (48) and Han Chinese
(49) populations showed an association of Bob1 with pri-
mary biliary cirrhosis, a typical autoimmune disease char-
acterized by the presence of antimitochondrial
autoantibodies and often associated with other autoim-
mune phenomena, including RA and primary SS.

Although B lymphocyte autoimmunity plays a cru-
cial role in the pathogenesis of RA, it has been shown that
levels of T and B lymphocyte infiltration in the inflamed
synovium are comparable between RA patients and
patients with seronegative (presumably non-autoimmune)
SpA (50). This would suggest that aberrant activation of
distinct molecular and cellular pathways driving presum-
ably autoreactive T and B cells in RA synovium is crucial
for the pathogenesis of RA. Therefore, the specific
increase in expression of Bob1 in RA synovitis indicates
the presence of phenotypically and/or functionally distinct
B cell populations. In an attempt to specify which distinct
subset of B cells expresses Bob1 in RA synovium, we ana-
lyzed Bob1 expression in B cell subsets from tonsils and
observed that, concordant with previous reports (36,37),
Bob1 was expressed predominantly in tonsillar GC B cells
(centrocytes and centroblasts). Although we cannot for-
mally rule out the possibility that other B cell subsets in
RA synovium also express high levels of Bob1, a strong
positive correlation of Bob1 mRNA with expression of the
GC markers CD21L and CXCL13 in RA synovitis but not
in SpA synovitis strengthens the idea that Bob1 expres-
sion in autoimmune tissue is linked to the presence of GC
B cells and ectopic lymphoid neogenesis. A similar corre-
lation between Bob1 and CD21L expression was found in
samples from patients with primary SS.

Although this strong and reproducible correlation
does not prove a causal relationship, the findings that lev-
els of Bob1 are elevated in synovial B cells but not in syno-
vial T cells in RA, that Bob1-deficient mice lack GCs (40),
and that selective deficiency of Bob1 in B cells but not in T
cells leads to a defect in GC B cells support the concept
that Bob1 is a key molecular driver of this particular B cell
subset and thereby contributes to the establishment of
autoimmune tissue inflammation. However, several impor-
tant issues require further investigation. Thus, it will be
crucial to determine whether autoreactive B cells in RA
synovium express high levels of Bob1. It remains to be
explored whether Bob1 expression in conventional GC reac-
tions differs from the expression observed in ectopic lym-
phoid neogenesis. Finally, the exact molecular mechanisms
linking Bob1 expression to GC B cell differentiation and/or
function need to be better characterized. Based on the find-
ing that Bob1 also regulates B cell receptor (BCR)–mediated
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signals in marginal zone B cells (51), the proposed model is
that elevated expression of Bob1 skews B cells toward a
“GC”-like phenotype associated with an increase in BCR sig-
naling, resulting in enhanced antigen presentation, which, in
the case of self-antigens, could induce or facilitate the pro-
gression from autoimmunity to autoimmune disease. In these
contexts, targeted hampering of B cells that express high
levels of Bob1 represents a promising therapeutic approach.
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Long-Term Safety and Efficacy of Fulranumab in Patients With
Moderate-to-Severe Osteoarthritis Pain
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Objective. To evaluate the long-term safety and
efficacy of fulranumab in patients with knee or hip pain
caused by moderate-to-severe chronic osteoarthritis (OA).

Methods. In this phase II double-blind, placebo-
controlled extension study, patients who were randomized
in equal proportions to receive subcutaneous doses of
either placebo or fulranumab (1 mg every 4 weeks, 3 mg
every 8 weeks, 3 mg every 4 weeks, 6 mg every 8 weeks, or
10 mg every 8 weeks) in the 12-week double-blind efficacy
phase and who completed this double-blind efficacy phase
were eligible to continue the dosage throughout a 92-week
double-blind extension phase, followed by a 24-week post-
treatment follow-up period. Safety assessments included
evaluation of treatment-emergent adverse events (TEAEs),
pre-identified AEs of interest, and joint replacements. Effi-
cacy assessments included changes from baseline to the
end of the double-blind extension phase in scores on the
patient’s global assessment and the pain and physical
function subscales of the Western Ontario and McMaster
Universities Osteoarthritis Index.

Results. Overall, 401 of the 423 patients who com-
pleted the 12-week double-blind efficacy phase entered the
extension study. Long-term sustained improvements were

observed in all efficacy parameters following fulranumab
treatment (1 mg every 4 weeks, 3 mg every 4 weeks, and
10 mg every 8 weeks) as compared with placebo. Similar
percentages of patients in both groups experienced TEAEs
(88% taking placebo and 91% taking fulranumab; all
phases). Across all fulranumab groups, arthralgia (21%)
and OA (18%) (e.g., exacerbation of OA pain) were the
most common TEAEs. The most common serious TEAEs
were the requirement for knee (10%) and hip (7%) arthro-
plasty, with 80% occurring during the posttreatment
follow-up period. Neurologic-related TEAEs (28%; all
phases) were generally mild-to-moderate. Overall, 81 joint
replacements were performed in 71 patients (8 [11%]
receiving placebo and 63 [89%] receiving fulranumab); 15
patients (21%) had rapid progression of OA (RPOA). All
cases of RPOA occurred in fulranumab-treated patients
who were concurrently receiving nonsteroidal antiinflam-
matory drugs and occurred in joints with preexisting OA.

Conclusion. Long-term treatment with fulranumab
was generally well-tolerated and efficacious. RPOA was
observed as a safety signal. Future studies are warranted
to demonstrate whether the risk of RPOA can be reduced
in patients taking fulranumab.

The incidence of osteoarthritis (OA) is increasing
due to the increasing age of the population (1–3) and
increasing numbers of comorbid conditions, such as obe-
sity (4,5). Based on radiographic studies, the incidence
rates of knee OA in people ages 45 years and older in the
US and the European Union are estimated to be 14.1% in
men and 22.8% in women (6). The prevalence of hip OA
ranges from 3% to 11% in the Western population over
the age of 35 years (7). Knee or hip OA is a major cause of
pain, contributing to limitations in daily functioning and
reducing quality of life (8,9).
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Available therapies for reducing OA pain include
pharmacologic agents (e.g., acetaminophen, nonsteroidal
antiinflammatory drugs [NSAIDs], opioids, antidepressants
such as duloxetine, topical ointments, and intraarticular
injections), nonpharmacologic interventions (e.g., educa-
tion, exercise, and lifestyle modifications), surgical ap-
proaches (arthroplasty), and psychological counseling
(7,10–12). Existing pharmacologic treatments are associated
with various side effects, including gastrointestinal, cardio-
vascular (13,14), neurologic, and narcotic (15,16). In addi-
tion, currently available pharmacologic treatments do not
always provide sufficient pain relief, often do not improve
functional status, and are contraindicated in some patients
(17–19). In many patients, the limited efficacy of these drugs
and the higher occurrence of adverse events (AEs) limit
their tolerability and reduce compliance (20–23). Poor tol-
erability in some patients even results in refusal to continue
pharmacologic therapy despite pain at levels sufficient to
require joint replacement (21). Given the limitations of
current therapies, there is an unmet need for alternative
therapies that provide better efficacy, tolerability, and func-
tionality in the long-term management of the signs and
symptoms of OA.

Regulatory authorities have recently recommended
the demonstration of maintained efficacy of new pharma-
cologic agents beyond the 12 weeks previously required
(24,25). Long-term (.6 months) efficacy studies of ex-
isting pharmacologic agents (analgesics in general) are
rare, and very few long-term placebo-controlled studies
have demonstrated sustained analgesic efficacy in OA
(26,27). Fulranumab, a human anti–nerve growth factor
(anti-NGF) monoclonal antibody, was previously shown
to have significant efficacy for improving pain and physical
functioning and, was generally well tolerated in patients
with moderate-to-severe chronic OA in a 12-week double-
blind efficacy phase study (28). In the present study, we
focused on the double-blind extension phase of the previ-
ously described primary study (28). We describe herein
the long-term safety and efficacy of fulranumab as adjunc-
tive therapy to standard therapy for pain in patients with
moderate-to-severe knee or hip pain caused by OA.

PATIENTS AND METHODS

Patients. The patient population in this study consisted
of men and women ages 40–80 years with OA of the hip or knee
who were receiving stable analgesic regimens of NSAIDs and/or
immediate-release or long-acting opioids and were entering the
double-blind phase of the initial trial (28). For the current study,
patients were required to have a mean OA pain intensity score of
$5 (using an 11-point Numerical Rating Scale [NRS]), as aver-
aged over the last 3 days of pain scores assessed before

randomization. Other key inclusion and exclusion criteria are
described in the previous report (28).

The protocol and informed consent documents were
reviewed and approved by an independent ethics committee or
institutional review board at each study site. The study was con-
ducted in accordance with the ethical principles of the Declaration
of Helsinki and in accordance with the Good Clinical Practice
guidelines of the International Conference on Harmonisation, as
well as applicable regulatory requirements, and in compliance
with the study protocol. All participants provided written
informed consent to participate in the study.

Study design. This phase II, randomized, double-blind,
placebo-controlled extension study was conducted at 85 sites in
Canada, Korea, Poland, and the US from September 2009 to
August 2011. The planned study included a 3-week screening
phase, a 12-week double-blind efficacy phase, a 92-week double-
blind extension phase, and a 26-week posttreatment follow-up
phase (total of 104 weeks of treatment). All treatments were
stopped on December 23, 2010, when the US Food and Drug
Administration (FDA) placed ongoing fulranumab studies on
clinical hold because of the concern that the entire class of anti-
NGF antibodies may be associated with potential treatment-
emergent AEs (TEAEs) leading to joint destruction. At the time
of the clinical hold, the longest fulranumab exposure in the study
was 73 weeks.

During the 12-week double-blind efficacy phase, patients
were randomized (1:1:1:1:1:1) to 1 of the following treatments:
placebo or 1 of 5 fulranumab regimens (1 mg every 4 weeks, 3 mg
every 8 weeks, 3 mg every 4 weeks, 6 mg every 8 weeks, and
10 mg every 8 weeks), as subcutaneous injections into the thigh
or abdomen (28). Patients continued on their randomized dose
throughout the double-blind extension phase. During the 12-
week double-blind efficacy phase, patients were required to main-
tain their concurrent pain medications without changes; however,
they were allowed to change their concurrent pain medications as
clinically needed during the double-blind extension phase. Dos-
age reductions of the study drug were allowed in patients who
experienced new or worsening neurologic-related TEAEs. How-
ever, if neurologic symptoms persisted for 3 months, the patients
were withdrawn from the study drug.

Efficacy assessments. Efficacy end points included
changes over time from baseline in scores on the pain and physical
function subscales of the Western Ontario and McMaster Univer-
sities Osteoarthritis Index (WOMAC; version 3.1) (29,30) and the
patient’s global assessment (PGA) (31,32). Scores for individual
items of WOMAC 3.1 were recorded using an NRS of 0–10 (with
higher scores corresponding to greater pain/difficulty/stiffness).
The PGA is a single-item assessment of each patient’s perception
of his or her OA status (11-point NRS, from 0 5 very good to
10 5 very bad). During the double-blind extension phase, the
average PGA scores were recorded every 4 weeks, and the
WOMAC pain and physical function subscale scores were re-
corded every 8 weeks.

Safety assessments. Safety assessments included evalu-
ations of TEAEs, clinical laboratory test results, vital signs, physi-
cal examination findings, 12-lead electrocardiogram (EKG), and
injection sites. Neurologic safety was assessed at every visit using
an abbreviated neurologic examination, the Total Neuropathy
Score–nurse (TNSn) (33), and the Mini-Mental State Examina-
tion (34). The TNSn was administered at all study visits as a
screening tool. It consisted of targeted questioning of patients in
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order to identify and quantify treatment-emergent impairment of
sensory and motor function, autonomic symptoms, and pin and
vibration sensibilities, and to facilitate neurologic evaluation, lon-
gitudinal monitoring, and trigger further neurologic consultations
if needed. Changes from baseline in any TNSn subscore of .2 or
total TNSn score .3 (scale of 0–4) were reviewed by the site
investigator; all changes assessed to be clinically significant by the
site investigator were referred to a neurologist for further assess-
ment. Antidrug antibodies were also measured up to 6 months
after the last dose of study drug.

Due to concerns about joint safety during the study, all
joint replacement surgery information was collected both ret-
rospectively and prospectively from the time of the clinical
hold until the end of the posttreatment follow-up phase. An
independent data monitoring committee was appointed before
the start of the study to review all unblinded safety data. After
the 2010 clinical hold for the joint safety issue, a separate
Independent Adjudication Committee (IAC) blinded with
regard to treatment group was established by the sponsor to
develop definitions of rapid progression of OA (RPOA) and
osteonecrosis (ON) (Supplementary Table 1, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.39943/abstract), consistent with the litera-
ture and the adjudicators’ experience, as well as to review sus-
picious cases to render diagnoses based on radiologic

information and to attribute causality based on clinical data.
The IAC consisted of 5 external clinical experts from rheuma-
tology, orthopedic surgery, and radiology, who had extensive
clinical experience with patients with RPOA and ON.

The IAC reviewed clinical information (including
radiographic images, pathology reports, and surgical notes,
where available) for all patients who had joint replacements as
well as for patients who had a sustained increase in pain that
was not explained by another diagnosis, but did not undergo
joint replacement and had radiographs taken because of the
change in symptoms. Based on the assessment of joint
radiographs, magnetic resonance images (MRIs) when avail-
able, and other clinical data (including pathology reports when
available), the IAC adjudicated each case as one of the follow-
ing: ON RPOA, RPOA with a component of, or advancing to,
ON (RPOA plus ON), normal progression of OA (NPOA), or
insufficient information. The IAC assessed case attributions
based on blinded structural and clinical evidence and applied
the following attributes: definitely related, probably related,
possibly related, not related, or insufficient information. Each
adjudicator was asked to grade each case on her or his own,
and the final grading by each member was done following
group discussions. It was required that at least 3 of the 5 IAC
members agree on the assessment of the case for a given cate-
gory to be designated as the collective IAC final assessment.

Figure 1. Flow chart showing the study design and disposition of the study patients. Fulranumab was administered at a dosage of 1 mg every 4
weeks, 3 mg every 8 weeks, 3 mg every 4 weeks, 6 mg every 8 weeks or 10 mg every 8 weeks. Patients who completed the double-blind (DB)
extension phase or discontinued treatment because of clinical hold (directed by the US Food and Drug Administration; see Patients and Meth-
ods for details) entered the 26-week posttreatment follow-up phase. AE 5 adverse event; LOE 5 lack of efficacy; LF 5 lost to follow-up;
WC 5 withdrew consent; sponsor 5 sponsor discontinued the cohort/study; ID 5 investigator decision.
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Statistical analysis. All efficacy and safety analyses
were performed on the intent-to-treat analysis set, which included
all patients who had received at least 1 dose of fulranumab or pla-
cebo. During the double-blind extension phase, descriptive statis-
tics over time and corresponding data were produced for all
efficacy parameters. No prespecified statistical modeling was
applied for efficacy assessments after week 16. As an exploratory
analysis, a mixed model for repeated measures was fit based on
measurements at weeks 5, 9, 13, 17, 25, 33, 41, and 49 using an
unstructured covariance matrix. All safety evaluations were sum-
marized descriptively. The combined safety results were presented
for all phases of the study (double-blind efficacy plus double-blind
extension plus posttreatment follow-up).

RESULTS

Patient disposition and baseline characteristics.
A total of 468 patients were randomized into the study. Of
the 423 patients who completed the 12-week double-blind
efficacy phase, 401 (95%) elected to enter the double-blind
extension phase (Figure 1). All of them entered the post-
treatment follow-up phase. Another 4 patients entered the
posttreatment follow-up phase directly from the double-
blind efficacy phase. Thus, a total of 405 patients entered

the 26-week posttreatment follow-up phase. The top 3
reasons for withdrawal from the double-blind extension
phase were sponsor discontinuation of the study due to the
FDA clinical hold (53%), patient’s choice (13%), and AEs
(11%). Two patients (one with paresthesia of the fingers of
the right hand and the other with a tingling sensation in
both arms) had neurologic symptoms (mild and possibly
related to fulranumab treatment) that persisted for 3
months, but both of them recovered upon cessation of
fulranumab treatment. Most patients (86%) completed the
posttreatment follow-up phase. The demographic and base-
line disease characteristics of the patients who entered the
double-blind phase have been published elsewhere (28).
Table 1 shows the baseline characteristics of the patients
who entered the double-blind extension phase.

Extent of treatment exposure. Although the study
was planned for a 2-year treatment period (double-blind
efficacy plus double-blind extension), due to the clinical
hold, the median duration of drug exposure in the
fulranumab groups ranged from 365 days to 393 days (Sup-
plementary Table 2, available on the Arthritis & Rheumatol-
ogy web site at http://onlinelibrary.wiley.com/doi/10.1002/

Table 1. Demographic and baseline clinical characteristics in the double-blind extension analysis set, by treatment group*

Total
(n 5 401)

Placebo
(n 5 59)

Fulranumab

1 mg every
4 weeks
(n 5 70)

3 mg every
8 weeks
(n 5 69)

3 mg every
4 weeks
(n 5 68)

6 mg every
8 weeks
(n 5 69)

10 mg every
8 weeks
(n 5 66)

No. (%) female 236 (59) 33 (56) 42 (60) 40 (58) 44 (65) 43 (62) 34 (52)
Race, no. (%)

White 340 (85) 49 (83) 60 (86) 62 (90) 57 (84) 57 (83) 55 (83)
Black or African American 41 (10) 6 (10) 5 (7) 5 (7) 10 (15) 8 (12) 7 (11)
Asian 15 (4) 3 (5) 3 (4) 2 (3) 1 (2) 2 (3) 4 (6)
American Indian

or Alaska native
2 (0.5) 1 (2) 1 (1) 0 0 0 0

Multiple 2 (0.5) 0 1 (1) 0 0 1 (1.4) 0
Other 1 (0.2) 0 0 0 0 1 (1.4) 0

Age, years
No. (%) ,65 257 (64) 38 (64) 46 (66) 44 (64) 44 (65) 46 (67) 39 (59)
No. (%) $65 144 (36) 21 (36) 24 (34) 25 (36) 24 (35) 23 (33) 27 (41)
Mean 6 SD 61.0 6 9.13 61.0 6 8.29 60.8 6 9.19 60.7 6 8.80 60.8 6 9.67 60.9 6 9.33 62.2 6 9.59

BMI at baseline,
mean 6 SD kg/m2

31.5 6 5.80 31.8 6 7.18 30.5 6 5.39 31.5 6 5.23 31.5 6 5.35 32.4 6 5.96 31.2 6 5.70

Pain score at baseline,
mean 6 SD

6.8 6 1.19 7.0 6 1.13 7.0 6 1.47 6.7 6 1.15 6.7 6 1.09 6.8 6 1.07 6.8 6 1.18

Stratum 1, baseline
opioid use, no. (%)

No opioids 272 (68) 39 (66) 47 (67) 48 (70) 47 (69) 47 (68) 44 (67)
Use opioids 129 (32) 20 (34) 23 (33) 21 (30) 21 (31) 22 (32) 22 (33)

Stratum 2, baseline
body weight, no. (%)

,85 kg 165 (41) 24 (41) 30 (43) 28 (41) 29 (43) 28 (41) 26 (39)
$85 kg 236 (59) 35 (59) 40 (57) 41 (59) 39 (57) 41 (59) 40 (61)

Joint studied, no. (%)
Hip 94 (23) 8 (14) 16 (23) 19 (28) 17 (25) 20 (29) 14 (21)
Knee 307 (77) 51 (86) 54 (77) 50 (72) 51 (75) 49 (71) 52 (79)

* BMI 5 body mass index.
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art.39943/abstract). Placebo-treated patients tended to stop
therapy sooner than fulranumab-treated patients: 71–87%
of patients received at least 6 injections of fulranumab com-
pared with 64% receiving placebo, and 41–56% patients
received at least 12 doses of fulranumab compared with
41% receiving placebo (Supplementary Table 2). Most
patients (.98%) in all treatment groups did not require
dosage adjustments during the study.

Efficacy analysis. Due to the clinical hold, the
efficacy end points could be summarized only up to week
49; there was sparse efficacy data available between weeks
49 and 73. Long-term improvements were observed in
WOMAC pain and physical function subscales and PGA

scores for the 1 mg every 4 weeks, 3 mg every 4 weeks, and
10 mg every 8 weeks fulranumab groups compared with
placebo (Figure 2). Numerical separations from placebo
for scores on the WOMAC pain and physical function sub-
scales and PGA were noted for the 1 mg every 4 weeks,
3 mg every 4 weeks, and 10 mg every 8 weeks fulranumab
groups at weeks 33 and 41 (Figure 2). Based on the explor-
atory mixed model for repeated measures, the statistical
significance at the 2-sided level of 0.1 was achieved by the
3 mg every 4 weeks and 10 mg every 8 weeks groups at
weeks 33 and 41.

Safety analysis. Overall, 421 of the 466 patients
in the intent-to-treat group (90%) experienced at least 1

Figure 2. Mean change from baseline in the Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) pain score, the
WOMAC physical function score, and the patient’s global assessment (PGA) score in the intent-to-treat analysis set.
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TEAE during the study (all phases). The incidence of
TEAEs was similar in the placebo group (88% [n 5 69])
and the overall fulranumab groups (91% [n 5 352])
(Table 2). The most frequently reported TEAEs ($10%
of patients) among all fulranumab-treated patients were
arthralgia (21%), OA (18%) (e.g., exacerbation of OA
pain), paresthesia (13%), and upper respiratory tract
infection (13%), whereas among the placebo-treated
patients, these were arthralgia (15%), OA (14%), and
sinusitis (12%).

Overall, 28% of patients in the fulranumab
groups had neurologic-related TEAEs, compared with
14% patients in the placebo group. The most common
($5% of patients) neurologic-related TEAEs in the
fulranumab groups were paresthesia (13%), carpal tun-
nel syndrome (CTS) (8%), and hypoesthesia (7%)
(Table 2). Only 3% of patients in the fulranumab groups
discontinued the treatment due to neurologic-related
TEAEs in the combined double-blind phase (paresthe-
sia, CTS, dystonia, numbness of feet, decreased Achilles

Table 2. TEAEs and peripheral neurologic adverse events during all phases of study in the intent-to-treat analysis set, by
treatment group

Placebo
(n 5 78)

Fulranumab

1 mg every
4 weeks
(n 5 77)

3 mg every
8 weeks
(n 5 76)

3 mg every
4 weeks
(n 5 79)

6 mg every
8 weeks
(n 5 78)

10 mg every
8 weeks
(n 5 78)

Total
(n 5 388)

No. (%) of patients with TEAEs 69 (88) 66 (86) 72 (95) 74 (94) 72 (94) 68 (87) 352 (91)
No. (%) of patients with

serious TEAEs
13 (17) 11 (14) 14 (18) 26 (33) 20 (26) 25 (32) 96 (25)

No. (%) of patients with
$5% TEAEs*

Arthralgia 12 (15) 15 (19) 14 (18) 22 (28) 17 (22) 14 (18) 82 (21)
Osteoarthritis† 11 (14) 9 (12) 9 (12) 14 (18) 17 (22) 19 (24) 68 (18)
Paresthesia 4 (5) 3 (4) 10 (13) 12 (15) 16 (21) 10 (13) 51 (13)
Upper respiratory tract infection 4 (5) 8 (10) 12 (16) 12 (15) 6 (8) 11 (14) 49 (13)
Back pain 8 (10) 7 (9) 8 (11) 7 (9) 9 (12) 9 (12) 40 (10)
Nasopharyngitis 6 (8) 9 (12) 9 (12) 9 (11) 4 (5) 9 (12) 40 (10)
Pain in extremity 4 (5) 6 (8) 8 (11) 5 (6) 11 (14) 9 (12) 39 (10)
Headache 7 (9) 7 (9) 14 (18) 7 (9) 5 (6) 5 (6) 38 (10)
Knee arthroplasty 3 (4) 5 (6) 4 (5) 13 (16) 6 (8) 10 (13) 38 (10)
Peripheral edema 4 (5) 6 (8) 4 (5) 10 (13) 9 (12) 8 (10) 37 (10)
Carpal tunnel syndrome 1 (1) 4 (5) 3 (4) 9 (11) 6 (8) 8 (10) 30 (8)
Hypoesthesia 3 (4) 4 (5) 3 (4) 7 (9) 6 (8) 9 (12) 29 (7)
Hip arthroplasty 4 (5) 3 (4) 2 (3) 5 (6) 8 (10) 8 (10) 26 (7)
Hypertension 6 (8) 5 (6) 5 (7) 3 (4) 6 (8) 6 (8) 25 (6)
Muscle strain 1 (1) 5 (6) 3 (4) 3 (4) 8 (10) 6 (8) 25 (6)
Joint swelling 1 (1) 4 (5) 2 (3) 7 (9) 6 (8) 5 (6) 24 (6)
Musculoskeletal pain 2 (3) 7 (9) 6 (8) 1 (1) 5 (6) 4 (5) 23 (6)
Nausea 3 (4) 3 (4) 4 (5) 5 (6) 5 (6) 5 (6) 22 (6)
Diarrhea 3 (4) 9 (12) 4 (5) 3 (4) 3 (4) 2 (3) 21 (5)
Muscle spasms 1 (1) 6 (8) 3 (4) 4 (5) 5 (6) 2 (3) 20 (5)
Constipation 3 (4) 4 (5) 6 (8) 1 (1) 3 (4) 6 (8) 20 (5)
Cough 1 (1) 5 (6) 5 (7) 3 (4) 5 (6) 2 (3) 20 (5)
Contusion 4 (5) 4 (5) 2 (3) 3 (4) 3 (4) 3 (4) 15 (4)
Fatigue 4 (5) 4 (5) 2 (3) 3 (4) 3 (4) 3 (4) 15 (4)
Sinusitis 9 (12) 4 (5) 4 (5) 2 (3) 2 (3) 1 (1) 13 (3)

No. of patients with peripheral
neurologic AEs

11 9 18 25 27 23 21

Paresthesia 5 4 13 15 21 13 13
Hypoesthesia 4 5 4 9 8 12 7
Muscle weakness 0 3 1 3 1 0 2
Burning sensation 1 0 0 0 3 4 1
Hyporeflexia 1 0 3 0 0 1 1
Dysesthesia 0 0 0 0 0 3 1
Motor dysfunction 0 0 0 1 0 0 ,1
Peripheral neuropathy 1 0 0 1 0 0 ,1
Sensory disturbance 1 0 0 0 0 0 0

* The individual treatment-emergent adverse events (TEAEs) that are listed are based on events in all study groups for all
phases combined.
† For example, exacerbation of osteoarthritis pain.

768 SANGA ET AL



tendon reflex, lumbar radiculopathy, and muscle weak-
ness). Two patients had serious neurologic-related
TEAEs during the double-blind extension phase, which
led to treatment discontinuation (CTS in 1 patient
receiving fulranumab 3 mg every 4 weeks and syncope
in 1 patient receiving fulranumab 10 mg every 8 weeks;
both serious TEAEs were considered severe). The syn-
cope case resolved on the same day and was considered
to be unrelated to the study drug; however, treatment
was discontinued due to the sponsor’s decision to dis-
continue treatment on day 421.

During the posttreatment follow-up phase, 7
fulranumab-treated patients (4 receiving 6 mg every 8
weeks and 3 receiving 10 mg every 8 weeks) and no
placebo-treated patients experienced neurologic-related
TEAEs. These neurologic-related TEAEs included a
burning sensation (2 patients [10 mg every 8 weeks] at
92 days and 177 days after treatment cessation, respec-
tively), CTS (2 patients [6 mg every 8 weeks] at 97 days
and 157 days after treatment cessation, respectively),
paresthesia (2 patients [6 mg every 8 weeks] at 30 days
and 196 days after treatment cessation, respectively),
hypoesthesia (1 patient [10 mg every 8 weeks] at 30 days
after treatment cessation), and muscle weakness (1
patient [6 mg every 8 weeks] at 196 days after treatment
cessation). None of the AEs were serious or led to
discontinuation.

Approximately one-third of the neurologic-
related TEAEs (n 5 40 [8%]) led to neurologic con-
sultations (for placebo, 6%; for fulranumab, 3% taking
1 mg every 4 weeks, 9% taking 3 mg every 8 weeks, 11%
taking 3 mg every 4 weeks, 10% taking 6 mg every 8
weeks, and 10% taking 10 mg every 8 weeks). Of these,
15 patients with neurologic TEAEs that lasted more
than 15 days were confirmed to have neuropathy, which
was diagnosed as either CTS (n 5 4; 1 taking placebo

and 3 taking fulranumab), radiculopathy (n 5 2; both
taking fulranumab), peripheral sensorimotor neuropa-
thy (n 5 6; all taking fulranumab), or mixed neuropathy
(n 5 3; 1 taking placebo and 2 taking fulranumab). All
of these were documented to have recovered after cessa-
tion of therapy, except for 3 patients with peripheral
neuropathies. Of these, 2 patients withdrew consent
(one on day 140 and the other on day 176) while the
TEAE was still present, but continued follow-up during
the posttreatment follow-up phase until study comple-
tion. One patient continued the study drug despite the
TEAE but was later withdrawn due to noncompliance
with the protocol. The most frequent (.10 patients)
neurologic AEs in the fulranumab-treated groups that
did not resolve until the end of the study was CTS
(n 5 11 [3.1%])

A total of 109 patients (23%) reported serious
TEAEs: 13 taking placebo (17%) and 96 taking
fulranumab (25%) (Table 2). The most frequently
occurring serious TEAEs ($5%) in fulranumab groups
were knee arthroplasty (n 5 38 [10%]) and hip arthro-
plasty (n 5 26 [7%]). Of these, 25% were joint replace-
ments for reasons that were not secondary to RPOA;
these were advanced and long-term candidates for joint
replacements.

Additional cases of joint replacement were
reported after the end of the follow-up phase. A total of
71 patients reported having at least 1 joint replacement
(total of 81 joint replacements) (Table 3). Among the 81
joint replacement surgeries, 46 involved the knee joint,
33 involved the hip joints, and 2 were in shoulder joint.
Twenty-five of the joint replacements were in nonindex
joints (10 hip, 13 knee, and 2 shoulder joints); the rest
involved the index joints. Figure 3 describes the time to
joint replacement surgery in placebo- and fulranumab-
treated groups. The incidence rate for all joint

Table 3. IRs for joint replacement and RPOA, by treatment group*

Placebo
(n 5 78)

Fulranumab

1 mg every
4 weeks
(n 5 77)

3 mg every
8 weeks
(n 5 76)

3 mg every
4 weeks
(n 5 79)

6 mg every
8 weeks
(n 5 78)

10 mg every
8 weeks
(n 5 78)

No. of patients with
$1 joint replacement

8 9 8 17 12 17

IR for joint replacement secondary to RPOA 100 96 91 189 141 206
No. (%) of patients

with RPOA
0 2 (2.6) 2 (2.6) 4 (5.1) 2 (2.6) 5 (6.4)

No. of joints identified
with RPOA

0 2 2 5 2 5

IR for RPOA 0 21 22 43 23 57

* The cutoff date was July 10, 2011 for joint replacement. IRs 5 incidence rates (per 1,000 person-
years); RPOA 5 rapid progression of osteoarthritis.
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replacements was 139 per 1,000 person-years in the
fulranumab group and 98 per 1,000 person-years in the
placebo group. All joint-related AEs (71 patients with
joint replacements and 5 who had not undergone joint
replacement surgery) were reviewed by the IAC. In the
majority of patients with joint replacement, the proce-
dure was determined by the IAC to be related to normal
progression of OA (n 5 56 [79%]) followed by RPOA
(n 5 15 [21%]) (Table 3). None of the cases assessed by
the IAC were either ON or RPOA with features of ON.
All cases adjudicated as RPOA occurred in patients
receiving fulranumab and concurrent NSAIDs who had
a history of OA in the affected joint.

The mean 6 SD age of the patients with joint
replacements was 61 6 9.01 years. A total of 58% were
women, and 56% had a BMI of $30. The median num-
ber of injections received before surgery was 11 (range
1–17). Small changes from baseline were noted in the
total and subscale scores on the TNSn.

An equal proportion of patients in the
fulranumab and placebo groups (4% and 5%, respec-
tively) had at least 1 neurologic consultation during the
double-blind efficacy phase, while a higher percentage
of patients receiving fulranumab at a dosage of 3 mg
every 4 weeks (16%) had at least 1 neurologic consulta-
tion more than the other fulranumab groups and the
placebo group (6–10%) in the double-blind extension
phase (29 patients had objective findings). More
patients in the fulranumab 6 mg every 8 weeks (3%) and

10 mg every 8 weeks (4%) groups with at least 1 neuro-
logic examination had a change in total and subscale
scores on the TNSn as compared with the other
fulranumab groups and placebo (0–1%) during the
double-blind efficacy phase, while more patients receiv-
ing fulranumab at a dosage of 3 mg every 4 weeks
(12%) had a change in total and subscale scores on the
TNSn as compared with the other fulranumab groups
and placebo (3–7%) during the double-blind extension
phase. There was no change in the TNSn suggestive of
sympathetic dysfunction seen in this study.

No TEAEs that were indicative of hepatic or
acute renal failure occurred during the study. Most
injection-site reactions of redness, tenderness, swelling,
or induration were also mild or moderate. No clinically
meaningful changes were observed in laboratory test
results, vital signs, or EKG findings. There were no
deaths during the study.

DISCUSSION

The anti-NGF class is a potential option for
patients who have had an ineffective response to avail-
able pharmaceutical analgesics. This class has demon-
strated superior efficacy in the management of pain and
improvement of physical functioning as compared with
placebo, NSAIDs, and opioids, as well as superior toler-
ability as compared with opioids (26,35). We report
herein the findings of our study of the long-term safety

Figure 3. Kaplan-Meier plots showing time to joint replacement surgery in each treatment group. Pbo 5 placebo.
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and analgesic efficacy of fulranumab when used as an
adjunct to nonopioid or opioid OA analgesics. Approxi-
mately 90% of patients had as many as 12 months of
exposure to fulranumab.

Fulranumab (at 3 mg every 4 weeks and 10 mg
every 8 weeks) provided continued effective relief of
pain associated with knee and hip OA as early as week
4, which was maintained up to week 53. The results of
pain reduction were further corroborated by improve-
ments in physical function noted in scores on the
WOMAC physical function subscale and PGA following
fulranumab treatment. Numerical separation of scores
on the WOMAC pain and physical function subscales
and PGA observed in the fulranumab 3 mg every 4
weeks and 10 mg every 8 weeks groups versus placebo
throughout the study suggests sustained efficacy of long-
term treatment with fulranumab (28). The sawtooth pat-
tern seen in the PGA scores for the lower dosage groups
(those administered every 8 weeks) also suggests that
dosing every 8 weeks does not result in sustained effi-
cacy and that dosing every 4 weeks is preferred.
Sustained efficacy in comparison to placebo has not pre-
viously been described for the existing pharmacologic
therapies for OA.

The overall safety profile of fulranumab demon-
strated that the proportion of patients reporting TEAEs
among the fulranumab-treated groups (86–95%) was
similar to that in the placebo group (88%). The types of
TEAEs seen during this long-term extension study were
not different from those observed during a 4-dose
monotherapy study in a similar OA population (28).

A number of clinical events were specifically
monitored a priori as “events of interest” during the
study, which included bradycardia, hypotension, neuro-
logic signs or symptoms, renal failure, and hepatic fail-
ure. A study-mandated discontinuation was in effect for
neurologic-related TEAEs (paresthesia, CTS, and hypo-
esthesia) if 3 monthly doses were missed. Of the
remaining TEAEs, no other events of interest during
this study were serious or led to discontinuation. Fur-
thermore, although most patients with neurologic-
related TEAEs were documented to recover after stop-
ping the study drug, future studies will exclude patients
with active or recent CTS. There were no dose-related
trends with regard to vital signs (blood pressure, pulse
rate measures, EKGs), AEs, or individual items on the
autonomic questionnaire element of the TNSn that
would suggest that there was any effect of fulranumab
on the sympathetic nervous system.

A joint-related safety signal, RPOA, resulting in
rapid joint destruction leading to joint replacement sur-
gery was identified as a specific safety concern by the

FDA in clinical studies of anti-NGF drugs in develop-
ment (36). The available literature suggests that RPOA
is a part of the natural spectrum of OA progression
(37). Patients with RPOA have OA that progresses at a
much faster rate than routine OA does, with significant
joint space narrowing and/or osteolysis occurring in , 1
year (38,39). The incidence rate of RPOA in the general
population has not been well-described; however, an
incidence rate of 15.2–18.2% has been reported in
patients awaiting joint replacement surgery (40,41).
Most of the available data on RPOA are based on hip
OA; high incidence rates of RPOA in the knee have not
been reported and have not been seen in large cohorts
of knee OA patients. Although not identified as RPOA,
rapid destruction of hip joints has been described with
the use of potent NSAIDs such as indomethacin (42).

All cases of RPOA in the current study, irrespec-
tive of whether these were in the target joint, appeared
to be associated with combination therapy with
fulranumab and NSAIDs in patients with preexisting
OA, which is consistent with previous findings (43).
Published studies have also demonstrated an increased
risk of RPOA for the combination of tanezumab and a
long-term NSAID as compared with tanezumab mono-
therapy (44,45). Consistent with this, all cases of RPOA
observed in the present study occurred in patients
receiving combined therapy of fulranumab and NSAID
use and in patients with a history of OA in the affected
joint. However, due to the small number of RPOA cases
per treatment group, a drug or dosage effect for RPOA
could not be evaluated. Future studies are warranted to
demonstrate whether limiting the use of concomitant
long-term NSAIDs and using only lower doses of
fulranumab may reduce the risk of RPOA.

Limitations of this study were that the study
design did not support a statistical analysis of the dose
or dosing frequency response and lacked an active com-
parator. Placebo-treated patients tended to stop therapy
sooner than fulranumab-treated patients. Most of the
joint safety information (radiographs, pathology reports,
etc.) were collected retrospectively. In addition, since
the study was shortened due to the clinical hold, not all
patients were able to complete all of the planned
treatments that would otherwise have provided clearer
insight into the long-term tolerability and efficacy of
fulranumab.

In this long-term, placebo-controlled study,
fulranumab was generally well-tolerated in patients with
chronic OA knee or hip pain, with the exception of
RPOA emerging as a safety signal. Long-term (up to 1
year) efficacy of fulranumab therapy versus placebo was
observed for 3 dosages: 1 mg every 4 weeks, 3 mg every
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4 weeks, and 10 mg every 8 weeks. Dosing every 4 weeks
is preferred, since it showed a better long-term efficacy
profile than did dosing every 8 weeks. Despite the
monthly dosing regimen and long half-life of
fulranumab, patients experienced pain relief within a
short period of time. Additional long-term studies com-
paring fulranumab therapy with current standard-of-
care treatment are warranted to demonstrate sustained
efficacy and to assess the safety/tolerability of lower
doses of fulranumab without concomitant use of long-
term NSAIDs.
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Objective. Ankylosing spondylitis (AS), a chronic
inflammatory disorder, has a notable association with
HLA–B27. One hypothesis suggests that a common
antigen that binds to HLA–B27 is important for AS dis-
ease pathogenesis. This study was undertaken to deter-
mine sequences and motifs that are shared among
HLA–B27–positive AS patients, using T cell repertoire
next-generation sequencing.

Methods. To identify motifs enriched among
B27-positive AS patients, we performed T cell receptor
b (TCRb) repertoire sequencing on samples from 191
B27-positive AS patients, 43 B27-negative AS patients,
and 227 controls, and we obtained >77 million TCRb
clonotype sequences. First, we assessed whether any of
50 previously published sequences were enriched in
B27-positive AS patients. We then used training and

test cohorts to identify discovered motifs that were
enriched in B27-positive AS patients versus controls.

Results. Six previously published and 11 discovered
motifs were enriched in the B27-positive AS samples as
compared to controls. After combining motifs related by
sequence, we identified a total of 15 independent motifs.
Both the full set of 15 motifs and a set of 6 published motifs
were enriched in the B27-positive AS patients as compared
to B27-positive healthy individuals (P 5 0.049 and P 5
0.001, respectively). Using an independent cohort, we vali-
dated that at least some of these motifs were associated
with AS, and not simply with B27-positive status.

Conclusion. We identified TCRb motifs that are
enriched in B27-positive AS patients as compared to B27-
positive healthy controls. This suggests that a common
antigen, presented by HLA–B27 and detected by CD81 T
cells, may be associated with AS disease pathogenesis.

Ankylosing spondylitis (AS) is a chronic inflam-
matory disorder that primarily affects the spine (1). It
has a prevalence of 0.4–0.8% and is associated with a
significant impact on quality of life (1). Chronic spinal
inflammation in AS can lead to extensive ankylosis of
the spine with marked impairment in spinal mobility
and marked disability.

AS has the strongest known genetic association
with the major histocompatibility complex (MHC), with
.90% of patients being HLA–B27 positive (2–7). Yet
the mechanism by which HLA–B27 confers susceptibil-
ity to AS is unknown. This has generated 3 hypotheses.
First, it has been observed that HLA–B27 has a ten-
dency for misfolding in the endoplasmic reticulum, trig-
gering an unfolded protein response (8); this may set
the stage for enhanced expression of proinflammatory
molecules such as interleukin-23 (IL-23). Second, it has
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been observed that HLA–B27 may be present on the
cell surface in noncanonical forms, which could lead to
interactions with pathogenic killer cell immunoglobulin-
like receptor–expressing T cells and enhanced expres-
sion of cytokines such as IL-17 (9). The third hypothesis
focuses on the role of peptide-driven immune responses
underlying the chronic inflammation seen in AS. Recent
genome-wide association studies in AS have identified a
number of polymorphisms in genes that are central to
antigen processing and presentation (10), supporting
this concept. While the nature of the arthritogenic
peptides has remained undefined, a restricted T cell
response profile would provide support for the notion
of a peptide-specific host immune response in this dis-
ease (11).

Previous studies have described T cell receptor b

(TCRb) clones that may be associated with AS and
reactive arthritis (12,13). Those studies used Sanger
sequencing, resulting in a superficial view of the
immune receptor repertoire. Recent studies have dem-
onstrated the utility of TCRb repertoire sequencing for
the elucidation of T cell response profiles and character-
ization of immune responses with unprecedented sensi-
tivity (14–16). In this approach, TCRb sequences are
amplified and subjected to next-generation sequencing
to assess all T cells present in the sample, including
CD81 and CD41 T cells. As a result, all of the TCRb

clonotypes in the sample are enumerated and quantified
in a comprehensive analysis of the TCRb repertoire. In
this study, we obtained the TCRb repertoire sequences
of 234 samples from AS patients and 227 samples from
controls, and we used 2 approaches to identify AS-
specific TCRb sequences. We validated previously pub-
lished AS-specific sequences, and we searched for novel
sequences that are enriched among HLA–B27–positive
AS patients as compared to controls.

MATERIALS AND METHODS

RNA and complementary DNA (cDNA) preparation.
RNA and DNA were isolated using AllPrep DNA/RNA Mini
and/or Micro kits, according to the manufacturer’s instructions
(Qiagen). RNA was reverse transcribed to cDNA using Vilo
kits (Life Technologies).

TCRb amplification and sequencing. TCRb sequenc-
ing was performed using an immunoSEQ platform (Adaptive
Biotechnologies Corporation). Briefly, cDNA was amplified
using locus-specific primer sets for TCRb. This amplification
reaction reproducibly amplifies all possible RNA transcripts
found in the sample containing the rearranged TCRb locus
regardless of which V segment and which common C region
allele each rearranged molecule possessed, while appending
the necessary sequences for cluster formation and sample
indexing. First-stage primers were designed to allow for the
amplification of all known alleles of the germline sequences,

as previously described (14,15,17,18). In the second-stage poly-
merase chain reaction (PCR), primers on the C side anneal to
the C segment with a 50 tail that contains the sequence primer
and the P5 sequence used for cluster formation in an Illumina
Genome Analyzer sequencer.

First-stage PCR was performed using a high-fidelity
polymerase (AccuPrime; Life Technologies) for 16 cycles.
Second-stage PCR was performed for 22 cycles on 1/100 of the
amplification products from the first-stage PCR. Each sample
contained a unique identifying tag. Samples were pooled and
purified using the QIAquick PCR purification kit (Qiagen).
Cluster formation and sequencing in both directions was per-
formed using the Illumina HiSeq platform per the manufac-
turer’s protocol.

Additional methods, including clonotype determina-
tion, identification of tested sequences and motifs, as well as
enriched motifs and motif count distribution comparisons,
description and analysis of the validation cohort of 587 healthy
subjects, peripheral blood mononuclear cell (PBMC) collec-
tion, and T cell sorting, are described in the Supplementary
Materials and Methods, available on the Arthritis & Rheuma-
tology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40028/abstract.

RESULTS

Characterization of the TCRb repertoire in AS
patients and controls. We first sought to identify TCRb

amino acid sequences that were significantly enriched
among B27-positive AS patients as compared to control
subjects. To do this, we initially characterized the TCRb

repertoire in 191 B27-positive AS patients, 43 B27-negative
AS patients, and 227 controls (174 lupus patients, 19
healthy controls, 24 patients with mechanical back pain and
unknown HLA type, and 10 healthy B27-positive controls),
as shown in Supplementary Table 1, available on the Arthri-
tis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40028/abstract. Among the cohort of
B27-positive AS patients, the mean 6 SD disease duration
was 11.6 6 10.6 years, and the mean 6 SD modified Stoke
Ankylosing Spondylitis Spine Score (19) was 13.5 6 19.6.
The mean age of the AS patients was 33.2 years (range 18–
61 years), and 78% of the patients were men and 22% were
women. Thirty-five percent of the AS patients were receiv-
ing biologic agents (i.e., anti–tumor necrosis factor agents)
at the time of blood collection.

Altogether, .77 million TCRb clonotype sequences
were identified in the different samples. Supplementary
Table 1 includes the average number of TCRb clonotypes
in each case and control set. After deriving the amino acid
sequence of each clonotype, we used 2 approaches to iden-
tify motifs that are specific to AS patients. First, we assessed
whether previously published third complementarity-
determining region (CDR3) amino acid sequences were
enriched in the B27-positive AS cohort as compared to
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controls. Second, we conducted a comprehensive search for
TCRb amino acid sequences or motifs that are enriched in
B27-positive AS patients as compared to control subjects.
The study design is summarized in Figure 1A.

Identification of previously published TCRb
sequences in AS samples. We assessed whether CDR3
sequences that were previously identified in patients
with AS or reactive arthritis (12,13) were enriched in
the AS cohort as compared to controls. We identified a
total of 50 different published CDR3 sequences, and we
determined whether these published sequences were
present in 128 B27-positive AS cases (published cases)
and 193 controls (published controls). Motifs that were
significantly associated with AS are shown in Table 1.
We considered a published case or published control
sample to be positive for a particular sequence if it con-
tained $1 clonotype that matched a published sequence.
Only 40 of the 50 published sequences were observed in

$1 published case or published control. Some of these
40 CDR3 amino acid sequences were highly related to
each other, and were therefore combined into motifs (see
Supplementary Materials and Methods, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40028/abstract), resulting in 32
published motifs, 4 of which had .1 published sequence
and 28 of which were singletons.

We then investigated whether any of these 32
published motifs was enriched in the published cases as
compared to the published controls (Table 1). We found
6 published motifs that were significantly associated
with the B27-positive AS cohort (false discovery rate
[FDR] ,0.1). Of these, 3 were singleton sequences and
3 were motifs with multiple members. The frequencies
of the motifs that were not found to be significantly
enriched in the published cases are shown in Supplemen-
tary Table 2, available on the Arthritis & Rheumatology

Figure 1. A, Identification and validation of B27-positive ankylosing spondylitis (AS)–associated motifs. Top left, Validation of previously pub-
lished sequences. Top right, Discovery and validation of motifs present at a higher frequency in B27-positive AS patients than in controls. Top
centered box, Combination of motifs from both arms to identify 15 independent motifs. Bottom centered box, Assessment of motifs in additional
validation cohorts, including B27-positive healthy individuals. B, Sequence enumeration. An example of identification of all 10-mer and 7-mer
combinations for a given clonotype is shown. Top, Schematic illustration showing specific V (blue) and J (gray) segments, the amino acid
sequence of the N bases–diversity region–N bases (NDN) region (black), and the third complementarity-determining region (CDR3) region (white,
extending from cysteine [C] to phenylalanine [F]). Bottom left, Illustration of 10-mer sequence selection. The target sequence includes 3 amino
acids from the V segment, the NDN region, and 4 amino acids from the J segment. All 10–amino acid sequence tiles that fit in the target
sequence are shown. Bottom right, Illustration of 7-mer combination motif selection. The target sequence includes 2 amino acids from the V
segment, the NDN region, and 2 amino acids from the J segment. All 7–amino acid sequence tiles that fit in the target sequence, plus the spe-
cific V and J segment genes, are shown. TCRb 5 T cell receptor b. Color figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/journal/doi/10.1002/art.40028/abstract.
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web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
40028/abstract.

Identification of sequences enriched in the B27-
positive AS cohort (training set). Next, we searched
for TCRb amino acid sequences that are enriched in the
TCRb repertoire of B27-positive AS patients as com-
pared to controls. We selected 2 types of sequences: 1)
sequences comprising a string of 10 amino acids in the
target region, or “10-mers” and 2) sequences that con-
tain a combination of 7 amino acids in the target region
and particular V and J segments, or “7-mer com-
binations.” Figure 1B includes a schematic illustration
of the motif-finding technique, which is described in
detail in the Supplementary Materials and Methods.

For each of the 10-mers and 7-mer combinations,
we enumerated all sequences that were observed. Each of
these sequences was then analyzed to determine whether it
was enriched in the HLA–B27–positive AS cohort as com-
pared to the controls. We analyzed a subset of 64 of the 128
B27-positive AS patients described above (training cases)
and 78 control samples from lupus patients (training con-
trols) matched for the number of clonotypes identified (see
Supplementary Table 1, available on the Arthritis & Rheuma-
tology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40028/abstract). From this training set, we selected for
further validation a total of 38 sequences (including 15 10-
mers and 23 7-mer combinations) that were most markedly
enriched in the cases versus the controls. Some of the 38
sequences selected were highly related, and they were thus
coalesced into 27 discovered motifs (see Supplementary
Materials and Methods). Six of these contained .1 member
that differed by a single, conservative amino acid change.

Validation of motifs enriched in the B27-positive
AS cohort (independent test set). We then assessed
whether any of the 27 candidate discovered motifs identi-
fied in the training set were enriched in an independent test
set that included the remaining 64 of the 128 B27-positive
AS patients (test 1 cases) and 115 control patients (test 1
controls, including 96 lupus patients and 19 healthy con-
trols) (see Supplementary Table 1). We considered a case
or control sample in the independent test set to be positive
if $1 clonotype that matched a discovered motif from the
training set was observed in that sample. As shown in Table
2, 11 motifs were significantly enriched in the B27-positive
AS patients as compared to controls (FDR , 0.1). Notably,
all 6 of the motifs that contained .1 sequence were signifi-
cant. The frequency of each of the significant published
and discovered motifs was similar in the training and test
sets (Figure 2). The motifs that did not reach significance
comprised single clones, and 12 of the 16 nonsignificant
motifs were observed at higher frequency in test 1 cases
than in test 1 controls, suggesting that a fraction of these
are likely to be enriched in the B27-positive AS patients
(see Supplementary Table 3, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40028/abstract).

Overlap between published motifs and discov-
ered TCRb repertoire motifs. We looked for overlap
between the 6 positive published motifs (pA–pF) (Table
1) and 11 positive discovered motifs (dA–dK) (Table 2).
Two motifs from the published set (pA and pB) (Table
1) overlapped with 2 of the discovered motifs (dA and
dB) (Table 2), including the most strongly associated
motif. The overlapping motif pairs were combined to
make motif families cA and cB (Table 2). Subsequent
motif testing was performed on 3 groups of positive

Figure 2. Clone frequency of the motifs in the different cohorts
studied. A, Clone frequency of the 6 validated published motifs
among published cases (with B27-positive ankylosing spondylitis
[AS]; n 5 128) and published controls (n 5 193). B, Clone frequency
of the 11 validated discovered motifs in the training cases (with B27-
positive AS; n 5 64), training controls (n 5 78), test 1 cases (with
B27-positive AS; n 5 64), and test 1 controls (n 5 115).
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motifs. Group A consisted of 15 total motifs, including 4
published motifs (pC–pF), 9 discovered motifs (dC–
dK), and the 2 motif families (cA and cB). Group B
included 6 total motifs, including 4 published motifs
(pC–pF) and the 2 motif families (cA and cB). Group C
consisted of 11 total motifs, including 9 discovered
motifs (dC–dK) and the 2 motif families (cA and cB).

Correlation between the different motifs. We
also looked at the presence of these 3 sets of motifs among
the different subjects analyzed in this study. If these motifs
were concentrated in a subset of the individuals, we would
expect to observe a high correlation between them.
Instead, we found little correlation between the detection
of a specific positive motif in a sample and the detection
of a second specific positive motif in the same sample, as
evidenced by the lack of bright red or green squares, which
would denote high correlation coefficients, in Supplemen-
tary Figure 1, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
40028/abstract.

Frequency of positive motifs in additional B27-
positive AS patients, B27-negative AS patients, and pa-
tients with mechanical back pain. We then assessed the
frequency of the 15 positive motifs in an additional 63 B27-
positive AS patients (test 2 B27-positive cases) and 43
B27-negative AS patients (test 2 B27-negative cases), as
well as in 24 patients with mechanical back pain (test 2
back pain controls) (see Supplementary Table 1). The fre-
quency for each of the 15 positive motifs in the different
cases and control cohorts is shown in Tables 1 and 2, and
in Supplementary Figure 2, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40028/abstract. As expected, the positive
motifs were present in the test 2 back pain controls at lev-
els comparable to those in the test 1 controls. Similarly, we
found that the frequency of the positive motifs was similar
between the test 1 cases and the test 2 B27-positive cases,
further validating the positive motifs identified. Interest-
ingly, the frequency of most of the positive motifs in the
test 2 B27-negative cases was similar to that in the test 1
controls (Tables 1 and 2), with the exception of one previ-
ously published motif, pE, which is similar in frequency
between B27-negative and B27-positive AS patients.

Frequency of positive motifs in B27-positive
healthy individuals. Since the control cohort was not
HLA matched, we wanted to rule out the possibility that
the positive motifs identified are B27 specific as opposed
to AS specific. To address this, we first assessed an addi-
tional control cohort of 10 B27-positive healthy subjects
(test 2 B27-positive healthy controls) and compared it to
the set of 63 B27-positive AS patients (test 2 cases) (Sup-
plementary Table 1). Neither of these cohorts was used in

the selection and validation of the motifs, thus enabling an
unbiased analysis of the frequency of the motifs. Because
only 10 samples were available from B27-positive healthy
subjects, we were unable to assess the statistical signifi-
cance of the possible enrichment of each motif separately.
Instead, we analyzed the total number of positive motifs
that were present in each subject, and compared the dis-
tributions of positive motifs in the test 2 cases to each of 3
cohorts, corresponding to the 10 test 2 B27-positive
healthy controls, the 43 B27-negative AS patients (test 2
B27-negative cases), and the 24 patients with mechanical
back pain (test 2 back pain controls). We computed the
frequency of each of the 3 groups of positive motifs
described above (Group A [all 15 positive motifs], group
B [6 published motifs], and group C [11 discovered
motifs]) in these 4 cohorts (Supplementary Table 4, avail-
able on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40028/abstract, and
Figure 3). As expected, for all 3 motif groups, there was a
significantly higher number of motifs in the test 2 B27-
positive cases than in the test 2 B27-negative cases and
the test 2 back pain controls (Supplementary Table 4).
Most importantly, for both group A (all 15 positive
motifs) and group B (the published motif group), there
was a significant difference between the frequency of the
motifs in the test 2 cases and the healthy controls with the
same HLA type (P 5 0.049 for group A and P 5 0.001 for
group B), indicating that some of these motifs are specific
to the disease and not just dependent on HLA type.

Validation of motifs in an independent set of
HLA–B27–positive healthy controls. In order to expand
the cohort of B27-positive healthy controls, we included
previously reported TCRb repertoire sequencing data
from an additional 587 HLA-typed healthy control sub-
jects, including 42 B27-positive subjects, who we refer to
herein as typed controls (20). Although these data were
collected using a TCRb repertoire sequencing approach
similar to the one used for the data sets described above,
there are important technical differences between the
methods, including different primer sets, analysis algo-
rithms, and the use of DNA (versus RNA) as the tem-
plate for amplification (see Supplementary Materials and
Methods).

We first sought to assess whether the 15 positive
motifs (group A) had similar frequencies in the data sets
generated using the 2 different technical approaches. In
order to do this, we compared the frequency of the differ-
ent motifs in the published control cohort to their fre-
quency in the cohort of HLA-typed controls. Thirteen of
the 15 motifs had a highly similar frequency in the 2 cohorts
(Supplementary Table 5, available on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/10.
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1002/art.40028/abstract), and only 2 motifs (pE and dG)
showed significantly different frequencies between these
cohorts. The pE motif had a frequency of 25% in the typed
controls, compared to 15% in the published controls. This
difference may be due to the fact that a large number of the
193 subjects in the published controls test cohort were
lupus patients, whereas the typed controls included 587
healthy subjects. Alternatively, it is possible that this is due
to technical differences between the 2 methodologies, or
the use of DNA versus RNA as the source material. Since
this motif was present at a frequency of 8.3% in the back
pain controls (n 5 24), we hypothesize that the observed
difference in frequencies is more likely due to a technical

difference rather than to the preponderance of lupus
patients in the published control cohort.

The second motif that showed a significant dif-
ference in frequency between the cohorts, dG, was pres-
ent at a high frequency (46%) in the typed controls,
compared to 5.7% in the published controls (or 9.6%
after eliminating the 78 samples used in the training
set). This frequency is much higher than that of all other
motifs analyzed in any of the cases or control cohorts.
Based on these observations, we eliminated from down-
stream analyses the 2 motifs that seemed to behave dif-
ferently when using the 2 different methodologies.

Next, we focused on comparing the frequency of
the 13 remaining motifs in the B27-positive cohorts. The
frequency of these motifs in the initial 10 B27-positive
healthy controls and the 42 B27-positive healthy sub-
jects in the typed controls cohort was similar (Table 3).
We then compared the frequency of these motifs in the
42 B27-positive healthy subjects in the typed controls
cohort to patients in the test 2 B27-positive cases cohort.
The frequency of motifs cA and pC was significantly dif-
ferent between the 2 cohorts (Table 3). The motif for
which there was the strongest evidence in this data set
(cA) was observed in 62% of all B27-positive patients. If
the other motif (pC) for which evidence of enrichment
remains after considering the larger set of B27-positive
controls is included in this analysis, an additional 9% of
patients can be considered motif carriers. This observation
provides additional evidence that some of the motifs identi-
fied are associated with AS and are not simply a result of the
HLA genotype of the subjects.

Assessment of CD8 status of AS-specific clono-
types. In order to assess whether specific clonotypes were
present in CD81 or CD41 T cells, we sorted PBMCs from
a total of 12 samples from either B27-positive AS subjects,
B27-negative AS subjects, or B27-positive healthy controls.
For each of these samples, we sorted CD31/CD81 and
CD31/CD82 (presumably CD31/CD41) cell popula-
tions. Next, the TCRb repertoire from RNA obtained from
sorted and unsorted cells was amplified and sequenced as
described in Materials and Methods.

For each of the clonotypes containing a positive
motif in an individual, we assessed whether that clonotype
was present in the CD31/CD81 or the CD31/CD82 cell
populations. In all cases, a clonotype containing a positive
motif in an individual was present exclusively in the CD31/
CD81 or the CD31/CD82 cell populations, unambigu-
ously defining the T cell population of the clonotype as
CD81 or presumptively CD41, respectively. We focused
on the 2 motifs that were significantly different between the
2 cohorts. While the pC motif was not observed in any of the
12 subjects analyzed in this experiment, the cA motif was

Figure 3. Distribution of the motifs in the different cohorts. The
numbers of motifs out of group A (15 total motifs) (A) and group B
(6 published motifs) (B) observed per sample in the different cohorts
(test 2 B27-positive ankylosing spondylitis [AS] cases [n 5 63], test 2
B27-negative AS cases [n 5 43], test 2 B27-positive healthy controls
[n 5 10], and test 2 back pain controls [n 5 24]) are shown. Color fig-
ure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/journal/doi/10.1002/art.40028/abstract.
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observed in 8 of the subjects (present as 12 different
clonotypes, indicated by solid circles in Supplementary Fig-
ure 3, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.40028/
abstract). Furthermore, the vast majority (11 of 12) of the
clonotypes carrying the cA motif were observed in the
sorted CD81 cells. In subject 5, we observed 2 clonotypes
carrying the pA motif, one of which was observed in the
CD82 (and thus presumably CD41) sort.

In addition, as shown in Supplementary Table 6,
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40028/abstract, the
majority of the 17 positive motifs are present in CD31/
CD81 T cells. Taken together, these data are consistent
with the current biologic understanding that HLA–B27
presents antigenic peptides to CD81 T cells, thus provid-
ing further validation of the positive motifs.

Diversity of amino acid and nucleotide sequen-
ces for clonotypes of TCRb motifs. Our motif discovery
search focused on identifying relatively short amino acid
sequences that may not cover the full CDR3 sequence, as
opposed to the full TCRb clonotype amino acid sequence.
Therefore, for each of the 3 motifs with the strongest
HLA–B27 association, we investigated the diversity of the
clonotypes carrying these motifs in the different subjects.
Specifically, we assessed the diversity of CDR3, full TCRb

amino acid sequence, and nucleotide sequences carrying
each of the 3 motifs with the strongest associations.

The discovered motif that demonstrated the stron-
gest association (SVGLYSTDTQ) was observed in 130
samples in our study. While the CDR3 and full TCRb

amino acid sequence were identical in all of these samples,
the motif was represented by 59 different underlying nucle-
otide sequences. The CDR3 region of this motif is 13 amino
acids long, and the N bases–diversity region–N bases (NDN)

region of these clonotypes has a range of 9–13 nucleotides
(median 11). Sequence diversity in the 13-nucleotide NDN
region is illustrated in Supplementary Figure 4A, available on
the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40028/abstract. The size of the D
segment in the NDN region is ambiguous, since mapping to
the D segment was not possible in 40 of 59 sequences.

The next most strongly associated discovered motif
(TRBV19_TRBJ2-7_SSSRTNS) is a 7-mer combination
motif which was found in 111 samples in our study. While
the CDR3 and full amino acid sequence of TCRb were
identical in all cases, the motif was represented by 54 dif-
ferent nucleotide sequences. The CDR3 region is 12
amino acids long, and the NDN region of these clonotypes
has a range of 10–15 nucleotides (median 14). Sequence
diversity in the 15-nucleotide NDN region is illustrated in
Supplementary Figure 4B. The size of the D segment in
the NDN region is ambiguous, since mapping to the D
segment was not possible in 25 of 54 sequences.

The third most strongly associated discovered
motif (SERTSGLYEQ) was observed in 85 cases, and
its amino acid sequence diversity showed a very differ-
ent pattern from the 2 described above. This motif was
represented by 15 different amino acid sequences
encoded by 63 different nucleotide sequences, with the
CDR3 ranging from 12 to 13 amino acids.

In summary, in 2 of the 3 most strongly associ-
ated discovered motifs, the amino acid sequence over
the full TCRb clonotype was identical, while in the third
we observed a substantial diversity outside the motif.

DISCUSSION

While the association of MHC class I with AS has
been recognized for 4 decades, the relationship of HLA–

Table 3. Frequency and statistical analysis of group A positive motifs (excluding pE and dG) in the different cohorts

Motif, sequence, or combination Motif

Test 2
B27-positive

cases (n 5 63)

Test 2
B27-positive healthy

controls (n 5 10)

B27-positive
typed controls

(n 5 42) P*

pC pC 0.16 0 0 0.0019
pD pD 0.19 0 0.095238095 0.15
CASSVGYYSTDTQYF pF 0 0 0 1
dC dC 0.44 0.4 0.30952381 0.12
dD dD 0.33 0.3 0.19047619 0.082
dE dE 0.33 0.3 0.285714286 0.38
dF dF 0.38 0.4 0.261904762 0.15
SGTSGSGTDT dH 0.19 0.3 0.166666667 0.48
RGDRAETQYF dI 0.14 0.1 0.095238095 0.34
TRBV28___TRBJ1-2___SSSPLNY dJ 0.13 0 0.119047619 0.58
ARASGSSYNE dK 0.14 0.1 0.119047619 0.48
cA cA 0.57 0.2 0.142857143 ,0.0001
cB cB 0.11 0 0.023809524 0.097

* B27-positive cases versus B27-positive healthy controls, by Fisher’s exact test.
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B27 to disease pathogenesis has remained obscure (2).
Several mechanisms have been hypothesized to explain
this association, but remain unproven (8–10). Since the
canonical role of MHC class I corresponds to the presen-
tation of antigen to CD81 T cells, HLA–B27 as a
restricting element in the immunopathogenesis of AS
would predict the potential presence of shared TCRs
among patients. Here we report the first systematic study
of this question, and we provide evidence in support of
the concept that some TCRs are enriched in HLA–B27–
positive AS patients, consistent with an antigen-driven
process orchestrated by HLA–B27.

In this study, we used next-generation sequenc-
ing to identify TCRb amino acid motifs that are specific
to B27-positive AS patients. We used 2 approaches to
identify these motifs. We assessed previously published
CDR3 motifs (12,13), and we undertook a motif-
discovery approach with strict training, test case, and
control sets, resulting in the identification of 15 motifs
that were enriched in B27-positive AS patients. Most
importantly, we demonstrated that some of these motifs
are present at a higher frequency in AS patients as com-
pared to healthy individuals who are also B27 positive.
This observation provides evidence for the hypothesis
that specific antigens are involved in the pathogenesis of
AS. Our finding is reminiscent of observations in
carbamazepine-induced Stevens-Johnson syndrome and
its related disease, toxic epidermal necrolysis, which
have a strong association with HLA–B*1502. By cultur-
ing carbamazepine-specific T cells from affected individ-
uals, Ko et al (21) identified a predominant clonotype
found among the vast majority of the patients with drug-
induced sensitivity, but which was found at a low fre-
quency among the healthy subjects, and not found
among tolerant control subjects.

One of the strengths of the present study resides
in the comprehensive approach to motif discovery. A
high rate of validation of the positive motifs was
observed in the test sets, providing strong evidence of
the authenticity of these motifs. Moreover, these studies
were conducted using samples from a large number of
cases and controls (191 B27-positive AS patients, 43
B27-negative AS patients, and 227 controls), affording
confidence in the validity of the positive motifs.

While the large number of AS cases and controls
is also a key strength of this study, the analysis of addi-
tional B27-positive healthy subjects further increases
the validity of this study. Our original cohort included
samples from only 10 B27-positive healthy subjects, but
in a second phase we compared these initial results to
an independent, previously published cohort of 587
healthy subjects that included 42 B27-positive subjects

(20). This allowed us to assess whether individual motifs
are specific to the disease, and suggested that some of
the motifs identified are disease-associated and do not
result from the HLA genotype of the subjects.

Another strength of this work involves the speci-
men source that was studied. TCRb repertoire analysis
was conducted on blood samples obtained from AS
cases and controls. Previous studies have used synovial
fluid, and future studies using this next-generation
sequencing approach will benefit from analysis of fur-
ther synovial fluid samples. However, this comprehen-
sive TCRb repertoire analysis of blood samples suggests
that our next-generation sequencing approach has
broad applicability across sample types, which will be
useful for both research and future clinical applications.

The approach we selected likely leads to the
identification of motifs with antigen specificity that is
mainly driven by TCRb, with lower contribution from
the TCRa chain. Future studies assessing both TCRb

and TCRa antigen specificity may provide a more com-
prehensive assessment of HLA–B27–specific binding
signatures in AS patients. Indeed, while the majority of
motifs were observed in CD81 T cells, the observation
of some cases in CD82 (presumptively CD41) T cells
suggests that sequences outside the motif in the TCRb

and/or the TCRa sequence contribute to the antigen
specificity of these motifs. Alternatively, the same
TCRb could be binding the same antigen in the context
of MHC class I and MHC class II.

In conclusion, we have demonstrated the utility
of a next-generation sequencing–based approach to the
identification of a set of motifs specific to HLA–B27–
positive AS patients. The identification of TCRb

sequences specific to AS provides evidence of the pres-
ence of specific antigens important in the pathogenesis
of AS, and can aid in their identification. This approach
can be applied more generally to identify disease-
related motifs in other diseases, thus providing a new
paradigm for studying autoimmune diseases through
the identification of shared T cells without a priori
knowledge of the relevant antigen.
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Longitudinal Patterns of Response to Standard of Care Therapy for
Systemic Lupus Erythematosus: Implications for Clinical Trial Design

Mimi Kim,1 Joan Merrill,2 Kenneth Kalunian,3 Bevra Hahn,4 Anita Roach,5 and Peter Izmirly,6 for the
Lupus Foundation of America Collective Data Analysis Initiative Group

Objective. To evaluate longitudinal patterns of
response to standard of care for systemic lupus erythe-
matosus (SLE) in clinical trials and to identify character-
istics that differentiate nonresponders from persistent
responders.

Methods. Data on 147 patients with moderately
to severely active SLE without acute nephritis who were
treated with placebo plus standard of care in two 52-
week phase II/III trials were obtained from the Collec-
tive Data Analysis Initiative of the Lupus Foundation of
America. Cross-sectional and longitudinal analyses of
British Isles Lupus Assessment Group (BILAG)–based
responses (improvement in all baseline A or B scores
without new flare) were performed. Baseline character-
istics that discriminated persistent responders from
nonresponders were identified using logistic regression.

Results. Cross-sectional response rates decreased
from 46% to 37% between 12 and 52 weeks. The overall
rate of complete and sustained response, i.e., response at
all visits, was only 14.3% (95% confidence interval 8.6–
19.9%). Agreement between response status at 12 weeks
and 36–52 weeks was low (k 5 0.15–0.29), and only 31% of
initial 12-week responders maintained response at all sub-
sequent visits. Baseline factors predictive of persistent
response to standard of care included fewer organs with

active disease, high C3 levels, and type of background
therapy.

Conclusion. Use of sustained rather than land-
mark response may reduce high placebo response rates
in SLE trials that continue aggressive standard of care.
Further exploration to assess the power of this end
point to improve discrimination between active and pla-
cebo arms is indicated. Lack of temporal stability in
response highlights a potential weakness with shorter
studies. Rates of response to standard of care are
affected by the severity of the disease and the aggres-
siveness of background immunosuppressive treatments.

Most clinical trials of new treatments for systemic
lupus erythematosus (SLE) have failed to demonstrate
robust discrimination between investigational agents
and standard of care. Potential reasons include the het-
erogeneous manifestations of disease that can affect dif-
ferent organ systems, within-patient variability in disease
activity during follow-up, weaknesses in primary end
point and response definitions, and use of “add-on” trial
designs in which the study drug or placebo is superim-
posed on aggressive background immunosuppressant
regimens, resulting in high response rates in the control
arms and little “room” to demonstrate efficacy of a
potentially safer or more effective regimen. These issues
have made it challenging to devise well-designed and
sufficiently powered trials to detect effects of experimen-
tal treatments on clinically important outcomes. In addi-
tion, information about both the time of onset and the
durability of response is critical for determining the appro-
priate length of patient follow-up and visit schedules.
However, prior lupus trials have generally reported response
rates based on cross-sectional analysis of data at land-
mark time points. Tracking landmark response rates over
time is not the same as tracking durability of response,
since the same people may not be responders at each
visit. A better understanding of durability of response is
also important for evaluating whether outcomes assessed
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earlier in follow-up are reliable interim end points or sur-
rogate markers for longer term outcomes, and thus suit-
able for use in adaptive and other efficient trial designs.

A major goal of the Collective Data Analysis Ini-
tiative (CDAI) of the Lupus Foundation of America
(LFA) is to improve future trials by learning from data
from the placebo plus standard of care arms of com-
pleted phase II/III studies. In an earlier CDAI study,
Kalunian et al (1) evaluated the effects of different back-
ground medications on British Isles Lupus Assessment
Group (BILAG)–based response and flare rates (2). In
the present study, we examine data from 52-week trials
in the CDAI database to assess the longitudinal patterns
of response to standard of care therapy, estimate the corre-
lation in response status at different time points, and
identify characteristics that differentiate nonresponders
from persistent responders treated with placebo plus
standard of care.

PATIENTS AND METHODS

The LFA established the CDAI, led by clinical investi-
gators with experience in multicenter lupus trials, so that data
from the placebo/standard of care arms of previous SLE clini-
cal trials can be used to improve the design and conduct of
future studies. Currently, the CDAI database includes de-
identified data from 6 completed trials. For this analysis, we
combined data from the standard of care/placebo arms of the
two 52-week randomized phase II/III trials in patients with
moderately to severely active lupus without acute nephritis.
Trials that had shorter durations of follow-up were excluded.
Patients with at least 1 BILAG A score or at least 2 BILAG B
scores were included; one trial additionally allowed 1 BILAG
B score at entry and required patients to have at least 1 BILAG
A or B score in the musculoskeletal, mucocutaneous, and/or
cardiovascular/respiratory organ systems. Immunosuppres-
sive agents taken by most patients included azathioprine,
mycophenolate mofetil, and methotrexate. Some patients also
received antimalarial medications as background therapy,
either alone or in combination with other treatments. Predni-
sone was initiated after screening in both trials at starting
dosages of 30–60 mg/day and tapered 2–4 weeks later. Ethics
committee approvals were obtained according to local
regulations, and informed consent procedures were com-
pleted in accordance with the Helsinki Declaration version in
effect at the time of each trial.

The classic BILAG index based on 8 index organ sys-
tems was used to define response, since it was the only disease
activity measure that was common to both trials and is a sensi-
tive measure that can capture partial or complete improvement
in SLE. BILAG response was defined as an improvement of at
least 1 grade compared to baseline in any organ with a BILAG
A score (severely active) or B score (moderately active), with-
out significant new disease, defined as at least 1 new A score or
$2 new B scores. Response status was evaluated at weeks 12,
24, 36, 48, and 52. Baseline BILAG scores were also converted
to numerical values, where A 5 9, B 5 3, C 5 1, D 5 0, and

E 5 0 (3). Scores were then summed across organ systems to
yield a total baseline disease activity score for each patient.

Pairwise agreement between response status at differ-
ent time points was estimated by computing the kappa statistic.
Logistic regression was performed to identify variables that dis-
criminate persistent responders and never responders. Persis-
tent responders were defined as patients who showed an initial
response at 12 or 24 weeks and maintained that response over
at least 3 subsequent visits; “never responders” were patients in
whom a response was not achieved at any visit. Selection of var-
iables to include in the final model was based on both statistical
and clinical considerations. A variable for study/trial was

Table 1. Baseline demographic and clinical characteristics of the
patients with SLE (n 5 147)*

Women, no. (%) 139 (95)
Race, no. (%)

White 90 (61)
African American 28 (19)
Other 29 (20)

Age, years 39.4 6 12.3
Weight, kg 74.8 6 21.7
Height, cm 163.7 6 8.1
BILAG score 13.1 6 5.4
Baseline steroid dosage, mg/day 38.8 6 17.4
Background medication at

baseline, no. (%)†
AZA 37 (26)
MMF 34 (23)
MTX 36 (25)
Other 38 (26)

Dipstick urinalysis for protein, no. (%)†
0 130 (89)
1 9 (6)
21 7 (5)

Organ system with a BILAG A or
B score at baseline, no. (%)

General 54 (37)
Mucocutaneous 95 (65)
Musculoskeletal 112 (76)
Cardiorespiratory 28 (19)
Neuropsychiatric 9 (6)
Vasculitis 16 (11)
Renal 1 (1)
Hematologic 24 (16)

Laboratory variables
WBCs, 3103/ml 7.4 6 3.8
Lymphocytes, 3103/ml 1.5 6 1.1
Neutrophils, 3103/ml 5.5 6 3.3
Hemoglobin, gm/dl 12.2 6 1.6
C3, gm/liter 0.96 6 0.34
C4, gm/liter 0.16 6 0.08
IgA, gm/liter 3.2 6 1.6
IgG, gm/liter 13.7 6 6.0
IgM, gm/liter 1.4 6 1.1
IgG anticardiolipin, units/ml 12.2 6 17.4
IgM anticardiolipin, units/ml 15.0 6 19.8
Urinary protein:creatinine ratio 0.25 6 0.60
Anti-dsDNA positive, no. (%)† 78 (54)

* Except where indicated otherwise, values are the mean 6 SD. SLE 5
systemic lupus erythematosus; BILAG 5 British Isles Lupus Assessment
Group; AZA 5 azathioprine; MMF 5 mycophenolate mofetil; MTX 5

methotrexate; WBCs 5 white blood cells; anti-dsDNA 5 anti–double-
stranded DNA.
† Data were missing for some patients.
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included regardless of statistical significance to account for any
systematic differences between the trials. Background immuno-
suppressant was also deemed to be clinically important given
our prior findings (1). Given sample size constraints and non-
linear patterns in response rates across the total number of
BILAG A and B scores, this variable was categorized as 1 A or
1 B score; 2 B scores; 2 A scores or 1 A and 1 B score; and $3
A or B scores. Missing data rates were 10.9%, 21.1%, 24.5%,
30.6%, and 29.3% at weeks 12, 24, 36, 48, and 52, respectively.
Missing response status was imputed as nonresponse. Sensitiv-
ity analyses were also performed using only the observed data
and by imputing missing data as response (best-case imputa-
tion). All analyses were performed in SAS, version 9.4. P values
less than 0.05 (2-sided) were considered significant.

RESULTS

Baseline characteristics of pooled patients. The
analysis included 147 patients (Table 1). Of these, 95%
were women, 61% were white, and the mean 6 SD age
was 39.4 6 12.3 years. The BILAG score at entry ranged
from 3 to 33, and the mean 6 SD score was 13.1 6 5.4. As
is typical in non-nephritis trials, disease activity was most
commonly exhibited in the musculoskeletal and mucocuta-
neous domains, with 76% and 65% of subjects, respec-
tively, having a BILAG score of A or B in those organs.
Fifty-six percent had at least 1 BILAG score of A in any
organ at baseline. The mean 6 SD steroid dosage at baseline

was 38.8 6 17.4 mg/day of prednisone or equivalent. Nearly
equal proportions of patients were taking azathioprine
(26%), mycophenolate mofetil (23%), methotrexate
(25%), and other treatments (26%) as background medi-
cations. Among the 38 patients in the “other” treatment
category, 25 (66%) received antimalarials as primary back-
ground therapy; 73% of patients overall (107 of 147) were
taking antimalarials with or without other medications.

Patterns of response status during follow-up. The
cross-sectional response rates at each visit are shown at
the bottom of Figure 1. The rate of response to standard
of care was 46% (95% confidence interval [95% CI]
38–54%) at week 12 and steadily decreased over time to
37% (95% CI 30–45%) at week 52. Also shown are the
longitudinal patterns of response status, where each row
of the heatmap displays the response profile for 1 subject.
Only 14% (21 of 147; 95% CI 8.6–19.9%) were “complete”
responders who achieved and maintained a response at
all 5 visits; 25% (37 of 147; 95% CI 18.2–32.2%) were per-
sistent responders, defined as having an initial response at
12 or 24 weeks with maintenance of response at 3 or more
subsequent visits. Both the complete and persistent
response rates were much lower than any of the cross-
sectional response rates. Furthermore, 29% (43 of 147)
did not respond at any visit, and an additional 21% (31 of
147) responded at only a single visit.

Figure 1. Temporal patterns in the response status of patients with systemic lupus erythematosus receiving standard of care. Green indicates
response, and red indicates no response. 95% CI 5 95% confidence interval.
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The majority of the patients who had a response
at any time during follow-up (“ever responders”) first
responded at 12 weeks (67 of 104 [64%]). However, only
a third of the initial 12-week responders (21 of 67 [31%])
had a sustained response at each follow-up visit; nearly
an equal proportion responded only at 12 weeks (19 of
67 [28%]). Eighteen percent of ever responders first
responded at 24 weeks; among these, only about a third
maintained the response through week 52, and 21%
demonstrated a response only at 24 weeks. Less than
12% (12 of 104) of ever responders first responded at
36 weeks, and only 6% (6 of 104) first responded at
48 weeks or later. Early maintenance of response was
an indicator of later response. Among 27 subjects
who consistently responded from 12 to 36 weeks, ;80%
(21 of 27) maintained that response through 52 weeks.

The degree of agreement was low to moderate
between response status at week 12 and subsequent
weeks, and the kappa statistics consistently declined over
time (k 5 0.38 for agreement between response status at
week 12 and week 24, and k 5 0.15–0.29 for agreement
between response status at week 12 and weeks 36–52).
Kappa values between response status at week 24 and
later weeks were higher but did not exceed 0.5. Agree-
ment between response status at week 36 and subsequent
weeks ranged from 0.49 to 0.59 and was slightly higher
between response status at 48 weeks and response status
at 52 weeks (k 5 0.66). Corresponding kappa values did
not differ by more than 0.10 in sensitivity analyses using
the observed data and under best-case imputation.

Predictors of persistent response versus nonre-
sponse. Logistic regression analysis was performed to
identify independent variables measured at baseline that

discriminate the 37 patients who were persistent
responders and the 43 who did not respond at any visit,
i.e., nonresponders (Table 2). Not surprisingly, features
consistent with less active disease at screening were asso-
ciated with persistent response, including fewer organs
with active disease and higher C3 levels. However,
among those with 2 organs with active disease, the odds
of persistent response was greater among those with at
least 1 BILAG A score compared to those with 2 BILAG
B scores, perhaps reflecting the effects of more aggres-
sive treatment intervention in patients with more severe
manifestations. Methotrexate as background therapy
was significantly associated with nonresponse. The C sta-
tistic for the model was 0.87, indicating high ability of the
model to discriminate between persistent responders
and nonresponders. Sensitivity analyses using available
data only and under best-case imputation yielded similar
findings, with fewer organs with active disease and high
C3 levels associated with persistent response (data not
shown).

DISCUSSION

Most clinical trials of SLE published to date have
followed up patients for 52 weeks or more, but an
increasing number of early-phase trials are terminating
at 12 or 24 weeks (4). Our findings underscore the risk of
using results from shorter trials to design future 52-week
studies that include a standard of care arm, since only a
third of patients who initially responded to standard of
care at 12 and 24 weeks maintained that response at all
subsequent visits. Moreover, 36% of patients in whom a
response was achieved at any visit had their initial
response after 12 weeks, and so would have been missed in
a 12-week trial. Although shorter trials may be necessary
in earlier phases of therapeutic development, it is impor-
tant to design later phases with appropriate end points
that can better predict success and long-term sustainabil-
ity of response. Response to standard of care at 36 weeks
correlated well with response status at 52 weeks, and
80% of patients who maintained a response between 12
and 36 weeks became complete responders through
week 52. Therefore, 36 or 48 weeks of follow-up may be
sufficient in future trials, although onset of efficacy and
durability may differ in patients exposed to experimental
therapies.

The observed lack of stability in response status
over time implies that the duration of response should
also be considered in end points when evaluating the
effects of treatments. If response is defined as both
achieving a response at a landmark time (e.g., 52 weeks)
based on improvement from baseline and the absence of

Table 2. Logistic regression analysis of predictors of persistent
response to standard of care for SLE*

Predictor variable OR (95% CI) P

Trial: A vs. B 1.23 (0.15–9.93) 0.85
Background medication

AZA 0.96 (0.089–10.27) 0.97
MMF 0.19 (0.014–2.65) 0.22
MTX 0.05 (0.005– 0.57) 0.02
Other 1 –

C3 (per SD increase) 2.68 (1.27–5.67) 0.01
No. of BILAG A and B scores

1: A or B 25.31 (3.34–192.0) 0.002
2: A/A or A/B 7.46 (1.19–46.95) 0.03
2: B/B 2.14 (0.41–11.17) 0.37
$3: As or Bs 1 –

* The C statistic for the model was 0.87. SLE 5 systemic lupus ery-
thematosus; OR 5 odds ratio; 95% CI 5 95% confidence interval;
AZA 5 azathioprine; MMF 5 mycophenolate mofetil; MTX 5 meth-
otrexate; BILAG 5 British Isles Lupus Assessment Group.
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interim flares, a patient who did not experience a flare
but who also did not show any improvement until week
52 would still be considered a responder even if response
was achieved only at that visit. A more stringent defini-
tion of response that incorporates response duration
would minimize the false-positive detection of transient
improvements and hopefully reduce the high standard of
care response rates that may have contributed to the fail-
ure of past lupus trials.

One advantage of a lower placebo response rate
is that the required sample size can be smaller to detect
the same absolute difference in response rates between
treatment groups. For example, 388 patients per arm are
needed for 80% power to detect an increase in the
response rate from 40% in the placebo arm to 50% in
the experimental arm, whereas 250 patients per arm are
needed to detect an increase from 15% to 25%. Several
studies found that standard of care response rates were
reduced and treatment differences magnified when the
response criteria were based on higher thresholds for
improvement in disease activity, e.g., $8-point decrease in
Safety of Estrogens in Lupus Erythematosus National
Assessment version of the SLE Disease Activity Index (SLE
Responder Index 8 [SRI-8]) compared to SRI-5 (5,6).
Whether a more stringent response definition that also
includes duration of response will yield more powerful
studies and better differentiation between effective medi-
cations and standard of care needs to be explored with
additional data from both the experimental and placebo
arms of past trials. When the response rates were com-
pared across background medications in our CDAI data,
the difference between the treatments with the lowest
response rate (methotrexate) and the highest response rate
(other medications) at 52 weeks increased from 19% with
cross-sectional response (P 5 0.10) to 30% with sustained
response (P 5 0.005), indicating better discrimination
between treatments with sustained response.

In addition to considering end points based on
higher thresholds for response, one should also target
for inclusion in SLE trials patients who are less likely to
respond to the rescue therapy that is allowed to be added
to background medications. Our finding that lower pla-
cebo rate responses are generally associated with factors
indicating greater disease is not a surprise and confirms
the results of previous studies (3,7–9). Furthermore, our
results are consistent with subgroup analyses of prior tri-
als suggesting that higher disease activity at baseline and
low complement levels improve discrimination between
active treatments and placebo (6,10–13). In populations with
moderate disease, decreasing or minimizing background
therapies is proving to be a promising approach for iden-
tifying effective new therapies (14). Unfortunately, this

alternative is not acceptable for patients at high risk of
severe or organ-threatening disease.

Prior trials in lupus were generally conducted as
conventional randomized 2-arm superiority studies.
Alternative trial designs such as adaptive trials should be
considered to improve trial efficiency. However, adap-
tive trials that use interim results to modify an ongoing
study rely on the availability of end points that can be
assessed quickly. The lack of agreement we observed in
response status across follow-up visits implies that cross-
sectional 12-week or 24-week status may not be a reliable
surrogate marker for longer-term clinical outcomes and
that more predictive interim end points need to be iden-
tified to conduct adaptive trials in lupus.

In this study, we used a BILAG-based response
because SLEDAI and physician’s global assessment were
not measured in all trials. Results could differ for alterna-
tive response definitions, although the directionality of
results tends to be similar with other end points. In addi-
tion, our findings may not be generalizable to patient pop-
ulations who have different baseline characteristics or are
exposed to other background medications. We hope to
confirm these results with new data from the growing
CDAI database and better elucidate the response pat-
terns and predictors of response to standard of care.
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Effects of Hydroxychloroquine in Patients With
Cutaneous Lupus Erythematosus

A Multicenter, Double-Blind, Randomized, Parallel-Group Trial

N. Yokogawa,1 H. Eto,2 A. Tanikawa,3 T. Ikeda,4 K. Yamamoto,5 T. Takahashi,6 H. Mizukami,6

T. Sato,6 N. Yokota,6 and F. Furukawa4

Objective. To assess the efficacy and tolerability
of hydroxychloroquine (HCQ) in patients with cutaneous
lupus erythematosus (CLE), in a phase III clinical trial
conducted in Japan.

Methods. We conducted a double-blind, random-
ized, parallel-group clinical trial. This was a baseline-
controlled study, and the group differences were evaluated
in an exploratory analysis. A total of 103 patients with
active CLE (according to a Cutaneous Lupus Erythemato-
sus Disease Area and Severity Index [CLASI] activity
score of ‡4) were included. Patients were randomized 3:1
to receive HCQ or placebo during the 16-week double-
blind period, and all patients were given HCQ during
the following 36-week single-blind period. The primary

efficacy end point was a reduction in the CLASI activity
score at week 16. The secondary end points included the
central photo evaluation (5-point scale), patient’s global
assessment (7-point scale), the Skindex-29 score, and
investigator’s global assessment (7-point scale, based on
the other 3 secondary end points). In patients with sys-
temic lupus erythematosus, fatigue and musculoskeletal
pain were assessed. Safety was assessed up to week 55.

Results. The mean CLASI score at week 16 was sig-
nificantly improved from baseline in both the HCQ group
and the placebo group: mean change 24.6 (95% confidence
interval [95% CI] 26.1, 23.1) (P < 0.0001), and mean
change 23.2 (95% CI 25.1, 21.3) (P 5 0.002), respectively,
without between-group difference (P 5 0.197). The investi-
gator’s global assessment demonstrated a greater propor-
tion of “improved” and “remarkably improved” patients in
the HCQ group (51.4% versus 8.7% in the placebo group
[P 5 0.0002 between groups]). The other secondary end
points supported the efficacy of HCQ. Cellulitis, drug erup-
tion, hepatic dysfunction, and Stevens-Johnson syndrome
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were shown to be serious adverse events related to HCQ
use.

Conclusion. The results of this randomized clini-
cal trial support the efficacy and tolerability of HCQ in
patients with CLE.

The antimalarial agents chloroquine (CQ) and
hydroxychloroquine (HCQ) are considered to be effec-
tive for the treatment of cutaneous lupus erythematosus
(CLE) and the symptoms associated with systemic lupus
erythematosus (SLE) such as rashes, joint pain, and
fatigue. One of the key activities of antimalarials was
recently observed to involve inhibition of Toll-like recep-
tor activation, resulting in down-regulation of interferon
expression and decreased inflammation (1). In SLE, the
benefit of using antimalarial treatment to prevent flares
(2,3) and damage accrual (4,5) and to reduce the risk of
thrombosis (6,7), infection (8), and even mortality (6,9,10)
prompted the recent recommendation for the use of these
agents in all SLE patients (11).

CLE is thought to have a less severe course and
better prognosis than SLE but frequently requires sys-
temic therapy, because CLE can compromise a patient’s
quality of life (QoL), including the ability to work (12).
Antimalarials are the first-line systemic therapy for CLE.
Because of its lower retinal toxicity, HCQ is favored over
CQ. A recent survey of 1,002 patients in Europe showed
that 56.7% of CLE patients received HCQ and 30.8%
received CQ, resulting in subjective improvement rates
of 86.9% and 81.5%, respectively (13).

In Japan, neither HCQ nor CQ has been avail-
able due to the banning of the latter agent in 1974 fol-
lowing a series of cases of severe CQ retinopathy
attributed to delayed notification of the risk of retinopa-
thy and the expansion of its indication to chronic nephri-
tis, which currently is regarded as a major risk factor for
retinal toxicity (14). In 2009, however, an initiative began
to promote the introduction of HCQ into clinical care,
in view of the merits described above (15).

Although HCQ has been approved for use in .70
countries for decades, randomized controlled trials
(RCTs) have never been performed in any country to
secure approval for its use in the treatment of CLE. There-
fore, a multicenter, double-blind, randomized trial was
undertaken to evaluate the effects of HCQ in Japanese
CLE patients with or without SLE.

PATIENTS AND METHODS

Study design. This double-blind, randomized, parallel-
group study was conducted at 22 university hospitals and research
centers in Japan from March 2012 to April 2014 (see Appendix

A). The sample size for this placebo-controlled study could not
be calculated, because the placebo effect could not be estimated
due to the lack of a previous placebo-controlled study of CLE
using the Cutaneous Lupus Erythematosus Disease Area and
Severity Index (CLASI) (16) at the time. Therefore, this study
was also designed to be a baseline-controlled study, and the
group differences were evaluated in an exploratory analysis
(ClinicalTrials.gov identifier: NCT01551069).

Patients who participated in the 4-week screening
period and met the entry criteria were enrolled and randomized
(by computer) to the HCQ group or the placebo group in a 3:1
ratio with a block size of 4. Randomization was stratified
according to a CLASI activity score of ,9 or $9 on day 1,
which was the median value of the CLASI activity score at base-
line in a previous Japanese cohort study (17). Treatment alloca-
tion and randomization were performed at the registration
center in accordance with randomization specifications, using a
drug assignment table (prepared by Sanofi K.K.) and the identi-
fication number assigned to each patient. Patients and investi-
gators were blinded with regard to treatment assignment during
the trial, with the exception that each patient was informed of
the possibility of receiving placebo during a 16-week interval
over the 52-week treatment period. Only the investigators were
informed that placebo would be switched to HCQ after 16
weeks, according to the study protocol.

For the first 16 weeks, patients randomized to the pla-
cebo group received placebo daily (placebo/HCQ group), and
those randomized to the HCQ group received HCQ daily
(HCQ/HCQ group) (double-blind). At week 16, placebo was
switched to HCQ, and both groups received HCQ daily until
week 52 (single-blind). Patients were evaluated every 4 weeks
and were followed up for 3 weeks after the end of the treat-
ment. The protocol was approved by the institutional review
board at each site, and each patient provided written informed
consent. The study was conducted in compliance with Good
Clinical Practice and the Declaration of Helsinki.

Patients. Japanese patients (ages $18 years) with a diag-
nosis of CLE, irrespective of the presence of SLE, were eligible for
enrollment. The major exclusion criteria were a CLASI activity
score of ,4 points at the time of screening and on day 1, fluctua-
tion in the CLASI activity score of $20% during the screening
period, symptoms of SLE (score of 0 on a visual analog scale
[VAS] for either fatigue [range 0–10] or pain [range 0–10] associ-
ated with SLE) on day 1, SLE with central nervous system involve-
ment, severe organ failure or severe cytopenia, and previous
treatment with 4-aminoquinoline. The following drug regimens
were allowed: prednisolone or an equivalent dosage of cor-
ticosteroids (#15 mg/day), antiinflammatory agents or topical
agents for the treatment of CLE administered at a fixed dosage
.30 days before screening, and oral immunosuppressive agents
other than steroids or dapsone, were all administered at a fixed
dosage for .90 days before the commencement of screening.
Prior to enrollment, steroid pulse therapy, intravenous immuno-
globulin therapy, biologic therapies, and intravenous cyclophos-
phamide had to be discontinued for a sufficient period of time.
The dosages of steroids and immunosuppressive agents were
allowed to be reduced after week 16.

Study medication and dosage. The HCQ dosage was
based on ideal body weight (calculated using the modified
Broca formula), as follows: 200 mg/day for an ideal body weight
of ,46 kg; 200 mg and 400 mg on alternate days for weight
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$46 kg and ,62 kg; and 400 mg/day for weight $62 kg. The
drug and the placebo were indistinguishable in appearance.

Efficacy assessment. The primary end point was a
change in the CLASI activity score following the 16-week course
of HCQ treatment. The CLASI activity score was determined
at weeks 2, 4, 8, 16, 24, 32, 52, and 55 by independent
dermatologists, to avoid any effect on the other secondary evalu-
ations. The point and percentage reductions in the CLASI activity
score were calculated. The response rate was then evaluated
using a 4-point or 20% decrease in the CLASI activity score, as
previously described (18).

To assess efficacy, we selected a major secondary end
point, investigator’s global assessment (IGA; 7-point scale), which
was based on the following 3 secondary end points: the central
photo evaluation (CPE; 5-point scale) conducted by an indepen-
dent committee, patient’s global assessment (PGA; 7-point scale),
and the Skindex-29 (a skin-specific QoL measure) (19).

In patients with SLE, pain, fatigue, and PGA of SLE were
scored using a VAS and the Routine Assessment of Patient Index
Data 3 (RAPID-3) (20), which was recently proposed for the
assessment of SLE (21,22). In addition, IGA of SLE (7-point
scale) and the musculoskeletal system (based on the British Isles
Lupus Assessment Group [BILAG] disease activity index [23], in
which scores range from A [very active disease] to E [inactivity])
were evaluated. The Skindex-29, PGA, CPE, and IGA were evalu-
ated at weeks 16, 32, and 52 in a blinded manner with respect to
the results of the CLASI activity score assessment. For SLE,
assessments of the pain score and the fatigue score, the PGA of
SLE, RAPID-3, and the score for the “constitutional” and the
“musculoskeletal” systems based on the BILAG disease activity
index were assessed at weeks 4, 8, 16, 24, 32, 52, and 55. The IGA
of SLE was evaluated at weeks 16, 32, and 52. The anti–double-
stranded DNA (anti-dsDNA) antibody level and complement C3
and C4 levels were also evaluated in SLE patients. The tapered
dose of oral steroids from week 16 was evaluated at week 52. In
the exploratory analysis, the group differences were measured at
week 16.

Safety assessment. Safety end points included adverse
events (AEs), serious AEs, laboratory test values, and vital signs.
Because ocular toxicity is a major side effect of treatment with
chloroquine derivatives, ophthalmologic examinations including
visual acuity, slit lamp, funduscopic, visual field, and color vision
examinations were performed before enrolling patients in the
study and at 4-month intervals during the study period. Each ocu-
lar event was assessed by an independent committee. AEs were
coded according to the Medical Dictionary for Regulatory Activi-
ties (version 16.1) and assessed as treatment-emergent AEs
(TEAEs).

Population pharmacokinetics. Three blood samples
were drawn from each patient during 36–48 weeks, and the
whole blood concentration was measured using high-
performance liquid chromatography tandem mass spectrome-
try. The population pharmacokinetics studies were performed
using nonlinear mixed-effects modeling techniques.

Statistical analysis. To determine the sample size, the
CLASI activity score at baseline was assumed to be 8.0, and the
posttreatment score at week 16 was assumed to be 6.5. The SD
for the difference was assumed to be 4.5 with reference to previ-
ously published cohort data (24). When pretreatment and post-
treatment data were compared by paired t-test (using a 2-sided
significance level of 0.05), the number of patients required to
achieve a statistical power of 80% was 73. Assuming that 3% of

the patients were not evaluable, the number needed for the
HCQ/HCQ group was 75.

A full analysis set was used for the efficacy analysis. The
full analysis set included the group of randomized patients with-
out serious protocol violations who received the study drugs. The
safety analysis set included all randomized patients who received
at least a single (even incomplete) dose of the study drug.

In the primary efficacy analysis, the CLASI activity score
at baseline was compared with the corresponding score at week
16, by paired t-test. When scores at week 16 were not available,
they were extrapolated based on the last observation carried for-
ward (LOCF) method. In the secondary efficacy analysis, the
Skindex-29 score, fatigue score on a VAS, pain score on a VAS,
PGA of SLE, RAPID-3 score, anti-dsDNA antibody level, and
complement C3 and C4 levels at baseline and week 16 were com-
pared by paired t-test. The dose of oral steroids was assessed at
baseline and week 52 by paired t-test. The post hoc exploratory
analysis was conducted as follows: the group differences in the
CLASI activity score, the Skindex-29, fatigue, pain, and RAPID-
3 scores from baseline to week 16, adjusted by each baseline
value, were evaluated using analysis of covariance (ANCOVA).
Fisher’s exact test was used to evaluate group differences in the
proportion of patients in the “slightly improved,” “improved,”
and “remarkably improved” groups on a 7-point scale (PGA,

Figure 1. Diagram showing patient flow through the study. HCQ 5

hydroxychloroquine; CLASI 5 Cutaneous Lupus Erythematosus Dis-
ease Area and Severity Index.
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IGA, and IGA of SLE), and patients in the “improved” and
“remarkably improved” groups on a 5-point scale (PGA, IGA,
IGA of SLE, and CPE).

For safety analysis, TEAEs throughout the study
period were summarized according to group. Laboratory test
values and vital signs were evaluated based on definitions of
potentially clinically significant abnormalities.

RESULTS

Patient disposition. Among the 103 patients
included, 77 were randomized to and received HCQ, and

26 were randomized to and received placebo (3:1 ratio)
(Figure 1). Ninety-six patients (72 in the HCQ/HCQ group
and 24 in the placebo/HCQ group) were included in the
full analysis set. All 103 patients were included in the safety
analysis set.

Patient characteristics. The baseline characteris-
tics of patients in the full analysis set are shown in Table 1.
In total, 74.0% were female with a mean age of 42.7 years,
and 58.3% had SLE (as defined by the 1997 American
College of Rheumatology criteria for the classification of
SLE) (25). The mean 6 SD CLASI activity scores at

Table 1. Baseline characteristics of the full analysis set*

HCQ/HCQ Placebo/HCQ

All patients†
Female, no. (%) 53 (73.6) 18 (75.0)
Age, years 43.1 6 12.8 41.6 6 12.7
Actual body weight, kg 59.1 6 12.9 57.5 6 12.5
Ideal body weight, kg 52.5 6 8.3 52.3 6 8.2
Disease duration .60 months, no. (%) 34 (47.2) 17 (70.8)
Current smoker, no. (%) 40 (55.6) 13 (54.2)
Topical agents

Steroids, no. (%) 40 (55.6) 13 (54.2)
Tacrolimus, no. (%) 15 (20.8) 8 (33.3)

Oral agents
Steroids, no. (%) 31 (43.1) 13 (54.2)
Prednisolone (or equivalent), mg/day 8.0 6 3.2 10.5 6 4.1
Immunosuppressive agents, no. (%) 26 (36.1) 11 (45.8)
Dapsone, no. (%) 3 (6.1) 4 (23.5)
NSAIDs, no. (%) 26 (53.1) 8 (47.1)

Type of cutaneous lupus erythematosus
Acute, no. (%) 16 (22.2) 2 (8.3)
Subacute, no. (%) 6 (8.3) 2 (8.3)
Chronic, no. (%) 61 (84.7) 21 (87.5)

CLASI
Activity score 13.5 6 8.0 13.6 6 7.5

0–9 (mild disease), no. (%) 29 (40.3) 8 (33.3)
10–20 (moderate disease), no. (%) 33 (45.8) 11 (45.8)
21–70 (severe disease), no. (%) 10 (13.9) 5 (20.8)

Damage score 6.0 6 6.8 7.6 6 6.6
Total score 19.5 6 12.3 21.2 6 12.1

Skindex-29 score
Emotions, 0–100 36.3 6 23.3 40.8 6 31.3
Symptoms, 0–100 31.6 6 16.0 30.6 6 17.4
Functioning, 0–100 22.2 6 19.8 22.3 6 24.6
Overall score, 0–100 29.3 6 18.0 30.6 6 21.8

Patients with SLE‡
Pain score, 0–10-cm VAS 3.2 6 2.2 3.3 6 2.1
Physical function score, 0–3 VAS 0.2 6 0.3 0.3 6 0.3
Patient’s global assessment of SLE, 0–10 VAS 3.3 6 2.0 3.8 6 2.9
RAPID-3 score, 0–30 VAS§ 7.1 6 4.4 7.9 6 5.3
Fatigue score, 0–10 VAS 4.1 6 2.2 4.6 6 2.6
Anti-dsDNA antibodies, IU/ml 24.4 6 40.3 18.3 6 17.3
Complement C3, mg/dl 76.1 6 23.7 79.8 6 15.6
Complement C4, mg/dl 13.7 6 6.6 16.1 6 10.2

* Except where indicated otherwise, values are the mean 6 SD. HCQ 5 hydroxychloroquine; NSAIDs 5

nonsteroidal antiinflammatory drugs; CLASI 5 Cutaneous Lupus Erythematosus Disease Area and
Severity Index; SLE 5 systemic lupus erythematosus; anti-dsDNA 5 anti–double-stranded DNA.
† HCQ/HCQ group, n 5 72; placebo/HCQ group, n 5 24.
‡ HCQ/HCQ group, n 5 42; placebo/HCQ group, n 5 12.
§ The Routine Assessment of Patient Index Data 3 (RAPID-3) consists of 3 measures: pain level evalu-
ated on a visual analog scale (VAS), physical function, and patient’s global assessment.
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baseline were 13.5 6 8.0 and 13.6 6 7.5 in the HCQ/HCQ
and placebo/HCQ groups, respectively. The characteristics
of the 2 groups did not differ significantly.

Efficacy. The CLASI activity scores over time in
the placebo/HCQ group and the HCQ/HCQ group are
shown in Figure 2. The primary end point, a reduction in
the CLASI activity score, was achieved after 16 weeks of
HCQ therapy (24.6; 95% confidence interval [95% CI]
26.1, 23.1 [P , 0.0001, based on the LOCF]). A reduction
in the CLASI score (23.2; 95% CI 25.1, 21.3 [P 5 0.002,
based on the LOCF]) was also observed in the group that
received placebo for 16 weeks. The group difference was
21.6 (95% CI 24.3, 1.1 [P 5 0.197]). The CLASI activity
score in the placebo/HCQ group decreased further after
switching from the placebo to HCQ and reached the level
of the HCQ/HCQ group at week 32. The CLASI activity
score in both groups continued to decrease gradually after
week 32. Smoking status and treatment with systemic ste-
roids or immunosuppressive agents were not associated
with the end point (data not shown).

The percentages of patients in each of the 5 cen-
tral photo evaluation categories are shown in Figure 3A.
At week 16, this evaluation showed greater improvement
from baseline in the HCQ/HCQ group compared with
that in the placebo/HCQ group. At week 16, the propor-
tions of patients shown to be “improved and remarkably
improved” were 59.4% in the HCQ/HCQ group and
30.4% in the placebo/HCQ group (P 5 0.029).

The 7-point PGA scale data are shown in Figure
3B. At week 16, the proportions of patients shown to be
“improved and remarkably improved” were 21.4% in the
HCQ/HCQ group and 13.0% in the placebo/HCQ group
(P 5 0.546). However, the proportions of patients who

were “slightly improved, improved, and remarkably
improved” reached 72.9% in the HCQ/HCQ group and
47.8% in the placebo/HCQ group (P 5 0.041).

Changes in the total Skindex-29 score (a skin-
specific QoL measure) from baseline to weeks 16, 32, and
52 are shown in Figure 3C. Scores for all domains of the
Skindex-29 (emotions, symptoms, and functioning) and the
overall score significantly improved from baseline to week

Figure 2. CLASI activity scores over time in the placebo/HCQ and
HCQ/HCQ groups (observed cases). Values are the mean 6 SE. See
Figure 1 for definitions.

Figure 3. A, Percentages of patients in each central photo evaluation
category (5 grades) at weeks 16, 32, and 52 (observed cases). B, Per-
centages of patients in each patient’s global assessment category (7
grades) at weeks 16, 32, and 52 (observed cases). C, Change in the
Skindex-29 score from baseline to weeks 16, 32, and 52 (observed
cases). Values are the mean 6 SE. HCQ5 hydroxychloroquine.
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16 in the HCQ/HCQ group (for emotions, 210.2 [95% CI
214.3, 26.0] [P , 0.0001]; for symptoms, 26.9 [95% CI
211.2, 22.6] [P 5 0.002]; for functioning, 25.5 [95% CI
29.0, 22.0] [P 5 0.002]; and for overall score, 27.4 [95%
CI 210.9, 24.0] [P , 0.0001]). In the placebo/HCQ group,
scores for all domains of the Skindex-29 decreased,
although not to a statistically significant degree (for emo-
tions, 25.8 [95% CI 214, 2.5] [P 5 0.163]; for symptoms,
24.4 [95% CI 211.1, 2.4] [P 5 0.195]; for functioning,
23.0 [95% CI 29.6, 3.6] [P 5 0.354]; for overall score,
24.3 [95% CI 210.3, 1.7] [P 5 0.150]; for differences
between groups, P 5 0.137, P 5 0.583, P 5 0.418, and P 5

0.258, respectively).
IGA, which is a major secondary end point based

on CPE, PGA, and QoL, differed significantly in terms of
the proportion of patients in the “improved” and remark-
ably improved” categories between the HCQ/HCQ group
(51.4%) and the placebo/HCQ group (8.7%) at week
16 (P 5 0.0002) (Figure 4). The proportion of patients
in the “slightly improved,” “improved,” and “remarkably
improved” categories reached 78.6% in the HCQ/HCQ
group and 56.5% in the placebo/HCQ group (P 5 0.057).

Regarding the efficacy end points for the assessment
of patients with SLE (n 5 56), the pain score decreased sig-
nificantly from baseline to week 16 in the HCQ/HCQ group
(21.0 [95% CI 21.7, 20.3] [P 5 0.005]), but increased in
the placebo/HCQ group (0.3 [95% CI 21.1, 1.7] [P 5

0.658]), demonstrating a significant difference between the
2 groups (21.4 [95% CI 22.6, 20.1] [P 5 0.033 by
ANCOVA]). The decrease in the fatigue score from base-
line to week 16 was significant in the HCQ/HCQ group
(21.1 [95% CI 21.9, 20.3] [P 5 0.006]) but not in the
placebo/HCQ group (20.7 [95% CI 22.7, 1.3] [P 5 0.452]).

The group difference was 20.7 (95% CI 22.2, 0.8 [P 5

0.367]).
The PGA of SLE decreased significantly from

baseline to week 16 (20.7 [95% CI 21.3, 20.1] [P 5 0.03])
in the HCQ/HCQ group (n 5 42) but did not change in
the placebo/HCQ group (n 5 12) (0.0 [95% CI 21.8, 1.7]
[P 5 0.959]). The group difference was 20.9 (95% CI
22.2, 0.4 [P 5 0.165]).

RAPID-3 scores decreased significantly from base-
line to week 16 in the HCQ/HCQ group (21.7 [95% CI
22.9, 20.4] [P 5 0.009]) but increased in the placebo/
HCQ group (0.2 [95% CI 22.7, 3.0] [P 5 0.896]). The
group difference was 22.1 (95% CI 24.6, 0.4 [P 5 0.094]).

The proportion of IGA of SLE in the “improved”
and “remarkably improved” categories was 47.4% in the
HCQ/HCQ group and 36.4% in the placebo/HCQ group
at week 16 (P 5 0.733). The proportion of those in the
“slightly improved, improved, and remarkably improved”
categories reached 68.4% in the HCQ/HCQ group and
54.5% in the placebo/HCQ group (P 5 0.480).

Among SLE patients with active musculoskeletal
disease based on the BILAG grade (A–C in “musculo-
skeletal” system), 16 (42.1%) of those in the HCQ group
(n 5 38) improved by at least 1 grade, and 2 (5.3%)
improved by at least 2 grades at week 16. In contrast, 4
patients (40.0%) in the placebo group (n 5 10) improved
by at least 1 grade, while none (0%) improved by 2 grades.
Among SLE patients in the HCQ group who had active
disease based on the BILAG grade (A–C in “constitu-
tional” system) (n 5 7), 4 (57.1%) improved by at least 1
grade and 1 (14.3%) improved by 2 grades at week 16. In
contrast, among those in the placebo group (n 5 2), 1
(50.0%) improved by at least 1 grade and none (0%)
improved by 2 grades.

Changes in the anti-dsDNA antibody level (IU/
ml) and complement C3 and C4 levels (mg/dl) from
baseline to week 16 were 23.8 (95% CI 211.1, 3.5
[P 5 0.299]), 4.2 (95% CI 0.3, 8.0 [P 5 0.034]), and 1.3
(95% CI 0.2, 2.4 [P 5 0.022]), respectively, in the HCQ/
HCQ group (n 5 40). Corresponding changes in the
placebo/HCQ group (n 5 11) were 21.9 (95% CI 26.8,
3.1 [P 5 0.419]), 21.2 (95% CI 27.8, 5.4 [P 5 0.699]),
and 20.3 (95% CI 23.0, 2.4 [P 5 0.827]), respectively.
The dosage of prednisolone (mg/day or equivalent)
decreased by 21.0 (95% CI 21.8, 20.3 [P 5 0.007]) in
the HCQ/HCQ group (n 5 29) and by 20.8 (95% CI
21.8, 0.2 [P 5 0.095]) in the placebo/HCQ group
(n 5 11) from baseline to week 52.

Safety. The AEs observed in this study were, in
general, commonly associated with antimalarial agents.
Table 2 summarizes the occurrence of TEAEs during
the double-blind (16 weeks) and total study (55 weeks)

Figure 4. Percentages of patients in each investigator’s global assess-
ment category (7 grades) at weeks 16, 32, and 52 (observed cases).
HCQ 5 hydroxychloroquine.
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periods into 4 categories. The occurrence of a “TEAE”
and “any serious TEAE” was similar in both groups.

During the double-blind period, 4 patients in the
HCQ/HCQ group developed TEAEs leading to study dis-
continuation: 3 patients developed dermatologic TEAEs
(toxic skin eruption [day 6], drug eruption [day 10], and
generalized rash [day 24], respectively), and 1 patient expe-
rienced worsening of discoid lupus erythematosus on day
84.

During the single-blind period, 2 patients in the
HCQ/HCQ group developed TEAEs leading to study
discontinuation: 1 patient developed pneumococcal
meningitis on day 206, and 1 patient experienced
hepatic dysfunction on day 259. Two patients in the
placebo/HCQ group developed 2 dermatologic TEAEs
leading to study discontinuation: 1 patient developed
toxic skin eruption 24 days after switching to HCQ, and
1 patient developed Stevens-Johnson syndrome 15 days
after switching to HCQ.

No deaths occurred, and no laboratory test val-
ues or vital signs showed any clinically significant change
during this study in either group.

None of the ophthalmologic TEAEs (dry eye, con-
junctivitis, chorioretinal atrophy, and vitreous floater in 1
patient each) that developed in the HCQ/HCQ group dur-
ing the single-blind period led to study discontinuation.
Recovery without residual visual dysfunction was con-
firmed at week 32 in all except 1 patient, whose condition
(chorioretinal atrophy) remained stable at week 52. No
retinopathy occurred at any point during the study.

DISCUSSION

This double-blind, randomized, baseline-controlled
study demonstrated a significant reduction in the CLASI
activity score in both the HCQ-treated group and the

placebo-treated group at week 16. The reduction in the
CLASI activity score after the initiation of treatment with the
study medications may have been attributable to the follow-
ing effects: 1) improved patient compliance with medication
after enrollment, 2) increased avoidance by the patients of
stress inducers (such as sun and cold exposure and fatigue)
after enrollment, and 3) potential measurement bias when
evaluating the CLASI score, despite the evaluation being
performed by independent dermatologists.

At week 16, the reduction in the CLASI activity
score tended to be greater in the HCQ group, but a sig-
nificant difference compared with the placebo group was
not demonstrated. Importantly, gradual improvement in
the CLASI activity score was observed beyond week 16.
Therefore, the maximum effect of HCQ compared with
placebo could be gauged more accurately if assessment
of the primary end point and the timing of the switch
from placebo to HCQ is performed after week 16.

Since the registration of our study, another ran-
domized clinical trial using the CLASI score as an end
point has been published (26). In patients with moderate-
to-severe skin disease (CLASI score $10), it was shown
that 50% of patients had improvement in the CLASI
activity score. The exploratory subgroup analysis based on
disease severity (CLASI activity score of ,9 or $9, as
used for randomized stratification) showed the floor effect
of CLASI with lower scores. Among patients with a
CLASI activity score of $10 at baseline, 32.6% (95% CI
19.1, 48.5) of the HCQ/HCQ group and 25.0% (95% CI
7.3, 52.4) of the placebo/HCQ group achieved 50%
improvement in the CLASI activity score by week 16.

The superiority of HCQ over placebo was demon-
strated in some of the secondary end points. Improvement
in secondary end points such as PGA and IGA correlated
with a reduction in the CLASI activity score. Considering
the favorable trend seen in the CLASI activity score and
secondary end points, this study demonstrated at least a
degree of success when using HCQ to treat CLE.

HCQ is frequently prescribed for musculoskeletal
pain and fatigue associated with SLE, but evidence
supporting such use is very limited. We demonstrated that
HCQ had greater efficacy than placebo in reducing the
pain score. This efficacy was previously observed only in a
small RCT (27), while the effect on fatigue has not been
assessed in previous RCTs. In the current study, the
fatigue score on a VAS improved in both the HCQ and
placebo groups; this result is consistent with the findings
in a recent RCT of HCQ for the treatment of primary
Sj€ogren’s syndrome (28).

The dosage of HCQ based on ideal body weight
has been proposed to mitigate the risk of retinopathy, but
neither a pharmacokinetic nor a pharmacodynamic study

Table 2. Incidence of TEAEs throughout the study period*

HCQ/HCQ
(n 5 77)

Placebo/HCQ
(n 5 26)

Week 0 to week 16
Any TEAE 57 (74.0) 19 (73.1)
Any related TEAE 19 (24.7) 4 (15.4)
Any serious TEAE 1 (1.3) 1 (3.8)
Any TEAE leading to permanent

treatment discontinuation
4 (5.2) 0

Week 0 to week 55
Any TEAE 75 (97.4) 24 (92.3)
Any related TEAE 25 (32.5) 9 (34.6)
Any serious TEAE 8 (10.4) 3 (11.5)
Any TEAE leading to permanent

treatment discontinuation
6 (7.8) 2 (7.7)

* Values are the number (%). TEAEs 5 treatment-emergent adverse
events; HCQ 5 hydroxychloroquine.
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has yet been performed to explore this issue. In the cur-
rent study, the favorable effects of HCQ were confirmed
by stable pharmacokinetic parameters. We observed that
body weight had a significant impact on HCQ clearance,
and that the pharmacokinetic parameters were similar in
patients receiving 200 mg, 300 mg, or 400 mg daily (29).

Our study has a number of limitations. First,
whereas the results demonstrated the superiority of HCQ
over placebo for some of the secondary end points (IGA,
CPE, and PGA), the same was not observed in the CLASI
activity score, presumably due to the small sample size. A
large placebo-controlled trial is required to confirm the
superiority of HCQ over placebo, although this may be
deemed unethical because HCQ is already available world-
wide and is used as a first-line systemic therapy. Second,
only Japanese patients were included. Ethnic variations
should be considered when interpreting the results. Third,
an observation period of 55 weeks, as used in this study, is
generally too short to assess HCQ retinopathy. Because
early retinal change can be detected by spectral-domain
optical coherence tomography (SD-OCT), at least 1 annual
eye examination including SD-OCT is recommended in
Japan.

In conclusion, this double-blind, randomized,
parallel-group study underscored the favorable effects
of HCQ for the treatment of CLE. However, a large
placebo-controlled trial is required to confirm the supe-
riority of HCQ over placebo.
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APPENDIX A: UNIVERSITY HOSPITALS AND
RESEARCH CENTERS

The 22 institutions at which the study was conducted are as
follows: Tokyo Metropolitan Tama Medical Center, Keio University
Hospital, St. Luke’s International Hospital, Wakayama Medical Uni-
versity Hospital, Teikyo University Hospital, Kitasato University Hos-
pital, Hospital of the University of Occupational and Environmental
Health, Saitama Medical University Hospital, Nagoya University
Hospital, Kumamoto University Hospital, Nagasaki University Hospi-
tal, University of the Ryukyu Hospital, Kameda Clinic, Kameda Gen-
eral Hospital, Yokohama City University Hospital, University of
Tokyo Hospital, Sagamihara National Hospital, Kanazawa University
Hospital, Gunma University Hospital, Okinawa Prefectural Chubu
Hospital, Juntendo University Hospital, and Tomishiro Central
Hospital.
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Objective. Type I interferon (IFN) is implicated in
the pathogenesis of systemic lupus erythematosus (SLE)
and interferonopathies such as Aicardi-Goutières syn-
drome. A recently discovered DNA-activated type I IFN
pathway, cyclic GMP-AMP synthase (cGAS), has been
linked to Aicardi-Goutières syndrome and mouse models
of lupus. The aim of this study was to determine whether
the cGAS pathway contributes to type I IFN production in
patients with SLE.

Methods. SLE disease activity was measured by
the Safety of Estrogens in Lupus Erythematosus National
Assessment version of the Systemic Lupus Erythematosus
Disease Activity Index. Expression of messenger RNA for
cGAS and IFN-stimulated genes (ISGs) was determined
by quantitative polymerase chain reaction analysis. Cyclic
GMP-AMP (cGAMP) levels were examined by multiple
reaction monitoring with ultra-performance liquid chro-
matography tandem mass spectrometry.

Results. Expression of cGAS in peripheral blood
mononuclear cells (PBMCs) was significantly higher in
SLE patients than in normal controls (n 5 51 and n 5 20
respectively; P < 0.01). There was a positive correlation
between cGAS expression and the IFN score (P < 0.001).

The expression of cGAS in PBMCs showed a dose response
to type I IFN stimulation in vitro, consistent with it being
an ISG. Targeted measurement of cGAMP by tandem
mass spectrometry detected cGAMP in 15% of the SLE
patients (7 of 48) but none of the normal (0 of 19) or rheu-
matoid arthritis (0 of 22) controls. Disease activity was
higher in SLE patients with cGAMP versus those without
cGAMP.

Conclusion. Increased cGAS expression and
cGAMP in a proportion of SLE patients indicates that the
cGAS pathway should be considered as a contributor to
type I IFN production. Whereas higher cGAS expression
may be a consequence of exposure to type I IFN, detection
of cGAMP in patients with increased disease activity indi-
cates potential involvement of this pathway in disease
expression.

The type I interferons (IFNs) are strongly impli-
cated in the pathogenesis of systemic lupus erythematosus
(SLE) (1), based on the following key findings: 1) two-
thirds of SLE patients have a blood IFN signature, 2) gene
variants that enhance type I IFN production are increased
in SLE, 3) therapeutic administration of type I IFN for
virus infection or cancer induces SLE in a small percentage
of patients, and 4) preliminary findings indicate that type I
IFN receptor blockade with a biologic agent leads to
improvement in the clinical parameters of SLE (2). How,
where, and when type I IFN is initially stimulated in lupus
patients is uncertain. In vitro studies, including those of our
own group (3), have shown that IFNa is induced by im-
mune complexes containing (ribo)nucleoprotein antigens
(4,5). However, Niewold et al (6) have shown that serum
from a significant proportion of SLE family members with-
out autoantibodies induce IFN-stimulated genes (ISGs) in
responder cells. Data from clinical trials using biologic
agents targeting IFNa led Petri and colleagues (7) to sug-
gest that other IFNs may well be involved. Microarray anal-
ysis of skin from SLE (and dermatomyositis) patients
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revealed that the ISG signature was correlated with IFNb

and IFNg, but not IFNa (8). Finally, Chiche et al (9)
reported that complex IFN signatures in SLE are not
restricted to the IFNa signature but might also involve
IFNb and IFNg. These findings strongly suggest that other
interferon pathways are activated, especially prior to the
production of high-affinity IgG autoantibodies.

Type I IFNs include 13 IFNa proteins, 1 IFNb pro-
tein, and several less-explored members, including IFNe,
IFNk, IFNt, and IFNv. IFNb can be produced by almost
any cell following stimulation by (viral) nucleic acids. Release
of this cytokine serves to prime or amplify type I IFN by
other cells, especially plasmacytoid dendritic cells that are
the main producers of IFNa. It has been shown that in
monogenetic disorders associated with aberrant production
of type I IFN and SLE-like features (“interferonopathies”),
responsible mutations activate pathways that induce IFNb

rather than IFNa (10,11). This observation is consistent with
the idea that elevated levels of type I IFN other than IFNa

can contribute to the pathogenesis of SLE. Similar observa-
tions have been made in mouse models, including a mouse
model of lupus (12,13).

Cytosolic nucleic acid sensors play a crucial role in
the detection of pathogens that have breached membrane
barriers (14). Among the most important cytosolic DNA
sensors recently identified is cyclic GMP-AMP synthase
(cGAS) (15,16). Binding of double-stranded DNA to
cGAS causes a conformational change in the active site of
cGAS, which uses ATP and GTP to synthesize the cyclic
dinucleotide cGAMP (16,17). Cyclic GAMP then functions
as an endogenous second messenger, binding directly to
the adapter protein, stimulator of IFN genes (STING), cul-
minating in the activation of the transcription factor, IFN
regulatory factor 3 (IRF-3) and synthesis of IFNb (18).

Given the central role played by type I IFN in the
pathogenesis of SLE, we examined cGAS expression and
cGAMP production in patients with SLE. Whereas in-
creased cGAS expression could be secondary to exposure
to type I IFN, detection of cGAMP in a subset of SLE
patients, especially those with high scores on the Safety of
Estrogens in Lupus Erythematosus National Assessment
(SELENA) version of the Systemic Lupus Erythematosus
Disease Activity Index (SLEDAI), suggests that the cGAS
pathway is activated and may contribute to disease in some
SLE patients.

PATIENTS AND METHODS

Patient population. Patients who fulfilled the Ameri-
can College of Rheumatology (ACR) 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. Ethical approval was granted by the
University of Washington (approval no. 39712).

Information about the patient’s medical history, number
of classification criteria fulfilled, laboratory findings, and damage
accrual data was obtained and measured using the Systemic
Lupus International Collaborating Clinics/ACR Damage Index
(SDI) (20). Whole blood samples were collected and disease activ-
ity was measured with the SELENA–SLEDAI (21) at the time of
the clinic visit. The SELENA–SLEDAI, which measures disease
activity (range 0–105) during the preceding 10 days, includes 24
clinical and laboratory variables and is weighted by organ system.
Damage accrual was evaluated using the SDI, which assigns a
numerical value to organ damage regardless of attribution (20).
Patients with rheumatoid arthritis (RA) according to the ACR
criteria (22) were used as an inflammatory disease control
population.

Three cohorts of SLE patients were studied: an initial
cGAS test cohort (cohort 1), in which stored complementary
DNA (cDNA) samples that had been obtained from 51 SLE
patients and 20 normal controls were tested for cGAS expression
by quantitative PCR (qPCR); an initial cGAMP test cohort
(cohort 2), in which peripheral blood mononuclear cells (PBMCs)
derived from fresh blood samples obtained from 17 SLE patients,
10 RA patients, and 9 normal controls were tested for cGAMP by
ultra-performance liquid chromatography tandem mass spec-
trometry (UPLC-MS/MS); and a third test cohort (cohort 3), in
which cGAS and cGAMP were examined in the same group of 48
SLE patients, 22 RA patients, and 19 normal controls. Some
cohort 2 patients were included in cohort 3, depending solely on
the availability of at least 25 million cells for study.

Real-time qPCR for cGAS and ISGs. Total RNA was
isolated from PBMC using an RNeasy Mini kit with a DNase
treatment step (Qiagen). We generated cDNA using 100 ng of
RNA with a high-capacity cDNA reverse transcription kit and
random primers (Applied Biosystems). Reactions were per-
formed in duplicate on an ABI StepOne Plus instrument using
the following primers: for cGAS, 50-GAAGAAACATG-
GCGGCTATC-30 (forward) and 50-TGAGGGTTCTGGGTA-
CATACG-30 (reverse); and for 18S, 50-GAGGGAGCCTG-
AGAAACGG-30 (forward) and 50-GTCGGGAGTGGGTAA-
TTTGC-30 (reverse). A 2-stage cycle of 958C for 15 seconds and
608C for 1 minute was repeated for 40 cycles, followed by a dissoci-
ation stage.

The IFN score was calculated from the combined
expression of 3 ISGs (Mx-1, CXCL10, and protein kinase R
[PKR]) as described elsewhere (23). Threshold cycle values
were set as a constant threshold of 0.2, and fold changes in
gene expression were then calculated using the 2–DDCt method.

Purification and detection of cGAMP. PBMCs were
lysed with 1 ml of 80% methanol spiked with 5 nM heavy
isotope–labeled cGAMP (cGAMP*) containing 13C,15N-labeled
AMP as internal standard. Cell extracts were sonicated on ice for
1 minute with settings of 20% duty cycle and 1 output. Cell debris
was pelleted at 14,000 revolutions per minute for 10 minutes.
Methanol extraction solution was transferred to a new tube and
evaporated using a SpeedVac. The cGAMP was further purified
with a solid-phase extraction column (Oasis WAX column;
Waters) and resuspended in 50 ml of Optima LC-MS water
(Thermo Scientific) for mass spectrometry. For targeted detec-
tion of cGAMP, a multiple reaction-monitoring assay was devel-
oped, using a Waters Xevo TQS mass spectrometer coupled with
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an ultra-performance liquid chromatograph. In the assay, 2 tran-
sitions of each target ion were monitored: for cGAMP, 1675.1/
152.1 (parent ion/daughter ion) and 1675.1/136.0; for cGAMP*,
1690.0/152.1 and 1690.0/146.0.

Sequencing of 30 repair exonuclease 1 (TREX1).
Mutation screening of TREX1 was performed by PCR ampli-
fication of genomic DNA segments (sequences available upon
request from the corresponding author) and direct sequencing
of the products using BigDye terminator chemistry and a 3130
DNA sequencer (Applied Biosystems) as described previously
(24). The mutation description is based on the reference
cDNA sequence for TREX1 (NM_033629).

Statistical analysis. Categorical variables were com-
pared using Fisher’s exact test. Mean data were compared
using a t-test or Wilcoxon’s rank sum test for normally distrib-
uted or non-normally distributed data, respectively. Correla-
tions were performed using linear regression. P values less
than 0.05 were considered statistically significant.

RESULTS

Increased cGAS expression in a proportion of
SLE patients and responsiveness to type I IFN. To
determine levels of cGAS expression in SLE patients, we
quantified the expression of messenger RNA for cGAS by
qPCR using cDNA derived from sequential blood samples
collected from patients at the University of Washington
Clinic (cohort 1). In these 51 SLE patients and 20 normal
controls, cGAS expression was significantly higher in the
SLE patients (mean 6 SD relative expression of cGAS
1.17 6 0.62 versus 0.77 6 0.31 in healthy controls;
P 5 0.004) (Figure 1A). Almost half of the SLE population
(46.9%) had cGAS expression .1 SD above the mean
value in healthy controls, with 26.5% having values .2 SD

Figure 1. Increased expression of cyclic GMP-AMP synthase (cGAS) in systemic lupus erythematosus (SLE) patients and response of cGAS to
type I interferon (IFN). Peripheral blood mononuclear cells (PBMCs) were obtained from 20 healthy controls (CNT) and 51 SLE patients. A,

Expression of mRNA for cGAS, as determined by quantitative polymerase chain reaction (qPCR). Results were expressed relative to 18S
mRNA. Each symbol represents an individual subject; horizontal lines show the mean. P value was determined by t-test. B, Correlation between
cGAS mRNA expression (as calculated in A) and the IFN score in the SLE patients, as determined by linear regression analysis. The IFN score
was calculated from the average expression of 3 IFN-stimulated genes (Mx-1, CXCL10, and protein kinase R). C and D, Expression of cGAS
(C) and CXCL10 (D) in PBMCs from normal controls, as determined by qPCR. Cells were incubated for 4 hours with the indicated doses of
type I IFN. Results were expressed relative to 18S mRNA. Values are the mean 6 SD. E and F, Relative expression of cGAS in PBMCs from
individual normal control subjects (HD1–HD8) in response to 4 hours (E) or 24 hours (F) of stimulation with type I IFN.
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above normal. As an inflammatory disease control, we
quantified cGAS expression in RA patients. Interestingly,
PBMCs obtained from RA patients had lower expression
levels of cGAS compared to those from SLE patients
(Supplementary Figure 1, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40002/abstract).

Although cGAS does not feature as a highly
induced ISG in SLE (9), there is at least 1 report that
cGAS is an ISG (25). To determine whether the increase
in cGAS expression could be explained as a secondary
consequence of type I IFN production, we analyzed the
correlation between the cGAS level and the IFN score, a
composite score derived from the expression of 3 ISGs
(Mx-1, CXCL10, and PKR). Expression of cGAS and the
IFN score were significantly correlated (Figure 1B).

To clearly determine whether, in fact, cGAS
expression could be influenced by exposure to type I IFN,
we exposed PBMCs isolated from normal controls to
increasing concentrations of IFNa. Following exposure to
IFNa, cGAS expression increased in a dose-responsive

manner (Figure 1C), similar to the ISG CXCL10 (Figure
1D). Of interest, whereas a marked increase in cGAS
expression was observed in PBMCs from some healthy
individuals following incubation with type I IFN, PBMCs
from other normal controls responded in a more limited
manner, indicating considerable individual variation (Fig-
ures 1E and F). Overall, these findings suggests that, in
SLE patients, cGAS could be elevated as a consequence
of exposure to type I IFN and/or that expression of cGAS
may be induced by an unknown DNA stimulus, which
then primes for enhanced type I IFN responses in a posi-
tive feedback cycle.

Cytosolic DNA binding to cGAS induces a confor-
mational change and dimerization of cGAS, leading to syn-
thesis of the cyclic dinucleotide cGAMP (16,17). To
determine whether type I IFN–induced expression of
cGAS (without activation by DNA) was capable of induc-
ing the expression of cGAMP, we stimulated PBMCs from
4 healthy donors with IFNa and examined cGAMP pro-
duction by mass spectrometry. We could not detect
cGAMP in type I IFN–stimulated PBMCs from these 4

Figure 2. Presence of cyclic GMP-AMP (cGAMP) in a proportion of systemic lupus erythematosus (SLE) patients. A, To optimize conditions
for detection of the cyclic dinucleotide cGAMP, THP-1 cells were transfected with herring testis DNA. After 16 hours, cGAMP was isolated
from THP-1 cells alone or THP-1 cells transfected with double-stranded DNA (dsDNA) by a methanol extraction procedure as described in
Patients and Methods. The abundance of cGAMP was quantified by mass spectrometry using multiple reaction monitoring. B, Peripheral blood
mononuclear cells (20 3 106) from SLE patients (n 5 48), rheumatoid arthritis (RA) patients (n 5 22), or healthy controls (n 5 19) were isolated
as described in A, and the presence of cGAMP was measured by mass spectrometry using multiple reaction monitoring. Heavy isotope–labeled
cGAMP was spiked into each sample as an internal standard, and the mass spectrum of an internal standard (arrow) was used to determine the
peak of the endogenous cGAMP. Representative results for individual SLE patients, RA patients, and a normal control are shown. The x-axis
shows the retention time of the parent/daughter ions: for cGAMP, 1675.1/136.0, and for the internal standard heavy isotope–labeled cGAMP,
1690.0/146.0. The y-axis shows the relative intensity of the cGAMP mass spectrum signal.
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healthy donors (Supplementary Figure 2, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40002/abstract), which supports
the concept that cGAS must be activated by DNA in order
to synthesize cGAMP.

Detection of cGAMP in SLE PBMCs. Since
increased cGAS expression was insufficient to induce
cGAMP, we sought to determine whether cGAS was enzy-
matically active in SLE patients and, by inference, stimu-
lated by ligand. We used mass spectrometry to detect the
cyclic dinucleotide cGAMP in PBMCs from 2 additional
cohorts of SLE patients (cohorts 2 and 3). The cGAMP
was extracted from PBMCs, and the cyclic dinucleotide
was identified by mass spectrometry using multiple reac-
tion monitoring, with heavy isotope–labeled cGAMP as
internal standard. In the initial optimization of the meth-
odology, we detected cGAMP in DNA-transfected (Figure
2A), as well as herpes simplex virus–infected (data not
shown), THP-1 cells, as has been reported by other investi-
gators (15). When PBMCs from cohort 3 subjects (48 SLE
patients, 22 RA patients, and 19 normal controls) were
tested by the same methods, we detected cGAMP in 7 of
48 SLE patients (15%) but in none of the samples from
the RA patients or normal controls (Figure 2B). Samples
from 5 of these 7 SLE patients were available for DNA
sequence analysis. No TREX-1 mutations were detected
in these 5 patients.

Higher SLEDAI scores in patients with detect-
able cGAMP. To determine what clinical characteristics
might distinguish patients with detectable cGAMP, we
examined clinical, serologic, and treatment variables in
SLE patients with and without cGAMP (Table 1). We first
examined the duration of disease, as we postulated that
activation of the cGAS pathway may be an early abnor-
mality that primes cells such as plasmacytoid dendritic
cells for IFNa responses. However, we observed no differ-
ences in disease duration between the cGAMP1 and
cGAMP– patients (mean 10.57 years versus 12.58 years;
P 5 0.623).

We have shown that antimalarial drugs can attenu-
ate cGAS activation (26). To determine whether drug
therapy could explain suppression of cGAMP, we com-
pared the use of hydroxychloroquine, corticosteroids, and
other therapies. A similar proportion of cGAMP1 and
cGAMP– patients were prescribed hydroxychloroquine
(100% versus 80%; P 5 0.32) and prednisone (57% versus
53%; P 5 1.00), with comparable dosing regimens of
mycophenolate mofetil (28% versus 26%; P 5 0.78). A
numerically higher proportion of cGAMP1 patients had
a history of cyclophosphamide exposure, but this did not
reach statistical significance.

We also explored disease severity by examining val-
ues on the SLEDAI and SDI in each patient. Disease activ-
ity was significantly higher in cGAMP1 patients as
compared to cGAMP– patients (mean 6 SD SLEDAI
7.00 6 5.09 versus 3.52 6 2.78, respectively; P 5 0.0102).
Damage, as measured by the SDI, was similar in the 2
groups (mean 6 SD 0.71 6 1.49 versus 0.95 6 1.14;
P 5 0.624). With regard to specific organ involvement,
there were no statistically significant differences between
the frequency of active renal, neurologic, or articular dis-
ease between cGAMP1 and cGAMP– patients. Two
cGAMP1 patients (29%), but no cGAMP– patients, had
active cutaneous disease at the time of testing. No dis-
tinguishing serologic abnormalities were demonstrated in
cGAMP1 versus cGAMP– patients. The groups were
comparable in terms of age and ethnicity. There were no
overt infections in the cGAMP1 population. A higher pro-
portion of men expressed cGAMP, but with only 4 men in
this sample, the difference was not statistically significant.

Table 1. Clinical characteristics of the SLE patients according to the
presence or absence of cGAMP in peripheral blood mononuclear cells*

cGAMP1

patients
(n 5 7)

cGAMP2

patients
(n 5 41)

No. (%) male 2 (28.57) 2 (4.87)
Age, mean 6 SD years 36.57 6 16.38 39.58 6 14.84
Disease duration,

mean 6 SD years
10.57 6 9.44 12.58 6 10.02

SLEDAI, mean 6 SD 7.00 6 5.09 3.52 6 2.78†
Antibodies

Anti-dsDNA
Positive, no. (%) 6 (85.70) 29 (70.73)
Mean 6 SD titer 196.33 6 4,159.98 196.27 6 280.99

Anti-RNP positive, no. (%) 3 (42.85) 13 (31.70)
Anti-Sm positive, no. (%) 2 (28.5) 12 (29.26)

Race, no. (%)
Caucasian 3 (42.85) 21 (51.21)
Hispanic 2 (28.57) 11 (26.82)
African American 2 (28.57) 2 (4.87)
Asian 0 7 (17.07)

No. (%) with current
renal involvement

2 (28.57) 4 (9.75)

Medications
Hydroxychloroquine, no. (%) 7 (100) 33 (80.48)
Prednisone

Currently taking, no. (%) 4 (57.14) 22 (53.56)
Dosage, mean

(range) mg/day
11 (4–15) 13.63 (2–60)

Mycophenolate mofetil, no. (%) 2 (28.57) 11 (26.82)
Cyclophosphamide exposure,

no. (%)
3 (42.85) 5 (12.19)

Rituximab exposure, no. (%) 2 (28.5) 3 (7.31)
Cumulative damage by

SDI, mean 6 SD
0.71 6 1.49 0.95 6 1.14

* SLE 5 systemic lupus erythematosus; cGAMP 5 cyclic GMP-AMP;
SLEDAI 5 SLE Disease Activity Index; anti-dsDNA 5 anti–double-
stranded DNA; SDI 5 Systemic Lupus International Collaborating
Clinics/American College of Rheumatology Damage Index.
† P 5 0.01 versus cGAMP1 patients.
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DISCUSSION

Aberrant IFN production has long been impli-
cated in the pathogenesis and disease activity of SLE. As
discussed above, recent results indicate that the IFN sig-
nature observed in PBMCs from SLE patients may not
solely be a response to IFNa, which suggests that other
type I IFNs as well as type II IFNs may play a role as im-
mune adjuvants in SLE and related systemic autoimmune
disorders. Although cGAS appears to be a prominent, if
not the dominant, cytosolic DNA sensor responsible for
inducing IFNb in response to infections by a variety of
pathogens (18), its role in human autoimmune diseases
has not been studied in any detail. This study is the first to
show evidence of cGAS/cGAMP activation in human
SLE. We found a modest increase in cGAS transcripts in
almost half of the SLE patients (46.9%) as compared to
the healthy controls. We demonstrated that while such an
increase could be explained by a response to type I IFN,
since cGAS is a weakly induced ISG, we could also detect
the product of cGAS enzymatic activity, cGAMP, in
;15% of SLE patients, indicating ligand activation of
cGAS in a subset of patients.

While there was a significant correlation between
cGAS expression and the type I IFN score in PBMCs from
patients with SLE, suggesting a cause-and-effect relation-
ship, it was of interest that even in the normal control popu-
lation, there was considerable variation in the expression of
cGAS transcript in response to IFNa. This was not simply
explained by the rate of response, as the differential response
was seen at both 4 and 24 hours. It remains to be determined
whether such variation is due to regulation of cGAS itself or
is due to variation in IFNa receptor and downstream signal
transduction pathways. This would be particularly interesting
to explore in SLE patients in whom genetic variants in tyro-
sine kinase 2 and IRF-5 have been observed (27). We also
noted that, on average, cGAS expression was lower in RA
PBMCs compared to SLE PBMCs. Whether this reflects
the often-contrasting cytokine profiles in these diseases (28)
or drug therapy remains to be determined.

An important question is why cGAMP was de-
tected in only 15% of patients with SLE. The large num-
bers of cells required and the relatively small cGAMP
signal observed in a few patients could be explained by the
fact that cGAMP is rapidly destroyed by phosphodiester-
ases, so that detection may require generation of very high
levels of cGAMP. Consistent with this hypothesis, patients
with detectable cGAMP had significantly higher SLEDAI
scores. In this scenario, cGAS/cGAMP stimulation of
IFNb and other proinflammatory cytokines generated by
activation of IRF-3 and NF-kB (18) may be a contributory
cause of inflammation and disease activity.

Since IFNb primes cells to enhance IFNa produc-
tion (29), we investigated whether cGAMP may be more
readily detected in patients with recent-onset SLE prior to
the multiple downstream effects caused by IgG-containing
immune complexes that contain nucleoprotein antigens that
activate plasmacytoid dendritic cells and neutrophils, as well
as other immune cells (30,31). However, we observed that
this was not the case and that there was no association
between cGAMP detection and disease duration.

Patients with SLE have changes in the relative pro-
portions of cells in PBMCs. We therefore cannot exclude
the possibility that some of the findings observed in this
study are due to alterations in cell proportions. However,
since cGAMP was not detected in any of the normal or
RA disease controls and was only detected in 7 of a total
of 48 SLE patients tested indicates that it is unlikely that
this biologically meaningful signal is explained by alter-
ations in cell subsets. Nevertheless, it will be of consider-
able interest to determine which cell type(s) synthesizes
cGAMP, as this may provide a clue to its genesis.

Another key question is what activates cGAS to
produce cGAMP in the subset of cGAMP1 SLE patients.
Among the many possibilities that could explain this associ-
ation are chronic infection with DNA viruses that have long
been implicated in SLE (32), endogenous retrovirus DNAs
that have been proposed to activate cGAS in mice (33), or
oxidized mitochondrial DNA that stimulates inflammatory
cytokines in a STING-dependent manner (31). We cannot,
however, exclude the possibility that cGAMP generation is
a consequence of the uptake of nucleoprotein from tissue
damage and is therefore a consequence, rather than a
cause, of inflammation. It is relevant to note that even
when DNA from dying cells is taken into endosomal com-
partments, DNA can enter the cytosol and activate cGAS/
cGAMP, as in DNase II deficiency (13).

While almost nothing is known about cGAMP
expression in human autoimmune disorders, there is clear
evidence that the cGAS/STING pathway is implicated in
diseases with features of lupus in murine models. Defi-
ciency of the 30–50 DNA exonuclease TREX-1 in mice
leads to an autoimmune myocarditis and a mild lupus-like
systemic autoimmunity (34). Disease is markedly attenu-
ated in TREX-1–knockout mice that lack the type I IFN
receptor, as well as when the mice are rendered deficient
in STING (34). Furthermore, TREX-1–knockout mice
that are deficient in cGAS are fully protected from disease
(12,13). In a second mouse model where DNase II defi-
ciency leads to profound inflammation and autoimmunity,
deficiency of cGAS protected the mice from disease (13).
It is relevant to point out that 1–2% of SLE patients have
mutations in TREX-1 that are thought to contribute to the
lupus-like syndrome (35,36). However, we did not detect
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TREX-1 mutations in 5 of the 7 patients from whom DNA
was available.

We have demonstrated increased SLE disease
activity in a small subset of SLE patients who have activa-
tion of the cGAS/cGAMP pathway. These results will
need to be examined in larger numbers of patients in
whom cGAS, cGAMP, IFNb, ISGs, and other cytokines
are prospectively evaluated. We recently reported that in
addition to the inhibition of Toll-like receptor (TLR) stim-
ulation, antimalarial drugs such as hydroxychloroquine
and quinacrine attenuated cGAS production of cGAMP
and IFNb (26). Although this effect remains to be shown
in vivo, our results lend support to the theory that antima-
larial drugs provide therapeutic benefit not only by attenu-
ating TLR activation (37), but also by interfering with the
cGAS/STING pathway in some patients with SLE.
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CD41 T Cells From Patients With Systemic Lupus Erythematosus Respond
Poorly to Exogenous Interleukin-2

Denis Comte,1 Maria P. Karampetsou,2 Katalin Kis-Toth,2 Nobuya Yoshida,2 Sean J. Bradley,2

Vasileios C. Kyttaris,2 and George C. Tsokos2

Objective. Imbalanced cytokine production by
T cells characterizes both patients with systemic lupus
erythematosus (SLE) and lupus-prone mice and con-
tributes to immune dysregulation. This study was
undertaken to further investigate in detail the produc-
tion of interleukin-2 (IL-2), interferon-g (IFNg), IL-4,
and IL-17A by CD41 cell subsets in healthy subjects
and patients with SLE, and the signaling response of
CD41 T cells in response to exogenous IL-2.

Methods. Cytokine production by differentiated
subsets of CD41 T cells was assessed by intracellular
staining following stimulation with phorbol myristate
acetate and ionomycin and by enzyme-linked immuno-
sorbent assay after anti-CD3/anti-CD28 stimulation.
The IL-2 signaling pathway was examined by assessing
JAK-3/STAT-5 phosphorylation. Cell proliferation in
response to IL-2 was examined by carboxyfluorescein
succinimidyl ester dilution.

Results. Production of IL-2 was defective primar-
ily among naive CD41 T cells, whereas the production
of IFNg, IL-4, and IL-17A was not significantly differ-
ent between patients with SLE and healthy subjects.
JAK-3/STAT-5 phosphorylation and proliferation of
CD41 T cells from SLE patients in response to exoge-
nous IL-2 were impaired compared to cells from healthy
subjects.

Conclusion. These data suggest that altered IL-2
production, as well as impaired IL-2–mediated signal-
ing and proliferative responses, characterize SLE
CD41 T cells. Our data demonstrate the need for cau-
tion in designing IL-2 treatment trials for patients with
SLE. Approaches to restore CD41 T cell sensitivity to
IL-2 should be considered.

T cells are key players in the pathogenesis of sys-
temic lupus erythematosus (SLE). A defect in interleukin-
2 (IL-2) production by T cells is a hallmark of both murine
lupus and human SLE (1,2). IL-2 is an important cytokine
that is involved in normal T cell activation and has a criti-
cal function in the control of peripheral immune responses
by promoting activation-induced cell death (a process
required for deletion of autoreactive cells) and by favoring
differentiation, survival, and function of Treg cells (3,4).
More importantly, IL-2 plays a significant role in cell-
mediated immunity against infections, one of the leading
causes of morbidity and mortality in patients with
SLE (3).

IL-2 signals through the IL-2 receptor (IL-2R),
which is composed of 3 chains—CD25 or IL-2Ra,
CD122 or IL-2Rb, and the CD132 or IL-2R common
g-chain (the latter of which is an essential component of
the receptors for IL-2, IL-4, IL-7, IL-9, IL-15, and
IL-21). Binding of IL-2 to its receptor leads to the activa-
tion of JAK-1 and JAK-3, followed by the phosphoryla-
tion of the STAT-5A/B transcription factor. Once
phosphorylated, STAT-5 translocates to the nucleus and
binds to IL-2 target genes, which are mainly involved in
T cell growth, proliferation, and differentiation (5).

Low-dose IL-2 treatment is being considered as a
therapeutic approach in patients with SLE and other
autoimmune diseases (6–9). Notwithstanding the impres-
sive response rates in these open-label trials, it is impor-
tant to understand the response behavior of T cell
subsets when exposed to IL-2 (10,11). In this study, we
investigated cytokine production patterns in subsets of
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CD41 T cells isolated from the peripheral blood of
patients with SLE and healthy subjects. CD41 T cells
from SLE patients produced significantly less IL-2 than
CD41 T cells isolated from healthy subjects. This defect
was more pronounced in the naive CD41 T cell subset
compared to the more differentiated subsets (e.g., central
memory or effector memory CD41 T cells). Moreover,
SLE CD41 T cells responded poorly to recombinant
IL-2, manifested by decreased phosphorylation of JAK-3
and STAT-5 and impaired proliferation compared to
healthy controls. Our data provide evidence that patients
with SLE may respond poorly to IL-2 treatment because of
the compromised IL-2/IL-2R/JAK-1/3/STAT-5 pathway.

PATIENTS AND METHODS

Human SLE and control cells. All patients with SLE
included in this study (n 5 36) were diagnosed according to the
American College of Rheumatology classification criteria (12).
Patients with SLE were recruited from the Division of Rheu-
matology at Beth Israel Medical Center and provided consent,
as approved by the institutional review board. Age-, sex-, and
ethnicity-matched healthy individuals were chosen as controls
(n 5 37). Disease activity score for the patients with SLE was
measured using the SLE Disease Activity Index (SLEDAI)
scoring system (13). Informed consent was obtained and
approved by the institutional review board after the nature and
possible consequences of the studies were explained, in compli-
ance with the Helsinki Declaration.

Cell isolation. Peripheral blood from the study sub-
jects was collected in lithium heparin tubes. Peripheral blood
mononuclear cells (PBMCs) were enriched by density-gradient
centrifugation (Lymphocyte Separation Medium; Corning Life
Sciences). PBMCs were either used directly or cryopreserved in
liquid nitrogen for future experiments. Total CD41 T cells,
naive CD41 T cells, and memory CD41 T cells were isolated
using a T Cell Isolation Kit II according to the manufacturer’s
instructions (Miltenyi Biotec).

Assessment of CD41 T cell cytokine production.
PBMCs (1 3 106) were cultured in complete culture medium
(RPMI; Corning) (supplemented with 10% fetal bovine
serum, 100 mg/ml of streptomycin, and 100 units/ml of peni-
cillin) and stimulated with phorbol 12-myristate 13-acetate
(PMA) (25 ng/ml) and ionomycin (0.5 mg/ml) for 6 hours in
the presence of brefeldin A (GolgiPlug; BD Biosciences). At
the end of stimulation, cells were washed, stained for dead
cells using a Zombie Aqua Fixable Viability Kit (BioLegend)
(20 minutes at 48C), and then labeled with the following anti-
bodies: Brilliant Violet Horizon 395–conjugated CD3, PerCP
eFluor 710–conjugated CD4, PerCP–conjugated CD8,
allophycocyanin (APC)–Cy7–conjugated CD45RA, and
Alexa Fluor 488–conjugated CCR7 (30 minutes at 48C). Sub-
sequently, cells were permeabilized (20 minutes at 48C)
(Cytofix/Cytoperm kit; BD Biosciences), washed twice
(Perm/Wash buffer; BD Biosciences), and stained with
phycoerythrin (PE)–Cy7–conjugated IL-2, Pacific Blue–con-
jugated interferon-g (IFNg), Alexa Fluor 647–conjugated
IL-17A, and PE-conjugated IL-4 (30 minutes at 48C).

Antibodies were purchased from BD Biosciences,
BioLegend, and eBioscience.

Assessment of STAT-5 phosphorylation. CD41 T cells
(0.2 3 106) were stimulated in complete medium in 96-well
plates with recombinant IL-2 (PeproTech) for up to 180
minutes. At the end of stimulation, cells were washed,
stained for dead cells using a Zombie Aqua Fixable Viability
Kit (20 minutes at 48C), washed again, permeabilized, and
stained with APC–conjugated (BioLegend) and Alexa Fluor
488–conjugated pSTAT-5 (Cell Signaling Technology) using
a Phospho-Epitopes Exposure kit with PerFix Expose,
according to the manufacturer’s instructions (Beckman
Coulter).

Cell proliferation. Carboxyfluorescein succinimidyl
ester (CFSE)–labeled naive CD41 T cells (0.2 3 106) were
stimulated for 6 days in complete media in precoated (over-
night) 96-well plates with anti-CD3 (0.5 mg/ml) and anti-CD28
(5 mg/ml) with or without recombinant IL-2 (50 IU/ml). At the
end of the stimulation, the cells were stained for dead cells
using a Zombie Aqua Fixable Viability Kit (20 minutes at 48C).
The CFSE dilution was assessed by flow cytometry. Data were
acquired on an LSR II SORP (5 lasers [355, 405, 488, 561,
640 nm]; BD Bioscience).

IL-2 enzyme-linked immunosorbent assay (ELISA).
Total naive or memory CD41 T cells were isolated and stimu-
lated as described above. After 18 hours, IL-2 in supernatants
was measured by ELISA (BioLegend).

Western blotting. Cells were lysed in radioimmuno-
precipitation assay buffer supplemented with phosphatase and
protease inhibitors (Roche). Proteins were separated in 4–12%
gradient Bis-Tris gels (Life Technologies) and transferred to
PVDF membrane (Millipore). Membranes were blocked for 1
hour with Tris buffered saline solution containing 0.05%
Tween and 5% nonfat dry milk. Membranes were incubated
overnight at 48C with the indicated antibody followed by
incubation with a horseradish peroxidase–conjugated anti-
body. Detection was performed with Clarity ECL Western
Blotting reagents (Bio-Rad) and visualization with a Chemi-
Doc XRS1 Molecular Imager (Bio-Rad). Densitometric
analysis was performed using ImageJ software (National
Institutes of Health).

Statistical analysis. Student’s t-test with correction by
the Holm-Sidak method was used for statistical comparisons.
For multiple comparisons, statistical analysis was performed by
one-way analysis of variance followed by post hoc analysis with
Tukey’s test. Statistical comparison of cytokine-producing
CD41 T cell subsets was performed by chi-square test. The
programs FlowJo (version X), Spice (version 5.35) (14), and
GraphPad Prism (version 6) were used for analyis.

RESULTS

Reduced number of IL-2–producing CD41
T cells in SLE patients compared to healthy subjects.
Circulating differentiated subsets of T cells were evalu-
ated by assessing the expression of the chemokine recep-
tor CCR7 and CD45RA. This allowed us to distinguish 3
subsets of CD41 T cells: naive (CD45RA1CCR71),
central memory (CM) (CD45RA–CCR71), and effector
memory (EM) (CD45RA–CCR7–) (15).
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We examined the production of IL-2, IL-4, IL-
17A, and IFNg by the aforementioned subsets of CD41

T cells following PMA and ionomycin stimulation. The
frequency of cytokine-producing cells increased over dif-
ferentiation status, as IFNg, IL-2, and IL-4 production

were augmented over differentiation from naive to CM
and to EM (Figure 1). Production of IL-17A remained
low in this experimental setting, as cells were not polar-
ized toward Th17 differentiation before PMA/ionomycin
stimulation.

Figure 1. Cytokine production by differentiated subsets of CD41 T cells from patients with systemic lupus erythematosus (SLE) and controls.
Peripheral blood mononuclear cells from SLE patients (n 5 13) or healthy subjects (n 5 13) were stimulated with phorbol myristate acetate and
ionomycin. Expression of interferon-y (IFN-y), interleukin-17A (IL-17A), IL-2, and IL-4 by total CD41 T cells, naive CD41 T cells, central
memory (CM) CD41 cells, and effector memory (EM) CD41 T cells was measured by flow cytometry. Bars in the lower panels show the
mean 6 SEM. NS 5 not significant.

Figure 2. Frequency of interleukin-2 (IL-2)–producing naive CD41 T cells in relation to the Systemic Lupus Erythematosus Disease Activity
Index (SLEDAI) (n 5 22 healthy controls and 22 patients with SLE [13 with inactive disease, i.e., SLEDAI $4, and 9 with active disease, i.e.,
SLEDAI $4]). A, Left and middle, Dot plots. Right, Linear regression of IL-2 production by naive CD41 T cells versus SLEDAI score. B, IL-2
production from sorted total CD41 T cells, naive CD41 T cells, and memory CD41 T cells, assessed by enzyme-linked immunosorbent assay in
cell culture supernatant after a mean of 18 hours of stimulation. In A (left and middle) and B, each symbol represents an individual subject; bars
show the mean 6 SEM. NS 5 not significant; unst 5 unstimulated.
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When we compared patients with SLE to healthy
controls, no difference in the frequency of IL-4, IL-17A,
and IFNg-producing CD41 T cells was observed. Alter-
natively, the percentage of IL-2–producing CD41

T cells was reduced in patients with SLE. This decrease
was observed in all subsets (naive, CM, EM), but was sta-
tistically significant only in the naive CD41 T cell popu-
lation. We were not able to establish any correlation
between the frequency of IL-2–producing cells and
SLEDAI score (Figure 2A), suggesting that compro-
mised production of IL-2 by naive CD41 T cells is a hall-
mark of SLE that is not affected by its activity.

To confirm these results, we isolated total CD41

T cells, naive CD41 T cells (CD41CD45RA1), and
memory CD41 T cells (CD41CD45RA–) from patients
with SLE and healthy controls. Cells were stimulated for
18 hours with anti-CD3 and anti-CD28 monoclonal anti-
bodies. Production of IL-2 in the supernatant of the cell
culture was assessed by ELISA. We observed a decrease
in IL-2 production in all subsets tested (Figure 2B). The
defect was more pronounced in the naive CD41 T cell
population compared to the memory CD41 T cells pop-
ulation (Figure 2B).

Impaired response to exogenous IL-2 in CD41
T cells from SLE patients. After observing that IL-2
production was compromised in CD41 T cells from SLE
patients, we examined the response of CD41 T cells

from SLE patients to exogenous IL-2. To investigate
this, we studied the IL-2 signaling pathway in SLE
CD41 T cells by measuring STAT-5 phosphorylation in
response to IL-2. CD41 T cells from patients and con-
trols were isolated and stimulated with recombinant IL-
2. The IL-2/STAT-5 pathway was examined by assessing
the frequency of pSTAT-5–positive cells over time. The
expression of pSTAT-5 in response to exogenous IL-2
initially increased over time, reached maximum levels
after 30 minutes of cell stimulation, and was almost com-
pletely abrogated after 3 hours of stimulation (Figure
3A). Following stimulation with IL-2, the percentage of
pSTAT-51 CD41 T cells from patients with SLE was
lower than that in cells from healthy controls. The differ-
ence was statistically significant when pSTAT-5 was
assessed at 30 and 45 minutes of stimulation (Figure 3A).

Differences in STAT-5 phosphorylation between
patients with SLE and controls are not a result of dimin-
ished IL-2R expression on the CD41 T cells of patients.
As we have previously shown, expression of CD25 and
CD122 is similar in patients with SLE and controls (16).
In summary, the above data emphasize that the phos-
phorylation of STAT-5 upon IL-2 stimulation is defec-
tive in CD41 T cells isolated from patients with SLE.

Compromised proliferation of CD41 T cells
from SLE patients in response to exogenous IL-2.
Because the CD41 T cells of patients with SLE display a

Figure 3. Impaired CD41 T cell response in systemic lupus erythematosus (SLE) patients compared to healthy subjects. CD41 T cells from
SLE patients and healthy controls (n 5 8 per group) were stimulated with interleukin-2 (IL-2). A, At the indicated time points, pSTAT-5 was
assessed by flow cytometry. Left, Representative flow cytometry plots. Right, Cumulative data. Values are the mean 6 SEM. B, CD41 T cells
isolated from SLE patients or controls were stimulated with anti-CD3/anti-CD28 with or without recombinant IL-2. Proliferation was expressed
as carboxyfluorescein succinimidyl ester (CFSE)–low cells. Left, Representative cytometry plots. Right, Cumulative data. Each symbol represents
an individual subject. Bars show the mean 6 SEM. Unstim 5 unstimulated; NS 5 not significant.

SLE CD41 T CELLS DISPLAY IMPAIRED SENSITIVITY TO IL-2 811



defective response to exogenous IL-2 in terms of STAT-5
phosphorylation, we examined the proliferation of
CD41 T cells in response to anti-CD3/anti-CD28 stim-
ulation with or without exogenous IL-2. CD41 T cells
were labeled with CFSE, and proliferation was expressed
as the percentage of CFSE-low cells after 6 days of stimu-
lation. In response to exogenous IL-2, the percentage of
proliferating CD41 T cells from patients with SLE was
significantly reduced compared to that in cells from
healthy controls (Figure 3B).

SLE T cells exhibit reduced JAK-3 phosphoryla-
tion in response to IL-2 administration. As described
above, CD41 T cells of patients with SLE demonstrate
decreased STAT-5 phosphorylation and reduced prolif-
erative responses following stimulation with exogenous
IL-2. We sought to further delineate the events that pre-
cede STAT-5 activation by assessing phosphorylation of
JAK-3 upon stimulation with IL-2. To this end, T cells iso-
lated from the peripheral blood of healthy subjects
and patients with SLE were either left unstimulated
or stimulated with recombinant IL-2 for 15 minutes
or 30 minutes. JAK-3 phosphorylation was examined by
Western immunoblotting. The highest levels of JAK-3
phosphorylation were seen after 15 minutes of stimula-
tion. When we treated T cells from patients with SLE

with recombinant IL-2, phosphorylation of JAK-3 was sig-
nificantly lower compared to that in healthy controls (Fig-
ures 4A and B). Reduced JAK-3 phosphorylation was not
due to diminished total JAK-3 levels, as we observed no
statistically significant differences in the levels of total
JAK-3 among patients with SLE and healthy controls
(Figures 4C and D). Taken together, these data suggest
that the CD41 T cells of patients with SLE, and especially
naive CD41 T cells, not only display decreased IL-2 pro-
duction following stimulation, but also demonstrate
impaired IL-2 signaling and response.

DISCUSSION

Aberrant cytokine production is a hallmark of
immune dysregulation in SLE. Compromised IL-2 pro-
duction has been consistently described in SLE. In this
study, we confirmed that IL-2 production is impaired in
T cells from patients with SLE; however, in our cohort,
we did not observe any significant differences in the pro-
duction of IL-4, IL-17A, and IFNg by CD41 T cells.

We further characterized this abnormality by
examining IL-2 production by differentiated subsets of
CD41 T cells and CD41 T cells. Our data emphasize
that IL-2 production is reduced in each differentiated

Figure 4. Impaired JAK-3 phosphorylation of T cells from systemic lupus erythematosus (SLE) patients in response to interleukin-2 (IL-2) stimula-
tion (stim). A and B, T cells from patients with SLE and healthy controls (n 5 5 per group) were treated with IL-2 (100 IU/ml) for 15 or 30 minutes,
or were left untreated. Levels of phosphorylated JAK-3 were examined by immunoblotting. A representative experiment is shown in A and cumula-
tive results in B. C, Whole cell lysates were extracted from patients with SLE (n 5 17) and healthy individuals (n 5 8), and levels of JAK-3 were
examined by Western blotting. D, Cumulative Western blotting results are shown. Values are the mean 6 SEM. NS 5 not significant.
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subset of CD41 T cells, and that the defect is more pro-
nounced in the naive CD41 cells. More importantly, this
abnormality is associated with a defect in IL-2 signaling
(as illustrated by reduced JAK-3 phosphorylation), lead-
ing to decreased phosphorylation of STAT-5, a down-
stream transcription factor in the IL-2 signaling pathway.
At a functional level, we also observed decreased CD41 T
cell proliferation in response to recombinant IL-2. More-
over, disease activity has little or no effect on compromised
IL-2 production, suggesting that the IL-2 defect is a pri-
mary defect in SLE, as already apparent in naive CD41 T
cell populations.

Recent reports from uncontrolled clinical trials
emphasize that administration of low-dose IL-2 could be
beneficial in SLE (7–9). In this context, our results suggest
that strategies aimed at restoring IL-2 sensitivity of CD41

T cells (for example, through increasing the expression of
IL-2R on the CD41T cell surface [15]), should be consid-
ered in conjunction with low-dose IL-2 treatment, because
CD41 T cell display not only decreased IL-2 production,
but also a defective response to IL-2.
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VISTA Deficiency Accelerates the Development of
Fatal Murine Lupus Nephritis

Sabrina Ceeraz,1 Petra A. Sergent,1 Sean F. Plummer,1 Alan R. Schned,1 Dov Pechenick,2

Christopher M. Burns,1 and Randolph J. Noelle3

Objective. The targeting of negative checkpoint
regulators as a means of augmenting antitumor immune
responses is now an increasingly used and remarkably
effective approach to the treatment of several human
malignancies. The negative checkpoint regulator VISTA
(V-domain Ig–containing suppressor of T cell activation;
also known as programmed death 1 homolog or as death
domain 1a) suppresses T cell responses and regulates
myeloid activities. We proposed that exploitation of the
VISTA pathway is a novel strategy for the treatment of
human autoimmune disease, and therefore we undertook
this study to determine the impact of VISTA genetic defi-
ciency on lupus development in a lupus-prone mouse
strain.

Methods. To evaluate whether genetic deficiency
of VISTA affects the development of lupus, we interbred
VISTA-deficient mice with Sle1.Sle3 mice, a well-
characterized model of systemic lupus erythematosus
(SLE).

Results. We demonstrated that the development
of proteinuria and glomerulonephritis in these mice, des-
ignated Sle1.Sle3 VISTA2/2 mice, was greatly accelerated
and more severe compared to that in Sle1.Sle3 and
C57BL/6 VISTA2/2 mice. Analysis of cells from Sle1.Sle3

VISTA2/2 mice showed enhanced activation of splenic
CD41 T cells and myeloid cell populations. No increase
in titers of autoantibodies was seen in Sle1.Sle3 VISTA2/2

mice. Most striking was a significant increase in proin-
flammatory cytokines, chemokines, and interferon
(IFN)–regulated genes associated with SLE, such as
IFNa, IFNg, tumor necrosis factor, interleukin-10, and
CXCL10, in Sle1.Sle3 VISTA2/2 mice.

Conclusion. This study demonstrates for the first
time that loss of VISTA in murine SLE exacerbates dis-
ease due to enhanced myeloid and T cell activation and
cytokine production, including a robust IFNa signa-
ture, and supports a strategy of enhancement of the
immunosuppressive activity of VISTA for the treatment
of human lupus.

Systemic lupus erythematosus (SLE) is a chronic
inflammatory autoimmune disease (1–3). SLE is charac-
terized by a host of immunologic abnormalities, notably
loss of tolerance to nuclear components and defective
clearance of apoptotic cells resulting in exposure of
autoantigens (4). The pathogenesis of lupus nephritis
includes the production of anti–double-stranded DNA
(anti-dsDNA) antibodies, immune complex (IC) deposi-
tion in the kidneys, and progressive glomerular damage
(5). Treatment of lupus nephritis is generally effective
but toxic, and there remains a large unmet need for
potent but safe therapeutics in this disease (6).

Targeting of negative checkpoint regulators,
including programmed death 1 (PD-1) and CTLA-4, as
a means of augmenting antitumor immune responses in
vivo is now an increasingly used and remarkably effective
approach to the treatment of several malignancies in
humans (7,8). In our laboratory and those of other inves-
tigators, the negative checkpoint regulator VISTA (V-
domain Ig–containing suppressor of T cell activation
[9,10]; also known as PD-1 homolog [11,12] or as death
domain 1a [DD-1a] [13]) has been extensively
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characterized (9,10,12,14). VISTA is expressed on
CD11bhigh myeloid cells, neutrophils, natural killer cells,
and T cells (9). VISTA shares homology with PD ligand
1 and PD-1 (9,12) and can suppress T cell activation in
vitro (9). Recently, VISTA was shown to affect the activ-
ities of myeloid cells as a receptor (15), and a very recent
study showed involvement of VISTA in the uptake of
apoptotic cells (13). These data suggest that VISTA
activities could exert a profound effect on the develop-
ment and progression of lupus.

We and others have reported a mild proinflamma-
tory phenotype in VISTA2/2 mice on the nonautoimmune
C57BL/6 (B6) background (11,16,17), with an increase in
T cell activation markers and cytokine production. A sig-
nificant increase in CD11b1MHCII1 cells and myeloid
dendritic cells (DCs) is seen, indicative of enhanced
myeloid cell activities in the absence of VISTA (17).
In contrast, offspring of VISTA2/2 mice interbred with
the experimental autoimmune encephalomyelitis (EAE)–
susceptible strain 2D2 T cell receptor–transgenic mice
(2D2 mice), where the T cell receptor is specific for myelin
oligodendrocyte glycoprotein 35–55 peptide, develop
severe EAE (17). Experiments involving transfer of
VISTA2/2 2D2 mouse cells into recombination-activating
gene 1 (RAG-1)–deficient VISTA2/2 recipient mice sug-
gest that the absence of VISTA on recipient mouse mye-
loid cells exacerbates the development of autoimmunity.
However, in EAE, it appears that the absence of VISTA
on the encephalitogenic T cells also contributes to the
enhancement of disease (17). The role of VISTA in con-
trolling autoimmunity is also apparent in a hepatitis model
in which enhanced inflammation and expanded T cell
responses are seen in the absence of VISTA (11). In this
latter model, VISTA expression on T cells appears to play
a key role in modulating disease.

Because VISTA affects the development of auto-
immunity, specifically by regulating myeloid and T cell
activities, studies were designed to evaluate the influence
of VISTA in a murine model of lupus. Sle1.Sle2.Sle3 con-
genic mice have 3 susceptibility loci from NZM2410 lupus-
prone mice, which were introgressed into nonautoimmune
B6 mice. While tricongenic Sle1.Sle2.Sle3 mice spontane-
ously develop aggressive disease, bicongenic Sle1.Sle3 mice
have reduced penetrance and severity of lupus nephritis
(18). We show for the first time that Sle1.Sle3 mice with
the genetic absence of VISTA (Sle1.Sle3 VISTA2/2 mice)
develop a profoundly accelerated and fatal form of lupus
nephritis as compared with VISTA-intact Sle1.Sle3 mice.
Extensive analysis revealed that VISTA deficiency primar-
ily affects the myeloid and T cell compartment, imparting
an up-regulation of costimulatory and activation markers
and heightened proinflammatory cytokine production

compared to control Sle1.Sle3 mice. These results support
a strategy of exploiting the VISTA pathway for treatment
of human autoimmune disease, including lupus.

MATERIALS AND METHODS

Mice. B6.NZMSle1.Sle2.Sle3, (NZB 3 NZW)F1, and
NZM2410 mice were purchased from The Jackson Laboratory,
and female B6 mice were purchased from the National Cancer
Institute (Frederick, MD). B6.VISTA2/2 mice were bred as
described previously (17). To generate Sle1.Sle3 VISTA2/2

mice, male and female B6.NZMSle1.Sle2.Sle3 and VISTA2/2

mice were interbred. According to instructions from the labora-
tory of Dr. Laurence Morel (Department of Pathology, Immu-
nology, and Laboratory Medicine, University of Florida,
Gainesville), genotyping was performed to identify Sle1
(D1Mit47, D1Mit15, D1Mit113, and D1Mit155), Sle2 (D4Mit6,
D4Mit329, and D4Mit72), and Sle3 (CKMM, D7Mit157, and
D7Mit40) loci. The absence of all markers for Sle2 was con-
firmed by genotyping. This was further confirmed by a loss of
the “tan” coat color appearance. Sle1.Sle3 VISTA2/2 mice were
all gray. All mice were housed in the pathogen-free facility at
the Geisel School of Medicine at Dartmouth.

Proteinuria. Levels of proteinuria (in mg/dl) were re-
corded weekly using Chemstrip test strips (Roche Diagnostics)
beginning when the mice were 6 weeks old. Body weight was
also recorded at that time.

Antibodies. All antibodies for flow cytometry were
purchased from BioLegend. These included antibodies against
B220, CD3, CD4, CD8, CD11b, CD11c, CD16, CD19, CD40L,
CD80, CD25, CD40, CD44, CD62L, CD86, CD69, CXCR5,
I-Ab, IgG, GL7, PD-1, inducible costimulator, CTLA-4,
NK1.1, Gr-1, F4/80, and CD45. To detect FoxP31 Treg cells,
we used a mouse Treg cell staining kit (eBioscience). We
stained for expression of VISTA using an allophycocyanin-
conjugated antibody (13F3) from our laboratory (9). For
immunofluorescence staining, we used antibodies to detect
IgG (Invitrogen), C3 (MP Biomedicals), F4/80, and CD11b.

Toll-like receptors (TLRs) and recombinant proteins.
For in vitro stimulation assays, agonists for TLR-7 (R848;
Invitrogen) and TLR-9 (CpG; Invitrogen) were used at 1 mg/ml.
Lipopolysaccharide (LPS) at 10 ng/ml (Sigma-Aldrich) and
interferon-a (IFNa) at 1,000 units/ml (Hycult Biotechnology)
were also used.

Kidney pathology. For clinical pathology, kidneys
were fixed in formalin for paraffin embedding. Sections (4 mm)
were stained with hematoxylin and eosin and examined in a
blinded manner by one of us (ARS).

Cytokine and chemokine analysis. Serum was col-
lected from retroorbital eye bleeds and screened by Luminex
assay. The assay was performed using a 32 Milliplex Mouse
Cytokine/Chemokine Magnetic Bead Panel (Millipore), run on
a Bio-Plex 200 System (Bio-Rad), and quantified using Bio-Plex
Manager 6.0 software (Bio-Rad). Enzyme-linked immunosor-
bent assay (ELISA) kits were purchased to screen for anti-
dsDNA antibodies (BioVendor Research and Diagnostic
Products), anti-dsDNA IgG (Alpha Diagnostic), and anti-
histone Ig (Alpha Diagnostic).

Flow cytometric analysis. Flow cytometry was per-
formed as previously described (9,19). Cells were acquired on
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a MACSQuant Analyzer 10 (Miltenyi Biotec) and analyzed
using FlowJo software (Tree Star).

Kidney cell isolation. Kidney cells were obtained
using a Miltenyi Biotec gentleMACS Dissociator protocol.

Immunofluorescence staining. OCT compound–
embedded frozen kidneys were sectioned and stored at 2808C
until processing. For staining, slides were fixed in prechilled
acetone for 10 minutes in Coplin jars. Excess acetone was
removed, and slides were rehydrated in phosphate buffered
saline (PBS). Slides were placed in a humid box and incubated
with 10% goat serum (Jackson ImmunoResearch) in PBS for
1 hour at room temperature, washed in PBS, stained with anti-
bodies for 2 hours at room temperature, and mounted with
ProLong Gold Antifade Mountant with DAPI (Life Technolo-
gies). Images were acquired on a Zeiss LSM 510 Meta Confo-
cal Microscope and analyzed with LSM 510 Meta software.

Cell sorting. Spleens were harvested and stained with
the appropriate antibodies as previously described. Myeloid
cells and T cells were sorted on a BD FACSAria III (BD
Biosciences).

Bone marrow–derived DCs (BMDCs) and macro-
phage generation. BMDCs and BM macrophages were gen-
erated as previously described (20). Macrophage colony-
stimulating factor, granulocyte–macrophage colony-stimulating
factor, and interleukin-4 (IL-4) were used (all at 10 ng/ml; all
from R&D Systems).

Heatmaps. Heatmaps were generated from cytokine
concentrations using the heatmap.2 function in the gplots
package (Various R programming tools for plotting data;
R package version 2.15.0) of the R statistical programming
language (R Foundation for Statistical Computing; https://
www.R-project.org). Agglomerative hierarchical clustering
(unweighted pair group method with arithmetic mean) was
used to build the cytokine dendrogram, with the distance
between a pair of cytokines defined as 1 2 r, where r is the
Pearson coefficient of correlation between the concentrations
of the 2 cytokines. Row scaling was then performed for each
cytokine, and Z scores were plotted as a heatmap.

Statistical analysis. Graphs were generated with
GraphPad Prism software version 6. Statistical analysis was
performed using Student’s unpaired t-test.

RESULTS

Reduced VISTA expression during active disease
in Sle1.Sle3 mice. Previous studies have shown that
VISTA is highly expressed in the myeloid cell compart-
ment and at lower densities on resting T cells (9,10). In
the present study, we examined VISTA expression by
flow cytometry (see Supplementary Figures 1A–E, avail-
able on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40020/abstract)
on cell populations in Sle1.Sle3 mice during disease
progression, starting with 8-week-old premorbid mice
without proteinuria and ending with 40-week-old sick
mice with proteinuria (100–500 mg/dl). Age- and sex-
matched B6 mice were used as controls.

The percentage of inflammatory monocytes
(F4/801Gr-11CD11bhigh) that expressed VISTA did not

differ between young and old mice. However, in Sle1.Sle3
mice with advanced disease, the percentage of inflamma-
tory monocytes that expressed VISTA was significantly
reduced (Figure 1A). In contrast to its expression on mye-
loid cells, VISTA expression on activated T cells declined
significantly with age both in control B6 mice and in
Sle1.Sle3 mice (Figure 1B). In terms of absolute numbers,
a significant decline in VISTA expression on splenic
inflammatory monocytes and activated T cells was seen
only in older, sick Sle1.Sle3 mice (see Supplementary
Figures 1F and G, http://onlinelibrary.wiley.com/doi/10.
1002/art.40020/abstract). As anticipated (9,10), no
VISTA expression on B cells was apparent (results not
shown). In summary, we identified a disease-specific
reduction in VISTA expression in the inflammatory
monocyte compartment of lupus-prone mice as com-
pared to B6 controls.

VISTA deficiency exacerbates proteinuria and
glomerulonephritis in lupus-prone Sle1.Sle3 mice. The
finding that VISTA expression on inflammatory mono-
cytes declines as lupus progresses in Sle1.Sle3 mice led
us to postulate that a genetically induced loss of VISTA
expression might greatly accelerate and/or exacerbate
disease. To address this, VISTA2/2 mice were interbred
with Sle1.Sle3 mice, and disease progression was assessed
by proteinuria in age-matched B6, B6 VISTA2/2,
Sle1.Sle3, and Sle1.Sle3 VISTA2/2 mice. Proteinuria lev-
els were significantly higher in Sle1.Sle3 VISTA2/2 mice
compared with Sle1.Sle3 or B6 VISTA2/2 mice (e.g., at
20 weeks, mean 6 SEM 366.7 6 84.3 mg/dl in Sle1.Sle3
VISTA2/2 mice versus 48.5 6 16.9 mg/dl in Sle1.Sle3
mice; P 5 0.04 [n 5 6 mice per group]) (Figure 1C). No
proteinuria was detected in B6 or B6 VISTA2/2 mice at
any time point. Sle1.Sle3 VISTA2/2 mice had dramatically
reduced survival compared to Sle1.Sle3 and control mice
(Figure 1D), with all Sle1.Sle3 VISTA2/2 mice dead by 25
weeks. One hundred percent of mice in all other groups,
including Sle1.Sle3 mice, were alive at 48 weeks.

To determine the impact of VISTA deficiency on
renal pathology, kidney sections were semiquantitatively
graded for inflammation. A significant increase in the
interstitial infiltrate score was found in Sle1.Sle3
VISTA2/2 mice compared to Sle1.Sle3 mice (mean 6

SEM 3 6 0% versus 1.17 6 0.4%; P 5 0.02) (see Supple-
mentary Figure 2A, http://onlinelibrary.wiley.com/doi/
10.1002/art.40020/abstract), but no difference in glomer-
ular score was detected (3 6 0% versus 1.67 6 0.4%,
respectively). The fibrosis score was also significantly
increased in Sle1.Sle3 VISTA2/2 mice (0.83 6 0.2% ver-
sus 0.17 6 0.2%; P 5 0.04). In general, the clinical
pathology of kidney sections consistently showed severe

816 CEERAZ ET AL

https://www.R-project.org
https://www.R-project.org
http://onlinelibrary.wiley.com/doi/10.1002/art.40020/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40020/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40020/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40020/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40020/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40020/abstract


glomerulonephritis in Sle1.Sle3 VISTA2/2 mice com-
pared with B6 VISTA2/2 mice or Sle1.Sle3 mice (Sup-
plementary Figure 2B). These findings demonstrate that
in the absence of immunoregulatory VISTA in Sle1.Sle3
mice, the progression and severity of lupus nephritis are
greatly enhanced.

To determine whether disease exacerbation
observed in Sle1.Sle3 VISTA2/2 mice was related to
increased production of autoreactive antibodies or
to their nature, titers of specific serum antibodies to
dsDNA (total) (Supplementary Figure 3A), IgG anti-
dsDNA (Supplementary Figure 3B), and histones (total)
(Supplementary Figure 3C) were quantified. We detected
no difference between the Sle1.Sle3 mice and the Sle1.
Sle3 VISTA2/2 mice. No differences were found in the

frequencies of splenic activated B cells (Supplementary
Figure 3D), germinal center B cells (Supplementary Fig-
ure 3E), or IgG-producing B cells (Supplementary Figure
3F) between Sle1.Sle3 VISTA2/2 mice and B6 VISTA2/2

or Sle1.Sle3 mice. In parallel, IC (C3/IgG) deposition was
examined in kidneys, and no difference was found
between kidneys from Sle1.Sle3 mice and those from
Sle1.Sle3 VISTA2/2 mice (Supplementary Figure 2C).

VISTA deficiency on the Sle1.Sle3 background
elevates proinflammatory cytokines in the serum. To
evaluate the systemic effects of VISTA deficiency within
the context of the Sle1.Sle3 genotype, serum levels of
cytokines and chemokines were quantified in B6, B6
VISTA2/2, Sle1.Sle3, and Sle1.Sle3 VISTA2/2 mice. A
significant increase in mediators associated with disease

Figure 1. Expression of VISTA (V-domain Ig–containing suppressor of T cell activation) is reduced during active lupus, and VISTA deficiency
exacerbates proteinuria and glomerulonephritis in lupus-prone Sle1.Sle3 (Sle1,3) mice. Spleens were harvested from female Sle1.Sle3 mice without pro-
teinuria, sick female Sle1.Sle3 mice with proteinuria (500 mg/dl), and female C57BL/6 (B6) control mice. A and B, Cells were stained with directly
conjugated antibodies to identify VISTA expression on inflammatory monocytes (F4/801Gr-11CD11bhigh) (A) and activated T cells
(CD31CD41CD44high) (B), and flow cytometric analysis was performed as described in Materials and Methods. ** 5 P , 0.025; **** 5 P , 0.0001 by
Student’s unpaired t-test. C and D, To determine the effects of VISTA deficiency, 8-week-old B6, B6 VISTA2/2 (VISTA2/2), Sle1.Sle3, and Sle1.Sle3

VISTA2/2 (Sle1,3VISTA) female mice (n 5 6 per group) were monitored weekly for proteinuria (C) and survival (D). * 5 P , 0.05 versus Sle1.Sle3

mice, by Student’s unpaired t-test. E, Serum was collected at week 20 from the 4 groups of mice (n 5 5 per group), and chemokine and cytokine
expression was assessed as described in Materials and Methods. The heatmap was generated as described in Materials and Methods. Significant differ-
ences are indicated for Sle1.Sle3 VISTA2/2 mice compared to B6, B6 VISTA2/2, or Sle1.Sle3 mice. Data are representative of 3 experiments. Values
in A–C are the mean 6 SEM. MCP-1 5 monocyte chemotactic protein 1; LIX 5 CXCL5; TNF 5 tumor necrosis factor; MIP-2 5 macrophage inflam-
matory protein 2; IL-6 5 interleukin-6; IFNg 5 interferon-g; MIG 5 monokine induced by IFNg; IP-10 5 IFNg-inducible 10-kd protein.
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pathogenesis, including IL-10, tumor necrosis factor (TNF),
IFNg, and IL-1a, was found in Sle1.Sle3 VISTA2/2

mice compared to B6, B6 VISTA2/2, or Sle1.Sle3 mice
(Figure 1E). A mild proinflammatory phenotype was also
noted in B6 VISTA2/2 mice compared to B6 mice, as
previously described (17). Thus, VISTA deficiency
enhances systemic inflammation in Sle1.Sle3 mice.

Increased frequencies of activated T cells in
Sle1.Sle3 VISTA2/2 mice compared to Sle1.Sle3 mice.
Previous studies have shown that VISTA can negatively
regulate T cell proliferation and activation (9) and that
T cells from VISTA2/2 mice express heightened levels
of activation markers (17). Splenic phenotypic analysis
in our study revealed modest increases in 25-week-old
Sle1.Sle3 VISTA2/2 mice compared with 25-week-old
Sle1.Sle3 mice, both in effector CD41 T cells (59.3 6 3.4%
versus 49.2 6 2.3%; P 5 0.03) (Figure 2A) and in activated
CD41 T cells expressing CD69 (75.5 6 4.5% versus
61.6 6 3.6%; P 5 0.04) (Figure 2B). No difference in
CD41 Treg cells was found (Figure 2C), but a modest

increase in follicular helper T cells was found in Sle1.Sle3
VISTA2/2 mice (Figure 2D).

Th1 and Th2 immune responses are aberrant in
SLE (21). To determine whether VISTA deficiency
affected T helper cell differentiation, ex vivo splenic
CD31CD41 T cells were activated with CD3 and CD28
and screened for Th1 and Th2 cytokines. At 24 hours,
IFNg, IL-4, IL-6, IL-10, and IL-13 were significantly ele-
vated in Sle1.Sle3 VISTA2/2 mice (Figure 2E). No differ-
ences in levels of IL-2 or IL-17 were found. To determine
whether this was dependent on cell differentiation, tran-
scription factors for Th1 and Th2 differentiation were
assessed, and no differences were detected (data not
shown).

VISTA deficiency on the Sle1.Sle3 background
up-regulates costimulatory/activation molecules and
proinflammatory cytokines in the splenic myeloid com-
partment. We next examined changes in the splenic
myeloid compartment in Sle1.Sle3 VISTA2/2 mice. In
parallel with changes in the T cell compartment, the

Figure 2. T cells from Sle1.Sle3 VISTA2/2 mice are chronically activated. Splenocytes were harvested from 25-week-old B6, B6 VISTA2/2, Sle1.Sle3,
and Sle1.Sle3 VISTA2/2 female mice (n 5 6 per group). A–D, Cells were stained with directly conjugated antibodies to detect effector CD41 T cells (A),
activated CD41 T cells (B), CD41 Treg cells (C), and follicular helper T cells (D) and analyzed by flow cytometry. Symbols represent individual mice;
bars show the mean 6 SEM. * 5 P , 0.05; ** 5 P , 0.025 by Student’s unpaired t-test. E, To investigate whether VISTA deficiency altered cytokine pro-
duction, splenic CD31CD41 T cells harvested from Sle1.Sle3 and Sle1.Sle3 VISTA2/2 mice (n 5 5 per group) were stimulated with CD3 and CD28
for 24 hours. Supernatants were harvested and screened as described in Materials and Methods. The heatmap was generated as described in Materials
and Methods. Data are representative of 3 experiments. NS 5 not significant; PD-1 5 programmed death 1 (see Figure 1 for other definitions).
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percentage of splenic inflammatory monocytes was signifi-
cantly higher in Sle1.Sle3 VISTA2/2 mice (Figure 3A). To
assess myeloid activation markers in VISTA deficiency,

expression of CD80, CD40, and I-Ab was examined in
splenic lymphoid DCs (CD11chighCD8highCD11bintermediate)
(Figure 3B), myeloid DCs (CD11chighCD11bhighCD8low

Figure 3. VISTA deficiency on the Sle1.Sle3 background up-regulates costimulatory/activation molecules and proinflammatory cytokines in the
splenic myeloid compartment. Splenocytes were harvested from 25-week-old B6, B6 VISTA2/2, Sle1.Sle3, and Sle1.Sle3 VISTA2/2 female mice
(n 5 5 per group). A, Cells were stained with directly conjugated antibodies to detect inflammatory monocytes. B–D, To determine the expression
of costimulatory/activation molecules on lymphoid dendritic cells (DCs) (B), myeloid DCs (C), and macrophages (D), expression of CD80,
CD40, and I-Ab was quantified by mean fluorescence intensity (MFI). E–G, To investigate cytokine production by F4/801CD11b1Gr-11 inflam-
matory myeloid cells, cells were stimulated for 24 hours with lipopolysaccharide (LPS), and supernatants were harvested and screened for the
proinflammatory cytokines IL-10 (E), IFNg (F), and TNF (G) as described in Materials and Methods. Data are representative of 3 experiments.
Symbols represent individual mice; bars show the mean 6 SEM. * 5 P , 0.05; ** 5 P , 0.025; *** 5 P , 0.005; **** 5 P , 0.0001 by Student’s
unpaired t-test. NS 5 not significant (see Figure 1 for other definitions).
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Gr-1intermediate) (Figure 3C), and macrophages (F4/
80highCD11bintermediateCD11cintermediate) (Figure 3D). In all
3 groups, expression was significantly greater in Sle1.Sle3
VISTA2/2 mice compared with B6 VISTA2/2 or Sle1.Sle3
mice. This heightened activation status correlated function-
ally with increases in IL-10 production (Figure 3E) and
IFNg production (Figure 3F), but not TNF production
(Figure 3G), by purified ex vivo splenic inflammatory
monocytes in response to in vitro stimulation with LPS.
These increases in IL-10 and IFNg mimicked those
seen previously in the serum of Sle1.Sle3 VISTA2/2 mice
(Figure 1E).

VISTA deficiency on the Sle1.Sle3 background
enhances myeloid infiltration into nephritic kidneys.
Infiltration of myeloid cell populations displaying a pro-
inflammatory phenotype into the kidneys of mice with
active nephritis has been well characterized (22). To

assess whether VISTA deficiency altered the infiltration
of myeloid cells into the kidneys, renal infiltrating cells
were analyzed by flow cytometry as well as by immunoflu-
orescence staining of frozen kidney specimens. Immuno-
fluorescence staining revealed an abundance of CD11b1

and F4/801 cells in Sle1.Sle3 VISTA2/2 mice compared
with Sle1.Sle3 mice (Figure 4A). In parallel, flow cyto-
metric analysis showed a significant increase in Gr-11

CD11b1 cells (Figure 4B).
Heightened proinflammatory phenotype in

Sle1.Sle3 VISTA2/2 mouse BMDCs. A mild inflamma-
tory phenotype in VISTA2/2 mice has been reported
(17). To determine whether VISTA plays an intrinsic
role in myeloid cells in addition to T cells, BMDCs and
BM macrophages were generated ex vivo from BM
precursors and assessed for the expression of activation
markers in response to LPS stimulation. Expression of
CD80, but not CD16 or I-Ab, on BMDCs was signifi-
cantly increased in Sle1.Sle3 VISTA2/2 mice compared
with Sle1.Sle3 mice (Figure 5A). Expression of CD80
and CD40 was also increased on BM macrophages
(Figure 5B). To assess whether an increased activation
phenotype was associated with augmented effector func-
tion, supernatants from LPS-activated BMDC and BM
macrophage cultures were screened. Levels of IL-12
(Figure 5C) and TNF (Figure 5D) were modestly yet
significantly increased in BMDCs from Sle1.Sle3
VISTA2/2 mice compared to those from Sle1.Sle3 mice.
There was no significant increase in IL-12 production by
BM macrophages (Figure 5E); however, as with
BMDCs, there was a significant increase in TNF pro-
duction by LPS-activated BM macrophages from Sle1.Sle3
VISTA2/2 mice compared to those from Sle1.Sle3 mice
(Figure 5F).

More robust IFN signature in Sle1.Sle3
VISTA2/2 mice. In several murine models of lupus,
including MRL/lpr, (NZB 3 NZW)F1, and Sle1.Sle2.Sle3
mice, high levels of IFNa- and IFNg-responsive genes
are expressed (23–25). We examined whether VISTA
deficiency exacerbates this so-called “IFN signature” in
Sle1.Sle3 mice. Indeed, by ELISA, IFNa levels were
elevated in the serum of Sle1.Sle3 VISTA2/2 mice
compared to that of Sle1.Sle3 or B6 VISTA2/2 mice (Fig-
ure 6A). We next stimulated BMDCs in vitro with IFNa

(Figure 6B), with R848 (which binds TLR-7) (Figure
6C), or with CpG (which binds TLR-9) (Figure 6D), and
we measured the levels of CXCL10 and IFNb (both of
which are classic IFN-responsive gene products) in sup-
ernatants at 24 hours by Luminex assay. In lupus, ICs
containing nuclear components are recognized by TLR-7
and TLR-9, which in part drives disease progression
(26,27). In support of the notion of VISTA-mediated

Figure 4. VISTA deficiency exacerbates myeloid cell infiltration into
the kidney. Female Sle1.Sle3 and Sle1.Sle3 VISTA2/2 mice ages 25
weeks (n 5 5 per group) were monitored weekly for proteinuria. A,

To assess myeloid cell infiltration into the kidneys, immunofluores-
cence staining was performed on frozen kidney sections to detect
CD11b1 and F4/801 cells. Images were analyzed by confocal
microscopy. Original magnification 3 20. B, To quantify myeloid
cells by flow cytometry, renal cells were stained to identify Gr-11

CD11b1 cells. Flow cytometric analysis was performed as described
in Materials and Methods. Data are representative of 3 experiments.
Symbols represent individual mice; bars show the mean 6 SEM.

** 5 P , 0.025 by Student’s unpaired t-test. See Figure 1 for
definitions.

820 CEERAZ ET AL



regulation of IFN responsiveness in this model of lupus,
levels of CXCL10 and IFNb were modestly elevated in
Sle1.Sle3 VISTA2/2 mice compared to Sle1.Sle3 or B6
VISTA2/2 mice in response to stimulation with IFNa

(Figure 6B), R848 (TLR-7) (Figure 6C), or CpG (TLR-9)
(Figure 6D).

DISCUSSION

The data presented herein are the first to dem-
onstrate the role of VISTA in regulating the develop-
ment of murine SLE. In this study, we first showed that
VISTA expression on activated CD41 T cells is gener-
ally reduced with age, but that is not the case with
inflammatory monocytes. However, VISTA expression

on inflammatory monocytes was stable with age in B6
mice, but significantly reduced in nephritic mice with
disease progression (Figure 1). Furthermore, a signifi-
cant decline in the absolute number of splenic inflam-
matory monocytes and activated T cells with normal
VISTA expression was seen only in older, sick Sle1.Sle3
mice and not in B6 controls (see Supplementary Figures
1F and G, http://onlinelibrary.wiley.com/doi/10.1002/art.
40020/abstract). At present, the factors and environ-
mental triggers at the transcriptional and posttranscrip-
tional levels involved in regulating VISTA expression
are unclear. One study has shown that DD-1a (VISTA)
is a downstream postapoptotic target of the transcription
factor p53 and that expression is enhanced by genotoxic
stress (13). Furthermore, we have observed heightened

Figure 5. Heightened function of bone marrow–derived dendritic cells (BMDCs) and BM macrophages in Sle1.Sle3 VISTA2/2 mice. A and B,

To determine the activation status of Sle1.Sle3 VISTA2/2 mouse cells characterized by CD80, CD16, I-Ab, and CD40, BMDCs (A) and BM
macrophages (B) were harvested from B6, B6 VISTA2/2, Sle1.Sle3, and Sle1.Sle3 VISTA2/2 female mice (n 5 6 per group) and stimulated for
24 hours with lipopolysaccharide (LPS). Cells were stained with directly conjugated antibodies to identify the molecules, and flow cytometric
analysis was performed. C–F, In parallel, supernatants were harvested from LPS-activated BMDC cultures to screen for IL-12 (C) and TNF (D)
and from LPS-activated BM macrophage cultures to assess levels of IL-12 (E) and TNF (F). Supernatants were screened as described in Materi-
als and Methods. Data are representative of 3 experiments. Symbols represent individual mice; bars show the mean 6 SEM. * 5 P , 0.05;

** 5 P , 0.025; *** 5 P , 0.005; **** 5 P , 0.0001 by Student’s unpaired t-test. MFI 5 mean fluorescence intensity; NS 5 not significant (see Fig-
ure 1 for other definitions).
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VISTA expression in the tumor microenvironment and
in response to retinoic acid and hypoxia (Mabaera R:
unpublished observations).

We then demonstrated that Sle1.Sle3 mice bred
onto a VISTA-deficient background experience signifi-
cantly accelerated fatal glomerulonephritis, with pro-
nounced enhancement of the systemic autoimmune
phenotype imparted by the Sle1 and Sle3 loci. Morel
and Wakeland demonstrated that the combination of
Sle1 and Sle3 loci results in development of systemic
autoimmunity and variably penetrant, severe glomerulo-
nephritis (28). The mortality rate in the original
bicongenic Sle1.Sle3 cohort was 25% at 1 year, with 50%
of all mice demonstrating proliferative glomerulone-
phritis on renal pathology at termination (28). In our

survival cohort, the lack of VISTA dramatically wors-
ened outcome, with all Sle1.Sle3 VISTA2/2 mice dead
by week 25, while 100% of Sle1.Sle3 mice were still alive
at 48 weeks (Figure 2B). Highly significant increases in
TNF, IL-1a, IL-10, and IFNg were apparent in the
serum of Sle1.Sle3 VISTA2/2 mice compared to all
other groups, suggesting a highly inflammatory systemic
environment.

Investigators in our laboratory had previously
shown that offspring of VISTA2/2 mice interbred with
2D2 mice develop severe EAE (17). Similar to the findings
in the VISTA2/2 2D2 mice, we observed increased IFNg

production by CD41 T cells in Sle1.Sle3 VISTA2/2 mice.
In addition, production of IL-10 and TNF by ex vivo–stim-
ulated CD41 T cells harvested from Sle1.Sle3 VISTA2/2

Figure 6. VISTA deficiency exacerbates IFN signature in Sle1.Sle3 mice. A, To assess levels of IFNa, serum was collected from B6, B6
VISTA2/2, Sle1.Sle3, and Sle1.Sle3 VISTA2/2 female mice and tested with an IFNa enzyme-linked immunosorbent assay. B–D, To determine
whether production of the IFN-associated cytokines CXCL10 and IFNb was increased in Sle1.Sle3 VISTA2/2 mice, bone marrow–derived den-
dritic cells isolated from the 4 groups of mice were stimulated with IFNa (B), R848 (which binds Toll-like receptor 7 [TLR-7]) (C), or CpG
(which binds TLR-9) (D) for 24 hours. Supernatants were harvested and screened as described in Materials and Methods. Data are representa-
tive of 3 experiments. Symbols represent individual mice; bars show the mean 6 SEM. * 5 P , 0.05; ** 5 P , 0.025; **** 5 P , 0.0001 by
Student’s unpaired t-test. NS 5 not significant (see Figure 1 for other definitions).

822 CEERAZ ET AL



mice was also increased, the former significantly so (Figure
2E), and this may be the basis for the elevated levels of
these cytokines in the serum of sick mice. Taken together,
these data suggest that VISTA plays an important role in
regulating autoimmunity, particularly the production of a
fairly restricted number of pathogenic cytokines: IFNg in
mice with EAE and Sle1.Sle3 mice and IL-10 in Sle1.Sle3
mice. In EAE, VISTA expression is detected on both mye-
loid and T cells, and VISTA-deficient 2D2 mice develop
severe EAE (17). Analysis of cells from the central ner-
vous system showed an increase in IL-17A1 and IFNg1

T cells in VISTA2/2 2D2 mice. Furthermore, experiments
involving transfer of VISTA2/2 2D2 mouse cells into
RAG-1–deficient VISTA2/2 recipient mice suggested that
the absence of VISTA on recipient mouse myeloid cells
exacerbates the development of autoimmunity. Collec-
tively, these data demonstrated a crucial role of VISTA in
the myeloid and T cell compartments (17).

An increased percentage of inflammatory
monocytes was found in the spleens of 25-week-old
Sle1.Sle3 VISTA2/2 mice compared with other groups
(Figure 3A). In addition, elevated expression of multiple
costimulatory/activation molecules was seen (Figures
3B–D). Furthermore, ex vivo elaboration of several proin-
flammatory cytokines from in vitro–stimulated inflamma-
tory myeloid cells was found, with significant increases in
IL-10 and IFNg (Figures 3E and F) as well as a statisti-
cally nonsignificant increase in TNF (Figure 3G). This
heightened inflammatory phenotype may contribute to
the same elevated cytokine levels that were observed in
the serum of nephritic Sle1.Sle3 VISTA2/2 mice. In addi-
tion, we documented increased myeloid cell infiltration
into kidneys of Sle1.Sle3 VISTA2/2 mice (Figure 4) and
enhanced myeloid activation in the BM (Figure 5).
Cumulatively, these findings suggest that an activated
myeloid compartment in the absence of VISTA contrib-
utes to the intensified disease seen in Sle1.Sle3 VISTA2/2

mice.
Type I IFNs have been linked with SLE patho-

genesis, the so-called “IFN signature” (29,30). Lupus
patients have high levels of IFNa in their serum (31,32)
and increased expression of IFN-responsive genes (29).
The IFN signature has been reported in Sle1.Sle2.Sle3
mice (23). We found that IFNa levels were significantly
increased in Sle1.Sle3 VISTA2/2 mice compared with
Sle1.Sle3 or B6 VISTA2/2 mice (Figure 6A). Further-
more, in vitro stimulation of Sle1.Sle3 VISTA2/2 mouse
BMDCs with recombinant IFNa resulted in elevation of
IFNb and CXCL10 (Figure 6B), the latter of which cor-
relates positively with the presence of lupus nephritis
(33). We also found that CXCL10 production by
Sle1.Sle3 VISTA2/2 mouse BMDCs was increased by

stimulation with TLR-7 (Figure 6C) and TLR-9 (Figure
6D). These findings are similar to the high levels of
CXCL10 reported in TLR-7– and TLR-9–stimulated
Sle1.Sle2.Sle3 mouse BMDCs (23), suggesting that
VISTA may regulate myeloid activation in the BM.

A previous study has shown that IFNa interferes
with the therapeutic action of CTLA-4Ig in (NZB 3

NZW)F1 mice (34). At present, we do not know the
precise mechanisms by which VISTA deficiency contrib-
utes to heightened type I IFN in Sle1.Sle3 VISTA2/2

mice. We are currently investigating which cell popula-
tions are producing these mediators as well as their
implications for lupus progression. VISTA does not
appear to be mediating its regulatory effects directly on
the B cell compartment (see Supplementary Figure 2C,
http://onlinelibrary.wiley.com/doi/10.1002/art.40020/
abstract). Clearly, the most striking effects are on the
myeloid and T cell compartments.

In our laboratory, we have shown that an anti-
VISTA monoclonal antibody, 13F3, facilitates antitu-
mor immunity and exacerbates disease in EAE (9).
Recent data have suggested that in addition to its role
as a ligand on myeloid cells, VISTA can also act as a
receptor on myeloid cells. For example, spontaneous
cytokine production was found in monocytes from HIV-
infected individuals that overexpressed VISTA. Further-
more, these monocytes were able to increase cytokine
production by HIV-specific T cells (15). Investigators in
our laboratory have shown that VISTA functions as a
ligand on myeloid cells to suppress T cell activation
through a putative VISTA receptor (9,10). Others have
shown that VISTA functions as a receptor, as demon-
strated by the binding of an anti-VISTA antibody to
VISTA1 T cells to mediate T cell suppression (11,12).

VISTA2/2 mice on the B6 background do not
develop SLE, as reported by 3 independent laboratories,
including our own (11,17,35). In our studies of VISTA2/2

mice, 3 organs (lung, liver, and pancreas) were found to
contain significant numbers of immune cell infiltrates.
However, despite the presence of chronic inflammation
in multiple tissues, aged (;1-year-old) VISTA2/2 mice
did not develop overt organ-specific autoimmune dis-
ease. This is further supported by no significant increase
in serum autoantibodies and no IC deposition in the
glomeruli. These findings indicate that VISTA defi-
ciency does not result in any obvious autoimmunity in
the absence of other predisposing factors. In contrast,
however, a recent study has shown that 10-month-old
DD-1a (VISTA)–deficient B6 mice develop spontane-
ous glomerulonephritis (13). At this time, it is not clear
why there is a difference in disease penetrance across
these VISTA2/2 mice. However, this could be due to
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environmental factors, including animal housing, the
method used for generating the deficient mice (one
conditional and one gene deleted), or other as-yet-
unknown reasons. Finally, the enhanced disease con-
ferred by VISTA deficiency in Sle1.Sle3 mice despite
the continued presence of other immunoregulatory mol-
ecules is similar to the exacerbated disease severity in
VISTA2/2 2D2 mice (17).

In conclusion, our study demonstrates for the
first time that the VISTA pathway plays a critical role in
modulating the innate and adaptive immune response
in the Sle1.Sle3 murine model of lupus. VISTA defi-
ciency in this model results in an enhanced myeloid and
T cell inflammatory phenotype, a more robust type I
IFN signature, accelerated glomerulonephritis, and
early mortality. This occurs despite the ongoing pres-
ence of other negative checkpoint regulators, which are
unable to compensate for the loss of VISTA. The data
presented herein establish a unique role of VISTA in
regulating autoimmunity, and they support manipula-
tion of the VISTA pathway to treat human autoimmune
disease, particularly lupus. We are currently interbreed-
ing Sle1.Sle3 mice with VISTA–conditional knockout
mice. Once they become available, these mice will allow
for a more specific assessment of the relative contribu-
tions of VISTA regulation of the myeloid or T cell com-
partments in preventing disease progression in this
model. Studies are also underway to identify the counter-
receptor for VISTA, which will greatly enhance our abil-
ity to dissect the role of the VISTA pathway in lupus.
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Ultraviolet B Irradiation Causes
Stimulator of Interferon Genes–Dependent Production

of Protective Type I Interferon in Mouse Skin
by Recruited Inflammatory Monocytes

Clayton Sontheimer, Denny Liggitt, and Keith B. Elkon

Objective. Photosensitivity is common in patients
with systemic lupus erythematosus, although the mecha-
nisms linking ultraviolet (UV) light to flares are not well
understood. We undertook this study to determine whether
repetitive UVB exposure could induce type I interferon
(IFN) production in normal mouse skin, and to investigate
the roles of inflammatory monocytes and plasmacytoid
dendritic cells (PDCs) in type I IFN production and devel-
opment of UVB irradiation–induced inflammation.

Methods. Mice were irradiated with UVB at 100
mJ/cm2 for 5 days, and cutaneous manifestations were
examined by messenger RNA expression of inflammatory
and type I IFN response genes, histology, and flow cytome-
try. Inflammatory monocyte and PDC depletion experi-
ments were performed in CCR2–diphtheria toxin receptor
(DTR)–transgenic mice and blood dendritic cell antigen
2–DTR–transgenic mice. The roles of type I IFN and of
the adaptor protein stimulator of IFN genes (STING) in
UVB irradiation–induced inflammation were investigated
using IFN-a/b/v receptor (IFNAR)–knockout mice and
STING-knockout mice.

Results. Repeated UVB irradiation stimulated an
inflammatory cell infiltrate and induction of type I IFN
and proinflammatory cytokines. Interestingly, the type I

IFN response was independent of PDCs but dependent on
inflammatory monocytes, which were recruited following
UVB irradiation. The adaptor protein STING was neces-
sary for both type I IFN and proinflammatory cytokine
expression in the skin. UVB-irradiated IFNAR-knockout
mice showed increased levels of proinflammatory genes
and more severe inflammation by histology, suggesting a
protective role for type I IFN.

Conclusion. In wild-type mice, repeated doses of
UVB irradiation induce monocyte-dependent and PDC-
independent expression of type I IFN together with expres-
sion of other proinflammatory cytokines. Induction is
dependent on the adaptor protein STING. Surprisingly,
studies using IFNAR-deficient mice revealed that type I
IFN protects against UVB irradiation–induced skin
inflammation, in part by attenuating proinflammatory
cytokine expression and limiting tissue damage.

Skin disease and photosensitivity are common man-
ifestations of systemic lupus erythematosus (SLE) and are
observed in more than 70% of patients at some point dur-
ing disease (1). Ultraviolet (UV) light is a well-identified
trigger of both localized cutaneous disease (cutaneous
lupus erythematosus [CLE]) and systemic disease (SLE).
In addition, patients with CLE develop cutaneous lupus
lesions when challenged with UV phototesting (2). Photo-
sensitivity is thought to occur when lupus autoantibodies
bind to nucleoprotein-containing antigens (e.g., Ro/SSA)
exposed upon UV-mediated cell death (3). The in situ–
formed immune complexes (ICs) induce inflammation in
the skin through activation of complement, engagement of
activating Fcg receptors (FcgR), and other less-defined
pathways. While this model of photosensitivity was formu-
lated following the analysis of human SLE skin biopsy sam-
ples, the role of innate immune cells in UV-stimulated
normal skin injury has not been well studied.
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Two events, keratinocyte apoptosis and plas-
macytoid dendritic cell (PDC) activation, have been linked
to UV-induced skin lesions in CLE (4). Apoptotic kerati-
nocytes are observed in biopsy samples from CLE lesions,
and keratinocyte apoptosis is thought to be the source of
nuclear autoantigens in CLE (3,5,6). PDCs, innate-type
immune cells, are proposed to be central to the pathogenic
response to ICs seen in lupus (7). PDCs are present in
CLE lesions on biopsy (8) and are known to secrete large
amounts of type I interferon (IFN). The IFN family
includes cytokines likely responsible for the type I IFN sig-
nature seen both systemically and locally in CLE lesions
(9). PDCs are stimulated to secrete type I IFN when
DNA- and RNA-containing ICs are phagocytosed by
FcgRIIa and delivered to the endosomal compartment,
triggering the activation and signaling of the endosomal
pattern-recognition receptors Toll-like receptor 7 (TLR-7)
and TLR-9 (10). However, DNA and RNA released by
dying cells are also potent inducers of the innate immune
response (11), so it is not known whether and how repeti-
tive UVB-mediated cell damage stimulates type I IFN in
the skin prior to development of autoantibodies. To
address these questions, we exposed normal mice as well
as mice deficient in type I IFN receptor and mice deficient
in stimulator of IFN genes (STING; an adaptor that
responds to intracytoplasmic DNA by stimulating the pro-
duction of type I IFN) to UVB irradiation, and we
assessed inflammation and type I IFN production.

In this study, we observed that repeated UV irradi-
ation of normal mouse skin induced a modest expression
of type I IFN and IFN-stimulated genes (ISGs) together
with proinflammatory cytokine expression. We observed
that expression of proinflammatory cytokines and ISGs
was dependent on STING, indicating a prominent role for
DNA in the initiation of type I IFN stimulation. While
depletion of PDCs did not abrogate the type I IFN
response, depletion of CCR21 monocytes, which were
prominently recruited to the skin, reduced type I IFN
expression. Surprisingly, in the absence of IFN signaling,
cutaneous infiltrates, inflammation, and interleukin-6 (IL-6)
expression were increased, suggesting a protective role for
type I IFN in UVB irradiation–induced inflammation and
skin damage.

MATERIALS AND METHODS

Mice. All animal experiments were approved by the
Institutional Animal Care and Use Committee of the University
of Washington, Seattle. All animal experiments were conducted
using 8–20-week-old C57BL/6 (B6) mice unless indicated other-
wise. Animals were maintained and bred in specific pathogen–
free facilities. Transgenic mice that express the diphtheria toxin
receptor (DTR) under the control of the highly specific human

PDC gene promoter blood dendritic cell antigen 2 (BDCA-2–
DTR–transgenic mice) were purchased from The Jackson Labo-
ratory. Mice transgenic for CCR2 and green fluorescent protein
(CCR2-GFP–transgenic mice) and CCR2-DTR–transgenic mice
were kindly donated by Dr. Tobias Hohl (Memorial Sloan Ket-
tering Cancer Center, New York, NY).

UV irradiation and tape stripping. UVB light was deliv-
ered by FS40T12/UVB bulbs (National Biological Corporation)
with peak emission between 300 and 315 nm and rapid decrease in
emission beyond the UVB range (according to the manufacturer’s
data, emittance below 280 nm was undetectable). The UVB dose
was measured with a Photolight IL1400A radiometer equipped
with a SEL240/UVB detector (International Light Technologies)
and calibrated prior to each experiment. The backs of the mice
were shaved prior to irradiation. Mice were allowed to move freely
in their cage during UVB exposure. For subacute UVB irradia-
tion, the back was irradiated with UVB at a dose of 100 mJ/cm2

for 5 consecutive daily doses totaling 500 mJ/cm2. Time points
were in relation to the fifth day of UVB exposure, which was used
as the zero time point. For tape stripping, backs of mice were
shaved and depilated (Nair; Church and Dwight) immediately
before cutaneous injury. Injury was induced by using 15 strokes
of meditape (Scotch; 3M Company) across the back (as
described in ref. 12), and skin was examined at 24 hours.

Cell depletion. For depletion experiments, DT (Sigma)
was injected intraperitoneally at 125 ng (for PDC depletion) or at
250 ng (for CCR21 monocyte depletion). PDC-depleted and
wild-type (WT) mice were injected 24 hours before tape stripping
or the first UVB dose. In UVB experiments, DT injection was
repeated every 2–3 days for the duration of the experiment (a total
of 3 doses per mouse).

Immunohistochemistry/immunofluorescence. Skin was
preserved in 10% formalin and embedded in paraffin or snap-
frozen on dry ice and embedded in TissueTek OCT compound
(Sakura Finetek) and stored at 2708C. Paraffin-embedded sec-
tions were stained with hematoxylin and eosin (H&E) for examina-
tion by a comparative pathologist (DL) who was blinded to the
treatment protocol. An aggregate lesion severity score ranging
from 0 (normal) to 41 (greatest severity) was generated based on
assessment of several parameters including epidermal thickness
and relative degree of intraepithelial, dermal, and hypodermal
inflammatory change. Nucleated cells were quantified in H&E-
stained sections in a blinded manner using ImageJ software
(National Institutes of Health).

Quantitative polymerase chain reaction (qPCR) of mes-
senger RNA (mRNA). RNA was isolated from full-thickness skin
samples using an RNeasy Fibrous Tissue Mini Kit with on-column
DNase treatment (Qiagen). First-strand complementary DNA
(cDNA) was generated using 100 ng RNA with a High-Capacity
cDNA Reverse Transcription Kit using random primers (Applied
Biosystems). Reactions (20 ml) were run in duplicate on a
StepOnePlus real-time PCR instrument (Applied Biosystems)
using gene-specific primers. Ct values were determined with con-
stant threshold at 0.2. Ct values were standardized to the house-
keeping gene 18S, and fold change was calculated against a
separate cohort of nonirradiated mice using the 2–DDCt method.
The standard curve showed similar amplification efficiencies for
each gene, and template concentrations were within the linear
dynamic range for each primer set.

The following primer sequences were used: for 18S, 50-
GAGGGAGCCTGAGAAACGG-30 (forward) and 50-GTCGG-
GAGTGGGTAATTTGC-30 (reverse); for cyclooxygenase 2
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(COX-2), 50-GCAGGAAGTCTTTGGTCTGG-30 (forward) and
50-AAGTGGTAACCGCTCAGGTG-30 (reverse); for CXCL10,
50-GCCGTCATTTTCTGCCTCAT-30 (forward) and 50-GCTT-
CCCTATGGCCCTCATT-30 (reverse); for IFN-induced protein
with tetratricopeptide repeats 1 (IFIT-1), 50-TGCTGAGATGG-
ACTGTGAGG-30 (forward) and 50-CTCCACTTTCAGAGCC-
TTCG-30 (reverse); for IFNa1, 50-AGTGAGCTGACCCAGC-
AGAT-30 (forward) and 50-AGTGAGCTGACCCAGCAGAT-30

(reverse); for IFNa2, 50-ATCCAGAAGGCTCAAGCCATCC-30

(forward) and 50-GGAGGGTTGTATTCCAAGCAGC-30 (re-
verse); for IL-1b, 50-CAACCAACAAGTGATATTCTC-CATG-
30 (forward) and 50-GATCCACACTCTCCAGCTGCA-30 (re-
verse); for IL-6, 50-CTACCCCAATTTCCAATGCTCT-30 (for-
ward) and 50-TGAATTGGATGGTCTTGGTCC-30 (reverse); for
IFN regulatory factor 7 (IRF-7), 50-GTCTCGGCTTGTGCTT-
GTCT-30 (forward) and 50-CCAGGTCCATGAGGAAGTGT-30

(reverse); for ISG-15, 50-AAGCAGCCAGAAGCAGACTC-30

(forward) and 50-CACCAATCTTCTGGGCAATC-30 (reverse);

for matrix metalloproteinase 13 (MMP-13), 50-CATCCATCC-
CGTGACCTTAT-30 (forward) and 50-GTCTTCCCCGTGT-
TCTCAAA-30 (reverse); for Mx-1 protein, 50-CCTCAGGCTA-
GATGGCAAG-30 (forward) and 50-CCTCAGGCTAGATGG-
CAAG-30 (reverse); and for tumor necrosis factor (TNF), 50-
GTCAGGTTGCCT-CTGTCTCA-30 (forward) and 50-GTCA-
GGTTGCCTCTGT-CTCA-30 (reverse).

Isolation of skin cells and flow cytometry. Skin sam-
ples were minced and digested with 0.28 units/ml Liberase TM
(Roche) and 0.1 mg/ml of Deoxyribonuclease I (Worthington) for
60 minutes at 378C, then passed through a 70-mM filter and washed
with 1% bovine serum albumin in phosphate buffered saline.
Fluorescence-activated cell sorting analysis was performed using a
BD FACSCanto flow cytometer and analyzed using FlowJo soft-
ware (Tree Star). T cells (CD451CD31), neutrophils (CD451

CD11b1Ly-6C1Ly-6G1), dermal monocytes (CD451CD11b1

Ly-6ChighLy-6G2),dermalmacrophages(CD451CD11b1CD64high

and major histocompatibility complex class II positive), and PDCs

Figure 1. Repeated exposure to ultraviolet B (UVB) irradiation induces cutaneous inflammation and mixed inflammatory (inflamm.) cell response in
skin. C57BL/6 mice were exposed to subacute UVB irradiation (100 mJ/cm2 for 5 days). A, Representative flow cytometry plots from UVB-irradiated skin
following the final UVB dose for neutrophils (CD451CD11b1Ly-6C1Ly-6G1), inflammatory monocytes (CD451CD11b1Ly-6C1Ly-6G2),
macrophages (CD451CD11b1CD641), and T cells (CD451CD31). B, Flow cytometry analysis showing the percentage of neutrophils, inflammatory
monocytes, macrophages, and T cells in the skin 3, 24, and 72 hours following UVB irradiation. C, Cutaneous expression of mRNA for proinflammatory
cytokine genes 3, 24, and 72 hours following subacute UVB injury in B6 mice, as determined by quantitative polymerase chain reaction. Fold change was cal-
culated against a separate cohort of nonirradiated mice, using the 2–DDCt method. Data are compiled from at least 3 independent experiments (n 5 20 mice
per group). Values in B and C are the mean 6 SD. * 5 P , 0.05; ** 5 P , 0.01; *** 5 P , 0.001 versus no UV irradiation, by Student’s unpaired t-test.
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(CD451Ly-6C1CD11c1, PDC antigen 1 positive [PDCA-11],
and Siglec H positive) (13) were identified using monoclonal anti-
bodies from eBioscience, Miltenyi Biotec, or BioLegend.

RESULTS

Repeated skin exposure to UVB induces cutaneous
inflammation and mixed inflammatory cell infiltrate. Since
our pilot qPCR studies did not reveal a type I IFN
response after a high, single-dose UVB exposure of 500
mJ/cm2 (data not shown), we used a lower-dose UVB
irradiation regimen developed by Sharma et al (14).
This UVB regimen, referred to herein as “subacute
UVB irradiation,” consisted of 5 consecutive days of
UVB irradiation at 100 mJ/cm2, which should be more
representative of repetitive UVB exposure in humans.
We performed biopsies after the final (fifth) UVB dose,
isolated cells from full-thickness skin sections, and per-
formed flow cytometry analysis.

Subacute UVB irradiation induced a robust tissue
response with a large influx of neutrophils and monocytes
comprising 20% and 12%, respectively, of CD451 cells;
this response peaked at 3 hours before decreasing to near-
baseline levels by 72 hours (Figure 1B). The large influx of
neutrophils following subacute UVB irradiation was dis-
tinctly different from that resulting from a single UVB
dose of 500 mJ/cm2, which induced an influx of monocytes
but much lower numbers of neutrophils (data not shown).
Following subacute UVB irradiation, there was an
increase in macrophages at 3 hours that returned to base-
line levels by 24 hours. In nonirradiated skin, T cells com-
prised ;25% of skin immune cells. Following UVB
irradiation, the proportion of T cells decreased to ,5% at
3 hours before returning to pre–UVB irradiation levels at
72 hours (Figure 1B). Quantitative PCR analysis of RNA
isolated from full-thickness skin sections showed up-
regulation of several proinflammatory genes. IL-1b was

Figure 2. Repeated exposure to ultraviolet B (UVB) irradiation induces a modest type I interferon (IFN) response in the skin. C57BL/6 (B6) mice
were exposed to subacute UVB irradiation and biopsy specimens were obtained at the time points shown. Their RNA was isolated and quantitative
polymerase chain reaction (qPCR) was performed. A, Cutaneous expression of mRNA for IFN-stimulated genes following subacute UVB injury in B6
mice is shown. Fold change was calculated against a separate cohort of nonirradiated mice using the 2–DDCt method. Data are compiled from at least
3 independent experiments (n 5 20 mice per group). B, Fold change in expression of mRNA for type I IFN genes after UVB exposure is shown.
Data are compiled from at least 3 independent experiments (n 5 20 mice per group). C, B6 mice were exposed to either a single 100-mJ/cm2 dose of
UVB irradiation or five 100-mJ/cm2 doses of UVB irradiation and examined for expression of mRNA for type I IFN response genes by qPCR,
expressed as the fold change in expression relative to that in nonirradiated control mice. Data are compiled from 2 independent experiments (n 5 20
mice per group). Values are the mean 6 SD. * 5 P , 0.05; ** 5 P , 0.01; *** 5 P , 0.001 versus no UV irradiation or single-dose UVB irradiation,
by Student’s unpaired t-test.
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significantly up-regulated, with an 8-fold increase by 3
hours that gradually decreased toward baseline, while
expression levels of TNF and IL-6 showed a more moder-
ate increase and declined at 24 hours, suggesting active
inhibition (Figure 1C).

Repeated UVB irradiation induces a type I IFN
response in the skin. Because of the interest in the
role of type I IFN in SLE, including cutaneous lupus, we
focused on the type I IFN response resulting from UVB
irradiation. Quantitative PCR evaluation of subacute
UVB–irradiated skin showed a modest, although statis-
tically significant, increase in multiple ISGs (Figure
2A). Expression of mRNA for Mx-1 protein, IRF-7, and
IFIT-1 was increased up to ;4-fold at 3 hours. Gener-
ally, we noted that the peaks were bimodal, as ISG
expression decreased from 3 hours to 24 hours before
increasing again at 72 hours. Subacute UVB irradiation
induced modest increases in IFNa gene expression,
with peaks at 3 hours and 72 hours, similar to ISG
expression (Figure 2B). IFNb expression was evaluated
in irradiated and nonirradiated samples; however, the
mRNA expression was below the limit of detection by
qPCR. To evaluate whether repeated as opposed to sin-
gle dosing of UVB irradiation preferentially induced
type I IFN, we compared exposure to subacute UVB

irradiation with exposure to a single dose of UVB irra-
diation (100 mJ/cm2). While subacute UVB irradiation
was effective at increasing ISG expression, the single-
dose exposure caused a down-regulation of mRNA for
Mx-1 protein, IRF-7, and IFIT-1 (Figure 2C).

PDCs are dispensable for UVB irradiation–
induced type I IFN. PDCs have been observed in skin
biopsy samples from patients with CLE (8). To determine
whether PDCs are recruited and generate type I IFN fol-
lowing exposure to UVB irradiation, we used BDCA-2–
DTR–transgenic mice, which express the DTR under the
control of the PDC-specific BDCA-2 promoter; PDCs in
these mice are efficiently depleted following DT adminis-
tration (15). To validate the experimental approach, we
examined PDC numbers in the skin following tape strip-
ping in BDCA-2–DTR–transgenic mice, a protocol that
was previously shown to induce PDC recruitment and
PDC-dependent type I IFN expression (12).

PDCs (CD451Ly-6C1CD11c1PDCA-11 and
Siglec H positive), which were not detected in unstimulated
skin (data not shown), were effectively depleted in BDCA-
2–DTR–transgenic mice injected with DT but not in WT
mice injected with DT 24 hours following tape stripping
(Figure 3A). Quantitative PCR analysis of skin samples
obtained 24 hours after tape stripping for type I IFN genes

Figure 3. Plasmacytoid dendritic cells (PDCs) are dispensable for ultraviolet B (UVB) irradiation–induced type I interferon (IFN) production.
Transgenic mice that express the diphtheria toxin receptor (DTR) under the control of the highly specific human PDC gene promoter blood
dendritic cell antigen 2 (BDCA-2–DTR–transgenic mice) as well as C57BL/6 (B6) mice were subjected to tape stripping and were injected with
125 ng of DT at 248 hours and at the time of tape stripping. A, Representative flow cytometry of cutaneous PDCs (CD451Ly-6C1CD11c1

and PDC antigen 1 [PDCA-1] positive) in wild-type (B6) mice (left) and BDCA-2–DTR–transgenic mice (right) 24 hours following tape strip-
ping is shown. B, Cutaneous expression of mRNA for type I IFN genes evaluated as fold change 24 hours following tape stripping is shown.
NAIR 5 depilated with Nair only; TS 5 depilated with Nair and tape stripped; TS 1 DT 5 depilated with Nair, tape stripped, and injected with
DT. Data are compiled from 3 independent experiments (n 5 8 mice per group). C, BDCA-2–DTR–transgenic mice and B6 mice were exposed
to subacute UVB irradiation. Both groups were injected with 125 ng of DT every 2–3 days beginning at the first UVB exposure and through the
duration of the experiment. Cutaneous expression of mRNA for IFN-stimulated genes was quantified by quantitative polymerase chain reaction
and expressed as fold change. Data are compiled from 2 experiments (n 5 5–7 mice per group). Values in B and C are the mean 6 SD.

* 5 P , 0.05 by Student’s unpaired t-test.
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(for IFIT-1, Mx-1 protein, and ISG-15) showed abrogation
of the type I IFN response in the skin in BDCA-2–DTR–
transgenic mice but not in control mice (Figure 3B). To
evaluate the role of PDCs in UVB irradiation–induced
type I IFN, BDCA-2–DTR–transgenic mice and control
mice were next subjected to the 5-day subacute irradiation
protocol as described above. Mice were injected with DT
every 2–3 days during the irradiation and biopsy period.
Expression of mRNA for the ISGs Mx-1 protein, IRF-7,
IFIT-1, and ISG-15 by qPCR was similar between the 2
groups (Figure 3C), suggesting that PDCs were not
required for ISG production following UVB irradiation.
Thus, while PDCs appear to be necessary for the IFN
response seen in tape stripping (12), our data suggest that
PDCs are dispensable for type I IFN signaling following
repeated exposure of normal skin to UVB irradiation.

CCR21 cells are recruited to skin following UVB
irradiation and contribute to type I IFN signaling. Inflam-
matory monocytes are recruited to tissue in response to
inflammation, and they express DNA and RNA sensors
capable of generating type I IFN (16,17). Since we observed
cells with the phenotype of inflammatory macrophages
(CD11bhighLy-6ChighLy-6Glow) in the skin following sub-
acute UVB irradiation, we sought to determine whether
this cell population was increased and could contribute to
inflammation. To specifically follow this cell population, we
used CCR2-GFP–transgenic mice (18) and exposed them
to UVB irradiation using the subacute protocol.

UVB irradiation induced an ;5-fold increase in the
number of inflammatory monocytes (CD11b1CCR21) in
the skin (Figure 4B). Serial biopsy samples showed that
CCR21 monocytes represented more than one-third of

Figure 4. CCR21 cells recruited to skin contribute to ultraviolet B (UVB) irradiation–induced type I interferon (IFN) production. Mice transgenic
for CCR2 and green fluorescent protein (GFP) were exposed to subacute UVB irradiation. A, Representative flow cytometry plot of collagenase-
digested skin 24 hours after final UVB irradiation is shown. B, Flow cytometry analysis shows the percentage of CCR21 cells in the skin following
UVB irradiation (n 5 6 mice). C, Representative immunofluorescence of CCR2-GFP expression in the skin before and after subacute UVB irradia-
tion (24 hours after the final UVB dose) is shown. Bars 5 200 mm. D, CCR2–diphtheria toxin receptor (DTR)–transgenic mice and wild-type mice
were exposed to subacute UVB irradiation. Both groups were injected with 250 ng of DT every 2–3 days beginning at the first UVB exposure and
through the duration of the experiment. Cutaneous expression of mRNA for IFN-stimulated genes was assessed by quantitative polymerase chain
reaction and expressed as fold change. Data are compiled from 2 experiments (n 5 6–8 mice per group). Values in B and D are the mean 6 SD.

* 5 P , 0.05; ** 5 P , 0.01; *** 5 P , 0.001 versus no UV irradiation or versus CCR2–DTR–transgenic mice, by Student’s unpaired t-test.
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CD451 cells in the skin 3 hours following subacute UVB
irradiation, with the numbers steadily declining over the
next 3 days (Figure 4B). Immunofluorescence of skin sam-
ples revealed that CCR21 monocytes were recruited pre-
dominantly to the dermis (Figure 4C). To determine
whether CCR21 monocytes were implicated in UVB
irradiation–induced expression of type I IFN, we used
CCR2-DTR–transgenic mice, which express the DTR
under the control of the CCR2 promoter; inflammatory
monocytes are depleted in these mice following DT injec-
tion (19). After we confirmed that DT depleted inflamma-
tory monocytes from both the spleen and skin (data not
shown), CCR2-DTR–transgenic mice and WT mice were
injected intraperitoneally with 250 ng DT every 2–3 days
(maximum of 3 injections) and exposed to subacute UVB
irradiation. In contrast to our previous experiments per-
formed with PDC depletion, we observed that inflammatory
monocyte–depleted mice had reduced expression of the
ISGs for Mx-1 protein, IRF-7, and IFIT-1 24 hours and,
particularly, 72 hours following subacute UVB irradiation
(Figure 4D). Interestingly, expression of ISGs at 3 hours
was similar between monocyte-depleted and nondepleted
mice, which may suggest that an additional cell type is
responsible for early type I IFN production in response to
UVB irradiation.

STING mediates both the inflammatory and type
I IFN responses to UVB irradiation. UVB irradiation
causes cell injury and death with extensive DNA damage
(20). Numerous intracellular DNA sensors converge on the
core adaptor protein STING to induce the expression of
type I IFN and other cytokines through IRF-3 and NF-kB

pathways (11). To determine whether the STING pathway
contributed to UVB irradiation–induced immune re-
sponses in vivo, we compared UVB irradiation–induced
skin responses in mice lacking the gene encoding STING
(STING-knockout mice) with UVB irradiation–induced
skin responses in WT mice. In response to subacute UVB
irradiation, we observed a marked decrease in Mx-1 pro-
tein, IRF-7, and IFIT-1 mRNA transcripts in STING-
knockout mice compared to WT mice (Figure 5B), which
suggests that STING is required for type I IFN production.
We observed that expression of mRNA for the proinflam-
matory cytokines IL-1b, TNF, and IL-6 was also attenu-
ated in STING-knockout mice (Figure 5C). Taken
together, these results indicate that cytosolic nucleic acid
sensor(s) and the adaptor protein STING play an impor-
tant role in sensing damage and mediating immune
responses following UVB irradiation.

Type I IFN attenuates the UVB irradiation–
induced inflammatory response in the skin. In the
model of mechanical skin injury induced by tape stripping,
type I IFN was observed to play a physiologic role in
wound healing, since loss of IFN signaling led to delayed
reepithelialization following injury (12). To evaluate wheth-
er type I IFN exerted a pathologic or beneficial role follow-
ing UVB irradiation, we compared cytokine responses in
WT mice with those in mice lacking the common murine
receptor for IFNa/IFNb (IFN-a/b/v receptor [IFNAR]–
knockout mice). Following subacute UVB irradiation,
IFNAR-knockout mice were observed to have increased
inflammatory cell infiltrates compared to WT B6 mice on
light microscopic analysis (Figure 6A). Compared to WT

Figure 5. Deficiency in stimulator of interferon (IFN) genes (STING) attenuates the inflammatory cytokine response to ultraviolet B (UVB)
irradiation. C57BL/6 (B6) and STING-knockout (KO) mice were exposed to subacute UVB irradiation. A, Cutaneous expression of mRNA for
proinflammatory cytokine genes and IFN-stimulated genes after UVB irradiation. B and C, Expression of mRNA for IFN-stimulated genes (B)
and proinflammatory cytokine genes (C) 3, 24, and 72 hours after UVB irradiation. Data are compiled from at least 3 independent experiments
(n 5 11–20 mice per group). Values are the mean 6 SD. *** 5 P , 0.001 by Student’s unpaired t-test.
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mice, IFNAR-knockout mice consistently showed increased
skin thickness and inflammatory changes, including
increased tissue edema, as well as increased numbers of
infiltrating cells in both the reticular dermis and subcutis.
Quantification of nucleated cells in the dermis and subcutis
of H&E-stained sections using image-processing software
revealed increased numbers of cells in IFNAR-knockout
mice at 3 hours (Figure 6B) as well as increases in expres-
sion of mRNA for CD45 and CD11b by qPCR (Figure 6D).
These results suggest that type I IFN plays a role in limiting
the extent of the clinical sunburn reaction in normal mice,
and that in the absence of type I IFN signaling, more severe
inflammation occurs following UVB irradiation.

To evaluate whether type I IFN exerts a protective
effect through binding to IFNAR and subsequent down-
regulation of proinflammatory cytokines (21), we exam-
ined expression of mRNA for IL-1b, TNF, and IL-6 in
IFNAR-knockout and WT mice (Figure 6C). IL-6 expres-
sion was significantly increased in IFNAR-knockout mice
at 3 hours before decreasing to levels similar to those in
WT mice at later time points. Although expression of both
IL-1b and TNF was higher at some time points in
IFNAR-knockout mice after UVB irradiation, the results
were not statistically significant compared to WT mice.
Three hours after UVB irradiation, IFNAR-knockout
mice had significantly increased expression of mRNA

for COX-2 (which generates prostaglandin E2) and tissue
collagenase MMP-13 (a mediator of tissue damage follow-
ing UVB irradiation), possibly implicating type I IFN in
regulation of these inflammatory pathways (Figure 6D).
Thus, type I IFN appears to play a physiologic role in
reducing skin inflammation and plays a regulatory role in
limiting expression of some proinflammatory cytokines
and mediators of inflammation, thereby limiting tissue
damage in normal B6 mice.

DISCUSSION

Type I IFN is strongly implicated in the pathogene-
sis of SLE and cutaneous lupus, and it is classically
thought to be important as an adjuvant promoting pro-
inflammatory responses during viral infections and in vari-
ous autoimmune disorders (7). Our study identifies a
novel role for type I IFN in regulating inflammatory
responses in normal skin in response to repeated UVB
irradiation. This was demonstrated by increased skin
inflammation and enhanced expression of the proinflam-
matory cytokine IL-6 as well as COX-2 and MMP-13 in
mice that were exposed to UVB irradiation but were
unable to respond to type I IFN because they lacked the
common IFN receptor. Antiinflammatory properties of
type I IFN have also been shown in other contexts. For

Figure 6. Type I interferon (IFN) attenuates ultraviolet B (UVB) irradiation–induced cell recruitment and inflammatory response. C57BL/6
(B6) and IFN-a/b/v receptor (IFNAR)–knockout (KO) mice were exposed to subacute UVB irradiation. A, Representative images of hematoxy-
lin and eosin staining of skin 3 hours following the final UVB dose, showing increased thickness, edema, and inflammatory cell infiltration in
IFNAR-knockout mice. Original magnification 3 10. B, Nucleated cell count in the dermis and subcutis at 3 hours, as measured using ImageJ
software analysis of images in A (n 5 14–15 mice per group). C, Cutaneous expression of mRNA for inflammatory cytokine genes following sub-
acute UVB injury in B6 and IFNAR-knockout mice. D, Cutaneous expression of mRNA for tissue mediators of inflammation genes at 3 hours.
Fold change was calculated against a separate cohort of nonirradiated mice, using the 2–DDCt method. Data are compiled from at least 3 indepen-
dent experiments (n 5 15–20 mice per group). Values in B–D are the mean 6 SD. * 5 P , 0.05; ** 5 P , 0.01, by Student’s unpaired t-test.
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example, apoptotic cells in the spleen stimulate IFNb pro-
duction followed by induction of the immunosuppressive
molecule indoleamine 2,3-dioxygenase and by recruitment
of Treg cells (22). In addition, type I IFN appears to be
immunosuppressive in murine models of malaria and
tuberculosis (23,24) and can stimulate IL-10 production
during certain viral infections (25). Our study suggests an
important antiinflammatory role for UVB irradiation–
induced type I IFN production in the skin, as evidenced
by a reduction in inflammatory cell recruitment and
reduced expression of genes mediating inflammation
and tissue damage.

While both tape stripping and UVB irradiation
induced type I IFN in normal skin, UVB irradiation–
induced IFN appeared to play a notably different role in
the skin following injury. First, the type I IFN response
was much higher following tape stripping, compared to
the low-dose response obtained after UVB irradiation.
Further, while we observed increased levels of IL-6
mRNA in IFNAR-knockout mice following UVB irradia-
tion, tape stripping of IFNAR-knockout mice causes sig-
nificantly decreased levels of IL-6 mRNA and slightly
lower levels of TNF mRNA (12). Thus, UVB irradiation–
induced type I IFN had an antiinflammatory effect that
limited the extent of inflammation, while tape stripping
induced a proinflammatory effect that was important for
wound healing (12). The differences between UVB irradi-
ation and tape stripping suggest that the type or duration
of injury is important in determining the inflammatory
response. In addition to differences in PDC involvement
(see below), different nucleic acid sensing pathways could
be implicated. Consistent with a role for PDCs, TLR-7
and TLR-9 pathways were necessary for type I IFN stimu-
lation in the tape stripping model, while TLR-3 (26) and,
in our studies, the STING pathway are implicated in medi-
ating responses to UV irradiation.

Yin et al (27) recently reported stimulation of a
transient type I IFN response in mouse skin after 2 high
doses of UVB irradiation (500 mJ/cm2). The authors sug-
gested that PDCs were the source of type I IFN, although
this was not tested directly by depletion studies. In con-
trast, we were not able to demonstrate PDC recruitment
to UVB-irradiated skin in our subacute UVB irradiation
model by flow cytometry (data not shown). Furthermore,
while PDC depletion attenuated ISG responses in tape-
stripped mice, PDC depletion in mice exposed to UVB
irradiation neither altered ISG mRNA levels nor recapitu-
lated the phenotype seen in IFNAR-knockout mice. While
it is possible that differences in the UVB irradiation
regimens explains the altered outcomes, the
CD11c1PDCA-11 population seen by Yin et al (27) may

not be typical PDCs, considering the lack of specificity of
many traditional cell markers in skin populations (28).

In contrast to the dearth of PDCs, we observed
that more than one-third of cells in the skin examined
early after the subacute protocol were inflammatory
monocytes. Furthermore, when these cells were depleted,
ISG expression was diminished. Inflammatory monocytes
were previously shown to produce type I IFN following
viral infection (16,17), but their role in type I IFN produc-
tion in the skin following UVB irradiation in the skin,
whether direct or indirect, is a novel observation. We
noticed that the reduction of inflammatory monocyte–
mediated type I IFN response was maximal at the 72-hour
time point, leaving open the possibility that other cells
such as keratinocytes and/or fibroblasts participate in the
earlier (at ;3 hours) type I IFN response. Further investi-
gation is underway to identify the IFN-producing popula-
tions following subacute UV irradiation, as many resident
immune (dermal dendritic cells, mast cells) and nonim-
mune (keratinocytes, fibroblasts) cell populations have
been reported to produce type I IFN (13,29,30).

The striking decrease of both ISG and proinflam-
matory gene levels by qPCR in STING-deficient mice sug-
gests that STING plays an important role in transmitting
cytokine responses in response to UVB irradiation.
STING-mediated TANK-binding kinase 1 (TBK-1) activ-
ity may explain the effects of STING deficiency observed
in our model. STING-induced TBK-1 is required for type
I IFN production via IRF-3, but it also promotes canonical
NF-kB activity and generation of the inflammatory
cytokines TNF and IL-6 (31,32). Interestingly, TBK-1–
deficient mice spontaneously develop inflammatory skin
lesions and activation of monocytes (32). Taken together
with our data showing similar features in IFNAR-deficient
mice, this may suggest a critical role for TBK-1–mediated
type I IFN in limiting harmful inflammatory responses to
environmental triggers in normal skin.

Using cells in vitro, Gehrke et al (33) reported that
UV irradiation induced type I IFN through activation of
the STING pathway. UVB and UVC are well known to
oxidize guanine to generate 8-hydroxydeoxyguanosine (8-
OHdG). Interestingly, Gehrke et al showed that oxidized
DNA is more resistant to the 3–50 repair exonuclease 1
(TREX-1)–mediated degradation, resulting in increased
type I IFN production in TREX-1–deficient cells (33). In
addition, it has been previously demonstrated that 8-
OHdG is readily detected in the skin lesions of lupus
patients as well as in the UV-irradiated skin of healthy
individuals (33,34). Our observation that STING-
knockout mice have markedly reduced levels of ISGs in
response to UVB irradiation suggests that oxidation of
DNA by UVB irradiation, with sequential activation of
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cyclic GMP-AMP cyclase and STING (35), is a key path-
way in initiation of type I IFN production in normal skin.
However, other pathways contributing to nucleic acid
sensing and production of inflammatory cytokines such as
TLR-3 (26) may also be involved.

In summary, we identified a novel role for a
STING-dependent low-dose type I IFN response in pro-
tection against UVB irradiation–induced inflammation
and tissue damage. Inflammatory monocytes, as opposed
to PDCs, were required for type I IFN responses. Given
the heightened sensitivity of lupus patients to UVB expo-
sure–induced skin damage, further studies are needed to
assess whether the initial type I IFN pathway is altered in
lupus patients and whether autoantibody binding to cell
death antigens to generate ICs that activate FcgRIIa on
PDCs overwhelms regulatory processes and leads to
uncontrolled type I IFN production.
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Clinical Images: Hematoidin in synovial fluid

The patient, a middle-aged man who worked as a manual laborer, presented with chronic prepatellar bursitis that had suddenly
became inflamed. A sample of hemorrhagic synovial fluid (SF) was obtained and was found to be culture-positive for Staphylococ-
cus aureus. The sample was analyzed by ordinary and polarized light microscopy as part of our routine clinical evaluation (1). Of
note, large parallelepiped brown-red crystals were observed by ordinary light microscopy (A–C) (original magnification 3 600 in A
and C; 3 1,000 in B), often phagocytosed by leukocytes. Under uncompensated polarized light the crystals appeared yellow or apple
green (D) (original magnification 3 600), and positive elongation was demonstrated with a red compensator. Based on these fea-
tures, the crystals were identified as hematoidin. Hematoidin crystals are erythrocyte-derived products (a reduction product of bili-
verdin) that are seldom recognized in SF. They appear mainly in hemorrhagic or serohematic samples as occurred in this case; the
patient had developed chronic prepatellar bursitis due to repeated knee trauma while working. Although the hematoidin crystals in
our patient were found to be phagocytosed by leukocytes, no deleterious effect in the joints is presumed (2). Despite its rarity,
awareness of this type of crystal remains essential for avoiding misdiagnosis when assessing SF for crystals in clinical practice.
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Objective. To compare the efficacy of abatacept
to that of placebo for the treatment of giant cell arteri-
tis (GCA).

Methods. In this multicenter trial, patients with
newly diagnosed or relapsing GCA were treated with
abatacept 10 mg/kg intravenously on days 1, 15, and
29 and week 8, together with prednisone administered
daily. At week 12, patients in remission underwent a
double-blinded randomization to continue to receive
abatacept monthly or switch to placebo. Patients in
both study arms received a standardized prednisone
taper, with discontinuation of prednisone at week 28.
All patients remained on their randomized assignment
until meeting criteria for early termination or until

12 months after enrollment of the last patient. The pri-
mary end point was duration of remission (relapse-free
survival rate).

Results. Forty-nine eligible patients with GCA
were enrolled and treated with prednisone and abatacept;
of these, 41 reached the week 12 randomization and
underwent a blinded randomization to receive abatac-
ept or placebo. Prednisone was tapered using a stan-
dardized schedule, reaching a daily dosage of 20 mg at
week 12 with discontinuation in all patients at week 28.
The relapse-free survival rate at 12 months was 48% for
those receiving abatacept and 31% for those receiving
placebo (P 5 0.049). A longer median duration of remis-
sion was seen in those receiving abatacept compared to
those receiving placebo (median duration 9.9 months
versus 3.9 months; P 5 0.023). There was no differenceClinicalTrials.gov identifier: NCT00556439.
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in the frequency or severity of adverse events, including
infection, between the treatment arms.

Conclusion. In patients with GCA, the addition
of abatacept to a treatment regimen with prednisone
reduced the risk of relapse and was not associated
with a higher rate of toxicity compared to prednisone
alone.

Giant cell arteritis (GCA) is a chronic granulo-
matous vasculitic disease of unknown cause that prefer-
entially involves medium- and large-sized arteries, such
as the carotid arteries, aorta, and their major branches
(1–3). GCA typically affects individuals older than age
50 years and is the most common systemic vasculitis
seen in the Northern Hemisphere (4). Glucocorticoids
have been recognized as an effective treatment for
GCA, resulting in improvement in symptoms and pre-
vention of cranial ischemic complications, including
blindness (5,6). However, glucocorticoids are associated
with significant toxicity, particularly in the older patient
population affected by this disease (7). This morbidity
risk is further compounded by the occurrence of disease
relapse in at least 70% of patients, thereby necessitating
long-term therapy with glucocorticoids (8). It has there-
fore been a high priority and unmet need in GCA to
identify safer, effective therapeutic options beyond
glucocorticoids.

Although the cause of GCA remains unknown,
experimental data suggest that GCA is an antigen-driven
disease in which activated T lymphocytes, macrophages,
and dendritic cells play a critical role in the disease path-
ogenesis (9–12). Abatacept is composed of the ligand-
binding domain of CTLA-4 as well as a modified Fc
domain derived from IgG1. CTLA-4 binds to CD80 and
CD86 with a higher avidity than that to CD28, thereby
acting as a negative regulator of CD28-mediated T cell
costimulation. With CTLA-4 as a component, abatacept
blocks the engagement of CD28 with its ligand, thereby
inhibiting T cell activation (13–15). Abatacept is approved
by the US Food and Drug Administration for the treat-
ment of rheumatoid arthritis and juvenile idiopathic
arthritis, in which it has been found to have a low rate of
toxicity, with the main side effects being hypersensitivity
and infection, most commonly including upper respiratory
tract infections, bronchitis, and herpes zoster.

Based on the rationale that blockage of T cell
activation might impact disease pathogenesis in GCA,
together with the favorable toxicity profile that has been
seen with abatacept (16–18), a randomized trial was
conducted with the objectives of investigating the effi-
cacy and safety of abatacept in the treatment of GCA.

PATIENTS AND METHODS

Design overview. The protocol for this randomized
trial was written by 2 of the authors (CAL and PAM) in collab-
oration with the Steering Committee of the Vasculitis Clinical
Research Consortium and the Rare Diseases Clinical
Research Network Data Management and Coordinating Cen-
ter (DMCC) (additional protocol information can be found
at https://www.rarediseasesnetwork.org/cms/VCRC). The orig-
inal study protocol and all amendments were approved by an
independent Data and Safety Monitoring Board and by the
Institutional Review Board at each site. There were no signifi-
cant changes made to the study methods after trial commence-
ment. Research was carried out in compliance with the
Declaration of Helsinski, and all patients provided written
informed consent.

Setting and participants. The trial was conducted at
11 academic medical centers (additional study site participants
within the Vasculitis Clinical Research Consortium are listed
in Appendix A). Enrolled patients were individuals with newly
diagnosed or relapsing GCA who had active disease within the
prior 2 months. All patients met the American College of
Rheumatology modified classification criteria for GCA (19),
in which they were required to have 3 of the following 5 crite-
ria, with 1 of the 3 required criteria consisting of either the
fourth or the fifth criterion: 1) age at disease onset .50 years;
2) new onset or new type of localized pain in the head; 3)
erythrocyte sedimentation rate (ESR) .40 mm in the first
hour by the Westergren method; 4) a temporal artery abnor-
mality (i.e., temporal artery tenderness to palpation or
decreased pulsation, unrelated to arteriosclerosis of the cervi-
cal arteries); and 5) temporal artery or large vessel biopsy
showing vasculitis, characterized by a predominance of mono-
nuclear cell infiltration or granulomatous inflammation, usu-
ally with multinucleated giant cells or characteristic changes of
large vessel stenosis or aneurysm by arteriography. Exclusion
criteria included active infection (including chronic infection,
infection with the human immunodeficiency virus, hepatitis C
virus, hepatitis B virus, or tuberculosis), pregnancy, breast-
feeding, cytopenias, recent live vaccination, history of any
malignant neoplasm except basal or squamous cell carcinoma
of the skin or solid tumors adequately treated with curative
therapy and with absence of disease for at least 5 years, comor-
bidities that would increase the risk of study participation or
that required treatment with glucocorticoids, and prior therapy
with a biologic agent given within established time parameters.

Interventions. All eligible patients were treated with
abatacept (Bristol-Myers Squibb) at a dose of 10 mg/kg
(500 mg for ,60 kg body weight, 750 mg for 60–100 kg, and
1,000 mg for .100 kg) by intravenous infusion on days 1, 15,
and 29 and week 8, together with prednisone at a dosage of
40–60 mg/day followed by a standardized tapering schedule
(for more details, see Supplementary Table 1, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40044/abstract). At week 12, if they were in
remission, patients underwent a double-blinded randomization
to switch to placebo or to continue to receive abatacept given
every 4 weeks thereafter (Figure 1). At the time of randomiza-
tion, all patients were taking prednisone at 20 mg/day, with
tapering continuing after randomization such that patients in
both treatment arms discontinued prednisone treatment at
week 28. The need to increase the prednisone dosage for the
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treatment of GCA or to restart prednisone after discontinua-
tion was considered a relapse criterion.

In the absence of meeting criteria for early termina-
tion, abatacept or placebo was continued until a common clos-
ing date, which was 12 months after enrollment of the final
patient. Potential reasons for early termination included the
following: failure to experience remission by the week 12 visit,
disease relapse, pregnancy or breastfeeding, development of
malignancy with the exception of basal or squamous cell carci-
noma of the skin that had been completely excised, grade 4
toxicity, hypersensitivity reactions to abatacept, noncompli-
ance with study procedures, or discontinuation of treatment
when, in the medical judgment of the physician, it was deemed
in the best interests of the patient. Patients who experienced a
relapse discontinued their study drug and were treated
according to best medical judgment. Following discontinuation
of their study drug, patients were asked to return for posttreat-
ment visits at weeks 4, 12, and 24, after which time they were
considered off study.

Randomization and blinding. Randomization was
computer-generated by the DMCC in a 1:1 allocation that was
balanced by clinical site, utilizing randomly permuted blocks.
Patients and all study investigators were blinded with regard to
the randomized treatment assignment.

Assessment and follow-up of outcomes. The assess-
ment used to determine disease activity was obtained in a
standardized manner throughout the study. A clinical history,
physician examination, and laboratory tests were obtained
at each study visit. All patients without contraindications
underwent magnetic resonance imaging of the aorta and
branches at study entry. In patients found to have involvement
of the large vessels, this imaging was repeated at 6-month
intervals and at the time of early termination/common close.

The primary end point was duration of remission
(relapse-free survival rate). Remission was defined as the
absence of disease activity, and relapse was based on the

presence of disease activity. The determination of disease
activity was defined according to preestablished clinical and
imaging criteria, when these features were not attributable to
other causes. Clinical criteria included the following features:
a sustained fever of .388C for more than 1 week, vascular
pain/tenderness producing symptoms such as carotidynia,
scalp tenderness, or temporal artery abnormalities that were
present for .1 day and nonfleeting, headache that was present
for .1 day, nonfleeting, not fully relieved with nonnarcotic
analgesics, and not typical for any preexisting form of head-
aches experienced by the patient, ischemic retinopathy, optic
neuropathy, visual loss, tongue/jaw pain and/or claudication,
transient cerebral ischemia, stroke, extremity claudication, or
symptoms/signs attributed to GCA by the investigator that
necessitated reinstitution or an increased dosage of glucocorti-
coids. Musculoskeletal symptoms or fatigue/malaise could be
considered to be features of active disease if they occurred in
combination with an ESR of .40 mm in the first hour by the
Westergren method or a C-reactive protein (CRP) measure-
ment above the laboratory normal limit. An elevation in acute-
phase reactant levels was not considered indicative of disease
activity in the absence of clinically compatible disease manifes-
tations. Imaging features of active disease were the develop-
ment of new vascular stenosis or aneurysm in new vascular
territories, as seen by magnetic resonance, computed tomography,
or conventional dye arteriography. Determination of relapse
was assessed by both the site investigator and study principal
investigator during the blinded phase, and reaffirmed by the
study team following the end of the trial. No changes were
made to the outcome definitions during the course of the trial.

The secondary end point was toxicity. All adverse events
were graded according to the National Cancer Institute Common
Terminology Criteria for Adverse Events (details available at

Figure 1. Study diagram of the randomized trial of abatacept com-
pared to placebo in patients with giant cell arteritis.

Figure 2. Randomization assignment at week 12. All patients were
initially treated with abatacept and prednisone. At week 12, those in
remission underwent a blinded randomization at a 1:1 ratio to
receive placebo or to continue to receive abatacept. All randomized
patients were included in the intent-to-treat analysis.
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http://ctep.cancer.gov). Study visits and data collection occurred
at screening, at baseline, at each infusion of study drug, at early
termination/common close, and at the posttreatment visits.

Statistical analysis and sample size determination.
The 12-month relapse-free survival rate in patients with GCA
treated with prednisone was estimated to be 30%, based on prior
values reported in the literature (8). The planned sample size for
the trial of 30 randomized patients was based on an 80% proba-
bility of detecting a clinically meaningful difference between the
treatment arms, set as a 30% improvement in the relapse-free
survival rate and utilizing a one-sided alpha value of 0.1.

Kaplan-Meier curves of relapse-free survival were con-
structed, and differences in treatment arms were compared using
the log rank test. The analysis of the primary outcome was based
on intent-to-treat. The secondary study end point was toxic-
ity. Adverse events were recorded throughout the trial and
analyzed after randomization, with tabulation by treatment
arm. The frequency of occurrence of each event was com-
pared between the treatment groups by Fisher’s exact test.

Safety monitoring and guidelines for stopping treat-
ment. Conduct of the study was overseen by an independent
Data and Safety Monitoring Board and the Institutional
Review Board at each study site. Rules for halting new patient
accrual were established prior to trial initiation and consisted
of any deaths that were possibly, probably, or definitely related
to the study drug or any grade 4 toxicities that were probably
or definitely related to the study drug.

RESULTS

Patient population. There were 58 patients with
GCA who provided their written informed consent and
underwent protocol screening between February 2009
and January 2014 (a time point at which the study
enrollment goals were met) (Figure 2). Nine of the 58
patients were not eligible. Thus, 49 patients received the
study drug. Eight of these 49 patients were withdrawn
from the study, experienced a relapse, or were not in
remission at week 12, resulting in a randomized study
population of 41 patients. The baseline clinical and
demographic features of the 41 randomized patients are
listed in Table 1. Thirty-two patients had undergone a
temporal artery biopsy, with the results being positive in
25 patients.

Twenty patients were randomized to receive aba-
tacept and 21 to receive placebo. Thirty-four of the 41
patients met the end point of relapse or follow-up in
remission at week 64. The 7 patients who either volun-
tarily withdrew or who were withdrawn by the investiga-
tor prior to week 64 were included in the analysis, using
their status at the last available follow-up.

Table 1. Baseline demographic and clinical features of the 41 patients with giant cell arteritis (GCA)
randomized to receive abatacept or placebo*

Abatacept
(n 5 20)

Placebo
(n 5 21) P

Patient demographics
Age at enrollment, median (range) years 63.5 (57.3–80.1) 71.5 (54.3–86.6) 0.052
Age at diagnosis, median (range) years 62.4 (53.6–80.1) 70.5 (52.4–86.6) 0.043

Sex
Female 16 (80) 21 (100) 0.048
Male 4 (20) 0 (0) –

Diagnosis category at enrollment
Newly diagnosed 12 (60) 11 (52) 0.62
Relapsing 8 (40) 10 (48) –

Disease duration, median (range) years 0.15 (0–13.3) 0.31 (0–6.9) 0.77
Race

Asian 0 (0) 1 (5) 1.00
Black/African American 1 (5) 1 (5) –
White 19 (95) 19 (91) –

TA biopsy
Biopsy performed 15 (75) 17 (81) 0.72
Positive results (of those performed) 12 (80) 13 (77) 1.00

Vascular pain or tenderness 8 (40) 10 (48) 0.62
Headache 12 (60) 13 (62) 0.90
Ischemic retinopathy or visual loss 1 (5) 1 (5) 1.00
Tongue/jaw pain or claudication 10 (50) 9 (43) 0.65
Extremity claudication 3 (15) 6 (29) 0.45
Musculoskeletal symptoms 6 (30) 5 (24) 0.65
Malaise/fatigue 1 ESR/CRP elevation 7 (35) 10 (48) 0.41
New vascular stenosis or aneurysm 2 (10) 3 (14) 1.00
Other features attributed to GCA 5 (25) 3 (14) 0.45

* Except where indicated otherwise, values are the number (%) of patients. TA 5 temporal artery;
ESR 5 erythrocyte sedimentation rate; CRP 5 C-reactive protein.
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Of the 41 randomized patients, 7 voluntarily
withdrew or were withdrawn by the investigator prior to
week 64. These were included in the intent-to-treat

analysis, using their status at the last available follow-up.
Of these 7 patients, 3 were randomized to receive
abatacept; of the 3 patients, 1 voluntarily withdrew after
experiencing a relapse at 8 weeks after the last infusion,
1 was withdrawn by the site investigator because of
severe infection and experienced a relapse 6 weeks after
the last infusion, and 1 was withdrawn by the site investi-
gator and was in remission at last follow-up. Of the 4
patients randomized to receive placebo, 3 voluntarily
withdrew and all were in remission at last follow-up, and
1 patient was withdrawn because of malignancy and was
also in remission at last follow-up.

Efficacy assessments. In the intent-to-treat analy-
sis of the 41 randomized patients, the relapse-free survival
rate at 12 months was 48% for those receiving abatacept
and 31% for those receiving placebo (P 5 0.049) (Figure 3).
A longer median duration of remission was seen in
patients treated with abatacept (median duration 9.9
months) compared to those receiving placebo (median
duration 3.9 months; P 5 0.023).

Figure 3. Relapse-free survival rates following randomization.

Table 2. Disease features, laboratory findings, and treatment characteristics at the time of relapse in patients in each study
arm*

Study arm,
patient Disease feature at relapse

ESR,
mm/hour

CRP,
mg/dl

Prednisone
dosage at

relapse, mg/day

Last
infusion,

week

Abatacept
Patient 1 Headache, scalp pain, PMR, dizziness 14 0.2 0 28
Patient 2 Jaw/tongue claudication, hoarseness 35 39.9 0 24
Patient 3 Headache, PMR, malaise 43 9.9 0 28
Patient 4 Malaise 48 80.6 0 24
Patient 5 Headache, scalp pain 17 17.3 20 12
Patient 6 Headache, partial visual loss 8 1.2 0 28
Patient 7 Headache, diplopia, night sweats,

sensory neuropathy, malaise
10 0.3 10 52

Patient 8 PMR, arthralgias 49 32.4 3 20
Patient 9 PMR, arthralgias (occurred 6 weeks

after last infusion)
10 5.6 0 48

Patient 10 PMR, arthralgias, myalgias (occurred
8 weeks after last infusion)

14 3.0 0 28

Placebo
Patient 1 Headache, temporal artery

tenderness, jaw/tongue claudication
30 1.1 7 20

Patient 2 Headache, scalp pain, PMR 36 10.0 0 28
Patient 3 Headache, jaw/tongue claudication, malaise 66 71.3 0 24
Patient 4 Headache, PMR, arthralgia 33 6.0 1 24
Patient 5 Headache, temporal artery tenderness,

jaw/tongue claudication
44 10.0 0 64

Patient 6 Headache, scalp pain, PMR, malaise 36 3.0 0 24
Patient 7 Weight loss, fever, arthralgias, arthritis, malaise 14 0.2 20 12
Patient 8 Scalp pain, jaw/tongue claudication, PMR, malaise 75 29.2 0 24
Patient 9 Headache, PMR, arthralgias 40 0.8 0 36
Patient 10 PMR 31 27.8 0 32
Patient 11 Bilateral upper extremity claudication 17 11.8 9 16
Patient 12 PMR, arthralgias, fatigue, malaise 39 28.2 0 24
Patient 13 New large vessel stenosis 63 33.1 4 24
Patient 14 Headache, temporal artery tenderness,

jaw/tongue claudication
23 91.2 1 24

* ESR 5 erythrocyte sedimentation rate; CRP 5 C-reactive protein; PMR 5 polymyalgia rheumatica.
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A covariate analysis examining those variables
that were statistically significantly different between the
study treatment arms demonstrated that sex, age at
diagnosis, and age at enrollment did not impact the
study results.

The relapses that were observed during the trial
reflected typical characteristics of GCA (Table 2). Only
1 patient experienced a cranial ischemic complication at
relapse during the randomized treatment period, with
partial vision loss assumed to be secondary to GCA that
resolved with reinstitution of glucocorticoids. Another
patient experienced a branch retinal artery occlusion
attributed to active GCA, but this occurred during the
posttreatment follow-up period 5 months after stopping
abatacept and while being managed according to best
medical judgment. An elevation in the ESR and/or CRP
levels above the normal range was seen in the majority
of patients who experienced relapse.

Of the 17 patients who remained in remission (10
receiving abatacept and 7 receiving placebo), 3 declined
to return for posttreatment visits. The other 14 patients
all remained in remission during the extended follow-up
period, of whom 4 were in remission through posttreat-
ment week 12 and 10 were in remission through post-
treatment week 24 (see Supplementary Table 2, available
on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40044/abstract). For

those who reached the common close date while in
remission, the total duration of study treatment ranged
from 64 weeks to 304 weeks.

A prespecified subset analysis was performed on
the population of 34 patients who relapsed or were in
remission at week 64, in which the difference between
treatment arms became larger. The relapse-free survival
rate at 12 months in this subset of patients was 52.9%
for those receiving abatacept and 23.5% for those
receiving placebo (P 5 0.014).

Adverse events. Overall, 129 adverse events
occurred in 35 patients, including 23 serious adverse
events in 15 patients. There was no difference in the fre-
quency or severity of adverse events between the treat-
ment arms, including the rate of infection or the rate of
serious adverse events (Table 3). No deaths occurred
during the study.

A total of 33 infections were reported during the
trial in 20 patients. Twenty-nine infections occurred in
the randomized population, with 4 occurring in patients
who did not undergo randomization. There was no sta-
tistically significant difference in the frequency of infec-
tions between the 2 treatment arms. Two infections
required hospitalization and were reported as serious
adverse events. Among the randomized patients, 6 infec-
tions in 4 patients occurred within the first 12 weeks. All
4 infections that occurred in the nonrandomized patients

Table 3. Serious adverse events during the study*

Nonrandomized
(n 5 8)

Abatacept
(n 5 20)

Placebo
(n 5 21)

Diarrhea (3 months after abatacept) 1 – –
Syncope, melena (3 months after abatacept) 1 – –
Urinary tract infection (4 months after abatacept) 1 – –
Deep venous thrombosis (6 months after abatacept) 1 – –
Anticoagulation hematoma (6 months after abatacept) 1 – –
Herpes zoster – 1 –
Squamous cell carcinoma skin – – 1
Diarrhea/dehydration – 1 –
Diverticulitis – 1 –
Hyperglycemia – – 1
Spinal surgery – – 1
Syncope – – 1
Branch retinal artery occlusion – 1 –
Partial vision loss – 1 –
Retinal detachment – 1 –
Narcotic withdrawal – – 1
Chronic obstructive pulmonary disease – – 1
Dyspnea – – 1
Transitional cell carcinoma – 1 –
Endometrial carcinoma – 1 –
Urine electrolyte disturbance – – 1
Knee replacement – 1 –
Deep venous thrombosis after knee replacement – 1 –

* Values are the number of serious adverse events (summary of 23 events in 15 patients). None of the
P values were significant between the groups.
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developed after discontinuation of abatacept, with 2
occurring within 3 months of the last drug administration
and 2 occurring more than 3 months after the last
administration.

Of the 49 treated patients, 3 developed malig-
nancies during the study period. These malignancies
included a papillary urothelial transitional cell carci-
noma in 1 patient randomized to receive abatacept who
received the last dose of study drug at week 76, an endo-
metrial carcinoma in 1 patient randomized to receive
abatacept who received the last dose of study drug at
week 96, and a skin squamous cell carcinoma treated
with radiation therapy in a patient randomized to receive
placebo.

DISCUSSION

Since the 1950s, glucocorticoids have represented
the foundation of treatment for GCA. Although
effective, glucocorticoids are associated with substantial
toxicity, and relapse of vasculitis occurs in a high per-
centage of patients. Identifying other effective treatment
options that may lessen the risk of relapse in GCA has
been the goal of a number of previous well-designed
studies (8,20–24). Although methotrexate has arguably
shown the greatest benefit, it has, at most, a modest
effect in GCA (8,20,23,24). Abatacept represents an
attractive agent to investigate in the treatment of
patients with GCA because of the drug’s favorable
safety profile and because of the mechanism of action
modulating T cell activation that was hypothesized to
play a role in the pathophysiology of GCA.

In this randomized withdrawal-design trial,
patients who achieved remission and were randomized
to continue to receive abatacept had a significantly
higher rate of relapse-free survival compared to those
who were randomized to receive placebo, providing sup-
portive evidence of the efficacy of abatacept in this study
population. This difference between groups is clinically
meaningful in patients with GCA, corresponding to a
prolonged duration of remission, during which time
they are not exposed to glucocorticoids and the poten-
tial toxicity of glucocorticoids that may impact quality of
life. These findings are particularly impactful given the
older patient population affected by this disease, which
is the most common form of primary systemic vasculitis.

In seeking to identify a less toxic treatment
option in GCA, the safety of abatacept was an important
aspect of this study. High-dose prednisone is associated
with significant side effects, and one concern was
whether the addition of abatacept would increase the
risk of infection or other side effects. The results of the

comparative analysis between study arms indicated no
difference in the type or severity of adverse events seen
between those randomized to receive abatacept and
those who received placebo. There was also no signal
suggestive of enhanced toxicity during the first 12 weeks,
when all patients concurrently received combined treat-
ment with high-dose glucocorticoids and abatacept.

Since a standardized prednisone taper was
applied to both treatment arms and since all patients
had reached a prednisone dosage of 20 mg/day at the
time of randomization and had discontinued prednisone
at week 28, there was by definition no difference in
prednisone dosage or duration between the study arms.
This schedule was similar to those previously utilized in
clinical trials of GCA, and it allowed sufficient time
before the primary end point analysis to assess the
impact of the study drug without prednisone.

A number of factors strengthen these results.
This trial was conducted by clinician investigators expe-
rienced in the care of patients with GCA and clinical tri-
als, which provided an enhanced ability to evaluate
parameters of disease activity as well as monitor for tox-
icity in these older patients. The choice of a double-
blind, randomized, withdrawal design was attractive for
several reasons. Because there had been no prior experi-
ence with abatacept in GCA or the use of abatacept
combined with high-dose prednisone, this design, in
which all patients initially received abatacept with high-
dose prednisone, provided an ideal opportunity to gain
initial efficacy data and to assess safety that would be
relevant to clinical practice.

This study has some limitations to consider. One
of the greatest investigational and clinical challenges in
GCA is that there remains no definitive indicator for
disease activity, and assessment of remission and relapse
is based on clinical and imaging parameters. The defini-
tions of disease activity used in this trial were pre-
specified within the protocol and required a higher
burden of evidence for those features that were the
most subjective. Moreover, the definitions that were
used were based on those that are applied by practicing
physicians and utilized parameters commonly assessed
in the routine care of patients. Review of the disease
characteristics of all relapses were adjudicated by both
the site investigator and study principal investigator dur-
ing the blinded phase and by the study team following
the end of the trial, with no changes in outcome assess-
ment being made after unblinding. The features of
active disease at the time of relapses were convincing in
both treatment arms, and provide strong support for the
method of assessment of remission/active disease used
in this study.
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Despite the small sample size, the difference in
relapse-free survival rates between treatment arms was
statistically and clinically significant. In addition, a bene-
fit associated with abatacept exceeding the clinically
meaningful difference predefined in the study design
was found in a secondary analysis of patients who expe-
rienced relapse or those who were in remission at 64
weeks, further strengthening these findings.

Although the small sample size could also poten-
tially impact the role of confounding variables within
the study, the influence of individual GCA characteris-
tics on treatment response remains unclear. The study
was not powered to demonstrate differences between
specific features, such that any findings from the analysis
of individual variables could be inaccurate and mislead-
ing. The planned design to look for a large difference
between study arms that was felt to be clinically meaningful
diminishes the impact that any unknown confounding
variables could have had on the study findings.

This study also provides useful insights into the
currently available measures of disease activity in GCA.
ESR and CRP levels are commonly used biomarkers in
GCA, but a rise in these markers did not accompany
every relapse, including in the setting of otherwise-
compelling features of disease activity, an observation
previously noted (25). These observations reflect the
need for ongoing investigation of clinical, laboratory,
and imaging biomarkers as well as patient-reported out-
comes to better assess disease activity in GCA (26,27).

Although reduction in relapse would hopefully
result in a reduction of overall medication-related mor-
bidity, this trial does not allow conclusions to be drawn as
to whether abatacept reduces the risk of glucocorticoid-
related toxicity in GCA. It is also important to recog-
nize that abatacept was used as an adjunctive treatment
with standard prednisone in this trial, and no conclu-
sions should be reached regarding the effect of abata-
cept for the treatment of active GCA independent of
glucocorticoids.

The ongoing development of novel agents that
target specific immunologic components will continue
to provide exciting opportunities for novel therapies in
GCA. Tocilizumab, an interleukin-6 receptor blocker,
has also been proposed as an adjunctive treatment for
GCA (28,29), including in a phase III trial currently
underway (30). Every agent possesses a unique side-
effect profile that may make it contraindicated for cer-
tain patients. Continuing to investigate promising thera-
peutic options in GCA remains vitally important.

In conclusion, this study demonstrated that treat-
ment of GCA with abatacept combined with glucocorti-
coids results in a longer duration of relapse-free survival

than does treatment with prednisone alone, and is well
tolerated. In the older patient population impacted by
GCA, this potential for a glucocorticoid-sparing option
is clinically important and meaningful.
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Objective. To compare the efficacy of abatacept to
that of placebo for the treatment of Takayasu arteritis
(TAK).

Methods. In this multicenter trial, patients with

newly diagnosed or relapsing TAK were treated with

abatacept 10 mg/kg intravenously on days 1, 15, and 29

and week 8, together with prednisone administered

daily. At week 12, patients in remission underwent a

double-blinded randomization to continue to receive

abatacept monthly or switch to placebo. Patients in

both study arms received a standardized prednisone

taper, reaching a dosage of 20 mg daily at week 12, with

discontinuation of prednisone at week 28. All patients

remained on their randomized assignment until meet-

ing criteria for early termination or until 12 months

after enrollment of the last patient. The primary end
point was duration of remission (relapse-free survival).

Results. Thirty-four eligible patients with TAK
were enrolled and treated with prednisone and abata-
cept; of these, 26 reached the week 12 randomization
and underwent a blinded randomization to receive
either abatacept or placebo. The relapse-free survival
rate at 12 months was 22% for those receiving abatacept
and 40% for those receiving placebo (P 5 0.853). Treat-
ment with abatacept in patients with TAK enrolled in
this study was not associated with a longer median
duration of remission (median duration 5.5 months for
abatacept versus 5.7 months for placebo). There was no
difference in the frequency or severity of adverse events,
including infection, between the treatment arms.

Conclusion. In patients with TAK, the addition
of abatacept to a treatment regimen with prednisone
did not reduce the risk of relapse.
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Takayasu arteritis (TAK) is a vasculitic disease of
unknown cause that preferentially affects the aorta, its
major branches, and the pulmonary arteries, resulting in
vascular stenoses/occlusions or aneurysms (1–9). TAK is
most commonly diagnosed between the ages of 18 and 40
years and occurs predominantly in women. Glucocorticoids
have been the foundation of treatment in TAK, as they
improve systemic symptoms and, in some studies, have
been found to improve blood flow through narrowed ves-
sels (1,10,11). However, despite treatment with glucocorti-
coids, not all patients achieve remission, and sustained
remissions are seen in only 28–50% of patients (1,9).

Because of these concerns and the substantial
morbidity associated with glucocorticoids, other immu-
nosuppressive agents are frequently prescribed in TAK
(12–19). However, the use of such adjunctive agents
with glucocorticoids has been based solely on the obser-
vations from retrospective studies or small open-label
trials. Since TAK is a rare disease, with an estimated
incidence in the US of 2.6 cases per million per year (2),
conducting randomized trials is difficult. Therefore, it
has been a high priority and unmet need in TAK to
identify a safer, effective therapeutic option beyond glu-
cocorticoids through the conduct of a randomized ther-
apeutic trial in this disease.

The cause of TAK remains unknown, but laboratory-
based data support a critical role of activated T cells in dis-
ease pathogenesis (20). Studies of aortic tissue from patients
with TAK have demonstrated that the infiltrating cells con-
sist mainly of activated T cells (21–24) and dendritic cells
in the adventitia (25). Increased expression of T cell
costimulatory molecules has also been found in vascular cells
and infiltrating cells at sites of inflammation in TAK (23).
Abatacept is composed of the ligand-binding domain of
CTLA-4 as well as a modified Fc domain derived from IgG1.
CTLA-4 binds to CD80 and CD86 with a higher avidity than
that to CD28, thereby acting as a negative regulator of
CD28-mediated T cell costimulation. With CTLA-4 as one
of its components, abatacept blocks the engagement of
CD28 with its ligand and inhibits T cell activation (26–28).
Abatacept is approved by the US Food and Drug Adminis-
tration for the treatment of rheumatoid arthritis and juvenile
idiopathic arthritis and has a low reported rate of toxicity,
with the main side effects being hypersensitivity and infec-
tion, most commonly including upper respiratory tract infec-
tions, bronchitis, and herpes zoster.

Based on the rationale that blockage of T cell acti-
vation might impact disease pathogenesis in TAK, together
with the favorable toxicity profile that has been seen with
abatacept (29–31), a randomized trial was designed and
conducted with the objectives of investigating the efficacy
and safety of abatacept in the treatment of TAK.

PATIENTS AND METHODS

Design overview. The protocol for this randomized trial
was written by 2 of the authors (CAL and PAM) in collaboration
with the Steering Committee of the Vasculitis Clinical Research
Consortium and the Rare Diseases Clinical Research Network
Data Management and Coordinating Center (DMCC) (addi-
tional protocol information can be found at https://www.
rarediseasesnetwork.org/cms/VCRC). The original study protocol
and all amendments were approved by an independent Data and
Safety Monitoring Board and by the Institutional Review Board
at each site. There were no significant changes made to the study
methods after trial commencement. Research was carried out in
compliance with the Declaration of Helsinki, and all patients pro-
vided written informed consent.

Setting and participants. The trial was conducted at 11
academic medical centers (additional study site participants within
the Vasculitis Clinical Research Consortium are listed in Appendix
A). Enrolled patients were individuals with newly diagnosed or
relapsing TAK who had active disease within the prior 2 months.
All patients met the American College of Rheumatology modified
classification criteria for TAK (32), which included the presence of
arteriographic abnormalities compatible with TAK, as determined
by conventional dye angiography, magnetic resonance angiography,
or computed tomography angiography, as well as at least 1 of the fol-
lowing features: 1) age at disease onset ,50 years, 2) claudication of
extremities, 3) decreased brachial artery pulse (in 1 or both arteries),
4) blood pressure difference of .10 mm Hg between the arms, and
5) bruit over the subclavian arteries or aorta. Exclusion criteria
included active infection (including chronic infection, infection with
the human immunodeficiency virus, hepatitis C virus, hepatitis B
virus, or tuberculosis), pregnancy, breastfeeding, cytopenias, recent
vaccination with a live agent, history of any malignant neoplasm
except basal or squamous cell carcinoma of the skin or solid tumors
adequately treated with curative therapy and with absence of disease
for at least 5 years, comorbidities that would increase the risk of
study participation or that required treatment with glucocorticoids,
and prior therapy with a biologic agent given within established time
parameters (including infliximab within the past 49 days, adalimu-
mab within the past 28 days, etanercept within the past 21 days, or
rituximab either within the past 12 months or for .12 months in
cases where there was continued B lymphocyte depletion).

Interventions. All eligible patients were treated with
abatacept (Bristol-Myers Squibb) at a dose of 10 mg/kg (500 mg
for ,60 kg body weight, 750 mg for 60–100 kg, and 1,000 mg for
.100 kg) by intravenous infusion on days 1, 15, and 29 and week
8, together with prednisone at a dosage of 40–60 mg/day that was
followed by a standardized tapering schedule (see details in Sup-
plementary Table 1, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.40037/
abstract). No other concurrent immunosuppressive agents were
permitted during the trial. At week 12, if they were in remission,
patients underwent a double-blinded randomization to switch to
placebo or to continue to receive abatacept given every 4 weeks
thereafter (Figure 1). At the time of randomization, all patients
were taking prednisone at 20 mg/day, with tapering continuing
after randomization such that patients in both treatment arms dis-
continued treatment with prednisone at week 28. The need to
increase the prednisone dosage, or to restart prednisone after dis-
continuation, for the treatment of TAK was considered a relapse
criterion.

In the absence of meeting criteria for early termination,
abatacept or placebo was continued until a common closing date,
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which was 12 months after enrollment of the final patient. Poten-
tial reasons for early termination included the following: failure to
experience remission by the week 12 visit, disease relapse, preg-
nancy or breastfeeding, development of malignancy with the
exception of basal or squamous cell carcinoma of the skin that has
been completely excised, grade 4 toxicity, hypersensitivity reac-
tions to abatacept, noncompliance with study procedures, or dis-
continuation of treatment when, in the medical judgment of the
physician, it was deemed in the best interests of the patient.
Patients who experienced a relapse discontinued their study drug
and were treated according to best medical judgment. Following
discontinuation of their study drug, patients were asked to return
for posttreatment visits at weeks 4, 12, and 24, after which time
they were considered off study.

Randomization and blinding. Randomization was
computer-generated by the DMCC in a 1:1 allocation that was
balanced by clinical site, utilizing randomly permuted blocks.
Patients and all study investigators were blinded with regard to
the randomized treatment assignment.

Assessment and follow-up of outcomes. The assessment
used to determine disease activity was obtained in a standardized
manner throughout the study. A clinical history, physician exami-
nation, and laboratory tests were obtained at each study visit. All
patients without contraindications underwent magnetic resonance
imaging of the aorta and branches at study entry and at the week
12 randomization. Imaging of the large vessels was then per-
formed regularly at 6-month intervals and at the time of early
termination/common close.

The primary end point was duration of remission
(relapse-free survival). Remission and relapse were based on the
absence and presence of disease activity, respectively. The deter-
mination of disease activity was defined according to pre-
established clinical and imaging criteria, when these features were
not attributable to other causes. Clinical criteria included the fol-
lowing: a sustained fever of .388C for more than 1 week, vascular
pain/tenderness producing symptoms such as carotidynia, scalp
tenderness, or temporal artery abnormalities that were present for

.1 day and nonfleeting, headache that was present for .1 day,
nonfleeting, not fully relieved with nonopioid analgesics, and not
typical for any preexisting form of headaches that may have been
experienced by the patient, ischemic retinopathy, optic neuropa-
thy, visual loss, tongue/jaw pain and/or claudication, transient
cerebral ischemia, stroke, extremity claudication, or symptoms/
signs attributed to TAK by the investigator that necessitated
reinstitution or increase in glucocorticoids. Musculoskeletal symp-
toms or fatigue/malaise could be considered to be features of
active disease if they occurred in combination with an erythrocyte
sedimentation rate (ESR) of .40 mm in the first hour by the
Westergren method or a C-reactive protein (CRP) measurement
above the laboratory normal limit. An elevation in acute-phase
reactant levels was not considered indicative of disease activity
in the absence of clinically compatible disease manifestations.
Imaging features of active disease were the development of new
vascular stenosis or aneurysm in new vascular territories, as seen
by magnetic resonance, computed tomography, or conventional
dye arteriography. Determination of relapse was assessed by both
the site investigator and study principal investigator during the
blinded phase and reaffirmed by the study team following the end
of the trial. No changes were made to the outcome definitions dur-
ing the course of the trial.

The secondary end point was toxicity. All adverse
events were graded according to the National Cancer Institute
Common Terminology Criteria for Adverse Events (details
available at http://ctep.cancer.gov). Study visits and data col-
lection occurred at screening, at baseline, at each infusion of
study drug, at early termination/common close, and at the
posttreatment visits.

Statistical analysis and sample size determination. The
12-month relapse-free survival rate in patients with TAK treated
with prednisone was estimated to be 30% based on previously
reported values in the literature (9). The planned sample size for
the trial of 30 randomized patients was based on an 80% probabil-
ity of detecting a clinically meaningful difference between treat-
ment arms, set as a 30% improvement in the relapse-free survival
rate and utilizing a one-sided alpha value of 0.1.

Kaplan-Meier curves of relapse-free survival were con-
structed, and differences in treatment arms were compared using
the log rank test. The analysis of the primary outcome was based
on intent-to-treat. The secondary study end point was toxicity.
Adverse events were recorded throughout the trial and analyzed
after randomization with tabulation by treatment arm. The fre-
quency of occurrence of each event was compared for treatment
differences by Fisher’s exact test.

Safety monitoring and guidelines for stopping treat-
ment. Conduct of the study was overseen by an independent
Data and Safety Monitoring Board and the Institutional Review
Board at each study site. Rules for halting new patient accrual
were established prior to trial initiation and consisted of any
deaths that were possibly, probably, or definitely related to the
study drug or any grade 4 toxicities that were probably or defi-
nitely related to the study drug.

RESULTS

Patient population. There were 39 patients with
TAK who provided their written informed consent and
underwent protocol screening between February 2009 and
January 2014 (at the determined end date of the study)

Figure 1. Study diagram of the randomized trial of abatacept com-
pared to placebo in patients with Takayasu arteritis.

848 LANGFORD ET AL

http://ctep.cancer.gov


(Figure 2). Five of the 39 patients were not eligible, as they
chose to not proceed further within the study; 34 patients
received the study drug. Eight of these 34 patients withdrew
from the study, had a disease relapse, or did not achieve
remission by week 12, resulting in a randomized study pop-
ulation of 26 patients. The baseline clinical and demo-
graphic features of the 26 randomized patients are listed in
Table 1. There was no difference in baseline characteristics
between the study arms. Twenty-two of the 26 randomized
patients were enrolled at the time of a relapse. The 4 newly
diagnosed patients were randomized to the placebo arm.
There was no statistically significant difference in the prior
use of nonglucocorticoid immunosuppressive medications
between patients in the 2 treatment groups (Table 1).

Of the 26 patients, 11 were randomized to receive
abatacept and 15 to receive placebo. Twenty-five patients
met the end point of relapse or sustained remission at week
64. One patient randomized to receive abatacept was with-
drawn by the investigator prior to week 64, for a comorbid-
ity that required the long-term use of prednisone. This
patient was included in the intent-to-treat analysis and was
in remission at the last available follow-up.

Efficacy assessments. In the intent-to-treat analy-
sis of the 26 randomized patients, the relapse-free survival
rate at 12 months was 22% for those receiving abatacept
and 40% for those receiving placebo (P 5 0.853) (Figure
3). There was no difference in the median duration of
remission among those who received abatacept (5.5

months) compared to those who received placebo (5.7
months; P 5 0.125).

The relapses observed during the trial reflected typ-
ical characteristics of TAK and consisted of vascular and
constitutional features (Table 2). Three patients, all of
whom were randomized to receive placebo, met radio-
graphic end points with development of a new vascular
lesion in a previously unaffected territory. Elevations of the

Figure 2. Randomization assignment at week 12. All patients were
initially treated with abatacept and prednisone. At week 12, those in
remission underwent a blinded randomization at a 1:1 ratio to
receive placebo or to continue to receive abatacept. All randomized
patients were included in the intent-to-treat analysis.

Table 1. Baseline demographic and clinical features of the 26
patients with Takayasu arteritis (TAK) randomized to receive abata-
cept or placebo*

Abatacept
(n 5 11)

Placebo
(n 5 15)

Patient demographics
Age at enrollment,

median (range) years
30.2

(18.9–58.9)
28.6

(19.5–57.0)
Age at diagnosis,

median (range) years
25.1

(16.9–52.2)
28.5

(15.9–56.9)
Sex

Female 9 (82) 13 (87)
Male 2 (18) 2 (13)

Diagnosis category at enrollment
Newly diagnosed 0 (0) 4 (27)
Relapsing 11 (100) 11 (73)

Disease duration, median
(range) years

5.1 (0.4–19.0) 0.91 (0–17.0)

Race
Asian 1 (9) 3 (20)
Black or African American 1 (9) 0 (0)
White 8 (73) 12 (80)
Unknown/not reported 1 (9) 0 (0)

Active disease characteristics
at enrollment
Sustained fever of

.388C for .1 week
0 (0) 1 (7)

Vascular pain or tenderness 2 (18) 3 (20)
Headache 2 (18) 3 (20)
Ischemic retinopathy or visual loss 0 (0) 1 (7)
Tongue/jaw pain or claudication 1 (9) 1 (7)
Extremity claudication 5 (46) 9 (60)
Musculoskeletal symptoms 4 (36) 5 (33)
Malaise/fatigue 1 ESR

.40 mm/hour
6 (55) 6 (40)

New vascular stenosis
or aneurysm

4 (36) 7 (47)

Other features attributed to TAK 1 (9) 3 (20)
Prior nonglucocorticoid

immunosuppressive treatment
Adalimumab 2 (18) 2 (13)
Azathioprine 2 (18) 3 (20)
Cyclosporine 1 (9) 1 (7)
Cyclophosphamide daily 0 (0) 1 (7)
Cyclophosphamide intravenous 1 (9) 0 (0)
Etanercept 0 (0) 2 (13)
Infliximab 4 (36) 1 (7)
Leflunomide 1 (9) 0 (0)
Methotrexate 9 (82) 8 (53)
Mycophenolate 2 (18) 2 (13)
Tacrolimus 0 (0) 1 (7)

* Except where indicated otherwise, values are the number (%) of
patients. No significant differences were seen between the groups.
ESR 5 erythrocyte sedimentation rate.
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ESR and/or CRP levels above the normal range were seen
in all patients who experienced a relapse.

Of the 8 patients who remained in remission (3 in
the abatacept group and 5 in the placebo group), 2 declined
to return for posttreatment visits (see Supplementary Table
2, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.40037/abstract).
One patient who had received abatacept had a relapse 12
weeks after the common close date. The remaining 5
patients all remained in remission during the extended
follow-up period through posttreatment week 24.

A prespecified subset analysis was performed on the
population of patients who relapsed or were in remission at
week 64. Among this group of 25 patients, no difference
between the study treatment arms was seen (P 5 0.873).

Adverse events. Overall, 114 adverse events
occurred in 28 patients who received the study drug, includ-
ing 24 serious adverse events in 15 patients. There was no
difference in the frequency or severity of adverse events
between the treatment arms, including the rate of infection
or the rate of serious adverse events (Table 3). Five of the
serious adverse events occurred before week 12. One
patient randomized to receive abatacept was hospitalized 6
times for chest pain, which was determined on each occa-
sion to be noncardiac and nonvascular in origin. No deaths
occurred during the study.

A total of 51 infections in 19 patients was reported
during the trial, with 7 of the infections requiring hospitali-
zation (see Supplementary Table 3, available on the Arthri-
tis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40037/abstract). Eleven infections in 8
patients occurred within the first 12 weeks, of which 2 were
serious adverse events. Except for 2 infections that
occurred in patients who did not undergo randomization,
the remaining 49 infections developed in the randomized
study population. Of these 49 infections, 13 occurred in
patients in the abatacept study arm, with the remaining 36
developing in those who were randomized to receive

Figure 3. Relapse-free survival rates following randomization.

Table 2. Disease features, laboratory findings, and treatment characteristics at the time of relapse in patients
in each study arm*

Study arm,
patient Disease feature at relapse

ESR,
mm/hour

CRP,
mg/dl

Prednisone
dosage at

relapse, mg/day
Last infusion,

week

Abatacept
Patient 1 Leg extremity claudication, malaise 74 9.5 15 12
Patient 2 Arthralgias, malaise 92 90.9 0 60
Patient 3 Arthralgias, skin lesions 52 12.3 4 20
Patient 4 Arthralgias, erythema nodosum 98 99.2 0 32
Patient 5 Leg claudication, headache, malaise 30 116.0 9 20
Patient 6 Carotidynia, jaw/tongue claudication,

leg claudication
41 20.7 15 12

Patient 7 Arthralgias, malaise, fatigue, myalgias 44 60.1 12.5 16
Patient 8 Carotidynia, fatigue, malaise 25 33.6 0 44

Placebo
Patient 1 Vascular back pain 76 9.6 7 20
Patient 2 New vascular stenosis 53 3.2 0 36
Patient 3 Arthralgias, malaise, myalgias 43 50.8 0 84
Patient 4 Headache, scalp pain, arthralgias,

arthritis, artery pain, malaise
33 2.6 0 28

Patient 5 Pericarditis, myalgias, malaise 50 1.6 0 32
Patient 6 New vascular stenosis 31 20.9 0 32
Patient 7 Headache, carotidynia 80 69.8 0 32
Patient 8 Jaw/tongue claudication, blurred vision,

dizziness
ND ND 6 24

Patient 9 Leg claudication, arthralgias, mesenteric
ischemia, melena, malaise

30 15.4 1 24

Patient 10 New vascular stenosis, venous thrombosis 129 9.2 0 44

* ESR 5 erythrocyte sedimentation rate; CRP 5 C-reactive protein; ND 5 not done.
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placebo. There was no statistically significant difference in
the frequency of infections between the treatment arms.
The total number of infections was strongly influenced by
the presence of multiple infections in some patients. Three
patients in the placebo arm had $5 infections, which
largely consisted of recurrent infections of the upper air-
ways and urinary tract. Of the 34 treated patients, 1 devel-
oped a malignancy during the study period, which was a
breast carcinoma diagnosed shortly after the day 29 aba-
tacept infusion.

DISCUSSION

In this trial, patients with TAK who achieved remis-
sion and were randomized to continue abatacept had a sta-
tistically similar rate of relapse-free survival compared to
those who were randomized to receive placebo. Because a
standardized prednisone taper was applied to patients in
both treatment arms, there was, by definition, no difference
in the total prednisone dosage or duration between the
study arms. Although the study results unfortunately did
not provide supportive evidence of the efficacy of abatacept
in this TAK study population, this is the first randomized

controlled trial ever conducted in patients with TAK and
provides many important insights with regard to the con-
duct of clinical trials in this disease and raises intriguing
questions and future directions for research into this
disease.

Safety was an important secondary end point of this
study. Utilizing a study design in which all patients initially
received abatacept in conjunction with high-dose predni-
sone provided the opportunity both to gain initial efficacy
data and to assess the safety of abatacept, particularly with
regard to whether there was any increased risk of infection
or other side effects. In comparing the 2 study arms, there
was no difference in the type or severity of adverse events
seen between those randomized to receive abatacept and
those randomized to receive placebo. Moreover, there was
no suggestion of a high frequency of infection during the
first 12 weeks. Interestingly, a higher overall number of
infections occurred in patients randomized to receive pla-
cebo as compared to those receiving abatacept. In
reviewing the pattern of these infections, we found that this
frequency was heavily influenced by a small number of
patients who had recurrent upper airway and urinary infec-
tions. These infections can occur commonly in young
patients and are likely reflective of the population affected
by TAK.

This trial has several important strengths. The study
was conducted by clinician investigators who are experi-
enced in the care of patients with TAK and in the evalu-
ation of such patients in research studies. Assessing disease
activity in TAK is challenging and there are no well-
standardized validated outcome measures for such assess-
ments (33,34). The definitions of disease activity used in
this trial were determined collectively by the steering com-
mittee of the VCRC. These definitions were prespecified
within the protocol and required a higher burden of evi-
dence for those features that were the most subjective. The
definitions that were used were based on both clinical and
imaging parameters, and they reflect the definitions that
are applied by practicing physicians in the routine care of
patients. Moreover, all relapses were adjudicated by multi-
ple investigators during the blinded phase. Review of the
disease characteristics of all relapses (Table 2) indicates
that these events were exactly the type seen in practice and
include clinical manifestations fully consistent with flares of
disease.

The inclusion of imaging findings as a parameter of
active disease and the protocol-defined schedule of
advanced imaging of the large arteries were other major
strengths of the study, and were a critical feature of assess-
ment of a disease known to have asymptomatic progression
of serious vascular disease. In addition, the use of a time-
to-event analysis both provided greater power for this small

Table 3. Serious adverse events during the study*

Nonrandomized
(n 5 8)

Abatacept
(n 5 11)

Placebo
(n 5 15)

Ischemic colitis
During screening† – – 1
Within first 12 weeks† – – 1

Rectal bleeding – – 1
Pyelonephritis

Possible – 1 –
Definite† – – 1

Chest pain of unclear
etiology

– – 1

Epiglottitis – – 1
Appendicitis – – 1
Nausea/vomiting/diarrhea

due to possible infection
– – 1

Severe headache due
to migraine

– 1 –

Chest pain, noncardiac – 6 (all in
1 patient)

–

Dyspnea/dysphagia due to
gastroesophageal reflux

– – 1

Arterial thrombosis following
angioplasty

– 1 –

Skin site infection from
thrombectomy

– 1 –

Duodenal ulcer – 1 –
Elective aortic surgery – 1 –
Elective aortobiiliac bypass 1 – –
Deep venous thrombosis† 1 – –
Possible urinary tract

infection†
1 – –

* Values are the number of serious adverse events (summary of 24 events
in 15 patients). None of the P values were significant between the groups.
† Occurred within the first 12 weeks.
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sample size and is highly clinically relevant for this disease,
which sometimes has long periods between flares.

There are several limitations to consider in
assessing these results. The relatively small sample size
raises the possibility that this study failed to detect a differ-
ence between treatment arms that actually exists (Type II
error). This study sought to detect a large difference
between study arms that would be clinically meaningful,
and therefore a smaller difference may not have been
detected. However, the results indicate that a much larger
sample size would be needed to detect smaller treatment
differences, and the clinical utility of using a biologic agent
to achieve a small benefit would be difficult to justify. Fur-
thermore, 22 of the 26 randomized patients had relapsing
TAK, which raises the question as to whether the results
were influenced by enrolling a population with a predilec-
tion for disease recurrence. However, the characteristics of
this study population are reflective of the disease course of
TAK, in which treatment for relapse would be a common
and important clinical application for any new therapeutic
agent. The high frequency of relapsing patients seen in the
enrolled population also demonstrates that although focus-
ing on newly diagnosed patients in clinical trials is often
considered desirable, this may not be feasible in TAK trials,
given the rarity of the disease and its relapsing nature.

This was the first-ever randomized trial to be per-
formed in patients with TAK. In conducting this study, a
great deal was learned about the challenges of performing a
sufficiently powered trial in this disease. TAK is one of the
least common forms of primary systemic vasculitis. Even
with the dedicated participation of centers that have an
established referral base for patients with vasculitis, enroll-
ment required perseverance and careful planning. Patients
with TAK are eager investigational partners who want to
identify treatment options beyond glucocorticoids, as
evidenced in our trial, in which only 1 patient withdrew
before randomization and no other withdrawals occurred
prior to the follow-up time point at 64 weeks. Nonetheless,
family and work responsibilities faced by the young popula-
tion in whom this disease occurs can make it more difficult
for them to participate in clinical trials, particularly studies
that involve frequent visits over the extended time course
necessary to reach study end points in this form of vasculitis.

The results from this trial also pose interesting ques-
tions with regard to where TAK may fit within the spectrum
of large vessel vasculitis. In giant cell arteritis (GCA), a ran-
domized trial examining the efficacy and safety of abatacept
that was conducted by this same investigator group using
an identical design, found that treatment with abatacept
combined with glucocorticoids resulted in a longer duration
of relapse-free survival than did treatment with prednisone
alone (35). GCA and TAK share many common features

in that both are large-vessel, granulomatous vasculitides
that can have similar arterial distributions (36,37), and
laboratory-based studies have supported both as being
antigen-driven diseases (38,39). Whether GCA and TAK
are unique entities or whether they represent part of a sin-
gle clinical spectrum is an ongoing question (36). The
divergence in therapeutic efficacy seen in these parallel tri-
als provides strong evidence of the need to continue scien-
tific investigations to better understand the underlying
immunologic nature of these diseases, which in turn may
guide therapeutic strategies.

In conclusion, this study found that in patients with
TAK, treatment with abatacept combined with glucocorti-
coids did not provide a longer duration of relapse-free sur-
vival when compared to treatment with prednisone alone.
This trial demonstrated the ability to conduct rigorous ran-
domized trials in TAK and provided knowledge of, and
insight into, strategies to aid the conduct of future compar-
ative trials in this disease.
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Objective. Familial Mediterranean fever (FMF) is
refractory to colchicine prophylaxis in 10–20% of patients.
In a number of patient series, treatment with anakinra, an
interleukin-1–blocking agent, prevented FMF attacks in
those with colchicine-resistant FMF. This study was
undertaken to evaluate the efficacy and safety of anakinra
in the treatment of colchicine-resistant FMF, using a ran-
domized controlled trial.

Methods. Patients with colchicine-resistant FMF
receiving colchicine (dosage ‡1.5 to £3 mg/day) were
recruited and randomly assigned to receive anakinra or
placebo (vehicle). The treatment duration was 4 months.
Primary efficacy outcomes were the number of attacks
per month, and the number of patients with a mean of <1
attack per month. Quality of life was assessed using a 0–
10-grade visual analog scale (VAS), and safety was
assessed according to the number and severity of adverse
events.

Results. Twenty-five patients with colchicine-
resistant FMF (14 women) were enrolled, of whom 12 were
randomized to receive anakinra and 13 to receive placebo.
The mean 6 SD number of attacks per patient per month
was 1.7 6 1.7 in those receiving anakinra and 3.5 6 1.9 in

those receiving placebo (P 5 0.037). Six patients in the
anakinra group, compared to none in the placebo group,
had <1 attack per month (P 5 0.005). A beneficial effect of
anakinra was noted in the number of attacks in the joints
per month in patients receiving anakinra (mean 6 SD
0.8 6 1.6 versus 2.1 6 1.1 in the placebo group; P 5 0.019)
and in quality of life (mean 6 SD VAS score 7.7 6 2.3 in
the anakinra group versus 4.2 6 2.9 in the placebo group;
P 5 0.045). The number of adverse events per patient per
month was comparable between the anakinra group and
the placebo group (mean 6 SD 2.03 6 1.75 versus
3.34 6 2.5; P 5 0.22). There were no severe adverse events.

Conclusion. In this randomized controlled trial,
anakinra appears to be an effective and safe treatment
for colchicine-resistant FMF.

Familial Mediterranean fever (FMF) is the most
common autoinflammatory disease, affecting a patient
population that comprises an estimated 150,000 individu-
als worldwide, mostly located in the Mediterranean basin
(1). The disease manifests with a typical clinical picture,
mainly composed of painful, febrile attacks of serositis,
including peritonitis, pleuritis, and arthritis (2,3), and is
driven by the overproduction of interleukin-1b (IL-1b) in
the FMF-associated inflammasome. The inflammasome
constituent that underlies this metabolic derangement is a
malfunctioning pyrin, encoded by a mutated MEFV, the
FMF-associated gene (4,5).

The only medication approved for FMF is colchi-
cine, an alkaloid with inhibitory effects on multiple cellular
functions, including microtubule assembly, cell adhesion,
and inflammasome activation (6). Treatment with colchi-
cine eventually leads to the prevention of FMF flares in
the majority of appropriately treated patients (7,8).
Approximately 10–20% of FMF patients are colchicine
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resistant (9,10), a condition usually defined by at least 1
attack per month (8–10); ;10–20% of patients are either
resistant to, partially responsive, or intolerant to treatment
with colchicine (9,10).

The reasons for colchicine failure in patients with
colchicine-resistant FMF are unknown. Because the exact
molecular bases of FMF flares and the prophylactic effects
of colchicine are still obscure, targeted treatments aimed at
the pathogenic mechanisms of colchicine nonresponsiveness
are not available. Suggested therapeutic alternatives for
patients in whom oral colchicine treatment has been ineffec-
tive include thalidomide, interferon alpha, intravenous col-
chicine, and tumor necrosis factor blockers (11–13). All of
these treatments are limited by insufficient effect, safety con-
cerns, unavailability, and high price, and none has been
approved by a regulatory body. Thus, patients with colchi-
cine-resistant FMF continue to have serositis attacks, and
are at increased risk of dying from amyloidosis or developing
other conditions related to chronic inflammation (14).

Anakinra is a recombinant human IL-1 receptor
antagonist, and is used for the treatment of rheumatoid
arthritis (RA), cryopyrin-associated periodic syndrome
(CAPS), and adult and juvenile forms of Still’s disease. Vari-
ous studies have demonstrated that anakinra has an accept-
able safety profile (see refs. 15–19; further information is
available at http://www.fda.gov). Over the last several years,
evidence of an important role for anakinra in the prevention
of serositis attacks in patients with colchicine-resistant FMF
has emerged. To date, more than 20 published studies, com-
prising ;60 patients, have shown a beneficial effect of ana-
kinra in the treatment of colchicine-resistant FMF, with
evidence of clinical and laboratory improvements, including
reductions in the attack rate and in serum levels of inflam-
matory proteins (20–31). However, no randomized con-
trolled trial has been conducted. The aim of the present
study was to assess the efficacy and safety of anakinra for
the treatment of colchicine-resistant FMF by means of a
randomized controlled trial.

PATIENTS AND METHODS

Study design. This was a single-center, investigator-
initiated study. It was conducted as a double-blind, randomized,
placebo-controlled trial to examine the ameliorating effect of ana-
kinra treatment in patients with colchicine-resistant FMF over a
period of 4 months. The Institutional Review Board (IRB) of Sheba
Medical Center approved the study. Until anakinra is approved for
the treatment of colchicine-resistant FMF, open-label anakinra was
not requested by the IRB, since the study was categorized as an
investigator-initiated trial.

Patients. Inclusion criteria. Patients enrolled in the
study were adults with FMF (age range $18 years to #65 years)
who were diagnosed according to the Tel Hashomer criteria (32),
who were carriers of at least 2 MEFV mutations, who had

experienced at least 1 attack per month in any of the 4 FMF sites
(abdomen, chest, joints, skin) despite having received a maximal
tolerated dose of colchicine (dosage $2 to #3 mg/day), thereby
defined as having colchicine-resistant FMF (8–10), who were will-
ing and able to comply with the prescribed colchicine treatment,
and who agreed to use adequate contraception and to sign an
informed consent form. Patients intolerant to the above-
indicated dose levels of colchicine (with intolerance mainly
manifested as symptoms of diarrhea or abdominal upset or both)
could be included if their dosage was at least 1.5 mg/day. This
dose limitation based on colchicine intolerance was applied in
order to decrease the dose heterogeneity among participants.

Exclusion criteria. Patients were not eligible for the
study if they had any of the following conditions: conditions that
allegedly could be worsened by anakinra (active infection, recent
[#3 months] live vaccination, pregnancy, and prior or existing
malignancy); conditions affecting compliance with the treatment
protocol (alcohol or substance abuse, or social and psychological
conditions interfering with compliance); conditions that could
affect FMF activity (concomitant medication with biologic agents
or chemical disease-modifying antirheumatic drugs or systemic
steroids, or prior use of IL-1 blockers); conditions that could
affect anakinra metabolism (chronic renal failure with a creati-
nine clearance rate of ,30 ml/minute); and conditions affecting
interpretation of FMF activity (a wide range of autoimmune and
other autoinflammatory diseases, diabetes mellitus, gastrointesti-
nal diseases such as Crohn’s disease, ulcerative colitis, and irrita-
ble bowel syndrome, active ischemic cardiovascular disease,
congestive heart failure, asthma, chronic obstructive pulmonary
disease, and any other condition that, according to the recruiting
physician, would fit this latter criterion).

Randomization and blinding. Patients were recruited
consecutively (by order of arrival) from our FMF-dedicated clinic,
and were randomly assigned, in a blinded manner, to receive treat-
ment with either anakinra or placebo. Assignment to either the
anakinra group or the placebo group was based on a predetermined
key, unknown to both the investigators and the patients, that was
established by an external company (TFS Trial Form Support,
Lund, Sweden). The randomization was stratified by sex. During
the study, patients continued to receive the treatments they had
been taking prior to the study, particularly colchicine. Analgesic
drugs used prior to recruitment were allowed as needed, but their
use was monitored.

Outcomes. Primary efficacy outcome. The primary efficacy
outcome was the difference between the anakinra and placebo
groups in the total number of attacks over the study period,
adjusted to participation time (number of attacks per patient per
month), as well as the difference between the anakinra and placebo
groups in the number of patients with a mean of ,1 FMF attack
per month.

Secondary efficacy and safety outcomes. The secondary
efficacy and safety outcomes included differences between the 2
groups in the number of attacks per FMF site, levels of acute-
phase reactants, number and severity of adverse events (AEs),
quality of life (QoL) as assessed using a 10-cm visual analog scale
(VAS), and the use of analgesic agents.

Survival analysis. Survival analysis was performed
with an end point of 4 attacks. This 4-attack target was based on
the following calculation: the main inclusion criterion (at least 1
attack per month) multiplied by 4 (the study duration).

Modified FMF50 score. Based on the FMF50 score
(originally defining response to treatment by at least 50%
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improvement in 5 of 6 criteria, without worsening in any one crite-
rion), which was first published well after initiation of this study
(33), a modified FMF50 score was constructed, according to
which fulfillment of 3 of 4 criteria was considered an improve-
ment. These improvement criteria included the following: $50%
decrease in the frequency of all attacks, $50% decrease in the
frequency of attacks in the joints, $50% decrease in the levels of
either serum amyloid A (SAA) or C-reactive protein (CRP) or
normalization of these markers, and $50% increase in QoL val-
ues (as a substitute for the patient’s global assessment in the origi-
nal score). Individual comparisons were performed between the
baseline and last measurements. The frequency of attacks at base-
line was based on each patient’s self-report. Any missing data for
a paired value (e.g., QoL score at last visit) was considered a fail-
ure to achieve improvement in the item determined (e.g., QoL).

Intervention and assessment. Treatment. The study
lasted 4 months, during which the patients received daily injections
of either anakinra or placebo. Anakinra was self-administered as a
subcutaneous injection of 100 mg/day from prefilled syringes, and
the placebo treatment (anakinra vehicle) was administered in a
similar manner. The distributor of anakinra (Sobi) prepared the
study medications. The patients were instructed to record in dia-
ries the injections received, concomitant medications used, FMF
attacks experienced, and AEs encountered.

Clinical assessment. Physician examination was per-
formed at the time of randomization, at the termination visit
(mandatory), and during other study site visits, if required. Base-
line parameters, including the physical examination findings,
detailed medical history, mean number of attacks and body sites
involved, and QoL evaluation, were obtained by the physician
during the initial visit. QoL was also assessed at study termina-
tion. The study nurse communicated weekly with the patients by
telephone, and patients visited the study site clinic twice (on
days 30 and 60) for close monitoring of patient compliance,
assistance with the interpretation of symptoms as attacks, and
for guidance and care for AEs, including injection site reaction.
Patients were encouraged to call the nurse and visit the study
site, as necessary. Laboratory tests (blood and urine) and preg-
nancy tests were performed at each study site visit (on days 0,
30, 60, and 120). Two poststudy telephone calls by the study
nurse were scheduled for days 150 and 180, to assess the devel-
opment of long-term AEs. All study data were recorded in case
report forms, including data transferred from patient diaries.

Definition of FMF attacks. Febrile manifestations
reported by patients were considered to be attacks only if they
met the criteria defining attacks, and were confirmed by one of
the study team members (AL). Briefly, the criteria defining an
attack included all of the following symptoms: fever of $388C
lasting 6 hours to 7 days and accompanied by painful manifesta-
tions in either the abdomen (with features consistent with a
diagnosis of peritonitis), the chest (with features consistent with
a diagnosis of pleuritis), the joints (with features consistent
with a diagnosis of lower extremity large joint monoarthritis), or
the skin (with features consistent with a diagnosis of erysipeloid
rash). A more detailed definition of an FMF attack (2,3,32) is
available upon request from the corresponding author.

Evaluation of QoL. Assessment of QoL was performed
using a VAS rating, where scores of 0 and 10 indicated the lowest
and highest QoL scores, respectively. In their assessment,
patients were instructed to consider the overall QoL during the
preceding 14 days.

Laboratory tests. Laboratory tests included a complete
blood cell count and blood chemistry panel, consisting of liver
and renal function tests, electrolytes and urate, CRP levels
(normal value #5 mg/liter), SAA levels (normal value
#10 mg/liter, at the first and last visit only), and urinalysis (at
the first and last visits only).

Safety assessment and recording of AEs. AEs and seri-
ous AEs (SAEs) were defined according to the definitions
endorsed by the good clinical practice rules for all drug interven-
tion trials, which describe an AE as any untoward medical occur-
rence in trial patients (regardless of whether it is drug-related),
and which describe an SAE as an AE associated with death, a
life-threatening condition, hospitalization, persistent or signifi-
cant disability, congenital anomaly, or medical intervention to
prevent any of the above-listed events (more information is
available at https://prsinfo.clinicaltrials.gov/results_definitions.
html#AdverseEventsDefinition). All AEs were recorded in the
study data files, classified as serious or nonserious, and assessed
for level of severity (mild, moderate, or severe), expectedness
(expected or unexpected), and causality (related or unrelated).

Evaluation and management of injection site reactions
are detailed elsewhere (34) (details available upon request from
the corresponding author). Of note, since injection site reactions
are mostly related to the vehicle of anakinra, it does not unmask
blinding.

Data evaluation and statistical analysis. Primary
and secondary study outcomes were determined by comparing
the mean values between the groups at study termination. Due
to the small sample size, statistical analysis was based on the
nonparametric Wilcoxon–Mann-Whitney rank sum test and
the median test for quantitative parameters. The chi-square
test was used for data classified as categorical. A Kaplan-
Meier survival function curve analysis was performed using
the log-rank test. Analyses were performed using 2-tailed tests.
P values less than or equal to 0.05 were considered statistically
significant. Because of dropouts, differences in the total num-
ber of attacks, number of attacks per site, number of AEs, and
use of analgesics between the anakinra and placebo groups
over the study period were adjusted for the actual time of
patient participation in the study, and differences in levels of
acute-phase reactants and QoL between the groups were
based on the last value available.

Originally, based on the assumption of a mean of 2.5
attacks per patient per month at baseline and a rate of 50%
improvement with anakinra treatment, a sample size of 20
patients per group was calculated to allow for detection of the
differences between the anakinra and placebo groups with a
power of 90% (using nQuery Advisor, version 2.1). However,
due to slow enrollment and based on actual data, an interim
analysis with reevaluation of the sample size was performed.
At this point, the evaluation was based on the actual mean of 5
attacks per patient per month at baseline, with a group mean
of 1.66 attacks per patient per month in the anakinra group
and 3.49 attacks per patient per month in the placebo group,
and a common standard deviation of 1.55, which led to a
calculated sample size requirement of 12 patients per group, to
allow for detection of differences between the anakinra and
placebo groups with a power of 80%. Data were obtained, pro-
cessed, and statistically analyzed at MediStat (a company that
specializes in biostatistics, clinical trials, and data management),
using SAS software (version 9.3; SAS Institute).
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RESULTS

Over a 20-month period (January 2013 through
August 2014), 53 patients were assessed for participation
in the study; of these, 25 (14 women) were enrolled (12 in
the anakinra group and 13 in the placebo group) (Figure
1). All patients signed an informed consent form. Table 1
shows the baseline characteristics of the study population.
As shown, the 2 patient groups were comparable with
respect to sex, age, mean colchicine dosage, total number
of attacks per month, distribution of attack sites, labora-
tory parameters of inflammation, M694V MEFV mutation
carriage, QoL assessment, comorbidities, and the use of
concomitant medications (mostly analgesics). Of note, all
patients were receiving colchicine at a dosage of $2 mg/
day except for 3 patients (2 in the placebo group and 1 in
the anakinra group), who were receiving 1.5 mg/day due
to intolerance to higher dosages. The distribution of the
specific MEFV genotypes of the studied patients is avail-
able upon request from the corresponding author.

Seven patients discontinued the study, all of whom
were from the placebo group. The discontinuations were
due to what was considered to be treatment failure in 5
patients and due to AEs (1 for pregnancy and 1 for drug
allergy) in 2 patients. In the anakinra group, 7 patients
had a .90% reduction in their stated attack frequency,
while the frequency of attacks improved to a lesser degree

in 5 patients. As shown in Table 2, the primary outcomes
were significantly achieved. The mean number of attacks
in all sites was lower in the anakinra group than in the pla-
cebo group (mean 6 SD 1.7 6 1.7 versus 3.5 6 1.9 attacks
per patient per month; P 5 0.037). Moreover, the number
of patients with a mean of ,1 attack per month was
higher in those receiving anakinra (6 patients versus 0 in
the placebo group; P 5 0.005). Table 2 also displays the
secondary efficacy outcomes. Statistically significant differ-
ences between the groups were observed for some of the
secondary efficacy outcomes (number of attacks in the
joints and QoL scores), whereas some outcomes failed to
show a significant difference (e.g., abdominal and chest
attacks).

Figure 1. Study flow diagram. Patients with colchicine-resistant
familial Mediterranean fever (colchicine-resistant FMF) were identi-
fied during annual visits to the FMF clinic and were asked to partici-
pate in the trial. Failure to meet inclusion criteria in those with
allegedly active FMF was based on manifestations that did not fulfill
the definition of FMF attacks, such as leg pain and ankle swelling.
The main reason for exclusion was concurrent rheumatic disorder.
The analysis accounted for the length of exposure to the study drug.

Table 1. Baseline characteristics of the patients*

Parameter
Anakinra
(n 5 12)

Placebo
(n 5 13)

Sex, % female 58 54
Age, years 38.4 6 10 36.1 6 12.4
Colchicine dosage, mg/day 2.2 6 0.8 2.1 6 0.5
Attacks prior to intervention,

total no. per patient
per month

4.6 6 4.3 5 6 2.5

Abdominal attacks, no.
per patient per month

2.1 6 1.6
(n 5 11)

1.7 6 1.8
(n 5 12)

Chest attacks, no. per
patient per month

1.5 6 1.6
(n 5 10)

1.4 6 1.5
(n 5 12)

Joint attacks, no. per
patient per month

3 6 3.7
(n 5 11)

2.7 6 2.4
(n 5 11)

Skin attacks, no. per
patient per month

5.1 6 6.9
(n 5 2)

1.1 6 1.3
(n 5 4)

ESR, mm/hour 27.1 6 15
(n 5 12)

33.8 6 15.4
(n 5 10)

CRP, mg/liter 23.3 6 38.2
(n 5 12)

43.5 6 54.2
(n 5 13)

SAA, mg/liter 104.1 6 186
(n 5 11)

218.5 6 368.2
(n 5 13)

Homozygous M694V MEFV
genotype, % of patients

83 70

QoL score on 10-cm VAS 4 6 2.3 3.9 6 1.5
Serious comorbidities, no. 4 (n 5 3)† 3 (n 5 2)‡
Concomitant medications

other than colchicine,
% of patients

92 92

* For some specific parameters, data shown do not reflect the total
number of patients in the treatment group (i.e., 12 in the anakinra
group and 13 in the placebo group) because of missing values or
because attacks at the specific site did not occur in all patients, or
serious comorbidities did not occur in all patients; n values in the
data columns show the number of patients for the given parameter.
The differences between the anakinra and placebo groups were non-
significant for all parameters. Except where indicated otherwise, val-
ues are the mean 6 SD. ESR 5 erythrocyte sedimentation rate;
CRP 5 C-reactive protein; SAA 5 serum amyloid A; QoL 5 quality
of life; VAS 5 visual analog scale.
† Tachycardia, paroxysmal atrial fibrillation, transient ischemic
attack.
‡ Status post bacterial endocarditis and aortic regurgitation, episodic
vertigo, panic attacks.
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Two post hoc analyses were performed. To graph-
ically illustrate the efficacy of anakinra over placebo, we
performed a survival analysis in which the end point was
4 attacks (Figure 2). Accordingly, the placebo-treated
patients reached the target of 4 attacks significantly faster
than the anakinra-treated patients (P 5 0.015 for differ-
ence in survival probability between groups).

A second analysis using the modified FMF50 tool
(based on the original FMF50 scale) was carried out. The
FMF50 was proposed as a measure to evaluate drug effi-
cacy in intervention trials in FMF. Accordingly, 10 of 12
patients in the anakinra group and 4 of 13 patients in the
placebo group achieved the modified FMF50 criteria
defining improvement (P , 0.008) (Figure 3).

Table 3 presents the secondary outcomes with regard
to safety. The safety outcomes were, in general, similar

between the 2 patient groups, including the number of AEs,
the rate of AEs, associations of AEs with specific organ sys-
tems, and associations of AEs with the study drug and sever-
ity. No SAEs were recorded, and none of the AEs were
graded as severe. Despite use of a lower number of analgesics
per patient in the anakinra group compared to the placebo
group, the difference did not reach statistical significance.

DISCUSSION

In this study, anakinra, administered subcutane-
ously at a dosage of 100 mg/day, was superior to placebo in
suppressing colchicine-resistant FMF disease activity.
Patients with colchicine-resistant FMF treated with ana-
kinra had fewer attacks per patient per month compared to
the placebo group, when attacks in all sites were considered
(mean 6 SD 1.7 6 1.7 attacks per patient per month versus
3.5 6 1.9 attacks per patient per month; P 5 0.037) and
when attacks in each site separately were considered (in the
joints, mean 6 SD 0.8 6 1.6 attacks per patient per month

Table 2. Primary and secondary efficacy outcomes*

Parameter Anakinra (n 5 12) Placebo (n 5 13) P

Attacks in any site per month† 1.7 6 1.7 (n 5 12) 3.5 6 1.9 (n 5 11) 0.037
No. of patients with ,1 attack per month† 6 0 0.005
Abdominal attacks per month 1 6 1.2 (n 5 11) 1.4 6 1.1 (n 5 10) 0.38
Chest attacks per month 0.7 6 0.8 (n 5 10) 1.6 6 1.4 (n 5 9) 0.3
Joint attacks per month 0.8 6 1.6 (n 5 11) 2.1 6 1.1 (n 5 9) 0.019
Skin attacks per month 0 (n 5 2) 0.3 6 0.6 (n 5 3) –
CRP, last measurement, mg/liter 3.9 6 3.6 (n 5 10) 19.9 6 18 (n 5 10) 0.069
SAA, last measurement, mg/liter 11.1 6 19.1 (n 5 10) 110.3 6 131 (n 5 6) 0.069
QoL score, 10-cm VAS 7.7 6 2.3 (n 5 12) 4.2 6 2.9 (n 5 6) 0.045

* Except where indicated otherwise, values are the mean 6 SD. CRP 5 C-reactive protein; SAA 5 serum amy-
loid A; QoL 5 quality of life; VAS 5 visual analog scale.
† Primary outcome; all other parameters are secondary outcomes.

Figure 2. Survival analysis with an end point of 4 attacks. The 4-
attack target is based on the main inclusion criterion: at least 1
attack per month multiplied by 4 months (study duration). The
placebo-treated patients reached the target of 4 attacks significantly
faster than did the anakinra-treated patients (mean 6 SD 89.8 6 51.6
days versus 39.6 6 22.2 days; P 5 0.015). Eight patients (6 in the ana-
kinra group and 2 in the placebo group) who did not experience the
fourth attack were censored.

Figure 3. Proportion of patients who achieved improvement with ana-
kinra or placebo treatment, according to the modified familial Mediter-
ranean fever 50% improvement (FMF50) score. Percentages of
patients showing improvement according to the modified FMF50 score
in each group were determined on the basis of the presence of $3 of
the 4 following items: change of at least 50% in the total number of
attacks, number of joint attacks, C-reactive protein (CRP) and serum
amyloid A (SAA) levels (or reaching normal values, defined as #5 mg/
liter for CRP and #10 mg/liter for SAA), and quality of life rating.
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versus 2.1 6 1.1 attacks per patient per month; P 5 0.019).
More patients treated with anakinra had a mean of ,1
attack per month (6 patients versus none in the placebo
group; P 5 0.005). Anakinra-treated patients reached a tar-
get of 4 attacks at a much slower rate during the study than
did those in the placebo group (mean 6 SD 89.8 6 51.6
days versus 39.6 6 22.2 days; P 5 0.015), and more patients
treated with anakinra achieved an improvement response
according to the modified FMF50 score (10 of 12 patients
versus 4 of 13 placebo-treated patients; P 5 0.008), and
according to the QoL score (mean 6 SD VAS score
7.7 6 2.3 versus 4.2 6 2.9; P 5 0.045). This success was not
accompanied by a reduction in safety, as AEs in the 2
groups did not differ in the number, rate, severity, or distri-
bution among organ systems.

Unfortunately, for unknown reasons, not all patients
responded favorably to the same extent. This increased the
mean number of attacks in the anakinra group, expanded
the standard deviation, and blunted the outcome. It is possi-
ble that patients who had not entered remission would have

done better had the study been designed to allow for dose
escalation in unresponsive patients. This statement is based
on prior experience with the use of anakinra in other auto-
inflammatory diseases (35), and our experience with other
IL-1 blockers in colchicine-resistant FMF, which work at
dose levels only above the standard dose in some patients.

Ample reports and observational studies have
implied that IL-1 blockers have a role in the prevention
of attacks in patients with colchicine-resistant FMF
(20–31,36). However, to date, only 1 randomized con-
trolled study of IL-1 blockers, a trial investigating
rilonacept, which is a synthetic receptor–like protein
that traps the IL-1 cytokine, showed significant reduc-
tion in the number of FMF attacks in patients with col-
chicine-resistant FMF (37). Thus, our results, analyzed
for the first time in a randomized controlled trial, con-
firm previous observations with regard to the efficacy of
anakinra.

The mean number of attacks in each of the FMF
sites was lower in the anakinra group than in the placebo
group (Table 2). However, of all sites, the difference
between the anakinra and placebo groups reached signifi-
cance only for attacks in the joints. Indeed, as might be
inferred from the findings presented in Table 2, the differ-
ence in mean total number of attacks was mainly driven by
the lower number of attacks in the joints. This preferential
effect of anakinra on the joints is interesting and particular
to the present study. In this respect, anakinra may be com-
plementary to colchicine, a treatment that often fails to pre-
vent attacks in the joints while suppressing activity in other
sites. This differential effect of colchicine on attack sites is
demonstrated by the baseline parameters in the present
study—specifically, by the higher frequency of attacks in
the joints compared to attacks in other sites (Table 1).
However, this observation has been reported only scarcely
in the literature (12,38). Although preliminary, these
findings may support a role for dual therapy with colchicine
and anakinra in patients with colchicine-resistant FMF.

The main reason, however, to administer colchicine
despite achieving control of FMF activity with anakinra is
the fear of AA amyloidosis. Zemer et al (39) found that
only 4 of 1,000 colchicine-treated patients with FMF devel-
oped amyloidosis over a 13-year period, 2 of whom admit-
ted noncompliance. This suggests an extremely low risk of
developing amyloidosis in patients receiving colchicine.
Compared to historical data from the precolchicine era, the
findings in the study by Zemer et al presented a major
advance in the prevention of FMF amyloidosis and
established the role of colchicine for this condition. Until
comparable data are obtained for anakinra, colchicine
should remain the mainstay of amyloidosis prevention in

Table 3. Secondary safety outcomes*

Parameter
Anakinra
(n 5 12)

Placebo
(n 5 13)

Total no. of AEs 94 104
Patients with AEs of any type 83.3 84
Any AEs, mean 6 SD no.

per patient per month
2.03 6 1.75 3.34 6 2.5

Patients with GI AEs
(abdominal pain, diarrhea, vomiting)

66 53.8

Patients with infectious AEs
(gastroenteritis, URI, viral infection)

33.3 23.1

Patients with musculoskeletal AEs
(LBP, arthralgia, extremity pain)

41.7 61.5

Patients with nervous system
AEs (headache)

50 38.5

Patients with skin AEs 25 15.4
Patients with local ISR 41.7 46.2
Drug-related AEs

Patients with drug-related AEs
(ISR, headache, presyncope,
dyspnea, itching)

16.7 30.8

% of total AEs 4.2 7.7
No. per patient per month,

mean 6 SD
0.1 6 0.2 0.2 6 0.5

Moderate AEs†
Patients with moderate AEs 33.3 38.5
% of total AEs 4.3 6.7
No. per patient per month,

mean 6 SD
0.1 6 1.8 0.1 6 0.3

No. of analgesic medications per
patient per month, mean 6 SD

2.8 6 2.5 3.99 6 2.5

* Systems with .2 patients with an adverse event (AE) at the given
site are shown. The differences between the anakinra and placebo
groups were nonsignificant for all parameters. Except where indi-
cated otherwise, values are the percentage of patients.
GI 5 gastrointestinal; URI 5 upper respiratory tract infection;
LBP 5 low back pain; ISR 5 injection site reaction.
† All other AEs were considered mild.
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colchicine-resistant FMF, and should be administered con-
comitantly with anakinra.

AA amyloidosis of FMF is the most extreme
adverse outcome of colchicine-resistant FMF. To date,
there is no cure for AA amyloidosis, which, in most cases,
progresses to involve all organ systems, other than the cen-
tral nervous system, and leads to early death (40,41). SAA
is the serum precursor of amyloid in tissues. A consider-
able difference in the final mean SAA levels between the
anakinra and placebo groups was noted in the current
study, although the difference did not reach significance
(mean 6 SD 11.1 6 19.1 mg/liter versus 110.3 6 131 mg/
liter; P 5 0.069) (Table 2). Thus, via its reduction in
resources for amyloid generation, anakinra appears to be an
instrument for halting ongoing amyloid deposition. This
role of anakinra was not tested in the present study, but may
be inferred from the suppression of SAA and supported by
reports of improvement in patients with FMF amyloidosis
following anakinra treatment (9,24,27–29,31,36).

FMF attacks in those with colchicine-resistant FMF
are only one aspect of the disease burden in FMF. The ill
effects of colchicine-resistant FMF on social, familial, finan-
cial, educational, cultural, and other aspects of the patient’s
life may converge and result in lower QoL scores (9,42–45).
Indeed, the poor QoL scores declared by the patients at their
baseline visit (Table 1) reflect the huge impact of colchicine-
resistant FMF on their daily lives. The significant difference
in QoL between the anakinra and placebo groups at the con-
clusion of this study (P 5 0.045) (Table 2) is strong evidence
for the success of anakinra.

Although it is considered a targeted treatment,
anakinra actually addresses the result (high IL-1 levels)
and not the cause of colchicine failure; the latter is yet to
be determined. We found that colchicine levels in the
mononuclear cells of patients with colchicine-resistant
FMF were 50% lower than those in the mononuclear cells
of colchicine-responsive control patients with FMF. A
genetic defect unrelated to MEFV has been proposed to
underlie colchicine resistance (9). Three distinct studies
found that a polymorphism in nucleotide 3435 of the
MDR1 (multidrug resistant 1) gene, responsible for
removal of drugs from cells, is associated with colchicine-
resistant FMF (46–48). However, the statistical signifi-
cance of this finding was only borderline, and in any case,
the expected result is colchicine retention and not elimina-
tion. Other mononuclear cell molecules linking colchicine
kinetics to inflammation should be investigated to better
understand the mechanism of colchicine-resistant FMF.

Unfortunately, the current trial was terminated ear-
lier than had been initially planned. However, the fact that
the primary outcome was achieved with a smaller cohort
suggests that anakinra is more effective than had been

initially thought (i.e., performs better than the 50%
improvement that served as the basis for computing the
original sample size, as detailed in Patients and Methods).
This high competence of anakinra (relative to that
predicted) might also be inferred from the results of the
modified FMF50 analysis, which showed a .50% improve-
ment in 8 of 12 patients treated with anakinra (Figure 3). In
addition, recruitment of patients with an average of 5
attacks per month instead of 2.5 attacks per month (which
benefited the interim analysis, as discussed in Patients and
Methods) enabled us to display the effectiveness of ana-
kinra even in a population of patients with very severe col-
chicine-resistant FMF. In this regard, in the only other
controlled trial of IL-1 blockers in colchicine-resistant FMF,
the patients in whom rilonacept was effective had a less
severe disease (a mean attack rate of 3.1 per month) (37).

With regard to study limitations, the small sample
size with large variance between values (e.g., in 1 patient,
the initial SAA level was 600 mg/liter and dropped to 20 mg/
liter, whereas for another patient, it dropped from 80 mg/
liter to 30 mg/liter) made the favorable effect of anakinra
appear indistinct, to some extent. Nevertheless, the primary
and some secondary outcomes were well elucidated.

Due to the short duration of the study, we could
not account for long-term safety and efficacy concerns.
In other anakinra trials, injection site reactions and
infections were reported to be definitely more common
in the anakinra group than in the control group. How-
ever, in general, the present experience with the use of
anakinra in a very wide range of diseases, including RA,
adult-onset Still’s disease, systemic-onset juvenile idio-
pathic arthritis, and CAPS, some for a long duration
(49,50), confirms the safety profile of anakinra. Longer
studies on FMF and postmarketing real-life experience
are needed to verify the persistence of anakinra efficacy.

The change in group size from 20 patients to 12 or
13 patients reduced the power of the favorable results from
90% to 80%, and this could possibly have been a factor in
the lack of fulfillment of some of the secondary outcomes.
However, a power of 80% is well-accepted strength in bio-
logic studies, and thus allows for the addition of anakinra to
the almost-empty arsenal of treatments for difficult FMF.
This minimizes, at least to some extent, this limitation.

Thus, in this small, double-blind, randomized,
placebo-controlled trial, anakinra appears to be an effective
and safe treatment for colchicine-resistant FMF. It reduces
the attack rate, particularly attacks in the joints, and
improves QoL. This drug holds hope for thousands of
patients who continue to have serious symptoms despite
adhering to a colchicine treatment regimen. Future
perspectives include determination of the need for concom-
itant administration of colchicine, understanding of the
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mechanism of colchicine resistance and targeting it with
more specific agents, and elucidation of the role of anakinra
in patients with colchicine-resistant FMF, who may also
have other inflammatory conditions, as well as evaluation
of long-term efficacy and safety concerns.
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28. Alpay N, Sumnu A, Calışkan Y, Yazıcı H, T€urkmen A, G€ul A. Effi-
cacy of anakinra treatment in a patient with colchicine-resistant
familial Mediterranean fever. Rheumatol Int 2012;32:3277–9.
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36. €Ozçakar ZB, €Ozdel S, Yılmaz S, Kurt-Ş€uk€ur ED, Ekim M,
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Reanalysis of the multi-biomarker disease activity score
for assessing disease activity in the Abatacept versus
Adalimumab Comparison in Biologic-Naive Rheumatoid
Arthritis Subjects with Background Methotrexate study:
comment on the article by Fleischmann et al

To the Editor:
We read with great interest the report by Fleischmann

et al (1), which presents post hoc analyses of multi-biomarker
disease activity (MBDA) scores measured using serum samples
from AMPLE (Abatacept versus Adalimumab Comparison in
Biologic-Naive Rheumatoid Arthritis Subjects with Background
Methotrexate), a study sponsored by Bristol-Myers Squibb that
compared abatacept versus adalimumab in rheumatoid arthritis
(RA) patients with inadequate response to methotrexate (2).
The article reported 3 main results: 1) in the first year, mean
MBDA scores decreased significantly less with abatacept treat-
ment than with adalimumab, yet clinical responses by Disease
Activity Score in 28 joints using the C-reactive protein level
(DAS28-CRP) (3) were similar between the 2 treatment groups; 2)
RA disease activity category (i.e., low, moderate, or high) as clas-
sified by the MBDA score was often discordant with the classifi-
cation according to the DAS28-CRP, Clinical Disease Activity
Index (CDAI) (4), Simplified Disease Activity Index (SDAI) (5),
or Routine Assessment of Patient Index Data 3 (6); and 3) radio-
graphic data were interpreted as demonstrating that MBDA
scores were not associated with radiographic progression. Based
on these 3 results, it was concluded that the MBDA score should
not be used to guide decision-making in the management of RA.
We wish to demonstrate limitations of these analyses that raise
questions regarding the interpretation of these 3 results, as well
as the overall conclusion that was reached.

Addressing the 3 results in reverse order, we note that
the relationship between radiographic progression and MBDA
scores was assessed using a method that seems inadequate to test
the desired hypothesis, that the MBDA score is associated with
radiographic nonprogression. This analysis, presented in Figure
2D of the article, seemingly shows the proportion of patients
whose disease did not progress radiographically within each
MBDA category. In other words, one would expect the denomi-
nator of this proportion to be the number of patients within each
MBDA category, and the numerator to be the number of non-
progressors in that category. However, upon careful inspection,
this is not what the figure shows. Instead, Figure 2D describes the
proportions of patients who were nonprogressors, classified as
having low, moderate, or high disease activity by MBDA score.
This approach is not informative about the relationship between
MBDA scores and radiographic progression because the same
denominator was used for each MBDA category. Thus, the pro-
portions reflect only the distribution of MBDA scores among the
nonprogressors. A more conventional analysis, such as that
described below, or cumulative probability plots showing changes
in modified total Sharp scores (7) by MBDA category, would be
more informative to determine the likelihood of radiographic
progression, conditional on patient MBDA category.

To this point, we reanalyzed the year 1 radiographic out-
comes using the data provided in the original publication (1)
to determine if the percentage of radiographic progressors
increased with increasing MBDA scores, using previously pub-
lished methods (8). We computed the proportion of radiographic
progressors in each MBDA category by dividing the number of
progressors in each MBDA category by the number of patients
in that category (1). However, the exact numbers of patients with
missing data (overall 8 of 189 in the abatacept arm and 4 of 190
in the adalimumab arm), and of patients with radiographic pro-
gression (overall 19 of 189 and 21 of 190, respectively), were not
provided for the individual MBDA categories. Therefore, to
establish the boundaries on all possible results that would be
compatible with the data provided, we conducted a sensitivity
analysis that varied the distributions of progressors and patients
with missing data across MBDA categories. At one extreme
(Scenario 1, least conservative), all progressors were assigned to
the highest possible MBDA categories. At the other extreme
(Scenario 2, most conservative), all progressors were assigned to
the lowest possible MBDA categories (Supplementary Tables 1
and 2, on the Arthritis & Rheumatology web site at http://onlineli-
brary.wiley.com/doi/10.1002/art.39981/abstract).

The results of the above-described reanalysis are shown
in Figure 1. In Scenario 1, there was a strong and statistically sig-
nificant association between MBDA category and radiographic
progression in both the abatacept and adalimumab arms. At the
other extreme, in Scenario 2, the adalimumab results were statis-
tically significant and there was a similar, albeit nonsignificant,
trend in the abatacept arm (P 5 0.068). Given that the actual
result must lie at or between the extremes of Scenarios 1 and 2 in
this sensitivity analysis, the results as presented in Figure 2D of
the article by Fleischmann et al do not support the conclusion
that MBDA scores did not reflect radiographic progression sta-
tus in the AMPLE trial (1). Rather, our reanalysis indicates that
the MBDA category is positively associated with radiographic
progression in the AMPLE study, as has been reported in other
RA cohorts (9–13). We invite replication of this reanalysis using
patient-level data.

Second, the MBDA score was initially developed to cor-
relate with the DAS28-CRP, and its RA disease activity categories
were established using cutoffs that are specific to the DAS28-
CRP (14). Thresholds for DAS28-CRP RA disease activity cate-
gories are systematically lower than the corresponding cutoffs in
the DAS28 using the erythrocyte sedimentation rate (ESR)
(15,16), as noted in the editorial accompanying Fleischmann and
colleagues’ article (17). The comparison of MBDA scores versus
DAS28-CRP in the article used the DAS28-ESR category thresh-
olds, and therefore yielded more discordance than would have
been expected between MBDA categories and DAS28-CRP cate-
gories using DAS28-CRP thresholds. For both the DAS28-CRP
and the other clinical measures examined (e.g., CDAI, SDAI),
the claim of no clear association between MBDA scores and com-
monly used, validated clinical measures was not supported by a
statistical test of no association that cross-classified the MBDA
category of each patient with his or her clinically defined RA dis-
ease activity category.
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Regardless, because the MBDA score was designed to
complement, not supplant, clinical assessment, some discor-
dance between clinical and laboratory-based assessments is not
only expected (14,18,19), but desirable. Otherwise, the laborato-
ry test would contain no incremental information beyond that
offered by clinical evaluation. Several studies have shown that
high MBDA scores were associated with radiographic progres-
sion and low scores with nonprogression (9–13), even when the
patient was classified as having low disease activity or remission
based on clinical measures (e.g., the DAS28-CRP) (9,12,20).

The third and last result reported by Fleischmann et al
that we wish to address is that the mean decrease in MBDA
score was larger for adalimumab-treated patients compared
with abatacept-treated patients at month 3 (day 85) and
beyond. The approximate difference between the 2 arms was 3–
4 units at month 3, 4–5 units at year 1, and 0–1 units at year 2;
these differences were statistically significant at month 3 and
year 1 but not year 2. While these differences may appear large
in Figure 1 of the article, where the y-axis scale ranged from 12
to 216 units, the MBDA score is measured on a 1–100 scale.
More importantly, the difference between the 2 treatment arms
at month 3 and year 1 is approximately equal to the measure-
ment error of the MBDA score (4.5 units) (21). As was pointed
out in the report (1), this small difference in the mean MBDA
scores between the 2 treatment arms is likely clinically
irrelevant.

For unclear reasons, data on approximately one-fifth of
patients were missing from the AMPLE MBDA analysis, such
that a systematic bias as to why they were not analyzed cannot
be excluded. We also note that 31% of patients had missing
MBDA data at year 2 compared with year 1, which exceeds the
8.5% decline in total patient numbers from the end of year 1 to
the end of year 2 in the overall AMPLE trial (2,22).

In summary, the analysis by Fleischmann et al has sev-
eral limitations that raise uncertainties about the interpreta-
tions presented in the article. We note that the authors reached
the conclusion that the MBDA score is not useful for RA
patient management based on interpretations that questioned
the validity of the MBDA test in this one study, without consid-
ering all the available evidence. We would encourage readers
to make the distinction between the scientific validity of a diag-
nostic test and its clinical utility. There is already a sizable evi-
dence base supporting the development and validation of the
MBDA test in diverse RA patient cohorts (9–13,18–20,23–25).
A prospective clinical trial is underway to rigorously evaluate
its clinical utility and its potential role in RA patient manage-
ment (26).

Dr. Curtis has received consulting fees, speaking fees, and/or hon-
oraria from Crescendo Bioscience, Inc., Pfizer, and Bristol-Myers Squibb
(less than $10,000 each) and from UCB, Amgen, Janssen, and the
CORRONA registry (more than $10,000 each). Dr. Wright has received con-
sulting fees, speaking fees, and/or honoraria from Medac Pharma (less than
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Figure 1. Sensitivity analysis examining the association between radiographic progression and multi-biomarker disease activity (MBDA) score in
the AMPLE study (Abatacept versus Adalimumab Comparison in Biologic-Naive Rheumatoid Arthritis Subjects with Background Methotrex-
ate). Percentages of patients with radiographic progression at year 1 were analyzed by year 1 MBDA category for the abatacept arm and adali-
mumab arm, using published data from Fleischmann et al (1). Progressors were defined as having changes in the modified total Sharp score
(DmTSS) exceeding the smallest detectable change (SDC) (1). The number of progressors in an individual MBDA category (low, moderate, or
high) was determined in 2 steps. First, the total number of progressors in the 3 MBDA categories was calculated by subtracting the total number
of nonprogressors, summed from Figure 2D in the report by Fleischmann and colleagues, from the total number of patients, obtained from
Supplementary Table 5 in their report (1). Next, the total number of progressors was distributed across the 3 MBDA categories in 2 scenarios,
representing the most extreme possibilities compatible with the reported data: Scenario 1 (least conservative) assigned all progressors to the
highest possible MBDA categories; Scenario 2 (most conservative) assigned all progressors to the lowest possible MBDA categories (for numeri-
cal details, see Supplementary Tables 1 and 2, on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.1002/art.39981/
abstract). N values on the x-axis are the number of patients in the MBDA category, i.e., the sum of progressors (P) and nonprogressors (NP) in
that MBDA category. The percentage of patients with radiographic progression in each MBDA category is 100 3 (P/[P 1 NP]). Statistical signifi-
cance was determined by Mantel-Haenszel test for trend, assuming ordinality in the MBDA categories.
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Limited value of the multi-biomarker disease activity
assay compared to the Routine Assessment of Patient
Index Data 3 (RAPID3) score in the prognosis of
important clinical outcomes in rheumatoid arthritis:
comment on the article by Fleischmann et al and
accompanying editorial by Davis

To the Editor:
The article by Fleischmann et al (1) and accompanying

editorial by Davis (2) provide important clarification concerning
the multi-biomarker disease activity (MBDA) Vectra assay. A
biomarker to assess rheumatoid arthritis (RA) is most attractive,
comparable to hemoglobin A1C in diabetes, consistent with a
biomedical model (3,4). The outstanding MBDA technology
may have great potential to allow further understanding of the
pathogenesis of inflammatory rheumatic diseases. As a clinical
test, however, the MBDA appears quite limited, for at least 3
reasons:

1. The MBDA appears no more informative of the Disease
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Reply

To the Editor:
We thank Dr. Curtis et al and Dr. Pincus et al for their

careful attention to our recent publication, and we share their
interest in furthering the best possible understanding of the
findings from the AMPLE trial (1).

Curtis and colleagues, in their lengthy letter, provide a
fair summary of the findings contained in our brief report,
which was descriptive in nature. However, we respectfully dis-
agree with some of their observations. MBDA testing was per-
formed on all patients for whom collected serum was available;
we reported the correlations for all patients in whom both
MBDA testing and traditional RA clinical outcome measures
were available. We agree with Curtis et al that the cut points
available for the DAS28-CRP analysis (2) are problematic,
which is why we performed similar analyses across several other
disease measures (i.e., CDAI, SDAI, RAPID3) (3–5) and
encountered the same lack of correlation between these and
the MBDA test. We did not perform statistical testing as we

believed this was inappropriate in a post hoc analysis, and inter-
preting the statistical analysis would be problematic. The pur-
pose of our report was to determine, in this population and in
this study with these 2 medications, abatacept and adalimumab,
whether the MBDA test correlates strongly with clinical disease
measure changes or radiographic progression—we found that
it does not.

Curtis and colleagues’ description of our published
analysis of the relationship between the radiographic outcomes
and the MBDA score in Figures 2C and D of our report is cor-
rect. We agree that analysis of the relationship between radio-
graphic outcomes (e.g., nonprogressor rates) and the MBDA
score could have been done in multiple ways, each of which
could inform on different aspects of the correlation between
these 2 outcome measures in patients with RA. Curtis et al
describe one such alternative analysis: the correlation between
radiographic progressors and MBDA scores, rather than non-
progressors as we did. In the clinic, it is difficult to ascertain
radiographic progressor status so it is therefore not practical;
the use of a validated biomarker with high correlation with
radiographic progression would be a very welcome addition to
our clinical measures. We performed the analysis in question
for this very reason—we were interested in the correlation (and
strength of correlation) between a biomarker (the MBDA
score) and clinical and radiographic outcomes. We chose radio-
graphic nonprogression because it is an important patient-level
assessment of response to therapy, and radiographic nonprog-
ression was far more common than progression in AMPLE trial
patients with either medication at both year 1 and year 2 (1,6).

The assumptions used by Curtis et al for “missing data”
and progressor rates (i.e., number of patients, “overall 8 of 189
in the abatacept arm, 4 of 190 in the adalimumab arm”) to per-
form progressor analysis at year 1 (Figure 1 in their letter) are
not accurate, but understandably so. The data used in Figure
2D of our article, for both year 1 and year 2, are contained in
Supplementary Table 5, which does not contain the MBDA
score results for radiographic progressors. Table 1 herein does
show the distribution for both radiographic nonprogressors
and progressors by MBDA score and treatment group for both
year 1 and year 2.

Table 1. MBDA-defined disease activity in the RA patients by radiographic status at years 1 and 2*

Visit time point,
MBDA-defined
disease activity

Subcutaneous abatacept
(n 5 181)

Subcutaneous adalimumab
(n 5 186)

Radiographic
nonprogressors

Radiographic
progressors

Radiographic
nonprogressors

Radiographic
progressors

Year 1
n 162 19 165 21
LDA 38 (23.5) 1 (5.3) 43 (26.1) 2 (9.5)
MDA 57 (35.2) 3 (15.8) 84 (50.9) 7 (33.3)
HDA 67 (41.4) 15 (78.9) 38 (23.0) 12 (57.1)

Year 2
n 103 24 109 18
LDA 25 (24.3) 1 (4.2) 26 (23.9) 5 (27.8)
MDA 41 (39.8) 11 (45.8) 46 (42.2) 5 (27.8)
HDA 37 (35.9) 12 (50.0) 37 (33.9) 8 (44.4)

* Data are for all randomized and treated patients with MBDA scores and radiographs available. Val-
ues are the number (%). MBDA 5 multi-biomarker disease activity; RA 5 rheumatoid arthritis;
LDA 5 low disease activity; MDA 5 moderate disease activity; HDA 5 high disease activity.
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As Curtis and colleagues point out, when evaluating
only patients with radiographic progression at year 1, most
were found to have MBDA scores in the high disease activity
(HDA) range (abatacept 78.9% [15 of 19]; adalimumab 57.1%
[12 of 21]). Importantly, and especially since RA is a chronic
disease, at year 2, the correlation between radiographic pro-
gression and an HDA MBDA score was much less striking
(abatacept versus adalimumab 50% [12 of 24] versus 44.4% [8
of 18]). Of major importance, however, is that the year 1 find-
ings evaluating progressors do not nullify our observation that
for nonprogressors, the MBDA test results at years 1 and 2 did
not correctly identify most patients’ radiographic status. Most
patients with an HDA score were nonprogressors at both year 1
and year 2 (abatacept versus adalimumab 81.7% versus 76%
year 1 and 75.5% versus 82.2% year 2), meaning an HDA score
in this study did not reliably distinguish between radiographic
progressors and nonprogressors for patients with RA treated
over 2 years with either abatacept or adalimumab on back-
ground methotrexate. We also found that a low disease activity
(LDA) score did not correlate well with nonprogression as
asserted by Curtis et al (Table 1 herein). Thus, in clinical prac-
tice, based on the results of our analysis, the utility of the
MBDA score with respect to determining the likelihood of
radiographic progression is much less than satisfactory, as there
are many patients with an HDA score who do not progress
radiographically and many with an LDA score who do
progress.

We fully agree with Pincus and colleagues and their
assessment of the importance of clinical disease activity meas-
ures in RA that can be relied upon when making treatment
decisions. It is still important to evaluate the whole patient with
a careful history and physical examination, as well as assess-
ment of laboratory and imagining parameters. Composite clini-
cal measures remain the gold standard for therapeutic
decisions in RA. A patient-reported clinical measure, such as
the RAPID3, could be considered when deciding to initiate,
change, or discontinue therapy.

In addition to the primary objectives of assessing the
relative safety and efficacy of the use of abatacept or adalimu-
mab on background methotrexate, the AMPLE trial was de-
signed to serve as a platform to explore biomarker-related
analyses that could help further our understanding of the thera-
peutic interventions and clinical responses seen in a prospective
head-to-head trial. In the absence of a clear understanding of
which are the most relevant biomarkers to consider, we have
looked at multiple types of biomarker analyses that could be
useful in this endeavor; this included the MBDA test. We con-
cur with the accompanying editorial published in the same issue
of Arthritis & Rheumatology that encourages further efforts in
this area (7), as there is a need to develop clinically relevant
tools both for patients with RA and for clinicians. We look for-
ward to the results of these efforts.
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The role of omalizumab in patients with eosinophilic
granulomatosis with polyangiitis (Churg-Strauss):
comment on the article by Jachiet et al

To the Editor:
We read with interest the report by Jachiet et al provid-

ing evidence that anti-IgE (omalizumab) therapy may have a
glucocorticoid-sparing effect in eosinophilic granulomatosis with
polyangiitis (Churg-Strauss) (EGPA) with asthmatic and/or
sinonasal manifestations (1). In a nationwide (France) retro-
spective study, the authors evaluated 17 EGPA patients who
received omalizumab in combination with other medications
(glucocorticoids, azathioprine, cyclophosphamide, etc.) for
severe steroid-dependent asthma and/or sinonasal involvement.
Data on outcome variables (Birmingham Vasculitis Activity
Score [BVAS] [2], prednisone dosage, eosinophil count, forced
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(glucocorticoids, azathioprine, cyclophosphamide, etc.) for
severe steroid-dependent asthma and/or sinonasal involvement.
Data on outcome variables (Birmingham Vasculitis Activity
Score [BVAS] [2], prednisone dosage, eosinophil count, forced
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expiratory volume in 1 second [FEV1] [% predicted], FEV1/
forced vital capacity [% predicted], C-reactive protein level, and
number of exacerbations per month) were collected every 3
months during 12 months of treatment; the median follow-up
period was 22 months. The authors reported significant reduc-
tion of the prednisone dosage at each treatment time point com-
pared with baseline, whereas no significant differences were
noted for eosinophil count, BVAS, and FEV1. Omalizumab was
discontinued in 8 of 17 patients (due to disease remission [1
patient], adverse event despite disease remission, not related to
omalizumab administration [1 patient], refractory disease [2
patients], and disease relapse [4 patients]). Omalizumab was
well tolerated, and no serious adverse events were observed.

We would like to respectfully note that the results of a
similar observational study were published by our group last year
(3). In that report we described long-term (36-month follow-up)
effects of omalizumab in 5 patients with EGPA and severe asthma
who were seen at the Division of Clinical Immunology and Aller-
gy, University of Naples Federico II. In our observational study,
patients were treated with omalizumab (300–600 mg subcutane-
ously every 2–4 weeks) as add-on therapy to prednisone, inhaled
glucocorticoids, and bronchodilators. At baseline and during
omalizumab treatment, Asthma Control Test (ACT) results (4),
eosinophil count, FEV1 (% predicted), and prednisone dosage
were recorded every 6 months. During omalizumab treatment,
the FEV1 rapidly and significantly increased and the ACT score
progressively and significantly improved. Interestingly, eosino-
philia decreased significantly, and oral prednisone treatment was
discontinued in 1 of the 5 patients, and the dosage progressively
reduced in another. Patients were also evaluated for dermatolog-
ic, cardiologic, renal, and neurologic involvement; all remained

clinically stable. As in Jachiet and colleagues’ study, there were no
adverse events related to omalizumab treatment.

There are similarities and differences between the 2
observational studies (Table 1). The study by Jachiet et al was a
multicenter nationwide retrospective study on 17 patients where-
as ours was a single-center prospective study on 5 patients. In the
former study the characteristics of omalizumab treatment in
terms of duration and number of administrations were variable.
In contrast, in our patients omalizumab treatment was main-
tained throughout the 36 months of observation. In addition,
some of Jachiet and colleagues’ patients received immunosup-
pressive treatment while receiving omalizumab, whereas all
patients in our study had received immunosuppressive therapy
(cyclophosphamide or azathioprine) before, but not during, oma-
lizumab treatment.

There are also some differences in clinical outcomes
between the 2 studies. In our study, 2 parameters of asthma control
(FEV1 and ACT score) significantly improved, whereas FEV1 did
not change in the study by Jachiet et al (ACT score not evaluated).
The eosinophil count significantly decreased (at the 24-month time
point only) in our study whereas it did not change in the study by
Jachiet et al. In both studies the prednisone dosage was progres-
sively reduced, with the reduction reaching significance only in
Jachiet et al’s study. Jachiet and colleagues found no significant
effect of omalizumab on the BVAS score, nor did we (data not
shown in ref. (3)). Interestingly, we found that the urticarial
lesions observed in 1 patient rapidly disappeared after the first
administration of omalizumab, whereas Jachiet and colleagues
reported that omalizumab had no effect in 2 patients with cutane-
ous involvement (urticarial and pruritic). Our observation is con-
sistent with the previously reported finding that omalizumab

Table 1. Characteristics and findings of the 2 studies of omalizumab treatment in patients with EGPA*

Jachiet et al (ref. 1) Detoraki et al (ref. 3)

Study design Observational, retrospective,
multicenter

Observational, prospective,
single-center

No. of patients 17 5
Age, years 18–87 40–68
Total IgE 28–7,503 IU/ml 228–1,500 KU/liter
Baseline eosinophil count, per mm3 0–2,230 320–2,500
ANCA positive 5/17 1/5
Baseline BVAS 0–8 (median 2.5) Low†
Omalizumab combined with corticosteroid 17/17 4/5
Omalizumab combined with immunosuppressive

agent
8/17 0/5

Duration of omalizumab treatment, weeks 1–216 (median 64) 144 (36 months)
Discontinuation of omalizumab 8/17 0/5
Effect of omalizumab on BVAS Reduction (NS) No increase†
Effect of omalizumab on daily prednisone

dosage
Statistically significant

reduction
Reduction (NS)

Effect of omalizumab on eosinophil count Increase Reduction (statistically significant
at 24 months)

Effect of omalizumab on ACT score Not evaluated Statistically significant increase
Effect of omalizumab on FEV1 Slight increase (NS) Statistically significant increase
Effect of omalizumab on cutaneous

manifestations (urticaria, pruritus)
No effect Resolution

EGPA relapse 4/17 0/5

* EGPA 5 eosinophilic granulomatosis with polyangiitis (Churg-Strauss); ANCA 5 antineutrophil cytoplasmic anti-
body; BVAS 5 Birmingham Vasculitis Activity Score; NS 5 not significant; ACT 5 Asthma Control Test; FEV1 5
forced expiratory volume in 1 second.
† Not reported in article.
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rapidly improves skin lesions in patients with chronic spontaneous
urticaria (5). We would like to emphasize the above findings
because the results of our study, which represented the largest
reported cohort of EGPA patients treated with omalizumab for a
long period of time (36 months), were not discussed in the report
by Jachiet et al.

The results presented by Jachiet et al and by our group
extend the findings described in previous case reports on the
short-term efficacy of omalizumab in adults (6,7) and pediatric
EGPA patients (8). To date, no randomized controlled inter-
ventional trials in EGPA have been published. Therefore,
treatment decisions are based on expert opinion, small pilot
studies, or extrapolation from efficacious immunosuppressive
therapies in other types of vasculitis (9,10). Given the role of
eosinophils in EGPA (11), the anti–interleukin-5 monoclonal
antibody mepolizumab has been used, with limited success, in a
few adult EGPA patients (12–14).

The heterogeneous clinical and genetic spectrum of
EGPA (15,16) makes the treatment of this vasculitis particularly
challenging. A better characterization of different phenotypes
and/or genotypes of the disease might provide the basis for effi-
cacious targeted therapy with monoclonal antibodies.

EGPA is considered a Th2-driven vasculitis associated
with increased levels of serum IgE (3) and IgE-containing
immune complexes (17). Ligelizumab is a novel anti-IgE mono-
clonal antibody with greater efficacy than omalizumab in patients
with allergic asthma (18). Although the open-label design of the
studies by Jachiet et al and by our group is associated with poten-
tial bias, both studies suggest that omalizumab may have a
glucocorticoid-sparing effect in adult EGPA patients with asth-
matic and/or sinonasal symptoms. The efficacy and safety of oma-
lizumab and/or ligelizumab in EGPA should be assessed in
double-blind randomized placebo-controlled trials.
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To the Editor:
Over the last decade, biologic agents have become

an important component of therapy for systemic vasculitides,
e.g., rituximab for granulomatosis with polyangiitis (Wegener’s)
(GPA) and microscopic polyangiitis, or tocilizumab for giant cell
arteritis. However, a risk/benefit ratio of biologic therapy for eosin-
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rapidly improves skin lesions in patients with chronic spontaneous
urticaria (5). We would like to emphasize the above findings
because the results of our study, which represented the largest
reported cohort of EGPA patients treated with omalizumab for a
long period of time (36 months), were not discussed in the report
by Jachiet et al.

The results presented by Jachiet et al and by our group
extend the findings described in previous case reports on the
short-term efficacy of omalizumab in adults (6,7) and pediatric
EGPA patients (8). To date, no randomized controlled inter-
ventional trials in EGPA have been published. Therefore,
treatment decisions are based on expert opinion, small pilot
studies, or extrapolation from efficacious immunosuppressive
therapies in other types of vasculitis (9,10). Given the role of
eosinophils in EGPA (11), the anti–interleukin-5 monoclonal
antibody mepolizumab has been used, with limited success, in a
few adult EGPA patients (12–14).

The heterogeneous clinical and genetic spectrum of
EGPA (15,16) makes the treatment of this vasculitis particularly
challenging. A better characterization of different phenotypes
and/or genotypes of the disease might provide the basis for effi-
cacious targeted therapy with monoclonal antibodies.

EGPA is considered a Th2-driven vasculitis associated
with increased levels of serum IgE (3) and IgE-containing
immune complexes (17). Ligelizumab is a novel anti-IgE mono-
clonal antibody with greater efficacy than omalizumab in patients
with allergic asthma (18). Although the open-label design of the
studies by Jachiet et al and by our group is associated with poten-
tial bias, both studies suggest that omalizumab may have a
glucocorticoid-sparing effect in adult EGPA patients with asth-
matic and/or sinonasal symptoms. The efficacy and safety of oma-
lizumab and/or ligelizumab in EGPA should be assessed in
double-blind randomized placebo-controlled trials.
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ophilic granulomatosis with polyangiitis (Churg-Strauss) (EGPA)
has not been well studied. Jachiet et al have reported results of a
retrospective study of treatment with omalizumab (an anti-IgE
monoclonal antibody) in 17 patients with refractory and/or relaps-
ing EGPA and severe steroid-dependent asthma and/or sinonasal
involvement (1). Treatment response was defined as improvement
of asthma and/or ear/nose/throat (ENT) exacerbations. Therefore,
this was an “asthma” study rather than a “vasculitis” study, and
efficacy of omalizumab in vasculitis remains unclear. Notably, 7
patients described in Jachiet and colleagues’ report had other signs
and symptoms (skin disease, myalgia, arthralgia, pulmonary infil-
trates) in addition to asthma and/or ENT involvement. Following
treatment, these relatively mild manifestations of active vasculitis
had improved significantly in only 3 patients. Thus, omalizumab
does not appear to be a promising agent for management of vascu-
litis. Moreover, treatment with omalizumab may result in manifes-
tation of other disease features due to steroid tapering: 2 of the
patients in Jachiet et al’s study developed retrobulbar optic neuritis
related to disease relapse. Unlike GPA, severe eye disease is a rare
finding in EGPA; therefore, this high incidence (;12%) of retro-
bulbar optic neuritis in patients treated with omalizumab would
not have been expected.

It has previously been suggested that clinical vasculitis
manifestations, such as peripheral neuropathy or renal involve-
ment, occur more frequently in patients with antineutrophil
cytoplasmic antibody (ANCA)–positive EGPA than those with
ANCA-negative disease (2). It can be speculated that the risk/
benefit ratio of omalizumab may be more favorable in patients
with ANCA-negative EGPA. Jachiet et al did not report the
ANCA status of patients with vasculitis relapse, though they
stated in the Discussion that response to omalizumab seemed
to be independent of ANCA positivity.

Omalizumab induced a complete or partial response
(i.e., absence of asthma and/or ENT exacerbations) in 65% of
patients. However, the moderate reduction in prednisone dos-
age following biologic therapy raises a question as to whether
the same effect could have been achieved by intensification of
treatment with inhaled corticosteroids and/or long-acting bron-
chodilators. Jachiet et al did not present data on concomitant
use of antiasthmatic medications (this information was likely
not available given the retrospective design of the study).
Recently, Detoraki et al reported on 5 patients with EGPA and
moderate-to-severe asthma who were treated with omalizumab
as add-on therapy to prednisone, inhaled corticosteroids, and
bronchodilators (3). Over a treatment period of 36 months,
omalizumab was found to be safe and enabled corticosteroid
tapering while reducing eosinophilia and improving asthma
symptoms. Although the steroid-sparing effect of omalizumab
is apparently beneficial, it should not be overestimated. In a
Cochrane systematic review, a significant benefit of subcutane-
ous omalizumab versus placebo was noted with regard to
reduction in the frequency of hospitalization or discontinuation
of inhaled corticosteroids in patients with bronchial asthma (4).
However, there was no significant difference between omalizu-
mab and placebo groups in the proportion of participants who
were able to discontinue oral corticosteroid therapy.

Unlike omalizumab, rituximab (an anti-CD20 mono-
clonal antibode) has no antiasthmatic activity and is being used
to treat relapsing and/or refractory vasculitis. Mohammad et al
have reported on 41 patients with EGPA treated with rituximab
in 4 centers (5). At 6 months and 12 months, respectively,
remission or partial response was achieved in 83% and 87% of

patients. In our own series, complete or partial remission was
achieved following rituximab administration in all 6 patients
with moderately severe or severe relapsing EGPA that was
refractory to conventional immunosuppression (6). Notably, in
2 patients, attempts to reduce the dosage of or discontinue
corticosteroids led to a minor relapse that required intensifica-
tion of treatment (increase in corticosteroid dosage or addition
of mycophenolate mofetil), while 1 patient developed severe
bronchospasm following rituximab infusion. Therefore, along
with infections, the risk of aggravating asthma during rituximab
infusion should be taken into account.

Mepolizumab (an anti–interleukin-5 monoclonal anti-
body) is another promising biologic treatment for EGPA. Its
efficacy in patients with refractory, relapsing, or steroid-
dependent EGPA manifestations was preliminarily shown in
small open-label studies (7,8) and is currently under investiga-
tion in a randomized clinical trial (MIRRA; ClinicalTrials.gov:
NCT00527566). Mepolizumab may have advantages over omali-
zumab and rituximab, as it seems to be effective in both vasculi-
tis and eosinophilic asthma.

In conclusion, Jachiet et al have provided important
data for rheumatologists caring for patients with EGPA.
Regretfully, the future of omalizumab in EGPA does not look
bright. Therefore, we should focus on other biologic agents that
would ideally have activity against both vasculitis and
asthmatic/sinonasal manifestations of EGPA.
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Sechenov First Moscow State Medical University
Moscow, Russia
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Reply

To the Editor:
We would like to thank Dr. Detoraki et al and Drs.

Novikov and Moiseev for their interesting comments regarding
our study on anti-IgE (omalizumab) therapy in patients with
refractory and/or relapsing EGPA.

First, we apologize for not mentioning the report by
Detoraki et al describing the effects of omalizumab in 5
patients with EGPA and severe asthma (1). We acknowledge
that there was variability among our study patients in terms of
duration of omalizumab treatment, number of administrations,
and concomitant therapy. This heterogeneity was due to the
multicenter design of the study and the off-label use of omalizu-
mab in refractory EGPA, a particularly difficult condition to
manage. Refractory disease often requires add-on immunosup-
pressive agents, as in the study by Kim et al on adjunct therapy
with mepolizumab in patients with EGPA (2).

We agree that our study demonstrated partial efficacy
only in severe and high-dose steroid–dependent asthma and
sinonasal involvement rather than for vasculitis manifestations;
the latter were never the indication for initiation of omalizu-
mab. These manifestations, sharing common pathophysiologic
features with eosinophilic disorders and asthma, were more
likely to respond to specific targeting therapy (3,4).

Novikov and Moiseev raise concerns regarding positive
or negative ANCA status and omalizumab response. ANCA-
positive patients are prone to develop vasculitic manifestations
of the disease, i.e., glomerulonephritis and peripheral neuropa-
thy, whereas ANCA-negative patients have more frequent car-
diac manifestations (5). In our study, 12 EGPA patients (71%)
were ANCA negative and 5 (29%) were ANCA positive (with
enzyme-linked immunosorbent assay–detected antibodies to
myeloperoxidase in 4 patients, and no specificity in 1 patient).
Among the 12 ANCA-negative patients, complete response
was achieved in 3 (25%) and partial response in 5 (42%); 4
patients (33%) had no improvement. Among the 5 ANCA-
positive patients, complete response was achieved in 3 (60%),
and 2 (40%) had no improvement.

Finally, despite its limitations, our study is the largest
evaluation of omalizumab in refractory and/or relapsing EGPA

published to date, and the findings suggest a potential, though
moderate, corticosteroid-sparing effect. Because of the ques-
tionable risk/benefit ratio in our patients (which should be
interpreted with caution due to the small study sample), the use
of omalizumab in EGPA will probably be restricted to very
selected patients. Therapeutic management of EGPA remains
challenging, and clinicians should balance the strengths and
limitations of the available data and individual patient charac-
teristics before deciding on the best treatment. While it is chal-
lenging to conduct randomized placebo-controlled trials in
rare diseases such as EGPA, further studies should focus on
deciphering this complex disease and evaluating appropriate
biologic agents to obtain useful data for clinicians providing
care.
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