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ACR Meetings

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

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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Multi-Biomarker Disease Activity Score May Be Useful for 
Guiding RA Treatment 
In this issue, Hambardzumyan et al (p. 953) 
sought to determine whether the Multi-
Biomarker Disease Activity (MBDA) score 

could be a valuable tool for 
predicting which second-
line treatment would be 

preferable in a patient with rheumatoid 
arthritis (RA) who has not responded 
adequately to methotrexate (MTX) 
monotherapy. The investigators classified 
patients according to MBDA score, which 
is based on measurement of 12 serum 
biomarkers and is designed to correlate with 
the 28-joint Disease Activity Score using the 
C-reactive protein level. They studied 157 
RA patients who did not respond well to 

MTX and found that 12% had a low MBDA 
score, 32% had a moderate MBDA score, 
and 56% had a high MBDA score. 

The team discovered that MBDA score 
categories were differentially associated 
with response to subsequent therapies. 
For example, 88% of individuals with a 
low MBDA score responded to subsequent 
triple therapy (MTX plus sulfasalazine 
plus hydroxychloroquine), but only 18% 
with a low MBDA score responded to 
MTX plus infliximab. In other words, 
individuals who experienced post-MTX 
biochemical improvements were more 
likely to respond to triple therapy than 
to MTX plus infliximab. In the case of 

p.  953

individuals with a high MBDA score, 
35% responded to triple therapy and 58% 
responded to MTX plus infliximab.

When the investigators used 38 as a 
cutoff for the MBDA score, the differential 
associations with response to triple therapy 
versus MTX plus infliximab were 79% versus 
44% for patients with a lower MBDA score 
and 36% versus 58% for patients with a higher 
MBDA score. These results suggest that the 
MBDA score is a better predictor of response 
to triple therapy or to MTX plus infliximab 
than clinical and inflammatory markers. The 
authors concluded that, if their findings are 
confirmed, the results may contribute to a 
better treatment algorithm for RA.

The intestinal microbe Prevotella copri is known to overexpand in 
stool samples from patients with new-onset rheumatoid arthritis 
(RA).  Up until now, however, no clear relationship between the 

organism and RA pathogenesis had been identified.  
In this issue, Pianta et al (p. 964) report that sub-
groups of patients with RA have differential IgG or 

IgA immune reactivity to P copri. 
The investigators used peripheral blood mononuclear cells (PBMCs) 

from RA patients, and for comparison, Lyme arthritis patients to search 
for HLA–DR–presented peptides derived from P copri.  In RA PBMCs, 
they identified a peptide derived from a 27-kd protein (Pc-p27) that 
was able to stimulate Th1 responses in 42% of patients with new-onset 
RA.  The investigators then tested for antibody responses to P copri in 
patients with new-onset RA as well as those with chronic RA.

When they evaluated patients with new-onset RA and those with 
chronic RA, they found that 1 subgroup had IgA antibody responses 
to either Pc-p27 or the whole organism.  This response correlated 
with Th17 cytokine responses and frequent anti–citrullinated pro-
tein antibodies (ACPAs).  The other subgroup had IgG P copri anti-
bodies that were associated with Prevotella DNA in synovial fluid as 
well as P copri–specific Th1 responses and less frequent ACPAs.  The 
investigators also noted that the P copri antibody responses were 
rarely found in patients with other rheumatic diseases or in healthy 
controls.  These antibodies thus appear to be specific for RA and 
provide evidence that P copri is immune-relevant in RA pathogenesis.

p.  964

Gut Microbe Associated With RA 

Figure 1. IgG and IgA responses to Prevotella copri in rheumatoid arthritis (RA) 
patients and control subjects. Serum samples from 303 individuals (healthy control 
[HC] subjects and patients with connective tissue diseases [CTDs], spondyloarthritides 
[SpA], Lyme arthritis [LA], new-onset RA [NORA], or chronic RA [CRA]) were 
tested for P copri antibodies. Enzyme-linked immunosorbent assays were performed 
to measure levels of IgG (A) and IgA (B) against the P copri 27-kd protein (Pc-p27) 
as well as levels of IgG (C) and IgA (D) against 1% formalin–inactivated P copri 
(whole organism). A positive response was defined as a value >3 SD above the mean 
in healthy controls (area above the shaded region). Each symbol represents a single 
subject; horizontal lines show the mean. Star represents patient RA1. Only significant 
P values relative to healthy controls are shown.
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Analysis of Arab Population Reveals New RA Risk Loci
Genetic association studies in rheumatoid 
arthritis (RA) and meta-analyses of these 
associations can be useful in uncovering 

novel risk alleles for disease. 
Such studies have primarily 
been performed in Europe-

an and East Asian populations, leaving the 
Arab population largely unstudied. Conse-
quently, genetic factors underlying suscep-
tibility to RA in the Arab population are 
largely unknown.

In this issue, Saxena et al (p. 976) de-
scribe the results of the Genetics of Rheu-
matoid Arthritis in Some Arab States Study. 
Theirs is the first RA genome-wide associa-
tion study in the Arab population. All sub-
jects in the study were nationals of 1 of the 
22 countries of the Arab world and were 
enrolled from centers in Jordan, the King-
dom of Saudi Arabia, Lebanon, Qatar, and 
the United Arab Emirates. The investigators 
based their definition of Arab ancestry on 
self-report, and they analyzed >7 million 
single-nucleotide polymorphisms (SNPs) 
for association with RA. The researchers 
also looked specifically at SNPs in 794 RA 
cases and 573 healthy controls to determine 

associations between SNPs and seropositive 
and seronegative RA.

Their study revealed that the genetic ar-
chitecture of RA in the Arab population is 
similar to that in other ethnic groups. The 
investigators also found that HLA-region 
and RA risk alleles identified in Europe-
ans and East Asians contribute strongly to 
the risk and severity of disease in Arabs. In 
particular, they found that 3 loci reached 
genome-wide significance in the analy-
ses of associations with RA and with sero-
positive RA. All 3 loci also demonstrated 
evidence of independent replication. More-
over, the researchers found that, as in other 
populations, the strongest association was 
between RA and HLA–DRB1 amino acid 
position 11. 

A weighted genetic risk score of 68 pre-
viously associated RA loci was found to be 
associated with both RA and seropositive 
RA in the Arab population. The investiga-
tors were also able to contribute population-
specific insights into the pathophysiology of 
RA by identifying 2 novel RA risk loci in 
Arabs. The 2 novel associations were found 
at the 5q13 and 17p13 loci.

In this issue, Hao et al (p. 1067) report results from the largest study 
to date (n = 1,070) to examine mortality and causes of death in 
an inception cohort with systemic sclerosis (SSc).  They found that 

early mortality in SSc is substantial. Specifically, 
the investigators identified 140 deaths (13%) 
over a median follow-up of 3.0 years.  In most 

cases (62.1%), the primary causes of death were SSc-related.  The 
most common non–SSc-related causes of death were malignancy, 
sepsis, cerebrovascular disease, and ischemic heart disease.  The 
researchers also calculated a pooled standardized mortality rate 
(SMR) of 4.06 in the inception cohort, with up to 22.4 years of 
life lost in women and up to 26.0 years of life lost in men. Of 
particular note, mortality in the diffuse disease subtype was 24.2% 
at 8 years. Male sex, older age at disease onset, diffuse disease 
subtype, pulmonary arterial hypertension, and renal crisis were all 
predictors of early mortality. 

In contrast, the investigators calculated that their prevalent 
cohort of 3,218 had a pooled SMR of 3.39.  The authors con-
cluded that use of prevalent cohorts underestimates mortal-
ity in patients with SSc because it fails to capture early deaths, 
particularly deaths that occur in men and in individuals with 
diffuse disease.

Figure 1. Kaplan-Meier analysis of overall survival in the first decade following disease 
onset in the combined inception cohort and combined prevalent cohort. The survival of 
the combined inception cohort was significantly lower than that of the combined prevalent 
cohort (99.0%, 94.8%, 88.9%, and 81.3% versus 99.5%, 98.0%, 96.7%, and 94.6% at 1, 3, 
5, and 8 years, respectively; P < 0.0001 by log rank test).

Early Mortality in Systemic Sclerosis Is Substantial

p. 976

p. 1067

Figure 1. Principal components (PC) analyses of the 
entire rheumatoid arthritis case–control discovery cohort 
of Arabs (A) and the subgroups of Arab populations 
(African-admixed and non–African-admixed) defined 
for secondary analysis (B), relative to Human Genome 
Diversity Project (HGDP) populations. The first PC 
(PC1) and second PC (PC2) are shown in the plots.
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Clinical Connections
CRISPR/Cas9 Editing of Murine Induced 
Pluripotent Stem Cells for Engineering 
Inflammation-Resistant Tissues 
Brunger et al, Arthritis Rheumatol 2017;69:1111–1121.

CORRESPONDENCE
Charles A. Gersbach, PhD:  charles.gersbach@duke.edu
Farshid Guilak, PhD:  guilak@wustl.edu 

KEY POINTS 
•  Proinflammatory cytokines such as IL-1 are elevated in 

the joints following injury or arthritis.

•  Exogenous stem cells used for cartilage repair are highly 
sensitive to IL-1, which inhibits stem cell chondrogenic 
differentiation and degrades newly formed repair cartilage.

•  Genome engineering using the CRISPR/Cas9 method was 
used to create murine iPSCs that lack the IL-1 receptor 1. 

•  Cartilage synthesized by these engineered cells was 
immune to IL-1 signaling and showed no degradation or 
inflammatory signaling in response to IL-1

SUMMARY  
Proinflammatory cytokines such as interleukin 1 (IL-1) 
are elevated in arthritic or injured joints and promote 
the degradation of articular cartilage while preventing 
stem cell differentiation and repair by engineered tis-
sue replacements.  To engineer cells and tissues that are 
resistant to these inflammatory effects, targeted dele-
tion of Il1r1, the IL-1 receptor 1, was achieved in murine 
iPSCs using the RNA-guided, site-specific CRISPR/Cas9 
genome engineering system.  Cartilage engineered from 
iPSCs derived from Il1r1–/– mice was found to be resis-
tant to IL-1–mediated degradation, as measured by gene 
expression, histologic, and biomechanical assays. This 
work demonstrates proof-of-concept of the ability to 
engineer stem cells that are immune to proinflammatory 
cytokines as a potential cell source for tissue engineering 
of articular cartilage for treating joint injury or arthritis. .
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EDITORIAL

Prevention of Rheumatoid Arthritis: Now Is the Time, but How to Proceed?

Kevin D. Deane, Christopher C. Striebich, and V. Michael Holers

In rheumatoid arthritis (RA), current clinical
practice as well as the vast majority of reported studies
focus on the ability of certain treatments to ameliorate
existing disease activity or to prevent worsening disease in
patients with established and classifiable disease. In addi-
tion, however, several trials have tried to address preven-
tion of the development of classifiable RA in patients
with undifferentiated arthritis (UA) or joint symptoms
defined as arthralgia and autoantibody positivity without
inflammatory arthritis, with overall mixed results (1–4). In
particular, one important contribution to RA prevention
is designated Probable Rheumatoid Arthritis: Methotrex-
ate versus Placebo Treatment (PROMPT), an innovative
and forward-looking clinical trial designed to stop disease
progression from UA to classifiable RA.

The findings from this study have been reported
in several stages. In the original study that was re-
ported in 2007, 110 disease-modifying antirheumatic drug
(DMARD)–naive patients with synovitis at baseline yet
who did not meet the American College of Rheumatology
(ACR) 1987 revised criteria for RA (5) were randomized
to receive methotrexate (MTX; starting dosage 15 mg/
week orally) or placebo, without other DMARDs or ster-
oids (6). After follow-up of up to 30 months, there was no
overall difference between groups in those whose disease

progressed to classifiable RA (5). However, there was a
delay in progression to RA in the MTX-treated group, and
at 18 months, patients treated with MTX had less radio-
graphic progression. Furthermore, in subgroup analyses
solely of patients who were seropositive for anti–citrul-
linated protein antibodies (ACPAs), those who received
MTX had less frequent progression to classifiable RA
(67% versus 93%; P , 0.001).

The authors concluded in their original article that
intervention in this “early” period of RA, especially in
individuals who are ACPA positive, may result in longer-
term benefits. However, in a follow-up study that included
5 years of follow-up (7), there was no lasting benefit from
the initial course of MTX in terms of development of RA,
radiographic damage, or drug-free remission, and the
conclusion that followed was that perhaps early treatment
did not result in lasting improvement in longer-term out-
comes, which was somewhat contrary to many findings
demonstrating that earlier treatment in RA leads to
improved long-term outcomes (8).

In this issue of Arthritis & Rheumatology, the
PROMPT investigators (Burgers LE, et al) report a fur-
ther analysis of the data from the original study, this time
to address the issue that perhaps earlier analyses yielded
false-negative results because patients at low risk of devel-
oping classifiable RA were included (9); as such, if the indi-
viduals at highest risk of future RA could be identified, a
benefit of treatment might be apparent. With this new
approach, Burgers et al stratified individuals at baseline as
being at high risk of future RA by applying the Leiden pre-
diction rule, a 9-item instrument that includes clinical and
biomarker factors and was developed and validated to
determine the UA patients in whom disease may progress
to classifiable RA (10,11). In this reanalysis, the primary
outcome measure was the fulfillment of the ACR 1987
revised criteria, and the secondary outcome measure was
the proportion of patients who achieved drug-free
remission.
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After applying the Leiden rule, 22 of the original
110 subjects were identified as having been at high risk of
RA, and fortuitously this small subgroup was originally
randomized equally to receive MTX or placebo (11 in each
group). Among these patients, during the overall follow-up
period of 5 years, 6 of the 11 MTX-treated patients (55%)
developed classifiable RA compared to 11 of 11 subjects
(100%) in the placebo arm (P 5 0.011). In addition, classi-
fiable RA was significantly delayed in MTX-treated
patients (median 22.5 months versus 3 months; P , 0.001),
and drug-free remission was more common as well (36%
versus 0%; P 5 0.027). Furthermore, when the data were
analyzed using only high-risk patients who were addition-
ally ACPA positive (n 5 18), classifiable RA was again
noted to be significantly delayed, and there was a trend
toward a greater preventive effect of MTX treatment.
Finally, in subjects who were not at high risk, no benefit of
MTX was identified. Based on these findings, the authors
concluded that in order to see a benefit of intervention, it
would be necessary in future studies to more accurately
classify subjects as being at high risk, and to enter only
those individuals into RA prevention trials.

There are several issues to consider when applying
the specific findings from the PROMPT study to future
prevention studies in RA, particularly those studies that
target the stage of disease development between the
appearance of the first clinically apparent synovitis and
classifiable RA. First, the study by Burger et al was a very
small study using retrospective analyses that may introduce
bias, and therefore much larger studies will be needed to
determine the best approaches for treating individuals who
present with UA. Second, in this latest analysis, while some
subjects had sustained MTX-free remission, 6 of 11 (55%)
MTX-treated subjects still had disease that progressed to
classifiable RA. This may have been due to a too-low dose
of MTX (starting dosage of 15 mg/week), a too-short
course of treatment (1 year), or the possibility that MTX
targets the wrong pathway at this pathophysiologic stage of
RA development. Further studies are needed to identify
the best therapeutic agent(s) to optimize responses in this
early stage of RA development.

Third, in this reanalysis, 18 of the 22 subjects
(;82%) who the PROMPT investigators determined to be
at high risk based on the Leiden rule also met the ACR/
European League Against Rheumatism (EULAR) 2010
classification criteria for RA (12) at the time of study entry.
The authors also found that the high-risk designation from
the Leiden score performed better than the 2010 ACR/
EULAR criteria in identifying those in whom MTX was
most effective at preventing RA according to the ACR 1987
revised criteria, although the small sample size in the
subanalysis limits the conclusions that can be made.

However, because the 2010 ACR/EULAR criteria are used
widely in clinical practice to guide treatment, it remains to be
studied in larger trials how the Leiden prediction rule com-
pares to those criteria in guiding clinical care. Furthermore,
given the growing understanding of the pathophysiology of
RA and the expansion of blood-based biomarkers and imag-
ing that are available to assess and monitor disease (13), it
will be important to determine how models that include
additional autoantibodies, autoantibody levels, breadth of
autoantibody reactivity, and other imaging or blood-based
measures of inflammation can be used to identify individuals
with UA who are at high risk of their disease progressing to
classifiable RA. In addition, all of these factors may ulti-
mately need to be incorporated into the “standard” classifi-
cation criteria for RA in order to ensure that classification
criteria truly match the biology of disease.

Finally, while the Leiden rule incorporates duration
of symptoms as 1 of the 9 items assessed, Burgers et al did
not formally assess duration of symptoms in this reanalysis,
although in the original publication it was reported that
the duration of symptoms was longer in the MTX-treated
group (312 days versus 263 days; no P value provided) (6).
This could impact findings, because in other studies the
duration of disease prior to the initiation of therapy has
been found to be an important factor in response to ther-
apy (8).

Of note, until now we have avoided using the
“classic” definitions of the stages of prevention, which
include primary, secondary, and tertiary prevention, in con-
sideration of the PROMPT study as a prevention trial.
That is because the application of these terms depends to a
large extent on when disease is considered to occur. Impor-
tantly, the determination of the presence or absence of a
disease depends on an understanding of the natural history
and pathophysiology of the disease, as well as on classifica-
tion criteria that may be determined in an arbitrary manner
(14,15). In particular, defining when disease is present in
RA has been affected by the use of 2 classification schemes
(the 1987 and 2010 criteria) that have some variability in
their performance and that therefore may not identify
exactly the same subjects or the same stage of disease
development (5,12,16). The definition of “disease” in RA
has been further challenged by the identification of a pre-
clinical phase during which the levels of RA-related bio-
markers, including rheumatoid factor (RF) and ACPAs
are elevated years prior to the development of clinically
detectable synovitis or classifiable RA (17) (Figure 1). Spe-
cific definitions that apply to the preclinical phase of RA
are in development (18), although as of yet there is no
widely accepted approach to uniformly define preclinical
RA. Because of these issues, until consensus guidelines are
developed, it may be more appropriate in RA to define
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prevention more broadly as a means to avoid progression
from one stage of disease to another, more severe, stage.

With these issues in mind, it is not yet clear how
the findings from the PROMPT study will directly apply
to other types of prevention trials in RA that may target
different, and earlier, stages of disease. In particular,
several studies are currently underway (or were recently
completed) to evaluate whether interventions that are
given prior to the first clinical evidence of synovitis may
prevent future classifiable disease (19–21). Since these
studies target an earlier phase of RA development than
that in the PROMPT study, the same methods (e.g., Lei-
den score) to identify an individual with clinically appar-
ent synovitis that will progress to classifiable RA may not
be appropriate to identify an individual with preclinical
RA who is at risk of developing clinically apparent syno-
vitis in a joint for the first time. Instead, identifying indi-
viduals whose disease will progress from preclinical RA
to classifiable disease or even to UA may rely more
heavily on biomarkers than on clinical symptoms.
Indeed, in the prevention studies mentioned above, the
inclusion criteria depend heavily on RA-related autoan-
tibody positivity and particularly on ACPA positivity.

Furthermore, it will be imperative for future preven-
tion studies in RA to identify the right targets for prevention

for each stage of disease development. Specifically, as dis-
cussed above, MTX halted progression to classifiable RA in
some of the high-risk PROMPT patients, and it is well
known to be useful in treating patients with classifiable RA;
however, MTX may not be appropriate to use in the earlier
stages of RA because this drug and others have been opti-
mized for the treatment of clinically apparent synovitis, a
disease process that may be distinctly different from preclin-
ical autoimmunity (13). Additionally, with the increasing
understanding that preclinical RA is associated with and
perhaps driven by mucosal inflammation (22), in some
cases it may be more appropriate to approach prevention
through modulation of that process. Furthermore, studies
are needed to assess how changes in biomarkers or other
measures over time can be used to assess efficacy of an
intervention. The field is currently accustomed to “treating
to target” in patients with classifiable RA, and in other dis-
eases such as cardiovascular disease, specific lipid biomark-
ers are repeatedly assessed over time to gauge response to
therapy. Similar approaches may be applied in RA preven-
tion, although the targets may need to change in order to
reflect underlying immunopathology rather than counts of
tender and swollen joints, which are highly weighted in
most tools that are currently used to assess disease activity
in individuals who have clinically apparent synovitis.

Figure 1. Model for rheumatoid arthritis (RA) development. In this model, RA develops in 3 general stages: 1) no detectable autoimmunity, 2)
initiation of autoimmunity, and 3) propagation of autoimmunity. At each stage, the biology of disease can be defined through a variety of factors.
Each stage is also characterized by clinical presentation that may be asymptomatic, unclassifiable signs and symptoms (the Probable Rheumatoid
Arthritis: Methotrexate versus Placebo Treatment study), and ultimately classifiable RA using established criteria (e.g., 1987 or 2010 criteria).
Identifying individuals at each stage requires different approaches such as autoantibody screening to identify asymptomatic or early symptomatic
autoimmunity that may be difficult to recognize as related to RA, or clinical evaluation if signs and symptoms of synovitis are present. At each
stage, major challenges are to 1) accurately identify individuals who are in each stage, 2) precisely define the risk for progression to the next
“worse” stage, and 3) define the biology so that effective interventions can be applied to maintain or improve disease status or even facilitate
transition of an individual’s disease back to a prior stage. Of note, genes and environment likely act throughout all stages. In addition, the spe-
cific duration of each stage may vary across individuals.
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Despite these caveats, this reevaluation of the
PROMPT data addresses a critically important concept of
identifying the right individuals to include in any type of
prevention study in RA. Certainly, this concept is not new,
as investigators have long tried to enroll the “right”
patients in studies in order to optimize the identification of
meaningful interventions. However, in prevention trials in
which the success of the trial may rest heavily on the num-
ber of strictly defined outcomes as dichotomous variables
(e.g., RA present or absent), it is likely even more impor-
tant a priori to accurately identify adequate risks of devel-
opment of classifiable RA in order to have sufficient
outcomes for analyses during defined study periods. More-
over, given the temporal limits of clinical trials, inclusion
criteria will need to incorporate both the likelihood of an
important outcome and the timing of that outcome. For
example, in studies of preclinical RA, this means that
inclusion criteria will need to provide estimates of the
number of individuals who will develop classifiable RA as
well as an estimate of how many of those events will occur
during the study period. Furthermore, when inclusion cri-
teria adequately reflect the underlying biology of disease,
they can help identify the patients with the “right” biology
that will respond to a specific intervention. These critical
issues for prevention trials can be summed up as follows:
right individuals, right time, and right drug/intervention—
all of which can be informed by robust inclusion criteria.

As such, great efforts should be put into identifying
the right set of inclusion criteria for clinical prevention trials,
with these criteria being based on sound understanding of
the natural history of disease and its underlying biology. The
several trials seeking to prevent the development of classifi-
able RA in autoantibody-positive individuals who do not
have clinically apparent synovitis at baseline are already
building on significant data showing that the presence of
ACPAs with or without RF positivity is highly predictive of
the future onset of classifiable RA (17). However, as knowl-
edge about preclinical RA grows from these and other stud-
ies on the natural history of RA, we should be prepared to
perform additional stratification that can be informed by a
variety of clinical, biomarker, and imaging factors that will
allow for delivery of “precision medicine” in prevention (23).

In relation to the above issues, it is important to con-
sider the planned duration of preventive trials, especially if a
planned intervention may take a long time to demonstrate
its effect. For example, while one may expect a large and
“quick” preventive effect on future classifiable RA from a
DMARD, it may take much longer for a lifestyle interven-
tion to result in demonstrable outcomes (24). Specifically,
retrospective studies suggest that it may take 10–20 years to
see an effect of smoking cessation on the future develop-
ment of RA (25). As such, an RA prevention trial in which

the intervention was smoking cessation would require very
prolonged follow-up in order to adequately assess outcomes.
Although this appears to be a daunting issue, improvements
in cardiovascular disease outcomes using interventions such
as statins have been measured not only in years but also in
decades (26), so such approaches are possible.

In addition, to date the majority of RA prevention
studies, including the PROMPT study, have enrolled sub-
jects who have come to attention because they have sought
medical care for symptoms. However, to identify individu-
als even earlier in the natural history of RA, different strat-
egies will have to be employed that may require more
public health–type approaches (Figure 1) and investment
by clinicians, investigators, and funding agencies, as well as
individuals at risk of rheumatic diseases whose participa-
tion in preventive trials will be critical to move the field for-
ward. In particular, some prevention studies that are
underway, including Strategy for the Prevention of Onset
of Clinically-Apparent RA (19), are seeking to identify
some study subjects even prior to their presentation to clini-
cal care through serum ACPA screening of populations at
higher risk, such as first-degree relatives of patients with
RA, an approach that has both advantages and dis-
advantages but that is more akin to prevention of cardiovas-
cular disease and cancer.

Overall, however, it is exciting that rheumatology is
at the point where prevention in RA can be addressed more
comprehensively. We hope that as the understanding of the
pathophysiology and natural history of RA as well as that of
other rheumatic diseases (e.g., lupus [27]) improves, the
development of robust inclusion criteria for prevention
studies as well as the addressing of other issues will find the
right balance among 1) accurately classifying individuals in
each stage of RA development, 2) precisely predicting risk
of progression to the next “worse” stage of disease, and 3)
understanding the biology of disease in each stage and on
an individual level so that optimal interventions can be
applied. We hope that addressing these issues will soon cul-
minate in investigators being able to demonstrate conclu-
sively that preventive interventions work in rheumatic
disease.
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A New Classification of Adult Autoimmune Myositis

Jean-Luc Sen�ecal,1 Jean-Pierre Raynauld,1 and Yves Troyanov2

Since Bohan and Peter first described their original
classification and diagnostic criteria for polymyositis (PM)
and dermatomyositis (DM) in 1975 (1), rheumatologists
have witnessed remarkable progress in the understanding of
the heterogeneous nature of these diseases. Notwithstanding
major advances made in other aspects of PM and DM such
as skeletal muscle histopathology (2,3), progress has been
afforded notably by the discovery of serum autoantibodies
associated with myositis, which were unknown at the time
that the Bohan and Peter criteria were first described (4,5).
We focus herein on advances in the nosology of PM and
DM brought forward by these autoantibodies and attempt to
integrate emerging concepts into a new classification. We
also focus on some implications for trial design and outcome
measures that stem from this novel classification.

Clinicoserologic analysis of the associations of
newly identified autoantibodies has allowed separation of
classic PM and DM into newly recognized disease sub-
groups with distinct phenotypes, i.e., distinct clinical fea-
tures, course, prognosis, association with cancer, and even
therapeutic responses. In addition to the discovery of these
autoantibodies, immunogenetic as well as pathophysiologic
studies (6) have provided strong evidence of an autoim-
mune pathogenesis in most PM and DM subgroups,
warranting their classification under the more specific ter-
minology of “autoimmune myositis” (AIM) in replace-
ment of “idiopathic inflammatory myopathies.”

As shown in Table 1, 5 major syndromes/disease enti-
ties are now classified under the AIM banner: overlap myosi-
tis (OM) (7), pure (classic) DM, necrotizing autoimmune

myositis (NAM) (8), PM, and possibly, sporadic inclusion
body myositis. In this article, we focus on adult OM, DM,
and NAM, which account for .90% of adult AIM patients
seen by rheumatologists in an academic setting.

The concept of overlap myositis

Since the terminology of OM was originally pro-
posed (7), this concept has gained acceptance (8–12). OM is
defined by the association of myositis with overlap connec-
tive tissue disease features, such as Raynaud’s phenomenon,
arthritis, and interstitial lung disease (ILD), as well as fea-
tures of systemic sclerosis (SSc) and lupus, which most com-
monly are present at the time of myositis diagnosis (Table 1)
(7,13). However, although ;15% of OM patients present
without overlap clinical features, an overlap autoantibody is
present, often with suggestive biopsy findings (3,14), and
overlap features typically develop at follow-up (7).

OM is the most frequent AIM subgroup, account-
ing for ;50% of patients. Although Bohan and Peter did
include in their classification “PM or DM associated with
collagen-vascular disease,” emergence of OM as a distinct
entity within the AIM spectrum was triggered by 2 factors.
First, the realization that histopathologically defined PM
was rare, and that “nonspecific myositis” was a surprisingly
common pathologic diagnosis, suggested that PM was an
overdiagnosed entity (15). Second, support for the concept
of OM stemmed from the identification of .15 specific
autoantibodies and recognition of their striking association
with distinct clinical phenotypes (12,13,16). A complete list
of autoantibody specificities observed in OM patients, i.e.,
overlap autoantibodies (7), is shown in Table 1.

OM with autoantibodies to synthetases define the
antisynthetase syndrome

When OM patients are classified clinicoserologically,
i.e., according to both their clinical features and the presence
of overlap autoantibodies, phenotypic profiles emerge.
Intriguingly, the phenotypic profiles differ depending on the
cytoplasmic or nuclear localization of the corresponding auto-
antigens (Table 1) (12). The extramuscular phenotype of OM
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patients with autoantibodies to the cytoplasmic autoantigens
Jo-1, non–Jo-1 synthetases, and melanoma differentiation–
associated protein 5 (MDA-5) is dominated by ILD and a
rheumatoid arthritis (RA)–like polyarthritis.

Anti–Jo-1 and autoantibodies to non–Jo-1 synthetases
are associated with the antisynthetase syndrome, i.e., a
peculiar set of overlap features that includes Raynaud’s
phenomenon, arthritis, puffy hands, ILD, fever, mechan-
ic’s hands, and myositis (17,18). Although myositis is
often prominent, relapsing, and refractory, this syn-
drome may present with ILD or polyarthritis, and myosi-
tis may be absent or minimal or present as clinically
amyopathic DM (19). Phenotypic differences have been
noted between patients with different antisynthetases
(19). Moreover, patients with non–Jo-1 anti–transfer
RNA synthetase autoantibodies have worse survival than
anti–Jo-1–positive patients. In the Rituximab in Myositis
(RIM) trial, patients with treatment-refractory myositis
and antisynthetase autoantibodies responded well to
rituximab (20), suggesting that autoantibody profiling
may guide therapeutic choices. The striking link between
OM autoantibodies and clinical phenotypes is also
supported by identification of histopathologic fea-
tures specific for antisynthetase autoantibodies, such
as myonuclear actin filament inclusions (3,14).

These characteristics have an impact on future trials.
First, given the prominent overlap features that define the
antisynthetase syndrome, it appears untenable at the present
time to sustain its classification as pure PM. Second, given that
arthritis and ILD are key features, it follows that outcome
measures should take into account these manifestations.

Anti–MDA-5–associated overlap myositis

In addition to classic DM rashes, a peculiar rash
with papules on the palmar surface of the hands emerges as

the disease-defining feature of an “anti–MDA-5”overlap
syndrome (21). Cutaneous ulceration and digital ischemia
are also seen, while myositis is mild or absent. Overlap fea-
tures such as ILD are prominent. ILD may be rapidly
progressive and is associated with high mortality (22).
Given that rapidly progressive ILD, cutaneous manifesta-
tions, and arthritis, but not myositis, are the major thera-
peutic challenges in anti–MDA-5–positive OM, it ensues
that outcome measures should focus on these manifesta-
tions. However, given the high mortality associated with
rapidly progressive ILD, it may be best in therapeutic trials
targeting myositis to exclude patients with anti–MDA-5.

Overlap myositis with autoantibodies to nuclear autoan-
tigens (ANAs)

In contrast to anti–MDA-5 and antisynthetases,
OM with ANAs such as anti–U1 RNP, anti–PM-Scl,
and anti-Ku are associated with SSc and systemic lupus
erythematosus manifestations and even with erosive and
seropositive arthritis in the anti-nup syndrome (13,23).
Moreover, within these various overlap manifestations,
each ANA seems to be associated with a different OM
phenotypic profile. Although outcome measures focused
on muscle weakness and serum creatine kinase (CK) levels
are relevant in these ANA-associated OM subgroups, myo-
sitis is not a major prognostic determinant, and outcome
measures should include extramuscular involvement.

Overlap myositis with DM rashes

To properly classify AIM patients, greater aware-
ness is needed that DM rashes are not restricted to pure
(classic) DM, and as such, rashes may occur in OM as well
(8,24). Table 2 shows distinguishing features that assist cli-
nicians in classifying patients as having pure DM versus

Table 2. Clinical features that differentiate pure DM from overlap myositis with DM features at the time of
myositis diagnosis*

Pure DM Overlap myositis with DM features

DM rashes as first manifestation
of disease, followed by proximal
muscle weakness

Proximal muscle weakness but not DM rash as
first manifestation of disease

Classic and extensive DM rashes that
are chronic/refractory

Isolated heliotrope rash or Gottron’s papules
Discrete and transient DM rashes
DM sine dermatitis (adermatopathic DM)

Significant oropharyngeal dysphagia
at myositis presentation

Mechanic’s hands
Palmar papules, with or without ulcerations

No significant overlap clinical features Significant overlap clinical features
DM-specific autoantibodies by specific,

rather than sensitive, testing
No overlap autoantibodies

Overlap autoantibodies by specific,
rather than sensitive, testing

No DM-specific autoantibodies
Association with cancer within 3 years of diagnosis No associated cancer within 3 years of diagnosis

* Both pure dermatomyositis (DM) and overlap myositis with DM features may present as clinically
amyopathic DM.
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OM with DM features. Thus, pure DM presents with clas-
sic and extensive rashes that are chronic and treatment-
refractory and is not associated with overlap features or
overlap autoantibodies. In contrast, OM with DM features
presents with muscle weakness followed by discrete and
transient DM rashes and is typically associated with over-
lap clinical features and autoantibodies such as anti–Jo-1,
anti–non–Jo-1 synthetases, anti–MDA-5, anti–PM-Scl, and
anti–U1 RNP (19,24). Moreover, OM with DM features is
not associated with cancer within 3 years of diagnosis
(Table 2).

Thus, DM rashes do occur in OM patients, and
the presence of a DM rash does not automatically warrant
classification as pure DM. This concept has important
diagnostic and prognostic implications for clinicians.

Overlap myositis, a heterogeneous syndrome

Overall, the emerging global concept is that OM
itself is a syndrome that encompasses as many diseases as
there are autoantibody-associated phenotypes (12,13).
Not only does clinicoserologic patient profiling identify
distinct clinical phenotypes but it also provides important
prognostic information. As a corollary, autoantibody sta-
tus appears to be of paramount importance in patient
stratification for therapeutic trials and studies aimed at
defining outcome measures.

Autoantibodies define novel subgroups in pure DM

As in the case of OM, the classification of pure DM
is evolving due to the successive discoveries of specific
autoantibodies that allow recognition of distinct disease
phenotypes not associated with overlap features (Table 1).
Thus, in 1985, Targoff and Reichlin had described anti–
Mi-2 antibodies in adult DM patients (4). In addition to
the heliotrope rash and Gottron’s papules, anti–Mi-2 anti-
bodies are associated with classic and extensive DM rashes
such as the shawl sign, V-sign, and holster sign and with
markedly elevated serum CK levels (Table 2).

Anti–transcription intermediary factor 1g (anti–
TIF-1g) and anti–nuclear matrix protein 2 (anti–NXP-2)
are specificities recently reported in pure DM (5). Anti–
TIF-1g is also the most frequent autoantibody in clinically
amyopathic DM. Moreover, the anti–TIF-1g phenotype
includes muscle weakness despite a normal serum CK level
and treatment-resistant DM rashes. Importantly, in adult
DM, both anti–TIF-1g and anti–NXP-2 are strongly asso-
ciated with cancer (12). These autoantibodies were found
in 55% of adult DM patients and identified 83% of
patients with cancer-associated DM (25). Thus, in pure
DM, phenotypes are strongly linked to the associated

autoantibody, suggesting that pure DM, like OM, is a syn-
drome composed of autoantibody-defined diseases.

Cancer is a potential major confounder in trial
design, given its association with treatment-refractory
myositis. This raises the question of whether adult
patients with these autoantibodies should be excluded
from trials during the 3 years after diagnosis.

Subsetting necrotizing autoimmune myositis with anti–
signal recognition particle (anti-SRP) and anti–hydroxymethyl-
glutaryl-coenzyme A reductase (anti-HMGCR) autoantibodies

In contrast to other subgroups of AIM character-
ized by inflammatory cells, skeletal muscle in NAM dis-
plays prominent fiber necrosis and regeneration with no
or scant inflammatory cells (26). Like OM and DM,
NAM is likely a syndrome, as it is associated with differ-
ent autoantibodies and causes, including cancer (26).
Two autoantibodies strongly associated with NAM are
anti-SRP (27) and anti-HMGCR (28). A third NAM sub-
set consists of seronegative patients (Table 1).

Anti-HMGCR–positive NAM is associated with
statin use, although as many as one-third of patients have
not been exposed to statins (28). Patients with anti-SRP
autoantibodies are not at increased risk of cancer, nor are
statin-exposed patients with anti-HMGCR–positive NAM.
However, synchronous cancer was noted in 11% of statin-
naive NAM patients with anti-HMGCR autoantibodies
(29).

Phenotypically, NAM subsets present with sub-
acute proximal limb muscle weakness and a high serum
CK level in the absence of DM rashes and overt overlap
features. Differentiating features between the subsets
include early weakness, prominent oropharyngeal dyspha-
gia, and irreversible muscle damage in patients with anti-
SRP autoantibodies, whereas patients with anti-HMGCR
autoantibodies and statin exposure have late-onset weak-
ness that is reversible with aggressive therapy.

Pure PM is rare and at high risk for mimickers

As the concept of OM gained acceptance, and as
NAM was identified as a distinct entity, the frequency of
pure PM inexorably decreased. From the perspective of
rheumatologists and even neurologists, PM now accounts
for only 5% of AIM patients (8). Because of referral bias,
clearly among neurologists, dermatologists, and rheumatol-
ogists, AIM subgroups are not equally distributed (30).
Nevertheless, PM has become rare and remains a diagnosis
of exclusion, because its nonspecific phenotype (subacute
proximal myopathy without overlap features or auto-
antibodies) is at high risk for mimickers (8) (Table 1).
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As a corollary, we raise the question of whether
pure PM should be excluded from therapeutic trials and
the validation of novel AIM outcome measures.

Autoantibodies are present in 60–80% of AIM patients

Autoantibodies against nuclear RNAs or cyto-
plasmic autoantigens are now detected in up to 60% of AIM
patients (8). Moreover, in one study using multiple methods
to detect autoantibodies to a panel of 21 AIM-related auto-
antigens, one or more autoantibodies encompassing 19
specificities were present in 80% of patients (13). Among
“seronegative” patients, some have unidentified bands by
immunoprecipitation that may become autoantibody posi-
tive as new specificities are discovered. However, some
patients currently have no detectable autoantibodies (20).

Despite these advances, many clinicians and inves-
tigators among rheumatologists and neurologists do not
yet have equal access to accurate and full autoantibody
testing, including the onerous immunoprecipitation meth-
ods required to best identify some of these autoantibodies.
Newer techniques offer the promise of sensitivity and a
rapid serologic diagnosis but are hampered by lack of stan-
dardization and specificity issues (Table 1). Results of
autoantibody tests should always be correlated with clini-
copathologic findings and with ANA results as detected by
immunofluorescence on substrates such as HEp-2 cells
(16). This situation may cause inaccurate estimation of the
frequency of these autoantibodies and lead to diagnostic
uncertainty. Furthermore, it may well place researchers
investigating AIM therapy in the predicament of compar-
ing apples to oranges when it comes to results.

Novel outcome measures to evaluate the therapeutic clini-
cal response in autoimmune myositis

A major incentive for improving the classifications
of AIM is to stratify and assemble homogeneous groups of
patients in therapeutic trials. In turn, this allows optimal
evaluation and comparison of the results of such trials.
However, despite a major need for improved therapeutic
approaches in AIM, outcome measures defining clinical
response in therapeutic trials have been difficult to develop
due to the rarity and heterogeneity of these diseases.

In this issue of Arthritis & Rheumatology, an interna-
tional collaborative group of expert AIM investigators
proposes novel criteria for minimal and moderate clinical
responses in adult PM and DM (31). The rationale for this
major study by Aggarwal et al is similar to the motives that
led to the modified Rodnan skin thickness score in SSc
(32) and the American College of Rheumatology 20%,
50%, 70% improvement criteria outcome measures in

studies of RA treatment (33), i.e., with advances in thera-
peutic agents that target biologic pathways, there is a need
for clinical trials using validated outcome measures.

Using state-of-the art statistical and consensus
methodologies (34), a conjoint analysis–based hybrid defi-
nition based on a continuous improvement score using
absolute percent change in core set measures was selected
as the response criterion to be used for adult DM/PM and
for combined DM/PM and juvenile DM clinical trials
(34). Performance characteristics were evaluated on con-
sensus patient profiles, using Delphi method–based con-
sensus of the experts as the gold standard, and further
validated using, in particular, data from the RIM random-
ized controlled trial (35). The new clinical response crite-
ria proposed are a major advance and will undoubtedly be
of great importance in future therapeutic trials.

There are 3 limitations to this study. First, as
acknowledged by Aggarwal et al (31), patients were classi-
fied based on the Bohan and Peter criteria. As pointed out,
PM now encompasses several entities, such as OM and
NAM, that are distinct from PM as defined by Bohan and
Peter, and pure PM has become rare. Similarly, classifica-
tion as DM according to the Bohan and Peter criteria is
based simply on the presence or absence of a DM rash (1).
However, as discussed, DM rashes are seen in OM, and
pure DM itself now encompasses distinct subgroups. More-
over, autoantibody-defined phenotypes do not appear to
have been used to assist in the classification of patients (31).
Thus, it is difficult to ascertain which specific contemporary
diagnoses would correspond to the patients classified as
having PM or DM. Moreover, it is difficult to know how the
proposed clinical response criteria would perform if the
patients were classified according to Table 1. Therefore, it
will be important in future studies to ascertain the clinical
response criteria using more recent and refined AIM
classifications.

A second limitation is that it is difficult to know
whether the response criteria were tested and validated over
the full clinical spectrum of active myositis (e.g., in de novo
active untreated myositis versus chronic refractory myositis)
or if the study focused primarily on refractory myositis (31).
The latter is suggested by validation using data from the
RIM trial, in which all patients had treatment-refractory
PM or DM (35). In clinical practice, many patients with
active untreated myositis, for example, those with anti–Mi-
2, anti–U1 RNP, or anti-nup autoantibodies, respond well
and with increasing muscle strength to corticosteroids in
combination with another immunomodulating agent.
However, in treatment-refractory myositis, evaluation of
clinical response is confounded by previous immunosup-
pression, corticosteroid-induced myopathy, muscle atrophy,
osteonecrosis, and osteoporotic fractures. Thus, sensitivity
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to change of the response criteria, including manual muscle
testing, may be greater in the former patients, and such
patients should be included in future evaluations.

A last limitation is that the response criteria are
almost exclusively centered on skeletal muscle. Extramus-
cular features were assessed only by an undefined Extra-
muscular Global Activity visual analog measurement scale.
Consequently, one wonders whether the consensus mea-
sures developed could be applied with confidence to
patients who belong to extremely different phenotypic and
serologic groups, and in whom extramuscular manifesta-
tions are a major therapeutic and prognostic determinant.
In other words, would the response criteria perform as
well in autoantibody-defined and phenotypically defined
AIM subgroups? Similarly, in DM patients, the confound-
ing effect of cancer on myositis response was not
addressed. As a corollary, shouldn’t distinct outcome mea-
sures be defined for distinct patient subgroups?

Overall, these comments highlight the difficulty of
applying uniform outcome measures to heterogeneous
patients with rare diseases. Aggarwal et al logically opted,
as a starting point, to evaluate response criteria that are
myocentric, but clearly this approach does not represent
the full clinical spectrum of AIM. It will be of great inter-
est to see these questions addressed in future studies.

Two additional outcome measures that are worthy
of further study are shown in Table 1. First, nailfold
capillary abnormalities reflect systemic microvascular dam-
age (related to disease pathophysiology) as well as global
disease activity and severity, predict disease progression,
and are readily assessed by noninvasive sequential nailfold
capillary microscopy and videomicroscopy (36,37). Thus,
further study of nailfold capillary abnormalities in OM and
in adult DM may be of interest. Second, the levels of anti–
Jo-1, anti-nup, anti–MDA-5, anti-HMGCR, anti–TIF-1g,
anti–Mi-2, and anti-SRP fluctuate in parallel with myositis
activity (23,38). Further serial measurements as a clinical
response measure will be of great interest.

Time to say farewell to the Bohan and Peter classifica-
tion criteria

In conclusion, classification of AIM is a work in
progress. The time has come to say farewell to the Bohan
and Peter criteria in favor of a classification that better
reflects the heterogeneity of AIM, notably OM, DM, and
NAM and associated autoantibodies, and advances in the
field. The clinicoserologic classification outlined in Table
1 is one such approach and has the advantage of being
readily understandable by clinicians. Undoubtedly, in the
future, phenotype- and autoantibody-based classifications
will converge and eventually merge with classifications

focused on pathology (2,14), i.e., evolve into clinicopatho-
logic classifications.

The tight link between autoantibodies and pheno-
types raises fundamental questions regarding the pathophysi-
ologic events that initiate and perpetuate these immune
responses and how these autoantibodies and their cognate
autoantigens are involved in pathogenesis (6,39).

Future studies will be of interest in validating
clinical response criteria in phenotypically homogeneous
groups of patients that better reflect the heterogeneity of
AIM and the full clinical extramuscular spectrum of
OM. After all, as thoughtfully pointed out by Bohan and
Peter 40 years ago, “The natural history of such hetero-
geneous myopathic syndromes is surely influenced by
the concomitant connective-tissue disorder.”
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REVIEW

Innate Lymphoid Cells

Sparking Inflammatory Rheumatic Disease?

Mark H. Wenink,1 Emmerik F. A. Leijten,2 Tom Cupedo,3 and Timothy R. D. J. Radstake2

Introduction

Immunology research is in a constant state of flux
with new cell types being described on a regular basis.
While most rheumatologists are familiar with the role
that “T cell cytokines” such as tumor necrosis factor
(TNF), interferon-g (IFNg), and interleukin-17A (IL-
17A) play in the pathogenesis of rheumatic diseases,
what many may not know is that an array of innate coun-
terparts to the conventional T cells have recently been
discovered that are capable of rapidly producing these
same effector cytokines. These innate counterparts
include g/d T cells, invariant natural killer (iNK) cells,
mucosa-associated invariant T (MAIT) cells, and innate
lymphoid cells (ILCs). An insightful overview of g/d T
cells, iNK cells, and MAIT cells in rheumatic disease has
recently been published (1); therefore, the current
review focuses on ILCs. Strikingly, some of the ILCs
have only recently been discovered, in part due to their
relative scarcity in peripheral blood, and their presence
in numerous organs of the human body has subsequently
been described. In this review, we provide the newest
insights into the potential role of ILCs in the field of
rheumatology and provide recommendations for future

ILC research that will help to promote our understand-
ing of rheumatic diseases even further.

Essential background on recently discovered ILCs

ILCs as innate counterparts to T cells. Consid-
erable phenotypic and functional overlap exists between
ILCs and Th cells, yet there are important differences in
activation pathways and tissue localization enabling dis-
tinct roles in inflammation. The priming of Th cells
requires the recognition of peptide-loaded major histo-
compatibility complex (MHC) class II molecules pro-
vided by professional antigen-presenting cells such as
dendritic cells (DCs). In contrast, ILCs do not express
rearranged antigen receptors capable of recognizing
antigens in a major histocompatibility complex. Activa-
tion of ILCs is instead mediated by a wide array of solu-
ble mediators and stress molecules released and
expressed by immune and stromal cells. In further con-
trast to Th cells, ILCs are continuously present at the
peripheral barrier tissues in the body, readily able to pro-
duce the first waves of cytokine production upon damage
or infection and to strongly shape the ensuing immune
response (2). From an evolutionary point of view, the
comparable role of ILCs and T cells shows apparent
redundancy (3), and while ILC depletion in humans may
not be critical for survival (4), ILCs can contribute to the
pathogenesis of many diseases (for review, see ref. 5).

Conventional NK cells fall within the overarching
group of ILCs but are genealogically different from the
more recently identified “helper-like” ILCs, which are
covered in this review. While the major function of con-
ventional NK cells is inducing cytotoxicity, all other ILCs
lack classic cytotoxicity-inducing capacity, and therein
lies the distinction between “cytotoxic” and “helper-
like” ILCs. Helper-like ILCs are defined by the presence
of lymphoid morphology, expression of CD127 (IL-7
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receptor a-chain [IL-7Ra]), and lack of lineage markers
that are present on other cells (for instance, DCs or T
cells). ILCs can be further classified into group 1
(ILC1s), group 2 (ILC2s), and group 3 (ILC3s), which to
a great extent mimics the nomenclature that is used for
the Th cell groups Th1, Th2, and Th17/Th22, respec-
tively (6). An overview of ILCs and their T cell counter-
parts is shown in Figure 1.

ILC development. Helper-like ILCs are pro-
posed to develop from a “common helper ILC pre-
cursor” or CHILP. Various transcription factors are
involved in the differentiation of earlier precursors into
CHILP. In mice, Id2, NFIL3, and Tox are crucial for the
occurrence of all ILCs, while Runx3 is required for the

normal development of ILC1s and ILC3s by regulating
expression of retinoic acid receptor–related orphan
nuclear receptor gt (RORgt) and aryl hydrocarbon
receptor (AHR) (7–9). Promyelocytic leukemia zinc-fin-
ger protein (PLZF) is a key transcription factor that is
required for (most) helper-like ILCs to develop, while
PLZF is not needed for conventional NK cell develop-
ment (10). Studies in mice have also taught us that the
transcription factor GATA-3, the prototypical transcrip-
tion factor of ILC2s, may also be important for the devel-
opment and function of other ILC groups (11). In mice,
GATA-3 is necessary for development of IL-7Ra–
expressing ILCs and homeostasis of ILC3s (12). In sum-
mary, the balance among the 3 key transcription factors

Figure 1. Innate lymphoid cells (ILCs) and their T cell counterparts. Effector functions of ILCs overlap greatly with those of their T cell coun-
terparts. ILCs induce a rapid, innate response (left) that is followed by a slower, adaptive response in T cells (right) targeting the same
pathogens. Upstream factors that determine the effector cytokines produced by ILCs and T cells also show considerable overlap. For instance,
interleukin-23 (IL-23) is a cytokine involved in the polarization of Th17 cells and is also known to enhance the production of effector cytokines
by group 3 ILCs (ILC3s). cNK 5 conventional natural killer; IFNg 5 interferon-g; CTL 5 cytotoxic T lymphocyte; MHC 5 major histocompatibil-
ity complex; TNF 5 tumor necrosis factor; TSLP 5 thymic stromal lymphopoietin; PGD2 5 prostaglandin D2.
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RORgt, GATA-3, and T-bet determines the fate of
ILCs in mice (5,11,13). IL-7R signaling not only drives
proliferation of ILC3s in mice and humans (4,14), but
also stabilizes the ILC3 phenotype in adult mice (15).

The current model of ILC development, depicted
in Figure 2, stems from murine data and may not fully
mimic the process in humans. A recent review has criti-
cally summarized the data on ILC development in
humans (16), but a full developmental scheme for ILCs
in humans is still lacking. We do know that human
CD341 hematopoietic progenitor cells can, under spe-
cific culture conditions, give rise to ILCs (17–19). One
group has detected human ILC progenitors in the tonsil
and gut lamina propria that developed preferentially
into ILC3s when cultured with stem cell factor and AHR
signaling, while culture conditions with IL-15 favored

the development of conventional NK cells (17). More
recently, a similar progenitor population expressing
RORgt and Id2 was identified that in vitro gave rise to
all ILC subsets, including conventional NK cells. These
ILC progenitors did not develop into other leukocyte
lineages and were found exclusively in secondary lym-
phoid tissues (18). Uncovering the stages of ILC devel-
opment in humans remains a challenge in the field (16).

ILC subsets. The system of ILC subset classifi-
cation is based on their developmental pathways, key
transcription factors, and function in the form of signa-
ture cytokines being produced (6). Briefly, ILC1s
express the transcription factor T-bet and produce
IFNg; ILC2s express the transcription factor GATA-3
and produce IL-4, IL-5, and IL-13; and ILC3s express
the transcription factor RORgt and produce IL-17A

Figure 2. Development and classification of innate lymphoid cells (ILCs). ILCs develop from the common lymphoid progenitor (CLP), which
also gives rise to T cells. The development of the a4b7 integrin–expressing lymphoid progenitor (aLP) is dependent on 3 key transcription
factors: NFIL3, Id2, and Tox. After this point, the development splits into natural killer cell precursors (NKP) and a common helper ILC pre-
cursor (CHILP), the latter being critically dependent on the transcription factor promyelocytic leukemia zinc finger protein (PLZF). Interleukin-
15 (IL-15) is necessary for group 1 ILC (ILC1) development and IL-7 is necessary for ILC2 and ILC3 development. The CHILP gives rise to
the 3 helper-like ILCs, each characterized by key transcription factors, namely T-bet, GATA-3, and retinoic acid receptor–related orphan nuclear
receptor gt (RORgt) for ILC1s, ILC2s, and ILC3s, respectively. The current model of ILC development, depicted in the figure, stems from
murine data. It should be noted that alternate developmental pathways may be possible in humans. For instance, lymphoid tissue inducers, a
subset of ILC3s important for lymphoid neogenesis, may not follow the depicted developmental program. In addition, a recent study on ILC
progenitors from human secondary lymphoid tissues revealed that a common RORgt-expressing ILC progenitor, probably upstream of the
CHILP, was capable of giving rise to all ILCs and that all human ILCs, including conventional natural killer cells (cNK), still express RORgt to
some extent (18). Eomes 5 eomesodermin; AHR 5 aryl hydrocarbon receptor.
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and/or IL-22. Human ILC subsets can be distinguished
by the expression of specific cell surface markers (Table
1). Natural cytotoxicity receptors are activating receptors
best studied in the context of triggering conventional NK
cells, when tumor and virus-infected cells up-regulate
their ligands (many of which are still unknown). The nat-
ural cytotoxicity receptors include natural killer p30
(NKp30), NKp44 (only expressed in humans), and
NKp46, which are also expressed by certain ILCs (20), as
will be discussed below.

ILC1s. ILC1s have been proposed to include
conventional NK cells and CD1271 and CD1031 ILCs.
Although conventional NK cells and ILC1s share many
features (e.g., IFNg production), it is becoming clear
that these 2 subsets have different progenitors as well as
unique tissue distributions and functions (13,19). ILC1s
have been found in intestinal mucosa, salivary gland,
liver, and the female reproductive tract; there is a rela-
tive paucity of them in blood and lymphoid structures
(21,22). On the other hand, conventional NK cells can
make up to 15% of peripheral blood lymphocytes, and
substantial numbers of them are present in lymphoid
structures. ILC1s are thought to differ from conven-
tional NK cells in that they lack expression of
eomesodermin and do not exert cytolytic activity. Over-
all, ILC1s are a diverse group consisting of subsets that
vary depending on their tissue microenvironment and
the context of their circumstances (8). For example,
small intestine intraepithelial ILC1s have been charac-
terized that did express eomesodermin (23), while
mouse ILC1s from salivary glands are capable of
TRAIL-mediated cytotoxicity (24). ILC1s have been

suggested to rely on the cytokines IL-15, IL-12, and IL-
18, and they produce copious amounts of IFNg and
TNF. ILC1s protected mice from infection with Clostrid-
ium difficile and Toxoplasma gondii in 2 different infec-
tion models, and the ILCs constituted the (early)
majority of IFNg-producing cells (13,25). Judging from
those studies, the protective role of ILC1s against infec-
tions is important. However, exaggerated or insufficient
immune responses by ILC1s might lead to
immunopathology.

ILC2s. Consistent with Th2 cells, the transcrip-
tion factor GATA-3 is the prototypical element required
for the development, maintenance, and function of
ILC2s. ILC2s are found in increased numbers in the
lung, skin, and adipose tissue. They respond to cytokines
such as epithelial cell–derived IL-25, IL-33, and thymic
stromal lymphopoietin (TSLP) by producing allergy-
and fibrosis-related cytokines, such as IL-4, IL-9, and
IL-13. Unlike the other ILCs, ILC2s express the prosta-
glandin D2 (PGD2) receptor chemoattractant receptor–
like molecule expressed on Th2 cells (CD294). PGD2

induces the migration of ILC2s and potentiates their
cytokine production (21). For instance, ILC2s express
NKp30, which responds to keratinocyte membrane–
expressed B7-H6, leading to the production of IL-13,
and skin from patients with atopic dermatitis expressed
increased levels of B7-H6 (26). ILC2s have diverse
functions; they have been shown to promote immunity
against extracellular parasites (27), induce tissue repair
by producing amphiregulin (28), and promote beige fat
and reduce insulin resistance (29). However, deleterious
roles of ILC2s have also been described. They are

Table 1. Cell surface markers used to identify subsets of ILCs in humans*

Surface marker
Conventional

NK cells ILC1s ILC2s ILC3s Interpretation

KIR Yes No No No Only expressed on conventional NK
cells

CD94 Yes No No No Differentiates between conventional
NK cells and helper-like ILCs

CD56 Yes Some No Some High or moderate expression on con-
ventional NK cells as well as
expression on some (activated)
helper-like ILCs

CD127 (IL-7Ra) No Yes Yes Yes Expressed on all helper-like ILCs
CD117 (c-Kit) No No Some Yes Expressed on ILC3s and some ILC2s
CD294 (CRTH2) No No Yes No Only expressed on ILC2s
NKp44 Yes Some No Some Expressed on conventional NK cells,

some ILC3s, and some ILC1s

* Some of the most common markers used to identify innate lymphoid cells (ILCs) in humans and separate them
from conventional natural killer (NK) cells are shown. Within the helper-like ILC group, group 1 ILCs (ILC1s) are
defined as CD1271CD1172CD2942; group 2 ILCs are defined as CD1271CD2941; and group 3 ILCs are defined
as CD1271CD1171. KIR 5 killer cell immunoglobulin-like receptor; IL-7Ra 5 interleukin-7 receptor a-chain;
CRTH2 5 chemoattractant receptor–like molecule expressed on Th2 cells; NKp44 5 natural killer p44.
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associated with allergies, asthma, and atopic dermatitis.
In addition, ILC2s were required for the occurrence of
fibrosis in a mouse model of hepatic fibrosis (30).

ILC3s. ILC3s are developmentally dependent on
expression of the nuclear hormone receptor RORgt
(31,32), although in mature ILC3s, this receptor is dis-
pensable for survival and antimicrobial functionality
(33). Several subsets of ILC3s have been identified based
on function and surface marker expression. The proto-
typical ILC3s are the lymphoid tissue inducers. These
cells are present during fetal development in mice and
humans and are responsible for initiation and organiza-
tion of secondary lymphoid tissues (34–36). Lymphoid
tissue inducers interact with stromal and endothelial
cells at sites of lymphoid organ development (37,38) and
by induction of chemokines and adhesion molecules ini-
tiate a cascade of well-described events culminating in
the formation of lymph nodes and Peyer’s patches (39).

After birth and throughout adulthood, 2 addi-
tional ILC3 subsets are present, characterized by the
mutually exclusive expression of the natural cytotoxicity
receptor NKp46 and the chemokine receptor CCR6
(40,41). Both reside within secondary lymphoid organs
as well as in mucosal tissues such as the intestines
(36,42–45). Functionally, ILC3s are characterized by the
secretion of cytokines associated with Th17 cell immu-
nity, including IL-22, granulocyte–macrophage colony-
stimulating factor (GM-CSF), and IL-17A (36,42–46).
This cytokine profile and the location of ILC3s at barrier
surfaces such as the intestines makes these cells form an
integral part of the body’s immediate antimicrobial
immune response (40,46–48). ILC3s control epithelial
production of antimicrobial peptides whose function is
to prevent attachment and translocation of intestinal
microorganisms (49). In doing so, ILC3s boost the
intestines’ innate immunity and prevent bacterial dis-
semination in the wake of maturation of adaptive immu-
nity (50). Taken together, ILC3s are essential for the
maintenance of gut homeostasis, for which they use sev-
eral mechanisms.

Plasticity. It is important to acknowledge the plas-
ticity of ILCs. For example, ILC3s have been demon-
strated to differentiate into ILC1-like cells and vice versa
under specific inflammatory conditions (51–54). Shifts
between other ILCs have also been described (55–57)
that help to explain the class, phenotype, and effector
function of ILCs detected in diverse tissues under vary-
ing environmental circumstances, and plasticity should
be taken into account when interpreting the frequency
of ILC subsets in rheumatic disease. An overview of the
environmental factors that have been shown to steer

plasticity between ILC subsets in vitro is shown in
Figure 3.

Lessons from psoriasis and inflammatory bowel
disease (IBD)

Psoriasis. IL-22 and IL-17A are key players in
the pathogenesis of psoriasis, and it has become evident
that conventional T cells are not the only contributors to
the production of these effector cytokines (58).
Although the NKp441 ILC3 population is very scarce in
the peripheral blood, these cells represent a major pro-
portion of the ILC population in healthy skin (58–60),
and numerous independent studies have shown that
NKp441 ILC3s are even more abundant in skin and
blood samples from patients with psoriasis (58–62).

One very interesting finding pops up from stud-
ies of ILCs in psoriasis. The frequency of specifically
NKp441 ILC3s in the unaffected skin of psoriasis
patients is equal to if not higher than the frequency of
NKp441 ILC3s in affected skin (58,59). This altered
composition of ILCs in what would clinically appear to
be unaffected skin of psoriasis patients raises the key
question: are these NKp441 ILC3s pathogenic or pro-
tective? The most common interpretation is that
NKp441 ILC3s in unaffected skin are prepositioned to
initiate an inflammatory cascade (58–60,62). Animal
models show that IL-22 causes skin lesions reminiscent
of psoriasis, which supports the notion that NKp441

ILC3s are necessary and critical for this process
(63,64). Under culture conditions, the cytokines IL-1b

and IL-23 can shift ILC1 and NKp442 ILC3 popula-
tions toward NKp441 ILC3s (51,62). Recent gene
expression profiling shows convincingly that
“unaffected” psoriatic skin is quite different from skin
of healthy individuals, with “already” significantly
increased transcripts of IL-1b, IL-22, and IL-17 (65).
Taken together with the established genetic back-
ground of psoriasis patients that includes single-
nucleotide polymorphisms (SNPs) in IL-23R (66),
these findings might explain why ILC composition in
unaffected skin of psoriasis patients is altered.

Our knowledge of ILC3 function mainly stems
from mouse models or, in humans, from tonsil- or gut-
derived ILCs. It is known that NKp441 ILC3s from pso-
riatic skin lesions are capable of producing IL-22 to a
much greater extent than IL-17A (62), but it would be an
oversimplification to view IL-22 as purely pathogenic,
since this cytokine has essential regulatory and regenera-
tive functions (for review, see ref. 67) highlighted below.

IBD. ILCs have important functions in homeo-
stasis of the intestinal tract and in establishing immune
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equilibrium with commensal bacteria (41). It is therefore
not surprising that the loss of intestinal homeostasis and
subsequent pathologic antimicrobial immunity that drive
IBD are associated with alterations in intestinal ILCs
(for review, see ref. 68).

In stark contrast to healthy skin, under homeo-
static conditions the healthy gut is characterized by an
abundant, protective NKp441 ILC3 population, which
reciprocally shifts toward a predominance of ILC1s in
IBD, meaning a significantly increased proportion of
ILCs that secrete IFNg (23,51,52,69). Additionally,
ILC3s from healthy gut mainly produce the homeostatic
cytokine IL-22, while ILC3s in IBD also secrete proin-
flammatory IL-17A (70). Animal models have also taught
us that ILC3s can dampen pathogenic CD41 T cell
responses (48) and that ILC3-derived IL-22 protects
against colitis (71) and induces tolerance to commensal
bacteria (47,72). The differential phenotype and function

of ILCs in psoriasis versus IBD emphasizes that the out-
come of ILC function (pathogenic versus protective) is
highly dependent on the environment and tissue in which
these cells are located.

Studies of ILCs in rheumatic disease

Psoriatic arthritis (PsA). ILCs have been found in
increased numbers in synovial fluid from PsA patients
(61). Synovial fluid from PsA patients and patients with
rheumatoid arthritis (RA) showed an increase in fre-
quency of ILC1s as compared to the frequency of ILC1s
in peripheral blood, while the frequency of ILC2s was
unaltered. Interestingly, only synovial fluid from PsA
patients contained a major increase in NKp441 ILC3s,
which distinguished the synovial compartment in PsA
from that in RA. The increased presence of synovial
fluid ILC3s also coincided with up-regulated expression

Figure 3. Plasticity of ILCs. Similar to the known plasticity of Th cells, ILCs can also adapt based on environmental cues, and shifts between
ILC groups is a well-established phenomenon. Specific cytokines are depicted that, under culture conditions, have been shown to alter the ILC
transcriptional program, cell surface markers, and effector cytokines being produced. Plasticity between ILC1s and ILC3s has been well studied.
IL-1b, IL-23, and retinoic acid (RA) induce plasticity toward ILC3s, while IL-12 and IL-2 shift the balance toward ILC1s (51–54). The cytokines
IL-1b, IL-6, and IL-23 have also been shown to induce ILC3-like phenotype and function in ILC2s (56), but it is unclear (?) whether reciprocal
plasticity from ILC3s to ILC2s can occur. IL-4 and IL-12 have been shown to balance the plasticity between ILC1s and ILC2s (55,57). See Fig-
ure 2 for other definitions.
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of CCR6. In contrast, peripheral blood from PsA
patients contained fewer CCR61 ILCs than did periph-
eral blood from healthy controls, and the frequency of
CCR61 ILC3s was inversely related to disease activity
measures, which could indicate specific targeting of
these ILC3s to the joint in patients with PsA. ILC3s in
synovial fluid from PsA patients were capable of IL-17A
production, implicating their role in PsA pathogenesis
(61).

PsA has recently been thought of as a disease that
starts at the enthesis with microtrauma and culminates
in chronic inflammation. In contrast to mouse models of
psoriasis and colitis, the role of ILCs has not been stud-
ied in experimental models of PsA. It is of particular
interest to determine the relative importance of ILC3s
and other innate lymphocytes, such as IL-17A–
producing g/d T cells, as the latter have been demon-
strated to be present in mouse models of enthesitis
(73,74). Only one group has described the presence of
ILC3s and ILC2s in nonrheumatic human spinal, ante-
rior cruciate ligament, and Achilles tendon entheses, yet
these data need to be published to be fully appreciated
(75). Future work should evaluate which activating/
inhibitory receptors are expressed by ILCs found in the
joint and determine how their ligands expressed by tissue
resident cells influence disease pathogenesis (76–79), for
instance, by affecting production of proinflammatory
cytokines by ILCs.

Ankylosing spondylitis (AS). AS is character-
ized by inflammatory back pain and axial new bone for-
mation. Our current view of AS is that the cytokines
TNF, IL-17, and IL-22 are critical drivers of its patho-
genesis (73,80,81). Animal models have further shown
that innate counterparts to T cells can produce these
cytokines, mimicking the clinical manifestations of AS
(73,74,81). ILC3s have been described in nonrheumatic
enthesis (75), and there is evidence of the increased
presence of IL-22–producing NKp441 ILC3s in other
tissues from AS patients. Ciccia et al described a cell sub-
set consisting of CD561NKp441 cells, possibly ILC3s,
to be the main producers of IL-22 in the gut of AS
patients. In contrast, in Crohn’s disease, CD41 T cells
were the main producers of IL-22 (82). In a follow-up
study, Ciccia et al found an increased presence of a4b7
integrin–positive IL-171 and IL-221 ILC3s in the gut,
blood, synovial fluid, and bone marrow (83). The inter-
esting hypothesis was put forward that gut-derived
ILC3s might home to inflamed (sacroiliac) joints and
contribute to the disease process by producing IL-17 and
IL-22 (83). A role for gut-derived immune cells is
underscored by the transgenic HLA–B27 rat model of
AS, in which the gut microbiome is necessary for the

occurrence of disease (84,85). Consistent with PsA, a
genetic background could enhance the role of ILC3s in
the pathogenesis of AS. IL-23R, RUNX3, and MICA
have all been linked to AS susceptibility (86).

A recent study further demonstrated that PGE2,
via the EP4 receptor, potentiates gut ILC3 proliferation
and IL-22 production (87). The effect of nonsteroidal
antiinflammatory drugs on ILC3 proliferation and IL-22
production deserves investigation in the context of AS.

RA. RA is a disease driven by MHC class II mol-
ecules and adaptive immune responses, exemplified by
the effectiveness of drugs targeting B cells and the inter-
action between costimulatory molecules and CD28
(CTLA-4Ig). ILCs have been implicated in supporting
antibody production by B cells via diverse pathways,
including lymphotoxin, CD40, and BAFF/APRIL signal-
ing (88). Adult ILC3s can sustain CD41 T cell memory-
enhancing germinal center reactions and subsequent
antibody production (89). As discussed in the section on
ILC3s, these cells are important in the development and
homeostasis of secondary lymphoid tissue (82). Under
inflammatory conditions, so-called tertiary lymphoid
structures can develop, which are germinal center–like
structures that arise after birth at sites not originally in
need of lymphoid structures.

This prompted a study to investigate if ILCs
could be found in tertiary lymphoid structures of RA
synovial tissue, but hardly any ILC3s were detected (90).
Another research group set out to characterize ILCs in
inguinal lymph nodes in patients with preclinical RA
(arthralgia patients positive for rheumatoid factor and/
or anti–citrullinated protein antibodies), patients with
established RA, and healthy controls (91). Although
ILCs were sparsely present and there were no differ-
ences in total ILC numbers, it was found that in the
lymph nodes of patients with preclinical RA, the ILC1/2
group (the study was hampered by not distinguishing
between ILC1s and ILC2s) made up a larger proportion
of the ILCs than in the lymph nodes of healthy controls.
Interestingly, there was a shift in the ILC3 population
from NKp442 ILC3s to NKp441 ILC3s in patients with
established RA and a clear tendency toward fewer
NKp442 ILC3s in patients with preclinical RA. Since
NKp442 ILC3s are thought to be involved in
maintaining secondary lymphoid tissue homeostasis
(lymphoid tissue inducers), it was hypothesized that the
loss of these cells may result in an autoimmune disease–
prone lymph node microenvironment (91).

The above-described paucity of ILC3s in RA
synovial tertiary lymphoid structures (90) is consistent
with the relative lack of ILC3s described in RA synovial
fluid (61) and makes a role for ILC3s in the local RA
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disease process less likely. In contrast to ILC3s and
ILC2s, ILC1s can readily be found in the RA synovial
cavity, and the frequency of ILC1s there is strongly
increased compared to the frequency of ILC1s in periph-
eral blood (61). It appears that if ILCs play a role in local
RA pathology, then ILC1s are the subset to look at and
could contribute to the production of TNF and IFNg.

Sj€ogren’s syndrome (SS). ILCs have been identi-
fied in the salivary glands of mice (22,24,92) and humans
(93). The established role of ILCs in producing IL-22
and IL-17A, which are involved in the pathogenesis of
primary SS (94), along with their presence at epithelial
sites of the body poses ILCs as candidate contributors to
the pathogenesis of primary SS. Specifically, it was
shown that IL-22–producing NKp441 ILC3s were more
abundant in the salivary glands of patients with primary
SS than in the salivary glands of patients with sicca syn-
drome without SS, and that the frequency of the ILC3s
was positively correlated with the lymphocytic focus
score (93). Additional studies will be needed to confirm
these results and to further evaluate the function of
ILC3s in salivary glands of patients with primary SS.

Three key areas deserve subsequent exploration in
the setting of primary SS. First, ILCs from mice appear to
be “tissue resident” in the salivary gland, meaning that
they are barely replenished from circulating (precursor)
ILCs that would subsequently migrate into the salivary
gland (22,92). Second, the histopathology of SS is marked
by the formation of tertiary lymphoid structures in salivary
glands, which suggests the involvement of ILCs (36,95).
Finally, SNPs in NKp30 that cause decreased expression
of this receptor are less common in patients with primary
SS, and, indeed, patients with primary SS have increased
expression of NKp30 on conventional NK cells (96).
Helper-like ILCs can also express this receptor, and it is
known that the ligand for NKp30, namely B7-H6, is
expressed by salivary gland epithelial cells (96). Taken
together, these observations highlight the potential role of
ILCs in primary SS and justify future research.

Systemic lupus erythematosus (SLE). ILCs have
been described in patients with SLE as part of a control
cohort for a study on systemic sclerosis (SSc), and the
frequency of ILC2s was found to be increased in their
circulation compared to that in healthy controls (97).
The noted elevated frequency of ILC2s is difficult to rec-
oncile with the established effect of IFNs of decreasing
ILC survival and function. SLE is clearly marked by an
IFN signature (98), yet studies in mice have shown that
ILC3s undergo CD95/FasL-mediated apoptosis follow-
ing the production of type I IFNs by plasmacytoid DCs
(99). Similarly, type I IFNs also increase cell death and
decrease cytokine production by ILC2s (100).

Patients with SLE are prone to develop skin
lesions (e.g., butterfly rash) following sunlight exposure
(ultraviolet B) that induces excessive keratinocyte apopto-
sis (101). ILCs are important in skin homeostasis, and this
function is mediated by production of IL-22, a key cyto-
kine that helps prevent keratinocyte damage (102,103). In
this context, the (protective) role of IL-22–producing
ILCs in epithelial homeostasis is an interesting avenue for
investigation that could shed light on some of the cutane-
ous manifestations of the disease (104).

SSc. SSc is marked by low-grade inflammation,
vascular injury, and subsequent fibrosis of skin and inter-
nal organs. In a recent study, ILC2s were present in
markedly increased numbers in the skin and blood of
SSc patients. Numbers of ILC2s were elevated the most
in patients with diffuse cutaneous SSc and correlated
with the modified Rodnan skin thickness score (97,105).
In light of the IFN signature (which is strongest in early
and nonfibrotic SSc [106]) and the suppressive effect of
IFN on ILC2s (100), the increased numbers of ILC2s in
more advanced stages of the disease is noteworthy (97).
The increased presence of ILC2s in SSc was not found in
another study that compared 38 clinically undefined SSc
patients with matched healthy controls (107). It is
unclear why there was such a difference in outcome
between the 2 studies, but different methodologies (e.g.,
different cell markers and gating strategy used) could
help explain the discrepancy.

With regard to the occurrence of fibrosis in SSc, the
ILC2 subset is of particular interest. In mice, ILC2s were
required for the occurrence of hepatic fibrosis, and IL-13
released by ILC2s was sufficient for collagen deposition in
a mouse model of pulmonary fibrosis (30,108). ILC2s are
activated, start producing cytokines (e.g., IL-13), and pro-
liferate upon exposure to epithelial alarmin cytokines, such
as IL-25, IL-33, and TSLP, all of which are found to be ele-
vated in SSc (109). ILC2–derived IL-13 induces collagen
deposition from fibroblasts and differentiates macrophages
toward a profibrotic phenotype (108).

NKp441 ILC3s are an important source of IL-
17A in skin inflammation, and IL-17A has been impli-
cated in the generation of pulmonary and skin fibrosis
(110). In patients with SSc, the NKp441 ILC3 population
was slightly increased in blood, while the NKp442 ILC3
population was decreased compared to that in healthy
controls (107). In addition, the same study found an
increase in CD41 ILC1s, which were potent producers of
TNF and GM-CSF, in the peripheral blood of SSc
patients (107). Future studies should examine the pres-
ence and function of ILCs at affected sites, such as the
skin, to better understand their potential contribution to
SSc.
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Conclusions

Over the past few years, it has become clear that
ILCs play a pivotal role in orchestrating the first waves of
the immune response in human tissue upon receiving
danger signals, thereby contributing toward effective
clearance of the initiating event. On the other hand,
numerous studies have shown the relevance of ILCs in
upholding tissue homeostasis. Clear evidence of this bal-
ancing act has been well studied in skin and gut disease,
yet an overview of the contribution of ILCs to rheumatic
disease has been lacking. In this review, we provide a com-
prehensive overview of the recent research that has been
performed on helper-like ILCs in rheumatic diseases
(Table 2). Recent reports have begun to shed light on
ILC aberrations in patients with IBD-associated arthritis
(111) and antineutrophil cytoplasmic antibody–associated
vasculitis (112). Many other rheumatic diseases, such as

Behçet’s disease and reactive arthritis, await and deserve
further exploration into the role of ILCs, and more work
is needed on the diseases highlighted in this review.

We believe that future work should focus on 3
key issues. At first, due to the rarity of ILCs, our knowl-
edge of these cells is largely based on flow cytometric
phenotyping. Hence, we encourage the ILC field to
adhere to the established framework for ILC gating to
improve comparability between studies and between dif-
ferent clinical conditions as well as to use standardized
measures before and after initiation of therapeutic inter-
vention. Second, the low frequency of ILCs challenges
our ability to isolate ILCs from human tissues for the
purpose of functional assays. For instance, the culturing
of ILCs to focus on their functional roles in health
and disease poses challenges that hinder development
of drugs to target pathologic processes that they
orchestrate. Until now, our current knowledge of ILC

Table 2. Studies implicating ILCs in rheumatic and related epithelial diseases in humans*

Disease, implicated ILCs Role in pathogenesis (ref.)

Psoriasis
NKp441 ILC3s Increased frequency in blood and in unaffected and affected skin (58–62)

IBD
ILC3s Increased IL-17A production by ILC3s (70)
ILC1s Overall shift from ILC3s toward IFNg-producing ILC1s (23,52)

PsA
ILC3s and ILC2s Present in nonrheumatic enthesis (75)
CCR61 ILC3s Shift from blood to synovial cavity correlates with disease severity (61)
NKp441 ILC3s Highly increased presence in synovial joint in PsA patients

in comparison to blood and in comparison to RA patients (61)
IBD-associated arthritis

IFNg1 ILCs and
IL-17A1 ILCs

Increased frequency in blood compared to IBD patients
without arthritis (111)

AS
ILC3s and ILC2s Present in nonrheumatic enthesis (75)
a4b7 integrin–positive

IL-171 and IL-221 ILC3s
Increased presence in gut, blood, bone marrow, and joints in AS (83)

RA
ILC1s Selectively increased in synovial fluid of RA patients (61)
NCR2 ILC3s Reduced numbers in lymph nodes in (preclinical) RA (91)

SS
NKp441 ILC3s Increased in salivary gland and correlate with lymphocytic focus score (93)

SLE
ILC2s Elevated frequency in blood (97)

ANCA-associated vasculitis
ILC2s and ILC3s Decreased frequency in blood of patients with acute disease (112)

SSc
ILC2s Increased in skin and blood of SSc patients, and numbers correlated with

skin fibrosis and ILD (97); no increased numbers found
in another study (107)

NKp441 ILC3s and
NKp442 ILC3s

Found increased and decreased, respectively, in blood (107)

CD41 ILC1s Increased in blood of SSc patients (107)

* ILCs 5 innate lymphoid cells; NKp44 5 natural killer p44; ILC3s 5 group 3 ILCs; IBD 5 inflammatory bowel
disease; IL-17A 5 interleukin-17A; IFNg 5 interferon-g; PsA 5 psoriatic arthritis; RA 5 rheumatoid arthritis;
AS 5 ankylosing spondylitis; NCR 5 natural cytotoxicity receptor; SS 5 Sj€ogren’s syndrome; SLE 5 systemic lupus ery-
thematosus; ANCA 5 antineutrophil cytoplasmic antibody; SSc 5 systemic sclerosis; ILD 5 interstitial lung disease.
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development and function has been mainly based on
experimental models, which leaves its relevance for
humans to be determined. The use of alternative, novel
techniques that give an understanding of human ILC
function and development (e.g., single-cell sequencing
[113,114]) should therefore be exploited further.

Finally, strategies aimed at targeting ILC pathol-
ogy by blocking their developmental fate, plasticity, and/
or effector function deserve further investigation (115).
Do therapies targeting the IL-23/IL-17 axis given to
patients with psoriatic skin disease also halt aberrant
ILC function in the joint or enthesis, preventing the tran-
sition toward concomitant joint disease? If this hypothe-
sis holds true, we may go on to apply similar ways of
delivering preventative medicine to patients with other
rheumatic diseases, shifting our focus away from target-
ing the chronic effects of immune-mediated disease and
toward disease interception, possibly by tackling the
ILCs.
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Objective. To develop response criteria for adult
dermatomyositis (DM) and polymyositis (PM).

Methods. Expert surveys, logistic regression, and
conjoint analysis were used to develop 287 definitions using
core set measures. Myositis experts rated greater improve-
ment among multiple pairwise scenarios in conjoint analy-
sis surveys, where different levels of improvement in 2 core
set measures were presented. The PAPRIKA (Potentially
All Pairwise Rankings of All Possible Alternatives) method
determined the relative weights of core set measures and
conjoint analysis definitions. The performance characteris-
tics of the definitions were evaluated on patient profiles
using expert consensus (gold standard) and were validated
using data from a clinical trial. The nominal group tech-
nique was used to reach consensus.

Results. Consensus was reached for a conjoint anal-
ysis–based continuous model using absolute percent change
in core set measures (physician, patient, and extramuscular
global activity, muscle strength, Health Assessment Ques-
tionnaire, and muscle enzyme levels). A total improvement
score (range 0–100), determined by summing scores for
each core set measure, was based on improvement in and
relative weight of each core set measure. Thresholds for
minimal, moderate, and major improvement were ‡20,
‡40, and ‡60 points in the total improvement score. The
same criteria were chosen for juvenile DM, with different
improvement thresholds. Sensitivity and specificity in DM/
PM patient cohorts were 85% and 92%, 90% and 96%, and
92% and 98% for minimal, moderate, and major improve-
ment, respectively. Definitions were validated in the clinical

trial analysis for differentiating the physician rating of
improvement (P < 0.001).

Conclusion. The response criteria for adult DM/
PM consisted of the conjoint analysis model based on
absolute percent change in 6 core set measures, with thresh-
olds for minimal, moderate, and major improvement.

Idiopathic inflammatory myopathies are a group of
acquired, heterogeneous, systemic connective tissue dis-
eases that include adult dermatomyositis (DM) and poly-
myositis (PM) and juvenile DM (1). Despite significant
morbidity and mortality associated with DM/PM, there
are currently no therapies approved for these syndromes
by the Food and Drug Administration or the European
Medicines Agency based on randomized controlled trials.
However, with the advancement in novel therapeutic
agents that target various biologic pathways implicated in
the pathogenesis of DM/PM (2), there is a need for well-
designed clinical trials using validated and universally
accepted outcome measures. Recently completed clinical
trials in adult DM/PM and juvenile DM have used varying
response criteria (3–5), again highlighting the need for
both data- and consensus-driven criteria to be used uni-
formly in future studies. Core set measures of myositis dis-
ease activity for adult DM/PM clinical trials have been
established and validated by the International Myositis
Assessment and Clinical Studies Group (IMACS) (6–8);
these measures were used as the foundation for the cur-
rent study. We undertook this study because there is a
need for composite response criteria in myositis, given the
heterogeneity of the disease and the fact that no single
core set measure adequately covers all the domains in
myositis. For example, muscle enzyme levels can be nor-
mal in active DM, and active muscle weakness in DM can
occur without active rash.

Preliminary response criteria for adult DM/PM
had been developed and partially validated by IMACS;
these criteria were based on at least 20% improvement in
3 of 6 core set measures, with no more than 2 core set mea-
sures worsening by at least 25% (which cannot be muscle
strength) (8,9). However, those criteria were considered
preliminary, because they were not prospectively validated.
Moreover, newer methodologies such as conjoint analysis
and other continuous or hybrid approaches for developing
response criteria had not been evaluated (10–14). The pre-
liminary criteria had other potential limitations, including
equal weights being applied to each core set measure and
the lack of quantitative or continuous outcomes. With the
growing repertoire of potential therapeutic agents, some
of which may yield better results than only minimal clinical
improvement, there is also a need to develop criteria for
moderate and major clinical improvement.

Cooper, MD: University of Liverpool, Liverpool, UK; 9Maryam
Dastmalchi, MD, PhD, Ingrid E. Lundberg, MD, PhD: Karolinska
University Hospital, Karolinska Institute, Stockholm, Sweden; 10David
Fiorentino, MD, PhD, Lorinda Chung, MD: Stanford University, Red-
wood City, California; 11David Isenberg, MD: University College Lon-
don, London, UK; 12Andrew Mammen, MD, PhD: Johns Hopkins
University School of Medicine, Baltimore, Maryland; 13Marianne de
Visser, MD, PhD: Academic Medical Center, Amsterdam, The
Netherlands; 14Steven R. Ytterberg, MD: Mayo Clinic, Rochester,
Minnesota; 15Katalin Danko, MD, PhD, DSc: University of Debrecen,
Debrecen, Hungary; 16Ignacio Garcia-De la Torre, MD: Hospital
General de Occidente de la Secretar�ıa de Salud and University of
Guadalajara, Guadalajara, M�exico; 17Yeong Wook Song, MD, PhD:
Graduate School of Convergence Science and Technology and Seoul
National University Hospital, Seoul, Korea; 18Jiri Vencovsky, MD,
PhD: Charles University, Prague, Czech Republic. See Appendix A for
members of the International Myositis Assessment and Clinical Studies
Group and the Paediatric Rheumatology International Trials Organisa-
tion who contributed to developing the response criteria.

Drs. Aggarwal and Rider contributed equally to this work.
Drs. Miller and Vencovsky contributed equally to this work.

Address correspondence to Rohit Aggarwal, MD, MSc, Divi-
sion of Rheumatology and Clinical Immunology, Department of Medi-
cine, University of Pittsburgh, 3601 5th Avenue, Suite 2B, Pittsburgh,
PA 15261. E-mail: aggarwalr@upmc.edu.

Submitted for publication February 11, 2016; accepted in
revised form January 31, 2017.

ACR/EULAR CRITERIA FOR CLINICAL RESPONSE IN ADULT DERMATOMYOSITIS AND POLYMYOSITIS 899



For these reasons, and with support from the
American College of Rheumatology, European League
Against Rheumatism, IMACS, and the Paediatric Rheu-
matology International Trials Organisation (PRINTO)
(15), a collaboration was established to develop a data-
and consensus-driven process involving multiple clinical
data sets and the international myositis community in
order to develop and validate response criteria for adult
DM/PM and juvenile DM. This effort involved a com-
prehensive approach to developing candidate definitions
for the response criteria, including continuous or hybrid
definitions, using conjoint analysis (13,14,16–19), and
for developing criteria for minimal as well as greater
degrees of improvement. This article focuses on the cri-
teria for minimal and moderate improvement for adult
DM/PM, whereas the threshold for major improvement
is considered preliminary. A companion article focuses
on the juvenile DM response criteria (20).

Methods

Core set measures and patient profile consensus. To
develop patient profiles as well as candidate definitions for
response criteria in adult PM and DM, we used previously vali-
dated IMACS myositis core set measures for patients with adult
DM/PM, which include physician and patient global activity on a
10-cm visual analog scale (VAS), muscle strength measured by
manual muscle testing (MMT), physical function measured by
the Health Assessment Questionnaire (HAQ) (21), extramuscu-
lar global activity measured by the physician on a 10-cm VAS,
and the most abnormal serum muscle enzyme (8,22). The entire
process, from the development of these profiles and candidate
definitions through final consensus voting, is shown in the flow
diagram in Figure 1 (23,24). Details of the methodology used to
develop patient profiles, candidate definitions, validation, and
expert consensus will be described in a separate publication (24).
Briefly, patient data from natural history studies and uncontrolled
clinical trials were used to develop patient profiles, which were
then rated by adult myositis experts to achieve consensus as to
whether improvement was none, minimal, moderate, or major.
The expert consensus of improvement was used as the gold stan-
dard to validate various candidate definitions. The Bohan and
Peter classification was used to designate definite or probable
adult DM/PM (25).

Candidate definitions of response criteria. Six different
types of candidate definitions for minimal, moderate, and major
response (Table 1) were developed (23,26): 3 types of definitions
were traditional (categorical), and 3 were continuous (hybrid).
Traditional definitions provide only categorical outcomes of min-
imal, moderate, and major improvement, or not improved, based
on the criteria, whereas continuous definitions yield an improve-
ment score as a continuous outcome measure, with thresholds of
minimal, moderate, and major improvement serving as categori-
cal outcomes. Continuous definitions are considered hybrid
definitions, because the same definition can be used as a continu-
ous or categorical outcome measure based on the study require-
ments. Definitions utilizing either absolute percent change (final
minus baseline divided by range and multiplied by 100) or

Figure 1. Flow diagram of the entire process used to develop and
validate the approved response criteria for adult dermatomyositis
and polymyositis.
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Table 1. Types of candidate definitions for response criteria that were developed and tested*

Type of candidate
definitions of response Description

Example of candidate definition for the
response criteria

Previously published
(categorical definition)

Previously published definitions
of improvement that were retested

Minimal. Three of any 6 improved by $20%,
no more than 2 worse by .25% (which can-
not be MMT) (9)

Moderate. Three of any 6 improved by $50%,
no more than 2 worse by .25% (which can-
not be MMT)

Major. Three of any 6 improved by $70%, no
more than 2 worse by .25% (which cannot
be MMT)

Newly drafted
(categorical definition)

Drafted relative or absolute % change candidate
definitions of response, based on recent CSM
survey

Minimal. Two of any 6 improved by $30%, no
more than 1 worse by .30% (which cannot
be MMT)

Moderate. Two of any 6 improved by $50%, no
more than 1 worse by .30% (which cannot
be MMT)

Major. Two of any 6 improved by $75%, no
more than 1 worse by .30% (which cannot
be MMT)

Weighted
(categorical definition)

Applied conjoint analysis relative weights to CSM
in newly drafted definitions; each CSM receives
improvement points (corresponding relative
weights), when it reaches the threshold for mini-
mal, moderate, or major improvement; worsen-
ing points are applied similarly; improvement is
calculated based on a total score of improve-
ment versus worsening

Improvement 5 at least 2.5 total improvement
points of a maximum possible score of 8, and
no more than 2.5 worsening points, where
MD global 5 1.5 points, patient global 5 1
point, MMT 5 2 points, HAQ 5 1.5 points,
extramusc 5 1.5 points, enzyme 5 0.5 point

Minimal. Improvement points given when CSM
$30%; worsening points given when CSM
worse by .25%

Moderate. Improvement points given when
CSM $50%; worsening points given when
CSM worse by .25%

Major. Improvement points given when CSM
$75%; worsening points given when CSM
worse by .25%

Logistic regression
(continuous definition)

Model of improvement using combination of CSM
with different weights, as developed in the logis-
tic regression model and rounded for better fea-
sibility; total scores derived, with different
cutoffs, for minimal, moderate, and major
improvement

Improvement score 5 5 3 (MD global %
change) 1 3 3 (patient global %
change) 1 (MMT % change) 1 2 3 (HAQ %
change) 1 2 3 (extramusc % change) 1 2.5 3
(enzyme % change)

Minimal. Improvement score $250
Moderate. Improvement score $500
Major. Improvement score $750

Core set measure–weighted
(continuous definition)

Multiply the % change in each CSM by the
weights derived from conjoint analysis, then sum
(% change in each CSM 3 conjoint analysis
weights) to get final total improvement score;
different thresholds for minimal, moderate, and
major improvement established based on con-
sensus profile ratings as gold standard

Improvement score 5 2 3 (MD global % change)
1 (patient global % change) 1 3 3 (MMT %
change) 1 1.5 3 (HAQ % change)1 1.5 3
(extramusc % change)1 (enzyme % change)

Minimal. Improvement score $100
Moderate. Improvement score $250
Major. Improvement score $400

Conjoint analysis
(continuous definition)

For a given range in the level of improvement in
each CSM, a score is assigned, as developed by
the conjoint-analysis survey results and model-
ing; greater degrees of improvement receive
higher scores; a patient is minimally improved if
the improvement score is above the cutoff for
minimal improvement; similarly, for moderate
and major improvement

Cut points for the model are:
Minimal. Improvement score $20
Moderate. Improvement score $40
Major. Improvement score $60†

* MMT 5 manual muscle testing; CSM 5 core set measure; MD global 5 physician global activity score; patient global 5 patient global activity
score; HAQ 5 Health Assessment Questionnaire; extramusc 5 extramuscular global activity; enzyme 5 most abnormal serum muscle enzyme
value among aldolase, alanine aminotransferase, aspartate aminotransferase, lactate dehydrogenase, and creatine kinase.
† See Table 3 for cut points for the full model.
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relative percent change (final minus baseline, divided by baseline
and multiplied by 100) were evaluated as candidate definitions.

Conjoint analysis surveys. Conjoint analysis surveys
were administered to myositis experts using 1000Minds online
software (11). Experts were presented with pairs of hypothetical
patient scenarios; each patient had different levels of improve-
ment in the same 2 core set measures, assuming other core set
measures remained the same. Experts rated which of the 2 sce-
narios had greater improvement. Based on the rater’s response,
all other hypothetical patients that could be pairwise ranked
were eliminated via the property of transitivity, thereby signifi-
cantly reducing the number of scenarios presented. The
PAPRIKA (Potentially All Pairwise Rankings of All Possible
Alternatives) method was used to determine the relative impor-
tance of the core set measures. Relative weights of core set mea-
sures and their levels of improvement were used to develop a
scoring system by mathematical methods based on linear
programming (13), such that when all 6 core set measures are
considered together, the maximum score (total improvement
score) possible for representing a patient’s improvement is 100
and the minimum score is 0. The thresholds for minimal, moder-
ate, and major improvement in the total improvement score
were based on optimum sensitivity and specificity (using the
Youden index [27]) in the subset of patient cohort data.

Validation of candidate response criteria. The per-
formance characteristics of candidate criteria were evaluated
using consensus profile ratings as the gold standard, assessing
sensitivity, specificity, and area under the curve (AUC) to com-
pare the performance of these candidate definitions. Those that
performed well in the consensus profiles (sensitivity and specific-
ity $80%, AUC $0.9 for minimal improvement, and AUC $0.8
for moderate and major improvement) were externally validated
using data for adult DM/PM patients (n 5 142) enrolled in the
Rituximab in Myositis (RIM) trial (3). The treating physician’s
rating of improvement (0–7 scale) at 24 weeks in the RIM trial
was used for validation, and a 1-point change in the physician’s
rating was considered clinically significant (3). We then selected
the top candidate definitions (up to 4 top-performing definitions
from each of the 6 different types of candidate definitions) for
consideration at the final consensus conference, in order to dis-
cuss a manageable number of definitions at the conference.

Consensus conference. The nominal group technique
(NGT) was applied to develop consensus among experts in adult
DM/PM regarding the top-performing candidate definitions for
minimal and moderate improvement in adult DM/PM (28–30).
Experienced moderators (RA and FWM) led the NGT consen-
sus-development process for the adult working group and the
combined adult and pediatric working group (RA, LGR, NR,
and FWM). Given the paucity of data on major improvement,
we considered the major improvement thresholds as preliminary
for the final consensus meeting. For each candidate definition,
the methodologic details used to develop it and its performance
characteristics in the consensus patient profiles and the RIM trial
were presented to the adult working group. Each of the 12 par-
ticipants in the adult working group independently reviewed the
performance characteristics of all 18 top candidate definitions for
adult DM/PM. Detailed data for each candidate definition,
including sensitivity, specificity, and AUC as well as kappa values
and odds ratios for minimal, moderate, and major improvement,
were provided. The AUC was determined from the receiver
operating characteristic curve as a plot of sensitivity versus (1 –

specificity) for total improvement scores as well as for thresholds
(27).

Adult working group. The primary goal for the adult
working group was to develop consensus response criteria for
minimal and moderate clinical improvement in adult DM/PM
based on the data presented, as well as the face validity, feasibil-
ity, and generalizability of the proposed candidate criteria. The
experts in the adult working group included internationally rec-
ognized rheumatologists, neurologists, and dermatologists who
have considerable experience in myositis and with the core set
measures. Voting was conducted in an independent, anonymous,
and systematic manner via a web-based system developed by staff
at the PRINTO coordinating center (31,32). In the initial rounds
of voting, participants were asked to rank their top 5 choices.
The results were compiled, and aggregate votes and rank of each
candidate definition were shared with the group after each round
of voting. Participants were then asked in a random manner to
discuss their top-ranked and bottom-ranked choices. Candidate
definitions receiving a small proportion of votes were eliminated.
In subsequent voting rounds, participants were asked to re-rank
their choices after reviewing the previous round’s voting and dis-
cussion. When fewer than 5 candidate definitions remained, each
participant selected one as the top response criteria. The objec-
tive was to continue the rounds of voting in the same manner
until a single candidate definition reached consensus ($80% of
the votes) or until it was clear that consensus would not be
reached.

Combined adult and pediatric working group. After
consensus was achieved by each working group, both groups
then came together to vote on common response criteria to be
used for both adult DM/PM and juvenile DM (20) as the out-
come measure for combined clinical trials. For this voting round,
the top candidate definitions from the final round of voting in
each working group were considered, and a similar online voting
system and the NGT were used until consensus of $80% was
reached (28–30). For determining the thresholds of improvement
for the selected definition, the required consensus was $70%,
which was done by post-conference voting.

Results

Candidate definitions. A total of 287 adult DM/
PM candidate response criteria were drafted or derived
using data-driven methods. Included were 10 previously
published definitions, 134 newly drafted definitions based
on expert survey results, 63 weighted definitions, 68 logistic
regression definitions, 6 conjoint analysis definitions, and 6
definitions in which differential weights were applied to the
improvement achieved in each core set measure. Among
these definitions, 163 used relative percent change and 124
used absolute percent change in the core set measures.

Validation. Candidate definitions with a sensitiv-
ity and specificity of $80%, AUC $0.9 for minimal, and
AUC $0.8 for moderate and major improvement in the
patient profile analysis using expert consensus rating as
the gold standard were evaluated for external validation
using RIM clinical trial data (3) (see Supplementary Table
1, available on the Arthritis & Rheumatology web site at
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http://onlinelibrary.wiley.com/doi/10.1002/art.40064/abstract).
Thus, of 122 adult DM/PM candidate definitions evaluated
using the RIM trial data, 36 adult DM/PM candidate defi-
nitions, including 25 using relative and 11 using absolute
percent change in core set measures, had AUC $0.7 and
showed validation in the clinical trial analysis.

Top candidate definitions. Of 36 validated defi-
nitions, 17 top-performing adult candidate definitions and
the top pediatric response criteria (20) were considered by
the adult working group at the consensus conference so

that, in total, 18 candidate definitions were evaluated (Table
2 and Supplementary Table 2, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/doi/
10.1002/art.40064/abstract). They included 9 categorical def-
initions and 9 continuous definitions, in which 14 used rela-
tive percent change and 4 used absolute percent change in
core set measures. In each categorical definition, a patient
would either meet or not meet the response criteria of mini-
mal, moderate, or major improvement based on the degree
of improvement or worsening in each core set measure. In

Table 2. Detailed performance characteristics of patient profiles and clinical trial data for the top 5 candidate response criteria definitions pres-
ented at the consensus conference*

Profiles (n 5 270)†

RIM trial (n 5 147)

Candidate definitions for
response criteria, improvement

category, core set measure
Sensitivity,

%
Specificity,

%
Threshold

AUC
Total
AUC

Candidate
definition,
improved

physician’s
rating‡

Candidate
definition, not

improved
physician’s

rating‡ P Rank

Conjoint analysis absolute % change (model 3)§ 1
Minimal (improvement score $20) 85 92 0.89 0.96 2.0 4.0 ,0.001
Moderate (improvement score $40) 90 96 0.93 0.99 2.0 3.0 ,0.001
Major (total improvement score $60) 92 98 0.95 1.00 2.0 3.0 ,0.001

Conjoint analysis relative % change (model 1)¶ 2
Minimal (improvement score $33) 94 90 0.92 0.98 2.0 4.0 ,0.001
Moderate (improvement score $55) 93 93 0.93 0.99 2.0 3.0 ,0.001
Major (improvement score $70) 100 95 0.97 0.99 2.0 3.0 ,0.001

Conjoint analysis relative % change (model 2)¶ 3
Minimal (improvement score $30) 94 92 0.93 0.98 2.0 4.0 ,0.001
Moderate (total improvement score $45) 94 88 0.91 0.98 2.0 3.0 ,0.001
Major (improvement score $65) 100 98 0.99 1.00 2.0 3.0 ,0.001

Weighted core set measure relative % change# 4
Minimal (improvement score $100) 92 91 0.91 0.97 2.0 3.0 ,0.001
Moderate (improvement score $250) 94 91 0.93 0.98 2.0 3.0 ,0.001
Major (improvement score $400) 100 94 0.97 1.00 2.0 3.0 ,0.001

Logistic regression relative % change** 5
Minimal (improvement score $75) 89 93 0.91 0.97 2.0 3.0 ,0.001
Moderate (improvement score $150) 94 88 0.91 0.98 2.0 3.0 ,0.001
Major (improvement score $300) 100 96 0.98 1.00 2.0 3.0 ,0.001

* Supplementary Table 2 (available on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.1002/art.40064/abstract)
shows definitions 6–18 from the consensus conference ratings. The threshold area under the curve (AUC) was calculated as the AUC from the
receiver operating characteristic (ROC) curve for the total improvement score and the threshold for minimal, moderate, and major improve-
ment. The total AUC was calculated as the AUC from the ROC curve, using the total improvement score and the threshold cutoffs for minimal,
moderate, and major improvement, and applies only to continuous definitions.
† The reference standard for sensitivity and specificity was myositis expert consensus rating of improvement.
‡ Physician’s rating is the treating physician’s rating on a Likert scale of 1–7, where lower scores represent a greater degree of improvement, at
week 24 of the Rituximab in Myositis (RIM) trial (3). A 1-point difference in the physician’s rating of improvement from no improvement to
minimal improvement was considered not only statistically significant but also clinically significant.
§ Conjoint analysis–based continuous candidate response criteria using absolute percent change in core set measures (absolute percent change
model) is shown in Table 3. These criteria are also the top response criteria for juvenile dermatomyositis (DM), but with different thresholds in
the total improvement score for minimal, moderate, and major improvement (20).
¶ Conjoint analysis–based continuous candidate response criteria using relative percent change in core set measures are shown in Supplementary
Table 3 (available on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.1002/art.40064/abstract). These criteria are
also the second- and third-choice criteria for juvenile DM, but with different thresholds in the total improvement score for minimal, moderate,
and major improvement (20).
# The total improvement score is calculated as 2 3 (MD global % change) 1 (patient global % change) 1 3 3 (MMT % change) 1 1.5 3

(HAQ % change) 1 1.5 3 (extramusc % change) 1 (enzyme % change). (MD global 5 physician global activity; patient global 5 patient global
activity; MMT 5 manual muscle testing; HAQ 5 Health Assessment Questionnaire; extramusc 5 extramuscular; enzyme 5 most abnormal serum
muscle enzyme value among aldolase, alanine aminotransferase, aspartate aminotransferase, lactate hydrogenase, and creatine kinase.)
** The total improvement score is calculated as (MD global % change) 1 (patient global % change) 1 (MMT % change) 1 (HAQ %
change) 1 (extramusc % change) 1 (enzyme % change).
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the continuous definitions, however, each subject generates
a total improvement score on a continuous scale, such that
a greater degree of improvement corresponds to a higher
score. Furthermore, patients could be categorized as
achieving minimal, moderate, or major clinical improve-
ment based on reaching the pre-set threshold score on the
continuous scale. Table 2 shows the performance character-
istics of the top 5 candidate definitions for the response cri-
teria selected at the consensus conference (see
Supplementary Table 2 for definitions 6–18).

In the patient profiles, with expert consensus as the
gold standard, all top candidate definitions presented at the
conference had excellent performance characteristics, with
median sensitivity of 87% (interquartile range [IQR] 84–
90%) and specificity of 94% (IQR 92–95%) for minimal
improvement with a median AUC of 0.91 (IQR 0.90–0.92)
(Table 2 and Supplementary Tables 1 and 2, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40064/abstract). Sensitivity, specificity,
and AUC were similarly high for moderate and major
improvement criteria for these definitions (Table 2 and Sup-
plementary Tables 1 and 2). All candidate definitions pres-
ented at the conference were validated using the RIM trial
data at the 24-week time point and were shown to differenti-
ate (P, 0.001) between the treating physician’s improvement
score at week 24 in patients rated as improved versus not
improved (3) (Table 2 and Supplementary Tables 1 and 2).

Consensus conference voting. The top-choice
definition for the adult working group, which received 80%
of the votes, was the conjoint analysis–based continuous
definition model 1, which includes relative percent change
in core set measures, including physician and patient global
activity, muscle strength, physical function, most abnormal
serum enzyme level, and extramuscular activity (Supple-
mentary Table 3, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
40064/abstract). The second-choice definition, receiving
20% of the votes, was the conjoint analysis–based continu-
ous model 2, which also includes relative percent change in
core set measures (see Supplementary Table 3). Models 1
and 2 differ only in the scores associated with each level of
improvement in each core set measure.

However, in the final round of voting and discus-
sion, adult working group participants reached unani-
mous consensus that the response criteria for adult DM/
PM would be identical to the top-choice response crite-
ria for juvenile DM, which is a conjoint analysis–based
continuous definition (model 3) using absolute percent
change in core set measures (Table 3) (20). Participants
favored using the same response criteria for adult DM/
PM and juvenile DM so that data from different studies
can be harmonized more effectively and to facilitate

combined trials, especially given that the definitions
were similar with similar performance characteristics.
Moreover, the absolute percent change in core set mea-
sures (model 3 [Table 3]) was thought to be more repre-
sentative of meaningful clinical change compared with
relative percent change in core set measures (models 1
and 2 [Supplementary Table 3]). Participants also voted
to evaluate all top 5 candidate definitions from the adult
working group in future clinical trials, with the other 4
as secondary outcome measures. The top 3 of these cri-
teria, the conjoint analysis definitions, are the same for
both adult DM/PM and juvenile DM, with different
thresholds of improvement.

The sensitivity and specificity of the top-choice cri-
teria, the conjoint analysis absolute percent change (Table
3), were 85% and 92% for minimal improvement, 90%
and 96% for moderate improvement, and 92% and 98%
for major improvement, respectively (Table 2). The AUC
was 0.96 for the total improvement score and 0.89, 0.93,
and 0.95 for minimal, moderate, and major improvement
thresholds, respectively (Table 2). In the RIM trial (3),
these response criteria showed a significant difference in
the physician’s rating of improvement when the response
criteria rated the patient as improved versus not improved
for minimal, moderate, and major improvement (P ,

0.001) (Table 2 and Supplementary Table 2, available on
the Arthritis & Rheumatology web site at http://online-
library.wiley.com/doi/10.1002/art.40064/abstract). Myositis
experts in the consensus conference favored the conjoint
analysis–based continuous response criteria because the
total improvement score is a continuous measure that cor-
responds to the magnitude of improvement in a patient
and provides the ability to categorize a patient’s degree of
improvement as minimal, moderate, or major (making it
truly a hybrid definition). Moreover, the differential
weights for various core set measures were also thought to
be congruent with an expert’s assessment of the relative
importance of each core set measure. An important con-
sideration in the final selection was that the top-choice def-
inition be based on absolute percent change in the core set
measures, which was favored by the participants because,
given the various VAS measurements used, the absolute
percent change was thought to be more representative of
meaningful clinical change.

Top candidate definitions considered by the
combined pediatric/adult working group. Three candi-
date definitions were considered by the combined adult/
pediatric working group; these included the top adult defi-
nitions (see Supplementary Table 3) and the top pediatric
definitions (20), one of which was identical in both groups.
Final consensus was reached for the combined adult DM/
PM and juvenile DM response criteria, with 91% of
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participants voting for the conjoint analysis–based continu-
ous definition, based on absolute percent change in the
core set measure (Table 3). The combined working group

agreed that the same final response criteria will be used for
clinical trials of both adult DM/PM and juvenile DM, but
with different thresholds for improvement in adult versus

Table 3. Final myositis response criteria for minimal, moderate, and major improvement in adult dermato-
myositis/polymyositis (DM/PM) and combined adult DM/PM and juvenile DM clinical trials and studies*

Core set measure, level of improvement
based on absolute percent change Improvement score

Physician global activity
Worsening to 5% improvement 0
.5% to 15% improvement 7.5
.15% to 25% improvement 15
.25% to 40% improvement 17.5
.40% improvement 20

Patient global activity
Worsening to 5% improvement 0
.5% to 15% improvement 2.5
.15% to 25% improvement 5
.25% to 40% improvement 7.5
.40% improvement 10

Manual muscle testing
Worsening to 2% improvement 0
.2% to 10% improvement 10
.10% to 20% improvement 20
.20% to 30% improvement 27.5
.30% improvement 32.5

Health Assessment Questionnaire
Worsening to 5% improvement 0
.5% to 15% improvement 5
.15% to 25% improvement 7.5
.25% to 40% improvement 7.5
.40% improvement 10

Enzyme (most abnormal)
Worsening to 5% improvement 0
.5% to 15% improvement 2.5
.15% to 25% improvement 5
.25% to 40% improvement 7.5
.40% improvement 7.5

Extramuscular activity
Worsening to 5% improvement 0
.5% to 15% improvement 7.5
.15% to 25% improvement 12.5
.25% to 40% improvement 15
.40% improvement 20

The total improvement score is the sum of all 6 improvement scores associated with the change in each core
set measure. A total improvement score of ‡20 represents minimal improvement, a score of ‡40 represents
moderate improvement, and a score of ‡60 represents major improvement.

* Note that these response criteria are also proposed for use in combined adult DM/PM and juvenile DM tri-
als (20). For comparison, the thresholds of improvement in the total improvement score for juvenile DM are
$30 for minimal improvement, $45 for moderate improvement, and $70 for major improvement. Also note
that the criteria for major improvement for adult DM/PM are preliminary.
How to calculate the improvement score: The absolute percent change ([final value – baseline value]/range 3 100)
is calculated for each core set measure. For muscle enzymes, the most abnormal serum muscle enzyme level at
baseline (creatine kinase, aldolase, alanine transaminase, aspartate aminotransferase, lactate dehydrogenase) is
used. The enzyme range was calculated based on a 90% range of enzymes from natural history data (34,46), which
for creatine kinase is 15 times the upper limit of normal (ULN), for aldolase is 6 times the ULN, and for lactate
dehydrogenase, aspartate aminotransferase, and alanine transaminase is 3 times the ULN. The ULN is determined
according to the individual laboratories in the participating centers. The ranges for physician global activity, patient
global activity, manual muscle testing, Health Assessment Questionnaire, and extramuscular global activity are
based on the instrument scale used (3,26). An improvement score is assigned for each core set measure based on
the absolute percent change in the core set measure according to the definition. These individual core set measure
improvement scores are then totaled among the 6 core set measures to give the total improvement score. The
thresholds for minimal, moderate, and major improvement are provided. The total improvement score itself may
also be compared among treatment arms in a trial. A total improvement score between 0 and 100 corresponds to
the degree of improvement, with higher scores corresponding to a greater degree of improvement.
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pediatric patients as well as different core set measures for
adult patients (IMACS) and pediatric patients (IMACS
and PRINTO). Participants favored using the same
response criteria for adult DM/PM and juvenile DM,
because the top definition from each working group was
very similar (i.e., both being conjoint analysis–based con-
tinuous models, with excellent and similar performance
characteristics) and because it would permit comparison of
outcomes in separate studies. Although only the IMACS
core set measures were used for adult DM/PM, for further
congruence with pediatric core set measures, the experts in
adult myositis agreed to include the Short Form-36 (33) as
a health-related quality-of-life measure to correspond to
the PRINTO quality-of-life core set measure, the parent
form of the Child Health Questionnaire (34–36). In a post-
conference final vote, consensus (74%) was reached on
threshold values for minimal, moderate, and major
response for adult DM/PM patients, which are $20 in the
total improvement score for minimal improvement, $40
for moderate improvement, and $60 for major improve-
ment. In contrast, consensus on the final threshold values
for minimal, moderate, and major response for juvenile
DM were $30, $45, and $70 points, respectively.

Discussion

After a systematic data- and consensus-driven pro-
cess, a conjoint analysis–based continuous (i.e., hybrid) def-
inition based on absolute percent change in core set
measures was selected as the response criteria for adult
DM/PM for minimal and moderate improvement in future
clinical trials and studies (Figure 1). Because the total num-
ber of cases in the trial data sets and clinical profiles that
achieved major improvement was small, it was decided that
the thresholds for major improvement would be considered
preliminary. The same continuous (or hybrid) definition,
but with different thresholds for minimal, moderate, and
major improvement in IMACS or PRINTO core set mea-
sures, will be used for juvenile DM clinical trials and stud-
ies, as well as for combined adult DM/PM and juvenile DM
studies and clinical trials in the future (20,24).

The process for developing and validating the candi-
date definitions for the response criteria was extensive and
comprehensive, as we used large prospective clinical cohort
data sets to develop patient profiles, and myositis expert
consensus was used as the gold standard for clinical
response. Consequently, we derived 6 different types of can-
didate definitions, each with many variations, leading to a
total of 287 candidate definitions tested, which were vali-
dated using natural history cohorts and data from a random-
ized clinical trial. Subsequently, a representative number of
international myositis experts from various disciplines

(rheumatology, neurology, and dermatology) agreed on an
innovative continuous (or hybrid) model using absolute
percent change in validated core set measures.

These response criteria were developed using a
novel conjoint analysis methodology, the 1000Minds soft-
ware (13). Conjoint analysis, or discrete choice experiment,
is a statistical technique used to determine expert group
decision-making around various measures (and multiple lev-
els within each measure), providing the ability to develop dif-
ferential weighting of measures and composite criteria using
those measures. The 1000Minds software for conjoint analy-
sis has been used recently to develop rheumatologic classifica-
tion and/or outcome criteria for rheumatoid arthritis (RA),
systemic sclerosis (12,13,37,38), and gout (11,16,17,39).

The criteria developed are continuous in nature and
generate a total improvement score (on a scale of 0–100),
which can provide a quantitative degree of improvement for
each patient rather than a dichotomous or categorical assess-
ment of improvement. The total improvement score is the
sum of the improvement reflected in each of the 6 core set
measures, but the individual core set measures are weighted,
such that those deemed more important provide a greater
contribution to the final score. For example, changes in the
MMT and physician global disease activity scores are
weighted more heavily than changes in the most abnormal
enzyme or the HAQ. These weights were consistent with our
myositis expert survey (26), which was independent of the
process used to develop and validate our response criteria.

There are significant advantages of using continu-
ous response criteria (especially in pilot studies). For exam-
ple, it might be possible to enroll fewer subjects and still
have sufficient statistical power to differentiate between
treatment groups by using the mean or median total
improvement score. Moreover, continuous measures have
the best sensitivity to change, the use of which allows mod-
est treatment differences to be detected as statistically sig-
nificant, which in turn leads to better clinical trials (10).
Moreover, the criteria developed provide thresholds for
both minimal and moderate improvement, with a prelimi-
nary threshold for major improvement. Therefore, larger,
adequately powered clinical trials and studies can use the
threshold of minimal clinically significant improvement to
differentiate the treatment groups, because this difference
will be considered clinically significant. Similarly, the pro-
portions of patients achieving minimal or moderate
improvement can be determined and compared between
treatment arms. The ability of the same response criteria to
be used not only as a continuous measure, where a higher
score implies greater improvement, but also as a categorical
response of minimal and moderate improvement, results in
a unique hybrid aspect to these criteria.
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Another advantage of continuous response crite-
ria over the previous IMACS response criteria is that
inclusion criteria for clinical trials will not require mini-
mal severity in any core set measure, because all levels
of improvement in each core set measure contribute
more or less to the response. However, for each trial the
investigators will have to determine the entry criteria for
baseline core set measure abnormality, but those will
depend on the effect size, disease or organ target, recruit-
ment, and feasibility rather than on the response criteria
alone. This is an improvement over the previous IMACS
preliminary response criteria, where the clinical trial
inclusion criteria required a baseline deficit of at least
20% in each core set measure to enable reaching the
threshold of $20% improvement in core set measures
after treatment.

Another important aspect of these response criteria
is that they are based on an absolute percent change in core
set measures rather than relative percent change, as used
for scoring other rheumatologic diseases such as RA
(40,41) and prior myositis response criteria (9). The pan-
elists strongly believed that absolute percent change rather
than relative percent change in core set measures more
accurately reflects the degree of change. For example, for a
patient in whom disease activity improved from 2 cm to
1 cm on a 10-cm VAS, this was interpreted by experts as
more consistent with 10% improvement (absolute percent
change) and not as 50% improvement reflected by relative
percent change. Also, because many of the myositis core
set measures arbitrarily have 0 as the lower limit of normal,
using 10-cm VAS, the relative percent change is difficult to
calculate if there is a change from 0 to a higher value.

The myositis experts decided to use similar
response criteria for adult DM/PM and juvenile DM, to
facilitate combined clinical trials, such as the RIM trial
(3). Another advantage of the response criteria is that
although they are the same for adult DM/PM and juve-
nile DM, they address the unique differences in the core
set measure responsiveness between the 2 disease enti-
ties by specifying higher thresholds for juvenile DM than
for adult DM/PM, which reflects the fact that more
responsiveness is seen in juvenile DM patients in clinical
trials (3,5). Additionally, the juvenile DM response crite-
ria allow for the possibility of using the IMACS or
PRINTO core set measures and provide a more defini-
tive threshold for major improvement (20).

Some limitations of the new response criteria
should be noted. First, most of the core set measures,
although proven to have good reliability and validity, are
subjective and evaluator dependent. However, similar
metrics have been used successfully in RA trials that used a
physician global measure similar to that used for myositis.

Second, only one major clinical trial was available
for validation, and it failed to meet its primary end point
and was not truly placebo controlled. Thus, we validated
the results using the treating physician’s improvement
scores in the clinical trial.

Third, the threshold for major improvement in the
response criteria is considered preliminary due to an insuf-
ficient number of adult DM/PM cases showing major
improvement. We believe that future studies using thera-
peutic agents that have a greater impact on myositis disease
activity will lead to better clinical responses, thus allowing
investigators to determine a final threshold for major
improvement. We plan to validate major improvement in
future studies.

Fourth, given that the criteria are focused on
improvement and thus fail to differentiate between no
change and worsening, these criteria might not be appli-
cable in studies of worsening disease activity (i.e., dis-
ease flare designs) in myositis. However, in the future, it
will be necessary to develop criteria for flare in myositis.

Fifth, the response criteria were developed using a
PM diagnosis based on the Bohan and Peter classification
criteria, but experts now recognize that PM, according to
those criteria, may include different syndromes, such as
necrotizing myopathy, the antisynthetase syndrome, and
others (42,43). We believe that these response criteria will
still be applicable to these newer entities given that the
data- and consensus-driven processes described herein
were inclusive of those syndromes. In the future, with
changes in classification criteria terminology (44), the
response criteria terminology will need to be modified
accordingly.

Sixth, because the criteria are complex and might
be difficult to apply in research studies, we are developing
a web-based tool as well as a downloadable calculator that
will allow easy application of the response criteria. The
time required to apply these criteria is estimated to be 25
minutes to complete the core set measures at each visit (6)
and 3 minutes to hand-calculate the total improvement
score and degree of response, while with a computer-
based system the calculation time is negligible. Moreover,
although the criteria may appear to be complicated, the
core set measures to be collected by any study or investi-
gators are simple and are essentially the same as those in
previous myositis studies and trials.

Finally, patient-reported outcomes as core set
measures, with the exception of the HAQ and patient
global assessment, were not part of the response crite-
ria, perhaps due to the paucity of sensitive and respon-
sive patient-reported outcomes for DM/PM (45).

In conclusion, the development of data- and
consensus-driven conjoint analysis–based continuous
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response criteria with quantitative assessment of improve-
ment on a scale of 0–100 and with thresholds for minimal,
moderate, and major (preliminary threshold) improve-
ment marks a major advancement in assessing response in
myositis clinical trials and studies. These response criteria
are sensitive and specific and provide a way to determine
clinically meaningful change corresponding to degree of
clinical improvement. These response criteria were valid
in a clinical trial and had excellent face validity and accep-
tance among myositis experts from various specialties who
care for adult DM/PM patients in different parts of the
world. A conjoint analysis–based definition with a contin-
uous improvement score using absolute percent change in
core set measures with thresholds for minimal, moderate,
and major improvement was selected as the response cri-
teria to be used for adult clinical trials.
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Objective. To develop response criteria for juve-
nile dermatomyositis (DM).

Methods. We analyzed the performance of 312 defi-
nitions that used core set measures from either the Interna-
tional Myositis Assessment and Clinical Studies Group
(IMACS) or the Paediatric Rheumatology International
Trials Organisation (PRINTO) and were derived from nat-
ural history data and a conjoint analysis survey. They were
further validated using data from the PRINTO trial of pred-
nisone alone compared to prednisone with methotrexate or
cyclosporine and the Rituximab in Myositis (RIM) trial. At
a consensus conference, experts considered 14 top candi-
date criteria based on their performance characteristics
and clinical face validity, using nominal group technique.

Results. Consensus was reached for a conjoint analy-
sis–based continuous model with a total improvement score
of 0–100, using absolute percent change in core set measures
of minimal (‡30), moderate (‡45), and major (‡70)
improvement. The same criteria were chosen for adult DM/
polymyositis, with differing thresholds for improvement. The
sensitivity and specificity were 89% and 91–98% for minimal
improvement, 92–94% and 94–99% for moderate improve-
ment, and 91–98% and 85–86% for major improvement,
respectively, in juvenile DM patient cohorts using the IMACS
and PRINTO core set measures. These criteria were validated
in the PRINTO trial for differentiating between treatment
arms for minimal and moderate improvement (P 5 0.009–
0.057) and in the RIM trial for significantly differentiating
the physician’s rating for improvement (P < 0.006).

Conclusion. The response criteria for juvenile DM
consisted of a conjoint analysis–based model using a con-
tinuous improvement score based on absolute percent
change in core set measures, with thresholds for mini-
mal, moderate, and major improvement.

Juvenile dermatomyositis (DM) is a systemic auto-
immune disease characterized by chronic skeletal muscle
inflammation and weakness. Core set measures to assess
juvenile DM disease activity have been established and vali-
dated by the International Myositis Assessment and Clinical
Studies Group (IMACS) and the Paediatric Rheumatology
International Trials Organisation (PRINTO), with provi-
sional endorsement by the American College of Rheuma-
tology and the European League Against Rheumatism
(1–6). Both core sets include physician and parent global
activity, muscle strength, and physical function. IMACS also
includes the most abnormal serum muscle enzyme value
and extramuscular global activity, whereas PRINTO
includes instead a health-related quality of life measure, the
Child Health Questionnaire (7) and a global activity score,
the Disease Activity Score (8). IMACS measures muscle
strength using manual muscle testing, and PRINTO mea-
sures muscle strength using the Childhood Myositis Assess-
ment Scale (1,2,5).

Combinations of these measures to determine clini-
cal improvement were developed to enhance the sensitivity
of responses and decrease the sample sizes needed, by
using large prospective natural history data sets and expert
clinician consensus as the gold standard. For both
PRINTO and IMACS, at least 20% improvement in 3 of 6
core set measures with no more than 1 or 2 worsening
(which cannot be muscle strength) had been established as
preliminary response criteria, and additional combinations
of improvement in the core set measures serve as second-
ary response criteria (9,10). PRINTO adapted its top crite-
ria for minimal clinical improvement to moderate and
major improvement by using cutoffs of 50% and 70%, sim-
ilar to the improvement criteria for juvenile idiopathic
arthritis (JIA) (11–13).

Although the preliminary response criteria for juve-
nile DM advanced the assessment of patients and their
responses to treatment, those criteria were limited by dif-
ferences in the core set measures and final consensus
response criteria between IMACS and PRINTO, a lack of
randomized controlled trial data for full validation, and
inadequate exploration of more sensitive approaches using
hybrid or continuous methods (14). The preliminary
response criteria also considered each core set measure
equally rather than differentially weighting them. However,
most myositis experts agree that some core set measures
are more important, such as physician global activity and
muscle strength (3,15). For PRINTO studies, physician
global evaluation of disease activity, muscle strength, and
parent global evaluation of the child’s overall well-being
were weighted as the most important core set measures in a
logistic regression analysis (3,10). Moreover, the prelimi-
nary response criteria did not validate criteria for moderate
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or major improvement. There is, therefore, a clear need to
have standardized improvement criteria for all levels of
improvement in future clinical trials, similar to the stan-
dardized criteria developed for rheumatoid arthritis (RA)
and JIA.

For these reasons, IMACS and PRINTO engaged
in a joint effort to develop fully validated response criteria
for juvenile DM, including criteria for minimal, moderate,
and major clinical response. This report focuses on the
consensus conference in which the top candidate defini-
tions of response leading to the final juvenile DM response
criteria were considered.

Methods

In previous reports (16,17), we described the methodol-
ogy used a) to create patient profiles using natural history data
and obtain expert consensus on minimal, moderate, and major
improvement (16), b) to determine differential weights of the core
set measures using conjoint analysis, and c) to draft 6 types of can-
didate definitions for response criteria using the myositis expert
survey on thresholds of improvement and data-driven methods,
such as logistic regression and conjoint analysis (Table 1).

Conjoint analysis is a choice modeling or discrete
choice experiment, which is a valid methodology for develop-
ing composite criteria and has been used recently in rheuma-
tology (19–22). In the conjoint analysis surveys administered
using 1000Minds online software (23), experts were presented
with pairs of hypothetical patient scenarios; each patient had
different levels of improvement in the same 2 core set mea-
sures, assuming other core set measures remained the same.
Experts rated which of the 2 scenarios had greater improve-
ment. Based on the rater’s response, the relative weights of
core set measures and their levels of improvement were
established and used to develop a scoring system by mathe-
matical methods based on linear programming (24) such that
when all 6 core set measures are considered together, the max-
imum score (total improvement score) possible for repre-
senting a patient’s improvement is 100, and the minimum
score is 0.

We then compared the performance characteristics of
the drafted definitions in the patient profiles, using expert con-
sensus ratings as a gold standard, and externally validated the
candidate response criteria by applying them to clinical trial data.
This process led to the development of traditional categorical as
well as continuous candidate definitions for response criteria,
with thresholds for minimal, moderate, and major improvement
(18). Continuous candidate definitions can also be considered
hybrid definitions, because the same definition can be used either
as a continuous outcome measure by using the total improvement
score or as a categorical outcome measure by using the thresholds
for minimal, moderate, and major improvement.

Candidate definitions were evaluated using consensus pro-
file ratings as the gold standard, by assessing sensitivity, specificity,
and area under the curve (AUC) to compare the performance of
these candidate definitions. Those that performed well in the con-
sensus profiles (sensitivity and specificity both $80%, AUC $0.9
for minimal, and AUC $0.8 for moderate and major improvement,
using IMACS or PRINTO core set measures [1]) were externally

validated. The PRINTO trial randomized patients with new-onset
juvenile DM to receive prednisone alone (n 5 47) or prednisone
combined with methotrexate or cyclosporine (n 5 46 patients per
treatment arm) (13). Chi-square analysis was used to compare the
percentages of patients meeting the candidate definitions for
response at the primary end point (6 months) for the combined
treatment arms versus the prednisone-alone (placebo) arm. Defini-
tions with a significant difference (P , 0.05) between treatment
arms for minimal improvement were further considered. Both
PRINTO and IMACS core set measures were available in this trial.

A second trial validation data set included 48 juvenile
DM patients enrolled in the Rituximab in Myositis (RIM) trial
for treatment-refractory patients. It had a randomized placebo-
phase design in which patients received either rituximab or pla-
cebo at weeks 0 and 1, and at weeks 8 and 9 their treatment
assignment was reversed in a blinded manner (25). We used the
Mann-Whitney U test to determine whether each candidate defi-
nition could differentiate between the treating physician’s rating
of improvement (score range 1–7) at 6 months, a time point when
most patients improved and that was also comparable to that in
the PRINTO trial. For the RIM trial, only the IMACS core set
measures were available.

We then selected the top candidate definitions, up to 4
top-performing definitions from each of the 6 different types of
candidate definitions (Table 1), for consideration at the final con-
sensus conference as a manageable number of definitions to
discuss.

Consensus conference. Nominal group technique was
used at a consensus conference held in Paris, France on June 9–
10, 2014, led by experienced moderators (LGR and NR, for the
pediatric working group). The methodologies used to develop
the new candidate response criteria and performance characteris-
tics of each type of candidate definition were reviewed with the
participants in a general session. The 12 pediatric working group
participants first independently and then as a group reviewed the
performance characteristics of the 14 top candidate definitions of
response criteria for juvenile DM. Data for minimal, moderate,
and major clinical response were presented for each definition,
including a detailed spreadsheet that included the performance
in the patient profiles using the IMACS and PRINTO core set
measures, including sensitivity, specificity, AUC, as well as kappa
values and odds ratios. AUC was defined as the average of the
sensitivity and specificity values for all categorical candidate defi-
nitions, as well as for thresholds for minimal, moderate, and
major improvement in continuous candidate definitions. In addi-
tion, for continuous definitions, an AUC for the total improve-
ment score was determined from the receiver operating
characteristic (ROC) curve as a plot of sensitivity versus (1 – spec-
ificity) for total improvement scores as well as for thresholds
(26–28). Results of the external validation for each candidate def-
inition from the PRINTO and RIM clinical trial data sets were
also presented.

Pediatric working group. After reviewing the perfor-
mance of the 14 top performing candidate definitions, the 12
pediatric working group participants developed consensus
response criteria for minimal, moderate, and major improve-
ment in juvenile DM. The participants were informed of the
secondary goal of reaching consensus on response criteria for
both juvenile DM and adult DM/polymyositis (PM). Partici-
pants were first asked to rank their top 5 choices, considering
the data presented, based on face validity, feasibility, and

ACR/EULAR CRITERIA FOR CLINICAL RESPONSE IN JUVENILE DERMATOMYOSITIS 913



Table 1. Types of candidate definitions for response criteria that were developed and tested*

Type of candidate
definitions of response Description

Example of the candidate definition for the
response criteria

Previously published
(categorical definition)

Previously published response criteria that
were retested

Minimal. Three of any 6 improved by $20%, no
more than 1 worse by .30% (which cannot be
CMAS) (10)

Moderate. Three of any 6 improved by $50%, no
more than 1 worse by .30% (which cannot be
CMAS) (11)

Major. Three of any 6 improved by $70%, no
more than 1 worse by .30% (which cannot be
CMAS) (11)

Newly drafted
(categorical definition)

Drafted relative or absolute percent change in
candidate definitions of response, based on
recent CSM survey

Minimal. MD global, muscle strength (MMT or
CMAS), and 1 other CSM improved by $20%

Moderate. MD global, muscle strength (MMT or
CMAS), and 1 other CSM improved by $30%

Major. MD global, muscle strength (MMT or
CMAS), and 1 other CSM improved by $50%

Weighted
(categorical definition)

Applied conjoint analysis relative weights to
CSM in newly drafted definitions; each CSM
receives improvement points (corresponding
relative weights) when it reaches the thresh-
old for minimal, moderate, or major
improvement; worsening points are applied
similarly; improvement is calculated based
on a total score of improvement versus
worsening

Improvement 5 at least 3.5 improvement points of
10 total improvement points, and no more than
1.5 worsening points, where MD global 5 2
points, parent global 5 1 point, MMT/CMAS 5 3
points, C-HAQ 5 1.5 points, extramusc/
DAS 5 1.5 points, enzyme/CHQ-PhS 5 1 point

Minimal. Improvement points given when CSM
$20%; worsening points given when CSM worse
by .30%

Moderate. Improvement points given when CSM
$50%; worsening points given when CSM worse
by .30%

Major. Improvement points given when CSM
$75%; worsening points given when CSM worse
by .30%

Logistic regression
(continuous definition)

Model of improvement using a combination of
CSM with different weights, as developed in
the logistic regression model; total scores
derived, with different cutoffs for minimal,
moderate, and major improvement

Relative % change

Improvement score 5 (MD global % change) 1 0.5
3 (parent global activity % change) 1 0.5 3
(extramusc activity or DAS % change)

Minimal. Improvement score $15
Moderate. Improvement score $30
Major. Improvement score $60

Core set measure–weighted
(continuous definition)†

Multiply the % change in each CSM by the
weights derived from conjoint analysis, then
sum (% change in each CSM 3 conjoint
analysis weights) to get final total improve-
ment score; different thresholds for minimal,
moderate, and major improvement
established based on consensus profile
ratings as gold standard

Improvement score 5 2 3 (MD global %
change) 1 (parent global % change) 1 3 3
(MMT or CMAS % change) 1 1.5 3 (C-HAQ
% change) 1 1.5 3 (extramusc or DAS %
change) 1 (enzyme or CHQ-PhS % change)

Minimal. Improvement score $100
Moderate. Improvement score $250
Major. Improvement score $400

Conjoint analysis
(continuous definition)

For a given range in the level of improvement
in each CSM, a score is assigned, as devel-
oped by the survey results and modeling;
greater degrees of improvement receive
higher scores; a patient is minimally
improved if the improvement score is above
the cutoff for minimal improvement; simi-
larly for moderate and major improvement

Cut points for the model for juvenile DM are:
Minimal. Improvement score $30
Moderate. Improvement score $45
Major. Improvement score $70‡

* CMAS 5 Childhood Myositis Assessment Scale; CSM 5 core set measure; MD global 5 physician global activity score; MMT 5 manual muscle
testing; parent global 5 parent global activity score; C-HAQ, Childhood Health Assessment Questionnaire; extramusc 5 extramuscular global
activity; DAS 5 Disease Activity Score; enzyme 5 most abnormal serum muscle enzyme value among aldolase, alanine aminotransferase, aspar-
tate aminotransferase, lactate dehydrogenase, and creatine kinase; CHQ-PhS 5 physical summary score of the Child Health Questionnaire–
Parent Form 50.
† This type of definition was not brought to the final consensus conference.
‡ The full absolute percent change model is shown in Table 3 and in Supplementary Table 2 (available on the Arthritis & Rheumatology web site
at http://onlinelibrary.wiley.com/doi/10.1002/art.40060/abstract).
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generalizability, and to determine which response criteria were
most clinically meaningful. The voting process was conducted
in a systematic manner with a predetermined format using
nominal group technique (29,30) facilitated by an internet-
based system developed by staff at the PRINTO coordinating
center (31,32). Voting was done anonymously and indepen-
dently using the online voting software.

After the initial round of voting, the results were
shared with the group. Each participant was then asked to
explain his or her top- and bottom-ranked choices to the
group. The rounds of voting continued in the same manner
until consensus was reached ($80% of the votes) or until it
was clear that consensus would not be reached. Between each
round, after the participants were shown the results, the
administrators were allowed to remove candidate definitions
that decisively received a small proportion of the votes. In the
final round, participants were asked to select their final top
response criteria. The pediatric working group also voted on
additional issues, including use of both IMACS and PRINTO
core set measures and response criteria for juvenile DM that
would interchange both the IMACS and PRINTO measures.
Participants also voted on retesting the performance of the top
candidate response criteria in future trials.

Combined pediatric and adult working group. After
consensus was attained for juvenile DM response criteria, a
combined working group of 22 pediatric and adult experts was
formed to determine whether consensus could be reached on
final, common response criteria for both juvenile DM and
adult DM/PM. Common response criteria that would include
both juvenile DM and adult DM/PM were considered for use
in clinical trials, which might facilitate drug approvals for myo-
sitis treatment. Experienced moderators (LGR, RA, FWM,
and NR) led the combined working group. For the first round
of votes, the top adult and pediatric definitions from the final
round of voting in each working group were considered. The
online voting system was utilized again, and each participant
discussed his or her top-choice candidate definition, using
nominal group technique in a round-robin manner. At each
round, participants were asked to select only 1 candidate top
response criteria set; discussion was stopped once consensus
of $80% was reached. For determining the thresholds of
improvement for the selected definition, the required consen-
sus was $70%, which was done by post-conference voting.

Results

The performance characteristics of 101 of 312
candidate definitions were excellent (sensitivity and
specificity of $80%, AUC $0.90 for minimal improve-
ment), and 30 candidate definitions also performed well
in 2 clinical trials, in which they differentiated between
treatment arms (P , 0.05 for minimal improvement)
and differentiated the treating physician’s improvement
score at week 24 (P , 0.001) (15).

Top candidate definitions for response criteria.
Fourteen top-performing candidate definitions were brought
to the pediatric working group for consideration at the con-
sensus conference (Table 2 and Supplementary Tables 1 and
2, available on the Arthritis & Rheumatology web site at http://

onlinelibrary.wiley.com/doi/10.1002/art.40060/abstract).
These candidate criteria included 9 categorical definitions
in which different criteria were set for minimal, moderate,
and major improvement and 5 continuous definitions in
which improvement points are given on a continuous scale
that corresponds to the magnitude of improvement, with
different thresholds for minimal, moderate, and major
improvement. Among the 9 categorical definitions, 2 were
previously published IMACS and PRINTO response crite-
ria (9–11), 4 were newly drafted definitions based on a sur-
vey of experts, and 3 were weighted definitions. Among the
continuous definitions, 2 were developed by logistic regres-
sion, and 3 were developed from the conjoint analysis sur-
vey. Among the 14 candidate criteria considered, 11 were
based on relative percent change, and 3 were based on
absolute percent change in the core set measures.

The performance characteristics of these 14 candi-
date definitions are shown in Table 2 and Supplementary
Table 1 (available on the Arthritis & Rheumatology web
site at http://onlinelibrary.wiley.com/doi/10.1002/art.40060/
abstract). In the patient profiles, with expert consensus as a
gold standard, all definitions presented at the conference
had sensitivity and specificity of $87% (AUC $0.90) for
minimal improvement (Table 2 and Supplementary Table
1). For moderate improvement, specificity decreased but
was $80% (AUC $0.88), and for major improvement
specificity was generally $75% (AUC $0.84). For continu-
ous definitions, the AUCs (from ROC curves) for the total
improvement score were generally better than the AUCs
(average of sensitivity and specificity) for the thresholds of
minimal, moderate, and major improvement. Performance
was similar between the IMACS and PRINTO core set
measures for each definition.

Almost all candidate criteria were validated using
the PRINTO trial at 6 months, when they could differ-
entiate between treatment arms, with P , 0.05 for mini-
mal improvement (Table 2 and Supplementary Table
1). All candidate criteria were also validated in 48 juve-
nile DM patients in the RIM trial (25). All definitions
could differentiate the median treating physician’s
improvement score at week 24 (P # 0.006).

Consensus conference voting. Among the 14
candidate definitions, 13 and 11 candidate definitions of
response were promoted in the first and second voting
rounds, respectively. In round 3, 6 candidate definitions
were chosen, each receiving a similar number of votes.
These 6 included the 3 conjoint analysis–based continu-
ous definitions, a conjoint analysis–based weighted defi-
nition, a logistic regression absolute percent change
definition, and the previously published PRINTO pre-
liminary response criteria (8,9). In the fourth round of
voting and discussion, participants reached consensus
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on final top response criteria, a conjoint analysis–based
continuous model using absolute percent change in the
IMACS or PRINTO core set measures (Table 3).

Table 2 and Supplementary Table 1 (available
on the Arthritis & Rheumatology web site at http://online-
library.wiley.com/doi/10.1002/art.40060/abstract) show the

Table 3. Final myositis response criteria for minimal, moderate, and major improvement in juvenile dermato-
myositis (DM) and combined adult DM/PM and juvenile DM clinical trials and studies*

Core set measure, level of improvement
based on absolute percent change Improvement score

Physician global activity
Worsening to 5% improvement 0
.5% to 15% improvement 7.5
.15% to 25% improvement 15
.25% to 40% improvement 17.5
.40% improvement 20

Parent global activity
Worsening to 5% improvement 0
.5% to 15% improvement 2.5
.15% to 25% improvement 5
.25% to 40% improvement 7.5
.40% improvement 10

Manual muscle testing or CMAS
Worsening to 2% improvement 0
.2% to 10% improvement 10
.10% to 20% improvement 20
.20% to 30% improvement 27.5
.30% improvement 32.5

Childhood Health Assessment Questionnaire
Worsening to 5% improvement 0
.5% to 15% improvement 5
.15% to 25% improvement 7.5
.25% to 40% improvement 7.5
.40% improvement 10

Enzyme (most abnormal) or CHQ-PhS
Worsening to 5% improvement 0
.5% to 15% improvement 2.5
.15% to 25% improvement 5
.25% to 40% improvement 7.5
.40% improvement 7.5

Extramuscular activity or Disease Activity Score
Worsening to 5% improvement 0
.5% to 15% improvement 7.5
.15% to 25% improvement 12.5
.25% to 40% improvement 15
.40% improvement 20

The total improvement score is the sum of all 6 improvement scores associated with the change in each core set
measure. A total improvement score of ‡30 represents minimal improvement, a score of ‡45 represents moder-
ate improvement, and a score of ‡70 represents major improvement.

* Either all of the International Myositis Assessment and Clinical Studies Group (IMACS) or all of the Paediatric
Rheumatology International Trials Organisation (PRINTO) core set measures may be used. Note that these
response criteria are also proposed for use in combined adult DM/polymyositis (DM/PM) and juvenile DM trials
(18). For comparison, the thresholds of improvement in the total improvement score for adult DM/PM are $20
for minimal improvement, $40 for moderate improvement, and $60 for major improvement.
How to calculate the improvement score: The absolute percent change ([final value – baseline value]/range 3 100) is
calculated for each core set measure. For muscle enzymes, the most abnormal serum muscle enzyme level at base-
line (creatine kinase, aldolase, alanine transaminase, aspartate aminotransferase, lactate dehydrogenase) is used. The
enzyme range was calculated based on a 90% range of enzymes from natural history data (5,38), which for creatine
kinase is 15 times the upper limit of normal (ULN), for aldolase is 6 times the ULN, and for lactate dehydrogenase,
aspartate aminotransferase, and alanine transaminase is 3 times the ULN. The ULN is determined according to the
individual laboratories in the participating centers. The ranges for the other core set activity measures are based on
the instrument scale used (13,15,25). An improvement score is assigned for each core set measure based on the
absolute percent change. These are totaled among the 6 IMACS or PRINTO core set measures. The thresholds for
minimal, moderate, and major improvement are provided. The total improvement score itself may also be compared
among treatment arms in a trial. A total improvement score between 0 and 100 corresponds to the degree of
improvement, with higher scores corresponding to a greater degree of improvement. CMAS 5 Childhood Myositis
Assessment Scale; CHQ-PhS5Physical Summary Score of the Child Health Questionnaire–Parent Form 50.
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performance characteristics in the patient profiles and the
trial validation for each of the top candidate response cri-
teria presented at the conference. For the top conjoint
analysis–based continuous response criteria using abso-
lute percent change in each of the core set measures, the
sensitivity and specificity in the patient profiles was gener-
ally .90% and the AUC .0.90 for both the IMACS and
PRINTO measures. For the PRINTO trial, a difference
in the treatment arms was detected for minimal and mod-
erate improvement using the top response criteria, and in
the RIM trial a difference in the physician’s rating of
improvement when the response criteria rated the patient
as improved versus not improved was detected for mini-
mal, moderate, and major improvement.

Pediatric experts favored the conjoint analysis–
based continuous response criteria because of the continu-
ous improvement score that corresponds to the magnitude
of improvement and provides the ability to categorize a
patient’s degree of change into minimal, moderate, and
major improvement. The continuous model definitions
also differentially weight the various core set measures,
which experts thought were consistent with their assess-
ment of the relative importance of each of the core set
measures. The top response criteria were based on abso-
lute percent change in core set measures, which was also
favored by the participants because, given the various
visual analog scale (VAS) measurements used in the core
set measures, the absolute percent changes were more
congruent than relative percent changes with actual
changes that the myositis experts see in clinical practice.

Final response criteria chosen by the combined
pediatric and adult working group. For this round of
votes, the top 2 pediatric (Table 2) and adult definitions
(18) were considered. Two rounds of voting resulted in
final consensus response criteria, with 91% of partici-
pants voting for the conjoint analysis–based continuous
response criteria based on absolute percent change in the
core set measures (Table 3). It was agreed that the top
response criteria would be used in future clinical trials
that combined juvenile DM and adult DM/PM. Because
the final response criteria were similar, participants
favored using response criteria that would be common to
juvenile DM and adult DM/PM, and they favored com-
bined studies when possible as well as the possibility of
comparing outcomes in separate studies using the same
final response criteria.

Other votes. In a post-conference final vote using
the Delphi method, 74% of the participants agreed to use
the following pediatric threshold values for minimal, moder-
ate, and major response in juvenile DM: total improvement
score $30 (on a scale of 0–100) for minimal, $45 for moder-
ate, and $70 for major improvement. In contrast, the final

thresholds for minimal, moderate, and major response in
adult DM/PM were $20, $40, and $60, respectively. The
pediatric working group also reached consensus that, given
the overall similarity between the IMACS and PRINTO
response criteria, joint IMACS/PRINTO response criteria
for juvenile DM are being proposed. The current develop-
ment of the response criteria in parallel between the IMACS
and PRINTO core set measures necessitates that either all
of the IMACS or all of the PRINTO core set measures be
used. The pediatric experts, however, committed to measure
both IMACS and PRINTO core set measures in future ther-
apeutic trials, with 92% agreement, and to continue to test
the interchangeability of the IMACS and PRINTO core set
measures. The group also unanimously agreed to retest the
validity of the top 5 candidate definitions for response crite-
ria and to utilize the other 4 definitions as secondary end
points in future clinical trials. The top 3 of these criteria, the
conjoint analysis definitions, are the same for both juvenile
DM and adult DM/PM, with different thresholds of
improvement (Table 3 and Supplementary Table 3, avail-
able on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40060/abstract).

Discussion

Conjoint analysis–based continuous response cri-
teria, based on absolute percent change in the core set
measures, were developed as the consensus- and data-
driven response criteria for minimal, moderate, and
major improvement in juvenile DM. For the response
criteria, either IMACS or PRINTO core set measures
could be used. In addition, it was agreed that the same
response criteria, using the IMACS core set measures
but with different thresholds for improvement, would be
the consensus response criteria for adult DM/PM trials
and combined juvenile DM and adult DM/PM trials in
the future (18).

The comprehensive process used to develop final
response criteria for minimal, moderate, and major
improvement in juvenile DM included the use of large,
prospective, natural history data sets for juvenile DM
and data from 2 randomized controlled trials for valida-
tion, which included a wide range of disease activity and
different stages of disease, from recently diagnosed to
treatment-refractory patients (13,15,25). The involve-
ment of many clinical experts who had experience using
the core set measures in juvenile DM patients was also
critical. They provided input at several points through-
out the process, including determining thresholds for
improvement in core set measures by which definitions
of response were drafted, achieving gold standard
ratings of improvement by evaluating and developing
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consensus patient profiles, completing the conjoint anal-
ysis surveys to develop differential weights for the core
set measures, and participating in the final consensus
conference to achieve consensus for common response
criteria with the greatest clinical face validity. The cur-
rent response criteria (Table 3) also resolve the differ-
ences between PRINTO and IMACS core set measures
by testing candidate definitions of response criteria in
parallel using both sets of measures and showing that
they are largely interchangeable, and that their perfor-
mance is comparable. Moreover, this project brought
both IMACS and PRINTO consortia to work together
for this rare disease.

The combined group of pediatric and adult
experts selected the same top-choice definition but with
differing thresholds for improvement, which had very
similar performance characteristics and were thought to
be more appropriate for use in clinical trials that would,
in the future, combine adult and pediatric patients.

The final response criteria selected, conjoint
analysis–based continuous response criteria using absolute
percent change in core set measures, have many advan-
tages. For each measure, improvement points are calcu-
lated based on the level of change in that measure, and
each core set measure is differentially weighted, such that
changes in muscle strength and physician global activity are
weighted more heavily than changes in the most abnormal
enzyme value or quality of life. A total improvement score
can be obtained as a continuous measure, and the means or
medians of total improvement scores can be compared
between treatment arms (33). A total improvement score
between 0 and 100 also corresponds to the degree of
improvement, with higher scores corresponding to a
greater magnitude of improvement. This score may be
more sensitive to change, resulting in smaller trial sample
sizes (33,34). Alternatively, thresholds for minimal, moder-
ate, and major improvement have been established that
allow dichotomous use of the response criteria as well.
Therefore, this is truly a hybrid model that can be used as
either a continuous or categorical outcome measure within
the same response criteria depending on the trial design
and needs of the study.

The response criteria allow input from all the core
set measures instead of relying on only a few measures to
determine whether a patient has experienced improve-
ment. However, although these response criteria were
developed using all 6 core set measures, the response cri-
teria could still be used if fewer core set measures were
obtained, allowing for greater flexibility in the types of
patients and improvements that can occur, but we cau-
tion that the response criteria are most accurate when all
6 core set measures are used. As such, the response

criteria signify a major advance in assessing improvement
in therapeutic trials and other clinical research studies by
providing data-driven response criteria that were devel-
oped by consensus of major stakeholders in the field who
come from all over the world.

Prior response criteria in rheumatic diseases have
included relative percent change (35,36), whereas myosi-
tis response criteria are based on absolute percent
change. The experts favored the use of absolute percent
change for various reasons. In this study, several core set
measures used a 10-cm VAS, and the experts thought
that absolute percent change better represents the degree
of change they see in clinical practice. Moreover, abso-
lute percent changes can be calculated when the baseline
core set measure is 0 and give similar results for similar
degrees of change at either end of the VAS.

The participants also favored using the same
response criteria for juvenile DM and adult DM/PM, but
with cut points or thresholds for improvement specific to
pediatric or adult patients. Having common response cri-
teria facilitates the potential to conduct combined clinical
trials, such as the RIM trial (25), and to compare the out-
comes of trials and studies conducted separately. Partici-
pants agreed to include other top-performing definitions
that were highly rated as secondary end points for future
clinical trials. Among these were not only other conjoint
analysis–based continuous models but also the published
PRINTO preliminary response criteria (10,11). Future
work should also evaluate whether a baseline composite
score threshold derived from the PRINTO or IMACS
core set measures could be used as inclusion criteria for
future clinical trials.

Limitations of the present work include the lack
of a placebo group in the RIM trial. For this reason, the
physician’s assessment of improvement at 6 months was
used instead. We were fortunate to have another con-
trolled clinical trial for juvenile DM that had 3 treat-
ment arms to use for external validation (13), in which
we evaluated the ability of the candidate definitions to
differentiate between treatment arms. Although thresh-
olds for major improvement were developed and vali-
dated in fewer patients, we believe that it was sufficient
given that 29% of patients had major improvement in
patient profiles, and 17% had major improvement in
the clinical trials used for validation. The final conjoint
analysis–based continuous response criteria also do not
address worsening in the core set measures; however,
this generally does not affect the outcome, because
when patients are rated as improved, no more than 1 or
2 measures worsen in our clinical data sets. Also,
although we tested the interchange of IMACS and
PRINTO core set measures, we tested these variations as
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2 parallel core set measures but did not examine
intermixing the PRINTO and IMACS core set measures.
Further work to examine the interchangeability of the
IMACS and PRINTO core set measures will be needed.

The data sets used to develop the new response cri-
teria primarily contained information about patients with a
recent diagnosis or those experiencing a disease flare, and
further work is needed to determine how the response cri-
teria perform in patients with longstanding disease or those
with significant disease-related damage. Finally, although
application of the criteria might seem cumbersome, as reg-
ularly done for JIA and RA, the evaluation of improvement
will be facilitated by appropriate dedicated software or
“apps,” or in the future, by simplification of the manner in
which the core set measures are evaluated (e.g., similar to
the Juvenile Arthritis Disease Activity Score for JIA) (37).
The time required to apply these criteria is estimated to be
25–35 minutes to complete the core set measures at each
visit (1) and 2–3 minutes to hand-calculate the total
improvement score and degree of response. Both IMACS
and PRINTO are developing a web-based tool as well as a
downloadable calculator that will allow easy administration
of the response criteria and immediate calculation. The
apparent complexity is, however, counterbalanced by the
establishment of different validated levels of improvement,
which constitute the real novelty of this project and which
have never been validated as such for either RA or JIA,
despite being regularly reported in clinical trials.

In summary, conjoint analysis–based continuous
response criteria that establish different thresholds for
minimal, moderate, and major improvement and utilize
the absolute percent change in core set measures were
chosen as the consensus response criteria for juvenile
DM and were validated using both natural history and
trial data. These response criteria should be highly
acceptable and widely used given that they were devel-
oped with consensus among many myositis experts
worldwide. They should be sensitive in detecting differ-
ences in improvement and in quantitating the degree of
improvement, as seen in the 2 clinical trials. Thus, clini-
cal trials that test new therapies for juvenile DM should
be easier to design, conduct, and compare.
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MYOSITIS ASSESSMENT AND CLINICAL STUDIES
GROUP AND THE PAEDIATRIC RHEUMATOLOGY
INTERNATIONAL TRIALS ORGANISATION WHO

CONTRIBUTED TO DEVELOPING THE
RESPONSE CRITERIA

Steering committee: Lisa G. Rider (co–principal investiga-
tor), Nicolino Ruperto (co–principal investigator), Rohit Aggarwal
(methodology lead), Frederick W. Miller, Jiri Vencovsky.

Statistical team: Rohit Aggarwal, Brian Erman, Nastaran
Bayat, Angela Pistorio, Adam M. Huber, Brian M. Feldman, Paul Hansen,
Howard Rockette, Peter A. Lachenbruch, Nicolino Ruperto, Lisa G. Rider.
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Pediatric core set survey group: Maria Apaz, Suzanne
Bowyer, Rolando Cimaz, Tam�as Constantin, Megan Curran, Joyce
Davidson, Brian M. Feldman, Thomas Griffin, Adam H. Huber, Olcay
Jones, Susan Kim, Bianca Lang, Carol Lindsley, Daniel Lovell, Claudia
Saad Magalhaes, Lauren M. Pachman, Clarissa Pilkington, Andrea Ponyi,
Marilynn Punaro, Pierre Quartier, Athimalaipet V. Ramanan, Angelo
Ravelli, Ann Reed, Robert Rennebohm, David D. Sherry, Clovis A. Silva,
Elizabeth Stringer, Annet van Royen-Kerkhof, Carol Wallace.

Clinical trial or natural history study data set contributors:
Frederick W. Miller, Chester V. Oddis, Ann Reed, Lisa G. Rider,
Nicolino Ruperto, and PRINTO members.

Pediatric patient profile working group: Maria Apaz, Tadej
Avcin, Mara Becker, Michael W. Beresford, Rolando Cimaz, Tam�as Con-
stantin, Megan Curran, Ruben Cuttica, Joyce Davidson, Frank Dressler,
Jeffrey Dvergsten, Sheila Knupp Feitosa de Oliveira, Brian M. Feldman,
Virginia Paes Leme Ferriani, Berit Flato, Valeria Gerloni, Thomas Grif-
fin, Michael Henrickson, Claas Hinze, Mark Hoeltzel, Adam M. Huber,
Maria Ibarra, Norman Ilowite, Lisa Imundo, Olcay Jones, Susan Kim,
Daniel Kingsbury, Bianca Lang, Carol Lindsley, Daniel Lovell, Alberto
Martini, Claudia Saad Magalhaes, Bo Magnusson, Sheilagh Maguiness,
Susan Maillard, Pernille Mathiesen, Liza McCann, Susan Nielsen, Lauren
M. Pachman, Murray Passo, Clarissa Pilkington, Marilynn Punaro, Pierre
Quartier, Egla Rabinovich, Athimalaipet V. Ramanan, Angelo Ravelli,
Ann Reed, Robert Rennebohm, Lisa G. Rider, Rafael Rivas-Chacon,
Angela Byun Robinson, Kelly Rouster-Stevens, Ricardo Russo, Lidia

Rutkowska-Sak, Adriana Sallum, Helga Sanner, Heinrike Schmeling,
Duygu Selcen, Bracha Shaham, David D. Sherry, Clovis A. Silva, Charles
H. Spencer, Robert Sundel, Marc Tardieu, Akaluck Thatayatikom,
Janjaap van der Net, Annet van Royen-Kerkhof, Dawn Wahezi, Carol
Wallace, Francesco Zulian.

Conjoint analysis, pediatric group: Rolando Cimaz, Tam�as
Constantin, Ruben Cuttica, Joyce Davidson, Frank Dressler, Sheila
Knupp Feitosa de Oliveira, Brian M. Feldman, Thomas Griffin,
Michael Henrickson, Adam M. Huber, Lisa Imundo, Bianca Lang,
Carol Lindsley, Claudia Saad Magalhaes, Bo Magnusson, Susan
Maillard, Lauren M. Pachman, Murray Passo, Clarissa Pilkington,
Marilynn Punaro, Angelo Ravelli, Ann Reed, Lisa G. Rider, Kelly
Rouster-Stevens, Ricardo Russo, Bracha Shaham, Robert Sundel,
Janjaap van der Net, Annet van Royen-Kerkhof.

Participants in consensus conference, pediatric working
group: Rolando Cimaz, Rub�en Cuttica, Sheila Knupp Feitosa de Oli-
veira, Brian M. Feldman, Adam M. Huber, Carol B. Lindsley,
Clarissa Pilkington, Marilynn Punaro, Angelo Ravelli, Ann Reed,
Kelly Rouster-Stevens, Annet van Royen-Kerkhof.

Participants in consensus conference, adult working group:
Anthony Amato, Hector Chinoy, Robert G. Cooper, Maryam
Dastmalchi, Marianne de Visser, David Fiorentino, David Isenberg,
James Katz, Andrew Mammen, Chester V. Oddis, Jiri Vencovsky,
Steven R. Ytterberg.
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SPECIAL ARTICLE

Winners of the 2016 American College of Rheumatology
Annual Image Competition

American College of Rheumatology Image Library Subcommittee

The mission of the Image Library Subcommittee
is to provide ACR members, as well as the entire medi-
cal community, access to a wide variety of clinical
images to help educators effectively present the mani-
festations of the rheumatologic diseases. Additionally,
our images have been widely used in peer-reviewed pub-
lications and textbooks. Since its inception, the ACR
Image Library has become the preeminent collection
devoted to the rheumatologic diseases. The collection is
a dynamic one, changing yearly because of submissions
from the medical community. The Image Library Sub-
committee meets annually to review these new images
and awards prizes based on the panel’s consensus. Addi-
tionally, many nonwinners are introduced into the
image library; greatly enhancing the collection. For the
2016 competition, more than 100 entries were received.
The subcommittee carefully evaluates each entry.
Winners, as well as those images selected for inclusion,
are chosen based on image quality and educational
value.

The 2016 grand prize winner was a series of
images showing coronary and other aneurysms in a
patient with polyarteritis nodosa (Figure 1). In the still-
image category, the winner was a depiction of pachy-
derma in a patient with hypertrophic osteoarthropathy
(Figure 2). The case study category winner was a series
of radiographic and histologic images showing nodal

and extranodal involvement in a girl with Rosai-
Dorfman disease (Figure 3).

Honorable mention was awarded to images of
the following: rheumatoid arthritis: elbow erosions
(Sandra Chatrand, MD), cardiac sarcoidosis: ventricular
enhancement with noncaseating endomyocardial granulo-
mas (Shakaib Hayat, DO), gout: double contour sign
(Jawad Bilal, MD), Sj€ogren’s syndrome: parotid pseudo-
lymphoma (Santhanam Lakshminarayanan, MD), idio-
pathic transient osteoporosis: left hip (Aaradhana Kaul,

Figure 1. Polyarteritis nodosa: coronary and other aneurysms. The
patient, a 64-year-old man with type 2 diabetes mellitus and hypertension,
presented with a 2-month history of fever, weight loss, and cough. The
C-reactive protein level was 16 mg/dl. Imaging studies revealed a giant coro-
nary aneurysm (top left and right) and pericarditis. Inflammation of the
right coronary artery was detected by 18F-fluorodeoxyglucose–based posi-
tron emission tomography (bottom left). He had no medical history consis-
tent with Kawasaki disease. Antineutrophil cytoplasmic antibodies
(myeloperoxidase and proteinase 3) and antinuclear antibodies were absent.
Results of testing for hepatitis B, hepatitis C, tuberculosis, Chlamydia

pneumoniae, HIV, syphilis, and Mycoplasma were all negative, as were cul-
tures from the pericardial effusion. Aneurysms of the superior mesenteric
and renal arteries were detected (bottom middle and right) (arrows), and
polyarteritis nodosa was diagnosed. After a course of glucocorticoid treat-
ment, the pericardial effusion completely subsided and the patient’s general
condition improved. Submitted by Koji Takasugi, MD, Nagoya, Japan.

Members of the Image Library Subcommittee of the Ameri-
can College of Rheumatology Committee on Education: Brian J.
Keroack, MD, Portland, ME (Chair); Alan N. Baer, MD, Baltimore,
MD; Brian E. Daikh, MD, Portland, ME; Eric P. Gall, MD, Tucson,
AZ; Kristine M. Lohr, MD, Lexington, KY; Janet Maynard, MD, Bal-
timore, MD; Erika H. Noss, MD, Seattle, WA; Andrea Ramirez, MD,
Houston, TX; Mary Christenson, PT, PhD, Berthoud, CO (ARHP
representative); Noel Heath, OT, Thunder Bay, Ontario, Canada
(ARHP representative); Michael Jennings, RT, CBDT, New Lebanon,
NY (ARHP representative).

Submitted for publication February 9, 2017; accepted
February 9, 2017.
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MD), de Quervain’s tenosynovitis: ultrasound (Mario
Chavez-Lopez, MD), and rheumatoid arthritis2associated
interstitial lung disease: airway-centered cystic disease with
bronchiole compression from lymphoplasmacytic inflam-
mation and follicles (Milena Cavalcante, MD).

The winning submissions, as well as several other
outstanding images, will be added to the library. The digi-
tal format of the library provides the worldwide medical
community with 24/7 real-time access. The collection fea-
tures contributions from all over the world and is critical
in advancing rheumatology education. Since its launch in
2009, the Rheumatology Image Library has received over
2.5 million unique visitors worldwide. To view the newest
images, visit the Rheumatology Image Library at http://
images.rheumatology.org.

As mentioned, the image library is a dynamic
enterprise. We need you to consider submitting so this
endeavor can continue to provide cutting-edge informa-
tion for both new and experienced rheumatologists. The
Image Library Subcommittee targets not only images
that illustrate rheumatologic conditions, but also those
that are relevant to rheumatology practice. If you think
your image(s) have the “right stuff,” please submit
them. Go to http://images.rheumatology.org for compe-
tition rules and entry/deadline dates. If you have any
questions regarding the image competition, please con-
tact education@rheumatology.org.

Figure 2. Hypertrophic osteoarthropathy: pachyderma (“bulldog”
appearance). The patient, a 30-year-old man, presented with coarsening of
the skin with clubbing of all digits. He had pain and swelling of multiple
joints and bones. There was no family history of rheumatologic disease. On
further investigation he was found to have cirrhosis of the liver with chronic
hepatitis B infection. Submitted by Nibha Jain, MD, Ahmedbad, India.

Figure 3. Sinus histiocytosis with massive lymphadenopathy (Rosai-Dorfman disease): nodal and extranodal involvement. The patient, an 11-
year-old girl, presented with right ankle and left elbow pain. On physical examination, tibiotalar and elbow synovitis, prominent cervical lymph-
adenopathy, and a palpable thigh nodule were found. Radiography (A) and magnetic resonance imaging (B and C) demonstrated multifocal
bony lesions (white arrows and asterisks), some resulting in cortical disruption, and massive lymphadenopathy. A tibiotalar effusion with synovial
thickening (yellow arrow) and subcutaneous nodules (arrowheads) were also seen. Initial talar bone biopsy revealed features of chronic osteomy-
elitis with lymphocytic and histiocytic infiltration (D). Excisional biopsy of an enlarged cervical lymph node (E) showed diffuse sinusoidal infiltra-
tion of S100-immunostaining histiocytes in a sinusoidal pattern (e). Further S100 immunostaining of the bone biopsy sample revealed a small
cluster of Rosai-Dorfman disease cells at the edge of the specimen (d). Emperipolesis (ingestion) of lymphocytes is seen in the cytoplasm of
these large histiocytic cells. Some of the lesions resolved after 4 months of treatment with nonsteroidal antiinflammatory drugs and oral cor-
ticosteroids. Submitted by Laura Tasan, MD, Pittsburgh, PA. Other contributors: Sameh S. Tadros, Jennifer Picarsic, and Kathryn Torok.
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Clinical Trials Aiming to Prevent Rheumatoid Arthritis Cannot Detect Prevention
Without Adequate Risk Stratification: A Trial of Methotrexate Versus Placebo in
Undifferentiated Arthritis as an Example

Leonie E. Burgers, Cornelia F. Allaart, Tom W. J. Huizinga, and Annette H. M. van der Helm-van Mil

Objective. Prevention of rheumatoid arthritis
(RA) was the aim of several trials in undifferentiated
arthritis (UA), with overall negative results. As prepa-
ratory work has revealed that only ~30% of UA patients
progress to having RA, we hypothesized that inclusion
of patients without imminent RA could lead to false-
negative results. We undertook this study to evaluate
this hypothesis by reinvestigating the Probable Rheu-
matoid Arthritis: Methotrexate versus Placebo Treat-
ment (PROMPT) trial (a 1-year course of methotrexate
[MTX] versus placebo in UA) after excluding patients
without a high risk of developing RA.

Methods. A validated prediction model was used
to determine the risk of RA in all patients included in
the PROMPT trial. Patients with a prediction score of
‡8 (positive predictive value of ‡84% for developing
RA) were considered to have a high risk of developing
RA. The effect of a 1-year course of MTX during 5 years
of follow-up was reinvestigated in these patients.

Results. Twenty-two of the 110 patients in the
PROMPT trial had a high risk of RA at baseline. In the
MTX arm, 6 of 11 patients (55%) developed RA, com-
pared to 11 of 11 patients (100%) in the placebo arm
(P 5 0.011). Time to RA development was longer in the
MTX arm than in the placebo arm (median 22.5 months
versus 3 months; P < 0.001). Drug-free remission was

achieved by 4 of 11 patients (36%) in the MTX arm
compared to 0 of 11 patients (0%) in the placebo arm
(P 5 0.031). These beneficial effects of MTX were
observed both in anti–citrullinated protein antibody
(ACPA)–positive and in ACPA-negative UA patients
with a high risk of RA, but not in UA patients without a
high risk of RA. In retrospect, 43 of 110 patients ful-
filled the American College of Rheumatology/European
League Against Rheumatism 2010 classification criteria
for RA at baseline. In addition, beneficial effects were
observed only in patients with a high prediction score.

Conclusion. A 1-year course of MTX delayed and
prevented RA development in high-risk UA patients.
This emphasizes the importance of adequate risk pre-
diction in trials that aim to prevent RA.

Disease outcomes in rheumatoid arthritis (RA)
have improved dramatically since the introduction of
biologic agents and improved treatment strategies. Nev-
ertheless, the majority of patients still require prolonged,
if not lifelong, therapy. Therefore, the ultimate goal
would be prevention of RA.

Before RA is diagnosed, many patients present
with undifferentiated arthritis (UA) or with arthralgia.
Clinical trials in patients presenting with arthralgia are
still scarce (1), but several trials have evaluated whether
intervention with disease-modifying antirheumatic drugs
(DMARDs) in UA is effective in preventing progression
to classifiable RA (2–6). The results of these trials
were mixed, but none of the trials showed that RA
development could be prevented by early intervention
with DMARDs (see Supplementary Table 1, available
on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40062/abstract).
The finding that there was no improved outcome if
disease-modifying treatment was started in the phase of
UA is surprising and is in contrast to results of multiple
observational studies that clearly showed the benefit of
early intervention in RA (7). Altogether, this raises the
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question of whether the principle of “the earlier the
better” does not apply to the phase of UA.

One of the trials that showed no benefit of
DMARD initiation in patients with UA is the Probable
Rheumatoid Arthritis: Methotrexate versus Placebo Treat-
ment (PROMPT) trial (6). This study evaluated the effect
of a 1-year course of methotrexate (MTX) versus placebo
in 110 UA patients. After a follow-up period of 5 years, no
preventive effect of MTX on RA development was
observed.

Previous studies have investigated the natural
course of UA in patients and have shown that ;30% of
patients will develop RA (the remaining 70% have other
diagnoses or achieve spontaneous remission, or their dis-
ease remains unclassified) (8). Ideally, only patients that
truly have imminent RA should be included in pre-RA
trials, as inclusion of all other UA patients could dilute a
possible preventive effect and lead to Type II errors (false-
negative results).

The problem of inclusion of uninformative patients
has been described previously in other fields of medicine,
for example, in trials that aimed to reduce mortality in sep-
sis (9,10). Although encouraging results were frequently
observed in phase I and phase II studies, phase III trials
repeatedly failed to demonstrate statistically significant
results. This was presumably due to the fact that the inclu-
sion criteria for these trials were broad and heterogeneous
groups of patients were included, including patients who
were a priori unlikely to benefit from treatment.

A solution to this problem can be postrandomization
exclusion of uninformative patients. This method allows
exclusion of patient data from analysis in certain cases, with-
out risking bias. However, postrandomization exclusion is
only allowed when the excluded uninformative patients can
already be identified as being uninformative at the time
treatment decisions have to be made in clinical practice.
Otherwise, postrandomization exclusion could lead to mis-
leading results (9). Therefore, in the case of the PROMPT
trial, postrandomization exclusion is only allowed when
uninformative UA patients without a high risk of progres-
sion to RA can already be identified at the time of first
presentation.

Around the time that the PROMPT trial finished,
a model to predict the risk of RA development in UA
patients became available (11). This prediction model is
now well established and widely replicated and offers the
opportunity to identify those UA patients who have a high
risk of developing RA (12,13). This model therefore
enables postrandomization exclusion of patients without a
high risk of RA. Therefore, in the present study, we aimed
to analyze the effect of a 1-year course of MTX in high-risk
UA patients by reanalyzing the PROMPT study after

postrandomization exclusion of patients without a high risk
of developing RA.

PATIENTS AND METHODS

Patients. All patients in the current study were
included in the PROMPT trial. This trial was a prospective
double-blind, randomized, placebo-controlled multicenter study
that evaluated the effect of a 1-year course of MTX versus pla-
cebo in UA patients. All patients included in this trial fulfilled
the diagnostic criteria for probable RA as revised in 1958 (14),
were DMARD naive, and had a symptom duration of ,2 years.
After the first year, the study drug was tapered and discontinued
in all patients unless patients had developed RA during the first
year. In that case, study medication was switched to open-label
MTX. Other DMARDs or steroids were not allowed during the
study period unless patients developed RA. Nonsteroidal antiin-
flammatory drugs were allowed during the entire study period.

Risk stratification. The well-validated Leiden predic-
tion rule was used to predict the risk of RA development in all
patients included in the PROMPT trial (11–13). This rule
results in a prediction score ranging from 0 to 14. Previous
studies revealed that in UA patients with a score of $8, the
positive predictive value for developing RA was $84%. It has
been suggested that if treatment decisions are to be made
based on this prediction rule, a cutoff score of 8 should be used
for initiating treatment (11). Therefore, patients with a predic-
tion score of $8 were considered to have a high risk of develop-
ing RA and were included in the current study.

Outcome measures. Similar to the main study (6), the
main outcome measure was fulfillment of the American Col-
lege of Rheumatology (ACR) 1987 revised classification crite-
ria for RA (15) after 5 years of follow-up. A secondary
outcome measure was the proportion of patients achieving
drug-free remission without progression to RA.

Statistical analysis. Chi-square tests and Kaplan-
Meier curves with log rank tests were used as described previ-
ously (6).

RESULTS

Results without risk stratification. As reported
previously, after 5 years of follow-up, 25 of 55 patients
(45%) in the MTX arm had developed RA, compared to
29 of 55 patients (53%) in the placebo arm (P 5 0.45).
Also, the time to RA development was not significantly dif-
ferent between the 2 arms (P 5 0.11) (Figure 1A). How-
ever, in anti–citrullinated protein antibody (ACPA)–
positive patients, RA development was delayed significantly
in the MTX arm compared to the placebo arm (median 18
months versus 6 months; P , 0.001) (Figure 1B). This delay
was not observed in ACPA-negative patients (Figure 1C).
No differences were observed between the 2 arms either in
the number of patients who achieved drug-free remission
or in the time to achieve drug-free remission (Figure 1D).

Results after risk stratification. By applying
the Leiden prediction rule, 22 high-risk UA patients (11
in each arm) were identified in the PROMPT trial. The
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fact that the high-risk patients were randomized equally
between the 2 treatment arms was based on chance. In
the MTX arm, 6 of 11 patients (55%) developed RA,
compared to 11 of 11 patients (100%) in the placebo
arm (P 5 0.011). Therefore, a 1-year course of MTX was
associated with an absolute risk reduction of 45% in RA
development, resulting in a number needed to treat
(NNT) of 2.2 (95% confidence interval [95% CI] 1.3–
6.2). Furthermore, Kaplan-Meier curves showed that
RA development was significantly delayed in the MTX
arm compared to the placebo arm (median 22.5 months
versus 3 months until the 1987 revised criteria were ful-
filled; P , 0.001) (Figure 2A). In addition, drug-free
remission was achieved significantly more often in the
MTX arm than in the placebo arm (36% versus 0%;
P 5 0.027).

As in the main study (6), a post hoc analysis was
performed on ACPA-positive and ACPA-negative
patients. Eighteen of the 22 high-risk UA patients were
ACPA positive and 4 were ACPA negative. Evaluating
only high-risk ACPA-positive patients revealed that, as

in the main study, MTX delayed progression to RA
(P , 0.001) (Figure 2B). However, when we evaluated
the 4 high-risk ACPA-negative patients, a preventive
effect of MTX was suggested as well. None of the 3
MTX-treated patients developed RA, while the placebo-
treated patient did develop RA (Figure 2C).

We then evaluated the UA patients without a high
risk of developing RA. These patients had a median pre-
diction score of 6.1, and 75% of them had a prediction
score of ,7, which corresponds to a predicted risk of
developing RA of ,50% (13). Thus, the predicted risk in
these patients was relatively low. In these patients, no sig-
nificant beneficial effects of MTX were observed (Figure
3). The data therefore suggested a protective effect of
MTX treatment for both ACPA-positive and ACPA-
negative high-risk UA patients, but not for patients with-
out a high risk of developing RA, regardless of their
ACPA status. Finally, we stratified the outcome of drug-
free remission by ACPA status and the predicted risk of
developing RA, and we observed similar effects, namely,
that MTX is beneficial only in high-risk UA patients (see

Figure 1. Main outcomes of the Probable Rheumatoid Arthritis: Methotrexate versus Placebo Treatment trial without risk stratification, as
reported previously (6), with development of rheumatoid arthritis (RA) and drug-free remission (DFR) as outcome measures. Shown are
Kaplan-Meier curves for time to RA development in all patients (A), in anti–citrullinated protein antibody (ACPA)–positive patients (B), and in
ACPA-negative patients (C) as well as time to drug-free remission in all patients (D). MTX 5 methotrexate.
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Supplementary Figure 1, http://onlinelibrary.wiley.com/
doi/10.1002/art.40062/abstract).

DISCUSSION

Evaluation of UA patients with a high risk of
developing RA in the PROMPT trial revealed that MTX
treatment prevented progression to RA with an esti-
mated NNT of 2.2. The current findings suggest that the
PROMPT trial yielded false-negative results due to the
inclusion of UA patients without a high risk of develop-
ing RA. These data therefore illustrate how inclusion of
uninformative patients can blur highly relevant study
outcomes, such as prevention of RA.

When using the PROMPT trial as an example, the
impact of uninformative patients on study outcome can
clearly be observed, not only the impact on the main out-
come, but also the impact on the subanalyses. Based on
the findings of subanalyses that stratified by ACPA status,
investigators in the main study suggested that MTX could
delay the development of RA in ACPA-positive UA
patients only (6). However, in patients with a high risk of

developing RA, a preventive effect of MTX was observed

both in ACPA-positive and in ACPA-negative patients,

although the numbers of patients in these groups became
small. Importantly, no such effect was observed in patients

without a high risk of developing RA (Figure 3). The previ-

ous finding of a beneficial effect of MTX in ACPA-

positive patients was presumably based on the fact that the
ACPA-positive group contained more high-risk patients

than did the ACPA-negative group. In other words, the

interpretation of the results of the PROMPT trial may be,
not that MTX is not effective in ACPA-negative patients,

but that MTX is not effective in UA patients without a

high risk of developing RA.
None of the clinical trials performed in UA used

extensive risk stratification. As these trials generally

showed negative results (2–6), the present observation
led us to speculate whether the results of these trials

would change if only patients with a high risk of RA

were evaluated. Potentially, some other treatment strate-

gies in UA might seem effective if uninformative patients
were excluded.

Figure 2. Main outcomes of the Probable Rheumatoid Arthritis: Methotrexate versus Placebo Treatment trial in patients with undifferentiated
arthritis at high risk of developing RA, with development of RA and drug-free remission as outcome measures. Shown are Kaplan-Meier curves
for time to RA development in all patients (A), in ACPA-positive patients (B), and in ACPA-negative patients (C) as well as time to drug-free
remission in all patients (D). See Figure 1 for definitions.
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Of similar importance is the fact that the field is cur-
rently moving to perform trials in the prearthritis phase of
arthralgia, with the ultimate aim of preventing develop-
ment of RA. This move to even earlier treatment was made
because treatment in the phase of clinical arthritis
appeared not to be effective and was considered to be initi-
ated “too late.” At present we do not have validated models
to accurately predict the risk of RA in patients who present
with arthralgia. Observational studies in clinically suspected
arthralgia or ACPA-positive arthralgia showed a 1-year
risk of progression to clinical arthritis or RA of 32–35%
(16,17) This bears the risk that two-thirds of the patients
included in these trials will also be uninformative. The pres-
ent data therefore underline the necessity of developing
prediction models in patients with arthralgia who are at risk
of RA, so that over time the results of these trials can be val-
ued appropriately. Even though selecting only high-risk
patients may make the recruitment of patients for pre-RA
trials even more difficult, the current data suggest that it
may positively affect the power of a study.

The PROMPT trial was performed prior to the
development of the ACR/European League Against
Rheumatism 2010 classification criteria for RA (18).

Similarly, the prediction rule for RA development pre-
ceded the development of the 2010 criteria. In retrospect,
43 of 110 patients (39%) included in the PROMPT trial
fulfilled the 2010 criteria at baseline. Of these patients, 18
had a high predicted risk of developing RA according to
the 1987 revised criteria. Hence, only 4 of all 22 high-risk
patients (18%) in the PROMPT trial did not fulfill the
2010 criteria for RA at baseline. Of these patients, 1 of 1
(100%) in the placebo arm developed RA according to the
1987 revised criteria compared to 1 of 3 (33%) in the MTX
arm (see Supplementary Figure 2, http://onlinelibrary.
wiley.com/doi/10.1002/art.40062/abstract). Because of the
small numbers, no conclusions can be drawn about the effi-
cacy of MTX in UA patients, when UA was defined as not
fulfilling the 2010 criteria. Interestingly enough, within the
group of RA patients who fulfilled the 2010 criteria, a pre-
ventive effect was observed in those with a high predicted
risk of RA but not in those without a high predicted risk
(see Supplementary Figure 3, http://onlinelibrary.wiley.
com/doi/10.1002/art.40062/abstract).

Previous studies have shown that the 2010 criteria
have lower specificity than the 1987 criteria (19,20),
which can explain how patients can fulfill the criteria but

Figure 3. Main outcomes of the Probable Rheumatoid Arthritis: Methotrexate versus Placebo Treatment trial in patients with undifferentiated
arthritis not at high risk of developing RA, with development of RA and drug-free remission as outcome measures. Shown are Kaplan-Meier
curves for time to RA development in all patients (A), in ACPA-positive patients (B), and in ACPA-negative patients (C) as well as time to
drug-free remission in all patients (D). See Figure 1 for definitions.
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have a low predicted risk of RA. The presence of ACPAs
is strongly weighted in the 2010 criteria, but the ACPA-
positive patients (or patients meeting the 2010 criteria)
without a high predicted risk of RA who were included
in this study did not benefit from MTX (Figure 3 and
Supplementary Figure 3).

The large drawback of the current post hoc analy-
sis is the small sample size. All comparisons were based
on a limited number of patients, and this was even more
the case for subgroup analyses, for instance, those of
ACPA-positive or ACPA-negative patients. Despite the
small numbers large effects were observed, and there-
fore statistically significant results were obtained for the
primary outcome, prevention of RA. Nonetheless, ide-
ally the findings of the current post hoc analysis will be
validated in a novel randomized clinical trial including
only UA patients with a high risk of developing RA.

In conclusion, as shown in a reassessment of the
PROMPT trial, inclusion of uninformative patients can
importantly affect the results of trials aimed at preventing
RA. As trials are now being conducted to evaluate the effi-
cacy of treatment initiated in the phase of arthralgia, the
development of adequate risk prediction models is impor-
tant for preventing false-negative study results in the future.
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Peficitinib, a JAK Inhibitor, in Combination With Limited
Conventional Synthetic Disease-Modifying Antirheumatic Drugs
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Objective. To evaluate the efficacy and safety of
orally administered once-daily peficitinib in combination
with limited conventional synthetic disease-modifying
antirheumatic drugs (csDMARDs) in patients with
moderate-to-severe rheumatoid arthritis (RA).

Methods. In this randomized, double-blind, phase
IIb trial, patients with RA (n 5 289) were treated with
peficitinib 25 mg, 50 mg, 100 mg, or 150 mg or matching
placebo once daily for 12 weeks. The primary end point
was the percentage of patients who met the American Col-
lege of Rheumatology 20% improvement criteria (achieved
an ACR20 response) at week 12.

Results. ACR20 response rates at week 12 were
22.0%, 36.8%, 48.3% (P < 0.05), 56.3% (P < 0.01), and
29.4% in the peficitinib 25 mg, 50 mg, 100 mg, 150 mg,
and placebo groups, respectively. Patients in the
peficitinib 100 mg and 150 mg groups achieved a rapid

and statistically significant ACR20 response compared
with those in the placebo group (P < 0.05), reaching statis-
tical significance by week 2. Overall, the incidence of
adverse events (AEs) was similar between patients receiv-
ing peficitinib and those receiving placebo. The most com-
mon AEs were upper respiratory tract infection (5%
[n 5 15]), nausea (4% [n 5 12]), and urinary tract infec-
tion (4% [n 5 10]). There was 1 case of herpes zoster in
the placebo group, and 1 serious infection (limb abscess)
in the peficitinib 25 mg group. There were no incidences
of grade 2 or higher neutropenia or lymphopenia.

Conclusion. In patients with moderate-to-severe
RA, orally administered once-daily peficitinib in combi-
nation with limited csDMARDs resulted in a dose-
dependent ACR20 response rate over 12 weeks with sat-
isfactory tolerability.

Targeting intracellular signaling molecules of the
JAK family (comprising JAK-1, JAK-2, JAK-3, and
Tyk-2) is currently being explored for the treatment of
rheumatoid arthritis (RA) (1). Tofacitinib (a pan-JAK
inhibitor) is currently the only approved JAK inhibitor
for RA (2–7), while others such as baricitinib (JAK-1
and JAK-2 selective) (8–12), filgotinib (JAK-1 selective)
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(13), and ABT-494 (JAK-1 selective) (14) are currently
in various stages of development.

Peficitinib (ASP015K) is an orally administered
once-daily JAK inhibitor in development for the treatment
of RA (15). 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 (15).
The efficacy and safety profile of peficitinib for the treatment
of RA has been investigated in 2 other phase II trials. In a 12-
week, phase IIb, randomized, double-blind, placebo-
controlled study of peficitinib monotherapy (25 mg, 50 mg,
100 mg, and 150 mg) in Japanese patients with moderate-to-
severe RA (not required to fail to respond to 1 or more con-
ventional synthetic disease-modifying antirheumatic drugs
[csDMARDs]; ClinicalTrials.gov identifier NCT01649999),
50 mg, 100 mg, or 150 mg once-daily doses of peficitinib
resulted in statistically significant American College of Rheu-
matology 20% improvement criteria (ACR20) responses
(16) compared with placebo, and had satisfactory tolerability
(15). In a second 12-week, phase IIb, randomized, double-
blind, parallel-group, placebo-controlled, dose-finding
(peficitinib 25 mg, 50 mg, 100 mg, and 150 mg), multicenter
study, statistically significant improvements in ACR20
response with peficitinib combined with methotrexate
(MTX) were only observed in the peficitinib 50 mg group
compared with placebo plus MTX (P , 0.05) in patients who
had an inadequate response to MTX (NCT01554696) (17).

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

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 who had an inadequate
response or intolerance to csDMARDs (ClinicalTrials.gov identi-
fier NCT01565655) was conducted at 41 sites in 6 countries (the
US [20 sites], Poland [6 sites], Hungary [5 sites], Czech Republic
[4 sites], Mexico [4 sites], and Bulgaria [3 sites]).

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 given the
option to participate in a long-term, open-label extension study.
Patients who did not participate in the extension study were
included in a 30-day follow-up.

Patients were randomly assigned in a 1:1:1:1:1 ratio to
receive either peficitinib 25 mg, 50 mg, 100 mg, 150 mg or
matching placebo once a day for 12 weeks. The investigator,
patient, clinical staff, and sponsor were blinded with regard to

treatment assignments. Patients were stratified by geographic
region (Europe [Bulgaria, Czech Republic, Hungary, and
Poland], Latin America [Mexico], or North America [US]).

An Institutional Review Board/Independent Ethics
Committee–approved written informed consent form was
obtained from each patient or from a legally authorized repre-
sentative prior to the initiation of any study-specific procedures.
Changes to the protocol, made after the initiation of study enroll-
ment, are described in the Supplementary Methods, available on
the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40054/abstract. This study was conducted in
compliance with the Declaration of Helsinki, Good Clinical Prac-
tice, International Conference on Harmonisation of Technical
Requirements for Registration of Pharmaceuticals for Human
Use guidelines, the EU Clinical Trials Directive, and applicable
laws and regulations.

Study population. Eligible study participants were
patients ages $18 years, who had been diagnosed as having RA
according to the ACR 1987 revised criteria (18) $6 months prior
to screening and who had an inadequate response or intolerance
to a previous csDMARD. Patients were also required to be classi-
fied as having class I, II, or III functional status according to the
ACR 1991 revised criteria for global functional status in RA (19)
and to have active RA as defined by $6 tender/painful joints
(tender joint count in 68 joints [TJC68]), $6 swollen joints (swol-
len joint count in 66 joints [SJC66]), and either a C-reactive pro-
tein (CRP) level of $0.8 mg/dl (normal range ,1.0 mg/dl) or an
erythrocyte sedimentation rate (ESR) of $28 mm/hour at screen-
ing and at baseline.

Patients who had taken any of the following csDMARDs
or biologic agents within the following periods prior to the
first study drug dose were excluded: MTX, gold, azathioprine,
minocycline, or penicillamine (28 days); etanercept (28 days);
certolizumab, adalimumab, golimumab, infliximab, or tocilizumab
(60 days); rituximab or other CD20 inhibitors, or cyclophospha-
mide (180 days); leflunomide (60 days; if the patient had under-
gone a cholestyramine washout, the period was reduced to 30 days
prior to day 1 dosing); abatacept (90 days); and anakinra (7 days).
Exclusion criteria also included abnormal findings on a chest radio-
graph within 90 days of screening or at screening, indicative of an
acute or chronic infectious process or malignancy, virus vaccination
within 30 days prior to the first dose of study drug, hepatitis B/C
or HIV, any other autoimmune rheumatic disease other than
Sj€ogren’s syndrome, clinically significant infections, and any malig-
nancy except for successfully treated basal or squamous cell carci-
noma of the skin or in situ carcinoma of the cervix. Additionally,
patients who had tuberculosis (TB) who were not taking guideline
antimicrobial therapy were excluded. Patients were not required to
undergo a TB test at screening if there was documentation of a neg-
ative TB test within 90 days of screening or if they had documenta-
tion of previously successfully completed treatment for latent TB
per the Centers for Disease Control and Prevention or local
guidelines. For subjects who had a previous BCG vaccination,
QuantiFeron blood testing was conducted to identify latent TB
infection within 90 days of screening. Any positive TB test result
was considered positive for the purposes of study entry evaluation.

Concomitant medications. The only permitted con-
comitant medications for RA were nonsteroidal antiinflamma-
tory drugs, csDMARDs (#400 mg hydroxychloroquine per
day, #250 mg chloroquine per day, and #3 gm sulfasalazine
per day), and/or oral corticosteroids (#10 mg of prednisone or
equivalent per day).
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Prohibited concomitant medications were biologic agents
approved for the treatment of RA (including, but not limited to,
abatacept, tocilizumab, rituximab, etanercept, certolizumab, adalim-
umab, golimumab, and infliximab); csDMARDs (including MTX,
gold, penicillamine, leflunomide, azathioprine, minocycline, and
cyclophosphamide), intraarticular or parenteral corticosteroids,
.10 mg oral prednisone (or equivalent) per day, treatment with
another investigational drug, and medications that are CYP3A sub-
strates with a narrow therapeutic range (including, but not limited
to, cyclosporine, sirolimus, tacrolimus, and terfenadine).

Study end points. The primary end point was the per-
centage of patients who met the ACR20 criteria using the CRP
level at week 12. Secondary and other end points included the per-
centages of patients achieving an ACR50 or ACR70 response at
week 12, the change from baseline in Disease Activity Score in 28
joints (DAS28) (20) using the CRP level (DAS28-CRP) at week
12, the percentage of patients achieving a DAS28 using the ESR
(DAS28-ESR) of ,2.6, the percentage of patients acheiving a
DAS28-CRP of ,2.6, and the change from baseline in Simplified
Disease Activity Index (SDAI) and Clinical Disease Activity Index
(CDAI) at week 12.

Safety and laboratory assessments. Safety was
assessed through AE reporting (coded using the Medical Dictio-
nary for Regulatory Activities [MedDRA] version 14.0) (21), vital
signs, clinical laboratory evaluations (hematology, chemistry, uri-
nalysis, and fasting lipids profile), 12-lead electrocardiograms, and
physical 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
for the study was 275 patients. Assuming an ACR20 response of

60% for any peficitinib group and 30% for placebo, 55 patients per
treatment group (adjusted for an expected 10% dropout 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 for efficacy analyses. Pri-
mary analysis of ACR20/50/70 response rates and the change
from baseline in DAS28-CRP at week 12 was based on a logistic
regression model with effects for treatment group and geographic
region. When all ACR component values were missing, nonre-
sponder imputation was used for the missing ACR responses at
week 12. If not all ACR component values were missing at week
12, the last observation carried forward (LOCF) was used to
impute missing values and then the ACR response was calculated.
In addition, patients who received rescue therapy (defined as
patients who initiated any csDMARD medication after day 1 or
who received intramuscular or intravenous corticosteroids after
day 1) prior to or at week 12 were classified as nonresponders.
Additional analyses using normal approximation to the binomial
distribution were also conducted.

Analysis of covariance with fixed effects for treatment
group, geographic region, and baseline score as a covariate
was used on the secondary end point of change from baseline
in DAS28-CRP. All DAS28 component values at a time point
for any patient receiving rescue therapy prior to or at the time
point were set to missing, and missing component values were
imputed using the LOCF. A mixed-effects model for repeated
measures was used for the analysis of change from baseline in
CDAI and SDAI, with the patient as a random effect.

Figure 1. Disposition of the patients. * 5 Treatment of both patients was interrupted, due to an adverse event in 1 patient, with plans to restart
in the open-label study, and due to antibiotic treatment in 1 patient. † 5 The patient was noncompliant with study drug, did not bring back study
medication after multiple reminders, and the patient diary was not accurate.
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Treatment stratified by geographic region was excluded from
the model if not significant (P , 0.01). Within-patient variance–
covariance was estimated using an unstructured covariance
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 439 patients were screened for
inclusion, of which 289 were randomized and treated

(peficitinib 25 mg [n 5 59], 50 mg [n 5 57], 100 mg [n 5 58],
150 mg [n 5 64], and placebo [n 5 51]). A total of 262
patients (91%) completed the 12-week study (Figure 1).
Demographic characteristics and baseline disease activity
were similar across the study arms (Table 1).

Efficacy. The primary end point of ACR20
response at week 12 was achieved by 22.0%, 36.8%, 48.3%,
56.3%, and 29.4% of patients in the peficitinib 25 mg, 50
mg, 100 mg, 150 mg, and placebo groups, respectively (Fig-
ure 2). Statistically significant differences in the ACR20

Table 1. Demographic and baseline disease characteristics of the 289 patients with RA (full analysis set)*

Placebo
(n 5 51)

Peficitinib
25 mg

(n 5 59)

Peficitinib
50 mg

(n 5 57)

Peficitinib
100 mg
(n 5 58)

Peficitinib
150 mg
(n 5 64)

Female 42 (82.4) 46 (78.0) 48 (84.2) 51 (87.9) 50 (78.1)
Age, mean 6 SD years 52.7 6 12.2 52.6 6 10.2 54.8 6 10.0 54.9 6 11.3 54.4 6 12.5
Age ,65 years 44 (86.3) 52 (88.1) 52 (91.2) 49 (84.5) 53 (82.8)
Weight, mean 6 SD kg 75.7 6 15.2 79.5 6 16.9 76.1 6 18.9 78.4 6 24.3 76.5 6 20.9
Hispanic or Latino 10 (19.6) 15 (25.4) 13 (22.8) 9 (15.5) 11 (17.2)
Duration of RA, mean 6 SD years 9.8 6 7.7 10.4 6 8.6 10.3 6 9.6 11.0 6 8.4 10.5 6 8.2
Prior MTX use 35 (68.6) 41 (69.5) 36 (63.2) 41 (70.7) 49 (76.6)
Prior leflunomide use 8 (15.7) 10 (16.9) 10 (17.5) 9 (15.5) 10 (15.6)
Prior biologic agent use 27 (52.9) 27 (45.8) 28 (49.1) 25 (43.1) 33 (51.6)

No. of previous biologic agents
1 9 (17.6) 6 (10.2) 6 (10.5) 8 (13.8) 7 (10.9)
2 5 (9.8) 9 (15.3) 10 (17.5) 7 (12.1) 10 (15.6)
$3 13 (25.5) 12 (20.3) 12 (21.1) 10 (17.2) 16 (25.0)

Prior JAK inhibitor use 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Concomitant prednisone 9 (17.6) 12 (20.3) 21 (36.8) 13 (22.4) 12 (18.8)
Concomitant SSZ 10 (19.6) 5 (8.5) 1 (1.8) 5 (8.6) 6 (9.4)
Concomitant antimalarial 4 (7.8) 9 (15.3) 5 (8.8) 7 (12.1) 4 (6.3)
Geographic region

North America 24 (47.1) 30 (50.8) 28 (49.1) 27 (46.6) 29 (45.3)
US 24 (47.1) 30 (50.8) 28 (49.1) 27 (46.6) 29 (45.3)

Europe 21 (41.2) 22 (37.3) 21 (36.8) 27 (46.6) 28 (43.8)
Bulgaria 2 (3.9) 3 (5.1) 1 (1.8) 4 (6.9) 2 (3.1)
Czech Republic 5 (9.8) 4 (6.8) 5 (8.8) 6 (10.3) 5 (7.8)
Hungary 4 (7.8) 6 (10.2) 5 (8.8) 4 (6.9) 6 (9.4)
Poland 10 (19.6) 9 (15.3) 10 (17.5) 13 (22.4) 15 (23.4)

Latin America 6 (11.8) 7 (11.9) 8 (14.0) 4 (6.9) 7 (10.9)
Mexico 6 (11.8) 7 (11.9) 8 (14.0) 4 (6.9) 7 (10.9)

Baseline disease activity, mean 6 SD
SDAI 42.5 6 13.2 42.2 6 14.6 44.0 6 13.4 41.7 6 13.3 43.5 6 15.2
CDAI 40.8 6 12.1 40.8 6 14.1 42.0 6 12.4 40.4 6 12.9 41.6 6 14.2
TJC68 24.3 6 12.2 26.1 6 14.2 26.2 6 15.4 25.3 6 15.9 26.6 6 16.8
SJC66 14.5 6 8.1 17.0 6 10.4 16.9 6 10.1 15.6 6 9.8 17.1 6 11.3
CRP, mg/dl 1.8 6 2.0 1.4 6 1.7 2.0 6 2.4 1.3 6 2.0 1.9 6 2.5
ESR, mm/hour 43.2 6 18.9 43.0 6 19.7 48.7 6 21.4 42.2 6 15.7 44.6 6 20.3
SGAP (100-mm VAS) 70.0 6 19.3 66.6 6 20.1 66.5 6 21.8 67.0 6 18.4 68.8 6 20.4
SGA (100-mm VAS) 68.1 6 19.3 64.1 619.8 64.5 6 21.0 66.7 6 18.7 67.7 6 19.0
PGA (100-mm VAS) 68.5 6 11.9 64.8 6 19.0 66.6 6 17.2 64.4 6 16.8 66.0 6 19.9
HAQ DI 1.6 6 0.6 1.4 6 0.6 1.6 6 0.7 1.4 6 0.7 1.5 6 0.7
DAS28-ESR 6.6 6 0.9 6.6 6 0.9 6.7 6 0.8 6.6 6 0.8 6.7 6 1.0
DAS28-CRP 5.9 6 0.9 5.8 6 1.0 5.9 6 0.9 5.7 6 0.9 5.9 6 1.1

* Except where indicated otherwise, values are the number (%). RA 5 rheumatoid arthritis; MTX 5 methotrexate;
SSZ 5 sulfasalazine; SDAI 5 Simplified Disease Activity Index; CDAI 5 Clinical Disease Activity Index;
TJC68 5 tender joint count in 68 joints; SJC66 5 swollen joint count in 66 joints; CRP 5 C-reactive protein;
ESR 5 erythrocyte sedimentation rate; SGAP 5 subject’s global assessment of arthritis pain; VAS 5 visual analog
scale; SGA 5 subject’s global assessment; PGA 5 physician’s global assessment; HAQ DI 5 Health Assessment
Questionnaire disability index; DAS28-ESR 5 Disease Activity Score in 28 joints using the erythrocyte sedimenta-
tion rate; DAS28-CRP 5 DAS28 using the C-reactive protein level.
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response rate versus placebo were reported for the
peficitinib 100 mg (P , 0.05) and 150 mg (P , 0.01) groups
at week 12.

ACR50 response rates at week 12 were 15.3%,
24.6%, 27.6%, 28.1%, and 9.8% in the peficitinib 25 mg, 50
mg, 100 mg, 150 mg, and placebo groups, respectively. The
peficitinib 50 mg (P , 0.05), 100 mg (P , 0.05), and 150 mg
(P , 0.01) groups had a significantly greater number of
patients achieving ACR50 response rates at week 12 than the
placebo group. ACR70 response rates at week 12 were 6.8%,
15.8%, 19.0%, 10.9%, and 7.8% in the peficitinib 25 mg, 50
mg, 100 mg, 150 mg, and placebo groups, respectively. No
peficitinib treatment group reached statistical significance for
ACR70 response rate versus placebo at week 12.

ACR20 responses by geographic region are shown
in Supplementary Figure 1, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40054/abstract. There was some variability
in ACR20/50/70 response rates when patients were strati-
fied by elevated CRP versus ESR at baseline. However,
this stratification resulted in small patient numbers in each
group (Supplementary Table 1, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40054/abstract).

Overall, ACR20 response rates increased over time
(Figure 3A). Patients in the peficitinib 100 mg and 150 mg
groups achieved a significantly greater ACR20 response
rate at week 2 (P , 0.05) compared with placebo, which was
maintained to week 12. Throughout the 12-week study, least
squares mean (LSM) DAS28-ESR and DAS28-CRP levels

decreased from baseline in all study arms (Figures 3B and
C). Patients in the peficitinib 100 mg and 150 mg groups
achieved a statistically significant decrease in both LSM
DAS28-ESR and DAS28-CRP from baseline at week 4,
which was maintained to week 12.

Statistically significant differences in LSM SDAI
and CDAI at week 12 were observed in the peficitinib
50 mg (P , 0.05), 100 mg (P , 0.001), and 150 mg
(P , 0.001) groups versus the placebo group (Table 2).
There were no statistically significant differences in LSM
Health Assessment Questionnaire (HAQ) disability index
(DI) at week 12 between any peficitinib group and pla-
cebo. The mean TJC68 and SJC66 decreased further from
baseline in the peficitinib groups compared with placebo,
and the decreases were dose dependent.

A significantly greater percentage of patients in the
peficitinib 100 mg and 150 mg groups achieved a DAS28-
ESR of ,2.6 at week 12 compared with placebo (P , 0.05).
No peficitinib group had a significantly greater percentage
of patients achieving a DAS28-CRP of ,2.6 at week 12
compared with placebo.

Safety. Adverse events. A total of 121 patients
(42%) reported AEs (Table 3). AEs occurring in $2% of
patients overall were upper respiratory tract infection (5%
[n 5 15]), nausea (4% [n 5 12]), urinary tract infection
(4% [n 5 10]), diarrhea (4% [n 5 10]), dyspepsia (2%
[n 5 7]), RA (2% [n 5 7]), and headache (2% [n 5 7]).
The majority of AEs (88%) were mild or moderate in
severity, with a total of 15 serious AEs experienced by 12
patients, and no deaths were reported. The serious AEs

Figure 2. Percentages of patients in each treatment group achieving a response according to the American College of Rheumatology criteria for 20%
improvement (ACR20), 50% improvement, and 70% improvement at week 12. * 5 P , 0.05; ** 5 P , 0.01, versus placebo.
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Figure 3. Responses over time in each treatment group. A, American College of Rheumatology criteria for 20% improvement (ACR20) response rates. B, Least
squares mean (LSM) change from baseline in the Disease Activity Score in 28 joints using the erythrocyte sedimentation rate (DAS28-ESR). C, LSM change from
baseline in the DAS28 using the C-reactive protein level (DAS28-CRP). * 5 P , 0.05; ** 5 P , 0.01; *** 5 P , 0.001, versus placebo.

Table 2. Changes in disease activity from baseline to week 12 (full analysis set)*

Placebo
(n 5 51)

Peficitinib
25 mg

(n 5 58)

Peficitinib
50 mg

(n 5 56)

Peficitinib
100 mg
(n 5 57)

Peficitinib
150 mg
(n 5 60)

Patients achieving DAS28-ESR
,2.6, no. (%)

2 (3.9) 4 (6.8) 4 (7.1) 10 (17.5)† 11 (17.2)†

Patients achieving DAS28-CRP
,2.6, no. (%)

5 (9.8) 4 (6.8) 7 (12.5) 13 (22.8) 13 (20.3)

SDAI, LSM difference versus
placebo (95% CI)

– 21.98
(27.44, 3.48)

26.67
(212.18, 21.16)†

212.04
(217.52, 26.57)‡

29.56
(214.90, 24.22)‡

CDAI, LSM difference versus
placebo (95% CI)

– 22.40
(27.81, 23.01)

26.64
(212.09, 21.18)†

212.03
(217.45, 26.61)‡

29.15
(214.43, 23.87)‡

TJC68, median (range)§ 26.0
(229, 32)

27.0
(240, 10)

210.0
(261, 15)

210.5
(257, 18)¶

211.0
(255, 17)¶

SJC66, median (range)§ 25.0
(221, 32)

26.0
(241, 11)

27.0
(254, 11)†

28.0
(231, 10)¶

27.0
(234, 12)¶

HAQ DI, LSM difference versus
placebo (95% CI)

2 20.02
(20.18, 0.21)

20.12
(20.31, 0.07)

20.11
(20.30, 0.09)

20.17
(20.36, 0.02)

* DAS28-ESR 5 Disease Activity Score in 28 joints using the erythrocyte sedimentation rate; DAS28-CRP 5 DAS28 using
the C-reactive protein level; SDAI 5 Simplified Disease Activity Index; LSM 5 least squares mean; 95% CI 5 95% confi-
dence interval; TJC68 5 tender joint count in 68 joints; SJC66 5 swollen joint count in 66 joints; HAQ DI 5 Health Assess-
ment Questionnaire disability index.
† P , 0.05 versus placebo.
‡ P , 0.001 versus placebo.
§ P values are for comparison of medians between each peficitinib group and placebo based on the Wilcoxon rank sum test
stratified by geographic region.
¶ P , 0.01 versus placebo.
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Table 3. Adverse events and laboratory values in the 289 patients with RA*

Placebo
(n 5 51)

Peficitinib
25 mg

(n 5 59)

Peficitinib
50 mg

(n 5 57)

Peficitinib
100 mg
(n 5 58)

Peficitinib
150 mg
(n 5 64)

AEs, no. (%) 22 (43.1) 22 (37.3) 19 (33.3) 30 (51.7) 28 (43.8)
SAEs† 2 (3.9) 2 (3.4) 2 (3.5) 4 (6.9) 2 (3.1)

Cardiac disorders 1 (2.0) 0 (0) 1 (1.8) 0 (0) 1 (1.6)
Serious infections 0 (0) 1 (1.7) 0 (0) 0 (0) 0 (0)
Other‡ 1 (2.0) 1 (1.7) 2 (3.5) 5 (8.6) 2 (3.1)

Deaths 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Malignancies 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Herpes zoster 1 (2.0) 0 (0) 0 (0) 0 (0) 0 (0)
Gastrointestinal perforation 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
AEs leading to discontinuation 0 (0) 4 (6.8) 2 (3.5) 1 (1.7) 2 (3.1)
SAEs leading to discontinuation 0 (0) 1 (1.7) 0 (0) 0 (0) 1 (1.6)
AEs occurring in $2% of patients

overall, no. (%)
URI 2 (3.9) 4 (6.8) 0 (0) 4 (6.9) 5 (7.8)
Nausea 0 (0) 2 (3.4) 1 (1.8) 3 (5.2) 6 (9.4)
UTI 2 (3.9) 1 (1.7) 0 (0) 2 (3.4) 5 (7.8)
Diarrhea 1 (2.0) 4 (6.8) 1 (1.8) 4 (6.9) 0 (0)
Dyspepsia 1 (2.0) 0 (0) 1 (1.8) 2 (3.4) 3 (4.7)
RA 1 (2.0) 1 (1.7) 3 (5.3) 0 (0) 2 (3.1)
Headache 1 (2.0) 1 (1.7) 0 (0) 4 (6.9) 1 (1.6)

Laboratory values at week 12, mean 6 SD
change from baseline

Absolute neutrophil count, 106/liter 297.7 6 2,189 97.8 6 1,480 210.6 6 1,338 2212.8 6 1,449 2142.4 6 1,470
Hgb, gm/liter 21.6 6 8.18 0.1 6 7.24 1.1 6 7.63 21.4 6 8.17 1.3 6 8.74
Absolute lymphocyte count, 106/liter 132 6 546 225 6 507 298 6 590 11 6 618 4 6 613
Platelets, 109/liter 7.6 6 42 24.8 6 31 210.1 6 48 210.8 6 36 219.2 6 59
WBCs, 106/liter 410 6 2,138 70 6 1,667 2160 6 1,345 2260 6 1,840 2220 6 1,556
ALT, units/liter 1.7 6 10.0 20.4 6 9.6 21.1 6 8.6 21.3 6 10.2 3.9 6 12.2
AST, units/liter 0.4 6 5.40 0.4 6 5.20 20.4 6 7.10 0.2 6 7.90 3.5 6 9.50
CPK, units/liter 24.0 6 23.8 8.0 6 51.4 10.2 6 74.4 39.1 6 76.8 37.6 6 219.3
Creatinine, mg/dl 20.03 6 0.09 20.01 6 0.88 0.04 6 0.11 0.05 6 0.09 0.06 6 0.14
HDL, mg/dl 1.60 6 5.80 1.75 6 3.94 2.27 6 3.75 3.78 6 4.72 4.3 6 4.92
LDL, mg/dl 1.21 6 7.93 20.2 6 9.05 3.87 6 9.63 1.71 6 11.52 2.02 6 9.65
HDL:LDL 0.02 6 0.16 0.04 6 0.12 0 6 0.11 0.06 6 0.16 0.07 6 0.15
HDL:total cholesterol 0.01 6 0.05 0.02 6 0.04 0 6 0.04 0.03 6 0.05 0.02 6 0.05
Triglycerides, mg/dl 0.45 6 11.86 21.40 6 9.42 0.07 6 10.43 22.09 6 13.94 4.91 6 11.60

Laboratory values at week 12, no. (%)
Absolute neutrophil count, cells/ml

,500 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
500 to ,1,000 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
1,000 to ,1,500 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Grade $2 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Absolute lymphocyte count, cells/ml
,200 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
200 to ,500 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Grade $2 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Hgb, gm/dl
,8.0 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
8.0 to ,10.0 2 (3.9) 0 (0) 0 (0) 1 (1.7) 1 (1.6)
Grade $2 2 (3.9) 0 (0) 0 (0) 1 (1.7) 1 (1.6)

Platelets, cells/ml
#2 3 104 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
#5 3 104 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Grade $2 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

CPK
.23 ULN to #53 ULN 0 (0) 1 (1.7) 0 (0) 2 (3.4) 1 (1.6)
.53 ULN to #103 ULN 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
.103 ULN 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Grade $2 0 (0) 0 (0) 0 (0) 2 (3.4) 0 (0)

ALT
.23 ULN to #33 ULN 0 (0) 1 (1.7) 0 (0) 0 (0) 2 (3.1)
.33 ULN to #53 ULN 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
.53 ULN 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Grade $2 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
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were myocardial ischemia and joint dislocation in the pla-
cebo group; RA and limb abscess in the peficitinib 25 mg
group; asthma, hemoptysis, and atrial fibrillation in the
peficitinib 50 mg group; synovial cyst, humerus fracture,
electrocardiogram abnormality and 2 incidents of transient
ischemic attack in the peficitinib 100 mg group; and mus-
culoskeletal chest pain, pleuritic pain, and myocardial
infarction in the peficitinib 150 mg group. There was 1
case (,1%) of herpes zoster in the placebo group that
was not disseminated, and 1 serious infection (limb
abscess) in the peficitinib 25 mg group.

A total of 9 patients discontinued treatment due
to an AE (4 in the peficitinib 25 mg group, 2 in the
peficitinib 50 mg group, 1 in the peficitinib 100 mg group,
and 2 in the peficitinib 150 mg group). Adverse events
that led to discontinuation were dyspepsia (in the
peficitinib 100 mg and 150 mg groups; n 5 2), abdominal

hernia (in the peficitinib 50 mg group; n 5 1), nausea
(in the peficitinib 150 mg group; n 5 1), vomiting (in
the peficitinib 100 mg group; n 5 1), hidradenitis (in the
peficitinib 25 mg group; n 5 1), skin lesion (in the
peficitinib 25 mg group; n 5 1), myocardial infarction (in
the peficitinib 150 mg group; n 5 1), limb abscess (in the
peficitinib 25 mg group; n 5 1), contusion (in the peficitinib
25 mg group; n 5 1), and RA (in the peficitinib 50 mg
group; n 5 1).

Laboratory values. Decreases in the mean absolute
neutrophil count from baseline at week 12 were observed
in the peficitinib 50 mg, 100 mg, and 150 mg groups.
There were no shifts from baseline to any prespecified
ranges for absolute neutrophil count or incidences of
grade 2 or higher neutropenia at week 12. Decreases in
mean absolute lymphocyte count at week 12 were
reported in the peficitinib 25 mg and 50 mg groups

Table 3. (Cont’d)

Placebo
(n 5 51)

Peficitinib
25 mg

(n 5 59)

Peficitinib
50 mg

(n 5 57)

Peficitinib
100 mg
(n 5 58)

Peficitinib
150 mg
(n 5 64)

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

Creatinine
.1.53 baseline to #3.03 baseline 0 (0) 0 (0) 1 (1.8) 0 (0) 0 (0)
.3.03 baseline 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Grade $2 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

WBCs
,3.6 3 109 cells/liter 0 (0) 1 (1.7) 1 (1.8) 0 (0) 1 (1.6)
3.6 to 10 3 109 cells/liter 38 (74.5) 46 (78.0) 43 (75.4) 47 (81.0) 56 (87.5)
.10 3 109 cells/liter 13 (25.5) 12 (20.3) 12 (21.1) 11 (19.0) 7 (10.9)
Grade $2 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

LDL
#160 mg/dl 45 (88.2) 47 (79.7) 44 (77.2) 42 (72.4) 52 (81.3)
.160 mg/dl 1 (2.0) 3 (5.1) 6 (10.5) 8 (13.8) 4 (6.3)
Grade $2 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

HDL
,1.06 mmoles/liter 9 (17.6) 7 (11.9) 5 (8.8) 5 (8.6) 4 (6.3)
$1.06 mmoles/liter 42 (82.4) 52 (88.1) 51 (89.5) 53 (91.4) 60 (93.8)
Grade $2 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Triglycerides
0–1.68 mmoles/liter 37 (72.5) 48 (81.4) 36 (63.2) 40 (69.0) 43 (67.2)
.1.68 mmoles/liter 14 (27.5) 11 (18.6) 20 (35.1) 18 (31.0) 21 (32.8)
Grade $2 4 (7.8) 2 (3.4) 2 (3.5) 3 (5.2) 4 (6.3)

* URI 5 upper respiratory tract infection; UTI 5 urinary tract infection; Hgb 5 hemoglobin; WBCs 5 white blood cells;
ALT 5 alanine transaminase; AST 5 aspartate transaminase; CPK 5 creatine phosphokinase; HDL 5 high-density lipopro-
tein; LDL 5 low-density lipoprotein; ULN 5 upper limit of normal.
† Twelve patients experienced 15 serious adverse events (SAEs).
‡ Other adverse events were joint dislocation (n 5 1) in the placebo group, rheumatoid arthritis (RA; n 5 1) in the
peficitinib 25 mg group, asthma (n 5 1) and hemoptysis (n 5 1) in the peficitinib 50 mg group, synovial cyst (n51), transient
ischemic attack (n 5 2), humerus fracture (n 5 1), and abnormal electrocardiogram (n 5 1) in the peficitinib 100 mg group,
and musculoskeletal chest pain (n 5 1) and pleuritic pain (n 5 1) in the peficitinib 150 mg group.
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compared with placebo, and there were no shifts from base-
line to any prespecified ranges for absolute lymphocyte
count or incidences of grade 2 or higher lymphopenia at
week 12. There was a dose-dependent decrease in mean
platelet count (no patients shifted from baseline to any pre-
specified ranges for platelet count at week 12), and treat-
ment with peficitinib was associated with a decreased white
blood cell (WBC) count, with no decreases of grade 2 or
higher in platelet or WBC count at week 12.

At week 12, the mean alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) levels
remained stable in the placebo and peficitinib 25 mg, 50
mg, and 100 mg groups, but were increased from base-
line in the peficitinib 150 mg group. Furthermore, ALT
levels in 1 patient in the peficitinib 25 mg group (1.7%)
and in 2 patients in the peficitinib 150 mg group (3.1%)
shifted from baseline to the prespecified range of .2
times the upper limit of normal (ULN) to #3 times the
ULN at week 12. There were no shifts to any pre-
specified ranges for AST, and there were no incidences
of grade 2 or higher increases in ALT or AST levels at
week 12.

There were 2 grade 3 or higher increases in crea-
tine phosphokinase (CPK) level throughout the study, 1
each in the peficitinib 100 mg and 150 mg groups. Nei-
ther patient had received concomitant statins. The
increase in CPK level did not resolve in either patient,
but both patients continued until the end of the study.
CPK levels in 4 patients (1 in the peficitinib 25 mg
group, 2 in the peficitinib 100 mg group, and 1 in the
peficitinib 150 mg group) shifted from baseline to the
prespecified range of .2 times the ULN to #5 times
the ULN at week 12. There were 2 grade 2 or higher
CPK elevations at week 12 in the peficitinib 100 mg
group. Dose-dependent increases in creatinine were
observed across the peficitinib groups. In 1 patient in
the peficitinib 50 mg group, the creatinine level shifted
from baseline to the prespecified range of .1.5 times
baseline to #3.0 times baseline at week 12. There were
no grade 2 or higher increases in creatinine at week 12.

The mean change from baseline in high-density
lipoprotein (HDL) level was dose dependent, and the
change in triglyceride level varied among all groups of
patients and was not dose dependent. However, there
were 4 incidents of hypertriglyceridemia higher than grade
3 (2 each in the peficitinib 25 mg and 100 mg groups, 3 of
which were considered drug related). In a total of 22
patients (1 in the placebo group, 3 in the peficitinib 25 mg
group, 6 in the peficitinib 50 mg, 8 in the peficitinib
100 mg group, and 4 in the peficitinib 150 mg group), low-
density lipoprotein (LDL) level shifted from baseline to
.160 mg/dl at week 12. Overall, in 84 patients (14 in the

placebo group, 11 in the peficitinib 25 mg group, 20 in the
peficitinib 50 mg group, 18 in the peficitinib 100 mg group,
and 21 in the peficitinib 150 mg group) the triglyceride
level shifted from baseline to .1.68 mmoles/liter at week
12, and in 30 patients (9 in the placebo group, 7 in the
peficitinib 25 mg group, 5 in the peficitinib 50 mg group, 5
in the peficitinib 100 mg group, and 4 in the peficitinib
150 mg group) the HDL level shifted from baseline to
,1.06 mmoles/liter at week 12. Lipid ratios (HDL:LDL
and HDL:total cholesterol) remained stable in all treat-
ment groups throughout the 12-week study.

DISCUSSION

Patients with RA who had long-term refractory dis-
ease and inadequate responses to previous treatment with
multiple DMARDs, including biologics, who were treated
with peficitinib in combination with limited csDMARDs dem-
onstrated ACR20 dose-dependent response rates at week 12.
The peficitinib 100 mg and 150 mg groups showed a statisti-
cally significant difference compared with placebo in ACR20
response (starting at week 2 and continuing throughout the
study), ACR50 response, and in change from baseline
DAS28-CRP. The peficitinib 25 mg and 50 mg groups did not
show a statistically significant difference in the percentage of
patients achieving an ACR20 response compared with pla-
cebo. When ACR20 responses were stratified by geographic
region, differences were seen between regions across treat-
ment arms; however, it is difficult to draw any definitive con-
clusions due to low patient numbers.

In assessment of higher hurdle end points, such as
ACR70 response and DAS28-ESR remission at week 12,
there was a statistically significant difference in DAS28-
ESR remission (but not ACR70 response) with higher
doses of peficitinib (100 mg and 150 mg) compared with pla-
cebo; however, overall, the proportion of patients achieving
these end points with peficitinib was relatively low. Similarly,
although there appeared to be a trend toward a dose-
dependent improvement in HAQ DI with peficitinib com-
pared with placebo, these differences were small and were
not statistically significant. Taking into consideration the
small number of patients, limited study duration, and that
this study involved a heterogeneous patient group with prior
exposure to DMARDs and biologic DMARDs, it is difficult
to make conclusions regarding these responses.

Treatment with orally administered once-daily
peficitinib in combination with limited csDMARDs demon-
strated satisfactory tolerability, with an overall incidence of
AEs similar to that in the placebo group. Safety evaluation
found no dose-related increases in any AEs during this study,
and there were no new safety signals compared with other
peficitinib phase II trials (15,17). However, the total number
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of AEs of any grade were lower than anticipated based on
data from previous trials with peficitinib (17) and other JAK
inhibitors (2–8). Dose-dependent decreases in absolute neu-
trophil count, platelet count, and WBCs, and dose-dependent
increases in CPK, HDL, and creatinine levels were seen. Lipid
ratios remained stable throughout this study.

This study was limited by its short duration and
small patient population, consistent with phase II studies.
Further challenges to the interpretation of treatment
responses in this study included the global design with a
varied patient population, the low number of patients from
Latin America, and the inclusion of patients who had pre-
viously received biologic agents and were not required to
have had an inadequate response or intolerance to a bio-
logic agent. Additionally, the permitted use of hydroxy-
chloroquine, chloroquine, and sulfasalazine may be seen
as a limitation because it prevented this study from being a
true peficitinib monotherapy study; however, because
this was a placebo-controlled study, health authorities
requested that patients be permitted csDMARD use.
Thus, although this was not a monotherapy study, the
design permitted assessment of the safety and efficacy of
peficitinib in the setting of no background MTX use.

In addition to other inclusion/exclusion criteria,
patients were required to have either an elevated CRP or
an elevated ESR to enter the trial. Differences in responses
were observed between patients who entered the study
with an elevated CRP level and those who entered with an
elevated ESR (Table 1). For patients who qualified via an
elevated CRP level, a trend was observed toward higher
response rates, particularly in the peficitinib 150 mg group,
compared with patients who qualified by an elevated ESR.
Responses to placebo were also higher in patients who
entered with an elevated ESR; this latter group comprised
50% of the enrolled patients. Patients qualifying based on
ESR, which is measured locally rather than at a central lab-
oratory, might have been subject to less rigorous laboratory
standards and may have influenced the study results.

To fully assess the efficacy and safety of this novel
JAK inhibitor, longer-term and larger-scale phase III
studies of peficitinib 100 mg and 150 mg are currently
ongoing (ClinicalTrials.gov identifiers NCT02308163 and
NCT02305849). In conclusion, orally administered once-
daily peficitinib without concomitant use of MTX reduced
the symptoms of RA, and a dose-dependent response was
observed in the ACR20 and ACR50 response rates as well
as in the change from baseline DAS28-CRP.
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Effects of Baricitinib on Lipid, Apolipoprotein, and
Lipoprotein Particle Profiles in a Phase IIb Study of Patients

With Active Rheumatoid Arthritis

Joel M. Kremer,1 Mark C. Genovese,2 Edward Keystone,3 Peter C. Taylor,4

Steven H. Zuckerman,5 Giacomo Ruotolo,5 Douglas E. Schlichting,5 Victoria L. Crotzer,5

Eric Nantz,5 Scott D. Beattie,5 and William L. Macias5

Objective. To assess the effects of baricitinib on
lipid profiles in patients with moderate-to-severe rheuma-
toid arthritis.

Methods. Treatment with once-daily doses of
baricitinib (1, 2, 4, or 8 mg) or placebo was studied in
301 randomized patients. Changes in lipid profile and
lipoprotein particle size and particle number were
assessed at weeks 12 and 24, and associations with clini-
cal efficacy were evaluated. Apolipoproteins were
assessed at weeks 4 and 12 in the placebo group and the
4-mg and 8-mg baricitinib groups.

Results. Treatment with baricitinib resulted in
dose-dependent increases in serum lipid levels from base-
line to week 12 (low-density lipoprotein [LDL] cholesterol
increases of 3.4 mg/dl and 11.8 mg/dl in the 1 mg and 8 mg
treatment groups, respectively; high-density lipoprotein
[HDL] cholesterol increases of 3.3 mg/dl and 8.1 mg/dl,
respectively; triglycerides increases of 6.4 mg/dl and
15.4 mg/dl, respectively). Group-wise mean increases in
LDL cholesterol were coincident with mean increases in
large LDL particles and mean reductions in small dense
LDL particles. Increases from baseline to week 12 in apoli-
poprotein A-I, apolipoprotein B, and apolipoprotein CIII
were observed with 4-mg doses of baricitinib (9.5%, 6.8%,
and 23.0%, respectively) and with 8-mg doses (12.2%,
7.1%, and 19.7%, respectively), with no increase in LDL-
associated apolipoprotein CIII (–4.5% with 4-mg bar-
icitinib; –9.0% with 8-mg baricitinib). Baricitinib reduced
HDL-associated serum amyloid A when administered at
4 mg (236.0%) and 8 mg (232.0%); a significant reduction
in lipoprotein (a) was observed only with 8-mg doses
(216.6%). Increased HDL cholesterol at week 12 corre-
lated with improved Disease Activity Scores and Simplified
Disease Activity Index; changes in total cholesterol, LDL
cholesterol, and triglycerides did not reveal a similar
relationship.

Conclusion. Baricitinib-associated increases in
serum lipid levels were observed in this study. Increases
in levels of HDL cholesterol correlated with improved
clinical outcomes.

Activation of proinflammatory cytokine path-
ways contributes to the pathogenesis of rheumatoid
arthritis (RA) (1,2). Several of these cytokines, includ-
ing interleukin-6 (IL-6), granulocyte–macrophage
colony-stimulating factor, IL-23, the IL-2 cytokine
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family, and type I and type II interferons, utilize the
JAK intracellular signaling pathway (3). Accordingly,
the development of various inhibitors, each having dif-
fering degrees of specificity toward the 4 identified
JAKs (JAK-1, JAK-2, JAK-3, Tyk-2), has been inten-
sively investigated for the treatment of RA (4).

Baricitinib, formerly referred to as LY3009104
(INCB028050), is a potent, selective, and reversible orally
administered inhibitor of JAK-1 (50% inhibition concen-
tration [IC50] 5 5.9 nM) and JAK-2 (IC50 5 5.7 nM), with
much less activity against Tyk-2 (IC50 5 53 nM) and JAK-3
(IC50 . 400 nM), and it inhibits proinflammatory cytokine
signaling implicated in RA (5). In a phase IIb, double-
blind, randomized, placebo-controlled study of patients
with moderate-to-severe RA (6), despite treatment with
methotrexate and other conventional disease-modifying
antirheumatic drugs, significantly more patients in the
combined baricitinib 4- and 8-mg groups compared to the
placebo group had achieved the primary end point of
response according to the American College of Rheuma-
tology criteria for 20% improvement (7) at week 12.
Baricitinib rapidly improved the signs and symptoms of
RA, with an acceptable risk profile consistent with what
has previously been described (8).

Increases in total cholesterol, low-density lipopro-
tein (LDL) cholesterol, and high-density lipoprotein
(HDL) cholesterol have been observed in studies of JAK
inhibitors (9), the IL-6 receptor monoclonal antibody
tocilizumab (10), and less consistently of anti–tumor
necrosis factor (anti-TNF) therapies (11). These increases
have also been noted in various RA clinical trials of meth-
otrexate (12). An understanding of the basis for increases
in LDL cholesterol is important because LDL represents
a heterogeneous collection of apolipoprotein B–con-
taining particles that transport cholesterol (13). Addition-
ally, the behavior of these different-sized particles has
implications for particle clearance and atherogenicity (14).
Increases in LDL particle number, particularly small LDL
particles, have been associated with an increased risk of
cardiovascular events (15). In the current study, we
assessed changes in lipid profile and lipoprotein particle
size and number (through 24 weeks) and apolipoprotein
content (through 12 weeks) in patients with RA. In addi-
tion, the relationships between lipid parameters and mea-
sures of clinical efficacy were investigated at 12 weeks.

PATIENTS AND METHODS

Patients and study design. Eligible patients met the
inclusion criteria for the phase IIb randomized, double-blind,
placebo-controlled study as previously described (6). Qualifying
patients (n 5 301) were randomly assigned in a 2:1:1:1:1 ratio to
once-daily doses of placebo or baricitinib (1, 2, 4, or 8 mg).

After 12 weeks of treatment, patients initially assigned to the
placebo or baricitinib 1 mg groups were re-randomized to either
baricitinib 2 mg twice daily or baricitinib 4 mg once daily for an
additional 12 weeks of blinded treatment. Patients initially
assigned to 2-, 4-, and 8-mg doses of baricitinib continued to
receive the treatment, still in a blinded manner, for an addi-
tional 12 weeks.

The study was conducted in accordance with the ethi-
cal principles of the Declaration of Helsinki and Good Clinical
Practice Guidelines and was approved by the institutional
review board or ethics committee at each center. All patients
provided written informed consent.

Extended lipid profile. Serum samples were collected
at baseline and at weeks 2, 4, 8, 12, 14, 16, 20, and 24, after ran-
domization for conventional lipid profile (total cholesterol, LDL
cholesterol, HDL cholesterol, and triglycerides). Fasting serum
samples were collected at baseline and at weeks 12 and 24 for
determination of lipoprotein particle subfractions by nuclear
magnetic resonance (NMR) spectroscopy (LipoScience) (14).
Diameter ranges (nm) for LDL cholesterol were 21.2–23 for large
LDL and 18–21.2 for small LDL; ranges for HDL cholesterol
were 8.8–13 for large HDL, 8.2–8.8 for medium HDL, and 7.3–
8.2 for small HDL (14). LDL cholesterol levels were calculated
using the Friedewald formula. For apolipoprotein levels, serum
samples were analyzed from the placebo and 4- and 8-mg bar-
icitinib groups at baseline and weeks 4 and 12. Apolipoprotein
A-I, apolipoprotein B, apolipoprotein CIII (LDL-associated
and total), and lipoprotein (a) (Lp[a]), as well as HDL-associated
serum amyloid A (SAA) were quantified using conventional
enzyme-linked immunosorbent assays (Pacific Biomarkers).

The standard cholesterol panel (LDL, HDL, triglycerides,
and total cholesterol) as well as the NMR panel (lipoprotein sub-
fractions) were planned as part of the original study protocol.
Assessments at baseline, week 12, and week 24 were planned to
evaluate the effects of the various doses of baricitinib, relative to
placebo or to each other, at the end of each study period. Patients
were in a fasting state at the time of sample collection so the
results would not be affected by timing in relation to meals, as
patient visits could be scheduled throughout the day. The special-
ized lipid panel (apolipoprotein B, apolipoprotein A-I, LDL-asso-
ciated apolipoprotein CIII, and HDL-associated SAA) was
analyzed from stored samples collected during the course of the
trial. Because the 4-mg and 8-mg doses of baricitinib were carried
into the long-term extension of this study, analysis was limited to
patients from those dose groups. In addition to baseline and week
12, week 4 was selected in order to understand the kinetics of any
observed changes in this apolipoprotein panel.

Statistical analysis. Conventional lipid profile and
lipoprotein particle size and number (assessed by NMR) were
summarized as mean changes from baseline and compared
between each treatment group and the placebo group by
Student’s unpaired 2-tailed t-test. For patients within the same
treatment group, changes from baseline values were analyzed by
1-sample t-test. For each treatment group, apolipoprotein values
were summarized as median percent changes from baseline and
compared to placebo using the Wilcoxon-Mann-Whitney test.
Changes from baseline values among patients within the same
treatment group were analyzed by Wilcoxon’s signed rank test.
The strengths of linear associations between levels of lipids and
inflammatory markers (high-sensitivity C-reactive protein
[hsCRP]) and various RA disease improvement and activity
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measures (Disease Activity Score 28-joint assessment [DAS28],
Simplified Disease Activity Index [SDAI], and Clinical Disease
Activity Index [CDAI]) (16–18) were assessed by correlation
analysis. The Pearson correlation coefficient was used for
assessing the relationship with hsCRP, and the Pearson and par-
tial correlation coefficients were used within and across treat-
ment groups, respectively, for assessing the relationships with
disease activity measures, including tests for increasing or
decreasing strength of linear relationship between lipid changes
and disease activity measures. For analyses at a given time point,
only patients with available data from that time point were
included; no missing data imputation was performed.

RESULTS

Demographic and baseline clinical characteristics of
the different treatment groups were generally comparable

(6). The overall study population was 74% white and 83%
female, with a mean age of 51 years and mean disease dura-
tion of 5.6 years. Forty-nine percent of the patients were
being treated with steroids, at a mean dosage of 6 mg/day.
The mean baseline DAS28 using the CRP (DAS28-CRP)
was 5.5, with ;70% of patients being seropositive for rheu-
matoid factor and/or anti–citrullinated protein antibodies.
Increases in levels of LDL cholesterol, HDL cholesterol,
triglycerides, and total cholesterol were observed as early as
week 2 in patients receiving baricitinib treatment, and were
dose dependent over time. LDL cholesterol levels in the 1-,
2-, 4-, and 8-mg baricitinib groups increased by 3.4, 8.0, 9.5,
and 11.8 mg/dl, respectively, from baseline to week 12. HDL
cholesterol levels increased by 3.3, 3.0, 7.3, and 8.1 mg/dl, and
triglyceride levels increased by 6.4, 15.3, 8.5, and 15.4 mg/dl

Figure 1. Dose- and time-dependent changes in the levels of low-density lipoprotein (LDL) cholesterol, high-density lipoprotein (HDL) choles-
terol, total cholesterol, and triglycerides in the baricitinib treatment groups and the placebo group over 24 weeks. Baseline, week 12, and week
24 values were obtained with patients in a fasting state. Only patients in the 2, 4, and 8 mg baricitinib treatment groups continued treatment
beyond week 12. Values are the mean. * 5 P , 0.05 versus placebo; ** 5 P , 0.001 versus placebo; † 5 P , 0.05 versus baseline in the same treat-
ment group; †† 5 P , 0.001 versus baseline in the same treatment group.
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Table 1. Lipoprotein particle subfractions in patients with moderate-to-severe rheumatoid arthritis*

Baricitinib

Placebo
(n 5 98)

1 mg/day
(n 5 49)

2 mg/day
(n 5 52)

4 mg/day
(n 5 52)

8 mg/day
(n 5 50)

LDL, nmoles/liter
Total LDL particles

Baseline 1,251 6 385 1,269 6 474 1,324 6 504 1,319 6 373 1,285 6 397
Week 12 1,191 6 374 1,243 6 441 1,275 6 512 1,306 6 404 1,248 6 414
Week 24 – – 1,309 6 474 1,233 6 422 1,270 6 429
Mean change from baseline

At week 12 280 6 280† 255 6 307 256 6 294 24 6 287 235 6 303
At week 24 – – 218 6 344 269 6 301 267 6 366

Large LDL particles
Baseline 521 6 293 463 6 283 476 6 207 512 6 242 490 6 234
Week 12 507 6 226 494 6 293 536 6 265 564 6 271 555 6 284
Week 24 – – 568 6 302 544 6 262 581 6 251
Mean change from baseline

At week 12 229 6 200 45 6 193‡ 61 6 168†‡ 56 6 163†‡ 61 6 250‡
At week 24 – – 88 6 212† 42 6 220 69 6 229

Small LDL particles
Baseline 693 6 425 765 6 552 801 6 501 771 6 397 754 6 451
Week 12 648 6 416 706 6 536 690 6 527 700 6 514 645 6 490
Week 24 – – 697 6 502 640 6 507 642 6 494
Mean change from baseline

At week 12 250 6 257 299 6 311† 2119 6 268† 264 6 302 2103 6 410
At week 24 – – 2103 6 397 2123 6 337† 2139 6 433†

Medium small LDL particles
Baseline 146 6 88 159 6 114 163 6 101 158 6 85 157 6 93
Week 12 136 6 85 147 6 115 143 6 111 145 6 102 134 6 100
Week 24 – – 146 6 106 131 6 99 129 6 96
Mean change from baseline

At week 12 210 6 56 220 6 66 221 6 57† 212 6 61 222 6 82
At week 24 – – 217 6 84 227 6 66† 233 6 89†

Very small LDL particles
Baseline 546 6 339 607 6 439 638 6 403 613 6 314 597 6 360
Week 12 512 6 333 559 6 422 547 6 418 555 6 413 511 6 392
Week 24 – – 551 6 396 509 6 409 512 6 398
Mean change from baseline

At week 12 239 6 208 279 6 250† 297 6 217† 252 6 244 281 6 330
At week 24 – – 286 6 317 296 6 275† 2106 6 348†

HDL, mmoles/liter
Total HDL particles

Baseline 32 6 6 33 6 7 32 6 8 33 6 7 31 6 8
Week 12 32 6 7 34 6 7 33 6 8 38 6 8 36 6 9
Week 24 – – 35 6 7 37 6 8 37 6 7
Mean change from baseline

At week 12 1 6 6 2 6 6 1 6 6 4 6 6‡§ 4 6 6§¶
At week 24 – – 2 6 6† 3 6 5§ 5 6 6§

Large HDL particles
Baseline 10 6 4 10 6 5 10 6 4 9 6 3 9 6 4
Week 12 11 6 4 10 6 5 10 6 5 10 6 5 11 6 5
Week 24 – – 10 6 4 10 6 4 11 6 5
Mean change from baseline

At week 12 0 1† 0 1† 1†
At week 24 – – 1† 1 1†

Medium HDL particles
Baseline 4 6 4 4 6 5 4 6 4 3 6 3 4 6 5
Week 12 3 6 3 4 6 3 5 6 7 4 6 5 5 6 7
Week 24 – – 5 6 5 4 6 4 6 6 6
Mean change from baseline

At week 12 21 6 3 21 6 4 1 6 5‡ 2 6 5†‡ 1 6 4‡
At week 24 – – 1 6 3† 1 6 3† 1 6 5

Small HDL particles
Baseline 18 6 7 19 6 5 19 6 7 22 6 6 18 6 7
Week 12 19 6 7 21 6 6 19 6 6 23 6 7 20 6 6
Week 24 – – 19 6 7 23 6 7 20 6 6
Mean change from baseline

At week 12 1 6 5 2 6 4† 21 6 5 1 6 6 2 6 5†
At week 24 – – 0 6 5 2 6 6 2 6 7†
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(Figure 1 and Supplementary Table 1, available on the Arthri-
tis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40036/abstract). There were no changes in
the HDL cholesterol:LDL cholesterol ratio at 12 or 24 weeks
in any of the baricitinib dose groups (Supplementary Table
1). With the exception of patients in the 8-mg baricitinib
group (at week 12), patients receiving concomitant treatment
with a hydroxymethylglutaryl-coenzyme A reductase inhibi-
tor (statin) during the study did not have significant increases
in LDL cholesterol levels compared with the placebo
group at 12 or 24 weeks (see Supplementary Table 2,
http://onlinelibrary.wiley.com/doi/10.1002/art.40036/abstract),
although the sample size was small (n 5 31).

Lipoprotein profiling on NMR demonstrated that
the mean increase in LDL cholesterol levels in patients
being treated with baricitinib was coincident with an

increase in the total number of large LDL particles and a
decrease in the number of small, dense LDL particles
(Table 1). The number of large LDL particles was signifi-
cantly increased at week 12 in all baricitinib treatment
groups versus placebo, and at week 24 versus baseline in
the 2-mg group (within treatment group). Compared with
conditions at baseline, the numbers of very small and
medium small LDL particles were significantly reduced at
24 weeks in the 4- and 8-mg baricitinib groups (Table 1).
As a result, the total LDL particle number did not change
with baricitinib treatment. The mean increase in HDL
cholesterol levels among patients being treated with bar-
icitinib was accompanied by a mean increase in total
HDL particle number, which was significant in the 4- and
8-mg baricitinib groups at week 12 (versus placebo and
within treatment) and week 24 (within treatment only)

Table 1. (Cont’d)

Baricitinib

Placebo
(n 5 98)

1 mg/day
(n 5 49)

2 mg/day
(n 5 52)

4 mg/day
(n 5 52)

8 mg/day
(n 5 50)

IDL, nmoles/liter
IDL particles

Baseline 37 6 40 40 6 52 46 6 58 37 6 34 41 6 50
Week 12 36 6 42 43 6 63 48 6 69 42 6 45 48 6 58
Week 24 – – 43 6 51 48 6 53 48 6 58
Mean change from baseline

At week 12 21 6 39 21 6 47 1 6 53 4 6 46 7 6 45
At week 24 – – 24 6 54 12 6 49 3 6 55

VLDL, nmoles/liter
Total VLDL particles

Baseline 62 6 40 73 6 49 63 6 41 60 6 28 58 6 34
Week 12 55 6 32 81 6 58 70 6 48 72 6 37 69 6 46
Week 24 – – 72 6 36 76 6 38 73 6 46
Mean change from baseline

At week 12 27 6 27† 5 6 31‡ 6 6 33‡ 12 6 28†¶ 12 6 38†‡
At week 24 – – 8 6 31 15 6 35† 13 6 38†

Medium VLDL particles
Baseline 25 6 24 32 6 28 26 6 26 20 6 17 23 6 22
Week 12 21 6 16 41 6 37 31 6 40 28 6 23 28 6 25
Week 24 – – 29 6 24 30 6 24 28 6 28
Mean change from baseline

At week 12 23 6 19 8 6 22†‡ 5 6 25‡ 8 6 21†‡ 5 6 26‡
At week 24 – – 4 6 20 8 6 25† 4 6 24

Small VLDL particles
Baseline 35 6 19 38 6 23 35 6 18 36 6 17 32 6 15
Week 12 32 6 20 36 6 23 35 6 20 39 6 19 37 6 22
Week 24 – – 39 6 16 43 6 20 42 6 23
Mean change from baseline

At week 12 24 6 15† 23 6 20 1 6 20 3 6 18‡ 5 6 18†‡
At week 24 – – 4 6 16 7 6 18† 9 6 21†

* Patients were randomized to receive placebo or the indicated doses of once-daily baricitinib. Values are the
mean 6 SD. LDL 5 low-density lipoprotein; HDL 5 high-density lipoprotein; IDL 5 intermediate-density lipo-
protein; VLDL 5 very low-density lipoprotein.
† P , 0.05 versus baseline in the same treatment group.
‡ P , 0.05 versus placebo.
§ P , 0.001 versus baseline in the same treatment group.
¶ P , 0.001 versus placebo.
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(Table 1). The increase in total HDL particle number was
accounted for by increases in all HDL particles (large,
medium, and small). Finally, the observed mean increase
in triglyceride levels was also coincident with a mean
increase in total very low-density lipoprotein (VLDL)
particle number (Table 1).

Consistent with the results regarding LDL and
HDL cholesterol, increases in apolipoprotein B and apoli-
poprotein A-I were observed as early as 4 weeks in patients
in the 4- and 8-mg baricitinib groups (Table 2). With the

exception of the 8-mg baricitinib group (at week 4),
decreases in the apolipoprotein B/apolipoprotein A-I ratio
were not significant compared to the placebo group. A sig-
nificant increase was observed in total apolipoprotein CIII
at weeks 4 and 12 in the 8-mg baricitinib group (versus pla-
cebo and within treatment) and at 12 weeks in the 4-mg
baricitinib group versus placebo and within treatment.
However, no changes were observed in the amount of apo-
lipoprotein CIII associated with LDL. There were signifi-
cant reductions in HDL-associated SAA at weeks 4 and 12

Table 2. Percent change from baseline in apolipoprotein results*

Baricitinib

Placebo
(n 5 96)

4 mg/day
(n 5 52)

8 mg/day
(n 5 50)

Apolipoprotein A-I, mg/dl
Baseline 184.0 6 5.5 188.0 6 10 178.5 6 8.5
Percent change from baseline

At week 4 21.9 6 3.0 5.1 6 4.1†‡ 11.6 6 3.9§¶
At week 12 1.1 6 2.5 9.5 6 3.8†‡ 12.2 6 3.0‡§

Apolipoprotein B, mg/dl
Baseline 105.0 6 3 110.5 6 6.5 100.0 6 6.5
Percent change from baseline

At week 4 24.5 6 2.6† 3.6 6 2.44‡ 0.85 6 3‡
At week 12 24.5 6 0.93† 6.8 6 3.55‡ 7.14 6 3.83‡

Apolipoprotein B:apolipoprotein
A-I ratio

Baseline 0.6 6 0.03 0.6 6 0.03 0.6 6 0.03
Percent change from baseline

At week 4 23.4 6 2.5† 22.69 6 3.0 29.8 6 5.3‡
At week 12 26.6 6 2.7† 25.33 6 2.7 24.9 6 6.2

Apolipoprotein CIII, mg/dl
Baseline 8.3 6 0.4 7.6 6 0.65 7.4 6 0.6
Percent change from baseline

At week 4 24.2 6 4.3 17.0 6 13.0 22.3 6 10.5‡§
At week 12 28.9 6 4.3 23.0 6 6.9†‡ 19.7 6 3.8§¶

LDL-associated apolipoprotein CIII,
mg/dl

Baseline 1.1 6 0.08 1.2 6 0.17 1.2 6 0.12
Percent change from baseline

At week 4 220.8 6 14.8 24.7 6 18.7 21.3 6 18.1
At week 12 0 6 8.3 24.5 6 10.8 29.0 6 18.9

HDL-associated serum amyloid A,
mg/liter

Baseline 5.7 6 0.6 6.4 6 0.9 11.1 6 3.5
Percent change from baseline

At week 4 12.0 6 14.3 251.3 6 5.3§¶ 250.2 6 7.5†¶
At week 12 11.3 6 6.5 236.0 6 3.5†‡ 232.0 6 16.1†‡

Lipoprotein(a), mg/dl
Baseline 8.4 6 1.5 10.7 6 3.0 11.1 6 2.3
Percent change from baseline

At week 4 0.7 6 5.4 2.53 6 7.4 28.1 6 6.5†‡
At week 12 22.4 6 3.9 24.62 6 4.5 216.6 6 2.6†

* Data on 2 of the 98 placebo-treated patients were missing for these analyses. Due to skewed distribu-
tion, values are reported as the median 6 SEM. LDL 5 low-density lipoprotein; HDL 5 high-density
lipoprotein.
† P , 0.05 versus baseline in the same treatment group.
‡ P , 0.05 versus placebo.
§ P , 0.001 versus baseline in the same treatment group.
¶ P , 0.001 versus placebo.

948 KREMER ET AL



in the baricitinib 4- and 8-mg dose groups (versus placebo
and within treatment). Finally, a significant reduction in
Lp(a) was observed only in the 8-mg treatment group at
week 4 (versus placebo and within treatment) and week 12
(within treatment).

Changes in hsCRP levels (mg/liter) with baricitinib
treatment through 12 weeks have been previously reported
(20.4 with placebo, and 23.3, 20.8, 22.0, and 23.0 with
treatment at 1 mg, 2 mg, 4 mg, and 8 mg, respectively) (8);
in this secondary analysis, changes in HDL cholesterol dem-
onstrated an inverse correlation with changes in hsCRP
(r 5 20.37, P , 0.0001) among patients treated with bar-
icitinib. In contrast, changes in LDL cholesterol with

baricitinib treatment did not correlate with changes in
hsCRP (r 5 20.02, P 5 0.7291) (Supplementary Figure 1,
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40036/abstract).

Further correlation analyses with disease activity
measures revealed a dose-dependent relationship
between change from baseline in HDL cholesterol and
change from baseline to week 12 in DAS28-CRP
(P , 0.001 [P 5 0.005 for the dose-response test]), as
well as in DAS28 using the erythrocyte sedimentation
rate (DAS28-ESR) (P 5 0.004 [P 5 0.019 for the dose-
response test]) and SDAI (P 5 0.022 [P 5 0.003 for the
dose-response test]), with no apparent relationship

Table 3. Correlation analysis between lipid changes and changes in clinical end points from baseline
to week 12*

Clinical end
point

HDL
cholesterol

LDL
cholesterol Triglycerides

Total
cholesterol

r† P r† P r† P r† P

DAS28-CRP 20.23 ,0.001 0.02 0.806 0.07 0.234 20.03 0.572
DAS28-ESR 20.17 0.004 0.09 0.143 0.07 0.273 0.05 0.419
SDAI 20.14 0.022 0.00 0.980 0.12 0.059 0.00 0.984
CDAI 20.08 0.185 0.01 0.921 0.13 0.031 0.03 0.590

* HDL 5 high-density lipoprotein; LDL 5 low-density lipoprotein; DAS28-CRP 5 Disease Activity
Score 28-joint assessment using the C-reactive protein level; DAS28-ESR 5 DAS28 using the erythro-
cyte sedimentation rate; SDAI 5 Simplified Disease Activity Index; CDAI 5 Clinical Disease Activity
Index.
† Pearson partial correlation coefficient.

Figure 2. Correlation analysis of the changes in high-density lipoprotein cholesterol (HDL-C) levels from baseline to week 12 versus changes in the
Disease Activity Score 28-joint assessment using the C-reactive protein level (DAS28-CRP) from baseline to week 12. Patients were divided into
tertiles of change in HDL cholesterol levels (first tertile #0.0 mg/dl, second tertile .0.0 but #7.7 mg/dl, and third tertile .7.7 mg/dl) and change in
the DAS28-CRP from baseline to week 12 (lowest tertile of improvement ,1.07, second tertile $1.07 but ,1.97, highest tertile $1.97). Higher peaks
along the east–west diagonal represent an increased relationship between changes in HDL cholesterol levels and changes in the DAS28-CRP.
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observed for placebo and correlations increasing in magni-
tude with increasing baricitinib dose levels (Table 3). In
patients treated with baricitinib, increases in HDL choles-
terol were significantly correlated with an improvement in
the DAS28-CRP (for all baricitinib treatment groups
combined; r 5 20.28, P , 0.001) (Figure 2 and Supple-
mentary Figure 2, http://onlinelibrary.wiley.com/doi/10.
1002/art.40036/abstract). Correlations were 20.05, 20.28,
20.14, and 20.55 following treatment with baricitinib at 1,
2, 4, and 8 mg, respectively. In patients treated with pla-
cebo, no relationship between HDL cholesterol and
DAS28-CRP was apparent (r 5 20.05, P 5 0.648). A simi-
lar correlation analysis comparing total cholesterol, LDL
cholesterol, and triglyceride levels with disease activity
measures revealed no relationships with total cholesterol
and LDL cholesterol (Table 3). Triglyceride levels were
found to have a positive correlation with the CDAI
(r 5 0.13, P 5 0.031) (change from baseline to week 12),
but not with the DAS28 or SDAI (Table 3).

DISCUSSION

Following 2 weeks of baricitinib treatment,
increases in LDL cholesterol, HDL cholesterol, and tri-
glyceride levels were observed and remained elevated
through 24 weeks. The increase in LDL cholesterol lev-
els after treatment with baricitinib was associated with a
shift in LDL particle distribution, as shown on NMR. It
is well established that increases in the total number of
LDL and small, dense LDL particles are both directly
associated with incident coronary heart disease (CHD)
(19,20). In the present study, however, treatment with
baricitinib did not increase the number of total LDL
particles and in fact decreased the number of small,
dense LDL particles. These results would suggest that
the shift in LDL particle size to large LDL particles is
most likely responsible for the observed increase in
LDL cholesterol levels.

In contrast, the increase in HDL cholesterol lev-
els with baricitinib treatment was concurrent with an
increase in the total number of HDL particles, which
was mostly due to medium HDL particles but also all
other (large and small) HDL particles. In addition to
the well-established inverse association of HDL choles-
terol level with risk of CHD (21), the total number of
HDL particles has also been shown to be inversely asso-
ciated with carotid intima-media thickness and incident
CHD, in the Multi-Ethnic Study of Atherosclerosis
(22). The inverse association shown in that study was
independent of atherogenic lipoproteins (including total
number of LDL particles) and HDL cholesterol level.
Consistent with the increase in the number of HDL

particles, treatment with baricitinib resulted in an
increase in apolipoprotein A-I and a reduction in SAA
content on the HDL particles. Because SAA negatively
impacts HDL function by reducing the ability of these
particles to mediate cholesterol efflux (23), a reduction
in SAA per HDL particle would likely render these par-
ticles more efficient for reverse cholesterol transport
(24). Similar results have also been found in studies
regarding treatments with anti-TNF (25), tofacitinib (9),
and tocilizumab (26).

The NMR lipoprotein profile also showed no
change in intermediate-density lipoprotein particles but
did reflect an increase in the total number of VLDL
particles, which most likely accounts for the increase in
triglyceride levels. Increases in apolipoprotein B and
apolipoprotein CIII were also observed with baricitinib
treatment. Although TNF inhibitors also increase apoli-
poprotein B in conjunction with increases in LDL cho-
lesterol (25), their use is associated with a decreased
incidence of cardiovascular events (27). The increases in
apolipoprotein B and apolipoprotein CIII in the present
study are consistent with the increases observed in
VLDL particle number and serum triglycerides. Addi-
tionally, a reduction in Lp(a) was also observed at week
4 (within treatment and compared to placebo) and at
week 12 (within treatment only) in patients treated with
8 mg of baricitinib (but not for the 4-mg dosage group).

The present study also demonstrated a correla-
tion between the increase in HDL cholesterol levels and
the change from baseline to week 12 in the DAS28-
CRP. The increase in HDL cholesterol levels also corre-
lated with change from baseline to week 12 in the
DAS28-ESR and the SDAI. This association provides
additional support for a potential causal relationship
between the increase in HDL cholesterol levels and the
reduction in inflammation and disease activity scores.
Significant dose-response relationships were identified
in the correlation analyses of HDL cholesterol levels,
suggesting that the relationship between HDL choles-
terol and disease activity measures became greater in
magnitude as a result of the baricitinib treatment. The
lack of a similar correlation between these disease activ-
ity scores and the increases in LDL cholesterol and total
cholesterol levels demonstrates the possibility of differ-
ent mechanisms for explaining the increase in HDL cho-
lesterol versus LDL cholesterol levels. Furthermore,
although a positive correlation was observed between
triglyceride levels and the CDAI, a similar relationship
was not observed with other disease activity scores.

There were some limitations in this study. Enroll-
ment in this study was restricted to the anti-TNF/biologic-
naive population being treated with methotrexate, and
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thus interpretation was limited to this patient subset.
Although the increase noted in LDL cholesterol levels
was not observed in a subgroup of patients treated with
baricitinib (n 5 31) who were receiving a statin at various
times during the study, the number of patients receiving
statins varied across treatment groups. There was no
attempt to evaluate the effects of statin initiation or dos-
age on the lipid profile of patients being treated with bar-
icitinib. Thus, it is noteworthy to mention that by chance a
higher percentage of patients in the 4- and 8-mg bar-
icitinib groups were receiving concomitant statins than
those being treated with the lower baricitinib doses.
Therefore, it is possible that the increases in total choles-
terol levels in these two higher dosage groups would have
been higher than in the lower doses, as suggested in the
subset analysis of the non–statin users versus statin users
(see Supplementary Table 2, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40036/abstract). However, due to the
small sample size per treatment arm once non–statin
users and statin users are subdivided, interpretation of
this subgroup analysis should be undertaken with
caution.

Additionally, the use of other lipid-lowering
medications was not restricted; however, the initiation
of new medications and/or treatments during the course
of the study was prohibited unless it was required in
order to treat an adverse event or ongoing medical con-
dition. The placebo-controlled period was limited to 12
weeks duration due to ethical concerns of continuing
placebo in patients with active RA. Evaluation of the
changes in lipid profile and lipoprotein particle size and
number was limited to 24 weeks, with a total enrollment
of 301 patients based on the phase II dose-ranging study
design. Finally, as with any post hoc analyses and espe-
cially with evaluations in small subgroups, the number
of statistical comparisons performed without control of
the Type I error rate may lead to some spurious
findings.

The results found in this study are most consis-
tent with those reported in studies of patients treated
with tocilizumab, in whom increases in total cholesterol,
LDL cholesterol, HDL cholesterol, and triglyceride lev-
els, and reductions in HDL-associated SAA and Lp(a)
have been described (10). These similarities suggest that
the inhibition of IL-6 signaling may explain, in part, the
mechanism by which baricitinib modulates lipoprotein
particle distribution and metabolism. Treatment with
the JAK inhibitor tofacitinib has resulted in increases in
LDL cholesterol, HDL cholesterol, total cholesterol,
and triglyceride levels, with increases in HDL particle
number and LDL particle size, similarly observed by

NMR (9). That study also showed that tofacitinib
decreased the fractional catabolic rate for cholesterol
esters, which in part may explain the similar qualitative
changes in serum lipids observed in our study. The pres-
ent study demonstrated a series of changes in lipid parti-
cle size and apolipoproteins in patients with RA who
were receiving treatment with baricitinib. Before the
clinical impact of the lipid changes described in this
study can be better understood, longer-term observa-
tional studies that track actual cardiovascular events
and lipid changes of patients being treated with bar-
icitinib are needed.
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A Multi-Biomarker Disease Activity Score and the Choice of
Second-Line Therapy in Early Rheumatoid Arthritis After

Methotrexate Failure
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Johan K. Wallman,3 Sofia Ernestam,4 Rebecca J. Bolce,5 and Ronald F. van Vollenhoven1

Objective. To investigate whether the Multi-
Biomarker Disease Activity (MBDA) score predicts opti-
mal add-on treatment in patients with early rheumatoid
arthritis (RA) who were inadequate responders to MTX
(MTX-IRs).

Methods. We analyzed data from 157 MTX-IRs
(with a Disease Activity Score using the erythrocyte sedi-
mentation rate [DAS28-ESR] >3.2) from the Swedish
Pharmacotherapy (SWEFOT) trial who were randomized
to receive triple therapy (MTX plus sulfasalazine plus
hydroxychloroquine) versus MTX plus infliximab. The
MBDA score as a predictor of the subsequent DAS28-
based response to each second-line treatment was analyzed
at randomization with the Breslow-Day test for 2 3 2
groups, using both validated categories (low [<30], moder-
ate [30–44], and high [>44]) and dichotomized categories
(lower [£38] versus higher [>38]).

Results. Among the 157 patients, 12% had a low
MBDA score, 32% moderate, and 56% high. Of those with a

low MBDA score, 88% responded to subsequent triple ther-
apy, and 18% responded to MTX plus infliximab (P 5
0.006); for those with a high MBDA score, the response
rates were 35% and 58%, respectively (P 5 0.040). When
using 38 as a cutoff for the MBDA score (29% patients with
lower scores versus 71% with higher scores), the differential
associations with response to triple therapy versus MTX
plus infliximab were 79% versus 44% and 36% versus
58%, respectively (P 5 0.001). Clinical and inflammatory
markers had poorer predictive capacity for response to tri-
ple therapy or MTX plus infliximab.

Conclusion. In patients with RA who had an inade-
quate response to MTX, the MBDA score categories were
differentially associated with response to subsequent thera-
pies. Thus, patients with post-MTX biochemical improve-
ments (lower MBDA scores) were more likely to respond to
triple therapy than to MTX plus infliximab. If confirmed,
these results may help to improve treatment in RA.

In the standard care of patients with early rheumatoid
arthritis (RA) (1,2), inadequate response to methotrexate
(MTX) monotherapy is followed by a further intensification
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of treatment by adding conventional, nonbiologic disease-
modifying antirheumatic drugs (cDMARDs) such as sulfasal-
azine and hydroxychloroquine, also known as triple therapy
(3–5), or biologic medications, such as anti–tumor necrosis
factor (anti-TNF), including infliximab (1,2,6). The relative
strengths of these 2 options were compared in several trials.
In the open-label randomized Swedish Pharmacotherapy
(SWEFOT) trial, the addition of infliximab was significantly
more effective after 1 year, but the difference was no longer
significant after 2 years (7). Addition of infliximab to triple
therapy for 6 months in patients from the New Finnish RA
Combination Therapy (NEO-RACo) trial showed a clini-
cally beneficial trend at 2 years as compared with the group
of patients who received triple therapy plus placebo (8).
Following further yearly examinations, however, the slope
between the 2 arms merged closer, resulting in a disap-
pearance of the trend at 5 years. In the randomized double-
blind trials Treatment of Early Aggressive RA (TEAR)
and RA: Comparison of Active Therapies in Patients With
Active Disease Despite Methotrexate Therapy (RACAT),
the addition of etanercept to MTX was not more effective
than the addition of sulfasalazine plus hydroxychloroquine
with regard to the primary end point, establishing formal

noninferiority in the latter trial but identifying some 2-year
differences in radiographic progression (in only the TEAR
trial) that differed between the treatments (9,10). More-
over, even if a true difference might be present between
these options, the cost difference between cDMARDs and
biologic drugs is so large that use of the latter has not been
shown to be cost-effective (11).

Results from all these trials, however, apply on a
group level, and it stands to reason that for each patient,
the 2 treatment options may have different likelihoods
of response (10). Although some clinical and serologic
factors have been shown to be associated with response
to certain treatment options (12,13), there have yet
been no consistent predictors that could identify an indi-
vidual patient with a higher chance of responding to a
particular therapy compared with another (14,15).

The Multi-Biomarker Disease Activity (MBDA)
score is a disease activity measure based on the measure-
ment of 12 serum biomarkers that was designed to corre-
late with the Disease Activity Score in 28 joints using the C-
reactive protein level (DAS28-CRP) (16,17). The MBDA
score includes measurement of the levels of acute-phase
reactants, inflammatory cytokines, cell-adhesion molecules,

Table 1. Baseline characteristics and demographic data of the study patients, by clinical response at 1 year
in the SWEFOT trial*

Baseline characteristic

All SWEFOT
patients

(n 5 487)†

MTX-IR subset in the present study

All MTX-IR
patients

(n 5 157)

Responders
(DAS28 #3.2)

(n 5 79)

Nonresponders
(DAS28 .3.2)

(n 5 78)

No. (%) female 344 (70) 125 (79.6) 54 (68.4) 71 (91)‡
Symptom duration, mean 6 SD months 6.2 6 4.6 6.1 6 3.5 6.2 6 3. 8 6.0 6 3.2
Anti-CCP status, no. (%)

Positive 275 (57) 87 (55) 45 (57) 42 (54)
Negative 157 (32) 62 (40) 30 (38) 32 (41)
Not available 55 (11) 8 (5) 4 (5) 4 (5)

RF status, no. (%)
Positive 330 (68) 97 (62) 47 (60) 50 (64)
Negative 152 (31) 59 (38) 32 (40) 27 (35)
Not available 5 (1) 1 (1) 0 (0) 1 (1)

Joint counts, mean 6 SD of 28 joints
Swollen joints 10.8 6 5.3 11.6 6 5.4 11.3 6 5.3 11.9 6 5.4
Tender joints 9.6 6 6.1 10.6 6 6.1 9.6 6 6.4 11.7 6 5.6§

ESR, mean 6 SD mm/hour 39.9 6 25.9 44.3 6 27.0 39.7 6 22.2 48.9 6 30.6
CRP, mean 6 SD mg/liter 33.8 6 36.8 37.0 6 38.2 34.5 6 35.4 39.6 6 4.1
PGA, mean 6 SD mm (0–100-mm VAS) 56.0 6 23.9 57.6 6 25.1 55.0 6 25.5 60.1 6 24.6
DAS28, mean 6 SD 5.7 6 1.0 6.0 6 1.0 5.8 6 0.9 6.2 6 0.9§
MBDA score, mean 6 SD 58.6 6 15.1 59.2 6 15.7 58.9 6 13.8 59.5 6 17.5

* In the present study, a subset of 157 patients with early rheumatoid arthritis who participated in the Swedish
Pharmacotherapy (SWEFOT) trial and were inadequate responders to methotrexate monotherapy (MTX-IRs)
at 3 months were evaluated according to the Multi-Biomarker Disease Activity (MBDA) score. Anti-
CCP 5 anti–cyclic citrullinated peptide; RF 5 rheumatoid factor; VAS 5 visual analog scale.
† Patients in the main study group were missing data for the following assessments: swollen and tender joint
counts (n 5 2), erythrocyte sedimentation rate (ESR; n 5 5), C-reactive protein (CRP; n 5 3), patient’s global
assessment (PGA; n 5 3), Disease Activity Score in 28 joints (DAS28; n 5 8), and MBDA score (n 5 185).
‡ P , 0.001 versus responders, by chi-square test.
§ P 5 0.006 versus responders, by Mann-Whitney U test (tender joint count) or Student’s t-test (DAS28).
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adipose tissue products, and matrix metalloproteinases.
We previously showed that in the SWEFOT clinical trial
(7,18), low and moderate MBDA scores (,30 and 30–44,
respectively) were associated with a very low risk of subse-
quent radiographic joint damage (19). However, baseline
MBDA scores did not predict the clinical response to MTX
monotherapy or to second-line therapies.

We reasoned that rather than focusing on the
baseline score, the MBDA score at month 3 of MTX
monotherapy might provide useful clues as to the effi-
cacy of subsequent treatments in inadequate responders
to MTX (MTX-IRs). Thus, in the present study, we
investigated whether an MBDA score at the time of ran-
domization to second-line therapy might be predictive
of subsequent clinical responses to triple therapy versus
MTX plus anti-TNF therapies and whether it might
guide the optimal choice of treatment strategy.

PATIENTS AND METHODS

Study design. This was a post hoc study done on sam-
ples and clinical data from the SWEFOT trial. Patients with
early RA (n 5 487) diagnosed according to American College of
Rheumatology (ACR) criteria were recruited to the SWEFOT
trial. Inclusion criteria were active disease (DAS28 using the
erythrocyte sedimentation rate [DAS28-ESR] .3.2), age $18
years, and symptom duration ,1 year (7). Patients started MTX
monotherapy for 3 months, and those with a DAS28 of #3.2 at
month 3 (responders) continued the MTX monotherapy, while
those with a DAS28 of .3.2 at month 3 (n 5 258) were random-
ized to receive intensified treatment: either MTX plus sulfasala-
zine plus hydroxychloroquine (triple therapy) or MTX plus
infliximab (anti-TNF). Samples from 157 of the 258 randomized
MTX-IR patients were analyzed using the MBDA, based on
availability of serum samples and completeness of the available
clinical data (data available upon request from RFvV, the senior
author and coordinating investigator of the SWEFOT trial).

The SWEFOT trial was registered at the World Health
Organization database at Karolinska Institute (CT20080004)

Figure 1. Distribution of disease activity measures at month 3 in responders and nonresponders to second-line therapy at year 1. The Multi-
Biomarker Disease Activity (MBDA) score (A), C-reactive protein (CRP) level (B), erythrocyte sedimentation rate (ESR) (C), and Disease
Activity Score in 28 joints (DAS28) (D) at month 3 (at the time of randomization) among responders and nonresponders to triple therapy or
anti–tumor necrosis factor (anti-TNF) therapy are shown. Data are shown as box plots. Each box represents the upper and lower interquartile
range (IQR). Lines inside the boxes represent the median. Whiskers represent 1.5 times the upper and lower IQRs. Circles indicate outliers.
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and at the ClinicalTrials.gov database (NCT00764725). All
patients gave their written informed consent before the start of
the SWEFOT trial. The trial was approved by the regional eth-
ics committees of all participating units. See Appendix A for
the names of the principal investigators.

Outcomes measures. The MBDA score at month 3
was measured and related to the likelihood of low disease activity
(DAS28 #3.2) or good response according to the European
League Against Rheumatism (EULAR) criteria (20,21) at year 1
in the 2 separate groups of MTX-IR patients: those receiving tri-
ple therapy (n 5 75) and those receiving anti-TNF (n 5 82). The
same analysis was done after stratification of patients according
to rheumatoid factor (RF) and anti–cyclic citrullinated peptide
(anti-CCP) status. For comparison, we also studied values for the
CRP, ESR, and DAS28 at month 3. Two of the 157 MTX-IR
patients had missing CRP data (n 5 155) and 3 had missing ESR
data (n 5 154). Categorization of the DAS28 values at month 3
was based on standard cutoffs recommended by EULAR
(20,21): .3.2–5.1 for moderate disease activity and .5.1 for high
disease activity. For the MBDA score, CRP level, and ESR,
receiver operating characteristic (ROC) curve analysis yielded
the following cutoffs (based on the largest sum of the sensitivity
plus the specificity) for lower versus higher disease activity cate-
gories: for the MBDA score, #38 versus .38; for the CRP level,
#32 mg/liter versus .32 mg/liter; and for the ESR, #25.5 mm/
hour versus .25.5 mm/hour.

MBDA scores. Serum samples from the SWEFOT trial
were analyzed for components of the MBDA score by Crescendo
Bioscience using electrochemiluminescence-based multiplexed
immunoassay on a Meso Scale Discovery Multi-Array platform
(22). The MBDA score (Vectra DA disease activity test) is based
on serum levels of the following 12 biomarkers: vascular cell
adhesion molecule 1, epidermal growth factor, vascular

endothelial growth factor, interleukin-6, TNF receptor 1, matrix
metalloproteinases 1 and 3, cartilage glycoprotein 39 (YKL-40),
leptin, resistin, serum amyloid A, and CRP. The scale of the
MBDA score has a range of 1–100, and validated cutoffs for dif-
ferent categories of disease activity are as follows: low 5 ,30,
moderate 5 30–44, and high 5 .44 (16,17). In addition to the
cutoff based on ROC curve analysis mentioned above, these vali-
dated cutoffs were used for further analyses.

Statistical analysis. Baseline characteristics and demo-
graphic data were analyzed by t-test for normally distributed
variables, Mann-Whitney U test for non-normally distributed
variables, and chi-square test for categorical variables. For the
comparison of continuous values of the MBDA score, the CRP
level, and the ESR at month 3 between the responders and the
nonresponders to triple therapy or anti-TNF treatment at year 1,
the Mann-Whitney U test was used, and for the DAS28, Student’s
t-test was used. Categories of the MBDA score, the CRP level,
and the ESR were obtained from ROC curve analysis. Based on
this analysis, we selected the cutoff values that corresponded to
the highest sum of the sensitivity plus the specificity. For the
MBDA score and the DAS28, validated cutoffs were also used.
The proportion of clinical responders (DAS28 #3.2) to triple
therapy or anti-TNF therapy within patient groups with different
disease activity categories was compared using chi-square test or
Fisher’s exact test. The homogeneity of odds ratios for clinical
response or a EULAR good response at year 1 to triple therapy
or anti-TNF therapy among patients with lower or higher levels of
the MBDA score, CRP level, ESR, or DAS28 was determined by
Breslow-Day test. All statistical analyses were done using IBM
SPSS Statistics 22 software.

RESULTS

Baseline characteristics. The baseline character-
istics and demographic data for the entire SWEFOT cohort
(n 5 487) and for the 157 MTX-IR patients included in the
present study were similar (Table 1). Characteristics at
month 3 between randomized patients who were
included in this study (n 5 157) and those who were not
(n 5 101) were also similar, with the patient’s global
assessment by visual analog scale being the only signifi-
cantly different variable (lower among the patients in
the present study; data available upon request from the
corresponding author).

Relationship between the MBDA score, CRP level,
ESR, and DAS28 and a subsequent clinical response to
triple therapy or anti-TNF therapy. Overall, there was no
significant difference in the proportion of responders at year
1 between the triple therapy (n 5 75) and the anti-TNF ther-
apy (n 5 82) groups (47% versus 54%; P 5 0.381). At month
3, the MBDA score, ESR, and DAS28 values were signifi-
cantly lower in subsequent responders versus nonresponders
to triple therapy at year 1 (Figures 1A, C, and D), whereas
this was only observed for the DAS28 value in those receiv-
ing anti-TNF therapy (Figure 1D). When stratified
according to established cutoffs for the MBDA score, 12%

Figure 2. Proportion of patients with a clinical response to second-
line therapy at year 1 according to a DAS28 score of #3.2, stratified
by conventional cutoffs of the MBDA score at the start of treatment
intensification. Responders at year 1 were evaluated according to
low (,30), moderate (30–44), or high (.44) scores on the MBDA
at month 3. See Figure 1 for definitions.
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of patients had low (,30), 32% had moderate (30–44), and
56% had high (.44) MBDA scores at treatment escalation.

Patients with low MBDA scores included a sig-
nificantly greater proportion of subsequent responders
at year 1 to triple therapy as compared with anti-TNF
therapy (88% versus 18%; P 5 0.006). Patients with high
MBDA scores responded better to anti-TNF (35% ver-
sus 58%; P 5 0.040) (Figure 2).

Similar results were obtained using ROC-based
cutoffs; patients with lower MBDA scores (#38) at month 3
(29% of 157 patients) had a higher likelihood of response at
year 1 to triple therapy (79%) as compared with anti-TNF
(44%) (Figure 3A). For patients with higher (.38) MBDA
scores (71% of 157 patients), the response rates were 36%
and 58%, respectively (P 5 0.001 for comparison across all 4
groups). Using the same approach, we analyzed the CRP,
ESR, and DAS28 values (Figures 3B–D). Only the ESR
resulted in a similar, although weaker, association, with 68%
responding to triple therapy and 53% responding to anti-
TNF therapy for patients with lower ESRs and 26% versus

51% responding to the respective therapies among those
with higher ESRs (P 5 0.011 for comparison across all 4
groups) (Figure 3C).

Impact of autoantibodies on the association of the
MBDA score with subsequent clinical response to triple
therapy or anti-TNF therapy. Of the 157 MTX-IR
patients, RF status was missing in 1 and anti-CCP in 8
(Table 1). When grouped according to RF or anti-CCP
status, the pattern of associations of the MBDA score at
month 3 with the subsequent achievement of a low disease
activity score (DAS28 #3.2) for each therapeutic group
was similar between seropositive and seronegative patients
(Figure 4). Thus, among the RF-negative patients with
lower MBDA scores (n 5 19), the proportions achieving a
DAS28 of #3.2 at year 1 were 78% of those receiving tri-
ple therapy and 50% of those receiving anti-TNF, while
for patients with higher MBDA scores (n 5 40), the pro-
portions were 37% and 62%, respectively (P 5 0.055) (Fig-
ure 4A). Among RF-positive patients, these proportions
were 80% versus 41% and 35% versus 58%, respectively

Figure 3. Proportion of patients with a clinical response to second-line therapy at year 1 according to a DAS28 score of #3.2, stratified by
receiver operating characteristic curve–based cutoffs of disease activity measures at month 3. Responders at year 1 were evaluated according to
the MBDA score (A), CRP level (B), ESR (C), and DAS28 (D) at month 3. Overall P values for the 4 groups were calculated using the
Breslow-Day test; P values for triple therapy versus anti-TNF therapy were calculated using the chi-square test, except where indicated otherwise.
† 5 P value was calculated using Fisher’s exact test. See Figure 1 for definitions.
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(P 5 0.008) (Figure 4B). When stratified according to anti-
CCP status, among the anti-CCP–negative patients with
lower MBDA scores (n 5 23), the proportion who
achieved a DAS28 of #3.2 at year 1 was 78% of those
receiving triple therapy and 43% of those receiving anti-
TNF, while for those with higher MBDA scores (n 5 39),
the proportions were 35% and 56%, respectively (P 5

0.034) (Figure 4C). Among anti-CCP–positive patients,
these proportions were 89% versus 45% and 34% versus
60%, respectively (P 5 0.006) (Figure 4D).

Relationship between the MBDA score, CRP
level, ESR, and DAS28 and a good clinical response
at year 1 according to the EULAR criteria. Among
patients with lower (#38) MBDA scores, the propor-
tions of EULAR good responders at year 1 in the triple
therapy and anti-TNF therapy arms were 58% and 30%,
respectively, while among those with higher (.38)

MBDA scores, the proportions were 34% and 53%,
respectively (P 5 0.007) (Figure 5A). Similar but weaker
patterns were obtained from analyses according to the
CRP level (P 5 0.034) (Figure 5B) or the ESR (P 5 0.012)
(Figure 5C). Analyses according to the DAS28 did not
reveal a similar pattern (Figure 5D).

DISCUSSION

The aim of this study, which was based on the early
RA SWEFOT trial, was to investigate whether the MBDA
score is a valuable tool for predicting which of the second-
line treatments (anti-TNF or triple therapy) is preferable
for the individual patient in whom MTX monotherapy has
failed. We have previously shown that smoking, functional
impairment, and female sex strongly predict a nonresponse
to MTX at 3 months of follow-up (13), whereas those who

Figure 4. Proportion of patients achieving low levels of disease activity at year 1 according to a DAS28 score of #3.2, stratified by the MBDA
scores at month 3 in seropositive and seronegative subsets. Responders at year 1 were evaluated according to rheumatoid factor (RF)–negative
(A), RF-positive (B), anti–cyclic citrullinated peptide (anti-CCP)–negative (C), and anti-CCP–positive (D) status. Overall P values for the 4
groups were calculated using the Breslow-Day test, and P values for triple therapy versus anti-TNF therapy were calculated using the chi-square
test, except where indicated otherwise. † 5 P value was calculated using Fisher’s exact test. See Figure 1 for other definitions.
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responded well to MTX did well during 2 years of follow-
up under standard care (23). All clinical guidelines recom-
mend that treatment start with MTX, while there are sev-
eral options to choose from in cases of nonresponse:
cDMARD combinations and different biologic drugs. Pre-
dictors of the optimal choice are scarce.

In the present study, we found that a validated
score based on a panel of biomarkers could help predict in
a differential manner which subsequent therapy would be
most effective in early RA patients with an insufficient
response to MTX monotherapy. Thus, while overall,
second-line therapy with anti-TNF was better in terms of
the DAS28 (although perhaps only marginally so) at the
group level, we found that for patients with lower MBDA
scores (#38) at treatment escalation, triple therapy was
not only equal but was in fact a better therapeutic option
than anti-TNF in terms of clinical response. In contrast, in
patients with higher MBDA scores (.38), anti-TNF was
more efficient in achieving low DAS28 values at year 1.

The conventional markers of inflammation did not
show any preferential outcome for triple therapy. Among
them, only higher ESRs (.25.5 mm/hour) showed similar,
though weaker, associations with response (either a
DAS28 of #3.2 or a EULAR good response) to therapy
with anti-TNF. The observed significance regarding the
homogeneity of odds ratios for a EULAR good response
to triple therapy or anti-TNF therapy in patients with
higher (.32 mg/liter) versus lower (#32 mg/liter) CRP
levels could be explained by the fact that among the 14
patients with higher CRP levels, only 1 responded to triple
therapy. However, comparison of the proportion of
responders between the triple therapy and anti-TNF ther-
apy groups within each CRP category did not reveal any
significant differences (Figure 5B).

Several trials have shown that early and aggressive
treatment of RA increases the chances of achieving remis-
sion or low levels of disease activity. However, the superi-
ority of biologic drugs versus combination cDMARDs was

Figure 5. Proportions of patients with a good clinical response to second-line therapy at year 1 according to the European League Against
Rheumatism (EULAR) criteria, among those with lower versus higher disease activity at month 3. Responders at year 1 were evaluated
according to the MBDA score (A), CRP level (B), ESR (C), and DAS28 (D) at month 3. Overall P values for the 4 groups were calculated using
the Breslow-Day test, and P values for triple therapy versus anti-TNF therapy were calculated using the chi-square test, except where indicated
otherwise. † 5 P value was calculated using Fisher’s exact test. See Figure 1 for other definitions.
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observed only for the first few months of treatment, gradu-
ally losing their advantage after further follow-up (7–10).
Moreover, O’Dell and colleagues (10) showed in the
RACAT trial that MTX nonresponders who received tri-
ple therapy and failed to respond improved significantly
after switching to MTX plus etanercept. Similarly, those
who received MTX plus etanercept and did not respond
had better clinical outcomes after they were switched to
triple therapy.

The results presented herein may, if confirmed,
have a major bearing on clinical practice. According to
widely accepted guidelines, initial (first-line) therapy for
RA is usually MTX, but if this yields an insufficient
response, several second-line options are available, includ-
ing the addition of anti-TNF or escalation to triple therapy
(1). While both of these options are superior to placebo,
their head-to-head efficacy has been a matter of some
debate. The data currently available indicate either that
the 2 options are equivalent or that anti-TNF is only mar-
ginally better than triple therapy but at a very large cost,
and it has therefore been argued that triple therapy should
be attempted first. However, as demonstrated in the
RACAT trial, where patients failing anti-TNF therapy
could respond to triple therapy and vice versa, the equiva-
lence of the 2 options is only true at the group level; indi-
vidual patients may show different responses to triple
therapy versus anti-TNF therapy (10).

Because escalation of therapy in clinical practice is
usually from conventional drugs to biologic drugs rather
than vice versa, clinicians are often keenly aware of
patients who responded much better to anti-TNF than to
triple therapy and much less aware of the reverse scenario.
This may be a reason that clinicians have been reluctant to
adopt triple therapy. The findings in our study allow the
identification of a patient subgroup that is much more
likely to respond to triple therapy than to anti-TNF, and
this may help clinicians choose the better option. The
MDBA score cutoff of #38 and .38, which was defined
here based on ROC curve analyses, needs to be confirmed
in other patient populations; however, the findings were
also striking for the already validated cutoffs and for con-
tinuous levels of the MBDA score.

Clinical outcomes do not always reflect radiologic
data (23–27). We previously showed in the SWEFOT trial
that MTX-IR patients receiving anti-TNF therapy had a
significantly lower proportion of radiographic progression
at year 2 compared with those receiving triple therapy
(18). However, in a later study of the same patients, it was
shown that patients with low MBDA scores at the time of
randomization did not progress radiographically during 2
years from baseline, regardless of the choice of therapy
(28). Neither differed in the proportion of patients with 2-

year radiographic progression among those with moderate
MBDA scores between the anti-TNF and triple therapy
groups (24% and 25%, respectively). The superiority of
anti-TNF versus triple therapy was obvious only in
patients with high MBDA scores (32% and 57%, respec-
tively; P 5 0.038). Thus, it may be speculated that giving
preference to triple therapy over anti-TNF for patients
with lower MBDA scores is not likely to have a negative
effect on radiographic outcome.

There have indeed been many studies performed on
biomarkers as potential predictors of response to biologic
therapies. Trocme and colleagues (29) demonstrated that
increased levels of plasma apolipoprotein A-I were an indi-
cator of response to infliximab therapy (according to the
ACR criteria for 70% improvement), while platelet factor 4
was associated with nonresponse. Another study on cyto-
kines showed that a simultaneous increase in the levels of
monocyte chemoattractant protein 1 and epidermal growth
factor (EGF) or in the levels of CRP and EGF was associ-
ated with a response to etanercept therapy (30). In a ran-
domized trial, different biomarkers measured at baseline or
during the first 4 weeks of treatment correlated with a sub-
sequent clinical response to the anti-TNF agent golimumab
(31). Likewise, Hueber et al (32) demonstrated that a panel
of 24 biomarkers (13 autoantibodies and 11 cytokines) pre-
dicted response to etanercept. However, none of these
studies analyzed whether the biomarkers differentially pre-
dicted response to triple therapy versus anti-TNF.

Thus, in this study, the MBDA score was differen-
tially associated with the likelihood of response to one or
the other second-line treatment. A possible explanation
for these findings might lie in the fact that an inadequate
response to MTX monotherapy was based on the DAS28,
which is mostly based on symptomatic parameters. Some
of these patients might have experienced improvements
during the 3 months of MTX monotherapy, but of a minor
magnitude, making them symptomatically undetectable at
the time of the month 3 evaluation (lagging response). The
MBDA blood test, on the other hand, shows changes on a
molecular level, which can show early improvements that
are not yet detectable on physical examination. Therefore,
patients who achieved lower MBDA scores by the end of
MTX monotherapy but still had moderate/high disease
activity based on the DAS28 value were able to accelerate
their improvements after addition of other nonbiologic
DMARDs. One of the components of the triple therapy,
sulfasalazine, has a pharmacokinetic/pharmacodynamic
interaction with MTX (33,34), which could further support
this theory. If this was indeed the case, for those who
responded to triple therapy, taking MTX longer or escalat-
ing the dosage might be another option for achieving clini-
cal response.
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It is therefore conceivable that patients who show
biochemical improvements with MTX treatment, even
when they have insufficient clinical responses, are more
likely to respond to intensification of treatment with a
drug that acts by the same mechanism rather than
switching to a drug with a different mechanism of action.
In contrast, patients with a lack of biochemical improve-
ments during MTX monotherapy may need a drug with a
completely different treatment mechanism (e.g., TNF
inhibition) to achieve low levels of disease activity. This
hypothesis could also apply to the prediction of respond-
ers to anti-TNF according to the ESR, which also detects
changes on a molecular/cellular level.

There were some limitations in this study which
could affect the results. This was a post hoc analysis,
prompted by novel biomarker findings that did not exist
when the SWEFOT trial was designed. There is no vali-
dated threshold value for defining patients with low or
high CRP or ESR values. Therefore, we used ROC curve
analysis to define the best cutoffs. Even though the
MBDA score had validated categories, those were devel-
oped to monitor RA. We therefore also defined new
cutoffs using ROC curve analysis for the MBDA scores.
This allowed us to create 2 groups (lower and higher)
instead of 3 (low, moderate, and high), which led to a
more comparable sample size in each group. Another lim-
itation was that we did not have an opportunity to study
these relationships for other anti-TNF medications or for
biologic drugs other than anti-TNF. Similar studies using
other anti-TNF, anti–interleukin-6, T cell–modulating, or
anti–B cell therapies would give us further opportunities
to explore predictive patterns of the MBDA score. And
finally, because of missing data, we were unable to analyze
40% of patients who were randomized to second-line ther-
apy. This fact may generate uncertainty concerning the
reliability of the results. We tried to address this challenge
by comparing characteristics at the time of randomization
between these 40% of patients and the remaining 60%
who were included in this study (data available upon
request from the corresponding author). The results did
not show striking differences, which allowed us to assume
that the inclusion of these patients would be less likely to
affect the results presented here.

The main strength of this study was that the patient
population included in the SWEFOT trial is from standard
care with little selection; almost all patients in the areas of
the participating centers were referred directly there, and
the only inclusion criteria were an age $18 years, a symp-
tom duration of ,12 months, a DAS28 of .3.2, and a sta-
ble low dosage of prednisolone in those who were taking
it. Another strength of this study was a reasonable sample
size and comparable numbers of patients in each treatment

arm (n 5 75 for triple therapy versus n 5 82 for anti-TNF),
which allowed us to obtain reliable statistical results. How-
ever, of the entire group of MTX-IR patients randomized
to triple therapy or anti-TNF (n 5 258), 40% were not
included in the analyses because complete data at 3 and 12
months were lacking. The characteristics at 3 months did
not differ between the 2 groups, except for global health
assessment in the patients who were not analyzed
(n 5 101) versus those who were (n 5 157) (data available
upon request from the corresponding author).

In conclusion, in patients with early RA who had
an insufficient clinical response to first-line therapy with
MTX, the MBDA score was significantly and differen-
tially associated with subsequent response to triple ther-
apy or to anti-TNF therapy. A subset of patients (29% of
the study population) had lower MBDA scores and a
higher proportion of responders to triple therapy than to
anti-TNF. In contrast, patients with higher MBDA scores
(71% of the study population) had greater benefit from
anti-TNF than triple therapy. We believe this is the first
identification of a biomarker test that identifies a group
of patients in whom conventional therapy is more optimal
than biologic therapy.
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Evidence of the Immune Relevance of Prevotella copri, a
Gut Microbe, in Patients With Rheumatoid Arthritis

Annalisa Pianta,1 Sheila Arvikar,1 Klemen Strle,1 Elise E. Drouin,1 Qi Wang,2

Catherine E. Costello,2 and Allen C. Steere1

Objective. Prevotella copri, an intestinal microbe,
may overexpand in stool samples from patients with new-
onset rheumatoid arthritis (RA), but it is not yet clear
whether the organism has immune relevance in RA
pathogenesis.

Methods. HLA–DR–presented peptides (T cell
epitopes) from P copri were sought directly in the
patients’ synovial tissue or peripheral blood mononu-
clear cell (PBMC) samples using tandem mass spec-
trometry. The antigenicity of peptides or their source
proteins was examined in samples from the RA patients
or comparison groups. T cell reactivity was determined
by enzyme-linked immunospot assay; antibody responses
were measured by enzyme-linked immunosorbent assay,
and cytokine/chemokine determinations were made by
bead-based assays. Serum and synovial fluid samples
were examined for 16S ribosomal DNA for P copri using
nested polymerase chain reaction analysis.

Results. In PBMCs, we identified an HLA–DR–
presented peptide from a 27-kd protein of P copri (Pc-
p27), which stimulated Th1 responses in 42% of
patients with new-onset RA. In both new-onset RA
patients and chronic RA patients, 1 subgroup had IgA
antibody responses to either Pc-p27 or the whole organ-
ism, which correlated with Th17 cytokine responses and
frequent anti–citrullinated protein antibodies (ACPAs).
The other subgroup had IgG P copri antibodies, which
were associated with Prevotella DNA in synovial fluid, P
copri–specific Th1 responses, and less frequent ACPAs.
In contrast, P copri antibody responses were rarely
found in patients with other rheumatic diseases or in
healthy controls.

Conclusion. Subgroups of RA patients have dif-
ferential IgG or IgA immune reactivity with P copri,
which appears to be specific for this disease. These
observations provide evidence that P copri is immune-
relevant in RA pathogenesis.

Rheumatoid arthritis (RA) results from a com-
plex interplay between genetic and environmental factors
(1,2). Great progress has been made in the identification
of genetic factors and inflammatory pathways that influ-
ence the disease (1,3), but environmental factors are only
now being determined (4). A key hypothesis is that spe-
cific organisms in the mouth or microbiota in the gut, the
composition of which is strongly influenced by environ-
mental cues, may shape mucosal and systemic immune
responses that affect joints in RA patients (4–7).

Using high-throughput sequencing, Scher et al
(8) showed that Prevotella copri in the gut microbiota
was overexpanded in stool samples from patients with
new-onset RA compared with patients with chronic RA,
patients with psoriatic arthritis, or healthy individuals.
In new-onset RA patients, Prevotella abundance in the
gut was at the expense of Bacteroides fragilis, an organism
that is important for Treg function (9,10).
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A second metagenome-wide analysis of fecal sam-
ples from RA patients showed dysbiosis in the gut as well
as in the mouth and salivary glands (11). Moreover, a
recent study in mice showed that dysbiosis contributes to
arthritis development via activation of autoreactive T cells
in the intestine (12). However, it is unclear whether over-
expansion of P copri in the human gut has the potential to
affect immune cell functions at both mucosal and systemic
sites, thereby contributing to RA disease pathogenesis.

Whereas the previous studies used unbiased,
discovery-based approaches to assess dysbiosis of micro-
organisms in the oral or gut microbiome, we developed an
unbiased, discovery-based approach to identify novel, immu-
nogenic T cell epitopes in patients with chronic inflamma-
tory arthritis. With this approach, in vivo HLA–DR–
presented peptides are identified directly from patients’
synovial tissue, synovial fluid mononuclear cells (SFMCs), or
peripheral blood mononuclear cells (PBMCs) by liquid
chromatography tandem mass spectrometry (LC-MS/MS)
(13,14), followed by testing the antigenicity of identified
peptides and their source proteins using patients’ samples
(15–19).

Recently, we used this approach to search for T
cell epitopes of proteins derived from microbes implicated
in RA. We report here the identification of an HLA–DR–
presented peptide (T cell epitope) derived from a P copri
27-kd protein (Pc-p27), which stimulated Th1 responses in
42% of RA patients. We then found that P copri induced
differential antibody responses to this protein or the whole
organism in a substantial portion of RA patients. These
observations provide evidence of the immune relevance of
P copri in the pathogenesis of RA.

PATIENTS AND METHODS

RA patients and control subjects. The study was
approved by the Human Investigations Committee at Massachu-
setts General Hospital (MGH); all subjects gave written informed
consent. All RA patients met the American College of Rheumatol-
ogy (ACR)/European League Against Rheumatism (EULAR) cri-
teria for the disease (20). All study patients with RA or other
rheumatic diseases were recruited from the Rheumatology Clinic
at MGH or from suburban MGH clinics.

We obtained synovial tissue, SFMCs, or PBMCs from 5
patients with RA to use for isolation of HLA–DR–presented
peptides. To test implicated peptides and their source proteins
for immunoreactivity in larger numbers of patients, we used our
cohort of patients with new-onset RA from whom systematic clin-
ical information, PBMCs, serum samples, and in some cases, SF
samples were available. For comparison, PBMCs and serum sam-
ples were available from patients with Lyme arthritis. In addition,
we used our cohort of patients with chronic RA from whom
serum and sometimes SF samples were collected. Serum samples
were obtained from patients with other types of arthritis or con-
nective tissue diseases (CTDs) as well as from healthy control

subjects. HLA–DR typing was performed on blood samples from
RA patients at the American Red Cross Laboratory in Dedham,
MA. Anti–citrullinated protein antibodies (ACPAs) and rheuma-
toid factor (RF) determinations were made in the clinical labora-
tories at MGH.

Enzyme-linked immunospot (ELISpot) T cell assay. The
detailed methods for isolation and identification of HLA–DR–
presented peptides are described in our previous publication (13).
In the present study, 1 microbial peptide (2KRIILILTVLLAMLG-
QVAY20) derived from a 27-kd P copri protein (WP_022121928.1)
was identified in the PBMCs from 1 RA patient. This P copri pep-
tide and 2 additional peptides from the same protein, which were
predicted to be promiscuous T cell epitopes (52DYRGYWT-
MRYQFDSATVS69 and 118EKINSLPTSSTGI130), were syn-
thesized and purified by high-performance liquid chromatography
in the Core Proteomics Laboratory at MGH. PBMCs from RA
patients were then stimulated with the peptides (1 mM) in dupli-
cate along with positive (phytohemagglutinin) and negative (no
antigen) controls, and incubated for 5 days in culture at 378C in a
5% CO2 incubator. Cells were then transferred to Dual-Color
ELISpot plates coated with interferon-g (IFNg)/interleukin-17
(IL-17) antibodies (Cellular Technology Limited) and incubated
overnight at 378C. Images of wells were captured using an
ImmunoSpot series 3B analyzer, and spots were counted using
ImmunoSpot software. A positive T cell response was defined as 3
SD above the mean value in healthy subjects.

Enzyme-linked immunosorbent assay (ELISA) for serum
IgG and IgA antibodies to the P copri protein Pc-p27. ELISA
plates were coated overnight at 48C with 0.25 mg/ml of the P copri
protein Pc-p27 (GenScript). Afterwards, plates were incubated for
1 hour with blocking buffer (5% nonfat dry milk in phosphate buff-
ered saline [PBS]–Tween). Each patient’s serum sample (diluted
200-fold) was then added in duplicate wells for 1.5 hours, followed
by horseradish peroxidase (HRP)–conjugated goat anti-human
IgG (item sc-2453; Santa Cruz Biotechnology) or HRP-conjugated
goat anti-human IgA (Bio-Rad) and then tetramethylbenzidine
(TMB) substrate (BD). For interplate standardization, 2 control
samples were included on each plate. In addition, using Hetero-
Block (Omega Biologicals), we tested serum samples from 15
patients who had a range of optical density values on ELISA and
confirmed that RF did not alter the ELISA results. Therefore,
HeteroBlock was not used in subsequent antibody determinations.

ELISA for serum IgG and IgA antibodies to micro-
bial organisms. The P copri type strain (DSM 18205) was
obtained from the Leibniz Institute DSMZ, German Collection
of Microorganisms and Cell Cultures. Bacteroides fragilis (ATCC
25285), Escherichia coli (ATCC 25922), and Porphyromonas
gingivalis (ATCC 33277) isolates were obtained from the Ameri-
can Type Culture Collection. The bacterial cultures were inacti-
vated in 1% formalin for 24 hours, washed twice in PBS, and
diluted in PBS at a final concentration of 106 cells/ml.

IgG and IgA antibody responses to whole-cell P copri, B
fragilis, or E coli were determined by ELISA. The plates were
coated overnight at 4˚C with suspensions of inactivated bacterial
cells (106 cells/ml). Afterwards, plates were incubated for 1 hour
with blocking buffer. Patients’ serum samples (diluted 1:100)
were added in duplicate wells for 1.5 hours, followed by HRP-
conjugated goat anti-human IgG or HRP-conjugated goat anti-
human IgA and then TMB substrate. For interplate standardiza-
tion, 2 control samples were included on each plate. The ELISA
for P gingivalis was performed as previously described (21).
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Cytokine and chemokine determinations. The levels of
14 cytokines and chemokines associated with innate immune
responses (IFNa, tumor necrosis factor, macrophage inflammatory
protein 1a [MIP-1a], and MIP-1b) and with Th1 (IFNg, IL-12,
CXCL9, and CXCL10) or Th17 (IL-1b, IL-17A, IL-17E, IL-17F,
IL-22, and IL-23) adaptive immune responses were determined in
serum or SF samples from RA patients. Samples were diluted 1:5
in PBS and incubated with HeteroBlock at a concentration of 150
mg/ml to limit the possible confounding effects of RF. Protein levels
of all 14 mediators of inflammation in serum or SF were assessed in
1 complete experiment using bead-based Luminex assays (EMD-
Millipore) coupled with a Luminex-200 System Analyzer. Data
were assessed using xPonent 3.1 software.

Detection of P copri and B fragilis 16S ribosomal DNA
(rDNA) in patient samples by polymerase chain reaction
(PCR). DNA was isolated from 200 ml of serum or SF using a
QIAamp DNA Mini kit (Qiagen). Nested PCR primers were
designed to detect DNA for P copri or B fragilis 16S rDNA
using Primer3 software (data not shown). DNA was amplified
for outer PCR using species-specific forward and reverse
primers; 1 ml of the amplified DNA (diluted 1:10 in sterile dis-
tilled water) was then used for the nested PCR reaction. All
reactions were carried out using 2.5 units of HotStarTaq DNA
polymerase (Qiagen). The amplification program included 40
cycles with denaturation at 948C for 30 seconds, annealing at
598C for 30 seconds, extension at 728C for 50 seconds, and a
final extension for 10 minutes. For both outer and nested PCR
reactions, a positive control (P copri or B fragilis DNA) and a
negative control (sterile distilled water) were included. When
sufficient DNA was available, samples were tested in dupli-
cate. Amplified products (10 ml) were visualized by electro-
phoresis in a 2% agarose gel. The identity of the PCR
products was validated by direct DNA sequencing, which was
carried out at the Center for Computational and Integrative
Biology DNA Core facility at MGH. The sequenced product
was aligned with all human and known microbial genomes
using Genomic Blast Sequence (NCBI).

Statistical analysis. Categorical data were analyzed by
Fisher’s exact test, and quantitative data were analyzed using
unpaired t-test with Welch’s correction. Correlations were sought
using Pearson’s correlation test. All analyses were performed
using GraphPad Prism 6 software. All P values were two-tailed. P
values less than or equal to 0.05 were considered statistically
significant.

RESULTS

Identification of naturally presented, microbial
HLA–DR–presented peptides. Using LC-MS/MS, we
identified HLA–DR–presented peptides in synovial tissue
(n 5 4), SFMCs (n 5 3), or PBMCs (n 5 2) from 5 patients
with new-onset RA or chronic RA (14). From the 17
HLA–DR–presented peptides identified in the PBMCs
from 1 patient with chronic RA (patient RA1), 1 P copri
sequence was found (Figure 1A). In contrast, no sequen-
ces from P gingivalis or from Borrelia burgdorferi, the agent
of Lyme disease, were identified in any sample.

At disease onset, patient RA1, who had 2 copies
of the RA shared epitope (HLA–DRB1*0401 and 0101),

had severe symmetric polyarthritis of the large and small
joints. During the course of the disease, tests for ACPAs,
but not for RF, became positive. Despite treatment with
disease-modifying antirheumatic drugs (DMARDs), she
had recurrent episodes of knee swelling, with evidence of
destructive changes in cartilage and bone. The HLA–
DR–presented peptide derived from P copri was identi-
fied from PBMCs obtained during 1 such episode 7 years
after disease onset.

The peptide sequence of 19 amino acids had 100%
sequence homology with part of the signal sequence of a
27-kd protein of P copri (Pc-p27, WP_022121928.1) (Figure
1A). The peptide had minimal sequence homology with
any human peptide, suggesting that it was not a human pro-
tein erroneously assigned with a microbial database. Using
signalP 4.0 software (22), this HLA–DR–presented P copri
peptide was predicted to be part of the Sec secretion signal
peptide sequence (D score 5 0.869), strongly suggesting
that the peptide would be cleaved from the source protein.
This signal peptide was not predicted to be lipidated (LipoP
1.0 Server). In addition, the algorithm TEPITOPE pre-
dicted that the peptide was highly promiscuous, as is typical
of signal peptides, and would bind all 25 HLA–DR mole-
cules modeled in the program (23), including the patient’s
DRB1*0101 and 0401 molecules. When her PBMCs were
stimulated with this P copri peptide in an IFNg ELISpot
assay, her T cells secreted levels of IFNg that were .3
times the background levels (insert in Figure 1A), attesting
to the immunogenicity of the peptide.

T cell reactivity with P copri peptides in patients
with new-onset RA. To determine the immunogenicity of
HLA–DR–presented peptides of Pc-p27 more broadly, we
used PBMCs obtained from our cohort of patients with
new-onset RA who were seen prior to DMARD therapy,
the time when immune responses would be expected to be
most robust. All patients met the ACR/EULAR criteria
for the disease (20).

When PBMCs from 39 new-onset RA patients and
from case patient RA1 (a patient with chronic RA) were
stimulated with Pc-p27 peptide 1, a total of 17 of these 40
patients (42.5%) secreted levels of IFNg that were .3 SD
above the mean value in healthy control subjects
(P 5 0.0002), as determined with an IFNg/IL-17 double-
color ELISpot assay (Figure 1B). In comparison, patients
with Lyme arthritis lacked reactivity with this peptide
(P , 0.0001). Stimulation of cells with phytohemagglutinin
(used as a positive control) verified the viability of cells in
all patients. The predominant response to stimulation with
Pc-p27 in the RA patients was a Th1-type response,
whereas PBMCs from only 1 RA patient secreted small
amounts of IL-17 (data not shown).
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To determine whether patients had reactivity with
other epitopes of the Pc-p27 protein, TEPITOPE was used
to predict 2 additional promiscuous peptides derived from
the same protein (Pc-p27 peptides 2 and 3). The 2 peptides
together were predicted to be presented by all 25 HLA–
DR molecules in the program, and therefore, these
peptides were pooled for testing. PBMCs from 14 of the 40

patients (35%) secreted levels of IFNg to peptides 2 and 3
that were .3 SD above the mean value in healthy controls
(P 5 0.0007) or in patients with Lyme arthritis (P 5 0.006)
(Figure 1C). Altogether, PBMCs from 24 of the 40 patients
(60%) had reactivity with 1 or more of the 3 P copri peptide
sequences, showing that Th1 immune responses to this pro-
tein were common in new-onset RA patients.

Figure 1. Identification of a broadly immunogenic Prevotella copri T cell epitope. A, Liquid chromatography tandem mass spectrometry (LC-MS/MS)
spectrum of the P copri 27-kd protein, Pc-p272–20 peptide. Consensus peptide identification as 2KRIILILTVLLAMLGQ(deamidated)VAY20 was achieved
by OMSSA and X!Tandem analysis. Inset, Findings of the interferon-g (IFNg) enzyme-linked immunospot (ELISpot) assay using matching peripheral
blood mononuclear cells (PBMCs) from a patient with chronic rheumatoid arthritis (patient RA1) stimulated with the peptide (1, 2, and 4 mM). Reactivity
of .3 times background (no antigen [Ag]) was considered positive. SFU 5 spot-forming units. B, Findings of the IFNg ELISpot assay using PBMCs from
patients with RA, patients with Lyme arthritis (LA), and healthy control (HC) subjects. Cells were incubated with the HLA–DR–presented peptide identi-
fied from the PBMCs of patient RA1 (peptide 1; 1 mM). C, IFNg secretion of PBMCs from the same groups of patients and controls, incubated with 2 pre-
dicted promiscuous HLA–DR–binding peptides from Pc-p27 (1 mM each). A positive response was defined as a value .3 SD above the mean in healthy
controls (area above the shaded region). In B and C, each symbol represents a single subject; horizontal lines show the mean. Star represents patient RA1.
Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/journal/doi/10.1002/art.40003/abstract.
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Because of the importance of ACPAs in the
diagnosis and pathogenesis of RA (1,24), peptide 1
was resynthesized with a citrulline in place of the only
arginine in the peptide, which was predicted to be in
the –P1-flanking position of the HLA–DR–binding
pocket. However, the results suggested that the Pc-p27
signal peptide sequence was probably not citrullinated
in vivo (data not shown). This does not preclude cit-
rullination of other parts of the protein, including B
cell epitopes.

IgG and IgA antibody responses to Pc-p27 and
whole P copri. We next determined antibody responses
to Pc-p27 in serum samples from 303 individuals. These

included samples from 127 patients with new-onset or
chronic RA, 28 patients with CTDs (14 with systemic
lupus erythematosus, 4 with mixed CTD, 4 with sclero-
derma, and 6 with Sj€ogren’s syndrome), 28 patients with
spondyloarthritides (SpA) (15 with psoriatic arthritis, 10
with ankylosing spondylitis, and 3 with reactive arthritis),
70 patients with Lyme arthritis, and 50 healthy subjects.

Of the 78 new-onset RA patients, 10 (13%) had
IgG antibody responses to Pc-p27 that were .3 SD above
those in healthy controls (P , 0.0001) (Figure 2A). More-
over, 10 of 49 patients with chronic RA (20%) had IgG
antibody responses to the protein (P , 0.0001), including
patient RA1, in whom 4 serial samples obtained 4–9 years

Figure 2. IgG and IgA responses to Prevotella copri in rheumatoid arthritis (RA) patients and control subjects. Serum samples from 303 individuals
(healthy control [HC] subjects and patients with connective tissue diseases [CTDs], spondyloarthritides [SpA], Lyme arthritis [LA], new-onset RA
[NORA], or chronic RA [CRA]) were tested for P copri antibodies. Enzyme-linked immunosorbent assays were performed to measure levels of IgG
(A) and IgA (B) against the P copri 27-kd protein (Pc-p27) as well as levels of IgG (C) and IgA (D) against 1% formalin–inactivated P copri (whole
organism). A positive response was defined as a value .3 SD above the mean in healthy controls (area above the shaded region). Each symbol repre-
sents a single subject; horizontal lines show the mean. Star represents patient RA1. Only significant P values relative to healthy controls are shown.
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after disease onset yielded positive results. In contrast,
only 1 patient with SpA and 1 healthy subject had border-
line positive IgG antibody responses to the protein.

Because the first interactions between P copri and
immune cells would presumably occur in the gut mucosa,
we also determined IgA antibody responses to the organ-
ism. About 10% of the patients in both the new-onset RA
and chronic RA groups had IgA antibody responses to
Pc-p27 (P # 0.0002 and P # 0.02, respectively), and the
responses tended to be more robust in those with new-
onset RA (Figure 2B). In contrast, only 1 patient with
Lyme arthritis and 1 healthy subject had IgA antibody
reactivity with the protein. Except for 2 RA patients who
had both IgG and IgA responses to Pc-p27, the other Pc-
p27–positive patients had either an IgG or an IgA
response, but not both. Altogether, 24% of the 127 RA
patients had IgG or IgA antibody responses to Pc-p27.

When both T and B cell responses were considered
together, 3 of the 24 patients who had T cell reactivity with
Pc-p27 peptides also had IgG Pc-p27 antibody responses,
but none had IgA responses to the protein. In comparison,
among 16 patients lacking T cell reactivity with Pc-p27
peptides, only 1 had an IgG antibody response to the pro-
tein, but 5 had IgA responses (P 5 0.05). The frequencies
of shared epitope alleles in patients with P copri T cell or
B cell responses was not significantly different from those
in patients who lacked these responses (data not shown).

In an effort to confirm these findings, we determined
IgG and IgA antibody responses to whole P copri using the
same set of 303 serum samples. Using PCR, we confirmed
that this strain expressed Pc-p27 (data not shown). Six of the
78 new-onset RA patients (8%) and 5 of the 49 chronic RA
patients (10%) had IgG antibody responses to P copri (Fig-
ure 2C). Similarly, 6 of 78 new-onset RA patients (8%) had
IgA antibody responses to P copri (P # 0.004), and 7 of 49
patients with chronic RA (14%) had elevated IgA antibody
levels to the organism (P # 0.002) (Figure 2D). Among the
19 patients who had positive IgG or IgA responses to P
copri, only 5 (26%) had both responses. No patient with
CTD, SpA, or Lyme arthritis had IgG or IgA antibodies to
the organism. Altogether, 15% of 127 RA patients had P
copri IgG or IgA antibody responses.

When the antibody responses to whole P copri or
recombinant Pc-p27 were combined, 41 of the 127 RA
patients (32%) had IgG or IgA antibody reactivity with
the organism. Thus, antibody responses to P copri were
common in RA patients, both early and late in the dis-
ease, yet they were rarely found in patients with other
types of arthritis, implying specificity in RA.

Antibody responses to other oral or commensal
bowel flora. To examine the specificity of antibody
responses to P copri in RA patients, the same serum

samples were also tested for reactivity with whole P
gingivalis, an oral periodontal pathogen implicated in
RA (25), and with 2 common gut commensal organisms,
Bacteroides fragilis and Escherichia coli.

Similar to previous studies (26,27), IgG antibody
responses to P gingivalis were found in ;25% of our new-
onset RA and chronic RA patients, and these responses
tended to be higher in RA patients than in the other com-
parison groups (Figure 3A). However, in contrast with P

Figure 3. IgG and IgA responses to other organisms in rheumatoid
arthritis (RA) patients and control subjects. Serum samples from the
same 303 individuals as in Figure 2 (healthy control [HC] subjects and
patients with connective tissue diseases [CTDs], spondyloarthritides
[SpA], Lyme arthritis [LA], new-onset RA [NORA], or chronic RA
[CRA]) were tested for antibody responses to Porphyromonas gingivalis,
Bacteroides fragilis, and Escherichia coli. Enzyme-linked immunosorbent
assays (ELISAs) were performed to measure levels of IgG (A) and IgA
(B) against P gingivalis, levels of IgG (C) and IgA (D) against B fragilis,
as well as levels of IgG (E) and IgA (F) against E coli. All ELISAs
used 1% formalin–inactivated bacteria. A positive response was defined
as a value .2 SD (P gingivalis, as previously reported [26]) or .3 SD
(B fragilis and E coli) above the mean in healthy controls (area above
the shaded region). Each symbol represents a single subject; horizontal
lines show the mean. Only significant P values are shown.
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copri antibody responses, IgG antibodies to P gingivalis
were also present in small percentages of patients with
other rheumatic diseases or in healthy control subjects, and
IgA antibody reactivity with P gingivalis was not increased
in RA patients compared with the other groups (Figure
3B). Moreover, in contrast with the dichotomy between
IgG and IgA antibody responses to P copri, all RA patients
with IgA antibodies to P gingivalis also had IgG responses
to this microbe. Importantly, 66 of the 127 RA patients
(52%) had antibody responses to either P copri or P
gingivalis, but only 8 of the 66 patients (12%) had antibody
responses to both microbes. Thus, minimal overlap was
observed in the antibody responses to these 2 organisms,
indicating that these responses are largely independent,
and only the response to P copri was specific for RA.

Very few RA patients or those with other rheu-
matic diseases had IgG or IgA antibody responses to B
fragilis or E coli that were .3 SD above the mean values in
healthy control subjects (Figures 3C–F). However, IgG
absorbance values for B fragilis were significantly lower in
new-onset RA patients than in patients in the other groups
(P # 0.03) (Figure 3C), consistent with the decrease in the
abundance of B fragilis noted previously in new-onset RA
patients (8). Conversely, IgG and IgA absorbance values
for B fragilis in the CTD group were significantly higher
than those in the other groups. Thus, in contrast with P
copri antibody responses, antibody levels to B fragilis and E

coli were similar or lower in RA patients than in patients
with other types of arthritis or in healthy subjects.

Clinical features of patients with P copri or P
gingivalis antibody responses. Because P copri and P
gingivalis have both been implicated in RA, we compared
the clinical findings in our cohorts of new-onset and chronic
RA patients who did or did not have IgG or IgA antibody
responses to these microbes. Because the findings were
similar in the 2 groups of RA patients, the groups were
combined for presentation here.

Several significant differences between these groups
were found (Table 1). First, 45 of the 50 patients (90%)
with P copri antibody responses were female compared
with 60 of the 86 patients (70%) who lacked such responses
(P 5 0.006). In contrast, the percentages of female and
male patients were not significantly different in those with
P gingivalis antibody responses. Second, only 37% of the
RA patients with IgG P copri antibody responses had
ACPAs, compared with 74% of those who had IgA P copri
antibodies (P 5 0.01) and 71% who lacked P copri anti-
bodies (P 5 0.003). There was a similar trend with RF
(P 5 0.08). In contrast, patients with P gingivalis IgG and
IgA antibody responses had higher frequencies of ACPA
and RF than did those who lacked these responses. Finally,
at study entry, there was a trend toward higher disease
activity scores (DAS28) in new-onset RA patients with
either P copri or P gingivalis IgG antibody responses. There

Table 1. Demographic and clinical findings in patients with rheumatoid arthritis, according to the presence of anti-
bodies to Prevotella copri and Prevotella gingivalis*

P copri antibody response P gingivalis antibody response

IgG
(n 5 27)

IgA
(n 5 23)

None
(n 5 86)

IgG
(n 5 33)

IgA
(n 5 12)

None
(n 5 94)

Age, median (range) years 47 (19–85) 53 (19–71) 57 (23–84) 58 (21–84) 62 (41–74) 54 (19–85)
Sex, no. female/male 24/3 21/2 60/26† 23/10 7/5 73/21
Body mass index, median 27 28 27 29 34 27
Smoking history, no. (%)

Current or former 9 (33) 9 (39) 38 (44) 13 (39) 6 (50) 39 (41)
Never 18 (67) 14 (61) 48 (56) 20 (61) 6 (50) 55 (59)

Autoantibodies, no. (%)
RF positive 9 (33) 12 (52) 46 (53) 20 (61) 8 (67) 43 (46)
ACPA positive 10 (37)‡ 17 (74) 61 (71) 26 (79) 11 (92)§ 58 (62)

Markers of inflammation,
median (range)

ESR, mm/hour 12.9 (1–84) 17 (4–34) 16 (1–111) 19.2 (1–67) 36 (10–67)§ 15.4 (1–111)
CRP, mg/liter 8.5 (0.2–70) 4.5 (0.1–15) 8.2 (0.1–87) 9.2 (0.1–68) 7.3 (0.1–66) 6.8 (0.1–87)

Disease activity, median
DAS28-ESR 5.2 4.4 4.2 5.2 5 4.5
DAS28-CRP 4.6 3.8 3.9 4.9 5 4

* Values for the erythrocyte sedimentation rate (ESR), C-reactive protein (CRP) level, and Disease Activity Score in
28 joints (DAS28; using either the ESR or the CRP) were available only in patients with new-onset rheumatoid
arthritis. RF 5 rheumatoid factor; ACPA 5 anti–citrullinated protein antibody.
† P 5 0.006 versus the combined group of patients with IgG and patients with IgA P copri antibody responses.
‡ P 5 0.003 versus patients without P copri antibody responses (None).
§ P # 0.05 versus patients without P gingivalis antibody responses (None).
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were no significant differences among the groups in age,
body mass index, or smoking history. Thus, P copri anti-
bodies were found primarily in women, and ACPAs were
less common in patients with IgG P copri antibodies,
whereas neither of these factors correlated with P gingivalis
antibody responses, again indicating that these microbes
induce distinct responses.

Correlation of P copri antibodies with serum
cytokine and chemokine levels. In an effort to link P
copri with inflammatory responses and autoantibody pro-
duction, IgG and IgA P copri antibody values were corre-
lated with serum cytokine levels in 120 of the 127 RA
patients in whom sufficient serum samples were still avail-
able. The 14 cytokines and chemokines measured were rep-
resentative of innate, Th1, and Th17 immune responses.
The assays were performed with HeteroBlock to limit pos-
sible interference by RF. Because the results were similar

in new-onset RA and chronic RA patients, they were com-
bined for presentation here.

When the magnitude of P copri IgG or IgA anti-
bodies in the 37 antibody-positive patients were correlated
with the cytokine levels, strong positive correlations were
found between the IgA antibody values and the levels of 3
innate cytokines (IFNa, MIP-1a, and MIP-1b), 2 Th1-
associated cytokines (IFNg and IL-12), and 3 Th17-
associated cytokines (IL-17F, IL-22, and IL-1b) (Figures
4A–C). In contrast, IgG P copri antibody values correlated
only with levels of the Th1 chemoattractant CXCL10 (Fig-
ure 4B).

When P copri IgA absorbance values in all 120 RA
patients, including those with positive and negative results,
were correlated with the cytokine levels, even stronger
associations were found with innate (MIP-1a and MIP-
1b), Th1 (IFNg and IL-12), and Th17 (IL-23, IL-22, IL-

Figure 4. Correlation between cytokine levels and Prevotella copri antibody responses in antibody-positive rheumatoid arthritis patients.
Pearson’s correlation test was used to determine correlations between P copri–specific IgG or IgA responses and cytokines associated with innate
immunity (A) (interferon-a [IFNa], macrophage inflammatory protein 1a [MIP-1a], and MIP-1b), Th1 immunity (B) (CXCL10, IFNg, and
interleukin-12 [IL-12]), or Th17 immunity (C) (IL-17F, IL-22, and IL-1b).
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17A, IL-17E, and IL-17F) cytokines (data not shown). In
contrast, IgG absorbance values did not correlate with any
cytokine or chemokine levels. Similarly, P gingivalis IgG
and IgA antibodies did not correlate with any cytokine or
chemokine level (data available upon request from the
corresponding author), further indicating that these micro-
bes induce distinct responses at different mucosal sites.

Detection of P copri 16S rDNA in synovial fluid.
Because P copri IgG antibody responses were suggestive of a
systemic immune response to the organism, we investigated
whether P copri itself may spread to joints. For this purpose,
we designed nested PCR primers to detect DNA for the 16S
ribosomal RNA gene of P copri (16S rDNA) in patients’
samples. Of 18 patients in whom paired serum and SF sam-
ples were available, 10 were obtained from new-onset RA
patients and 8 were from chronic RA patients who were
seen 3–50 years after disease onset. Five of the 18 patients
had IgG antibody responses to P copri, 2 had IgA antibody
reactivity with the organism, and 11 did not have P copri anti-
body responses. Although the numbers were small, the

clinical correlations in each of these groups, including dis-
ease duration, DAS28 scores, and ACPA and RF frequen-
cies, were similar to those in the larger groups of RA
patients (data not shown).

Of the 5 patients with IgG P copri antibodies
(patients RA1–RA5), P copri 16S rDNA was detected in
SF from 3 of them. In 2 of these 3 patients, 16S rDNA
was found in samples obtained prior to DMARD ther-
apy. In the third patient (chronic RA patient RA1), in
whom the original HLA–DR–presented P copri peptide
was identified in PBMCs collected 7 years after disease
onset (Figure 1A), P copri 16S rDNA was detected in SF
obtained 9 years after disease onset (Figure 5A). In con-
trast, P copri DNA was not detected in SF samples from
the remaining 13 patients: 2 with IgA P copri antibodies
and 11 without P copri antibodies. Serum samples from
all 18 patients had negative PCR results. Thus, 3 of the 5
patients with IgG P copri antibodies had positive PCR
results for Prevotella DNA in SF as compared with none
of 13 patients in the other 2 groups (P 5 0.01).

Figure 5. Prevotella copri 16S ribosomal DNA (rDNA) in concomitant serum and synovial fluid (SF) samples from rheumatoid arthritis (RA)
patients, as determined by polymerase chain reaction (PCR) analysis. A, Nested PCR of P copri 16S rDNA amplicons (254 bp) analyzed on
ethidium bromide–stained 1.5% agarose gels. Results are from the 3 patients who were positive for P copri. Patient RA1 had 4 paired serum
and SF samples; patient RA2 had 1 serum and 2 SF samples, and patient RA5 had 1 serum and 1 SF sample. In patients RA2 and RA5, enough
material was available for testing in duplicate. Lane M contains a 100-bp DNA ladder, lane 1 contains positive control (P copri DSM 18205),
and lane H contains water control. B, Sequence alignment of the 16S gene amplicons obtained from patients RA1, RA2, and RA5, as deter-
mined using CLC Genomic Workbench software. The sequence of the P copri 16S gene (DSM 18205) is shown as the reference, and the conser-
vation of all sequence positions is shown below the alignment.
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For comparison, nested PCR primers were de-
signed to detect 16S rDNA from B fragilis, another gut
commensal. Of the 18 patients, 1 (patient RA15) had B
fragilis 16S rDNA in SF; the sequence of this amplicon
had 98% homology to B fragilis 16S rDNA (data not
shown). This patient did not have positive findings on
tests for P copri DNA or P copri antibody responses,
and none of the 18 patients had IgG or IgA responses to
B fragilis.

All positive results were confirmed by sequenc-
ing. Amplicons from patient RA2 had 100% identity
with the sequence for P copri 16S rDNA in the NCBI
database, which was obtained from a Japanese isolate.
Interestingly, patient RA2 grew up in Korea. Amplicons
from patient RA1 and from patient RA5 annealed with
P copri sequences (DSM18205), but they had 86% and
89% sequence homology, respectively (Figure 5B), sug-
gesting that the sequence could be from another
Prevotella species (Figure 5B). Alternatively, even
though cultures of P copri from stool samples were not
available for analysis, the differences in P copri 16S
rDNA sequences may be explained by strain variation,
since the 3 patients grew up in widely different geo-
graphic locations (Korea, the US, or the Caribbean
Islands). This is consistent with a study in which P copri
was ranked as the second most-variable member of the
human gut microbiota between continents (28).

DISCUSSION

In this study, using a discovery-based search for
HLA–DR–presented peptides derived from P copri, 1
spectrum-to-peptide match was identified in PBMCs
from 1 RA patient. This peptide sequence was found in
the signal domain of a 27-kd protein of P copri, which
was predicted to be a secreted protein. Signal sequen-
ces, which are cleaved prior to secretion, can accumu-
late in transmembrane locations; they are often highly
antigenic, and they typically bind many different HLA–
DR molecules (21). In addition, the secreted portion of
the protein may become an immunogenic soluble anti-
gen (6,29). We then found that the signal sequence pep-
tide and 2 other peptides from the Pc-p27 protein
induced Th1 responses in 60% of patients with RA.
Although RA shared epitope alleles have been reported
to correlate inversely with P copri overexpansion in the
gut (8), our study showed no significant correlations
between these T cell epitopes and shared epitope
alleles, which is consistent with the fact that these epi-
topes are promiscuous HLA–DR binders.

While PBMCs were available only from patients
with new-onset RA, we were able to test for antibody

responses to P copri in both new-onset RA and chronic
RA patients. Although overexpansion of P copri was
previously detected only in the stool of new-onset RA
patients (8), we found similar frequencies of P copri
antibody responses and similar clinical associations in
new-onset RA and chronic RA patients, suggesting that
once initiated, these antibody responses may persist for
years. Importantly, in both patient groups, P copri anti-
body responses were specific for RA. First, P copri anti-
bodies were rarely found in patients with other
rheumatic diseases or in healthy controls. Second, anti-
body levels to 2 other gut commensals, B fragilis and E
coli, were similar or lower in RA patients than those in
patients with other arthritides or in healthy subjects.
Third, there was little overlap between patients with P
gingivalis antibodies and those with P copri antibodies.

P copri antibody responses were found primarily
in women, both in those with new-onset RA and in
those with chronic RA. When the 2 cohorts of patients
were combined, P copri–negative patients had a sex ratio
of 2.3 to 1 in favor of women, which is close to the ratio
of 3 to 1 generally reported in RA cohorts. In contrast,
the patients with P copri antibody responses had a sex
ratio of 9 to 1, implying that this organism may be a sub-
stantial contributor to the female predominance in RA.

In mice, gut symbiotic gram-negative bacteria
may disseminate systemically to other sites and induce
IgG antibody responses (30). These homeostatic IgG
responses may help later in protecting against invasion by
pathogenic gram-negative bacteria. Our studies showed
high background values in E coli and B fragilis antibody
assays, perhaps reflecting positive responses to these bac-
teria in some individuals. However, antibody responses
to these bacteria were not higher in RA patients than in
other comparison groups, including healthy controls,
whereas P copri antibody responses were significantly
higher in RA patients and correlated with inflammatory
cytokine levels. Thus, our findings could not be explained
simply by homeostatic P copri antibody responses.

The magnitude of IgA P copri antibody responses
in RA patients in our study correlated with serum levels
of a range of cytokines and chemokines associated with
innate, Th1, and Th17 immune responses. Although we
did not find Pc-p27–specific Th17 cells in PBMCs from
these patients, it is likely that such cells were present in
their intestinal mucosa. Th17 responses are presumably
important initially in containing the organism in the
bowel, but with chronic antigenic stimulation, they can
promote systemic inflammation and autoimmunity (31).
This idea is supported here by strong correlations among
IgA antibody values, serum levels of Th17-associated
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cytokines, and high frequencies of ACPAs, which could
react with citrullinated proteins in joints (32).

Conversely, other RA patients had IgG P copri
antibody responses associated with Prevotella DNA in the
joints, inflammatory Th1 responses, and infrequent
ACPAs. We postulate that in these patients, P copri, a
strict anaerobe, may spread systemically within phagocytic
cells, including to the joints. In 2 of 3 patients, Prevotella
DNA was detected in SF obtained early in the disease.
However, in the remaining patient, in whom the Pc-p27
HLA–DR–presented peptide was identified in PBMCs
obtained 7 years after disease onset (patient RA1), P copri
DNA was detected in SF collected 9 years after disease
onset. This suggests that P copri may spread from the
bowel in repeated waves over a period of years, perhaps
explaining the persistence of antibody responses to P copri
in patients with chronic RA. The finding of 16S rDNA of
B fragilis in the SF of 1 additional patient suggests that
escape of other commensal bacteria from the bowel may
occur, but this patient lacked an antibody response to the
organism.

There are parallels between the potential role of
P copri in RA pathogenesis and that of the periodontal
pathogen P gingivalis (25,33). In patients with periodon-
titis, the composition of the oral flora shifts in favor of
organisms, particularly anaerobes such as P gingivalis,
that thrive in an inflammatory environment (34). IgG
antibody responses to P gingivalis in RA patients corre-
late strongly with systemic inflammation and coexistent
periodontal disease (25,27,35). Furthermore, P gingivalis
may disseminate from the gingiva, presumably via den-
dritic cells, and lead to infection and inflammation at
distant sites (6,36). DNA from periodontal bacteria has
been detected by PCR in SF from a few RA patients
with periodontal disease (37).

In conclusion, our study provides evidence for the
immune relevance of P copri in RA and suggests that
bowel pathology may be a feature of the disease in this
subgroup of patients. These new insights are likely to
have implications for both the diagnosis and treatment of
RA. For example, P copri IgG antibody responses could
provide support for the diagnosis in RA patients who
lack ACPA or RF. Moreover, dietary interventions or
specifically tailored antibiotic regimens targeting P copri
could play an adjunctive role to DMARDs in the treat-
ment of this disease. Previously, patients with early RA
who received tetracycline or its derivatives had signifi-
cantly better outcomes than patients who received pla-
cebo (38,39). These results are often attributed to the
antiinflammatory effects of tetracyclines, but recent
insights about the microbiota suggest an additional expla-
nation. Importantly, insights about specific immune-

relevant commensal organisms in the microbiota promise
a new era in the understanding and treatment of RA.
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Objective. Genetic factors underlying susceptibility
to rheumatoid arthritis (RA) in Arab populations are
largely unknown. This genome-wide association study
(GWAS) was undertaken to explore the generalizability of
previously reported RA loci to Arab subjects and to dis-
cover new Arab-specific genetic loci.

Methods. The Genetics of Rheumatoid Arthritis in
Some Arab States Study was designed to examine the
genetics and clinical features of RA patients from Jordan,
the Kingdom of Saudi Arabia, Lebanon, Qatar, and the
United Arab Emirates. In total, >7 million single-
nucleotide polymorphisms (SNPs) were tested for associa-
tion with RA overall and with seropositive or seronegative
RA in 511 RA cases and 352 healthy controls. In addition,
replication of 15 signals was attempted in 283 RA cases

and 221 healthy controls. A genetic risk score of 68 known
RA SNPs was also examined in this study population.

Results. Three loci (HLA region, intergenic 5q13,
and 17p13 at SMTNL2/GGT6) reached genome-wide sig-
nificance in the analyses of association with RA and with
seropositive RA, and for all 3 loci, evidence of independent
replication was demonstrated. Consistent with the
findings in European and East Asian populations, the
association of RA with HLA–DRB1 amino acid position 11
conferred the strongest effect (P 5 4.8 3 10216), and a
weighted genetic risk score of previously associated RA
loci was found to be associated with RA (P 5 3.41 3 1025)
and with seropositive RA (P 5 1.48 3 1026) in this popu-
lation. In addition, 2 novel associations specific to Arab
populations were found at the 5q13 and 17p13 loci.

Conclusion. This first RA GWAS in Arab popula-
tions confirms that established HLA-region and known
RA risk alleles contribute strongly to the risk and severity
of disease in some Arab groups, suggesting that the
genetic architecture of RA is similar across ethnic groups.
Moreover, this study identified 2 novel RA risk loci in
Arabs, offering further population-specific insights into
the pathophysiology of RA.
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Rheumatoid arthritis (RA) is a chronic systemic
inflammatory disorder with an estimated worldwide preva-
lence of up to ;1% in the adult population (1). The root
cause of disease is unknown, although both genetic and
environmental factors play a role. The clinical hallmark of
RA is an inflammatory arthritis with a predilection for
diarthrodial joints (2). Premenopausal women are at
greater risk than men for developing RA (at a ratio of
;3:1) (1). While the disease can occur at any age, the
peak age at disease onset is in the 40–50-year range, with
an increasing incidence with age.

The genetic contribution to RA susceptibility in
humans has been demonstrated convincingly through twin
and family studies (3,4). It is estimated that ;60% of RA
disease variability is inherited (3). Whereas the population
risk of RA is ;1%, the monozygotic twin of a patient with
RA has a risk of ;15% (5–7). The major histocompatibil-
ity complex (MHC) region explains up to one-third of RA
risk (8,9). Most of the risk attributable to the MHC region
is associated with common alleles within the HLA–DRB1
gene—these are often referred to as “shared epitope”
alleles (10,11)—and the risk is increased only in anti–cyclic
citrullinated peptide (anti-CCP)–positive patients with RA
(in whom the odds ratio [OR] for RA is .5) (12,13).
Genome-wide association studies (GWAS) have identified
100 non-MHC loci, which, together, explain an additional
5.5% of the RA heritability in Europeans and 4.7% of the
RA heritability in Asians (14).

Importantly, the genetic studies conducted to date
have largely been restricted to patients of European or
East Asian ancestry (14). It is therefore unknown whether
these same risk alleles contribute to the risk of RA among
patients of Arab ancestry in the Middle East, or whether
genetic studies in these populations might identify new
loci for disease.

The purpose of our study was to investigate the
cross-ethnic association of known European RA risk loci
and to discover new RA risk loci in a multinational Arab
case–control cohort. First, we hypothesized that common
alleles identified from genetic studies of subjects of Euro-
pean ancestry will also contribute to the risk of RA among
individuals of Arab ancestry, given that recent studies
have shown that many risk alleles are shared among indi-
viduals of diverse ancestries (14,15). Second, we hypothe-
sized that GWAS in an Arab population may point to
novel RA risk loci of strong effect specific to Arab popula-
tions, similar to PADI1 variants in Asians (16), or may
indicate risk loci that have a higher allele frequency in
Arabs relative to currently studied ethnic groups (as was
found for a PTPN22 missense association in whites [17]).
Therefore, we enrolled RA patients and healthy controls
in a genetic study of RA in a pan-Arab RA genetics

consortium. We obtained measures of autoantibody status
and performed genome-wide genotyping and a GWAS of
RA, both in the entire population and in analyses strati-
fied by ethnicity or autoantibody status.

PATIENTS AND METHODS

Subjects. A total of 794 RA patients and 573 healthy
controls were included in this study. Subjects were enrolled from
5 centers in Jordan, the Kingdom of Saudi Arabia, Lebanon,
Qatar, and the United Arab Emirates. To be eligible for the
study, patients had to be of Arab ancestry (by self report), have
RA diagnosed in accordance with the American College of
Rheumatology 1987 criteria (18), be $18 years of age, and be
able to sign an informed consent. Controls eligible for enrollment
in the study were healthy subjects free of autoimmune diseases.
The controls were age-, sex-, and ethnicity-matched by frequency
to the enrolled patients. Ethnicity was classified as self-reported
African, Gulf, or Levant Arab ancestry.

Written informed consent was obtained from all sub-
jects prior to enrollment in the study, in accordance with the
Declaration of Helsinki for Human Studies, and the study was
approved across all sites by the local Institutional Review
Boards. In addition to age, sex, and self-reported ethnicity, we
collected additional clinical information on the presence or
absence of rheumatoid factor (RF) and anti-CCP antibodies,
disease duration, medications used to treat RA, family history
of RA, and vascular comorbidities (Table 1).

Sample collection. For sample collection, 15 ml of
whole blood was collected from each patient and each control
subject in a prelabeled EDTA tube. Whole blood was then trans-
ferred into cryovials and stored at 2808C at each Rheumatology
Center, and then batched-shipped to the Weill Cornell Medical
College-Qatar for DNA extraction and storage. Samples were
centrifuged so that buffy coat cells could be separated from
plasma. Aliquots consisting of 1 ml buffy coat and 2 aliquots of
up to 1 ml of plasma were created and stored at 2808C. DNA
was extracted from the blood with a Gentra Puregene DNA
extraction kit (Qiagen). An aliquot of the samples was sent to the
Broad Institute for quality control and genome-wide genotyping.
The DNA concentration was determined with a Quant-IT
Picogreen double-stranded DNA reagent kit (Invitrogen). In
total, 928 of the 937 samples had a sufficient concentration of
DNA (.10 ng/ml) and sufficient yield of DNA for the GWAS.
Thus, genome-wide genotyping of 922 samples was attempted.
All 513 replication samples had a sufficient concentration of
DNA (.10 ng/ml) for replication genotyping.

Genotyping and imputation in the discovery GWAS. In
total, 922 samples were genotyped with a panel of ;30 single-
nucleotide polymorphisms (SNPs) in the discovery GWAS, to
create a molecular barcode for each sample. Genome-wide
genotyping was performed at the Broad Institute in 2 batches
(n 5 166 in batch 1 and n 5 756 in batch 2) using an Infinium
HumanCoreExome Bead Chip array (Illumina). This array con-
sists of 547,644 markers, with ;50% of the markers being
selected to provide a GWAS scaffold for high-quality imputation
and the other half being selected to provide coverage of low-
frequency, protein-altering variants identified from .12,000
worldwide sequences. Variant bases were called using the default
Illumina GenCall algorithm. Subjects were removed from these
analyses because of inbreeding (n 5 16), discrepancy in sex
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between the genetic and clinical data (n 5 3), duplicate samples
(n 5 12), and cryptic relatedness (pi-hat .0.125, n 5 35), with 7
samples overlapping.

All samples had a genotyping rate of .90%. A total of
863 (93.6%) of the 922 samples passed the quality control review
for the GWAS analysis. Only SNPs present at a frequency of
$1% in the population were included in the GWAS. Of the
541,168 SNPs screened, 532,102 SNPs (98.3%) passed quality
control. SNPs removed included 8,788 SNPs that were removed
for having a call rate of ,95% or unmatched call rates in cases
and controls, 450 SNPs that departed from Hardy-Weinberg
equilibrium (P , 1.0 3 1026), and 172 SNPs that failed both
tests. Imputation on clean genotypes was performed using the
Impute 2 software package (19) and using the 1000 Genomes
Phase 3 panel (May 2013). Postimputation quality control analy-
ses filtered out variants with imputation quality information
scores of ,0.88 and a minor allele frequency (MAF) of ,1%.
After quality control, 7,000,653 SNPs in 511 cases and 352 controls
were successfully tested for our discovery GWAS of Arab RA
populations. HLA imputation was performed using SNP2HLA
and the T1DGC European reference panel (20).

Replication analysis. In total, 513 samples were geno-
typed for 23 SNPs in the replication analysis, using primer exten-
sion of multiplex products. SNPs were detected using matrix-
assisted laser desorption ionization–time-of-flight mass spec-
trometry with a Sequenom platform, as previously described
(Broad Institute) (21). Quality control steps excluded samples
with a call rate of ,60% and SNPs with a call rate of ,95%,
departure from Hardy-Weinberg equilibrium (P , 1.0 3 1026),
or MAF of ,1%. Nineteen SNPs on 504 samples that passed
quality control were available for replication association testing.

Assessment of population structure. To evaluate the
population structure of this Middle-Eastern cohort relative to

global populations, principal components (PCs) in the GWAS
sample were calculated, prior to imputation, with the LASER:
Locating Ancestry from SEquence Reads technique (22), using
938 reference samples from the Human Genome Diversity Project
(HGDP) (23) (Figure 1A). Clusters of individuals based on prox-
imity to known HGDP samples in the PC analysis (PCA) were de-
fined as either African-admixed (n5153) or non–African-admixed
(n 5 700) Arab subgroups for secondary analyses (Figure 1B).

Statistical analysis. The GWAS were performed using
logistic regression in SNPTEST (19), with SNPs coded in an addi-
tive model and with adjustments for age, sex, and self-reported
ancestry. Our discovery GWAS analysis comprised the entire
case–control Arab population, and additional GWAS were per-
formed in subpopulations stratified by seropositivity (seropositive
RA, RF1/anti-CCP1 [n 5 357 cases, n 5 352 controls]; seroneg-
ative RA, RF2/anti-CCP2 [n 5 154 cases, n 5 352 controls]) or
by ancestry (African-admixed Arabs, n 5 97 cases and n 5 56
controls; non–African-admixed Arabs, n 5 410 cases and n 5 290
controls). Genome-wide significance was considered at the
Bonferroni-corrected threshold of P , 5.0 3 1028 (24).

Replication analysis was performed using logistic regres-
sion in Plink (25), with SNPs coded additively and adjustments
made for age, sex, and self-reported ancestry (African, Gulf,
Levant). The threshold for statistical significance in the replication
analysis was P , 0.003 (0.05 divided by 15). Association analysis of
the imputed HLA variants in the MHC region was conducted as
described elsewhere (26,27). Results from the discovery GWAS
and replication analyses were combined in a fixed-effects meta-
analysis with inverse variance weights, using METAL (28).

We further calculated a cumulative aggregate genetic
risk score (15) using the sum of the weighted risk allele counts
for all previously known RA risk alleles that passed quality con-
trol in our current analysis (n 5 68 independent SNPs). The

Table 1. Clinical characteristics of the Arab rheumatoid arthritis cases and matched controls in the discovery and replication populations*

Discovery cohort (n 5 863) Replication cohort (n 5 513)

Overall
Cases

(n 5 511)
Controls
(n 5 352) P Overall

Cases
(n 5 288)

Controls
(n 5 225) P

Age, mean 6 SD years 45.5 6 13.9 48.9 6 13.0 40.5 6 13.6 ,0.001† 48.5 6 14.2 48.7 6 13.7 48.2 6 14.9 0.703
Sex, no. female:no. male 4:1 6:1 2:1 ,0.001† 4:1 6:1 3:1 ,0.001†
Duration of disease,

mean 6 SD years
9.4 6 8.6 9.4 6 8.6 – – 9.2 6 8.3 9.2 6 8.3 – –

Ancestry
Africa 124 (14.4) 79 (15.5) 45 (12.8) – 102 (19.9) 50 (17.4) 52 (23.1) –
Gulf 329 (38.1) 226 (44.2) 103 (29.3) ,0.001† 213 (41.5) 129 (44.8) 84 (37.3) 0.143
Levant 410 (47.5) 206 (40.3) 204 (58.0) – 198 (38.6) 109 (37.8) 89 (39.6) –

Anti-CCP and RF status
Anti-CCP1 – 264 (51.7) – – – 170 (59.0) – –
RF1 – 311 (60.9) – – – 188 (65.3) – –
Anti-CCP1/RF1 – 218 (42.7) – – – 148 (56.1) – –
Anti-CCP1/RF2 – 154 (30.1) – – – 54 (20.5) – –

Cigarette smoking status
Ever smoked 199 (21.4) 109 (19.7) 90 (23.8) – 93 (18.4) 58 (20.4) 35 (16.1) –
Never smoked 732 (78.6) 444 (80.3) 288 (76.2) – 410 (81.6) 227 (79.6) 183 (83.9) –

Shisha smoking status
Ever smoked 135 (14.5) 61 (11.0) 74 (19.6) – 54 (10.7) 32 (11.2) 22 (10.1) –
Never smoked 796 (85.5) 492 (99.0) 304 (80.4) – 449 (89.3) 253 (88.8) 196 (89.9) –

* Except where indicated otherwise, values are the number (%) of subjects. Anti-CCP 5 anti–cyclic citrullinated peptide; RF 5 rheumatoid
factor.
† Significant difference between cases and controls at P # 0.05.
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weights for each SNP were derived from the recently published
meta-analysis of RA GWAS (14) and were calculated as the nat-
ural log of the OR for each allele. We determined the relation-
ship between the genetic risk score and RA traits (29). The level
of statistical significance was considered at the Bonferroni-

corrected threshold of P , 0.0125 for 4 genetic risk score tests
(0.05 divided by 4).

RESULTS

Genetic ancestries of the case–control Arab cohort.
Results of PCA suggested that the group of individuals with
self-reported African ancestry extended along a cline toward
the HGDP Africans, while self-reported Gulf ancestry com-
prised ancestral components from African, Asian, and
European populations, and self-reported Levant ancestry
localized near the HGDP European populations (Figure
1A). Genetic ancestry allowed us to define 2 major subgroups
of Arabs for secondary analyses: African-admixed (n5 153)
and non–African-admixed (n 5 700) (Figure 1B). Cases with
African admixture (based on self-report or genetic ancestry)
were more likely than non–African-admixed cases to be sero-
positive for RF and/or anti-CCP (Table 2).

Results of discovery and replication GWAS. In
the discovery GWAS analysis of RA in the entire Arab
case–control population, there was little inflation from
undetected population structure or relatedness (l 5

1.044) (Figures 2A and B) and the estimated heritability

Figure 1. Principal components (PC) analyses of the entire rheumatoid
arthritis case–control discovery cohort of Arabs (A) and the subgroups
of Arab populations (African-admixed and non–African-admixed)
defined for secondary analysis (B), relative to Human Genome Diversity
Project (HGDP) populations. The first PC (PC1) and second PC (PC2)
are shown in the plots.

Table 2. Associations of self-reported and genetic ancestry with seropositive rheumatoid arthritis status in cases with genome-wide genotypes
(n 5 511)*

Ancestry
No. of

subjects
RF

positive
Anti-CCP
positive

RF positive and
anti-CCP positive

RF positive or
anti-CCP positive

RF negative and
anti-CCP negative

Self-reported
Africa 79 54 (68.4) 46 (58.2) 41 (51.9) 18 (22.8) 20 (25.3)
Gulf 226 146 (64.6) 113 (50.0) 98 (43.4) 63 (27.8) 65 (28.8)
Levant 206 111 (53.9) 105 (51.0) 79 (38.3) 58 (28.1) 69 (33.5)
P between groups 0.025† 0.438 0.113 0.63 0.336

Genetic
African-admixed 97 67 (69.1) 57 (58.8) 50 (51.5) 24 (24.7) 23 (23.7)
Non–African admixed 410 241 (58.8) 205 (50.0) 166 (40.5) 114 (27.8) 130 (31.7)
P between groups 0.062 0.12 0.048† 0.542 0.123

* Values are the number (%) of subjects. RF 5 rheumatoid factor; anti-CCP 5 anti–cyclic citrullinated peptide.
† Significant difference between ancestral groups at P # 0.05.

Figure 2. Manhattan plot (A) and qq plot (B) of the genome-wide
association study results in the entire rheumatoid arthritis (RA)
case–control discovery cohort of Arab subjects (n 5 511 RA cases,
n 5 352 healthy controls) among single-nucleotide polymorphisms
(SNPs) with a frequency of .1%. Values are the 2log10 P values for
each SNP. The lambda value in B represents the inflation factor. In
A, the red line indicates the genome-wide significance threshold,
while in B, it represents a flat diagonal line for reference.
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from autosomal SNPs was H2 5 0.301 (P 5 0.091). A
genome-wide significant association with RA was observed
at the HLA locus (lead SNP, rs9269234 G allele; OR 2.05
[95% confidence interval (95% CI) 1.65–2.55, P 5 7.00 3

10211) and with 43 other correlated HLA-region SNPs sur-
passing the genome-wide significance threshold. Further-
more, a genome-wide significant association was observed
at 5q13 (lead SNP, rs12519788 G allele; OR 2.02 [95% CI
1.57–2.59], P 5 4.24 3 1028) in an intergenic region that
was 789 kb from the nearest gene, CDH6 (Table 3 and
Figure 3A). A significant association with RA was also
seen at rs9860428 on chromosome 3 (OR 1.64 [95% CI
1.33–2.04], P 5 6.24 3 1026) (Figure 3B).

GWAS analysis of subjects with seropositive RA
(n 5 357 cases, n 5 352 controls) identified association sig-
nals at the HLA locus that were even stronger than those
seen for RA overall (lead SNP, rs9269234 G allele; OR
2.51 [95% CI 1.98–3.19], P 5 4.86 3 10214) (Table 3 and
Figure 4A). Moreover, a novel signal at 17p13.2 was identi-
fied in seropositive RA subjects (lead SNP, rs12601925 G
allele; OR 2.55 [95% CI 1.83–3.56], P 5 3.76 3 1028)
(Table 3, Figure 4B, and Figures 5A and B; see also Sup-
plementary Tables 1 and 2, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/doi/
10.1002/art.40051/abstract). In the GWAS analysis of sero-
negative RA subjects (n 5 154 cases, n 5 352 controls), no
signals reached genome-wide significance (see Supplemen-
tary Table 2 and Supplementary Figure 1A, http://online-
library.wiley.com/doi/10.1002/art.40051/abstract).

In the GWAS of ancestral subgroups, genomic
inflation was only slightly lower than that in the GWAS

analysis of RA overall (African-admixed Arabs, l 5 0.973;
non–African-admixed Arabs, l 5 1.04) (see Supplemen-
tary Figures 1B and C, available on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.40051/abstract). In the RA GWAS restricted to
the smaller subgroup of subjects of African-admixed
ancestry, no SNPs reached significance, whereas in the
larger, more homogeneous non–African-admixed sub-
group, the HLA locus remained significant (lead SNP,
rs9269234 G allele; OR 2.00 [95% CI 1.57–2.54], P 5 1.87
3 1028) (see Supplementary Table 3, http://onlinelibrary.
wiley.com/doi/10.1002/art.40051/abstract).

Suggestive evidence of replication of significant
SNPs at 4 of the 15 lead association signals was observed in
an independent sample of 283 RA cases and 221 healthy

Figure 4. Regional association plots of the genome-wide association
study (GWAS) discovery results for the association of seropositive
rheumatoid arthritis with single-nucleotide polymorphisms (SNPs) at
chromosome 6 (Chr6) (A) and chromosome 17 (B). Analyses were
adjusted for age, sex, and self-reported ancestry. Values are the
2log10 P values of SNPs from the case–control GWAS plotted
against the chromosomal position encompassing 400 kb around each
lead SNP (purple): rs9269234 on chromosome 6 (A) and rs12601925
on chromosome 17 (B). The defined r2 color scheme indicates the
linkage disequilibrium (LD) relationship with the lead SNP. LD was
calculated based on 1000 Genomes European population data. The
recombination rate is shown in blue on the right.

Figure 5. Manhattan plot (A) and qq plot (B) of the genome-wide
association study results in the seropositive rheumatoid arthritis
(RA) cohort of Arab subjects (n 5 357 RA cases, n 5 352 healthy
controls) among single-nucleotide polymorphisms (SNPs) with a fre-
quency of .1%. Values are the 2log10 P values for each SNP. The
lambda value in B represents the inflation factor. In A, the red line
indicates the genome-wide significance threshold, while in B, it rep-
resents a flat diagonal line for reference.

Figure 3. Regional association plots of the genome-wide association
study (GWAS) discovery results for the association of rheumatoid
arthritis with single-nucleotide polymorphisms (SNPs) at chromo-
some 5 (Chr5) (A) and chromosome 3 (B). Analyses were adjusted
for age, sex, and self-reported ancestry. Values are the 2log10 P val-
ues of SNPs from the case–control GWAS plotted against the chro-
mosomal position encompassing 400 kb around each lead SNP
(purple): rs12519788 on chromosome 5 (A) and rs9860428 on chro-
mosome 3 (B). The defined r2 color scheme indicates the linkage
disequilibrium (LD) relationship with the lead SNP. LD was calcu-
lated based on 1000 Genomes European population data. The
recombination rate is shown in blue on the right.
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controls in our replication analysis (Table 3; see also Sup-
plementary Table 1, available on the Arthritis & Rheumatol-
ogy web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40051/abstract). Notably, all 3 signals that reached
genome-wide significance in the discovery GWAS (HLA–
DRB1, 5q13, and 17p13) showed consistent allelic effects
and remained genome-wide significant in the meta-
analysis. A fourth signal, at 3q13.2, between the genes
CD200R1 and CD200R1L, did not reach genome-wide sig-
nificance in the discovery GWAS but showed evidence of
replication after Bonferroni correction (P , 0.003). Fur-
thermore, all 4 association signals showed consistent evi-
dence of association in replication analyses restricted to
cases with seropositive RA and all controls (Table 3). These
signals explained 3.55% of the variability in risk of RA.

We cross-checked our results with regard to the
lead SNPs at the 2 novel genome-wide significant signals
at 5q13 and 17p13 in our Arab study population against
the results of a recently reported transethnic meta-
analysis of GWAS comprising subjects of East Asian and
European ancestry (n 5 19,234 RA cases, n 5 61,565 con-
trols) (14). However, little evidence of association of
these 2 signals with RA was observed in that study of East
Asian and European subjects (for rs12519788 G allele,
OR 1.01 [95% CI 0.97–1.04], P 5 0.63; for rs12601925 G
allele, OR 0.99 [95% CI 0.95–1.04], P 5 0.82).

Genetic risk score of previously established RA
loci in Arabs. We tested whether previously reported
genome-wide significant RA associations from the trans-
ethnic meta-analysis previously conducted in East Asian and
European populations (14) could be generalized to our
Arab study population. Results for index SNPs at 68 of 101
non-HLA loci were available in our GWAS analyses (see
Supplementary Table 4, available on the Arthritis & Rheuma-
tology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40051/abstract). In total, 46 of the 68 SNPs demonstrated
a concordant direction of effect between the European and
Arab populations in the RA GWAS (binomial P 5 2.78 3

1024). A weighted genetic risk score of the 68 SNPs was
associated with RA overall (OR 1.85 [95% CI 1.38–2.48]
per risk allele, P 5 3.41 3 1025) and with seropositive RA
(OR 2.20 [95% CI 1.60–3.04] per risk allele, P 5 1.48 3

1026) but not with seronegative RA (OR 1.37 [95% CI
0.92–2.04] per risk allele, P 5 0.12). In stratified analyses,
the effect of the genetic risk score on RA was stronger and
more significant in the non–African-admixed Arab popula-
tion (OR 1.98 [95% CI 1.43–2.75] per risk allele, P 5 4.01 3

1025), while no significant effect was observed in the smaller
population of African-admixed Arabs (OR 1.55 [95% CI
0.77–3.10] per risk allele, P 5 0.22).

Imputation of HLA region amino acids and
SNPs. In order to identify the SNPs and amino acids
responsible for the HLA association signal, we performed

HLA variant imputation in a manner as previously
described (20), using the European T1DGC reference
panel, and tested for genetic association of imputed SNPs
and amino acids with RA and with seropositive RA. Previ-
ous studies have suggested that 5 amino acids in 3 HLA
proteins in the MHC account for most of the RA signal
observed in individuals of European ancestry, and a com-
mon set of amino acid residues also confers risk in individu-
als of Asian ancestry, despite differences in traditional
HLA alleles (26,27). Although we could not directly assess
the imputation accuracy of the HLA variants in our study
samples, previous studies have demonstrated the reliable
accuracy of HLA imputation in multiple populations
(26,27). Moreover, considering that HLA variants are
known to have essential roles in RA according to seroposi-
tivity status, we assessed HLA variant risks separately in
GWAS of subjects with seropositive RA and those with
seronegative RA. In seropositive RA GWAS, amino acid
position 11 in the gene HLA–DRB1 could account for the
lead association signal (omnibus P 5 4.8 3 10216). In anal-
yses conditioned on HLA–DRB1 amino acid position 11,
no other HLA variants remained significant (P . 6.2 3

1024). We did not observe a significant association of HLA
variants in the GWAS of subjects with seronegative RA
(P . 3.6 3 1024).

DISCUSSION

Herein we report the first GWAS of RA in
Arabs. First, we observed that known HLA and non-
HLA RA risk loci observed in Europeans and East
Asians are strongly associated with RA in our multina-
tional Arab cohort. Consistently, we observed significant
replication of the association of a specific HLA region
amino acid with RA and with seropositive RA in this
population. Second, we discovered 2 novel genome-
wide significant RA risk loci specific to Arab popula-
tions, with limited associations in other ethnicities.

In the last decade, genetic association studies in
RA and meta-analyses of these associations have been
helpful in uncovering novel risk alleles (14). The majority
of these studies have been performed in populations of
European and East Asian ancestry, revealing some repli-
cation across different ethnicities while uncovering novel
genetic risk factors (30–33). However, no genetic studies
had been conducted in an Arab population to date.

The definition of Arab ancestry was based on self-
report, and all subjects studied were nationals of 1 of the
22 countries of the Arab world spanning from North
Africa to the Arabian Gulf region, and categorized as 1 of
3 geographic Arab regions: Africa, Gulf, or Levant (as
detailed in the League of Arab States web site at http://
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www.lasportal.org/ar/Pages/default.aspx). As expected based
on the multiple waves of migration that characterize
Arab populations, our study population showed conti-
nental genetic heterogeneity, with genetic ancestry
that distinguished African-admixed Arabs from non–
African-admixed Arabs. While these ancestral differences
are large, we did not observe a significant effect of pop-
ulation stratification in the primary GWAS, most likely
because within each ancestral group, cases and controls
were well matched and our analyses included adjustment
for ancestry.

Our hypothesis that common alleles identified
from genetic studies of subjects of European ancestry
also contribute to the risk of RA among individuals of
Arab ancestry was validated in this study. GWAS of the
entire RA case–control population showed a significant
association within the HLA locus. This finding validates
the importance of this region in RA susceptibility across
different ethnic groups and confirms that our study is
well powered to identify common alleles with large
effect. The association was of larger magnitude and
greater significance when the analysis was restricted to
seropositive cases, as has been previously described.

Imputation of the HLA classic alleles and the HLA
amino acid polymorphisms showed that HLA–DRB1
amino acid position 11 is the allele at the HLA locus most
significantly associated with seropositive RA in Arabs,
which is consistent with observations in European, Asian,
and African-American populations (26,27,34). In a study of
Arab Syrians, DRB1 was found to be more common in RA
patients compared to controls, and DRB1*0101, *0404, and
*0405 had a stronger association with joint destruction
(35). Similarly, a strong association of a genetic risk score of
68 known RA loci was observed in our Arab population,
again confirming that a majority of RA risk loci are consis-
tently associated across multiple ethnic groups.

Second, we hypothesized that GWAS in an Arab
population may point to novel RA risk loci of strong effect
specific to Arab populations. Two loci that have not been
previously reported in European or East Asian RA
GWAS reached statistical significance in our study, consis-
tent with the notion of strong population-specific effects,
as was also previously seen for the PADI1 locus in Asians.
The locus at 5q13 was detected in the entire case–control
study, and the locus at 17p13 was identified in the seroposi-
tive RA subgroup. Replication of these findings in inde-
pendent Arab samples suggests that the causal SNPs
underlying these association signals are likely to play an
important role in the risk of RA in the Arab population.

The lead SNP at the novel 5q13 signal lies in an
intergenic region flanked by the calcium-dependent cell–
cell adhesion gene CDH6 ;789 kb upstream and the
gene encoding the 7SK small nuclear RNA controlling

transcriptional elongation ;456 kb downstream (36).
The CDH6 gene encodes K-cadherin, which has previ-
ously been implicated in adhesion between immune cells
(37), has been described as a tumor suppressor (38), and
has been found to be significantly down-regulated in a rat
model of arthritis (39). The 7SK small nuclear RNA has
also been implicated in cancer (40) and HIV latency (41),
but not in autoimmunity. The lead SNP at the 17p13 locus
lies in an intron of the smoothelin-like gene SMTNL2,
which is implicated in a region defined by epigenetic marks
for promoters and enhancers as well as DNase 1 hypersen-
sitivity sites across many tissues (42). However, whether
this regulatory region influences this gene or neighboring
genes, e.g., ALOX15 or GGT6, among several, will require
future studies. SMTNL2 is exclusively expressed in skeletal
muscle (43), while ALOX15 and GGT have previously
been implicated in RA inflammatory processes (44,45).

A fourth association signal at 3q13.2 near
CD200R1, encoding the CD200 receptor (CD200R),
almost reached significance after replication. The CD200–
CD200R axis has previously been demonstrated to be
important in autoimmunity, both in humans and in mice,
with a potential role in Th17 cell differentiation, chemo-
taxis, and osteoclastogenesis in RA (46). A soluble ligand
of CD200R has been investigated in preclinical models as a
therapeutic agent for RA (47).

Our cross-check investigation of the 2 novel signals
(5q13 and 17p13) against a large transethnic meta-analysis
of subjects of East Asian and European ancestry suggests
that these Arab-specific loci may not be relevant in the
other 2 ethnicities, although the alleles themselves are quite
common in all ethnic groups. The frequency of the risk
allele of the lead SNP at 17p13 varies between studies and
was found to be highest in our Arab cohort (frequency of
the G allele, 0.86 in Arabs [present study], 0.83 in
Europeans, and 0.40 in East Asians), whereas the risk allele
frequency at 5q13 was more similar, yet still highest in
Arabs (frequency of the G allele, 0.79 in Arabs [present
study], 0.66 in Europeans, and 0.78 in East Asians). Thus,
we expect that these loci have a population-specific effect
in Arabs, and associated SNPs may tag as-yet–undetected
novel variations in Arab populations that might have arisen
after divergence from other populations. Notably, we did
detect consistent effects at these loci in both non–African-
admixed and African-admixed Arab populations.

RA risk loci tend to demonstrate pleiotropy with
other human phenotypes, including immune-related dis-
eases. However, this was not the case for the novel loci
identified in this GWAS (17p13, 5q13, and 3q13.2). It
might be that these loci are Arab-specific with limited
relevance to other ethnicities, and as a result, have not
been associated with other diseases. With that said,
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unraveling these ethnicity-specific loci is only possible
by conducting these transethnic GWAS for RA.

Earlier investigations have suggested that the
genetic architecture of seropositive RA and seronegative
RA is different, and also that few genetic markers, includ-
ing the HLA locus, may or may not be associated with
seronegative RA (48). Our analyses have not pointed to
other loci that predict seronegative RA, likely because of
the heterogeneity in phenotype, low heritability, and high
polygenicity of the trait, as well as the low statistical power
of our study. It is highly possible that multiple undiscov-
ered loci remain to be determined.

Strengths of our study include the large pan-Arab
case–control population, implementation of careful tech-
nical and analytic quality control measures across our
study population, as demonstrated by low inflation values
and validation of known associations, and discovery and
confirmation of novel associations that may be specific to
Arab populations and other related populations. Weak-
nesses of the study include the lack of a central labora-
tory to test for RF and anti-CCP status in a standardized
manner, possibly resulting in underestimation of the
number of seropositive cases. In addition, data on anti-
CCP status were missing from 1 of the countries due to
financial restrictions, and radiographic data as well as
data on disease severity or response to medication were
lacking. Finally, there was insufficient power to detect
associations with seronegative RA, and a European ref-
erence panel was used for HLA imputation.

In summary, our study findings establish that the
HLA region, previous RA risk alleles identified in Euro-
pean and Asian populations, and novel Arab-specific loci
play a causal role in RA and in seropositive disease in the
Arab population. Larger studies using genome-wide
approaches are now needed to validate population-specific
alleles and to more fully characterize the genes and path-
ways involved in RA pathogenesis and severity in Arab
populations.
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High-Titer Rheumatoid Arthritis Antibodies Preferentially Bind
Fibrinogen Citrullinated by Peptidylarginine Deiminase 4
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Henrik Molina,2 and Dana E. Orange4

Objective. Most patients with rheumatoid arthritis
(RA) harbor antibodies to citrullinated autoantigens such as
citrullinated fibrinogen. Two isoforms of peptidylarginine
deiminase (PAD), PAD type 2 (PAD2) and PAD4, which cat-
alyze citrullination with different substrate specificities, can
be detected in the synovium of RA patients. This study was
undertaken to determine whether RA antibodies preferen-
tially bind PAD2- or PAD4-citrullinated fibrinogen.

Methods. RA patient and normal donor plasma
specimens were tested for binding to PAD2- or PAD4-
citrullinated fibrinogen, native fibrinogen, or citrullinated
fibrinogen peptides in various dilutions by enzyme-linked
immunosorbent assay (ELISA) and Western blotting.
Bands corresponding to masses demonstrating RA anti-
body reactivity by Western blotting were excised and ana-
lyzed by mass spectrometry.

Results. At low antibody titers (1:40 and 1:100),
there was no significant difference between RA antibody
reactivity to PAD2- and PAD4-citrullinated fibrinogen.
When plasma was further diluted to 1:250 and 1:1,000, RA
patient plasma bound PAD4-citrullinated fibrinogen signif-
icantly more than PAD2-citrullinated fibrinogen, as mea-
sured by ELISA and Western blotting. An increased
antibody titer was associated with increased avidity for both

PAD2- and PAD4-citrullinated fibrinogen. Both enzymes
hypercitrullinated fibrinogen, but PAD4 citrullinated
arginines more intermittently, generating a mix of citrul-
linated and noncitrullinated arginines. Peptide ELISA and
preadsorption assays confirmed that the region of intermit-
tent citrullination accounts for the majority of RA antibody
binding to the b-chain of citrullinated fibrinogen.

Conclusion. At high titers, RA antibodies prefer-
entially bind fibrinogen modified by PAD4, because
intermittent citrullination offers a more diverse assort-
ment of citrullinated epitopes.

The majority of patients with rheumatoid arthritis
(RA) harbor autoantibodies to citrullinated isoforms of
self proteins, called anti–citrullinated protein antibodies
(ACPAs), which are highly specific for the disease (1). Cit-
rullinated protein targets of ACPAs include filaggrin, type
II collagen, a-enolase, vimentin, aggrecan, histone, and
fibrinogen (2–4). Anti–citrullinated fibrinogen antibodies
are more sensitive for RA (5) than are other ACPAs, such
as antibodies that bind citrullinated type II collagen and a-
enolase (2,4), with diagnostic performance similar to that
of the clinical version of the ACPA assay, anti–cyclic citrul-
linated peptide 2 (anti–CCP-2), suggesting citrullinated
fibrinogen may be particularly important in RA.

Proteins can become citrullinated as a result of enzy-
matic modification by peptidylarginine deiminase (PAD)
enzymes, which catalyze conversion of the positively
charged amino acid arginine to a neutral citrulline. Treat-
ment with a pan-PAD inhibitor reduced the severity of
arthritis and was associated with lower autoantibody pro-
duction in an animal model of arthritis (6). It is hypothesized
that PAD inhibitors may alleviate RA via prevention of fur-
ther activation of the immune system by limiting autoanti-
gen production. There are 5 PAD family members (PAD
type 1 [PAD1], PAD2, PAD3, PAD4, and PAD6), each
with unique tissue distribution. It is not known which of the
PAD family members are most important for generating
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the antigens that drive RA immune responses, and there-
fore, it is not known which PADs to target for this treatment
approach to be most effective. PAD2 and PAD4 are
expressed in immune cells and are overexpressed in RA
synovium (7). PAD2 is broadly expressed in sites including
skin, intestine, brain, muscle, and hematopoietic cells, while
PAD4 expression is restricted to certain cell types, including
neurons and neutrophils. PAD4 is unique among PAD fam-
ily members, because it harbors a nuclear localization
sequence and is required for NETosis (8–11).

Our group recently showed that neutrophils under-
going cell death, induced by either NETosis or necrosis,
release both PAD2 and PAD4, and this leads to citrullina-
tion of extracellular fibrinogen (12). Surface plasmon reso-
nance imaging of PAD2- and PAD4-citrullinated fibrinogen
has demonstrated that the 2 isoforms citrullinate different
arginine residues within fibrinogen (13), with PAD2 causing
more extensive arginine citrullination than PAD4. Because
RA-related autoantibody responses to citrullinated fibrin
are closely restricted (14), we hypothesized that immunore-
activity to PAD2- and PAD4-citrullinated fibrinogen may
differ. We therefore compared RA antibody levels to
PAD2- and PAD4-citrullinated fibrinogen and observed
that RA patient plasma harbors increased levels of anti-
bodies to fibrinogen when it is citrullinated by PAD4. Mass
spectrometry (MS)–based analysis of our samples revealed
that although both enzymes heavily citrullinated arginines in
a hot spot region between position 44 and position 74,
PAD2 citrullinates more consistently, while PAD4 cit-
rullinates intermittently, and this provides a more diverse
collection of target citrullinated epitopes against which anti-
bodies are produced.

PATIENTS AND METHODS

Patients and healthy subjects. Plasma samples were
obtained from 12 patients with established anti-CCP antibody–
positive RA who met the 2010 American College of Rheumatol-
ogy (ACR)/European League Against Rheumatism (EULAR)
classification criteria for RA (15). Plasma samples were also col-
lected from healthy subjects who were matched with patients for
sex and age within 5 years. The ethics review board of Rockefel-
ler University Hospital approved this study, and all study subjects
gave written informed consent.

Enzyme-linked immunosorbent assay (ELISA). PAD2
(item no. 10785; Cayman Chemical) or PAD4 (item no. 10500;
Cayman Chemical) was autocitrullinated by incubating 10 mg/ml
in 100 mM Tris buffer (Sigma-Aldrich), 10 mM CaCl2, and 5 mM
dithiothreitol (DTT) (Affymetrix) at 378C overnight. Effective cit-
rullination was verified using Citrulline-specific Probe (item no.
16172; Cayman Chemical). Microtiter plates (Nunc) were coated
for 1 hour at room temperature with fibrinogen, PAD4-
citrullinated fibrinogen (item no. 400076; Cayman Chemical),
PAD2-citrullinated fibrinogen (item no. 18473; Cayman Chemi-
cal), citrullinated PAD4, citrullinated PAD2, or peptide antigens

(synthesized by 9-fluorenylmethoxycarbonyl chemistry), at 5 mg/
ml in 0.05M carbonate–bicarbonate buffer (pH 9.6). Plates were
washed with 0.05% Tween 20 (Sigma-Aldrich) in phosphate
buffered saline (PBS) (Cellgro), and blocked for 1 hour with 1%
bovine serum albumin (BSA) in PBS. Plasma, diluted at various
concentrations in 1% BSA/PBS, was added for 1 hour. Horse-
radish peroxidase (HRP)–conjugated goat anti-human IgG
(Jackson ImmunoResearch) was added for detection. Bound anti-
bodies were revealed using the chromogenic substrate 3,30,5,50-
tetramethylbenzidine (Sigma-Aldrich), and the reaction was stopped
with 2M H2SO4. Plates were read at optical density (OD) 450 nm.

Avidity was measured by adding various concentrations
of sodium thiocyanate (Sigma-Aldrich) to ELISA plates. Avidity
is presented as the avidity index, which was calculated by dividing
the amount of residual antibodies bound to the antigen-coated
plate by the amount of antibodies bound in the absence of a
chaotropic agent.

Western blotting. Either PAD4-citrullinated fibrinogen
or PAD2-citrullinated fibrinogen (1 mg per lane) was resolved by
polyacrylamide gel electrophoresis (PAGE) and transferred to
PVDF membranes (Millipore). The membranes were blocked in
5% nonfat milk in Tris buffered saline (TBS) containing 0.1%
Tween 20 for 1 hour at room temperature. Membranes were
probed with the following: monoclonal anti–citrullinated fibrino-
gen (1:1,000) (Cayman Chemical), monoclonal anti-PAD2 anti-
body (1:500) (catalog no. H00011240-M01; Abnova) (16), anti-
PAD4 antibody (1:1,000) (ab128086; Abcam) (17), monoclonal
antifibrinogen (1:500) (ab10066; Abcam), or RA patient plasma
diluted 1:1,000 in 5% nonfat milk in TBS containing 0.1% Tween
20. Bound immunoglobulin was detected with HRP-labeled sec-
ondary antibodies (Life Technologies) and visualized using an
enhanced chemiluminescence system (Western Lightning Plus-
ECL, Enhanced Chemiluminescence Substrate; PerkinElmer).

For preadsorption assays, RA patient plasma samples,
diluted 1:1,000 in TBS containing 0.1% Tween 20 and 5% nonfat
milk, were preincubated with PAD2-citrullinated fibrinogen pro-
tein or peptide (10 mg/ml) for 1 hour at 37�C prior to being used
to probe membranes for 2 hours at room temperature. The den-
sity of the bands was evaluated using ImageJ 1.46r software
(National Institutes of Health).

Plasmin cleavage assay. PAD4-citrullinated fibrinogen
(0.2 mg/ml) was incubated with 0.006 mg/ml plasmin (Sigma-
Aldrich) in 20 mM Tris HCl, 2 mM CaCl2, and 5 mM DTT for 1
hour at 37�C. One microgram of PAD4-citrullinated fibrinogen
and 5 mg of plasmin-digested PAD4-citrullinated fibrinogen were
resolved using 12% sodium dodecyl sulfate (SDS)–PAGE gels.
Proteins were transferred to PVDF membranes and probed with
RA patient plasma (1:1,000) as described above.

Liquid chromatography (LC)–MS. One microgram of
each sample (unmodified, PAD2-modified, or PAD4-modified
fibrinogen) was separated by SDS-PAGE and stained with
Coomassie brilliant blue. Gel bands corresponding to masses
demonstrating reactivity against patient antiplasma by Western
blot analysis were excised for in-gel proteolytic digestion (18). In
short, following reduction of cysteines with DTT and alkylation
with iodoacetamide (Sigma-Aldrich), digestion was conducted
with either trypsin (Promega) and Lys-C (Waco Chemicals) or
chymotrypsin (Promega). Samples were processed and analyzed
in triplicate to provide additional confidence regarding assign-
ment. Following overnight incubation, peptides were extracted
from gel pieces with acetonitrile, dried, and resuspended in 2%
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acetonitrile/0.1% trifluoroacetic acid. Each sample was analyzed
by nano–LC tandem MS (LC-MS/MS) (Dionex 3000 HPLC cou-
pled to Q Exactive MS system; Thermo Scientific). Peptides were
separated at 200 nl/minute using a gradient increasing from 5%
to 45% acetonitrile/0.1% acid in 60 minutes. Peptides were
loaded onto a Trap column prior to separation on a Packed Emitter
C18 column (75 mm 3 12 cm; 3-mm particles) (Nikkyo Technos Co.,
Ltd).

For data-dependent analysis of peptide modification
identification, the mass spectrometer was operated in “preferred
mode”: fragmentation of up to 20 ions per cycle using an underfill
ratio of 1%. For quantitation and specific site assignment of argi-
nine citrullination in the identified hot spot (R44, R47, R53, R60,
R72, and R74), parallel reaction monitoring (PRM) (19) was used
for quantification, using parent and fragment ions for distinct
modification sites. MS spectra (mass/charge [m/z] 300–1,400)
were recorded at a resolution of 70,000 (automatic gain control
[AGC] 5e5) and MS/MS spectra at 17,500 (AGC 1e5) with a low-
est m/z of 100. Generated LC-MS/MS data were queried against
the UniProt complete human proteome (March 2016) using the
Mascot search engine, with carbamidomethylation of cysteine as a
static modification and the following variable modifications: oxi-
dation of methionine, acetylation of N-terminal protein, deamida-
tion of asparagine and glutamine, and citrullination of arginine.

Identifications were filtered to include only precursor
masses of ,5 parts per million and highest peptide-spectrum
matches ranking, and false discovery rates of ,1% were controlled
using a Percolator algorithm (20). Deamidation was included to
allow consideration of de facto asparagine/glutamine deamidation
and the isobaric citrullination modification. Up to 4 missed
cleavages were allowed for the chymotrypsin searches, while up to
7 missed cleavages were allowed for the trypsin searches (because
citrullination will lead to missed cleavage of modified arginines).
For the trypsin-digested samples, peptides identified as citrul-
linated were required to contain a missed cleavage following a
modified arginine. Skyline (an open-source document editor for
creating and analyzing targeted proteomics experiments) (21) was
used for quantitation of PRM data for the relative modification site
comparison, by summing precursor peak areas. In the case of isobaric
modification variants, the parent signal was distributed proportionally
to the discriminating fragment ion areas. A spectral library generated
from the Mascot searches was used to assign peak identity.

Statistical analysis. The unpaired t-test was used to
compare ELISA-derived OD values between normal donor
plasma and RA patient plasma. The paired t-test was used to
compare ELISA-derived OD values for plasma from individual
donors to PAD4-citrullinated fibrinogen and PAD2-citrullinated
fibrinogen. Wilcoxon’s matched pairs signed rank test was used to
compare the normalized band intensities of Western blots. One-
way analysis of variance and Tukey’s test for multiple comparisons
were used to evaluate statistical differences between 3 different
titers in the avidity ELISA at a concentration of 3N sodium thio-
cyanate. P values less than 0.05 were considered significant. Statis-
tical analysis was performed using GraphPad Prism software.

RESULTS

Higher levels of antibodies to PAD4-citrullinated
fibrinogen than to PAD2-citrullinated fibrinogen in
RA patient plasma, as measured by ELISA. We tested
responses of normal donor and RA patient plasma to

fibrinogen as well as PAD2- and PAD4-citrullinated fibrin-
ogen. The characteristics of the RA patients are shown in
the Supplementary Table (available on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.40035/abstract). Notable features of this cohort are
that 100% of patients harbored high-titer CCP antibodies,
and 66% of patients had rheumatoid nodules. Otherwise,
the patients had varying disease durations, disease activity
levels, and exposures to medications. As expected, at low
dilutions, neither normal donors nor RA patients had anti-
bodies to unreacted (native) plasma-derived fibrinogen,
while antibody binding to both PAD2- and PAD4-
citrullinated fibrinogen was significantly increased in RA
patients (Figure 1A).

To determine the relative reactivity of RA patient
plasma to PAD4-citrullinated fibrinogen versus PAD2-
citrullinated fibrinogen, we tested a range of plasma
dilutions. At high dilutions (1:250 and 1:1,000), binding to
PAD4-citrullinated fibrinogen was significantly greater
than that to PAD2-citrullinated fibrinogen, although bind-
ing was similar at low dilutions (1:40 and 1:100), likely due
to assay saturation at low dilutions (Figure 1B). The ratio of
plasma binding to PAD4- or PAD2-citrullinated fibrinogen
in each patient was calculated as the OD of PAD4-
citrullinated fibrinogen/OD of PAD2-citrullinated fibrino-
gen. The mean ratios of PAD4-citrullinated:PAD2-citrul-
linated fibrinogen at the 1:250 and 1:1,000 dilutions were
1.26 (95% confidence interval [95% CI] 1.18 – 1.35) and
1.39 (95% CI 1.24 – 1.53), respectively (Figure 1C). To test
whether the increased recognition of PAD4-citrullinated
fibrinogen was attributable to antibodies against PAD4
itself, we also measured reactivity against PAD2 and
PAD4. We did not detect reactivity to PAD4 or PAD2 that
was greater than reactivity to buffer alone at either 1:250 or
1:1,000 (Figure 1D).

Better binding of RA antibodies to PAD4-
citrullinated fibrinogen than to PAD2-citrullinated fibrin-
ogen on Western blotting. One limitation of using ELISA
to measure RA antibody responses to citrullinated fibrino-
gen is that the relative importance of the 3 polypeptide
chains (a, b, and g) cannot be distinguished. To address this
question, we resolved equal amounts of PAD4-citrullinated
fibrinogen and PAD2-citrullinated fibrinogen in adjacent
lanes on multiple Western blots and probed with monoclo-
nal anti–citrullinated fibrinogen b-chain (fibrinogen b) anti-
body (see Supplementary Figure 1A, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40035/abstract), PAD2 anti-
body (Supplementary Figure 1B), PAD4 antibody (Sup-
plementary Figure 1C), and antifibrinogen antibody
(Supplementary Figure 1D). A monoclonal anti–citrul-
linated fibrinogen antibody showed binding at the
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predicted molecular weight of fibrinogen b (56 kd), while
PAD2 and PAD4 antibodies showed binding at a molecular
weight closer to 76 kd, consistent with their established
molecular weights of 76 kd and 74 kd, respectively. A poly-
clonal antifibrinogen antibody recognized several bands,
which is consistent with the various molecular weights of
the 3 polypeptide chains of fibrinogen: a, b, and g.

We next compared binding of RA patient plasma to
PAD2- or PAD4-citrullinated fibrinogen on adjacent lanes

of Western blots (Supplementary Figure 1E). At this dilu-
tion, the individual RA patient plasma samples most con-
sistently recognized a band just above 52 kd, consistent with
the known molecular weight of fibrinogen b (56 kd).
Plasma from some patients also recognized a higher molec-
ular weight band, just above 76 kd, which likely represents
recognition of the a-chain of fibrinogen (fibrinogen a),
given that there was no recognition of PAD2 or PAD4 itself
on ELISA. The band intensity of the 56-kd region was

Figure 1. Rheumatoid arthritis (RA) patient plasma preferentially binds peptidylarginine deiminase type 4 (PAD4)–citrullinated fibrinogen
(CitFib), as measured by enzyme-linked immunosorbent assay. A, Levels of RA and normal (NL) antibodies to unreacted (native) fibrinogen at
1:20 dilution, PAD2-citrullinated fibrinogen at 1:40 dilution, and PAD4-citrullinated fibrinogen at 1:40 dilution. B, Levels of antibodies to
PAD4-citrullinated fibrinogen and PAD2-citrullinated fibrinogen, at various dilutions, in samples from individual RA patients. Lines connect the
data points for each subject. C, Ratio of the binding of individual RA patient plasma samples from B to PAD4- or PAD2-citrullinated fibrinogen
(calculated as the OD of PAD4-citrullinated fibrinogen/OD of PAD2-citrullinated fibrinogen) at various dilutions. D, Levels of antibodies to
autocitrullinated PAD2 and PAD4, at various dilutions, in samples from individual RA patients. In A, C, and D, results are representative of 3
independent experiments performed. Symbols represent individual samples; bars show the mean 6 SEM. *** 5 P , 0.005. NS 5 not significant.
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quantitated using densitometric analysis. RA patient anti-
bodies generated significantly more intense bands to
PAD4-citrullinated fibrinogen compared to PAD2-citrul-
linated fibrinogen (Figure 2).

There was no difference in RA antibody avidity to
PAD4- or PAD2-citrullinated fibrinogen. RA patient anti-
bodies could display increased binding to PAD4-
citrullinated fibrinogen on ELISA and Western blotting
due to differences in avidity (increased cumulative binding
affinity to PAD4-citrullinated fibrinogen) or specificity
(more relevant epitopes on PAD4-citrullinated fibrinogen).
To compare the avidity of RA antibodies, we compared the
ELISA-derived OD values of RA patient plasma incubated
with either PAD4- or PAD2-citrullinated fibrinogen and
various concentrations of a chaotropic agent, sodium
thiocyanate.

Three patient plasma samples that produced 56-kd
bands but not 76-kd bands on Western blot were chosen for
this assay to specifically measure binding avidity to citrul-
linated fibrinogen b, since it is more commonly recognized
than citrullinated fibrinogen a in our studies of very-high-
titer antibodies. Significantly more chaotropic agent was
required to inhibit binding at increasing antibody titers,

indicating a significant increase in avidity with increased
titers (Figure 3). The avidity index and the antibody titer
were correlated in both the PAD4- and PAD2-citrullinated
fibrinogen samples. There was no difference, however, in
the avidity of RA antibodies to PAD4- or PAD2-
citrullinated fibrinogen at high titers (1:250 or 1:1,000),
which produced a robust difference in both ELISA and
Western blot results. Although it is possible that there was a
subtle difference in avidity that was below the limit of detec-
tion in this assay, this potential difference is less significant
than the difference conferred by increasing titers. There was
a trend toward an increased avidity index for PAD2-
citrullinated fibrinogen relative to PAD4-citrullinated fibrin-
ogen at low titers (1:40), but this was not significant. For the
3 samples tested, differential avidity cannot explain the
increased RA antibody binding of PAD4-citrullinated
fibrinogen.

More intermittent citrullination at hot spot region
of fibrinogen by PAD4, as measured by MS. It is possi-
ble that the difference in RA antibody recognition of
PAD2- and PAD4-citrullinated fibrinogen is due to a
difference in the level of citrullination in the samples. To
quantify the extent of citrullination of either noncitrullinated,
PAD2-citrullinated, or PAD4-citrullinated fibrinogen, we
performed bottom-up MS of the 56-kd band (fibrinogen b)
to identify and quantify modified versus unmodified
peptides. Fibrinogen b was chosen for this quantitative anal-
ysis, because RA patient plasma diluted 1:1,000 bound
fibrinogen b more frequently than fibrinogen a. Distal to the
signal peptide, starting at position 31, protein sequence cov-
erage was nearly complete (98%). This coverage accounted
for all arginines. We identified a “hot spot” of arginine cit-
rullination at positions R44, R47, R53, R60, R72, and R74

Figure 2. RA patient plasma preferentially recognizes PAD4-
citrullinated fibrinogen, as determined by Western blotting. Compar-
ison of the normalized band intensities of the 56-kd region of
PAD2-citrullinated fibrinogen and PAD4-citrullinated fibrinogen,
resolved by sodium dodecyl sulfate–polyacrylamide gel electrophore-
sis and probed with individual RA patient plasma samples diluted
1:1,000. The normalized band intensity represents the band intensity
of RA patient plasma binding to PAD2- or PAD4-citrullinated
fibrinogen divided by loading control antifibrinogen antibody. Lines
connect the data points for each individual RA patient sample.
Results are representative of 2 independent experiments performed.

** 5 P , 0.01. See Figure 1 for definitions.

Figure 3. The avidity of RA antibodies to PAD4-citrullinated fibrin-
ogen and to PAD2-citrullinated fibrinogen is not different at high
titers. Avidity was measured by adding various concentrations of
sodium thiocyanate. The avidity index represents the OD of RA
patient plasma for a given concentration of sodium thiocyanate
divided by the OD without sodium thiocyanate. Data are from a rep-
resentative RA patient plasma sample of 3 samples tested. * 5 P , 0.05;

*** 5 P , 0.001. See Figure 1 for definitions.
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in both PAD2- and PAD4-modified fibrinogen b (Figure
4A). At these sites, citrullination was strikingly more abun-
dant than that at other downstream citrullination sites.

The citrullination hot spot region between positions
R44 and R74 was analyzed in depth to identify differences
in citrullination between PAD2- and PAD4-modified sam-
ples. Both PAD2 and PAD4 citrullinated R44 and R47
fully (.99%) (Figure 4B). Interestingly, residues at these
positions were also citrullinated, but at a lower level (8%),
in unreacted (native) fibrinogen samples. Although PAD2
treatment resulted in 95% citrullination of all 4 remaining
hot spot residues (R53, R60, R72, and R74), PAD4 treat-
ment resulted in complete citrullination of all 4 residues in
only 42% of peptides identified (Figure 4C). In the

majority of peptides, R53, R60, R72, and R74 were citrul-
linated intermittently. The next most commonly identified
combination of PAD4-citrullinated arginines was at posi-
tions R53/R60, followed by R53 only, and R53/R60/R72.

In addition to this hot spot region between posi-
tions R44 and R74, citrullination was detected at low levels
at several sites in the C-terminal region of the fibrinogen b

protein. Although the initial analysis detected putative sites
of low-level citrullination throughout the fibrinogen b pro-
tein, this low level of citrullination can be difficult to dis-
criminate from artifactual deamidation of asparagine and
glutamine, because these modifications are isobaric. These
sites were manually validated to confirm that fragmenta-
tion spectra coverage could differentiate from any adjacent

Figure 4. Fibrinogen b-chain (fibrinogen b) arginine sites 44–74 are a hot spot of citrullination that are uniformly modified by peptidylarginine
deiminase type 2 (PAD2) and intermittently modified by PAD4. Unmodified, PAD2-citrullinated, or PAD4-citrullinated fibrinogen was enzymat-
ically digested and analyzed by mass spectrometry. A, Summed signal (PAD2 and PAD4) of peptides containing a citrullinated arginine, plotted
as a function of the amino acid residue number for fibrinogen b. The green bars depict the residues covered based on peptides with a false dis-
covery rate of ,1%. B and C, Relative abundance of identified peptide signals carrying modifications at R44 and R47 (B) and R53, R60, R72,
and R74 (C) in PAD2-citrullinated, PAD4-citrullinated, and unreacted (control) fibrinogen.
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asparagine or glutamine residues. A list of validated cit-
rullination sites and their relative quantitation by PRM are
shown in Table 1. Taken together, these data indicate that
although both PAD2 and PAD4 hypercitrullinate a hot
spot region between R44 and R74 on fibrinogen b, PAD4-
mediated citrullination is more intermittent at residues
R53, R60, R72, and R74.

Better binding of RA antibodies to PAD4-citrul-
linated fibrinogen hot spot region due to a broader
array of epitopes. To determine whether the preferential
binding of PAD4-citrullinated fibrinogen was due to rec-
ognition of partially citrullinated peptides in the hot spot
region (spanning positions 44 to 74) or peptides citrul-
linated by PAD4 only (positions 334 and 478), we per-
formed an ELISA to compare RA and normal antibody
responses to citrullinated peptides. Citrullinated filaggrin
peptide 1 (cfc-1) was used as a positive control in this
experiment, and cfc-0 (the noncitrullinated isoform) was
used as a negative control. Antibodies in half of the RA
patient samples tested recognized the positive control pep-
tide cfc-1, while none of these antibodies recognized the
negative control peptide cfc-0 (Figure 5A).

We did not identify a single citrullinated fibrinogen
b peptide that was consistently more immunogenic when
it was only partially citrullinated. Instead, there was a
diverse array of peptide recognition. This variability in RA
antibody responses to various citrullinated isoforms of the
same peptide region is reminiscent of the original article
mapping epitopes of citrullinated filaggrin (22). The clini-
cally useful tests for antibodies to citrullinated filaggrin
peptides include an array of peptides derived from filag-
grin spanning positions 306 to 324. This region includes 5
arginine residues, and while only 36% of RA antibodies
bind the peptide when the first arginine residue is

citrullinated, the sensitivity of the assay is improved con-
siderably to 76% when it includes a mix of 9 peptides
spanning this same region but with different citrullination
sites (23). Because PAD4 variably citrullinates arginines in
the hot spot region, it stands to reason that the improved
RA antibody recognition of PAD4-citrullinated fibrinogen
indicates that RA antibodies bind an assortment of citrul-
linated epitopes, and that citrullination by PAD4 results in
a broader array of potential target epitopes.

To confirm that the increased binding of plasma
RA antibodies to PAD4-citrullinated fibrinogen was due to
the availability of epitopes that are not present in PAD2-
citrullinated fibrinogen, we preadsorbed RA patient
plasma with PAD2-citrullinated fibrinogen at various con-
centrations and tested whether there was a remaining anti-
body capable of binding PAD4-citrullinated fibrinogen.
Preadsorption with increasing concentrations of PAD2-
citrullinated fibrinogen led to a sharp decrease in recogni-
tion of PAD2-citrullinated fibrinogen but relatively pre-
served binding of PAD4-citrullinated fibrinogen (Figure
5B). Although RA patient antibodies bound both PAD2-
and PAD4-citrullinated fibrinogen, this result establishes
that PAD4-citrullinated fibrinogen includes additional epi-
topes that can be recognized by RA patient plasma.

To compare the relative importance of the N-
terminal hot spot region and the C-terminal citrullination
sites (R334 and R478), we treated PAD4-citrullinated
fibrinogen with plasmin, which cleaves fibrinogen b at
positions 152 and 163. This results in the generation of 2
main fibrinogen b fragments (23). The C-terminal, 38-kd
fragment D spans residues 164–491 and therefore includes
the PAD4-specific, low-abundance citrullination sites
R334 and R478. The smaller N-terminal (8 kd), fragment
E spans positions 30–153, which includes the hot spot
region of citrullination. Citrullinated fibrinogen was incu-
bated with plasmin under conditions sufficient to cause
partial digestion of the protein and was resolved by SDS-
PAGE. A positive control polyclonal anti–fibrinogen b

antibody detected intact fibrinogen b (56 kd) and the b-
chain fragment D (38 kd) but did not detect the b-chain
fragment E (Figure 5C), even when increasing the amount
5-fold and detecting this fragment at its expected molecu-
lar weight of 8 kd by Coomassie brilliant blue staining (see
Supplementary Figure 2, available on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.40035/abstract).

Loading an increased amount of cleaved fibrino-
gen revealed the presence of heavy-chain antibodies at 52
kd (fibrinogen was purified from human plasma). All RA
antibodies tested in this manner bound intact fibrinogen
more than fragment D. The relative band intensity of RA

Table 1. Mass spectrometry–derived signal of PAD2- and PAD4-
modified fibrinogen at selected citrullination sites*

Arginine site PAD2 PAD4

44 1.44 3 1010 9.39 3 109

47 1.44 3 1010 9.39 3 109

53 8.12 3 1010 7.59 3 1010

60 8.42 3 1010 6.65 3 1010

72 4.55 3 1010 2.41 3 1010

74 4.55 3 1010 2.16 3 1010

334 0.00 2.76 3 108

436 1.40 3 108 1.11 3 108

445 7.78 3 107 8.39 3 107

478 0.00 2.22 3 107

* Data represent the summed signal from parallel reaction monitor-
ing–based quantification of peptides modified at the indicated citrul-
linated residues. Quantified citrullinated sites were derived from
modified peptides, which were filtered by requiring a missed trypsin
cleavage and detection in at least 2 of 3 technical replicates.
PAD2 5 peptidylarginine deiminase type 2.
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antibody recognition of fragment D relative to intact
fibrinogen ranged from 1% to 13% (Figure 5C). The
consistently weaker recognition of fragment D, relative to
intact fibrinogen, indicated that RA antibodies likely
bind to the N-terminal region, which spans residues 31
to 153. It should be noted that plasmin cleavage could
have directly disrupted an important site of antibody rec-
ognition; however, there is only 1 arginine residue in
proximity to a plasmin cleavage site (R158), and careful

re-analysis of MS data failed to detect modification of
this arginine in our PAD-modified fibrinogen samples.

To test whether citrullinated peptides from the hot
spot region encompass the critical antibody recognition
sites, we compared the effect of preadsorbing RA patient
plasma with either native or citrullinated isoforms of
peptides spanning sites 41–77. Preadsorption of 3 RA
patient plasma samples with citrullinated hot spot peptide
pools decreased recognition of fibrinogen b by 77%, 53%,

Figure 5. Rheumatoid arthritis antibodies preferentially bind PAD4-citrullinated fibrinogen (CitFib) because it contains a broader array of citrul-
linated epitopes. A, Enzyme-linked immunosorbent assay–derived OD values of RA and normal antibodies to citrullinated peptides at low titers
(1:40). Data represent test peptide minus irrelevant b-galactosidase peptide. Technical duplicates are presented. B, Band intensity of PAD2- or PAD4-
citrullinated fibrinogen on Western blots of RA patient plasma preadsorbed with increasing concentrations of PAD2-citrullinated fibrinogen. Results
are representative of 3 independent experiments performed. C, Left, Western blots of citrullinated fibrinogen or plasmin-cleaved citrullinated fibrino-
gen, probed with polyclonal antifibrinogen antibody (top) and RA patient plasma (bottom). Results are representative of 3 independent experiments
performed. Right, Summary of Western blot results. Symbols represent individual samples; bars show the mean 6 SEM. Data represent the relative
band intensity of fragment D divided by the relative band intensity of total fibrinogen b (FGB) in samples from 10 RA patients. D, Band intensity of
citrullinated fibrinogen b probed with RA patient plasma samples preadsorbed with native peptides or citrullinated peptides from the hot spot region
of fibrinogen peptides. Native fibrinogen peptides include 34–54, 41–61, 45–65, 66–86, and 285–305. cfc-1 5 citrullinated filaggrin peptide 1; cfc-
0 5 noncitrullinated filaggrin peptide 1 (see Figure 1 for other definitions).
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and 80%, while preadsorption with native peptide pools
decreased recognition by 0% to 20% (Figure 5D). We
therefore conclude that the key site of RA antibody recog-
nition of citrullinated fibrinogen resides in the hot spot
region spanning R44 to R74. Taken together, these data
demonstrate that RA antibodies bind PAD4-citrullinated
fibrinogen more than PAD2-citrullinated fibrinogen,
because intermittent citrullination of the hot spot region
offers a more diverse assortment of citrullinated epitopes.

DISCUSSION

High-titer CCP (“high-positive ACPA”) contrib-
utes 3 points to the 2010 ACR/EULAR classification cri-
teria score for RA (15). According to these criteria, “high-
positive” refers to values that are .3 times the upper limit
of normal (ULN). Because few commercially available
assays extend titers beyond 10 times the ULN, relatively
little is known about very-high-titer CCP antibodies. The
likelihood of undifferentiated arthritis progressing to per-
sistent arthritis further increases in patients with very-
high-titer antibodies (.10 times the ULN) relative to
those with high-titer antibodies (4–10 times the ULN)
(24), suggesting that there may also be a clinically impor-
tant distinction between high-titer and very-high-titer CCP
antibodies. Considering that very-high-titer antibodies are
also very-high-avidity antibodies, it is conceivable that they
play a more important role in immune targeting and merit
further exploration. In this study, we demonstrated that at
very high titers, RA antibodies demonstrate preferential
binding of PAD4-citrullinated fibrinogen compared to
PAD2-citrullinated fibrinogen. Bearing in mind the broad
repertoire of citrullinated antigens targeted by RA anti-
bodies, one might have predicted that decreased antibody
binding would be attributable to less efficient citrullination
in the PAD2-citrullinated fibrinogen samples, but MS
analysis of our samples demonstrated less efficient citrulli-
nation in PAD4-citrullinated fibrinogen.

An important limitation of this study is that it dem-
onstrates antibody binding to citrullinated fibrinogen gen-
erated in vitro, and there may be differences in the activity
of PAD2 and PAD4 in vivo. The citrullinated fibrinogen
used in this study was generated by adding either PAD2
or PAD4 in buffer containing 10 mM CaCl2 and incubated
overnight at 378C (according to the instructions of the
manufacturer), which likely represents a higher calcium
concentration and longer duration of exposure than occurs
in vivo. Interestingly, despite the use of conditions that
were optimized to maximize citrullination rather than
model conditions in vivo, the validated citrullination sites
detected were restricted to 2 domains in the fibrinogen b

protein: the N-terminal central domain and the C-

terminal globular domain. We could not confirm citrulli-
nation at arginine sites in the coiled-coil region.

Although the reaction conditions for citrullinating
fibrinogen used in these assays make it difficult to con-
clude that PAD4 plays a more important role in generat-
ing autoantigen targets of RA antibodies, it does not
detract from the observation that RA antibodies distin-
guish fibrinogen b with subtle differences in citrullination
profiles. In support of the in vivo relevance of the citrulli-
nation hot spot identified here, citrullinated fibrinogen b

epitopes derived from the hot spot region have been
identified in RA synovial tissue (25) and synovial fluid
(26) as well as circulating RA immune complexes (27).

In summary, the current study demonstrates that
very-high-titer antibodies bind PAD4-citrullinated fibrino-
gen more than PAD2-citrullinated fibrinogen, and that
this could not be attributed to increased citrullination in
PAD4-reacted samples. Instead, while both PAD2 and
PAD4 heavily citrullinate a hot spot region between R44
and R74, the PAD4 citrullination profile is more intermit-
tent. Other studies of ACPAs have largely used PAD2-
modified target proteins or peptides with citrullination of
all possible arginines. Our study indicates that high-titer
RA antibodies preferentially bind PAD4-citrullinated
fibrinogen, because it produces an assortment of citrul-
linated isoforms from a hot spot of fibrinogen b citrullina-
tion. In the future, it would be useful to compare the
relative binding of high-titer RA antibodies to other
known citrullinated target antigens modified by PAD2 or
PAD4, to evaluate the generalizability of this result.
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Targeting the D Series Resolvin Receptor System for the
Treatment of Osteoarthritis Pain

Junting Huang, James J. Burston, Li Li, Sadaf Ashraf, Paul I. Mapp,
Andrew J. Bennett, Srinivasarao Ravipati, Petros Pousinis, David A. Barrett,

Brigitte E. Scammell, and Victoria Chapman

Objective. Pain is a major symptom of osteoarthri-
tis (OA); currently available analgesics either do not pro-
vide adequate pain relief or are associated with serious
side effects. The aim of this study was to investigate the
therapeutic potential of targeting the resolvin receptor
system to modify OA pain and pathology.

Methods. Gene expression of 2 resolvin receptors
(ALX and ChemR23) was quantified in synovium and
medial tibial plateau specimens obtained from patients with
OA at the time of joint replacement surgery. Two models of
OA joint pain were used for the mechanistic studies. Gene
expression in the joint and central nervous system was
quantified. The effects of exogenous administration of the D
series resolvin precursor 17(R)-hydroxy-docosahexaenoic
acid (17[R]-HDoHE) on pain behavior, joint pathology, spi-
nal microglia, and astroglyosis were quantified. Plasma lev-
els of relevant lipids, resolvin D2, 17(R)-HDoHE, and
arachidonic acid, were determined in rats, using liquid chro-
matography tandem mass spectrometry.

Results. There was a positive correlation between
resolvin receptor and interleukin-6 (IL-6) expression in
human OA synovial and medial tibial plateau tissue. In
rats, synovial expression of ALX was positively correlated
with expression of IL-1b, tumor necrosis factor, and
cyclooxygenase 2. Treatment with 17(R)-HDoHE reversed

established pain behavior (but not joint pathology) in 2
models of OA pain. This was associated with a significant
elevation in the plasma levels of resolvin D2 and a signifi-
cant reduction in astrogliosis in the spinal cord in the
monosodium iodoacetate–induced OA rat model.

Conclusion. Our preclinical data demonstrate
the robust analgesic effects of activation of the D series
resolvin pathways in 2 different animal models of OA.
Our data support a predominant central mechanism of
action in clinically relevant models of OA pain.

Osteoarthritis (OA) is a highly prevalent degenera-
tive joint disorder characterized by loss of cartilage, sub-
chondral bone remodeling, and synovial inflammation
(1,2). Pain is the predominant symptom of OA, which
limits movement and causes disability (3). OA pain is signif-
icantly associated with synovial inflammation and changes
in the subchondral bone (4), and evidence of central sensiti-
zation and the spread of pain has been reported (5).
Existing drugs are poorly effective and/or are associated
with adverse side effects. Most often, total joint replace-
ment is the only successful therapeutic treatment (6).

Resolvins are endogenous specialized pro-resolution
lipid mediators derived from docosahexaenoic acid (DHA
[D series resolvins]) and eicosapentaenoic acid (EPA [E
series resolvins]), which exhibit potent antiinflammatory and
pro-resolution properties (7,8). Four resolvin receptors have
been identified: ALX (also known as N-formyl peptide
receptor 2), G protein–coupled receptor 32 (GPR32)
(9–11), chemokine-like receptor 1 (ChemR23) (12), and leu-
kotriene B4 receptor (BLT-1) (13). Resolvin D1 (RvD1)
binds to and activates both ALX and GPR32 in human tis-
sue, while in murine tissue the actions of RvD1 are mediated
by ALX (14). ChemR23 and BLT-1 are the receptors
through which RvE1 and RvE2 act (14).

In the context of their therapeutic potential for
pain management, RvE1 and RvD1 (administered
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exogenously) attenuate pain behavior in models of acute
inflammatory pain (15,16) and a model of chronic
adjuvant-induced arthritis (17). RvD1 inhibits the activity
of some temperature-sensitive transient receptor potential
(TRP) ion channels expressed by the primary afferent sen-
sory fibers TRP ankyrin 1 (TRPA-1) (18) and TRP
vanilloid channel 3 (TRPV-3) (19), but not TRPV-1. Due
to the rapid degradation of resolvins, local (intraplantar or
intrathecal) routes of administration have been studied.
Spinal administration of RvE1 reduced capsaicin- and
tumor necrosis factor (TNF)–induced spontaneous pain
and hypersensitivity in mice and partially attenuated pain
behavior in models of neuropathic pain (20). RvD1 and
RvE1 can modulate TRPV-1 and TNF responses in the
spinal cord (20–22) and inhibit phosphorylation of N-
methyl-D-aspartate receptors and cytokine expression in
the spinal cord in the setting of chronic pancreatitis-
induced pain (23). Thus, both peripheral and spinal mech-
anisms of action contribute to the inhibitory effects of the
resolvins in models of inflammatory and neuropathic pain,
with predominant peripheral antiinflammatory mecha-
nisms including inhibition of neutrophil infiltration,
edema, and proinflammatory cytokine expression (21).

The therapeutic potential of exogenously adminis-
tered RvD1 and RvE1 may be limited by instability and short
durations of action. Treatment with precursors of the active
molecules offers an alternative longer-lasting and beneficial
approach (17), as does the development of chemically and
metabolically stable analogs such as 17R-hydroxy-19-para-
fluorophenoxy-resolvin D1 (24). Inhibitory effects of a
precursor of RvD1, 17(R)-hydroxy-docosahexaenoic acid
(17[R]-HDoHE), on mechanical hyperalgesia in a model of
inflammatory joint pain have been reported and associated
with reductions in hind paw levels of TNF and interleukin-
1b (IL-1b) and spinal cord expression of NF-kB and
cyclooxygenase 2 (COX-2) (17). These data suggest that
exogenous augmentation of resolvin precursors has
therapeutic potential for the treatment of pain states that are
underpinned by peripheral and/or central sensitization
mechanisms.

The aim of the current study was to provide new
clinical and preclinical evidence for the therapeutic poten-
tial of the D series resolvin pathway for the treatment of
OA pain. Using 2 different clinically relevant models of
OA joint pain, we performed mechanistic studies to inter-
rogate the contribution of peripheral joint versus spinal
cord sites of action of this novel class of analgesics.

PATIENTS AND METHODS

Subjects. Research using clinical samples was approved
by generic ethics committees for the Nottingham University

Hospitals NHS Trust Biobank (reference no. RSCH 488).
Human synovial tissue and bone from the medial tibial plateau
were obtained from 15 patients who underwent total knee
replacement (TKR) surgery for OA pain. These tissues were
selected on the basis of established associations between inflam-
mation, bone remodeling, and pain (1,2). Fresh tissue samples
were collected from the surgical team and snap-frozen and
stored in a 280�C freezer at the Biobank, City Hospital, Univer-
sity of Nottingham. Fresh synovial tissue specimens (n 5 15) and
medial tibial plateau specimens (n 5 14) were used to quantify
gene expression.

Animals and model induction. Animal experiments
were approved by the Nottingham University ethics committee,
and all procedures were approved by the UK Home Office in
accordance with the Animals (Scientific Procedures) Act 1986
and conform to the guidelines of the International Association for
the Study of Pain. Adult male Sprague-Dawley rats (n 5 166)
were used (Charles River). All procedures and testing were per-
formed in a blinded manner. The model of monosodium iodo-
acetate (MIA)–induced OA pain was generated as previously
described (25). The medial meniscal transection (MNX) induc-
tion model of OA pain was based on previously described meth-
ods (26) (see also Supplementary Methods, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40001/abstract).

Pharmacologic interventions and assessment of pain
behavior. Weight-bearing asymmetry and hind paw mechanical
withdrawal thresholds were determined using a Linton incapacitance
tester and von Frey monofilaments (Linton Instrumentation; bend-
ing force 1–26g, respectively) as previously described (27) (see
Supplementary Methods). An RvD1 precursor, 17(R)-HDoHE,
also known as 17(R)-HDHA, was purchased from Cayman Chemi-
cal. This precursor gives rise to the production of 17R RvD1 and
17R RvD2, epimers of endogenous RvD1, RvD2, RvD3, and RvD4
(synthesized from 17[S]-HDoHE), and aspirin-triggered epimers
(17R forms), when COX-2 is acetylated (14).

The 17(R)-HDoHE (stock solution 100 mg/ml in etha-
nol) was diluted in normal sterile saline to provide a concentra-
tion of 1 ng/ml. The vehicle solution consisted of 1% ethanol
solution in 99% saline. A series of different pharmacologic stud-
ies were performed using 300 ng of 17(R)-HDoHE in 300 ml
saline administered intraperitoneally. Study 1 determined the
effects of a single injection of 17(R)-HDoHE on pain behavior
on day 14 after induction of the model. Study 2 determined the
effects of repeated administration of 17(R)-HDoHE (300 ng in
300 ml saline, every other day from day 14 until day 28 after
induction of the model) on pain behavior in the MIA-induced
OA pain model and the MNX induction model of OA pain.
Study 3 determined the effects of discontinuous administration of
17(R)-HDoHE (300 ng in 300 ml saline, from day 14 to day 22
after induction of the model) on pain behavior, quantified until
day 35 after induction of the model. All of the drug intervention
studies were conducted in a blinded manner.

Quantitative real-time polymerase chain reaction.
At the end of the behavioral studies, the rats were killed via an
overdose of sodium pentobarbital, and fresh-frozen spinal cords
and synovial tissue were collected and stored at 280�C. Tissues
were homogenized in ice-cold TRI Reagent to extract total RNA
from the samples, as previously described (26). Human OA syno-
vial tissue collected at the time of TKR surgery was homogenized
in cold TRI Reagent, and RNA was extracted as previously
described. Bone from the mid part of the medial tibial plateau
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collected at the time of TKR surgery was pulverized in liquid nitro-
gen, and RNA was extracted in TRI Reagent. RNA samples were
kept in a 280�C freezer for future use (see Supplementary Meth-
ods, available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40001/abstract). Expres-
sion of target genes was quantified using previously described
methods (26,28). Primers and probes were designed using Primer
Express 3.0 software (Applied Biosystems) and synthesized by per-
sonnel at MWG Biotech, and minor groove binder probes were
biosynthesized by personnel at Applied Biosystems (see Supple-
mentary Methods).

Glial cell immunofluorescence analysis. Rats were
killed by sodium pentobarbital overdose and transcardially per-
fused with saline and then 4% paraformaldehyde, pH 7.4
(Sigma). The lumbar spinal cord was removed, postfixed in 4%
paraformaldehyde, and stored in 30% sucrose. The spinal cord
was then sectioned, and immunohistochemical analysis was per-
formed using mouse anti–glial fibrillary acidic protein (anti-
GFAP) antibodies (1:100) (Fisher Scientific), as previously
described (26) (see Supplementary Methods).

Histologic staining and scoring of knee joints. Carti-
lage histopathology was scored from 0 (normal) to 5 (severe

degeneration), and a total joint damage score (range 0–15) was
obtained by combining the cartilage score with the score for joint
involvement (range 0–3) (29). Synovial inflammation was graded
on a scale of 0 (lining layer, 1–2 cells thick) to 3 (lining layer .9
cells thick and/or severe increase in cellularity), as previously
described (29). Sections from the posterior half of the knee joints
were dewaxed and recalcified with calcium chloride and magne-
sium chloride before tartrate-resistant acid phosphatase (TRAP)
staining was conducted using a commercially available kit
(F386A; Sigma-Aldrich). TRAP-positive osteoclasts were quanti-
fied as previously described (29) (see also Supplementary Meth-
ods, available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40001/abstract).

Statistical analysis. Data were analyzed with GraphPad
Prism version 5 or 6 and are presented as the mean 6 SEM.
Behavioral data were analyzed by two-way analysis of variance
(ANOVA) with Bonferroni post hoc correction. Histologic scoring
was analyzed by one-way ANOVA with Bonferroni post hoc test or
by Kruskal-Wallis ANOVA followed by Dunn’s post hoc test for
nonparametric data. Gene expression levels were analyzed by
unpaired t-test (parametric data) or Mann-Whitney test (nonpara-
metric data). Correlations between gene expression of resolvin

Figure 1. Expression of resolvin receptors ALX and ChemR23 in human osteoarthritis (OA) joint tissue. A and B, Transformed Ct values for
resolvin receptors ALX and ChemR23 mRNA in synovium (A) and medial tibial plateau (B) specimens obtained from patients with end-stage
OA. Expression of ChemR23 was significantly higher than that of ALX in both OA synovium (n 5 15 specimens) (A) and medial tibial plateau
(n 5 14 specimens) (B), as shown by a larger transformed Ct value (maximum cycle number for run – cycle number at which exponential amplifi-
cation occurs). Bars show the mean 6 SEM. **** 5 P , 0.0001 by unpaired t-test. C–F, Correlations of ALX and ChemR23 with the cytokine
interleukin-6 (IL-6) and the enzyme 15-lipoxygenase 1 (15-LOX-1) in human medial tibial plateau tissue. G–J, Correlations of ALX and
ChemR23 with IL-6 and 15-LOX-1 in human synovium.
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receptors and pain behavior or genes of interest were analyzed using
Pearson’s correlation coefficient (parametric data) or Spearman’s
correlation coefficient (nonparametric data) analysis. For immuno-
fluorescence analysis, data were analyzed by one-way ANOVA with
Bonferroni post hoc test. Correlations between spinal GFAP expres-
sion and weight-bearing asymmetry and the ipsilateral paw with-
drawal threshold were determined by a Spearman’s correlation.

RESULTS

Expression of ChemR23 and ALX messenger RNA
(mRNA) in the OA joint. Both ALX and ChemR23 were
present in human synovium and medial tibial plateau bone
obtained following TKR surgery for OA (Figures 1A and
B). For the synovium, there was an approximate 6-Ct differ-
ence between ChemR23 and ALX, and for the medial tibial
plateau bone there was a 2-Ct difference, indicating higher
expression of ChemR23 compared with ALX in both
tissues. Given the role of these receptors in regulating
inflammatory signaling, it is noteworthy that the expression
of both ChemR23 and ALX was positively correlated with
mRNA expression of IL-6 in the medial tibial plateau bone

(Figures 1C and D). Expression of both ChemR23 and
ALX was also positively correlated with expression of the
enzyme 15-lipoxygenase 1 (15-LOX-1) in the medial tibial
plateau bone (Figures 1E and F). In the synovium, correla-
tions were less robust. Expression of ALX but not
ChemR23 was positively correlated with IL-6 expression
(Figures 1G and H), and expression of ALX was also posi-
tively correlated with 15-LOX-1 expression (Figures 1I and
J). There was no correlation between body mass index
(BMI) or age with expression of ALX, ChemR23, or any
other genes studied in the synovium of OA patients (data
not shown). Analysis of the correlation of BMI and age with
expression of selected genes in medial tibial plateau bone
from OA patients revealed a significant negative correlation
between BMI and the expression of TNF. There was a sig-
nificant negative correlation between age and expression of
ChemR23 and 15-LOX-1 (data not shown).

The preclinical MIA model of OA pain was associ-
ated with marked weight-bearing asymmetry (P, 0.0001 ver-
sus saline1 vehicle) (Figure 2A). In addition, MIA-induced
OA pain was associated with reductions in ipsilateral paw

Figure 2. Expression of resolvin receptors ALX and ChemR23 in rat osteoarthritis (OA) joint tissue. A and B, Significant weight-bearing asym-
metry (A) and decreased ipsilateral paw withdrawal thresholds (B) following intraarticular injection of monosodium iodoacetate (MIA) into the
knee joints (MIA-treated rats) compared with saline-treated control rats (n 5 8 per group). Values are the mean 6 SEM. **** 5 P , 0.0001 ver-
sus control, by two-way analysis of variance with Bonferroni’s post hoc test. C and D, Decreased synovial expression of ChemR23 in MIA-
treated rats compared with saline-treated control rats on day 14 (C) and day 35 (D). E and F, Comparable expression of ALX in the synovium
of MIA-treated rats and saline-treated rats on day 14 (E) and day 35 (F) (n 5 7–8 per group). Bars in C–F show the mean 6 SEM. * 5 P , 0.05;

** 5 P , 0.01 by unpaired t-test.
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withdrawal thresholds (P, 0.0001 versus saline1 vehicle)
(Figure 2B), as previously described (25). Consistent with the
clinical data, synovium from saline-treated (control) rats
expressed both ChemR23 and ALX (Figures 2C–F). There
was a significant reduction in ChemR23 expression in the
synovium at both the earlier (day 14) (Figure 2C) and later
(day 35) (Figure 2D) time points in MIA-treated animals
compared with saline-treated controls. Synovial expression of
ALX was unaltered in MIA-injected rats compared to saline-
treated rats at either time point studied (Figures 2E and F).

Consistent with the clinical data, there was a trend
toward a correlation between ALX and IL-6 expression
(results not shown) at 14 days after induction of the model
(r 5 0.6826, P 5 0.0621). At this time point, synovial ALX
expression was correlated with IL-1b, TNF, and COX-2
expression (Figures 3A–C). At the later time point, syno-
vial ALX expression was correlated with IL-1b, TNF, and

COX-2 expression in the synovium (Figures 3D–F). There
were no significant correlations between ALX expression
and IL-6, IL-1b, TNF, and COX-2 expression in the syno-
vium of control (saline-treated) rats (data not shown).
There were no significant correlations between synovial
expression of ChemR23 and IL-1b, TNF, and COX-2 in
the MIA-induced model of OA at either time point (data
not shown).

The number of ALX-positive and ChemR23-
positive cells in the synovium was compared in the MIA-
treated rats (day 28 after the MIA injection) and saline-
treated controls. The number of DAPI-positive nuclei,
ED1/CD68-positive cells, and the number of ALX-positive
and ChemR23-positive cells in synovial sections was evalu-
ated. The number of DAPI-positive cells was increased
(P , 0.01) in the synovium of rats with MIA-induced OA
compared with saline-injected control rats (see

Figure 3. Correlations between synovial expression of ALX and markers of inflammation in rat synovium. Significant correlations between ALX
expression and synovial expression of interleukin-1b (IL-1b), tumor necrosis factor (TNF), and cyclooxygenase 2 (COX-2) on day 14 (A–C) and
day 35 (D–F) in monosodium iodoacetate–treated rats (n 5 7) were found.
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Figure 4. Inhibition of pain behavior by the D series resolvin precursor 17(R)-hydroxy-docosahexaenoic acid (17[R]-HDoHE). A and B, Attenu-
ated weight-bearing asymmetry (A) and decreased ipsilateral hind paw withdrawal thresholds (B) 14 days after model induction in rats treated
with monosodium iodoacetate (MIA) 1 17(R)-HDoHE compared to MIA-injected vehicle-treated rats. Bars show the mean 6 SEM (n 5 8 per
group). ## 5 P , 0.01; ### 5 P , 0.001 versus saline 1 vehicle. * 5 P , 0.05; *** 5 P , 0.001; **** 5 P , 0.0001 versus MIA 1 vehicle, by two-
way analysis of variance (ANOVA) with Bonferroni’s post hoc test. C and D, Sustained inhibition of weight-bearing asymmetry (C) and
decreased paw withdrawal thresholds (D) from day 14 to day 28 following repeated administration of 17(R)-HDoHE in rats treated with MIA
compared with rats treated with MIA1 vehicle. Bars show the mean 6 SEM. * 5 P , 0.05; ** 5 P , 0.01; **** 5 P , 0.0001 versus MIA 1 vehicle,
by two-way ANOVA with Bonferroni’s post hoc test. E, Attenuated weight-bearing asymmetry in rats with medial meniscal transection (MNX)–
induced osteoarthritis pain treated with repeated administration of 17(R)-HDoHE compared with those treated with vehicle. Bars show mean 6

SEM. * 5 P , 0.05; ** 5 P 5 0.01; *** 5 P , 0.001 versus sham 1 vehicle. ## 5 P , 0.01 versus MNX 1 vehicle, by two-way ANOVA with
Bonferroni’s post hoc test. F and G, Gradual return of weight-bearing asymmetry and decreased hind paw withdrawal thresholds within 7 days
following cessation of 7-day treatment with 17(R)-HDoHE. Bars show the mean 6 SEM. ### 5 P , 0.001; #### 5 P , 0.0001 versus sal-
ine 1 vehicle. * 5 P , 0.05; ** 5 P , 0.01; **** 5 P , 0.0001 versus MIA 1 vehicle, by two-way ANOVA with Bonferroni’s post hoc test. Values
are the mean 6 SEM. EtOH 5 ethanol.
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Supplementary Figures 1A and B, available on the Arthritis
& Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40001/abstract). In addition, the number of
ED1-positive cells (see Supplementary Figures 1A and C)
was also increased in the rats with MIA-induced OA
(P , 0.005), which is indicative of the likely infiltration of
ED1-positive macrophages in this model. Despite the
increase in the number of macrophages in the synovium of
rats with MIA-induced OA pain, the number of ALX-
positive and ChemR23-positive cells in the synovium was
significantly reduced in MIA-treated rats compared with
saline-treated rats (see Supplementary Figures 1A, D, and
E) (P , 0.05 for both ALX and ChemR23).

In order to confirm that the antibody staining was
not attributable to autofluorescence, we conducted nega-
tive control experiments with omission of the primary

antibodies (see Supplementary Figure 2, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40001/abstract), in which positively
labeled cells were not evident either visually or by velocity
analysis. We attempted colocalization experiments for ED1-
positive cells and ALX and ChemR23, but unfortunately we
were unable to obtain sufficient quality of staining when
these antibodies were applied to synovial sections for
analysis.

Reversal of MIA- and MNX-induced OA pain by
the D series precursor 17(R)-HDoHE. In a series of inter-
vention studies, we evaluated the ability of systemic admin-
istration of 17(R)-HDoHE to reverse pain behavior in 2
models of OA. Systemic administration produced a pro-
nounced and complete reversal of MIA-induced weight-
bearing asymmetry and restored ipsilateral paw withdrawal

Figure 5. No alteration of osteoarthritis joint pathology by 17(R)-HDoHE (Res). A–C, Representative images of hematoxylin and eosin
(H&E)–stained knee joint sections from rats treated with saline, MIA 1 vehicle (Veh), or MIA 1 17(R)-HDoHE. A, Chondropathy. Bars 5 500
mm. B, Synovial inflammation. Bars 5 100 mm. C, Osteoclastogenesis. Bars 5 100 mm. Black arrows indicate areas of chondropathy and synovial
inflammation; yellow arrows indicate osteoclastogenesis. D–G, Significant joint pathology at 28 days in rats treated with intraarticular injections
of MIA compared with saline-treated rats. Repeated administration of 17(R)-HDoHE from day 14 to day 28 did not alter the chondropathy
score (D), synovial inflammation (E), chondrocyte appearance (F), or number of tartrate-resistant acid phosphatase (TRAP)–positive osteoclasts
(G) in the MIA-treated rats. Bars show the mean 6 SEM. * 5 P , 0.05; ** 5 P , 0.01; *** 5 P , 0.001 by one-way ANOVA with Bonferroni’s
post hoc test (parametric data) or Kruskal-Wallis test with Dunn’s post hoc test (nonparametric data). See Figure 4 for other definitions.
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thresholds toward control values at 1 hour after adminis-
tration; these effects lasted for 6 hours (Figures 4A and B).
Importantly, the inhibitory effects of 17(R)-HDoHE on

both weight-bearing asymmetry and hind paw withdrawal
thresholds were sustained following repeated administra-
tion of 17(R)-HDoHE for 14 days (Figures 4C and D);

Figure 6. Expression of the resolvin receptors in the spinal cord. A and B, ChemR23 expression in the ipsilateral dorsal horn of the lumbar spi-
nal cord (L3–L5) on day 14 (A) and day 35 (B) in MIA-treated rats compared with saline-treated rats. C and D, ALX expression in the ipsilat-
eral dorsal horn of the lumbar spinal cord (L3–L5) on day 14 (C) and day 35 (D) in MIA-treated rats compared with saline-treated rats. Bars
show the mean 6 SEM (n 5 5–6 per group). * 5 P , 0.05; ** 5 P , 0.01 by unpaired t-test. E, Anti–glial fibrillary acidic protein (GFAP) immuno-
fluorescence in the ipsilateral L4 dorsal horn of the spinal cord 28 days following induction of the MIA model of OA pain, indicative of
increased astrocyte reactivity. Repeated systemic treatment with 17(R)-HDoHE (300 ng every other day from day 14 to day 28 after model
induction) resulted in a significant decrease in MIA-induced GFAP immunofluorescence. The boxed area shows the area evaluated for GFAP
quantification. F, Quantification of GFAP fluorescence. Bars show the mean 6 SEM (n 5 7–8 rats per group). *** 5 P , 0.001; # 5 P , 0.05 by
one-way ANOVA. G, Positive correlation between GFAP expression in the ipsilateral dorsal horn of the spinal cord and weight-bearing asymme-
try in all of the treatment groups. H, Negative correlation between GFAP expression in the ipsilateral dorsal horn of the spinal cord and the
paw withdrawal threshold in all of the treatment groups. See Figure 4 for other definitions.
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there was no evidence of tolerance to this analgesic effect.
To consolidate the evidence that these inhibitory effects of
the resolvin precursor on MIA-induced pain behavior has
translational relevance, the effects of 17(R)-HDoHE on
pain behavior were also evaluated in the MNX-induced
model of OA. In this analysis, systemic administration of
17(R)-HDoHE (300 ng intraperitoneally every other day
from day 14 after model induction) significantly halted fur-
ther increases in MNX-induced weight-bearing asymmetry
(Figure 4E).

The final series of pharmacologic experiments
determined the extent to which 17(R)-HDoHE adminis-
tration altered pain behavior once treatment had ceased.
Following a 7-day treatment protocol with 17(R)-HDoHE
(days 14–22 after MIA/saline injection), pain behavior was
assessed for a further 13 days. It was evident that the anal-
gesic effects of 17(R)-HDoHE were sustained over a short
period of time once treatment had ceased, and then pain
behavior returned to levels observed in saline-treated rats
with MIA-induced OA pain (Figures 4F and G).

To further investigate the potential mechanisms
underlying the effects of17(R)-HDoHE on OA-induced
pain behavior, the effects of repeated treatment with
17(R)-HDoHE on joint pathology were determined (Fig-
ures 5A–C). Intraarticular injection of MIA was associated
with a significant increase in chondropathy, synovitis, and
chondrocyte appearance and increased numbers of sub-
chondral osteoclasts (Figures 5D–G). Following repeated
administration of 17(R)-HDoHE (300 ng in 300 ml every
other day from day 14 to day 28) there were no significant
changes in any of these features of OA joint pathology
(Figures 5D–G). Similarly, repeated treatment with 17(R)-
HDoHE did not alter MNX-induced joint pathology (data
not shown).

Spinal effects of 17(R)-HDoHE correlated with
behavioral analgesia. Given the lack of effect of 17(R)-
HDoHE on joint pathology in 2 models of OA pain, we
investigated potential spinal mechanisms underlying these
effects. ChemR23 expression in the spinal cord on day 14
in MIA-treated rats was comparable with that in saline-
treated controls (Figure 6A); however, expression was
increased on day 35 in MIA-treated rats compared with
saline-treated controls (Figure 6B). The expression of
ALX in the ipsilateral dorsal horn of the spinal cord was
increased in MIA-treated rats compared with saline-
treated rats on day 14 (Figure 6C), while on day 35 there
was no difference in spinal ALX expression between MIA-
treated and saline-treated rats (Figure 6D).

We previously reported a significant increase in
GFAP immunofluorescence, a marker for astrogliosis, in
the spinal cord at later time points in the MIA-induced
model of OA (25). Consistent with previous findings,

GFAP immunofluorescence was significantly increased in
the ipsilateral dorsal horn (Figures 6E and F) but not the
contralateral dorsal horn (data not shown) of MIA-treated
rats that received vehicle, compared with saline-treated
controls. Repeated systemic administration of 17(R)-
HDoHE (300 ng in 300 ml every other day from day 14 to
day 28) significantly inhibited GFAP immunofluorescence
in the ipsilateral dorsal horn of the spinal cord in MIA-
treated rats, compared with vehicle-treated rats with MIA-
induced OA pain (Figures 6E and F). Correlation analysis
revealed that spinal GFAP expression was positively corre-
lated with weight-bearing asymmetry (Figure 6G) and neg-
atively correlated with ipsilateral paw withdrawal
thresholds (Figure 6H).

Liquid chromatography tandem mass spectrome-
try (LC-MS/MS) quantitative analysis of resolvins and
17(R)-HdoHE. Plasma levels of 45 oxylipins, including
arachidonic acid, RvD1, RvD2, and the precursor 17(R)-
HDoHE were quantified 150 minutes following systemic
administration of 17(R)-HDoHE in MIA-treated rats,
vehicle-treated rats, and saline-treated controls. Levels of
arachidonic acid were not altered by systemic administration
of 17(R)-HDoHE (see Supplementary Figures 3A and D,
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40001/abstract). As
expected at the time point studied, plasma levels of 17(R)-
HDoHE were not altered following 17(R)-HDoHE pre-
treatment (see Supplementary Figures 3B and E), but levels
of RvD2 were significantly increased in 17(R)-HDoHE–
treated rats with MIA-induced OA compared with vehicle-
treated rats with MIA-induced OA (see Supplementary Fig-
ures 3C and F). Although there were no significant differ-
ences in the group data for plasma levels of RvD1, this lipid
was detected in a larger number of samples following 17(R)-
HDoHE treatment (5 of 8 samples) compared with those
that received vehicle (3 of 8). Of the remaining oxylipins
quantified, only 9-oxo-10E,12Z-octadecadienoic acid (9-
oxoODE) and 13-oxoODE were significantly increased in
the group of rats with MIA-induced OA treated with 17(R)-
HDoHE compared with the group that received saline plus
vehicle (data not shown).

DISCUSSION

Herein we report that the resolvin receptors ALX
and ChemR23 are expressed at the mRNA level in both
the synovium and tibial plateau of OA patients. ALX
expression was positively correlated with expression of IL-
6, which is a clinically relevant knee pain biomarker in
patients with early OA and those with advanced-stage
knee OA (30), and positively correlated with expression of
15-LOX-1, a key enzyme involved in D series resolvin gen-
eration, in both OA synovium and medial tibial plateau
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bone. Associations between ChemR23, 15-LOX-1, and IL-
6 expression were less consistent for both tissues. The
enzyme 15-LOX-1 is involved in the biosynthesis of D series
resolvins from DHA but not the production of E series
resolvins from EPA; therefore, correlations between 15-
LOX-1 and ChemR23 may reflect the more general role of
15-LOX-1 in inflammatory pathways. Although correlations
between these inflammatory mediators and resolvin recep-
tor expression do not necessarily reflect a causal relation-
ship, they do support the need for further investigation of
the role of the resolvin system in OA mechanisms. Due to
the lack of availability of fresh non-OA knee synovium and
tibial plateau bone, we were unable to evaluate whether
expression of ALX and ChemR23 is altered in end-stage
OA. To overcome this inevitable hurdle of clinical research,
preclinical studies using well-established models of OA pain
in the rodent were undertaken.

Both ALX and ChemR23 were present in control
rat synovium at the early and late time points in the model
of MIA-induced OA pain. The impact of this model of
OA on the expression of these receptors differed. Expres-
sion of ChemR23 mRNA was reduced in the synovium at
both the early and late time points in the MIA model of
OA. In contrast, synovial expression of ALX mRNA in
MIA-injected rats remained stable and comparable with
levels in saline-treated rats at both time points in the model
of MIA-induced OA pain. Synovial expression of ALX
mRNA in the MIA-induced model of OA pain was posi-
tively correlated with key inflammatory genes (TNF, IL-
1b, IL-6, and COX-2), which is consistent with the pres-
ence of synovial inflammation in this model of OA pain,
described herein and in previous studies (31–33), and the
expression of ALX by neutrophils, macrophages, and
fibroblast-like synoviocytes (34).

In addition to the findings of the gene expression
studies, we also demonstrated an increased number of
ED1-positive cells in the synovium of rats with MIA-
induced pain compared with control rats, reflecting a likely
increase in macrophage infiltration. These events were
associated with a decrease in the number of ChemR23-
positive and ALX-positive cells in the synovium of MIA-
treated rats compared with controls. Thus, there was a
consistent direction of effect for ChemR23 mRNA and
protein. In contrast, ALX mRNA expression was not
altered, but the numbers of ALX-positive cells were
decreased in the synovium of MIA-treated rats, which may
reflect posttranslational changes in this receptor.

Systemic administration of the D series resolvin pre-
cursor 17(R)-HDoHE produced robust inhibition of
established pain behavior in both the chemically induced
and surgically induced OA pain models. Systemic treat-
ment with a single dose of 17(R)-HDoHE rapidly reversed

established weight-bearing asymmetry, and this reversal
was evident 1 hour posttreatment and was sustained for 6
hours. LC-MS/MS analysis of plasma confirmed that this
treatment significantly increased plasma levels of RvD2
and increased the number of samples in which RvD1 was
detectable. The dose of 17(R)-HDoHE studied was based
on the comprehensive pharmacologic evaluation of 17(R)-
HDoHE in a model of inflammatory arthritis (17). Consis-
tent with this previous study, we observed that a very low
dose of 17(R)-HDoHE has beneficial effects on pain
behavior, and that repeated treatment with 17(R)-HDoHE
has a sustained inhibitory effect on pain behavior over a 2-
week period in both the chemically induced and surgically
induced models of OA pain. Although there were subtle
differences in the rapidity of onset and magnitude of the
inhibitory effects of 17(R)-HDoHE between the 2 models
of OA pain, overall this treatment had a comparable inhibi-
tory effect in the 2 models. Unlike opioid-based analgesics,
sustained treatment with 17(R)-HDoHE did not lead to
tolerance.

To further investigate the underlying mechanisms
leading to the beneficial effects of 17(R)-HDoHE, the
effects of repeated treatment on joint pathology were quan-
tified in the model of MIA-induced pain. Consistent with
previous studies (26,35–37) and the key clinical features of
OA, the model of MIA-induced OA was associated with
significant cartilage damage, synovial inflammation, and
increased numbers of subchondral osteoclasts. Despite the
robust analgesic effects of 17(R)-HDoHE, this treatment
did not alter any of the features of knee joint pathology.
This was also the case in the model of MNX-induced OA
pain and joint pathology. This observation is consistent
with our demonstration that the numbers of ALX-positive
cells were reduced in the synovium of rats with MIA-
induced OA pain compared with saline-treated controls,
which is likely to limit/reduce any possible effects of 17(R)-
HDoHE at this level. We previously showed that
treatments that act to reduce osteoclast function can alter
the progression of joint pathology under identical experi-
mental conditions (29). Unlike RvE1, which can inhibit
osteoclasts and bone resorption (38) and protects against
bone loss (39,40), evidence for a role of RvD1 in bone mod-
ulation is sparse. It is feasible, however, that a higher dose
of 17(R)-HDoHE may alter pathologic knee changes seen
in these models of OA. Overall, our in vivo data demon-
strate that 17(R)-HDoHE can robustly block pain behavior
in the MIA model of OA in the face of overt joint damage
and synovial inflammation.

Once treatment with 17(R)-HDoHE was stopped,
pain behavior was blocked for an additional 5–7 days, sug-
gesting that augmentation of the resolvin system has longer-
term inhibitory effects on nociceptive signaling, which may
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represent alterations in both channel activity and signaling
pathways. Chronic pain states are often associated with
changes in the spinal signaling pathways and increased excit-
ability of spinal neurones, coupled with increased activation
of proinflammatory signaling pathways and changes in the
activation state of microglia and astrocytes (41).

RvD1 is known to suppress TRPA-1, TRPV-3, and
TRPV-4 channel activity in primary sensory fibers (18,21);
therefore, systemic administration of 17(R)-HDoHE may
act to reduce sensory nerve activity arising from the dam-
aged knee joint. It is noteworthy that deletion of TRPA-1
attenuates joint pathology and pain behavior in the mouse
model of MIA-induced OA (42). It is possible that 17(R)-
HDoHE may still have effects at the level of the joint by
activating ALX receptors on synovial cells and possibly
reducing release of synovium-derived nerve sensitization
factors such as NGF (43).

Direct spinal administration of RvD1 inhibited
evoked pain behavior in models of acute and chronic
pain (18,21,22); similarly, spinal administration of
17(R)-HDoHE attenuated inflammation-induced
mechanical hypersensitivity (22). Although the spinal
mechanisms underlying the effects of RvD1 are not fully
established, common pathways implicated include
reductions in TNF release (22) and inhibition of ERK
signaling (21). In the current study, immunohistochemical
analysis revealed that both ChemR23 and ALX expression
in the ipsilateral dorsal horn of the spinal cord is either
increased or unaltered in rats with MIA-induced OA pain
compared with that in saline-treated controls at the 2 time
points studied, providing a putative spinal site of action for
the resolvins in this model of OA. It is possible that 17(R)-
HDoHE may still have effects at the level of the joint by
activating ALX receptors on synovial cells and possibly
reducing release of synovium-derived nerve sensitization
factors such as NGF (43).

We previously demonstrated a significant increase
in GFAP immunofluorescence, indicative of astrogliosis
and a marker of central sensitization, in the ipsilateral dor-
sal horn of the spinal cord at later time points in the model
of MIA-induced OA pain (25). In the current study,
repeated treatment with 17(R)-HDoHE from day 14
onward resulted in significant blockade of spinal astroglio-
sis in the model of MIA-induced OA pain at the later time
point (day 28 after induction of the model), and spinal
GFAP expression at this time was correlated with pain
behavior. We previously showed that post mortem knee
chondropathy scores are significantly and positively corre-
lated with human spinal GFAP mRNA expression (26),
confirming the clinical relevance of these spinal markers of
central sensitization.

Astrogliosis is associated with numerous models of
chronic pain (for review, see ref. 44) and is a proposed
switch in the transition from acute to chronic pain mecha-
nisms (45). The ability of 17(R)-HDoHE to inhibit spinal
astrogliosis in preclinical models of OA, along with the clin-
ical associations between joint damage and spinal GFAP
expression, supports the need for further investigation of
the therapeutic potential of the D series resolvin pathway.
The mechanisms by which 17(R)-HDoHE inhibits astrogli-
osis may arise as a result of direct effects (although there is
little evidence to date) or indirect effects on the spinal sig-
naling pathways that lead to astrogliosis. In particular, acti-
vated microglia in the spinal cord play a fundamental role
in the development of chronic pain mechanisms and are
known to be activated 14–28 days following induction of
the MIA model of OA (25), coinciding with the increase in
expression of ALX in the ipsilateral spinal cord reported
herein.

Microglia are known to express ALX (46,47), and
activation of microglia in models of chronic pain states,
including OA, is associated with increased levels of pERK
(48), a known spinal target of 17(R)-HDoHE (21). In
addition, the antiinflammatory and pro-resolution mole-
cule lipoxin A4 also signals through ALX (49), and
increases in ALX expression seen in the spinal cord in the
MIA model may indicate an enhanced antiinflammatory
role of lipoxin A4.

The results of this series of experiments demonstrate
that receptors for both D series and E series resolvins are
expressed at multiple sites within the human OA joint, and
that the precursor for the D series resolvins reduced OA
pain behavior and a key marker of central sensitization
(astrocyte activation) associated with chronic pain. These
effects, which were not subject to tolerance, at least over a
2-week period of treatment, likely arise from modulation of
both nociceptive input arising from the arthritic joint and
modulation of central nociceptive processing. Our findings
support the need for further investigation of the therapeutic
potential of this new class of analgesics for the treatment of
OA pain. Future work could address whether combination
treatments that use both 17(R)-HDoHE and an E series
resolvin precursor such as hydroxy-eicosapentaenoic acid
would produce superior analgesic efficacy and potential
disease-modifying properties via the modulation of both
resolvin signaling systems.
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Objective. The basic mechanisms underlying the
pathogenesis of ankylosing spondylitis (AS) remain unre-
solved. We previously reported an association of the single-
nucleotide polymorphism (SNP) rs2549782 in the endo-
plasmic reticulum aminopeptidase 2 gene (ERAP2) with
AS. It is known that patients homozygous for the G allele
(GG) of another ERAP2 SNP, rs2248374, lack expression
of ERAP2 (ERAP2 null). The present study utilized this
information to study the impact of ERAP2 deficiency on
HLA–B27 expression in patients with AS, specifically
focusing on the functional interaction of ERAP2 and HLA–
B27 in peripheral blood mononuclear cells (PBMCs) from
patients with AS and assessing the effects in vitro in spe-
cific cell lines.

Methods. Expression of intact peptide HLA–B27
(pB27) or the major histocompatibility complex class I
free heavy chains (FHCs) was assessed in PBMCs isolated
from HLA–B27–positive patients with AS. ERAP2-
suppressed, stable B27–expressing C1R cells (C1R-B27)
were tested for the expression levels of pB27 and FHCs, as
well as for markers of the unfolded protein response
(UPR). Distribution of the ERAP2 SNPs rs2549782 and

rs2248374 in patients with AS and in patients with
Crohn’s disease was assessed.

Results. PBMCs from AS patients lacking ERAP2
expressed higher levels of FHCs than did PBMCs from
patients positive for ERAP2. This finding was replicated
in C1R-B27 cells after suppression of ERAP2. In addition,
ERAP2 suppression led to increased levels of the UPR
markers BiP, CCAAT/enhancer binding protein homolo-
gous protein 10, and X-box binding protein 1 [spliced] as
compared to that in short hairpin RNA–treated control
cells. There was strong linkage disequilibrium in the
ERAP2 locus. All patients with the rs2549782 T allele
(which reportedly increases the function of the ERAP-2
protein) were homozygous for the G allele of rs2248374,
leading to absence of ERAP2.

Conclusion. ERAP2 deficiency causes increased
FHC expression and up-regulation of the UPR pathway.

The pathogenic role of HLA–B27 in ankylosing
spondylitis (AS) is not clear. The unfolded protein response
(UPR) theory proposes that misfolded HLA–B27 can trig-
ger endoplasmic reticulum (ER) stress. Although definitive
demonstration of the UPR in AS has been elusive, in spe-
cific cell populations, such as macrophages, the UPR
appears to be increased (1). In HLA–B27–transgenic rats,
the misfolding of HLA–B27 in macrophages precedes the
UPR, but UPR activation was not seen in splenocytes, fur-
ther pointing to cell-specific effects (2). We recently
reported an increase in HLA–B27 misfolding in the gut of
patients with AS and those with Crohn’s disease (CD) com-
pared to healthy control subjects, but no up-regulation of
the UPR was demonstrated (3).

Endoplasmic reticulum aminopeptidase 2 (ERAP-
2) polymorphisms are associated with both CD and AS
(4). ERAP-2 is an enzyme involved in trimming of
peptides for major histocompatibility complex (MHC)
class I loading. Aberrant ERAP-2 function could influence
the stability of peptide HLA–B27 (pB27), the formation
of MHC class I free heavy chains (FHCs), and the level of
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ER stress. A structurally and functionally related amino-
peptidase, ERAP-1, has also been reported to be associ-
ated with AS. We have reported alterations in MHC class
I FHC expression in the presence of the ERAP1 single-
nucleotide polymorphism (SNP) rs27044 (5).

Up to 25% of the general population are homozy-
gous for the G allele (GG) of the ERAP2 SNP rs2248374,
which leads to alternate splicing and formation of an aber-
rant messenger RNA (mRNA) that undergoes nonsense-
mediated decay, resulting in absence of ERAP2 (6). Alter-
nately, in the presence of the T allele of rs2549782, the
392N variant of ERAP2 is encoded, resulting in increased
aminopeptidase activity (7). Herein we studied the influ-
ence of ERAP2 deficiency, resulting from the presence of
the rs2248374 SNP, on HLA–B27 misfolding and the
UPR in patients with AS. In addition, we studied the link-
age disequilibrium (LD) between SNPs rs2248374 and
rs2549782 of ERAP2 in our AS cohort.

PATIENTS AND METHODS

Patients. Study patients comprised sequential HLA–
B27–positive patients with AS (diagnosed in accordance with
the modified New York criteria [8]) who were not receiving
biologic therapy. We previously reported significantly lower
levels of FHCs in patients with AS homozygous for the minor
allele of the ERAP1 SNP rs27044 (5). To avoid confounding by
ERAP1, we included only patients with the major allele C of
the rs27044 SNP (CC/CG). We performed a sensitivity analysis
in which we included patients who were homozygous for the G
allele (GG). Bath AS Disease Activity Index scores (9), the
erythrocyte sedimentation rate, and C-reactive protein levels
were collected from all patients.

Genotyping. Peripheral blood cell DNA was genotyped
by allelic discrimination assays (Applied Biosystems) for the
ERAP1 SNPs rs27044 and rs30187 and the ERAP2 SNPs rs2248374
and rs2549782. Due to strong LD in the ERAP2 locus, we studied
the distribution of the ERAP2 SNPs rs2549782 (reported to
increase the function of the ERAP-2 protein in vitro) and
rs2248374 (reported to lead to absence of ERAP-2 protein expres-
sion) in our database of genotyped patients with AS and those with
CD. ERAP2 has been linked to both AS and CD. For this study, we
had access to a large cohort of patients with CD who were already
genotyped for ERAP2. Moreover, by including 2 cohorts of
patients, those with AS and those with CD, we were able to increase
the sample size and avoid bias from testing just the AS cohort alone.
Subsequently, we used the SNP Annotation and Proxy Search
(SNAP) tool and the 1000 Genomes Pilot 1 data set (10).

Flow cytometry. Peripheral blood mononuclear cells
(PBMCs) were isolated from patients with AS. In sets of one mil-
lion PBMCs each, the cells were stained with mouse anti-human
HC10 antibodies (for assessment of cell surface FHC) or
ME1 antibodies (for identification of pB27), followed by
allophycocyanin-conjugated goat anti-mouse IgG as a secondary
antibody. Antibodies to CD19 (for identification of B cells)
and CD14 (for identification of monocytes) were used to identify
individual cell populations. The mean fluorescence intensities
(MFIs) of FHC and pB27 expression were each assessed by flow

cytometry using a FACSCalibur (BD Biosciences). FHC expres-
sion was corrected for HLA–B27 expression by calculating the
ratio of HC10 MFI to ME1 MFI. Unstained cells and cells
stained with secondary antibody alone were used as a control.
Although in C1R-B27 cells, staining with the ME1 antibody is
likely to reveal the presence of predominantly pB27, staining with
this antibody can recognize other HLA–B alleles, such as B7 and
B22, that may be present in patients with AS.

Cell lines and culture conditions. C1R-B27 cells, a
human B lymphoblastoid cell line that has low endogenous
HLA class I expression and that is stably transfected with HLA–
B27, were gifted by Dr. Jos�e L�opez de Castro (Centro de
Biolog�ıa Molecular Severo Ochoa, Madrid, Spain). The stable,
ERAP2 short hairpin RNA (shRNA)–transfected C1R-B27 cells
were maintained in RPMI 1640 medium containing 10% fetal
bovine serum, 2 mM glutamine, 50 units/ml penicillin, 50 mg/ml
streptomycin, 0.55 mg/ml G418, and 0.1 mg/ml puromycin.

Generation of vector-based ERAP2 RNA–interfering
plasmids. Two ERAP2 shRNA oligomers were designed and
commercially generated at The Centre for Applied Genomics
(Toronto, Ontario, Canada). These oligonucleotides were added
with Bam HI and Eco RI restriction sites at the 5 0 and 3 0 ends,
respectively (see Supplementary Table 1, available on the Arthritis
& Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.40033/abstract), and annealed and cloned into a
pSiHIV-H1 vector. The resulting plasmids containing shRNA
sequences for ERAP2 are hereafter referred to as ERAP2
shRNA1 and ERAP2 shRNA2.

Transduction of HLA–B27–expressing C1R cells. Lenti-
virus supernatants were generated by transiently transfecting
293T cells with constructed Lenti-PacHIV plasmids. C1R-B27
cells were infected with a lentivirus supernatant containing
ERAP2 shRNA plasmids. After infection, the cells were centri-
fuged and the medium was replaced with 1 ml RPMI 1640. This
process was repeated, and after 24 hours, puromycin was added
to select stable cells.

Quantitative reverse transcription–polymerase chain
reaction (qRT-PCR). Total cellular RNA was isolated with
TRIzol reagent and treated with DNase to remove any genomic
DNA contamination. Total RNA was quantified in a NanoDrop
Bioanalyzer, and complementary DNA was synthesized. Primers
used for qRT-PCR analyses are detailed in Supplementary Table
2 (available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40033/abstract). The qRT-
PCR analyses were performed in a 7900HT Fast Real-Time PCR
system using Power SYBR Green Master Mix (both from Life
Technologies). The relative gene expression for each sample was
determined. Expression values for GAPDH or b-actin were used
as internal controls. Each sample was run 3 times.

Semiquantitative RT-PCR for determination of X-box
binding protein 1 [spliced] (XBP1[S]) genes. Primers used for
elucidating the expression profile of XBP1[S] genes were as
follows: forward primer 5 0-CTGGAACAGCAAGTGGTAG-
ATTTAG-3 0, and reverse primer 5 0-AGTCAATACCGCC-
AGAATCCA-3 0. After amplification, 10 ml of each reaction mix-
ture was detected by 2.5% agarose gel electrophoresis, and the
bands were visualized with ethidium bromide, followed by analysis
with ImageJ software (National Institutes of Health). GAPDH
was used as an internal control.

Western blotting. Protein concentrations were deter-
mined with a BCA Protein Assay Kit (Fisher Scientific) from clari-
fied cell lysates. Total protein from cell lysates was separated using
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10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis
mini gels, followed by transfer to nitrocellulose membranes. The
antibodies used to probe the membrane were as follows: antibodies
to ERAP2 (1:1,000), antibodies to CCAAT/enhancer binding pro-
tein homologous protein 10 (CHOP) (1:2,000), and antibodies to
b-actin or GAPDH (1:5,000) (all from BD Biosciences). The mem-
brane was incubated with horseradish peroxidase–conjugated anti-
mouse or anti-rabbit antibodies (1:10,000) (Amersham) for 1 hour
at room temperature. The membrane was developed using an
enhanced chemiluminescence detection system (Fisher Scientific).

Statistical analysis and study approval. All data
were analyzed with GraphPad Prism 5 software. The Mann-
Whitney U test was used for comparisons between groups. The
Research Ethics Board of the University Health Network
(Toronto, Ontario, Canada) approved the studies.

RESULTS

Increased MHC class I FHC expression in AS
patients with no ERAP2. We assessed the effect of loss of
ERAP2 on HLA–B27 expression in patients with AS. Of
39 patients with AS included in the study (10 of whom
were female), 13 were ERAP2 null. The mean 6 SD age
of the patients was 41.4 6 13.3 years. There was no signifi-
cant difference in the baseline characteristics of patients
with and those without ERAP2 expression. The distribu-
tion of rs30187 and rs27044 ERAP1 SNPs in AS patients
with and those without ERAP2 was not significantly dif-
ferent (see Supplementary Tables 3 and 4, available on
the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40033/abstract).

Compared to AS patients with ERAP2, there was
significantly higher FHC expression on PBMCs from
ERAP2-null patients with AS (P 5 0.009) (Figure 1A),
specifically the expression of FHCs on monocytes
(P 5 0.045) (Figure 1B). When corrected for pB27 expres-
sion, there was a significantly higher FHC:pB27 ratio in all
PBMCs (P 5 0.002) (Figure 1C) as well as monocytes
(P 5 0.01) (Figure 1D) from ERAP2-null patients with AS.
There was a trend toward higher FHC expression on the
surface of B cells (significantly different by t-test, but not by
Mann-Whitney test) (data not shown). There was no signif-
icant difference in pB27 expression between patients with
and those without ERAP2 or between those with and those
without the ERAP1 SNP rs30187 (data not shown). In 2
patients, only pB27 expression was assessed, because HC10
antibodies did not stain the cells.

An additional sensitivity analysis, which included
the 2 previously excluded patients homozygous for the G
allele of ERAP1 rs27044, showed that FHC expression was
significantly higher with loss of ERAP2 in PBMCs, and
that the FHC:pB27 ratio was significantly higher in both
PBMCs and monocytes from ERAP2-null patients with AS
(see Supplementary Figures 1A–D, available on the

Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40033/abstract). Moreover, the
results of this sensitivity analysis showed that the intensity
of staining with HC10 in the monocytes was no longer sig-
nificantly different between those with and those without
ERAP2. Furthermore, FHC expression did not signifi-
cantly change in the presence or absence of the ERAP1
rs30187 SNP (see Supplementary Figures 1E and F, http://
onlinelibrary.wiley.com/doi/10.1002/art.40033/abstract).

Association of ERAP2 suppression with increased
FHC expression. Detection of ERAP2 mRNA and
ERAP-2 protein in C1R-B2705 stable cells was carried out
by qRT-PCR and Western blotting. At the mRNA level,
there was a 70% reduction in ERAP2 mRNA in C1R-
B2705 stable cells transfected with ERAP2 shRNA (Figure
2A). ERAP-2 protein levels decreased by 90% and 70% in
the presence of shRNA1 and shRNA2, respectively (Fig-
ures 2B–D).

Similar to the findings in ERAP2-null patients with
AS, the expression of FHC was higher in C1R-B27 cells
after ERAP2 suppression (Figures 2E and F). ERAP2 sup-
pression did not significantly change the intensity of ME1
staining of the B27 heterodimer in the presence of

Figure 1. ERAP2 deficiency increases major histocompatibility com-
plex (MHC) class I free heavy chains (FHCs) in peripheral blood
mononuclear cells (PBMCs) and monocytes from patients with ankylos-
ing spondylitis (AS). A and B, MHC class I FHC expression was
assessed by staining with the HC10 antibody in PBMCs (A) and mono-
cytes (B) from patients with AS. C and D, To correct for HLA–B27
expression, the ratio of mean fluorescence intensity (MFI) of FHC
expression to that of intact peptide HLA–B27 (pB27) expression (ratio
of HC10 to ME1 antibody staining) on the surface of PBMCs (C) and
monocytes (D) was compared between AS patients with ERAP2 expres-
sion and those without ERAP2 expression (ERAP2 Null). Symbols rep-
resent individual patients; horizontal lines with bars show the
mean 6 SD. * 5 P , 0.05; ** 5 P , 0.01.
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Figure 2. ERAP2 suppression in C1R-B27 cells increases MHC class I FHC expression. ERAP2 was suppressed in C1R-B27 cells using 2 separate
short hairpin RNAs (shRNA1 and shRNA2); a scrambled sequence shRNA (SC) was used as a control. A and B, ERAP2 suppression by the 2
shRNAs was measured by quantitative reverse transcription–polymerase chain reaction (A) and Western blotting (B). C and D, Quantitation of
ERAP2 suppression shows a reduction in endoplasmic reticulum aminopeptidase 2 protein by 90% with shRNA1 (C) and 70% with shRNA2 (D)

compared to scrambled control shRNA. E and F, HC10 antibodies and flow cytometry were used to detect changes in FHC expression in C1R-B27
cells following suppression of ERAP2 by shRNA1 (C) and shRNA2 (D) compared to scrambled control shRNA. G and H, ME1 staining of the B27
heterodimer did not change with the addition of ERAP2 shRNA1 (G) and slightly decreased with ERAP2 shRNA2 (H) as compared to scrambled
control shRNA. In A, C, and D, bars show the mean and SD of triplicate experiments. ** 5 P , 0.01; *** 5 P , 0.001. APC 5 allophycocyanin (see
Figure 1 for other definitions).
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Figure 3. ERAP2 suppression increases the unfolded protein response (UPR) in C1R-B27 cells. A and B, Following ERAP2 suppression in
C1R-B27 cells by ERAP2 short hairpin RNA (shRNA), the UPR was assessed by real-time reverse transcription–polymerase chain reaction
(PCR) for the fold change in mRNA expression levels of BiP (A) and CCAAT/enhancer binding protein homologous protein 10 (CHOP) (B),
relative to scrambled control shRNA (SC). C and D, CHOP protein expression was assessed by Western blotting (C) and quantified as the rela-
tive density of expression (D). E, Semiquantitative PCR was used for the X-box binding protein 1 [spliced] (sXBP1) assay. Increased splicing, rel-
ative to unspliced XPB1 (uXBP1), indicates UPR activation. GAPDH was used as a loading control. F and G, The density of the XBP1 spliced
bands was normalized to the values for GAPDH (F) and total XBP1 (G). H, ERAP2 expression was suppressed with transfection of C1R-B7
cells with ERAP2 shRNA as compared to that in untransfected cells. I and J, Real-time PCR analysis shows an increase in BiP expression (I)

but not CHOP expression (J) after ERAP2 suppression in C1R-B7 cells. Bars show the mean and SD of triplicate experiments. * 5 P , 0.05;

*** 5 P , 0.001; **** 5 P , 0.0001.
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shRNA1 (Figure 2G) and it slightly decreased with ERAP2
shRNA2 (Figure 2H), as compared to the effects of control
shRNA. There was no significant reduction in ERAP1 lev-
els in the presence of either of the ERAP2 shRNAs, ruling
out the possibility of nonspecific ERAP1 inhibition (see
Supplementary Figure 2, available on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.40033/abstract).

Association of ERAP2 suppression with activa-
tion of the UPR. Silencing of ERAP2 led to increased
expression of BiP (1.42-fold) and CHOP (20-fold), which
are key UPR genes (Figures 3A and B). At the protein
level, CHOP increased 4.1-fold and 2.5-fold, respectively,
in the presence of each ERAP2 shRNA as compared to a
control, scrambled sequence shRNA (Figures 3C and D).

XBP1[S] gene expression was higher after ERAP2
suppression with both of the ERAP2 shRNAs compared to
the control shRNA (Figure 3E). Moreover, compared to
the effects of control shRNA, in the presence of the ERAP2
shRNAs, XBP1[S] expression was 4.7-fold higher and 4.3-
fold higher for values normalized to the expression of
GAPDH and total XBP1, respectively (Figures 3F and G).

ERAP2 deficiency differentially affected cells
expressing HLA–B7. Unlike the findings in untransfected
C1R-B27 cells, there was an increase in the levels of BiP, but
no significant increase in the levels of CHOP following 90%
suppression of ERAP2 in C1R-B7 cells (Figures 3H–J).

Strong LD between ERAP2 SNPs. There is
known LD between the ERAP2 SNPs (11). The rs2549782
polymorphism, which leads to a K392N change in ERAP2,
results in altered aminopeptidase activity (7). We studied
the prevalence of the SNPs rs2549782 and rs2248374 in our
research database. ERAP2 is associated with both CD and
AS, and in our database, 145 patients with AS and 406 Cau-
casian patients with inflammatory bowel disease were geno-
typed for both rs2549782 and rs2248374. There were 141
patients who were homozygous for the rs2549782 T allele
of ERAP2 (see Supplementary Table 5, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40033/abstract). However, all
patients who were homozygous for the rs2549782 T
allele (rs2248374 GG) were ERAP2 null. Thus, the gain-
of-function ERAP2 variant 392N is likely not expressed,
due to the strong LD with the ERAP2-null allele.

Subsequently, using the SNAP tool and the 1000
Genomes Pilot 1 data set (10), we found strong LD
between the 2 AS-associated ERAP2 SNPs rs2549782 and
rs2248374 (D05 1, r2 5 0.90). There are no strong recombi-
nation hotspots in the ERAP2-LNPEP area of chromosome
5 that would explain the strong LD in this region (see Sup-
plementary Figure 3, available on the Arthritis & Rheuma-
tology web site at http://onlinelibrary.wiley.com/doi/10.1002/

art.40033/abstract). Thus, in the 1000 Genomes database,
there is strong LD in the region of ERAP2, and in our anal-
yses of the AS and CD data sets, all patients homozygous
for the gain-of-function ERAP2 variant actually have no
ERAP2 expression.

DISCUSSION

Herein we have shown a link between decreased
ERAP2 levels, increased surface FHC levels, and UPR acti-
vation. We found that HLA–B27–positive patients with AS
lacking ERAP2 had higher FHC expression on the surface
of PBMCs. In addition, ERAP2 suppression in a B27 cell
line led to increased FHC levels and activation of the UPR.
Most importantly, although the observed data indicated
that changes to surface FHC expression had occurred with
decreases in the ERAP2 levels, potentially decreased stabil-
ity of the pB27 complex could lead to changes in HLA–B27
FHC expression in the ER as well. We studied the major
UPR pathways by testing for the expression of BiP,
XBP1[S] (the inositol-requiring protein 1 pathway), and
CHOP (downstream of both the activating transcription
factor 4 and RNA-dependent protein kinase–like endo-
plasmic reticulum kinase pathways). Our results in C1R-B7
and C1R-B27 cells indicated that UPR activation is more
prominent but not exclusive to HLA–B27.

In HLA–B27–transgenic rats, high expression of
HLA–B27 correlated with the UPR and preceded the
onset of disease. Demonstration of the UPR has been diffi-
cult in humans. Up-regulation of the UPR was demon-
strated in synovial macrophages from patients with AS and
correlated with disease activity (1,12). A recent study, which
was not corrected for treatment effects, showed no link
between the UPR and AS (13). Our study in lamina
propria mononuclear cells derived from the gut of patients
with AS and those with CD did not show significant UPR
activation (3). However, the observed autophagy activation
could mask the UPR by clearing misfolded proteins for cell
survival (14). Studies on the pathogenesis of AS in humans
are plagued by the difficulty in obtaining biopsy specimens
from affected axial joints. Human UPR studies in these tar-
get joints have not been performed.

Strong LD in the region of ERAP2 has been
reported before (11). Two large studies demonstrated that
the G allele of rs2248374 is protective in AS (11,15). In light
of these reports, the possibility remains that it might be fea-
sible to consider the notion that loss of ERAP2 leading to
UPR changes has pathogenic significance. Loss of ERAP2 is
seen only when patients are homozygous for the G allele of
rs2248374 (GG). A large proportion of heterozygous indi-
viduals in the control group could tip the analysis toward a
higher frequency of the G allele in controls. To date, there
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is no report comparing the prevalence of ERAP2-null indi-
viduals between AS cohorts and controls. It is important to
remember that a significant proportion of patients with AS
will have ERAP2 deficiency. As we showed in our study, 142
patients with AS or CD (25.7%) were homozygous for the
ERAP2-null allele. It is possible that in this subset of
patients, ERAP2 deficiency could modify the immune-
inflammatory response. In our previous family study, the
ERAP2 rs2549782 T allele (conveying increased activity of
ERAP-2) in a haplotype with ERAP1 was associated with
AS (4). Although we did not test the rs2248374 G allele fre-
quency, due to LD between the ERAP2 rs2549782 T allele
and rs2248374 G allele, it is likely that all patients who were
homozygous for the rs2549782 risk allele were ERAP2 null.

Extensive ERAP1 genotyping of patients was not
done, as this study was designed on the basis of 2 major
SNPs (rs27044 and rs30187) with functional consequences
that were initially reported to be associated with AS and
replicated in multiple cohorts. We have previously shown
that patients with AS who have the ERAP1 rs27044 SNP
but not the rs30187 SNP have significant alterations in the
expression of FHC on monocytes (5). Based on this infor-
mation, we analyzed only patients with the nonrisk allele of
ERAP1 rs27044. However, we cannot rule out the possibil-
ity that additional ERAP1 SNPs might have influenced our
results. We confirmed that ERAP2 shRNA caused no
reduction in ERAP1 levels. Hence, the results seen in the
present study are likely to be specific to ERAP2.

Our results differ from those in a recent study by
Robinson et al (16), but our study had important differ-
ences, including the use of freshly isolated PBMCs in a
larger cohort of patients. We selected patients who were
not receiving any biologic drugs. Moreover, in our study,
the UPR was tested in vitro to directly establish the
impact of ERAP2 suppression with appropriate controls.

In conclusion, the results of this study demon-
strate a functional interaction of ERAP2 and HLA–B27.
ERAP2 suppression was associated with increased FHC
expression and activation of the UPR. Alterations in the
fine balance of the ERAP2–HLA–B27–UPR functional
interaction could play a role in the pathogenesis of AS.

ACKNOWLEDGMENT

The authors thank Dr. Robert D. Inman (Toronto West-
ern Hospital) for his help with recruitment of patients for this study.

AUTHOR CONTRIBUTIONS

All authors were involved in drafting the article or revising it
critically for important intellectual content, and all authors approved
the final version to be published. Dr. Haroon had full access to all of
the data in the study and takes responsibility for the integrity of the
data and the accuracy of the data analysis.

Study conception and design. Zhang, Haroon.
Acquisition of data. Zhang, Ciccia, Zeng, Guggino, Yee, Abdullah,
Silverberg, Alessandro, Triolo, Haroon.
Analysis and interpretation of data. Zhang, Ciccia, Zeng, Guggino,
Yee, Abdullah, Silverberg, Alessandro, Triolo, Haroon.

REFERENCES

1. Dong W, Zhang Y, Yan M, Liu H, Chen Z, Zhu P. Upregula-
tion of 78-kDa glucose-regulated protein in macrophages in
peripheral joints of active ankylosing spondylitis. Scand J
Rheumatol 2008;37:427–34.

2. Turner MJ, Delay ML, Bai S, Klenk E, Colbert RA. HLA–B27
up-regulation causes accumulation of misfolded heavy chains
and correlates with the magnitude of the unfolded protein
response in transgenic rats: implications for the pathogenesis of
spondylarthritis-like disease. Arthritis Rheum 2007;56:215–23.

3. Ciccia F, Accardo-Palumbo A, Rizzo A, Guggino G, Raimondo
S, Giardina A, et al. Evidence that autophagy, but not the
unfolded protein response, regulates the expression of IL-23 in
the gut of patients with ankylosing spondylitis and subclinical gut
inflammation. Ann Rheum Dis 2014;73:1566–74.

4. Tsui FW, Haroon N, Reveille JD, Rahman P, Chiu B, Tsui HW,
et al. Association of an ERAP1 ERAP2 haplotype with familial
ankylosing spondylitis. Ann Rheum Dis 2010;69:733–6.

5. Haroon N, Tsui FW, Uchanska-Ziegler B, Ziegler A, Inman RD.
Endoplasmic reticulum aminopeptidase 1 (ERAP1) exhibits func-
tionally significant interaction with HLA-B27 and relates to subtype
specificity in ankylosing spondylitis. Ann Rheum Dis 2012;71:589–95.

6. Andres AM, Dennis MY, Kretzschmar WW, Cannons JL, Lee-
Lin SQ, Hurle B, et al. Balancing selection maintains a form of
ERAP2 that undergoes nonsense-mediated decay and affects
antigen presentation. PLoS Genet 2010;6:e1001157.

7. Evnouchidou I, Birtley J, Seregin S, Papakyriakou A, Zervoudi E,
Samiotaki M, et al. A common single nucleotide polymorphism in
endoplasmic reticulum aminopeptidase 2 induces a specificity switch
that leads to altered antigen processing. J Immunol 2012;189:2383–92.

8. Van der Linden S, Valkenburg HA, Cats A. Evaluation of diag-
nostic criteria for ankylosing spondylitis: a proposal for modifica-
tion of the New York criteria. Arthritis Rheum 1984;27:361–8.

9. Garrett S, Jenkinson T, Kennedy LG, Whitelock H, Gaisford P,
Calin A. A new approach to defining disease status in ankylosing
spondylitis: the Bath Ankylosing Spondylitis Disease Activity
Index. J Rheumatol 1994;21:2286–91.

10. Johnson AD, Handsaker RE, Pulit SL, Nizzari MM, O’Donnell CJ,
de Bakker PI. SNAP: a web-based tool for identification and annota-
tion of proxy SNPs using HapMap. Bioinformatics 2008;24:2938–9.

11. Robinson PC, Costello ME, Leo P, Bradbury LA, Hollis K, Cortes
A, et al. ERAP2 is associated with ankylosing spondylitis in HLA-
B27-positive and HLA-B27-negative patients. Ann Rheum Dis
2015;74:1627–9.

12. Feng Y, Ding J, Fan CM, Zhu P. Interferon-g contributes to
HLA-B27-associated unfolded protein response in spondylo-
arthropathies. J Rheumatol 2012;39:574–82.

13. Neerinckx B, Carter S, Lories RJ. No evidence for a critical role of
the unfolded protein response in synovium and blood of patients
with ankylosing spondylitis. Ann Rheum Dis 2014;73:629–30.

14. Bernales S, Schuck S, Walter P. ER-phagy: selective autophagy
of the endoplasmic reticulum. Autophagy 2007;3:285–7.

15. International Genetics of Ankylosing Spondylitis Consortium
(IGAS), Cortes A, Hadler J, Pointon JP, Robinson PC, Karaderi
T, et al. Identification of multiple risk variants for ankylosing
spondylitis through high-density genotyping of immune-related
loci. Nat Genet 2013;45:730–8.

16. Robinson PC, Lau E, Keith P, Lau MC, Thomas GP, Bradbury
LA, et al. ERAP2 functional knockout in humans does not alter
surface heavy chains or HLA-B27, inflammatory cytokines or endo-
plasmic reticulum stress markers. Ann Rheum Dis 2015;74:2092–5.

ERAP2 EFFECTS ON HLA–B27 AND UPR 1015



ARTHRITIS & RHEUMATOLOGY

Vol. 69, No. 5, May 2017, pp 1016–1027

DOI 10.1002/art.40049

VC 2017 The Authors. Arthritis & Rheumatology published by Wiley Periodicals, Inc.
on behalf of American College of Rheumatology. This is an open access article under
the terms of the Creative Commons Attribution-NonCommercial License, which permits
use, distribution and reproduction in any medium, provided the original work is properly
cited and is not used for commercial purposes.

Efficacy and Safety of Subcutaneous Belimumab in
Systemic Lupus Erythematosus

A Fifty-Two–Week Randomized, Double-Blind, Placebo-Controlled Study
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Objective. To assess the efficacy and safety of
subcutaneous (SC) belimumab in patients with sys-
temic lupus erythematosus (SLE).

Methods. Patients with moderate-to-severe SLE
(score of ‡8 on the Safety of Estrogens in Lupus Erythe-
matosus National Assessment [SELENA] version of the
SLE Disease Activity Index [SLEDAI]) were randomized
2:1 to receive weekly SC belimumab 200 mg or placebo by
prefilled syringe in addition to standard SLE therapy for
52 weeks. The primary end point was the SLE Responder
Index (SRI4) at week 52. Secondary end points were
reduction in the corticosteroid dosage and time to severe
flare. Safety was assessed according to the adverse events
(AEs) reported and the laboratory test results.

Results. Of 839 patients randomized, 836 (556 in
the belimumab group and 280 in the placebo group)
received treatment. A total of 159 patients withdrew before
the end of the study. At entry, mean SELENA–SLEDAI
scores were 10.5 in the belimumab group and 10.3 in the
placebo group. More patients who received belimumab
were SRI4 responders than those who received placebo
(61.4% versus 48.4%; odds ratio [OR] 1.68 [95% confi-
dence interval (95% CI) 1.25–2.25]; P 5 0.0006). In the
belimumab group, both time to and risk of severe flare
were improved (median 171.0 days versus 118.0 days; haz-
ard ratio 0.51 [95% CI 0.35–0.74]; P 5 0.0004), and more
patients were able to reduce their corticosteroid dosage by
‡25% (to £7.5 mg/day) during weeks 40–52 (18.2% versus
11.9%; OR 1.65 [95% CI 0.95–2.84]; P 5 0.0732), com-
pared with placebo. AE incidence was comparable between
treatment groups; serious AEs were reported by 10.8% of
patients taking belimumab and 15.7% of those taking pla-
cebo. A worsening of IgG hypoglobulinemia by ‡2 grades
occurred in 0.9% of patients taking belimumab and 1.4%
of those taking placebo.
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Conclusion. In patients with moderate-to-severe
SLE, weekly SC doses of belimumab 200 mg plus standard
SLE therapy significantly improved their SRI4 response,
decreased severe disease flares as compared with placebo,
and had a safety profile similar to placebo plus standard
SLE therapy.

B lymphocyte stimulator (BLyS), also known as B
cell–activating factor, is a potent B cell survival and differ-
entiation factor (1–5). Its overexpression drives systemic
lupus erythematosus (SLE)–like disease in mice (6–8).
BLyS is also associated with SLE in humans (9–11) and
correlates with disease activity (12,13). Pharmacologic
neutralization or genetic elimination of BLyS successfully
treats and/or prevents murine SLE (6,14,15).

Intravenous (IV) administration of belimumab, a
recombinant human monoclonal antibody that binds to
and inhibits the biologic activity of BLyS (16), was
shown in 2 large, multicenter, randomized, double-blind,
placebo-controlled trials in patients with SLE (the Study
of Belimumab in Subjects with SLE 52-week trial [BLISS-
52] and the BLISS 76-week trial [BLISS-76]) to be safe and
efficacious at a dose of 10 mg/kg in combination with stan-
dard SLE therapy (17,18). IV administration of belimumab
was subsequently approved by the US Food and Drug
Administration and the European Medicines Agency for
the treatment of patients with active, autoantibody-positive
SLE who are receiving standard SLE therapy, including
corticosteroids, antimalarials, immunosuppressants, and
nonsteroidal antiinflammatory drugs (19,20).

The approval of a drug for SLE was a break-
through; however, the IV route of administration poses
challenges for some patients. Patients must visit a clinic or
infusion center every 2 weeks for the first 3 doses and then
every 4 weeks thereafter (21), thereby incurring substantial
costs in time for travel to/from the drug-administering site,
time for the infusion itself, and time for postinfusion moni-
toring. In addition, substantial financial expenses related
to clinic personnel and supplies are incurred.

The ability to administer subcutaneous (SC)
belimumab away from the clinic would largely eliminate
these costs and thereby enhance treatment options for
patients with SLE. Indeed, more patients chose SC
treatment over IV treatment in a study of patients with
rheumatoid arthritis, with a decreased need to travel to
receive an infusion being an influential factor (22).

A liquid formulation of belimumab has been devel-
oped, along with a prefilled syringe and an autoinjector
device for administering belimumab SC. In a single-dose
study, healthy volunteers self-administered belimumab
200 mg SC using the prefilled syringe or the autoinjector
device; both injection devices demonstrated good usability,

reliability, and safety (23). The 200 mg SC dose was selected
in order to achieve a target belimumab steady-state area
under the curve exposure following SC administration simi-
lar to that obtained with 10 mg/kg IV every 4 weeks (24,25).

The objectives of the present study were to evalu-
ate the efficacy, safety, and tolerability of belimumab SC
administered via prefilled syringe in patients with active,
autoantibody-positive SLE. Our findings are presented
below.

PATIENTS AND METHODS

Study design and patient population. This was a 52-
week randomized, double-blind, placebo-controlled study
(BLISS-SC ID BEL112341; ClinicalTrials.gov ID NCT01484496)
carried out at 177 sites in 30 countries in North, Central, and
South America, Eastern and Western Europe, Australia, and
Asia between November 2011 and February 2015. All study
patients provided written informed consent prior to enrollment.
The study and all protocols were institutional review board–
approved and were conducted in accordance with the Declara-
tion of Helsinki, 2008 (26).

Patients $18 years of age were required to have a diag-
nosis of SLE according to the American College of Rheumatol-
ogy criteria (27), with antinuclear antibodies and/or anti–
double-stranded DNA (anti-dsDNA) antibodies and a score of
$8 on the Safety of Estrogens in Lupus Erythematosus National
Assessment (SELENA) version of the SLE Disease Activity
Index (SLEDAI) at screening (range 0–105) (28). Those with
severe lupus kidney disease (proteinuria .6 gm/24 hours or
equivalent according to a spot urinary protein-to-creatinine
ratio or a serum creatinine level .2.5 mg/dl) or severe central
nervous system (CNS) lupus were excluded.

Patients were randomized 2:1 to receive weekly doses of
belimumab 200 mg or placebo administered SC with a prefilled
syringe in addition to stable doses of standard SLE therapy. No
loading dose was used. Randomization was stratified by a screen-
ing SELENA–SLEDAI score (#9 versus $10), complement level
(those with versus those without low C3 and/or C4), and race
(black versus non-black). Patients must have received a stable
SLE medication regimen for at least 30 days prior to enrollment.
Background SLE medications were restricted, such that patients
who received a protocol-prohibited medication or a dosage that
exceeded the protocol-defined limits were deemed to have failed
treatment and were analyzed as nonresponders from the date of
treatment failure through week 52. The first and second SC doses
of study drug were carried out at the study site under supervision;
at the investigator’s discretion, patients or caregivers could then
administer subsequent doses at home. The injection site was
rotated weekly between the abdomen and the thigh. Patients rec-
orded in a logbook the date, injection site, and amount of dose
administered.

End points and assessments. The primary end point
was the SLE Responder Index (SRI4) response rate at week 52
(29). The SRI4 is a composite index requiring a $4-point reduc-
tion in the SELENA–SLEDAI score, no worsening (increase of
,0.3 from baseline) in the physician’s global assessment (on a 0–
10-cm visual analog scale), and no new British Isles Lupus Assess-
ment Group (BILAG) A organ domain score or 2 new BILAG B
organ domain scores at week 52 compared with baseline. On
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sensitivity analyses, the primary end point at week 52 was also
repeated for the completer and per-protocol populations.

The end points that supported the primary end point
included the SRI4 by visit, SRI4 components by visit, and the
SRI5–8 by visit. The definition of SRI5–8 was the same as that of
SRI4, except with increasingly higher thresholds for SELENA–
SLEDAI score reduction of 5–8 points. The time to first SRI4
that was maintained through week 52 was also assessed. The
SRI4 response and change from baseline in SELENA–SLEDAI
score, excluding the anti-dsDNA and complement components,
were analyzed post hoc.

Key secondary end points were time to first severe
flare (as measured by the SLE flare index, modified to exclude
the single criterion of increased SELENA–SLEDAI score to
.12) (30–32) and reduction in corticosteroid dosage (percent-
age of patients among those receiving .7.5 mg/day at baseline
who experienced a mean dosage reduction of $25% from
baseline to #7.5 mg/day during weeks 40–52).

Other prespecified corticosteroid use end points
included the percentage of patients with any increase in corti-
costeroid use, the percentage of patients whose dosage was
reduced from .7.5 mg/day at baseline to #7.5 mg/day, and
cumulative corticosteroid dose.

The SRI4 was analyzed across subgroups, including
the baseline SELENA–SLEDAI score (#9 and $10), race
(black and non-black), baseline corticosteroid use (receiving
and not receiving corticosteroids), and body weight quartiles
(,55.05 kg, $55.05 kg to ,65.15 kg, $65.15 kg to ,78.25 kg,
and $78.25 kg). Subgroup analyses were also completed post

hoc for Hispanic or Latino patients. Mean change from base-
line in the Functional Assessment of Chronic Illness Therapy–
Fatigue (FACIT-Fatigue) score (range 0–52) (33) and the per-
centage of patients with an improvement in the FACIT-
Fatigue score of $4 (minimal clinically important difference)
were analyzed by visit (weeks 4, 8, 12, 24, 36, and 52).

The time to first renal flare over 52 weeks was ana-
lyzed among patients with baseline proteinuria .0.5 gm/24
hours. Renal flare was defined as the reproducible develop-
ment (i.e., confirmed at the subsequent clinical visit) of 1 or
more of the following 3 features: 1) an increase in 24-hour uri-
nary protein to .1,000 mg if baseline was ,200 mg or to
.2,000 mg if baseline was 200–1,000 mg or to more than twice
a baseline value of .1,000 mg; 2) a decrease in the glomerular
filtration rate of .20%, accompanied by proteinuria
(.1,000 mg/24 hours), hematuria ($4 red blood cells [RBCs]/
high-power field [hpf]), and/or cellular (RBC and white blood
cell) casts; and 3) new hematuria ($11–20 RBCs/hpf) or a 2-
grade increase in hematuria compared with baseline, associ-
ated with .25% dysmorphic RBCs, glomerular in origin, and
accompanied by an 800-mg increase in 24-hour urinary protein
level or new RBC casts (34).

Safety was evaluated by adverse event (AE) reporting,
laboratory parameters, and immunogenicity testing. AEs were
coded according to the Medical Dictionary for Regulatory
Activities system organ class and preferred term. A serious
AE (SAE) was defined as an AE that resulted in any of the
following outcomes: death, was life-threatening (i.e., an imme-
diate threat to life), inpatient hospitalization, prolongation of
an existing hospitalization, persistent or significant disability/

N=1427
Screened

n=280
Placebo

n=556
Belimumab 200 mg SC

n=214
Completed to Week 52

n=463
Completed to Week 52

N=839
Randomized 2:1

N=836
Received treatment

(ITT population)

n=588
Did not meet eligibility criteria

n=3
Did not receive study drug

– Adverse event, 25
– Disease progression/
   lack of efficacy, 10
– Patient request, 15
– Lost to follow-up, 2
– Protocol violation, 3
– Lack of compliance, 2
– Investigator decision, 5
– Other, 4

n=66
Withdrawn

– Adverse event, 40
– Disease progression/
   lack of efficacy, 15
– Patient request, 12
– Lost to follow-up, 6
– Protocol violation, 4
– Lack of compliance, 1
– Investigator decision, 1
– Other, 14

n=93
Withdrawn

Figure 1. Flow chart showing the disposition of the study patients from initial screening to the end of week 52. ITT 5 intent-to-treat;
SC 5 subcutaneous.
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incapacity, congenital anomaly/birth defect, or was medically
important (i.e., required treatment to prevent one of the med-
ical outcomes above).

Blood samples for pharmacokinetic analyses were
obtained from all randomized patients before the injection at
weeks 0, 4, 8, 16, 24, and 52 and at the 8-week follow-up visit.

Statistical analysis. A sample size of 816 (544 taking
belimumab and 272 taking placebo) was calculated to provide at
least 90% power at a P 5 0.05 significance level, assuming the
true treatment difference was 12% improvement (belimumab
versus placebo) at week 52; the treatment difference was based
on the response in the phase III belimumab IV studies (17,18).

Table 1. Demographic and clinical characteristics of the study patients at baseline, by treatment
group*

Placebo
(n 5 280)

Belimumab
200 mg SC
(n 5 556)

Female, no. (%) 268 (95.7) 521 (93.7)
Age, mean 6 SD years 39.6 6 12.61 38.1 6 12.10
Weight, mean 6 SD kg 69.5 6 19.76 68.6 6 18.15
Enrollment by region, no. (%)

US 84 (30.0) 153 (27.5)
Americas, excluding US 57 (20.4) 115 (20.7)
Western Europe/Australia/Israel 19 (6.8) 48 (8.6)
Eastern Europe 59 (21.1) 129 (23.2)
Asia 61 (21.8) 111 (20.0)

Race/ethnicity
Hispanic or Latino 80 (28.6) 160 (28.8)
Not Hispanic or Latino 200 (71.4) 396 (71.2)

Disease duration, median (range) years 4.6 (0–38) 4.3 (0–35)
SELENA–SLEDAI (range 0–105)†

Mean 6 SD 10.3 6 3.04 10.5 6 3.19
Median (range) 10.0 (4–22) 10.0 (2–24)
Score of #9, no. (%) 112 (40.0) 204 (36.7)
Score of $10, no. (%) 168 (60.0) 352 (63.3)
Organ system involvement, no. (%)

Mucocutaneous 248 (88.6) 487 (87.6)
Musculoskeletal 218 (77.9) 438 (78.8)
Immunologic 210 (75.0) 423 (76.1)
Renal 41 (14.6) 58 (10.4)
Hematologic 23 (8.2) 40 (7.2)
Vascular 18 (6.4) 46 (8.3)
Cardiovascular and respiratory 18 (6.4) 29 (5.2)
Constitutional 3 (1.1) 7 (1.3)
Central nervous system 2 (0.7) 7 (1.3)

Disease flare, no. (%)‡
At least 1 flare 57 (20.4) 92 (16.5)
At least 1 severe flare 4 (1.4) 8 (1.4)

Physician’s global assessment, mean 6 SD
(0–10-cm VAS)

1.5 6 0.45 1.6 6 0.43

FACIT-Fatigue, mean 6 SD (range 0–52) 32.1 6 11.35 31.9 6 12.17
Medications, no. (%)

Corticosteroids only 31 (11.1) 59 (10.6)
Immunosuppressants only 7 (2.5) 10 (1.8)
Antimalarials only 16 (5.7) 44 (7.9)
Corticosteroids and immunosuppressants only 50 (17.9) 88 (15.8)
Corticosteroids and antimalarials only 93 (33.2) 201 (36.2)
Immunosuppressants and antimalarials only 13 (4.6) 13 (2.3)
Corticosteroids, immunosuppressants, and antimalarials 67 (23.9) 133 (23.9)
Immunosuppressants

Azathioprine 58 (20.7) 107 (19.2)
Methotrexate 39 (13.9) 52 (9.4)
Mycophenolate mofetil 34 (12.1) 70 (12.6)

* SC 5 subcutaneous; VAS 5 visual analog scale; FACIT-Fatigue 5 Functional Assessment of Chronic
Illness Therapy–Fatigue subscale.
† Patients had a score of $8 on the Safety of Estrogens in Lupus Erythematosus National Assessment
version of the Systemic Lupus Erythematosus Disease Activity Index (SELENA–SLEDAI) at screening
(occurring within 35 days prior to baseline). A total of 39 belimumab-treated patients and 24 placebo-
treated patients had scores that were ,8 at baseline (lowest score was 2).
‡ Occurring during the screening period (day 235 to day 0).
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The intent-to-treat (ITT) population was defined as all patients
who were randomized and received at least 1 dose of study medi-
cation. A completer population (patients who completed 52
weeks of treatment) and a per-protocol population (patients in
the ITT who did not have a major protocol deviation) were
included in the sensitivity analyses. The pharmacokinetic popula-
tion included all patients who received at least 1 dose of study
medication and who contributed at least 1 post-belimumab phar-
macokinetic sample.

A step-down sequential testing procedure was used for
the primary and 2 key secondary end points to control the overall
Type I error rate (the incorrect rejection of a true null hypothe-
sis). The prespecified sequence for assessing statistical signifi-
cance (2-sided a 5 0.05) was as follows: 1) SRI4 response rate at
52 weeks; 2) time to first severe SLE flare; and 3) percentage of
patients with a reduction in corticosteroid dosage. End points in
this sequence could only be interpreted as being statistically sig-
nificant if statistical significance was achieved by all prior tests.
The proportion of patients with an SRI4 response at week 52
was compared between treatment groups using a logistic regres-
sion model. Analyses of other efficacy end points (all 2-sided

with a significance level of 0.05) were not subjected to a multiple
comparison procedure. Patients who withdrew or were deemed
to have failed treatment were analyzed as nonresponders in the
primary analysis.

RESULTS

Patient population. There were 836 patients in
the ITT population, and 159 withdrew overall. The most
common reasons for withdrawal were AEs, patient request,
and disease progression/lack of efficacy (Figure 1). The
majority of patients were female (93.7% receiving
belimumab, 95.7% receiving placebo), with a mean age of
38.6 years (38.1 years in the belimumab group, 39.6 years in
the placebo group) and a mean/median baseline SELENA–
SLEDAI score of 10.4/10.0 (10.5/10.0 in the belimumab
group, 10.3/10.0 in the placebo group) (Table 1). The major-
ity of patients received corticosteroids at baseline (86.5%

‡ † † † * § ‡ † ‡*

† † † ‡ ‡ ‡ § § §**
† † † ‡ ‡ ‡ ‡ § §***
§ ‡ † † † † ‡ ‡ §‡†* § ‡ † † † † ‡ ‡ §‡††

Placebo Belimumab 200 mg SC

SRI6 Belimumab 200 mg SC
SRI8 Belimumab 200 mg SC

SRI5 Belimumab 200 mg SC
SRI7 Belimumab 200 mg SC
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Figure 2. A, Systemic Lupus Erythematosus Responder Index (SRI4) responses over time in patients randomized to receive placebo or
belimumab 200 mg subcutaneously (SC). B, Percentage of patients with responses on the individual components of the SRI4 at week 52: the
Safety of Estrogens in Lupus Erythematosus National Assessment version of the Systemic Lupus Erythematosus Disease Activity Index (SS), the
physician’s global assessment (PGA), and the British Isles Lupus Assessment Group (BILAG) domain, by treatment group. C, SRI5, 6, 7, and 8
responses over time in the 2 treatment groups. D, Time to first SRI4 response that was maintained through week 52 in the intent-to-treat popu-
lation, by treatment group. * 5 P # 0.05; † 5 P # 0.01; ‡ 5 P # 0.001; § 5 P # 0.0001.
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belimumab, 86.1% placebo), and approximately one-third of
patients received corticosteroids in combination with anti-
malarials. Almost half of the patients received immunosup-
pressants (43.9% belimumab, 48.9% placebo), with
azathioprine being the one most commonly received (Table
1). The mean 6 SD self-reported compliance with the SC
injections was 96.4 6 9.37% for belimumab and 96.4 6

9.75% for placebo.
SRI4 response. At week 52, 61.4% of belimumab

patients were SRI4 responders compared with 48.4% for
placebo (odds ratio [OR] 1.68 [95% confidence interval
(95% CI) 1.25–2.25]; P 5 0.0006) (Figure 2A). The SRI4
response was significantly greater in the belimumab
group as compared with the placebo group as early as
week 16, and the significant difference was sustained up
to week 52 (Figure 2A). At week 52, more patients who
received belimumab were SRI4 responders compared
with placebo in both the completer population (n 5 677)
(72.9% versus 63.1%; OR 1.54 [95% CI 1.07–2.20];
P 5 0.0185) and the per-protocol population (n 5 789)
(61.9% versus 48.3%; OR 1.75 [95% CI 1.29–2.37];
P 5 0.0003).

All components of the SRI4 showed statistical sig-
nificance at week 52 (Figure 2B). The immunologic, mus-
culoskeletal, mucocutaneous, and vascular SELENA–
SLEDAI organ systems improved significantly more in
the belimumab group than in the placebo group at week
52 (data not shown). Improvement in the other organ
systems (including renal) favored belimumab numeri-
cally, but the analyses in these other organ systems were
limited by small sample sizes. Among patients with a
BILAG A or B organ domain score at baseline, a signifi-
cantly greater improvement was observed at week 52 in
the belimumab group compared with the placebo group

for the vasculitis, mucocutaneous, and musculoskeletal
organ domains, but not the other organ domains.

Compared with the placebo group, the SRI5
response was significantly greater in the belimumab group
from week 12 through week 52 (Figure 2C). The SRI6,
SRI7, and SRI8 responses were significantly greater from
week 8 through week 52 (P # 0.0001 for each comparison
at week 52). The median time to first SRI4 response that
was maintained through week 52 was 235.0 days (inter-
quartile range [IQR] 85.0–not calculable) for belimumab
and 338.0 days (IQR 141.0–386.0) for placebo (hazard ratio
[HR] 1.48 [95% CI 1.21–1.81]; P 5 0.0001) (Figure 2D).

When the anti-dsDNA and complement compo-
nents of the SELENA–SLEDAI were excluded from the
composite score (post hoc analysis), the SRI4 response
rate was significantly greater in the belimumab group as
compared with placebo (59.6% versus 48.0%; OR 1.58
[95% CI 1.18–2.13]; P 5 0.0023). The least squares
mean 6 SEM change from baseline in the SELENA–
SLEDAI score (excluding anti-dsDNA and complement
components) at week 52 was not significantly different
between treatment groups (23.96 6 0.246 for belimumab,
23.47 6 0.295 for placebo; P 5 0.0997).

Time to severe flare. Patients who received
belimumab were 49% less likely to experience severe flare
as compared with placebo across the 52 weeks of study
(HR 0.51 [95% CI 0.35–0.74]; P 5 0.0004). Among patients
experiencing a severe flare, the median time to severe flare
was 171.0 days (IQR 57.0–257.0) for belimumab (n 5 59
[10.6%]) versus 118.0 days (IQR 62.0–259.0) for placebo
(n 5 51 [18.2%]) (Figure 3). The risk of any flare was also
significantly lower in the belimumab group compared with
placebo (60.6% versus 68.6%; HR 0.78 [95% CI 0.65–
0.93]; P 5 0.0061).

Changes in corticosteroid dosage. At baseline,
335 patients in the belimumab group and 168 in the placebo
group were receiving corticosteroids at a dosage of .7.5 mg/
day (60.2% of patients overall) and were eligible for this
analysis. More patients who received belimumab were able
to reduce their corticosteroid dosage by $25%, to #7.5 mg/
day, during weeks 40–52 as compared with placebo (18.2%
versus 11.9%), although this difference did not achieve sta-
tistical significance (OR 1.65 [95% CI 0.95–2.84];
P 5 0.0732). Fewer patients in the belimumab group (8.1%
[45 of 556]) than in the placebo group (13.2% [37 of 280])
had an increase in corticosteroid dosage through to week 52
(OR 0.55 [95% CI 0.34–0.87]; P 5 0.0117); the differences
were significant from week 20 to week 52, with the exception
of week 32. The proportion of patients who had a corticoste-
roid dosage reduction from .7.5 mg/day at baseline to
#7.5 mg/day at week 52 was 20.0% (67 of 335) in the
belimumab group and 14.3% (24 of 168) in the placebo
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Figure 3. Time to severe flare in patients randomized to receive pla-
cebo or belimumab 200 mg subcutaneously (SC). The probability of
experiencing a severe flare, according to the Systemic Lupus Erythe-
matosus Flair Index (SFI), is plotted against the time since the first
dose of study drug.
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group (P 5 0.1181). There was a difference of 633.50 mg in
the mean 6 SD cumulative dose of corticosteroids over 52
weeks (3,933.8 6 3,660.76 for belimumab and 4,567.3 6

5,981.53 for placebo; P 5 0.4299).
Subgroup responses at week 52. Results of the

subgroup analyses are summarized in Figure 4, which
includes the number of patients in each subgroup. At week
52, significantly more patients with baseline SELENA–
SLEDAI scores of $10 who received belimumab were
SRI4 responders compared with those who received pla-
cebo. There was a trend toward an increase in SRI4
responders for belimumab versus placebo among patients
with baseline SELENA–SLEDAI scores of #9, although
this did not reach statistical significance (Figure 4).

The SRI4 response among non-black patients who
received belimumab was statistically significantly higher
than that among non-black patients who received placebo
(OR 1.75 [95% CI 1.29–2.39]; P 5 0.0004) (Figure 4).
Among the black patients, the week 52 SRI4 response was
numerically higher for belimumab than for placebo, but the
difference did not achieve statistical significance. Post hoc
analyses showed that 73.8% (118 of 160) of Hispanic or
Latino patients receiving belimumab experienced an SRI4

response at week 52, compared with 50.0% (40 of 80) of
those receiving placebo (P 5 0.0003). Among patients of
non-Hispanic or Latino ethnicity, 56.3% (belimumab) and
47.7% (placebo) of patients were responders (P 5 0.0407).
While those receiving belimumab in both ethnic groups
reported statistically significant improvements at week 52
(compared with placebo), the numerical difference was
greater in the Hispanic or Latino group.

In the third and fourth quartiles for baseline
body weight, significantly more patients who received
belimumab were SRI4 responders than patients who
received placebo (Figure 4). For the first and second
quartiles, the differences between treatment arms did
not achieve statistical significance.

The SRI4 response at week 52 was significantly
greater in belimumab-treated patients who were receiving
corticosteroids at baseline compared with placebo-treated
patients receiving corticosteroids at baseline (Figure 4).
There was no significant difference in SRI4 response at
week 52 between belimumab and placebo among patients
who were not taking corticosteroids at baseline.

FACIT-Fatigue scores. Scores on the FACIT-
Fatigue scale improved over time in both treatment

0111.0

OR, belimumab 200 mg SC vs placebo

SS ≥10 (n=352 vs 168)
SS ≤9 (n=202 vs 111)

Overall (n=554 vs 279)

Race

SS at baseline

Black race (n=58 vs 33)
Non-Black race (n=496 vs 246)

Race and SS at baseline
Black race and SS ≤9 (n=19 vs 15)
Black race and SS ≥10 (n=39 vs 18)
Non-Black race and SS ≤9 (n=183 vs 96) 
Non-Black race and SS ≥10 (n=313 vs 150) 

Baseline body weight quartile
Q1: <55.05 kg (n=139 vs 70)
Q2: 55.05 to <65.15 kg (n=141 vs 66)
Q3: 65.15 to <78.25 kg (n=135 vs 73)
Q4: ≥78.25 kg (n=139 vs 70)

Steroid use at baseline
Steroids (n=480 vs 240)
No steroids (n=74 vs 39)

SRI response, % OR (95% CI) P-value

61.4 vs 48.4 1.68 (1.25–2.25) 0.0006

68.8 vs 53.0 1.95 (1.34–2.85) 0.0005
48.5 vs 41.4 1.33 (0.83–2.13) 0.2302

44.8 vs 39.4 1.25 (0.52–2.98) 0.6148
63.3 vs 49.6 1.75 (1.29–2.39) 0.0004

31.6 vs 46.7 0.53 (0.13–2.14) 0.3711
51.3 vs 33.3 2.11 (0.66–6.74) 0.2100
50.3 vs 40.6 1.48 (0.90–2.44) 0.1258
70.9 vs 55.3 1.97 (1.31–2.95) 0.0010

64.0 vs 54.3 1.50 (0.84–2.69) 0.1744
56.0 vs 48.5 1.35 (0.75–2.43) 0.3111
65.2 vs 49.3 1.92 (1.08–3.44) 0.0269
60.4 vs 41.4 2.16 (1.20–3.87) 0.0099

63.3 vs 48.8 1.82 (1.33–2.49) 0.0002
48.6 vs 46.2 1.11 (0.51–2.40) 0.8009

Figure 4. Systemic Lupus Erythematosus Responder Index (SRI4) subgroup responses at week 52 in patients randomized to receive belimumab
200 mg subcutaneously (SC) versus placebo. Bars illustrate the odds ratios (ORs) and 95% confidence intervals (95% CIs) that are given at the
right. Broken vertical line indicates the overall OR. SRI 5 Systemic Lupus Erythematosus Responder index; SS 5 the Safety of Estrogens in
Lupus Erythematosus National Assessment version of the Systemic Lupus Erythematosus Disease Activity Index.
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groups. The mean change from baseline was significantly
greater in the belimumab group as compared with the pla-
cebo group at weeks 8, 36, and 52 (adjusted mean change
at week 52 was 4.4 versus 2.7; P 5 0.0130) but not at weeks
4, 12, and 24. The percentage of patients with an improve-
ment in the FACIT-Fatigue score of $4 also generally
increased over time. At week 52, more patients who
received belimumab had an improvement of $4 com-
pared with placebo (44.4% versus 36.1%; OR 1.42 [95%
CI 1.05–1.94]; P 5 0.0245).

Time to first renal flare. Fewer patients with
baseline proteinuria .0.5 gm/24 hours in the belimumab
group (11 of 99) had a renal flare compared with those in
the placebo group (13 of 48) (11.1% versus 27.1%; HR
0.40 [95% CI 0.18–0.90]; P 5 0.0272). The median time
to first renal flare for patients with baseline proteinuria
.0.5 gm/24 hours who experienced a flare was 83.0 days
(IQR 33.0–192.0) for belimumab versus 113.0 days (IQR
85.0–229.0) for placebo. In the overall population, fewer
patients in the belimumab group had a renal flare as
compared with placebo, although this difference was not
statistically significant (4.7% versus 7.5%; HR 0.57 [95%
CI 0.32–1.01]; P 5 0.0532). All first renal flares had
occurred by week 40 and week 48 in the belimumab and
placebo groups, respectively.

Safety. Overall, 449 patients in the belimumab
group (80.8%) and 236 patients in the placebo group
(84.3%) experienced at least 1 AE (Table 2). The most
common types were infections and infestations. SAEs were
reported for 10.8% and 15.7% of patients, respectively.
The most common types were infections and infestations,
renal and urinary disorders, and nervous system disorders.
Treatment-related AEs were reported for 31.1% of the
belimumab group and 26.1% of the placebo group. For fur-
ther details, see Supplementary Tables S1 and S2 (available
on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40049/abstract).

Local injection site reactions occurred in 34 patients
in the belimumab group (6.1%) and 7 patients in the placebo
group (2.5%). All were mild or moderate in severity, and no
serious or severe injection site reactions were reported. The
incidence of hypersensitivity reactions was similar between
treatment groups. Three deaths were reported in the
belimumab group (0.5%; 3 infections [bacterial sepsis, uro-
sepsis, and tuberculosis of the CNS]) and 2 were reported in
the placebo group (0.7%; 1 vascular [cardiac death] and 1
SLE-related [thrombocytopenia]). Herpes zoster was
reported in 18 patients in the belimumab group (3.2%) and
13 patients in the placebo group (4.6%); 1 case was serious
(belimumab group). Fifteen patients in the belimumab
group (2.7%) and 10 patients in the placebo group (3.6%)
experienced depression; none of these episodes were

serious. Two cases of serious suicidal ideation (0.4% taking
belimumab, as adjudicated by GlaxoSmithKline physicians)
and no cases of suicidal behavior were reported.

Four patients experienced worsening of IgG
hypoglobulinemia from grade 0 to grade 2 in each treat-
ment group (0.7% receiving belimumab and 1.4%
receiving placebo). An additional case of worsening
from grade 0 to grade 4 occurred in the belimumab
group (0.2%).

The incidence of AEs was higher in both groups
among patients in the highest body weight quartile
($78.25 kg; 86.3% of the belimumab group and 90.0%
of the placebo group) as compared with those in the
lowest body weight quartile (,55.05 kg; 76.3% of the
belimumab group and 77.1% of the placebo group).

Table 2. Summary of AEs reported during the study*

Placebo
(n 5 280)

Belimumab
200 mg SC
(n 5 556)

All AEs by system organ class
AEs† 236 (84.3) 449 (80.8)

Infections and infestations 159 (56.8) 308 (55.4)
Gastrointestinal disorders 68 (24.3) 125 (22.5)
Musculoskeletal and connective

tissue disorders
66 (23.6) 124 (22.3)

Nervous system disorders 53 (18.9) 111 (20.0)
Skin and subcutaneous tissue

disorders
60 (21.4) 80 (14.4)

SAEs‡ 44 (15.7) 60 (10.8)
Infections and infestations 15 (5.4) 23 (4.1)
Renal and urinary disorders 7 (2.5) 8 (1.4)
Nervous system disorders 6 (2.1) 8 (1.4)

Treatment-related AEs 73 (26.1) 173 (31.1)
AEs resulting in study discontinuation 25 (8.9) 40 (7.2)

AEs of special interest
Malignancies 1 (0.4) 2 (0.4)
Postinjection systemic reactions§ 25 (8.9) 38 (6.8)

Serious 0 0
Serious delayed nonacute

hypersensitivity reactions§
1 (0.4) 0

All infections 21 (7.5) 30 (5.4)
Serious 3 (1.1) 8 (1.4)

Opportunistic infections§ 1 (0.4) 2 (0.4)
Serious 0 1 (0.2)

Herpes zoster 13 (4.6) 18 (3.2)
Serious 0 1 (0.2)

Sepsis 3 (1.1) 6 (1.1)
Serious 2 (0.7) 4 (0.7)

Depression 10 (3.6) 15 (2.7)
Serious 0 0

Serious suicidal ideation§ 0 2 (0.4)
Suicidal behavior§ 0 0
Deaths 2 (0.7) 3 (0.5)

* Values are the number (%) of patients reporting the event.
SC 5 subcutaneous.
† Adverse events (AEs) that occurred in $20% of patients in either
treatment group are listed.
‡ Serious adverse events (SAEs) that occurred in .2% of patients in
either treatment group are listed.
§ As adjudicated by GlaxoSmithKline physicians.
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Pharmacokinetics. The median plasma concen-
tration in the group taking belimumab increased from week
4 (65.0 mg/ml) to week 24 (104.8 mg/ml), and decreased
slightly at week 52 (86.8 mg/ml) (Supplementary Figure 1,
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40049/abstract).

DISCUSSION

This was the first phase III randomized, double-
blind, placebo-controlled study to investigate the safety
and efficacy of belimumab 200 mg SC plus standard SLE
therapy in patients with SLE. The results demonstrate that
weekly SC doses of belimumab 200 mg plus standard SLE
therapy significantly reduced SLE disease activity as early
as week 16. The treatment effect for belimumab SC is
consistent with that observed with belimumab 10 mg/kg IV
in the phase III, randomized, double-blind, placebo-
controlled BLISS-52 and BLISS-76 studies (17,18). The
present study was designed to test the efficacy of belimumab
SC rather than its equivalence (or lack of same) to
belimumab IV, so no conclusion can be drawn with regard
to equivalence. Nevertheless, the 2 previous belimumab IV
trials and the present belimumab SC trial each met their
respective primary end points and demonstrated consistent
and significant clinical benefits of belimumab plus standard
SLE therapy in patients with SLE.

The inclusion criteria for this study required a
SELENA–SLEDAI score of $8 at screening, whereas
the IV BLISS-52 and BLISS-76 studies required a
SELENA–SLEDAI score of $6 (17,18). This require-
ment for a higher SELENA–SLEDAI was driven by data
from the IV studies that highlighted that patients needed
a higher level of disease activity at baseline in order to
have the opportunity to achieve the 4-point reduction in
SELENA–SLEDAI that was needed to meet the SRI4
end point. Despite that requirement, the mean baseline
SELENA–SLEDAI scores in the present study were simi-
lar to those in the IV studies (10.0 and 9.5 for belimumab
10 mg/kg, 9.7 and 9.8 for placebo in the BLISS-52 and
BLISS-76 studies, respectively). A greater proportion of
patients in the present study had SELENA–SLEDAI
scores of $10 (62%), as compared with those in the
BLISS-52 (53%) and BLISS-76 (51%) studies (17,18).

A post hoc analysis of the present (BLISS-SC)
study and the pooled BLISS-52 and BLISS-76 studies was
undertaken to compare only patients with SELENA–
SLEDAI scores of $8 at baseline. In this analysis, the
SRI4 responses at week 52 were 63.2% for belimumab
200 mg SC versus 50.0% for placebo and 57.4% for
belimumab 10 mg/kg IV versus 41.7% for placebo (data
on file; GlaxoSmithKline). While no head-to-head

comparison between SC and IV belimumab was done,
the results of the present study and of this post hoc analy-
sis suggest consistency across the IV and SC studies.

Belimumab SC demonstrated further efficacy
benefits, such as reduction of severe flare by 49% over 52
weeks, onset of action as early as week 16, and a shorter
time to first SRI4 response that was maintained through
week 52 compared with placebo. Significant reductions in
severe flare were observed with belimumab 10 mg/kg IV
over 52 weeks in the BLISS-52 study (18) and with
belimumab 1 mg/kg IV over 76 weeks in the BLISS-76
study (17). Onset of action was also comparable to that in
the BLISS-52 and BLISS-76 studies (17,18). In addition,
more patients in the belimumab SC group were able to
reduce their corticosteroid dosage as compared with those
in the placebo group, although this reduction did not
achieve statistical significance. The decrease in corticoste-
roid dosage occurred in parallel with the reduction in risk
of flare among those who received belimumab treatment
compared with placebo. Since only patients receiving a
baseline corticosteroid dosage .7.5 mg/day were eligible
for analysis, the absence of statistical significance may
reflect insufficient power to detect such a difference in a
subgroup of this size. It should be noted that the study
design did not mandate or encourage corticosteroid taper,
and treatment blinding may have limited the proactive
reduction of corticosteroids due to concerns that a patient
may have been receiving placebo. The observed reduction
in corticosteroid use may therefore not faithfully reflect
clinical practice, where a more aggressive approach to cor-
ticosteroid tapering might be taken.

In subgroup analyses, patients with SELENA–
SLEDAI scores of $10 at baseline had significant treat-
ment responses (SRI4) with belimumab, whereas those
with scores of #9 did not. The difference in response rates
in the subgroup with scores $10 appeared to be greater
than in the overall population, suggesting that belimumab
SC may be especially beneficial in patients with high levels
of disease activity. Similarly, belimumab-treated patients
who were receiving corticosteroids at baseline had a signif-
icant treatment response relative to placebo-treated
patients, consistent with the findings of a post hoc analysis
of the BLISS-IV studies (35). In the present study, the
treatment effect on the SRI4 response in black patients
indicated a positive trend, but statistical significance was
not achieved. The number of patients in this subgroup was
low, and the power was insufficient to draw firm conclu-
sions. A separate study is underway to specifically assess
the benefits of belimumab in black patients.

In baseline body weight subgroup analyses, the
treatment effect did not appear to vary greatly between
body weight subgroups. The effect achieved statistical
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significance for the third and fourth quartiles, but not
for the first and second quartiles. As with other sub-
group analyses, the patient numbers were low.

Fatigue is one of the most commonly reported
symptoms among patients with SLE and has considerable
impact on their lives (36). Patient-reported fatigue was sig-
nificantly reduced with belimumab SC at weeks 8, 36, and
52 in the present study. Although the time to first renal
flare was reduced in patients receiving belimumab 200 mg
SC, few renal flares occurred later in the study in this
group, resulting in a shorter median time to flare. Patients
receiving belimumab experienced fewer renal flares over-
all, and fewer patients with baseline proteinuria .0.5 gm/
24 hours who were receiving belimumab experienced a
renal flare as compared with those receiving placebo.
Renal involvement is associated with increased morbidity
in SLE (37), and a post hoc analysis of BLISS-52 and
BLISS-76 study data suggested that belimumab may have
beneficial effects in patients with renal involvement (38).
However, while these data are encouraging, they offer no
insight into efficacy in patients with severe active lupus
nephritis, a subgroup that was excluded from the BLISS
IV and SC studies (17,18).

The safety profile of belimumab 200 mg SC plus
standard SLE therapy was similar to that of placebo SC
plus standard SLE therapy and was consistent with the
known safety profile of belimumab IV (21). The overall
incidences of AEs and SAEs were numerically lower in
the belimumab group compared with the placebo group.
The increase in AEs with increasing body weight was simi-
lar among patients receiving placebo and belimumab, sug-
gesting that body weight did not affect the safety of
belimumab.

The incidence of treatment-emergent suicidality
was low. Two patients in the belimumab group and none
in the placebo group experienced serious suicidal ideation,
and there were no cases of suicidal behavior. In prior stud-
ies of IV belimumab (phase II and 2 phase III studies),
there were 2 completed suicides in the belimumab groups
(2 of 1,458 [0.1%]) and none in the placebo groups (0 of
675), and serious depression was reported in 0.4% (6 of
1,458) of patients receiving belimumab and 0.1% (1 of
675) of patients receiving placebo (17,18,29,39). In a phase
III trial of SC tabalumab, another BLyS antagonist, in
SLE, cases of depression and suicidal ideation were more
common in the tabalumab groups (120 mg every 2 or 4
weeks) compared with placebo, although the overall inci-
dence was low (depression, 4.0% and 4.5% versus 0.8%;
suicide attempts, 0.3% and 0.5% versus 0%; suicidal idea-
tion, 3.0% and 5.3% versus 0.4%; and suicidal behavior,
0.9% and 1.3% versus 0.4%) (40). Other studies of
tabalumab did not report such an imbalance (41).

Similarly, no cases of suicidal ideation or behavior were
reported in patients with SLE taking other BLyS antag-
onists blisibimod (42,43) or atacicept (44–46).

The efficacy and safety results in this study sup-
port fixed dosing with the SC dose selection of 200 mg
(as opposed to the weight-based dosing used for the IV
infusion) (24). The pharmacokinetic profile is consistent
with the simulated steady-state concentrations for weekly
belimumab 200 mg SC (104 mg/ml) and monthly
belimumab 10 mg/kg IV (110 mg/ml) (25).

Some aspects of this study may limit interpretation.
Not all patients were included in the corticosteroid reduc-
tion analyses, as only 503 of 836 (60.2%) patients were
receiving corticosteroids at a dosage of .7.5 mg/day at
baseline. The inclusion criteria did not permit inclusion of
patients with SELENA–SLEDAI scores of ,8 at screen-
ing, nor did they permit entry of patients with active nephri-
tis or active CNS disease, so no conclusions can be made
about these subsets of patients. Sample sizes in some sub-
groups were small, which limits the conclusions that can be
drawn.

In summary, fixed-dose weekly belimumab 200 mg
SC in patients with SLE reduced SLE disease activity in
the overall population, and patient-reported levels of
fatigue were improved. Safety results were consistent with
the known safety profile of belimumab. The ability of
patients with SLE to administer their medication away
from the clinic will provide a more convenient treatment
regimen for belimumab, which may make it a more viable
treatment option for some patients.
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Pharmacodynamics, Safety, and Clinical Efficacy of AMG 811, a Human
Anti–Interferon-g Antibody, in Patients With Discoid Lupus Erythematosus

Victoria P. Werth,1 David Fiorentino,2 Barbara A. Sullivan,3 Michael J. Boedigheimer,3 Kit Chiu,3 Christine Wang,3

Gregory E. Arnold,3 Michael A. Damore,3 Jeannette Bigler,4 Andrew A. Welcher,3 Chris B. Russell,4

David A. Martin,4 and James B. Chung3

Objective. Interferon-g (IFNg) is implicated in the
pathogenesis of discoid lupus erythematosus (DLE). This
study sought to evaluate a single dose of AMG 811, an
anti-IFNg antibody, in patients with DLE.

Methods. The study was designed as a phase I ran-
domized, double-blind, placebo-controlled crossover study
of the pharmacodynamics, safety, and clinical efficacy of
AMG 811 in patients with DLE. Patients received a single
subcutaneous dose of AMG 811 (180 mg) or placebo. The
patients in sequence 1 received AMG 811 followed by pla-
cebo, while those in sequence 2 received placebo followed
by AMG 811. Pharmacodynamic end points included
global transcriptional analyses of lesional and nonlesional
skin, IFNg blockade signature (IGBS) transcriptional
scores in the skin and blood, keratinocyte IFNg RNA

scores, and serum levels of CXCL10 protein. Additional
end points were efficacy outcome measures, including the
Cutaneous Lupus Erythematosus Disease Area and Sever-
ity Index, and safety outcome measures.

Results. Sixteen patients with DLE were enrolled
in the study (9 in sequence 1 and 7 in sequence 2). AMG
811 treatment reduced the IGBS score (which was ele-
vated in DLE patients at baseline) in both the blood and
lesional skin. The keratinocyte IFNg RNA score was not
affected by administration of AMG 811. Serum CXCL10
protein levels (which were elevated in the blood of DLE
patients) were reduced with AMG 811 treatment. The
AMG 811 treatment was well tolerated but did not lead to
statistically significant improvements in any of the efficacy
outcome measures.

Conclusion. AMG 811 treatment led to changes
in IFNg-associated biomarkers and was well tolerated,
but no significant clinical benefit was observed in
patients with DLE.

Skin involvement (cutaneous lupus) occurs in 70–
85% of patients with systemic lupus erythematosus (SLE)
and is classified according to the morphologic characteris-
tics of the lesions and the histopathologic appearance of
the skin (1). Discoid lesions, the most common manifesta-
tion of chronic cutaneous lupus erythematosus, are well-
defined lesions, characterized by disk-shaped, erythema-
tous, scaly patches that can cause atrophy and scarring.
Biopsy samples of lesional skin from patients with discoid
lupus erythematosus (DLE) show deposition of immuno-
globulins, complement, and mononuclear cell infiltrates,
indicating that this disease may have an antigen-driven
immunologic pathogenesis (2).

Members of the interferon (IFN) family have
been implicated in the pathogenesis of DLE (3), and
analyses of skin samples have shown strong evidence of
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activation of IFN signaling. Elevated levels of IFNg mes-
senger RNA have been described in DLE skin speci-
mens relative to normal skin, and immunohistochemical
analyses have shown a selective staining of IFNg recep-
tors in DLE skin samples compared to normal skin sam-
ples (4). IFNg modulates the function of several
populations of immune system cells, including B cells, T
cells, and macrophages. In skin, IFNg is an inhibitor of
keratinocyte growth (5). Elevated levels of IFNg-
inducible 10-kd protein (CXCL10) and infiltrates of
CXCR3-expressing T cells have also been found in DLE
skin biopsy specimens (6).

AMG 811 is a human anti-IFNg antibody (IgG1
isotype) that selectively targets human IFNg (7). Previous
trials of AMG 811 in SLE patients with and those without
nephritis showed an acceptable safety and tolerability pro-
file (8–10). The objective of the present study was to evalu-
ate the safety, tolerability, pharmacodynamics, and efficacy
of a single dose of AMG 811 in patients with DLE.

SUBJECTS AND METHODS

Study design. This study was a phase I multicenter, ran-
domized, double-blind, placebo-controlled, 2-period crossover
study that was designed to evaluate a single dose of AMG 811 in
comparison to placebo. The treatment was administered in 1 of 2
sequences: in sequence 1, patients received AMG 811 followed
by placebo, while in sequence 2, patients received placebo fol-
lowed by AMG 811. Twenty patients with DLE (with or without
SLE) were planned for the study (12 for sequence 1 and 8 for
sequence 2).

A single dose of AMG 811 (180 mg) or placebo was
administered subcutaneously on day 1 (start of period 1) and on
day 85 (start of period 2). Biopsy specimens of lesional and non-
lesional skin were collected at baseline, and biopsy specimens of
lesional skin were collected on days 15 and 57 postdosing. The
presence of lesions was predetermined by each of the investi-
gators before dosing was initiated. In most patients, the lesions
were identified in a similar anatomic region. Nonlesional skin
specimens were obtained from regions with similar light exposure
as selected lesional sites. Blood samples for pharmacodynamic
biomarker testing were collected at the following time points: in
period 1, at baseline, predose, 6 hours postdose, and days 2, 15,
29, and 57; in period 2, predose, 6 hours postdose, and days 99,
113, 141, and 197 (end of study). Efficacy outcomes were evalu-
ated at screening, baseline, and days 15, 29, and 57 (period 1) and
days 85, 99, 113, 141, 169, and 197 (period 2). This study was con-
ducted in accordance with the Declaration of Helsinki.

Patients. Eligible patients were ages 18–70 years at
randomization, had a body mass index of 18–40 kg/m2, and were
diagnosed as having DLE with or without SLE based on the
Gilliam and Sontheimer classification (1). All eligible patients
had a skin biopsy sample that exhibited features consistent with
the diagnosis of DLE, and all had previously demonstrated intol-
erance to antimalarial therapy or had received $3 months of
antimalarial therapy and had continued to display residual dis-
ease activity. Moreover, all eligible patients had stable disease
for 4 weeks prior to screening, had received a stable dose of

topical steroids no stronger than medium potency (class I, II, or
III) for $2 weeks and/or systemic immunosuppressive therapy
at a stable dose for $8 weeks before randomization, had
received oral prednisone at a dosage of #20 mg/day (or equiva-
lent), and had a current vaccination history. Exclusion criteria
included a history of malignancy, signs or symptoms of viral, bac-
terial, or fungal infection within 30 days of randomization or
recent history of repeated infections, an underlying significant
medical condition other than SLE, a history of receiving immu-
nosuppressant drugs that predispose to infection, or having
received a live vaccine within 3 months of randomization.

Study outcome measures. Gene expression profiling
in the skin and blood. Transcriptional differences between
lesional and nonlesional skin were assessed using microarray anal-
ysis. Frozen skin samples were disrupted with a Multi-Sample Bio
Pulverizer (Research Products International) and homogenized
with a TissueRuptor (Qiagen). Total RNA was isolated using the
mirVana Micro-RNA Isolation kit (Applied Biosystems), modi-
fied to include on-column DNase treatment with RNase-free
DNase (Qiagen). The integrity of the RNA samples was assessed
using a Bioanalyzer 2100 (Bio-Rad). The total RNA concentra-
tion was measured on an ND-1000 Spectrophotometer
(NanoDrop). Labeled complementary DNA was generated
using a NuGEN Ovation kit (NuGEN Technologies) and
hybridized to GeneChip HT_HG-U1331PM microarrays using
a GeneTitan instrument (Affymetrix). Analyses were conducted
with log2-transformed intensities that had been normalized at
the array level to have comparable intensity spectrum. Only sam-
ples with an RNA integrity number (RIN) of .7 were used.
Whole blood PAXgene samples were processed and assayed by
microarray as previously described (8), except that the samples
were Cy3-labeled and hybridized once to a custom 180k Agilent
array with the content of the Human Gene Expression 44K
(AMADID #026822; Agilent Technologies), replicated 4 times.

Pharmacodynamic outcome measures. Pharmacodynamic
outcome measures included changes in the IFNg blockade signa-
ture (IGBS) RNA score in the serum and skin, changes in the
keratinocyte IFNg RNA score in the skin, and changes in the lev-
els of CXCL10 protein in the serum. The IGBS was derived from
2 microarray experiments. First, whole blood from healthy volun-
teers was stimulated in vitro with IFNg and used to identify genes
that were up-regulated by IFNg. Second, whole blood from
patients in a phase Ia study (8) was used to identify genes that
showed reduced expression following AMG 811 treatment. The
IGBS score is a weighted average of the top 10 genes identified in
those experiments, as previously described (8).

The keratinocyte IFNg RNA score is based on a set of
genes that are preferentially expressed in keratinocytes stimulated
with IFNg, but not those stimulated with interleukin-17A (IL-
17A), IL-22, or tumor necrosis factor (11). For reference, the
keratinocyte IFNg RNA score was measured in a set of 30 skin
samples from healthy volunteers, as was the covariance of the
expression of each gene. The numeric score for each disease skin
sample from DLE patients was the Mahalanobis skin, which is
similar to a multidimensional Z score and increases with changes
in the expression of each gene in the signature set. The scores for
each gene’s contribution in the inverse covariance matrix were
adjusted for the gene set in the reference normal samples.

Serum CXCL10 protein concentrations were determined
using a commercially available enzyme-linked immunosorbent
assay in accordance with the manufacturer’s instructions (R&D
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Systems). Whole blood from healthy volunteers was obtained
from the Amgen Research Blood Donor program.

Clinical outcome measures. The study clinical out-
come measures included the Cutaneous Lupus Erythematosus
Disease Area and Severity Index (CLASI) score for disease
activity (CLASI-A; score range 0–70) (12). Additional explor-
atory clinical outcome measures included the CLASI score for
damage (CLASI-D; score range 0–56), the physician’s assess-
ment of skin disease, the patient’s self-assessment of skin dis-
ease, and the SLE Disease Activity Index 2000 (13) (for
patients with underlying SLE). In period 1 (baseline to day 84),
baseline was defined as day 1 predose, while in period 2 (day 85
to day 197), baseline was defined as day 85 predose. The sole
placebo group was the sequence 2, period 1 group (having first
received placebo during period 1), since the sequence 1, period
2 group may have had potential confounding by exposure to
AMG 811 (having received AMG 811 first).

Statistical analysis. The primary goal of CLASI-A
and keratinocyte IFNg RNA analyses was to provide estimates
of effect size (with uncertainty), and statistical significance,
although the study lacked sufficient power to achieve statistical
significance. Percentage changes from baseline in CLASI-A
scores did not follow normal distribution; therefore, Hodges-
Lehmann estimates of the median values with associated 90%
confidence intervals (90% CIs) were provided. Corresponding
P values were based on exact Wilcoxon–Mann-Whitney tests.

Global transcriptional analyses were performed on
log2-transformed and normalized fluorescence intensity values
of gene expression. Differentially expressed genes and gene sig-
natures were identified by determining the contrast in mean
baseline expression values within lesional skin compared to
nonlesional skin, which was estimated from a linear model that
included factors for skin diagnosis (lesional or nonlesional),
RIN, and patient.

IGBS scores were analyzed in a mixed-effects linear
model that included time on active treatment as a fixed effect
and patient as a random factor. IGBS score plots are shown
with simultaneous 95% CIs, using pooled estimates of standard
error corrected for small sample sizes.

Serum CXCL10 protein levels were analyzed using a
mixed-effects regression model, including factors for treatment,

serum CXCL10 protein concentrations before treatment, time
after treatment, and a treatment 3 time interaction term. Time
and treatment were fixed factors, and patient was a random
factor.

RESULTS

Characteristics of the patients. Of the 20
patients planned for the study, only 16 were enrolled,
because enrollment was slow. Of the 16 enrolled patients,
9 were assigned to sequence 1 and 7 were assigned to
sequence 2. Two patients (1 from each sequence) discon-
tinued treatment during period 1 (1 withdrew consent and
1 discontinued for other reasons). Fifteen patients received
treatment with AMG 811 (9 in period 1 and 6 in period 2).
These patients were therefore included in the AMG 811
analysis group, and 7 patients were included in the placebo
group. The mean age was 49.2 years, and most of the
patients (75%) were female. The majority of patients
(88%) had comorbid SLE (Table 1).

Changes in pharmacodynamic outcome mea-
sures. The IGBS score was elevated in lesional skin com-
pared to nonlesional skin. In lesional skin, treatment with
AMG 811 significantly reduced the mean IGBS score on day
57 compared to the mean value at baseline (P , 0.05) (Fig-
ure 1A), although the mean IGBS score in lesional skin was
not reduced to the level observed at baseline in nonlesional
skin, and was significantly higher than the baseline non-
lesional skin IGBS score (P , 0.05) (Figure 1A). A signifi-
cant reduction in the IGBS score was also observed in the
peripheral blood (data not shown).

The keratinocyte IFNg RNA score was increased
at baseline in both the lesional and nonlesional skin of
patients with DLE compared to the normal skin of refer-
ence healthy patients. In DLE patients, the keratinocyte
IFNg score was higher in lesional skin than in nonlesional

Table 1. Demographic and clinical characteristics of the study subjects at baseline*

Sequence 1
(n 5 9)

Sequence 2
(n 5 7)

All patients
(n 5 16)

Sex, no. (%) female 8 (89) 4 (57) 12 (75)
Age, mean 6 SD years 47.1 6 10.7 51.9 6 7.5 49.2 6 9.4
Race, no. (%)

White 6 (67) 4 (57) 10 (63)
Black/African American 2 (22) 3 (43) 5 (31)
Asian 1 (11) 0 1 (6)

Comorbid SLE, no. (%) 8 (89) 6 (86) 14 (88)
Receiving prednisone, no. (%) 3 (33) 4 (57) 7 (44)

Prednisone dose, mean 6 SD mg/day 9.67 6 8.96 6.88 6 3.75 8.07 6 6.00
Receiving antimalarial drug, no. (%) 6 (67) 5 (71) 11 (69)
CLASI-A score, mean 6 SD 19.00 6 6.18 21.86 6 10.16 20.25 6 7.99
CLASI-D score, mean 6 SD 14.56 6 9.13 19.14 6 3.34 16.56 6 7.38

* SLE 5 systemic lupus erythematosus; CLASI-A 5 Cutaneous Lupus Erythematosus Disease Area and
Severity Index for disease activity; CLASI-D 5 Cutaneous Lupus Erythematosus Disease Area and
Severity Index for damage.
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Figure 1. Changes in biomarker expression with AMG 811 treatment. A, Interferon-g (IFNg) blockade signature (IGBS) scores in nonlesional skin
at baseline and in lesional skin of patients with discoid lupus erythematosus (DLE) at baseline and on days 15 and 57 after treatment with AMG 811
or placebo (in period 1). * 5 P 5 0.0063 versus AMG 811–treated lesional samples at baseline. B, Keratinocyte IFNg RNA score in lesional skin of
DLE patients at baseline and on days 15 and 57 after AMG 811 treatment compared with nonlesional DLE skin and normal healthy control skin.
Results are shown as box plots, where the horizontal line within the boxes represents the median, the boxes represent the first and third quartiles, and
the bars outside the boxes represent the minimum and maximum values. C, Serum CXCL10 protein concentrations in healthy volunteers (HV) and
untreated patients with DLE. Results are shown as irregular box plots, where the horizontal line within the boxes represents the median, the notches
represent an estimate of the uncertainty about the median, the boxes represent the first and third quartiles, and the dashed bars represent the lower
and upper ends of the farthest observed data point within 1.5 times the interquartile range; the plus signs represent outliers. D, Baseline-adjusted
mean serum CXCL10 protein concentrations in DLE patients treated with AMG 811 or placebo. The dashed horizontal line represents the mean
baseline value. † 5 Padjusted 5 0.0038 for the intraday (day 15) comparison between AMG 811 and placebo. 95% CI 5 95% confidence interval.
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skin (Figure 1B). In lesional skin, treatment with AMG
811 did not have a significant impact on the keratinocyte
IFNg RNA score on days 15 or 57 postdosing as com-
pared to that at baseline (Figure 1B).

The baseline levels of serum CXCL10 protein
were elevated in patients with DLE compared to the lev-
els in reference healthy volunteers (Figure 1C). The
serum CXCL10 protein levels were significantly reduced
in patients treated with AMG 811 compared to those
receiving placebo (P , 0.05), with a maximal reduction
of 21.7-fold (95% CI 22.2, 21.3) from baseline to day
15 (Figure 1D).

Safety outcomes. Fourteen (93.3%) of 15 patients
in the AMG 811 group and 4 (57.1%) of 7 patients in the
placebo group had a treatment-emergent adverse event
(AE). Arthralgia, headache, hypertriglyceridemia, and
upper respiratory tract infections were the only AEs
reported in .1 patient (n 5 2 patients each [13.3%]) in the
AMG 811 group. Two of these events were also reported
in the placebo group: hypertriglyceridemia in 1 patient

(14.3%) and headache in 2 patients (28.6%). No AEs of
grade $2 occurred in more than 1 patient in either group.
No deaths or withdrawals due to AEs were reported.

Three patients (20.0%) in the AMG 811 group
reported experiencing a serious AE (SAE) during the
study, whereas no SAEs were reported in the placebo
group. SAEs reported within the first 12 weeks following
AMG 811 administration included 1 case of Legionella
pneumonia (deemed to be treatment related), while
another patient experienced 4 different SAEs, including
gastroenteritis, migraine (deemed to be treatment related),
splenic infarction, and viral gastroenteritis. The SAE of
Legionella pneumonia occurred on study day 47; the
patient received levofloxacin and the pneumonia resolved
16 days later. One patient reported the development of a
subdural hematoma (deemed to be unrelated to treat-
ment) that occurred ;182 days after the patient had
received AMG 811; the event resolved in ;2 weeks.

Changes in clinical outcome measures. Over-
all, the median changes in the CLASI-A score were not
statistically significantly different between patients who
received AMG 811 and those who received placebo over
the first 85 days (Figures 2A and B). No significant clini-
cal benefits were seen in patients with DLE after AMG
811 treatment in terms of improvements in the CLASI-
D score, physician’s assessment of skin disease, or
patient’s self-assessed skin disease (data not shown).

DISCUSSION

Cutaneous lupus, including DLE, is the result of
aberrant autoimmune activation in the skin (14). Patients
with DLE have an elevated IFN signature in the blood,
suggesting that the pathogenic mechanisms are similar in
patients with SLE and those with cutaneous lupus (15).
AMG 811 is a monoclonal antibody that blocks IFNg. In
this study of patients with DLE, treatment with AMG 811
demonstrated clear pharmacologic activity in both the
blood and lesional skin, as measured using the IGBS
score. Notably, after treatment, the IGBS score did not
reach the levels seen in nonlesional skin, suggesting that
either incomplete blockade of the pathway or partial acti-
vation by other cytokines may occur.

When IFNg activity was measured using the
keratinocyte IFNg RNA score, DLE lesional skin, DLE
nonlesional skin, and normal skin from healthy volun-
teers were shown to have correspondingly varying levels
of IFNg activity, with the scores in DLE nonlesional skin
being intermediate to those in lesional and normal skin.
Treatment with AMG 811 did not significantly impact
the keratinocyte IFNg RNA score in the skin.

Figure 2. Clinical efficacy as measured by the Cutaneous Lupus
Erythematosus Disease Area and Severity Index disease activity
(CLASI-A) score. The mean total CLASI-A scores (A) and median
percentage change in CLASI-A scores (B) at baseline (BL) predose
and on postdose days 15, 29, 57, and 85 (end of study [EOS]) are
shown for patients who received placebo followed by AMG 811
(sequence 2) in period 1, patients who received AMG 811 followed
by placebo (sequence 1) in period 1, and patients who received
AMG 811 followed by placebo (sequence 2) in period 2. 90% CI 5

90% confidence interval.
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Given the pharmacologic responses to AMG 811
in both the blood and skin as measured by the IGBS and
keratinocyte IFNg RNA scores, the single dose of AMG
811 administered to patients with DLE possibly did not
provide sufficient coverage to elicit a clinical response
that could be measured by the CLASI-A. The 180-mg
subcutaneous dose of AMG 811 covered the target ade-
quately as assessed on the basis of changes in the serum
CXCL10 levels over $56 days—a duration of treatment
consistent with the measurement of efficacy in other
DLE studies (8,16,17)—but the dose level of AMG 811
required to penetrate the skin and overcome local pro-
duction of IFNg may be higher. Alternatively, despite
coverage of the IFNg pathway, possibly other pathways,
including the type I IFN pathways, may need to be
inhibited concurrently to impact clinical disease. Fur-
thermore, the heterogeneity of this population and the
role of several interdependent and independent path-
ways may preclude the use of blockade of a single IFN
pathway as an effective treatment for the majority of
patients with SLE and DLE. Overall, these results do
not provide a clear answer to the role of IFNg in the
pathogenesis of DLE. While differences in gene expres-
sion profiles in the blood and skin indicate dysregulation
of the IFNg pathway, conclusions about causality cannot
be drawn given the possible incomplete blockade of the
pathway in the tissue and the lack of discernible clinical
impact.

Conduct of proof-of-concept SLE trials is chal-
lenging in terms of enrollment and trial design. Given
the large number of patients required, duration of treat-
ment, and the complex composite disease outcome mea-
sures needed, small clinical trials (particularly organ-
specific trials) that maximize data collection and provide
evidence of pharmacodynamic and clinical impact are
valuable in the early development of novel agents for
SLE. The crossover design utilized in this study allowed
us to obtain both placebo- and treatment-related data in
the overall analysis and helped us to minimize patient-
to-patient variability. This design addressed one of the
concerns postulated by patients who are considering par-
ticipation in a clinical trial, that of potentially receiving
placebo treatment. Enrollment of patients with DLE,
most of whom also had SLE, enabled the collection of
data from the skin in addition to blood and serum, which
collectively enabled a rich set of data from which to con-
duct robust pharmacodynamic analyses. Despite the
unclear results, we would encourage the consideration of
such a study design, when appropriate, in the future
development of agents for SLE.

In conclusion, treatment with AMG 811 led to
changes in biomarkers associated with IFNg in the blood

and skin of patients with DLE. The treatment was well
tolerated, but there was no significant clinical improve-
ment observed with the single dose (180 mg) of AMG
811 administered in this study.
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Signaling Lymphocytic Activation Molecule Family
Member 7 Engagement Restores Defective Effector

CD81 T Cell Function in
Systemic Lupus Erythematosus

Denis Comte,1 Maria P. Karampetsou,2 Nobuya Yoshida,2 Katalin Kis-Toth,2

Vasileios C. Kyttaris,2 and George C. Tsokos2

Objective. Effector CD81 T cell function is
impaired in systemic lupus erythematosus (SLE) and is
associated with a compromised ability to fight infections.
Signaling lymphocytic activation molecule family member
7 (SLAMF7) engagement has been shown to enhance nat-
ural killer cell degranulation. This study was undertaken
to characterize the expression and function of SLAMF7
on CD81 T cell subsets isolated from the peripheral
blood of SLE patients and healthy subjects.

Methods. CD81 T cell subset distribution, SLAMF7
expression, and expression of cytolytic enzymes (perforin,
granzyme A [GzmA], and GzmB) on cells isolated from
SLE patients and healthy controls were analyzed by flow
cytometry. CD107a expression and interferon-g (IFNg) pro-
duction in response to viral antigenic stimulation in the
presence or absence of an anti-SLAMF7 antibody were
assessed by flow cytometry. Antiviral cytotoxic activity in
response to SLAMF7 engagement was determined using a
flow cytometry–based assay.

Results. The distribution of CD81 T cell subsets
was altered in the peripheral blood of SLE patients, with a
decreased effector cell subpopulation. Memory CD81 T
cells from SLE patients displayed decreased amounts of

SLAMF7, a surface receptor that characterizes effector
CD81 T cells. Ligation of SLAMF7 increased CD81 T cell
degranulation capacity and the percentage of IFNg-
producing cells in response to antigen challenge in SLE
patients and healthy controls. Moreover, SLAMF7 engage-
ment promoted cytotoxic lysis of target cells in response to
stimulation with viral antigens.

Conclusion. CD81 T cell activation in response to
viral antigens is defective in SLE patients. Activation of
SLAMF7 through a specific monoclonal antibody restores
CD81 T cell antiviral effector function to normal levels
and thus represents a potential therapeutic option in SLE.

Profound abnormalities characterize T cells from
patients with systemic lupus erythematosus (SLE) (1,2).
Even though CD41 T cells have been extensively studied,
the role of CD81 T cells in SLE is less well understood.
Studies suggest a defect in cytotoxic CD81 T cell activity in
SLE and an accelerated disease in lupus-prone mice in which
the major killing pathways of cytotoxic CD81 T cells have
been deleted (3–5). Additionally, SLE has been associated
with defective cytotoxic responses against foreign antigens,
an abnormality considered to contribute to the increased rate
of infections, the leading cause of mortality in SLE (6–8).

Signaling lymphocytic activation molecule (SLAM)
family members are type I transmembrane glycoprotein
cell surface receptors that deliver downstream signals
upon their engagement and modulate the magnitude of
the immune response (9). SLAM family member 7
(SLAMF7; CS1, CRACC, CD319) is expressed on natural
killer (NK) cells, NK T cells, CD81 T cells, and subsets of
B cells (10). SLAMF7 acts as a self-ligand through the
binding of the N-terminal Ig domain of SLAMF7 (10). In
NK cells, SLAMF7 uses the adaptor protein Ewing’s
sarcoma/FLI1-activated transcript 2 (EAT-2) to promote
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downstream signaling, while other SLAMF molecules
preferentially bind to SLAMF-associated protein (11).

SLAMF7 has been extensively studied in patients
with multiple myeloma, a malignant disorder of plasma
cells. A monoclonal antibody (mAb) directed against
SLAMF7 has been shown to eliminate myeloma cells by
activating NK cells and by stimulating antibody-dependent
cellular cytotoxicity (12–14). SLAMF molecules, and their
downstream adaptor protein SLAMF-associated protein,
have been suggested to play a role in SLE pathogenesis
and to represent a potential therapeutic target (15–17).
However, limited data are available concerning the role of
SLAMF7 in SLE, and some studies have proposed that
SLAMF7 can play a role in the pathogenesis of the disease
(18,19). The gene encoding SLAMF7 is located on chro-
mosome 1 within the 1q23 locus, a region known to be
associated with an increased susceptibility to SLE (20).
SLAMF7 expression has been reported to be altered in
NK cells, plasmacytoid dendritic cells, and a subset of B
cells in SLE patients (18,19), but the role and function of
SLAMF7 in SLE CD81 T cells has not been established.

In the present study, we show that the frequency of
effector CD81 T cells is decreased in the peripheral blood
of SLE patients compared to healthy controls. In addition,
we demonstrate that the expression of SLAMF7 is
decreased in SLE CD81 T cells and that the presence of
SLAMF7 characterizes cytotoxic CD81 T cells. More
importantly, engagement of SLAMF7 with a specific mAb
enhances the degranulation and cytotoxicity of CD81 T
cells in response to viral peptides. Despite the reduced
SLAMF7 expression on SLE CD81 effector T cells, activa-
tion of SLAMF7 via an anti-SLAMF7 mAb restores CD81

T cell antiviral effector function to normal levels and, there-
fore, represents a potential therapeutic option to enhance
immune response against foreign antigens.

MATERIALS AND METHODS

Patients and controls. SLE patients (n 5 79) were
diagnosed according to the American College of Rheumatology
classification criteria (21) and were recruited from the Division
of Rheumatology at Beth Israel Deaconess Medical Center.
Age-, sex-, and ethnicity-matched healthy individuals were cho-
sen as controls. Disease activity was measured using the SLE
Disease Activity Index (SLEDAI) (22) (Table 1). Informed con-
sent was obtained as approved by the Institutional Review
Board after the nature and possible consequences of the studies
were explained, in compliance with the Declaration of Helsinki.

Cell isolation. Peripheral blood mononuclear cells
(PBMCs) were enriched by density-gradient centrifugation
(Lymphocyte Separation Medium; Corning Life Sciences). T
cells were isolated by negative selection (RosetteSep; StemCell
Technologies).

Flow cytometric analysis. Cells were stained to distin-
guish live and dead cells (Zombie Aqua or Zombie NIR

Fixable Viability Kit; BioLegend), and then labeled for surface
antibodies. Cells were permeabilized using a Cytofix/Cytoperm
kit (BD Biosciences) and stained for cytokines and/or cytotoxic
enzymes. Data were acquired with a SORP LSR II flow cytom-
eter (BD Biosciences) and analyzed using FlowJo software
(version 10.1r5; Tree Star).

Degranulation assay. Cryopreserved PBMCs (2 3
106) were stimulated for 6 hours in 1 ml of complete RPMI
(RPMI 1640 supplemented with 10% fetal bovine serum,
100 mg/ml streptomycin, and 100 units/ml penicillin) in the pres-
ence of GolgiPlug (1 ml/ml; BD Biosciences) and GolgiStop (1
ml/ml; BD Biosciences), CD107a (4 ml/ml; BioLegend), and
CEF (cytomegalovirus [CMV], Epstein-Barr virus [EBV], and
influenza virus) peptide mix (3 mg/ml) or staphylococcal entero-
toxin B (SEB; 1 mg/ml) as a positive control. When indicated,
cells were also stimulated with anti-SLAMF7 mAb or a mouse
IgG2b isotype control antibody (5 mg/ml; BioLegend), in the
presence of a goat anti-mouse IgG crosslinker (EMD Millipore).
At the end of the stimulation, cells were stained to distinguish
live and dead cells (Zombie Aqua or Zombie NIR Fixable Via-
bility Kit), then stained for surface antibodies with CD3 (BD
Horizon BUV395 anti-human CD3), CD4 (PerCP eFluor 710–
conjugated anti-human CD4; eBioscience), and CD8 (PerCP-
conjugated anti-human CD8; BioLegend), fixed/permeabilized
(Cytofix/Cytoperm kit), and stained for interferon-g (IFNg)
(Alexa Fluor 647–conjugated anti-human IFNg; BioLegend).
Cells were then analyzed using a SORP LSR II flow cytometer
and FlowJo software (version 10.1r5).

Flow cytometry–based assay for measuring CD81 T cell
cytotoxic activity in response to anti-SLAMF7 mAb treatment.

Freshly isolated PBMCs were cultured in the presence of CEF
peptide mix (5 mg/ml) and interleukin-2 (IL-2) (20 IU/ml;
PeproTech) for 6 days in complete RPMI. On day 3, half of the
cell culture medium was replaced with fresh complete RPMI.
On day 6, effector CD81 T cells were isolated by negative selec-
tion using magnetic sorting (human CD81 T cell isolation kit;
Miltenyi Biotec). Cells were resuspended at a concentration of
106/ml. Six serial dilutions were performed. From each dilution,
half of the cells were treated with anti-SLAMF7 mAb (5 mg/ml)
and a goat anti-mouse IgG crosslinker, while the other half were

Table 1. Characteristics of the 79 SLE patients*

Age, median (range) years 41.3 (21–72)
Sex, no. (%) female/male 72 (91.1)/7 (8.9)
Ethnicity, no. (%)

African American 22 (27.8)
Asian 5 (6.3)
Hispanic 7 (8.9)
White 40 (50.6)
Other 5 (6.3)

SLEDAI score, median (range) 3.6 (0–21)
Treatment, no. (%)

Prednisone 50 (63.3)
Hydroxychloroquine 59 (74.7)
Mycophenolate mofetil 30 (38.0)
Azathioprine 10 (12.7)
Methotrexate 5 (6.3)
Belimumab 2 (2.5)
Tacrolimus 1 (1.3)
IVIG 1 (1.3)

* SLE 5 systemic lupus erythematosus; SLEDAI 5 SLE Disease
Activity Index; IVIG 5 intravenous immunoglobulin.
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treated with an IgG isotype control and a goat anti-mouse IgG
crosslinker. One hundred microliters of each CD81 T cell prep-
aration was seeded in duplicate in a 96-well U-bottomed plate.

Freshly isolated autologous CD41 T cells sorted by mag-
netic negative selection (human CD41 T cell isolation kit; Miltenyi
Biotec) were used as a target. Half of the CD41 T cells were
labeled with 5,6-carboxyfluorescein succinimidyl ester (CFSE) 0.2
mM (CFSE high) and were pulsed with CEF peptide (5 mg/ml) for
45 minutes at 378C in complete RPMI. The other half of the CD41
T cells were labeled with CFSE 0.02 mM (CFSE low) and were
used as a control to determine nonspecific background cell death.
CFSE-high and -low CD41 T cells were mixed at a 1:1 ratio and
resuspended at a concentration of 2 3 105 cells/ml. One hundred
microliters of target CD41 T cells was added to each dilution of
CD81 T cells. Cell mixtures were incubated for 6 hours at 378C.

After incubation, cells were stained to distinguish live
and dead cells (Zombie Aqua Fixable Viability Kit), stained for
CD4 (allophycocyanin [APC]–conjugated anti-human CD4 anti-
body; BioLegend) and CD8 (APC/Cy7-conjugated anti-human
CD8 antibody; BioLegend), and analyzed by flow cytometry.
Aqua-positive staining indicated dead cells. The percentage of

target cell lysis in response to effector CD81 T cells was
expressed as (% of Aqua1 pulsed CD41 T cells) 2 (% of
Aqua1 unpulsed CD41 T cells).

Real-time quantitative reverse transcriptase–poly-
merase chain reaction (RT-PCR). Total RNA was extracted
using an RNeasy Mini kit (Qiagen). Reverse transcription was
performed from 500 ng of total RNA using a High-Capacity
cDNA Archive Kit (Applied Biosystems). Quantitative RT-
PCR was performed with 40 cycles at 948C (for 12 seconds)
and 608C (for 60 seconds) using SYBR Green (LightCycler
4800 SYBR Green I Master kit; Roche). The comparative Ct

method was used to quantify transcripts relative to the endoge-
nous control gene b-actin. Primer sequences were as follows:
for EAT-2, forward 50-TGTGCCTCTGTGTCTCGTTTA-30

and reverse 50-ACCACCATCCCCTGATTTGG-30; and for b-
actin, forward 50-AGAGCTACGAGCTGCCTGAC-30 and
reverse 50-AGCACTGTGTTGGCGTACAG-30.

Statistical analysis. Statistical analysis was performed
using Student’s t-test, corrected with the Holm-Sidak method.
For multiple comparisons, statistical analysis was performed
using one-way analysis of variance, followed by post hoc analysis

Figure 1. Distribution of differentiated CD81 T cell subsets in peripheral blood from patients with systemic lupus erythematosus (SLE) and controls. A,

Staining of peripheral blood mononuclear cells isolated from SLE patients for differentiated subsets of CD81 T cells. Cells were classified according to the
expression of CCR7 and CD45RA. CCR71CD45RA1 cells were considered naive, CCR71CD45RA2 cells were considered central memory (CM),
CCR72CD45RA2 cells were considered effector memory (EM), and CCR72CD45RA1 cells were considered terminally differentiated effector memory
(TDEM) CD81 T cells. CD31CD42CD82 cells were considered double-negative (DN) T cells. B, Distribution of differentiated CD81 T cell subsets in
SLE patients compared to healthy controls. Symbols represent individual subjects; horizontal lines with bars show the mean 6 SEM (n 5 45 patients with
SLE and 41 controls). C–F, Frequency of naive CD81 T cells (C), central memory CD81 T cells (D), effector memory CD81 T cells (E), and terminally
differentiated effector memory CD81 T cells (F) in patients with inactive SLE (SLE Disease Activity Index [SLEDAI] score of ,4), patients with active
SLE (SLEDAI score of $4), and healthy controls. Symbols represent individual subjects; bars show the mean 6 SEM. * 5 P , 0.05; ** 5 P , 0.01;

*** 5 P , 0.001.
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with Tukey’s test. Statistical analyses and illustrations were per-
formed using FlowJo software (version 10.1r5) and GraphPad
Prism software (version 6).

RESULTS

Skewed distribution of CD81 T cell subsets in
the peripheral blood of SLE patients. We analyzed the
distribution of CD81 T cell subsets in the peripheral blood
of 45 SLE patients with varying levels of disease activity and
41 healthy controls by assessing the cell surface expression
of CCR7 and CD45RA. This allowed us to distinguish 4 dif-
ferentiated CD81 T cell subsets, i.e., naive (CCR71

CD45RA1), central memory (CCR71CD45RA2), effec-
tor memory (CCR72CD45RA2), and terminally differen-
tiated effector memory (CCR72CD45RA1) cells (23)
(Figure 1A). The frequency of effector memory CD81

T cells was reduced in SLE patients compared to healthy
controls, while naive CD81 T cells were enriched (Figure
1B). Moreover, the skewed distribution of CD81 T cells
correlated with disease activity. Patients with active disease
(defined as a SLEDAI score of $4) displayed a significant
increase in naive CD81 T cells compared to patients with
inactive disease (defined as a SLEDAI score of ,4) and
compared to healthy controls (Figure 1C). In contrast, the
frequency of central memory and effector memory CD8+ T
cells was significantly decreased in patients with active dis-
ease compared to healthy controls (Figures 1D and E).

We observed a significant linear correlation between
decreased number of terminally differentiated effector mem-
ory CD81 T cells and the SLEDAI score, which is associated
with an increased frequency of CD81 T cells expressing
naive markers (see Supplementary Figure 1, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40038/abstract). Of note, there was no
difference in the percentage of total CD81 T cells between
SLE patients and controls (see Supplementary Figure 2,
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40038/abstract).

Decreased SLAMF7 expression in CD81 T
cells from SLE patients. Expression of SLAMF7 was
examined in T cells isolated from SLE patients (n 5 16–27)
and healthy controls (n 5 13–22). SLAMF7 was mostly
expressed by CD81 T cells, as well as double-negative T
cells, a T cell subset that expresses CD3 but has lost CD4 and
CD8 expression (Figure 2A and Supplementary Figure 3A,
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40038/abstract).
In contrast, expression of SLAMF7 on CD41 T cells
was very low. Expression of SLAMF7 was reduced in
CD81 T cells and double-negative cells isolated from
SLE patients compared to healthy controls (Figure 2A).

Reduced SLAMF7 expression correlated with disease
activity. SLE patients with active disease displayed less
SLAMF7 expression than patients with inactive disease
(Figure 2B and Supplementary Figure 4, available on
the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40038/abstract).

Because the distribution of CD81 T cell subsets
was altered in SLE patients, we examined the expression
of SLAMF7 in each differentiated CD81 T cell subset
(naive, central memory, effector memory, and terminally
differentiated effector memory cells). We observed that
SLAMF7 expression increased during cell differentiation.
Its expression was low in naive CD81 T cells, whereas
most effector memory and terminally differentiated effec-
tor memory cells expressed SLAMF7 (Figure 2C and Sup-
plementary Figure 3B). Importantly, each of the CD81 T
cell subsets from SLE patients displayed decreased
amounts of SLAMF7 compared to controls (Figure 2C).
SLAMF7 expression was decreased among CD81 T cells
isolated from SLE patients with active disease compared to
those from patients with inactive disease (Figure 2D and
Supplementary Figure 3C and Supplementary Figure 4).

Because it has previously been reported that
SLAMF7 binds to EAT-2 in NK cells to transmit down-
stream signaling (11), we assessed the expression of EAT-2
in SLAMF72 CD81 and SLAMF71 CD81 T cells by
quantitative PCR. We did not detect any EAT-2 gene
expression in CD81 T cells (see Supplementary Figure 5,
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40038/abstract).

In summary, SLAMF7 expression increases during
the differentiation of CD81 T cells and is mostly expressed
by effector memory and terminally differentiated effector
memory CD81 T cells. Moreover, SLAMF7 expression is
decreased in SLE CD81 T cells compared to healthy
controls.

Expression of SLAMF7 by effector CD81 cytotoxic
T cells. To further examine the properties of SLAMF71

CD81 T cells, we assessed the coexpression of SLAMF7
and cytolytic enzymes (perforin, granzyme A [GzmA], and
GzmB) in CD81 T cells isolated from the peripheral
blood of SLE patients (n 5 18) and controls (n 5 15).
Expression of the cytolytic enzymes perforin, GzmA, and
GzmB was found to be restricted to SLAMF71 CD81 T
cells (Figure 3). As previously described (7), an altered
expression of cytolytic enzymes was found in SLE patients
compared to healthy controls. Perforin and GzmB expres-
sion was reduced in SLE patients, while GzmA expression
was slightly increased.

In summary, SLAMF7 expression defines cytotoxic
effector CD81 T cells, and its expression is decreased in
SLE and is associated with an altered expression of cytotoxic
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CD81 T cell enzymes. Expression of cytolytic enzymes was
also examined in differentiated subsets of CD81 T cells. As
expected, expression of cytolytic enzymes was higher in
effector cells (especially effector memory and terminally dif-
ferentiated effector memory CD81 T cells) than in naive

CD81 T cells. When SLE patients and controls were com-
pared, we observed the same alteration in total CD81 T
cells. There was a trend toward decreased expression of per-
forin and GzmB, while expression of GzmA was increased
in SLE effector memory and terminally differentiated

Figure 2. Reduction in signaling lymphocytic activation molecule family member 7 (SLAMF7) expression on CD81 T cells from SLE patients
compared to those from healthy controls. SLAMF7 expression was assessed by flow cytometry on T cells isolated from peripheral blood. A, Fre-
quency of SLAMF7 expression on CD41, CD81, and double-negative T cells isolated from SLE patients and controls. B, Correlation of
SLAMF7 expression with disease activity. SLAMF7 expression in patients with inactive SLE (SLEDAI score of ,4), patients with active SLE
(SLEDAI score of $4), and healthy controls is shown. C, Frequency of SLAMF7 expression on naive, central memory, effector memory, and
terminally differentiated effector memory CD81 T cells in SLE patients and healthy controls. D, SLAMF7 expression on central memory, effec-
tor memory, and terminally differentiated effector memory CD81 T cells in patients with inactive SLE, patients with active SLE, and healthy
controls. Symbols represent individual subjects (n 5 16–27 SLE patients and 13–22 controls). In A and C, horizontal lines with bars show the
mean 6 SEM. In B and D, bars show the mean 6 SEM. * 5 P , 0.05; ** 5 P , 0.01; *** 5 P , 0.001. See Figure 1 for other definitions.
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effector memory CD81 T cell subsets (see Supplemen-
tary Figure 6, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40038/abstract).

SLAMF7 engagement restores the antiviral CD81
T cell response that is impaired in SLE patients. To
examine the degranulation capacity of CD81 T cells in
response to viral antigens, we stimulated PBMCs isolated

from SLE patients (n 5 8) or healthy individuals (n 5 8)
with a mixture of major histocompatibility complex class I–
restricted T cell epitopes from human CMV, EBV, and
influenza virus (CEF) (7,24,25). PBMCs were stimulated
with or without anti-SLAMF7 mAb. Cells were stained for
CD3, CD8, CD107a (lysosome-associated membrane pro-
tein 1, a marker of degranulation), and IFNg, and examined
for the proportion of CD81 T cells that were CD107a/

Figure 3. Restriction of the expression of perforin, granzyme A (GzmA), and GzmB to the SLAMF71 CD81 T cell population. The frequen-
cies of CD81 T cells expressing perforin, GzmA, and GzmB were assessed by flow cytometry. A, Representative flow cytometry profile of
SLAMF7 versus perforin, GzmA, and GzmB in cells from systemic lupus erythematosus (SLE) patients and healthy controls. Values are the per-
centage of cells. B, Percentage of SLE and healthy control CD81 T cells expressing perforin, GzmA, and GzmB. Symbols represent individual
subjects; horizontal lines with bars show the mean 6 SEM (n 5 18 SLE patients and 15 controls). * 5 P , 0.05; ** 5 P , 0.01.

Figure 4. Restoration of the effector function of systemic lupus erythematosus (SLE) CD81 T cells after signaling lymphocytic activation mole-
cule family member 7 (SLAMF7) engagement. Peripheral blood mononuclear cells (PBMCs) from SLE patients and controls were stimulated
with a cytomegalovirus, Epstein-Barr virus, and influenza virus (CEF) peptide mix for 6 hours in the presence of an isotype (ISO) control or an
anti-SLAMF7 monoclonal antibody. CD107a expression and interferon-g (IFNg) production were assessed by flow cytometry at the end of the
stimulation. Staphylococcal enterotoxin B (SEB) was used as a positive control. A, Representative flow cytometry plots. Values are the percent-
age of cells. B, Percentage of CD107a/IFNg double-positive CD81 T cells in SLE and control PBMCs that were left unstimulated or were stimu-
lated with CEF or with CEF and anti-SLAMF7. Symbols represent individual subjects; horizontal lines with bars show the mean 6 SEM (n 5 8
SLE patients and 8 controls). * 5 P , 0.05.
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IFNg double positive, a population that has been associated
with antiviral protective immunity (26,27). SEB was used as
a positive control.

SLAMF7 engagement with a specific mAb
increased the response of CD81 T cells to CEF stimulation
by enhancing the frequency of CD81 CD107a/IFNg

double-positive T cells (Figure 4). Compared to healthy
controls, SLE patients had fewer CD81 CD107a/IFNg

double-positive T cells in response to CEF (Figure 4). In
the presence of anti-SLAMF7 mAb, the frequency of SLE
CD81 CD107a/IFNg double-positive T cells in response
to CEF stimulation was restored to levels comparable to
those observed in healthy controls (Figure 4).

SLAMF7 engagement enhances the cytolytic activ-
ity of CD81 T cells in response to viral antigens. Because
SLAMF7 engagement favors CD81 T cell degranulation

Figure 5. Signaling lymphocytic activation molecule family member 7 (SLAMF7) ligation enhances the viral antigen–induced cytotoxic activity of
CD81 T cells from healthy controls and systemic lupus erythematosus (SLE) patients. Peripheral blood mononuclear cells (PBMCs) stimulated with a
cytomegalovirus, Epstein-Barr virus, and influenza virus (CEF) peptide mix were enriched for CD81 T cells. CD81 T cells were treated with an iso-
type control or an anti-SLAMF7 monoclonal antibody and cocultured for 6 hours with autologous CEF pulsed CD41 T cells and unpulsed CD41 T
cells. CEF-specific killing of target CD41 T cells was expressed as the percentage of Aqua-positive cells (marker of dead cells) in response to different
ratios of CD81 T cells. Unpulsed CD41 T cells were used as a control to determine background target cell death. A, Representative dot plots showing
the percentage of CD41 T cells killed in response to SLAMF7-treated or isotype control–treated CD81 T cells. B and C, Percentage of CEF-specific
target cell lysis in PBMCs from healthy controls (B) and SLE patients (C). Results are expressed as (Aqua1 pulsed CD41 T cells) 2 (Aqua1 unpulsed
CD41 T cells). Bars show the mean 6 SEM (n 5 4 controls and 5 SLE patients). *** 5 P , 0.001.
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upon viral antigenic stimulation, we investigated whether
SLAMF7 activation can trigger CD81 T cell–mediated lysis
of target cells. We performed a flow cytometry–based assay
to measure the capacity of CEF-multispecific CD81 T cells
to kill autologous target CD41 T cells loaded with cognate
CEF peptide (modified from ref. 28). Nonloaded autologous
CD41 T cells were used as a control to determine back-
ground target cell death. Expanded effector CD81 T cells
were cocultured at different ratios with target cells. Lysis of
CEF-loaded target CD41 cells was augmented in the pres-
ence of increasing numbers of CEF antigen–multispecific
effector CD81 T cells (Figure 5 and Supplementary Figure
7, available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40038/abstract).

When CEF-expanded CD81 T cells were activated
with anti-SLAMF7 mAb instead of an isotype control prior
to coculture with target CD41 T cells, lysis of CEF-loaded
autologous target CD41 T cells was significantly increased
(Figure 5). In samples from SLE patients, treatment with
anti-SLAMF7 mAb, compared to treatment with an iso-
type control, also enhanced effector CD81 T cell lysis of
target cells in response to CEF peptide (Figure 5C).
SLAMF7-mediated enhancement of target cell lysis in
response to CEF peptides was similar in SLE patients and
controls (Figures 5B and C). In summary, SLAMF7
engagement enhanced CD81 T cell cytotoxicity in
response to viral antigenic peptides.

DISCUSSION

In this study, we showed that the distribution of dif-
ferentiated CD81 T cell subsets was altered in peripheral
blood from SLE patients. This skewed CD81 T cell distri-
bution was mainly characterized by a decreased number of
effector memory CD81 T cells, a subset of CD81 cells
that produce effector cytokines, such as IFNg, and rapidly
become cytotoxic upon antigenic challenge (29). This sub-
set is poised for a rapid response at the onset of a microbial
infection (30). Central memory CD81 T cells are also
decreased in the peripheral blood of patients with active
SLE. Central memory cells primarily home to lymph nodes,
and their main role is to proliferate and generate effector
cells upon antigen stimulation (29). The reason CD81 T
cell distribution is altered in SLE remains unknown. One
explanation could be that effector CD81 T cells tend to
become double-negative (CD31CD42CD82) T cells, a
subset that has been linked to SLE immunopathogenesis,
in the context of continuous antigenic stimulation and
chronic inflammation (31).

The reduced frequency of effector memory and
central memory CD81 T cells in patients with SLE may
contribute to the increased infection rates seen in lupus

patients (6–8). Furthermore, the effector function of
CD81 T cells (cytotoxic activity and cytokine production),
which is considered a hallmark of antiviral protective
immunity, is compromised in SLE (7,26). Expression of the
cytolytic enzymes perforin, GzmA, and GzmB is dys-
regulated in CD81 T cells from SLE patients compared
with CD81 T cells isolated from healthy individuals.
CD81 T cells from patients with SLE display significantly
decreased levels of perforin and GzmB, whereas levels of
GzmA appear to be slightly elevated. Perforin and GzmB
are associated with the cytotoxic activity of effector CD81

T cells (32). GzmA is much less cytotoxic than GzmB and is
more likely involved in the proinflammatory process, since
it activates monocytes to secrete inflammatory mediators
and cleaves IL-1b from a propeptide to its activated form
(33,34). Elevated levels of GzmA have been observed in
the plasma and synovial fluid of rheumatoid arthritis
patients, and in the blood of patients with chronic viral
infection or allergic diseases (35). Increased levels of
GzmA in SLE patients may represent a response to the
underlying inflammation.

Moreover, the proportion of CD81 T cells that are
positive for both CD107a and IFNg is reduced following
stimulation of SLE PBMCs with viral antigens, thus further
underscoring the defective effector function of SLE CD81

T cells. This is consistent with our previous study showing
that degranulation of CD81 T cells in response to anti-
CD3 stimulation is decreased in SLE (7).

In both healthy controls and SLE patients, the
presence of SLAMF7 defines cytotoxic effector CD81 T
cells. The cytolytic enzymes perforin, GzmA, and GzmB
are restricted to the SLAMF71 CD81 T cell population.
Compared to CD81 T cells isolated from healthy controls,
expression of SLAMF7 is decreased in SLE CD81 T cells.
Reduced SLAMF7 expression was observed in each
CD81 memory cell subset (central memory, effector
memory, and terminally differentiated effector memory
cells). This difference of expression was more prominent
in patients with active SLE.

The role of SLAMF7 has been extensively studied
in patients with multiple myeloma, where ligation of
SLAMF7 has been suggested to promote NK cytotoxicity
and antibody-dependent cell-mediated cytotoxicity fol-
lowed by a significant clinical benefit. In this study, we dem-
onstrated that engagement of SLAMF7 with a specific anti-
SLAMF7 antibody promotes CD81 T cell degranulation,
cytokine production, and cytotoxicity in response to viral
peptides. Interestingly, even though SLAMF7 expression is
decreased in SLE patients, its engagement enabled the res-
toration of degranulation, IFNg production, and cytotoxic
activity to levels comparable to those in controls.
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Our data also suggest that enhancement of CD81

T cell effector function in response to antigen may be a part
of the mechanism leading to a favorable antitumor response
in patients treated with anti-SLAMF7 mAb (36). It would
be of interest to assess whether SLAMF7 ligation can
expand the CD81 T cell response against tumor antigens in
patients with multiple myeloma or other tumors. Moreover,
in NK cells, SLAMF7 has been shown to recruit the SH2
adaptor protein EAT-2 to initiate the cytotoxic signaling
cascade (11,37). We did not detect EAT-2 expression in
CD81 SLAMF71 T cells, suggesting that NK cells and
CD81 T cells use different pathways to promote cytotoxic
response to SLAMF7 engagement. Whether SLAMF7-
initiated responses in CD81 T cells are mediated via
SLAMF-associated protein or via other adaptor molecules
remains to be determined.

The reason SLAMF7 expression is decreased in
CD81 T cells from SLE patients is not clear. In this study,
we did not address the molecular mechanisms responsible
for the decrease in SLAMF7 expression in SLE CD81 T
cells. An important question regarding this abnormality is
whether the decrease in SLAMF7 expression is a primary
defect related to the disease itself or an alteration that
occurs at the onset of chronic inflammation, which may
limit SLAMF7 protein formation or accelerate protein
degradation. In this context, persistent antigen stimulation
or chronic exposure to proinflammatory cytokines may
contribute to SLAMF7 down-regulation. A genetic predis-
position contributing to decreased SLAMF7 expression
on SLE CD81 T cells cannot be excluded either, since the
SLAMF-containing locus 1q23 has been associated with
lupus in both humans and mice (38,39).

Overall, our data suggest that SLAMF7 engage-
ment restores to normal levels the defective effector func-
tion of CD81 T cells in SLE. Correction of the CD81 T
cell antiviral responses in SLE patients should decrease
the rate of infections and reduce morbidity and mortality.
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Objective. To evaluate the effect of rituximab on
pathogenic autoantibodies and total Ig levels, and to iden-
tify serious adverse events in patients with antineutrophil
cytoplasmic antibody (ANCA)–associated vasculitis (AAV)
treated with continuous B cell depletion.

Methods. We conducted a retrospective analysis of
239 patients with AAV treated with rituximab-induced
continuous B cell depletion. Two treatment cohorts were
analyzed: an induction group (n 5 52) and a maintenance
group (n 5 237). Changes in ANCA titers and total Ig lev-
els over time were evaluated using mixed-effects models.
Risk factors for serious infections during maintenance
treatment were evaluated using Poisson regression.

Results. During induction, IgG levels fell at a mean
rate of 6% per month (95% confidence interval [95% CI] 4,
8%), while ANCA levels declined at a mean rate of 47% per
month (95% CI 42, 52%) and 48% per month (95% CI 42,
54%) for patients with antimyeloperoxidase (anti-MPO)
antibodies and those with anti–proteinase 3 (anti-PR3)
antibodies, respectively. During maintenance treatment,

with a median duration of 2.4 years (interquartile range
1.5, 4.0 years), IgG levels declined a mean of 0.6% per year
(95% CI 20.2, 1.4%). New significant hypogammaglobulin-
emia (IgG level of <400 mg/dl) during maintenance treat-
ment occurred in 4.6% of the patients, all of whom were in
the lowest baseline IgG quartile. Serious infections during
maintenance therapy occurred at a rate of 0.85 per 10
patient-years (95% CI 0.66, 1.1) and were independently
associated with an IgG level of <400 mg/dl.

Conclusion. B cell–targeted therapy causes a pref-
erential decline in ANCA titers relative to total IgG levels.
Despite prolonged maintenance therapy with rituximab,
IgG levels remain essentially constant. Serious infections
were rare.

The anti-CD20 monoclonal antibody rituximab has
emerged as a useful immunosuppressive agent for the
treatment of several antibody-mediated autoimmune dis-
eases (1,2). An important immunosuppressive mechanism
of rituximab is the attenuation of the production of patho-
genic autoantibodies (3–5). The potential downside of this
therapy is suppression of the protective benefits of the
humoral immune system, thus predisposing to infectious
complications (6,7). The degree to which treatments with
rituximab can suppress pathogenic autoantibodies, com-
pared to suppression of protective antibodies, may be a
major determinant of the clinical value of these treatments.
Characteristics of the disease, variations in the treatment
regimen, and patient characteristics may heavily influence
this balance.

Rituximab has become an important component of
the treatment of antineutrophil cytoplasmic antibody
(ANCA)–associated vasculitis (AAV) (2,8,9). The Rituxi-
mab in ANCA-Associated Vasculitis (RAVE) trial sug-
gested that a regimen with rituximab and glucocorticoids was
equivalent to the standard regimen of cyclophosphamide
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with glucocorticoids for induction of remission (2). More
recently, the Maintenance of Remission using Rituximab in
Systemic ANCA-Associated Vasculitis (MAINRITSAN)
trial suggested that rituximab with low-dose prednisone is
superior to azathioprine with low-dose prednisone as mainte-
nance therapy to prevent disease relapse (9). An additional
randomized controlled trial evaluating rituximab for mainte-
nance of remission is ongoing (10).

Unfortunately, relapse is common in AAV follow-
ing cessation of rituximab, and is often heralded by B cell
reconstitution (11,12). With the aim of preventing disease
relapse, our practice has evolved to treat patients for
extended periods of time with scheduled rituximab dos-
ing to maintain B cell depletion (13). Data on the compli-
cations of such a treatment regimen, however, are sparse.
One particular concern is the development of hypogam-
maglobulinemia and predisposition to serious infections.

In this study, we retrospectively evaluate the
impact of continuous B cell depletion with rituximab on
Ig levels during induction and maintenance of remission
therapy for AAV. In particular, we compare the relative
effect of treatment on the levels of pathogenic auto anti-
bodies versus the effect on total Ig levels. In addition,
we describe serious adverse events and identify predic-
tive factors for the development of hypogammaglobulin-
emia and serious infections.

PATIENTS AND METHODS

Study population and treatment groups. We per-
formed a single-center retrospective analysis of 239 patients
with AAV treated with rituximab-induced continuous B cell
depletion at the Massachusetts General Hospital Vasculitis

and Glomerulonephritis Center from April 2006 to August 2015.
Patients were considered to have AAV if they had a positive test
result for antibodies to proteinase 3 (PR3) or myeloperoxidase
(MPO) together with clinical and laboratory features consistent
with granulomatosis with polyangiitis (Wegener’s), microscopic
polyangiitis, or one of the other related forms of vasculitis (14).

Starting in 2006, our practice evolved into following a con-
sistent treatment regimen for induction and maintenance of
remission in the majority of patients. For induction therapy,
patients receive combination therapy with rituximab, a 2-month
course of low-dose oral cyclophosphamide, and a short course of
high-dose steroids with a rapid taper to low dose. The rationale
for combining rituximab with cyclophosphamide is to allow for
rapid tapering of high-dose glucocorticoids, such that the predni-
sone dosage is reduced to 15 mg daily by the fifth week of treatment.

For maintenance therapy, patients receive scheduled ritux-
imab treatments with or without low-dose prednisone (#7.5 mg/
day). Prednisone is slowly tapered to discontinuation except as lim-
ited by adrenal insufficiency. Rituximab is initially administered as
two 1-gm doses intravenously (IV) separated by ;2 weeks. There-
after, rituximab is administered as a 1-gm dose IV every 4 months
for 2 years, followed by a 1-gm dose IV every 6 months. B cell
depletion, defined as ,10 CD201 cells/mm3, is confirmed using
peripheral flow cytometry prior to each rituximab infusion. In the
rare event that B cell return is detected, the dosing interval for that
patient is shortened.

During induction of remission therapy, all patients
receive trimethoprim/sulfamethoxazole as prophylaxis for
Pneumocystis jiroveci pneumonia (PCP). Patients with an
allergy to sulfonamides are administered atovaquone as an
alternative. During maintenance therapy, prophylaxis for PCP
is continued until prednisone is completely discontinued and
patients are receiving rituximab monotherapy. Patients with a
positive hepatitis B core antibody are given either entecavir or
lamivudine as prophylaxis for hepatitis B reactivation.

Two treatment groups were analyzed in this study: an
induction group and a maintenance group (Figure 1). Patients

Figure 1. Composition of the induction and maintenance groups. The induction group comprised 52 patients who received treatment with com-
bination rituximab, cyclophosphamide, and prednisone and had data on baseline and follow-up antineutrophil cytoplasmic antibody (ANCA)
titers and IgG levels available. The maintenance group comprised 237 patients in whom remission was achieved after induction therapy or who
were transitioned from an alternative maintenance regimen.

1046 CORTAZAR ET AL



were included in the induction group if they had newly diag-
nosed and active AAV (Birmingham Vasculitis Activity Score
for Wegener’s Granulomatosis [BVAS/WG] $3) (15), were
treated with the induction regimen described above, and had
baseline and follow-up IgG and ANCA levels recorded during
the induction period. Patients with relapsing disease and
patients treated with plasma exchange were excluded. The
induction phase began with the first dose of rituximab during
induction therapy and ended when complete remission was
achieved (defined as a BVAS/WG of 0, a prednisone dosage
of #7.5 mg/day, and the absence of immunosuppressants other
than rituximab and prednisone).

Patients were included in the maintenance group if they
were in complete remission, were being treated with rituximab
maintenance therapy as described above, and had baseline and
follow-up IgG and ANCA levels recorded during the mainte-
nance period. For patients who had received plasma exchange,
inclusion started 180 days after initiation of therapy or after com-
plete remission was attained, whichever was later. Patients who
received alternative maintenance regimens were excluded from
this analysis. In the event of a disease relapse, patients remained
in the maintenance cohort provided they continued to receive
scheduled rituximab treatments. Patients who ultimately had
rituximab withdrawn were censored at the time of B cell return.

Cases of AAV associated with levamisole were ex-
cluded. Likewise, patients with simultaneous membranous
nephropathy or anti–glomerular basement membrane disease
were excluded. The study was approved by the Partners
HealthCare Human Research Committee.

Measurement of Ig and ANCA levels. Ig and ANCA
levels were typically measured approximately every 4–6
months in patients receiving continuous B cell depletion as
part of clinical care. ANCA titers were measured by enzyme-
linked immunosorbent assay as previously described (16,17).
Briefly, all samples were tested in comparison to a standard
reference serum by creation of a standard curve generated
from serial 1:2 dilutions. Test samples were diluted 1:16 fol-
lowed by serial 1:8 dilutions. Concentrations were read off the
standard curve and multiplied by the relative dilution to deter-
mine the relative concentration. Only dilutions with reactivity
falling on the steep part of the reference curve were used for
determining the concentration.

For the induction of remission analysis, changes in lev-
els were determined using values from the first measurements
closest to the time of initiation of induction treatment (values
obtained .2 months before the first dose were excluded) up
to 150 days after the first dose of rituximab. In the mainte-
nance of remission analysis, changes in levels were determined
using values from the first measurement on or after the date of
full remission until the last measurement with documented B
cell depletion (,10 B cells/mm3).

Serious adverse events and hypogammaglobulin-
emia. Serious adverse events were defined as events that were
life-threatening, led to a hospitalization, caused persistent dis-
ability or permanent damage, or resulted in death. Serious
adverse events were determined by review of our electronic med-
ical records and flow sheets maintained as part of patient man-
agement. Significant hypogammaglobulinemia was defined as an
IgG level of ,400 mg/dl. This level was chosen based on prior
studies that demonstrated a higher risk of infection below this
threshold (18,19).

Statistical analysis. All analyses were carried out using
Stata version 14. Patient baseline characteristics were stratified
by treatment group. Continuous variables are presented as the
mean 6 SD or median (interquartile range [IQR]) as appropri-
ate, and categorical variables are presented as percentages. P val-
ues for baseline characteristics are not provided because many
patients were included in both the induction and maintenance
groups, and the observations were not independent.

Mean population changes in Ig levels and ANCA titers
were evaluated using linear mixed-effects modeling by regressing
log(ANCA titer or Ig level) against time. In the maintenance
group, the model was constructed with a random patient-specific
intercept and random time effect. Given the limited number of
observations per patient in the induction group, models were
constructed with a random patient-specific intercept only.

Time to hypogammaglobulinemia during maintenance
treatment stratified by baseline IgG level was described using
Kaplan-Meier curves. Predictors of hypogammaglobulinemia
were evaluated using Cox proportional hazards models. The
95% confidence intervals (95% CIs) and predictors of serious
adverse events/infections were evaluated using Poisson regres-
sion, treating serious events as a count outcome. For both Cox
and Poisson regression, the following covariates were pre-
specified based on scientific relevance: age, sex, ANCA sero-
type, baseline IgG level, history of plasma exchange, time from
diagnosis of AAV to initiation of rituximab, and duration of
continuous B cell depletion prior to remission. Due to the lim-
ited number of patients who developed hypogammaglobulin-
emia, only univariable Cox models were assessed. For Poisson
regression, both univariable and multivariable models were
constructed. The multivariable model was adjusted for all pre-
specified covariates listed above.

RESULTS

Baseline characteristics of the patients. Between
April 2006 and April 2015, 52 and 237 patients met inclu-
sion criteria for the induction and maintenance groups,
respectively. Fifty patients from the induction group were
included in the maintenance group. The induction group
comprised patients with newly diagnosed and active AAV
(BVAS/WG $3) who received a standardized induction
regimen. The maintenance group consisted of patients in
complete remission (with a BVAS/WG of 0 and a predni-
sone dosage of #7.5 mg/day) treated with rituximab-
induced continuous B cell depletion. Patients in the main-
tenance group included those treated with a standardized
induction regimen in whom complete remission was
achieved and those who were already receiving mainte-
nance therapy with an alternative agent and were transi-
tioned to rituximab (Figure 1). Patients who transitioned
from an alternative maintenance regimen were diagnosed
as having AAV a median of 4.3 years (IQR 1.1, 8.1 years)
before entering the maintenance cohort. At entry into the
maintenance cohort, 92% of the patients were receiving
prednisone (median 7.5 mg/day [IQR 5, 7.5]). Thereafter,
prednisone was tapered to discontinuation as possible
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such that by the eighth month of maintenance therapy the
median prednisone dosage was 0 mg/day (IQR 0, 4).

Baseline characteristics stratified by treatment
group are presented in Table 1. The median BVAS/WG
in the induction group was 6 (IQR 4, 8) and, by definition,
was 0 at entry into the maintenance group. The median
IgG level at initiation of induction therapy was 797 mg/dl
(IQR 643, 1,052) compared with 678 mg/dl (IQR 534,
811) at entry into the maintenance group. Median baseline
IgG levels in the maintenance group were lower in
patients who received plasma exchange with the standard-
ized induction regimen (559 mg/dl [IQR 445, 642]) com-
pared with those who received the induction regimen
alone (665 mg/dl [IQR 554, 792]) or were transitioned
from an alternative maintenance regimen (738 mg/dl
[IQR 570, 880]) (P , 0.01 for both comparisons).

Among the 50 patients who were included in both
groups, the mean within-person decrease in IgG levels
from the beginning of induction therapy to the beginning
of maintenance therapy was 226 mg/dl (95% CI 155, 298)
(P , 0.001). None of the patients in the induction group
had significant baseline hypogammaglobulinemia (IgG

level of ,400 mg/dl), compared with 9% of the patients in
the maintenance group.

Change in Ig levels and ANCA titers with treat-
ment. The population mean change in total Ig levels and
ANCA titers during induction therapy is shown in Table 2
and Figure 2. IgG levels declined at a mean rate of 6%
per month (95% CI 4, 8%). ANCA titers showed a more
precipitous decline at 47% per month (95% CI 42, 52%)
and 48% per month (95% CI 42, 54%) for anti-MPO and
anti-PR3 titers, respectively.

Patients in the maintenance therapy group were in
a state of continuous B cell depletion for a median of 2.4
years (IQR 1.5, 4.0 years), with the longest duration being
7.6 years. At entry into the maintenance group, 139 patients
(59%) continued to have an ANCA titer greater than the
cutoff for the assay. The change in ANCA titers in this sub-
set of patients was compared with the change in IgG levels
across the entire maintenance group (Table 2 and Figure
2). During maintenance therapy with rituximab-induced
continuous B cell depletion, IgG levels fell by a mean
of 0.6% per year (95% CI 20.2, 1.4%). Conversely, in
patients with a positive ANCA titer at the initiation of
maintenance treatment, anti-MPO and anti-PR3 titers fell
by a mean of 42% per year (95% CI 32, 50%) and 73% per
year (95% CI 58, 83%), respectively.

Ig levels and ANCA titers fell more rapidly in induc-
tion than in maintenance. When standardized to a common
time unit, IgG levels fell 52% per year (95% CI 39, 61%)
during induction and 0.6% per year (95% CI 20.2, 1.4%)
during maintenance. Likewise, anti-MPO titers decreased
by 47% per month (95% CI 42, 52%) during induction
compared with 4% per month (95% CI 3, 6%) during
maintenance among patients who still had a positive
ANCA titer. A similar trend was seen for anti-PR3 titers.

Table 1. Baseline characteristics of the AAV patients*

Characteristic

Induction
therapy
(n 5 52)

Maintenance
therapy

(n 5 237)

Age, mean 6 SD years 62 6 14 61 6 16
Sex, no. (%) female 30 (57) 140 (59)
Anti-MPO positive at

diagnosis, no. (%)
36 (69) 142 (60)

IgG, mg/dl 797 (643, 1,052) 678 (534, 811)
IgG ,400 mg/dl, no. (%) 0 (0) 21 (9)
IgA, mg/dl 170 (134, 224)† 129 (82, 191)‡
IgM, mg/dl 94 (68, 139)† 40 (23, 67)‡
ANCA positive, no. (%) 52 (100) 139 (59)
Estimated GFR, ml/minute§ 45 (28, 71) 50 (28, 65)
Estimated GFR, no. (%)

.60 ml/minute 18 (35) 79 (33)
30–60 ml/minute 20 (38) 90 (38)
,30 ml/minute 14 (27) 68 (29)

Plasma exchange, no. (%) 0 (0) 45 (19)
BVAS/WG 6 (4, 8) 0 (0, 0)
Time from AAV diagnosis,

months
0.7 (0.4, 1.3) 14 (4.4, 68)

Cumulative rituximab, gm 2 (2, 2) 7 (5, 10)

* Except where indicated otherwise, values are the median (inter-
quartile range). Fifty patients from the induction group entered the
maintenance group. P values are not provided since a large subset of
observations are not independent. AAV 5 antineutrophil cytoplasmic
antibody–associated vasculitis; anti-MPO 5 antimyeloperoxidase;
ANCA 5 antineutrophil cytoplasmic antibody; GFR 5 glomerular fil-
tration rate; BVAS/WG 5 Birmingham Vasculitis Activity Score for
Wegener’s Granulomatosis.
† Data were available for 38 patients.
‡ Data were available for 216 patients.
§ Determined using the 4-variable Modification of Diet in Renal
Disease equation (28).

Table 2. Decline in Ig levels and ANCA titers in the AAV patients
receiving rituximab*

Antibody

Induction
therapy

(n 5 52)†

Maintenance
therapy

(n 5 237)‡

IgG 6 (4, 8) 0.6 (20.2, 1.4)
IgA 5 (2, 9) 5 (3, 6)
IgM 16 (13, 19) 9 (8, 11)
Anti-MPO 47 (42, 52) 42 (32, 50)§
Anti-PR3 48 (42, 54) 73 (58, 83)§

* Values are the mean percent decline (95% confidence interval)
estimated from linear mixed-effects models. ANCA 5 antineutrophil
cytoplasmic antibody; AAV 5 ANCA-associated vasculitis; anti-MPO 5
antimyeloperoxidase; anti-PR3 5 anti–proteinase 3.
† Monthly percent decline.
‡ Yearly percent decline.
§ Data were analyzed for the 139 patients who had positive titers at
entry into the maintenance group.
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In the maintenance group, 13 of 237 patients
(5.5%) experienced a major relapse (BVAS/WG .2).
All patients were treated with prednisone and continued
rituximab, except for 1 patient who also received 2
months of oral cyclophosphamide. A sensitivity analysis
demonstrated that continued inclusion of these patients
in the maintenance cohort did not influence the results.

Predictors of hypogammaglobulinemia. At entry
into the maintenance group, 21 patients (9%) had signifi-
cant hypogammaglobulinemia (IgG level of ,400 mg/dl).
Of the remaining 216 patients with a baseline maintenance
IgG level of .400 mg/dl, 10 patients (4.6%) developed

significant hypogammaglobulinemia over a median dura-
tion of rituximab-induced continuous B cell depletion of
2.4 years (IQR 1.5, 4.0 years). There was no difference in
the proportion of patients developing hypogammaglobu-
linemia among patients treated for disease relapse com-
pared with those who were not (P 5 0.44).

In univariate Cox proportional hazard models, the
baseline IgG level at entry into the maintenance group was
the only factor associated with subsequently developing sig-
nificant hypogammaglobulinemia during maintenance ther-
apy with rituximab (HR 0.25 per 50 mg/dl increase in IgG
level [95% CI 0.11, 0.56]; P 5 0.001). Duration of continu-
ous B cell depletion prior to entry in the maintenance group
was not associated with future significant hypogammaglob-
ulinemia. Likewise, time since the initial diagnosis of AAV,
which should serve as a rough surrogate for cumulative
non-rituximab immunosuppression, lacked a significant
association with developing an IgG level of ,400 mg/dl.

Only patients with a baseline maintenance IgG
level in the lowest quartile (408–559 mg/dl) developed sig-
nificant hypogammaglobulinemia (Figure 3). The median
baseline IgG level in patients who subsequently developed
an IgG level of ,400 mg/dl was 448 mg/dl (IQR 428, 503).
Despite being in the lowest baseline IgG quartile, 82% of
patients maintained an IgG level of .400 mg/dl during
continuous maintenance rituximab therapy.

Serious adverse events. Cumulative immunosup-
pressive exposures were 23.8 and 725.4 patient-years
for the induction and maintenance groups, respectively.

Figure 2. Change in Ig levels and antineutrophil cytoplasmic antibody
(ANCA) titers in patients treated with rituximab. The percent change in
ANCA titers and Ig levels over time during induction therapy (A) and
maintenance therapy (B) with rituximab, determined using linear mixed-
effects models, is shown. Slopes with accompanying 95% confidence
intervals are shown in Table 2. anti-MPO 5 antimyeloperoxidase; anti-
PR3 5 anti–proteinase 3.

Figure 3. Percent of patients without significant hypogammaglobulin-
emia over time during maintenance therapy with rituximab. Kaplan-
Meier curves for the top 3 IgG quartiles (range 560–1,657 mg/dl) com-
pared to the lowest IgG quartile (range 408–559 mg/dl) in patients who
began maintenance therapy with an IgG level of .400 mg/dl are shown.
Significant hypogammaglobulinemia was defined as an IgG level of
,400 mg/dl. Values below the graph are the number of patients at risk.
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During induction therapy, there were 5.9 serious adverse
events per 10 patient-years (95% CI 3.2, 9.6) compared
with 1.8 serious adverse events per 10 patient-years (95%
CI 1.5, 2.2) during maintenance. Serious infections
occurred at a greater rate during induction (2.9 per 10
patient-years [95% CI 1.2, 6.0]) than during maintenance
therapy (0.85 per 10 patient-years [95% CI 0.66, 1.1]).
Pulmonary infections accounted for the majority of seri-
ous infections in both groups.

During maintenance therapy, 5 patients (2.1%)
received treatment with intravenous Ig (IVIG) for
recurrent infections: 1 patient had recurrent sinus infec-
tions, 3 patients developed bronchiectasis with recurrent
pulmonary infections, and 1 had recurrent pulmonary
infections without bronchiectasis. The median IgG level
at initiation of IVIG was 408 mg/dl (IQR 196, 586).

There were no deaths during induction therapy.
However, the induction group inclusion criteria could
result in an underreporting of mortality. To address this
issue, we analyzed all patients treated with the standard-
ized induction regimen regardless of whether they met cri-
teria for inclusion in the induction group (n 5 89). The
majority of the additional 37 patients were not included in
the induction group due to the absence of ANCA and
IgG levels required for analysis. Among these 89 patients,
2 deaths occurred during the induction period (0.6 deaths
per 10 patient-years [95% CI 0.1, 2.4]). One patient died
of septic shock in the setting of pneumonia and the other
died of a myocardial infarction. During maintenance,
there were 0.17 deaths per 10 patient-years (95% CI 0.09,
0.29). Two of the 12 deaths in the maintenance group
were attributed to an infectious complication, and none
were attributed to a vasculitis flare.

In multivariable models, increasing age and a base-
line maintenance IgG level of ,400 mg/dl were associated

with developing a serious infection during maintenance
therapy with rituximab-induced continuous B cell deple-
tion (Table 3). There was no association of serious infec-
tion with the duration of AAV prior to rituximab
treatment or the duration of rituximab-induced continu-
ous B cell depletion prior to entering the maintenance
group. In the 216 patients who entered maintenance with
an IgG level of .400 mg/dl, there was no association with
IgG level and risk of subsequent serious infections in a
univariate and adjusted model (incidence rate ratio 1.02
[95% CI 0.95, 1.09]; P 5 0.65 for the adjusted model).

DISCUSSION

This retrospective analysis of patients with AAV
treated with rituximab provides insight into several interest-
ing features of the effect of B cell–targeted therapy on
antibody-mediated autoimmune diseases. During induc-
tion therapy with combination glucocorticoids, cyclophos-
phamide, and rituximab, the levels of both pathogenic
ANCA and total Ig decline. The decline in ANCA titer,
however, occurs at a more rapid rate. There was a 6%
(95% CI 4, 8%) per month decline in IgG levels compared
with a 47% (95% CI 42, 52%) and 48% (95% CI 42, 54%)
per month decline in anti-MPO and anti-PR3 antibodies,
respectively. During maintenance therapy with prolonged
rituximab-induced continuous B cell depletion, total IgG
levels remained essentially constant with a mean decline of
0.6% per year (95% CI 20.2, 1.4%). Furthermore, the rate
of serious infections during maintenance therapy was rela-
tively low at 0.85 [95% CI 0.66, 1.1] per 10 patient-years.

A preferential decline in pathogenic ANCA titers
allows for a therapeutic window to treat disease while
preserving protective humoral immunity. A similar paradigm
has been observed in rheumatoid arthritis, whereby

Table 3. Risk factors for serious infections in the AAV patients receiving rituximab maintenance
therapy*

Univariable IRR
(95% CI) P

Adjusted IRR
(95% CI) P

Age (per 10 years) 1.49 (1.24, 1.80) ,0.001 1.46 (1.19, 1.78) ,0.001
Male sex 0.78 (0.46, 1.32) 0.34 0.83 (0.50, 1.42) 0.51
Anti-MPO 1.76 (1.03, 3.02) 0.04 1.32 (0.73, 2.37) 0.36
Time from diagnosis to

rituximab treatment
(per year)

0.97 (0.92, 1.03) 0.30 0.97 (0.91, 1.04) 0.41

Duration of continuous rituximab
treatment before remission
(per month)

0.79 (0.53, 1.17) 0.24 0.99 (0.69, 1.41) 0.94

Plasma exchange 0.64 (0.29, 1.41) 0.27 0.42 (0.19, 0.96) 0.04
IgG ,400 mg/dl 2.40 (1.22, 4.72) 0.01 2.13 (1.04, 4.36) 0.04

* Values were obtained using univariable and multivariable Poisson regression. IRR 5 incidence rate
ratio; 95% CI 5 95% confidence interval; anti-MPO 5 antimyeloperoxidase.
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treatment with rituximab leads to a sharper decline in
rheumatoid factor and antibodies to cyclic citrullinated
peptide compared to total Ig levels (3). Given that plasma
cells do not express CD20, it is possible that certain disease-
associated autoantibodies are produced by plasmablasts and
plasma cells that are inherently short lived. Alternatively,
autoantibody-producing cells may be more sensitive to
cyclophosphamide, prednisone, or other induction agents
used in conjunction with rituximab. Regardless of which
mechanism predominates, the autoantibody-producing
plasmablasts and plasma cells are unable to be replenished
following B cell depletion. Conversely, disease states in
which rituximab fails to induce a preferential decline in
disease-associated autoantibodies may be relatively resistant
to B cell depletion treatments. For example, treatment of the
antiphospholipid syndrome with rituximab has little effect
on the levels of autoantibodies and appears to be of limited
efficacy in most cases (20).

Given the long-term, relapsing nature of many
antibody-mediated autoimmune diseases, the development
of hypogammaglobulinemia is a particular concern with
repeated courses of rituximab (6,7). While prior studies eval-
uating the effect of B cell–targeted therapy on Ig levels have
included heterogeneous populations with varying cumulative
rituximab exposure and dosing frequency, our analysis was
restricted to patients undergoing continuous B cell deple-
tion. During maintenance treatment, patients receiving
scheduled doses of rituximab at 4–6-month intervals showed
essentially no change in the mean IgG level despite 25% of
patients receiving scheduled rituximab treatments for longer
than 4 years. Furthermore, our results suggest that develop-
ing hypogammaglobulinemia during maintenance therapy
with rituximab is unlikely unless the baseline IgG level is low.
Indeed, among patients who entered maintenance therapy
in the top 3 IgG quartiles, no patients developed an IgG level
of ,400 mg/dl. Therefore, declines in IgG levels are seen pri-
marily during induction therapy, with little change thereafter.
We attribute the stability of IgG levels during maintenance
to a long-lived plasma cell population that is resistant to
immunosuppressive agents and is able to maintain the IgG
pool. In agreement with prior reports, the rate of IgM
decline we observed was significantly greater than that of
IgG (21,22). IgA levels fell at a rate similar to that of IgG
during induction therapy, but at a rate slightly greater than
that of IgG during maintenance therapy.

This stability of IgG levels independent of repeated
rituximab doses is consistent with prior reports in the litera-
ture. In a large analysis of 2,578 patients with rheumatoid
arthritis treated with rituximab in clinical trials (1,043 of
whom received $3 rounds of rituximab treatment), 5% of
patients developed an IgG level less than the lower limit for
the laboratory, and ,1% developed an IgG level of

,300 mg/dl (21). Importantly, the rate of hypogammaglob-
ulinemia was similar despite the number of rituximab
treatments received. In contrast, low IgM levels were
observed more commonly, with 23% of patients developing
an IgM level below the lower limit of normal for the assay.
In another analysis of 243 patients comprised predomi-
nantly of patients with AAV, ;16% developed moderate
hypogammaglobulinemia (IgG level 300–500 mg/dl) follow-
ing treatment with rituximab (22). The pre-rituximab IgG
concentration correlated with the development of hypogam-
maglobulinemia, but the total number of rituximab doses
did not. Low IgM levels were significantly more common,
with 58% of the patients developing a level of ,30 mg/dl.

The immunosuppressive effects of rituximab extend
beyond a potential reduction in total IgG levels. Despite
the relative stability of total IgG levels, the ability to manu-
facture antibodies against new antigens may be impaired.
Indeed, patients undergoing treatment with rituximab
have an impaired ability to respond to vaccination with
pneumococcal polysaccharide or novel antigens (23). B
cell depletion has also been demonstrated to modulate T
cell response to infections, which would impair immunity
independent of the IgG concentration (24).

To evaluate the safety of long-term continuous B
cell depletion, we reviewed all serious adverse events in our
cohort. The rate of serious infections observed in our
induction cohort (2.9 per 10 patient-years [95% CI 1.2,
6.0]) is comparable to the rate of grade 3 or 4 infections
that occurred in patients receiving induction therapy in the
RAVE trial (1.4 per 10 patient-years) (2). In our mainte-
nance cohort, serious infections occurred at a rate of 0.85
per 10 patient-years (95% CI 0.66, 1.1), the vast majority of
which were pneumonia. Our results are similar to the rate
of grade 3 or 4 infections observed in patients receiving
rituximab maintenance therapy in the MAINRITSAN trial
(0.82 per 10 patient-years) (9).

A baseline IgG level of ,400 mg/dl and increasing
patient age were associated with an increased risk of serious
infections in our maintenance cohort. The association of
infectious complications with an IgG level of ,400 mg/dl
has been observed in other patient populations. For exam-
ple, a serum IgG level of ,400 mg/dl was associated with a
higher rate of infections compared with more mild reduc-
tions in both patients with solid organ transplantation and
those with stem cell transplantation (18,19). Therefore,
particular caution should be exercised in using rituximab in
patients with IgG levels approaching this level. Of note, low
IgM levels following rituximab treatment were not associ-
ated with an increased risk of infections in a prior investi-
gation (21). Likewise, IgA levels do not appear to be
significantly associated with infectious events (25). The
association of prior plasma exchange with a lower risk of
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serious infections does not have a plausible scientific expla-
nation. Furthermore, other studies evaluating the role of
plasma exchange in AAV have not demonstrated this asso-
ciation (26).

Our study has several strengths and weaknesses.
The greatest strengths are the large size for an AAV
cohort, long duration of follow-up, and uniformity of treat-
ment. To our knowledge, this cohort provides data on the
longest duration of continuous B cell depletion published
to date. The main weaknesses are inherent to data collec-
tion in retrospective studies. We were only able to accu-
rately record serious adverse events and were not able to
provide data on infections that did not require hospitaliza-
tion. In addition, the exact cumulative dose of cyclophos-
phamide was unknown for a large percentage of patients
transitioned to rituximab from an alternative maintenance
regimen, thus precluding a detailed analysis of the effect of
cyclophosphamide exposure on IgG levels. Some insight,
however, can be derived from the baseline IgG levels of dif-
ferent groups at entry into the maintenance cohort. The
109 patients transitioned to rituximab from an alternative
maintenance regimen were diagnosed as having AAV at a
median of 4.3 years (IQR 1.1, 8.1 years) before entry into
the maintenance cohort and received a minimum of 3–6
months of oral cyclophosphamide for induction of remis-
sion. Conversely, those patients who received our standard
induction regimen received 2 months of oral cyclophospha-
mide. There was no difference in baseline maintenance
IgG levels or significant hypogammaglobulinemia between
these groups, suggesting that cumulative cyclophospha-
mide exposure alone was not the primary driver of declin-
ing IgG levels. Additional investigation is needed to more
accurately define the importance of cumulative cyclophos-
phamide exposure on hypogammaglobulinemia in this
setting.

Rituximab has become an important therapy for
maintenance of remission in AAV. The results of the
MAINRITSAN trial show superior disease control with
continuous rituximab compared to maintenance azathio-
prine. These results await confirmation by the ongoing
Rituximab Vasculitis Maintenance (RITAZAREM) trial
(10). In addition, the MAINRITSAN 2 trial is currently
underway to compare fixed dosing of rituximab versus dos-
ing contingent upon B cell reconstitution (27). A previous
analysis of our cohort demonstrated that maintenance ther-
apy with rituximab-induced continuous B cell depletion was
extremely effective at preventing relapse, with a major dis-
ease flare rate of 5% over a median of 2 years (13).

Since the use of extended courses of rituximab is
likely to increase, it is essential to understand the long-
term implications of this treatment. This retrospective
analysis of 239 patients with AAV undergoing treatment

with scheduled doses of rituximab provides several salient
insights. While both ANCA and IgG levels decline during
induction, pathogenic ANCA levels fall at a more rapid
rate. During maintenance therapy, IgG levels remain
essentially constant despite prolonged continuous B cell
depletion. Serious infections are relatively rare with long-
term rituximab therapy and are associated with patient
age and significant hypogammaglobulinemia. Further
studies are required to help balance the risk of prolonged
maintenance therapy against the risk of disease relapse.
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Objective. To identify risk alleles relevant to the
causal and biologic mechanisms of antineutrophil cyto-
plasmic antibody (ANCA)–associated vasculitis (AAV).

Methods. A genome-wide association study and
subsequent replication study were conducted in a total
cohort of 1,986 cases of AAV (patients with granulomatosis
with polyangiitis [Wegener’s] [GPA] or microscopic poly-
angiitis [MPA]) and 4,723 healthy controls. Meta-analysis
of these data sets and functional annotation of identified
risk loci were performed, and candidate disease variants
with unknown functional effects were investigated for their
impact on gene expression and/or protein function.

Results. Among the genome-wide significant associ-
ations identified, the largest effect on risk of AAV came from
the single-nucleotide polymorphism variants rs141530233
and rs1042169 at the HLA–DPB1 locus (odds ratio [OR]
2.99 and OR 2.82, respectively) which, together with a third
variant, rs386699872, constitute a triallelic risk haplotype
associated with reduced expression of the HLA–DPB1 gene
and HLA–DP protein in B cells and monocytes and with
increased frequency of complementary proteinase 3 (PR3)–
reactive T cells relative to that in carriers of the protective
haplotype. Significant associations were also observed at
the SERPINA1 and PTPN22 loci, the peak signals arising
from functionally relevant missense variants, and at
PRTN3, in which the top-scoring variant correlated with
increased PRTN3 expression in neutrophils. Effects of indi-
vidual loci on AAV risk differed between patients with GPA
and those with MPA or between patients with PR3-ANCAs
and those with myeloperoxidase-ANCAs, but the collective
population attributable fraction for these variants was sub-
stantive, at 77%.

Conclusion. This study reveals the association of
susceptibility to GPA and MPA with functional gene
variants that explain much of the genetic etiology of AAV,
could influence and possibly be predictors of the clinical
presentation, and appear to alter immune cell proteins and
responses likely to be key factors in the pathogenesis of
AAV.

Granulomatosis with polyangiitis (Wegener’s)
(GPA) and microscopic polyangiitis (MPA) are life-
threatening necrotizing vasculitides that are strongly asso-
ciated with the presence of antineutrophil cytoplasmic
antibodies (ANCAs) reactive to proteinase 3 (PR3) or
myeloperoxidase (MPO). Although often considered a sin-
gle disease, GPA and MPA diverge in important respects,
such as in the extent of their association with PR3-reactive
ANCAs compared to MPO-reactive ANCAs, the risk of
relapsing disease, and the association of GPA with granu-
lomatous inflammation. The etiology of AAV remains
unknown; however, genome-wide association studies

(GWAS) performed in a North American GPA cohort
and a European GPA/MPA cohort confirmed the findings
from candidate gene analyses identifying strong associa-
tions of these diseases with major histocompatibility com-
plex (MHC) class II region alleles (1,2). A genome-wide
significant association at the SERPINA1 locus was also
identified in the European cohort study, with both this and
several associations with MHC alleles being differentially
detected between patient subsets defined by the presence
of PR3-ANCAs or MPO-ANCAs (2).

These findings have not yet been replicated, and
knowledge remains rudimentary regarding the non-MHC
loci and specific disease-causal variants predisposing to
GPA and/or to MPA. Therefore, we sought to further
define the genetic variation underpinning the susceptibility
to GPA and MPA by conducting a new GWAS and a vali-
dation study of a larger, independently ascertained North
American–based cohort of GPA/MPA patients and
healthy controls, involving functional annotation of the
risk loci to identify candidate disease-causal alleles.

PATIENTS AND METHODS

Subjects. All study subjects were of self-reported Euro-
pean ancestry, with the diagnosis of AAV, and specifically of
GPA or MPA, being based on the American College of Rheu-
matology modified criteria for the classification of vasculitis (3).
The discovery cohort included the following subjects: 779 AAV
cases recruited via 13 centers from the Vasculitis Clinical
Research Consortium (VCRC), which conducts studies involving
vasculitis patients in the US, Canada, and elsewhere; 438 AAV
cases recruited via the Wegener’s Granulomatosis Genetic
Repository (WGGER), a study conducted at 8 centers in the US
from 2001 to 2005; and 378 AAV cases from the University of
North Carolina Kidney Center (key clinical and serologic fea-
tures are provided in Supplementary Table 1, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40034/abstract). The controls included 202
healthy subjects recruited from the WGGER, and 3,121 historic
controls whose genotype data were obtained from the Resource
for Genetic Epidemiology Research on Aging study (4,5). The
replication cohort included 505 AAV cases and 1,477 healthy
controls recruited independently from Canada and the US via a
Toronto-based AAV study, and 114 independent cases recruited
via the VCRC. Demographic data and samples of peripheral
blood cells and/or saliva were obtained from all subjects after
their provision of written informed consent. The local institu-
tional review boards approved the study.

Genotyping methods. For the GWAS, 1,615 AAV cases
and 202 healthy controls were genotyped at the Mount Sinai Hospi-
tal Clinical Genomics Centre, and 3,121 historic controls were
genotyped at Affymetrix (Santa Cruz, CA) using the Axiom Bio-
bank 1 Genotyping array. This array tests 628,679 single-nucleotide
polymorphisms (SNPs), including 246,000 genome-wide associa-
tion markers (36.5%), 265,000 nonsynonymous coding SNPs
(39.3%), 70,000 loss-of-function SNPs (10.4%), 23,000 expression
quantitative trait loci (eQTL) SNPs (3.4%), 2,000 pharmacogenetic
markers (0.3%), and 27,679 “custom” markers. Genotypes were
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called and processed using Affymetrix Genotyping Console version
4.2 and SNPolisher software. Quality control filtering was per-
formed using Golden Helix SVS software (version 8.3.4) and with a
genotype call rate of .95%, individual sample call rate of .97%,
and exclusion of SNPs with a Hardy-Weinberg equilibrium (HWE)
P value of ,1025. After filtering, genotypes derived from SNP
markers common to both data sets were merged in a single file con-
taining 1,528 cases, 3,309 controls, and 333,040 SNPs. A set of link-
age disequilibrium (LD)–pruned SNPs with a minor allele
frequency (MAF) of .5% was used to estimate identity by descent
(ibd) and ancestry. For each pair of individuals with an estimated
ibd of .0.25, the sample with the lower call rate was removed.
Principal components analysis was used to exclude samples from
subjects with non-European ancestry (6). In total, 1,371 cases,
3,258 controls, and 333,035 SNPs passed quality control filters
(see Supplementary Figure 1, available on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40034/abstract).

For the replication study, 8 SNPs in 6 gene loci were
genotyped in 619 AAV cases and 1,477 controls using Sequenom
iPLEX assays. One other SNP (rs62132293) at the PRTN3 locus
was genotyped using TaqMan (Applied Biosystems). After qual-
ity control filtering, 615 cases, 1,465 controls, and 9 SNPs were
retained for analysis. For the replication study of the patients
with MPO-ANCAs/perinuclear ANCAs (designated herein as
MPO-ANCAs), 3 additional SNPs (rs3998159, rs7454108, and
rs1049072) at the HLA–DQA2 and DQB1 loci were genotyped
on the same platform. The GWAS and replication data sets were
then combined for meta-analysis.

Statistical analysis. Association tests and meta-
analyses. For the discovery data set, case–control association
tests were conducted using logistic regression, with the principal
components differing between cases and controls included as
covariates, to adjust for population stratification. Calculation of
the genomic control factor using EigenStrat showed a minimal
inflation value of 1.012 and 0.991 before and after adjustment for
the top 3 eigenvectors, respectively (see Supplementary Figure 2,
http://onlinelibrary.wiley.com/doi/10.1002/art.40034/abstract). An
analysis of all of the nonzero eigenvalues established that 221,341
independent tests were conducted from 280,677 autosomal
markers, which, with Bonferroni correction, established the P
value for genome-wide significance as ,2.2 3 1027.

Meta-analysis of the data from the GWAS and replica-
tion logistic regression analyses was conducted using the basic
meta-analysis function in Plink version 1.9 (6,7). Differences
between patients with GPA and patients with MPA and between
patients with PR3-ANCAs/cytoplasmic ANCAs (designated
herein as PR3-ANCAs) and those with MPO-ANCAs were stud-
ied using this approach. Between-study heterogeneity was tested
by the chi-square–based Cochrane’s Q statistic. Heritability was
estimated using genome-wide complex trait analysis, as described
by Lee et al (8), and assuming an AAV prevalence of 1/10,000.
Prior to this analysis, we excluded sex chromosome data, SNPs
with MAFs of ,0.05 and missing rates of .0.01, individuals
whose missing SNP rates were .0.01, SNPs with an HWE P value
of ,0.05, or markers with a significant difference in missingness
between cases and controls.

Imputation. Genome-wide imputation for the 4,629
samples in the discovery cohort was performed using 1000
Genomes Project Phase 3 data as the reference (release date
October 2014) for the autosomes, and Phase 1 data (release date

August 2012) as the reference for the X chromosome. Following
removal of SNPs with call rates of ,95%, MAFs of ,0.001, and
HWE P values of ,1025, SHAPEIT (http://shapeit.v2.r790.
Ubuntu_12.04.4.static) was used to derive phased genotypes, and
the phased data were imputed using IMPUTE version 2 (http://
impute_v2.3.2_x86_64_static) to assess ;5-Mb nonoverlapping
intervals (9). Imputation within defined regions was performed
using IMPUTE version 2 without prephasing.

Conditional analysis. To test for multiple independent
effects within the HLA region, a logistic regression framework
was used to assess individual HLA alleles for association, includ-
ing the top 3 principal components as covariates to account for
population stratification. After we had identified the most signifi-
cant marker, we tested for additional independent effects by
including the dose of the top markers in a joint model. Condi-
tional analysis was performed using the proc logistic module of
SAS (version 9.2) to obtain odds ratios (ORs) when all top
markers were jointly analyzed.

Population attributable fraction (PAF). The PAF was
estimated using ORs from a multivariate logistic regression
model incorporating SNPs from multiple loci, so that each OR is
adjusted for the effects of the other SNPs. The PAF for effects
from an allele at a single locus was determined as follows:

PAF 5
RAF OR 2 1ð Þ

1 1 RAF OR 2 1ð Þ

where OR is the odds ratio associated with the allele genotype,
and RAF is the allele frequency of the risk variant. For com-
putation over multiple loci, the following formula was used:

PAFcombined 5 1 2
Ynloci

1 5 1

1 2 PAFið Þ
 !

Random forest analysis. The potential role of combi-
nations of alleles in the risk of AAV was evaluated by random
forest analysis using classification and regression tree (CART)
methodology (10). Data from 11 risk-associated variants were
subjected to analyses in which CARTs were repetitively built
using two-thirds of the samples and variables. The CARTs
were then used to classify the remaining one-third of the data.
Eight variants that improved the model fit by $3% were
retained to build a CART. The rpart program in R and the
Gini index measure were used to identify optimal splits of the
data, with the complexity parameter set to 0.001 and the data
then pruned to include only those nodes containing at least 20
observations. This final model had a classification accuracy of
73%. ORs were calculated with the following formula:

OR 5
cases in node i=controls in node i

cases in node 1=controls in node 1

The Woolf approximation was used to compute stan-
dard errors and confidence intervals.

Functional annotation. The online Probabilistic Identifi-
cation of Causal SNPs (PICS) algorithm (http://www.broad
institute.org/pubs/finemapping/?q5pics) was used to identify
variants at each risk locus with a PICS probability of .0.0275, con-
sistent with that used by Farh et al (11). We then used the Ensembl
Variant Effect Predictor web tool to annotate these variants for
predicted functional consequences (http://www.ensembl.org/info/
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docs/tools/vep/index.html) and used Genevar (12), seeQTL (http://
www.bios.unc.edu/research/genomic_software/seeQTL/) (13), and
the University of Chicago eQTL browser (http://eqtl.uchicago.edu/
cgi-bin/gbrowse/eqtl/) to identify eQTLs.

Cellular assays. Peripheral blood mononuclear cells
(PBMCs) and polymorphonuclear leukocytes (obtained from
patients at Mount Sinai Hospital) were isolated over Ficoll-
Hypaque. For quantitative polymerase chain reaction (qPCR),
RNA (500 ng) was reverse transcribed using random hexamer
primers and SuperScript III reverse transcriptase (Invitrogen),
and qPCR was performed using SYBR Green and the gene-
appropriate primer pairs (listed in Supplementary Table 2,
http://onlinelibrary.wiley.com/doi/10.1002/art.40034/abstract).
Samples were run on an ABI Prism 7900HT system (Applied
Biosystems), and the fold change in expression of the specific
gene relative to the internal control gene (COX5B for PRTN3;
GAPDH for HLA–DPB1) was calculated using the 22DDCt

method (14).

For flow cytometry, PMBCs were stained with
phycoerythrin-conjugated anti-CD19 antibodies, allophycocyanin–
Cy7–conjugated anti-CD14 antibodies (BD Biosciences), and/or
fluorescein isothiocyanate (FITC)–conjugated HLA–DP anti-
bodies (Leinco) or FITC-conjugated murine IgG (BD Biosci-
ences). The cells were then analyzed using a FACSCanto
cytometer (BD Biosciences) and FlowJo software.

For ELISpot experiments, 20-mer peptides, which
were selected using published data or the NetMHCII version
2.2 prediction algorithm (http://www.cbs.dtu.dk), were synthe-
sized and purified by the manufacturer (Genscript) (for
details, see Supplementary Table 3, http://onlinelibrary.wiley.
com/doi/10.1002/art.40034/abstract).

PBMCs (2 3 1025) from PR3-ANCA–positive vasculitis
patients and healthy controls were suspended in 20% fetal
bovine serum–supplemented RPMI and incubated in 96-well
ELISpot plates (Millipore) precoated with an anti-human inter-
feron-g (IFNg) monoclonal antibody (eBioscience). Cells were
stimulated for 24 hours at 378C with 10 mg/ml peptide or 1 mg/ml
concanavalin A (Sigma) and incubated with a biotinylated mouse
anti-human IFNg antibody (eBioscience), avidin–horseradish
peroxidase (eBioscience), and aminoethylcarbazole solution (BD
ELISpot), and an ImmunoSpot reader and software (Cellular
Technology) were used to detect IFNg-releasing cells.

RESULTS

GPA/MPA susceptibility loci. After filtering and
correction for population substructure, our GWAS dis-
covery data set included 333,035 SNPs genotyped in 1,371
subject with AAV (GPA or MPA) and 3,258 healthy con-
trols, with no evidence of inflation of the test statistic
(lGC 5 0.991) (see Supplementary Figures 1 and 2 and
Supplementary Table 1, http://onlinelibrary.wiley.com/
doi/10.1002/art.40034/abstract).

Association analysis of this cohort identified 120
SNPs across the MHC class II locus achieving genome-
wide significance levels, with the strongest signals emanat-
ing from the DPB1, DPA1, DQA1, and DQB1 genes (Table
1 and Supplementary Table 4 [http://onlinelibrary.wiley.

com/doi/10.1002/art.40034/abstract]). Four other SNPs
across 3 non-MHC gene loci also achieved genome-wide
significance levels and were taken forward, together with 5
top-scoring SNPs from the MHC region, for a replication
study in an independent cohort of 615 cases and 1,465 con-
trols (Table 1; details also shown in Supplementary Figure
1 and Supplementary Table 1 [http://onlinelibrary.wiley.
com/doi/10.1002/art.40034/abstract]). Because all of the
associations tested were replicated (at a threshold of
P # 0.05), the GWAS and replication data sets were com-
bined for a meta-analysis, and the 9 associations were also
explored in patient subgroups defined by GPA or MPA
phenotypes or by ANCA specificities and/or immunofluo-
rescence patterns (PR3-ANCAs or MPO-ANCAs).

Results of the meta-analysis confirmed the MHC
class II region as the locus most strongly associated with
AAV susceptibility (Table 1). The peak association signals
arose from 2 HLA–DPB1 gene variants, rs141530233
(P 5 1.13 3 10289) and rs1042169 (P 5 1.12 3 10284), with
other significant associations observed in the HLA–DPA1¸
DQA1, and DQB1 genes (Table 1; see also Supplementary
Figures 3 and 4 [http://onlinelibrary.wiley.com/doi/10.1002/
art.40034/abstract]). Associations with DPA1 and DPB1
remained strong in the GPA and PR3-ANCA subgroups,
but not in the MPA or MPO-ANCA subgroups. Con-
versely, the DQB1 association was much stronger in
patients with MPO-ANCAs compared to those with PR3-
ANCAs (Table 2). In view of this divergence, a GWAS,
replication analysis, and meta-analysis were also performed
de novo to compare patients with either PR3-ANCAs or
MPO-ANCAs to healthy controls. These analyses revealed
significant associations of the MPO-ANCA phenotype with
the variants rs3998159 (P 5 5.24 3 10225) and rs7454108
(P 5 5.03 3 10225) at the HLA–DQA2 locus (Table 3). Nei-
ther this association nor any other significant associations
beyond those detected in the AAV total cohort GWAS
were detected in the subset GWAS analysis of PR3-
ANCA–positive AAV cases and healthy controls (results
available in Supplementary Tables 5 and 6, http://
onlinelibrary.wiley.com/doi/10.1002/art.40034/abstract).

Among the non-MHC associations identified in the
total AAV GWAS, the strongest signal arose from a SNP
(rs28929474) in the SERPINA1 gene (P 5 3.09 3 10212)
encoding an a1 anti-trypsin null (“Z”) allele that was previ-
ously implicated in GPA by candidate gene analysis (Table 1;
see also Supplementary Figures 3 and 4 [http://onlinelibrary.
wiley.com/doi/10.1002/art.40034/abstract]) (15). This associa-
tion was limited to the GPA and PR3-ANCA subsets (Table
2) and is consistent with prior GWAS data showing that a sig-
nificant association with another SERPINA1 SNP,
rs7151526, depended entirely on the concomitant presence
of the Z allele (2).
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A significant association of AAV with rs62132293,
a SNP located 2.6 kb upstream of the PRTN3 transcription
start site, was also observed (P 5 8.60 3 10211); this find-
ing is in keeping with previously observed associations at
this locus (albeit with different SNPs) in AAV candidate
gene and GWAS analyses (Table 1 and Supplementary
Figures 3 and 4 [http://onlinelibrary.wiley.com/doi/10.1002/
art.40034/abstract]) (2,16). This association was limited to
the GPA and PR3-ANCA subsets (Table 2), consistent
with the pathophysiologic relevance of the PRTN3-
encoded PR3 serine protease to these phenotypes (17).

Significant associations with AAV were observed
at the PTPN22 rs6679677 and rs2476601 loci (P 5 1.88 3

1028 and P 5 1.86 3 1027, respectively) (Table 1 and Sup-
plementary Figures 3 and 4 [http://onlinelibrary.wiley.com/
doi/10.1002/art.40034/abstract]). Consistent with their
equivalent effect sizes, these variants are in almost com-
plete LD (r2 5 0.99). However, the rs2476601 variant
encodes an Arg620Trp substitution in the Lyp phospha-
tase associated with risk of multiple autoimmune diseases,
including giant cell arteritis (18,19). Although not consis-
tently observed in candidate gene studies (20,21), the asso-
ciation of rs2476601 with GPA/MPA is strongly supported
by our data, and unlike most of the other significant asso-
ciations observed, this allele’s strength of association did
not differ between the subgroups (Table 2).

The discovery GWAS of either the entire cohort or
the PR3-ANCA subgroup revealed no reliable associations
at the SEMA6A gene locus, possibly because those analyses
involved a different case–control cohort. In the current dis-
covery GWAS, there were 189 SNPs identified in the 1-MB
region around SEMA6A, of which the most significant vari-
ant, rs12521259, was located ;100 kb upstream of
SEMA6A (P for association 5 9.11 3 1023 in the full cohort
and P 5 4.87 3 1023 in the PR3-ANCA subgroup).

Analyses of the associations in patient subgroups
defined by the presence or absence of lung or kidney dis-
ease revealed a modest association with AAV risk at the
HLA–DPA1 locus in patients with kidney involvement
(P 5 8.15 3 1023), whereas no significant subgroup differ-
ences were apparent at the other risk loci (results in Sup-
plementary Table 7, http://onlinelibrary.wiley.com/doi/10.
1002/art.40034/abstract). Modest associations with HLA–
DPB1 and HLA–DPA1 were observed but restricted to the
patients with ANCA-positive AAV; this finding may be a
reflection of the relatively low numbers of ANCA-negative
cases analyzed.

Contribution of risk alleles jointly to disease
susceptibility. As the strongest associations in all sub-
groups were with MHC gene SNPs, independence of the
individual allele associations was explored by forward logis-
tic regression selection analysis. Beginning with the most

significant SNP identified in the total cohort or in the PR3-
ANCA or MPO-ANCA subgroups, additional significant
variants were incorporated into the analysis until no variants
significant at the P , 5 3 1028 level remained. This analysis
revealed that variants in several of the class II genes studied
in each group were jointly significantly associated with AAV
risk (results in Supplementary Table 8, http://onlinelibrary.
wiley.com/doi/10.1002/art.40034/abstract).

These analyses showed that the array heritability of
AAV was a mean 6 SD 0.2197 6 0.0204, while in analyses
with the HLA region removed, the array heritability was
0.138 6 0.022. The PAF for the risk loci to disease was also
assessed, and the collective contribution of these loci to
risk of AAV was found to be substantive (PAF of 77%),
albeit variable (PAFs between 30% and 87%) across dif-
ferent the subgroups (Table 4).

The extent to which the risk variants/variant combi-
nations might be predictive of disease was also evaluated
using random forest and CART methods. These analyses
confirmed the strong association of HLA class II alleles with
AAV risk (details in Supplementary Figure 5, http://
onlinelibrary.wiley.com/doi/10.1002/art.40034/abstract). Fur-
thermore, homozygosity for the relatively common DPB1
risk allele rs141530233 and DPA1 risk allele rs9277341,
together with homozygosity or heterozygosity for the rare
SERPINA1 risk variant rs2829474, identified a subgroup of
individuals with an OR of .10 for developing AAV.

For HLA alleles, no subsets were defined by hetero-
zygotes, and further modeling comparing the goodness-of-
fit of additive, dominant, and recessive models showed that
the risk imbued by the HLA–DPB1, DPA1, and DQA1
disease-associated variants is recessively inherited, i.e., con-
ferred by carriage of the common homozygous genotypes
(see Supplementary Table 9, http://onlinelibrary.wiley.com/
doi/10.1002/art.40034/abstract). Associations of the homo-
zygous risk genotypes with AAV were as follows: OR of
3.58 for rs141530233, OR of 2.69 for rs9277341, and OR of
1.80 for rs352425282. Similar results were found for the
subgroups defined by carriage of PR3-ANCAs or MPO-
ANCAs, with recessive models fitting best. These observa-
tions suggest a potential for genetic data to inform the dis-
tinction of patient subsets within the AAV population and
identify an unusual recessive effect for the HLA region loci
studied.

Disease-associated PRTN3 polymorphism identi-
fied as a novel eQTL. To identify candidate causal variants,
additional genotypes were imputed and the PICS algorithm
was applied across each risk locus (11). Although peak asso-
ciation signals at a few loci were stronger for imputed SNPs
than for observed SNPs (details in Supplementary Table 10,
http://onlinelibrary.wiley.com/doi/10.1002/art.40034/abstract),
among all variants with a PICS probability of .0.0275, the
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index SNPs derived from direct genotyping were consis-
tently associated with the highest PICS values (see Supple-
mentary Table 11, http://onlinelibrary.wiley.com/doi/10.
1002/art.40034/abstract). PICS values were particularly
high for the index SNPs at the HLA–DPB1, SERPINA1,
and PTPN22 loci, all of which are functional missense
variants (15,22,23). The candidate causal variants at the
other HLA gene loci were either synonymous, intronic, or
upstream gene variants, but the majority of these noncod-
ing variants, and even several HLA–DPB1 coding variants,
have been annotated as eQTLs that influence gene expres-
sion in immune cell lineages (24).

None of the candidate variants at the PRTN3 locus
were coding or reported eQTL SNPs. Increases in PRTN3
expression levels have, however, been observed in neutro-
phils from patients with AAV and implicated in the patho-
genicity of AAV (17,25). Because knowledge of neutrophil-
specific eQTLs remains limited, we evaluated the lead SNP
at this locus (rs62132293) for allelic effects on PRTN3
expression in neutrophils. Results of qPCR analyses
revealed cellular PRTN3 transcript levels to be significantly
higher in those homozygous for the risk (G) allele than in
donors with CC or CG genotypes (Figure 1). These results
identify the rs62132293 SNP as an eQTL for PRTN3 and
suggest that the causal variant at this locus engenders risk
by its association with increased PRTN3 expression.

Association of the rs141530233 risk variant with
altered HLA–DPB1 expression and T cell responses.
Among the candidate causal variants, the HLA–DPB1
rs141530233 and rs1042169 SNPs had the largest effects on
risk, with respective ORs of 2.99 and 2.82 in the primary
cohort and respective ORs of 6.19 and 6.09 in the PR3-
ANCA subset (Tables 1 and 2). These SNPs are,

respectively, insertion/deletion (–/A) and missense (G/A)
polymorphisms that map only 2 basepairs apart in exon 2 of
the HLA–DPB1 gene, with their risk alleles in complete LD
in the control cohort and the reference 1000 Genomes Proj-
ect data sets. In the latter population, these alleles correlate
perfectly with another insertion/deletion polymorphic vari-
ant, rs386699872 CA/G, 3 basepairs downstream of
rs141530233, suggesting that these variants comprise a
triallelic risk and nonrisk HLA–DPB1 haplotype (see Supple-
mentary Figure 6, http://onlinelibrary.wiley.com/doi/10.1002/

Table 4. Population risk estimates for disease-associated SNPs at the MHC and non-MHC loci in all patients with AAV and in clinically and
serologically defined subgroups of patients*

Clinical syndrome

ANCA specificity

Combined
AAV cohort GPA MPA

PR3-
cANCAs

MPO-
pANCAs

Gene SNP RAF OR PAF OR PAF OR PAF OR PAF OR PAF

HLA–DPB1 rs141530233 0.70 2.36 0.49 3.01 0.58 1.64 0.31 3.98 0.68 1.01 0.00
HLA–DPA1 rs9277341 0.70 1.62 0.30 1.81 0.36 1.26 0.00 1.84 0.37 1.03 0.00
HLA–DQA1 rs35242582 0.74 1.39 0.22 1.46 0.26 1.06 0.00 1.27 0.17 1.02 0.00
HLA–DQB1 rs1049072 0.17 1.33 0.05 1.19 0.00 1.91 0.13 1.16 0.00 2.64 0.22
PRTN3 rs62132293 0.31 1.27 0.08 1.30 0.09 1.18 0.00 1.59 0.16 1.10 0.00
SERPINA1 rs28929474 0.02 2.13 0.02 2.43 0.02 1.98 0.00 3.64 0.04 2.98 0.00
PTPN22 (R620W) rs2476601 0.10 1.45 0.04 1.47 0.04 1.62 0.06 1.71 0.06 2.18 0.10
Total – – – 0.77 – 0.83 – 0.43 – 0.87 – 0.30

* Population risk estimates included the risk allele frequency (RAF), odds ratio (OR), and population attributable fraction (PAF) calculated in
the overall combined cohort of patients with antineutrophil cytoplasmic autoantibody (ANCA)–associated vasculitis (AAV), in the clinical sub-
groups of patients with granulomatosis with polyangiitis (Wegener’s) (GPA) and those with microscopic polyangiitis (MPA), and in the serologi-
cally defined subgroups of patients with proteinase 3 (PR3)–cytoplasmic ANCAs (cANCAs) and those with myeloperoxidase (MPO) perinuclear
ANCAs. SNPs 5 single-nucleotide polymorphisms; MHC 5 major histocompatibility complex.

Figure 1. Association between the antineutrophil cytoplasmic auto-
antibody–associated vasculitis variant rs62132293 and increased
expression of PRTN3. Levels of mRNA for PRTN3 were measured
using quantititative polymerase chain reaction amplification of
cDNA from peripheral blood polymorphonuclear leukocytes
obtained from healthy donors with the rs62132293 CC genotype
(n 5 7), rs62132293 CG genotype (n 5 9), or rs62132293 GG geno-
type (n 5 6). PRTN3 expression levels, relative to the values for the
calibrator reference gene COX5B, are presented as box plots, in
which the boxes represent the 25th to 75th percentiles, the horizon-
tal line within the boxes indicates the median, and the bars outside
the boxes indicate the lowest and highest values. Data are represen-
tative of 3 independent experiments. P values were determined by
unpaired t-test.
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art.40034/abstract). To confirm the haplotypic relatedness of
the 3 variants, we sequenced this region in 100 study subjects
who were homozygous for the rs141530233 and rs1042169
markers. Our findings confirmed the organization of the 3
variants in 2 haplotype blocks (as shown in Supplementary
Figure 6), which is consistent with the findings in prior studies
of a dimorphic polymorphism (GGPM versus DEAV) at the
corresponding amino acid positions 84–87 of the HLA–DPB
chain (22,26,27).

Effects of the rs141530233 SNP on gene expression
have not been reported, but the linked missense
rs1042169 G/A SNP has been catalogued as an eQTL, with
presence of the homozygous GG genotype being correlated
with increased expression of HLA–DPB1 in PBMCs (24).
These variants are in LD with a SNP variant (rs9277534) in
the downstream HLA–DPB1 3 0-untranslated region, for
which the homozygous genotype is associated with lower
levels of HLA–DPB1 and HLA–DP expression in immune
cells compared to those in subjects with the alternate
homozygous genotype (28,29). We therefore assessed the
relationship between the triallelic AAV risk haplotype and
HLA–DPB1/HLA–DP expression using PBMCs from
healthy subjects carrying either risk or protective rs1042169
alleles. Results of qPCR analysis revealed HLA–DPB1
messenger RNA levels to be significantly lower in
rs1042169 GG risk allele homozygotes than in subjects with
the AA or GA genotypes (Figure 2A).

Furthermore, flow cytometric analyses revealed
significantly lower HLA–DP expression on CD191 B
cells and CD141 monocytes from donors with the GG
risk allele than on cells from donors with the GA or AA
genotype (Figures 2B and C). Thus, the triallelic risk
haplotype defined by the rs1042169 G variant is associ-
ated with reduced HLA–DPB1 transcript levels and
HLA–DP surface expression in immune cells.

The finding that a triallelic haplotype was corre-
lated with reduced expression of HLA–DPB1/HLA–DP
and encoded a putative functionally important HLA–DP
polymorphism that is highly associated with risk of AAV,
and particularly PR3-ANCA vasculitis, strongly suggests
that this genetic variation influences HLA–DP–modulated
immune responses that could be relevant to susceptibility.

Because T cells that respond to PR3 protein or
peptides have been identified in patients with PR3-
ANCA–positive AAV, and because the frequency of T
cells responding to a “complementary” peptide encoding
anti-sense PR3 codons (cPR3) has been correlated with
the presence and activity of disease (30–35), we stimulated
PBMCs from patients carrying rs1042169 G and/or A
alleles with putatively immunogenic cPR3 and PR3
peptides and used an IFNg ELISpot assay to identify
responding T cells. Whereas the PR3 peptides elicited

either no response or minimal responses (data not shown),
the cPR3 peptide, in most patients, evoked clear reactivity
that was completely absent in cells stimulated with an
irrelevant (OXY) peptide (Figure 2D) and in cells from
healthy controls (data not shown). Frequencies of
IFNg-producing cells differed strikingly among patients

Figure 2. Association of the rs1042169 allele with differential HLA–

DPB1 expression and T cell responses. A, HLA–DPB1 mRNA levels
were detected by quantititative polymerase chain reaction amplifica-
tion of cDNA from peripheral blood mononuclear cells (PBMCs)
obtained from healthy donors with the rs1042169 GG genotype
(n 5 13), rs1042169 GA genotype (n 5 8), or rs1042169 AA genotype
(n 5 7). HLA–DPB1 mRNA levels, relative to the values for the cali-
brator reference gene GAPDH, are shown as box plots, in which the
boxes represent the 25th to 75th percentiles, the horizontal line
within the boxes indicates the median, and the bars outside the
boxes indicate the lowest and highest values. Data are representative
of 3 independent experiments. B and C, Surface HLA–DP levels
were evaluated by flow cytometric assay of B cells (B) and mono-
cytes (C) in anti-DP and anti-CD19 or anti-CD14 antibody–stained
PBMCs obtained from donors with the rs1042169 GG genotype
(n 5 24), rs1042169 GA genotype (n 5 9), or rs1042169 AA genotype
(n 5 5). D, PBMCs from patients positive for proteinase 3 (PR3)–
specific antineutrophil cytoplasmic autoantibodies who were carriers
of the rs10421699 GG genotype (n 5 21) or the AA/AG genotype
(n 5 8) were stimulated with anti-sense PR3 codons (cPR3) or an
OXY control peptide and analyzed by ELISpot for interferon-g
(IFNg)–secreting T cells. Results are the mean fold change in stimu-
lated cells relative to unstimulated cells. Symbols in B–D represent
individual donors; horizontal bars indicate the mean. In A–C, P val-
ues were determined by unpaired t-test. In D, P values were deter-
mined by Mann-Whitney U test (GG versus AA/AG 1 cPR3138) or
Wilcoxon’s signed rank test (GG cPR3138 versus GG OXY271). MFI 5

mean fluorescence intensity.
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according to their rs1042169 allele status, with the num-
bers of responding T cells being significantly higher
(P , 0.02) in risk allele homozygotes than in individuals
having 1 or 2 copies of the protective A allele, and sig-
nificantly higher in risk allele homozygotes following
stimulation with cPR3 compared to stimulation with
OXY (P , 0.0064). These findings are consistent with
the presence of cPR3-reactive T cells in PR3-ANCA–
positive vasculitis patients and suggest the possibility that
the altered HLA–DP expression, and possibly function,
associated with the HLA–DPB1 homozygous risk haplo-
type is correlated with increased numbers of autoreactive
cells.

DISCUSSION

This study identifies MHC and non-MHC gene
variants that are associated with GPA/MPA susceptibility
and with altered gene expression and/or function of pro-
teins integral to immune responses. Our data reveal that
the largest effect on risk emanates from a triallelic HLA–
DPB1 haplotype underpinning a previously reported
HLA–DPB amino acid polymorphism across positions
84–87 (22–27). Our data also support major roles for the
PRTN3, SERPINA1, and PTPN22 genes in AAV suscepti-
bility, providing the first evidence of a genome-wide signif-
icant association with the PTPN22 rs2476601 functional
variant, and identifying a correlation of the top-scoring
variant at SERPINA1 as a null allele and at PRTN3 as an
eQTL allele with increased PRTN3 expression in neutro-
phils. Results of the CART analysis revealed the potential
for these functional variants to be used to identify popula-
tion subsets of individuals who would be at highly elevated
risk of developing GPA or MPA, as indicated by the
observed collective PAF of 77%. The estimated array heri-
tability of 21% is comparable to previous estimates of the
heritability of inflammatory bowel disease (36).

Among the MHC associations, the HLA–DPB1
risk haplotype alleles appear particularly significant,
having a very strong effect on risk and underpinning a
b-chain polymorphism in the HLA–DP antigen-binding
pocket that modulates the protein’s peptide-binding
properties and possibly its effects on T cell allorecogni-
tion (22). The physiologic significance of this haplotype
can also be inferred on the basis of our data linking
these risk alleles to decreased expression of HLA–DPB1
and HLA–DP and an increased frequency of cPR3
peptide–reactive T cells in patients with anti-PR3 auto-
antibodies. Although understanding of the autoan-
tigenic epitopes driving T cell responses in AAV is
limited, our findings are consistent with prior data cor-
relating alleles at linked HLA–DPB1 SNP loci to

differential HLA–DPB1/HLA–DP expression and with
the association of such expression changes, as well as
the HLA–DP GGPM/DEAV variance, with differential
outcomes of specific immune challenges (28,29). Fur-
ther investigation is required to define the extent to
which the risk haplotype–associated increase in levels of
autoreactive T cells reflects the failure to eliminate such
cells during thymic selection and/or whether another
mechanistic aberrancy may be involved.

Among the non-MHC associations identified,
direct causal effects of the PTPN22 risk variant are strongly
suggested by previous data linking the associated Lyp vari-
ant to aberrant increases in lymphocyte antigen receptor
signaling and dendritic cell activation (23). Direct contribu-
tion of the SERPINA1 rs28929474 risk variant to AAV
pathogenesis has also been implied in a study that
established a role for a1-antitrypsin in inhibiting PR3 pro-
tease activity and, by extension, PR3-induced inflamma-
tory responses (37). Similarly, the most strongly associated
PRTN3 variant has been found to increase the neutrophil
expression of PRTN3, an aberrancy found often in PR3-
ANCA–positive patients, and this is correlated with patho-
genic neutrophil activation, suggesting that altered PRTN3
expression mediated via this or another tightly linked vari-
ant functionally underpins the PRTN3 association with
AAV (17,38).

Our analyses revealed that the risk associated with
the various AAV phenotypes was linked to joint effects of
different genes across the HLA class II region. Consistent
with a prior study that demonstrated genetic distinctions
between PR3-ANCA–positive vasculitis and MPO-
ANCA–positive vasculitis (2), we detected peak associa-
tions of the HLA–DPB1 and HLA–DPA1 variants with pos-
itivity for PR3-ANCAs, whereas in those with MPO-
ANCAs, the HLA–DQA2 and HLA–DQB1 variants
showed the strongest associations. Differential effects of
these variants also distinguished patients with GPA from
those with MPA, suggesting that GPA and PR3-ANCA–
positive AAV share a composite set of MHC class II risk
alleles that is largely distinct from those conferring risk of
MPA and MPO-ANCA–positive AAV. Stronger associa-
tions at the PRTN3 and SERPINA1 loci appear to distin-
guish the GPA and PR3-ANCA subsets from their
counterpart subgroups. In contrast, effects of the PTPN22
locus on AAV risk seem equivalent across the different
subsets, suggesting that the genetic disparities between sub-
groups do not reflect insufficient statistical power and are
important determinants of phenotypic heterogeneity in
AAV.

In summary, our study has illuminated MHC and
non-MHC gene variants that are strongly associated with
AAV and that are differentially associated with key clinical
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and serologic disease subsets. The identified variants could
potentially directly influence the pathogenesis of AAV.
The extent to which, and the mechanisms whereby, these
variants directly cause disease requires more investigation,
and our data do not directly preclude the potential biologic
relevance of other alleles in LD with these variants, partic-
ularly at the HLA–DPB1 and PRTN3 loci. Whether the
sample size constrained our analysis of important subsets
(such as patients with IgG-ANCAs versus those with IgA-
ANCAs) or confounded detection of some important asso-
ciations remains to be determined (39). Nonetheless, our
findings identify a set of risk variants that explain much of
the genetic risk of GPA/MPA, that appear to influence the
clinical presentation of the disease, and that represent bio-
logically important alleles with high potential to drive the
aberrant immune responses contributing to the develop-
ment of AAV.
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Objective. To determine mortality and causes of
death in a multinational inception cohort of subjects
with systemic sclerosis (SSc).

Methods. We quantified mortality as standardized
mortality ratio (SMR), years of life lost, and percentage
mortality in the first decade of disease. The inception
cohort comprised subjects recruited within 4 years of dis-
ease onset. For comparison, we used a prevalent cohort,
which included all subjects irrespective of disease duration
at recruitment. We determined a single primary cause of
death (SSc related or non–SSc related) using a standard-
ized case report form, and we evaluated predictors of mor-
tality using multivariable Cox regression.

Results. In the inception cohort of 1,070 subjects,
there were 140 deaths (13%) over a median follow-up of 3.0
years (interquartile range 1.0–5.1 years), with a pooled
SMR of 4.06 (95% confidence interval [95% CI] 3.39–4.85),
up to 22.4 years of life lost in women and up to 26.0 years of

life lost in men, and mortality in the diffuse disease subtype
of 24.2% at 8 years. In the prevalent cohort of 3,218 sub-
jects, the pooled SMR was lower at 3.39 (95% CI 3.06–3.71).
In the inception cohort, 62.1% of the primary causes of
death were SSc related. Malignancy, sepsis, cerebrovascu-
lar disease, and ischemic heart disease were the most com-
mon non–SSc-related causes of death. Predictors of early
mortality included male sex, older age at disease onset, dif-
fuse disease subtype, pulmonary arterial hypertension, and
renal crisis.

Conclusion. Early mortality in SSc is substantial,
and prevalent cohorts underestimate mortality in SSc
by failing to capture early deaths, particularly in men
and those with diffuse disease.

Systemic sclerosis (SSc) is characterized by immuno-
logic abnormalities, microvascular dysfunction, and tissue
fibrosis (1–4), with potential involvement of vital organs
including the heart and lungs, resulting in substantial mor-
bidity and mortality. Earlier studies showed a 10-year sur-
vival rate as low as 50% (5), while more recent studies,
including a study from the European League Against Rheu-
matism Scleroderma Trial and Research (EUSTAR) regis-
try (6), have shown survival rates of 90% at 5 years and 84%
at 10 years.
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Two major methodologic concerns in these studies
of “prevalent” cohorts, including the EUSTAR registry, are
underestimation of mortality due to left truncation, which
occurs when early deaths are not captured, and survivor
bias, which occurs from oversampling of individuals who
have survived initial disease and who are therefore likely to
have better overall outcomes. Studies of “inception”
cohorts, in which subjects are recruited at the time of dis-
ease onset, have the potential to overcome these sources of
bias. However, to date there have been no reported studies
of mortality in SSc in inception cohorts. Furthermore, little
has been reported on risk factors for, and causes of death
in, incident SSc.

In order to address these issues, we undertook a
large multinational study of subjects with SSc recruited
from Australia, Canada, and Spain for the purpose of esti-
mating mortality rates and determining causes of death in
those recruited within 4 years of disease onset (the
“inception cohort”). We then compared our findings in
the inception cohort with those in a “prevalent cohort” of
subjects for whom there were no restrictions regarding dis-
ease duration at recruitment.

SUBJECTS AND METHODS

Subjects and cohorts. We included subjects from the
Australian Scleroderma Cohort Study (ASCS), the Canadian
Scleroderma Research Group (CSRG) cohort study, and the
Madrid University Hospital 12 de Octubre Scleroderma Cohort
Study. The Australian Scleroderma Cohort and CSRG cohort
are multicenter cohorts, while the Madrid cohort is a single-
center cohort. A list of investigators in the CSRG and the Aus-
tralian Scleroderma Interest Group is provided in Appendix A.

Ethics approval was obtained from the human research
ethics committees of each of the participating sites. Subjects in
these cohorts fulfilled the American College of Rheumatology
preliminary criteria for SSc (7) and provided written informed
consent to participate at recruitment. No specific treatment algo-
rithm was used in the 3 cohorts, and subjects were followed up at
least once a year. We included adult (age $18 years) SSc sub-
jects who had at least 1 follow-up visit in the ASCS between Jan-
uary 2007 and March 2014, in the CSRG cohort study between
January 2005 and March 2014, and in the Madrid cohort
between January 2000 and March 2014.

The inception cohort was defined as a subset of subjects
recruited within 4 years of onset of their first non–Raynaud’s
phenomenon symptom attributable to SSc. This inception cohort
is referred to hereafter as the “4-year inception cohort.” The
prevalent cohort included all registered subjects, regardless of
disease duration at cohort entry. Accordingly, the prevalent
cohort included all subjects in the inception cohort. However, we
undertook extra analyses in which we removed inception cohort
subjects from the prevalent cohort; the remaining subjects in the
prevalent cohort are referred to hereafter as the “noninception
cohort.” We also undertook extra analyses using the definition of
subjects recruited for the inception cohort within 1 year of onset

of the first non–Raynaud’s phenomenon symptom, referred to
hereafter as the “1-year inception cohort.”

Mortality data. Survival status was ascertained up until
the end of April 2014 based on the records in the databases and
telephone tracing of subjects for whom no data had been entered
in the database for $24 months. A subject was determined to be
lost to follow-up when no data had been entered for $24 months
and at least 2 attempts to contact the subject had failed.

Calculation of standardized mortality ratio (SMR). The
SMR was used to compare the mortality of subjects with SSc
with that of the general populations of Australia, Canada, and
Spain. The SMR and its 95% confidence interval (95% CI) were
calculated as follows (8,9):

SMR5
O

E

95% CI 5 SMR 2 1:96 3

ffiffiffiffi
O
p

E
; SMR 1 1:96 3

ffiffiffiffi
O
p

E

 !

where O is the observed number of deaths in the study popula-
tion and E is the expected number of deaths. The expected num-
ber of deaths is the product of the total number of person-years
contributed by the study population of each cohort multiplied by
the mortality rate of the general population. The age- and sex-
adjusted SMRs were calculated in a similar manner; the expected
number of deaths was stratified by 10-year age groups and sex.
The mortality rates of the general population were obtained
from the Australian Bureau of Statistics, Statistics Canada, and
the Spanish National Statistics Institute, and the most recent
available data at the time of data analysis were from December
2012. We calculated the SMRs of the 3 national cohorts from the
start date of each cohort (January 2007 for Australia, January
2005 for Canada, and January 2000 for Spain) to December
2012. The SMRs of the inception and prevalent cohorts of each
country were calculated and compared. We undertook extra
SMR analyses for the noninception cohort and the 1-year incep-
tion cohort; in these analyses, the noninception cohort included
only subjects with disease duration of .4 years at recruitment. In
relation to subjects lost to follow-up, we performed 2 sensitivity
analyses to recalculate SMR, one of which assumed that all such
subjects were alive at the end of the study and the other of which
assumed that all such subjects were dead at the end of the study.

Calculation of life expectancy and years of life lost. Life
expectancy for the study population as well as for the general
population of each country was calculated according to sex using
a period-abridged life table as described by Chiang (10) and
Newell (11) with 5-year age intervals up to the interval of $85
years. The calculations used the same data as those used above
for SMR calculations. Years of life lost was calculated as life
expectancy at the time of birth in the general population minus
life expectancy at the time of birth in the study population.

Causes of death. A standardized death case report form
(see Supplementary Forms, available on the Arthritis & Rheuma-
tology web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
40027/abstract) was completed by the treating doctor for all
deaths in every center. Cause of death was then verified against
source documents. The causes of death were categorized as a sin-
gle primary cause (either SSc related or non–SSc related) and all
other SSc organ involvement that contributed to death. SSc
involvement of each organ was defined using standard uniform
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definitions (see Supplementary Forms, http://onlinelibrary.wiley.
com/doi/10.1002/art.40027/abstract).

Statistical analysis. Data are presented as the mean 6
SD for continuous variables, the median and interquartile range
for non-normally distributed continuous variables, and the num-
ber and percent for categorical variables. Baseline characteristics
were compared between subjects who were alive and those who
had died. Normally distributed continuous variables were com-
pared using Student’s t-test with unequal variances, and non-
normally distributed continuous variables were compared using
Kruskal-Wallis and Mann-Whitney U tests. Differences in fre-
quency were determined using a chi-square test and Fisher’s exact
test.

Meta-analysis was performed to pool the incident and
prevalent SMRs of the 3 national cohorts; the “weight” of each
cohort was calculated based on sample size. Pooling was con-
ducted on the ln(SMR), and statistical heterogeneity was assessed
using the I2 statistic. Since there was heterogeneity, we used a
random-effects model to estimate a pooled ln(SMR), which we
then back-transformed.

Survival analysis in the first decade was performed using
the Kaplan-Meier method with comparisons performed using
the log rank test. The primary end point was death from any
cause or data censoring. The follow-up period ended in March
2014. The duration of follow-up was defined as the time from
onset of the first non–Raynaud’s phenomenon symptom until
death or the last follow-up visit. We also performed extra
Kaplan-Meier survival analysis for the 1-year inception cohort.

Univariable and multivariable Cox proportional hazards
models were used to determine variables associated with mortal-
ity. Age, sex, disease duration, disease subtypes, antibody positiv-
ity, organ involvement, and comorbidities were included in the
univariable Cox proportional hazards model. Variables with sig-
nificance in the univariable analysis were then included in the mul-
tivariable Cox proportional hazards regression analysis, in which
we ensured that the assumption of proportional hazards was valid.

Two-tailed P values less than or equal to 0.05 were
considered significant. All statistical analyses were performed
using Stata statistical software, release 13.1 (StataCorp).

RESULTS

Characteristics of the subjects. A total of 1,070
subjects (389 Australian, 484 Canadian, and 197 Spanish)
were in the combined inception cohort. A total of 3,218
subjects (1,411 Australian, 1,465 Canadian, and 342 Span-
ish) were in the combined prevalent cohort. Baseline
demographics, clinical characteristics, organ involvement,
and major comorbidities in the 3 individual national
cohorts and the combined cohorts are summarized in Table
1.

There were 140 deaths (36 Australian, 67 Canadian,
and 37 Spanish) in the combined inception cohort and 440
deaths (157 Australian, 213 Canadian, and 70 Spanish) in
the combined prevalent cohort. In the combined inception
cohort, compared with subjects who were alive until the
end of follow-up, those who died were significantly older at
disease onset (mean 6 SD 58.8 6 13.5 years versus

50.8 6 13.6 years; P , 0.0001) and recruitment and were
more likely to be men (30.0% versus 15.4%; P , 0.0001).
More of those who died had diffuse disease (54.3% versus
38.1%; P , 0.0001) and anti–RNA polymerase III (anti–
RNAP III) antibodies (36.5% versus 20.2%; P 5 0.005),
while more who were alive had limited disease (60.8% ver-
sus 42.9%; P , 0.0001) and anticentromere antibodies
(36.8% versus 25.8%; P 5 0.018). In the combined incep-
tion cohort, subjects who died had more organ complica-
tions, including pulmonary arterial hypertension (PAH),
interstitial lung disease (ILD), myocardial involvement,
pericardial effusion, and renal crisis, while the frequency of
gut involvement in the 2 groups was similar. There were
also significant differences between the 2 groups in fre-
quency of comorbidities, including ischemic heart disease
(see Supplementary Table 1, http://onlinelibrary.wiley.com/
doi/10.1002/art.40027/abstract). In the combined prevalent
cohort, the characteristics of subjects who had died and of
those who were alive at the end of the study were similar to
those of the corresponding subjects in the combined incep-
tion cohort, with the notable exception that in the com-
bined prevalent cohort, those who died also had more
frequent digital ulcers, cerebrovascular disease, and malig-
nancy (see Supplementary Table 1).

SMR, life expectancy, and years of life lost.
Because of the time limitation of matched general popula-
tion data, in the analyses of SMR and years of life lost we
included 942 subjects (339 Australian, 420 Canadian, and
183 Spanish) in the combined inception cohorts and 2,872
subjects (1,252 Australian, 1,325 Canadian, and 295 Span-
ish) in the combined prevalent cohorts. Among them, 113
subjects (42 Australian, 62 Canadian, and 9 Spanish) in
the combined inception cohorts and 430 subjects (196
Australian, 214 Canadian, and 20 Spanish) in the com-
bined prevalent cohorts were lost to follow-up.

SMR. The age- and sex-adjusted SMRs of inception
cohorts from Australia (3.4 [95% CI 2.3–4.5]) and Canada
(5.1 [95% CI 4.0–6.2]) were higher than those in the
corresponding prevalent cohorts, while the age- and sex-
adjusted SMR in the inception cohort from Spain (3.2 [95%
CI 2.3–4.2]) was lower than that in the corresponding preva-
lent cohort. Regardless of cohort type (inception versus
prevalent), the crude (unadjusted for age) and age-adjusted
SMRs for men were higher than for women in all nations.
In men, SMRs in inception cohorts were consistently higher
than in prevalent cohorts in all nations (Table 2).

Pooled SMR. The pooled age- and sex-adjusted
SMR of the 3 inception cohorts was higher at 4.06 (95%
CI 3.39–4.85; I2 5 76.4%; P for heterogeneity between
studies 5 0.014) than that of the 3 prevalent cohorts,
which was 3.39 (95% CI 3.06–3.71; I2 5 84.9%; P for
heterogeneity between studies 5 0.001) (Figure 1). In
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extra SMR analyses, the pooled SMR of the
noninception cohorts was even lower at 3.20 (95% CI
2.86–3.58; I2 5 90.2%; P for heterogeneity between
studies , 0.0001).

SMR sensitivity analyses. In SMR sensitivity anal-
yses, assuming that all subjects lost to follow-up were alive
or assuming that they were dead, the pooled SMR for the
inception cohorts was higher than the pooled SMR for the
prevalent cohorts (see Supplementary Table 2, http://
onlinelibrary.wiley.com/doi/10.1002/art.40027/abstract).

Extra SMR analysis for 1-year inception cohorts.
. The age- and sex-adjusted SMRs of the 1-year inception
cohorts were even higher than the corresponding 4-year
inception cohort SMRs from all 3 nations and were much
higher than the corresponding prevalent cohort SMRs from
Australia and Canada. While the age- and sex-adjusted
SMR of the 1-year inception cohort from Spain was still
lower than that of the corresponding prevalent cohort,
the crude SMR in either men or women was higher in
all 3 national 1-year inception cohorts than in the

Table 2. Measures of mortality in each of the Australian, Canadian, and Spanish inception and prevalent cohorts*

Australian cohort
(01/2007–12/2012)

Canadian cohort
(01/2005–12/2012)

Spanish cohort
(01/2000–12/2012)

Inception
(n 5 339)

Prevalent
(n 5 1,252)

Inception
(n 5 420)

Prevalent
(n 5 1,325)

Inception
(n 5 183)

Prevalent
(n 5 295)

Number of deaths 27 110 58 182 30 58
Number of subjects lost

to follow-up
42 196 62 214 9 20

Age- and sex-adjusted
SMR (95% CI)

3.4 (2.3–4.5) 2.8 (2.4–3.3) 5.1 (4.0–6.2) 3.8 (3.3–4.2) 3.2 (2.3–4.2) 4.2 (3.3–5.0)

Crude SMR
Women 2.9 3.8 4.4 4.2 3.7 4.6
Men 9.6 6.5 7.9 7.7 27.1 22.8

Age-adjusted SMR (95% CI)
Women 2.4 (1.2–3.5) 2.6 (2.1–3.1) 4.4 (3.1–5.7) 3.4 (2.9–4.0) 2.8 (1.7–3.9) 3.8 (2.7–4.9)
Men 9.1 (3.7–14.5) 4.2 (2.4–5.9) 8.6 (4.4–12.9) 5.9 (4.1–7.8) 9.3 (1.9–16.8) 7.9 (3.0–12.8)

Years of life lost
Women 11.3 11.9 22.4 19.4 15.2 20.9
Men 25.8 17.2 19.2 16.7 26.0 23.9

Survival in the first decade
of disease, %

Overall 84 95 80 94 77 86
Women 87 97 85 96 80 88
Men 74 88 65 88 50 75

* SMR 5 standardized mortality ratio; 95% CI 5 95% confidence interval.

Figure 1. Pooled standardized mortality ratio (SMR) of the Australian, Canadian, and Spanish inception and prevalent cohorts. Each square
represents an individual SMR estimate, the size of the square being proportional to the weight given to the SMR. The horizontal lines represent
the 95% confidence intervals (95% CIs) for the point estimates in each cohort. The diamond represents the pooled SMR. The pooled SMR of
inception cohorts was higher than that of prevalent cohorts.
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corresponding prevalent cohorts (see Supplementary
Table 3, http://onlinelibrary.wiley.com/doi/10.1002/art.
40027/abstract).

Life expectancy and years of life lost. The life
expectancy at birth of the Australian general population
from 2007 to 2012 was 84.4 years for women and 79.9 years
for men. The life expectancy of the Australian SSc study
population within the same time period was 73.1 and 72.5
years in the inception and prevalent cohorts, respectively,
for women and 54.1 and 62.7 years in the inception and
prevalent cohorts, respectively, for men. There were 11.3
years of life lost in the inception cohort and 11.9 years of life
lost in the prevalent cohort for women, and there were 25.8
years of life lost in the inception cohort and 17.2 years of life
lost in the prevalent cohort for men. The findings were simi-
lar for the Canadian cohort and for men in the Spanish
cohort (Table 2). For women in the Spanish cohort, years of
life lost in the inception cohort were much lower than in the
prevalent cohort (15.2 years of life lost versus 20.9 years of
life lost).

Survival analysis. Overall survival in the first
decade of disease in the combined inception cohort was
lower than that in the combined prevalent cohort at 1, 3,
5, and 8 years (99.0%, 94.8%, 88.9%, and 81.3%,

respectively, versus 99.5%, 98.0%, 96.7%, and 94.6%,
respectively; P , 0.0001) (Figure 2) and lower than that
in the combined noninception cohort (100%, 100%,
99.8%, and 98.8%, respectively; P , 0.0001) (see Supple-
mentary Figure 1, http://onlinelibrary.wiley.com/doi/10.
1002/art.40027/abstract), and this difference was greater
for men than for women (see Supplementary Figure 2,
http://onlinelibrary.wiley.com/doi/10.1002/art.40027/abstract)
and for diffuse disease subtype than for limited
disease subtype (see Supplementary Figure 3, http://
onlinelibrary.wiley.com/doi/10.1002/art.40027/abstract).
Kaplan-Meier analysis revealed lower survival in men
than in women and lower survival in those with the dif-
fuse disease subtype than in those with the limited dis-
ease subtype (both P , 0.0001), regardless of cohort type
(combined inception cohort or combined prevalent
cohort) (see Supplementary Figures 2 and 3).

We performed an extra survival analysis for
the 1-year combined inception cohort. Survival of sub-
jects in the 1-year combined inception cohort at 1, 3, 5,
and 8 years (95.2%, 85.2%, 78.0%, and 70.8%, respec-
tively) decreased further compared with survival of sub-
jects in the 4-year combined inception cohort and
combined prevalent cohort. Kaplan-Meier analysis

Figure 2. Kaplan-Meier analysis of overall survival in the first decade following disease onset in the combined inception cohort and combined
prevalent cohort. The survival of the combined inception cohort was significantly lower than that of the combined prevalent cohort (99.0%,
94.8%, 88.9%, and 81.3% versus 99.5%, 98.0%, 96.7%, and 94.6% at 1, 3, 5, and 8 years, respectively; P , 0.0001 by log rank test).
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revealed that the survival of subjects in the 1-year com-
bined inception cohort was significantly lower than that in
the corresponding combined noninception cohort (100%,
99.4%, 98.1%, and 96.1%, respectively) (P , 0.0001) (see
Supplementary Figure 4, http://onlinelibrary.wiley.com/
doi/10.1002/art.40027/abstract).

Causes of death. Among the 140 deaths in the
combined inception cohort, 62.1% of the principal causes
were SSc related and 24.3% were non–SSc related. We
were unable to determine causes of death for 13.6% of
subjects. The most common principal cause of SSc-related
death (55.2%) was heart–lung disease, including PAH
(25.3%), ILD (20.7%), and PAH combined with ILD
(9.2%), while other SSc-related principal causes in des-
cending order of frequency were myocardial involvement
(14.9%), gut involvement (13.8%), renal crisis (13.8%),
pericardial effusion (1.1%), and sepsis due to ischemic
digit or decubitus ulcer (1.1%) (Table 3). Malignancy
(38.2%), sepsis (14.7%), cerebrovascular disease (11.8%),
and ischemic heart disease (8.8%) were the most common
non–SSc-related primary causes (Table 4). Regardless of
the primary cause, SSc organ involvement contributed to
50.1% of deaths (Table 3). Causes of death in the 3 indi-
vidual national inception cohorts were similar (see Supple-
mentary Tables 4 and 5, http://onlinelibrary.wiley.com/doi/
10.1002/art.40027/abstract).

Among the 440 deaths in the combined prevalent
cohort, proportionally fewer principal causes were SSc
related (55.5%), and more were non–SSc related (33.6%),
compared with principal causes of death in the combined
inception cohort. We were unable to determine causes of
death for 10.9% of subjects. The most common principal
cause of SSc-related death was also heart–lung involve-
ment, accounting for proportionally more deaths than in
the combined inception cohort (70.9% versus 55.2%),

including PAH (36.1% versus 25.3%), ILD (21.7% versus
20.7%), and PAH combined with ILD (13.1% versus
9.2%). Other major SSc-related principal causes were gut
involvement (9.8%), myocardial involvement (9.0%), and
renal crisis (7.0%), which were less frequent than in the
combined inception cohort. As with the combined incep-
tion cohort, malignancy was the most common non–SSc-
related primary cause in the combined prevalent
cohort (37.1%), with ischemic heart disease and sepsis
accounting for 12.2% and 9.5%, respectively, of non–SSc-
related deaths (Table 4). Causes of death in the 3 individ-
ual national prevalent cohorts were similar (see

Table 3. Causes of SSc-related deaths in the combined inception cohort and combined prevalent cohort*

Organ system/
etiology

Combined inception cohort Combined prevalent cohort

Principal cause
(n 5 87)

Contributing cause
(n 5 140)

Principal cause
(n 5 244)

Contributing cause
(n 5 440)

Heart and lung 48 (55.2) 25 (17.9) 173 (70.9) 111 (25.2)
PAH 22 (25.3) 9 (6.4) 88 (36.1) 49 (11.1)
ILD 18 (20.7) 16 (11.4) 53 (21.7) 62 (14.1)
PAH and ILD 8 (9.2) – 32 (13.1) –

Myocardial involvement 13 (14.9) 8 (5.7) 22 (9.0) 15 (3.4)
Gut involvement 12 (13.8) 16 (11.4) 24 (9.8) 44 (10.0)
Renal crisis 12 (13.8) 6 (4.3) 17 (7.0) 10 (2.3)
Pericardial effusion 1 (1.1) 4 (2.9) 4 (1.6) 11 (2.5)
Sepsis 1 (1.1) 11 (7.9) 4 (1.6) 41 (9.3)

* Each combined cohort included the corresponding Australian, Canadian, and Spanish cohorts. Values are the
number (%) of subjects. SSc 5 systemic sclerosis; PAH 5 pulmonary arterial hypertension; ILD 5 interstitial
lung disease.

Table 4. Principal causes of non-SSc-related deaths in the com-
bined inception cohort and combined prevalent cohort*

Organ system/etiology

Combined
inception

cohort
(n 5 34)

Combined
prevalent

cohort
(n 5 148)

Malignancy 13 (38.2) 55 (37.2)
Sepsis 5 (14.7) 14 (9.5)
CVD 4 (11.8) 7 (4.7)
IHD 3 (8.8) 18 (12.2)
Liver disease 2 (5.9) 3 (2.0)
Postoperative complications 1 (2.9) 9 (6.1)
Trauma 1 (2.9) 8 (5.4)
Sudden death 1 (2.9) 4 (2.7)
Renal failure 1 (2.9) 1 (0.7)
Asthma/COPD/emphysema 0 (0) 6 (4.1)
Peripheral vascular disease 0 (0) 2 (1.4)
Pulmonary embolism 0 (0) 1 (0.7)
Arrhythmia 0 (0) 1 (0.7)
Drug related 0 (0) 1 (0.7)
Other 3 (8.8) 18 (18.2)

* Each combined cohort included the corresponding Australian,
Canadian, and Spanish cohorts. Values are the number (%) of sub-
jects. SSc 5 systemic sclerosis; CVD 5 cerebrovascular disease;
IHD 5 ischemic heart disease; COPD 5 chronic obstructive pulmo-
nary disease.
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Supplementary Tables 5 and 6, http://onlinelibrary.wiley.
com/doi/10.1002/art.40027/abstract).

Predictors of mortality. In the combined incep-
tion cohort, univariable hazards analyses showed that sub-
jects with male sex, older age at disease onset, diffuse
disease subtype, PAH, renal crisis, myocardial involvement,
and ischemic heart disease/cerebrovascular disease had a
higher risk of death (all P , 0.05), while subjects with lon-
ger disease duration at recruitment had a lower risk of
death (P 5 0.001). Anticentromere positivity, anti–Scl-70
positivity, ILD, gut involvement, and malignancy were
not found to be significant predictors of mortality (see Sup-
plementary Table 7, http://onlinelibrary.wiley.com/doi/10.
1002/art.40027/abstract). Multivariable hazards regression
analysis showed that male sex, older age at disease onset,
diffuse disease subtype, PAH, and renal crisis were inde-
pendent predictors of risk, and longer disease duration at
recruitment was an independent protective factor. PAH
conferred the highest risk (hazard ratio [HR] 2.35 [95% CI
1.29–4.29]; P 5 0.006) (Table 5).

In the combined prevalent cohort, univariable
hazards analyses showed that subjects with male sex, older
age at disease onset, diffuse disease subtype, anti–Scl-70
positivity, PAH, ILD, myocardial involvement, renal crisis,
ischemic heart disease/cerebrovascular disease, and malig-
nancy had a higher risk of death, while subjects with longer
disease duration at recruitment and anticentromere
positivity had a lower risk of death (see Supplementary
Table 7, http://onlinelibrary.wiley.com/doi/10.1002/art.40027/
abstract). Finally, multivariable hazards regression analysis
showed that male sex, older age at disease onset, diffuse

disease subtype, PAH, and ILD were independent pre-
dictors of death, and longer disease duration at recruitment
and anticentromere positivity were independent protective
factors. PAH conferred the highest risk (HR 2.50 [95% CI
1.83–3.42]; P , 0.0001) (Table 5).

DISCUSSION

In this largest study to date of mortality and causes
of death in an inception cohort of subjects with SSc, we
have reported a very high pooled SMR of 4.06 (95% CI
3.39–4.85), up to 22.4 years of life lost in women and up to
26.0 years of life lost in men, and mortality in men of 34.2%
and in the diffuse disease subtype of 24.2% at 8 years.
When we limited the definition of the inception cohort to
those recruited within 1 year of disease onset, the SMRs
were even higher, at 8.1 (95% CI 4.3–12.0) for the Austra-
lian cohort, 9.4 (95% CI 6.1–12.8) for the Canadian cohort,
and 3.9 (95% CI 2.4–5.4) for the Spanish cohort. The values
for Australian and Canadian 1-year inception cohorts are
much higher than those for the corresponding prevalent
cohorts and higher than those reported from some previous
studies (12–16), and they highlight the phenomenon of sur-
vivor bias, which leads to underestimation of the true bur-
den of mortality in prevalent cohorts of subjects with SSc.
This bias arises in large part because SSc has a substantial
burden of early mortality with many deaths occurring
within 5 years of disease onset, particularly in men and in
the diffuse disease subtype. The protective effect against
mortality of longer disease duration at recruitment that we
found in our multivariable hazards regression analyses

Table 5. Multivariable predictors of mortality in the combined inception cohort and combined prevalent
cohort*

Variable

Combined inception cohort Combined prevalent cohort

HR (95% CI) P HR (95% CI) P

Male sex 2.28 (1.42–3.65) 0.001 1.72 (1.27–2.33) 0.001
Age at disease onset, years† 1.05 (1.03–1.07) 0.000 1.05 (1.04–1.06) ,0.0001
Diffuse disease subtype 1.83 (1.14–2.92) 0.002 1.40 (1.07–1.83) 0.013
Disease duration at recruitment, years 0.59 (0.47–0.74) ,0.0001 0.71 (0.68–0.74) ,0.0001
Anticentromere antibody‡ – – 0.71 (0.53–0.94) 0.019
Anti–Scl-70 antibody‡ – – 0.95 (0.67–1.35) 0.774
PAH 2.35 (1.29–4.29) 0.006 2.50 (1.83–3.42) ,0.0001
ILD‡ – – 1.31 (1.01–1.70) 0.040
Myocardial involvement 0.99 (0.44–2.23) 0.977 1.18 (0.83–1.69) 0.363
Renal crisis 1.87 (1.01–3.48) 0.048 1.33 (0.86–2.07) 0.205
IHD and/or CVD 1.54 (0.86–2.76) 0.145 1.28 (0.96–1.72) 0.094
Malignancy‡ – – 0.97 (0.72–1.30) 0.832

* Each combined cohort included the corresponding Australian, Canadian, and Spanish cohorts. HR 5 hazard
ratio; 95% CI 5 95% confidence interval; PAH 5 pulmonary arterial hypertension; ILD 5 interstitial lung dis-
ease; IHD 5 ischemic heart disease; CVD 5 cerebrovascular disease.
† Defined as the date of the first non–Raynaud’s phenomenon symptom.
‡ Not included in the multivariable model in the inception cohort because not statistically significant in
univariable hazards regression analyses.
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further highlights the burden of mortality in the early stage
of disease.

In our study, the pooled SMR for the prevalent
cohort (3.39) is similar to that reported from a meta-
analysis of 9 prevalent cohort studies from the 1960s to
the 2000s (3.53) (17). Therefore, although the proportion
of deaths attributable to each cause may have changed
over time, SSc still carries a large burden of mortality.
Although there are several small mortality studies in inci-
dent SSc showing 5-year survival ranging from 68% to
88% (18–22), the major strength of the present study is
the large sample size achieved by pooling 3 cohorts, which
enabled us to compare the mortality of a combined incep-
tion cohort with that of a combined prevalent cohort.

As hypothesized, our results showed that the age-
and sex-adjusted SMRs of Australian and Canadian incep-
tion cohorts were higher than those of the respective preva-
lent cohorts. In Spanish subjects, the age- and sex-adjusted
SMR of the prevalent cohort was higher than that of the
inception cohort, but this may have been due to the overall
short duration of disease at recruitment in both of the
Spanish cohorts as well as the difference in the age struc-
ture of the Spanish cohort compared with the Australian
and Canadian cohorts as demonstrated by crude SMRs
(see Supplementary Table 3, http://onlinelibrary.wiley.com/
doi/10.1002/art.40027/abstract).

The SMRs for men were higher than for women
in each of the cohorts. The difference in mortality for
men in inception cohorts versus prevalent cohorts was
more substantial than that for women, which suggests
faster disease progression and more deaths in the early
stages of disease in men. The hazards regression analysis
also revealed that male sex was a strong independent pre-
dictor of death in the combined inception cohort. Our
univariable comparisons showed more diffuse disease,
myocardial involvement, renal crisis, digital ulcers, and
ischemic heart disease in men than in women (see Sup-
plementary Table 8, http://onlinelibrary.wiley.com/doi/10.
1002/art.40027/abstract), and most of these factors were
associated with risk of death according to our univariable
hazards regression analyses. A recent published model by
Domsic et al also showed that male sex was an indepen-
dent predictor of mortality in incident disease in patients
with the diffuse subtype of SSc (23). Therefore, for male
patients, especially those with diffuse disease, close moni-
toring and active treatment are important (24,25).

Organ involvement is another important factor
associated with prognosis. In our combined inception
cohort, SSc-related causes of death accounted for 62.1%
of all deaths, which was higher than that in the combined
prevalent cohort (55.5%) and published EUSTAR data
(55%) (6). Although the proportion of SSc-related deaths

has been reported to be decreasing from 1972 to 2002
(26), our results suggest that SSc-related causes remain
the major contributors to early mortality in this disease.

PAH was the leading SSc-related cause of death,
accounting for 34.5% of deaths in the combined inception
cohort (25.3% from PAH only and 9.2% from the combi-
nation of PAH and ILD). Although advanced PAH thera-
pies have been used more widely in recent years, and the
survival of subjects with SSc-associated PAH has improved
compared with historical control data, the mortality of
subjects with PAH is still high (27,28). In our analyses, the
survival of subjects with PAH at 1, 3, 5, and 8 years was
100%, 88.0%, 71.0%, and 53.1%, respectively, in the com-
bined inception cohort, which was significantly lower than
that of subjects without PAH (98.0%, 95.0%, 90.5%, and
83.1%, respectively) (see Supplementary Figure 5, http://
onlinelibrary.wiley.com/doi/10.1002/art.40027/abstract). In
addition to being the leading cause of death, PAH was
also identified as the strongest independent risk factor for
mortality in both our combined inception cohort and com-
bined prevalent cohort, as some other models showed
(14,28). These results confirm that PAH is still the SSc-
related complication with the greatest impact on survival.

ILD accounted for a higher proportion of deaths
in the combined prevalent cohort than in the combined
inception cohort (34.8% versus 29.9% for principal cause
of death, and 14.1% versus 11.4% for contributing cause
of death, when deaths due to ILD and PAH together with
ILD were included). Hazards regression analyses showed
that ILD was an independent risk factor for mortality in
the combined prevalent cohort but not in the combined
inception cohort. Collectively, these results point to ILD
as a risk factor for poor long-term survival rather than
early death.

In our combined inception cohort, 24.3% of deaths
were non–SSc related. A higher proportion of deaths were
non–SSc related in the combined prevalent cohort
(33.6%), which reminds us that these long-term complica-
tions become particularly important later in the disease
course. Ischemic heart disease and cerebrovascular disease
were major causes of non–SSc-related deaths both in the
inception cohort and in the prevalent cohort. A study
from the ASCS showed that after adjusting for age, sex,
and traditional risk factors for atherosclerosis, SSc patients
were 3.2 times more likely to have coronary heart disease
than were general population controls (29), which suggests
that the high prevalence of ischemic heart disease may be
partly related to SSc itself rather than just to traditional
atherosclerosis risk factors. Furthermore, a study by Dave
et al has shown that SSc patients with ischemic heart dis-
ease have higher in-hospital mortality than do controls,
systemic lupus erythematosus patients with ischemic heart

EARLY MORTALITY IN INCIDENT SCLERODERMA 1075

http://onlinelibrary.wiley.com/doi/10.1002/art.40027/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40027/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40027/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40027/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40027/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40027/abstract


disease, and rheumatoid arthritis patients with ischemic
heart disease (30). Although not all studies have shown a
similarly increased frequency of ischemic heart disease
and in-hospital mortality, there is need for better under-
standing, prevention, and management of atherosclerosis
in SSc patients, especially those with longer disease
duration.

Malignancy was one of the most common non–
SSc-related causes of death both in the combined incep-
tion cohort and in the combined prevalent cohort. While a
close temporal association has been reported between the
onset of SSc and diagnosis of malignancy in patients with
anti–RNAP III (31), further studies are needed to deter-
mine whether there is an increased risk of malignancy in
SSc overall, and, if so, whether this is attributable to the
disease itself, to immunosuppressive therapy, or to other
factors.

Sepsis was also one of the major non–SSc-related
causes of death, which is consistent with mortality data
from the EUSTAR registry and several other studies
(6,9,24). Sepsis accounted for a higher proportion of deaths
in the combined inception cohort (14.7%) than in the com-
bined prevalent cohort (9.5%), possibly due to more use of
immunosuppressive therapy early in the disease course,
when there is greater inflammatory disease activity.

The present study has some limitations. It is possi-
ble that some subjects who died within 1 year of recruit-
ment and whose death was not known to the treating
doctors were incorrectly classified as “alive” because the
criterion we used for tracing was “lost to follow-up for $2
years.” Despite considerable efforts to determine the cause
of death in all subjects, we were unable to confirm this in
10.9% of the deceased in the whole combined prevalent
cohort. Furthermore, while most data regarding cause of
death were collected prospectively in each cohort, in order
to standardize results, our death case report form was
completed retrospectively (although verified against source
documents) for all subjects who had died.

Another limitation is that we have refrained from
including treatment in our analyses due to the potential
bias in observational studies evaluating treatment effects
and due to the lack of accurate data on the indication for,
and duration of, treatment. Also, anti–RNAP III positivity
was not included in the hazards regression model as this
variable was not available for all subjects. A large-scale pro-
spective inception cohort study will more accurately quan-
tify early mortality and evaluate the impact of treatment on
mortality in SSc, through collection of all relevant data.
Among its other goals, the International Systemic Sclerosis
Inception Cohort study, initiated in 2012, aims to quantify
early mortality in SSc and the potential effect of treatment.

In conclusion, mortality is substantial in Austra-
lian, Canadian, and Spanish SSc subjects. Cardiopulmo-
nary disease is still the most common cause of SSc-
related death. Malignancy, sepsis, and atherosclerotic
disease are the most common non–SSc-related causes.
Our results suggest that prevalent cohorts underesti-
mate mortality in SSc by failing to capture early deaths,
particularly in men and those with diffuse disease. Col-
lectively, these findings provide a compelling rationale
for establishing a large prospective multinational incep-
tion cohort of patients with SSc to more accurately
quantify early mortality in this disease.
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APPENDIX A: CANADIAN SCLERODERMA RESEARCH

GROUP AND AUSTRALIAN SCLERODERMA INTEREST

GROUP INVESTIGATORS

Canadian Scleroderma Research Group investigators are as
follows (in Canada except where indicated otherwise): M. Abu-
Hakima (Calgary, Alberta), M. Baron (Montreal, Quebec), A. R.
Cabral (Mexico City, Mexico), P. Docherty (Moncton, New Bruns-
wick), P. R. Fortin (Quebec, Quebec), M. Fritzler (Calgary, Alberta),
T. Grodzicky (Montreal, Quebec), G. Gyger (Montreal, Quebec), M.
Hudson (Montreal, Quebec), N. Jones (Edmonton, Alberta), E.
Kaminska (Calgary, Alberta), N. Khalidi (Hamilton, Ontario), M.
Larch�e (Hamilton, Ontario), S. LeClercq (Calgary, Alberta), S. Ligier
(Montreal, Quebec), J. Markland (deceased) (Saskatoon, Saskatche-
wan), A. Masetto (Sherbrooke, Quebec), J.-P. Mathieu (Montreal,
Quebec), J. Pope (London, Ontario), D. Robinson (Winnipeg, Mani-
toba), T. S. Rodriguez-Reyna (Mexico City, Mexico), D. Smith
(Ottawa, Ontario), E. Sutton (Halifax, Nova Scotia), C. Thorne
(Newmarket, Ontario).

Australian Scleroderma Interest Group investigators are as
follows (all in Australia): M. Nikpour (Melbourne, Victoria), S.
Proudman (Adelaide, South Australia), J. Roddy (Perth, Western
Australia), J. Sahhar (Melbourne, Victoria), W. Stevens (Melbourne,
Victoria), J. Walker (Adelaide, South Australia), P. Youssef (Sydney,
New South Wales), J. Zochling (Hobart, Tasmania).
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Scleroderma Peripheral B Lymphocytes Secrete Interleukin-6
and Transforming Growth Factor b and Activate Fibroblasts

Nicolas Dumoitier,1 Benjamin Chaigne,2 Alexis R�egent,2 S�ebastien Lofek,3 Maissa Mhibik,4

Peter Dorfm€uller,5 Benjamin Terrier,2 Jonathan London,6 Alice B�erezn�e,7 Nicolas Tamas,3

Nadine Varin-Blank,8 and Luc Mouthon9

Objective. To study the role of B lymphocytes in
systemic sclerosis (SSc).

Methods. Peripheral B cell subpopulations and
the production of interleukin-6 (IL-6) and transforming
growth factor b (TGFb) were analyzed using flow cytome-
try and multiplex assay. The fibroblast proliferation rate
upon incubation with supernatants from B cells isolated
from SSc patients or healthy controls was assessed using
XTT, bromodeoxyuridine, and Ki-67. Collagen production
was assessed using a collagen assay.

Results. Ninety untreated patients (12 males) fulfill-
ing the American College of Rheumatology/European
League Against Rheumatism criteria for SSc (23 with dif-
fuse cutaneous SSc [dcSSc] and 67 with limited cutaneous
SSc [lcSSc]) and 30 healthy controls were recruited.
Increased proportions of B cells expressing CD69 and CD95

were identified among the patients with SSc. B lymphocytes
from dcSSc patients versus lcSSc patients and healthy con-
trols expressed increased proportion of cells positive for
CD5 (mean 6 SD 24.12 6 7.93% versus 14.09 6 6.58% [P 5
0.03] and 14.21 6 5.34% [P 5 0.01]), CD86 (39.89 6 22.11%
versus 17.72 6 13.98% [P 5 0.0007] and 11.68 6 11.09%
[P < 0.001]), IL-6 receptor (IL-6R; 33.64 6 23.12% versus
17.91 6 13.62% [P < 0.0001] and 12.08 6 8.68% [P 5
0.0009]), or IL-21R (32.55 6 20.19% versus 5.76 6 4.40%
[P < 0.0001] and 5.93 6 3.29% [P < 0.0001]). In addition,
the levels of IL-6 (mean 6 SD 314.3 6 317.8 pg/ml versus
6.10 6 2.58 pg/ml; P 5 0.0007) and TGFb (mean 6 SD
1,020 6 569 pg/ml versus 163.8 6 98.69 pg/ml; P 5 0.001)
secreted by B lymphocytes from patients with SSc were
increased compared to healthy controls. Fibroblast prolifer-
ation and collagen production were also significantly
increased in the presence of B cell supernatant from SSc
patients as compared to healthy controls.

Conclusion. The numbers of activated B cells
were increased in SSc patients, and the up-regulation of
CD5, CD86, IL-6R, and IL-21R discriminated between
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patients with dcSSc and those with lcSSc. Peripheral B
lymphocytes from SSc patients secreted both IL-6 and
TGFb, and they activated fibroblasts in vitro.

Systemic sclerosis (SSc) is a connective tissue dis-
ease characterized by fibroblast activation, increased extra-
cellular matrix synthesis, and vascular remodeling (1).
Activation of fibroblasts and endothelial cells, together
with increased oxidative stress, represent the hallmarks of
SSc pathogenesis. SSc is classified according to the extent
of skin involvement as either limited cutaneous SSc
(lcSSc), with skin lesions essentially limited to the hands
and face, or diffuse cutaneous SSc (dcSSc), with skin
lesions occurring proximal to the elbows and knees and
with frequent visceral involvement. Although auto-
antibodies have been detected in the serum of patients
with SSc and are helpful in the diagnosis and evaluation of
the prognosis, the role of B lymphocytes in the pathogene-
sis of SSc is still poorly defined (2,3).

Circulating B lymphocytes from SSc patients differ
from those from healthy controls by the presence of
increased proportions of naive B cells and decreased num-
bers of memory B cells and plasma cells (4). In addition,
signaling alterations, including overexpression of both
CD19 and CD21, two activating coreceptors of the B cell
antigen receptor, have been detected both in the TSK-1
mouse model of SSc and in naive and memory B lympho-
cytes from patients with SSc. Moreover, the activation
receptors CD80, CD86, and CD95 are up-regulated in
memory B cells from SSc patients, suggesting their partici-
pation in the pathogenic process (4).

High levels of BAFF have been measured in the
serum of SSc patients, as well as overexpression of BAFF
receptor at the surface of peripheral B cells from the same
patients (5). BAFF acting through the NF-kB pathway
promotes B cell survival and participates in autoreactive B
cell differentiation (6). B cell infiltrates have also been
detected in the dermis of SSc patients (7,8), and serum lev-
els of interleukin-6 (IL-6) have been shown to be increased
and to correlate with the extent of skin fibrosis both in
humans with SSc and in the TSK-1 mouse model (9,10).
IL-6 stimulates collagen secretion by fibroblasts and might
therefore be an intermediate for fibroblast activation (11).

Recent studies in which a chimeric anti-CD20
monoclonal antibody was used to deplete B cells, showed
that this treatment allowed for the improvement of skin
fibrosis and prevented the loss of pulmonary function in
patients with SSc (12). In a prospective randomized trial in
which the IL-6 receptor (IL-6R) was targeted with
tocilizumab, there was a promising effect of this treatment
on skin involvement (13,14).

In the present study, we found abnormal phenotype
patterns of peripheral B lymphocytes in patients with SSc,
notably between those with lcSSc and those with dcSSc. We
also identified increased cytokine production leading to
fibroblast activation.

PATIENTS AND METHODS

Patients. Peripheral blood was obtained from 90
patients with SSc who fulfilled the American College of Rheuma-
tism (ACR)/European League Against Rheumatism (EULAR)
criteria for the diagnosis of SSc (15) and whose cases were fol-
lowed at Cochin Hospital in the Department of Internal Medi-
cine. The clinical characteristics of the study patients are available
upon request from the corresponding author. Skin thickening in
areas solely distal to the elbows and knees, with or without facial
involvement, was defined as lcSSc. Skin thickening proximal as
well as distal to the elbows and knees, with or without facial or
truncal involvement, was defined as dcSSc (16). Patients evaluated
during the first 12 months after the first non–Raynaud’s phenom-
enon symptom of SSc were defined as having early SSc. Peripheral
blood was obtained from 30 healthy blood donors (controls)
whose samples were included at the Etablissement Français du
Sang (St. Antoine Hospital, Paris, France).

All patients and healthy controls gave written informed
consent. Sera and peripheral blood mononuclear cells were col-
lected with the approval of the ethics committee of the Groupe
Hospitalier Piti�e-Salpêtrière. The study conforms to the princi-
ples outlined in the Declaration of Helsinki. The work was per-
formed within the D�epartement Hospitalo-Universitaire,
Autoimmune and Hormonal Diseases.

Fibroblast culture and functional studies. Biopsies
of involved skin of 4 patients with SSc were performed. Normal
human dermal fibroblasts were cultured from skin biopsy samples
obtained from 4 healthy controls. Biopsy specimens were cut into
small pieces and seeded into petri dishes and then into 175-cm2

plastic flasks. Patients and healthy control fibroblasts were grown
at 378C in Dulbecco’s modified Eagle’s medium (DMEM; Gibco)
with 10% heat-inactivated fetal calf serum (FCS; Eurobio) in an
atmosphere containing in 5% CO2.

At the third passage, fibroblasts from healthy controls or
SSc patients were plated in 96-well plates at a concentration of 5
3 104 cells/ml. After 24 hours, fibroblasts were synchronized by
replacing the FCS-supplemented DMEM with DMEM without
FCS. After 24 hours of synchronization, media were replaced
with FCS-supplemented DMEM with or without 8 representa-
tive supernatants of B lymphocytes obtained from 4 healthy con-
trols or 4 patients with dcSSc (performed in triplicate). After 3
days of culture, the viability of fibroblasts was measured using a
Colorimetric Cell Viability Kit III (XTT) from (PromoKine),
proliferation was quantified using a bromodeoxyuridine cell pro-
liferation enzyme-linked immunosorbent assay (Roche), and
indirect immunofluorescence of Ki-67 was evaluated using anti–
Ki-67 antibody (Abcam) and fluorescein isothiocyanate–coupled
anti-rabbit secondary antibody (Jackson ImmunoResearch). Col-
lagen content was quantified after 5 days of culture using a Sircol
assay kit (Biocolor) according to the manufacturer’s protocol.

Real-time polymerase chain reaction (PCR) was per-
formed using 2.5 3 104 fibroblasts cultured in a 24-well plate at
the same concentration as described above. RNA was extracted
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using an RNeasy Mini kit (Qiagen) according to the manufactur-
er’s protocol and then quantified using NanoVue (GE Health-
care Life Science). Four hundred nanograms of total RNA was
retrotranscripted in complementary DNA (cDNA) using an
iScript cDNA synthesis kit (Bio-Rad) and following the manufac-
turer’s protocol. Expression of mRNA for a-smooth muscle actin
(a-SMA), type I collagen, Snail, and vimentin was quantified in
comparison to b2-microglobulin as the housekeeping gene. Real-
time PCR was performed using a Power SYBR Green quantita-
tive PCR (qPCR) kit on a StepOnePlus Real-Time PCR system
(Applied Biosystems). Primers were obtained from Eurogentec
(list of primers available upon request from the corresponding
author).

Immunohistochemical study. Immunohistochemistry
was performed on paraffin-embedded lung samples: 4-mm sec-
tions were dewaxed and rehydrated progressively. EDTA buffer
(pH 9.0) or citrate buffer (pH 6.0) was used for antigen retrieval;
endogenous peroxidase was quenched with hydrogen peroxide.
Sections were blocked with 5% bovine serum albumin and incu-
bated for 32 minutes with polyclonal antibody against CD20 (ref-
erence BSB5195; Bio SB) or CD69 (reference ab202909;
Abcam), as recommended by the manufacturer. After incubation
with a biotinylated secondary antibody, detection was performed
with horseradish peroxidase–streptavidin and diaminobenzidine
solution.

Statistical analysis. All analyses were carried out using
GraphPad Prism 6 software, with 4 levels of statistical

significance: P , 0.05, P , 0.01, P , 0.001, and P , 0.0001. Non-
parametric tests, including the Mann-Whitney U test, were used
for 2-group independent comparisons. Correlations of protein
expression were performed using Spearman’s correlation coeffi-
cient. Comparisons between fibroblast responses to B lympho-
cyte stimulation were analyzed using paired t-tests.

RESULTS

Differential peripheral B lymphocyte maturation
in patients with SSc. The overall number of B cells and
T cells was similar between healthy controls and SSc
patients, despite a larger dispersal of T cells, which was
mainly observed in patients with lcSSc (data available
upon request from the corresponding author). Similarly, B
lymphocyte subpopulation counts, including naive cells,
effector memory cells, Breg cells, and plasmablasts, were
equivalent among the healthy control, total SSc, dcSSc,
and lcSSc patient groups (Figure 1). In contrast, the pro-
portion of IgD–CD271 memory B lymphocytes was sig-
nificantly decreased in patients with SSc as compared to
healthy controls (P 5 0.04) (Figure 1), with a similar distri-
bution between SSc subsets. An additional differential
proportion of marginal zone B cells was found between

Figure 1. Maturation status of B lymphocyte populations derived from healthy controls (HC) and patients with systemic sclerosis (SSc). B lym-
phocyte subsets were analyzed in 21 healthy controls (HC) and 34 patients with SSc, including 9 with diffuse cutaneous (dcSSc) and 25 with lim-
ited cutaneous (lcSSc) disease. The percentages of the following B lymphocyte subpopulations were quantified: memory/plasmablasts (IgD–
CD191CD271 cells), naive B lymphocytes (IgD1CD191CD27– cells), plasmablasts (CD191CD38highCD2711 cells), effector memory B cells
(IgD–CD191CD27– cells), Breg cells (CD191CD24highCD38high cells), and marginal-zone B cells (IgD1CD191CD271 cells). Each symbol rep-
resents an individual subject; horizontal lines with bars show the mean 6 SD. * 5 P , 0.05, by Mann-Whitney U test.
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the dcSSc and lcSSc subgroups, but not between the total
SSc group versus healthy controls. Specific analysis of
mature B (Bm) cells showed the IgD–CD381 early Bm5
subpopulation as a predominantly decreased memory B cell
subset, irrespective of SSc subset origin (P 5 0.001) (data
available upon request from the corresponding author).

Activated peripheral B lymphocytes from SSc
patients. Patients with SSc exhibited increased propor-
tions of B lymphocytes expressing activation markers

CD95 (P 5 0.0004), CD69 (P 5 0.002), and CD86 (P 5

0.001) as compared to healthy controls (Figure 2A). Simi-
lar results were obtained when the mean fluorescence
intensity was quantified (data available upon request from
the corresponding author). We also identified a B cell sub-
population expressing both CD69 and CD95 in SSc
patients that was absent in healthy controls (P 5 0.0002)
(Figure 2B). Interestingly, subpopulations expressing
CD69 were correlated with those expressing CD95 in SSc

Figure 2. Activation markers of peripheral B lymphocytes from healthy controls (HC) and patients with systemic sclerosis (SSc). B lymphocyte activation
markers were analyzed in 21 healthy controls and 43 patients with SSc, 11 with diffuse cutaneous (dcSSc) and 32 with limited cutaneous (lcSSc) disease. A, Per-
centages of CD951, CD691, CD861, and CD51 cells in total CD191 B lymphocytes. B, Percentages of CD691CD951 double-positive cells in total
CD191 B lymphocytes. C, Correlation between CD69 and CD95 expression on peripheral CD191 B lymphocytes from patients with dcSSc (broken line) and
patients with lcSSc (solid line), as determined by Spearman’s correlation coefficient. D, Percentages of CD951 and CD691 B cells in patients with early-onset
SSc (,1 year after the first non–Raynaud’s phenomenon symptom of SSc) versus those without early-onset SSc, by SSc subtype (CD951 and CD691 cells),
as well as percentages of CD691CD951 double-positive B cells in patients with or without early SSc versus healthy controls. Each symbol represents an indi-
vidual subject; horizontal lines with bars show the mean 6 SD. * 5 P , 0.05; ** 5 P , 0.01; *** 5 P , 0.001; **** 5 P , 0.0001, by Mann-Whitney U test.
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patients, both in those with dcSSc and those with lcSSc
(r 5 0.76, P , 0.0001) (Figure 2C).

The percentages of CD951 B cells were higher in
patients with early lcSSc as compared to patients without
early lcSSc (P 5 0.0027) (Figure 2D). In contrast, the pro-
portion of peripheral CD691 B lymphocytes was higher in
patients with early dcSSc as compared to those without
early dcSSc (P 5 0.048). Furthermore, when we analyzed
these 2 activation markers in combination, the percentage
of CD691CD951 B cells was higher in early SSc patients
than in those without early SSc (P , 0.0001). No associa-
tions between other activation markers were found for the
SSc patients and the healthy controls.

The proportions of cells expressing CD86 differed
significantly between dcSSc and lcSSc patients (P 5

0.0007) as well as for cells expressing CD5 (P 5 0.03) (Fig-
ure 2A). CD86 and CD5 B cell subsets were not associated
with autoantibody status (data not shown). Since these 2
receptors play a critical role in the B lymphocyte/T lym-
phocyte synapse, we investigated potential correlations
between the proportions of CD51 and CD861 B lympho-
cytes and the proportions of Th1 (CD31CD41IFNg1),
Th2 (CD31CD41IL-41), Th9 (CD31CD41IL-91),
and Th17 (CD31CD41IL-17A1) cells (data available
upon request from the corresponding author). No correla-
tion of the percentage of CD51 or CD861 cells with these

Figure 3. Receptor expression at the membrane of peripheral CD191 B lymphocytes from healthy controls (HC) and patients with systemic sclero-
sis (SSc). A and B, Percentages of CD221 (inhibitory), CD321, and CD721 receptors (A), as well as interleukin-6 receptor (IL-6R)–positive and
IL-21R1 receptors (B) at the surface of CD191 B lymphocytes from 20 healthy controls and 43 patients with SSc, including 11 with diffuse cutane-
ous (dcSSc) and 32 with limited cutaneous (lcSSc) disease. Typical dot plots of IL-6R and IL-21R expression are shown. Each symbol represents an
individual subject; horizontal lines with bars show the mean 6 SD. * 5 P , 0.05; *** 5 P , 0.001; **** 5 P , 0.0001, by Mann-Whitney U test.
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T cell subsets was found, except for a correlation between
CD86 and the percentage of Th2 cells. Similar results were
obtained when patients with dcSSc and lcSSc were ana-
lyzed separately.

In contrast, the proportions of cells expressing the
inhibitory receptors CD22, CD32, and CD72 did not differ
significantly between healthy controls and SSc patients,
except for the comparison of CD321 cells between dcSSc
and lcSSc subsets (P 5 0.02) (Figure 3A). Regarding mem-
brane expression, B lymphocytes from SSc patients showed
increased levels of the constitutively expressed activating
coreceptor CD20 as compared to those from healthy con-
trols (P 5 0.001), whereas no significant variation was
found for the expression of the inhibitory receptors CD22,
CD32, or CD72 or of HLA–DR (data available upon
request from the corresponding author). Concerning the
crosstalk of B cells with the microenvironment, a slight
decrease in BAFF receptor (BR3)–expressing cells was
detected in SSc patients as compared to healthy controls
(P 5 0.04); however, this difference was not significant at
the cellular level (data available upon request from the
corresponding author). It is noteworthy that a remarkable
increase in the populations expressing either IL-6R
(P 5 0.01) or IL-21R (P 5 0.02) was observed in SSc
patients versus controls, with major differences for IL-21R
expression between dcSSc and lcSSc patients (P , 0.0001)
regarding both subpopulation percentages (Figure 3B)
and mean fluorescence intensity (data available upon
request from the corresponding author).

In order to identify clinical manifestations of SSc
that could be associated with B cell subsets, expression of
activation markers and receptors were evaluated in the
presence or absence of pulmonary arterial hypertension
(PAH), interstitial lung disease (ILD), arthralgia (joint),
and digital ulcers (data available upon request from the
corresponding author). There was an increased proportion
of B cells expressing CD86, which showed a slight associa-
tion with PAH and digital ulcers in patients with SSc, while
an increased subpopulation of CD951 B cells was associ-
ated with arthralgias. More interestingly, patients with
either arthralgias or PAH with or without ILD had
increased proportions of B cells expressing the IL-6R. For
these 2 late manifestations of SSc, similar proportions of B
lymphocytes expressing IL-6R were observed, which
allowed us to discriminate between patients with PAH and/
or ILD and those without documented pulmonary involve-
ment, who had a lower proportion of peripheral IL-6R1 B
cells (data available upon request from the corresponding
author).

Overall, we found no significant difference in B cell
phenotypes based on autoantibody specificity (data not
shown).

Detection of B lymphocytes in the lungs of patients
with SSc-associated PAH. We performed immunostaining
in lung samples from 3 patients with SSc-associated PAH
and 3 healthy controls (normal lung tissue from patients
with non–small cell lung carcinoma). In patients with SSc, a
number of lymphoid follicles (mostly near bronchioles/
small airways) were observed, whereas only scattered B
lymphocytes were seen in the lung parenchyma of the con-
trol subjects, as assessed by anti-CD20 immunostaining. In
lymphocyte-rich areas, scattered CD691 cells were
observed, whereas only faint staining of sparse cells was
seen in control subjects (data available upon request from
the corresponding author).

Consistency between phenotype characteristics
of peripheral B cells and higher production of IL-6
and TGFb in SSc patients. A major increase in IL-6–
producing cells was seen in SSc patients as compared to
healthy controls (P , 0.0001) (Figure 4A). This difference
was also found for both IgD1IL-61CD27– naive B cells
(1:2 ratio; P , 0.0001) and IgD–IL-61CD271 memory B
cells (1:1.8 ratio; P 5 0.0003) but not for marginal-zone or
double-negative effector B cells (data not shown). We fur-
ther analyzed the intracellular staining of IL-6 in both T
lymphocytes (defined as CD271CD19– cells) and mono-
cytes (using forward scatter/side scatter parameters in
CD19–CD27– cells) (data available upon request from the
corresponding author). No difference in the percentages
of IL-61 T cells was observed in patients with SSc versus
healthy controls, whereas a decreased proportion of mono-
cytes expressed IL-6 in SSc patients as compared to
healthy controls (data available upon request from the
corresponding author). Thus, in patients with SSc, we
identified B cells as the main source of IL-6 as compared
to T lymphocytes and monocytes, which was not the case
in healthy controls (data available upon request from the
corresponding author).

We also investigated IL-10 and TGFb (Figures
4B and C) production by purified B lymphocytes after 3
days of culture with or without CpG stimulation. The
number of IL-10–producing B cells did not differ signifi-
cantly between the various samples under these condi-
tions, and their phenotype corresponded to CD191

CD24highCD271/–CD38high, predominantly CD5– (data
available upon request from the corresponding author).
More interestingly, peripheral B cells isolated from
patients with SSc expressed increased proportion of
TGFb1CD191 B lymphocytes as compared to healthy
controls, even in the absence of further stimulation of
Toll-like receptor 9 through incubation with CpG
(P 5 0.0002) (Figure 4C). TGFb-expressing B lympho-
cytes were CD191CD5–CD24lowCD271CD38high both
in healthy controls and in patients with SSc, and did not
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overlap with IL-101 B lymphocytes (data available
upon request from the corresponding author).

Secretion of higher amounts of IL-6 and TGFb
and lower amounts of IL-10 by stimulated B cells from
SSc patients. We detected higher levels of IL-6 in the
serum of SSc patients as compared to healthy controls
(P 5 0.01) (Figure 5A). No significant differences in the
levels of IL-10 or TGFb were found (Figure 5A). Inter-
estingly, purified B cells obtained from SSc patients
and incubated for 3 days with CpG or for 4 hours with a
mix of phorbol myristate acetate (PMA)/ionomycin
secreted increased amounts of IL-6, whereas those
from healthy controls remained low (P 5 0.0007)

(Figure 5B). We also detected slightly increased con-
centrations of IL-10 in B cell supernatants from the SSc
patients as compared to the healthy controls after cell
stimulation with PMA/ionomycin (P 5 0.01) (Figure
5C). Unexpectedly, while CpG stimulation promoted a
weak increase in IL-10 secretion in SSc patients, a
strong increase was observed in healthy control cells
under these conditions. According to the increased pro-
portion of TGFb-producing cells, we noted increased
amounts of TGFb in the supernatants of CpG-
stimulated B cells from SSc patients as compared to
healthy controls (P 5 0.001) (Figure 5D), while PMA/
ionomycin treatment did not significantly affect the

Figure 4. Intracellular cytokine staining of peripheral B lymphocytes from healthy controls (HC) and patients with systemic sclerosis (SSc). A, Intra-
cellular interleukin-6 (IL-6) was analyzed in 18 healthy controls and 32 patients with SSc, including 10 with diffuse cutaneous (dcSSc) and 22 with
limited cutaneous (lcSSc) disease. Percentages of IL-61 cells were quantified in total B lymphocytes (CD191), naive B cells (IgD1CD191CD27–),
and memory B cells (IgD–CD191CD271). A typical dot plot of IL-6 expression is shown at the right. B and C, Intracellular IL-10 (B) and trans-
forming growth factor b (TGFb) (C) were analyzed in 11 healthy controls and 12 patients with SSc, including 4 with dcSSc and 8 with lcSSc. Per-
centages of IL-101 cells were quantified in unstimulated total B lymphocytes or in CpG-containing oligonucleotide–stimulated B cells. Typical dot
plots of IL-10 (B) and TGFb (C) staining are shown. Each symbol represents an individual subject; horizontal lines with bars show the mean 6 SD.

* 5 P , 0.05; ** 5 P , 0.01; *** 5 P , 0.001; **** 5 P , 0.0001, by Mann-Whitney U test. NS 5 not significant.
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release as compared to unstimulated cells (data avail-
able upon request from the corresponding author).

We found a correlation between the modified
Rodnan skin thickness score and the concentration of
TGFb in culture supernatants from B cells stimulated
with CpG (r 5 0.60, P 5 0.04) (Figure 5E). A similar cor-
relation between the modified Rodnan skin thickness
score and the concentration of IL-6 in supernatants from
B cells stimulated for 4 hours with PMA/ionomycin
(r 5 0.71, P 5 0.01) was also noted, suggesting a potential
profibrotic role of B lymphocytes in SSc patients.

Increased proliferative and fibrotic phenotype
after in vitro stimulation of B lymphocytes derived from
the dermal fibroblasts of healthy controls and SSc
patients. Fibroblasts from healthy control subjects or
from the involved skin of SSc patients were cultured for 3
days in the presence of supernatants from B cells obtained
from healthy controls. We found no significant influence of
culture on the metabolic activity (Figure 6A) or the prolif-
eration rate of the fibroblasts, as assessed by immunofluo-
rescence using Ki-67 labeling (data available upon request
from the corresponding author). A random increase in

Figure 5. Cytokine concentrations in sera and supernatants of stimulated B cells from the peripheral blood of healthy controls (HC) and systemic
sclerosis (SSc) patients. A, Levels of interleukin-6 (IL-6), IL-10, and transforming growth factor b (TGFb) in sera from 10 healthy controls and 22 SSc
patients, 7 with diffuse cutaneous (dcSSc) and 15 with limited cutaneous (lcSSc) disease. B–D, Levels of IL-6 (B), IL-10 (C), and TGFb (D) in super-
natants of purified B cells after 4 hours of stimulation with either CpG (4 healthy controls and 12 SSc patients, 4 with dcSSc and 8 with lcSSc) or phor-
bol myristate acetate (PMA)/ionomycin (6 healthy controls and 11 SSc patients, 4 with dcSSc and 7 with lcSSc). Each symbol represents an individual
subject; horizontal lines with bars show the mean 6 SD. * 5 P , 0.05; *** 5 P , 0.001, by Mann-Whitney U test. E, Correlations between the modified
Rodnan skin thickness score (MRSS) and concentrations of IL-6 in purified PMA–stimulated B lymphocyte supernatants (left) and concentrations of
TGFb in purified CpG–stimulated B lymphocyte supernatants (right) from 11 patients with SSc, as determined by Spearman’s correlation coefficient.
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viability was observed in all fibroblasts cultured in the pres-
ence of supernatants of B cells isolated from SSc patients,
but the difference did not reach statistical significance (Fig-
ure 6A). Prior stimulation of B cells from healthy controls
or SSc patients did not provide any additional effect on via-
bility. However, supernatants from CpG- or PMA-
stimulated SSc B cells significantly enhanced to various
extents the proliferation of both healthy and SSc fibroblasts
(Figure 6B). Consistent with their increased proliferation
rate, fibroblasts from both healthy controls and SSc
patients showed poor production of collagen in the pres-
ence of PMA-stimulated B cell supernatants from SSc

patients as compared to those from healthy controls (Fig-
ure 6C). When supernatants of CpG-stimulated purified B
cells from healthy controls and SSc patients were used to
stimulate fibroblasts in culture, collagen production was
differentially increased in fibroblasts from both healthy
controls and SSc patients (Figure 6C).

The expression of mRNA for a-SMA, type I colla-
gen, Snail, and vimentin in stimulated fibroblasts from
healthy controls and SSc patients was analyzed by qPCR
and immunofluorescence. There was no consistent detec-
tion of a-SMA in fibroblasts from either healthy controls
or SSc patients with either technique (data not shown).

Figure 6. Effect of purified B lymphocyte supernatants from healthy controls (HC) and patients with systemic sclerosis (SSc) on fibroblast pro-
liferation and collagen production. Fibroblasts from 4 healthy controls and 4 patients with SSc were cultured for 3 days in the presence of super-
natants from 3-day cultures of unstimulated (UNS) purified B lymphocytes, 3-day cultures of CpG-stimulated purified B lymphocytes, or 4-hour
cultures of phorbol myristate acetate (PMA)/ionomycin–stimulated purified B lymphocytes from 4 healthy controls and 4 patients with diffuse
SSc (nonautologous). A, Viability of fibroblasts was quantified using an XTT reduction assay kit, and the results were expressed as the percent-
age of XTT reduction in stimulated versus unstimulated fibroblasts. B, Proliferation of fibroblasts was quantified using a bromodeoxyuridine
(BrdU) incorporation assay. Results were expressed as the percentage of BrdU incorporation by stimulated versus unstimulated fibroblasts. C,

Collagen production by fibroblasts was quantified using a Sircol assay. Results were expressed as the percentage of collagen production by stimu-
lated versus unstimulated fibroblasts. All experiments were performed twice, and the results were similar. Values are the mean 6 SD.

* 5 P , 0.05; *** 5 P , 0.001, by paired t-test.
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However, when fibroblasts from each group were stimu-
lated with either CpG- or PMA/ionomycin-stimulated
purified B cell supernatants from SSc patients, we
observed increased expression of vimentin. Increased
expression of mRNA for the transcription factor Snail and
for type I collagen was also detected when fibroblasts from
either healthy controls or SSc patients were stimulated
with CpG-stimulated B cell supernatants from SSc
patients. These increases were abrogated when super-
natants were preincubated with anti-TGFb antibody (for
CpG supernatants) or anti–IL-6R antibody (for PMA
supernatants). Incubation with anti-TGFb antibody or
anti–IL-6R antibody induced a drastic decrease in fibro-
blast proliferation without any difference in cell viability,
thus reinforcing the potential pathophysiologic role of B
lymphocytes in SSc (data available upon request from the
corresponding author).

DISCUSSION

In the present work, we found evidence of an
increased peripheral B cell subpopulation in SSc patients
as compared to healthy controls that expresses both activa-
tion markers and cytokine receptors as well as high levels of
intracellular IL-6 and TGFb. We also established that
supernatants of B lymphocytes from SSc patients activate
both normal and scleroderma fibroblasts at higher levels
than do those from healthy controls.

In the SSc patients, we observed increased expres-
sion of CD86 and CD95 on B cells, together with a lower
proportion of peripheral memory B cells, which is consis-
tent with the results reported by Sato et al (4). This
decrease was found to be restricted to the early Bm5 mem-
ory peripheral B cell subpopulation, as previously noted in
the peripheral blood of patients with Sj€ogren’s syndrome
(17). Interestingly, we found increased expression of
CD69, IL-6R, and IL-21R on peripheral B lymphocytes
from SSc patients, and we further correlated the increased
proportions of CD691 cells with a decreased proportion
of CD951 B lymphocytes. We also showed a major differ-
ential proportion of CD51, CD861, IL-6R1, or IL-
21R1 B cells in the subgroups of patients with dcSSc and
lcSSc. Indeed, patients with dcSSc had a higher proportion
of these B cells as compared to both lcSSc patients and
healthy controls. In contrast, both lcSSc and dcSSc patients
showed increased proportions of CD691 and CD951 B
cells as compared to healthy controls.

We found several correlations between B lympho-
cyte activation and disease duration in SSc patients, with
higher expression of CD95 in the subgroup of patients with
early lcSSc and an increased percentage of CD691 cells in
patients with early dcSSc. In addition, we detected a

double-positive subpopulation of CD691CD951 periph-
eral B cells in patients with early SSc, suggesting a possible
link between B cell activation at an early stage of the disease
and disease severity.

Of note, IL-6R expression was strongly associated
with arthralgia, PAH, and/or ILD. There were similar pro-
portions of B lymphocytes expressing IL-6R in patients
with PAH and ILD. This finding allowed the discrimina-
tion of patients with versus those without lung involve-
ment, the latter group exhibiting lower proportions of
peripheral IL-6R1 B cells. In lung tissue from patients
with SSc-associated PAH, we observed important numbers
of B cells, with a number of lymphoid follicles, mostly in
the vicinity of bronchioles/small airways, whereas only
scattered B lymphocytes were seen in the lung parenchyma
of control subjects, which provides further evidence impli-
cating B cells in the lung involvement in SSc.

Taken together, our data support an activation pro-
file of B lymphocytes in SSc patients, probably due to B cell
receptor engagement via autoantigens, both for lcSSc and
for dcSSc (18,19). Our data also suggest differential activa-
tion between dcSSc and lcSSc B lymphocytes, as was found
for patients with PAH and/or ILD versus those without
lung involvement. This differential activation could poten-
tially occur through cytokine modulation, as suggested in a
recent clinical study (20). We found no correlation between
B lymphocyte activation and autoantibody status, probably
because they represent additional markers of disease activity/
severity. Since B cells from dcSSc patients with PAH
and/or ILD are activated, these cells could be proposed
as biomarkers.

Our findings also provide novel evidence of the
production and secretion of cytokines. We identified both
naive and memory B lymphocytes derived from SSc
patients as major IL-6–secreting cells. However, a direct
correlation between IL-6 levels in culture supernatants
and IL-6R expression at the membrane of B lymphocytes
was not observed. This result does not support an auto-
crine activating loop in SSc B lymphocytes, similar to the
autostimulatory IL-6–driven B cell differentiation in
patients with systemic lupus erythematosus (21). The
mechanisms leading to B lymphocyte overactivation might
instead be due to the increased concentration of IL-6 in
the serum of SSc patients versus healthy controls, as previ-
ously reported by Needleman et al (22). Moreover, we
showed that IL-6 levels in supernatants of purified B cells
from SSc patients also correlate with the modified Rodnan
skin thickness score, suggesting a critical role of B lympho-
cytes in the induction of fibrosis. Monocytes have been
proposed as the unique immune cells producing IL-6 in
patients with SSc (23,24). We provide herein new evidence
of the characterization of IL-6–producing B lymphocytes
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in patients with SSc. These B lymphocytes might represent
interesting treatment targets in these patients, since ele-
vated levels of IL-6 in SSc patient sera have been shown to
correlate with disease severity (9).

In contrast to the results of a previous study, we
found elevated TGFb production and release by peripheral
B lymphocytes from SSc patients as compared to healthy
controls, both under steady-state conditions and upon spe-
cific TLR stimulation (25). These high levels of TGFb in
supernatants of sorted B cells also correlated with the mod-
ified Rodnan skin thickness score, suggesting a role of B
cells in the development of fibrosis. Indeed, Hasegawa et al
(25) reported a lack of substantial increase in the release of
TGFb by regulatory B cells, as well as activated T cells (26)
or monocytes (27) in SSc patients, consistent with a nonim-
mune production of TGFb in those patients. In the present
study, we identified a specific B lymphocyte subpopulation
that secretes high levels of TGFb and exhibits a phenotype
similar to those recently described in patients with graft-
versus-host disease (28). The absence of IL-10 secretion by
SSc B lymphocytes might also contribute to the loss of
immunoregulation observed in SSc (29,30). Unfortunately,
because of the limited amount of biologic samples avail-
able, we were not able to perform coculture experiments
using B cells and T cells in order to evaluate these immuno-
modulatory roles or their potential interplay with T cells.

The pathogenic effects of the B lymphocytes in
SSc remain poorly understood (2). Recent reports have
addressed interesting therapeutic targeting, both in
mouse models and in open studies of limited popula-
tions of patients with SSc (31–34). Notably, François
and colleagues (35) reported a direct implication of nor-
mal B cells in increased proliferation and extracellular
matrix production by fibroblasts from healthy controls
and SSc patients. In the present study, we demonstrated
that supernatants of B lymphocytes purified from SSc
patients induce fibroblast activation even in absence of
direct cell-to-cell interaction or autoantibody secretion,
but more as a consequence of an increased secretion of
IL-6 and TGFb. We also found that supernatants of
purified B lymphocytes with the higher level of TGFb

(CpG supernatant) induced an increased expression of
vimentin and the transcription factor Snail, 2 proteins
that have been associated with the differentiation of
fibroblasts into myofibroblasts (36–38). Moreover, incu-
bation with either anti-TGFb or anti–IL-6R antibodies
induced a dramatic decrease in fibroblast proliferation
without any difference in viability, which suggests an
implication of these pathways in B cell/fibroblast cross-
talk in SSc.

These data further underscore a possible interplay
between B lymphocytes and fibroblasts through new

secretory pathways that need to be further investigated in
the pathogenesis of SSc. Furthermore, the recent results
obtained with IL-6–targeted therapy in the mouse model of
bleomycin-induced scleroderma and in patients with SSc
highlight the prevalent role of this cytokine in the pathophys-
iology of SSc and reinforce interest in evaluating the IL-6
secretion capacity of peripheral B cells (22,34,39,40). Finally,
these data also support interest in investigating the effects of
IL-6–targeted therapy in patient with SSc, as the faSScinate
study has shown interesting results using a monoclonal anti–
IL-6R antibody (tocilizumab) (41). Our study, based on a
consistent number of phenotypically characterized SSc
patients who did not receive treatment with glucocorticoid
or immunosuppressive drugs, provides new insights into the
functional implication of B lymphocytes in SSc.

In conclusion, clinical studies have shown promis-
ing results for anti-CD20– and anti–IL-6R–based therapies
in patients with SSc (22,40,41). We observed an increased
activation of peripheral B cells in patients with dcSSc as
compared to those with lcSSc. In vitro, B lymphocytes
from SSc patients secreted high amounts of IL-6 and
TGFb, which induced fibroblast proliferation, collagen
secretion, and differentiation into myofibroblasts in fibro-
blasts from both healthy individuals and SSc patients. Our
findings are the first to highlight differential B lymphocyte
subpopulations in the two different SSc subtypes.
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Immune-Array Analysis in Sporadic Inclusion Body Myositis
Reveals HLA–DRB1 Amino Acid Heterogeneity Across

the Myositis Spectrum
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Objective. Inclusion body myositis (IBM) is char-
acterized by a combination of inflammatory and degener-
ative changes affecting muscle. While the primary cause
of IBM is unknown, genetic factors may influence disease

susceptibility. To determine genetic factors contributing
to the etiology of IBM, we conducted the largest genetic
association study of the disease to date, investigating
immune-related genes using the Immunochip.
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Methods. A total of 252 Caucasian patients with
IBM were recruited from 11 countries through the Myo-
sitis Genetics Consortium and compared with 1,008 eth-
nically matched controls. Classic HLA alleles and
amino acids were imputed using SNP2HLA.

Results. The HLA region was confirmed as the most
strongly associated region in IBM (P 5 3.58 3 10233). HLA
imputation identified 3 independent associations (with
HLA–DRB1*03:01, DRB1*01:01, and DRB1*13:01), al-
though the strongest association was with amino acid posi-
tions 26 and 11 of the HLA–DRB1 molecule. No association
with anti–cytosolic 50-nucleotidase 1A–positive status was
found independent of HLA–DRB1*03:01. There was no asso-
ciation of HLA genotypes with age at onset of IBM. Three
non-HLA regions reached suggestive significance, including
the chromosome 3 p21.31 region, an established risk locus
for autoimmune disease, where a frameshift mutation in
CCR5 is thought to be the causal variant.

Conclusion. This is the largest, most comprehen-
sive genetic association study to date in IBM. The data
confirm that HLA is the most strongly associated region
and identifies novel amino acid associations that may
explain the risk in this locus. These amino acid associations
differentiate IBM from polymyositis and dermatomyositis
and may determine properties of the peptide-binding
groove, allowing it to preferentially bind autoantigenic
peptides. A novel suggestive association within the chromo-
some 3 p21.31 region suggests a role for CCR5.

Sporadic inclusion body myositis (IBM) is an
acquired muscle disease characterized clinically by weakness
and muscle wasting, predominantly of the quadriceps and
long finger flexor muscles. While degenerative changes are
recognized, there are also immune-mediated mechanisms at
play, characterized by inflammatory features in muscle biopsy
specimens and the presence of circulating autoantibodies.
These autoantibodies include anti-Ro and a recently identi-
fied autoantibody directed against cytosolic 50-nucleotidase
1A (anti-cN1A), which is present in approximately one-third
of patients (1,2). While the primary cause of the disease
remains unknown, genetic factors may influence disease sus-
ceptibility. A group of hereditary diseases that includes the
hereditary inclusion body myopathies and other muscular
dystrophies such as the myofibrillary myopathies may mimic
clinical features of IBM (3). These diseases may also exhibit
similar pathologic features, such as rimmed vacuoles and pro-
tein accumulations; clinical and histopathologic suspicion of
these diseases should prompt appropriate genetic testing.

To date, the strongest genetic risk identified for IBM
lies within the major histocompatibility complex (MHC), in
particular with HLA–DRB1*03:01, an allele present on the
8.1 ancestral haplotype that is a risk factor for many

autoimmune diseases, including the idiopathic inflammatory
myopathies (IIMs) (4). Other HLA–DRB1 alleles such as
HLA–DRB1*01:01 and HLA–DRB1*13:01 have also been
implicated in IBM, and genotypic combinations of these
alleles have been reported to correlate with clinical pheno-
type (5).

Candidate gene studies in IBM have focused mainly
on the MHC, and there are few validated associations outside
of this region. Genes associated with neurodegenerative dis-
eases such as Alzheimer’s Disease have been examined in
IBM, for example, the genes for b/A4-amyloid precursor pro-
tein and apolipoprotein E, although these studies frequently
have shown negative or conflicting results (6–8). Other candi-
date gene approaches have focused on autoantibody targets
(1) and genes previously implicated in hereditary inclusion
body myopathies (9,10). However, those studies also have
failed to find significant common associations.

We recently reported a genetic association study in
polymyositis (PM) and dermatomyositis (DM) using the
Immunochip array, a custom-designed, high-density geno-
typing chip that covers genes known to be associated with a
variety of autoimmune diseases (11). Samples from patients
with IBM were genotyped concurrently and were analyzed
separately in this analysis using a previously described
method of case–control matching to control for population
differences. Using the Immunochip, we have conducted the
largest genetic study to date in IBM to investigate potential
associations with immune-related genes, and we have used
imputation to refine associations within the MHC.

PATIENTS AND METHODS

Study populations. A total of 252 patients with IBM
from 11 countries were recruited through the Myositis Genetics
Consortium (MYOGEN). A list of MYOGEN study investigators
in addition to the authors of this article is provided in Appendix A.
Written informed consent was obtained from all patients with
approval from research ethics boards at each participating center.
Patients with IBM were included if they fulfilled the following crite-
ria: Griggs (“definite” or “possible”) (12), Medical Research Coun-
cil (“pathologically defined,” “clinically defined,” or “possible”)
(13), or European Neuromuscular Centre (“clinico-pathologically
defined,” “clinically defined,” or “probable”) (14). Age at onset for
UK patients with IBM was the age at onset of first symptoms as
recorded in the clinical record.

Shared control samples from Sweden (the Epidemiologi-
cal Investigation of Rheumatoid Arthritis study), Spain, and The
Netherlands were provided by the Rheumatoid Arthritis Consor-
tium International (15), with control samples from the UK pro-
vided by the Wellcome Trust Case Control Consortium (16).
Control samples from Italy, Norway, Belgium, and France were
provided by the International Multiple Sclerosis Genetics Con-
sortium (17). Polish and Hungarian control samples were pro-
vided by the Celiac Consortium (18), and German control
samples were provided by the KORAgen consortium (19).
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Genotyping and quality control. Genotyping was per-
formed in accordance with Illumina’s protocols in the UK (Centre
for Genetics and Genomics Arthritis Research UK, University of
Manchester, Manchester, UK) and the US (Feinstein Institute for
Medical Research, Manhasset, NY). Standard quality control was
performed as described previously (11). Four controls for each
case were matched for ethnicity using principal components analy-
sis coordinates using a method described previously (20).

Statistical analysis. Statistical analyses were performed
in Plink version 1.7 (http://zzz.bwh.harvard.edu/plink/index.shtml)
using a logistic regression applying an additive model. Sex and
population differences were controlled for by including sex and
the top 10 principal components as covariates. Significance was
defined as P , 5 3 1028. We also reported variants reaching a
second tier of significance of P , 2.25 3 1025, calculated using
the genetic Type I Error Calculator (21). Odds ratios (ORs) are
provided with 95% confidence intervals (95% CIs).

To investigate associations with HLA and age at onset,
linear regressions were used, with P values less than 0.05 con-
sidered significant. Analyses were carried out using Stata sta-
tistical software version 13.1 (StataCorp).

Table 1. Numbers of samples from patients with inclusion body
myositis and ethnically matched controls included in the analysis
after quality control, by country of origin*

Patients Controls

Australia 44 –
Belgium 6 23
Czech Republic 2 –
France 19 35
Germany – 29
Hungary 2 7
Italy 2 44
The Netherlands 9 69
Norway 1 30
Poland – 8
Sweden 31 97
Spain 8 28
UK 128 485
US – 153
Total 252 1,008

* Control samples were shared from Immunochip consortia. Four
controls for each patient were matched based on nearest neighbor
by principal components analysis coordinates.

Figure 1. Manhattan plots of the inclusion body myositis (IBM) analysis. Red line represents genome-wide level of significance (P , 5 3 1028);
blue line represents suggestive significance (P , 2.25 3 1025). Shown is the analysis of 252 patients with IBM and 1,008 matched controls. A,

Manhattan plot of the total Immunochip analysis. B, Manhattan plot of the IBM analysis with the major histocompatibility complex (MHC)
region (chromosome 6 25–35) removed for visualization purposes. Color figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/journal/doi/10.1002/art.40045/abstract.
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Functional annotation. Evidence for functional effects
and expression quantitative trait loci (eQTLs) were investigated for
the lead single-nucleotide polymorphisms (SNPs) in each region,
and SNPs in high linkage disequilibrium (LD) (r2 $ 0.8) were
obtained from Phase 3 1000 Genomes data using LDlink (22).

MHC imputation and association analysis. Classic
HLA alleles and corresponding amino acid sequences were
imputed from Immunochip SNP data using the SNP2HLA pro-
gram as described previously (11). Significance was defined as
P , 6.8 3 1026 based on a Bonferroni correction of the 7,323
markers imputed by SNP2HLA (23). For consistency, the most
associated variant was used in the stepwise conditional analysis.
Molecular graphics were generated and analyses were performed
with the University of California, San Francisco (UCSF) Chimera
package version 1.10.2 (Resource for Biocomputing, Visualiza-
tion, and Informatics at UCSF).

Anti-cN1A detection. Enzyme-linked immunosorbent
assay detection of anti-cN1A antibodies was performed using the
optimized protocol as described previously (24). Briefly, biotinylated
peptides were incubated on Streptawell High Bind microplates
(Roche) for 1 hour at 378C to immobilize the peptides. Unbound
peptides were removed by washing the microplates 3 times. Diluted
patient serum was then added to the microplate followed by incuba-
tion at 378C for 1 hour. Unbound antigen was removed by further
washing the microplate 5 times. Diluted rabbit anti-human Ig was
then added, and the plate was incubated for 1 hour at 378C followed
by a further 5 washes. Finally, the bound antibodies were visualized
by adding substrate solution, and the reaction was stopped after 5
minutes by adding a stop solution. Signals were quantified by deter-
mining optical densities at 450 nm (OD450 nm). The OD450 nm value
corresponding to the highest Youden Index [calculated as:
([sensitivity/100] 1 [specificity/100] 2 1)] (25) at which $98% speci-
ficity was achieved was chosen for each peptide. Sera were assessed
as reactive if they were above the established cutoff value for at least
one of the peptide antigens (24).

RESULTS

Genotyping quality control. After stringent SNP
and sample quality control, we analyzed 104,636 genetic

variants in 252 patients with IBM and 1,008 ethnically
matched controls (Table 1). Including the top 10 principal
components as covariates and calculating the genomic
inflation on a set of null SNPs gave a lgc of 1.04, indicating
that patients and controls were well matched for ethnicity
(see Supplementary Figure 1, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40045/abstract).

HLA is the most strongly associated region in
IBM. SNPs within the MHC region were the only variants
reaching genome-wide significance of P , 5 3 1028 (Fig-
ure 1A). The strongest association was with rs3129950
(P 5 3.58 3 10233), a SNP intronic of LOC101929163 and
3�of BTNL2 (Table 2). As the Immunochip contains high-
density SNP coverage across the MHC, this region was
subsequently analyzed separately using HLA imputation
in an attempt to refine this association to a functional
gene. Initially, genes independent of the MHC were inves-
tigated that reached a suggestive level of significance.

Suggestive significance of 3 non-HLA associations.
Three non-HLA regions reached our second tier of signifi-
cance (defined as P , 2.25 3 1025) calculated using the
genetic Type I Error Calculator (21). Figure 1B shows the
Manhattan plot with the MHC region removed for visuali-
zation purposes. The most convincing associations were in
the chromosome 3 p21.31 region, where 49 SNPs reached
the suggestive level of significance (Figure 2). The strongest
association was upstream of CCR2 (rs112088397, P 5 1.93
3 1026, OR 0.42 [95% CI 0.29–0.60]); however, this haplo-
type contains many genes including CCR3, CCR2, CCR5,
and CCRL2.

Potentially functional variants were investigated for
all non-HLA SNPs reaching suggestive significance and
those tagged by the lead SNP (r2 $ 0.8) (see Supplementary

Table 2. Analysis of the 252 patients with inclusion body myositis compared to 1,008 ethnically matched controls*

Gene
region Chr. Position SNP

Minor
allele

MAF in
patients

MAF in
controls P

OR
(95% CI)

Localization of
LD to nearest genes

(r2 $ 0.9)

MHC 6 32358201 rs3129950 C 0.34 0.11 3.58 3 10233† 5.69
(4.28–7.55)

MHC

CCR3/CCR2 3 46389462 rs112088397 T 0.08 0.16 1.93 3 1026‡ 0.42
(0.29–0.60)

Downstream of CCR3
to intron 2 of LTF;
incorporating CCR2,
CCR5, and CCRL2

FLJ14816/GLI2 2 121338584 rs1880542 T 0.56 0.45 5.66 3 1026‡ 1.60
(1.31–1.96)

Intergenic of
FLJ14816 and GLI2

LOC100128517/
LOC728961

6 14560180 rs9396510 T 0.11 0.05 7.52 3 1026‡ 2.23
(1.57–3.17)

Intergenic of
LOC100128517
and LOC728961

* Coordinates are based on the human assembly GRCh37. Chr. 5 chromosome; SNP 5 single-nucleotide polymorphism; MAF 5 minor allele fre-
quency; OR 5 odds ratio; 95% CI 5 95% confidence interval; LD 5 linkage disequilibrium.
† Reported at genome-wide significance (P , 5 3 1028).
‡ Reported at second tier of significance (P , 2.25 3 1025).
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Tables 1–3, http://onlinelibrary.wiley.com/doi/10.1002/art.
40045/abstract). Multiple SNPs within the chromosome 3
p21.31 region had evidence for eQTLs for the expression of
CCR5 in monocytes (26). There was 1 missense SNP in the
chromosome 3 p21.31 region (rs6441977) that was predicted
to be “benign” by PolyPhen-2 (27); however, a frameshift
mutation (rs333) is a known variant that results in a 32-bp
deletion and a nonfunctional receptor. Conditional analysis
on this locus did not identify additional independent
variants.

HLA imputation reveals association with HLA–
DRB1. To refine associations within the MHC region, HLA
alleles were imputed from SNP genotyping information using
SNP2HLA (23). Variants reaching statistical significance
(P , 6.8 3 1026) after each round of conditioning are
included in Supplementary Tables 4–6, http://onlinelibrary.
wiley.com/doi/10.1002/art.40045/abstract. The strongest asso-
ciations were with alleles that are part of the 8.1 ancestral
haplotype, with HLA–DRB1*03:01 reaching P 5 5.77 3

10234 (OR 7.97 [95% CI 5.88–10.95]). Due to strong LD
within the MHC, other alleles within this haplotype such as
HLA–DQB1*02:02 and HLA–B*08:01 also had strong asso-
ciations in this analysis; however, these lost significance after
conditioning on the effect of HLA–DRB1*03:01. Conducting

stepwise conditional analysis on significant HLA–DRB1
alleles, an independent effect was seen with HLA–DRB1*
01:01 (P 5 1.56 3 10216, OR 4.64 [95% CI 3.33–6.49]). A
further independent effect was seen with HLA–DRB1*
13:01 (P 5 3.28 3 1028, OR 3.19 [95% CI 2.14–4.72]).

As risk may lie within multiple HLA alleles, we
imputed amino acids to investigate whether shared positions
within risk alleles might explain the risk at this locus (see
Supplementary Tables 7 and 8, http://onlinelibrary.wiley.
com/doi/10.1002/art.40045/abstract). Amino acid position 26
of HLA–DRB1 was associated more significantly than a sin-
gle classic HLA allele (P 5 5.22 3 10243), with risk attribut-
able to a tyrosine at this position (OR 3.83 [95% CI 2.80–
5.29]) (Table 3). This contrasts with PM and DM, where
HLA–DRB1 amino acid position 77 was the most strongly
associated position (Table 3). Conditioning on the effects of
position 26 in IBM revealed an independent effect of posi-
tion 11 of HLA–DRB1 (P 5 3.80 3 10213). At this position,
serine is the most common amino acid in the population
and was therefore used as the reference. As many other
amino acids are protective at this position, we can infer that
serine confers the greatest risk. No further amino acid posi-
tions were statistically significant after conditioning on posi-
tions 26 and 11 of HLA–DRB1.

Figure 2. Regional association plot of the chromosome 3 (Chr3) p21.31 region in inclusion body myositis. The plot shows strength of association
(2log10[P]) against chromosomal position. The most strongly associated single-nucleotide polymorphism (SNP) is colored purple, with other
SNPs colored by the degree of linkage disequilibrium (r2). Local recombination rates estimated from the HapMap population of Utah residents
with ancestry from northern and western Europe are plotted against the secondary y-axis, showing recombination hotspots across the region.
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No distinct HLA association with anti-cN1A posi-
tivity. Anti-cN1A antibodies were detected in 36 of the
104 patients serologically tested (35%). After quality con-
trol, HLA imputation was conducted on 35 anti-cN1A–
positive patients and 140 healthy controls, and the most sig-
nificant 4-digit classic HLA association was found with
HLA–DRB1*03:01 (P 5 5.62 3 1028, OR 11.52 [95% CI
4.95–29.29]) (see Supplementary Table 9, http://onlinelibrary.
wiley.com/doi/10.1002/art.40045/abstract). After stepwise
conditional analysis, we did not find any additional indepen-
dent effects. We then compared the 35 anti-cN1A–positive
patients with 68 anti-cN1A–negative patients, and we found
no significant differences in HLA associations between these
groups (data not shown).

No effect of HLA–DRB1 allele interactions on
age at onset. Previous studies have suggested that HLA–
DRB1 alleles may have disease-modifying effects in IBM,
with the HLA–DRB1*03/*01 genotype conferring an ear-
lier age at onset and more severe muscle weakness (5,28).
HLA and age at onset data were available for 124 UK
patients with IBM. Linear regression was used to analyze
the relationship of HLA–DRB1 alleles with age at onset.
No significant associations were found with risk alleles
HLA–DRB1*01:01, DRB1*03:01, or DRB1*13:01 when

these were analyzed separately or in combination (see
Supplementary Table 10, http://onlinelibrary.wiley.com/
doi/10.1002/art.40045/abstract).

DISCUSSION

This is the largest genetic association study to date
in Caucasian patients with IBM. The results confirm that
HLA is the most strongly associated region, identify multi-
ple HLA–DRB1 alleles conferring risk, and suggest amino
acid positions that may explain the risk in this locus. A
novel suggestive association within the chromosome 3
p21.31 locus indicates genetic overlap with other autoim-
mune diseases and identifies a potentially functional vari-
ant that may contribute to the pathogenesis of IBM.

HLA imputation confirmed that the strongest risk
within this region lies with HLA–DRB1*03:01. Stepwise
conditional analyses revealed additional independent asso-
ciations with HLA–DRB1*01:01 and HLA–DRB1*13:01,
suggesting that the HLA–DRB1 gene is important in sus-
ceptibility to IBM. In contrast to previous studies, there
were no significant associations of age at onset with HLA–
DRB1 alleles. Other reported disease-modifying effects of
HLA alleles in IBM, such as with disease severity and
lower quadriceps muscle strength, were not investigated
due to a lack of consistent clinical data across this multi-
national, multicenter study. Previous studies have also
investigated additional risk factors present on the MHC,
such as polymorphisms in the gene for Notch-4 (29) or car-
riage of secondary HLA–DRB loci such as HLA–DRB3
(30). Although not explicitly investigated in the present
study, these associations are in strong linkage with the 8.1
ancestral haplotype, and we do not expect our data to dif-
ferentiate between these risk factors. Conditioning on the
presence of HLA–DRB1, no additional genetic variants
within the MHC region were associated with IBM. The
frequency of genotypes among patients with IBM (see Sup-
plementary Table 10, http://onlinelibrary.wiley.com/doi/10.
1002/art.40045/abstract) suggests that patients homozygous
for HLA–DRB1*03:01 and DRB1*01:01 are at lower risk
of disease. The contribution of nonadditive effects across
HLA alleles has been reported in several autoimmune dis-
eases and may explain higher risk for heterozygote individu-
als (31). The small numbers in this cohort mean that the
study is underpowered to statistically test this in IBM.

As multiple HLA–DRB1 alleles were associated
with IBM, we investigated whether there were shared
amino acid positions within HLA–DRB1 risk alleles
that might explain the risk at this locus. Position 26 of
HLA–DRB1 was more strongly associated than a classic
HLA allele alone (P 5 5.22 3 10243 versus P 5 5.77 3

10234). An additional independent effect was found

Table 3. Independent associations of HLA–DRB1 amino acids in
clinical subgroups of idiopathic inflammatory myopathy*

Association, marker P OR (95% CI)

Most associated in
inclusion body
myositis

Position 26 Omnibus 5.22 3 10243

Phenylalanine Reference† 1
Tyrosine 1.19 3 10216 3.83 (2.8–5.29)
Leucine 0.32 0.63 (0.24–1.48)

Position 11 Omnibus 3.80 3 10213

Serine Reference† 1
Proline 9.06 3 1025 0.42 (0.27–0.64)
Valine 2.25 3 1026 0.33 (0.2–0.51)
Glycine 4.46 3 1026 0.26 (0.14–0.45)
Leucine 0.03 2.75 (1.15–7.5)
Aspartic acid 1.41 3 1023 0.13 (0.03–0.39)

Most associated in
polymyositis‡

Position 77 Omnibus 1.65 3 10280

Threonine Reference† 1
Asparagine 1.65 3 10280 2.93 (2.53–3.17)

Most associated in
dermatomyositis‡

Position 77 Omnibus 1.37 3 10236

Threonine Reference† 1
Asparagine 1.37 3 10236 2.14 (1.90–2.41)

* P values and odds ratios (ORs) with 95% confidence intervals
(95% CIs) were calculated in a logistic regression.
† Reference amino acid is taken as the most frequent in the
population.
‡ For comparative purposes, HLA–DRB1 amino acid association sta-
tistics for polymyositis and dermatomyositis are shown (from ref. 11).
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with position 11 of HLA–DRB1. Positions 11 and 26
have been associated previously with seropositive autoim-
mune disease, such as systemic lupus erythematosus (32),
which suggests that these positions may determine prop-
erties of the HLA–DRB1 peptide-binding groove, al-
lowing it to preferentially bind autoantigenic peptides
(Figure 3). Certain amino acids, such as a tyrosine at
position 26 and serine at position 11, were associated
with risk in this analysis; however, a lack of statistical
power means that we were unable to completely charac-
terize the effects of certain amino acids in this molecule.
It is interesting to note that while IBM shares HLA–
DRB1*03:01 as a significant risk factor with other inflam-
matory myopathies, such as PM and DM, the amino acid
associations differ between these subtypes. In PM and
DM, amino acid position 74 of HLA–DRB1 explains
almost all of the risk within this gene (11). These differ-
ences in amino acid associations may be explained by the
additional independent effects of HLA–DRB1*01:01
and HLA–DRB1*13:01 in IBM that are not associated
with PM or DM. Understanding the peptide-binding
specificities of these risk alleles may inform future
research along with the potential identification of unique
autoantigens presented to the immune system in IBM.

We investigated potential associations between
specific HLA alleles and the newly described anti-cN1A

antibody. The significant association observed with
HLA–DRB1*03:01 and the anti-cN1A antibody may be
due to an increased association with HLA–DRB1*03:01
as a whole in IBM. No significant differences in HLA
associations were observed between anti-cN1A–positive
and anti-cN1A–negative patients. A recent study in an
Australian cohort of patients also failed to show any
association with anti-cN1A antibodies and MHC class II
alleles other than HLA–DR3 (33). Furthermore, we do
not have complete data on co-occurrence of anti-cN1A
and other antibodies, such as anti-Ro, which also has a
strong HLA–DR3 association (34). It may be that a sig-
nificantly larger sample size is needed to detect novel
HLA associations in patients with anti-cN1A antibodies.

The Immunochip is a custom-designed chip that
contains a dense set of SNPs covering 186 loci based on
evidence of association with 12 different autoimmune
and inflammatory diseases (18). Therefore, the current
study tests a specific hypothesis that IBM shares genetic
overlap with other autoimmune diseases. The current
study has not comprehensively tested other loci that
have been purported to be associated with IBM, such as
those predisposing to hereditary inclusion body myopa-
thies or loci associated with other degenerative diseases.
The observation that the MHC region is strongly associ-
ated, and evidence of association with other genes on

Figure 3. Locations of positions 26 and 11 of HLA–DRB1 within DR b-chain 1. Positions 26 and 11 are independently associated with inclusion
body myositis. Arrows indicate the locations of the risk-conferring amino acids Tyr26 and Ser11 within the b-sheet floor of DR b-chain 1. Color
figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/journal/doi/10.1002/art.40045/abstract.
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this array, suggests an immune-mediated component to
IBM. It is not clear whether this represents a primary or
secondary involvement.

No non-HLA loci investigated reached genome-
wide significance, although this is to be expected in a study
of this size. While comparatively large for IBM, this study
is underpowered to detect associations of small effect sizes
that are expected in genetic studies of conditions with com-
plex etiologies. Three loci did reach a suggestive level of
significance (P , 2.25 3 1025). Of particular interest is the
chromosome 3 p21.31 region, which is known to be associ-
ated with multiple autoimmune diseases such as celiac dis-
ease, type 1 diabetes mellitus, and Behçet’s disease and is
suggestively associated in juvenile idiopathic arthritis (JIA)
(35–38). The strongest association in this region was with
rs112088397, which tags a large haplotype block where
many additional SNPs reached a suggestive level of signifi-
cance and is the same risk haplotype as that reported in
JIA (r2 5 0.87) (35,39). The variant rs112088397 in our
study is found at a higher frequency in controls (minor
allele frequency [MAF] of 0.08 for patients versus MAF of
0.16 for controls) and is therefore protective against IBM
(OR 0.42 [95% CI 0.29–0.60]). Proxies for rs112088397 fall
within multiple candidate genes including CCR1, CCR3,
CCR2, CCR5, and CCRL2, and therefore it is difficult to
identify the causal variant in this region. Interestingly, this
haplotype contains a frameshift mutation (rs333) that
results in a 32-bp deletion variant (CCR5D32) and a non-
functional receptor. The most strongly associated non-
HLA SNP in IBM is in high LD with this frameshift muta-
tion (r2 5 0.86); furthermore, a number of SNPs in this
region are eQTLs for the expression of CCR5 in mono-
cytes (26).

CCR5 binds a number of proinflammatory chemo-
kines that are up-regulated in IIMs and IBM, such as CCL3
(macrophage inflammatory protein 1a [MIP-1a]), CCL4
(MIP-1b), and CCL5 (RANTES). CCR5 has been shown to
be predominantly expressed on monocytes, macrophages,
and T cells, up-regulated in IBM muscle tissue, and localized
on inflammatory cells invading nonnecrotic muscle fibers
(40,41). Interestingly, in rheumatoid arthritis (RA) the den-
sity of CCR5 molecules on the T cell surface determines effi-
ciency of its function as a chemokine receptor and intensity of
T cell migration toward RA synoviocytes (42). We hypothe-
size that CCR5 is important in the pathogenesis of IBM, con-
sistent with studies showing an up-regulation of CCR5 in
muscle tissue of patients. Individuals with the protective
rs333 frameshift mutation described above will carry a non-
functional variant and/or decreased expression of CCR5,
resulting in reduced migration of T cells into muscle fiber.

It is interesting that the suggestive association with
the chromosome 3 p21.31 region in this study was found

with only 252 individuals. This may be explained by the
stronger effect size in IBM compared to JIA (0.42 versus
0.78, respectively) (35), and although IBM is a rare disease,
it may mean that replication of this association is possible
with ongoing sample collection. Due to the rarity of IBM,
it is difficult to ascertain the sample sizes needed for
genome-wide association studies; therefore, next-generation
sequencing could be an approach to detect rare, potentially
functional variants of large effect size. Sequencing studies
are currently underway taking either a candidate gene
approach (10) or a hypothesis-free approach sequencing
exomes of a large number of patients with IBM (9). The
present study has not comprehensively tested other loci that
have been purported to be associated with IBM, such as
those predisposing to hereditary inclusion body myopathies
or loci associated with other degenerative diseases. In a dis-
ease in which the etiology is unknown, sequencing could be
successful in identifying novel variants and/or pathways
involved in disease pathogenesis.

In summary, we have conducted the largest
genetic association study to date in Caucasian patients
with IBM, confirming the involvement of an immune-
mediated genetic component of this understudied dis-
ease. Studies in the genetics of IBM are hampered by
small sample sizes due to the rarity of this disease.
Ongoing sample collection, as well as further interna-
tional collaborative studies, will allow us to further char-
acterize genetic influences on susceptibility to IBM.
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Clinical Images: Widening of joint spaces in acromegaly

The patient, a previously healthy 51-year-old man, presented with migratory joint pain on the lower extremities lasting for several
months. His shoe size had increased by 0.6 inches. Physical examination revealed enlargement of the fingers and toes. Radiography
of the hands (A) and feet (B) showed widening of the joint spaces on some of the metacarpophalangeal and metatarsophalangeal
joints (arrows), along with tufting of the terminal phalanges. The serum insulin-like growth factor 1 concentration was 1,380 mg/ml
(normal 87–243). Magnetic resonance imaging of the pituitary gland (T1-weighted image with contrast) showed a poorly enhanced
tumor of 9 mm in the sella turcica. Acromegaly was diagnosed and the brain tumor was resected. Acromegaly is characterized by
acral enlargement, with initial presentation sometimes being hypertrophic arthropathy. Radiographs showing widening of joint
space due to cartilage enlargement can be a clue to the diagnosis.
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MicroRNA Expression Shows Inflammatory Dysregulation
and Tumor-Like Proliferative Responses in Joints of

Patients With Postinfectious Lyme Arthritis

Robert B. Lochhead,1 Klemen Strle,1 Nancy D. Kim,1 Minna J. Kohler,1 Sheila L. Arvikar,1

John M. Aversa,2 and Allen C. Steere1

Objective. Lyme arthritis (LA) is caused by infec-
tion with Borrelia burgdorferi and usually resolves follow-
ing spirochetal killing with antibiotics. However, in some
patients, arthritis persists after antibiotic therapy. To pro-
vide insights into underlying pathogenic processes associ-
ated with antibiotic-refractory LA (postinfectious LA), we
analyzed differences in microRNA (miRNA) expression
between LA patients with active infection and those with
postinfectious LA.

Methods. MicroRNA expression was assayed in
synovial fluid (SF) from LA patients before and after oral
and intravenous antibiotic therapy, and in synovial tissue
obtained months after antibiotic therapy from patients
with postinfectious LA. SF and tissue from patients with
other forms of arthritis, such as rheumatoid arthritis
(RA) and osteoarthritis, were used for comparison.

Results. SF from LA patients during active infec-
tion had marked elevations of white blood cells, particu-
larly polymorphonuclear leukocytes, accompanied by
elevated levels of microRNA-223 (miR-223). In contrast,

SF from postantibiotic LA patients contained greater per-
centages of lymphocytes and mononuclear cells. SF from
postantibiotic LA patients also exhibited marked inflam-
matory (miR-146a, miR-155), wound repair (miR-142),
and proliferative (miR-17–92) miRNA signatures, and
higher levels of these miRNAs correlated with longer
arthritis duration. Levels of miR-146a, miR-155, miR-142,
miR-223, and miR-17–92 were also elevated in synovial tis-
sue in late postinfectious LA, and levels of let-7a were
reduced, similar to RA.

Conclusion. During active infection, miRNA expres-
sion in SF reflected an immune response associated with
bacterial killing, while in postinfectious LA, miRNA expres-
sion in SF and synovial tissue reflected chronic inflamma-
tion, synovial proliferation, and breakdown of wound repair
processes, showing that the nature of the arthritis was
altered after spirochetal killing.

Bacterial infection normally elicits robust and

effective immune responses. However, failure to resolve

immune responses following pathogen clearance can

result in tissue damage. These responses are tightly reg-

ulated by microRNAs (miRNAs), which are needed to

enhance or limit a large number of biologic processes,

including immune responses to infection (1).
MicroRNAs are small noncoding RNAs that bind

the 30-untranslated region of target messenger RNAs
(mRNAs) and inhibit translation, thereby acting as fine-
tuners of gene expression (2). MicroRNAs provide
robustness to gene regulation (3), and defects in miRNAs
can contribute to a number of pathologies, including
inflammatory and autoimmune diseases (1). For example,
a recent miRNA study showed that rheumatoid arthritis
(RA), a chronic inflammatory autoimmune disease, had
the most significant enrichment of miRNA–target gene
risk factors of any disease studied (4). Moreover, mouse
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studies have shown that microRNA-155 (miR-155) (5),
miR-223 (6), and miR-146a (7) directly modulate experi-
mental models of arthritis, consistent with the role of
miRNAs and other epigenetic regulatory factors in the
pathogenesis of RA in humans (8).

Using mouse models of Lyme disease, we have
shown that miR-146a and miR-155 are up-regulated during
infection with the Lyme disease spirochete Borrelia
burgdorferi and that they act as negative (miR-146a) and
positive (miR-155) regulators of immune activation (9,10).
These 2 miRNAs help to fine-tune the immune response,
ensuring effective spirochetal killing while limiting tissue
damage. Mice lacking either miR-146a or miR-155 have
more severe Lyme arthritis (LA) or carditis, respectively,
suggesting important roles for these miRNAs in balancing
immune activation and tissue damage (9,10).

Other miRNAs associated with immune regulation
and cell proliferation also show altered expression in joints
of infected mice that developed severe LA (9). These
include miR-142, associated with immune modulation
(11,12) and tissue remodeling (13,14); miR-17–92 cluster,
associated with cell proliferation and oncogenesis (15–17);
and let-7 family members, associated with tumor suppres-
sion (18). However, to date, no studies have examined the
role of miRNAs in Lyme disease in humans.

LA, the most common late manifestation of Lyme
disease, is characterized by intermittent or persistent joint
swelling and pain in one or a few large joints, especially the
knee (19). In most patients, the arthritis resolves with spiro-
chetal killing with oral or intravenous (IV) antibiotic ther-
apy. However, in some patients, synovitis persists for
months or years after antibiotic therapy. The synovial lesion
in these patients shows synovial hypertrophy, vascular pro-
liferation, and mononuclear cell infiltrates, which are also
observed in other forms of chronic inflammatory arthritis,
including RA (20). After antibiotic therapy, patients with
antibiotic-refractory LA are treated with disease-modifying
antirheumatic drugs (DMARDs), the standard treatment
used for other inflammatory arthritides (21).

In this study, we assessed in LA patients the expres-
sion of miRNAs that have been previously associated with
arthritis pathogenesis (22). We report that during active
infection, miRNA expression reflected an immune response
associated with bacterial killing, and joint swelling resolved
when that was accomplished. However, following antibiotic
therapy and in the absence of active infection, a subset of
patients developed a marked proliferative synovitis, previ-
ously called antibiotic-refractory LA but hereafter termed
postinfectious LA. In these patients, miRNA expression
profiles reflected inflammatory and proliferative dysregula-
tion involved in pathogenesis of postinfectious LA.

PATIENTS AND METHODS

Patients. The present study was approved by the
Human Investigations Committee at Massachusetts General
Hospital (MGH). All patients with Lyme disease met the Cen-
ters for Disease Control and Prevention criteria for B burgdorferi
infection (23), and those with RA, psoriatic arthritis (PsA),
undifferentiated inflammatory monoarthritis, or osteoarthritis
(OA) met validated criteria for those diseases (24–27). LA
patients received antibiotic therapy according to an algorithm
(28), as detailed in the guidelines of the Infectious Diseases
Society of America (29).

Sample collection. Patient synovial fluid (SF) was cen-
trifuged at 300g for 10 minutes, then at 3,000g for 10 minutes,
and stored at 280˚C. Synovial tissue was collected from arthritis
patients who underwent arthroscopic synovectomies. Tissue was
placed immediately in RNA stabilization reagent and stored at
220˚C.

RNA purification. RNA was recovered from 200 ml SF
using a serum/plasmid miRNeasy kit (Qiagen) or from
;100 mg synovial tissue using an miRNeasy kit. Synovial tissue
RNA quality was determined using a Bioanalyzer (Agilent).

SF miRNA expression. MicroRNAs in SF were assayed
using miScript Human Serum & Plasma 384HC miRNA poly-
merase chain reaction (PCR) arrays (MIHS-3106ZG; Qiagen) on
an LC-480 light cycler (Roche). Expression levels were normal-
ized to the global geometric mean Ct of levels of all expressed
miRNAs (Ct cutoff 35).

Synovial tissue miRNA expression. Small RNA libraries
were generated using the NEBNext multiplex small RNA library
prep set for Illumina (New England Biolabs). Quality was deter-
mined using a Bioanalyzer. Libraries were sequenced to a depth of
;2,500,000 50-bp reads (MiSeq Reagent Kit version 2; Illumina).
Library preparation, sequencing, and bioinformatics were per-
formed by the MGH NextGen Sequencing and Bioinformatics
Core Facilities.

Statistical and pathway analysis. A Mann-Whitney U
test was used to determine differences in clinical data between
groups. Welch’s t-test was used to determine differences in
miRNA expression between groups. Pearson’s correlation coeffi-
cients (r) were determined by correlation analysis. Differential
expression analysis was used to determine differences in synovial
tissue miRNA expression. MicroRNA/mRNA pathway analysis
was performed using DIANA miRPath version 2 (30). Statistical
significance (P , 0.05) was determined using GraphPad Prism
software version 6.

RESULTS

Patient characteristics. During a 1.5-year period
from October 2014 through February 2016, 34 LA patients
were enrolled in our study, 18 of whom had evaluable SF
samples available. Additionally, from 2004 to 2015, 14 LA
patients underwent arthroscopic synovectomy, and evalu-
able synovial tissue from these patients was available. Thus,
for this study, we evaluated 32 LA patients from whom we
could obtain extracellular miRNA from SF or miRNA
from synovial tissue. These patients were representative of
the spectrum of disease severity and treatment responses
seen in this disease (31). Because inflammation in LA is
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localized to affected joints, we present data only for patients
from whom SF or synovial tissue was available.

Of the 18 patients from whom SF was collected, 5
were referred prior to antibiotic therapy when they had
active B burgdorferi infection (group 1, preantibiotic
patients) (Table 1). The other 13 patients from whom SF
was available were referred because of incomplete responses
to oral doxycycline or IV ceftriaxone (group 2, postantibiotic
patients). SF was usually collected from these patients soon
after oral or IV therapy, when few if any spirochetes
remained (32), and prior to starting DMARD therapy, usu-
ally methotrexate (MTX). In patients from whom multiple
samples were available, the first sample collected was ana-
lyzed. MicroRNA from synovial tissue, a target tissue of this
disease, was available from 14 patients who underwent
arthroscopic synovectomies between 4 and 48 months
(median 15.5 months) after oral and IV antibiotics (group 3,
synovectomy patients). In these patients, DMARDs were
stopped several weeks prior to synovectomy.

Group 1. The 5 patients who were referred prior
to antibiotic therapy had mild-to-severe knee swelling and
pain for a median duration of 1 month prior to evaluation
and the start of antibiotic treatment (Table 1). As was

typical in our previous cohorts, titers of antibodies to
B burgdorferi were high prior to therapy (33), and PCR
results for B burgdorferi DNA in SF were positive for 2 of
the 4 patients tested (50%) (32). In addition, consistent
with past experience (19,31), the median white blood cell
(WBC) count in SF was 25,760 cells/mm3 with 90% poly-
morphonuclear leukocytes (PMNs). Arthritis in 3 of the 5
patients resolved during a 1-month course of oral doxycy-
cline, while the other 2 patients continued to have marked
knee swelling. These 2 patients were then treated for 1
month with IV ceftriaxone, and their arthritis resolved.

As determined by quantitative reverse transcription–
PCR, the 5 patients with active infection who were seen
prior to antibiotic therapy had low levels of 5 of the 6
miRNAs measured in this study, including hematopoietic-
specific miR-146a, miR-155, and miR-142 (14,34), which
are associated with myeloid cell effector function (Figure 1).
Levels of miR-17 and miR-20a, part of the miR-17–92
oncomiR family involved in cell cycle regulation (15), were
also low. The notable exception was high levels of miR-223,
a hematopoietic-specific miRNA that is abundantly ex-
pressed in PMNs (34). MicroRNA-223 is associated with
down-regulation of acute inflammation (35) and tissue

Table 1. Characteristics of the study patients*

Group 1,
preantibiotic LA
patients (n 5 5)

Group 2,
postantibiotic LA
patients (n 5 13)

Group 3,
synovectomy patients

(n 5 14)

No. females/no. males 1/4 4/9 7/7
Age, mean (range) years 49 (34–71) 45 (17–76) 19.5 (11–58)
Borrelia burgdorferi infection

B burgdorferi IgG titer,
median (range) units

6,400 (1,600–25,600) 25,600 (800–25,600) 19,200 (6,400–25,600)

No. PCR positive/no. tested 2/4 0/7 0/14
Arthritis duration, median

(range) months
Prior to start of antibiotics 1 (0.25–2.5) 2 (0.5–13) 0.75 (0.25–20)
Prior to sample collection 1 (0.25–2.5) 6.5 (2.75–17)† 15.5 (4–48)†
Total 3.5 (1–13) 12.5 (8–26)† 15.5 (4–48)†

Arthritis resolved, no./total no. (%)
After oral antibiotics 3/5 (60) 0/13 (0) 0/14 (0)
After IV antibiotics 2/2 (100) 2/13 (15) 0/14 (0)
After DMARDs‡ NA 9/11 (82) 0/12 (0)
After synovectomy‡ NA 1/1 (100) 12/14 (86)

SF characteristics, median (range)
Effusion, ml 10 (5–66) 42 (10–95) NA
Total WBC count, /mm3 25,760 (11,282–42,793) 7,247 (2,480–22,180)† NA
PMNs, % 90 (87–92) 63.5 (12–90)† NA
Lymphocytes, % 4 (1–6) 22.5 (4–57)† NA
Monocytes, % 7 (5–8) 11 (6–60)† NA

* PCR 5 polymerase chain reaction; SF 5 synovial fluid; NA 5 not available; WBC 5 white blood cell; PMNs 5

polymorphonuclear leukocytes.
† P , 0.05 versus preantibiotic Lyme arthritis (LA) patients, by Mann-Whitney U test.
‡ The disease-modifying antirheumatic drug (DMARD) given was usually methotrexate. One patient in group
2 declined DMARD therapy, and her arthritis resolved 6 months following completion of intravenous (IV)
antibiotic therapy. Arthritis in another patient in group 2 failed to resolve after 6 months of DMARD therapy,
and the patient underwent synovectomy. Two patients in group 3 who declined DMARD therapy prior to syn-
ovectomy required a second synovectomy.
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remodeling (36). This finding is consistent with high levels
of PMNs present in SF from these patients.

Group 2. The 13 patients who continued to have
joint swelling after oral or IV antibiotic therapy exhibited
marked variability in the severity and duration of their
arthritis, which is consistent with heterogeneity of treat-
ment outcomes in LA in humans. These patients were
referred because of incomplete responses to oral or IV
antibiotic therapy between 2.75 and 17 months after arthri-
tis onset (Table 1). Of the 13 patient samples, 7 were col-
lected after completion of oral antibiotic therapy but before
IV antibiotic therapy, and 6 were collected after completion
of both oral and IV antibiotic therapy but before DMARD
therapy. Compared with patients in group 1, who were seen
prior to antibiotic therapy, those in group 2 had signifi-
cantly lower WBC counts in SF (P 5 0.008), fewer PMNs
(P 5 0.004), and greater percentages of lymphocytes
(P 5 0.008) and monocytes (P 5 0.028). Arthritis in 2 of
these 13 patients resolved after IV antibiotic therapy; most
of the other 11 patients were treated successfully with
MTX, and none had reactivation of infection during or
after immunosuppressive therapy.

In contrast to the low levels of most miRNAs
found in group 1, levels of miR-146a, miR-155, miR-

142, miR-17, and miR-20a were higher in group 2 (Fig-
ure 1). This suggested that the nature of the arthritis
had changed after spirochetal killing. The exception was
miR-223, which was typically elevated in patients in
both group 1 and group 2. However, of the 5 patients in
group 1, the 2 patients who required IV antibiotic ther-
apy for resolution of arthritis had higher levels of miR-
142 and miR-223 (open circles in Figure 1) than did the
3 patients whose arthritis was resolved with oral therapy
(solid circles in Figure 1). Conversely, of the 13 patients
who were seen in the postantibiotic period, the 2
patients whose arthritis resolved with IV therapy (open
squares in Figure 1) had low-to-moderate levels of miR-
155 and miR-142.

For comparison, miRNAs were also assessed in
SF from 4 patients with OA, a minimally inflammatory
type of arthritis, and in SF from 6 patients with RA, the
prototypic form of chronic inflammatory arthritis. Lev-
els of all 6 miRNAs in RA patients were similar to those
in LA patients in group 2, while levels of most of these
miRNAs in OA patients were low and similar to those
in LA patients in group 1 (Figure 1). Levels of miR-223
were high in all LA patients; they were particularly high
in RA patients but very low in OA patients.

Figure 1. Levels of extracellular microRNAs (miRNAs) in synovial fluid (SF) from patients. Levels of extracellular miRNAs from SF were quanti-
fied by quantitative reverse transcription–polymerase chain reaction and normalized to the global geometric mean Ct of levels of all expressed
miRNAs (see Patients and Methods). Open circles and squares indicate patients who required intravenous (IV) antibiotic therapy, but not disease-
modifying antirheumatic drugs, for resolution of their arthritis; solid circles indicate patients whose arthritis resolved with oral antibiotic therapy; solid
squares indicate patients whose arthritis failed to fully resolve with both oral and IV antibiotic therapy. Symbols represent individual patients; bars
show the mean 6 SE. Statistically significant differences between groups were determined by Welch’s t-test. Pre-AB LA 5 Lyme arthritis (LA) in
patients referred prior to antibiotic (AB) therapy when they had active Borrelia burgdorferi infection; post-AB LA 5 LA in patients referred because
of incomplete responses to oral doxycycline or IV ceftriaxone; RA 5 rheumatoid arthritis; OA 5 osteoarthritis; NS 5 not significant.
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Correlation of arthritis duration and SF labo-
ratory findings. When patients in groups 1 and 2 were
considered together, SF levels of miR-146a, miR-155,
miR-142, miR-17, and miR-20a correlated positively
with arthritis duration after the start of oral antibiotic
therapy (Figure 2A). Similar results were obtained with
the estimated total duration of arthritis, but the data are
not shown because the date of arthritis onset was not
always clear. In contrast, B burgdorferi IgG antibody
titers correlated negatively with levels of miR-155
(r 5 20.49, P 5 0.04), miR-146a (r 5 20.49, P 5 0.04),
and miR-142 (r 5 20.54, P 5 0.02). Levels of miR-223,
the only miRNA with high levels in both group 1 and
group 2, did not correlate with arthritis duration.

When the cell composition of SF from patients in
group 1 was considered together with that of SF from
patients in group 2, changes in cellularity correlated
with arthritis duration prior to sample collection (Figure
2B). Arthritis duration correlated negatively with the
WBC count (P 5 0.022) and the percentage of PMNs
(P 5 0.002) and positively with the percentages of lym-
phocytes (P 5 0.044) and mononuclear cells (P 5 0.011).
These results further suggested that the pathologic char-
acteristics of the arthritis changed during transition
from active infection to postinfectious LA and that these
miRNAs may have a role in arthritis pathogenesis.

Group 3. RNA from synovial tissue was avail-
able from 14 patients who underwent synovectomies for

treatment of persistent synovitis a median of 15.5
months (range 4–48 months) after 2–3 months of antibi-
otic therapy (Table 1). Two patients (14%) required a
second synovectomy; both of these patients declined
DMARD therapy prior to their first synovectomy, while
the other 12 patients did not. All 14 patients had
negative culture and PCR results for B burgdorferi and
B burgdorferi DNA (32). SF from these patients was not
available for testing.

To assess miRNA expression in synovial tissue,
the 14 samples from LA patients were analyzed using
miRNA sequencing, allowing a global assessment of all
miRNAs. MicroRNA sequencing was not possible with
the smaller amounts of RNA in cell-free SF. For com-
parison, we assessed synovial tissue from 8 patients with
other forms of inflammatory arthritis (5 with RA, 2 with
PsA, and 1 with undifferentiated inflammatory monoar-
thritis) and from 5 patients with minimally inflammatory
OA. A total of 73 miRNAs were differentially expressed
in synovial tissue from patients with postinfectious LA
compared with that from OA patients. A complete list
of miRNAs differentially expressed in each patient
group is provided in Supplementary Table 1, available
on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40039/abstract.

These 73 differentially expressed miRNAs were
subjected to further analysis to determine which genes
and pathways were predicted to be regulated by them

Figure 2. Correlation of arthritis duration with levels of extracellular microRNAs (miRNAs) and with cell composition in synovial fluid (SF).
Linear regression analysis was used to determine Pearson’s correlation coefficients and P values for clinical correlations between expression
levels of extracellular miRNAs in SF and arthritis duration after the start of oral antibiotics (AB) (A) and between SF cell composition and
arthritis duration to the time of SF collection (B). WBC 5 white blood cell; PMNs 5 polymorphonuclear leukocytes; lymphs 5 lymphocytes;
mono 5 monocytes.
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(30) (Table 2). Genes predicted to be regulated by 44
miRNAs overexpressed in synovial tissue from LA
patients were involved in cellular proliferation or regu-
lation of inflammatory processes, such as T cell receptor
signaling, B cell receptor signaling, and antibody-
mediated phagocytosis. In contrast, the 29 miRNAs
overexpressed in synovial tissue from OA patients were
predicted to be involved in tissue remodeling and cell
proliferation but not inflammation, consistent with the
nature of OA. Thus, miRNAs in synovial tissue from
patients with postinfectious LA predominantly regu-
lated 2 processes, inflammation and proliferation, while
miRNAs in this tissue in OA primarily regulated
proliferation.

As with all forms of chronic inflammatory arthri-
tis, synovial lesions in the 14 patients with postinfectious
LA were characterized by massive, tumor-like prolifera-
tion of inflamed synovial tissue that can invade cartilage
and bone (Figure 3). MicroRNA sequencing analysis
of inflamed synovial tissue showed high expression of
many miRNAs that were also abundant in SF from
postantibiotic LA patients in group 2. These included

antiinflammatory miR-146a and proinflammatory miR-
155 (Figure 3A), which are associated with Toll-like
receptor (TLR)/NF-kB inflammation (37), as well as
hematopoietic-specific miRNAs such as miR-142 and
miR-223 (Figure 3B), which are associated with myeloid
function, modulation of acute inflammation, and initia-
tion of wound repair (11,12,14,36). While expression
levels of most miRNAs were similar between male and
female patients, levels of miR-146a were 2.9-fold higher
in males and 1.4-fold higher in females in synovial tissue
from patients with postinfectious LA compared with
that from OA patients.

As in SF, synovial tissue miRNA expression also
contained a distinct oncogenic miRNA profile and was
similar between male and female patients. Levels of the
oncomiRs miR-17 and miR-20a were approximately
2.5-fold to 4-fold higher in synovial tissue from patients
with postinfectious LA compared with that from OA
patients (Figure 3C); levels of let-7a and let-7c, which
are tumor suppressor miRNAs (18), were approximately
2-fold lower (Figure 3D). Thus, in these patients, the
transition to the postinfectious phase was blocked by
chronic inflammation, which stalled the wound repair
process. Both inflammatory and proliferative miRNA
responses were altered in these patients, indicative of
development of an inflamed, tumor-like synovial lesion,
analogous to a chronic synovial wound.

Correlation of miRNA signature in synovial tis-
sue with disease duration. In contrast to findings in SF
(Figure 2), expression of the NF-kB–inducible miRNAs
miR-146a and miR-155 did not correlate significantly
with arthritis duration after the start of antibiotic ther-
apy (Figure 4). However, expression of miR-223 and the
oncomiR miR-17–92 cluster in tissue correlated posi-
tively with arthritis duration after the start of treatment,
while the let-7 family of tumor suppressor miRNAs cor-
related negatively with posttreatment arthritis duration
(Figure 4). Each of these correlations was similar when
analyzed with the estimated total arthritis duration
(data not shown). Thus, in synovial tissue obtained late
in disease, miRNAs involved in proliferative responses
correlated with arthritis duration, but chronically ele-
vated inflammatory miRNAs did not.

These synovial tissue results showed that late in
postinfectious LA, TLR/NF-kB–dependent miRNAs
were constitutively expressed, and the tumor-associated
miRNA signature became progressively more pro-
nounced. This suggested that expression of these
miRNAs reflected immune dysregulation in the synovial
tissue of patients with postinfectious LA, possibly
perpetuating chronic inflammation and synovial prolif-
eration in these patients.

Table 2. Pathway analysis of miRNA expression in synovial tissue
from patients with postinfectious LA versus that in synovial tissue from
OA patients*

P

No. of
genes/no.

of miRNAs

Regulated in LA
Pathways in cancer 1.2 3 10253 187/34
Wnt signaling 5.0 3 10226 91/34
TGFb signaling 2.9 3 10218 57/30
TCR signaling 2.8 3 10216 59/31
Cell cycle regulation 5.9 3 10214 68/31
BCR signaling 6.6 3 10212 42/28
p53 regulation 6.9 3 10211 37/29
FcgR-mediated phagocytosis 1.1 3 10210 35/30

Regulated in OA
Focal adhesion 1.3 3 10247 102/18
PI3K/Akt signaling 2.4 3 10233 149/19
EGFR tyrosine kinase

family signaling
4.1 3 10226 51/16

Pathways in cancer 3.2 3 10220 145/18
Insulin signaling 2.9 3 10219 64/16
Ubiquitin-mediated proteolysis 4.7 3 10218 65/17
HIF-1 signaling 1.5 3 10217 53/17
mTOR signaling 7.5 3 10216 33/15

* Genes predicted to be regulated by microRNAs (miRNAs) over-
expressed in synovial tissue from patients with postinfectious Lyme arthritis
(LA; n 5 44) or osteoarthritis (OA; n5 29) were analyzed using DIANA
miRPath pathway analysis (see Patients and Methods). The top 8 pathways,
ranked by P value, are listed along with the number of genes in those path-
ways (no. of genes) predicted to be targeted by miRNAs (no. of miRNAs).
TGFb 5 transforming growth factor b; TCR5 T cell receptor; BCR 5 B
cell receptor; FcgR 5 Fcg receptor; PI3K 5 phosphatidylinositol 3-kinase;
EGFR 5 epidermal growth factor receptor; HIF-1 5 hypoxia-inducible fac-
tor 1; mTOR 5 mechanistic target of rapamycin.
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DISCUSSION

In this study, patients who were seen prior to
antibiotic therapy had a high number of infiltrating leu-
kocytes in SF, primarily PMNs (Table 1), and elevated
levels of miR-223, which is highly expressed in PMNs
(36). In contrast, they had very low levels of other
hematopoietic-specific miRNAs, such as miR-146a,
miR-155, and miR-142, similar to levels in SF in patients
with OA (Figure 1). Low levels of these miRNAs, espe-
cially miR-146a and miR-155, suggested that inflamma-
tory processes such as TLR/NF-kB signaling were
tightly regulated in the joints of these patients despite
the presence of spirochete-derived TLR ligands. Thus,
during active infection, immune responses were focused
on bacterial killing, primarily through controlled inflam-
mation, antibody production, and PMN infiltration in
SF of infected joints. After antibiotic therapy, arthritis
in most patients was resolved by down-regulation of
antibacterial responses, allowing for appropriate transi-
tion to wound repair and arthritis resolution.

We were unable to obtain SF or synovial tissue
from these LA patients in the postinfectious phase,
since their arthritis resolved during antibiotic therapy.
However, we speculate that in such patients, the transi-
tion from infectious LA to the postinfectious phase
occurs rapidly, progressing to beneficial wound repair
responses after spirochetes have been killed. As a result,
we would expect miRNA expression profiles after anti-
biotic therapy to look similar to those observed in syno-
vial tissue from OA patients, characterized by tissue
repair with minimal inflammation.

Animal models of LA provide insights into these pro-
cesses in LA in humans. When infected with B burgdorferi,
C57BL/6 mice develop only mildly-to-moderately inflamma-
tory LA (38). They rely on antibody responses to B burgdorferi
to control the infection, accompanied by robust wound repair
responses. In contrast, B burgdorferi–infected C3H/HeN mice
develop severe arthritis, have a massive cellular immune
response dominated by interferon-a/b (IFNa/b)/STAT-1
activation in joint tissue early in infection, and have down-

Figure 3. Expression of microRNAs (miRNAs) in synovial tissue. A, Arthroscopic images of inflamed synovium in postinfectious Lyme arthritis
(Post-Inf LA). Solid arrow indicates inflamed villi; open arrow indicates invading synovial tissue. B–E, Expression levels of microRNA-146a
(miR-146a) and miR-155 (inflammatory [Inflamm.] response) (B), miR-142 and miR-223 (wound repair) (C), miR-17 and miR-20a (oncogenic
miRNAs [oncomiRs]) (D), and let-7a and let-7c (tumor suppressors) (E) in synovial tissue from patients with postinfectious LA, patients with
other forms of inflammatory arthritis (Infl Arth), and patients with osteoarthritis (OA), normalized to miRNA copies per million reads. Symbols
represent individual patients; bars show the mean 6 SD. Statistically significant differences (P , 0.05) in expression between groups were deter-
mined by differential expression analysis.
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regulated wound repair responses (39). However, unlike
postinfectious LA in humans, neither mouse strain has persis-
tent arthritis after antibiotic therapy.

Despite these differences, joints of C3H/HeN and
C57BL/6 mice have similar numbers of spirochetes, indi-
cating that the cellular response in C3H/HeN mice is mal-
adaptive, worsening tissue damage without enhancing host
defense (38). We suspect that in humans, genetic variables
determine whether B burgdorferi infection elicits an appro-
priate wound repair response (as in C57BL/6 mice)
(40,41) or a maladaptive inflammatory cellular response
and arrest of wound repair processes (as in C3H/HeN
mice) (42). For example, patients who have a polymor-
phism in the TLR-1 gene (1805GG), found primarily in
the European Caucasian population, have higher levels of
IFNg/STAT-1–dependent cytokines when infected with
RST1 B burgdorferi strains, and they have an increased fre-
quency of postinfectious LA (43).

While arthritis was resolved in all of the pre-
antibiotic LA patients from group 1 after completion of 1–
3 months of antibiotic therapy, the LA patients from
groups 2 and 3 were tested in the postantibiotic phase,
when few if any spirochetes remained in affected joints.
Compared with patients in group 1, patients in group 2
had longer arthritis duration, fewer WBCs and PMNs in

SF, and greater frequencies of lymphocytes and mono-
cytes (Table 1 and Figure 2B). A number of miRNAs
associated with NF-kB inflammation (miR-146a, miR-
155), myeloid cell function and wound repair (miR-142,
miR-223), and Myc-dependent cell cycle regulation (miR-
17–92, let-7 family) were highly expressed in SF and syno-
vial tissue in patients from groups 2 and 3 (Figures 1 and
3). These results suggest that the inflammatory and prolif-
erative processes occurring in the synovial environment in
postinfectious LA were indeed maladaptive and were con-
sistent with tumor-like characteristics of the synovial
lesion, as has been described in RA (44).

The chronically high levels of miR-155 in SF and
synovial tissue of patients with postinfectious LA provided
valuable insights into the nature of their dysregulated
inflammation. In mice, miR-155 is strongly up-regulated
upon TLR/NF-kB activation but rapidly down-regulated in
the presence of interleukin-10 (IL-10) in a STAT-3–
dependent manner (45). When infected with B burgdorferi,
IL-102/2 mice, which lack this IL-10/STAT-3/miR-155 reg-
ulatory mechanism, have very high miR-155 levels as well
as a strong IFNg/STAT-1 cytokine profile, enhancing cellu-
lar and humoral responses to infection (10). In contrast,
infected C3H/HeN and C57BL/6 mice retain this IL-10/
STAT-3/miR-155 regulatory loop and have low miR-155

Figure 4. Correlations between microRNA (miRNA) expression in synovial tissue and arthritis duration. Linear regression analysis was used to
determine Pearson’s correlation coefficients and P values for clinical correlations between miRNA expression in tissue and arthritis duration
after the start of oral antibiotics (AB).
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levels in joint tissue, despite differences between strains in
LA severity (9).

While IL-102/2 mice had down-regulated IFNg/
STAT-1 responses in joints after spirochetes had been
killed with antibiotics (46), some LA patients have persis-
tent inflammation months or years following completion of
antibiotic therapy. We speculate that in postinfectious LA,
elevated miR-155 indicates constitutive activation of proin-
flammatory pathways resulting from elevated cytokines
such as IL-1b or tumor necrosis factor, from retained
pathogen-associated molecular patterns (47), or from host
damage-associated molecular patterns. Mice that chroni-
cally overexpress miR-155 spontaneously develop autoim-
mune T and B cell responses (48). Similarly, chronic
overexpression of miR-155 in patients might also be a fac-
tor contributing to autoimmunity in LA (49–53) and RA
(22) in humans.

In the present study, miRNA expression in patients
with postinfectious LA was most similar to expression in
RA patients. Consistent with these results, elevated expres-
sion of miR-155, miR-146a, and miR-223 has previously
been shown in SF, synovial tissue, and synovial fibroblasts
from patients with RA (22). Furthermore, studies in mice
have demonstrated that miR-155 and miR-223 contribute
to more severe experimental arthritis (5,6), and miR-146a
limits inflammation and tissue damage in experimental
arthritis (7,46). However, while the initial inflammatory
triggers in RA are not clear, the initial trigger of LA, infec-
tion with B burgdorferi, is known with certainty. This makes
it possible to study immune responses at their inception,
when the stage is being set for subsequent arthritis. More-
over, the comparison of patients with antibiotic-responsive
LA and those with postinfectious LA provides a unique
opportunity to implicate genetic and regulatory factors that
lead to this disadvantageous outcome.

Our study population, which is based on referrals,
was representative of the range of possible outcomes in
LA. It is unusual that patients are referred prior to therapy
with oral doxycycline, and none of the patients referred
prior to therapy developed postinfectious LA, which
occurs in fewer than 10% of patients with LA (19).
Instead, patients are usually referred because of lack of
response to oral or IV antibiotic therapy. Therefore, our
patient cohort is representative of the severe end of the
spectrum of patients who do not respond well to antibiotic
therapy. Moreover, SF cannot be obtained from all
patients, and synovial tissue, the target tissue of the dis-
ease, is nearly always collected late in the postinfectious
course in those who undergo arthroscopic synovectomies.
Nevertheless, this study provides a novel assessment of
miRNA expression in affected joints of patients during the
infectious and postinfectious phases of LA.

Finally, the noted similarities in miRNA expression
between postinfectious LA and other forms of chronic
inflammatory arthritis, including RA, support the practice
of treating patients with postinfectious LA with DMARDs
after appropriate antibiotic therapy (21). Currently, these
patients are usually treated with 2–3 months of oral and IV
antibiotic therapy followed by ;6–9 months of DMARD
therapy, usually with MTX (21). With this regimen, we
have not observed relapse of infection during the period of
immunosuppressive DMARD therapy. However, this
treatment algorithm requires a total of $1 year of therapy,
sometimes followed by months of physical therapy to regain
normal function. MicroRNAs hold promise as potential
biomarkers to identify LA patients who are developing
maladaptive immune responses during the period of infec-
tion. In such patients, it will be important to learn whether
simultaneous treatment with antibiotics and DMARDs,
rather than sequential treatment with these medications,
will reduce the period of therapy and improve outcome,
creating a new paradigm in treatment of this form of
chronic inflammatory arthritis.
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CRISPR/Cas9 Editing of Murine Induced Pluripotent Stem
Cells for Engineering Inflammation-Resistant Tissues

Jonathan M. Brunger,1 Ananya Zutshi,1 Vincent P. Willard,2 Charles A. Gersbach,1

and Farshid Guilak3

Objective. Proinflammatory cytokines such as
interleukin-1 (IL-1) are found in elevated levels in diseased
or injured tissues and promote rapid tissue degradation
while preventing stem cell differentiation. This study was
undertaken to engineer inflammation-resistant murine
induced pluripotent stem cells (iPSCs) through deletion of
the IL-1 signaling pathway and to demonstrate the utility of
these cells for engineering replacements for diseased or
damaged tissues.

Methods. Targeted deletion of the IL-1 receptor
type I (IL-1RI) gene in murine iPSCs was achieved using
the RNA-guided, site-specific clustered regularly inter-
spaced short palindromic repeat (CRISPR)/Cas9
genome engineering system. Clonal cell populations with
homozygous and heterozygous deletions were isolated,
and loss of receptor expression and cytokine signaling
was confirmed by flow cytometry and transcriptional
reporter assays, respectively. Cartilage was engineered
from edited iPSCs and tested for its ability to resist

IL-1–mediated degradation in gene expression, histologic,
and biomechanical assays after a 3-day treatment with
1 ng/ml of IL-1a.

Results. Three of 41 clones isolated possessed the
IL-1RI1/2 genotype. Four clones possessed the IL-1RI2/2

genotype, and flow cytometry confirmed loss of IL-1RI on
the surface of these cells, which led to an absence of NF-
kB transcription activation after IL-1a treatment. Carti-
lage engineered from homozygous null clones was resis-
tant to cytokine-mediated tissue degradation. In contrast,
cartilage derived from wild-type and heterozygous clones
exhibited significant degradative responses, highlighting
the need for complete IL-1 blockade.

Conclusion. This work demonstrates proof-of-
concept of the ability to engineer custom-designed stem
cells that are immune to proinflammatory cytokines
(i.e., IL-1) as a potential cell source for cartilage tissue
engineering.

Recent progress in the field of regenerative med-
icine has allowed the development of approaches for
restoring the function of a broad range of damaged
or diseased tissues, such as skin, bladder, reproductive
organs, vascular grafts, and lungs (1–3). However, there
is still the challenge of controlling how engineered tissue
substitutes or cell therapies respond to the environment
of the transplant host. For example, engineered tissues
are often implanted in the body in sites characterized by
high levels of inflammation due to the underlying dis-
ease or injury, potentially leading to stem cell dysfunc-
tion. Therefore, developing technologies to precisely
govern how a cell therapy or engineered tissue inter-
prets cues from the environment of the recipient may
be critical to the long-term success of regenerative
medicine.

Major advances in the fields of synthetic biology
and genome editing have enabled the facile and highly
specific engineering of cellular genomes, opening the
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possibility of precise modification of stem cells at the
genomic level. Programmable nucleases based on the clus-
tered regularly interspaced short palindromic repeat
(CRISPR)/Cas9 system provide a promising platform for
introducing specific, predetermined modifications to chro-
mosomal loci of living cells (4–6). In this RNA-guided
nuclease system, a user-defined guide RNA (gRNA)
directs the endonuclease Cas9 to a specific genomic target,
where it cleaves chromosomal DNA. This cleavage
activates endogenous cellular DNA repair pathways and
can be exploited to facilitate correction, disruption, or
deletion of genes. Engineered nucleases hold great prom-
ise for regenerative medicine applications in the area of
cell therapy and tissue engineering, since they provide the
unique capacity to engineer customized stem cells with
user-specified characteristics (7).

Osteoarthritis (OA) is a progressive disease of
synovial joints characterized by the destruction of artic-
ular cartilage and other joint tissues. While the patho-
genesis of OA is not fully understood, increasing
evidence suggests that proinflammatory cytokines play an
important role in the onset and progression of OA (8,9).
Other than total joint replacement with a prosthetic
implant, few disease-modifying therapies are available
for cartilage injury or OA. Thus, there is increasing inter-
est in tissue engineering as a therapeutic approach for
focal cartilage defects as well as total joint resurfacing
(10,11). However, chondrocytes or stem cells in injured
or OA joints are subjected to increased levels of proin-
flammatory cytokines such as interleukin-1 (IL-1), IL-6,
IL-17, and tumor necrosis factor (TNF) (12). The activity
of these cytokines leads to increased production of matrix
metalloproteinases (MMPs), aggrecanases, inducible
nitric oxide synthase, and prostaglandin E2 (PGE2)
(8,12,13). These and other factors ultimately lead to sup-
pression of cartilage-specific genes such as type II colla-
gen a1 chain, down-regulation of proteoglycan levels,
degeneration of the extracellular matrix (ECM), and
chondrocyte apoptosis (12,14). Furthermore, inflamma-
tory signaling mediated by IL-1 inhibits chondrogenic dif-
ferentiation of stem cells and results in rapid degradation
of stem cell–derived cartilage (15–19), suggesting that
implantation of engineered tissue replacements in a dis-
eased or injured joint may significantly compromise their
potential for success.

To mitigate these effects, gene therapy has been
used to ectopically overexpress soluble cytokine antagonists
such as IL-1 receptor antagonist (IL-1Ra) with some suc-
cess (20). A strategy for developing tissue-engineered con-
structs that are innately resistant to cytokine-induced
degradation would be an important advance in the area of
orthopedic tissue engineering and regenerative medicine.

The goals of this study were to engineer “designer”
induced pluripotent stem cells (iPSCs) with specific geno-
mic modifications that confer resistance to IL-1–mediated
inflammation and to evaluate the potential of these stem
cells as a source for cartilage tissue engineering and regen-
erative medicine. Owing to their substantial proliferative
capacity and their potential to differentiate into a variety of
terminal cell types, iPSCs are an attractive cell source for
personalized regenerative medicine and the modeling of
multifactorial diseases such as OA (21). In this study, we
used CRISPR/Cas9 to generate murine iPSCs deficient in
IL-1 receptor type I (IL-1RI), the ligand-binding receptor
responsible for IL-1 recognition that is necessary for IL-1
signal transduction. We then evaluated the ability of these
cells to synthesize a cartilaginous ECM and resist the
inflammation-mediated catabolism initiated by IL-1a.

MATERIALS AND METHODS

Induced pluripotent stem cell derivation and culture.
Murine iPSCs were derived and cultured as previously
described (22). (See Supplementary Methods, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.39982/abstract.)

Genome editing and clonal isolation. A plasmid
encoding human codon optimized Streptococcus pyogenes
Cas9 (hCas9) was obtained from Addgene (plasmid no. 41815)
(6). Target sequences flanking exon 2 of IL-1RI and
corresponding to 50-GCTTCTGTGTTGAAGACTCA-30 and
50-GTAGCTGTGGGCCCACAACC-30 were selected to gener-
ate the deletion of the IL-1RI signal peptide sequence. To pro-
duce single chimeric gRNA expression vectors, complementary
oligonucleotides containing each of the target sequences were
hybridized, phosphorylated, and cloned into an expression vec-
tor (23) (Addgene plasmid no. 47108) using a human U6 pro-
moter. Prior to transfection, iPSCs were trypsinized and
subjected to a 30-minute feeder subtraction. Lipofectamine
2000 (Life Technologies) was used according to the manufac-
turer’s instructions to cotransfect 400 ng of each gRNA plasmid
and 800 ng of hCas9 plasmid into 100,000 iPSCs freshly plated
on mouse embryonic fibroblasts (MEFs) in complete,
antibiotic-free iPSC medium in a 24-well plate. Cells were then
subcultured on MEFs prior to single-cell deposition. In prepa-
ration for single-cell deposition, iPSCs were subjected to feeder
subtraction prior to overnight culture on 0.1% gelatin. Cells
were then trypsinized and subjected to a final feeder subtraction
and suspended in calcium- and magnesium-free phosphate buff-
ered saline (PBS), 1 mM EDTA, 25 mM HEPES, and 1% fetal
bovine serum (FBS). A FACSVantage flow cytometer (Becton
Dickinson) was used to deposit individual cells into gelatin-
coated wells of a 96-well plate. Clones were subcultured on
gelatin for 1 additional passage to allow for screening for the
appropriate deletion via genomic polymerase chain reaction
(PCR) using the following primer pair: IL-1RI determination for-
ward 50-TCATCTCCTGGTTAGTTATGGTATC-30 and IL-1RI
determination reverse 50-CCGAGGCCAATGAGATTAAG-30.
A subset of each clone was lysed using QuickExtract (Epicentre
Technologies) according to the manufacturer’s instructions. The
cell lysate was then diluted 8–10-fold prior to use as a template in
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a PCR using Q5 polymerase (New England Biolabs) according to
the manufacturer’s instructions with the following cycling param-
eters: initial denaturation at 988C for 30 seconds followed by 40
cycles of denaturation at 988C for 8 seconds, annealing at 688C
for 10 seconds, and extension at 728C for 20 seconds followed by
a final extension at 728C for 2 minutes. Clones of interest
exhibiting the IL-1RI1/1, IL-1RI1/2, and IL-1RI2/2 genotypes
were passaged on MEFs, and culture was expanded in prepa-
ration for micromass culture.

Micromass predifferentiation culture. The iPSCs were
subjected to a 15-day, high-density micromass culture as
previously described (22) to achieve differentiation toward
a mesenchymal state (see Supplementary Methods, available
on the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.39982/abstract). Predifferentiated cells
were subsequently cultured in medium consisting of high-glucose
Dulbecco’s modified Eagle’s medium (DMEM), 10% FBS,
nonessential amino acids, 2-mercaptoethanol (2-ME), ITS1
(insulin–transferrin–selenium) premix supplement (BD Biosci-
ences), 25 ng/ml gentamicin, 50 mg/ml L-ascorbic acid–phosphate,
40 mg/ml L-proline, and 4 ng/ml basic fibroblast growth factor
(Roche) and used in monolayer assays for functional IL-1RI pro-
tein or in cartilage tissue engineering experiments evaluating the
utility of these cells as a source for regeneration of tissues
immune to IL-1–mediated tissue degradation.

Flow cytometric analysis. Predifferentiated cells were
trypsinized, washed in PBS, and resuspended in PBS with
1% FBS supplemented with 5 mg/ml anti-mouse CD16/32
(BioLegend) to block nonspecific immunolabeling. Cells were
then immunolabeled with either a phycoerythrin-conjugated
Armenian hamster anti-mouse CD121a monoclonal antibody
(JAMA-147) or an isotype control (BioLegend). Cells were
washed 3 times and then subjected to flow cytometry to deter-
mine the presence or absence of IL-1RI.

NF-kB activity assay. A lentiviral construct con-
taining 5 tandem repeats (50-GGAAATTCCCGGAAAGTC-
CCCGGAAATTCCCGGAAAGTCCCCGGAAATTCCC-30)
of NF-kB response elements upstream of a firefly luciferase
gene was generated by cloning this repeat sequence upstream
of the minimal cytomegalovirus promoter in pGL3Basic (Pro-
mega) and then subcloning the cassette into a lentiviral expres-
sion vector. Lentivirus was generated by cotransfecting 4 mg of
the transfer vector, 3 mg of psPAX2 (Addgene catalog no.
12260), and 1.2 mg of pMD2G (Addgene catalog no. 12259)
into 293T cells at confluence in the well of a 6-well plate using
Lipofectamine 2000. The next day, medium from 293T lentivi-
rus producer cells was changed, and conditioned medium

containing lentivirus was collected 36 and 60 hours after trans-
fection. The lentiviral supernatant was filtered through 0.45
mm of cellulose acetate filters and stored at 2808C until used.

Predifferentiated cells were transduced by supplementing
culture medium 1:1 with viral supernatant as well as 4 mg/ml
Polybrene and incubating the cells in the presence of the virus
overnight. Transduced cells were expanded, passaged, and then
treated with IL-1a (R&D Systems). At the indicated time points,
samples were lysed and assayed for luminescence using a Bright-
Glo luminescence kit (Promega) according to the manufacturer’s
instructions. Luminescence normalized to background levels in
untreated cells was used to report induction of NF-kB transcrip-
tion activity.

Chondrogenesis in aggregate culture system. Passage-
2 predifferentiated cells were trypsinized and resuspended in
differentiation medium (high-glucose DMEM, nonessential
amino acids, 2-ME, ITS1 premix supplement, 25 ng/ml genta-
micin, 50 mg/ml L-ascorbic acid–phosphate, and 40 mg/ml L-
proline) supplemented with 100 nM dexamethasone and 10
ng/ml transforming growth factor b3 (TGFb3; R&D Systems)
at a density of 1 3 106 cells/ml. Aggregate cultures were
produced by placing 250,000 cells in each well of a round-
bottomed 96-well plate. Cells were pelleted and cultured for
27 days prior to inducing an inflammatory assault using an
established in vitro OA model (18). On day 27, cells were
cultured in chondrogenic medium lacking the anabolic factors
dexamethasone and TGFb3 and supplemented with 1 ng/ml
IL-1a. Control aggregates received no IL-1a. Three days later,
pellet cultures and culture supernatant samples were
harvested for biochemical, gene expression, and histologic
analyses.

Biochemical analyses. Samples used for biochemical
analyses were harvested, rinsed with Dulbecco’s PBS (DPBS),
and stored at 2208C until testing. Pellet culture samples were
digested in papain (125 mg/ml; Sigma) at 658C overnight.
Digested samples were then analyzed using the PicoGreen
assay (Life Technologies) to measure double-stranded DNA,
the orthohydroxyproline assay for measuring total collagen
content, and the dimethylmethylene blue (DMMB) assay for
measuring the total sulfated glycosaminoglycan (sGAG) con-
tent of constructs (n 5 4–6 per group).

Gene expression. Samples for gene expression analy-
sis were harvested, rinsed in DPBS, and frozen at 2808C until
further processing. Total RNA was isolated according to the
recommendations of the manufacturer (Norgen Biotek) follow-
ing tissue homogenization with a pestle. Reverse transcription
was performed using the superscript VILO complementary

Table 1. Primer pairs used in quantitative reverse transcription–polymerase chain reaction gene expression assays

Target Forward primer Reverse primer

18S rRNA 50-CGGCTACCACATCCAAGGAA-30 50-GGGCCTCGAAAGAGTCCTGT-30

Acan 50-GCATGAGAGAGGCGAATGGA-30 50-CTGATCTCGTAGCGATCTTTCTTCT-30

Adamts4 50-GACCTTCCGTGAAGAGCAGTGT-30 50-CCTGGCAGGTGAGTTTGCAT-30

Adamts5 50-GCCCACCCAATGGTAAATCTTT-30 50-TGACTCCTTTTGCATCAGACTGA-30

Ccl2 50-GGCTCAGCCAGATGCAGTTAA-30 50-CCTACTCATTGGGATCATCTTGCT-30

Col2a1 50-TCCAGATGACTTTCCTCCGTCTA-30 50-AGGTAGGCGATGCTGTTCTTACA-30

Elf3 50-GGCCCTCATGGCTGCCACCT-30 50-TTGGGATCTTGTCTGAGGTCCTGGA-30

Il6 50-GAGGATACCACTCCCAACAGACC-30 50-AAGTGCATCATCGTTGTTCATACA-30

Mmp9 50-CGAACTTCGACACTGACAAGAAGT-30 50-GCACGCTGGAATGATCTAAGC-30

Mmp13 50-GGGCTCTGAATGGTTATGACATTC-30 50-AGCGCTCAGTCTCTTCACCTCTT-30

GENOME-EDITED iPSCs FOR IL-1–RESISTANT CARTILAGE 1113

http://onlinelibrary.wiley.com/doi/10.1002/art.39982/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.39982/abstract


DNA synthesis kit (Life Technologies) per the manufacturer’s
instructions. Quantitative reverse transcription–PCR (RT-PCR)
was performed with 4 samples per group on a StepOnePlus sys-
tem using Power SYBR (Applied Biosystems) per the manufac-
turer’s instructions. Cycling parameters were initial denaturation
at 958C for 10 minutes followed by 40 cycles of denaturation at
958C for 15 seconds and 608C annealing and extension for 60
seconds. Fold changes were determined relative to a reference
group cultured without IL-1a and by using 18S ribosomal RNA
as a reference gene. Gene expression was probed using the
primer pairs listed in Table 1.

Histologic processing. Samples for histology and
immunohistochemistry were rinsed in DPBS upon harvest,
fixed in 4% paraformaldehyde for 24 hours, paraffin

embedded, and sectioned at 10 mm thickness. Cartilage pellets
were stained with Safranin O–fast green/hematoxylin using
standard protocols.

Analyses of culture supernatants. Medium samples
were analyzed for catabolic byproducts, including nitric oxide,
PGE2, sGAG, and MMP activities. At the time of tissue har-
vest, cell-conditioned medium samples (n 5 4) were collected
and stored at 2208C until analysis. As with biochemical sam-
ples, sGAG in medium samples was assessed using the
DMMB assay. MMP activity was assessed as previously
described (24). Briefly, after activating latent MMPs in super-
natants with p-APMA, total specific MMP activity was mea-
sured as the difference in fluorescence arising from cleavage
of a quenched fluorogenic substrate (DAB-Gly-Pro-Leu-Gly-

Figure 1. Schematic illustration of our strategy for generating induced pluripotent stem cells (iPSCs) resistant to interleukin-1 (IL-1)–mediated signal-
ing for tissue engineering applications. A, Binding of IL-1 ligand to the IL-1 receptor type I (IL-1RI) results in activation of a proinflammatory transcrip-
tion program involving the transcription factors NF-kB, JNK, and MSK-1. IL-1RAcP 5 IL-1R accessory protein; MyD88 5 myeloid differentiation
factor 88; TRAF2 5 tumor necrosis factor receptor–associated factor 2; TRADD 5 tumor necrosis factor receptor type I–associated death
domain; IRAK-1 5 IL-1 receptor–associated kinase 1; TAK-1 5 transforming growth factor b–activated kinase 1; TAB-1/2 5 transforming
growth factor b–activated kinase 1/2. B, Guide RNAs (gRNAs) target the genome-editing nuclease Cas9 to 2 sites flanking exon 2 of IL-1RI,
which encodes the signal peptide sequence. C, Cas9 induces DNA double-strand breaks (DSBs), which may be repaired via a DNA repair path-
way known as nonhomologous end joining. D, Nonhomologous end joining leads to a subset of alleles with fully intact IL-1RI, while others may
have genomic disruptions at the IL-1RI locus, including excision of the signal peptide sequence, resulting in loss of signaling through IL-1RI.
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Met-Arg-Gly-Lys-Flu; Sigma) in samples incubated with a
broad-spectrum MMP inhibitor, GM6001, and a scrambled
negative control peptide (EMD Biosciences). Nitric oxide and
PGE2 were assayed using commercially available kits (R&D
Systems) following the manufacturer’s instructions.

Statistical analysis. Statistical analysis was performed
in the Statistica 7 software package using analysis of variance
with Fisher’s protected least significant difference post hoc
test with a 5 0.05. For quantitative RT-PCR comparisons, fold
change values were log-transformed prior to statistical analy-
sis. The mean 6 SEM was calculated on a logarithmic scale
prior to transforming data to linear values for reporting fold
changes.

RESULTS

Clonal isolation and confirmation of IL-1RI
functional deficit. Our strategy for targeted disruption
of IL-1–mediated degradation is illustrated in Figure 1.
Two gRNAs were designed to target Cas9 to sites
flanking exon 2 of the IL-1RI gene (Figure 1B). Such
targeting of the programmable CRISPR/Cas9 nuclease
results in the generation of double-strand breaks
flanking the signal peptide sequence of IL-1RI in a
subset of alleles. Repair of the resultant double-strand
breaks via the nonhomologous end-joining pathway
results in excision of the signal peptide sequence for
both annotated IL-1RI isoforms (Figure 1C).

Plasmids encoding S pyogenes Cas9 and gRNAs
specific to targets flanking exon 2 of IL-1RI were
cotransfected into murine iPSCs, and 41 clones were sub-
sequently isolated and screened after single-cell

deposition. Of these, 3 were found to possess the IL-
1RI1/2 genotype, while 4 possessed the IL-1RI2/2 geno-
type (Figure 2A). Sanger sequencing of the PCR product
from the IL-1RI2/2 clones verified the expected deletion
of ;790 bp (Figure 2B). However, in select clones that
underwent chondrogenic differentiation, low but consis-
tent expression of IL-1RI was detected on the surface in
the wild-type population (Figure 2C). The IL-1RI1/2

population also displayed low levels of expression, with
roughly half the intensity of IL-1RI1/1 cells, demon-
strating reduced expression of IL-1RI protein after
editing of 1 allele. Cells possessing the IL-1RI2/2

genotype lacked positive staining for IL-1RI (Figure
2C). Absence of IL-1RI on the cell surface resulted in
a functional deficiency, as indicated by a decrease in
NF-kB transcription activity in IL-1RI1/2 cells and loss
of NF-kB induction in IL-1RI2/2 cells after IL-1a

stimulation, as measured in a luminescence transcrip-
tional reporter assay (Figure 2D).

Cartilage engineered from CRISPR/Cas9-edited
murine iPSCs is protected against IL-1a. Gene
expression assays demonstrated that IL-1a (1 ng/ml)
induced significant up-regulation of catabolic gene prod-
ucts and markers of inflammation in engineered cartilage
pellets derived from cells with intact IL-1RI (Figure 3).
CCL2 and IL-6, soluble mediators of OA and sentinel
markers of inflammation, were elevated .50-fold at 72
hours in the IL-1RI1/1 and IL-1RI1/2 pellets (P , 1026).
Expression of catabolic enzymes responsible for cartilage
matrix degradation, such as ADAMTS-4, ADAMTS-5,

Figure 2. A, Genomic polymerase chain reaction (PCR) of clones isolated after single-cell deposition. PCR amplicons indicate the presence or
absence of exon 2 in the interleukin-1 receptor type I (IL-1RI) locus. B, Sanger sequencing of an allele with clustered regularly interspaced short
palindromic repeat/Cas9–mediated deletion of exon 2 from IL-1RI. C, Flow cytometry histograms demonstrating differential levels of IL-1RI
surface expression in populations derived from each of the IL-1RI1/1, IL-1RI1/2, and IL-1RI2/2 genotypes. a-IL-1RI 5 anti–IL-1RI antibody.
D, Luminescence data characterizing the transcription activity of NF-kB in IL-1RI1/1, IL-1RI1/2, and IL-1RI2/2 cells after 24 hours of treat-
ment with 1 ng/ml of IL-1a. Bars show the mean 6 SEM (n 5 4 samples per group). Groups not sharing the same letter are significantly different
(P , 0.05). RLU 5 relative luminescence units.
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MMP-9, and MMP-13, were also significantly up-
regulated in these cartilage pellets (P , 0.007). Expres-
sion of Elf-3, a transcription factor that up-regulates IL-
1–induced genes such as MMP-13 (25) and suppresses
type II collagen expression after cytokine treatment
(14), demonstrated a similar response (P , 1026). This
corresponded to a concomitant reduction in type II colla-
gen a1 chain expression in the same pellets after IL-1a

treatment (P , 1026). Furthermore, expression of aggre-
can, a proteoglycan critical for cartilage function, was
suppressed after IL-1a treatment in IL-1RI1/1 and IL-
1RI1/2 pellets (P , 1026). In sharp contrast, none of
these soluble markers of inflammation (P . 0.30), cata-
bolic enzymes (P . 0.12), or proinflammatory transcrip-
tion factors (P . 0.64) were significantly altered in pellets
generated from the IL-1RI2/2 cells. Moreover, the
expression of matrix proteins type II collagen a1 chain

and aggrecan was not significantly changed by IL-1a

treatment in these pellets (P . 0.07) (Figure 3).
Consistent with the observed changes at the level

of transcription (Figure 3), treatment with IL-1a

resulted in an altered biochemical composition of carti-
lage aggregates generated from the IL-1RI1/1 and IL-
1RI1/2 genotypes. Treatment with IL-1 had no effect
on DNA content in aggregates (Figure 4A). Interest-
ingly, DNA content in IL-1RI1/2 pellets was signifi-
cantly higher than DNA content in pellets derived from
IL-1RI1/1 or IL-1RI2/2 cells irrespective of treatment,
possibly due to a higher level of proliferation or cell sur-
vival in the clone chosen for these experiments. Con-
comitant with this increased DNA content, aggregates
derived from IL-1RI1/2 cells displayed increased accu-
mulation of sGAG and total collagen (Supplementary
Figures 1A and B, available on the Arthritis &

Figure 3. Relative gene expression data, as measured by quantitative reverse transcription–polymerase chain reaction, showing the effects of
interleukin-1a (IL-1a) treatment on engineered cartilage derived from IL-1RI1/1, IL-1RI1/2, or IL-1RI2/2 murine cells. Bars show the mean 6

SEM fold change (n 5 4 samples per group). Groups not sharing the same letter are significantly different (P , 0.05).
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Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.39982/abstract). Despite this increased
accumulation, IL-1RI1/2-derived cartilage remained
highly responsive to IL-1a. Sulfated GAG content was
found to be significantly dependent on IL-1a treatment
and genotype, with cartilage derived from IL-1RI1/1 or
IL-1RI1/2 clones losing .65% of sGAG (Supplementary
Figure 1A) or sGAG per microgram DNA (P , 1026)
(Figure 4B). Cartilage engineered from CRISPR/Cas9-
edited IL-1RI2/2 cells was completely protected against
IL-1a, with no significant difference in sGAG or sGAG
per microgram DNA content associated with IL-1a

treatment (P . 0.95). No significant effects of IL-1a were
found for total collagen or total collagen per microgram
DNA (Supplementary Figures 1B and C), consistent with
previous studies (26) and possibly due to the retention of
partially degraded, large macromolecular constituents
from enzymatically degraded tissue (18).

Histologic assessment supported the changes
observed in matrix composition in biochemical analyses
(Figure 4C). A GAG-rich matrix developed in all genotypes
after maturation of engineered cartilage. As suggested by
the biochemical data, larger pellets developed from IL-
1RI1/2 cells. However, a marked reduction in Safranin O

Figure 4. A and B, Biochemical analyses of engineered cartilage composition. Double-stranded DNA (dsDNA) content, as measured by
PicoGreen assay (A), and sulfated glycosaminoglycan (sGAG) content per microgram DNA, as measured by dimethylmethylene blue assay (B),
in engineered cartilage derived from IL-1RI1/1, IL-1RI1/2, or IL-1RI2/2 murine cells are shown. Bars show the mean 6 SEM (n 5 6 samples
per group). In A, * 5 P , 0.05, versus the IL-1RI1/1 and IL-1RI2/2 genotypes. In B, groups not sharing the same letter are significantly different
(P , 0.05). C, Representative images of Safranin O–fast green/hematoxylin staining of 10-mm sections of engineered cartilage treated with control
or with 1 ng/ml of interleukin-1 (IL-1) for 72 hours. Bar 5 500 mm. Color figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/journal/doi/10.1002/art.39982/abstract.
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staining for sGAG was observed in aggregates with intact
IL-1RI after IL-1a treatment, consistent with the biochemi-
cal measurement of loss of sGAG for both IL-1RI1/1 and
IL-1RI1/2-derived aggregates. In contrast, the cartilage tis-
sues engineered with the IL-1RI2/2 cells showed no histo-
logic changes in response to IL-1a treatment.

Culture media collected from IL-1RI1/1 and IL-
1RI1/2 samples displayed increased levels of matrix mac-
romolecules, degradative enzymes, and proinflammatory
mediators after a 72-hour treatment with IL-1a, whereas
media collected from IL-1RI2/2 samples exhibited
no signs of tissue degradation or response to IL-1a

(Figure 5). Specific MMP activity was significantly elevated
in media collected from IL-1a–treated IL-1RI1/1 and IL-
1RI1/2 aggregates (Figure 5A), likely contributing to the
elevated levels of sGAG detected in the same medium
samples (Figure 5B). The accumulation of significantly
higher levels of sGAG in these samples is consistent with
the observed loss of sGAG in engineered cartilage derived
from IL-1RI1/1 and IL-1RI1/2 cells. Furthermore, the
higher levels of PGE2 and total nitric oxide species found
in IL-1RI1/1 and IL-1RI1/2 samples (Figures 5C and D)
are indicative of the proinflammatory response of IL-1RI–

competent cells to IL-1a, whereas IL-1a had no effect on
cartilage derived from IL-1RI2/2 cells.

DISCUSSION

The findings of this proof-of-concept study show
the utility of CRISPR/Cas9-based programmable nucleases
for applications in tissue engineering and regenerative
medicine by developing stem cells with customized proper-
ties via genome engineering. Using targeted gene-editing
nucleases, we engineered pluripotent stem cells with the
user-specified trait of IL-1 resistance by deleting the IL-1RI
signal peptide sequence. CRISPR/Cas9-mediated editing of
the IL-1RI locus resulted in complete loss of IL-1 signaling
by all measures evaluated. Importantly, cartilage derived
from CRISPR/Cas9-edited iPSCs displayed the capacity to
withstand treatment with 1 ng/ml of IL-1a. Consistent with
our findings, previous studies have shown that treatment
with 1 ng/ml of IL-1a results in severe degradation of both
engineered cartilage derived from IL-1RI–expressing cells
and cartilage from mouse explants (17,18,26). However, in
our study, engineered tissue derived from IL-1RI2/2 cells

Figure 5. Analysis of medium samples collected from engineered murine cartilage aggregates that were left untreated or cultured with 1 ng/ml
of interleukin-1a (IL-1a) for 72 hours. A, Specific matrix metalloproteinase (MMP) activity. RFU 5 relative fluorescence units. B, Concentration
of sulfated glycosaminoglycan (sGAG) measured in culture medium. C, Prostaglandin E2 (PGE2) concentration. D, Total nitric oxide concentration.
Bars show the mean 6 SEM (n 5 7 samples per group in A, 6 samples per group in B, and 4 samples per group in C and D). Groups not sharing
the same letter are significantly different (P , 0.05).

1118 BRUNGER ET AL



was protected against OA in an in vitro model. Taken
together, these results indicate that genome editing can
provide a highly effective tool for generating stem cells
with custom-designed properties pertinent to tissue regen-
eration, maintenance, and repair.

In the present study, we examined the effects of
IL-1a, but not IL-1b, on engineered stem cells. Primary
chondrocytes show higher sensitivity to IL-1a than to
IL-1b, possibly due to differences in binding affinity to
IL-1RI and/or to the decoy receptor IL-1RII (27). It is
important to note that IL-1RI expressed on the cell sur-
face mediates signaling from both proteins, and loss of
surface-expressed IL-1RI would be expected to abolish
signaling from IL-1a and IL-1b (28). Furthermore,
overcoming the proinflammatory effects of not only IL-
1, but also TNF, IL-6, and IL-17, and other proinflam-
matory factors (12,29) represents an important chal-
lenge for regenerative medicine. Due to the pleiotropic
roles of these cytokines and their involvement in tissue
homeostasis, use of antagonistic therapies can lead to
significant side effects (30,31). Our goal in this study
was to explore avenues for implementing genome engi-
neering technologies to address the challenges pres-
ented by the multifaceted proinflammatory niche. To
combat the broad panel of factors driving inflammation
but also essential for re-establishing homeostasis during
tissue repair, future research will need to examine more
sophisticated means of delivering cell-based anti-
cytokine therapies.

Targeted genome-editing nucleases, including
the CRISPR/Cas9 system used in this study as well as
zinc-finger nucleases and transcription activator–like
effector nucleases, have been extensively characterized
for use in gene and cell therapy (7,32,33), and clinical
trials have demonstrated the safety and feasibility of
transplanting autologous, genome-edited CD41 T cells
(34). By demonstrating the feasibility of stem cell cus-
tomization to achieve desired features for regenerative
medicine, our work extends previous studies exploring
the wide utility of programmable nucleases as well as
work evaluating the effects of targeted deletions of
genes in the IL-1 family. Our findings from knockout of
the IL-1RI signal peptide sequence are consistent with a
previous study demonstrating the role of IL-1RI in IL-1
signal transduction (28), in which IL-1RI–deficient mice
generated by deletion of the signal peptide sequence
failed to respond to IL-1, though the mice developed
normally and were able to maintain homeostasis.

Interestingly, larger pellets developed in cartilage
derived from IL-1RI1/2 cells compared with that in carti-
lage derived from wild-type or IL-1RI2/2 cells. Though
we did not investigate this further, we attribute this effect

to clonal variability, which has been reported to play a
role in influencing cellular proliferation (35). Impor-
tantly, previous investigations have also shown that IL-
1RI2/2 mice display no deficits in lymphoid or hemato-
poietic cell numbers and continue to exhibit normal
immune functions with respect to IL-1RI–independent
signaling (28,36). Taken together, our findings and previ-
ous findings support the utility of CRISPR/Cas9-mediated
IL-1RI–knockout for targeted cell and tissue engineering
therapy.

The CRISPR/Cas9 system provides an attractive
platform for editing mammalian genomes due to high
levels of efficiency for generating double-strand breaks
at target sites and the ease with which sequence specific-
ity of Cas9 can be reprogrammed with a new gRNA.
Our results showed that genome editing with CRISPR/
Cas9 yielded the desired genomic modification in
.10% of isolated clones in an unselected population.
This method allows for site-specific gene deletion inde-
pendent of targeting donor vectors that harbor gene
traps or loxP sites that facilitate subsequent Cre-
mediated excision. Thus, this approach overcomes the
need for ectopic overexpression of selectable markers or
Cre recombinase, and allows for direct, efficient gene
editing.

In addition to these features, recent characteriza-
tion of CRISPR/Cas9-mediated genome engineering
indicates that nuclease activity is highly specific, even in
human pluripotent stem cells (37,38). Those studies
have shown that off-target mutagenesis occurs at a rate
similar to or below that which accumulates simply by
serial passaging of unedited cells. Moreover, significant
strides have been made toward engineering improved
specificity to the Streptococcus pyogenes CRISPR/Cas9
system (7), without drastic reductions in targeting effi-
ciency. Such methods involve dual nickase versions of
CRISPR/Cas9, the use of truncated gRNAs, the devel-
opment of catalytically inactive Cas9 fused with RNA-
guided FokI nucleases, and engineered variants of Cas9
with enhanced specificity. Use of these techniques has
reportedly decreased off-target activity to undetectable
levels in some experiments. Though we did not take
advantage of these features in the present study, we
anticipate that such developments will make the use of
designer nucleases even more attractive for regenerative
medicine and tissue engineering applications.

The approach of site-specific genome engineer-
ing of stem cells not only opens new avenues for confer-
ring user-specified traits such as IL-1 resistance to cells
for functional tissue engineering and regenerative medi-
cine, but also may prove complementary to earlier
attempts to combat IL-1 in an arthritic joint. Promising
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approaches from previous work include the use of the
competitive antagonist IL-1Ra via protein delivery
(39,40). Other strategies entail ectopic overexpression
of IL-1Ra by viral delivery to cells within the synovial
joint, by transplantation of cells genetically engineered
for constitutive overexpression of IL-1Ra, or by incorpo-
ration of IL-1Ra gene delivery vehicles in tissue engi-
neering scaffolds designed for implantation into joint
defects (17,20). Existing data suggest that these
approaches hold great promise when the presence of
IL-1Ra is sufficient to combat pathologic levels of IL-1,
which may prove challenging if the transplanted cells or
engineered tissues remain susceptible to high levels of IL-
1 signaling. However, an important advantage of the cur-
rent genome editing approach is that the modifications to
the stem cell population are precise, as compared to ran-
dom genomic insertions associated with viral gene ther-
apy. In this regard, not only are IL-1RI2/2 cells protected
against IL-1 signaling, they also may provide a basal
system for a cell-based drug delivery platform through
additional engineered genetic modifications, including
overexpression of anabolic factors (41–43) or inducible
expression of antiinflammatory agents such as IL-4, IL-
10, or IL-1Ra (17,44).

An alternative approach to attenuating IL-1RI
signal transduction could entail use of either RNA inter-
ference (RNAi) or CRISPR interference (CRISPRi) to
suppress transcription of IL-1RI. However, unlike
approaches relying on RNAi, the targeted gene deletion
used in this work abolishes the expression of functional
gene product without the risk of toxicity associated with
saturating microRNA pathways (45). Additionally,
while CRISPRi has proven effective for reducing tran-
scription of many target genes with high specificity
(46,47), even low levels of persistent expression of IL-
1RI could result in loss of protection against IL-1 stimu-
lation in long-term exposure experiments. The approach
of targeted gene disruption abrogates this risk by gener-
ating cells with no functional copy of the IL-1RI gene.

In this study, we exploited the ability to clonally
expand genome engineered murine iPSCs to show
proof-of-principle utility of gene-editing nucleases in
cartilage tissue engineering. Implementation of this
technique in the clinical setting will require several
advances, and future investigation will probe whether
the techniques used here can be extended to human
iPSCs (48). Such studies will focus on reproducibly dif-
ferentiating edited human iPSC clones and achieving
acceptably low off-target activity of the CRIPSR/Cas9
platform using the methods discussed above. Further-
more, continued development of genome engineering
reagents may eventually permit the direct editing of

patient-derived mesenchymal stem cells or somatic cells
in situ at modification rates adequate for a therapeutic
effect, abrogating the need for clonal isolation and cell
expansion of iPSCs, allowing the development of custom-
designed engineered cells for tissue regeneration.

ACKNOWLEDGMENTS

The authors would like to thank Brian Diekman, PhD
and Pablo Perez-Pinera, MD, PhD for helpful technical
discussions.

AUTHOR CONTRIBUTIONS

All authors were involved in drafting the article or revising it
critically for important intellectual content, and all authors approved
the final version to be published. Dr. Guilak had full access to all of
the data in the study and takes responsibility for the integrity of the
data and the accuracy of the data analysis.
Study conception and design. Brunger, Zutshi, Willard, Gersbach,
Guilak.
Acquisition of data. Brunger, Willard.
Analysis and interpretation of data. Brunger, Willard, Gersbach,
Guilak.

ADDITIONAL DISCLOSURES

Author Willard is an employee of Cytex Therapeutics.

REFERENCES

1. Atala A, Kasper FK, Mikos AG. Engineering complex tissues.
Sci Transl Med 2012;4:160rv12.

2. Dahl SL, Kypson AP, Lawson JH, Blum JL, Strader JT, Li Y,
et al. Readily available tissue-engineered vascular grafts. Sci
Transl Med 2011;3:68ra9.

3. Petersen TH, Calle EA, Zhao L, Lee EJ, Gui L, Raredon MB,
et al. Tissue-engineered lungs for in vivo implantation. Science
2010;329:538–41.

4. Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA,
Charpentier E. A programmable dual-RNA-guided DNA endonu-
clease in adaptive bacterial immunity. Science 2012;337:816–21.

5. Cong L, Ran FA, Cox D, Lin S, Barretto R, Habib N, et al.
Multiplex genome engineering using CRISPR/Cas systems. Sci-
ence 2013;339:819–23.

6. Mali P, Yang L, Esvelt KM, Aach J, Guell M, DiCarlo JE, et al.
RNA-guided human genome engineering via Cas9. Science
2013;339:823–6.

7. Maeder ML, Gersbach CA. Genome-editing technologies for
gene and cell therapy. Mol Ther 2016;24:430–46.

8. Hedbom E, Hauselmann HJ. Molecular aspects of pathogenesis
in osteoarthritis: the role of inflammation. Cell Mol Life Sci 2002;
59:45–53.

9. Goldring MB. Chondrogenesis, chondrocyte differentiation, and
articular cartilage metabolism in health and osteoarthritis. Ther
Adv Musculoskelet Dis 2012;4:269–85.

10. Johnstone B, Alini M, Cucchiarini M, Dodge GR, Eglin D,
Guilak F, et al. Tissue engineering for articular cartilage repair:
the state of the art. Eur Cell Mater 2013;25:248–67.

11. Moutos FT, Glass KA, Compton SA, Ross AK, Gersbach CA,
Guilak F, et al. Anatomically shaped tissue-engineered cartilage
with tunable and inducible anticytokine delivery for biological
joint resurfacing. Proc Natl Acad Sci U S A 2016;113:E4513–22.

1120 BRUNGER ET AL



12. Kapoor M, Martel-Pelletier J, Lajeunesse D, Pelletier JP, Fahmi
H. Role of proinflammatory cytokines in the pathophysiology of
osteoarthritis. Nat Rev Rheumatol 2011;7:33–42.

13. Buckwalter JA, Lotz M, Stoltz JF, editors. Osteoarthritis, inflamma-
tion and degradation: a continuum. Amsterdam: IOS Press; 2007.

14. Peng H, Tan L, Osaki M, Zhan Y, Ijiri K, Tsuchimochi K, et al.
ESE-1 is a potent repressor of type II collagen gene (COL2A1)
transcription in human chondrocytes. J Cell Physiol 2008;215:
562–73.

15. Wehling N, Palmer GD, Pilapil C, Liu F, Wells JW, Muller PE,
et al. Interleukin-1b and tumor necrosis factor a inhibit chon-
drogenesis by human mesenchymal stem cells through NF-kB–
dependent pathways. Arthritis Rheum 2009;60:801–12.

16. Heldens GT, Blaney Davidson EN, Vitters EL, Schreurs BW, Piek
E, van den Berg WB, et al. Catabolic factors and osteoarthritis-
conditioned medium inhibit chondrogenesis of human mesenchy-
mal stem cells. Tissue Eng Part A 2012;18:45–54.

17. Glass KA, Link JM, Brunger JM, Moutos FT, Gersbach CA,
Guilak F. Tissue-engineered cartilage with inducible and tunable
immunomodulatory properties. Biomaterials 2014;35:5921–31.

18. Willard VP, Diekman BO, Sanchez-Adams J, Christoforou N,
Leong KW, Guilak F. Use of cartilage derived from murine
induced pluripotent stem cells for osteoarthritis drug screening.
Arthritis Rheumatol 2014;66:3062–72.

19. Blasioli DJ, Matthews GL, Kaplan DL. The degradation of
chondrogenic pellets using cocultures of synovial fibroblasts and
U937 cells. Biomaterials 2014;35:1185–91.

20. Evans CH, Ghivizzani SC, Robbins PD. Arthritis gene therapy
and its tortuous path into the clinic. Transl Res 2013;161:205–16.

21. Saha K, Jaenisch R. Technical challenges in using human
induced pluripotent stem cells to model disease. Cell Stem Cell
2009;5:584–95.

22. Diekman BO, Christoforou N, Willard VP, Sun H, Sanchez-
Adams J, Leong KW, et al. Cartilage tissue engineering using
differentiated and purified induced pluripotent stem cells. Proc
Natl Acad Sci U S A 2012;109:19172–7.

23. Perez-Pinera P, Kocak DD, Vockley CM, Adler AF, Kabadi AM,
Polstein LR, et al. RNA-guided gene activation by CRISPR-Cas9-
based transcription factors. Nat Methods 2013;10:973–6.

24. McNulty AL, Miller MR, O’Connor SK, Guilak F. The effects
of adipokines on cartilage and meniscus catabolism. Connect
Tissue Res 2011;52:523–33.

25. Otero M, Plumb DA, Tsuchimochi K, Dragomir CL, Hashimoto
K, Peng H, et al. E74-like factor 3 (ELF3) impacts on matrix
metalloproteinase 13 (MMP13) transcriptional control in articu-
lar chondrocytes under proinflammatory stress. J Biol Chem
2012;287:3559–72.

26. Lima EG, Tan AR, Tai T, Bian L, Stoker AM, Ateshian GA,
et al. Differences in interleukin-1 response between engineered
and native cartilage. Tissue Eng Part A 2008;14:1721–30.

27. McNulty AL, Rothfusz NE, Leddy HA, Guilak F. Synovial fluid
concentrations and relative potency of interleukin-1 a and b in car-
tilage and meniscus degradation. J Orthop Res 2013;31:1039–45.

28. Labow M, Shuster D, Zetterstrom M, Nunes P, Terry R,
Cullinan EB, et al. Absence of IL-1 signaling and reduced
inflammatory response in IL-1 type I receptor-deficient mice.
J Immunol 1997;159:2452–61.

29. Marcu KB, Otero M, Olivotto E, Borzi RM, Goldring MB. NF-
kB signaling: multiple angles to target OA. Curr Drug Targets
2010;11:599–613.

30. Ramos-Casals M, Brito-Zeron P, Soto MJ, Cuadrado MJ,
Khamashta MA. Autoimmune diseases induced by TNF-targeted
therapies. Best Pract Res Clin Rheumatol 2008;22:847–61.

31. Kimmerling KA, Furman BD, Mangiapani DS, Moverman MA,
Sinclair SM, Huebner JL, et al. Sustained intra-articular delivery

of IL-1RA from a thermally-responsive elastin-like polypeptide
as a therapy for post-traumatic arthritis. Eur Cell Mater 2015;29:
124–39.

32. Urnov FD, Miller JC, Lee YL, Beausejour CM, Rock JM,
Augustus S, et al. Highly efficient endogenous human gene cor-
rection using designed zinc-finger nucleases. Nature 2005;435:
646–51.

33. Ousterout DG, Kabadi AM, Thakore PI, Perez-Pinera P, Brown
MT, Majoros WH, et al. Correction of dystrophin expression in
cells from Duchenne muscular dystrophy patients through geno-
mic excision of exon 51 by zinc finger nucleases. Mol Ther 2015;
23:523–32.

34. Tebas P, Stein D, Tang WW, Frank I, Wang SQ, Lee G, et al.
Gene editing of CCR5 in autologous CD4 T cells of persons
infected with HIV. N Engl J Med 2014;370:901–10.

35. Liang G, Zhang Y. Genetic and epigenetic variations in iPSCs:
potential causes and implications for application. Cell Stem Cell
2013;13:149–59.

36. Glaccum MB, Stocking KL, Charrier K, Smith JL, Willis CR,
Maliszewski C, et al. Phenotypic and functional characterization
of mice that lack the type I receptor for IL-1. J Immunol 1997;
159:3364–71.

37. Kim S, Kim D, Cho SW, Kim J, Kim JS. Highly efficient RNA-
guided genome editing in human cells via delivery of purified
Cas9 ribonucleoproteins. Genome Res 2014;24:1012–9.

38. Suzuki K, Yu C, Qu J, Li M, Yao X, Yuan T, et al. Targeted
gene correction minimally impacts whole-genome mutational
load in human-disease-specific induced pluripotent stem cell
clones. Cell Stem Cell 2014;15:31–6.

39. Bresnihan B, Alvaro-Gracia JM, Cobby M, Doherty M, Domljan
Z, Emery P, et al. Treatment of rheumatoid arthritis with
recombinant human interleukin-1 receptor antagonist. Arthritis
Rheum 1998;41:2196–204.

40. Furman BD, Mangiapani DS, Zeitler E, Bailey KN, Horne PH,
Huebner JL, et al. Targeting pro-inflammatory cytokines follow-
ing joint injury: acute intra-articular inhibition of interleukin-1
following knee injury prevents post-traumatic arthritis. Arthritis
Res Ther 2014;16:R134.

41. Shi S, Mercer S, Eckert GJ, Trippel SB. Growth factor trans-
genes interactively regulate articular chondrocytes. J Cell Bio-
chem 2013;114:908–19.

42. Cucchiarini M, Madry H, Ma C, Thurn T, Zurakowski D,
Menger MD, et al. Improved tissue repair in articular cartilage
defects in vivo by rAAV-mediated overexpression of human
fibroblast growth factor 2. Mol Ther 2005;12:229–38.

43. Matthews GL. Disease modification: promising targets and
impediments to success. Rheum Dis Clin North Am 2013;39:
177–87.

44. Schukur L, Geering B, Charpin-El Hamri G, Fussenegger M.
Implantable synthetic cytokine converter cells with AND-gate logic
treat experimental psoriasis. Sci Transl Med 2015;7:318ra201.

45. Grimm D, Streetz KL, Jopling CL, Storm TA, Pandey K, Davis
CR, et al. Fatality in mice due to oversaturation of cellular micro-
RNA/short hairpin RNA pathways. Nature 2006;441:537–41.

46. Gilbert LA, Larson MH, Morsut L, Liu Z, Brar GA, Torres SE,
et al. CRISPR-mediated modular RNA-guided regulation of
transcription in eukaryotes. Cell 2013;154:442–51.

47. Thakore PI, D’Ippolito AM, Song L, Safi A, Shivakumar NK,
Kabadi AM, et al. Highly specific epigenome editing by
CRISPR-Cas9 repressors for silencing of distal regulatory ele-
ments. Nat Methods 2015;12:1143–9.

48. Yamashita A, Morioka M, Kishi H, Kimura T, Yahara Y, Okada
M, et al. Statin treatment rescues FGFR3 skeletal dysplasia
phenotypes. Nature 2014;513:507–11.

GENOME-EDITED iPSCs FOR IL-1–RESISTANT CARTILAGE 1121



ARTHRITIS & RHEUMATOLOGY

Vol. 69, No. 5, May 2017, pp 1122–1126

VC 2016, American College of Rheumatology

LETTERS

DOI 10.1002/art.40023

Lesinurad in combination with allopurinol: risk
without reward? Comment on the article by Saag et al

To the Editor:
As I read the recent article by Saag et al on treatment

with lesinurad combined with allopurinol in gout patients with
inadequate response to allopurinol alone (Saag KG, Fitz-Patrick
D, Kopicko J, Fung M, Bhakta N, Adler S, et al. Lesinurad com-
bined with allopurinol: a randomized, double-blind, placebo-
controlled study in gout patients with an inadequate response to
standard-of-care allopurinol: a US-based study. Arthritis Rheu-
matol 2017;69:202–11), a single question came to mind: does this
medication benefit patients in any meaningful way? The average
serum uric acid level in Saag and colleagues’ study patients at
baseline (at which time all were being treated with allopurinol)
was 6.9 mg/dl, not far from the treatment target of ,6 mg/dl.
However, in .95% of the patients the dosage of allopurinol was
only #300 mg/day. As the authors of the report well know, allo-
purinol is approved to be taken in dosages of up to 800 mg/day.
The results of the trial demonstrated that this group of patients,
whose uric acid levels were at nearly therapeutic levels despite
an inadequate dosage of allopurinol, were more likely to achieve
uric acid levels of ,6 mg/dl with the addition of lesinurad (54%
of those with lesinurad 200 mg/day added to the treatment regi-
men, versus 28% of those who continued to receive only stable
doses of allopurinol).

All things being equal, then, the first question a clinician
should ask before considering adding lesinurad to allopurinol is,
should I not simply increase the prescribed allopurinol dosage
first? After all, this is a solution that is less costly and complicated
than adding a separate and (presumably) more expensive medica-
tion. But all things are not equal: lesinurad also comes with a
black box warning about renal impairment. Even at the relatively
safer (and approved) daily dose of 200 mg, lesinurad caused a
.50% increase in the creatinine level in 12 (6%) of the study
patients (versus 1% of those who continued to receive allopurinol
alone); in 2 of the 12, renal function had not returned to baseline
levels at the time of study close. Considering the unclear benefits
of this novel drug, as well as its clear safety concerns, perhaps sim-
ply increasing the dosage of allopurinol (or switching to a different
urate-lowering agent) would be more appropriate.

Aryeh M. Abeles, MD
University of Connecticut Health Center
Farmington, CT
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Reply

To the Editor:
My coauthors and I appreciate Dr. Abeles’ letter and the

question he raises about the need for lesinurad, a new uricosuric
agent, as well as its risk/benefit profile. We agree that it is necessary
to first maximize urate-lowering therapy before adding a second

treatment, such as lesinurad. Regrettably, although allopurinol has
been in use in the US for .50 years, and despite continuous efforts
by rheumatologists interested in gout care to educate general
physicians, most physicians in practice do not dose-titrate allopuri-
nol or febuxostat much (if at all) beyond the starting dose. The
main reason they do not up-titrate the xanthine oxidase inhibitor is
concern—largely unsubstantiated by data—about the safety of xan-
thine oxidase inhibitors at higher dosages in certain patients, such
as those with kidney disease.

Patients who continue to have active gout and above-
target serum urate levels despite maximization of urate-lowering
therapy, who are often cared for by rheumatologists, represent
another population for whom there is an unmet medical need.
It is interesting to note that while there has been a dramatic
increase in development of drugs to treat rheumatoid arthritis—
with more than a dozen agents currently available—gout, a dis-
ease with a greater overall prevalence than rheumatoid arthritis,
has had only 3 new drugs (lesinurad, pegloticase, and febuxostat)
brought to market in the last 50 years. Thus, there is a consider-
able need for more treatment options for patients with gout. As
lesinurad can lead to increases in creatinine levels, which are
reversible in the vast majority of patients studied in clinical trials,
always using this drug in combination with a xanthine oxidase
inhibitor, and monitoring of renal function during use of this
agent, are warranted. We concur with the substantial majority of
members of the Food and Drug Administration Arthritis Adviso-
ry Panel who voted to endorse this drug for its approval based on
what they and we consider an acceptable risk/benefit profile.

Dr. Saag has received consulting fees from Ardea/AstraZeneca
and Takeda (less than $10,000 each), and research support from Ardea,
Crealta, and Takeda.

Kenneth G. Saag, MD, MSc
University of Alabama
Birmingham, AL
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Axial spondyloarthritis in relatives of probands with
ankylosing spondylitis: comment on the article by
Turina et al

To the Editor:
Turina et al (1) recently described a prospective inception

cohort study of 51 seemingly healthy first-degree relatives (ages
18–40 years) of 36 HLA–B27–positive probands with ankylosing
spondylitis (AS). Seventeen of these 51 first-degree relatives (33%)
had clinical and/or imaging abnormalities suggestive of spondyloar-
thritis (SpA). HLA–B27 was present in only 8 of these 17 relatives
with SpA (47%), not different from the 53% prevalence among the
remaining 34 relatives without SpA. Moreover, Turina and col-
leagues report that axial SpA according to the Assessment of Spon-
dyloArthritis international Society (ASAS) classification criteria (2)
was present in 5 of 26 HLA–B27–positive relatives (19%) and in 4
of 25 HLA–B27–negative relatives (16%). This almost equal pro-
portion contrasts sharply with the findings of an earlier study with a
somewhat similar title (“Spondylitic Disease Without Radiologic

1122



Evidence of Sacroiliitis in Relatives of HLA–B27 Positive
Ankylosing Spondylitis Patients”) (3). Turina et al did not cite
this very relevant report, published in this journal 32 years ago, in
which we reported a strong association of HLA–B27
with “spondylitic disease without radiographic sacroiliitis” (which
now can be called nonradiographic axial spondyloarthritis, or
pre-spondyloarthritis) among HLA–B27–positive, but not HLA–
B27–negative, first-degree relatives of HLA–B27–positive patients
with AS. Turina and colleagues state in their article “Previous
studies have shown that SpA mainly manifests in HLA–B27–
positive first-degree relatives,” but the results they report con-
trast with these earlier findings.

How might this surprising finding of approximately
equal proportions of axial SpA in HLA–B27–positive and
HLA–B27–negative relatives (1) be explained? Two possibili-
ties come to mind. First, Turina and colleagues’ pre-
spondyloarthritis cohort may have included individuals with
clinical entities that do not progress to full-blown axial SpA/AS
(by modified New York criteria [4]) in HLA–B27–negative
first-degree relatives, implying that the current ASAS classifi-
cation criteria for axial SpA seem to lack criterion validity
because they do not show a strong biologic relationship with
AS (5). A second explanation, in accordance with other find-
ings, would be that the current ASAS axial SpA criteria may
pick up some “look-alike” nonspecific back pain conditions and
(false-positively) label them as axial SpA (5,6).

In an accompanying editorial, Sari and Haroon (7) have
very nicely critiqued other aspects of the Pre-SpA cohort study
by Turina et al and have also pointed out factors that must be
considered in data interpretation and future analysis of the
cohort.

Sjef van der Linden, MD, PhD
Maastricht University Medical Center
Maastricht, The Netherlands
Muhammad A. Khan, MD, FRCP, MACP
Case Western Reserve University
MetroHealth Medical Center
Cleveland, OH
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Bone marrow edema in the sacroiliac joint—
degenerative sacroiliac joint disease might be more
likely than spondyloarthritis: comment on the article
by Turina et al

To the Editor:
We read with interest the report by Turina et al on

spondyloarthritis (SpA)–related symptoms in first-degree rela-
tives of SpA patients (1). The authors reported that one-third
of first-degree relatives were classified as having SpA according
to the Assessment of SpondyloArthritis international Society
(ASAS) criteria (2).

Diagnosing early SpA in young patients remains a chal-
lenge in routine practice, although it is still unclear whether
very early treatment leads to significant improvement in disease
outcomes (3) as observed in early rheumatoid arthritis (RA). A
pre-RA stage, in which arthralgia is present along with positivi-
ty for anti–citrullinated protein antibody and/or rheumatoid
factor, has been described (4). Trials evaluating the efficacy of
biologic disease-modifying antiinflammatory drug treatment in
such patients are ongoing, and it has been suggested that there
is a window of therapeutic opportunity early in the disease
course, even before the patient can be classified as having defi-
nite RA. Such a window of opportunity in SpA has not been
demonstrated to date.

Turina and colleagues identified bone marrow edema
in the anterior portion of the sacroiliac (SI) joint, which is not
specific to SpA. We observed similar bone marrow edema in a
29-year-old patient with chronic back pain (Figure 1). He had
left buttock pain with both inflammatory and mechanical fea-
tures. There were no associated peripheral or extraarticular
symptoms. The pain was partially relieved by nonsteroidal anti-
inflammatory drugs. Clinical examination revealed obesity
(body mass index [BMI] 32.7 kg/m2) and hyperlordosis.

It is commonly believed that limited mobility of the SI
joint may prevent cartilage degeneration. However, several stud-
ies (5) have shown that hip movement might generate SI joint
rotation, explaining the finding of degenerative changes in the SI
joint in association with femoroacetabular impingement and hip
arthrosis (6). Hence, a significant number of patients meeting
strict diagnostic criteria for sacroiliitis, including young patients,
exhibit hip or spine conditions causing bone marrow edema of
the SI joint (5). Indeed, degenerative changes in the SI joint
were observed in 3 of 4 patients with lumbar spine arthrosis (7)
and 10% of patients with suspected SpA (8).

Therefore, bone marrow edema in the anterior portion
of the SI joint in first-degree relatives of patients with SpA is not
necessarily an SpA-related symptom as in back pain cohorts.
Degenerative disease of the SI joint is an underrecognized clini-
cal entity (9). The updated definition by the ASAS Magnetic
Resonance Imaging Working Group emphasized that bone mar-
row edema remains the key feature for the definition of active
sacroiliitis on magnetic resonance imaging (MRI). This revised
definition of active sacroiliitis did not include structural features
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of the SI joint such as erosion or features of SpA on spine MRI
(10). Overlooking degenerative etiologies of SI joint bone mar-
row edema will lead to overestimation of the prevalence of pre-
spondyloarthritis.

In conclusion, we support the evidence generated by
Turina et al that a substantial proportion of seemingly healthy
first-degree relatives of HLA–B27–positive SpA patients display
imaging abnormalities of the SI joint (11). Degenerative etiolo-
gies should be considered, given the high prevalence of age-, sex-,
and pregnancy-related SI joint abnormalities shown on MRI.
However, we believe additional assessments should also be con-
ducted to evaluate for conditions with a potential impact on SI
joint degeneration (such as BMI, spinal curvature, transitional
vertebrae, SI joint asymmetry, pregnancy, or microtrauma) in the
interpretation of MRI abnormalities of the SI joint, in order to
distinguish a degenerative etiology of bone marrow edema in the
SI joint from the scope of SpA-related imaging features.

Athan Baillet, MD, PhD
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and Grenoble Hospital
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Reply

To the Editor:
We thank Drs. van der Linden and Khan for their interest

in our recent study, which demonstrated that up to one-third of
seemingly healthy (i.e., without axial SpA or any other rheumato-
logic disorder) first-degree relatives of HLA–B27–positive AS
patients display clinical and/or imaging features of SpA, indepen-

Figure 1. Magnetic resonance images showing bone marrow edema in the sacroiliac joint of a 29-year-old man with chronic back pain without
peripheral or extraarticular symptoms. Left, T1-weighted spin-echo image. Right, STIR image.
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of the SI joint such as erosion or features of SpA on spine MRI
(10). Overlooking degenerative etiologies of SI joint bone mar-
row edema will lead to overestimation of the prevalence of pre-
spondyloarthritis.

In conclusion, we support the evidence generated by
Turina et al that a substantial proportion of seemingly healthy
first-degree relatives of HLA–B27–positive SpA patients display
imaging abnormalities of the SI joint (11). Degenerative etiolo-
gies should be considered, given the high prevalence of age-, sex-,
and pregnancy-related SI joint abnormalities shown on MRI.
However, we believe additional assessments should also be con-
ducted to evaluate for conditions with a potential impact on SI
joint degeneration (such as BMI, spinal curvature, transitional
vertebrae, SI joint asymmetry, pregnancy, or microtrauma) in the
interpretation of MRI abnormalities of the SI joint, in order to
distinguish a degenerative etiology of bone marrow edema in the
SI joint from the scope of SpA-related imaging features.
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To the Editor:
We thank Drs. van der Linden and Khan for their interest

in our recent study, which demonstrated that up to one-third of
seemingly healthy (i.e., without axial SpA or any other rheumato-
logic disorder) first-degree relatives of HLA–B27–positive AS
patients display clinical and/or imaging features of SpA, indepen-

Figure 1. Magnetic resonance images showing bone marrow edema in the sacroiliac joint of a 29-year-old man with chronic back pain without
peripheral or extraarticular symptoms. Left, T1-weighted spin-echo image. Right, STIR image.
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dent of their HLA–B27 status. We would like to apologize for our
presumed lack of clarity in the text, leading to the incorrect state-
ment by van der Linden and Khan that we report the presence of
axial SpA in those relatives. We carefully avoided any statement
in this direction throughout the manuscript and wish to empha-
size this point once more: the aim of the study (and hence the con-
clusion drawn) was not to diagnose axial SpA early but, in
contrast, to study SpA features in seemingly healthy individuals
who do not (yet) have axial SpA. We did not suggest in any way
that the presence of features of SpA in these individuals indicates
that they have the diagnosis of axial SpA.

Van der Linden and Khan propose, as a potential
explanation for the equal prevalence of SpA features in HLA–
B27–positive and HLA–B27–negative first-degree relatives,
that only a subset of these individuals (presumably those who
were HLA–B27 positive) will progress to having full-blown
SpA over time. We completely agree, as investigating this ques-
tion is exactly the reason we have undertaken this prospective
cohort study, reporting in our recent article only baseline find-
ings, and why we mention in the article that “Further follow-up
will show which first-degree relatives will develop clinically
manifest SpA.”

Finally, van der Linden and Khan dispute the criterion
validity of the ASAS criteria for axial SpA (1). We wish to clear-
ly distance ourselves from this statement as 1) our study was
never designed to address this question, 2) the ASAS criteria
were developed to classify patients as having axial SpA and not
to diagnose axial SpA (2,3), and 3) as clearly indicated in our
report and highlighted in the highly relevant editorial by Sari
and Haroon (4), we used the ASAS criteria exclusively as a
research tool in our study, as the population we studied
(healthy first-degree relatives) is not representative of the pop-
ulation in which the criteria were validated.

We wish to clearly reiterate that our study addressed nei-
ther the primacy of HLA–B27 nor the validity of the ASAS crite-
ria. The Pre-SpA cohort study is a prospective translational
study designed to learn more about early pathophysiologic
events in SpA.

We also appreciate the interest and comments of Dr.
Baillet and colleagues. Those authors note that treatment in very
early SpA has not yet been shown to be efficacious, as it has in
RA. In our opinion this highlights the importance of cohort stud-
ies investigating the early and very early phases of the disease,
such as studies of the Spondyloarthritis Caught Early cohort, the
Devenir des Spondyloarthrites Indiff�erenci�ees R�ecentes cohort,
and our Pre-SpA family cohort, which even enables identification
of the preclinical phases of SpA. Whether such an entity as “pre-
spondyloarthritis” can be recognized and if the disease can be
halted in such an early phase needs to be determined by careful
and ongoing follow-up of the Pre-SpA cohort.

Baillet et al conclude, based on their experience with 1
patient, that inflammation of the anterior portion of the SI joint
in a first-degree relative of a patient with SpA is not necessarily
an SpA-related symptom. We would like to refer them to Table
2 of our article, comparing participants with and those without
imaging abnormalities with regard to a number of features,
including risk factors for degenerative disease (higher BMI,
female sex, higher age). No differences were found. Additional-
ly, the number of known past pregnancies was comparable in
the 2 groups (4 pregnancies among the 39 participants without
imaging abnormalities versus 2 pregnancies among the 11 par-
ticipants with imaging abnormalities; P 5 0.591). Although the

Pre-SpA cohort is a very young cohort (mean 6 SD age
25.2 6 5.1 years), we agree with Baillet and colleagues that oth-
er causes of inflammation of the SI joints should be considered.
Since information on MRI findings in the SI joints of asymp-
tomatic individuals is scarce, only by thorough follow-up will
we learn which participants will ultimately develop full-blown
SpA.

Janneke de Winter, MD
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Academic Medical Center
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Facet pain syndrome and nonradiographic axial
spondyloarthritis

To the Editor:
Rheumatologists study spondyloarthritis (SpA), but we

usually do not study chronic low back pain (1). Facet joint syn-
drome has been estimated to account for up to 30% of chronic
low back pain (2). Despite this high prevalence, the existence of
facet pain syndrome was denied in the 1960s and 1970s and
only recently confirmed (3). However, it remains poorly under-
stood, and its diagnosis is often difficult (2,3).

In routine practice I frequently see young, thin, HLA–
B27–negative women with lumbar hyperlordosis, facet pain
syndrome, and nocturnal low back pain. Lumbar facet pain syn-
drome tends to be eccentric and bilateral, most commonly
affecting the lumbosacral area (gluteus). Its onset is usually
insidious, and it typically worsens with extension, ipsilateral
bending, or rotation of the spine (2–4), improving with lumbar
flexion. It causes morning stiffness of the spine (3) and occurs
when movement starts and at rest (3,4). In contrast, lumbar
hyperlordosis produces overload in its concavity (the facet
joints) and is associated with a horizontalized sacrum (5),
which, in turn, is associated with female sex (6). Mechanical
stress on the horizontalized sacroiliac joints may produce adja-
cent bone marrow edema (1,7). These patients report that low
back pain awakens them at night when they turn over in bed. I
believe these patients may sleep in lateral decubitus with their
facet joints in slight lumbar flexion, but they awaken when
turning over in bed because of a combination of lumbar exten-
sion and rotation. In my view, these patients are good candi-
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dent of their HLA–B27 status. We would like to apologize for our
presumed lack of clarity in the text, leading to the incorrect state-
ment by van der Linden and Khan that we report the presence of
axial SpA in those relatives. We carefully avoided any statement
in this direction throughout the manuscript and wish to empha-
size this point once more: the aim of the study (and hence the con-
clusion drawn) was not to diagnose axial SpA early but, in
contrast, to study SpA features in seemingly healthy individuals
who do not (yet) have axial SpA. We did not suggest in any way
that the presence of features of SpA in these individuals indicates
that they have the diagnosis of axial SpA.

Van der Linden and Khan propose, as a potential
explanation for the equal prevalence of SpA features in HLA–
B27–positive and HLA–B27–negative first-degree relatives,
that only a subset of these individuals (presumably those who
were HLA–B27 positive) will progress to having full-blown
SpA over time. We completely agree, as investigating this ques-
tion is exactly the reason we have undertaken this prospective
cohort study, reporting in our recent article only baseline find-
ings, and why we mention in the article that “Further follow-up
will show which first-degree relatives will develop clinically
manifest SpA.”

Finally, van der Linden and Khan dispute the criterion
validity of the ASAS criteria for axial SpA (1). We wish to clear-
ly distance ourselves from this statement as 1) our study was
never designed to address this question, 2) the ASAS criteria
were developed to classify patients as having axial SpA and not
to diagnose axial SpA (2,3), and 3) as clearly indicated in our
report and highlighted in the highly relevant editorial by Sari
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including risk factors for degenerative disease (higher BMI,
female sex, higher age). No differences were found. Additional-
ly, the number of known past pregnancies was comparable in
the 2 groups (4 pregnancies among the 39 participants without
imaging abnormalities versus 2 pregnancies among the 11 par-
ticipants with imaging abnormalities; P 5 0.591). Although the

Pre-SpA cohort is a very young cohort (mean 6 SD age
25.2 6 5.1 years), we agree with Baillet and colleagues that oth-
er causes of inflammation of the SI joints should be considered.
Since information on MRI findings in the SI joints of asymp-
tomatic individuals is scarce, only by thorough follow-up will
we learn which participants will ultimately develop full-blown
SpA.
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Facet pain syndrome and nonradiographic axial
spondyloarthritis

To the Editor:
Rheumatologists study spondyloarthritis (SpA), but we

usually do not study chronic low back pain (1). Facet joint syn-
drome has been estimated to account for up to 30% of chronic
low back pain (2). Despite this high prevalence, the existence of
facet pain syndrome was denied in the 1960s and 1970s and
only recently confirmed (3). However, it remains poorly under-
stood, and its diagnosis is often difficult (2,3).

In routine practice I frequently see young, thin, HLA–
B27–negative women with lumbar hyperlordosis, facet pain
syndrome, and nocturnal low back pain. Lumbar facet pain syn-
drome tends to be eccentric and bilateral, most commonly
affecting the lumbosacral area (gluteus). Its onset is usually
insidious, and it typically worsens with extension, ipsilateral
bending, or rotation of the spine (2–4), improving with lumbar
flexion. It causes morning stiffness of the spine (3) and occurs
when movement starts and at rest (3,4). In contrast, lumbar
hyperlordosis produces overload in its concavity (the facet
joints) and is associated with a horizontalized sacrum (5),
which, in turn, is associated with female sex (6). Mechanical
stress on the horizontalized sacroiliac joints may produce adja-
cent bone marrow edema (1,7). These patients report that low
back pain awakens them at night when they turn over in bed. I
believe these patients may sleep in lateral decubitus with their
facet joints in slight lumbar flexion, but they awaken when
turning over in bed because of a combination of lumbar exten-
sion and rotation. In my view, these patients are good candi-
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dates for a diagnosis of nonradiographic axial SpA, and they
could help to explain major differences observed between
patients with nonradiographic axial SpA according to the
Assessment of SpondyloArthritis international Society criteria
(8) and patients with ankylosing spondylitis, such as female
predominance, lower levels of inflammation markers, lower
prevalence of HLA–B27, and nonspecific bone marrow edema
adjacent to sacroiliac joints in the former group (1,7,9).
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Reply

To the Editor:
We thank Dr. Olmedo-Garzo�n for an interesting

hypothesis on the role of facet joint syndrome in the composi-
tion of the nonradiographic SpA patient population. Overall,
we agree that with the use of the Assessment of SpondyloAr-
thritis international Society criteria for axial SpA (1), there is a
risk that a subgroup of patients with mechanical low back pain
may be diagnosed as having SpA. We further agree that a dif-
ferent load distribution in women may influence the presence
of bone marrow edema at the sacroiliac joints, and also that it is
possible that age and common degenerative disorders may
influence the presence of bone marrow edema at the sacroiliac
joint. These theories are supported by previous reports from
our group (2,3). Likewise, the relatively high prevalence of

inflammatory pain characteristics, such as insidious onset, noc-
turnal pain, and morning stiffness, reported in patients with
non-SpA low back pain (4–6) may have various explanations, of
which facet joint syndrome might be one.

Unfortunately, diagnosis of facet joint syndrome is dif-
ficult, as Olmedo-Garzo�n points out. The definition is restrict-
ed by a lack of objective measurements, compromising the
ability to investigate for facet joint syndrome in relation to the
diagnosis of SpA. However, the hypotheses proposed by
Olmedo-Garzo�n emphasize the need for further studies
aimed at identifying clinical symptoms and imaging findings
that would accurately distinguish SpA from other causes of
back pain.
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