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IL1RN Variation Predicts Treatment Response in Patients 
with Systemic JIA
In this issue, Arthur et al (p. 1319) describe 
an important first step toward the personal-
ized treatment of systemic juvenile idiopathic 

arthritis (JIA). In their 
study, the investigators 
focused their attention on 

11 systemic JIA susceptibility loci that had pre-
viously been identified from the International 
Childhood Arthritis Genetics Consortium 
(INCHARGE) systemic JIA collection. Unfor-
tunately, these loci were identified in small 
case–control collections and had only modest 
associations with disease. The researchers thus 
sought to determine whether these suscepti-
bility loci were associated with systemic JIA 
in their large study population of 770 patients 
with systemic JIA and 6,947 controls. 

When the researchers examined the 
effect of systemic JIA–associated single-
nucleotide polymorphisms (SNPs) on gene 
expression in silico in paired whole genome 
and RNA sequencing data from the lympho-
blastoid cell lines (LCLs) of 373 subjects 
from the European 1000 Genomes Project, 
they found no association between the pre-
viously reported 26 SNPs and systemic JIA. 
An expanded analysis of the regions contain-
ing the 26 SNPs revealed only 1 significant 
association: the promoter region of IL1RN. 
At this locus, they identified 3 systemic JIA–
associated SNPs that tagged a 7-SNP haplo-
type in the promoter region of IL1RN.

The implicated SNPs were strong 
determinants of levels of IL1RN and 

Coadministration of methotrexate 
(MTX) and tumor necrosis factor 
(TNF) inhibitors is known to increase 

the efficacy of TNF 
inhibitors. In this 
issue, Kremer et al 

(p. 1200) report the results of the first 
controlled study to examine discontin-
uation of MTX in patients with rheu-
matoid arthritis (RA) receiving the TNF 
inhibitor tocilizumab (TCZ). Their non-
inferiority study revealed that patients 
with RA who received TCZ plus MTX 
and achieved low disease activity could 
discontinue MTX without significant 
worsening of disease activity during 
the 16 weeks following MTX discontinuation. In other words, 
TCZ monotherapy was statistically noninferior to TCZ plus MTX 
in patients who achieve low disease activity with TCZ plus MTX. 

The investigators focused their attention on patients with 
RA who experienced an inadequate response to MTX and 

thus received MTX plus TCZ 162 mg 
subcutaneously. At 24 weeks, they 
randomized patients (n = 296) who 
achieved a Disease Activity Score 
in 28 joints using the erythrocyte 
sedimentation rate (DAS28-ESR) of 
≤3.2 to receive TCZ monotherapy (n 
= 147) or TCZ plus MTX (n = 147) 
until week 52. The mean changes in 
DAS28-ESR from week 24 to week 
40 (primary outcome measure) were 
0.46 in the TCZ monotherapy group 
and 0.14 in the TCZ plus MTX group 
(weighted difference between the 2 
groups, 0.318 [95% confidence interval 
0.045, 0.592]). The results met the 

pre-established noninferiority margin of 0.6. The investigators 
also documented similar safety effects between the 2 treatment 
groups, with the most common serious adverse event being 
infection (2.1% in the TCZ monotherapy group and 2.2% in the 
TCZ plus MTX group).

Patients with Rheumatoid Arthritis May Be Able to 
Discontinue Use of Methotrexate

p.  1200

interleukin-1 receptor antagonist (IL-
1Ra), and their low expression was linked 
to increased risk for systemic JIA. The 
investigators next analyzed the association 
between treatment response to recombinant 
human IL-1Ra (anakinra) and systemic 
JIA–associated SNPs in 38 US patients 
for whom they had treatment response 
data. They found that the systemic JIA–
associated SNPs correlated with IL1RN 
expression in LCLs. Moreover, the high-
expression alleles predicted nonresponsive-
ness to anakinra therapy (odds ratio 28.7 
[95% confidence interval 3.2–255.8]). The 
researchers therefore suggest that the high-
expression alleles could serve as biomark-
ers to guide systemic JIA treatment. 

p.  1319

Figure 1. Disease activity in randomized patients according to 
treatment group. The mean DAS28-ESR over 52 weeks in patients 
randomized at week 24 to receive either TCZ monotherapy or TCZ 
plus MTX is shown. Values are the mean ± SEM. 

https://onlinelibrary.wiley.com/doi/10.1002/art.40498
https://onlinelibrary.wiley.com/doi/10.1002/art.40493
https://onlinelibrary.wiley.com/doi/10.1002/art.40493
https://onlinelibrary.wiley.com/doi/10.1002/art.40493


Heberden’s Nodes May Provide Clue to Knee Osteoarthritis
Previous studies have been inconsistent with 
regard to the association between the pres-
ence of Heberden’s nodes and knee osteo-
arthritis (OA). In this issue, Kumar et al  
(p. 1234) describe their investigation of the 

ability of Heberden’s 
nodes to reflect the inci-
dence and progression of 

radiographic OA of the knee. The investiga-
tors analyzed data from 8,023 knees with 8 
years of follow-up from the Osteoarthritis 
Initiative. They performed Cox regres-
sion on Heberden’s node presence, total 
number, location, and symmetry obtained 
at baseline physical examination as well as 
self-report of Heberden’s node presence for 

their association with radiographic knee OA 
incidence and progression. The researchers 
defined knee OA as development of a Kell-
gren/Lawrence grade of ≥2, and they defined 
OA progression as a worsening of the medial 
joint space narrowing score of ≥1. Their 
study is noteworthy because, in contrast 
to previous studies, theirs included longer 
follow-up, larger sample size (8,023 knees 
versus <500 knees), and quantitative node 
assessment using physical examination, as 
opposed to self-reports.

The investigators found that the number 
of Heberden’s nodes, their locations, 
and their symmetry were associated with 
knee OA and progression over 8 years. 

Belimumab is a human immunoglobulin monoclonal antibody 
against B lymphocyte stimulator.  Previous studies have suggested 
that it is an effective treatment for patients with systemic lupus 
erythematosus (SLE) who are hypocomplementemic (C3 <90 mg/
dl and/or C4 <10 mg/dl) and anti–double-stranded DNA (anti-

dsDNA) positive (≥30 IU/ml) at baseline. In this 
issue, Doria et al (p. 1256) report that such 
patients experience significant improvement in 

SLE Responder Index 4 (SRI-4) response upon treatment with 
weekly subcutaneous (SC) belimumab 200 mg. 

The researchers identified 836 patients in their intent-to-treat 
(ITT) population and focused their attention on the 356 patients 
who were hypocomplementemic and anti-dsDNA positive at 
baseline. They randomized these individuals to receive either 
placebo plus standard therapy or SC belimumab plus standard 
therapy. The belimumab group contained 64.6% SRI-4 responders 
compared to the control group, which contained 47.2% responders. 
The investigators noted the high response in those who received 
placebo plus standard therapy and proposed that this might have 
been the result of the unbalanced randomization schedule of 2:1 
belimumab:placebo. They also noted, however, that their results 
are consistent with the findings of the Belimumab in Subjects with 
SLE, intravenous administration studies.

In the current study, treatment with belimumab also 
decreased severe flare incidence, according to the Safety of 
Estrogens in Lupus Erythematosus National Assessment version 
of the Systemic Lupus Erythematosus Disease Activity Index, 
and reduced corticosteroid use (corticosteroid dosage reduced 
by ≥25% to ≤7.5 mg/day during weeks 40–52) when compared 

to placebo. In addition, the investigators found a trend towards 
greater benefit from treatment when the response was compared 
to the overall ITT population. The adverse events were similar 
between the 2 treatment groups and consistent with the known 
safety profile of belimumab.

Belimumab Effective for Hypocomplementemic Anti-
dsDNA–Positive Patients with SLE

p.  1234

p.  1256

Figure 1. SRI-4 response over time in the patients treated with placebo (n = 108) 
and those treated with SC belimumab 200 mg (n = 248).

Specifically, they found that the presence 
of Heberden’s nodes at baseline physical 
examination was associated with radio-
graphic knee OA incidence. The same was 
not true, however, for subjective self-report 
of Heberden’s nodes.

The researchers also report that each 
additional Heberden’s node found on phys-
ical examination was associated with knee 
OA incidence. Specifically, knee OA inci-
dence was associated with Heberden’s 
nodes on the first and third digits, whereas 
Heberden’s nodes on the first through 
third digits were associated with knee OA 
progression. Heberden’s node symmetry 
was also associated with knee OA incidence. 
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Clinical Connections
Modulation of Inflammatory Arthritis in Mice by 
Gut Microbiota Through Mucosal Inflammation and 
Autoantibody Generation
Jubair et al, Arthritis Rheumatol 2018;70:1220–1233.

CORRESPONDENCE 
Kristine A. Kuhn, MD, PhD:  Kristine.kuhn@ucdenver.edu 

SUMMARY  
Studies of the intestinal microbiome have suggested alterations in individuals with rheumatoid arthritis compared 
to healthy controls.  However,  how these changes in bacterial communities affect disease is unknown.  In a mouse 
model of inflammatory arthritis, Jubair et al found that changes in intestinal bacterial communities occurred in 
parallel to intestinal inflammation associated with Th17 T cells, indicating that these bacterial changes could modulate 
disease development. When broad-spectrum antibiotics were given to mice before experimental induction of 
arthritis, disease was reduced by ~40%. However, if antibiotics were administered after the development of Th17 
mucosal inflammation and systemic autoantibodies, but before evidence of arthritis, disease was reduced by >95%.  
The antibiotics themselves did not treat disease, as when pathogenic autoantibodies were transferred to mice to 
induce arthritis, antibiotic treatment had no effect.  Antibiotics altered the intestinal bacteria and mucosal immune 
response in such a way that autoantibodies had an altered glycosylation profile that rendered the autoantibodies 
less effective at activating complement. These findings suggest that the intestinal microbiome can differentially affect 
the development of arthritis by unique mechanisms at different stages of experimentally induced disease.

KEY POINTS 
•  Alterations in the intestinal 

microbiome parallel Th17-like 
mucosal inflammation in the 
development of inflammatory 
arthritis in mice.

•  Depletion of intestinal bacteria 
before the induction of inflammatory 
arthritis impairs the development 
of systemic autoantibodies and 
cytokines, partially protecting mice 
from arthritis.

•  Depletion of intestinal 
bacteria after the induction of 
inflammatory arthritis has a more 
significant impact in preventing 
arthritis through modulation of 
autoantibody effector function.

https://onlinelibrary.wiley.com/doi/10.1002/art.40490


Clinical Connections

Guggino et al, Arthritis Rheumatol 2018;70:1265–1275.

CORRESPONDENCE 
Francesco Ciccia, MD, PhD:  francescociccia@tiscali.it  

Interleukin-25 Axis Is Involved in the Pathogenesis 
of Human Primary and Experimental Murine 
Sjögren’s Syndrome

SUMMARY  
Interleukin-25 (IL-25) is a member of the IL-17 cytokine family, also known as IL-17E, which has been implicated in 
the regulation of both innate and adaptive immune responses. Specifically, IL-25 promotes type 2 innate responses 
by increasing the polarization of alternatively activated (or M2) macrophages, which mainly produce regulatory 
cytokines, including IL-4, IL-13, transforming growth factor β (TGFβ), and IL-10, and by influencing the differentiation 
of innate lymphoid cells of type 2 (ILC2), a subset of innate lymphoid cells that produce IL-5, IL-9, and IL-13.

Guggino and colleagues found that activation of the IL-25 axis correlated with the degree of salivary gland histologic 
inflammation in primary Sjögren’s syndrome (SS) patients. IL-25 signaling in both the salivary glands and peripheral 
blood was associated with an increased frequency of M2 macrophages and proinflammatory IL-25–responsive ILC2 
cells, and IL-25 also up-regulated the production of primary SS–related autoantibodies by B lymphocytes. 

In a murine model of SS, higher IL-25 expression was observed together with an increased frequency of immune 
cells expressing the IL-25 receptor. In addition, IL-25 neutralization attenuated disease progression and tissue 
pathology in the SS murine model by reducing the activation of Th1 cells, ILC2 cells, and M2 macrophages. These 
data suggest that targeting the IL-25 pathway might be relevant in treating primary SS patients.

KEY POINTS 
•  The IL-25/IL17RB axis is activated in 

primary SS and in experimental SS.

•  IL-25 drives type 2 innate immune 
responses in primary SS and in 
experimental SS by expanding M2 
macrophages and ILC2 cells.

•  IL-25 modulates B cell function and 
autoantibody production in primary SS.

•  Neutralization of IL-25 attenuates 
disease progression and tissue 
pathology in experimental SS. 

https://onlinelibrary.wiley.com/doi/10.1002/art.40500


ACR Meetings 

Annual Meetings 
October 19–24, 2018, Chicago 
November 8–13, 2019, Atlanta

For additional information, contact the ACR office. 

Join Us in Chicago for the 2018 ACR/ARHP Annual Meeting, 
October 19–24

High-impact learning starts with our pre-meeting 
courses. Pre-meeting courses offer attendees unique learning 
 opportunities in specific topic areas. They will be held October 19–
20 at McCormick Place Convention Center. Whatever your area 
of  research or practice, you’re sure to find something just for you!

•  ACR Basic Research Conference: Epigenetics in Immune-
Mediated Disease (October 19–20)

•  ACR Clinical Research Conference: Applications of Mobile 
Health Technologies (October 19–20)

•  Musculoskeletal Ultrasound Course for Rheumatologists—
Fundamentals (October 19–20)

•  Coding: Unlock the Mysteries of Advanced Coding for 
 Rheumatology (October 19)

•  ACR Review Course (October 20)
•  ACR/ARHP Immunology Breakthroughs: Impact on Diag-

nosis and Therapy (October 20)
•  Musculoskeletal Ultrasound Course for Rheumatologists—

Advanced (October 20)
•  Practice Management: Putting the Pieces Together— Winning 

Strategies for Rheumatology Practices (October 20)
2018 Opening Lecture: Saturday, October 20. What fac-

tors can predict survival in times of great adversity? Surely the most 
important is resilience. In this year’s unique, compelling Opening 
Lecture, a Hollywood mogul shares his story of resilience in surviv-
ing an acute, life-threatening medical crisis and his arduous road to 
 recovery with physical rehabilitation and therapy.  Veteran film and 
television producer Jonathan Koch, President and CCO of Asy-
lum Entertainment, LLC, will focus on the patient’s journey, high-
lighting how a team of dedicated, skilled, and resilient health care 
 professionals can work with the patient as partners to triumph over 
a challenging rare illness. A few years ago, Mr. Koch, a busy execu-
tive and dad, rapidly developed a serious illness that led quickly to 
hospitalization in an intensive care unit. It was a puzzling and rare 
diagnosis: acute hemophagocytic lymphohistiocytosis. He faced 
losing not just his successful career in the entertainment industry, 

but his life, and the life yet to be lived with his loved ones. While 
Mr. Koch’s initial therapy saved his life, he awoke from a medically 
induced coma with severe necrosis in his extremities, necessitat-
ing amputation of his hands and feet. In this lecture, he will de-
scribe the physical and emotional trauma he endured, and share his 
 experiences working with his health care team to restore his inde-
pendence and mobility so he could return to his career, dance with 
his daughter, and even play tennis. This heartbreaking and heart-
warming talk will illuminate the patient’s perspective on care, the 
pain and grief associated with illness, and the power of resilience 
to fuel recovery and restored independence. Mr. Koch’s inspiring 
story will also spotlight how health care providers can emphasize 
resilience in the care setting, not just for their patients struggling to 
overcome illness, but for themselves.

ARHP Keynote Address: Sunday, October 21. The 
ARHP Keynote Address, 2030: A Rheumatology Odyssey, will 
be a discussion of the history and future of rheumatoid arthritis 
diagnosis, treatment, and ongoing maintenance as told through 
the science, research, and the interprofessional team of provid-
ers it takes to care for these patients. Using an engaging, TED-
style presentation format, Iain McInness, PhD, FRCP, FRSE from 
the University of Glasgow and member of the EULAR Executive 
Committee, and Ben Smith, PA-C, DFAAPA from Florida State 
University will lead the audience on a journey through the his-
tory of RA, arriving in the future. As innovative therapies have 
evolved, so has the team of experts treating RA. Along with 
 rehabilitation specialists, nurses, and researchers, the team of 
the present includes NPs, PAs, pharmacists, and highly educated 
 office staff.  What will be the role of artificial intelligence, social 
media, telemedicine, and precision medicine in the future of RA 
care? The work force shortage will be addressed through unique 
strategies expected to bridge the gaps and advance access to rheu-
matologic care for RA patients all over the world.

Late-breaking abstract submission now open. It’s time 
to submit your most outstanding emerging studies. The late-breaking 
abstract category allows for the submission of truly late-breaking, 
high-impact scientific research for which results were not avail-
able at the time of the Tuesday, June 5 general abstract submission 
deadline. Late-breaking abstracts should present data that are high 
impact, groundbreaking, innovative, and newsworthy. Submission 
opens August 16 and closes September 13 at noon ET.

Register now. The deadline for advance registration for 
the 2018 Annual Meeting is October 3. Go to  rheumatology.
org/Annual-Meeting/Registration to register or obtain more 
information on all Annual Meeting sessions.

ACR ANNOUNCEMENTS 
AMERICAN COLLEGE OF RHEUMATOLOGY 

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

What Can Our Hands Tell Us About the Future of Our Knees?

Jamie E. Collins

Knee osteoarthritis (OA) affects 14 million indi-
viduals in the US and >250 million adults worldwide (1,2).
OA of the lower extremities is associated with decreased
quality of life and increased health care utilization (3).
Recent estimates suggest that knee OA should not merely
be considered a disease of aging—in the US alone more
than half of those affected are younger than age 65 years,
while close to 15% are younger than age 45 years (2).
Patients are living longer with OA, which underscores the
need to better understand how the disease progresses
over years and decades. Knee OA is a heterogeneous dis-
ease, with some patients experiencing rapid deterioration
and others experiencing slow disease progression. Thus,
many researchers have attempted to identify prognostic
factors: can we identify which patients are likely to
develop knee OA or experience disease worsening?

One promising prognostic factor is related to OA
elsewhere in the body. Heberden’s nodes are bony
enlargements in the distal interphalangeal joint; the pres-
ence of such nodes is commonly used as a marker of hand
OA. A 2015 meta-analysis by Bastick et al found strong
evidence of an association between the presence of
Heberden’s nodes and subsequent radiographic knee
OA progression (4). Another review the same year found
a modest, but not statistically significant, association
between the presence of hand OA and the onset of knee
pain/OA (5). However, questions about how to quantify
the burden of Heberden’s nodes complicate its use as a

prognostic factor for knee OA. Hand OA is often classified
simply as present or absent, and is sometimes based on
subject self-report. But Heberden’s nodes can be assessed
on each digit, and multiple nodes can be present in a
single digit, reflecting a total burden of OA in the hand.

In this issue of Arthritis & Rheumatology, Kumar
et al (6) present an analysis of the association between
Heberden’s nodes and subsequent incidence or progres-
sion of knee OA. The authors used data from the
Osteoarthritis Initiative (OAI), a multicenter observa-
tional cohort study of subjects in the US with, or at high
risk of, knee OA. Heberden’s nodes were assessed at
study entry during a physical examination by a trained
nurse and were quantified as presence or absence of any
Heberden’s nodes, total number of Heberden’s nodes
(range 0–10), and presence or absence of Heberden’s
nodes on each digit separately. In addition, 2 measures of
symmetry in Heberden’s nodes between the 2 hands were
computed. Finally, Heberden’s nodes were assessed by
subject self-report and quantified as present or absent.
Two sets of analyses were conducted. The OA incidence
analysis was conducted on the subgroup of knees with a
Kellgren/Lawrence (K/L) grade of 0–1 at baseline, with
OA incidence defined as reaching a K/L grade of ≥2 over
the course of follow-up (up to 8 years). The OA progres-
sion analysis was conducted on the subgroup of knees
with an Osteoarthritis Research Society International
score of 1–2 at baseline, with progression defined as an
increase of at least 1 point in the joint space narrowing
score over the course of follow-up. The authors found
that Heberden’s node number, location, and symmetry
were associated with both OA incidence and progression.

The OAI is a complex study with many measure-
ments over many time points, and the analysis of such data
can present challenges. For example, subjects may con-
tribute 1 or 2 knees to the data set, and may be followed
up for uneven amounts of time. Dropout and missing data
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present analytic challenges. Kumar et al have dealt with
these challenges by employing a Cox regression model
using multistage probability analysis to take into account
the clustering of knees within subjects. The authors chose
Cox regression over logistic or binomial regression because
the Cox model considers the time to the occurrence of the
event (i.e., time from baseline to knee OA incidence or
progression). Survival time accumulates until a subject
experiences the event or stops being followed up. Subjects
who do not complete the study can contribute data up until
the time of study dropout or becoming lost to follow-up.
Previous studies evaluating the association between hand
OA and knee OA have used complete case analyses, evalu-
ating only those subjects for whom outcome (incidence or
progression) could be determined. By using a time-to-event
approach, Kumar et al use all available data and thus avoid
the pitfalls associated with complete case analysis.

While the analyses carried out by Kumar et al
address some complexities in the data, there are addi-
tional elements the authors could have considered. First,
the radiographic progression data in the OAI are interval
censored, meaning that the outcome of interest—in this
case OA incidence or progression—is not observed
directly but is known to lie within an interval of time. In
the OAI, follow-up was done at 12-month intervals. Thus,
we can say only that these outcomes, developing knee OA
or experiencing progression, happened at some point in
the 12-month interval. This interval becomes longer for
subjects who miss a scheduled follow-up. Ignoring the
interval nature of the censoring, or simply imputing the
interval’s midpoint as the event time, can lead to bias and
underestimation of the variance (7). Methods to model
interval-censored data, such as the piecewise exponential
model or the grouped data Cox model, could be an inter-
esting sensitivity analysis for progression and incidence
outcomes. These are available in common statistical pack-
ages such as SAS and R (8,9).

Another important consideration in time-to-event
analyses of OAI incidence and progression is competing
risks. A competing risk is an event whose occurrence pre-
cludes the event of interest. In an analysis of OA progres-
sion, total knee replacement (TKR) could be thought of as
a competing risk; once a subject has undergone TKR, he
or she can no longer experience OA progression. Classify-
ing such a subject as censored would violate the assump-
tions of the Cox model: a censored subject should still be at
risk for the event of interest, and a subject undergoing
TKR is no longer at risk of OA progression. The estimation
of disease progression is further complicated if the compet-
ing risk (i.e., TKR) is additionally associated with a prog-
nostic factor (i.e., Heberden’s nodes). If, for example,
subjects with hand OA are experiencing faster knee OA

progression than subjects without hand OA, and are thus
more likely to be censored due to TKR, the association
between hand OA and progression could be biased. The
simplest way to model competing risks is to perform an all-
cause survival analysis; that is, the first competing event is
considered the outcome. This is a straightforward modifica-
tion in analyses of radiographic OA progression. A subject
would be considered to have reached the outcome when
he or she reaches the incidence or progression threshold
(i.e., K/L grade ≥2) or when he or she undergoes TKR.

To make such analyses as useful as possible from a
clinical viewpoint, we must also consider how the associa-
tion is presented. Kumar et al describe the association
between baseline Heberden’s nodes and subsequent OA
incidence and progression using hazard ratios. While the
hazard ratio describes the association, it does not neces-
sarily tell us whether the prognostic factor can accurately
classify patients as diseased or non-diseased. That is the
type of information that clinicians are often seeking.
Often, strong associations do not confer an added benefit
for classification or discrimination: a strong association is
a necessary, but not sufficient, condition for good discrim-
ination (10). Thus, if we wish to determine whether a
prognostic factor can predict risk for individual persons,
we should assess the performance of the statistical predic-
tion model. Discrimination can be formally assessed by
measures such as sensitivity, specificity, the area under
the receiver operating characteristic curve, and positive
and negative predictive value. Extensions of these mea-
sures can be estimated in Cox regression for survival out-
comes (11). The Brier score can be used to quantify the
accuracy of the prediction; it compares the actual out-
come with its predicted probability and can be estimated
for survival outcomes. In order to assess how a prognos-
tic factor might work in a real-world setting, we need to
generalize the performance of the factor: how might it
work in an independent data set? Methods including
cross-validation and bootstrapping each work to split the
data into “training” and “testing” data sets to estimate
this performance. If the goal is to predict risk for individ-
ual subjects, then this additional work in discrimination
and classification is necessary.

Kumar et al add to the body of evidence suggesting
that hand OA may be associated with knee OA incidence
and progression. The authors showed that an individual’s
increasing total burden of hand OA, as measured by num-
ber and location of Heberden’s nodes, was associated with
an increasing hazard of knee OA incidence and progres-
sion. While a growing body of literature suggests that
mechanical factors—such as increased load and gait
abnormalities—contribute to the development and pro-
gression of knee OA, the results of the study by Kumar
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et al support a more nuanced model with interplay
between systemic and mechanical factors. Understanding
the role of, and interplay between, systemic and mechani-
cal factors is the key to better prognostic models and ulti-
mately the development of new treatment strategies.
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EDITORIAL

Toward Personalized Treatment for Systemic Juvenile Idiopathic Arthritis

Sebastiaan J. Vastert and Peter A. Nigrovic

The past 15 years have witnessed substantial gains
in the understanding of systemic juvenile idiopathic arthri-
tis (systemic JIA), also known as Still’s disease. Although
classified under the JIA umbrella, this rare chronic
inflammatory disorder presents with fever and rash in
addition to arthritis and is thus phenotypically distinct
from other forms of JIA. In a landmark paper in 2005,
Pascual and colleagues demonstrated a major role of
interleukin-1 (IL-1) in systemic JIA (1). This observation
spurred great interest in therapeutic IL-1 blockade, ini-
tially in systemic JIA refractory to other agents and later
as first-line treatment (2–4). The proinflammatory cyto-
kine IL-6 has proven to be important as well, with clinical
response to IL-6 blockade at least as robust as to IL-1
blockade in established systemic JIA (5,6).

Although therapeutic options are now remarkably
better than they were, we still do not know how to decide
which systemic JIA patient to start on which treatment
and when. This challenge reflects the heterogeneity of
systemic JIA. Based on data from existing cohorts,
approximately half of patients follow a persistent course,

characterized by chronic arthritis and sometimes intrac-
table systemic inflammation. In the remainder, the disease
ultimately enters long-term remission, sometimes after
only a year or two. At present, there is no way to tell in
advance which course a child will follow. When a biologic
is contemplated, it can be difficult to choose between IL-1
and IL-6 blockade. Clinical experience shows that some
patients respond to one but not the other, but who are
these children? For example, approximately 30% exhibit
an incomplete response to IL-1 blockade, even early in
the disease (3). Despite biologic therapies, there is even in
2018 a substantial subset of systemic JIA patients whose
disease remains uncontrolled in the face of all we have to
offer. Further, 10–30% of systemic JIA patients develop
the explosive “cytokine storm” termed macrophage acti-
vation syndrome, and some will develop life-threatening
interstitial lung disease and pulmonary hypertension. As a
result, management of systemic JIA leaves much to be
desired, and identification of predictive biomarkers for
therapy response remains a major research priority.

In this issue of Arthritis & Rheumatology, Arthur and
colleagues present the latest study from the INCHARGE
systemic JIA consortium, led by the National Institute of
Health’s Dr. Michael Ombrello (7). Employing a cohort of
770 systemic JIA patients and 6,947 healthy control patients
from the US, the UK, Germany, Turkey, Italy, Brazil,
Argentina, Canada, and Spain, they had previously used
genome-wide association study methodology to identify the
major histocompatibility complex II region on chromosome
6 as a key genetic risk locus for systemic JIA, and showed
that systemic JIA is genetically distinct from more common
forms of JIA (8,9). Here they extended these studies to test
26 single-nucleotide polymorphisms (SNPs)—common
DNA variants within the population that signpost haplo-
types to identify genetic regions associated with disease risk
—in 11 loci that had been previously implicated in systemic
JIA. These loci included plausible contributors to disease
biology, including IL1A/B, IL1R2, IL10/20, IL6, and MVK.
However, like many genetic associations derived from
small studies, none of these 26 SNPs replicated in the
larger cohort. Extending this analysis to other SNPs
within these 11 regions, only one locus emerged as
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significantly associated with systemic JIA risk—IL1RN,
encoding the IL-1 receptor antagonist (IL-1Ra), an
endogenous IL-1 blocking protein familiar to clinicians in
its recombinant form as anakinra. While it remains possible
that the previously reported associations could still hold
true in specific populations, these results are important
because they confirm one genetic risk locus for systemic
JIA while steering investigators away from others that
could potentially mislead.

Delving deeper into IL1RN, Arthur and col-
leagues employed publicly available data to explore the
functional significance of the associated variants. The
SNPs most closely associated with risk were not coding
variants but rather resided in the IL1RN promotor
region, raising the possibility that the associated haplo-
type modulates gene expression. Indeed, these SNPs had
previously been identified as IL1RN expression quantita-
tive trait loci—that is, they track with IL1RN expression,
in both whole blood and in cultured cells. Published data
had correlated protective SNPs with higher IL-1Ra pro-
tein levels in blood. Finally, RNA sequencing data from
373 lymphoblastic cell lines derived from genotyped
donors in the 1000 Genomes Project showed that
SNPs associated with lower systemic JIA risk correlated
with higher IL1RN expression, while higher-risk SNPs
correlated with lower IL1RN expression. Together, these
data suggest (although they do not formally prove) that
genetic variants in the promotor region of IL1RN modu-
late risk for systemic JIA through their effect on IL-1Ra
levels.

What are the clinical implications of these find-
ings? As a next step, Arthur and colleagues hypothesized
that patients with systemic JIA who already had geneti-
cally high levels of IL-1Ra might not respond as well to
anakinra (i.e., even more IL-1Ra) as those whose levels
were lower. In fact, this is what they observed. Analyzing
38 patients from their cohort who had received anakinra
and for whom response data were available, they found
that the 9 anakinra nonresponders were more likely to be
homozygous for high-expressing IL1RN alleles than the
29 responders. By contrast, no such associations were
observed among 14 patients with known response data
after treatment with the IL-6Ra tocilizumab. Some tocili-
zumab responders had previously received anakinra, sug-
gesting that the correlation between high endogenous
IL-1Ra and anakinra failure was specific to this thera-
peutic mechanism, not a marker of refractory disease in
general. Thus, the data from Arthur and colleagues not
only define a new gene implicated in systemic JIA but
also suggest a genetic marker that may allow pediatric
rheumatologists to decide which biologic to use in the
clinic.

Strengths of this study include the number of sys-
temic JIA patients, yielding statistical power sufficient to
provide some of the first really reliable genetic risk data,
and also its potential clinical and translational relevance.
However, as the authors emphasize, the genetic predictor
of therapeutic response still has to be interpreted with cau-
tion. Clinical data were extracted post hoc from medical
records, and the number of patients with treatment re-
sponse data was low: only 38 patients on anakinra and only
14 patients on tocilizumab, all from the US. Treatment
was not standardized, rendering it difficult to exclude con-
founders such as dosing, timing (new-onset versus estab-
lished disease), and concomitant therapies. The authors
sought to simplify the interpretation of chart review data
by classifying patients into “nonresponders” and “any
responders.” This certainly makes sense, but it constrains
the resolution of the analysis. As a result, prospective vali-
dation will be essential before these genetic variants can
be employed for clinical decision-making. Importantly,
although widely employed, anakinra is not yet FDA
approved for systemic JIA in the US. The anti–IL-1b
monoclonal antibody canakinumab is approved for this dis-
ease, and while one might expect IL1RN variants to pre-
dict therapeutic response, this possibility was not testable
in the present study and thus requires confirmation.

The findings raise additional questions as well.
Which genetic variants in the IL1RN promotor are re-
sponsible for the change in gene expression, and how is
this change mediated? Regulatory variants commonly
alter gene expression by modulating the binding of tran-
scription factors. Identification of these transcription fac-
tors will link the regulation of IL1RN to cellular pathways
and thereby suggest new targets for intervention (10).
How is systemic JIA that evolves in children with high
levels of IL-1Ra different demographically, clinically, and
pathophysiologically from systemic JIA that does not?
Finally, what are the implications of IL1RN variants for
other conditions in which IL-1 has been implicated,
including rheumatoid arthritis, Kawasaki disease, and
atherosclerotic cardiovascular disease?

Currently, there are no validated international
guidelines for the treatment of systemic JIA. Through the
first decade of this century, corticosteroids were the main-
stay of treatment worldwide, often in high doses and for
prolonged periods, with attendant short- and long-term
side effects. Increasingly, reliance on corticosteroids is
being minimized in favor of early IL-1 or IL-6 blockade.
Given the rarity of systemic JIA and the comparable effi-
cacy of canakinumab and tocilizumab in registration stud-
ies, adequately powered randomized controlled trials
comparing IL-1 and IL-6 blockade are likely unrealistic.
One potential solution to this problem is the use of
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observational methodology, such as the FROST study
(FiRst-line Options for Systemic JIA Treatment), cur-
rently underway within the Childhood Arthritis and
Rheumatology Research Alliance (CARRA) network to
compare conventional and biologic therapies in new-onset
systemic JIA (11).

Additional mechanistic understanding is also crit-
ical to improving disease outcome, including better defi-
nition of biologic heterogeneity within systemic JIA,
insight into pathways mediating systemic and articular
inflammation during different phases of the disease, and
the discovery and validation of biomarkers predicting
disease course and therapeutic response (12). A better
grasp of disease pathophysiology, building upon the work
of Ombrello and coinvestigators, promises to open up a
new era in pediatric rheumatology: the transition from
one-size-fits-all treatment to tailored therapy. When
replicated in a separate cohort, preferably in the context
of prospective standardized treatment, the present study
will be recognized as the first major step toward person-
alized medicine in systemic JIA.
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EMERGING TREATMENT MODELS IN RHEUMATOLOGY

Challenges for Osteoarthritis Trials

David T. Felson and Tuhina Neogi

At a time when advancing understanding of
osteoarthritis (OA) has created opportunities for new
treatments, development of treatments has remained con-
siderably behind advances in other rheumatic diseases.
We describe elements of trial design and measurements
that have inhibited success and offer suggestions that may
help break the log jam. Among the problems with trials
that include pain as an outcome measure are reliance on
a single, non-optimal pain outcome, overestimation of
likely effects of treatments on pain, and failure to identify
patient subgroups most likely to respond to specific treat-
ments. With regard to the use of structure modification as
an outcome measure, demonstrating structure modifica-
tion is often highly challenging, even with the use of
magnetic resonance imaging. Many OA patients have
advanced disease that is unlikely to respond to treatments
that prevent cartilage loss. Further, prevention of cartilage
loss and reduction of pain correlate weakly at best, and in
at least some patients, reduction in pain may actually
increase joint damage, making it impossible to demon-
strate dual treatment effects on structure and pain in
such scenarios. For structure outcomes, treatment effects
on pain-sensitive structures such as bone and synovium
may be more achievable than preventing cartilage loss.
We suggest that changes in trial design related to some of
these issues may increase the chances that new exciting
and effective OA treatments will become available.

Introduction

Despite the recent approval of a long-acting triam-
cinolone intraarticular injection preparation for the treat-
ment of knee osteoarthritis (OA), the development of new

effective pharmacologic treatments, particularly structure-
modifying ones, for this common disabling disease,
remains a great source of frustration. Studies of joint biol-
ogy and clinical studies using magnetic resonance imaging
(MRI) have identified numerous structural and molecular
treatment targets that offer promise in terms of alleviating
pain and slowing disease progression in OA, yet none of
these is at the cusp of generating new approved therapies
that would either modify the disease process or relieve OA
joint pain. There could be new treatments that specifically
focus on pain sensitization or other biologic factors that
contribute to pain. Modifying the mechanopathology of
OA, which is better understood than in the past, could also
provide new opportunities for OA treatment.

With a focus on trial design and methods, the
goal of this article is to explore reasons that treatment
development in OA has been so slow and has remained
behind treatment advances in other rheumatic diseases.
While the suggested changes in the methodology or ap-
proach to trials may not yield results any different from
previous ones, we will make the case that changes in ap-
proaches to evaluating efficacy will increase the chances
of demonstrating efficacy of promising treatments for
OA. These might include therapies that are already
under evaluation, are currently being used for other dis-
eases, or are under development.

The challenge of treatment development in OA is
formidable for at least two reasons. First, OA pathogene-
sis combines mechanopathology and the biologic response
to mechanically induced injury, which appear to act syner-
gistically in causing both joint damage and pain. Treat-
ment may fail in some patients if one or the other of these
critical causal elements is not addressed. Second, the rela-
tionship between pain relief and structural improvement
is not linear. In some instances, pain relief may lead to
structural worsening, creating an additional challenge
with regard to treatments whose goals are to improve
both. Thus, while we will suggest changes in the approach
to treatment development, even the changes that we sug-
gest may be insufficient. While therapeutic advances may
be possible now, especially with our better understanding
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of causes of both pain and joint damage, progress will still
not come easily.

The impact and challenges of OA are enormous.
OA is the most common form of arthritis, and its ranking
in the global burden of disease has been increasing year
by year (1) with aging of populations throughout the
world and increasing rates of obesity. Rates of total knee
replacement have been rising exponentially in the US,
with projected numbers of knee replacements in the year
2030 exceeding 3 million annually, from the current rate
of just over 700,000 per year (2). This high rate of knee
replacements can be ascribed in large part to the inade-
quacy of nonsurgical treatments with respect to pain
relief, long-term adherence, and delay of disease pro-
gression. Development of treatments that relieve pain
and delay the need for knee replacement is a high prior-
ity in clinical practice and in the public health arena.

Before even embarking on human trials of new
therapies, decision-making about which compounds to
move forward to human trials can be fraught. For exam-
ple, preclinical models chosen for testing may not neces-
sarily be ideal for adequately reflecting efficacy in human
OA. Potentially promising compounds may not advance
because of toxicity issues despite promising efficacy
signals, and additional work to modify compounds to opti-
mize the efficacy:safety signal may not be pursued.

The challenges in studying treatments that relieve
OA pain versus those that may delay structural worsening
are different, with the latter being more problematic. We
will indicate below which of these challenges are being
addressed. While our suggestions relate clearly to phar-
macologic and biologic agents to be developed, they are
also relevant to interventions that focus on joint loading
such as weight loss, devices, and even exercise, though we
acknowledge that trials of nonpharmacologic interven-
tions have their own additional challenges, often including
poor adherence to long-term treatment. While examples
will be drawn from knee OA trials, the issues identified
can be generalized to OA in all joints studied so far.

Challenges for trials evaluating effects of treatments
on pain in OA

Primary pain outcome measures in trials. In OA
trials, participants usually respond to a survey about pain
that constitutes the trial’s primary outcome measure. In
addition, a variety of information is collected from patients
in survey form but not generally incorporated into the pri-
mary outcome measure, even though the findings from
these other measures are correlated with that outcome.
When pain assessed according to the Western Ontario and
McMaster Universities Osteoarthritis Index (WOMAC)

(3) is the primary outcome measure, other measures
assessed typically include WOMAC stiffness and physical
function, and even the frequency of rescue medication use.

In rheumatoid arthritis (RA) and in cardiovascu-
lar disease, composite outcome measures have been
created to take advantage of the fact that disease
improvement is often reflected in multiple related ways
and that combining data from correlated outcomes
improves the sensitivity of instruments in detecting
treatment effects. While there is a hint of this effect in
OA trials, it is difficult to discern in individual trials
given the high correlation between WOMAC pain and
other outcomes. Recent evidence (4) suggests that a
composite outcome measure combining all WOMAC
scales and rescue medication is more sensitive to
change than use of WOMAC pain alone. The Outcome
Measures in Rheumatology group effort in identifying
relevant domains and instruments to assess those
domains may be a first step toward developing a com-
posite outcome measure for OA trials. As in RA and
cardiovascular diseases, the focus on a composite out-
come measure should be accompanied by presentation
of results for individual outcomes that contribute to the
composite, to promote greater understanding of the
intervention’s specific effects (e.g., pain, function, etc.).

Further, use of the pain subscale of the WOMAC
as the primary outcome measure in trials may not allow
for optimal sensitivity to change (5). The WOMAC pain
scale sums patient-reported pain during 5 selected activi-
ties, including especially walking and stair climbing. For
some patients, pain may improve with activities not cap-
tured by the WOMAC (and therefore not detected as
effects of treatment) and the wording of the WOMAC
pain questions (e.g., how do individuals answer a question
about pain going up or down stairs if they have pain
descending but not going up stairs, or if they do not climb
any stairs?). Last, for interventions targeting specific knee
problems (such as knee bracing for patellofemoral dis-
ease), a survey that includes activity-related pain of ques-
tionable relevance (pain on standing) may not be sensitive
to treatment effects (5).

Another problem with using pain as an outcome
measure is that in some patients, improvement in OA
symptoms may be accompanied not by a reduction in pain
but rather by an improvement in their ability to do partic-
ular activities, leading to increased activity levels. Patients
may not report a change in pain severity but may become
more active with the same level of pain. Incorporating
measures of activity into the assessment of pain, as has
been suggested by Lo et al (6), might enhance the sensi-
tivity of detecting change in OA so as to make it easier to
detect treatment effects.
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The multiple causes of pain in OA. One challenge
in targeting pain in OA is that pain itself is multifactorial.
Treatments targeting a single mechanism of pain may be
insufficient to deliver a large treatment effect if that
mechanism is not operational in the majority of patients.
Joint replacement surgery does relieve pain in almost
everyone with disease, but at the cost of the removal of all
joint tissues that may generate pain. Pharmacologic thera-
pies do not target “the whole joint.” Further, the residual
joint pain after knee replacement in 20–30% of patients
may suggest that pain mechanisms not addressed by
arthrectomy persist. A one-size-fits-all approach to pain
treatment is unlikely to address all sources of pain given
the numerous contributors to pain beyond structural dis-
ease, including psychological factors and pain sensitiza-
tion. By extension, for clinical trials the best prediction of
treatment response for pain outcome measures may
require stratification by psychological characteristics (7).

Identifying particular pain mechanisms may im-
prove the ability to detect treatment response and identify
patients who are most likely to benefit from treatment.
For example, while in a trial setting intraarticular botuli-
num toxin demonstrated no benefit compared to placebo
in the overall sample, there was significant pain improve-
ment in subjects with nociceptive pain, but not in those
with neuropathic or uncertain mechanisms of pain (8).
Including a heterogeneous sample of patients in trials
may mask differential benefit in a particular subgroup. In
another proof-of-concept application of pain phenotyping
and stratification of treatment, conditioned pain modula-
tion, which reflects adequacy of descending inhibitory
modulation in the central nervous system, predicted effi-
cacy of duloxetine for treatment of diabetic neuropathy
(9). In contrast, excluding individuals with widespread
pain may enable signal detection, as suggested in a post
hoc analysis of findings in a phase II trial of the Wnt path-
way inhibitor SM04690 (10). These types of approaches
need to be formally tested in larger well-conducted trials
to fully determine their utility. Nonetheless, understand-
ing which pathways are operational in an individual’s pain
experience may aid in targeting appropriate therapy.

However, there is a theoretical risk of structural dam-
age with the use of a treatment targeting nociceptive pain
relief alone without addressing appropriate joint protection.
Thus, for therapies that target certain pain mechanisms,
there remains the challenge of assuring that necessary noci-
ception remains intact. For treatments primarily targeting
structure, there is a yet-to-be-proven theoretical expectation
that there may be a downstream pain benefit associated
with less structural progression. Whether such treatments
are clinically useful if there is no pain benefit is unclear.
These issues raise the philosophical question of whether

management of OA can realistically be attained with a single
treatment or whether it will require multiple treatments, tar-
geting relevant facets of pain, structure, and biomechanics
as appropriate for each individual.

Underpowered trials. It is natural for investigators
who are planning a trial and are enthusiastic about the new
treatment being tested to anticipate that this treatment is
likely to be highly effective. Unfortunately, treatments in
OA are generally only moderately effective with respect to
pain relief. For example, a meta-analysis of the effect of
intraarticular steroids on pain in knee OA revealed an effect
size of 0.33 (one-third of the standard deviation) (11). This
compares to effect sizes of ~0.6–1.2 for methotrexate in RA
(12). Indeed, for many years Brandt et al (13) suggested that
nonsteroidal antiinflammatory drugs (NSAIDs) were no
more effective than acetaminophen in the treatment of OA,
based on one trial in which there actually was superiority of
NSAIDs (14), but the effect was modest and failed to reach
significance. Subsequent meta-analyses of trials comparing
NSAIDs versus acetaminophen have definitively shown that
NSAIDs are more efficacious but that this effect is modest,
with an effect size of ~0.3 (15). Expecting large treatment
effects in OA is probably unreasonable, and trials designed
with that expectation will often fail to demonstrate treat-
ment effects when such effects exist. Unfortunately, sample
size requirements expand when small treatment effects are
sought, making trials more challenging and expensive.

While single centers may be prone to underpower
studies given a potentially limited pool of eligible subjects,
even large pharmaceutical company efforts have antici-
pated unrealistically high treatment effects. For example,
a major phase II trial of tanezumab for OA pain (16) esti-
mated an effect size of 0.5 for pain. The good news was
that for this treatment at high doses the effect size was
actually greater, but other phase III trials of nerve growth
factor (NGF) inhibitors using lower doses have shown a
more typical effect size of 0.3–0.4 for pain (17), suggesting
that if this treatment had been tested only at low doses,
pain effects would likely have been missed.

Challenges for trials targeting structural changes
in OA

Joint space loss as an outcome measure. An im-
portant aspect of trial design for treatments targeting
structure is identifying the appropriate primary structural
outcome measure. There has been an excessive focus on
joint space loss, primarily because the Food and Drug
Administration (FDA) in the US has, until recently,
required delay of joint space loss in knee and hip OA as
evidence that a treatment has a structure-modifying
effect. The recent white paper “Osteoarthritis: A Serious
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Disease” (18), submitted to the FDA in December 2016
(18), aims to support a pathway that establishes the
importance of OA as a serious condition according to the
FDA definition, for which there are currently no satisfac-
tory therapies—thereby lessening the regulatory reliance
on joint space loss alone.

There is already a large body of literature debating
the pros and cons of this focus on radiographically
assessed joint space (e.g., ref. 19), but as investigators
involved in multiple longitudinal studies in which radio-
graphic joint space loss has been utilized as a structural
outcome measure, we are aware of its many foibles. First,
medial joint space loss is reversed in patients with lateral
joint disease, so that pseudowidening, rather than narrow-
ing, occurs. Second, our group has demonstrated that
meniscal extrusion and meniscal disease per se can cause
joint space loss without cartilage disease (20,21), although
the two usually coexist. Third, in severe disease, bone
attrition and other bone shape alterations occur, which
can, over time, alter apparent joint space as seen on
radiographs. Attrition has been demonstrated on MRI in
non–end-stage disease and its effect on joint space width
is unknown, but could make it impossible to determine
structure-modifying efficacy if the latter is defined as
preservation of the joint space. Finally, joint space loss
based on radiography is seen in 2 dimensions, and
3-dimensional assessments either by computed tomogra-
phy scanning (22) or by MRI (19) are more sensitive to
change. The focus on preservation of joint space as a pri-
mary outcome measure may have prevented the identifi-
cation of treatments that might have delayed disease
progression, such as risedronate (23) and inducible nitric
oxide synthase (iNOS) inhibitors (24).

Cartilage loss as an outcome measure. Even if we
jettison radiographic joint space loss as the measure of
structural deterioration, there remain important questions
about whether cartilage loss should be used as a primary
structural outcome measure in OA. First, healthy cartilage
is not innervated and may not be a major source of pain.
Pain is by far the predominant concern that drives
patients to seek care. The correlation between cartilage
loss and pain is modest (25–27), and some studies have
shown no association at all (28,29). Further, there is no
evidence to date that any treatment that delays cartilage
loss without also affecting other joint pathology in OA
has a favorable effect on pain.

What effect might relieving pain, especially allevi-
ating so-called nociceptive pain, have on cartilage? Ablat-
ing nociceptive pain could lead to joint deterioration and
cartilage loss. After all, pain has both favorable and unfa-
vorable effects. It can modify the way a person walks, so
as to minimize joint stress and ultimately joint damage.

This was demonstrated by Schnitzer et al (30), who
showed that in patients with painful medial knee OA, pain
reduction with NSAIDs led to an increase in the knee
adduction moment (a measure of medial loading). This
suggests that pain reduction would lead individuals to
increase their medial load and likely damage the medial
joint. Recent studies of NGF inhibitor treatment in OA
patients with prior joint damage have suggested that rapid
deterioration of OA occurs in a subset of patients (31),
particularly when an NGF inhibitor is given in combina-
tion with NSAIDs. While there are ongoing investigations
into potential biologic mechanisms, this may also be due,
in part, to the same phenomenon noted by Schnitzer and
colleagues (30), that effective ablation of pain may lead to
either activities or ways of walking that cause damage to
the joint. In addition, in a randomized trial of indometha-
cin versus azapropazone treatment of hip OA, use of the
more effective pain reliever, indomethacin, led to earlier
joint replacement and more cartilage loss (32). It is ulti-
mately not clear whether pain relief per se can be accom-
panied by delay in structural progression or whether any
effective pain reliever in OA is naturally going to be
accompanied by structural deterioration.

Nonetheless, there are efforts to develop struc-
ture-modifying treatments that target cartilage, with an
aim to demonstrate an initial effect of reducing cartilage
loss followed later by improvement in pain. This assumes
that protecting against cartilage loss in the affected com-
partment of knees with OA is achievable and will ulti-
mately relieve pain—both of which are unproven. First,
while trials have shown local stabilizing effects on carti-
lage, these have been primarily in the nondiseased and
nonloaded lateral knee compartment in patients with
medial knee OA (33,34). Second, attempting to demon-
strate a symptom benefit downstream from cartilage
preservation has the added challenge of the feasibility of
conducting a trial over several years while maintaining
blinding and adherence and minimizing loss to follow-up.
It also would require maintaining placebo treatment in
some participants for several years. Last, this strategy begs
the question of whether an OA treatment that has no
effect on reducing pain for up to 3 years will be welcomed
by patients and their physicians.

Alternative approaches to structure modification
include a focus on innervated structures in the OA
joint including bone and synovium, in which pathology
includes bone marrow lesions and synovitis, respec-
tively. Studies have shown that both predict subsequent
cartilage loss or structural deterioration (35,36). There
is also strong evidence that each of them causes pain
and that bone marrow lesion and synovial tissue vol-
umes seen on MRI fluctuate in parallel with pain
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(37,38). Recent proof-of-concept trials have demon-
strated the potential for targeting bone marrow lesions
with accompanying symptom relief, though longer-term
outcomes are not known (39,40).

Should rapid progressors be the focus? Given the
desire to identify structure-modifying drugs for OA, there
has been a recent focus on identifying persons with OA
who are at high risk of cartilage loss, so as to select trial
subjects who are likely to experience the outcome of inter-
est in a short period of time. There are several major limi-
tations to this approach. First, while OA is highly
prevalent, recruiting patients for trials is challenging, and
imposing additional restrictions to identify those at high
risk of progression may make recruitment even more diffi-
cult. The second and probably more salient concern is
that for many years, studies have shown that those with
the highest risk of rapid progression are those with
advanced structural disease (41). Specifically, knees with
Kellgren/Lawrence grade 3 OA (0–4 scale) (42) have a
much higher risk of radiographic progression than those
with less severe OA. Grade 3 OA is accompanied by con-
siderable cartilage loss and often malalignment, two fac-
tors that can lead to ineluctable disease progression,
which may not be treatable. Indeed, recent attempts to
develop an iNOS inhibitor for OA (24) suggested that
while patients with Kellgren/Lawrence grade 3 disease
experienced progression at a much higher rate than those
with grade 2 disease, the therapeutic effect of this inhibi-
tor was not seen in knees with grade 3 disease; rather,
there was a delay in joint space loss in knees with grade 2
disease. Thus, selection of subjects at higher risk of pro-
gression may actually work against selecting patients or
knees whose disease progression is preventable with bio-
logic agents. This example also may suggest the likelihood
of treatment failure when pharmacologic approaches are
used alone in late-stage OA, where potent adverse biome-
chanical factors contribute to joint destruction.

Because patients with advanced disease tend to
experience more rapid structural progression (i.e., carti-
lage loss) than those without advanced disease, finding
indicators or biomarkers of rapid progression does not
necessarily increase the likelihood of success. These
markers would be identifying persons whose disease is
so advanced that they are unlikely to respond to biolog-
ically targeted agents.

Challenges for trials targeting either pain or structure:
opportunities in stratified medicine and new trial designs

Testing stratified medicine approaches. There is
an increasing body of literature suggesting that OA is not
one disease but rather consists of subgroups of patients,

each representing a different disease pathogenesis. Each
of these phenotypes, such as inflammatory OA or OA
driven by mechanopathology, invokes distinct treatment
approaches. While this concept is intuitively appealing,
proof will come when trials demonstrate that patients with
a particular phenotype respond differently to a treatment
than those without that phenotype. This has been demon-
strated, for example, in randomized trials in patients with
lung cancer with an epidermal growth factor receptor
mutation (43) and was recently demonstrated for eosino-
philic chronic obstructive pulmonary disease (44). One
reason for failure to develop OA treatments may be that a
given therapy may not be effective for all persons with the
disease, and treatment strategies may require defining a
phenotype likely to respond to a specific treatment, which
may not be effective for those with a different phenotype.
Despite multiple efforts to define phenotypes for OA,
there is a paucity of trials testing this approach. For exam-
ple, knee OA patients with severe malalignment or mor-
bid obesity are not likely to experience benefit from a
cartilage anabolic agent. While trials often exclude such
patients, the hostile mechanical environment in many OA
joints (as evidenced by, e.g., dynamic malalignment or
meniscal maceration) may preclude their response to such
treatments when they are included in a trial. Even treat-
ments targeting the aberrant mechanics of knee OA may
fail if the phenotype of treated patients includes those
with inflammatory subtypes.

New trial designs. A related concern is the paucity
of trials that have incorporated new approaches to trial
design that might make treatment testing more efficient.
Adaptive trial designs have been developed in part to
allow not only for testing of novel therapies, but also for
testing whether specific subgroups of patients are likely to
respond better to a given treatment than others (45). We
are aware of only one adaptive trial in OA (46), and this
did not examine subgroups. Among adaptive trials,
enrichment designs might be especially efficient in identi-
fying phenotypes. In these designs, initial testing of a ther-
apy in several subgroups is followed by interim analyses
after which only subgroups experiencing treatment benefit
are randomized, and subgroups showing no treatment
effect are withdrawn from the trial. Enrichment designs
could be used to identify subsets of patients (e.g., those
with an inflammatory phenotype) who respond to a given
treatment or could be used to move from a phase II trial
testing different doses of a treatment to a phase III trial
in which the doses that did not show efficacy were
dropped and patients who had been randomized as part
of phase II were included in the phase III results. Another
approach that offers promise is the more widespread use
of a crossover design (for pain effects or effects on
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structures where pathology waxes and wanes, such as
bone marrow lesions)—a design that enhances the power
to detect modest treatment effects. Also related to trial
design are unrealistic expectations about treatment effi-
cacy as noted above, so that trials in which smaller treat-
ment effects are anticipated are more likely to be
successful in detecting efficacy.

Conclusions

Ultimately, many questions related to the method-
ology of trials in OA and the approach to the disease itself
need to be addressed if new exciting therapies are to show
efficacy and obtain regulatory approval for the treatment
of this disease. Certainly our improved understanding of
the biology of OA including findings from animal studies,
and our better recognition of sources of pain, are increas-
ingly making available ideas that support new treatment
options in OA. For those to be realized, new approaches
to trial design and outcome measures must be tested.
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REVIEW

Unmet Needs and the Path Forward in Joint Disease Associated
With Calcium Pyrophosphate Crystal Deposition

Abhishek Abhishek,1 Tuhina Neogi,2 Hyon Choi,3 Michael Doherty,1

Ann K. Rosenthal,4 and Robert Terkeltaub5

Calcium pyrophosphate (CPP) crystal deposition
(CPPD) is prevalent and can be associated with synovitis
and joint damage. The population of elderly persons pre-
dominantly affected by CPPD is growing rapidly. Since
shortfalls exist in many aspects of CPPD, we conducted
an anonymous survey of CPPD unmet needs, prioritized
by experts from the Gout, Hyperuricemia and Crystal-
Associated Disease Network. We provide our perspectives
on the survey results, and we propose several CPPD basic
and clinical translational research pathways. Chondro-
cyte and cartilage culture systems for generating CPP
crystals in vitro and transgenic small animal CPPD mod-
els are needed to better define CPPD mechanism para-
digms and help guide new therapies. CPPD recognition,
clinical research, and care would be improved by interna-
tional consensus on CPPD nomenclature and disease
phenotype classification, better exploitation of advanced
imaging, and pragmatic new point-of-care crystal analytic
approaches for detecting CPP crystals. Clinical impacts
of CPP crystals in osteoarthritis and in asymptomatic
joints in elderly persons remain major unanswered ques-
tions that are rendered more difficult by current inability
to therapeutically limit or dissolve the crystal deposits
and assess the consequent clinical outcome. Going
forward, CPPD clinical research studies should define

clinical settings in which articular CPPD does substan-
tial harm and should include analyses of diverse clinical
phenotypes and populations. Clinical trials should iden-
tify the best therapeutic targets to limit CPP crystal depo-
sition and associated inflammation and should include
assessment of intraarticular agents. Our perspective is
that such advances in basic and clinical science in CPPD
are now within reach and can lead to better treatments
for this disorder.

Introduction

Calcium pyrophosphate (CPP) crystal deposition
(CPPD) in articular tissues is a prevalent disorder and is
frequently associated with acute and chronic arthritis (1–4).
The primary idiopathic disorder is by far the most common
disease subtype and principally occurs in individuals over
the age of 60 years, with progressive increases in prevalence
with further aging (1,3,4). Osteoarthritis (OA), also a dis-
ease in which aging is a major risk factor, is commonly asso-
ciated with CPPD (3). CPPD will grow as a public health
problem, because the US population over the age of
65 years is predicted to double to 89 million by the year
2050. CPPD also can develop prematurely in previously
injured joints or in association with certain mutations and
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polymorphisms (1,2,4) and some metabolic disorders, such
as hemochromatosis, hyperparathyroidism, hypomagne-
semia, and hypophosphatasia (1,4).

More than 5 decades after the original characteri-
zation of CPPD, there are major shortfalls in recognizing,
understanding, and specifically treating the disorder.
When estimated by detection of radiographic chondrocal-
cinosis, CPPD is common, affecting 0.42–0.52% of the
general population (5,6). Based on radiographic chondro-
calcinosis, CPPD can be estimated to affect ~8–10 million
people in the US (1). This estimate is conservative, as 25–
50% of knee joints with synovial fluid CPP crystals lack
radiographic chondrocalcinosis (7), and advanced imaging
using ultrasound and computed tomography (CT) appears
more sensitive than plain radiography for detecting CPPD
(8–11). Lack of specificity of chondrocalcinosis for CPPD
on conventional radiography is another consideration
when estimating CPPD prevalence (1,4). In addition,
accurate detection of CPP crystals in synovial fluid is chal-
lenging, with considerable interobserver and interinstitu-
tional variability (1). Furthermore, we lack international
consensus for disease nomenclature and classifications
(1,12), with inaccurate International Classification of Dis-
eases coding terminology for CPPD itself and CPPD dis-
ease phenotypes as one consequence. All these factors
hamper the recognition and study of CPPD.

In this study, we surveyed experts on crystal-asso-
ciated arthritis regarding prioritization of unmet research
needs in CPPD, using the membership of the Gout, Hyper-
uricemia and Crystal-Associated Disease Network
(G-CAN). Established in 2014, this international group of
rheumatologists, nephrologists, and non-clinical scientists
shares interest and expertise in crystal arthropathies. We
present and provide our own perspectives on the results
of the expert survey and the CPPD field at large. In doing
so, we suggest and expand upon potentially productive
pathways for future basic, clinical, and translational
research in CPPD.

Methods

We conducted a web-based survey of the G-CAN
membership regarding CPPD research priorities. Survey
questions developed by the first and senior authors of this
article and listed in the Survey Questionnaire (available on
the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40517/abstract) were e-mailed to
academic- and clinical practice–based clinician and non-
clinician PhD attendees of 2015 and/or 2016 G-CAN
annual symposia. Invited participants were from 27
countries in Asia, Europe, Oceania, and North and South
America. They were asked to rate research priorities

anonymously using the following 5-point Likert scale: 5 =
very important research priority; 4 = important research pri-
ority; 3 = moderately important research priority; 2 = lesser
research priority; 1 = not a research priority. The CPPD
domains addressed were clinical phenotyping, diagnostic
modalities, pathogenesis, stratified medicine, outcomes, and
treatment. Responses were categorized as highest priorities
(4–5 on the scale), as rated by >80% of respondents; me-
dium priorities (rated 4–5), but so ranked according to only
66.7–80% of respondents; and lower priorities (rated 4–5),
but so ranked by <66.7% of respondents.

Results and discussion

Twenty-six surveys were completed, from a total of
140 invited participants. Responders were residents of 10
countries across 4 continents; 79.3% were physicians.
G-CAN member survey respondents rated the 8 highest
research priorities (Table 1). In the pathogenesis domain,
better definition of the mechanisms by which CPPD
develops in joints with and those without OA, and identi-
fication of basic mechanisms and other factors causing
acute arthritis in CPPD, including flare triggers, were
selected as important research priorities. For detection
and diagnosis, respondents deemed development of
improved analytic techniques for CPP crystal detection in
tissues, and advanced imaging modalities for affected
joints, as high priorities. Clearer phenotyping of arthropa-
thies associated with CPPD, and identification of people
likely to benefit from reducing CPPD, were regarded as
important research priorities in the domains of clinical
phenotyping and stratified medicine, respectively. For
treatment, identification and testing of new approaches
that effectively prevent, limit, and/or reverse CPPD, and
evaluation of the efficacy and safety of currently used
pharmacologic agents in acute and chronic CPP crystal
arthritis, were identified as important research priorities.

Experts in crystal-associated arthritis who were
surveyed on CPPD unmet needs identified several high-
priority areas for research in this prevalent disorder. For
each study area, there were limitations due to the low fre-
quency of survey respondents and the constrained breadth
and depth of the survey questions. Hence, we expanded
on the survey results with our own perspectives, and we
proposed movement forward with specific research path-
ways, as detailed below for prioritized research areas.

Survey results for CPPD pathogenesis in the con-
text of current knowledge. How CPPD develops in joints.
Recent reviews have detailed the current understanding
of the processes of CPP crystal deposition and CPP
crystal–induced acute inflammatory arthritis (1–4). To
summarize, it is well-recognized that CPP crystals deposit
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almost exclusively in articular hyaline cartilage and fibro-
cartilage and at sites of chondroid metaplasia, including
in the synovium (13,14). Calcifications also occur in ten-
dons of joints affected by CPPD, but it remains unclear
whether these consist of basic calcium phosphate (BCP)
or CPP crystals or both (15). As reviewed elsewhere, CPP
crystal formation in cartilage is promoted by substantial
effects of alterations in chondrocyte differentiation and
function, such as chondrocyte hypertrophy and auto-
phagy, altered properties of articular cartilage secretory
vesicles, and changes in extracellular matrix composition
and solutes, including magnesium, which suppresses CPP
crystal formation (1,4).

General effects of aging on articular cartilage, par-
ticularly including effects on inorganic pyrophosphate
(PPi) metabolism in CPPD (16–18), likely modulate
multiple aspects of CPPD. We have a well-developed
understanding of how altered PPi generation, transport,
and degradation regulate CPP crystal deposition (1–4).
PPi is generated intracellularly and extracellularly from
ATP and other nucleoside triphosphates by the ectoen-
zyme ectonucleotide pyrophosphatase/phosphodiesterase
1 (ENPP1) (1,4). Approximate doubling of both carti-
lage ENPP activity and PPi has been reported in
idiopathic CPPD, compared to normal cartilage (4). The

ectoenzyme tissue-nonspecific alkaline phosphatase (TNAP)
degrades soluble PPi to Pi, and TNAP can degrade CPP
crystals in vitro (19). In adult hypophosphatasia, where
TNAP activity is deficient, premature-onset CPPD can
develop (1,4). In joint cartilage with OA, the common
coexistence of CPP and BCP crystal deposits is likely
mediated by coupling of increased PPi production and
PPi hydrolysis (4).

ANKH, a multiple-pass transmembrane protein,
plays a central role in transporting PPi to the cell exterior
and appears to play a direct or indirect role in ATP export
from cells (1,2,4). A variety of ANKH mutations have
been implicated in familial CPPD, but with distinctions in
clinical phenotypes based on the different sites of muta-
tions (1,2,4). Homozygosity for �4-bp G-to-A substitution
in the ANKH 50-untranslated region, which promotes
increased ANKH expression in vitro, has been shown to
be present in ~4% of patients presenting with late-onset
CPPD (20,21). Significantly, ENPP enzymatic activity and
ANKH levels in chondrocytes, as well as joint fluid PPi,
also are elevated in aging and OA cartilage (4).

How CPP crystals promote arthritis and joint damage.
CPP crystals in cartilage can traffic within the joint and
directly stimulate cellular inflammatory responses (1,4). Multi-
ple mechanisms by which CPP crystals promote inflammation

Table 1. Results of G-CAN member survey on CPPD*

Research priority (domain)†
Minimum percent of G-CAN
members rating important

Identify and test new approaches for preventing, limiting, and/or reversing CPPD (T) 96
Develop improved analytic techniques for detection of CPP crystals in tissues, including pragmatic point-of-care
systems (D)

92

Better definition of the mechanisms by which CPPD develops in joints with and those without OA (P)‡ 88
Develop advanced imaging modalities for improved detection of intraarticular CPPD (D) 85
Evaluate efficacy and safety of colchicine, corticosteroids, disease-modifying antirheumatic drugs, and cytokine
antagonists in acute and chronic CPP crystal arthritis (T)

85

Improve phenotyping of inflammatory and noninflammatory arthropathies associated with CPPD (CP)‡ 84
Identification of basic mechanisms and other factors causing symptomatic acute arthritis in CPPD, including its
triggers (P)

81

Identify people likely to benefit from reducing CPP crystal deposition (SM) 81
Define precise clinical relationship between primary CPPD with noninflammatory arthritis and OA with
CPPD (CP)

77

Better define the impact of CPPD on the outcome of OA (O) 77
Identify mechanisms causing chronic arthritis and damage in CPPD (P)‡ 76
Understand the natural history of CPPD, including changes in clinical phenotype and transition to symptomatic
CPPD (O)

73

Identify patients who would benefit from reducing CPP crystal–induced inflammation (SM) 69
Identify genetic and epigenetic factors in idiopathic CPP crystal arthritis (P) 62
Identification of risk factors for CPPD (P) 62
Identify biomarkers of development of CPPD (SM)‡ 52
Identify people with CPPD for whom screening for metabolic diseases is appropriate (SM)§ 48
Evaluate effect of CPPD on outcomes of arthroplasty (O)§ 39

* G-CAN = Gout, Hyperuricemia and Crystal-Associated Disease Network; CPPD = calcium pyrophosphate crystal deposition; OA = osteoarthri-
tis.
† Domains assessed included treatment (T), detection and diagnosis (D), pathogenesis (P), clinical phenotyping (CP), stratified medicine (SM),
and outcomes (O).
‡ Completed by 25 of the 26 respondents.
§ Completed by 23 of the 26 respondents.
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and cartilage matrix catabolism have been identified by
concurrent study of urate crystal–associated inflamma-
tion (4,22). Examples are NLRP3 inflammasome
activation and interleukin-1b release, cell stress and in-
flammation signal transduction pathways, and produc-
tion of prostaglandins, leukotrienes, cytokines including
tumor necrosis factor, and chemokines (1,4,22). How-
ever, increased intracellular calcium due to phagolyso-
somal degradation of ingested CPP crystals likely
activates signaling pathways distinct from those stimu-
lated by urate crystals (23). The capacities of CPP crys-
tals to stimulate expression of matrix metalloproteinases
and synovial fibroblast proliferation are germane to the
development of arthritis in CPPD (1,4).

Suggested path forward in understanding CPPD
pathogenesis. Progress in understanding CPPD pathogen-
esis would be furthered by coordinated international
efforts, with translational emphasis (Table 2). For exam-
ple, lessons on disease pathogenesis from secondary
CPPD due to metabolic diseases could advance under-
standing of CPPD pathogenesis at a population level and
lead to potential new prevention and treatment approaches.
A role of iatrogenic factors in secondary CPPD may be
substantial at the population level, exemplified by hypo-
magnesemia promoted by proton-pump inhibitors, loop
and thiazide diuretics, calcineurin inhibitors, and bowel
resection (3). In addition, prevalence of idiopathic
CPPD in populations could vary due to differences in
calcium intake (24) (by modulation of parathyroid hor-
mone levels and other alterations in other calciotropic

hormones, vitamins, and growth factors) and distinctions
in magnesium intake and metabolism (25).

We clearly need better, unifying disease models for
CPPD with and without clinically important OA. In an
emerging model of primary CPPD, a systemic disorder of
calcification is posited that affects articular and nonarticu-
lar tissues (15,26,27). Specifically, subjects with chondrocal-
cinosis had overall decreased cortical bone mineral density
and elevated frequency of vascular calcification and other
soft tissue calcification compared to controls (26). In other
data sets, CPPD was associated with osteoporosis and with
bisphosphonate prescription (26–28). Understanding the
unique characteristics of patients with knee OA with or
without CPPD should lead to improved insight into OA
pathogenesis and how CPPD contributes to OA, as well as
identification of potential therapeutic targets.

Huge gaps in the CPPD field include lack of chon-
drocyte and cartilage organ culture systems and transgenic
animal modeling of CPPD, in which CPP crystals are pre-
cipitated in vitro and in vivo, respectively, by whole cells
and tissues under physiologic conditions. Advances in this
area would greatly help in identifying and testing poten-
tial new therapies. Unexpectedly, genome-wide association
studies (GWAS) and other epigenetics research of cohorts
with primary CPPD, especially looking at those with clini-
cally manifest joint disease, were not rated as a particularly
high priority in the G-CAN survey. GWAS may not have
been applied to idiopathic CPPD because of a disease model
disproportionately emphasizing the effects of aging. Clearly,
aging alone cannot explain the fact that CPPD prevalence

Table 2. Suggestions for pathways to address unmet needs in CPPD pathogenesis, detection, and diagnosis and in CPP crystal detection and
diagnosis*

CPPD pathogenesis, detection, and diagnosis
Advance understanding of factors that increase PPi generation and release, modify PPi degradation, and modulate CPP crystal deposition in

articular connective tissues
Development and validation of chondrocyte and cartilage culture systems, and transgenic animal modeling of CPPD, to advance

identification and testing of potential new therapy targets
Better define environmental, diet and lifestyle, and iatrogenic factors influencing CPPD at population levels, ideally using international consortia
Genomics and “multi-omics” studies of primary CPPD with clinically manifest disease, including different races and ethnicities
Generate a better, unifying disease model (or models) for primary CPPD with and without clinically manifest disease

Possible model 1: systemic disorder of calcification expressed only in articular and periarticular tissues predisposed to generate and/or
alternatively transport more PPi (and possibly also ATP) in aging

Possible model 2: systemic disorder of abnormal calcification expressed in articular tissues, various soft tissues and arteries, and with
metabolic bone disease

CPP crystal detection and diagnosis
Uniform, internationally standardized nomenclature and classification criteria for CPPD, emphasizing clearer lines between the asymptomatic
CPPD disorder, osteoarthritis with CPPD, and unique symptomatic disease phenotypes

Prospective, randomized, blinded clinical trials of new diagnostic approaches, with comparison to reference standards (compensated polarized
light microscopy, plain radiography)

Inclusion of studies in real-world clinical practice scenarios, where patients are referred for clinical diagnosis
Development of point-of-care crystal identification approaches, adapting highly specific analytic modalities for portability and cost-effectiveness
(e.g., Raman spectroscopy, lens-free polarized microscopy with wide field of view, high-resolution holographic imaging of birefringent objects)

Further advanced imaging studies for CPPD, with development of internationally accepted protocols and standards

* CPPD = calcium pyrophosphate crystal deposition; PPi = inorganic pyrophosphate.
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appears to vary widely between populations. For example,
there is far lower age-standardized prevalence in Beijing
Chinese compared to white Americans in the US, despite
the fact that knee OA is more common in women in China
(24). Phenotypic heterogeneity of kindreds with familial
CPPD, even with mutations limited to ANKH (29), could
allow genomics to potentially illuminate idiopathic and OA-
associated CPPD pathogeneses. Examples include kindreds
with mixed phenotypes of chondrocalcinosis and features
such as premature OA, spondyloepiphyseal dysplasia, and
skeletal deformities and hyperostosis (30). Genetic linkages
to mutation of TNFRSF11B (which encodes osteoprote-
gerin) (31) and procollagen II (32) have been reported in
some such kindreds with CPPD.

Survey results for CPPD detection, diagnosis, and
classification in the context of current knowledge. Top
priorities identified in the diagnostics domain included
development of improved analytic techniques for detec-
tion of CPP crystals in tissues and synovial fluid and
continued refinement of advanced imaging modalities.
Regarding the current status of CPPD detection, classifi-
cation, and diagnosis, it remains problematic that CPPD
diagnostic criteria lack validation and international con-
sensus. Importantly, CPP crystal detection and imaging
reference standards, not symptomatic arthritis, are used
to delineate definite or probable disease (33). Contrast to
classification of another crystal-associated arthritis, gout,
is potentially instructive. Specifically, gout classification,
including that by the 2015 American College of Rheuma-
tology/European League Against Rheumatism (ACR/
EULAR) criteria, has been based on classical clinical fea-
tures of gouty arthritis coupled with detection of urate
crystal deposition (34). Detection of urate crystal deposits
by advanced imaging is a common finding in asymp-
tomatic hyperuricemia; in contradistinction to CPPD,
urate crystal deposition is not sufficient to classify such a
disorder as a crystal-associated arthritis (34).

The presence of CPP crystals in synovial fluid of an
affected joint is perhaps the most stringent definition of
CPPD. Unfortunately, the detection of CPP crystals is
notoriously inaccurate (35). Variability in morphology,
birefringence characteristics, and the small size and relative
sparseness of CPP crystals in joint fluid can render their
detection quite challenging (36,37). Use of conventional
radiography to detect chondrocalcinosis is not an ideal
screening tool. Without adequate validation of a protocol
for the extent and number of loci examined, using conven-
tional radiographs to detect chondrocalcinosis will result in
under-recognition of clinically important CPPD.

Suggested path forward in detection and diagnostic
classification of CPPD. The path toward more accurate
CPPD diagnosis (Table 2) should involve the development

of uniform and internationally standardized classifica-
tion criteria, similar to those arising from the 2015 ACR/
EULAR effort for gout (34). In gout, synovial fluid crystal
analysis remains the gold standard in diagnosis, but ultra-
sound and dual-energy CT (DECT) are weighted equally
with palpable tophus detection in the ACR/EULAR diag-
nostic criteria (34). Prospective, randomized, blinded clini-
cal trials of new diagnostic approaches, with comparison to
reference standards (compensated polarized light micros-
copy, sensitive and specific imaging), are needed in CPPD.
Ideally, there would be inclusion of studies in real-world
clinical practice scenarios, where patients are referred for
clinical diagnosis.

Traditionally, analytic methods for definitively ana-
lyzing crystal composition such as electron microscopy,
x-ray diffraction, Raman spectroscopy, and Fourier trans-
form infrared spectroscopy have been expensive and not
generally available in clinical settings. Recent work illumi-
nates the potential of modifying these crystal identifica-
tion approaches for accessible clinical use. Point-of-care
Raman spectroscopy, which involves a shoebox-sized
device, is one example (38). Use of a lens-free polarized
microscope for wide field of view, high-resolution holo-
graphic imaging of birefringent objects also appears sensi-
tive and specific for detecting urate crystals in joint fluids
(39). Both of these approaches need to be validated for
synovial fluid CPP crystal analysis.

Currently, high-resolution ultrasound, DECT, and
potentially new iterations of magnetic resonance imaging
(MRI) are at the leading edge of advanced imaging ap-
proaches to CPPD detection (8–10). Further imaging
studies using each modality will be needed to replicate
prior findings on characteristics of CPPD using conven-
tional radiography. DECT has undergone only minimal
evaluation specifically in CPPD (in comparison to broad
evaluation in gout). In contrast, multiple analyses of ultra-
sound have used conventional crystal analyses or conven-
tional radiography as a reference standard in CPPD
(8,10). Both a EULAR expert panel and a systematic
review with statistical analysis concluded that ultrasound
was superior in sensitivity to conventional radiography for
CPPD (12). However, internationally accepted protocols,
standards, and consensus for ultrasound imaging patterns
highly specific for tissue CPPD deposits are lacking. Each
new diagnostic approach for CPP crystal analyses and
detection by imaging would ideally be integrated into
international consensus to generate uniform diagnostic
criteria for CPPD.

Survey results for CPPD clinical phenotyping and
stratified medicine in the context of current knowledge.
An identified top research priority was to improve pheno-
typing of inflammatory and noninflammatory arthropathies

1186 ABHISHEK ET AL



associated with CPPD. Interestingly, better understanding
of the difference between OAwith CPPD and chronic CPP
crystal arthritis, and the impact of CPPD on outcomes of
OA, were identified as only moderately important research
priorities.

The current status of CPPD clinical phenotyping is
not encouraging. McCarty first proposed a CPPD classifi-
cation scheme based on various clinical presentations,
naming them as mimics of other diseases, such as
“pseudogout” and “pseudorheumatoid arthritis” or “lan-
thanic” (i.e., asymptomatic) disease (40). More recently,
the EULAR advanced a CPPD classification system
and nomenclature system (12). No clinical phenotyping
scheme has been validated. Clinical significance and
impact on OA of incidentally noted radiographic chon-
drocalcinosis has not been established by direct study.
The relationship between arthritis due to acute and
chronic forms of CPPD is not fully understood (12). Fur-
thermore, the place in CPPD classification remains
unclear for other presentations of CPPD (e.g., “crowned
dens syndrome,” pseudotumoral CPPD masses, polymyal-
gia rheumatica–like pain syndromes, mixed crystal deposi-
tion, and acute CPP crystal arthropathy early and late
after knee arthroplasty) (1,4).

A recent study suggested chondrocalcinosis to be
associated with increased pain but not MRI-assessed sy-
novitis in knee OA (41). While some studies suggest that
CPP crystal deposits do not accelerate knee OA progres-
sion (42), others suggest that chondrocalcinosis produces
greater radiographic attrition, a distinct pattern of joint
involvement, and rapid progression of structural knee

arthropathy (43–46). Clearly, the field is held back by
enigmatic lines and shadings between CPPD and various
forms of degenerative joint disease, such as OA, including
OA and mixed CPPD and BCP crystal deposition (11).

Suggested path forward in CPPD clinical pheno-
typing and stratified medicine. Past emphasis on clinical
phenotyping in CPPD, via primary sourcing of the major-
ity of the cases from hospital-based rheumatologists, may
have skewed clinical presentations of this disease toward
more severely affected individuals. As such, the path to
address research priorities in this domain (Table 3) should
ideally include large, multicenter studies based in settings
including the community at large. In this way, we can bet-
ter discern the frequency, distribution and severity, and
natural course of clinical phenotypes of CPPD, especially
for chronic arthopathy due to CPPD. Greater apprecia-
tion of the natural history of these clinical subtypes will be
critical to determine the nature, frequency, and outcomes
specific to different CPPD phenotypes in long-term stud-
ies and the frequency of significant crossover of one phe-
notype to another. Collectively, such works would help in
launching prospective clinical trials in CPPD.

Untangling the complex relationship between OA
and CPPD will take careful delineation of hypotheses and
would benefit from application of cutting edge genomic
and molecular approaches in articular cells. Defining
chondrocyte molecular signatures that promote patho-
logic calcification will be particularly informative in
CPPD. This is particularly so because CPPD is associated
with modifications of the radiographic OA phenotype.
Specifically, CPPD appears linked with decreased metacarpal

Table 3. Suggestions for pathways to address unmet needs in CPPD clinical phenotyping and stratified medicine and in CPPD
treatment*

CPPD clinical phenotyping and stratified medicine
Clinical CPPD phenotyping and natural disease course studies that include:

Large, multicenter studies based in the community at large and diverse consortia
Longitudinally studying asymptomatic chondrocalcinosis at baseline
Better defining clinical phenotypes in chronic CPPD inflammatory polyarthritis, including host inflammatory response factors and qualitative

and quantitative aspects of CPP crystal deposition
Better defining the complex relationship between osteoarthritis and CPPD, and using longitudinal studies and diverse consortia
Thoroughly defining clinical settings in which articular CPPD does substantial harm and identifying people likely to benefit from reducing
CPPD

CPPD treatment
Limiting and reversing CPP crystal deposition (e.g., by modulation of PPi metabolism and potentially certain solutes, chondrocyte growth

factors, and calciotropic and extracellular matrix factors)
In developing and testing such therapeutics:
Advance and validate testing for systemic and articular PPi metabolism at the clinical laboratory level to promote precision medicine
Assess for possible limiting bone and artery toxicity of systemic PPi lowering
Include study of intraarticular approaches

Strategies for testing existing and emerging antiinflammatory drugs in acute CPP crystal arthritis should be adapted to distinct clinical features
of CPPD (e.g., frequent large joint acute arthritis and chronic symmetric synovitis)

Test emerging approaches effective in experimental crystal-induced inflammation (e.g., NLRP3 inflammasome inhibitors)
Design CPPD therapy trials to overcome natural limitations in recruitment and to select appropriate active comparator

* CPPD = calcium pyrophosphate crystal deposition; PPi = inorganic pyrophosphate.
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cortical bone density, potentially mediated in part by dys-
regulated PPi metabolism (26). Moreover, in a study of
severe symptomatic large joint OA, there was a milder
imaging phenotype of hip OA linked with CPPD
assessed by plain radiography (45), and this work needs
validation in a larger cohort. There are challenges raised
by the fact that advanced hip OA, with attendant carti-
lage loss, renders visualization of chondrocalcinosis more
difficult. Prospective, longitudinal studies will be needed
to determine if OA is truly a risk factor for chondrocalci-
nosis and whether chondrocalcinosis and/or CPPD
adversely affects the progression, severity, or outcomes
of OA.

Better defining the clinical phenotype(s) of chronic
inflammatory polyarthritis in CPPD will be necessary for
designing clinical treatment trials for these patients. In
this context, we need to know if this phenotype reflects
qualitative rather than quantitative and topologic aspects
of CPP crystal deposition, such as the presence of more
proinflammatory monoclinic CPP crystals relative to tri-
clinic CPP crystals (47). We also need to better define
what host factors mediate the chronic and frequently
rheumatoid arthritis–like phenotype of polyarticular pro-
liferative synovitis.

Survey results for treatment. The impacts of CPP
crystals in OA and in asymptomatic joints in elderly
persons remain large, unanswered questions, made more
difficult by our current inability to limit or dissolve the
crystal deposits and assess the consequent clinical out-
come. Accordingly, the survey identified advances in
methods to prevent, limit, and/or reverse CPPD as the
top research priority (Table 3). Similarly, the need to
evaluate the efficacy and safety of various drugs in acute
and chronic CPP crystal arthritis as well as the need to
identify people likely to benefit from reducing CPPD
were deemed high research priorities.

We now focus on the current state of knowledge
for CPPD treatment. Antiinflammatory strategies are cen-
tral to treatment of acute CPP crystal arthritis (48). How-
ever, unlike treatment of acute gout, there is a paucity of
high-quality research trial data specific to management of
acute CPPD arthritis. For instance, evidence supporting
the use of colchicine for prophylaxis of flares of recurrent
acute CPP crystal arthritis is limited to a single study of 10
patients with CPPD (49). Systemic and intraarticular cor-
ticosteroids (50) (recommended by EULAR on the bases
of expert opinion [48]), adrenocorticotropic hormone
(51), and anakinra (52,53) can be employed for treatment
of acute CPP crystal arthritis, but using regimens largely
adapted from those for acute gout.

Treatment of chronic arthritis in CPPD is currently
centered on inflammation and symptom control.

Intraarticular corticosteroid injections for large joint
arthritis, low-dose systemic corticosteroids, colchicine for
acute arthritis (54) and chronic inflammatory arthritis, and
nonsteroidal antiinflammatory drugs (NSAIDs) are com-
monly employed (48). Hydroxychloroquine (55) and
methotrexate (56,57) have been studied for treatment of
chronic inflammatory polyarthritis due to CPPD, and
there is a scientific rationale for both drugs in crystal-
induced inflammation (23,58). Published experience with
hydroxychloroquine and methotrexate has primarily been
from small case series of clinically heterogeneous patients.
Recently, a small, double-blind, crossover controlled trial
of methotrexate (15 mg/week) randomized 26 patients,
comparing 25 treatment periods of 3 months receiving
methotrexate with 21 treatment periods of equal lengths
receiving placebo (59). Inclusion criteria, for patients with
crystal-proven CPPD, were clinical phenotypes of either
recurrent arthritis or chronic polyarthritis, with failure of
NSAIDs, corticosteroids, or colchicine. Neither pain nor
disease activity scores (based on arthritis in 44 joints) were
significantly different with methotrexate compared to
placebo (59). However, the study may not have been ade-
quately powered to detect meaningful differences between
groups.

Methods to dissolve articular CPPD crystals, such
as local administration of polyphosphates, TNAP, or cal-
cium chelators, have not gained traction. This approach
can trigger marked, acute flares of arthritis, presumably
due to liberation of CPP crystals from cartilage.

Suggested path forward for CPPD treatment.
Strategies for testing existing and emerging antiinflam-
matory drugs in acute CPP crystal arthritis should be tai-
lored to distinct clinical features of CPPD (e.g., frequent
large joint acute arthritis and chronic symmetric inflam-
matory synovitis). Nevertheless, emerging approaches to
experimental urate crystal–induced inflammation could
be adapted from the gouty arthritis pipeline.

In gout, successful achievement of sustained
hypouricemia is highly effective in resolving urate crystal
deposits (60). Hence, CPP crystal deposits could, in the-
ory, be similarly limited by robustly decreasing systemic
extracellular PPi levels. However, a large body of evi-
dence suggests caveats in developing drugs for CPPD that
potently decrease systemic extracellular PPi. Specifically,
certain cell types, including chondrocytes and vascular
smooth muscle cells and aortic valve cells, limit patho-
logic extracellular matrix calcification in part by physio-
logic release of PPi (61–63). Deficiencies in ENPP1 and
ANKH, and TNAP excess, promote pathologic calcifica-
tion in arteries and other soft tissues as well as metabolic
bone disease (64–66). Murine genetic ENPP1 haploinsuf-
ficiency also increases vascular smooth muscle cell
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proliferation and accelerates arterial injury–induced
neointimal hyperplasia in vivo (67). As such, it would be
helpful to determine whether CPPD reflects a systemic
excess in tissue PPi levels that can be therapeutically
tuned back to normal or, alternatively, widespread extra-
cellular PPi excess in articular tissues with normal extra-
cellular PPi levels in nonarticular tissues. Clearly,
intraarticular delivery of long-acting therapeutics should
be considered among the approaches for evaluation in
CPPD, particularly in large joint arthritis.

Oral magnesium supplementation limits CPP crys-
tal formation and potentially could improve dysregulated
PPi metabolism in CPPD (68). Recent work supports
studying magnesium supplementation even at normal
levels of serum magnesium (25). Insulin-like growth factor
1 (IGF-1) promotes decreased extracellular PPi, partially
by antagonizing the effects of transforming growth factor b
on chondrocyte differentiation and function (69). How-
ever, the effect of impaired IGF-1 signaling responses in
aging and OA chondrocytes on the potential efficacy of
articular IGF-1 administration is unclear (70). Decreased
mitochondrial function promotes dysregulated PPi metab-
olism by effects that include impairment of ATP synthesis
and possible compensatory increase in extracellular ade-
nine nucleotide scavenging (71,72). Significantly, dysregu-
lated mitochondrial function is emerging as a drug target
for diseases of aging, including OA (73), and may provide
a niche for potential CPPD therapy development. Puriner-
gic receptor signaling also has been identified as a potential
target in CPPD (74). Developing and validating testing for
systemic and articular PPi metabolism at the clinical labo-
ratory level would help exploit the therapeutic potential of
ANKH inhibitors and other PPi transport and metabolism
modulators for precision medicine in CPPD (29,74).

Finally, in addition to carefully identifying a homo-
geneous study population, there are other obstacles to the
design and execution of prospective, randomized clinical
therapy trials in CPPD. Recruitment for a disease that is
not well understood by non-rheumatologists will be chal-
lenging. Elderly patients frequently have multiple comor-
bidities that may complicate drug studies. There are
added challenges in choosing comparator drugs for a dis-
ease with no Food and Drug Administration–approved
therapies.

Conclusions

Conclusions of the CPPD consensus and review
processes presented herein particularly emphasized the
need to study the disorder more in the population at
large. Clearly, the capability to therapeutically limit or
dissolve the crystal deposits, and to assess consequent

clinical outcome, would greatly enhance our ability to
conclusively define the clinical impact and long-term
effects on joint function of CPP crystals in OA and
in asymptomatic joints in elderly persons. Fortunately,
better addressing unmet needs in CPPD is more feasible
than in previous decades.

The effort should merge multiple investigative
paths, starting with a better understanding of pathogenesis
that increases precision in management. Of further help
would be development of internationally standardized
nomenclature and classification of disease, to more clearly
separate CPPD phenotypes that are asymptomatic, symp-
tomatic, and likely to promote synovitis and joint damage.
Emerging advanced imaging and crystal analytic diagnos-
tic approaches are now available for broader application
to CPPD. Thoroughly defining clinical settings in which
articular CPPD does substantial harm will be an impor-
tant aspect of designing new clinical trials for the disorder.
Caveats in potently decreasing systemic extracellular PPi
should be considered in developing safe and effective
CPPD therapies. It would be important to assess not only
conventional agents but also novel and selective molecu-
lar antiinflammatory agents in well-designed clinical trials
for CPPD-associated inflammatory arthritis. Use of intra-
articular long-acting agents could be useful in limiting not
only CPP crystal deposition but also associated synovitis,
particularly for large joint disease. The path forward in
CPPD would benefit from international collaborative
studies. Timing for such work is fitting for the ultimate
goal of improving the lives of patients with arthritis associ-
ated with CPPD.
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The Impact of Ultrasound on the Use and Efficacy
of Intraarticular Glucocorticoid Injections in Early

Rheumatoid Arthritis

Secondary Analyses From a Randomized Trial Examining the Benefit of
Ultrasound in a Clinical Tight Control Regimen

Lena B. Nordberg,1 Siri Lillegraven,2 Anna-Birgitte Aga,2 Joe Sexton,2 Elisabeth Lie,2

Hilde B. Hammer,2 Inge C. Olsen,3 Till Uhlig,2 D�esir�ee van der Heijde,4

Tore K. Kvien,2 and Espen A. Haavardsholm1

Objective. Intraarticular glucocorticoid injections
are common in rheumatoid arthritis (RA) treatment. This
study was undertaken to investigate whether ultrasound in
combination with clinical examination is better than clini-
cal examination alone at identifying joints that will benefit
from intraarticular injections, and to compare the efficacy
of ultrasound-guided versus palpation-guided procedures.

Methods. In the treat-to-target Aiming for Remis-
sion in Rheumatoid Arthritis: a Randomised Trial Exam-
ining the Benefit of Ultrasonography in a Clinical Tight
Control Regimen (ARCTIC), patients with early RA were
randomized 1:1 to follow-up with or without ultrasound.
In addition to disease-modifying antirheumatic drugs,
intraarticular glucocorticoids were used to treat inflamed
joints. The distribution of injections was assessed in both
study groups. The relationship of clinical and ultrasound
findings at the time of injection with treatment efficacy

was examined, with non-swollen joint at the next visit as
the outcome measure. Treatment success was compared
across study groups to evaluate ultrasound-guided versus
palpation-guided procedures.

Results. More injections were administered in the
ultrasound group than in the conventional strategy group
(n = 770 versus 548), especially in intercarpal joints (n = 58
versus 5) and metatarsophalangeal joints (n = 200 versus
104). Injecting clinically swollen joints without power Dop-
pler (PD) activity on ultrasound was not efficacious com-
pared to not injecting (odds ratio [OR] 1.3; P = 0.59).
Efficacy was best in swollen joints (OR 9.0; P = 0.001) and
non-swollen joints (OR 8.4; P = 0.016) with moderate PD
activity. Treatment success was similar for the ultrasound-
guided and palpation-guided procedures.

Conclusion. Our findings indicate that the efficacy
of intraarticular glucocorticoid injections varies according
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to ultrasound findings at the time of injection, supporting
the use of ultrasound as a tool to select joints that will ben-
efit from intraarticular injections. However, ultrasound
needle guidance was not superior to palpation guidance.

Rheumatoid arthritis (RA) is a chronic systemic
and potentially disabling disease. Modern treatment of RA
includes treat-to-target strategies with disease-modifying
antirheumatic drugs (DMARDs) (1,2). In addition,
intraarticular glucocorticoid injections are part of RA
treatment in many countries. Previous studies have indi-
cated that the addition of intraarticular glucocorticoid
injections results in better clinical outcomes (3–7). The
Cyclosporine, Methotrexate, Steroid in RA (CIMESTRA)
study showed that intraarticular glucocorticoid injections in
combination with methotrexate in a treat-to-target strategy
of early RA resulted in inflammatory control. However,
there was no control group that did not receive injections
in that study (3). One study showed that inflammatory
activity assessed by ultrasound decreased after intraarticu-
lar glucocorticoid injections, while another found no
changes on ultrasound or magnetic resonance imaging
after injections (8,9). Glucocorticoid injections have been
associated with few side effects and have also been shown
to protect against periarticular bone loss in RA (10,11).

Ultrasound is increasingly applied in RA manage-
ment, and use of ultrasound to guide injections is standard
practice in several countries. Ultrasound guidance is per-
formed indirectly by skin surface marking or under direct
sonographic guidance (12). Several studies, clinical and in
cadavers, have demonstrated better accuracy with ultra-
sound-guided compared to palpation-guided injection pro-
cedures (13). However, studies are limited and conflicting
when it comes to whether use of ultrasound guidance
improves clinical outcomes (13). One study showed that
sonographic needle guidance improved clinical outcomes
of intraarticular injections for inflammatory arthritis (14).
Naredo et al found greater improvement in pain and
shoulder function with ultrasound-guided compared to
palpation-guided injections for painful shoulder (15).
However, a Cochrane review did not show any advantage
in terms of clinical outcomes of ultrasound-guided gluco-
corticoid injection for shoulder disorders over either land-
mark-guided or intramuscular injections (16).

Ultrasound can also be used as a tool in deciding
whether or not to inject a joint (17). There is a discrepancy
between clinical and ultrasound assessment of synovitis at
the joint level (18), but there is little knowledge about how
this influences the selection of, and ultimately effect of,
injections in RA joints. We are not aware of any previous
study addressing whether the effect of glucocorticoid

injections varies in joints with different clinical and ultra-
sound findings.

We have previously shown that the addition of
structured ultrasound assessment to a treatment strategy
targeting subclinical inflammation did not improve pa-
tient outcomes in Aiming for Remission in Rheumatoid
Arthritis: a Randomised Trial Examining the Benefit of
Ultrasonography in a Clinical Tight Control Regimen
(ARCTIC) (19). Additionally, the Targeting Synovitis in
Early Rheumatoid Arthritis (TASER) study concluded
that the use of ultrasound did not improve a clinical treat-
to-target strategy (20). Even though structured ultrasound
has not been proven to add to aggressive tight control
treatment, ultrasound may be useful in optimizing intraar-
ticular injection therapy.

The objective of the present study was to investigate
whether a combination of ultrasound and clinical examina-
tion is better than clinical examination alone at identifying
joints that will benefit from intraarticular injections. Addi-
tionally, we compared the efficacy of ultrasound-guided
versus palpation-guided injection procedures.

PATIENTS AND METHODS

Patients. The main inclusion criteria of the ARCTIC
trial (ClinicalTrials.gov identifier: NCT01205854) were an age
of 18–75 years, fulfillment of the 2010 American College of
Rheumatology/European League Against Rheumatism classi-
fication criteria for RA (21), less than 2 years of symptom
duration from the first swollen joint, and indication for
DMARD treatment without prior DMARD use. All patients
provided written informed consent.

Study design. Patients were randomized 1:1 to a treat-
to-target strategy with or without ultrasound (19). The same
DMARD escalation algorithm was applied in both strategy
groups, and clinically swollen joints were treated with intraartic-
ular glucocorticoids (triamcinolone hexacetonide). In the ultra-
sound strategy group, an additional target was non-swollen
joints with power Doppler (PD) activity, and injections were per-
formed with an ultrasound-guided needle placement technique.
In the conventional strategy group, injections were palpation-
guided and performed by experienced rheumatologists. None of
the rheumatologists in the conventional strategy group were
sonographers. Injection of tender joints (without swelling or PD
activity) was not allowed in either study group. Patients were
assessed at 0, 1, 2, 3, 4, 6, 8, 10, 12, 14, 16, 20, and 24 months,
and injections were allowed at all visits. The maximum dose of
triamcinolone hexacetonide was 80 mg per visit, distributed
across joints as decided by the treating rheumatologist.

The trial was conducted at 11 centers in Norway be-
tween 2010 and 2015, in compliance with the Declaration of
Helsinki and the International Conference on Harmonisation
Guidelines for Good Clinical Practice.

Assessments.Data collected included demographic infor-
mation, anti–citrullinated protein antibody (ACPA) and rheuma-
toid factor status, erythrocyte sedimentation rate (mm/hour),
C-reactive protein level (mg/liter), Ritchie Articular Index (22),
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swollen joint count in 44 joints, the patient’s and physician’s glob-
al assessments of disease activity on 0–100-mm visual analog
scales, patient-reported outcome measures, and radiographs of
the hands and feet, scored according to the modified Sharp/van
der Heijde score (23). The Disease Activity Score (DAS) was
calculated (24).

An extensive ultrasound examination was performed
using a validated semiquantitative scoring system of 0–3 for both
gray-scale ultrasound and PD. The joints included were metacar-
pophalangeal (MCP) joints 1–5, proximal interphalangeal (PIP)
joints 2 and 3, the radiocarpal joint, intercarpal joint, distal
radioulnar joint, elbow, knee, talocrural joint, and metatar-
sophalangeal (MTP) joints 1–5. Ultrasound examinations were
performed according to a previously published scoring system
that has shown good inter- and intraobserver reliability (25). All
sonographers underwent systematic training. Siemens Antares
or GE Logiq E9 machines with linear probes were used, and PD
parameters were adjusted according to the device used (26).

In the ultrasound strategy group, patients underwent
ultrasound examination at all visits. Patients in the conven-
tional strategy group were examined by ultrasound at baseline,
12 months, and 24 months, and both patient and treating physi-
cian were blinded with regard to the results. All patients were
assessed for clinical joint swelling at all visits, with clinical joint
examination performed prior to any ultrasound examination.

Statistical analysis. Baseline patient characteristics are
expressed as the number (%), mean � SD, or median (25th, 75th
percentiles) as appropriate. We assessed the distribution of injec-
tions in patients followed up with ultrasound and those followed
up without ultrasound, and compared proportions of patients with
any injection by means of logistic regression, adjusting for sex due
to sex imbalance between the groups. Frequencies of injections
were compared between groups using the chi-square test.

Next, we examined whether clinical and ultrasound find-
ings were associated with subsequent clinical joint swelling. To

assess the effect of the systemic treatment, we used only
uninjected joints, and calculated the risk of joint swelling at the next
visit according to current swelling and ultrasound inflammation
status. Separately for swollen and non-swollen joints, we esti-
mated the odds ratio (OR) of a joint being swollen at the next
visit in joints with different PD scores (0, 1, 2, or 3), compared
to non-swollen joints with no PD activity (PD score of 0). This
was accomplished using a logistic mixed-effects model with ran-
dom intercepts for patient and joint in order to account for asso-
ciations between responses from the same patient or joint. We
adjusted models for age, sex, ACPA status, and strategy group
(follow-up with or without ultrasound). We also adjusted for
whether the patient was assessed at the baseline visit or at subse-
quent visits, since patients started bridging therapy with 15 mg
prednisolone at baseline. Data from the 2 strategy groups were
pooled and analyzed together, since clinical and radiographic
outcomes were similar in the 2 groups after 2 years (19).

The efficacy of injections in joints with different clinical
and ultrasound findings was subsequently examined. Treatment
success was defined as the joint being classified as non-swollen
on clinical examination at the next visit. In order to avoid selec-
tion bias, we compared injected and uninjected joints with iden-
tical PD score (0, 1, 2, or 3) and swelling status (swollen or non-
swollen) at the time point of injection decision. A logistic mixed-
effects model with random intercepts by patient and joint was
used. We included all visits and adjusted for the time of injection
decision, stratified as decision performed “at baseline visit” or
“at subsequent visits.” All models were adjusted for age, sex,
ACPA status, and strategy group. We also performed robustness
analysis excluding the baseline visit, and models with adjust-
ments for DAS, time between visits and systemic treatment,
including prednisolone and type of DMARD.

Finally, we compared the efficacy of intraarticular injec-
tions administered with ultrasound guidance versus those admin-
istered with palpation guidance. We conducted the efficacy

Table 1. Baseline characteristics of the patients with RA*

Ultrasound tight control group
(n = 118)

Conventional tight control group
(n = 112)

Age, mean � SD years 50.6 � 13.3 52.3 � 14.1
Women, no. (%) 84 (71.2) 57 (50.9)
Time since patient reported first swollen joint, mean � SD months 6.8 � 5.2 7.4 � 5.6
ACPA positive, no. (%) 93 (78.8) 93 (83.0)
DAS, mean � SD 3.51 � 1.19 3.40 � 1.16
Patient’s global assessment of disease activity, mean � SD† 51.9 � 24.7 47.5 � 23.9
Investigator’s global assessment of disease activity, mean � SD† 40.9 � 20.1 40.3 � 21.2
Swollen joint count, mean � SD (range 0, 44) 10.9 � 7.2 10.2 � 7.8
Ritchie Articular Index, mean � SD (range 0, 78) 9.2 � 7.9 8.4 � 6.7
ESR, mean � SD mm/hour 23.2 � 18.3 25.8 � 18.9
CRP, mean � SD mg/liter 14.5 � 20.1 16.6 � 22.4
PROMIS physical function, mean � SD 35.2 � 22.2 33.4 � 20.6
EQ-5D, median (25th, 75th percentiles) (range �0.59, 1.0) 0.66 (0.16, 0.73) 0.66 (0.47, 0.73)
SHS, median (25th, 75th percentiles) 3.8 (1.5, 7.5) 5.0 (2.0, 10.3)
Erosion score, median (25th, 75th percentiles) 2.5 (1.0, 4.0) 3.5 (1.5, 5.8)
Joint space narrowing score, median (25th, 75th percentiles) 1.0 (0.0, 3.0) 1.0 (0.0, 4.5)
Ultrasound gray-scale score, median (25th, 75th percentiles) 17 (10, 24) 19 (10, 31)
Ultrasound power Doppler score, median (25th, 75th percentiles) 7 (3, 13) 7 (2, 15)
Number of injections at baseline visit 78 94

* RA = rheumatoid arthritis; ACPA = anti–citrullinated protein antibody; DAS = Disease Activity Score; ESR = erythrocyte sedimentation rate;
CRP = C-reactive protein; PROMIS = Patient-Reported Outcomes Measurement Information System; EQ-5D = EuroQol 5-domain; SHS = modi-
fied Sharp/van der Heijde score.
† On a 100-mm visual analog scale.
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analysis described above for baseline and 1 year, the time points
when all patients were examined with ultrasound, adding the
interaction between injection (yes/no) and strategy group (ultra-
sound/conventional). We then used marginal means to describe
the difference in treatment success between ultrasound-guided
and palpation-guided injections. In robustness analyses, we
included all swollen joints, regardless of ultrasound assessment.

In analyses requiring ultrasound data at the joint level,
data were available for MCP joints 1–5, PIP joints 2 and 3, radio-
carpal, intercarpal, elbow, knee, and talocrural joints, and MTP
joints 1–5. Statistical analyses were performed using Stata ver-
sion 14 (StataCorp). No imputation of missing data was done.

RESULTS

Baseline characteristics and disposition of the
patients. Two hundred and thirty patients were included
(118 in the ultrasound strategy group and 112 in the con-
ventional strategy group). The mean � SD age was 50.6 �
13.3 years in the ultrasound group and 52.3� 14.1 years in
the conventional strategy group. In the ultrasound group
71% of the patients were women, and in the conventional
strategy group 51% of the patients were women. The
mean DAS corresponded to moderate disease activity in
both groups (Table 1). The 2 groups were well balanced
overall with regard to baseline characteristics with the
exception of sex (Table 1). Full baseline characteristics and
trial profile have been published previously (19,27).

Distribution of injections. A total of 1,318 gluco-
corticoid injections were administered during the study. Of
these, 1,103 were first-time injections in a joint (627 in the
ultrasound group and 476 in the conventional strategy
group), 163 were second-time injections (108 in the ultra-
sound group and 55 in the conventional strategy group),

and 52 were third-time or later injections (35 in the ultra-
sound group and 17 in the conventional strategy group).
More patients in the ultrasound group received injections
during the study than in the conventional strategy group,
especially in the intercarpal and MTP joints (Table 2). The
number of injections at the baseline visit was similar in the
2 groups (78 versus 94; P = 0.12) (Table 1), while more
injections occurred in the ultrasound group at subsequent
visits (692 versus 454; P < 0.001).

Prediction of clinical joint swelling. The risk of
clinical joint swelling at the next visit in uninjected joints
increased with grade of PD activity, both in swollen and
non-swollen joints (Table 3).

Table 2. Distribution of glucocorticoid injections during the study (from baseline to 24 months)*

Joint

Number of injections Patients receiving any injection, no. (%)

Ultrasound tight
control group
(n = 118)

Conventional tight
control group
(n = 112)

Ultrasound tight
control group
(n = 118)

Conventional tight
control group
(n = 112) OR (95% CI)† P

DIP joints 2–5 2 5 2 (1.7) 3 (2.7) 0.62 (0.10, 3.93) 0.61
PIP joints 1–5 74 122 37 (31.4) 36 (32.1) 1.15 (0.65, 2.06) 0.63
MCP joints 1–5 163 113 55 (46.6) 44 (39.3) 1.45 (0.83, 2.45) 0.19
Radioulnar joint 33 9 18 (15.3) 8 (7.1) 2.33 (0.95, 5.69) 0.06
Radiocarpal joint 65 43 39 (33.1) 27 (24.1) 1.66 (0.92, 3.03) 0.09
Intercarpal joint 58 5 33 (28.0) 4 (3.6) 13.38 (4.40, 40.8) <0.001
Elbow 15 13 10 (8.5) 9 (8.0) 1.22 (0.46, 3.21) 0.90
Shoulder 26 26 14 (11.9) 16 (14.3) 0.78 (0.36, 1.72) 0.54
Toes (IP joints) 7 22 6 (5.1) 13 (11.6) 0.43 (0.15, 1.19) 0.10
MTP joints 1–5 200 104 63 (53.4) 36 (32.1) 2.61 (1.50, 4.55) 0.001
Ankle 35 35 18 (15.3) 17 (15.2) 1.02 (0.49, 2.13) 0.96
Knee 58 31 27 (22.9) 17 (15.2) 1.65 (0.83, 3.28) 0.15
Other joints 34 20 14 (12.5) 22 (18.6) 1.59 (0.76, 3.35) 0.20
Total 770 548 103 (87.3) 86 (76.8) 2.40 (1.17, 4.93) 0.017

* OR = odds ratio; 95% CI = 95% confidence interval; DIP = distal interphalangeal; PIP = proximal interphalangeal; MCP = metacarpopha-
langeal; IP = interphalangeal; MTP = metatarsophalangeal.
† Adjusted for sex.

Table 3. Risk of swollen joint at the next visit in uninjected joints with
different clinical and ultrasound findings from baseline to 24 months*

Clinical and
ultrasound
assessment

Swollen joints
at the next visit,

no./no. assessed (%) OR (95% CI)† P

Non-swollen joints
PD score 0 706/42,819 (1.7) Reference
PD score 1 37/469 (7.9) 3.6 (2.3, 5.5) <0.001
PD score 2 33/189 (17.5) 11.8 (6.9, 20.1) <0.001
PD score 3 7/45 (15.6) 12.1 (4.1, 35.7) <0.001

Swollen joints
PD score 0 424/2,049 (20.7) 5.5 (4.6, 6.5) <0.001
PD score 1 124/449 (27.6) 13.0 (9.4, 17.9) <0.001
PD score 2 146/366 (39.9) 31.6 (22.2, 45.0) <0.001
PD score 3 65/154 (42.2) 61.0 (33.5, 111.0) <0.001

* OR = odds ratio; 95% CI = 95% confidence interval; PD = power
Doppler.
† Adjusted for associations between responses from the same patient
or joint, sex, age, visit, anti–citrullinated protein antibody status, and
strategy group.
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Efficacy of injecting joints based on ultrasound
and clinical findings. More patients benefitted from glu-
cocorticoid injections in swollen and non-swollen joints
with moderate PD activity than from injections in joints
with no or low PD activity. The number of joints that
needed to be injected to prevent 1 swollen joint at the
next visit was lowest for injections in swollen joints with a
PD score of 2, with a number of joints that needed to be
injected of 6, based on adjusted values. The efficacy of
injecting clinically swollen joints without PD activity was
small and not statistically significant (Table 4). Exclusion
of the first visit from the analyses revealed similar
results; the efficacy of injections was somewhat better
and the number of joints that needed to be injected was
smaller (the lowest number of joints that needed to be
injected was 5, in swollen joints with a PD score of 2).
Also in this analysis, there was no statistically significant

efficacy of injecting swollen joints without PD activity.
Sensitivity analyses adjusted for DAS, time between vis-
its, and systemic treatment, including prednisolone and
type of DMARD, did not substantially change the results
(data not shown).

Efficacy of the ultrasound-guided procedure. In
the ultrasound group, 285 clinically swollen joints were
injected during the study, whereas 338 clinically swollen
joints were injected in the conventional strategy group.
The success rate of these injections (in terms of non-
swollen joint at next visit) was similar across groups
(marginal predicted mean [25th, 75th percentiles] 0.83
[0.78, 0.88] in the ultrasound group and 0.88 [0.85, 0.92]
in the conventional strategy group; P = 0.17). The mar-
ginal predicted means of successful injection in joints with
identical PD activity and swelling state at the time of
injection were similar when performed with or without
ultrasound guidance (Table 5).

DISCUSSION

This study highlights the fact that ultrasound may
be important in clinical decision-making regarding
whether or not to administer an intraarticular injection.
We found PD activity to be strongly associated with clini-
cal joint swelling at the next visit in uninjected joints.
Better efficacy was observed for glucocorticoid injections
in joints with a PD signal than in joints without a PD sig-
nal, and the efficacy of injecting clinically swollen joints
without a PD signal was small and not statistically signifi-
cant. The efficacy of injections was similar whether they
were administered with or without ultrasound needle
guidance.

Table 4. Efficacy of administering glucocorticoid injections in joints with different clinical and ultrasound
findings*

Clinical and ultrasound assessment

Treatment success,
no./no. assessed (%)†

OR (95% CI)‡ PInjected Uninjected

Swollen joints
PD score 0 69/78 (88.5) 1,625/2,049 (79.3) 1.28 (0.53, 3.08) 0.59
PD score 1 93/112 (83.0) 325/449 (72.4) 2.17 (1.07, 4.38) 0.03
PD score 2 85/98 (86.7) 220/366 (60.1) 9.02 (2.47, 32.9) 0.001
PD score 3 33/44 (75.0) 89/154 (57.8) 5.27 (0.78, 35.6) 0.09

Non-swollen joints
PD score 0§ NA NA NA NA
PD score 1 86/92 (93.5) 432/469 (92.1) 1.84 (0.37, 9.09) 0.37
PD score 2 63/67 (94.0) 156/189 (82.5) 8.39 (1.49, 47.3) 0.016
PD score 3 15/16 (93.8) 38/45 (84.4) NE¶ NE¶

* OR = odds ratio; 95% CI = 95% confidence interval; PD = power Doppler; NA = not applicable.
† Treatment was considered a success when the joint was not swollen at the next visit.
‡ Adjusted for associations between responses from the same patient or joint, sex, age, anti–citrullinated pro-
tein antibody status, time of injection (visit 1 or subsequent visits), and strategy group.
§ Injections in non-swollen joints without ultrasound findings were not allowed according to the protocol.
¶ Not estimable (NE) due to convergence issues.

Table 5. Marginal predicted mean of treatment success in swollen
joints injected with glucocorticoids at baseline or 12 months*

Ultrasound
assessment

Ultrasound tight
control group

Conventional tight
control group

PD score 0 NE (6/6) 0.89 (0.87, 1.04) (26/28)
PD score 1 0.86 (0.71, 1.02) (18/22) 0.83 (0.61, 1.05) (9/11)
PD score 2 0.88 (0.73, 1.03) (23/25) 0.81 (0.50, 1.12) (10/11)
PD score 3 0.66 (0.42, 0.90) (11/17) 0.79 (0.56, 1.01) (10/12)
All 0.77 (0.66, 0.88) (58/70) 0.82 (0.71, 0.93) (55/62)

* Values are the marginal predicted mean (25th, 75th percentiles) (no.
of joints with treatment success/no. of injected joints). Analyses were
adjusted for associations between responses from the same patient or
joint, sex, age, anti–citrullinated protein antibody status, time of injec-
tion (baseline or 12 months), and strategy group. There were no signifi-
cant differences between groups. PD = power Doppler; NE = not
estimable.
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A previous study showed that ultrasound frequently
led the physician to change the decision of whether to
administer an injection into painful foot joints in patients
with rheumatic diseases. In that study such modifications
were associated with a trend toward improved short-term
symptomatic treatment effect (17). The study did not
examine which ultrasound or clinical findings influenced
the decision to inject or not, or which findings were associ-
ated with a good outcome at the next visit. In a clinical set-
ting, it is important to know which joints to inject to
achieve the best effect. According to our results, injections
in both swollen and non-swollen joints with moderate PD
activity were beneficial, while there was no benefit to
injecting joints without PD activity.

In the present study, the efficacy of injecting a joint
was best if the joint had a PD score of 2 at the time of
injection. This may be explained by the chance of
improvement in joint swelling in joints with different
grades of ultrasound synovitis without intraarticular injec-
tions. When PD activity was low (score of 0–1), the proba-
bility of a non-swollen joint at the next visit was also high
if the joint was not injected, leading to a lower OR. Also,
according to our results, injections in joints with the high-
est grade of inflammation (swollen and a PD score of 3)
were not the most effective. A potential explanation
might be that inflammation is so severe that one injection
is not sufficient, but the limited number of observations
makes interpretation difficult.

Our findings suggest that the effect of intraarticular
injections depends on both clinical and ultrasound findings
at the time of injection, and ultrasound seems to be a valu-
able tool to select the optimal joints for injections. How-
ever, even if joints are selected optimally, the number of
joints that need to be injected to prevent one swollen joint
may be high. In our study the number of joints that needed
to be injected to prevent 1 swollen joint at the next visit
was lowest for injections in swollen joints with a PD score
of 2, with a number of joints that needed to be injected of
6, based on adjusted values. Systemic treatment with a
treat-to-target and tight control strategy leads to reduction
and prevention of joint swelling in most joints, even if they
are not injected. The number of joints that needed to be
injected was somewhat lower when injections were per-
formed after the first visit, probably because patients
received oral prednisolone at the first visit. This may indi-
cate that during bridging with oral prednisolone, the clini-
cal relevance of injections may be questionable.

However, we cannot rule out the possibility that
our comparison of injected and uninjected joints is biased.
Even though we compared joints with identical PD score
in order to limit selection bias, injected joints may have
had more severe inflammation to be selected for injection

by the rheumatologist. This may have resulted in a lower
estimated efficacy than the true effect. We are not aware
of any randomized controlled trial comparing the effect
of intraarticular injection versus placebo/no injection in
RA patients receiving modern treat-to-target therapy. In
our study, we selected joint swelling at the next visit as the
outcome measure; thus, we cannot rule out the possibility
that the treatment effect in injected joints was faster than
that in joints receiving only systemic treatment. Previous
studies have shown response to intraarticular glucocorti-
coids after less than 2 weeks (3,28).

In the ARCTIC trial, more injections were ad-
ministered in the ultrasound strategy group. This is not
surprising since the rheumatologists were instructed to
inject clinically swollen joints in both strategy groups, but
also to inject joints with PD signal in the ultrasound strat-
egy group. The use of ultrasound may lead to an increased
number of injections, and possibly to overtreatment, if the
physician chooses to inject all clinically swollen joints and
additionally all joints with subclinical synovitis. However,
the application of ultrasound may also lead to a decreased
number of injections. According to our results, injections
in clinically swollen joints without PD activity and non-
swollen joints with low PD activity were not effective;
34% of the injected joints included in our analyses belong
in this category, and should probably not have been
injected. Our results suggest that if ultrasound is used as a
tool to restrict injections to the joints most likely to bene-
fit, it will not lead to overtreatment, but rather to avoid-
ance of unnecessary injections and optimization of
injection therapy.

Based on previously published studies, ultrasound
may be useful for needle guidance, but findings are con-
flicting. Several studies have shown that ultrasound guid-
ance increases accuracy, but this may depend on the
clinician’s experience (13). In one study, ultrasound did
not increase the accuracy of wrist injections when palpa-
tion-guided injections were performed by experienced
rheumatologists (29). In our study palpation-guided injec-
tions were performed by experienced rheumatologists. In
clinical practice, ultrasound guidance may be a helpful
tool for less experienced clinicians. Ultrasound-guided
injection may involve a less complex learning curve com-
pared to that necessary for an optimal palpation-guided
procedure. A previous study showed that a trainee per-
forming ultrasound-guided injections rapidly achieved
higher accuracy than experienced rheumatologists per-
forming palpation-guided injections. That study also
showed that accurate injections did improve clinical out-
comes and that ultrasound-guided injections were more
accurate, but ultrasound guidance still did not improve
the short-term outcome of joint injection (30). As in these
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previous publications, the efficacy of injections in the cur-
rent analyses was similar when administered with or with-
out ultrasound guidance. Overall, there is not convincing
evidence of a clinically relevant difference in efficacy
between ultrasound-guided and palpation-guided injec-
tion procedures.

Our study has some limitations. In the ARCTIC
trial, the rheumatologists were instructed to inject clini-
cally swollen joints regardless of ultrasound findings in
both groups. We therefore could not study the efficacy of
selecting joints with ultrasound simply by comparing effi-
cacy across study groups. In order to avoid selection bias
in our efficacy analyses, we compared injected and
uninjected joints with identical PD score and clinical joint
swelling state. Our selection of joints therefore depended
on available ultrasound data. Ultrasound information was
available for all visits in the ultrasound group only, and
even though we have adjusted for this, there may have
been selection bias. Also, for some of the selected joints,
the number available for analyses was low, resulting in
large confidence intervals. The strengths of our study
include extensive data collection aiming to include all
patients newly diagnosed as having RA at the participat-
ing centers with clinical and ultrasound examinations of
all patients. The number of joints included in our analyses
and the number of intraarticular injections administered
during the study were extensive. Knowledge of which
joints are most likely to respond to injections with gluco-
corticoids in RA patients is important, but information is
absent in the literature. This is the first study examining
the effect of intraarticular injections in joints with differ-
ent clinical and ultrasound findings.

Our results indicate that ultrasound assessment
combined with clinical examination is superior to clinical
examination alone in identifying joints that will benefit
from intraarticular injections. However, the efficacy of
injections was similar when guided by ultrasound or palpa-
tion. In our study of patients with early RA receiving sys-
temic DMARD treatment, clinical synovitis often resolved
without intraarticular injections. These findings highlight
the need for randomized clinical trials of the efficacy of
intraarticular injections in modern RA treatment, to avoid
unnecessary injections and optimize therapy.
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Sustained Response Following Discontinuation of Methotrexate
in Patients With Rheumatoid Arthritis Treated With

Subcutaneous Tocilizumab

Results From a Randomized, Controlled Trial

Joel M. Kremer,1 William Rigby,2 Nora G. Singer,3 Christine Birchwood,4 Darcy Gill,4

William Reiss,4 Jinglan Pei,4 and Margaret Michalska4

Objective. To evaluate whether tocilizumab (TCZ)
monotherapy is noninferior to treatment with TCZ plus
methotrexate (MTX) for maintaining clinical responses in
patients with rheumatoid arthritis (RA) in whom low dis-
ease activity is achieved with TCZ plus MTX.

Methods. Patients with RA who experienced an
inadequate response to MTX received MTX plus TCZ 162
mg subcutaneously. At 24 weeks, patients who achieved a
Disease Activity Score in 28 joints using the erythrocyte
sedimentation rate (DAS28-ESR) of ≤3.2 were random-
ized to receive TCZ monotherapy or to continue treatment
with TCZ plus MTX until week 52. The primary outcome
measure was the comparison of the mean change in the

DAS28-ESR from week 24 to week 40 between the TCZ
monotherapy and TCZ plus MTX arms (noninferiority
margin of 0.6). Secondary outcome measures included
worsening of the DAS28-ESR by ≥1.2, achievement of a
DAS28-ESR of <2.6 and ≤3.2, and safety and immuno-
genicity.

Results. Among the 718 patients enrolled, 296 were
randomized at week 24 to receive TCZ monotherapy (n =
147) or TCZ plus MTX (n = 147). The mean changes in
the DAS28-ESR from week 24 to week 40 were 0.46 and
0.14 in the TCZ monotherapy arm and the TCZ plus MTX
arm, respectively (weighted difference between the groups,
0.318 [95% confidence interval 0.045, 0.592]); discontinu-
ingMTX in TCZ responders was noninferior to continuing
MTX. Safety events were broadly similar between the
randomized treatment groups; the most common serious
adverse event was infection, which occurred in 2.1% of
patients in the TCZ monotherapy group and 2.2% of
patients receiving TCZ plus MTX.

Conclusion. Patients with RA receiving TCZ plus
MTX who achieve low disease activity can discontinue MTX
without significant worsening of disease activity during the
16 weeks following MTX discontinuation.

Tocilizumab (TCZ) is a humanized monoclonal anti-
body against the interleukin-6 (IL-6) receptor. As evidenced
by the results of an extensive clinical trial program, TCZ (as
either an intravenous or a subcutaneous formulation) has
proven efficacy in treating rheumatoid arthritis (RA), giant
cell arteritis, systemic juvenile idiopathic arthritis, and poly-
articular juvenile idiopathic arthritis (1–10). Methotrexate
(MTX) is frequently administered in combination with bio-
logics for the treatment of RA. This practice is based on
studies demonstrating that biologics (primarily tumor
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necrosis factor [TNF] inhibitors) are more effective when
used in combination withMTX (11,12). In contrast, the effi-
cacy of TCZ has been demonstrated to be similar in patients
with RA regardless of whether TCZ is administered as
monotherapy or in combination with MTX; studies of TCZ
monotherapy to date have been conducted primarily with
the intravenous formulation of TCZ (4,13–16).

Previous studies that established the efficacy of
TCZ monotherapy in RA patients with active disease
were performed in patients in whom TCZ was initiated as
monotherapy (4,13–16). However, another clinically perti-
nent route to biologic monotherapy involves initiation of
a biologic in combination with existing background MTX
followed by discontinuation of MTX for reasons including
intolerance, nonadherence, and/or reduction in the medi-
cation burden once disease control is achieved. Notably,

approximately one-third of patients with RA who require
biologic treatment in clinical practice receive a biologic as
monotherapy (17–19), often because of absolute or
patient-perceived intolerance of MTX (20–22). Studies
examining the efficacy of TCZ monotherapy after discon-
tinuation of concurrently administered MTX are lacking.
The objective of this noninferiority study was to evaluate
the efficacy of subcutaneous TCZ monotherapy com-
pared with that of TCZ plus MTX in maintaining
response in patients with RA who achieve low disease
activity following treatment with TCZ plus MTX.

PATIENTS AND METHODS

Study design. COMP-ACT is a randomized, multicenter,
double-blind, parallel group, 52-week study (plus 8 weeks of follow-

Figure 1. A, Study design. Open-label subcutaneous tocilizumab (TCZ-SC) was administered for the entire study duration. B, Patient disposition.
q2w = every 2 weeks; MTX = methotrexate; qw = every week; DAS28-ESR = Disease Activity Score in 28 joints using the erythrocyte sedimenta-
tion rate; NI = noninferiority; DMARD = disease-modifying antiinflammatory drug; R = randomization; mono = monotherapy; OL = open-label;
AE = adverse event.
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up) of TCZ plus MTX and TCZ monotherapy in patients with
RA who have had an inadequate response to MTX (Figure 1A).
Starting at baseline (week 0), all patients received TCZ subcuta-
neously at a dosage of 162 mg weekly (for patients weighing
≥100 kg) or every 2 weeks (for patients weighing <100 kg) and
continued to receive a stable pre-baseline dosage of oral MTX of
≥15 mg/week. Patients receiving subcutaneous TCZ every 2
weeks who did not achieve a Disease Activity Score in 28 joints
using the erythrocyte sedimentation rate (DAS28-ESR) (23) of
≤3.2 at week 12 could increase the dosing frequency to weekly.

Randomization occurred at week 24, when patients who
achieved a DAS28-ESR of ≤3.2 were randomized 1:1 to continue
receiving TCZ plus MTX or switch to TCZ plus placebo (TCZ
monotherapy) through week 52. Patients who did not achieve a
DAS28-ESR of ≤3.2 were assigned to an open-label, nonran-
domized arm of the study and continued to receive TCZ plus
MTX until week 52, with all patients receiving subcutaneous
TCZ weekly. Randomized patients with worsening of the
DAS28-ESR of ≥1.2 between week 24 and week 40 were allowed
to receive an open-label disease-modifying antirheumatic drug
(DMARD; sulfasalazine, chloroquine, hydroxychloroquine, or
azathioprine); nonrandomized patients were allowed to receive
an open-label DMARD beginning 12 weeks after TCZ dose
escalation if they had not reached a DAS28-ESR of ≤3.2.

Outcome measures. The primary efficacy end point was the
comparison of the mean change in the DAS28-ESR from week 24 to
week 40 between the 2 randomized groups (TCZmonotherapy versus
TCZ plus MTX). Secondary end points included the proportion of
patients with worsening in the DAS28-ESR of ≥1.2 between week 24
and week 40; the proportion of patients with a DAS28-ESR of <2.6
and ≤3.2 at week 40 and week 52; the proportion of patients achieving
20%, 50%, or 70% improvement according to the American College
of Rheumatology criteria (ACR20, ACR50, and ACR70, respectively)
(24) at weeks 40 and 52; safety, including the incidence of adverse
events (AEs) and serious AEs (SAEs); and immunogenicity. For
immunogenicity testing, blood samples obtained from patients were
tested for anti-TCZ antibodies at baseline (week 0), every 3 months,
and then 8weeks after administration of the last TCZdose.

Patient population. Patients age ≥18 years and
weighing ≤150 kg who had moderate to severe RA (DAS28
≥4.4) according to the 1987 revised classification criteria (25)
were included. All patients had an inadequate response to
MTX; up to ~20% of patients could have previously received a
single TNF inhibitor ≥6 months prior to screening. Patients
must have been receiving MTX for ≥24 weeks, at a stable
dosage of ≥15 mg/week orally for ≥6 weeks, prior to the initia-
tion of treatment (day 1). A stable dosage of MTX of ≥10 mg/
week was acceptable in patients weighing <50 kg or with a cal-
culated glomerular filtration rate (or creatinine clearance rate)
of <60 ml/minute.

Major exclusion criteria were documented intolerance
of oral MTX at a dosage of ≥15 mg/week; treatment with a non-
MTX DMARD within 8 weeks of screening; previous treatment
with abatacept, rituximab, tofacitinib, or anakinra; use of par-
enteral corticosteroids within 4 weeks prior to treatment; treat-
ment with cell-depleting therapies, intravenous immunoglobulin,
or plasmapheresis within 6 months of baseline (week 0); and
previous treatment with TCZ or any IL-6 antagonist.

This study was approved by the institutional review
boards and independent ethics committees of the investigational
centers. All patients provided written informed consent, in accor-
dance with the Declaration of Helsinki.

Statistical analysis. Primary end point analysis was per-
formed in randomized patients who received ≥1 dose of TCZ
and had ≥1 post-dose efficacy assessment. Imputation with the
last observation carried forward method was used in the event of
missing data. The mean change in the DAS28-ESR from week
24 to week 40 in each treatment arm and the overall difference
in the mean change between treatment arms were estimated
based on analysis of covariance, adjusted for stratification fac-
tors used in randomization (baseline [week 0] weight-by-dosing
group [<80 kg every 2 weeks; <80 kg weekly; 80 to <100 kg every
2 weeks; 80 to <100 kg weekly; ≥100 kg weekly], TNF inhibitor
exposure [yes/no], and the week 24 DAS28-ESR [<2.6; ≥2.6 to
≤3.2]). To claim noninferiority, the upper bound of the 2-sided

Table 1. Characteristics of the patients at baseline (week 0)
according to treatment group*

Characteristic

TCZ
monotherapy
(n = 147)

TCZ + MTX
(n = 147)

Total
(n = 294)

Female, no. (%) 110 (74.8) 110 (74.8) 220 (74.8)
Age, years 54.6 � 13.0 56.4 � 12.3 55.5 � 12.6
Duration of RA, years 6.8 � 7.8 6.8 � 7.7 6.8 � 7.7
RF positive, no. (%) 109 (74.1) 103 (70.1) 212 (72.1)
ACPA positive, no. (%) 113 (76.9) 110 (74.8) 223 (75.9)
Weight, kg 82.5 � 19.1 81.0 � 18.5 81.7 � 18.8
BMI, kg/m2 30.2 � 6.3 29.5 � 6.5 29.9 � 6.4
No. of previous
DMARDs

1.2 � 0.5 1.2 � 0.4 1.2 � 0.5

Baseline MTX dosage,
mg/week

17.8 � 3.0 18.1 � 3.4 17.9 � 3.2

No. of previous TNF
inhibitors

0.2 � 0.4 0.2 � 0.4 0.2 � 0.4

Oral corticosteroid
treatment, no. (%)

57 (38.8) 54 (36.7) 111 (37.8)

Baseline corticosteroid
dosage, mg/day

6.6 � 2.8 6.6 � 2.6 6.6 � 2.7

DAS28-ESR 6.2 � 1.0 6.3 � 0.9 6.3 � 0.9
CDAI score 37.3 � 12.1 39.1 � 12.5 38.2 � 12.3
SDAI score 38.5 � 12.3 40.0 � 12.7 39.3 � 12.5
Swollen joint count
(66 assessed)

15.3 � 10.2 17.0 � 11.5 16.2 � 10.9

Tender joint count
(68 assessed)

25.1 � 13.5 26.5 � 14.2 25.8 � 13.9

Physician’s global
assessment score
(100-mm VAS)

60.8 � 16.6 62.2 � 17.4 61.5 � 17.0

Patient’s global
assessment score
(100-mm VAS)

62.8 � 24.1 61.8 � 23.4 62.3 � 23.7

Pain score (100-mm
VAS)

56.6 � 24.4 56.5 � 23.1 56.6 � 23.7

HAQ disability index
score

1.3 � 0.6 1.4 � 0.6 1.3 � 0.6

ESR, mm/hour 40.3 � 26.1 38.2 � 22.2 39.3 � 24.2
CRP, mg/dl 1.2 � 1.5 1.0 � 1.2 1.1 � 1.4

* Except where indicated otherwise, values are the mean � SD. TCZ =
tocilizumab; MTX = methotrexate; RA = rheumatoid arthritis; RF =
rheumatoid factor; ACPA = anti–citrullinated protein antibody; BMI =
body mass index; DMARDs = disease-modifying antirheumatic drugs;
TNF = tumor necrosis factor; DAS28-ESR = Disease Activity Score in
28 joints using the erythrocyte sedimentation rate; CDAI = Clinical Dis-
ease Activity Index; SDAI = Simplified Disease Activity Index; VAS =
visual analog scale; HAQ = Health Assessment Questionnaire; CRP =
C-reactive protein.
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95% confidence interval (95% CI) for the difference in change in
the DAS28-ESR (for the TCZ monotherapy group minus the
change in the DAS28-ESR for the TCZ plus MTX group) was
required to be <0.6. A noninferiority margin of 0.6 was defined
based on the requirement for a ≥0.6-unit change in order to meet a
change in the European League Against Rheumatism response cri-
teria (26), because changes of <0.6 were within the measurement
error of the DAS methodology (27). To assess the robustness of
the primary end point, the analyses were repeated in the per-proto-
col population and the completer population, and a repeated-mea-
sures model was performed in the randomized population.

For the secondary efficacy end points, a Cochran-Mantel-
Haenszel test was used to assess the differences in rates for each
treatment, adjusted for stratification factors used in randomiza-
tion, including the percentage of patients with worsening in the
DAS28-ESR of ≥1.2 and the percentage of patients achieving low
disease activity (DAS28-ESR ≤3.2), remission (DAS28-ESR
<2.6), and ACR20/50/70 responses at week 40 and week 52.

RESULTS

Patient disposition and baseline characteristics.
Of 718 patients enrolled, 296 achieved a DAS28-ESR of
≤3.2 at week 24 and were randomized to receive either
TCZ monotherapy or TCZ plus MTX (Figure 1B). Two
of the randomized patients were not treated after week
24; therefore, 294 randomized patients were included in
the intent-to-treat population (for TCZ monotherapy, n =
147; for TCZ plus MTX, n = 147). Among the 294 ran-
domized patients, 33 discontinued (for TCZ monother-
apy, n = 18 [12.2%]; for TCZ plus MTX, n = 15 [10.2%]).
Patient demographics and clinical characteristics at base-
line (week 0) were balanced across the TCZ monotherapy
and TCZ plus MTX groups (Table 1). The mean RA
duration, tender joint count, swollen joint count, and
DAS28-ESR were comparable between the groups.

Efficacy. At week 24 (at the time of randomization,
prior to MTX withdrawal), the DAS28-ESR was similar in
both groups of randomized patients; the mean � SD
DAS28-ESR was 2.11 � 0.82 for the TCZ monotherapy
group and 2.13 � 0.82 for the TCZ plus MTX group. The
study met its primary end point by demonstrating the non-
inferiority of TCZ monotherapy compared with TCZ plus
MTX. The change in the DAS28-ESR from baseline
(week 0) to week 40 was similar between the randomized
treatment groups (Figure 2). The adjusted mean change in
the DAS28-ESR from week 24 to week 40 was 0.46 (95%
CI 0.22, 0.70) in the TCZ monotherapy group and 0.14
(95% CI �0.11, 0.39) in the TCZ plus MTX group for the
randomized population. The adjusted difference between
the groups was 0.318 (95% CI 0.045, 0.592), demonstrating
the noninferiority of discontinuing MTX compared with
continuing MTX in patients who had achieved low disease
activity while receiving TCZ plus MTX. The sensitivity
analyses supported the results of the primary efficacy end
point. The estimated mean difference in the mean change
in the DAS28-ESR from week 24 to week 40 was 0.311
(95% CI 0.024, 0.597) for the per-protocol population,
0.26 (95% CI �0.01, 0.54) for the completers population,
and 0.29 (95% CI 0.02, 0.56) for the randomized popula-
tion, using a repeated-measures model.

The proportions of patients with worsening in the
DAS28-ESR of ≥1.2 between week 24 and week 40 and
betweenweek 24 andweek 52were similar between the treat-
ment groups (42 patients [28.6%] in the TCZ monotherapy
group and 31 patients [21.1%] in the TCZ plus MTX group
at week 40; the difference between groups was 7.5% [95%CI
�2.4, 17.3]) (Figure 3A and Table 2). The proportions of
patients who maintained low disease activity or remission

Figure 2. Disease activity in randomized patients according to treatment group. The mean DAS28-ESR over 52 weeks in patients randomized at
week 24 to receive either TCZ monotherapy or TCZ plus MTX is shown. Values are the mean � SEM. See Figure 1 for definitions.
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based on the DAS28-ESR at weeks 40 and 52 were similar
between the TCZmonotherapy and TCZ plusMTX groups,
with the exception of low disease activity at week 40, which

slightly favored the TCZ plus MTX group (Figure 3B and
Table 2). At week 40, 49.7% of patients in the TCZ
monotherapy group (n = 73) and 59.2% of patients in the
TCZplusMTXgroup (n = 87) were in disease remission (be-
tween-group difference�9.5% [95%CI�20.9, 1.8]); at week
52, 48.3% of patients (n = 71) and 55.1% of patients (n = 81),
respectively, were in disease remission (between-groupdiffer-
ence �6.8% [95% CI �18.2, 4.6]). At week 40, low disease
activity was maintained in 63.3% of patients (n = 93) in the
TCZ monotherapy group compared with 76.9% of patients
(n= 113) in theTCZplusMTXgroup (between-groupdiffer-
ence �13.6% [95% CI �24.0, �3.3]); at week 52, 62.6% of
patients in the TCZmonotherapy group (n = 92) and 68.0%
of patients in the TCZ plus MTX group (n = 100) had low
disease activity (between-group difference �5.4% [95% CI
�16.3, 5.4]) (Figure 3B and Table 2). Mean Clinical Disease
Activity Index (28) scores were similar between the TCZ
monotherapy andTCZplusMTXgroups fromweek 24 (ran-
domization) to week 52, consistent with the results observed
for theDAS28-ESR (Figure 3C).

Whereas DAS28-ESR scores were similar between
the randomized groups at 24 weeks, there was an imbal-
ance in the proportions of patients who achieved ACR20/

Figure 3. Response rates for secondary end points at week 40 and week 52. A, Proportion of patients with DAS28-ESR worsening of ≥1.2 from
week 24 to week 40 or week 52. B, Proportion of patients achieving low disease activity (LDA) or remission based on the DAS28-ESR at weeks
40 and 52. C, Clinical Disease Activity Index (CDAI) scores from week 24 to week 52. Values are the mean � SEM. D, Proportion of patients
achieving 20%, 50%, or 70% improvement according to the American College of Rheumatology criteria (ACR20, ACR50, and ACR70, respec-
tively) at week 24 (randomization), week 40, and week 52. See Figure 1 for other definitions.

Table 2. Secondary efficacy analyses*

TCZ
monotherapy
(n = 147)

TCZ +
MTX

(n = 147)
% difference
(95% CI)†

DAS28-ESR
worsening ≥1.2

Week 24 to
week 40

42 (28.6) 31 (21.1) 7.5 (�2.4, 17.3)

Week 24 to
week 52

44 (29.9) 39 (26.5) 3.4 (�6.9, 13.7)

Response at week 40
DAS28-ESR ≤3.2 93 (63.3) 113 (76.9) �13.6 (�24.0, �3.3)
DAS28-ESR <2.6 73 (49.7) 87 (59.2) �9.5 (�20.9, 1.8)

Response at week
52

DAS28-ESR ≤3.2 92 (62.6) 100 (68.0) �5.4 (�16.3, 5.4)
DAS28-ESR <2.6 71 (48.3) 81 (55.1) �6.8 (�18.2, 4.6)

* A Disease Activity Score in 28 joints using the erythrocyte sedimenta-
tion rate (DAS28-ESR) of ≤3.2 indicates low disease activity; a DAS28-
ESRof <2.6 indicates disease remission. Values are the number (%).
† Change in the DAS28-ESR for the tocilizumab (TCZ) monotherapy
group minus change in the DAS28-ESR for the TCZ plus methotrexate
(MTX) group. 95% CI = 95% confidence interval.
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50/70 responses from baseline (week 0) to week 24; the
rates of response were ~8–11% lower in the group that
was ultimately randomized to receive TCZ monotherapy
than in the group randomized to receive TCZ plus MTX
at week 24. This trend did not change following MTX
withdrawal (Figure 3D).

Safety. The safety population included all treat-
ed patients with safety assessments after baseline
(week 0). The rates of AEs and SAEs occurring from
randomization until the end of the study were compa-
rable between the TCZ monotherapy and TCZ plus
MTX groups, although the frequency of AEs in the
TCZ plus MTX group was higher than that in the TCZ
monotherapy group (Table 3). The most common SAE
was infection (≥1), which occurred in 2.1% of patients
in the TCZ monotherapy group and 2.2% in the TCZ
plus MTX group. Four deaths occurred in the study,
none of which was judged by the investigator to be
related to study treatment. No deaths occurred in the
randomized cohort.

Elevation of alanine aminotransferase and aspar-
tate aminotransferase levels of 3 times the upper limit of
normal (ULN) was observed in 33 (4.7%) and 12 (1.7%)

of the 713 patients in the safety population, respectively. In
the randomized cohort, 2 patients in the TCZ plus MTX
group and none in the TCZ monotherapy group had an
elevation of transaminase levels of 3 times the ULN.

Of the 713 patients in the safety population, 686
(96.2%) had a valid screening assay for anti-TCZ antibod-
ies at baseline (week 0) and at any time post-baseline. Of
the 686 patients with baseline (week 0) and post-baseline
screening assay results, 10 (1.5%) developed treatment-
induced anti-TCZ antibodies (all before week 24, while
receiving TCZ plus MTX); of these, 9 patients (1.3%)
developed neutralizing anti-TCZ antibodies while receiv-
ing TCZ plus MTX prior to week 24, but none were posi-
tive for the IgE isotype. No patients developed anti-TCZ
antibodies after week 24. No patients experienced ana-
phylaxis or serious hypersensitivity. One patient (receiving
TCZ plus MTX) with neutralizing antibodies withdrew
from the study due to lack of efficacy.

DISCUSSION

The results of the current study demonstrate the
statistical noninferiority of TCZ monotherapy compared

Table 3. Safety*

TCZ monotherapy
(n = 144)

(92.44 patient-years)†

TCZ + MTX
(n = 139)

(90.56 patient-years)†

Safety population
(n = 713)

(700.60 patient-years)‡

AEs
Total AEs 220 279 2,642
Patients with ≥1 AE 89 (61.8) 94 (67.6) 579 (81.2)
No. of AEs per 100 patient-years (95% CI) 238.00 (207.58, 271.61) 308.07(272.98, 346.43) 377.10 (362.86, 391.76)

SAEs
Total SAEs 8 13 119
Patients with ≥1 SAE 6 (4.2) 8 (5.8) 72 (10.1)
No. of SAEs per 100 patient-years (95% CI) 8.65 (3.74, 17.05) 14.35 (7.64, 24.55) 16.99 (14.07, 20.33)

Serious infections
Total serious infections 3 4 35
Patients with ≥1 serious infection 3 (2.1) 3 (2.2) 29 (4.1)
No. of serious infections per 100 patient-years (95% CI) 3.25 (0.67, 9.48) 4.42 (1.20, 11.31) 5.00 (3.48, 6.95)

Serious MI/ACS events
Total serious MI/ACS events 1 2 8
Patients with ≥1 MI/ACS event 1 (0.7) 2 (1.4) 8 (1.1)
No. of MI/ACS events per 100 patient-years (95% CI) 1.08 (0.03, 6.03) 2.21(0.27, 7.98) 1.14 (0.49, 2.25)

Serious GI perforations
Total serious GI perforations 0 0 1
Patients with ≥1 serious GI perforation 0 0 1 (0.1)
No. of serious GI perforation events per 100 patient-years (95% CI) 0 (0.00, 3.99) 0 (0.00, 4.07) 0.14 (0.00, 0.80)

Serious hepatic events
Total serious hepatic events 0 0 0
Patients with ≥1 serious hepatic event 0 0 0
No. of serious hepatic events per 100 patient-years (95% CI) 0 (0.00, 3.99) 0 (0.00, 4.07) 0 (0.00, 0.53)

Deaths 0 0 4

* Except where indicated otherwise, values are the number (%). AEs = adverse events; 95% CI = 95% confidence interval; SAEs = serious AEs;
MI = myocardial infarction; ACS = acute coronary syndrome; GI = gastrointestinal.
† Includes all randomized patients who received tocilizumab (TCZ) monotherapy or TCZ plus methotrexate (MTX) from week 24 to the end of
the study.
‡ Includes all treated patients with a safety assessment after baseline (week 0).
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with TCZ plus MTX in patients who achieve low disease
activity with TCZ plus MTX and subsequently discon-
tinue MTX. The mean change in the DAS28-ESR from
week 24 to week 40 was similar between patients random-
ized to TCZ monotherapy and those randomized to TCZ
plus MTX. Except for the proportion of patients with low
disease activity (DAS28-ESR <3.2) at week 40, secondary
efficacy analyses supported the noninferiority of TCZ
monotherapy compared with TCZ plus MTX. Across dif-
ferent end points and time points, there was an overall
trend toward slightly higher responses in patients who
continued MTX therapy; however, these differences were
not clinically meaningful. A general trend toward slightly
lower rates of ACR 20/50/70 responses at week 40 and
week 52 was observed in the TCZ monotherapy group
compared with the TCZ plus MTX group; however, these
rates were already slightly imbalanced at randomization
(week 24), with lower response rates observed in the
patients randomized to the TCZ monotherapy group
compared with patients randomized to the TCZ plus
MTX group, making it difficult to attribute any observed
differences in ACR responses between groups at week 40
and week 52 to the treatment effect.

This is the first controlled study to examine dis-
continuation of MTX in patients receiving TCZ and is
among the first to demonstrate efficacy of the subcuta-
neous formulation of TCZ as monotherapy. The results
are consistent with those of previous studies demonstrat-
ing the efficacy of subcutaneous TCZ (8,9) and with
other studies comparing intravenous TCZ monotherapy
with TCZ plus MTX (14,15). The ACT-RAY trial also
evaluated the efficacy of TCZ with or without MTX in a
patient population similar to that in the current study
but did not evaluate MTX withdrawal following response
to TCZ plus MTX. At baseline, patients with an inade-
quate response to MTX either switched from their cur-
rent MTX dose to intravenous TCZ monotherapy or
continued to receive MTX but added intravenous TCZ
(TCZ plus MTX) throughout the duration of the study.
At 24 weeks and 52 weeks, similar proportions of
patients in the TCZ monotherapy and TCZ plus MTX
groups achieved remission as defined by the DAS28-
ESR (14,15).

MTX coadministration has been associated with
increased efficacy of TNF inhibitors. Studies evaluating
the impact of various doses of MTX in patients treated
with a TNF inhibitor, such as adalimumab or golimumab,
showed decreased therapeutic benefit when TNF inhibi-
tors were used in combination with decreased doses of
MTX (29,30). Additionally, the Canadian Methotrexate
and Etanercept Outcome study failed to demonstrate
noninferiority of switching to placebo versus continuing

MTX in patients achieving low disease activity while
receiving etanercept plus MTX (31). These results do not
support the clinical utility of dose reduction or discontinu-
ation of MTX in patients receiving a TNF inhibitor.

One potential mechanism for the additive benefit
of MTX in combination with a TNF inhibitor is the
impact of MTX on inhibition of anti-drug antibody forma-
tion against TNF inhibitors, thereby impacting serum
levels of TNF inhibitors and resulting in increased efficacy
(29,30,32–34). Conversely, a recent study of pooled clini-
cal trial data demonstrated that the risk of developing
anti-drug antibodies with TCZ was low, regardless of
whether TCZ was administered in combination with
MTX or as monotherapy (35). Although these studies did
not directly assess the effect of MTX discontinuation dur-
ing biologic treatment, the results suggest that the effect
of MTX on the efficacy of biologics differs between bio-
logics with different mechanisms of action. Furthermore,
the apparent lack of additive efficacy of MTX combined
with TCZ may be attributable to a potential overlap in
the mechanisms of action between MTX and TCZ,
because MTX itself has been shown to reduce serum
levels of IL-6 in patients with RA (36). Therefore, discon-
tinuation of MTX in patients receiving TCZ may have less
of an impact on efficacy than discontinuation of MTX in
patients receiving a biologic with a different mechanism
of action, particularly a TNF inhibitor.

Safety outcomes in this study were mostly similar
between the randomized treatment arms; however, there
was a slightly higher incidence of AEs in patients random-
ized to receive TCZ plus MTX than in those randomized
to receive TCZ monotherapy (308.1 [95% CI 273.0, 346.0]
versus 238.0 [95% CI 207.6, 271.6] per 100 patient-years).
The safety profile was consistent with the known profile of
TCZ, and no new safety signals were identified. The risk
of immunogenicity observed in this study was low and con-
sistent with that observed in previous studies of TCZ (35).

The 40-week time point (16 weeks after the discon-
tinuation of MTX in the TCZ monotherapy group) was
selected for the primary outcome based on prior studies of
MTX tapering and discontinuation that support the notion
that 16 weeks is an adequate time frame for assessing the
effects of MTX withdrawal. In a small double-blind study
of RA patients receiving long-term MTX, all patients who
were randomized to discontinue MTX experienced a dis-
ease flare after 1 month (37). In another study, 30% of
patients who switched from MTX weekly to every other
week experienced a disease flare within 12 weeks of dose
reduction (38). In addition, the evaluation of MTX discon-
tinuation after 16 weeks (week 24 to week 40) is consistent
with real-world clinical practice, where patients receiving a
biologic are evaluated (and treatment decisions are made)
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4 months after changing the therapeutic regimen, such as
discontinuation of MTX. Furthermore, the results ob-
served at 40 weeks in this study are consistent with those
observed at 52 weeks (7 months after MTX discontinua-
tion), suggesting that 16 weeks was a sufficient length of
time to observe the effects of MTX discontinuation.

Although discontinuation of a conventional syn-
thetic DMARD in patients receiving biologic therapy for
RA is a well-recognized practice, and approximately one-
third of patients receive biologics as monotherapy (39,40),
controlled studies examining the effect of discontinuing a
conventional synthetic DMARD during biologic therapy
are lacking. Overall, the results of the current study
demonstrate that patients receiving TCZ plus MTX who
achieve low disease activity can discontinue MTX while
maintaining disease control during the 16 weeks following
MTX discontinuation. The noninferiority of TCZ mono-
therapy compared with TCZ plus MTX observed in this
study suggests that patients with RA receiving TCZ who
cannot tolerate or prefer not to use MTX can safely dis-
continue it without significant worsening of disease activity.
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Rituximab May Cause Increased Hepatitis C Virus Viremia
in Rheumatoid Arthritis Patients Through Declining

Exosomal MicroRNA-155

Tsai-Ling Liao,1 Shie-Liang Hsieh,2 Yi-Ming Chen,3 Hsin-Hua Chen ,3 Hung-Jen Liu,4

Hsiu-Chin Lee,5 and Der-Yuan Chen6

Objective. Several studies have shown that ritux-
imab may enhance hepatitis C virus (HCV) activity. Micro-
RNAs (miRNAs) have been implicated in modulating the
host immune response in HCV infection; miRNAs can be
packaged into the exosomes and then shuttled by the exo-
somes to aid biologic functions. However, the role of exoso-
mal miRNAs (exo-miRNAs) in rituximab-related HCV
activity enhancement remains unclear.

Methods. The association between rituximab and
increased HCV activity was examined using an in vitro
cell-based assay. Purified exosomes were confirmed using
immunoblotting and flow cytometry and quantified using
enzyme-linked immunosorbent assay. Exosomal miRNA-
155 (exo-miR-155) levels were measured using quantita-
tive reverse transcription–polymerase chain reaction.

Results. In vitro data showed that B cell–derived
miR-155 could inhibit HCV replication in hepatocytes
through exosome transmission. Rituximab could both
induce B cell depletion and affect intracellular miR-155
production as well as exo-miR-155 transmission and then
enhance HCV activity in hepatocytes (P < 0.005). Serum

exosome levels were increased in rheumatoid arthritis
(RA) patients with HCV infection compared with the
levels in RA patients without HCV infection (P < 0.01).
The exo-miR-155 levels were significantly increased in
RA patients with HCV infection compared with those
without infection (P < 0.01). A significantly greater decre-
ment of exo-miR-155 expression was observed after ritux-
imab therapy compared with those observed before
therapy (P < 0.01), and hepatitis C viral loads increased
simultaneously (P < 0.05).

Conclusion. Circulating exo-miR-155 levels were
negatively correlated with hepatitis C viral loads and sub-
sequently associated with rituximab-related HCV activity
enhancement in RA patients. Exo-miR-155 may become a
potential diagnostic biomarker or therapeutic target.

Increasing evidence shows that biologic therapy is
effective and can improve the quality of life of patients
with rheumatoid arthritis (RA) (1). A major concern in
treating RA patients is biologic agent–induced immuno-
suppression, particularly in those with chronic hepatitis
virus infections. Rituximab is a chimeric monoclonal anti-
body specific for human CD20 and causes B cell deple-
tion. A previous study by our group demonstrated that
rituximab may enhance hepatitis C virus (HCV) activity
to a greater extent compared with tumor necrosis factor
(TNF) inhibitors (2). However, the mechanism of ritux-
imab-related HCVactivity enhancement remains unclear.

MicroRNAs (miRNAs) are endogenous
~22-nucleotide noncoding RNAs that mediate messen-
ger RNA (mRNA) cleavage, translational repression,
or mRNA destabilization (3,4), and currently >2,000
human miRNAs are registered (miRBase Release 20.0)
(5). MiRNAs also have been implicated in modulating
the host immune response in infection, including HCV
(6,7). MiRNA-155 (miR-155) is prominently expressed
in B cells and up-regulated in patients with chronic
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HCV (8). A recent study showed that immune cells
could transmit anti-HCV factors to HCV-infected hepa-
tocytes through exosomes (9). Based on the findings of
rituximab-related HCV activity enhancement and the
potential role of miR-155 in HCV infection, we hypoth-
esized that the influence of rituximab may affect the
production and transmission of anti-HCV factors (e.g.,
miR-155) through exosomes and subsequently enhance
HCV activity in hepatocytes.

In the current study, we explored the role of exoso-
mal miR-155 (exo-miR-155) in rituximab-related HCV
activity enhancement, using an in vitro cell-based assay.
Additionally, we investigated the exosome amount and
exo-miR-155 levels in serum samples from RA patients
with HCV infection who are receiving different antirheu-
matic therapies compared with those without infection or
healthy controls, using an enzyme-linked immunosorbent
assay (ELISA)–based exosome quantification assay fol-
lowed by quantitative reverse transcription–polymerase
chain reaction (qRT-PCR) validation.

PATIENTS AND METHODS

Subjects. A total of 40 patients with RA (10) who were
scheduled to receive biologic therapy were enrolled from Tai-
chung Veterans General Hospital in Taiwan. Disease activity was
assessed using the Disease Activity Score in 28 joints (DAS28)
(11). All patients had persistently active disease, which is defined
as a DAS28 of >3.2, after treatment with conventional synthetic
disease-modifying antirheumatic drugs (csDMARDs); therefore,
biologic therapy based on British Society for Rheumatology
guidelines was initiated (12). RA patients received therapy with
adalimumab at a dosage of 40 mg subcutaneously every other
week, with golimumab 50 mg once monthly, or with etanercept
25 mg twice weekly. RA patients were prescribed fixed-dose
treatment with rituximab (1,000 mg twice with a 14-day interval)
at 6-month intervals for a 1-year period. The hepatitis C viral
loads in serum were measured before and after biologic therapy.
The Institutional Review Board of Taichung Veterans General
Hospital approved this study (CE15287B), and written consent
from all participants was obtained according to the Declaration
of Helsinki.

Exosome isolation and quantification. Samples were
centrifuged at 2,500 revolutions per minute for 10 minutes at
4°C to remove cell debris, then filtered through a 0.22-lm filter.
The serum- and B cell–derived exosomes were extracted using
an ExoQuick exosome precipitation solution (System Bio-
sciences) according to the manufacturer’s instructions. The puri-
fied exosomes were confirmed using immunoblotting, as
described in Supplementary Information, available on the Arthri-
tis & Rheumatology web site at http://onlinelibrary.wiley.com/doi/
10.1002/art.40495/abstract. The exosomes were quantified using
a direct ELISA-based method to quantify the exosome surface
marker CD63, according to the manufacturer’s instructions (Sys-
tem Biosciences).

The B cell origin of exosomes regulating HCV replica-
tion was demonstrated by flow cytometric analysis of exosomes,
using CD63 in a combination of B cell– and hepatocyte-specific

surface markers. Details of the flow cytometric analysis are pro-
vided in Supplementary Information.

Exosomal miRNA qRT-PCR. Total exosomal miRNAs
(exo-miRNAs) were extracted from the exosomes using TRIzol
reagent (Thermo Fisher Scientific) and purified using an RNeasy
MinElute Cleanup Kit (Qiagen) according to the instructions of
the manufacturer. Twenty-five femtomoles of synthetic Caeno-
rhabditis elegans miRNA (cel-miR-39) (Thermo Fisher Scientific)
was added to each sample as the internal control. The purified
miRNAs were quantified at optical densities of 260 nm and 280
nm by using an ND-1000 spectrophotometer (NanoDrop Tech-
nologies). MiRNA expression was quantified using a TaqMan
MicroRNA Assay kit (Applied Biosystems) according to the pro-
tocol of the manufacturer.

Statistical analysis. The results are presented as the
mean � SD or the mean � SEM. The analysis of variance test or
Student’s t-test was used for between-group comparisons of the
expression of candidate miRNAs. P values less than 0.05 were
considered significant.

RESULTS

No direct influence of rituximab on HCV replica-
tion in hepatocytes. To assess the effects of different bio-
logic agents on HCV RNA replication, we examined HCV
replication activity by using an HCV-tricistronic replicon
cell system (13) containing luciferase as the reporter,
which assays viral RNA replication activity. The HCV
replicon cells were treated with individual biologic agents
(10 lg/ml). At 72 hours posttreatment, cell viability assays
were performed, and HCV RNA replication activity was
measured using a luciferase assay. Our results showed no
significant difference in cell viability (Figure 1A) and
HCV genome replication (Figure 1B) between HCV repli-
con cells that were treated with different biologic agents
and those that were not treated with biologic agents.
Therefore, our results showed that rituximab or TNF in-
hibitors (adalimumab, etanercept, and golimumab) had no
hepatotoxic effect and cannot directly influence HCV
replication in hepatocytes.

Possible effect of rituximab on B cell–derived anti-
HCV cellular factor transmission to hepatocytes. Because
rituximab was directed toward the CD20 antigen on B
cells, we further focused on the roles of rituximab and B
cells in HCV replication in hepatocytes. Raji cells (B cells;
5 9 105 cells/well) were incubated with 10 lg/ml rituximab
in the presence of 10% human serum as a complement
source. At 1.5 hours posttreatment, the supernatant from
Raji or rituximab-treated Raji cell cultures was collected
and added to HCV replicon cells. After 72 hours, a lucif-
erase assay of the replicon cells was performed to mea-
sure HCV replication activity.

The addition of supernatant from the Raji cell cul-
tures had a significant inhibitory effect on HCV replica-
tion (Figure 1C), whereas adding rituximab-treated Raji
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cell cultures to HCV replicon cells rescued HCV replica-
tion (Figure 1C). To confirm this observation, the Raji
cells were treated with rituximab for different periods of
time. Supernatant from the rituximab-treated Raji cell
cultures was collected at an indicated time and added to
the HCV replicon cells. After 72 hours, the replicon cells
underwent luciferase assay to determine HCV replication
activity. The results showed that rituximab-induced
hepatitis C viral replication activity enhancement is time-

dependent (Figure 1D). Based on these observations, we
hypothesized that Raji cells may produce HCV replica-
tion inhibitors (e.g., miRNAs), and that rituximab may
reduce the production or secretion levels of these inhibi-
tors and then cause HCV replication activity enhance-
ment in hepatocytes in a time-dependent manner.

Increased miR-155 expression in peripheral blood
cells fromRA patients with chronic HCV infection.MiR-155
is prominently expressed in B cells. We performed qRT-PCR
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Figure 1. Rituximab (RTX) may affect Raji cell–derived anti–hepatitis C virus (anti-HCV) cellular factor transmission to hepatocytes. A, Effect of
RTX or tumor necrosis factor (TNF) inhibitors adalimumab (ADA), etanercept (ETA), and golimumab (GOL) on hepatotoxicity. B, No direct
influence of RTX or TNF inhibitors on hepatitis C virus (HCV) replication in hepatocytes. C, Inhibition of HCV replication (rep) in hepatocytes
by supernatant (sup) from Raji cell culture and rescue of HCV activity by RTX (10 lg/ml). D, Time-dependent increase in HCV replication in
hepatocytes induced by rituximab-treated Raji cell supernatant. E, Increased microRNA-155 (miR-155) expression in peripheral blood mononu-
clear cells from rheumatoid arthritis (RA) patients with chronic HCV infection. F, Inhibition of HCV replication in hepatocytes by miR-155. Bars
show the mean � SEM of triplicate experiments. In E, symbols represent individual patients. * = P < 0.05; ** = P < 0.01; *** = P < 0.001. RLU =
relative luminescence unit; ctrl = control.
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to validate miR-155 expression levels in peripheral blood
mononuclear cells (PBMCs) from RA patients with or with-
out chronic HCV infection. Our results showed significantly
increased miR-155 expression in the PBMCs of RA patients
with chronic HCV infection (n = 20) (mean � SEM 5.46 �
0.59–fold) compared with those without HCV infection (n =
20) (1.00� 0.15–fold; P < 0.001) (Figure 1E).

Effect of miR-155 on inhibition of HCV replication
activity in hepatocytes. To identify the role of miR-155 in
HCV replication in hepatocytes, we transfected the miR-
155 mimic to the HCV replicon cells and then measured
HCV replication activity using luciferase assay. In the
miR-155–overexpressing cells, HCV replication activity
was significantly suppressed to ~60% (P < 0.01) compared
with mimic control or nontransfected cells (Figure 1F).
Conversely, HCV replication activity significantly increased
in the miR-155–inhibiting cell (P < 0.05) compared with
inhibitor control or nontransfected cells.

Contribution of miR-155 in B cell–derived exo-
somes to inhibition of HCV replication in hepatocytes.
Exosomes released from donor cells (e.g., B cells) can
carry cellular components to recipient cells (e.g., hepato-
cytes), representing a key mode of intercellular communi-
cation (14). To demonstrate that the Raji cell–derived
exosome used in this study was of B cell origin, we
detected exosome-specific (Alix, TSG101, or CD63) and
B cell–specific (CD19) surface markers, using immuno-
blotting (see Supplementary Figure 1A, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40495/abstract) and flow cytom-
etry (Supplementary Figures 1B–D), respectively.

The immunoblotting results showed that CD19
was detected in Raji cell lysates and Raji cell–derived exo-
somes but not in Huh-7 cells (Supplementary Figure 1A).
Similar results using flow cytometric analysis are illus-
trated in Supplementary Figures 1B and C. Both CD63
and CD19 were detected in Raji cell–derived exosomes,
but the hepatocyte–derived exosome marker asialoglyco-
protein receptor 1 (15) was not detected (Supplementary
Figure 1D). Our results validated the notion that isolated
Raji cell–derived exosomes were of B cell origin.

To investigate whether miR-155 is a factor in B cell–
derived exosomes that contributes to the inhibition of HCV
replication in hepatocytes, we loaded miR-155 mimic, inhib-
itor, or control into a Raji cell–derived exosome, using
electroporation in accordance with previously published lit-
erature (16). The relative levels of encapsulated miR-155
were determined using qRT-PCR (Supplementary Fig-
ure 2A, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.40495/abstract).

Approximately 2.2-fold higher expression of
miR-155 in Raji cell–derived exosomes occurred after

electroporation with miR-155 mimic in contrast to low
miR-155 expression in control loading exosomes or non-
loading exosomes (mock), indicating its effective loading
by electroporation (P < 0.01). The exosomes were then
added to HCV replicon cells. After 48 hours, HCV repli-
cation activity significantly decreased in replicon cells with
the addition of miR-155 mimic loading Raji cell–derived
exosomes compared with those with the addition of con-
trol loading exosomes or nonloading exosomes (mean �
SEM 0.52 � 0.05–fold versus 1.24 � 0.06–fold versus 1.02
� 0.06–fold; P < 0.05) (Supplementary Figure 2B). Con-
versely, an ~0.76-fold decrease in miR-155 levels in Raji
cell–derived exosomes occurred after electroporation with
the miR-155 inhibitor, causing significantly elevated HCV
replication activity in hepatocytes (P < 0.05).

Possible effect of rituximab on HCV replication in
hepatocytes through decreasing B cell–derived miR-155
production and exo-miR-155 transmission levels. We
hypothesized that the influence of rituximab on responses
to B cells may affect the production and transmission of
anti-HCV factors (e.g., miR-155) through exosomes and
subsequently enhance HCV replication in hepatocytes. We
investigated the role of exosomes in intercellular communi-
cation between B cells and hepatocytes, using a coculture
system (Figure 2A). Because rituximab treatment caused
B cell depletion (Figure 2B), we speculated that Raji cell–
derived exosomal transmission levels may be associated
with decreased Raji cell numbers. To exclude interference
of rituximab-related B cell number variation, we adjusted
the Raji cell numbers post–rituximab treatment to the
same as those in non–rituximab treated controls. Raji cells
were cocultured with HCV replicon cells at a 1:1 ratio in a
Transwell 24-well system with a 0.4-mm porous membrane
to prevent the transfer of vesicles larger than exosomes
and direct cell contact (Figure 2A).

After 72-hour coculture, therewas no significant differ-
ence in cell viability betweenRaji cells that were and those that
were not treated with rituximab after cell number adjustment
(Figure 2C), but the levels of miR-155 were substantially
decreased in rituximab-treated Raji cells (mean � SEM 0.53
� 0.04–fold) (Figure 2D) compared with untreated cells (0.95
� 0.07–fold;P < 0.01) or adalimumab (TNF inhibitor)–treated
cells (1.11 � 0.05–fold; P < 0.005), indicating that rituximab
directly inhibited miR-155 production in Raji cells. We also
observed that Raji cell–derived exo-miR-155 levels in ritux-
imab-treated cells significantly declined (0.55 � 0.14–fold)
(Figure 2E) compared with untreated cells (1.01 � 0.09–fold;
P < 0.01) or TNF inhibitor–treated cells (1.03� 0.09–fold; P <
0.05). Furthermore, a decrease in the transmission levels of
miR-155 from rituximab-treatedRaji cells to hepatocytes (0.55
� 0.14–fold; P < 0.01) (Figure 2F) caused increased HCV
replication activity (1.37� 0.05–fold;P< 0.05) (Figure 2G).
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Direct effect of rituximab on HCV replication in
hepatocytes through decreasing B cell–derived exo-miR-
155 levels. To further investigate whether enhancement of
rituximab-related HCVactivity was directly associated with
B cell–derived exo-miR-155, we added purified Raji cell–
derived exosomes to HCV replicon cells (Figure 3A). The

results of qRT-PCR showed that the levels of intracellular
miR-155 (mean � SEM 0.67 � 0.02–fold versus 1.02 �
0.03–fold; P < 0.005) (Figure 3B) and exo-miR-155 (0.72
� 0.03–fold versus 1.01 � 0.06–fold; P < 0.05) (Figure 3C)
from Raji cells treated with rituximab significantly
decreased compared with untreated control cells. The
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purified Raji cell–derived exosomes were then added to
HCV replicon cells. After 72 hours, we observed signifi-
cantly decreased miR-155 expression in hepatocytes with
the addition of rituximab-treated Raji cell–derived
exosomes compared with control (no treatment) (0.63 �
0.09–fold versus 1.03 � 0.10–fold; P < 0.05) (Figure 3D).
Additionally, HCV replication activity significantly in-
creased in replicon cells after the addition of rituximab-
treated Raji cell–derived exosomes compared with
those after the addition of untreated Raji cell–derived

exosomes (mean � SEM 1.11 � 0.02–fold versus 1.00 �
0.01–fold; P < 0.005) (Figure 3E).

Increased exosome and exo-miR-155 levels in
serum from RA patients with HCV infection. To support
the findings of cell-based assay, we further examined the
exosome and exo-miR-155 levels in the serum of RA pa-
tients with HCV infection. The results of immunoblotting
(Figure 4A) and exosome quantification using an ELISA-
based method (Figure 4B) showed increased exosome
levels in the serum of RA patients with HCV infection
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(n = 12) (mean � SEM 9.72 � 0.55 9 109 exosome
particles/ml) compared with those without infection (n =
15) (6.12 � 1.11 9 109 exosome particles/ml; P < 0.01).
Additionally, significantly increased exo-miR-155 levels
were detected in RA patients with HCV infection com-
pared with those without infection (3.13 � 1.09–fold ver-
sus 1.00 � 0.19–fold; P < 0.01) (Figure 4C).

Significantly decreased exosomal miR-155 expres-
sion in RA patients with HCV infection who received ritux-
imab therapy. To investigate the effect of antirheumatic
therapy on HCVactivity in patients with RA, we enrolled 5

patients who received csDMARDs (60% female, mean �
SD age 67.3 � 6.6 years), 11 patients who received TNF
inhibitor treatment (90.9% female, mean � SD age 66.1 �
12.6 years), and 4 patients who received rituximab therapy
(all female, mean � SD age 68.8 � 9.7 years) (Table 1).
Because rituximab therapy was available for RA patients in
Taiwan who had a poor response or intolerance to therapy
with TNF inhibitors, the duration of biologic therapy was
longer in patients receiving rituximab therapy compared
with that in those receiving TNF inhibitors (4.9 � 1.9 ver-
sus 2.7 � 2.8 years). However, there was no significant dif-
ference in the DAS28 in patients receiving different
antirheumatic treatments (csDMARDs versus TNF inhibi-
tors versus rituximab: 3.6 � 0.5 versus 4.2 � 0.6 versus 3.6
� 0.2).

First, we validated the exo-miR-155 expression
level in RA patients with HCV infection who received dif-
ferent antirheumatic therapies and demonstrated signifi-
cantly lower expression of exo-miR-155 in patients who
received rituximab treatment compared with those who re-
ceived TNF inhibitors or csDMARD treatment alone
(mean � SEM 1.47 � 0.19–fold versus 2.61 � 0.39–fold or
2.72 � 0.62–fold; P < 0.05) (Figure 4D). The results
showed that after treatment, rituximab may enhance the
hepatitis C viral load to a greater extent than TNF inhibi-
tors (2.32 9 107 versus 1.79 9 105 IU/ml; P < 0.05) (Fig-
ure 4E). Additionally, a significantly greater reduction in
the expression of exo-miR-155 was observed after ritux-
imab therapy compared with expression before ritux-
imab therapy (0.52 � 0.03–fold versus 1.00 � 0.08–
fold; P < 0.01) (Figure 4E). However, there was no sig-
nificant difference in exo-miR-155 expression before
and after TNF inhibitor therapy. Finally, we monitored
the dynamics of hepatitis C viral load and exo-miR-155
levels in the sera of 2 HCV-infected RA patients dur-
ing the rituximab therapy period. Our results showed
that a significant reduction in exo-miR-155 expression
in rituximab-treated patients was time-dependent (P <
0.01) (Figure 4F), and the hepatitis viral loads increased
simultaneously.

DISCUSSION

Rituximab, a B cell–depleting agent, was proven to
be effective in RA patients who had a poor response to ≥1
TNF inhibitors (17,18). Previous studies demonstrated that
clinical improvement in rituximab-treated RA patients
occurred in association with changes in macrophage func-
tion (19) and Th17 cell response (20). Besides being used
in rheumatic diseases, rituximab is widely used for the
treatment of non-Hodgkin’s lymphoma (NHL). Although
some studies showed that rituximab was effective for
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treating patients with HCV-associated cryoglobulinemic
vasculitis without influencing HCV viremia (21,22), an
increased HCV RNA level during or after rituximab ther-
apy had been reported in NHL patients with HCV infec-
tion (23,24). Furthermore, a large-scale multicenter study
demonstrated that HCV RNA levels significantly in-
creased in patients with diffuse large B cell lymphoma and
HCV infection during rituximab-containing chemotherapy
(P = 0.006) (25).

In the current study, our clinical data revealed
that rituximab may enhance the hepatitis C viral load
to a greater extent than TNF inhibitor therapy in
patients with RA and chronic HCV infection.
Advanced age (mean � SD 68.8 � 9.7 years) and a
longer duration of rituximab therapy (58.7 � 22.3
months) were characteristics in the patients who had
increased HCV viremia. Our results revealed that B
cell–derived exo-miR-155 plays a crucial role in rituximab-
related HCV activity enhancement. A recent study showed
that the exosome concentration decreases with advancing
age, which was associated with biologic dysfunction in B cells
(26). We hypothesized that aging and long-term rituximab
treatment may affect the biologic functions of B cells and
cause decreased exosome levels as well as increased HCV
viremia. Further large-scale and long-term studies are
needed to confirm this hypothesis.

A study by Zhang et al (27) showed that human
immune cells recognize HCV-infected cells and respond
by producing anti-HCV, which is an important role in
HCV infection. In the current study, we demonstrated

that adding a supernatant from B lymphocyte cultures has
a significant inhibitory effect on HCV replication, indicat-
ing that B cells may produce some cellular factors that
can inhibit HCV replication in hepatocytes. MiRNAs
have been implicated in modulating the host immune
response in HCV infection (28,29). MiR-155 is encoded
within the B cell integration cluster gene and is promi-
nently expressed in B cells (30). MiR-155 is critical for B
cell development and can be up-regulated in B cell recep-
tor (BCR)–stimulated B lymphocytes (31). A recent study
indicated that HCV infection causes up-regulation of
BCR signaling (32). Our results showed significantly
increased miR-155 expression levels in the PBMCs of
RA patients with chronic HCV infection compared with
those without infection, which is consistent with published
literature (8).

We also confirmed that HCV replication activity
is significantly decreased in miR-155–overexpressing cells
(P < 0.01) compared with mimic control or nontrans-
fected cells. Furthermore, we loaded miR-155 mimic into
Raji cell–derived exosomes and then added it to HCV
replicon cells. Our results revealed that the HCV replica-
tion activity significantly decreases in replicon cells with
miR-155 mimic loading B cell–derived exosomes com-
pared with those with control loading or nonloading
exosomes (P < 0.05). Taken together, our results showed
up-regulation of miR-155 in the PBMCs of patients with
RA and chronic HCV infection. Circulating B cell–
derived exo-miR-155 may transmit to hepatocytes and
subsequently inhibit HCV replication.

Table 1. Demographic and laboratory data on RA patients with HCV infection, according to antirheumatic
therapy*

Antirheumatic therapy

csDMARDs
(n = 5)

TNF inhibitors
(n = 11)

Rituximab
(n = 4)

Age at study entry, years 67.3 � 6.6 66.1 � 12.6 68.8 � 9.7
Female, no. (%) 3 (60.0) 10 (90.9) 4 (100.0)
Disease duration, years 5.9 � 3.5 8.4 � 3.8 13.1 � 3.4
RF positivity, no. (%) 4 (80.0) 10 (90.9) 2 (50.0)
RF, IU/ml 24.9 � 10.4 190.4 � 251.5 52.6 � 62.9
Anti-CCP antibody positivity, no. (%) 2 (40.0) 8 (72.7) 1 (25.0)
Anti-CCP antibody, units 195.3 � 306.1 498.2 � 1,049.5 16.2 � 6.8
DAS28 3.6 � 0.5 4.2 � 0.6 3.6 � 0.2
ESR, mm/hour 16.0 � 5.2 33.3 � 32.3 11.8 � 8.7
CRP, mg/dl 0.98 � 0.66 0.47 � 0.36 0.49 � 0.66
Daily prednisolone dose, mg 4.0 � 3.8 4.1 � 1.3 4.4 � 1.3
Methotrexate, no. (%) 2 (40.0) 4 (36.4) 0 (0)
Hydroxychloroquine, no. (%) 3 (60.0) 6 (54.5) 3 (75.0)
Sulfasalazine, no. (%) 0 (0) 2 (18.2) 1 (25.0)
Duration of biologic therapy, months NA 32.2 � 33.9 58.7 � 22.3

* Except where indicated otherwise, values are the mean � SD. RA = rheumatoid arthritis; HCV = hepatitis C
virus; csDMARDs = conventional synthetic disease-modifying antirheumatic drugs; TNF = tumor necrosis fac-
tor; RF = rheumatoid factor; anti-CCP = anti–cyclic citrullinated peptide; DAS28 = Disease Activity Score in
28 joints; ESR = erythrocyte sedimentation rate; CRP = C-reactive protein; NA = not applicable.
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Exosomes are extracellular vesicles released by cells
that carry proteins, lipids, and nucleic acids, and function
in intercellular communication (14). MiRNAs can be pack-
aged into the exosomes and shuttled by the exosomes to
aid biologic functions (33). Increasing evidence indicates
that human immune cells recognize virus-infected cells
and respond by producing exosomal miRNAs to play a
critical role in viral infection (34–36). A previous study
showed that B cell–derived miR-155 regulated biologic
function in pigment epithelial cells through exosome trans-
mission (37). Zhang et al (38) observed that miR-155
increases in the hepatocytes of patients with chronic HCV
infection. Jiang et al (39) demonstrated that miR-155 is a
key regulator of antiinflammatory mechanisms that control
innate and adaptive immune responses during HCV infec-
tion in hepatocytes. Several studies have demonstrated
that miR-155 promotes the expression of inflammatory
cytokines (e.g., TNF, interleukin-6, interferon-sensitive
genes [39–41]), which is associated with inhibition of HCV
production (42,43). We hypothesized that miR-155 inhibits
HCV production in hepatocytes possibly by regulating
expression of anti-HCV inflammatory cytokines. Relative
to B cells, hepatocytes have a very low copy number of
miR-155 (30,44). In this study, we demonstrated that B
cell–derived exo-miR-155 inhibits HCV replication in he-
patocytes. These observations may provide novel insights
into and prospects for therapeutic targets. Further studies
are needed to confirm and extend our findings.

In the current study, we also observed significantly
decreased exo-miR-155 expression in RA patients with
HCV infection after rituximab therapy compared with that
before therapy (P < 0.01). Additionally, our in vitro results
also demonstrated that rituximab may inhibit B cell–derived
miR-155 production. Previous studies have demonstrated
that miR-155 up-regulation in B cells is associated with
BCR activation (31,45). Kheirallah et al (46) showed that
rituximab inhibits BCR signaling. Therefore, we speculated
that rituximab decreases miR-155 expression perhaps by
inhibiting BCR. In addition, miR-155 transcription is regu-
lated by NF-jB (45,47). Jazirehi et al demonstrated that
rituximab can diminish IjK activity (48). A recent study
demonstrated that an IjK inhibitor (IjK-16) can decrease
miR-155 expression (49). We speculated that rituximab
inhibits miR-155 expression in B cells possibly by diminishing
IjK activity and affecting NF-jB signaling. Further in-depth
studies are required to confirm our hypothesis.

To our knowledge, this study is the first to investi-
gate the roles of biologic agents and exosomal miRNA in
HCV replication activity. Although we present some novel
findings, our study has some limitations. First, it was con-
ducted at a single medical center and included a small
number of cases. Therefore, the study is not likely to

reflect the complete characteristics of chronic HCV infec-
tion in RA patients. Second, the characteristics and disease
activity of patients receiving different antirheumatic treat-
ments are different. In our study, patients who received
rituximab therapy had severe RA with worse cellular
immunity and advanced age, which might explain the
increased risk of HCV viremia in these patients. However,
we validated our observations in patients by using in vitro
cell-based assay, which suggests that our results still pro-
vide valuable information.

Finally, the exosome isolation protocol used in this
study was the polymer-based precipitation method, which
may affect the purity of exosomes (50). Therefore, we
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validated the purity of the exosome using multiple methods,
including immunoblotting, flow cytometry, and CD63-based
ELISA for exosome-specific (CD63, Alix, or TSG101) and
B cell–specific (CD19) surface marker detection. The results
revealed that the exosome is of B cell origin and its purity
is good. In addition to assessing serum exosomes, we ana-
lyzed Raji cell–derived exosomes to validate rituximab-
related exo-miR-155 expression variation. All results were
consistent.

In conclusion, our results showed that B cell–derived
miR-155 could inhibit HCV replication in hepatocytes
through exosome transmission, as shown in the proposed
model (Figure 5A). Rituximab could both induce B cell
depletion and affect intracellular miR-155 production as
well as exo-miR-155 transmission and then cause HCV
activity enhancement in hepatocytes (Figure 5B). Our
results also revealed that circulating exo-miR-155 levels
were negatively correlated with HCV viral loads and associ-
ated with rituximab-related HCV hyperactivity in RA
patients; exo-miR-155 may become a potential diagnostic
biomarker or the therapeutic target; confirmation from larg-
er and long-term studies is required. Based on these obser-
vations, we concluded that it is important to monitor the
HCV viral load in RA patients during the period of specific
immunosuppressive therapy and to start an efficient antivi-
ral treatment to prevent the risk of HCV reactivation.
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Modulation of Inflammatory Arthritis in Mice
by Gut Microbiota Through Mucosal Inflammation

and Autoantibody Generation
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Sumitra Adhikari,1 Diana Ir,1 Jose D. Pagan,2 Robert M. Anthony,2 Charles E. Robertson,1
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Objective. Observations of microbial dysbiosis in
patients with rheumatoid arthritis (RA) have raised
interest in studying microbial–mucosal interactions as
a potential trigger of RA. Using the murine collagen-
induced arthritis (CIA) model, we undertook this study
to test our hypothesis that microbiota modulate im-
mune responses leading to autoimmune arthritis.

Methods. CIA was induced by immunization of
mice with type II collagen (CII) in adjuvant on days 0
and 21, with arthritis appearing on days 23 and 24.
Intestinal microbiota were profiled by 16S ribosomal
RNA sequencing every 7 days during the course of CIA,
and intestinal mucosal changes were evaluated on days
14 and 35. Then, microbiota were depleted either early (7
days before immunization) or late (day 21 after immuni-
zation) by administration of broad-spectrum antibiotics.
Disease severity, autoantibody and systemic cytokine pro-
duction, and intestinal mucosal responses were moni-
tored in the setting of microbial reduction.

Results. Significant dysbiosis and mucosal inflam-
mation occurred early in CIA, prior to visible arthritis,

and continued to evolve during the course of disease.
Depletion of the microbiota prior to the induction of CIA
resulted in an ~40% reduction in disease severity and in
significantly reduced levels of serum inflammatory
cytokines and anti-CII antibodies. In intestinal tissue,
production of interleukin-17A (IL-17A) and IL-22 was
delayed. Unexpectedly, microbial depletion during the
late phase of CIA resulted in a >50% decrease in disease
severity. Anti-CII antibodies were mildly reduced but
were significantly impaired in their ability to activate
complement, likely due to altered glycosylation profiles.

Conclusion. These data support a model in
which intestinal dysbiosis triggers mucosal immune
responses that stimulate T and B cells that are key for
the development of inflammatory arthritis.

Rheumatoid arthritis (RA) is a systemic autoim-
mune disease characterized by chronic and progressive
joint pain, articular destruction, deformity, and disability.
The pathogenesis of RA is thought to be influenced by a
combination of genetic and environmental factors (1–3).
Genetic studies of individuals with RA have identified
multiple risk loci but fail to predict with sufficient preci-
sion those who ultimately will develop disease (4,5), an
observation that underscores the importance of environ-
mental triggers in RA pathogenesis. Intestinal dysbiosis,
the alteration of the community of commensal bacteria
within the small intestine and colon (6), is one such envi-
ronmental factor that has been associated with individuals
with new-onset and established RA (7,8). However, it
remains unknown whether dysbiosis is merely a conse-
quence of the disease process or is itself pathogenic.

Collagen-induced arthritis (CIA) is a commonly
used model for probing the pathogenesis of RA (for
review, see ref. 9). In this model, genetically susceptible
DBA/1J mice are immunized twice (on days 0 and 21)
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with bovine type II collagen (CII) emulsified in Freund’s
complete adjuvant (CFA). Initially, there is a preclinical
period of disease development in which T and B cell
autoreactivity toward CII is generated without overt signs
of arthritis. With time, this results in a proliferative synovi-
tis that is first clinically observed 2–3 days following the
second immunization, featuring polymorphonuclear and
mononuclear cellular infiltrates, formation of pannus,
degradation of cartilage, fibrosis, and bone erosion (9).
The model depends not only on generation of Tand B cell
reactivity to CII, but also on complement activation and
generation of the systemic cytokines interleukin-1b (IL-
1b), IL-6, IL-17, interferon-c (IFNc), and tumor necrosis
factor (TNF); the absence or inhibition of any of these fac-
tors significantly attenuates disease development (10–13).

Recently, others have described intestinal dys-
biosis at the terminal time point of this model in mice
that developed disease compared to those that were
immunized but did not develop observable joint swel-
ling (14). Transfer of fecal material from arthritic mice
but not from nonarthritic, immunized mice into germ-
free mice followed by CII immunization resulted in dis-
ease induction (14). However, questions from that
study remain unanswered regarding microbial changes
over time and whether there is a time-dependent role
for microbiota in pathogenesis. Furthermore, that study
did not address the mucosal or systemic effects of the
microbial changes or the possible mechanism(s) by
which microbiota modulate susceptibility to CIA.

Given the outstanding questions regarding the
influence of dysbiosis at various stages during the devel-
opment of inflammatory arthritis, we hypothesized that
intestinal microbial communities would be dynamic dur-
ing the course of CIA and would demonstrate multiple
phases of dysbiosis. In turn, dysbiosis would be expected
to modulate local intestinal mucosal immune factors that
promote systemic inflammation, autoantibody generation,
and disease severity. Furthermore, we hypothesized that
microbiota would affect disease development differently
at discrete time points in the development of disease.
Using the CIA model, we assessed microbial changes in
the intestine throughout the course of disease and identi-
fied the critical time points at which dysbiosis modulated
disease activity. We characterize the mucosal and systemic
immune responses that correlate with dysbiosis, and we
propose that microbiota alter disease in CIA through
modulation of cytokines and autoantibody production.

MATERIALS AND METHODS

CIA. Six-week-old male DBA/1J mice (The Jackson Labo-
ratory) were injected intradermally with 200 lg bovine CII

(Chondrex) emulsified in 50 ll CFA (Sigma) on days 0 and 21. As
controls, a subset of mice was immunized with only 50 ll CFA on
days 0 and 21.Disease severitywasmeasured as amean clinical score
for each of the animal’s 4 paws, where 0 = normal, 1 = erythema, 2 =
swelling, and 3 = ankylosis. At the specified time points, feces, serum,
and tissue samples were harvested from mice. All animal experi-
ments were approved by theUniversity of Colorado School ofMedi-
cine Institutional Animal Care andUseCommittee.

Collagen antibody–induced arthritis (CAIA). Six-
week-old male DBA/1J mice were given antibiotic or control
drinking water for 1 week prior to and throughout the study.
Mice were injected intraperitoneally (IP) with 1.5 mg of 5-
clone anti-CII antibody cocktail (Chondrex) on day 0. On day
3, 50 lg of lipopolysaccharide was injected IP. Arthritis scor-
ing was done every day starting on day 4 through day 10. Dis-
ease severity was assessed as described above for CIA.

Microbiome analysis. Fresh fecal samples were collected
at 7-day intervals throughout the course of CIA. Total genomic
DNA was extracted using an UltraPure Fecal DNA kit (Mo Bio)
according to the manufacturer’s protocol. Harvested DNA was
amplified by polymerase chain reaction (PCR) with broad-range
bacterial primers targeting the 16S ribosomal RNA (rRNA)
gene hypervariable regions V1 and V2 and pooled amplicons
subjected to Illumina MiSeq sequencing, as previously described
(15–17). Assembled sequences were aligned and classified with
SINA (1.3.0-r23838) (18) using the 418,497 bacterial sequences
in Silva 115NR99 (19) as reference configured to yield the Silva
taxonomy. Operational taxonomic units (OTUs) were produced
by clustering sequences with identical taxonomic assignments.
OTUs with >0.01% abundance in any sample and observed in
>5% of the samples were included in further analyses. Analyses
of OTU relative abundance and biodiversity were conducted
using Explicet software (20). All samples had a Good’s coverage
index >99%, indicating excellent depth of sequencing coverage.

Fluorescein isothiocyanate (FITC)–labeled dextran flux.
Mice were orally gavaged with 0.6 mg/kg body weight FITC-
labeled 4-kd dextran (Sigma), and serum was collected 4 hours
later. The amount of fluorescence was measured with a fluorometer
(Promega) at 485/530 nm. A standard curve was generated to
calculate the amount of dextran that was present in the sera.

Histopathology. Whole colon tissue was harvested from
mice, flushed with 19 phosphate buffered saline (PBS), dis-
sected longitudinally, and pinned in wax for fixation in formalde-
hyde overnight. Tissues were then embedded in paraffin.
Sections of 5 lm were cut from paraffin-embedded tissues and
stained with hematoxylin and eosin. Four high-power fields of
well-oriented colon tissue per mouse were analyzed at 409 mag-
nification for quantification of inflammatory cells in the lamina
propria, numbers of mitotic figures, and length of crypts.

Cytokine assay. A multianalyte enzyme-linked immuno-
sorbent assay (ELISA; Meso Scale Diagnostics) was used to
measure the levels of IFNc (lower limit of detection 0.04 pg/ml),
IL-12p70 (lower limit of detection 9.95 pg/ml), IL-1b (lower
limit of detection 0.11 pg/ml), IL-6 (lower limit of detection 0.61
pg/ml), IL-10 (lower limit of detection 0.95 pg/ml), IL-22 (lower
limit of detection 1.2 pg/ml), IL-23 (lower limit of detection 4.9
pg/ml), IL-17A (lower limit of detection 0.3 pg/ml), and TNF
(lower limit of detection 0.13 pg/ml) in tissue lysates and serum,
following the manufacturer’s instructions. In tissues, cytokines
were normalized to total protein content of the tissue lysate,
which was determined using a Pierce BCA Protein Assay kit
(ThermoFisher Scientific).
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Anti-CII ELISA. Ninety-six–well plates (Costar; Corn-
ing) were coated overnight at 4°C with 5 lg/ml ELISA-grade
mouse CII (Chondrex). The plates were then washed and
blocked with 0.01% bovine serum albumin (BSA) in 19 PBS for
4 hours at 4°C. Plates were washed again 3 times. Serum samples
were diluted 1:10,000 in 19 PBS. Samples were added to wells
and incubated overnight at 4°C. The plates were then washed,
and horseradish peroxidase (HRP)–conjugated goat anti-mouse
IgG (Jackson ImmunoResearch) or goat anti-mouse IgG1,
IgG2a, or IgG2b (all from Invitrogen) diluted 1:1,000 in 19 PBS
was added for 4 hours at 4°C. Following washing, 19 tetra-
methylbenzidine (TMB) ELISA substrate solution (eBioscience)
was added to wells for 30 minutes at room temperature. The
reaction was then stopped with 2N H2SO4 and read at 450 nm.
Pooled serum from several mice with severe CIA was used to
generate a standard curve in which the top standard was diluted
1:2,000 and considered 250 units/ml (21).

Antibiotic treatment. Ampicillin (1 gm/liter), neomy-
cin (1 gm/liter), vancomycin (0.5 gm/liter), metronidazole
(0.5 gm/liter) (all from Sigma), and sugar-sweetened grape
Kool-Aid (20 gm/liter) (Kraft Foods) were given in drinking
water to mice starting on day �7 (before immunization on day
0) and stopped on day 0 for the short course or continued
throughout the study for the early long course. For the late
course of antibiotics, mice were provided the antibiotic drink-
ing water beginning on day 21 through the end of the study.
Controls received 20 gm/liter Kool-Aid in drinking water.

Quantitative PCR (qPCR). Bacterial DNA from feces
was extracted as described for microbiome analysis. To deter-
mine total bacterial load, qPCR reactions consisted of 1 ll bac-
terial DNA or complementary DNA, 0.6 lM each forward and
reverse primers, 19 SYBR Green PCR Master Mix (Applied
Biosystems), and water for a total volume of 17 ll. Samples were
denatured at 95°C for 2 minutes, cycled 40 times through 95°C
for 20 seconds, 58°C for 20 seconds, and 72°C for 30 seconds,
and then denaturation curves were determined from 58°C
through 95°C. All qPCR assays were conducted in an Applied
Biosystems 7500 real-time PCR system.

Bacterial 16S universal primers 50-TCCTACGG-
GAGGCAGCAGT-30 (forward) and 50-GGACTACCAGGG-
TATCTAATCCTGTT-30 (reverse) (22) were used for fecal
microbial DNA quantification. Both control water–treated
and antibiotic-treated mice were assayed simultaneously
within each reaction for fecal microbial DNA using a bacter-
ial DNA standard curve for calculation of bacteria concentra-
tion in ng/ll. Concentrations were normalized to fecal weight.
In each reaction, individual samples were compared to the
mean concentration of bacteria in control water–treated mice
to report the percent of control microbiota.

C3 activation ELISA. Ninety-six–well plates were coated
overnight at 4°C with 5 lg/ml ELISA-grade mouse CII. The
ELISA plates were then washed and blocked with 0.01% BSA in
19 PBS for 4 hours at 4°C. The ELISA plates were washed 3
times. Serum samples were diluted 1:10,000 in 19 PBS. Samples
were added to wells and incubated overnight at 4°C. Next day, the
wells were washed 5 times with 19 PBS, then incubated with 15%
normal mouse serum diluted in Dulbecco’s PBS plus 0.9 mM
CaCl2 plus 0.5 mMMgCl2 for 30 minutes at 37�C. The plates were
then washed 5 times with 19 PBS and incubated with HRP-
conjugated goat IgG to mouse C3 (Cappel/MP Biomedicals) in
1:2,500 dilution for 1 hour at room temperature with rocker shak-
ing. The plates were washed with 19 PBS and developed with 19

TMB ELISA substrate solution for 10 minutes. The reaction was
then stopped with H2SO4 and read at 450 nm.

Glycosylation studies. Serum total IgG was purified by
using Pierce Protein G Agarose (ThermoFisher Scientific) fol-
lowing the manufacturer’s instructions. To concentrate the eluted
total IgGs, 3-kd Ultra-0.5 ml centrifugal filter units (Amicon)
were used. Total N-linked glycan was released from glycoproteins
using PNGase F (New England Biolabs) according to the manu-
facturer’s instructions. Deglycosylation reactions were carried out
at 37°C overnight to ensure effective release of glycans. Glycans
were purified from the reaction using GlykoClean G Cartridges
(Prozyme), dried, and fluorescence labeled with 2-aminobenza-
mide (Sigma-Aldrich). Labeled glycans were cleaned with Glyko-
Clean S-plus Cartridges (Prozyme), dried, and subjected to high-
performance liquid chromatography analysis. Glycan samples
were dissolved in 100 mM ammonium formate (pH 4.5) and sep-
arated using an Agilent 1260 Infinity Quaternary LC system out-
fitted with a 2.1 9 150 mm AdvanceBio Glycan Mapping column
with 2.7 lm superficially porous particles and a fluorescence
detector. Resulting peaks were analyzed in OpenLAB software
(Agilent) and assigned glycoforms by comparing peaks of com-
mercially available human IgG N-linked glycan library.

Statistical analysis. Microbiome data were analyzed
using Explicet (version 2.10.5) (20) and R statistical software,
including the Vegan package (23). Tests of overall community
composition used a permutational multivariate analysis of vari-
ance (PERMANOVA) test of Morisita-Horn dissimilarity
scores, with P values estimated through 1,000,000 permutations.
Alpha diversity indices were estimated through 1,000 resam-
plings at the rarefaction point of 90,000 sequences. Between-
group differences in alpha diversity were assessed by ANOVA.
Both PERMANOVA and ANOVA tests included mouse identi-
fication numbers to factor out animal-to-animal variability, as
might occur through cage effects. Other data were analyzed with
GraphPad Prism software version 7.01; specific statistical tests
for comparisons are referenced in the figure legends.

RESULTS

Microbial communities and mucosal inflammation
change continuously through the course of CIA. Because
dysbiosis is observed in individuals with symptomatic RA
(7,24) and in mice with clinical arthritis (14,25), we queried
when dysbiosis developed during the CIA disease process.
CIA was induced by immunization of 6-week-old male
DBA/1J mice with CII in CFA on days 0 and 21, with
arthritis first observed on days 23 and 24. We collected
fecal samples on day 0 and every 7 days during the course
of CIA until the end of the study on day 35. DNA from
fecal pellets was isolated and subjected to broad-range
bacterial 16S rRNA gene amplification (hypervariable
regions V1 and V2) and high-throughput sequencing.

Compared to fecal samples collected on day 0
(Figure 1A), appreciable differences in overall micro-
biota composition were observed in fecal samples col-
lected on day 14 (P = 0.032 by PERMANOVA) and
day 21 (P = 0.0063 by PERMANOVA). Significant dif-
ferences also were observed between day 7 and day 14
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(P = 0.040 by PERMANOVA) and between day 7 and
day 21 (P = 0.010 by PERMANOVA). Although micro-
biota composition on day 35 did not differ significantly
from that at previous time points, the smaller number
of animals sampled at this time point (n = 6, compared
to n = 11 for all other time points) likely limited statis-
tical power in the PERMANOVA tests. Nevertheless, 2
measures of microbial biodiversity, evenness and Shan-
non complexity, progressively declined over the course
of CIA and were significantly lower on day 35 than on
days 0 and 7 (Figure 1B).

Comparison of bacterial families over time re-
vealed that Lactobacillaceae significantly expanded while
S24-7 was significantly reduced on days 14 and 21, and
Lachnospiraceae was significantly increased on day 35
compared to baseline (Figure 1C). It is difficult to

determine if the changes in microbial communities
observed in mice with CIA are due solely to an innate
immune response generated by the adjuvant, as the
microbiome profile of CFA-immunized mice also changed
dynamically over time but in a different pattern compared
to those with CIA (see Supplementary Figure 1, available
on the Arthritis & Rheumatology web site at http://online
library.wiley.com/doi/10.1002/art.40490/abstract). Thus,
significant changes in the composition and diversity of the
fecal microbiota appeared to occur during the early, pre-
clinical stages of CIA prior to arthritis being observed.

We next examined whether the observed dysbiosis
was accompanied by intestinal mucosal changes during the
development of CIA. To address this, we first evaluated
intestinal barrier integrity, as assessed by permeation of
FITC-labeled dextran, a non-digestible sugar that

Figure 1. Microbial dysbiosis occurs early during development of collagen-induced arthritis. Six-week-old male DBA/1J mice were immunized with
type II collagen in Freund’s complete adjuvant on days 0 and 21. Fecal pellets were collected from mice every 7 days from day 0 through day 21 and
on day 35 after the initial immunization. Fecal bacterial DNA was sequenced for 16S ribosomal RNA (rRNA) and analyzed (n = 11 mice for days
0–21 and n = 6 mice for day 35). Data are from 2 independent experiments. A, The percent abundance of the families with the greatest numbers of
operational taxonomic units (OTUs) was compared across time points. Color legend is Phylum: Family. Phyla include Firmicutes (Firm.), Bacteroi-
detes (Bact.), and Deferribacteres (Def.). Differences in the overall composition of microbial communities were determined by permutational mul-
tivariate analysis of variance. * = P < 0.05; ** = P < 0.01. B, Alpha diversity measures for richness (Chao1), evenness (Shannon H/Hmax [the
maximum possible Shannon H if all OTUs were evenly distributed]), and complexity (Shannon H) across time points are shown as box plots. Each
box represents the 25th to 75th percentiles. Lines inside the boxes represent the median. Lines outside the boxes represent the 10th and 90th per-
centiles. * = P < 0.05; ** = P < 0.01; • = P < 0.001, by analysis of variance. C, Statistically significant changes in family-level OTU relative abundance
were determined by Kruskal-Wallis test with Dunn’s post hoc test. Values are the mean � SEM. *** = P < 0.001; **** = P < 0.0001.
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paracellularly permeates an impaired intestinal barrier and
can be detected in serum. During the development of CIA,
elevated dextran levels were first detected in the serum on
day 14 and further increased significantly on day 35 in mice
with CIA but not in CFA-treated controls (Figure 2A),
suggesting that intestinal barrier impairment occurred at
these time points during the development of CIA.

Barrier impairment was likely caused by inflamma-
tion, as histologic analysis of colon tissue from mice with
CIA on day 35 compared to that from untreated DBA/1J
and CFA-treated control mice demonstrated significantly
increased inflammatory cell infiltration in the lamina pro-
pria, increased crypt cell mitosis, and crypt hyperplasia
(Figures 2B–E). Furthermore, as another indication of

Figure 2. Mucosal inflammation parallels dysbiosis during development of collagen-induced arthritis (CIA). Six-week-old male DBA/1J mice were
immunized with type II collagen in Freund’s complete adjuvant (CFA) on days 0 and 21. A, Barrier integrity was assessed by permeation of fluorescein
isothiocyanate (FITC)–labeled dextran orally gavaged and detected in serum 4 hours later. Values are the mean� SEM (n = 10 mice per group). *** = P
< 0.001; **** = P < 0.0001 versus mice on day 0, by repeated-measures analysis of variance. B, Shown is representative histology from control DBA/1J
mice, CFA-treated control mice, and mice with CIA on day 35. Arrows indicate mitotic figures that are quantified in D. Bars = 20 lm. C–E, Four high-
power fields (hpf) of well-oriented colon tissue per mouse were analyzed at 409magnification for quantification of inflammatory cells in the lamina pro-
pria (C), epithelial mitotic figures (D), and crypt length (E) (n = 3–6 mice per group). Symbols represent individual mice; bars show the mean� SEM. * =
P < 0.05 by Mann-Whitney test. F–H, Levels of interleukin-17A (IL-17A) (F), IL-22 (G), and IL-23 (H) in small intestine (SI), colon, and mesenteric
lymph nodes (MLNs) were measured by enzyme-linked immunosorbent assay in DBA/1J nonimmunized control mice on day 0, CFA-treated control
mice, and mice with CIA on days 14 and 35 after initial immunization (n = 3–6 mice per group). Cytokine concentrations were normalized to total pro-
tein. Values are the mean� SEM. * = P < 0.05; ** = P < 0.01, by Kruskal-Wallis test with Dunn’s post hoc test. ND = not detectable.
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intestinal mucosal inflammation, cytokines in whole tissue
homogenates from the small intestine, colon, and mesen-
teric lymph nodes (MLNs) from mice with CIA on days 14
and 35, but not from CFA-treated controls, demonstrated
early significant increases in IL-17A and IL-22 and a trend
toward an increase in IL-23 (Figures 2F–H), while the
cytokines IFNc, IL-12p70, IL-1b, IL-6, IL-10, and TNF
were not significantly affected in mice with CIA (see Sup-
plementary Figure 2, http://onlinelibrary.wiley.com/doi/10.
1002/art.40490/abstract). Taken together, these data
strongly suggest a pattern of intestinal dysbiosis correlating
with a Th17 pattern of mucosal inflammation that begins
before arthritis is clinically observed in CIA.

Microbiota influence disease severity in CIA
through modulation of mucosal and systemic cytokines
and autoantibodies. To clarify the role of microbiota for
the development of CIA, we used broad-spectrum antibi-
otics (ampicillin, metronidazole, neomycin, and van-
comycin) in drinking water to deplete the microbiota.
Three treatment regimens were used (Figure 3A). These
were oral antibiotic treatment or control water starting 7
days prior to induction of CIA and continuing throughout
the study (early long course); antibiotic treatment or con-
trol water for only 7 days prior to induction of CIA fol-
lowed by control water (early short course); and control
water from 7 days prior to induction of CIA until day 21,

Figure 3. Depletion of microbiota by administration of antibiotics (Abx) reduces severity of collagen-induced arthritis (CIA). Six-week-old male DBA/1J
mice were treated with broad-spectrum antibiotics in drinking water starting 1 week before immunization with type II collagen (CII) and stopping on day 0
(early short course) or continuing until euthanasia on day 35 (early long course). Another group of mice was treated with antibiotics from day 21 through
day 35 (late course). All groups were paired with control water–treated mice. All antibiotic- and control water–treated groups underwent immunization with
CII in Freund’s complete adjuvant on days 0 and 21. A,Diagram of experimental treatments is shown. B,Arthritis scores were assessed every other day start-
ing after day 21 (n = 6–14 mice per group). Values are the mean � SEM. * = P < 0.05; ** = P < 0.01; **** = P < 0.0001, by two-way analysis of variance
(ANOVA) with Bonferroni adjustment for multiple comparisons. C, Serum anti-CII IgG was measured by enzyme-linked immunosorbent assay (n = 6–11
mice per group). Values are the mean� SEM. * = P < 0.05; **** = P < 0.0001, by two-way ANOVA with Bonferroni adjustment for multiple comparisons.
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followed by antibiotic treatment or control water until the
end of the study (late course; days 21–35). To confirm
microbial depletion in antibiotic-treated mice, the micro-
bial load in fecal samples was measured by qPCR using a
universal 16S rRNA primer set (22). The bacterial con-
centration in each mouse sample was compared to the
mean bacterial concentration in the control group, and
samples that were not below the 10% confidence interval
for the median normalized bacterial abundance in control
water–treated mice were excluded from further analyses
(see Supplementary Figure 3A, http://onlinelibrary.wiley.
com/doi/10.1002/art.40490/abstract). No differences in the
total microbial abundance of both early antibiotic treat-
ment courses (early short versus early long) on day 35
were detected; thus, the 2 treatment groups were com-
bined in our analyses.

Following immunization of antibiotic-treated and
control mice on days 0 and 21, mice were assessed for the
severity of arthritis every other day until day 35, at which
time they were euthanized. Mice given early antibiotic treat-
ment (early short course or early long course) (Figure 3; also
see Supplementary Figure 3B, http://onlinelibrary.
wiley.com/doi/10.1002/art.40490/abstract) demonstrated a
40% reduction in the severity of arthritis on day 35, while,
surprisingly, mice treated with antibiotics after the second
immunization (late course) developed only a slight, transient
arthritis that was >95% reduced in severity (Figure 3B). The
prevalence of arthritis on day 35 with early antibiotic treat-
ment remained 100%, the same as that in mice with CIA
receiving control water; however, the prevalence of arthritis
was significantly reduced to ~50% (P < 0.0001 by log rank
test) with late antibiotic treatment compared to control
treatment (see Supplementary Figure 4A, http://onlinelibra
ry.wiley.com/doi/10.1002/art.40490/abstract).

Supporting the finding of reduced disease severity,
the levels of 4 inflammatory cytokines important for the
development of CIA (IFNc, IL-1b, IL-6, and TNF)
(26,27) were significantly decreased in both early and late
antibiotic–treated mice with CIA (Supplementary Fig-
ure 4D), with a more profound reduction in the late
antibiotic–treated mice. The development of serum anti-
CII IgG antibodies was significantly delayed in mice given
early antibiotics, but late antibiotic treatment mildly
reduced the development of these antibodies, although
not significantly (Figure 3C). Intriguingly, while arthritis
scores correlated positively with microbial abundance in
both the early and late antibiotic–treated groups (Supple-
mentary Figure 4B), serum CII autoantibody levels only
correlated with early antibiotic treatment and not with
late antibiotic treatment (Supplementary Figure 4C).

Because we observed day 14 as the earliest time
point for dysbiosis and mucosal inflammation

characterized by elevated IL-17A, IL-22, and IL-23 in
our initial experiments, we measured the levels of these 3
cytokines in small intestine, colon, and MLNs of mice
treated with antibiotics or control water during CIA.
Levels of IL-17A and IL-22 were significantly decreased
in the small intestine of mice with CIA after depleting
microbiota with early antibiotic treatment, while the level
of IL-23 remained unaffected (Figure 4A). However, on
day 35, all 3 cytokines were significantly increased in the
early antibiotic–treated mice compared to controls (Fig-
ure 4B). Intriguingly, levels of IL-17A and IL-22 were
significantly decreased in intestinal tissues from mice with
CIA and late antibiotic treatment compared to those in
mice with CIA and control treatment, while levels of IL-
23 were significantly reduced in the colon and MLNs
(Figure 4C). Thus, it appears that microbiota may have
differing, time-dependent effects on the development of
both mucosal and systemic immune responses that result
in CIA. Levels of IL-17A, IL-22, and IL-23 were
unchanged at the draining inguinal lymph nodes for the
CIA immunization site in control- and antibiotic-treated
mice (see Supplementary Figure 5, http://onlinelibrary.
wiley.com/doi/10.1002/art.40490/abstract), which suggests
that the Th17-derived cytokines originate in the intestinal
tissues and associated MLNs rather than at the site of
immunization.

To determine whether antibiotic treatment may
have antiinflammatory properties during the effector
phase of arthritis, we used the CAIA model. In this
model, arthritis is induced in DBA/1J mice by transfer-
ring a cocktail of 5 murine monoclonal antibodies to
CII, bypassing the need to develop an adaptive immune
response. DBA/1J mice were treated with antibiotics or
control drinking water for 1 week prior to anti-CII anti-
body transfer and throughout the study. Arthritis sever-
ity was unaffected by treatment of mice with antibiotics
(see Supplementary Figure 6, http://onlinelibrary.wiley.
com/doi/10.1002/art.40490/abstract), demonstrating that
antibiotics themselves did not modulate inflammation
but rather that microbiota modulated the developing
immune responses that lead to arthritis. This conclusion
is further supported by our finding that mice that did
not have microbial depletion while receiving antibiotics
developed CIA disease severity similar to that in con-
trols (see Supplementary Figure 3C, http://onlinelibrary.
wiley.com/doi/10.1002/art.40490/abstract).

Microbial depletion impairs autoantibody func-
tion in CIA without affecting IgG isotypes. One striking
feature of our data was the profound reduction in
arthritis incidence and severity when microbiota were
depleted beginning on day 21 after the induction of
CIA, particularly since total IgG anti-CII antibodies
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were only slightly reduced (Figure 3C). To explore the
potential mechanism for protection from disease, we
assessed the functionality of CII autoantibodies in the

serum from the mice by examining their ability to acti-
vate C3. Strikingly, anti-CII antibodies from the serum
of mice treated with antibiotics late in the course of

Figure 4. Microbiota are required for the development of mucosal Th17 cytokines during collagen-induced arthritis (CIA). Six-week-old male DBA/1J
mice were treated as described in Figure 3. Intestinal tissues (small intestine [SI] and colon) in addition to mesenteric lymph nodes (MLNs) were col-
lected either on day 14 or on day 35, homogenized, and tested for cytokines by multianalyte enzyme-linked immunosorbent assay. The final cytokine con-
centrations in each tissue were normalized to total protein. A, Levels of interleukin-17A (IL-17A), IL-22, and IL-23 in tissues from control-treated mice
with CIA and mice with CIA treated with early antibiotics (Abx) on day 14. B, Levels of IL-17A, IL-22, and IL-23 in tissues from control-treated mice
with CIA andmice with CIA treated with early antibiotics on day 35.C, Levels of IL-17A, IL-22, and IL-23 in tissues from control-treated mice with CIA
and mice with CIA treated with late antibiotics on day 35. Values are the mean � SEM (n = 6–11 mice per group). * = P < 0.05; ** = P < 0.01; *** = P <
0.001; **** = P < 0.0001, by Kruskal-Wallis test with Dunn’s post hoc test. NS = not significant.
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CIA failed to activate C3 compared to those from
serum of control-treated or early antibiotic–treated
mice with CIA (Figures 5A and B; also see Supplemen-
tary Figure 7, http://onlinelibrary.wiley.com/doi/10.1002/
art.40490/abstract). While these findings may have been
due in part to a decrease in IgG2b isotype anti-CII
antibodies in the late antibiotic treatment group, the
same trends in CII autoantibodies were observed in the
early antibiotic treatment group (see Supplementary
Figure 8, http://onlinelibrary.wiley.com/doi/10.1002/art.
40490/abstract), which did not demonstrate reduced com-
plement activity.

Since autoantibody glycosylation could signifi-
cantly impact the immune reactivity and complement-
dependent cytotoxicity at the effector phase, we measured
and analyzed glycosylation patterns of total serum IgG in

mice with CIA treated with control water, early antibi-
otics, and late antibiotics. While control water–treated
and early antibiotic–treated mice with CIA showed similar
glycosylation profiles, mice with CIA that were treated
with antibiotics late on day 21 demonstrated lower galac-
tose levels (Figures 5C–E). Thus, we conclude that the
antibiotic-induced alteration of microbiota on day 21 after
induction of disease led to significant glycosylation
changes accompanied by reduction in anti-CII antibody
activation of complement.

DISCUSSION

There is an increasing appreciation of the role
of the microbial–mucosal imbalance in the develop-
ment of autoimmune diseases (7,8,28–30). Using the

Figure 5. Microbiota alter the ability of serum autoantibodies to activate complement. Activation of the classical pathway of complement on day 35 by
serum anti–type II collagen antibodies from control-treated mice with collagen-induced arthritis (CIA) or mice with CIA treated with antibiotics (Abx) was
assessed by a modified enzyme-linked immunosorbent assay described in Materials and Methods. A, Levels of C3 deposition induced by anti–type II col-
lagen antibodies in control-treated mice with CIA and mice with CIA treated with early antibiotics. B, Levels of C3 deposition induced by anti–type II col-
lagen antibodies in control-treated mice with CIA and mice with CIA treated with late antibiotics. C–E,Glycosylation profiles in sera on day 35 from mice
with CIA treated with early antibiotics, control-treated mice with CIA, and mice with CIA treated with late antibiotics. Agalactosylated (G0) (C), galactose
(Gal) (D), and sialic acid (Sia) (E) content in purified serum immunoglobulins was quantified by high-performance liquid chromatography. Symbols repre-
sent individual mice; bars show themean� SEM (n = 6–11mice per group). * = P < 0.05 by Student’s 2-tailed t-test. NS = not significant.
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CIA murine model, we investigated the importance of
microbiota in developing inflammatory arthritis. Our
results suggest that significant shifts in the composition
and diversity of microbial communities occurred during
the first 21 days of the CIA model. In parallel, mucosal
barrier impairment was observed with an initial insult
at day 14 that stabilized through day 21 but worsened
by day 35. Early after induction of CIA by day 14, we
observed a reduction in the abundance of the Bac-
teroidetes class S24-7 and an increase in Lactobacil-
laceae; however, by day 35 Lactobacillaceae and S24-7
returned to day 0–7 levels, while Lachnospiraceae sig-
nificantly increased in abundance. These are consistent
with a previous study showing the same trends in
Lactobacillaceae and Lachnospiraceae in mice with
advanced CIA compared to nonimmunized mice (14).

Mucosal inflammation in the intestine as deter-
mined by colon histology and elevation of the tissue
cytokines IL-17A and IL-22 paralleled dysbiosis during
the development of CIA. Intriguingly, despite robust
inflammatory responses that are elicited by CFA, the sig-
nificant changes in intestinal microbial communities in
these mice did not result in the generation of local Th17
cytokine responses, suggesting that the developing
autoimmune response to CII is an element of the mucosal
changes. We found that mucosal levels of IL-17A and IL-
22, particularly in the small intestine, were significantly
increased on day 14 of CIA when the abundance of S24-7
was low and the abundance of Lactobacillaceae was
increased. Levels of both cytokines then decreased by day
35 of CIA to those near day 0, just as the abundance of
S24-7 and Lactobacillaceae returned to that near day 0.

These 2 bacterial groups, S24-7 and Lactobacil-
laceae, are well-described inhabitants of the gastrointesti-
nal tract of humans and animals (31,32). S24-7 is an
IgA-coated, normal commensal of the gut in humans and
murine models, and it is involved in carbohydrate fermen-
tation and utilization (32–34), while Lactobacillaceae are
thought to have a regulatory effect on host immunity (35).
For example, Lactobacillus salivarius and Lactobacillus
plantarum transferred to mice prior to the induction of
CIA reduced Th17 cells and increased Treg cells and
resulted in reduced arthritis severity (36). The precise
mechanism by which these microbial changes during the
development of CIA modulate host immunity requires
further study. However, using a known oral pathogen,
Sandal et al demonstrated that oral infection with Porphy-
romonas gingivalis could transiently expand Th17 cells in
the draining cervical lymph nodes and circulation and
exacerbated disease in HLA–DRB1–transgenic mice with
CIA, even in those that had previously resisted develop-
ment of disease (37). Another study showed that

treatment by oral gavage with Prevotella histicola attenu-
ates CIA in HLA–DQ8–transgenic mice by increasing IL-
10–producing Treg cells and reducing Th17 cells in the
gut (38). These provocative findings along with those in
the K/BxN model (25) and ours presented herein suggest
that specific bacteria that stimulate mucosal Th17 cells
drive disease development.

Depletion of microbiota through administration of
broad-spectrum antibiotics resulted in decreased disease
severity, reduced autoantibody generation, and impaired
Th17-derived cytokine responses. The impact of intestinal
microbes in the development of inflammatory arthritis was
previously proposed in the K/BxN mouse model. This is a
spontaneousmodel of inflammatory arthritis that is due to a
transgenic T cell receptor recognizing the ubiquitous
autoantigen glucose-6-phosphate isomerase (GPI). The
well-described pathology is similar to that in RA and begins
at the age of ~4 weeks; it requires Tcell help for the genera-
tion of autoreactive B cells producing anti-GPI autoanti-
bodies (39,40). In a germ-free environment, mice develop
delayed onset of arthritis with reduced severity. Segmented
filamentous bacteria were shown to modulate autoantibod-
ies to GPI through the development of Th17 cells and follic-
ular helper T cells within the intestines (25,41). Although
our study did not assess the presence of Tcell subsets in the
intestines of mice with CIA, we did find increased intestinal
tissue IL-17A and IL-22 (two products of Th17 cell activa-
tion), which supports the development of Th17 cells during
CIA. Similarly, microbial depletion in mice with CIA
through use of broad-spectrum antibiotics resulted in an
initial significant decrease in IL-17A and IL-22 in intesti-
nal tissues, suggesting a decrease in Th17 cell presence
or activation. In conjunction, we observed a positive cor-
relation between microbial abundance and the produc-
tion of autoantibodies, which is consistent with the K/
BxN studies.

It remains unknown whether commensal bacteria
are necessary for the development of CIA. Use of broad-
spectrum antibiotic in our study allowed depletion of the
microbiota but not complete removal of all bacteria, as
previously noted by others (42). Depleting microbiota
early either with 1 week of antibiotic administration or
with continuous administration throughout the study
resulted in the same effect on all disease assessments.
This observation excludes the possibility that our results
are solely due to direct antibiotic modulation of mucosal
immunity, confirmed by our CAIA studies in which antibi-
otic treatment did not affect disease severity. To avoid the
confounding effects of antibiotics and residual bacteria,
germ-free studies will be critical in establishing direct
effects of specific bacteria in modulating immune
responses and disease development in CIA.
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In the setting of a reduced microbial load, we
note significantly decreased CIA disease prevalence
and severity. Most surprising, though, was our finding
that the reduction in microbial burden at the time of
the second, booster immunization had a more profound
effect on disease severity. Our further investigations
showed that although total and IgG2b subclass anti-CII
antibodies were only mildly reduced in antibiotic-

treated mice, these antibodies were significantly
impaired in their ability to activate complement.

Autoantibody function has been linked to
decreased glycosylation of the Fc segment in CIA (43,44)
and in individuals with RA (45,46). An important effect
of glycosylation of the Fc portion of autoantibodies is the
modulation of complement activation (47), which is
required for CIA (21,43,48). In our study, mice treated

Figure 6. Proposed mechanism for microbial modulation of collagen-induced arthritis (CIA). During the early, preclinical phase of CIA, changes in the
intestinal microbiome occur, which are associated with a more permeable barrier and mucosal inflammation. Mucosal inflammation is characterized by
Th17 responses, as reflected by high levels of interleukin-17A (IL-17A) and IL-22 in tissue, and downstream activation of B cells (B) and mucosal
autoantibody production. Circulation of mucosa-generated Th17 and B cells leads to systemic autoimmunity. Microbiota also influence autoimmune
arthritis later in the disease course, by promoting complement (C0) activation by autoantibodies, possibly via altered glycosylation (*). M/ =macrophage;
Tfh = follicular helper Tcell; GC = germinal center; TNF = tumor necrosis factor; IFNc = interferon-c; LNs = lymph nodes.
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with late antibiotics exhibited a distinctive glycosylation
profile, with lower galactose levels. Importantly, terminal
galactose residues increase antibody binding to C1q,
resulting in C3b deposition and more proinflammatory
IgG effector functions (44,47). Another recent study
linked the activity of pathogenic IgG in both the CIA and
K/BxN models to IL-23–regulated Fc glycosylation, in
particular sialylation (49). Although in our studies levels
of IL-23 in the MLNs of mice in the late antibiotic–
treated group were reduced during late antibiotic treat-
ment, we did not observe an alteration in the sialylation
of immunoglobulins from these mice. Clearly, additional
studies are needed to solidify the role of the microbiota in
driving CIA via modulation of antibody glycosylation, but
our data together with those of others (25,50,51) support
the mechanism proposed in Figure 6.

In our studies, we examined how both the micro-
biota and mucosal immune response change over the
course of CIA development, which has not been the focus
of previous studies that link microbiota with the develop-
ment of autoimmune arthritis (14,25,50). We were in-
trigued to observe that modification of the microbiota
through administration of broad-spectrum antibiotics at
different time points during disease resulted in different
patterns of mucosal and systemic immune responses.
Depletion of the microbiota prior to the induction of CIA
resulted in an initial decrease in mucosal IL-17A and IL-
22 levels and anti-CII autoantibodies by day 14; however,
by day 35, mucosal levels of IL-17A, IL-22, and IL-23
were significantly increased compared to those in mice
with CIA receiving control water, and anti-CII autoanti-
bodies appeared to be trending toward similar levels
between the 2 groups. Although the antibiotic-treated
mice had >50% reduction in the total microbial burden
compared to controls, shifts in specific bacterial OTUs
during the course of CIA with antibiotics may explain this
later “catching up” of the Th17 response.

Similarly, when mice with CIA were given
antibiotics after the induction of disease, we found sig-
nificantly reduced levels of mucosal IL-17A and IL-22
as well as IL-23 in the MLNs that we propose are
linked to reduced autoantibody effector function.
Again, this may be related to shifts in specific bacterial
taxa without an effect of the overall microbial abun-
dance. Such shifts occurring after a local Th17 response
has developed, on day 14 as suggested by our studies,
could modify the local and systemic immune milieu
much more differently from the way that microbial
shifts would affect immunity prior to the Th17
response, on day 0. Thus, we suggest that there are dif-
fering, time-dependent effects of the microbiota on the
developing immune responses during CIA.

In summary, we characterize the intestinal micro-
biome and mucosal changes that occur during CIA. We
demonstrate that in the absence of an intact microbiota,
mice with CIA fail to develop robust disease. We pro-
pose that microbial dysbiosis in the preclinical phase of
CIA is associated with significant mucosal changes.
These changes provoke a mucosal Th17 immune re-
sponse, educate mucosal lymphoid tissues to produce
autoantibodies, and modulate the effector functions of
autoantibodies. Autoreactive B cells that develop at mu-
cosal surfaces expand, circulate, and result in systemic
autoimmunity (Figure 6). While additional studies are
needed to identify causative bacteria more specifically
and validate our proposed mechanism, targeting the
microbiota during the preclinical phase of RA may have
potential for disease prevention.
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Clinical Images: Elderly-onset varicella pneumonia in a patient with rheumatoid arthritis treated with tofacitinib

The patient, a 68-year-old woman with rheumatoid arthritis (RA), was being treated with the JAK inhibitor tofacitinib. She was
admitted to the hospital for dyspnea and generalized purpuric vesicular rash, following 3 days of fever and malaise. She developed
hypoxia from respiratory insufficiency. Physical examination showed that the systemic eruptions had an erythematous base and
were in various stages, from maculopapular to vesicular and pustular, with crusting (left). Chest radiography revealed diffuse
infiltrates with reticular and nodular lesions in the lung fields bilaterally (right). Laboratory studies demonstrated high-titer vari-
cella-zoster virus (VZV) IgM antibody and positive VZV DNA in the serum. The patient denied a previous varicella history, and
chickenpox and pneumonia were diagnosed. She fully recovered following treatment with intravenous acyclovir. Chickenpox is a
highly contagious infection caused by VZV. It is commonly diagnosed in childhood, but has shown increasing prevalence in adults.
Although varicella pneumonia is rare, it is one of the most serious complications that frequently affects adults and occasionally
leads to respiratory failure with a high mortality rate. A recent observational study of 102 patients with varicella pneumonia who
were admitted to intensive care units demonstrated that 80% of patients manifested acute respiratory distress syndrome, with a
hospital mortality rate of 24% (1). Factors predisposing to the development of varicella pneumonia include smoking, pregnancy,
and immunosuppression. JAK inhibitors are emerging drugs with high efficacy for the treatment of autoimmune and hematologic
diseases. Of these drugs, tofacitinib and ruxolitinib, now orally available in clinical use for RA (2) and myeloproliferative diseases
(3), respectively, are reportedly crucial risk factors for VZV infection. Varicella pneumonia in our patient may have been related
to her tofacitinib treatment. Physicians should consider VZV infection as a differential diagnosis in patients with generalized
various-stage blisters and respiratory symptoms, especially in the setting of JAK inhibitor treatment.

1. Mirouse A, Vignon P, Piron P, Robert R, Papazian L, G�eri G,
et al. Severe varicella-zoster virus pneumonia: a multicenter cohort
study. Crit Care 2017;21:137.

2. Van Vollenhoven RF, Fleischmann R, Cohen S, Lee EB, Garc�ıa
Meijide JA, Wagner S, et al. Tofacitinib or adalimumab versus pla-
cebo in rheumatoid arthritis. N Engl J Med 2012;367:508–19.

3. Verstovsek S, Vannucchi AM, Griesshammer M, Masszi T, Durrant
S, Passamonti F, et al. Ruxolitinib versus best available therapy in
patients with polycythemia vera: 80-week follow-up from the
RESPONSE trial. Haematologica 2016;101:821–9.

Nobuya Abe, MD
Takashi Kudo, MD
Satoshi Jodo, MD, PhD
Tomakomai City General Hospital
Tomakomai, Japan

MODULATION OF INFLAMMATORY ARTHRITIS BY MICROBIOTA 1233

http://orcid.org/0000-0001-8644-1007
http://orcid.org/0000-0001-8644-1007
http://orcid.org/0000-0001-8644-1007


48. Banda NK, Levitt B, Glogowska MJ, Thurman JM, Takahashi K,
Stahl GL, et al. Targeted inhibition of the complement alternative
pathway with complement receptor 2 and factor H attenuates colla-
gen antibody-induced arthritis in mice. J Immunol 2009;183:5928–
37.

49. Pfeifle R, Rothe T, Ipseiz N, Scherer HU, Culemann S, Harre U, et al.
Regulation of autoantibody activity by the IL-23-TH17 axis determines
the onset of autoimmune disease. Nat Immunol 2017;18:104–13.

50. Teng F, Klinger CN, Felix KM, Bradley CP, Wu E, Tran NL, et al.
Gut microbiota drive autoimmune arthritis by promoting differen-
tiation and migration of Peyer’s patch T follicular helper cells.
Immunity 2016;44:875–88.

51. Kubinak JL, Petersen C, Stephens WZ, Soto R, Bake E, O’Connell
RM, et al. MyD88 signaling in T cells directs IgA-mediated control
of the microbiota to promote health. Cell Host Microbe 2015;
17:153–63.

DOI: 10.1002/art.40518

Clinical Images: Elderly-onset varicella pneumonia in a patient with rheumatoid arthritis treated with tofacitinib

The patient, a 68-year-old woman with rheumatoid arthritis (RA), was being treated with the JAK inhibitor tofacitinib. She was
admitted to the hospital for dyspnea and generalized purpuric vesicular rash, following 3 days of fever and malaise. She developed
hypoxia from respiratory insufficiency. Physical examination showed that the systemic eruptions had an erythematous base and
were in various stages, from maculopapular to vesicular and pustular, with crusting (left). Chest radiography revealed diffuse
infiltrates with reticular and nodular lesions in the lung fields bilaterally (right). Laboratory studies demonstrated high-titer vari-
cella-zoster virus (VZV) IgM antibody and positive VZV DNA in the serum. The patient denied a previous varicella history, and
chickenpox and pneumonia were diagnosed. She fully recovered following treatment with intravenous acyclovir. Chickenpox is a
highly contagious infection caused by VZV. It is commonly diagnosed in childhood, but has shown increasing prevalence in adults.
Although varicella pneumonia is rare, it is one of the most serious complications that frequently affects adults and occasionally
leads to respiratory failure with a high mortality rate. A recent observational study of 102 patients with varicella pneumonia who
were admitted to intensive care units demonstrated that 80% of patients manifested acute respiratory distress syndrome, with a
hospital mortality rate of 24% (1). Factors predisposing to the development of varicella pneumonia include smoking, pregnancy,
and immunosuppression. JAK inhibitors are emerging drugs with high efficacy for the treatment of autoimmune and hematologic
diseases. Of these drugs, tofacitinib and ruxolitinib, now orally available in clinical use for RA (2) and myeloproliferative diseases
(3), respectively, are reportedly crucial risk factors for VZV infection. Varicella pneumonia in our patient may have been related
to her tofacitinib treatment. Physicians should consider VZV infection as a differential diagnosis in patients with generalized
various-stage blisters and respiratory symptoms, especially in the setting of JAK inhibitor treatment.

1. Mirouse A, Vignon P, Piron P, Robert R, Papazian L, G�eri G,
et al. Severe varicella-zoster virus pneumonia: a multicenter cohort
study. Crit Care 2017;21:137.

2. Van Vollenhoven RF, Fleischmann R, Cohen S, Lee EB, Garc�ıa
Meijide JA, Wagner S, et al. Tofacitinib or adalimumab versus pla-
cebo in rheumatoid arthritis. N Engl J Med 2012;367:508–19.

3. Verstovsek S, Vannucchi AM, Griesshammer M, Masszi T, Durrant
S, Passamonti F, et al. Ruxolitinib versus best available therapy in
patients with polycythemia vera: 80-week follow-up from the
RESPONSE trial. Haematologica 2016;101:821–9.

Nobuya Abe, MD
Takashi Kudo, MD
Satoshi Jodo, MD, PhD
Tomakomai City General Hospital
Tomakomai, Japan

MODULATION OF INFLAMMATORY ARTHRITIS BY MICROBIOTA 1233

http://orcid.org/0000-0001-8644-1007
http://orcid.org/0000-0001-8644-1007
http://orcid.org/0000-0001-8644-1007


BRIEF REPORT

Association of Quantitative and Topographic Assessment of Heberden’s Nodes
With Knee Osteoarthritis: Data From the Osteoarthritis Initiative

Neil M. Kumar,1 Nima Hafezi-Nejad,2 Ali Guermazi,3 Arya Haj-Mirzaian,1 Ida K. Haugen,4 Frank W. Roemer ,5

and Shadpour Demehri1

Objective. To determine whether the presence, num-
ber, and topography (digit location and symmetry) of
Heberden’s nodes are associated with the incidence and
progression of radiographic osteoarthritis (OA) of the knee.

Methods. We analyzed 8,023 knees (with 8 years of
follow-up) from the Osteoarthritis Initiative. Cox regres-
sion was performed on Heberden’s node presence, total
number, location, and symmetry (using 2 symmetry index
models) obtained at baseline physical examination as well
as self-report of Heberden’s node presence for evaluation
of association with radiographic knee OA incidence (de-
velopment of a Kellgren/Lawrence grade of ≥2) and pro-
gression (worsening in the medial joint space narrowing
score of ≥1). Covariate adjustments relevant to OA out-
comes were performed.

Results. The presence of Heberden’s nodes (in 64%
of the subjects) at baseline physical examinations, but not
subjective self-report of Heberden’s nodes, was associated
with radiographic knee OA incidence (hazard ratio [HR]
1.19 and 95% confidence interval [95% CI] 1.001–1.402
[approached statistical significance]). Each additional
Heberden’s node found on physical examination was asso-
ciated with knee OA incidence (HR 1.03 [95% CI 1.000–
1.054] [approached statistical significance]) and progres-
sion (HR 1.04 [95% CI 1.016–1.063]). Knee OA incidence
and progression were associated with Heberden’s nodes
located on the third digit (HR 1.26 [95% CI 1.068–1.487]
and 1.18 [95% CI 1.019–1.361], respectively) and first digit

(HR 1.186 [95% CI 0.992–1.418] [approached statistical
significance] and HR 1.26 [95% CI 1.084–1.453], respec-
tively). Heberden’s node symmetry was associated with
knee OA incidence (model 1 HR 1.09 [95% CI 0.997–
1.185] [approached statistical significance]) and progres-
sion (model 2 HR 1.13 [95% CI 1.035–1.234]).

Conclusion. The number of Heberden’s nodes, their
locations, and symmetry were associated with knee OA
incidence and progression over 8 years.

Heberden’s nodes are bony enlargements in the
distal interphalangeal (DIP) joints and are clinical signs
of hand osteoarthritis (OA). OA is a chronic polyarticular
disease that may include elements of cartilage loss, sub-
chondral osseous damage, synovial inflammation, and
osteophyte formation. Previous analyses have demon-
strated a relationship between the presence or progres-
sion of hand OA and knee OA outcomes (1–3). In this
regard, the presence of clinically detected Heberden’s
nodes has been shown to be associated with longitudinal
knee OA incidence and progression (1,2). Despite these
findings, other studies have shown no significant relation-
ship between Heberden’s nodes and knee OA (4,5).

To our knowledge, the relationships of the quantita-
tive (number) and topographic (digit location and degree
of symmetry) characteristics of Heberden’s nodes with
radiographic knee OA outcomes have not previously been
investigated. Given the variability in OA etiologies and pat-
terns of involvement of Heberden’s nodes (6,7), the pur-
pose of this study was to quantitatively and topographically
evaluate Heberden’s nodes as determinants of radiographic
knee OA incidence and progression, using the large multi-
center Osteoarthritis Initiative (OAI) cohort database.

PATIENTS AND METHODS

Study population. We analyzed data from the public-
access OAI database. OAI is an ongoing cohort study of 4,796
subjects (including both knees of each subject) with or at
risk of knee OA. Participants were evaluated for OA-related
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determinants and outcomes (for details, see https://oai.epi-ucsf.
org). Subjects for whom no assessment of Heberden’s nodes was
available were excluded. In addition, knees with existing baseline
knee replacement, baseline consideration of knee replacement
within 3 years, baseline inflammatory arthritis, or baseline
Osteoarthritis Research Society International (OARSI) medial
joint space narrowing (JSN) score (3) of 3 (which had no oppor-
tunity to progress for the OA incidence or progression out-
comes) were excluded (Figure 1).

Assessment of knee OA outcomes. Outcome variables
were radiographic incidence and progression of knee OA,
derived from posteroanterior fixed-flexion plain radiographs.
Radiographs were assigned a Kellgren/Lawrence (K/L) score
(1,8) and OARSI medial JSN score at baseline and each year of
follow-up (years 1–8). Radiographs were read in OAI clinical
centers by readers specifically certified in radiographic K/L and
OARSI JSN scoring using a validation knee set, with subsets of
reads continually reviewed centrally. Readers were blinded with
regard to both the order of visit and prior scores. Good to excel-
lent reliability has previously been demonstrated for K/L and
OARSI JSN scoring in a representative cohort in projects 15
and 37 of the OAI database. The OA incidence analysis was con-
ducted on the subgroup of knees with K/L grade 0–1 at baseline
(n = 4,696), and the OA progression analysis was conducted on
the subgroup of knees with OARSI medial JSN score 1–2 at
baseline (n = 2,652). Radiographic OA incidence was defined as
a K/L grade of ≥2 during follow-up (9). Radiographic OA pro-
gression was defined as an increase in OARSI medial JSN score
of ≥1 during follow-up (10). “Time in the study” was defined as
the earliest year with a K/L grade of ≥2 (incidence) or an
increase in JSN score of ≥1 (progression) for events. In knees
not experiencing the incidence or progression outcomes, “time
in the study” was defined as the last available year of follow-up.

Assessment of Heberden’s nodes. The presence of
Heberden’s nodes in the DIP joints on the second through the
fifth digits and the interphalangeal joint of the first digit was
determined by a trained nurse at the baseline physical examina-
tion. The Heberden's nodes determinants (ascertained at the

baseline physical examination) included the following variables:
the presence of Heberden’s nodes on either hand, the total num-
ber of Heberden’s nodes on both hands (ranging from 0 to 10),
and the presence of Heberden’s nodes on each digit (digit loca-
tion). Self-report by subjects of the overall presence of Heber-
den’s nodes (obvious bumps) was also recorded in the baseline
clinical visit questionnaire.

Additionally, the symmetry of Heberden’s nodes between
the 2 hands was assessed. Two different models of symmetry
analysis were used. Model 1 was defined as [Xm � Xu]/[(Xm +
Xu)] (11,12), where Xm = the number of matched bilateral digits
with presence or absence of Heberden’s nodes (determined at
baseline physical examination) and Xu = the number of unmatched
bilateral digits, ranging from �1 to 1 at 0.4 intervals. Subjects were
categorized into 3 groups. Group 1 had strong symmetry (1 ≥ index
≥ 0.2), group 2 had weak symmetry (�0.2 ≥ index ≥ �1), and
group 3 had no Heberden’s nodes. Model 2 was defined as Xm/Xt
(13), where Xm = the number of matched clinically determined
Heberden’s nodes on both hands and Xt = the total number of
physician-confirmed Heberden’s nodes, ranging from 0 to 1. Using
this model, subjects were categorized into 3 groups. Group 1 had
strong symmetry (1 ≥ index ≥ 0.5), group 2 had weak symmetry
(0.5 > index ≥ 0), and group 3 had no Heberden’s nodes.

Statistical analysis. We compared clinical characteristics
in subjects with Heberden’s nodes and those without Heberden’s
nodes using the t-test for independent samples and chi-square
test in knee incidence and progression subcohorts. We used Cox
regression to evaluate the risk of OA incidence and progression
in each knee relative to baseline Heberden’s nodes. Hazard ratio
(HR) adjustments were made using regression estimates for rel-
evant covariates. In order to address the overadjustment bias,
we defined adjustment only for variables whose control might
affect the estimate of the total causal effect between exposures
and outcomes (14). We added explanatory analysis of possible
confounding variables with the ability to account for conditional
associations on effect estimates and predict outcomes using
directed acyclic graph (DAG) visual representations of causal
assumptions (DAGitty v.2.3). DAG analysis was performed on

Figure 1. Flow diagram showing the selection (inclusion and exclusion) criteria for the study. HNs = Heberden’s nodes; OARSI = Osteoarthritis
Research Society International; JSN = joint space narrowing; K/L = Kellgren/Lawrence; BL = baseline.
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the overall incidence and progression subcohorts, and the causal
covariates identified were included in the covariate adjustments
(data available upon request from the corresponding author)
(14). Age, sex, body mass index, Physical Activity Scale for the
Elderly score, and medications that were markers of exposure
(Table 1) were included for covariate adjustment.

In order to address within-subject similarities due to the
inclusion of both knees, all Cox regression modeling was con-
ducted in the framework of a defined survey structure using
multistage probability analysis (both the right and left knees of
each subject were considered as the clusters of the same strata
and equal weights were assigned to each cluster) (15). Given
several criterion variables, the P values obtained were adjusted
for multiple comparisons by the Benjamini-Hochberg procedure,
and false discovery rate–adjusted P values are reported.
Adjusted P values of 0.05 and 0.10 were considered to be signifi-
cant and approaching significance, respectively. Analyses were
performed using SAS (University Edition) and SPSS version 24.

RESULTS

Baseline demographic and radiographic information
for subjects with and those without clinically determined

Heberden’s nodes in the knee OA incidence and pro-
gression subcohorts are shown in Table 1. Heberden’s
nodes were present at baseline physical examination in
64% of the subjects, and 31% had self-reported Heber-
den’s nodes. Most subjects (91.4%) with a positive
self-reported DIP bump also had a positive physician-
confirmed Heberden’s node at their baseline physical
examination. However, only 44.7% of the subjects with
physician-confirmed Heberden’s nodes had a positive
self-report. At baseline physical examinations, 28.3%,
46.9%, 35.6%, 24.9%, and 44.2% of the subjects had a
Heberden’s node on their first, second, third, fourth, and
fifth digit, respectively.

Table 2 shows crude and adjusted HRs of radio-
graphic knee OA incidence and progression relative to the
presence, total number, digit location (data are available
upon request from the corresponding author), and symme-
try of Heberden’s nodes. The overall 8-year knee OA inci-
dence and progression rates were 14.6% and 32.3%,
respectively. The overall presence of Heberden’s nodes

Table 1. Baseline characteristics of the study population based on the presence of Heberden’s nodes on physical examination*

Knee OA incidence subcohort
(n = 4,696)

Knee OA progression subcohort
(n = 2,652)

No Heberden’s
nodes

(n = 1,792)

Heberden’s
nodes

(n = 2,904) P
Adjusted

P†

No Heberden’s
nodes

(n = 825)

Heberden’s
nodes

(n = 1,827) P
Adjusted

P†

Age, mean � SD years 56.6 � 8.5 62.0 � 9.0 <0.001 0.002 59.2 � 8.8 64.8 � 8.6 <0.001 0.002
Women 50.7 60.9 <0.001 0.002 47.2 60.4 <0.001 0.002
BMI, mean � SD kg/m2 28.1 � 4.7 27.3 � 4.4 <0.001 0.002 30.6 � 4.9 29.4 � 4.7 <0.001 0.002
PASE score, mean � SD 172.9 � 85.1 162.7 � 80.5 <0.001 0.002 169.8 � 90.9 152.6 � 78.8 <0.001 0.002
History of knee injury 39.4 36.3 0.037 0.050 49.8 41.3 <0.001 0.002
WOMAC total score, mean � SD 8.3 � 12.3 7.7 � 11.4 0.098 0.121 14.3 � 16.1 12.8 � 15.2 0.025 0.036
Bone remodeling agents
Bisphosphonate 8.0 16.2 <0.001 0.002 5.5 14.0 <0.001 0.002
PTH 0.1 0.2 0.718 0.718 0 0.2 0.318 0.363
Calcitonin 0.1 0.6 0.002 0.004 0.4 0.5 0.764 0.764
Raloxifene 1.2 2.6 0.001 0.002 0.6 2.9 <0.001 0.002
GnRH antagonist injection 0.3 0.1 0.315 0.353 0.4 0 0.029 0.039
Combination estrogen/testosterone 3.0 1.8 0.070 0.093 2.1 1.7 0.662 0.706
Male hormone or testosterone 1.0 1.6 0.331 0.353 1.1 2.5 0.131 0.161
Any bone remodeling agent 10.7 20.4 <0.001 0.002 7.9 18.3 <0.001 0.002

Knee radiographs
K/L grade 0.012 0.021 0.015 0.027
0 70.8 67.2 0 0
1 29.2 32.8 24.7 21.9
2 0 0 44.8 43.0
3 0 0 30.4 34.8
4 0 0 0 0.3

OARSI JSN score (medial) 0.017 0.001 0.018 0.029
0 88.6 86.2 0 0
1 11.4 13.8 70.2 65.5
2 0 0 29.8 34.5

* Except where indicated otherwise, values are the %. Data were compared by t-test (continuous variables were normally distributed) or chi-square
test with Fisher’s exact test whenever applicable. OA = osteoarthritis; BMI = body mass index; PASE = Physical Activity Scale for the Elderly;
WOMAC = Western Ontario and McMaster Universities Osteoarthritis Index; PTH = parathyroid hormone; GnRH = gonadotropin-releasing hor-
mone; K/L = Kellgren/Lawrence; OARSI = Osteoarthritis Research Society International; JSN = joint space narrowing.
† False discovery rate–adjusted P values were calculated using the Benjamini-Hochberg procedure.

1236 KUMAR ET AL



Ta
bl
e
2.

R
is
k
of

kn
ee

O
A

in
ci
de

nc
e
an

d
pr
og

re
ss
io
n
ba

se
d
on

H
eb

er
de

n’
s
no

de
s*

K
ne

e
O
A

in
ci
de

nc
e†

K
ne

e
O
A

pr
og

re
ss
io
n‡

C
ru
de

H
R

(9
5%

C
I)

P
P c

o
rr
§

A
dj
us
te
d
H
R

(9
5%

C
I)
¶

P
P c

o
rr
§

C
ru
de

H
R

(9
5%

C
I)

P
P c

o
rr
§

A
dj
us
te
d
H
R

(9
5%

C
I)
¶

P
P c

o
rr
§

O
ve
ra
ll
ex
am

in
at
io
n

Pr
es
en

ce
of

H
eb

er
de

n’
s
no

de
s

(y
es

vs
.n

o)
1.
25
8

(1
.0
73

–1
.4
75
)

0.
00
5

0.
02
0

1.
18
5

(1
.0
01
–1
.4
02

)
0.
04

8
0.
08
7

1.
12

1
(0
.9
68
–1
.2
98
)

0.
12
7

0.
18
1

1.
09
8

(0
.9
43
–1

.2
80
)

0.
22

7
0.
28
4

N
um

be
r
of

H
eb

er
de

n’
s
no

de
s

1.
04
0

(1
.0
16

–1
.0
64
)

0.
00
1

0.
00
7

1.
02
7

(1
.0
00
–1
.0
54

)
0.
04

6
0.
08
7

1.
03

8
(1
.0
17
–1
.0
59
)

<
0.
00
1

0.
00
1

1.
03
9

(1
.0
16
–1

.0
63
)

0.
00

1
0.
00
5

Pe
r-
jo
in
t
ex
am

in
at
io
n

F
ir
st

di
gi
t

1.
32
0

(1
.1
20

–1
.5
54
)

0.
00
1

0.
00
7

1.
18
6

(0
.9
92
–1
.4
18

)
0.
06

1
0.
09
4

1.
32

1
(1
.1
51
–1
.5
17
)

<
0.
00
1

0.
00
1

1.
25
5

(1
.0
84
–1

.4
53
)

0.
00

2
0.
00
7

Se
co
nd

di
gi
t

1.
22
6

(1
.0
56

–1
.4
25
)

0.
00
8

0.
02
0

1.
10
9

(0
.9
43
–1
.3
46

)
0.
21

2
0.
26
5

1.
27

1
(1
.1
10
–1
.4
54
)

0.
00
1

0.
00
5

1.
26
7

(1
.0
95
–1

.4
66
)

0.
00

2
0.
00
7

T
hi
rd

di
gi
t

1.
33
1

(1
.1
41

–1
.5
52
)

<
0.
00
1

0.
00
2

1.
26
0

(1
.0
68
–1
.4
87

)
0.
00

6
0.
02
0

1.
18

4
(1
.0
35
–1
.3
55
)

0.
01
4

0.
03
1

1.
17
8

(1
.0
19
–1

.3
61
)

0.
02

6
0.
05
2

Fo
ur
th

di
gi
t

1.
20
3

(1
.0
13

–1
.4
28
)

0.
03
5

0.
07
8

1.
17
0

(0
.9
74
–1
.4
02

)
0.
08

9
0.
12
1

1.
07

0
(0
.9
23
–1
.2
40
)

0.
36
7

0.
40
8

1.
03
9

(0
.8
87
–1

.2
16
)

0.
63

9
0.
63
9

F
ift
h
di
gi
t

1.
06
4

(0
.9
15

–1
.2
38
)

0.
41
7

0.
46
3

1.
04
7

(0
.8
95
–1
.2
26

)
0.
56

4
0.
59
4

1.
11

2
(0
.9
73
–1
.2
72
)

0.
11
9

0.
18
1

1.
10
9

(0
.9
63
–1

.2
78
)

0.
15

0
0.
20
0

Se
lf-
re
po

rt
O
bv
io
us

bu
m
ps

(y
es

vs
.n

o)
1.
09
4

(0
.9
32

–1
.2
84
)

0.
27
2

0.
32
0

0.
97
7

(0
.8
19
–1
.1
66

)
0.
80

0
0.
80
0

1.
06

1
(0
.9
21
–1
.2
23
)

0.
40
9

0.
43
1

1.
07
8

(0
.9
22
–1

.2
60
)

0.
34

6
0.
40
7

E
xa
m
in
at
io
n
sy
m
m
et
ry

in
de

x
M
od

el
1

1.
11
9

(1
.0
32

–1
.2
41
)

0.
00
7

0.
02
0

1.
08
7

(0
.9
97
–1
.1
85

)
0.
05

7
0.
09
4

1.
07

6
(0
.9
98
–1
.1
61
)

0.
05
7

0.
10
4

1.
07
3

(0
.9
92
–1

.1
61
)

0.
07

8
0.
13
0

M
od

el
2

1.
12
7

(1
.0
33

–1
.2
30
)

0.
00
7

0.
02
0

1.
08
6

(0
.9
87
–1
.1
94

)
0.
09

1
0.
12
1

1.
13

3
(1
.0
44
–1
.2
29
)

0.
00
3

0.
00
9

1.
13
0

(1
.0
35
–1

.2
34
)

0.
00

6
0.
01
5

*
O
A

=
os
te
oa

rt
hr
iti
s;
95
%

C
I
=
95
%

co
nf
id
en

ce
in
te
rv
al
;
P co

rr
=
co
rr
ec
te
d
P.

†
D
ef
in
ed

as
a
K
el
lg
re
n/
L
aw

re
nc
e
(K

/L
)
gr
ad

e
of

≥2
du

ri
ng

fo
llo

w
-u
p.

‡
D
ef
in
ed

as
an

in
cr
ea
se

of
≥1

in
O
st
eo

ar
th
ri
tis

R
es
ea
rc
h
So

ci
et
y
In
te
rn
at
io
na

l
(O

A
R
SI
)
m
ed

ia
lj
oi
nt

sp
ac
e
na

rr
ow

in
g
(J
SN

)
sc
or
e
du

ri
ng

fo
llo

w
-u
p.

§
Fa

ls
e
di
sc
ov
er
y
ra
te
–a
dj
us
te
d
P
va
lu
es

w
er
e
ca
lc
ul
at
ed

us
in
g
th
e
B
en

ja
m
in
i-H

oc
hb

er
g
m
et
ho

d.
¶
A
dj
us
te
d
ha

za
rd

ra
tio

(H
R
)
in
cl
ud

es
ba

se
lin

e
ag
e,

se
x,

bo
dy

m
as
s
in
de

x,
K
/L

an
d
O
A
R
SI

m
ed

ia
lJ

SN
sc
or
es
,a

nd
us
e
of

bo
ne

re
m
od

el
in
g
ag
en

ts
.

HEBERDEN’S NODES AND KNEE OSTEOARTHRITIS 1237



(based on physical examinations) was associated with knee
OA incidence (HR 1.19 [95% confidence interval (95% CI)
1.001–1.402]) (approached statistical significance) but not
knee OA progression (HR 1.10 [95% CI 0.943–1.280]).
Each additional Heberden’s node was associated with knee
OA incidence (HR 1.03 [95% CI 1.000–1.054]) (ap-
proached statistical significance) and progression (HR 1.04
[95% CI 1.016–1.063]). Knee OA incidence and progression
were associated with Heberden’s nodes located on the third
digit (HR 1.26 [95% CI 1.068–1.487] and HR 1.18 [95% CI
1.019–1.361], respectively) and first digit (HR 1.186 [95%
CI 0.992–1.418] [approached statistical significance] and
HR 1.26 [95% CI 1.084–1.453], respectively). Heberden’s
nodes located on the second digit were also associated with
knee OA progression (HR 1.27 [95% CI 1.095–1.466]).
Increased Heberden’s node symmetry was associated with
knee OA incidence in model 1 (HR 1.09 [95% CI 0.997–
1.185]) (approached statistical significance) and knee OA
progression in model 2 (HR 1.13 [95% CI 1.035–1.234]).

DISCUSSION

Our study demonstrated that each additional
Heberden’s node, the digit location of Heberden’s
nodes, and increased Heberden’s node symmetry indices
were associated with knee OA incidence and progression
during 8 years of follow-up. Previous studies have shown
inconsistent results regarding the association between
the presence of Heberden’s nodes and knee OA; odds
ratios ranging from 0.4 to 6.9 for OA incidence and from
0.7 to 5.7 for OA progression have been reported previ-
ously (1,16). Additionally, other studies found no associ-
ation between the presence of Heberden’s nodes or
hand OA and knee OA incidence and progression (4,5).
These contradictory findings of prior studies might be
due to differences in appropriate covariate adjustments
in the relevant models, sample size, follow-up duration,
definition of radiographic OA incidence (e.g., inclusion
of subjects with a K/L score >1), and the inclusion of the
thumb carpometacarpal joint.

In comparison with prior studies, the longer
follow-up, larger sample size (8,023 knees versus <500
knees), and quantitative Heberden’s node assessment
using physical examinations rather than self-reports in our
study relatively decrease the probability of Type II statisti-
cal errors. We found that the presence and numbers of
Heberden’s nodes determined at the baseline physical
examination were associated with knee OA outcomes over
8 years. In contrast to Heberden’s nodes determined by
physical examination, subject-reported Heberden’s nodes
were not associated with knee OA outcomes, which could
be explored in future investigations. The reason may be

that subjects are not able to detect and report small
Heberden’s nodes.

In topographic evaluations, we demonstrated
associations between Heberden’s nodes on the first and
third digits and knee OA incidence and between
Heberden’s nodes on the first through third digits and
knee OA progression. Given the similar frequencies of
Heberden’s nodes detected in all 5 digit locations
(range 24.9–46.9%), the lack of association in some
digits might not be due to less frequent Heberden’s
nodes in those joints. Our study was also the first
exploratory study of Heberden’s node symmetry analy-
ses for their associations with radiographic outcomes in
knee OA. Similar symmetry analysis has previously
been used to investigate the importance of symmetry in
hand OA (7). While DIP joint OA may be associated
with radiographic hand OA, with symmetry observed as
the prominent pattern for both joint-damaged groups,
we quantitatively demonstrated that Heberden’s node
symmetry itself was additionally associated with knee
OA incidence and progression. While the Heberden’s
node topographies associated with knee OA incidence
and progression in our study should be interpreted with
caution given increased variance with relatively small
sample sizes in digit subgroups, the possibility that knee
and generalized OA severity may present early with dis-
tinct Heberden’s node topography suggests the prog-
nostic value of clinical hand examination and warrants
further study.

Our study had limitations. Our exclusion criteria
might introduce selection biases since the subjects with more
severe baseline knee OA status (e.g., medial JSN score of 3)
were excluded from this analysis. The potential selection
bias was minimal, however, because only a small proportion
of knees was excluded. The inclusion of both knees for each
patient might increase sampling bias; for instance, the risk
of the OA incidence outcome would be increased when OA
was already present in the contralateral knee. These effects
(within-subject similarities) were addressed by complex sam-
ple analysis. Longitudinal radiographic interpretations by
different readers for a single subject are a source of poten-
tial bias. However, the relatively small number of readers
relative to the size of the incidence and progression subco-
horts and number of follow-up visits means that interpreta-
tive differences were likely averaged across the groups of
subjects with Heberden’s nodes and those without Heber-
den’s nodes.

In conclusion, simple quantitative and topographic
assessments of Heberden’s nodes might be associated with
knee OA outcomes and optimize the role of Heberden’s
nodes as a risk factor for subsequent knee OA in prospec-
tive clinical trials.
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Correlation of High-Density Lipoprotein–Associated
Paraoxonase 1 Activity With Systemic Inflammation, Disease
Activity, and Cardiovascular Risk Factors in Psoriatic Disease

M. Elaine Husni,1 W. H. Wilson Tang,1 Michael Lucke,2 U. M. Chandrasekharan,1

Danielle M. Brennan,1 and Stanley L. Hazen1

Objective. To compare the activity of high-density
lipoprotein (HDL)–associated paraoxonase 1 (PON1) in
patients with psoriasis (PsO) and patients with psoriatic
arthritis (PsA), and to evaluate the association of PON1
activity with the extent of disease activity and severity of the
cardiovascular disease (CVD) burden in these patients.

Methods. Serum levels of paraoxonase and aryles-
terase activity (both measures of PON1 function in
humans) were measured in patients with PsA (n = 198,
51.0% male) and patients with PsO (n = 145, 50.3% male)
who were enrolled in a longitudinal psoriatic disease
biorepository. Data on PsA disease activity (using the Dis-
ease Activity Score in 28 joints [DAS28], Clinical Disease
Activity Index, and painful/swollen joint counts), preexis-
tent CVD and CVD risk factors (including diabetes, dys-
lipidemia, hypertension, and smoking), Framingham Risk
Scores for CVD, quality of life measures, and laboratory
test findings (erythrocyte sedimentation rate, C-reactive
protein level, and lipid profiles) were recorded.

Results. Serum arylesterase activities were signifi-
cantly lower in patients with PsO and patients with PsA
(mean � SD 111.1 � 25.5 lmoles/minute/ml and 124.4 �
33.4 lmoles/minute/ml, respectively) compared to healthy
controls (144.3 � 33.4 lmoles/minute/ml) (each P < 0.001
versus healthy controls). Serum arylesterase activity
decreased in parallel with increasing levels of disease activ-
ity (DAS28 scores, P = 0.012), older age (P = 0.013), higher
body mass index (P = 0.042), greater incidence of metabolic
syndrome (P = 0.004) and hypertension (P = 0.014), and
worsening Framingham Risk Scores (P = 0.001). However,

no correlation was seen between serum arylesterase activity
and the extent of disease activity or CVD burden in patients
with PsO. Serum paraoxonase activity trended lower both
in patients with PsO and in patients with PsA (each P =
0.073 versus healthy controls). However, no association was
seen between serum paraoxonase activity and the extent of
disease activity or CVD burden in either of the patient
cohorts.

Conclusion. PON1 activity is decreased in psori-
atic diseases. In the PsA cohort, decreases in arylesterase
activity correlated with increasing severity of joint disease
and CVD burden. Arylesterase activity, as compared to
paraoxonase activity, appeared to serve as a more sensi-
tive predictor of preexisting CV risk factors in the PsA
cohort. However, this correlation was not observed in the
PsO population.

Psoriatic arthritis (PsA) is well recognized to be
associated with an increased risk of morbidity and mortality
related to cardiovascular disease (CVD) that is not fully
explained by preexisting traditional CV risk factors (1–3).
There is an unmet need to precisely identify those patients
with PsA who are at greatest risk of developing CV comor-
bidities. Traditional inflammation markers, such as the eryth-
rocyte sedimentation rate (ESR) and C-reactive protein
(CRP) level, may confound long-term CV risk assessment
in patients with systemic inflammatory disease with con-
comitant subclinical CVD. In addition to the need to eluci-
date new CV risk biomarkers, equally important is the need
to expand our understanding of the mechanisms through
which PsA is linked to enhanced pathogenesis of atheroscle-
rotic heart disease. Identification of more sensitive predic-
tors of increased CV risk in PsA patients will allow for
improved risk stratification and provide clinical algorithms
for implementing preventative measures targeting CVD.

Increased oxidative stress has been implicated in
both psoriatic disease and atherosclerosis. High-density
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lipoprotein (HDL) cholesterol helps to inhibit lipid oxida-
tion in large part through its relationship with a family of
antioxidant enzymatic proteins known as paraoxonase 1
(PON1), which are located on HDL particles (4). Interest-
ingly, it has recently been found that favorable CV out-
comes are dependent not just on increasing plasma levels
of HDL cholesterol, but also on the antioxidant, antiin-
flammatory, and antiatherogenic functions of HDL that
can be attributed to PON1 enzymatic activity (5–7).
Diminished PON1 activity is considered to be a biomarker
of increased systemic oxidative stress and increased con-
version of HDL to a dysfunctional, proinflammatory, and
proatherogenic state, and has been associated with the
development of CVD (8). More recently, decreased PON1
enzymatic activity has been shown to be predictive of the
development of major CVD-related adverse events (9).

Recent clinical studies have investigated PON1 activ-
ity in systemic inflammatory diseases. A significant reduction
in PON1 activity has been reported in patients with rheuma-
toid arthritis (RA) (10–14) and patients with systemic lupus
erythematosus (SLE) (15–18) compared to healthy control
subjects. In addition, decreasing PON1 activity has been
found to be associated with increasing levels of SLE disease
activity and end-organ damage. Results from several small
observational studies have been conflicting with regard to
the PON1 activity levels in patients with psoriasis (PsO)
(19–22) and in those with ankylosing spondylitis (AS) (23–
26). The present study was the first to characterize serum
PON1 enzymatic activity in a psoriatic disease population
and to evaluate its association with the extent of psoriatic
disease activity and CVD burden. Results are compared
between a PsO patient cohort and PsA patient cohort, with
healthy subjects used as a control.

PATIENTS AND METHODS

Study population. The study population consisted of adult
patients with PsO or PsA (total n = 343) from 2 tertiary academic
referral centers participating in the Cardiometabolic Outcome
Measures in Psoriatic Arthritis Study (COMPASS). The COM-
PASS study was started at the Cleveland Clinic in 2011 to focus on
CV health in an ongoing prospective, longitudinal cohort of psori-
atic disease patients. Each COMPASS participant provided his or
her written informed consent to participate in the study, and ap-
proval was obtained from each of the Institutional Review Boards.

PsA was diagnosed in patients according to the Classifi-
cation of Psoriatic Arthritis (CASPAR) Study Group criteria
(27) and was confirmed by board-certified rheumatologists,
while PsO was diagnosed by board-certified dermatologists. The
control group for this study consisted of 345 healthy adult volun-
teers who were used for comparison to the psoriatic disease
patient cohorts.

Collection of patient data and laboratory tests at baseline.
Each patient’s age, sex, weight, body mass index (BMI), and
waist-to-hip ratio were recorded at baseline, along with current

disease-modifying antirheumatic drug (DMARD) treatment regi-
mens. Clinicians’ assessments of PsA disease activity included the
Disease Activity Score in 28 joints (DAS28) using CRP level and/
or ESR (28) (calculated according to a previously described for-
mula [http://www.4s-dawn.com/DAS28/]), the 74-joint/76-joint ten-
der/swollen joint counts, and the Clinical Disease Activity Index
(CDAI) (score scale 0–17) (29). Patient’s and clinician’s assess-
ments of global disease activity, as well as assessments of the sever-
ity of joint and skin disease and pain, were scored on 100-mm
visual analog scales (VAS). Patients’ general functional status and
health-related quality of life (QoL) were evaluated using the
Health Assessment Questionnaire (HAQ) disability index (DI)
(scale 0–3) (30) and the 12-item Short Form (SF-12) Health Sur-
vey (physical component summary [PCS] and mental component
summary [MCS] scores; scale 0–100) (31), while disease-specific
QoL measures included the Dermatology Life Quality Index
(DLQI) (scale 0–30) (32) and the Psoriatic Arthritis QoL
(PsAQoL) measure (scale 0–20) (33).

Blood samples were obtained from patients at baseline
and collected into SST tubes, and stored as serum samples
at �80°C for batch determination in PON1 activity assays.
Standard-of-care laboratory tests included determination of the
ESR, CRP levels, titers of rheumatoid factor and anti–cyclic
citrullinated peptide antibodies, fasting blood glucose levels, and
lipid profiles.

PON1 activity assays. PON1 activity levels were mea-
sured in the PsA and PsO cohorts and compared to the PON1
activity levels in the serum of age- and sex-matched healthy con-
trol subjects (patients matched to controls at a ratio of 2:1) to the
patients in each cohort. Serum PON1 activity was measured using
2 methods, each of which was classically named after the sub-
strate used to monitor enzymatic function, namely, an assay for
serum paraoxonase activity (using paraoxon as the substrate) and
an assay for serum arylesterase activity (using phenyl acetate as
the substrate) (34). Details on these methods of analysis have
been previously reported by our coinvestigators (9).

CVD assessments. History of CVD was self-reported by
the patient and was defined as a history of myocardial infarction
(MI), stroke, or transient ischemic attack, heart or coronary
vessel procedures, or peripheral vascular disease prior to enroll-
ment in the COMPASS study. Major CVD risk factors (diabetes,
dyslipidemia, hypertension, smoking, and drug intake for CVD)
were also documented. The 2002 modified Framingham CVD
Risk Score (FRS) from the Third Adult Treatment Panel (ATP
III) of the National Cholesterol Education Program (NCEP) was
used to calculate each patient’s 10-year risk of coronary heart dis-
ease (FRS scores, expressed as a percentage) based on reported
age, sex, total and HDL cholesterol levels, systolic blood pres-
sure, blood pressure treatment (yes or no), and current smoking
status (yes or no). For analysis of CVD risk within cohort sub-
groups, patients were further divided into 3 tertiles of FRS
scores: FRS <10% (low CVD risk), FRS 10–20% (intermediate
CVD risk), and FRS ≥20% (high CVD risk). Dyslipidemia was
defined as having either elevated triglyceride levels (≥150 mg/dl),
reduced HDL cholesterol levels (<40 mg/dl in men and <50 mg/
dl in women), elevated low-density lipoprotein (LDL) cholesterol
levels (>130 mg/dl), or treatment with statins.

To assess the extent of CVD burden, patients were identi-
fied as having metabolic syndrome based on the 2001 NCEP/ATP
III Expert Panel criteria (35). In addition, a subgroup of patients
with PsA underwent carotid-duplex high-resolution B mode ultra-
sound imaging and were screened for carotid intima-media
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thickening (CIMT) and the presence of plaque defined using the
Mannheim consensus criteria (36). A subgroup of patients under-
went a second carotid-duplex ultrasound 2 years later, which was
also analyzed.

Statistical analysis. In general, continuous data are sum-
marized as the mean � SD for normally distributed data, and as
the median with interquartile range (IQR) for non–normally dis-
tributed data. Categorical data are summarized as the percentage
of non-missing data. Comparisons of patient demographics, dis-
ease activity, QoL measurements, CVD burden and risk assess-
ments, and laboratory values were made between the PsA and
PsO patients using Student’s t-test for normally distributed contin-
uous data, Wilcoxon’s rank-sum test for non–normally distributed
continuous data, and chi-square tests for categorical data. The
above data were also described across quartiles of PON1 enzy-
matic activity. Comparisons across quartiles were made using
analysis of variance for normally distributed continuous data,
Kruskal-Wallis test for non–normally distributed data, and chi-
square test for categorical data. Spearman’s rank correlation coef-
ficients were calculated to assess the relationship between PON1
enzymatic activity and various demographic, QoL, and laboratory
measures. Odds ratios (ORs) and their corresponding 95%

confidence intervals (95% CIs) were generated using logistic
regression methods, to assess the relationship between PON1
enzymatic activity and the extent of disease activity.

To assess whether or not differences in PON1 activity
were attributable to underlying patient characteristics, patients
were age- and sex-matched to a cohort of healthy control sub-
jects. Patients with PsA were first age- and sex-matched at a 2:1
ratio to the healthy control cohort. Subsequently, patients with
PsO were age- and sex-matched at a 2:1 ratio to the healthy con-
trols. The 2 sets of matched data were combined and analyzed.

All P values less than 0.05 were considered statistically
significant. All analyses were performed using SAS software ver-
sion 9.3 (SAS Institute). Adjustments for multiple comparisons
were not performed.

RESULTS

Characteristics of the patients at baseline. The
baseline characteristics of the patients with PsA (n = 198,
51.0% male) and patients with PsO (n = 145, 50.3% male)
are shown in Table 1. Compared to patients with PsO,

Table 1. Baseline characteristics of the patients with PsA or PsO*

Characteristic
PsA

(n = 198)
PsO

(n = 145) P†

Demographics
Male, % 51.0 50.3 0.903
Age, years 50.4 � 11.8 45.7 � 15.3 0.002

Disease activity
Disease duration, years 21.1 � 14.9 15.5 � 13.2 0.001
DAS28-CRP score 1.97 � 1.51 – –

Quality of life
HAQ DI 0.62 � 0.66 0.17 � 0.407 < 0.001
DLQI 4.86 � 6.50 7.9 � 6.9 <0.001

CVD burden and risk assessments
BMI, kg/m2 31.8 � 7.9 29.5 � 6.9 0.010
Waist measurement, cm 104.0 � 17.9 98.5 � 16.5 0.006
10-year CVD risk score, median (IQR) %‡ 4.0 (1.0–6.0) 3.0 (1.0–10.0) 0.915
Systolic BP, mm Hg 131.5 � 14.8 127.4 � 17.1 0.025
Diastolic BP, mm Hg 82.2 � 10.3 79.8 � 9.9 0.040
Metabolic syndrome, % 42.0 28.9 0.024
Large waist circumference 61.6 45.5 0.003
Hypertension 54.5 36.6 0.001
Diabetes mellitus 17.6 9.7 0.040

Smoking (current), % 32.4 68.3 <0.001
Medication use, %
DMARDs 72.2 24.2 <0.001
NSAIDs 34.3 5.5 <0.001

Laboratory tests
CRP, median (IQR) mg/dl 0.30 (0.10–0.90) 0.20 (0.07–0.55) 0.001
Triglycerides, median (IQR) mg/dl 117 (86–177) 101 (69–154) 0.037
HDL, mg/dl 50.6 � 14.0 51.5 � 14.4 0.627
LDL, mg/dl 114.9 � 34.2 120.6 � 36.2 0.192

* Except where indicated otherwise, values are the mean � SD. PsA = psoriatic arthritis; PsO =
psoriasis; DAS28-CRP = Disease Activity Score in 28 joints using C-reactive protein level; HAQ
DI = Health Assessment Questionnaire disability index; DLQI = Dermatology Life Quality
Index; BMI = body mass index; IQR = interquartile range; BP = blood pressure; DMARDs =
disease-modifying antirheumatic drugs; NSAIDs = nonsteroidal antiinflammatory drugs, HDL =
high-density lipoprotein; LDL = low-density lipoprotein.
† P values less than 0.05 were considered significant.
‡ Framingham 10-year Risk Score for cardiovascular disease (CVD) from the Third Adult Treat-
ment Panel of the National Cholesterol Education Program.
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patients with PsA were older, had a longer average dis-
ease duration, were heavier (greater BMI and waist mea-
surements), had worse QoL scores on the HAQ DI and
the SF-12 PCS, and had a greater extent of CVD burden
based on a higher percentage of PsA patients having con-
comitant metabolic syndrome, diabetes, hypertension, and
patient-reported incidence of CVand vascular surgeries.

PON1 activity levels. Unmatched subjects in the
PsA cohort (n = 178), PsO cohort (n = 108), and healthy
control cohort (n = 349) were found to have significantly
different serum arylesterase activity levels (P < 0.001) and
showed a similar, but not statistically significant, trend
toward differences in serum paraoxonase activity (P =
0.096). In the age- and sex-matched cohorts of patients
with PsA (n = 110), patients with PsO (n = 84), and
healthy controls (n = 203), the serum levels of arylesterase
activity and paraoxonase activity also showed differing dis-
tributions in the matched cohorts (Table 2).

Intercohort comparisons of serum arylesterase and
paraoxonase activity levels between the PsA, PsO, and
healthy control groups are illustrated in Figure 1. Mean
arylesterase activities were significantly lower both in
patients with PsO and in patients with PsA when com-
pared to healthy controls (each P < 0.001). Furthermore,
the PsO cohort showed significantly lower mean arylester-
ase activity when compared to the PsA cohort (P = 0.003).
Although the differences were not statistically significant,
serum paraoxonase activity showed a trend toward lower
median levels in the PsA and PsO cohorts when com-
pared to the healthy control cohort. There was essentially

no difference in the median paraoxonase activity between
the PsO cohort and the PsA cohort.

Serum paraoxonase activity levels demonstrated a
non-normal distribution, with large standard deviations,
within the healthy control group (median 767 nmoles/
minute/ml, IQR 419.6–1,463.7) as well as within the PsA
group (median 638.5 nmoles/minute/ml, IQR 366.5–1,314)
and the PsO group (median 579 nmoles/minute/ml, IQR
371–1,113.5). In contrast, serum arylesterase activity levels
demonstrated more of a probability distribution, with
smaller standard deviations, in the healthy control group

Table 2. Paraoxonase 1 activity levels in age- and sex-matched
cohorts and unmatched cohorts of patients with PsA, patients with
PsO, and healthy controls*

Serum
arylesterase
activity,

mean � SD
lmoles/

minute/ml

Serum
paraoxonase

activity,
median (IQR)

nmoles/
minute/ml

Matched
Healthy controls (n = 201) 144.3 � 33.4 767 (420–1,464)
Patients with PsA (n = 108) 124.4 � 33.4 639 (366–1,314)
Patients with PsO (n = 84) 111.1 � 25.5 579 (371–1,113)
P, patients versus controls† <0.001 0.073‡

Unmatched
Healthy controls (n = 349) 145.3 � 31.34 745 (937–614)
Patients with PsA (n = 178) 124.9 � 31.6 648 (822–544)
Patients with PsO (n = 108) 112.8 � 26.54 760 (841–538)
P, patients versus controls† <0.001 0.096‡

* Patients with psoriatic arthritis (PsA) and patients with psoriasis
(PsO) were age- and sex-matched to healthy control subjects at a
ratio of 2:1.
† P values were determined by analysis of variance.
‡ Nonparametric data.

Figure 1. Comparison of paraoxonase 1 activity levels in matched
cohorts. Patients with psoriatic arthritis (PsA) (n = 110) and patients
with psoriasis (PsO) (n = 84) were age- and sex-matched at a ratio of 2:1
to healthy control subjects (n = 203). Levels of serum arylesterase (Aryl)
activity and serum paraoxonase (PON) activity were determined.
Results are shown as box plots. Each box represents the 25th to 75th per-
centiles. Lines inside the boxes represent the median. Solid dots inside
the boxes represent the mean. Lines outside the boxes represent the
10th and 90th percentiles. P values were determined by chi-square test.

PON1 ACTIVITY IN PSORIATIC DISEASE 1243



(mean � SD 144.3 � 33.42 lmoles/minute/ml) as well as
in the patients with PsA (mean � SD 124.4 � 33.43
lmoles/minute/ml) and the patients with PsO (mean � SD
111.0 � 25.47 lmoles/minute/ml). This difference in distri-
bution of activity levels was similar to that reported in our
prior literature for paraoxonase and arylesterase activity in
3,668 patients from a general population at risk for CVD
(9).

Correlation of PON1 activity with PsA disease
activity. PsA patients with moderate-to-high disease activ-
ity (defined as either a DAS28-ESR ≥3.2 or a DAS28-CRP
≥2.67) showed statistically significantly lower serum aryles-
terase activity than did those with low disease activity (de-
fined as either a DAS28-ESR <3.2 or DAS28-CRP <2.67)
(mean � SD 122.8 � 30.20 lmoles/minute/ml versus 139.5
� 32.4 lmoles/minute/ml; P = 0.012). Figure 2 shows the
patients with PsA whose serum arylesterase activity fell
within the first 2 quartiles. Patients in this population had
4 times greater odds of having moderate-to-high disease
activity (for arylesterase activity quartile 1, OR 4.11, 95%
CI 1.17–14.4 [P = 0.028]; for arylesterase activity quartile
2, OR 3.66, 95% CI 1.19–11.3 [P = 0.024]). Quartiles of
serum paraoxonase activity, however, showed no associa-
tion with the levels of PsA disease activity.

Furthermore, PsA patients with moderate-to-high
disease activity had a greater percentage of CVD risk fac-
tors than did those with low disease activity as measured
using DAS28 scores. These CVD risk factors included

presence of metabolic syndrome (50% versus 25%; P =
0.021), incident carotid artery plaque (50% versus 24%;
P = 0.041), and low HDL levels (50% versus 20%; P =
0.006) in PsA patients with moderate-to-high disease
activity compared to those with low disease activity.

Although the serum arylesterase activity levels were
not significantly different between DMARD-naive and
DMARD-treated patients, the levels of serum arylesterase
activity did trend lower in those who were DMARD-naive
compared to those who were receiving either nonbiologic,
biologic, or combination DMARD therapy (mean � SD
119.2 � 29.51 lmoles/minute/ml versus 128.7 � 30.64,
125.2 � 35.15, and 128.4 � 28.14 lmoles/minute/ml,
respectively).

Correlation of PON1 activity with extent of CVD
burden and prevalent CVD. Serum arylesterase activity
levels were compared between subgroups of PsA patients
based on varying demographic characteristics, disease
activity levels, pharmacologic treatments, and preexisting
CVD burden, as shown in Table 3. The PsA cohort showed
a statistically significant inverse relationship between lower
serum arylesterase activity levels and increasing FRS scores
of CVD risk (mean � SD 126.8 � 29.01 lmoles/minute/ml
in PsA patients with an FRS of <10%, 117.9 � 37.33
lmoles/minute/ml in PsA patients with an FRS of 10–20%,
and 86.6 � 19.43 lmoles/minutes/ml in PsA patients with
an FRS of ≥20%; P = 0.001). A similar, but not statistically
significant, inverse relationship was seen in PsA patients
with regard to lower median serum paraoxonase activity
levels (median 667.0 lmoles/minute/ml, IQR 544.0–268.0)
with increasing FRS scores (P = 0.051).

Other subgroups of PsA patients showed statisti-
cally significant inverse associations of lower serum aryles-
terase activity levels with increasing age (P = 0.013),
elevated psoriatic disease activity (DAS28 scores, P =
0.012), and increasing CVD burden, including elevated
BMI (P = 0.042) and concomitant metabolic syndrome
(P = 0.004), as well as presence of plaque on carotid artery
ultrasound (P = 0.003) and presence of hypertension (P =
0.014). Arylesterase activity also showed a strong trend
toward lower values in those PsA patients with a history of
CVD (P = 0.066) and, to a lesser extent, among those with
hyperlipidemia and increased CIMT when compared to
those without these CVD burdens.

In contrast, serum paraoxonase activity in the PsA
cohort did not show any statistically significant differences
among these same subgroups (data not shown). Interest-
ingly, analysis of serum paraoxonase and serum arylester-
ase activity in the patients with PsO divided into the same
subgroups as listed in Table 3 also did not show any statis-
tically significant differences with regard to any of the
CVD burden and disease risk factors.

Figure 2. Likelihood of serum arylesterase (Aryl) and paraoxonase
(PON) activity levels being predictive of low or high disease activity
in patients with psoriatic arthritis. Quartile 4 (Q4) (highest disease
activity) is the referent. Disease activity was determined using the
Disease Activity Score in 28 joints using erythrocyte sedimentation
rate (DAS28-ESR) or C-reactive protein level (DAS28-CRP). Low
disease activity was defined as a DAS28-ESR of <3.2 or DAS28-CRP
of <2.67, while moderate-to-high disease activity was defined as a
DAS28-ESR of ≥3.2 or DAS28-CRP of ≥2.67. Results are shown as
odds ratios with 95% confidence intervals (95% CIs)
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Table 3. Serum arylesterase activity levels within subgroups of patients with psoriatic arthritis*

Cohort subgroup
Serum arylesterase activity,

mean � SD lmoles/minute/ml P†

Demographics
Age 0.013
≤45 years (n = 59) 133.2 � 34.1
>45 years (n = 119) 120.7 � 29.6

Sex 0.345
Male (n = 91) 122.7 � 33.1
Female (n = 87) 127.2 � 30.1

Psoriatic disease activity (based on DAS28) 0.012
Low (n = 53)‡ 139.5 � 32.4
Moderate to high (n = 41)‡ 122.8 � 30.2

Disease duration 0.336
<2 years (n = 8) 137.5 � 44.1
2–10 years (n = 38) 120.2 � 30.5
>10 years (n = 123) 126.1 � 31.7

DMARD treatment 0.499
Biologics only (n = 67) 125.2 � 35.2
Nonbiologics only (n = 29) 128.7 � 30.6
Both (n = 36) 128.4 � 28.1
None (n = 46) 119.2 � 29.5

CIMTon ultrasound
Carotid artery plaque

0.003

Yes (n = 36) 110.1 � 33.0
No (n = 68) 129.1 � 29.6

Average CIMT 0.129
≥1 mm (n = 5) 108.8 � 50.6
<1 mm (n = 99) 123.2 � 31.0

Cardiovascular burden
BMI 0.042
<25 kg/m2 (n = 29) 132.4 � 31.5
25–30 kg/m2 (n = 55) 130.1 � 29.0
>30 kg/m2 (n = 91) 119.1 � 32.0

Hypertension§ 0.014
Yes (n = 99) 119.7 � 29.5
No (n = 79) 131.4 � 33.2

Diabetes 0.693
Yes (n = 33) 126.6 � 33.5
No (n = 141) 124.2 � 31.4

Hyperlipidemia 0.191
Yes (n = 60) 120.3 � 28.8
No (n = 112) 126.9 � 33.0

Smoking 0.017
Yes (n = 61) 116.3 � 31.6
No (n = 116) 128.6 � 31.1

Cardiovascular disease 0.066
Yes (n = 16) 114.1 � 35.1
No (n = 162) 125.9 � 31.2

Metabolic syndrome 0.004
Yes (n = 61) 116.0 � 31.9
No (n = 86) 131.3 � 30.8

Framingham Risk Score¶ 0.001
<10% (n = 109) 126.8 � 29.0
10–20% (n = 17) 117.9 � 37.3
≥20% (n = 8) 86.6 � 19.4

* DMARD = disease-modifying antirheumatic drug; CIMT = carotid intima-media thickness;
BMI = body mass index.
† P values less than 0.05 were considered significant.
‡ Based on the Disease Activity Score in 28 joints (DAS28), low disease activity was defined as a
DAS28 with erythrocyte sedimentation rate (DAS28-ESR) of <3.2 or DAS28 with C-reactive pro-
tein level (DAS28-CRP) of <2.67, and moderate-to-high disease activity was defined as a DAS28-
ESR of ≥3.2 or DAS28-CRP of ≥2.67.
§ Hypertension was defined as a systolic blood pressure of ≥130 mm Hg and diastolic blood pres-
sure of ≥85 mm Hg or pharmacologic treatment for hypertension.
¶ The Framingham 10-year Risk Score for cardiovascular disease from the Third Adult Treat-
ment Panel of the National Cholesterol Education Program.
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Table 4 compares the prevalence of moderate-to-
high disease activity and CVD burdens in PsA patients
according to quartiles of serum arylesterase activity levels.
Compared to patients in the fourth quartile (147–201
lmoles/minute/ml), patients in the first quartile of
serum arylesterase activity (53–101 lmoles/minute/ml)
had scores indicating more severe functional impairment
and disease activity, as determined by the HAQ DI, VAS
severity assessments, DLQI, and PsAQoL scores. Further-
more, a larger percentage of patients in the first quartile
than in the fourth quartile of serum arylesterase activity
had CV comorbidities (metabolic syndrome, hyperten-
sion, and hyperlipidemia) and a higher FRS (median 6.0,

IQR 2.0–12.0 versus median 2.0, IQR 1.0–4.0; P = 0.005).
Patients in the first quartile of serum arylesterase activity
also had a higher BMI and greater waist circumference
and waist-to-hip ratio, all which indicate a higher risk of
obesity. Taken together, these data suggest that there is
an inverse association between serum arylesterase activity
and the extent of disease activity as well as frequency of
CV comorbidities in patients with PsA.

In the PsA cohort, statistically significant inverse
correlations were found between serum arylesterase activ-
ity levels and the following continuous variables of
increasing CVD burden and psoriatic disease severity:
age, BMI, HAQ DI, and DLQI QoL scores, waist-to-hip

Table 4. Association between psoriatic arthritis disease risk factors and quartiles of serum arylesterase activity levels*

Characteristic

Serum arylesterase level

P, quartile 1
vs. quartile 4†

Quartile 1
(range 53–101

lmoles/minute/ml)
(n = 43)

Quartile 2
(range 102–122

lmoles/minute/ml)
(n = 46)

Quartile 3
(range 123–146

lmoles/minute/ml)
(n = 44)

Quartile 4
(range 147–201

lmoles/minute/ml)
(n = 45)

Demographics
Male, no. (%) 26 (60.5) 18 (39.1) 24 (54.5) 23 (51.1) 0.377
Age, years 50.8 � 12.76 53.4 � 12.25 50.4 � 10.57 46.3 � 10.74 0.078

Disease activity and functional assessments
Disease duration, median (IQR) years 17.1 (9.00–27.03) 14.8 (8.9–30.2) 24.7 (15.5–37.9) 16.6 (8.6–22.0) 0.429
DAS28-CRP, median (IQR) 2.79 (1.42–3.43) 2.28 (0.74–3.80) 1.05 (0.47–2.17) 1.22 (0.42–1.90) 0.014
Remission, %‡ 38.89 57.69 82.61 78.13

0.025Low activity (DAS28), %‡ 22.22 11.54 8.70 6.25
Moderate activity (DAS28), %‡ 33.33 26.92 8.70 12.50
High activity (DAS28), %‡ 5.56 3.85 0.00 3.13
74-joint tender joint count, median (IQR) 4.0 (0.00–15.00) 3.0 (0.00–11.00) 2.0 (0.00–6.00) 2.0 (0.00–14.00) 0.949
76-joint swollen joint count, median (IQR) 2.0 (0.00–13.00) 2.0 (0.00–12.00) 2.0 (0.00–4.50) 1.0 (0.00–5.00) 0.210
Global disease severity, median (IQR) mm§ 45.0 (20.0–68.0) 23.0 (11.0–59.0) 22.5 (7.0–47.0) 15.0 (8.0–40.0) 0.018
Joint disease severity, median (IQR) mm§ 30.5 (11.0–57.0) 17.0 (9.0–45.0) 11.5 (4.0–34.0) 9.0 (4.00–31.0) 0.027
Skin disease severity, median (IQR) mm§ 33.0 (7.0–68.0) 16.0 (3.0–37.0) 9.5 (4.0–20.0) 14.0 (6.0–28.0) 0.137
HAQ DI, median (IQR) 0.62 (0.25–1.25) 0.62 (0.25–1.25) 0.31 (0.00–0.94) 0.19 (0.00–0.62) 0.016
DLQI, median (IQR) 3.00 (2.00–9.00) 3.0 (1.0–8.0) 1.50 (0.00–6.00) 2.00 (1.00–3.00) 0.032

CVD burden and risk assessments
BMI, kg/m2 33.4 � 8.39 32.6 � 8.88 32.6 � 7.59 28.7 � 6.62 0.005
Waist circumference, cm 110.3 � 21.0 106.7 � 20.3 104.6 � 12.3 95.6 � 15.9 <0.001
Waist-to-hip ratio 0.96 � 0.08 0.94 � 0.08 0.94 � 0.07 0.90 � 0.10 0.002
History of diabetes, % 17.1 17.4 21.4 16.3 0.922
Metabolic syndrome, % 55.6 44.7 45.7 21.1 0.002
Hypertension, % 43.9 41.3 35.7 18.6 0.012
Hyperlipidemia, % 48.8 28.3 35.7 27.9 0.049
History of CVD, % 18.6 8.7 0.0 8.9 0.184
10-year CVD Risk Score, median (IQR) % 6.0 (2.0–12.0) 4.0 (2.0–6.0) 3.0 (1.0–5.0) 2.0 (1.0–4.0) 0.005
Smoking (current), % 51.2 28.3 28.6 23.3 0.008

Laboratory tests
ESR, median (IQR) mm/hour 8.50 (3.50–9.50) 9.0 (4.50–14.00) 6.0 (2.00–18.00) 5.0 (3.00–11.00) 0.367
CRP, median (IQR) mg/dl 0.40 (0.18–1.15) 0.50 (0.140–1.280) 0.31 (0.10–0.80) 0.10 (0.10–0.30) <0.001
Triglycerides, median (IQR) mg/dl 121 (89–210) 122 (93–163) 123 (84–177) 95 (77–186) 0.193
HDL, mg/dl 44.9 � 14.32 49.6 � 11.87 51.7 � 11.33 56.8 � 15.54 0.002
LDL, mg/dl 102.2 � 34.59 115.1 � 28.73 122.8 � 35.59 116.9 � 36.97 0.102

* Except where indicated otherwise, values are the mean � SD. All percentages are reported as the percentage within each quartile. IQR = interquartile
range; HAQ DI = Health Assessment Questionnaire disability index; DLQI = Dermatology Life Quality Index; CVD = cardiovascular disease; BMI =
body mass index; ESR = erythrocyte sedimentation rate; HDL = high-density lipoprotein; LDL = low-density lipoprotein.
† P values less than 0.05 were considered significant.
‡ Remission was defined as a Disease Activity Score in 28 joints using C-reactive protein level (DAS28-CRP) of <2.6, low disease activity as a
DAS28-CRP of ≥2.6 to <3.2, moderate disease activity as a DAS28-CRP of ≥3.2 to <5.1, and high disease activity as a DAS28-CRP of ≥5.1.
§ Patient’s and clinician’s assessments of disease severity on 0–100-mm visual analog scales.
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ratios, FRS, disease activity (DAS28 and CDAI scores),
and clinician- and patient-reported VAS scores of global
disease severity and severity of joint and skin disease (cor-
relations ranging from r = �0.191 to r = �0.309 [P < 0.001
to P < 0.031]). A statistically significant positive correla-
tion was seen between serum arylesterase activity and the
SF-12 MCS and SF-12 PCS QoL scores, as well as the
HDL and LDL levels (correlations ranging from r = 0.164
to r = 0.373 [P < 0.001 to P < 0.045]). In contrast, there
were few correlations between the serum paraoxonase
activity levels and any of these variables in the PsA cohort.
Moreover, in the PsO cohort, there were no correlations
of any of these variables with serum paraoxonase or
serum arylesterase activity levels.

DISCUSSION

To our knowledge, this is the first study to evaluate
PON1 activity levels in a large cohort of psoriatic disease
patients. In addition, we were able to investigate correla-
tions between PON1 activity and measures of systemic
inflammation, psoriatic disease activity, and CVD burden
in these patient populations. In our study, both patients
with PsO and patients with PsA had significantly lower
serum arylesterase activity, as determined by assays of
PON1 enzymatic activity, when compared to healthy con-
trols (P = 0.001). In particular, in the PsA cohort, we
demonstrated that lower arylesterase activity, but not
paraoxonase activity, was associated with elevations in dis-
ease activity, increasing CVD burden, and worse QoL
scores. These associations were not seen in the PsO
cohort. Even though epidemiologic studies have shown
that PsA patients can be seen as a population at high risk
of developing atherosclerosis, these measures of HDL-
associated PON1 enzymatic activity may provide the
mechanistic link between increased oxidative stress and
CVD burden.

Published research suggests that the systemic bur-
den of inflammation, along with oxidative stress, plays a
crucial role in enhancing CVD risk in psoriatic diseases.
A critical factor in the pathogenesis of atherosclerosis
may be the antioxidant, antiinflammatory, and antiathero-
genic function of HDL cholesterol, and not its absolute
plasma levels (5–7). HDL particles inhibit LDL oxidation
and prevent cytokine-induced vascular inflammation,
endothelial activation, coagulation, and platelet aggrega-
tion. Nevertheless, results of large clinical trials that have
been focused on the effects of raising HDL levels have
not shown this approach to be cardioprotective (37).
Results of numerous research studies now suggest that
measures of the oxidative conversion of the antiathero-
genic properties of HDL to proatherogenic properties are

a better reflection of the progression of atherosclerotic
disease processes than is fluctuation in the levels of HDL
alone (38,39). These findings and the recent acknowl-
edgement that chronic heart failure may be a form of
chronic systemic inflammatory disease of the vasculature
(40–42) suggests that the psoriatic disease process may
facilitate an increase in dysfunctional HDL levels, which
acts to enhance vascular inflammation, lipid oxidation,
plaque growth, and thrombosis as a result of changes in
specific enzyme and protein components.

The antioxidant activity of HDL particles can be
attributed in large part to the PON1 family of enzymatic
proteins, which are structurally and functionally associ-
ated with HDL and act to promote its atheroprotec-
tive properties by hydrolytic activity toward oxidized
lipids. HDL antioxidant activity is best measured by
arylesterase and paraoxonase activity assays. Dimin-
ished arylesterase and paraoxonase activity is considered
to be a biomarker of increased systemic oxidative stress,
and leads to conversion of HDL to a dysfunctional proin-
flammatory and proatherogenic state (8). Studies in at-
risk patients in the general population have shown a rela-
tionship between diminished arylesterase activity and
increased CVD risk in humans (43–46), and one study
recently found that this can be predictive of the develop-
ment of major adverse cardiovascular events (MACEs)
(defined as death, nonfatal MI, or nonfatal cerebrovascu-
lar accident) (9). The fact that paraoxonase activity, as
compared to arylesterase activity, was a weaker predictor
of the development of CVD in these at-risk populations
supports our finding that paraoxanase activity levels
trended lower but were not significantly decreased in pso-
riatic disease patients and lacked associations with CVD
burden. These data elucidate the role of increased HDL
dysfunction in psoriatic disease patients as a possible
mechanism underlying the increase in CVD risk. Further-
more, these findings support the notion that serum aryles-
terase activity, and not serum paraoxanase activity, is a
potential biomarker for identifying those at risk for CVD.

These findings are supported by studies within
other immune-mediated disease states, such as RA and
SLE. A study of 45 women with SLE and 48 with RA
showed an increased incidence of oxidized, proinflamma-
tory HDL in SLE (45%) with increasing prevalence fur-
ther up to 86.7% in those with concurrent carotid plaque,
as compared to that in patients with RA (incidence of
20%) and that in healthy control subjects (incidence
of 4%). In a follow-up study of 276 women with SLE,
the presence of proinflammatory HDL contributed up
to a 17-fold increase in the likelihood of developing
atherosclerosis, suggesting that measures of dysfunctional
HDL may be an effective method for the prediction of
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those patients who could be considered to be at risk for
the development of atherosclerosis (47,48). In a study of
29 patients with juvenile idiopathic arthritis, decreased
arylesterase activity levels and alterations in measures of
HDL particle cholesterol transport and endothelial cell
migration activities were observed (49). In patients with
PsO, studies have yielded more mixed results, showing
that PON1 activity could be either increased (21) or
decreased (20) when compared to controls, while another
study found no difference in PON1 activity in PsO
patients compared to controls (19). Three reports on
PON1 activity in patients with AS were also conflicting,
with 1 study showing no difference from controls (23) and
2 studies showing a significant decrease in PON1 activity
compared to controls (24,25). The present study is the
first, to our knowledge, to report on serum PON1 activity
levels in patients with PsA and their potential role as a
predictor of increased CVD risk in the psoriatic disease
population.

In this study, PsA patients with moderate-to-high
disease activity demonstrated significantly lower serum
arylesterase activity (P = 0.012) when compared to PsA
patients with low disease activity (P < 0.05). Lower aryles-
terase activity was also associated with greater CVD bur-
den, such as worsened FRS scores, increased BMI,
concomitant metabolic syndrome, presence of hyperten-
sion, current smoking, prior CVD, increased CIMT, and
presence of carotid artery plaque (each P < 0.05). Decreas-
ing arylesterase activity levels also showed a significant lin-
ear correlation (P < 0.04) with lower QoL scores (HAQ
DI, SF-12, and DLQI). These results are consistent with
those in previous studies demonstrating elevated markers
of subclinical atherosclerosis, such as measurements of
CIMT, in PsA patients with high disease activity (50,51).

The group of PsA patients with values in the lowest
quartile of serum arylesterase activity had significantly
worse disease severity, had a lower percentage with disease
in remission (P < 0.04), and had lower QoL as measured
by the PsAQoL, HAQ DI, and SF-12 scores (P < 0.05).
Patients in the lowest quartile of serum arylesterase activity
also showed higher CVD burden, manifested by signifi-
cantly higher FRS scores, higher waist-to-hip ratios, and
higher frequencies of metabolic syndrome, hypertension,
and hyperlipidemia (P < 0.05).

The association of PON1 activity with apolipopro-
tein A-I (Apo A-I) and HDL levels is very complex, and
the assumption that PON1 activity is solely associated
with HDL levels is being challenged by research. PON1
(arylesterase) activity is an independent determinant of
serum HDL and Apo A-I concentrations. This has been
measured in studies assessing correlations of paraoxonase
and arylesterase levels with systemic oxidative stress and

prospective CVD risk, demonstrating a potential mecha-
nism for the atheroprotective function of PON1. These
activity measures have been validated as being signifi-
cantly associated with the antioxidant effect of PON1.
Measuring changes in PON1 mass via Western blotting or
enzyme-linked immunosorbent assay (ELISA) is a rela-
tively poor indicator of PON1 activity, due to the fact that
PON1 is known to be highly susceptible to inactivation by
oxidative stress.

A previous study by our group and others provided
direct evidence to indicate that a PON1 gene polymor-
phism can significantly affect paraoxanase activity levels
within the general population (43). Arylesterase activity,
however, showed much lower genetic determination, sug-
gesting that arylesterase activity may serve as a more sensi-
tive predictor than paraoxonase activity for identifying
increased CVD risk in psoriatic disease patients, and is
most likely the cause for the large standard deviation in
paraoxonase activity levels reported in PsA and PsO
cohorts (9,43–45). Another potential explanation may be
that PON1 is known to be susceptible to oxidative inactiva-
tion, and PON1 activity measures are a better predictor of
oxidative stress and CVD risks than is ELISA (mass-based)
for measurement of PON1. Indeed, we have previously
shown that PON1, myeloperoxidase (MPO) (a leukocyte-
derived enzyme that generates reactive oxidant species),
and HDL form a functional ternary complex, with MPO
activity directly impacting and inhibiting PON1, and con-
versely, the presence of PON1 impacting and inhibiting
MPO activity (i.e., there is reciprocal regulation of activity).

Paradoxically, even though patients in the PsA
cohort had a greater preponderance of factors indicative
of elevated CVD risk when compared to patients in the
PsO cohort, such as worse QoL as measured using the
HAQ DI, DLQI, and SF-12 PCS (P < 0.001), greater
BMI (P = 0.01), higher CRP levels (P = 0.001), and con-
comitant metabolic syndrome, hypertension, and diabetes
(P < 0.04), as well as a higher frequency of prior CV pro-
cedures (P = 0.045), the PsO cohort had a significantly
lower serum arylesterase activity level than did the PsA
cohort (mean � SD 112.8 � 26.5 lmoles/minute/ml ver-
sus 124.9 � 31.6 lmoles/minute/ml; P < 0.001). In addi-
tion to these baseline cohort differences, the strong
statistically significant correlations between serum aryles-
terase activity levels and disease activity measures, history
of CVD burden, and lower QoL measures in the PsA
cohort were not seen in the PsO cohort, nor were they
seen in the PsO cohort in relation to serum paraoxonase
enzymatic activity levels.

While these differences may be partially explained
by the longer disease durations (P = 0.001) and average
older age (P = 0.002) of patients in the PsA group
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compared to the PsO group, another explanation may be
that disease activity was low in the PsA cohort. The PsA
cohort had significantly higher DMARD use when com-
pared to the PsO cohort. In the PsA cohort, ~70% of
patients were being treated with DMARDs (with ~50%
of those being biologic DMARDs), while only 24% of the
PsO cohort were being treated with DMARDs. As a
result, the PsA cohort had a relatively low disease activity
level, with fewer than 5% of patients displaying high dis-
ease activity (DAS28-CRP >5.1). Ongoing studies investi-
gating the effects of biologic and nonbiologic DMARDs
on measures of oxidative stress, endothelial dysfunction,
and CVD risk may eventually explain our paradoxical
findings in psoriatic disease. It is also yet to be determined
whether these short-term measures of PON1 activity will
help predict the risk of incident MACEs longitudinally.

The present study would have been strengthened
by the use of a PsA-specific composite measure. Since
there is no consensus with regard to the optimal compos-
ite measure for PsA at this time, the DAS28 was used in
our study. Although paraoxone and phenyl acetate have
been validated as relevant substrates in PON1 activity
assays, another limitation is that other potential PON1
activity substrates, such as lactones, which are considered
physiologically relevant to PON1 activity, were not used.

In summary, identifying clinically useful and rele-
vant measures of HDL dysfunction through measures of
PON1 activity may lead to potential risk stratification, a
strategy that is needed in caring for patients with psori-
atic diseases. Clinical research supports the association
between PON1 activity and CVD in the general popula-
tion, and suggests that there is a link to heightened
oxidative stress and psoriatic disease. In this study, we
focused on biomarkers of the oxidative stress–induced
dysfunction of those constituents of HDL that play anti-
inflammatory and antioxidant roles in psoriatic disease.

Our results show that both the serum arylesterase
and serum paraoxonase enzymatic activity levels are
decreased in PsO and PsA patients relative to healthy
controls. However, only arylesterase activity levels corre-
lated with disease severity and CVD burden in the PsA
cohort. Arylesterase activity, and not paraoxanase activity,
was a more sensitive predictor of the increased CVD risk
observed in PsA patients, most likely due to the fact that
paraoxanase activity levels within the general population
are a greater genetic determinant than are arylesterase
activity levels. The lower PON1 activity levels seen in PsO
patients as compared to PsA patients may be a reflection
of inherent mechanistic differences in the preatheroscle-
rotic pathology of the 2 diseases. These data therefore
suggest that serum arylesterase activity may be used as an
additional CV risk stratification tool that would allow for

earlier implementation of CVD preventative diagnostics
and therapeutics in subsets of PsA patient populations.
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BRIEF REPORT

Lupus—An Unrecognized Leading Cause of Death in Young Females: A
Population-Based Study Using Nationwide Death Certificates, 2000–2015

Eric Y. Yen and Ram R. Singh

Objective. Mortality statistics from the Centers
for Disease Control and Prevention (CDC) are used for
planning health care policy and allocating resources. The
CDC uses these data to compile its annual ranking of
leading causes of death based on a selected list of 113
causes. Systemic lupus erythematosus (SLE) is not
included on this list. Since the ranking is a useful tool for
assessing the relative burden of cause-specific mortality,
this study was undertaken to rank SLE deaths among the
CDC’s leading causes of death to see whether SLE is a
significant cause of death among females.

Methods. Death counts for the female population
of the US were obtained from the CDC’s Wide-ranging
Online Data for Epidemiologic Research database and
then grouped by age and race/ethnicity. Data on the lead-
ing causes of death were obtained from the Web-based
Injury Statistics Query and Reporting System database.

Results. During 2000–2015, there were 28,411
deaths of females with SLE recorded as an underlying or
contributing cause of death. SLE ranked among the top
20 leading causes of death in females between 5 and 64
years of age. SLE ranked tenth among those ages 15–24
years, fourteenth among those ages 25–34 years and 35–
44 years, and fifteenth among those ages 10–14 years. For
African American and Hispanic females, SLE ranked
fifth among those ages 15–24 years, sixth among those
ages 25–34 years, and eighth or ninth among those ages
35–44 years, after the 3 common external injury causes of
death were excluded from the analysis.

Conclusion. SLE is among the leading causes of
death in young females, underscoring its impact as an
important public health issue.

Systemic lupus erythematous (SLE) is a chronic
inflammatory disease that predominantly affects
females and can involve virtually any organ. We
recently analyzed secular trends and population charac-
teristics associated with SLE mortality using the US
nationwide mortality database comprising 62,843 deaths
from SLE, of which 84% were in females (1). We
found that although SLE mortality rates have
decreased over the past 5 decades, they remain high
relative to the mortality rate for all causes other than
SLE (non-SLE). In fact, the ratio of the SLE mortality
rate to the non-SLE mortality rate was 34.6% higher in
2013 than in 1968. Thus, SLE mortality remains high in
the US population.

The National Vital Statistics System of the Cen-
ters for Disease Control and Prevention (CDC) main-
tains a mortality database, with data provided by
various jurisdictions that are legally responsible for the
registration of vital events and information extracted
from death certificates. This database encompasses
more than 99% of the deaths of US residents in all 50
states and the District of Columbia. Mortality statistics
data from this database serve as important indicators
of the health of the US population and are used to
estimate the burden of specific diseases. Mortality
statistics are also used for health care policy planning
and resource allocation.

Using the National Vital Statistics System mor-
tality database, the CDC compiles an annual leading
causes of death ranking based on a selected list of 113
causes (2). SLE is not included on this list. The cause
of death ranking is a useful tool for assessing the rela-
tive burden of cause-specific mortality. Hence, we
ranked SLE deaths among the CDC’s leading causes of
death to determine the relative burden of SLE deaths
in females.
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SUBJECTS AND METHODS

We conducted a population-based study using nation-
wide mortality counts for all female residents of the US from
2000 to 2015. Data on SLE deaths were obtained from the
CDC Wide-ranging OnLine Data for Epidemiologic Research
(WONDER) Multiple Cause of Death database (3). Death
certificates in the US provide the International Classification of
Diseases (ICD) code for the underlying or contributing causes
of death (see Supplementary Figure 1, available on the Arthritis
& Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40512/abstract). The underlying cause of death is
defined as “the disease or injury that initiated the events result-
ing in death” (4). The contributing causes of death are defined
as “other significant conditions contributing to death but not
resulting in the underlying cause.” Deaths were attributed to
SLE if an ICD-10 code for SLE (M32 [SLE], M32.1 [SLE with
organ or system involvement], M32.8 [other forms of SLE], or
M32.9 [SLE, unspecified]) was listed as an underlying or con-
tributing cause of death on the death certificate.

Age, race, and ethnicity were ascertained using stan-
dard methods described in the CDC’s Vital Statistics techni-
cal appendix (5). Race was classified as white, black or
African-American, Asian or Pacific Islander, or American
Indian or Alaska Native. Ethnicity was classified as Hispanic
or non-Hispanic.

Death counts were obtained, using WONDER, in the
female population of the US by age groups and race/ethnicity.
Data on the leading causes of death were obtained from the
CDC WONDERWeb-based Injury Statistics Query and Report-
ing System database (3).

RESULTS

During 2000–2015, there were a total of 28,411
deaths of females with SLE recorded as the underlying
or a contributing cause of death. The largest number of
SLE deaths was in the group ages 65 years and older
(Table 1). There were 8 SLE deaths among those ages
0–4 years, 18 among those ages 5–9 years, and 78
among those ages 10–14 years.

The ranking of SLE deaths relative to the 20 offi-
cial leading causes of death in females is displayed in
Table 1. SLE is among the top 20 leading causes of death
in females between 5 and 64 years of age. SLE ranked
tenth among those ages 15–24 years, fourteenth among
those ages 25–34 years and those ages 35–44 years, and
fifteenth among those ages 10–14 years. In those ages
15–24 years, SLE was the number one cause of death
among chronic inflammatory diseases, ranking higher
than diabetes mellitus, HIV, chronic lower respiratory dis-
ease, nephritis, pneumonitis, and liver disease.

Since the SLE mortality rate is independently asso-
ciated with female sex and nonwhite race (1), we assessed

the relative burden of SLE mortality in minority females
of reproductive age (Figure 1). To focus on the organic
causes of death, the 3 common external injury causes of
death, namely, unintentional injury, homicide, and sui-
cide, were excluded from this analysis. For females of all
races/ethnicities, SLE ranked seventh as the leading cause
of death among those ages 15–24 years and eleventh
among both those ages 25–34 years and those ages 35–44
years. Among black and Hispanic females, the rankings
for SLE were higher: fifth among those ages 15–24 years,
sixth among those ages 25–34 years, and eighth or ninth
among those ages 35–44 years.

DISCUSSION

This study illustrates that SLE is among the lead-
ing causes of death in young females. The actual rankings
of SLE are likely even higher, because SLE may not be
recorded on the death certificate for as many as 40% of
patients with SLE in the US (6). Furthermore, the rank-
ings of some other leading causes of death may be higher
than their actual rank; for example, death certificates tend
to overestimate cardiovascular disease mortality (7). The
underreporting of SLE on death certificates may occur
because patients with SLE die prematurely of complica-
tions such as cardiovascular events, infections, renal fail-
ure, and respiratory diseases (8). These proximate causes
of death may be perceived to be unrelated to SLE, when
in fact the disease or the medications used for it predis-
pose to them. At the time of death, many SLE patients
may be under the care of physicians who may have a lim-
ited awareness of SLE as the underlying cause of death.
For example, 86% of 2,314 SLE deaths in Sweden
occurred in hospital units other than rheumatology (9).
Thus, many SLE patients may have only the proximate
causes of death, and not SLE, recorded on their death
certificates. Understanding the burden of SLE deaths will
help improve this knowledge gap in health care workers.
An awareness campaign to educate primary care physi-
cians and internists about the multiorgan complications of
SLE and its varying presentations at the time of death
may be helpful in future studies to assess the true burden
of SLE mortality.

We recently described a multiple regression analy-
sis of SLE mortality risk stratified by race/ethnicity (1).
That analysis showed that SLE mortality risk was higher
in females than in men in all races/ethnicities, but both
the adjusted odds ratio (OR) and predicted annual mor-
tality differences were largest in African Americans, fol-
lowed by Hispanics. The adjusted ORs for females
relative to males were 6.49 (95% confidence interval
[95% CI] 6.02–7.00) in African Americans, 5.81 (95% CI
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5.19–6.51) in Hispanics, and 4.62 (95% CI 4.37–4.88) in
whites. Consistently, SLE ranked higher among the lead-
ing causes of death in nonwhite females. Our data likely
underestimate the true disease burden in minorities, given
the underascertainment and underrecording of SLE
deaths in less well-educated ethnic minorities (10) and
uninsured patients (6). The higher rankings of SLE deaths
in minority females are unlikely to be artifacts from mis-
classification of cause of death, because greater underre-
porting of SLE as the cause of death in underprivileged
groups (6,10) would lead to greater underestimation of
SLE deaths in the groups in which we found the ranking
to be higher, namely African Americans and Hispanics.
The difficulty in ascertaining the accuracy of the

physician’s coding on death certificates still remains an
important limitation of this study. However, it is less likely
that SLE would be recorded as a cause of death on the
death certificates of those who did not have SLE.

Several studies have suggested that older age is
associated with lack of recording of SLE on death certifi-
cates. In the LUpus in MInorities, NAture versus nurture
(LUMINA) and Carolina Lupus Study cohorts, age at
death was significantly higher among those for whom SLE
was omitted on the death certificate compared to those
who had SLE included on the death certificate (mean �
SD 50.9 � 15.6 years versus 39.1 � 18.6 years; P = 0.005;
n = 76 SLE deaths) (6). The age at death was also signifi-
cantly higher for SLE decedents who did not have SLE

Figure 1. Leading causes of deaths of females of reproductive age by race/ethnicity and age. The ranking of systemic lupus erythematosus (SLE)
relative to the 10 official leading causes of death in females of reproductive age in the US from 2000 to 2015 is shown. Rankings are shown for
females of all races, non-Hispanic black females, and Hispanic females in each age group. SLE deaths include cases where SLE was listed as the
underlying or contributing cause of death using International Statistical Classification of Diseases and Related Health Problems, Tenth Revision
(ICD-10) code M32. (All deaths since 1999 have been coded using ICD-10.) To focus on the organic causes of death, we excluded the external
injury causes of death, namely, unintentional injury, homicide, and suicide, from this analysis. CLRD = chronic lower respiratory disease.
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recorded on the death certificate compared to those who
did in the Georgia Lupus Registry (mean � SD 55.5 �
16.4 years versus 44.4 � 17.6 years; P < 0.0001; n = 321
SLE deaths) (11). In a Swedish population-based study
that included 1,802 SLE deaths, decedents 60–79 years
old at death were ~2.5 times as likely to have SLE missing
from their death certificates than those younger than 40
years (OR 2.48 [95% CI 1.34–4.58]) (12). Those studies
also found that SLE patients who died of cancer or a car-
diovascular event were more likely to be in the unre-
corded group (6,12). Thus, the lower placement of SLE in
the ranking of leading causes of death in older age groups
may be due to omission of SLE on the death certificates
of SLE decedents whose proximate causes of death were
cancer or cardiovascular events.

Our findings underscore that SLE is an important
public health issue among young females, which should
be addressed by targeted public health and research pro-
grams. Increasing awareness among pediatricians and pri-
mary care physicians about the importance of early
diagnosis and better management of SLE may help to
reduce the high burden of SLE mortality. In recognition
of the high mortality of SLE, in 2016 the National Insti-
tutes of Health increased research funding for SLE to $97
million annually. This is in comparison to $1,084 million
for diabetes mellitus and $3,780 million for HIV (13). In
light of our data showing a higher burden of SLE mortal-
ity in younger females than previously perceived, further
increases in research funding for SLE are warranted.

In conclusion, the inclusion of SLE in the CDC’s
selected list of causes of death for the annual ranking would
highlight the importance of this disease as a major cause of
death in young females. The recognition of SLE as a lead-
ing cause of death may influence physicians’ coding on
death certificates, CDC reporting of death burden, govern-
ment policy, and government research funding, which may
eventually help to reduce the disease burden of SLE.

ACKNOWLEDGMENT

We sincerely thank Dr. Jennifer Grossman for criti-
cally reading the manuscript.

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. Singh 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. Yen, Singh.
Acquisition of data. Yen, Singh.
Analysis and interpretation of data. Yen, Singh.

REFERENCES

1. Yen EY, Shaheen M, Woo JM, Mercer N, Li N, McCurdy DK,
et al. 46-year trends in systemic lupus erythematosus mortality in
the United States, 1968 to 2013: a nationwide population-based
study. Ann Intern Med 2017;167:777–85.

2. Centers for Disease Control and Prevention. Deaths: leading
causes for 2014. URL: https://www.cdc.gov/nchs/data/nvsr/nvsr65/
nvsr65_05.pdf.

3. Centers for Disease Control and Prevention. WONDER online
databases. URL: https://wonder.cdc.gov/.

4. Centers for Disease Control and Prevention. Section I: instruc-
tions for classifying the underlying cause of death. ICD-10 mor-
tality manual 2a. Hyattsville (MD): Centers for Disease Control
and Prevention; 2015.

5. Centers for Disease Control and Prevention. Vital statistics of
the United States: mortality: technical appendix. Atlanta: Centers
for Disease Control and Prevention. URL: http://www.cdc.gov/nchs/
data/statab/techap99.pdf.

6. Calvo-Alen J, Alarcon GS, Campbell R Jr, Fernandez M,
Reveille JD, Cooper GS. Lack of recording of systemic lupus ery-
thematosus in the death certificates of lupus patients. Rheuma-
tology (Oxford) 2005;44:1186–9.

7. Coady SA, Sorlie PD, Cooper LS, Folsom AR, Rosamond WD,
Conwill DE. Validation of death certificate diagnosis for coronary
heart disease: the Atherosclerosis Risk in Communities (ARIC)
Study. J Clin Epidemiol 2001;54:40–50.

8. Thomas G, Mancini J, Jourde-Chiche N, Sarlon G, Amoura Z,
Harl�e JR, et al. Mortality associated with systemic lupus erythe-
matosus in France assessed by multiple-cause-of-death analysis.
Arthritis Rheumatol 2014;66:2503–11.

9. Bjornadal L, Yin L, Granath F, Klareskog L, Ekbom A. Cardio-
vascular disease a hazard despite improved prognosis in patients
with systemic lupus erythematosus: results from a Swedish popu-
lation based study 1964–95. J Rheumatol 2004;31:713–9.

10. Ward MM. Education level and mortality in systemic lupus ery-
thematosus (SLE): evidence of underascertainment of deaths due
to SLE in ethnic minorities with low education levels. Arthritis
Rheum 2004;51:616–24.

11. Kaysen K, Drenkard C, Bao G, Lim SS. Death certificates do not
accurately identify SLE patients [abstract]. Arthritis Rheumatol
2017;69 Suppl 10. URL: http://acrabstracts.org/abstract/death-
certificates-do-not-accurately-identify-sle-patients/.

12. Falasinnu T, Rossides M, Chaichian Y, Simard JF. Do death certifi-
cates underestimate the burden of rare diseases: the example of sys-
temic lupus erythematosus mortality in Sweden [abstract]. Arthritis
Rheumatol 2017;69 Suppl 10. URL: http://acrabstracts.org/abstract/
do-death-certificates-underestimate-the-burden-of-rare-diseases-
the-example-of-systemic-lupus-erythematosus-mortality-in-sweden/.

13. National Institutes of Health. Estimates of Funding for Various
Research, Condition, and Disease Categories (RCDC). May
2018. URL: https://report.nih.gov/categorical_spending.aspx#lege
nd8.

THE RELATIVE BURDEN OF LUPUS MORTALITY 1255

https://www.cdc.gov/nchs/data/nvsr/nvsr65/nvsr65_05.pdf
https://www.cdc.gov/nchs/data/nvsr/nvsr65/nvsr65_05.pdf
https://wonder.cdc.gov/
http://www.cdc.gov/nchs/data/statab/techap99.pdf
http://www.cdc.gov/nchs/data/statab/techap99.pdf
http://acrabstracts.org/abstract/death-certificates-do-not-accurately-identify-sle-patients/
http://acrabstracts.org/abstract/death-certificates-do-not-accurately-identify-sle-patients/
http://acrabstracts.org/abstract/do-death-certificates-underestimate-the-burden-of-rare-diseases-the-example-of-systemic-lupus-erythematosus-mortality-in-sweden/
http://acrabstracts.org/abstract/do-death-certificates-underestimate-the-burden-of-rare-diseases-the-example-of-systemic-lupus-erythematosus-mortality-in-sweden/
http://acrabstracts.org/abstract/do-death-certificates-underestimate-the-burden-of-rare-diseases-the-example-of-systemic-lupus-erythematosus-mortality-in-sweden/
https://report.nih.gov/categorical_spending.aspx#legend8.
https://report.nih.gov/categorical_spending.aspx#legend8.


Efficacy and Safety of Subcutaneous Belimumab in
Anti–Double-Stranded DNA–Positive, Hypocomplementemic

Patients With Systemic Lupus Erythematosus

A. Doria,1 W. Stohl,2 A. Schwarting,3 M. Okada,4 M. Scheinberg,5 R. van Vollenhoven,6

A. E. Hammer,7 J. Groark,8 D. Bass,8 N. L. Fox,9 D. Roth,8 and D. Gordon8

Objective. To investigate the efficacy and safety of
belimumab, a human immunoglobulin monoclonal anti-
body against B lymphocyte stimulator, in a subset of
patients with systemic lupus erythematosus (SLE) who
were hypocomplementemic (C3 <90 mg/dl and/or C4 <10
mg/dl) and anti–double-stranded DNA (anti-dsDNA)
positive (≥30 IU/ml) at baseline.

Methods. In this phase III, double-blind, placebo-
controlled study (BEL112341; ClinicalTrials.gov identifier:
NCT01484496), patients with moderate to severe SLE
(Safety of Estrogens in Lupus Erythematosus National
Assessment version of the Systemic Lupus Erythematosus
Disease Activity Index [SELENA–SLEDAI] score ≥8) were
randomized (2:1) to receive weekly subcutaneous (SC) beli-
mumab 200 mg or placebo, plus standard SLE therapy, for
52 weeks. The primary end point was SLE Responder
Index 4 (SRI-4) response rate at week 52. Secondary end
points were time to severe flare and reduction in corticosteroid
dose (weeks 40–52). Safety was assessed throughout.

Results. Of the 836 patients in the intent-to-treat
(ITT) population, 356 were hypocomplementemic and

anti-dsDNA positive at baseline (108 in the placebo group
and 248 in the SC belimumab 200 mg group). Compared
with placebo, the belimumab group contained more SRI-
4 responders (47.2% versus 64.6%; P = 0.0014), had a
lower incidence of severe flare according to the SELENA-
SLEDAI flare index (31.5% versus 14.1%), and had a
greater percentage of patients who reduced corticosteroid
dosage by ≥25% to ≤7.5 mg/day during weeks 40–52 (11.4%
versus 20.7%; P = 0.0844). Adverse events (AEs) were simi-
lar between treatment groups.

Conclusion. Our findings indicate that in hypo-
complementemic, anti-dsDNA–positive SLE patients,
weekly SC belimumab 200 mg significantly improves
SRI-4 response, decreases severe flare incidence, and
reduces corticosteroid use versus placebo; a trend toward
greater benefit compared with the overall ITT population
was observed. AEs were consistent with the known safety
profile of belimumab.

Belimumab is a human immunoglobulin monoclonal
antibody against B lymphocyte stimulator (1,2), a potent B
cell survival factor associated with human systemic lupusClinicalTrials.gov identifier: NCT01484496.
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erythematosus (SLE) (3–5). The safety and efficacy of intra-
venous (IV) belimumab 10 mg/kg plus standard SLE ther-
apy in patients with SLE have been demonstrated in 2 large
phase III trials (the Study of Belimumab in Subjects with
SLE 52-week trial [BLISS-52; ClinicalTrials.gov identifier:
NCT00424476] and 76-week trial [BLISS-76; ClinicalTrials.-
gov identifier: NCT00410384]) (6,7). Following these stud-
ies, IV administration of belimumab was 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 ther-
apy, including corticosteroids, antimalarials, immunosup-
pressive drugs, and nonsteroidal antiinflammatory drugs
(8,9). The effectiveness and safety of belimumab were sub-
sequently reaffirmed in uncontrolled studies carried out in a
clinical practice setting (10,11).

The development of a novel liquid formulation of
belimumab, along with a prefilled syringe and autoinjector
device, enables patients to self-administer subcutaneous
(SC) belimumab, an option demonstrated as preferable to
IV administration by the majority of individuals (12). Sin-
gle- and multi-dose studies of self-administered SC beli-
mumab 200 mg have demonstrated that both the prefilled
syringe and autoinjector devices show good usability, reli-
ability, and safety (13,14). Furthermore, administration of
weekly SC belimumab 200 mg achieved a target beli-
mumab steady-state exposure similar to that obtained with
IV belimumab 10 mg/kg every 4 weeks (15,16).

Post hoc analyses of the BLISS IV studies demon-
strated that patients with SLE who had low complement

(C3 or C4) levels and anti–double-stranded DNA (anti-
dsDNA) positivity at baseline demonstrated greater ben-
efits in response to IV belimumab treatment versus
placebo than patients without these characteristics (17). The
identification of factors able to predict patient response
to belimumab may represent a first step toward personal-
ized medicine in SLE, matching subsets of patients to
the most appropriate therapy. The efficacy, safety, and
tolerability of SC belimumab administered via prefilled
syringe in patients with active, autoantibody-positive SLE
has been demonstrated (61.4% of the patients receiving
belimumab were SLE Responder Index 4 [SRI-4] re-
sponders at week 52 compared with 48.4% of the
patients receiving placebo) (odds ratio [OR] 1.68 [95%
confidence interval (95% CI) 1.25, 2.25]; P = 0.0006)
(18). Here we report a prespecified analysis for a subset
of patients who were hypocomplementemic (C3 level
<90 mg/dl and/or C4 level <10 mg/dl) and anti-dsDNA
positive (≥30 IU/ml) at baseline.

PATIENTS AND METHODS

Study design and patients. We conducted a prespecified
analysis of a randomized, double-blind, placebo-controlled
phase III trial (BEL112341; ClinicalTrials.gov identifier:
NCT01484496), the study design for which has been described
previously (18). Briefly, patients stratified by screening Safety of
Estrogens in Lupus Erythematosus National Assessment
(SELENA) version of the Systemic Lupus Erythematosus Disease
Activity Index (SLEDAI) score (8–9 versus ≥10), baseline com-
plement level (low C3 and/or C4 level versus other), and race
(black versus other) were randomized 2:1 to receive weekly SC

Figure 1. Disposition of the patients. ITT = intent-to-treat; SC = subcutaneous; anti-dsDNA = anti–double-stranded DNA; AEs = adverse events.
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belimumab 200 mg or placebo administered using a prefilled syr-
inge, in addition to stable standard therapy, for 52 weeks. The
first and second SC administrations (week 0 and week 1) were
carried out at the study site under supervision. Patients or care-
givers were then allowed to administer subsequent doses at home,

albeit at the investigator’s discretion. Patients recorded the follow-
ing information in a log book: date, injection site (rotated
between the abdomen and thighs), and dose administered.

Patient inclusion and exclusion criteria for the study
have been described previously (18). Briefly, inclusion criteria

Table 1. Baseline characteristics of the patients with SLE treated with placebo or belimumab*

Placebo
(n = 108)

SC belimumab 200 mg
(n = 248)

Women, no. (%) 106 (98.1) 236 (95.2)
Age, mean � SD years 34.6 � 10.38 34.6 � 10.96
Weight, mean � SD kg 64.9 � 17.86 64.5 � 16.30
Enrollment by region, no. (%)
US 24 (22.2) 55 (22.2)
Americas excluding US 21 (19.4) 52 (21.0)
Western Europe/Australia/Israel 6 (5.6) 24 (9.7)
Eastern Europe 24 (22.2) 58 (23.4)
Asia 33 (30.6) 59 (23.8)

Ethnicity, no. (%)
Hispanic or Latino 33 (30.6) 70 (28.2)
Not Hispanic or Latino 75 (69.4) 178 (71.8)

Race, no. (%)
White 58 (53.7) 140 (56.5)
Asian 32 (29.6) 63 (25.4)
African American/African heritage 7 (6.5) 26 (10.5)
Other 13 (12.0) 23 (9.3)

Disease duration, median (range) years 4.0 (0–32) 5.1 (0–35)
SELENA–SLEDAI score, mean � SD† 11.7 � 3.14 11.5 � 3.31
SELENA–SLEDAI score, no. (%)†
≤9 30 (27.8) 62 (25.0)
≥10 78 (72.2) 186 (75.0)

SELENA–SLEDAI organ involvement, no. (%)
Mucocutaneous 91 (84.3) 205 (82.7)
Musculoskeletal 72 (66.7) 184 (74.2)
Immunologic 108 (100.0) 248 (100.0)
Renal 26 (24.1) 38 (15.3)
Hematologic 13 (12.0) 23 (9.3)
Vascular 4 (3.7) 14 (5.6)
Cardiovascular and respiratory 6 (5.6) 16 (6.5)

≥1 flare, no. (%)‡ 24 (22.2) 48 (19.4)
≥1 severe flare, no. (%)‡ 1 (0.9) 5 (2.0)
PGA, mean � SD 1.57 � 0.457 1.59 � 0.434
FACIT-Fatigue, mean � SD 33.4 � 10.82 34.0 � 11.75
Medications
Any corticosteroid, no. (%) 99 (91.7) 231 (93.1)
Corticosteroid dosage, mean � SD mg/day§ 11.4 � 7.39 12.2 � 8.34
Corticosteroid dosage, no. (%)
0 mg/day 9 (8.3) 17 (6.9)
>0 to ≤7.5 mg/day 29 (26.9) 67 (27.0)
>7.5 mg/day 70 (64.8) 164 (66.1)

Any antimalarial, no. (%) 68 (63.0) 177 (71.4)
Any immunosuppressant, no. (%) 59 (54.6) 117 (47.2)
Azathioprine 26 (24.1) 48 (19.4)
Cyclosporine 2 (1.9) 4 (1.6)
Cyclophosphamide 1 (0.9) 1 (0.4)
Leflunomide 0 1 (0.4)
Methotrexate 12 (11.1) 24 (9.7)
Mizoribine 4 (3.7) 6 (2.4)
Mycophenolate 16 (14.8) 35 (14.1)
Tacrolimus 5 (4.6) 5 (2.0)

* SLE = systemic lupus erythematosus; SC = subcutaneous; PGA = physician’s global assessment
of disease activity; FACIT-Fatigue = Functional Assessment of Chronic Illness Therapy–Fatigue.
† Patients were required to have a score of ≥8 on the Safety of Estrogens in Lupus Erythematosus
National Assessment (SELENA) version of the Systemic Lupus Erythematosus Disease Activity
Index (SLEDAI) at screening (occurring within 35 days prior to baseline).
‡ During the screening period (day �35 to day 0).
§ Prednisone equivalent.
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consisted of a SELENA–SLEDAI score of ≥8 at screening and
antinuclear antibody and/or anti-dsDNA positivity. Exclusion
criteria included severe lupus kidney disease (proteinuria >6 gm/
24 hours or equivalent using spot urine protein-to-creatinine
ratio, or serum creatinine >2.5 mg/dl) and severe central nervous
system (CNS) lupus. All patients provided written informed con-
sent prior to enrollment. The main study site (Clinical Trials
Unit, Los Angeles, CA) received Institutional Review Board
(IRB) approval from the University of Southern California
Health Sciences Campus Institutional Review Board (approval
number IRB00002880). The study and all protocols were
approved by the relevant IRBs for all 207 study sites (see Sup-
plementary Table 1, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.40511/
abstract) and conducted in accordance with the Declaration of
Helsinki 2008 (19).

Changes in the total dose of systemic steroids were per-
mitted up to week 24, but the total systemic dose must have
returned to ~25% or 5 mg over the baseline dose (whichever was
higher) by week 24, or the patient was considered to have experi-
enced a treatment failure. Within the 8 weeks before week 52, no
new increase over the baseline or week 44 steroid dose (which-
ever was higher) was allowed. After week 24, an increase of 25%
or 5 mg over the baseline dose (whichever was higher) necessary
to combat SLE activity was considered a treatment failure.

End points and assessments. The primary end point was
the SRI-4 response rate at week 52 (20), a composite index of
≥4-point reduction in SELENA–SLEDAI score, increase of <0.3
in physician’s global assessment of disease activity, and no new
British Isles Lupus Assessment Group (BILAG) A organ domain
scores or no more than 1 new BILAG B organ domain score at
week 52 compared with baseline. End points supporting the pri-
mary end point were SRI-4 and SRI-5 through SRI-8 response
over time (18).

Key secondary end points included time to first severe
flare (SELENA–SLEDAI flare index modified to exclude the
single criterion of an increase in SELENA–SLEDAI to >12)
(21–23), reduction in corticosteroid dosage (percentage of
patients with mean corticosteroid [prednisone or equivalent]
dosage reduced by ≥25% from baseline to ≤7.5 mg/day during
weeks 40–52 in patients receiving >7.5 mg/day at baseline). The
mean change from baseline in Functional Assessment of
Chronic Illness Therapy–Fatigue (FACIT-Fatigue) score and
the percentage of patients with an improved FACIT-Fatigue
score of ≥4 (minimal clinically important difference) from base-
line to week 52 were analyzed. Safety evaluations included
reporting of adverse events (AEs) and analyzing laboratory
parameters.

Data analysis. The prespecified analyses reported here
included all patients from the intent-to-treat (ITT) population

(defined as all patients who were randomized and treated with
at least 1 dose of study treatment) who had low C3 levels (<90
mg/dl) and/or low C4 levels (<10 mg/dl) and who were anti-
dsDNA positive (≥30 IU/ml) at baseline. A step-down sequential
testing procedure was used for the primary and key secondary
end points to control the overall Type I error rate (the incorrect
rejection of a true null hypothesis). The prespecified sequence
for assessing statistical significance (2-sided alpha level of 0.05)
was: 1) SRI-4 response rate at week 52; 2) time to first severe
SLE flare; and 3) percentage of patients with a reduction in cor-
ticosteroid dosage. End points in the sequence above could only
be interpreted as statistically significant if statistical significance
was achieved by all prior tests. The proportion of patients with
an SRI-4 response at week 52 was compared between treatment
groups using a logistic regression model. Analyses of other effi-
cacy end points (all 2-sided with a significance level of 0.05) were
not subject to a multiple comparison procedure. Patients who
withdrew or who were deemed to have experienced treatment
failure were analyzed as nonresponders. An additional post hoc
analysis of SRI-5 through SRI-8 response was conducted.

RESULTS

Patient population. Overall, 356 of 836 patients in
the ITT population had low C3 levels and/or low C4 levels
and were anti-dsDNA positive at baseline. Of these, 108
patients received placebo and 248 received SC belimumab
200 mg (Figure 1), with a total of 77 patients (71.3%) and
207 patients (83.5%), respectively, completing through
week 52 of the study. The majority of the patients were
women (98.1% in the placebo group and 95.2% in the
belimumab group). The mean age was 34.6 years in both
treatment groups, and the mean � SD SELENA–
SLEDAI score was 11.7 � 3.14 in the placebo group and
11.5 � 3.31 in the belimumab group (Table 1). The major-
ity of the patients were receiving corticosteroids at baseline
(91.7% in the placebo group and 93.1% in the belimumab
group) with a mean � SD daily dosage (among all
patients) of 11.4 � 7.39 mg/day in the placebo group and
12.2� 8.34 mg/day in the belimumab group (Table 1).

Primary end point of SRI-4 response. At week 52,
among patients who were hypocomplementemic and anti-
dsDNA positive at baseline, 64.6% of the patients who
received SC belimumab 200 mg were SRI-4 responders

Table 2. SRI-4 response rate and component scores at week 52*

Placebo
(n = 108)

SC belimumab 200 mg
(n = 248) OR (95% CI) P

SRI-4 response rate, % 47.2 64.6 2.23 (1.36, 3.64) 0.0014
4-point reduction in SELENA–SLEDAI score, % 47.2 65.7 2.40 (1.46, 3.92) 0.0005
No worsening in PGA, % 68.5 82.5 2.16 (1.28, 3.65) 0.0040
No new A or and no more than 1 new BILAG B domain score, % 70.4 81.9 1.90 (1.12, 3.21) 0.0165

* SRI-4 = Systemic Lupus Erythematosus Responder Index 4; SC = subcutaneous; OR = odds ratio; 95% CI = 95% confidence interval; SELENA–
SLEDAI = Safety of Estrogens in Lupus Erythematosus National Assessment version of the Systemic Lupus Erythematosus Disease Activity Index;
PGA = physician’s global assessment of disease activity; BILAG = British Isles Lupus Assessment Group.
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compared with 47.2% of those who received placebo (OR
2.23 [95% CI 1.36, 3.64]; P = 0.0014) (Table 2). Among
patients who were not hypocomplementemic and anti-
dsDNA positive at baseline, 58.8% of the patients who
received SC belimumab 200 mg were SRI-4 responders
compared with 49.1% of those who received placebo (OR

1.46 [95% CI 1.00, 2.14]; P = 0.0488; interaction P value for
treatment by subgroup interaction = 0.2393). All compo-
nents of the SRI-4 were significantly higher for the SC beli-
mumab 200 mg group than for the placebo group at week
52 (Table 2). The observed treatment difference in the sub-
population studied here (17.4%) was greater than that

Figure 2. A, Systemic Lupus Erythematosus Responder Index 4 (SRI-4) response over time in the patients treated with placebo (n = 108) and those
treated with subcutaneous (SC) belimumab 200 mg (n = 248). B, Post hoc analysis of SRI-5 through SRI-8 response over time in the patients treated
with placebo (n = 108) and those treated with SC belimumab 200 mg (n = 246). The definitions of SRI-5 through SRI-8 were the same as that of SRI-
4, except with increasingly higher thresholds for Safety of Estrogens in Lupus Erythematosus National Assessment version of the Systemic Lupus Ery-
thematosus Disease Activity Index score reduction (5–8 points). * = P ≤ 0.05; † = P ≤ 0.01; ‡ = P ≤ 0.001; § = P ≤ 0.0001, versus placebo.
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observed in the overall ITT population (13.0% treatment
difference; 61.4% of the patients receiving belimumab were
responders versus 48.4% of the patients receiving placebo)
(OR 1.68 [95% CI 1.25, 2.25]; P = 0.0006) (18). Exclusion
of the anti-dsDNA and complement components of the
SELENA–SLEDAI (post hoc analysis) resulted in SRI-4
responses at week 52 of 60.6% for the belimumab group
and 44.4% for the placebo group (treatment difference
16.1%; OR 2.13 [95% CI 1.30, 3.51]; P = 0.0027).

Significantly higher increases in complement levels
from baseline (post hoc analysis) were observed in
patients receiving belimumab compared with those receiv-
ing placebo (P < 0.05) at weeks 12–20 and 28–52 (for C3
level) and weeks 12–52 (for C4 level) (see Supplementary
Figure 1, available on the Arthritis & Rheumatology web
site at http://onlinelibrary.wiley.com/doi/10.1002/art.40511/
abstract). In contrast, in both groups, changes from base-
line in anti-dsDNA antibody levels were found not to be
significant at any time point (data not shown).

Post hoc analysis revealed durable SRI-4 response
between weeks 44 and 52, for patients who were hypo-
complementemic and anti-dsDNA positive at baseline, to
be 56.9% (in the belimumab group) and 36.1% (in the
placebo group), with an observed treatment difference of
20.8% (OR 2.50 [95% CI 1.53, 4.08]; P = 0.0002).

Additional efficacy end points. SRI-4 response over
time was significantly greater from week 16 through week
52 in the belimumab group than in the placebo group (Fig-
ure 2A). The median time to first SRI-4 response, which
was maintained through week 52, was 225.0 days (inter-
quartile range [IQR] 86.0–not calculable) for belimumab

and 364.0 days (IQR 171.0–not calculable) for placebo
(hazard ratio [HR] 1.73 [95% CI 1.26, 2.38]; P = 0.0007).
Compared with the placebo group, SRI-5, SRI-6, SRI-7,
and SRI-8 responses were also significantly greater in the
belimumab group from as early as week 16 (Figure 2B).

Severe flares. The incidence of severe flares was
31.5% in the placebo group and 14.1% in the belimumab
group; patients receiving belimumab were 62% less likely

Figure 3. Time to first severe flare according to the Safety of Estro-
gens in Lupus Erythematosus National Assessment version of the Sys-
temic Lupus Erythematosus Disease Activity Index flare index (SFI)
in the placebo group and belimumab group. SC = subcutaneous.

Table 3. Summary of AEs*

Placebo
(n = 108)

SC belimumab
200 mg
(n = 248)

Any treatment-emergent AE† 88 (81.5) 194 (78.2)
Infections and infestations 59 (54.6) 137 (55.2)
Gastrointestinal disorders 28 (25.9) 56 (22.6)
Musculoskeletal and connective
tissue disorders

22 (20.4) 55 (22.2)

Skin and subcutaneous tissue
disorders

22 (20.4) 45 (18.1)

Nervous system disorders 19 (17.6) 46 (18.5)
Respiratory, thoracic, and
mediastinal disorders

13 (12.0) 43 (17.3)

General disorders and
administration site conditions

14 (13.0) 35 (14.1)

Investigations 10 (9.3) 31 (12.5)
Injury, poisoning, and
procedural complications

13 (12.0) 24 (9.7)

Blood and lymphatic system
disorders

13 (12.0) 22 (8.9)

Psychiatric disorders 14 (13.0) 17 (6.9)
Renal and urinary disorders 13 (12.0) 18 (7.3)

Treatment-related AEs 29 (26.9) 79 (31.9)
SAEs‡ 25 (23.1) 33 (13.3)
Infections and infestations 8 (7.4) 15 (6.0)
Renal and urinary disorders 6 (5.6) 6 (2.4)
Blood and lymphatic system
disorders

4 (3.7) 3 (1.2)

Vascular disorders 3 (2.8) 3 (1.2)
AEs of special interest
Malignancies (including
nonmelanoma skin cancer)

1 (0.9) 0 (0.0)

Post-injection systemic
reactions§

13 (12.0) 21 (8.5)

Serious delayed non-acute
hypersensitivity reactions¶

0 (0.0) 0 (0.0)

Opportunistic infections¶ 1 (0.9) 1 (0.4)
Herpes zoster 7 (6.5) 7 (2.8)
Serious 0 (0.0) 1 (0.4)

Sepsis 1 (0.9) 5 (2.0)
Serious 0 (0.0) 4 (1.6)

Depression 3 (2.8) 11 (4.4)
Serious 0 (0.0) 0 (0.0)

Serious suicidal ideation¶ 0 (0.0) 1 (0.4)
Suicidal behavior¶ 0 (0.0) 0 (0.0)
Deaths 2 (1.9) 3 (1.2)

* Values are the number (%). SC = subcutaneous.
† Adverse events (AEs) by system organ class that occurred in ≥10%
of patients in either treatment group are listed.
‡ Serious AEs (SAEs) by system organ class that occurred in >2% of
patients in either treatment group are listed.
§ Defined based on a query for anaphylactic in the Medical Dictionary
for Regulatory Activities.
¶ Per adjudication by GlaxoSmithKline.

BELIMUMAB IN ANTI-dsDNA–POSITIVE HYPOCOMPLEMENTEMIC SLE 1261

http://onlinelibrary.wiley.com/doi/10.1002/art.40511/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40511/abstract


to experience a severe flare than those receiving placebo
(HR 0.38 [95% CI 0.24, 0.61]; P < 0.0001). The median
time to first severe flare, among patients who experienced
a severe flare, was 126.5 days (IQR 57.0–243.0) for pla-
cebo-treated patients and 90.0 days (IQR 39.0–204.0) for
belimumab-treated patients (Figure 3).

Corticosteroid dosage. Of patients who received a
corticosteroid dosage of >7.5 mg/day at baseline (164
[66.1%] of the patients receiving belimumab and 70 [64.8%]
of the patients receiving placebo) (Table 1), a greater pro-
portion of those in the belimumab group were able to reduce
corticosteroid dosage by ≥25% to ≤7.5 mg/day during weeks
40–52 compared with those in the placebo group, although
the difference was not statistically significant (20.7% versus
11.4%) (OR 2.08 [95% CI 0.91, 4.77]; P = 0.0844).

FACIT-Fatigue. A significantly higher proportion of
patients in the belimumab group had an improvement in
FACIT-Fatigue score of ≥4 at week 52 compared with
patients in the placebo group (44.8% versus 33.3%, respec-
tively; OR 1.82 [95% CI 1.10, 3.01]; P = 0.0199). The mean
change from baseline in FACIT-Fatigue score at week 52 was
5.4 in the belimumab group and 3.6 in the placebo group
(treatment difference 2.1 [95% CI 0.2, 4.1]; P = 0.0324).

Proteinuria. At baseline, 66 (26.6%) of the 248
patients in the belimumab group had high (>0.5 gm/24
hours) proteinuria (mean � SD 1.47 � 1.07 gm/24 hours)
compared with 31 (28.7%) of the 108 patients in the pla-
cebo group (mean � SD 2.07 � 1.43 gm/24 hours). At
week 52, proteinuria was reduced to ≤0.5 gm/24 hours in
24 (54.5%) of 44 patients in the belimumab group com-
pared with 4 (25.0%) of 16 patients in the placebo group.
The percentage change in proteinuria (least squares mean
� SEM), any time after baseline, was 56.1 � 54.74% for
the belimumab group (n = 65 with data available) com-
pared with 184.5 � 65.03% for the placebo group (n = 30
with data available) (treatment difference �128.4 [95%
CI�247.2, �9.76]; P = 0.0344).

Safety. Overall, 88 (81.5%) of the patients in the
placebo group and 194 (78.2%) of the patients in the beli-
mumab group experienced a treatment-emergent AE, 29
(26.9%) and 79 (31.9%) of which, respectively, were con-
sidered to be treatment related. Serious AEs were
reported for 25 (23.1%) of the patients in the placebo
group and 33 (13.3%) of the patients in the belimumab
group (Table 3). The most commonly reported AEs
were found within the system organ class infections and
infestations. The percentages of patients reporting an
opportunistic infection or herpes zoster infection, both
considered AEs of special interest, were higher in the pla-
cebo group than in the SC belimumab 200 mg group
(0.9% versus 0.4% and 6.5% versus 2.8%, respectively).
The AE of special interest sepsis was reported by 0.9% of

patients who received placebo compared with 2.0% of
patients who received belimumab (Table 3). Twenty-one
(8.5%) of the patients receiving SC belimumab 200 mg
and 13 (12.0%) of the patients receiving placebo reported
a post-injection systemic reaction, none of which were
considered serious. Three (2.8%) of the patients receiving
placebo and 11 (4.4%) of the patients receiving beli-
mumab experienced depression; none of these episodes
were serious. One case of serious suicidal ideation (0.4%
of patients in the belimumab group), adjudicated by
GlaxoSmithKline physicians, and no cases of suicidal
behavior were reported. Two deaths in the placebo group
(1 of vascular causes and 1 related to SLE), and 3 deaths
in the belimumab group (all due to infections; 1 of bacte-
rial sepsis, 1 of urosepsis, and 1 of tuberculosis of the
CNS) were reported (Table 3).

DISCUSSION

This study evaluated both the efficacy and safety of
belimumab in a subset of patients with SLE who were
hypocomplementemic and anti-dsDNA positive at base-
line. The results demonstrate that in this SLE subpopula-
tion, the primary end point, SRI-4 response rate at week
52, was significantly greater among belimumab-treated
patients than placebo-treated patients (P = 0.0014). The
SRI-4 response rate of 47.2% among patients receiving
placebo plus standard therapy is, however, high and likely
due to several factors, including administration of stan-
dard therapy; an increased chance of receiving active
treatment due to the unbalanced randomization schedule
(2:1 belimumab:placebo), thereby resulting in a psycho-
logical benefit; and the high frequency of visits and patient
satisfaction associated with clinical trials (24–26). A com-
parable SRI-4 response (44%) to placebo plus standard
therapy was also observed in the BLISS-52 study, perhaps
for similar reasons (7). The greater treatment difference
among hypocomplementemic and anti-dsDNA–positive
patients with SLE, compared with the overall ITT popula-
tion (17.4% versus 13.0%, respectively) (18), can be
attributed to both the modestly increased response rate in
the belimumab group (64.6% versus 61.4%, respectively)
and the modestly decreased response rate in the placebo
group (47.2% versus 48.4%, respectively), suggesting that
this subpopulation may be more difficult to treat with
standard therapies. This subset of patients comprises a
large proportion of the overall population and may sub-
stantially affect overall outcomes, potentially masking a
larger difference from patients who were not hypocomple-
mentemic and dsDNA positive at baseline; however, there
is no significant difference in the effect of treatment
between these 2 groups (interaction P value 0.2393).
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This study and the analyses of the BLISS IV studies
have demonstrated that irrespective of the formulation
used, belimumab is effective in patients with SLE who are
hypocomplementemic and anti-dsDNA positive (17). The
SRI-4 treatment differences (belimumab compared with
placebo) for the complete population and subpopulation
of the BLISS IV trials were 11.8% and 19.8%, respectively,
and are similar to those observed in this study with SC beli-
mumab (13.0% and 17.4%, respectively) (17). This reduc-
tion in SRI-4 response was associated with a trend toward
reduced steroid dosage (discussed further below); however,
this was not statistically significant owing to a small sample
size, less power for such analyses, and no protocol-man-
dated steroid taper. The study populations for the IV and
SC belimumab studies were similar; however, the present
study included patients with a SELENA–SLEDAI score of
≥8 and 43% of the patients were hypocomplementemic
and/or anti-dsDNA positive, whereas the BLISS-52 and
BLISS-76 studies recruited patients with SELENA–
SLEDAI scores of ≥6 and 52% of the patients were hypo-
complementemic and/or anti-dsDNA positive (6,7,17). It
would be of interest to see whether a greater treatment
effect is observed in the subpopulation studied here for
patients with a reduced level of disease severity (i.e., with a
SELENA–SLEDAI score of <8).

Of the patients who were hypocomplementemic
and anti-dsDNA positive and received corticosteroid
dosages of >7.5 mg/day at baseline, 20.7% reduced steroid
dosage by ≥25% to ≤7.5 mg/day during weeks 40–52 of
belimumab treatment; a slightly lower reduction of 18.2%
was seen in the overall ITT population (18). However,
among patients receiving belimumab, there was a higher
incidence of severe flares in this subgroup compared with
the overall ITT population (14.1% and 10.6%, respec-
tively). Nevertheless, the incidence of severe flares was sig-
nificantly reduced with belimumab compared with placebo
in both the complete ITT population and the hypocomple-
mentemic and anti-dsDNA–positive subpopulation (18).
Among patients receiving belimumab, the median time to
severe flare was also shorter in this subgroup compared
with the overall population (90 days and 171 days, respec-
tively). Furthermore, in the subgroup analysis the median
time to severe flare was in fact shorter for the belimumab
group compared with the placebo group (126.5 days). Pre-
vious studies have demonstrated that the incidence of
flares decreases as the duration of belimumab use in-
creases (27); therefore, this finding may be a reflection of
later-occurring flares being prevented in the belimumab
group while early flares were unaffected, resulting in a
shorter median time to first flare. In placebo-treated pa-
tients, the occurrence of neither early nor late flares was
affected; therefore, the median time was greater.

Significant separation from the placebo group was
observed as early as week 16 for SRI-4 in the belimumab
group, and median time to first SRI-4 response maintained
through to week 52 was significantly shorter in the
belimumab group compared with the placebo group. Fur-
thermore, significant differences from placebo were also
observed as early as week 16 in the belimumab group
following analysis of the more stringent SRI-5 through
SRI-8 measures. The proportion of patients with
improved FACIT-Fatigue scores of ≥4 at week 52 was also
found to be significantly greater in the belimumab group
compared with the placebo group. The mean change from
baseline in FACIT-Fatigue scores was also greater follow-
ing belimumab treatment (5.4) than placebo treatment
(3.6). Such results, along with those of the primary study
(18), provide substantial support for the introduction of
SC belimumab, especially in patients with SLE who are
hypocomplementemic and anti-dsDNA positive.

For some patients, the requirement of a regular
clinic visit to receive belimumab incurs substantial costs
and impact on time; a recent survey of patients with SLE
found that >50% of those receiving IV belimumab would
prefer to self-administer their treatment at home (28).
The introduction of SC belimumab may enable physicians
to offer a therapy that would better suit the patient’s pref-
erences in a real-world setting.

The safety of SC belimumab 200 mg plus standard
therapy was similar to that of placebo in this population.
Furthermore, the incidence of AEs was similar to that in
the overall ITT population (78.2% versus 80.8%, respec-
tively) (18), and was consistent with the known safety pro-
file of belimumab.

Some aspects of this study were identified as poten-
tial limitations. Within the hypocomplementemic and anti-
dsDNA–positive subset population, only 65.7% of the
patients received steroid dosages of >7.5 mg/day at base-
line; thus (as in the overall population), this end point was
not powered for statistical significance. In addition, this
study excluded patients with a SELENA–SLEDAI score
of <8, active nephritis, or active CNS disease at screening.
Accordingly, the conclusions drawn from this study may
not necessarily pertain to these patients. A separate study
investigating patients with lupus nephritis is currently
ongoing (ClinicalTrials.gov identifier: NCT01639339).

In conclusion, fixed-dose weekly SC belimumab
200 mg, in a subgroup of patients with SLE who were
hypocomplementemic and anti-dsDNA positive, reduced
SLE disease activity and improved patient-reported levels
of fatigue compared with placebo. Furthermore, the
reduced likelihood of response of these patients to stan-
dard therapy (placebo group), compared with the ITT
population, suggests a benefit of belimumab.
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Interleukin-25 Axis Is Involved in the Pathogenesis of
Human Primary and Experimental Murine Sj€ogren’s Syndrome

Giuliana Guggino,1 Xiang Lin,2 Aroldo Rizzo,3 Fan Xiao,2 Laura Saieva,1 Stefania Raimondo,1

Diana Di Liberto,1 Giuseppina Candore,1 Piero Ruscitti,4 Paola Cipriani,4 Roberto Giacomelli,4

Francesco Dieli,1 Riccardo Alessandro,1 Giovanni Triolo,1 Liwei Lu,2 and Francesco Ciccia1

Objective. To investigate the role of the interleu-
kin-25 (IL-25)/IL-17 receptor B (IL-17RB) axis in experi-
mental Sj€ogren’s syndrome (SS) and in patients with
primary SS and primary SS–associated lymphoma.

Methods. Expression of IL-25, IL-17RB, IL-17B,
and tumor necrosis factor receptor–associated factor 6
(TRAF6) was analyzed on minor salivary gland (SG)
samples from patients with primary SS and on parotid
gland samples from patients with primary SS–associated
B cell non-Hodgkin’s lymphoma (NHL). IL-17RB expres-
sion and the frequencies of natural group 2 innate
lymphoid cells (ILC2s), inflammatory ILC2s, and M2-
polarized macrophages were assessed by flow cytometry
in SG mononuclear cells and peripheral blood mononu-
clear cells (PBMCs). Tissue distribution of ILC2s was
studied by confocal microscopy. The role of recombinant
IL-25 and of rituximab in modulating IL-25 expression
was investigated in in vitro studies. IL-25/IL-17RB and
TRAF6 expression and the role of IL-25 inhibition were
also studied in the experimental murine model of SS.

Results. Activation of the IL-25/IL-17RB/TRAF6
axis correlated with the focus score and was observed in
patients with primary SS and in patients with primary
SS–associated NHL. A significant increase in the fre-
quency of inflammatory ILC2s was observed both in SG
mononuclear cells and in PBMCs. IL-25 stimulation of
isolated SG mononuclear cells and PBMCs from patients
and controls resulted both in inflammatory ILC2 expan-
sion and in increased autoantibody production. Ritux-
imab modulated expression of inflammatory ILC2s and
IL-25 in primary SS. SG protein–immunized mice devel-
oped overt SS symptoms with increased IL-25 expression
and increased frequency of CD4+IL-17RB+TRAF6+ cells.
IL-25 neutralization attenuated disease progression and
tissue pathology in mice with experimental SS.

Conclusion. IL-25 may promote the inflammatory
state in primary SS and may be a potential target for novel
disease-modifying therapeutic strategies in patients with
primary SS.

Primary Sj€ogren’s syndrome (SS) is a chronic sys-
temic autoimmune disease characterized by an increased
risk of developing lymphomas (1). Primary SS is thought
to be essentially driven by a complex interplay between
epithelial barrier and adaptive and innate immunity (2).
In particular, type 2 adaptive immune responses have
been shown in primary SS, mainly dominated by the selec-
tive concentration of Th2 cells in the context of germinal
centers (GCs) and the increased expression of inter-
leukin-33 (IL-33) in salivary glands (SGs) (3).

Recently, IL-25, a member of the IL-17 cytokine
family also known as IL-17E, has been implicated in the
regulation of innate and adaptive immune responses, essen-
tially by inducing a type 2 immunity (4); as IL-17E, IL-25
signals through IL-17 receptor B (IL-17RB) expressed on
epithelial and immune cells, modulating several activities
(5). Specifically, IL-25 regulates the development of auto-
immune inflammation mediated by IL-17–producing Tcells
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(6). Furthermore, IL-25/IL-17RB activation promotes Th2
responses by increasing the frequency of M2-type macro-
phages (7) and the differentiation of both natural and
inflammatory group 2 innate lymphoid cells (ILC2s) (8,9).
Despite these pivotal functions in modulating immune
responses, the roles of the IL-25/IL-17RB axis and of ILC2s
in the pathogenesis of experimental SS and primary SS, as
well as in primary SS–associated lymphoma, have not yet
been investigated.

In this study, we demonstrated that the IL-25/IL-
17RB axis is activated in experimental SS, primary SS, and
primary SS–associated lymphoma and that this is associ-
ated, in humans, with the increased frequency of IL-25–
responsive inflammatory ILC2s and M2-type macrophages
together with an increased production of primary SS–
related autoantibodies. Our findings suggest that by
interacting locally and systemically with IL-17RB+ cells,
IL-25 may promote innate and adaptive immune responses,
thus modulating the inflammatory state in primary SS.

PATIENTS AND METHODS

Procedures in experimental SS. Experimental SS was
induced in 8-week-old female C57BL/6 mice by immunization
with SG proteins as we have previously described (10). Briefly,
proteins extracted from the bilateral SGs of normal mice were
emulsified in an equal volume of Freund’s complete adjuvant
(Sigma-Aldrich) to a concentration of 2 mg/ml. For SS induc-
tion, each mouse received multiple subcutaneous injections in
the back of 0.1 ml of the emulsion on days 0 and 7. On day 14, a
booster injection of 1 mg/ml SG proteins emulsified in Freund’s
incomplete adjuvant (Sigma-Aldrich) was administered. All
experiments for animal studies were approved by the Committee
on the Use of Live Animals in Teaching and Research of the
University of Hong Kong.

At various time points in the course of disease, serum
samples from mice with experimental SS were collected and
enzyme-linked immunosorbent assay kits were used to measure
IL-25 (eBioscience), IL-5 (BioLegend), and IL-13 (R&D Sys-
tems) in accordance with the manufacturers’ instructions. Since
increased IL-25 levels were detectable only at the chronic stage
of disease, ~30 weeks postimmunization, mice with experimental
SS were injected intraperitoneally with 200 lg of anti–IL-25
monoclonal antibody (35B; BioLegend) or vehicle (phosphate
buffered saline [PBS]) 20 weeks postimmunization, before
disease entered the chronic stage. Mice were treated twice every
week for 4 weeks. The saliva flow rate of mice with experimental
SS was assessed before and after anti–IL-25 treatment. SG tis-
sues removed from immunized mice were frozen in OCT com-
pound (Sakura), and sections were cut at 5 lm thickness. For
immunofluorescence microscopy, frozen sections were stained
with monoclonal antibodies against mouse CD4 (clone RM4-5;
BioLegend) and IL-25 (clone 207702; R&D Systems), while
nuclei were counterstained with Hoechst 33258 (Calbiochem).
Rat IgG antibody was used for control staining.

For the flow cytometry experiments in mice with
experimental SS, surface markers were identified with the follow-
ing anti-mouse monoclonal antibodies: anti-CD4 (clone GK1.5;

BioLegend), anti–IL-17RB (clone 752101; R&D Systems), anti-
CD45 (30-F11; BioLegend), anti-F4/80 (BM8; BioLegend), anti–
IL-7Ra (Α7Ρ34; BioLegend), anti-CD206 (C068C2; BioLegend),
and antibodies against the lineage markers CD2, CD3, CD4,
CD8, CD19, B220, Gr-1 protein, CD11b, CD11c, Fce receptor
type I, and Ter-119 (all from BioLegend). Detection of intracellu-
lar IL-25 (R&D Systems) and tumor necrosis factor receptor–
associated factor 6 (TRAF6) (clone EP591Y; Abcam) was
performed using a fixation/permeabilization buffer set (BD Bio-
sciences). Stained cells were analyzed with an LSRFortessa flow
cytometer (BD Biosciences), while a Zombie Aqua Live/Dead
Cell Discrimination kit (BioLegend) was used to exclude the dead
cells. Data were analyzed with FlowJo software (Tree Star).

Patients. Peripheral blood samples and labial minor
salivary gland (MSG) biopsy samples were obtained from 50
patients (46 women; mean � SD age 58 � 12 years, mean �
SD disease duration 34 � 12 months) who had xerostomia and
xerophthalmia and who met the American–European Consen-
sus Group criteria for SS (11). All enrolled patients were nega-
tive for hepatitis C virus. Thirty patients reporting dry mouth or
dry eyes who did not fulfill the American–European Consensus
Group criteria and who showed various degrees of mononu-
clear cell infiltration in the absence of focal organization were
classified as having nonspecific chronic sialadenitis and were
considered a control group. Paraffin-embedded samples
obtained from 5 patients previously diagnosed as having pri-
mary SS–associated mucosa-associated lymphoid tissue
(MALT) lymphoma were obtained from the biopsy bank of the
Pathology Unit of the Ospedali riuniti Villa Sofia-Cervello.
Lymphoma was diagnosed by the demonstration of sheets or
halos of monocytoid B cells and by the demonstration of IgH
and/or IgL chain restriction.

Baseline characteristics of the patients and controls are
shown in Supplementary Table 1, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.40500/abstract. All patients and controls provided
informed consent, and the study was approved by the Ethics
Committee of the University of Palermo. Multiple labial MSG
biopsy samples were obtained from all patients with primary SS
and controls and placed into formalin fixative and RNAlater
solution (Applied Biosystems) for immunohistochemistry and
reverse transcription–polymerase chain reaction (RT-PCR) anal-
yses, respectively. Twenty paired biopsy samples from patients
and controls were also placed in RPMI 1640 (Invitrogen Life
Technologies) for isolation of SG mononuclear cells and used
for flow cytometry analysis.

Histology and immunohistochemistry. Paraffin-embedded
sections of 5 lm thickness were stained with hematoxylin and
eosin for histologic evaluation of the presence of lymphocytic infil-
trates, performed as recommended by Greenspan and colleagues
(12). A focus was defined as an aggregate of ≥50 lymphocytes.
The focus score was reported as the number of foci per 4 mm2 of
tissue, up to a maximum of 12 foci. All patients with primary SS
had a biopsy focus score of ≥1, while controls had a focus score of
<1. The presence of GC-like lymphoid structures was determined
by the presence of T and B lymphocytes and CD21+ follicular
dendritic cell networks on sequentially stained sections. Immuno-
histochemistry was performed on 5 lm–thick paraffin-embedded
sections from SGs as described previously (13). The primary anti-
bodies mouse anti-human IL-25, rabbit anti-human IL-17RB,
rabbit anti-human IL-17B (all from Novus Biologicals), and rabbit
anti-human TRAF6 (Abcam) were added and incubated for 1
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hour at room temperature. Isotype-matched irrelevant antibodies
(Abcam) were used as a negative control. The number of positive
cells was determined by counting the reactive cells on photomicro-
graphs obtained from 3 randomly selected high-power fields (orig-
inal magnification9 400).

Confocal microscopy analysis. Triple stainings were per-
formed on paraffin-embedded sections of MSGs for CD3/Thy-1/
IL-17RB (for ILC2s) and CD68/CD163/c-Maf (for M2-type
macrophages). The sections were treated with fluorescein iso-
thiocyanate–, rhodamine red–, or Cy5-conjugated anti-mouse or
anti-rabbit antibodies (Invitrogen) plus RNasin (200 ng/ml) and
counterstained using DAPI (Life Technologies). Confocal analy-
sis was used to acquire fluorescence staining.

RNA extraction from SG biopsy samples and quantita-
tive TaqMan RT-PCR. Soon after removal, SG biopsy samples
were also stored in RNAlater solution. RT-PCR was performed as
described previously (13). Master Mix and TaqMan gene expres-
sion assays for GAPDH control (Hs02758991_g1) and the target
genes for IL-25 (Hs03044841_m1), IL-17RB (Hs00218889_m1),
IL-17B (Hs00975262_m1), IL-33 (Hs00369211_m1), and arginase
1 (Hs00968979_m1) were obtained from Applied Biosystems.
Data were quantified using SDS software version 2.1 and normal-
ized using GAPDH as endogenous control. Relative changes in
gene expression between samples from patients with nonspecific
chronic sialadenitis and those from patients with primary SS were
determined using the DDCt method. Levels of the target transcript
were normalized to a GAPDH endogenous control, constantly
expressed in both groups (DCt). For DDCt values, additional sub-
tractions were performed between DCt values for 50 patients with

primary SS and DCt values for 20 patients with nonspecific chronic
sialadenitis. Final values were expressed as fold induction.

Isolation and culture of MSGmononuclear cells and flow
cytometry. MSG mononuclear cells were obtained as described
previously (13) from 20 patients with primary SS and 20 patients
with nonspecific chronic sialadenitis. Cell viability (by trypan blue
dye exclusion) was always >95%. Cells were cultured with 0.25
lg/ml recombinant IL-25 (rIL-25; R&D Systems) for 24 hours at
37°C in the presence of 5% CO2. In vitro–cultured cells were
stained with the following antibodies: anti-human CD45 (Becton
Dickinson), anti-human Lineage Cocktail (anti-human CD3, anti-
human CD56, anti-human CD14, anti-human CD19, anti-human
Tcell receptor cd, anti-human invariant natural killer Tcell) (Bio-
Legend), anti-human IL-17RB (R&D Systems), anti-human
killer cell lectin-like receptor subfamily G member 1 (KLR-G1;
BioLegend), anti-human Thy-1 (BioLegend), anti-human GATA-3
(BioLegend), anti-human chemoattractant receptor–like mole-
cule expressed on Th2 cells (CRTH2; BD Biosciences), and anti-
human CD68 (R&D Systems). Flow cytometry analysis was
performed using a FACSCanto (BD Biosciences). At least 50,000
cells (events), gated on the lymphocyte region, were acquired for
each sample, and data are presented as a percentage of total live
cells in the CD45 channel.

Evaluationofanti-Ro/SSAandanti-La/SSBautoantibodies
following IL-25 stimulation. The role of IL-25 in modulating
the production of anti-Ro/SSA and anti-La/SSB autoantibodies
was evaluated as previously described (14). Peripheral blood
mononuclear cells (PBMCs) were isolated from peripheral blood
from anti-Ro/SSA–positive patients with primary SS by density-
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Figure 1. Enhanced interleukin-25 (IL-25) responses during development of experimental Sj€ogren’s syndrome (ESS). A, Levels of IL-25 in the sera
of mice with experimental SS, measured by enzyme-linked immunosorbent assay (n = 6 mice per time point). B, Right, Detection by flow cytometry
of IL-25–producing cells among salivary gland (SG) CD45� tissue cells. Obvious elevation of IL-25–producing cells was found in SGs of mice with
experimental SS and severe lymphocytic infiltration, while no significant change was detected in mice with experimental SS without infiltration or in
normal control mice. Left, IL-25–producing tissue cells were enumerated in SGs of control mice and in mice with experimental SS (n = 4 mice per
group). C, Left, Intracellular staining of IL-25+ cells in SGs from a control mouse, detected by confocal microscopy. Right, Increased number of IL-
25–expressing cells in mice with experimental SS compared to control mice, mostly localized in the area immediately surrounding the lymphocytic foci.
Bar = 20 lm. D, Right, Phenotypic analysis of IL-17 receptor B (IL-17RB) expression on CD4+ T cells by flow cytometry. Left, Summary of the
frequency of IL-17RB+CD4+ T cells for comparison. E, Mean fluorescence intensity of tumor necrosis factor receptor–associated factor 6 (TRAF6)
staining within IL-17RB+ and IL-17RB� populations of SG-infiltrating CD4+ T cells. Data are derived from 3 separate experiments. Values in A, B,
and D are the mean � SD. * = P < 0.05; ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001. NS = not significant; CLN = cervical lymph node.
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gradient centrifugation using Ficoll-Hypaque (Pharmacia). The
medium used throughout was RPMI 1640 supplemented with
10% heat-inactivated pooled human AB+ serum, 2 mM L-gluta-
mine, 20 mM HEPES, 100 units/ml penicillin, 100 lg/ml strepto-
mycin, and 5 9 10�5M 2-mercaptoethanol. PBMCs were isolated
and either left untreated or cocultured with 0.25 lg/ml rIL-25 in
U-bottomed 96-well plates for 72 hours at 37°C in the presence of
5% CO2. After incubation, supernatants were collected to test for
production of anti-Ro/SSA and anti-La/SSB by immunoblot
(Euroimmune).

Statistical analysis. Parametric and nonparametric sta-
tistical analysis was performed calculating the mean � SEM
and median, respectively. For comparison of parametric and
nonparametric data, the t-test and Mann-Whitney rank sum
test, respectively, were used, as appropriate. Spearman’s corre-
lation analysis was used to quantify associations of gene expres-
sion with types of disease. P values less than 0.05 were
considered significant. For experiments in mice with experi-
mental SS, results are expressed as the mean � SD. Data were
analyzed using a Mann-Whitney U test or one-way analysis of
variance to determine the difference between groups, using
SPSS software version 16.0.

RESULTS

Activation of the IL-25 axis in experimental SS. To
investigate the pathogenic role of IL-25 during experimen-
tal SS development, we first measured serum levels of IL-
25 in mice with experimental SS at various time points after
disease induction. Interestingly, serum levels of IL-25 were
significantly increased 30 weeks postimmunization (Fig-
ure 1A), and were found to be further elevated during dis-
ease progression. To detect IL-25 production in SGs,
harvested SGs were digested for single-cell suspension, fol-
lowed by stimulation with phorbol myristate acetate (50 ng/
ml), ionomycin (1 lg/ml), and monensin for 4 hours before
flow cytometric analysis. A significant increase of IL-25–
producing CD45� tissue cells was observed in mice with
experimental SS with lymphocytic infiltration in SGs com-
pared to mice with experimental SS without glandular infil-
tration and compared to normal controls (Figure 1B). We
further examined the IL-25–expressing cells in situ by

Figure 2. Levels of interleukin-25 (IL-25), IL-17 receptor B (IL-17RB), and IL-17B in salivary glands (SGs) from patients with primary Sj€ogren’s
syndrome (pSS). A–C, Relative quantification of mRNA for IL-25 (A), IL-17RB (B), and IL-17B (C), assessed by quantitative reverse transcrip-
tion–polymerase chain reaction in SG samples obtained from 50 patients with primary SS and 20 patients with nonspecific chronic sialadenitis
(nSS; controls). Significant overexpression of IL-25 and IL-17RB, but not of IL-17B, was observed only in patients with primary SS. D–F, Repre-
sentative photomicrographs showing IL-25 immunostaining in samples from patients with primary SS (D and E) and a control subject (F). G, IL-
25 semiquantitative score in SG samples from patients with primary SS and controls. H–J, Representative photomicrographs showing IL-17RB
immunostaining in samples from patients with primary SS (H and I) and a control subject (J). K, IL-17RB semiquantitative score in SG samples
from patients with primary SS and controls. L–N, Representative photomicrographs showing IL-17B immunostaining in samples from patients with
primary SS (L and M) and a control subject (N). O, IL-17B semiquantitative score in SG samples from patients with primary SS and controls. Sig-
nificant overexpression of IL-25 and IL-17RB, but not of IL-17B, was detected only in patients with primary SS. In A–C, G, K, and O, symbols
represent individual patients; bars show the mean. NS = not significant. Original magnification 9 250. Color figure can be viewed in the online
issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40500/abstract.
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confocal microscopy. IL-25 expression was detected in tis-
sue cells in the submandibular gland, mostly acinar and
ductal cells (Figure 1C). Moreover, an increased amount
of IL-25–expressing cells was observed surrounding the
lymphocytic infiltration in the SGs of mice with experimen-
tal SS.

To investigate whether increased IL-25 production
results in enhanced IL-17RB expression, we determined
the extent of IL-17RB expression on CD4+ Tcells obtained
from SG lymphoid infiltrates, SG-draining cervical
lymph nodes, and spleens. SG-infiltrating CD4+ T cells
showed a strong up-regulation of IL-17RB, which was also
observed to be significantly up-regulated in cervical lymph
nodes of mice with experimental SS compared to those of
naive mice (Figure 1D). Since the binding of IL-17RB to
TRAF6 is critical for the signaling transduction of IL-25
(15), we further determined the intracellular expression of
TRAF6. In mice with experimental SS, enhanced TRAF6
expression was detected in the IL-17RB+ subpopulation
of CD4+ T cells in the infiltrates, compared to the IL-
17RB� subpopulation (Figure 1E), indicating an IL-25/
IL-17RB/TRAF6 axis in autoreactive Tcell activation.

Histologic findings in patients with primary SS.
On the basis of the histologic evaluation, we identified in

patients with primary SS a median biopsy focus score of
6.44 (range 1–11), while no foci were observed in patients
with nonspecific chronic sialadenitis. Ectopic lymphoid
structures comprising CD3+, CD20+, and CD21+ cells
were observed in 17 patients (34%), while the remaining
patients had diffuse lymphocytic infiltrates. All the lym-
phoma cases included in the study were low-grade mar-
ginal-zone B cell non-Hodgkin’s lymphomas of the
MALT type, thus with lymphoepithelial lesions. The B
cell phenotype of each lymphoma was confirmed using
the pan–B cell anti-CD20 antibody.

Activation of the IL-25 axis in patients with primary
SS. To evaluate how the IL-25/IL-17RB axis relates to local
pathology, MSGs obtained from patients and controls were
evaluated for expression of IL-25, IL-17RB, and IL-17B.
Elevated transcript levels for IL-25 (Figure 2A) were
observed in MSGs from patients with primary SS compared
to MSGs from controls and were accompanied by significant
up-regulation of IL-17RB (Figure 2B) but not IL-17B (Fig-
ure 2C). In particular, IL-25 expression was significantly
correlated with the lymphocytic focus score (r2 = 0.36, P <
0.0001) and the presence of GCs (data not shown). To
validate the RT-PCR data, expression of IL-25, IL-17RB,
and IL-17B was also assessed by immunohistochemistry.

Figure 3. Interleukin-17 receptor B (IL-17RB) is overexpressed among peripheral blood mononuclear cells (PBMCs) and salivary gland mononuclear
cells (SGMCs) from patients with primary Sj€ogren’s syndrome (pSS) and is accompanied by increased expression of tumor necrosis factor receptor–as-
sociated factor 6 (TRAF6). A, Representative dot plots showing gating strategy and IL-17RB–expressing cells among PBMCs and SG mononuclear
cells from patients with primary SS. APC = allophycocyanin. B and C, Percentages of IL-17RB–expressing cells among PBMCs (B) and SG mononu-
clear cells (C) from patients with primary SS and patients with nonspecific chronic sialadenitis (nSS; controls). Values are the mean � SEM. D–F, Rep-
resentative images showing TRAF6 immunostaining in samples from a control subject (D) and patients with primary SS (E and F). G–I, Confocal
microscopy analysis of IL-17RB and TRAF6 in SG samples from patients with primary SS showing perfect colocalization of IL-17RB and TRAF6. G,
Single staining for IL-17RB. H, Single staining for TRAF6. I, Double staining for IL-17RB and TRAF6. Original magnification 9 250. Color figure
can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40500/abstract.
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Consistent with the messenger RNA data, augmented
expression of IL-25 (Figures 2D–G) and IL-17RB (Fig-
ures 2H–K) but not IL-17B (Figures 2L–O) was observed
in tissue from patients with primary SS compared to control
tissue. IL-25 expression was mainly observed among infil-
trating mononuclear cells, epithelial cells, and high endothe-
lial venules in close proximity to areas of lymphocytic
infiltration (Figures 2D and E). MSGs were also graded his-
tologically, and the number of IL-25+ cells was significantly
correlated with the focus score (r2 = 0.32, P < 0.0001) (data
not shown), showing that the biopsy samples with ectopic
lymphoid structures had the highest number of IL-25+ cells.

Consistent with the tissue distribution of IL-25, IL-
17RB expression was largely observed in Tcell–rich areas of
lymphoid aggregates but not in epithelial cells (Figures 2H
and I). In order to characterize IL-17RB+ cells, flow cytom-
etry was performed on isolated PBMCs and SG mononu-
clear cells. As shown in Figures 3A–C, IL-17RB was
expressed on the surface of CD3+, CD19+, and CD68+ cells,
among SG mononuclear cells and PBMCs. To demonstrate
the functional relevance of IL-25/IL-17RB interaction, we

also studied the expression of TRAF6 by immunohistochem-
istry and confocal microscopy, since activation of TRAF6 is
critical for IL-17RB signal transduction (15). TRAF6 was
overexpressed in inflamed SGs of patients with primary SS
(Figures 3E and F) compared to SGs of patients with non-
specific chronic sialadenitis (Figure 3D), mainly among IL-
17RB+ cells (Figures 3G–I). These findings suggest that
selective activation of IL-17RB on effector immune cells by
IL-25 is associated with MSG inflammation.

Higher frequency of IL-25–responsive inflamma-
tory ILC2s both in SG mononuclear cells and in PBMCs
from patients with primary SS. Since we observed
increased expression of IL-25 and IL-17RB, we next eval-
uated the frequencies of natural and inflammatory ILC2s
by flow cytometry both in SG mononuclear cells and in
PBMCs. As shown in Supplementary Figure 1 (http://
onlinelibrary.wiley.com/doi/10.1002/art.40500/abstract), natu-
ral ILC2s, defined as Lin–CD45+CRTH2+GATA-3+IL-4+
cells, were not significantly expanded in patients with pri-
mary SS compared to controls (Supplementary Figures
1A–C). Conversely, a significantly increased frequency of

Figure 4. Inflammatory group 2 innate lymphoid cells (iILC2s) in patients with primary Sj€ogren’s syndrome (pSS). Salivary gland mononuclear
cells (SGMCs) and peripheral blood mononuclear cells (PBMCs) from patients with primary SS and patients with nonspecific chronic sialadenitis
(nSS; controls) were analyzed by flow cytometry. A, Representative dot plots showing gating strategy and percentages of inflammatory ILC2s in
SG mononuclear cells and PBMCs from patients with primary SS. KLR-G1 = killer cell lectin-like receptor subfamily G member 1; IL-17RB =
interleukin-17 receptor B. B and C, Percentages of inflammatory ILC2s among SG mononuclear cells (B) and PBMCs (C) from patients with pri-
mary SS and controls. Symbols represent individual patients; bars show the mean. Percentages of inflammatory ILC2s were significantly expanded
in SGs and peripheral blood from patients with primary SS. D, Correlation between percentages of SG inflammatory ILC2s and the focus score.
E, Correlation between percentages of circulating inflammatory ILC2s and disease activity evaluated by the European League Against Rheuma-
tism Sj€ogren’s Syndrome Disease Activity Index (ESSDAI). F–I, Confocal microscopy analysis of inflammatory ILC2s in SGs from patients with
primary SS showing the presence of aggregates of ILC2s (arrows in I). F, Single staining for Thy-1. G, Single staining for IL-17RB. H, Single stain-
ing for CD3. I, Triple staining for Thy-1, IL-17RB, and CD3. Original magnification 9 250. Color figure can be viewed in the online issue, which
is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40500/abstract.
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inflammatory ILC2s, defined as Lin–(ST2–)CD45+IL-
25R+KLR-G1+Thy-1+ cells, was observed both in SGs
and in peripheral blood of patients with primary SS (Fig-
ures 4A–C). SG inflammatory ILC2s were significantly
correlated with the focus score (Figure 4D), while circulat-
ing inflammatory ILC2s were significantly correlated with
disease activity as evaluated by the European League
Against Rheumatism Sj€ogren’s Syndrome Disease Activity
Index (ESSDAI) (16) (Figure 4E). Interestingly, the per-
centages of inflammatory ILC2s were also significantly
correlated with the percentage of IL-25–expressing cells
(r2 = 0.32, P < 0.0001) (data not shown).

We next used confocal microscopy to evaluate the
tissue distribution of ILC2s by analyzing expression of
Thy-1, IL-17RB, and CD3 in patients with primary SS
and controls. Both diffuse distribution (not shown) and
the presence of aggregates of Thy-1+IL-17RB+CD3�
cells (Figures 4F–I) were observed in MSGs from patients
with primary SS. Since arginase 1 activity has been
demonstrated to profoundly influence the ability of ILC2s
to proliferate and exert proinflammatory functions (17),

expression of arginase 1 was assessed in inflamed SGs
from patients with primary SS and patients with nonspecif-
ic chronic sialadenitis. Arginase 1 expression was signifi-
cantly up-regulated in patients with primary SS compared
to patients with nonspecific chronic sialadenitis (Supple-
mentary Figure 1D). Finally, since activated ILC2s have
been demonstrated to produce high levels of IL-5 and IL-
13 (18), we also evaluated their expression levels in MSGs
from patients with primary SS and patients with nonspecif-
ic chronic sialadenitis. As shown in Supplementary Fig-
ures 1E and F, both IL-5 and IL-13 were significantly
overexpressed in MSGs from patients with primary SS.

Expansion of M2-type macrophages in SGs, but
not in peripheral blood, of patients with primary SS.
IL-25 and ILC2s have been demonstrated to induce alter-
natively activated (M2-type) macrophages (7,8,19). Thus,
we next evaluated the frequency of M2-type macrophages
both in MSGs and in peripheral blood. As shown in
Figure 5, a significant expansion of CD163+ macrophages
was observed in SGs from patients with primary SS
(Figures 5A–D). Since M2-type macrophages are better

Figure 5. M2-type macrophages in salivary gland samples from patients with primary Sj€ogren’s syndrome (pSS) and effects of interleukin-25 (IL-
25) on in vitro expansion of inflammatory group 2 innate lymphoid cells (iILC2s) and on levels of anti-Ro/SSA antibodies in patients with primary
SS. A–C, Representative photomicrographs showing CD163 immunostaining in cells from patients with primary SS (A and B) and a patient with
nonspecific chronic sialadenitis (nSS; control) (C). D, Semiquantitative evaluation of CD163+ cells from patients with primary SS and controls.
Symbols represent individual patients; bars show the mean. E, Single staining for CD163. F, Single staining for c-Maf. G, Double staining for
CD163 and c-Maf (arrows indicate double-stained cells). Original magnification 9 250. H, Representative dot plots showing the frequency of
inflammatory ILC2s with or without incubation with recombinant IL-25 (rIL-25). APC = allophycocyanin; FITC = fluorescein isothiocyanate; IL-
17RB = IL-17 receptor B; PE = phycoerythrin; KLR-G1 = killer cell lectin-like receptor subfamily G member 1. I, Percentage of inflammatory
ILC2s after incubation of peripheral blood mononuclear cells (PBMCs) with rIL-25. J, Titers of anti-Ro/SSA antibodies in isolated PBMCs from
patients with primary SS and controls before and after treatment with rIL-25. In I and J, values are the mean � SEM of 5 different experiments.
Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40500/abstract.
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defined by the coexpression of different markers such as
CD163 and c-Maf (20), double immunostaining was per-
formed and the sections were analyzed by confocal micros-
copy. As shown in Figures 5E–G, CD163+c-Maf+ cells
were expanded in MSGs from patients with primary SS.
Interestingly, no expansion of M2-type macrophages was
observed in peripheral blood from patients with primary
SS compared to peripheral blood from patients with non-
specific chronic sialadenitis (data not shown).

IL-25–induced expansion of inflammatory ILC2s
and production of autoantibodies in primary SS. In order
to study the effect of IL-25 on ILCs andmacrophage polar-
ization, PBMCs were isolated and either left untreated or
cocultured with rIL-25. Recombinant IL-25 induced a sig-
nificant expansion of inflammatory ILC2s (Figures 5H
and I), but not of natural ILC2s and/or M2-type macro-
phages (data not shown). Since IL-25 has been found to
activate signaling pathways in B cells in vitro (21), we also
studied the effect of rIL-25 on the production of anti-Ro/
SSA and anti-La/SSB antibodies. As shown in Figure 5J,
after stimulation of PBMCs with rIL-25, we documented
significantly increased levels of anti-Ro/SSA in super-
natants of cultured PBMCs from patients with primary SS.

IL-25 neutralization attenuates disease pro-
gression and tissue pathology in mice with experimental
SS. To investigate whether IL-25 can be targeted for ther-
apeutic purposes in primary SS, we performed IL-25

neutralization in mice with established experimental SS.
Mice with experimental SS at 20 weeks postimmunization
(diagnosed as having decreased salivary function and lym-
phocytic infiltration in the SGs, histologic score of 1)
received PBS vehicle or anti–IL-25 monoclonal antibody
(200 lg per mouse twice every week) for 4 weeks and
were examined 30 weeks postimmunization, while histo-
logic changes of SGs were assessed.

Although severe tissue destruction with multiple
foci developed in SGs of vehicle-treated mice with experi-
mental SS, IL-25 neutralization profoundly inhibited the
exacerbation of disease pathology (Figure 6A). Notably,
blockade of IL-25 resulted in reduced lymphocytic infiltra-
tion and numbers of foci during progression of experimen-
tal SS. The saliva flow rate in mice with experimental SS
after anti–IL-25 treatment was only mildly, and not signifi-
cantly, improved (P = 0.06) (data not shown). A significant
reduction of IL-5, but not IL-13, was also observed in mice
with experimental SS treated with anti–IL-25 (see Supple-
mentary Figures 1G and H, http://onlinelibrary.wiley.
com/doi/10.1002/art.40500/abstract). It has been reported
that IL-25 suppressed interferon-c production during coli-
tis (22). Consistent with this, we found that SG-infiltrating
Th1 cells were markedly decreased upon IL-25 neutraliza-
tion (Figure 6B). Similar to the findings in humans with
primary SS, we also detected increased CD45+Lin�IL-
17RB+IL-7Ra+ ILC2s in SGs of mice with experimental

Figure 6. Neutralization of interleukin-25 (IL-25) attenuates disease progression and tissue pathology in mice with experimental Sj€ogren’s syndrome
(ESS). A, Histologic assessment of salivary glands (SGs) by hematoxylin and eosin staining (n = 7 mice per group). Lymphocytic foci were assessed for
histologic scoring. Boxed areas are shown at higher magnification within each panel. B, Left, Representative flow cytometric analysis of Th1 cells in
SGs of mice with experimental SS. Samples were gated on CD45+CD4+ T cells. Right, summary of cell numbers. C, Left, Representative flow cytomet-
ric analysis of interleukin-17 receptor B–positive (IL-17RB+) IL-7Ra+ group 2 innate lymphoid cells (ILC2s) in SGs of mice with experimental SS.
Samples were gated on the CD45+Lin� population. Right, summary of cell numbers. D, Left, Representative flow cytometric analysis of
CD11c+CD206� M1-type macrophages and CD11c�CD206+ M2-type macrophages in SGs of mice with experimental SS. Samples were gated on the
CD45+F4/80+ population. Right, summary of cell numbers. Values are the mean � SD. * = P < 0.05; ** = P < 0.01. PBS = phosphate buffered saline;
IFNc = interferon-c. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40500/abstract.
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SS. However, mice with experimental SS treated with anti–
IL-25 showed significantly reduced frequencies and num-
bers of ILC2s (Figure 6C). In addition, IL-25 neutraliza-
tion was shown to selectively inhibit the CD206+F4/80+
M2-type macrophages among infiltrating lymphocytes (Fig-
ure 6D). Thus, our findings suggested that IL-25 might
serve as a therapeutic target for the treatment of primary SS.

Rituximab modulates SG IL-25 expression and in-
flammatory ILC2s in patients with primary SS.Rituximab
has been demonstrated to modulate local and systemic
immune responses in patients with primary SS as well as
the function of innate immune cells such as natural killer
cells (23,24). We evaluated the local expression of IL-25
and the peripheral frequencies of inflammatory ILC2s and
M2-type macrophages in 5 patients with primary SS after
rituximab therapy. As shown in Supplementary Figure 2
(http://onlinelibrary.wiley.com/doi/10.1002/art.40500/abstract),
rituximab treatment was associated with significantly
reduced SG IL-25 expression levels (Supplementary
Figures 2A and B) and a significantly reduced percent-
age of circulating inflammatory ILC2s (Supplementary
Figures 2C and D), but not with reductions in M2-type
macrophages (data not shown).

Activation of the IL-25/IL-17RB axis in primary
SS–associated lymphoma. Since IL-25 regulates hemato-
poietic and immune functions (25), stimulating the
development of B lymphocytes, we next evaluated
involvement of the IL-25/IL-17RB axis in primary
SS–associated MALT lymphoma in SGs. As shown in
Supplementary Figure 2 (http://onlinelibrary.wiley.com/
doi/10.1002/art.40500/abstract), significant overexpression
of IL-25 was observed in SG samples from patients with
lymphoma (Supplementary Figure 2E) accompanied by
significant overexpression of IL-17RB (Supplementary
Figure 2F) and TRAF6 (Supplementary Figure 2G),
indicating activation of the IL-25/IL-17RB axis in pri-
mary SS–associated lymphoma as well.

DISCUSSION

In this report we provide, for the first time, evi-
dence that the IL-25/IL-17RB axis is activated in patients
with primary SS and in mice with experimental SS and
that it is associated with the selective expansion of specific
subsets of ILC2s and the occurrence of an M2-type
macrophage polarization. We also demonstrate that the
neutralization of IL-25 causes a decrease in the progres-
sion of disease in a murine model of SS, thus representing
a possible successful strategy in the treatment of SS.

IL-25 is an important molecule controlling innate
and adaptative immunity (4). It signals through IL-17RB,
which specifically binds to IL-17B and IL-25 but not to

IL-17A or IL-17C (4). Interaction of IL-17B and IL-25
with IL-17RB induces different biologic activities. IL-
17B essentially acts on epithelial cells, inducing the
expression of IL-8 and the up-regulation of proinflam-
matory chemokines such as CXCL1, CCL20, and trefoil
factor 1 via the ERK-1/2 pathway (26). Conversely, IL-
25/IL-17RB interaction essentially regulates B cell func-
tion, induces autoimmune Th17-driven inflammation,
and promotes Th2 responses by increasing the frequency
of M2-polarized macrophages and the differentiation of
ILC2s (6,7,9,21).

In primary SS, IL-17RB was almost exclusively
observed on the surface of inflammatory immune cells
infiltrating SGs, with very low expression in ductal and/or
acinar epithelial cells, indicating a predominant role of
this receptor in modulating the function of infiltrating
inflammatory cells. In accordance with the expression of
IL-17RB on immune cells, we demonstrated that IL-25,
but not IL-17B, is overexpressed in SGs in primary SS
with a distribution that follows that of IL-17RB. Over-
expression of human IL-25 has been demonstrated to
result in lymph node medullary expansion due to increases
of reactive B cells, plasma cells, and macrophages (27).
Consistent with these results, in our study IL-25 expres-
sion was correlated with the lymphocytic focus score and
with the degree of GC organization. IL-17RB is known to
interact with TRAF6 and NF-jB activator protein 1, and
TRAF6 in concert with transforming growth factor b–acti-
vated kinase 1 activates ERK-MAPK signaling for cell sur-
vival (15). In SGs in primary SS, we observed a significant
up-regulation of TRAF6, especially among CD3+ cells
and ILC2s, indicating that IL-25/IL-17RB signaling is
functional in primary SS via coordinated activation of
ERK-1/2 and its downstream transcription factors.

In the seminal study reported by Huang et al (8),
it was demonstrated that IL-25–dependent inflammatory
ILC2s also express high levels of GATA-3 (more than
that expressed by natural ILC2s), and that they express
an intermediate amount of retinoic acid receptor–related
orphan nuclear receptor ct (RORct) (a smaller amount
than that expressed by ILC3s, but significantly distinct
from the amount expressed by natural ILC2s). The exact
contribution of these different transcription factors in
modulating ILC2 expansion needs to be better clarified
in future studies. The IL-25/IL-17RB/TRAF6 axis was
also studied in SG protein–immunized mice with experi-
mental SS. In experimental SS, serum levels of IL-25
were significantly increased 30 weeks postimmunization,
and, similar to findings in primary SS in humans, we
detected increased numbers of IL-25–producing cells in
SGs of mice with experimental SS that had glandular infil-
tration. Interestingly, IL-25+ tissue cells were mainly found
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surrounding SG-infiltrating CD4+ T cells. Increased IL-
17RB expression was also demonstrated in SG-infiltrat-
ing CD4+ Tcells, as well as enhanced TRAF6 expression
in IL-17RB+CD4+ T cell subpopulations. Taken
together, these findings seem to indicate a critical role of
the IL-25 axis in the pathogenesis of primary SS and
experimental SS.

It has been shown that IL-25/IL-17RB expression
induces the expansion of M2-type macrophages and ILC2s
(7,8). ILC2s require RORa and GATA-3 for their develop-
ment and, together with IL-25, IL-33 has also been
demonstrated to be the predominant ILC2-inducing
cytokine (18). The existence of an inflammatory ILC2
population responsive to IL-25 that complemented IL-
33–responsive natural ILC2s was recently reported (8).
Inflammatory ILC2s develop into natural ILC2–like cells
in vitro and in vivo and acquire IL-17–producing ability
(28). In this regard, IL-33 has recently been demonstrated
to be overexpressed in patients with primary SS (3). In our
study, a strong and significant expansion of inflammatory
ILC2s was observed in primary SS at both the peripheral
and local levels, and this was significantly correlated with
the focus score, disease activity evaluated by the ESSDAI,
and the number of infiltrating IL-25+ cells. Conversely,
natural ILC2s were not significantly expanded either in the
MSGs or in the peripheral blood of patients with primary
SS. The role of IL-25 in modulating inflammatory ILC2
expansion in primary SS seems to be confirmed by the
demonstration that addition of IL-25 to isolated SG
mononuclear cells and PBMCs was able to selectively
induce the expansion of inflammatory ILC2s in vitro.

Interestingly, inflammatory ILC2s may be transient
progenitors of ILCs mobilized by inflammation and infec-
tion, that develop into natural ILC2–like cells or ILC3-
like cells contributing to immunity to helminths and fungi
(28). Since ILC3s producing IL-22 have been demon-
strated to be expanded in patients with primary SS (12),
contributing to the pathogenesis of primary SS, we obvi-
ously cannot exclude the possibility that a proportion of
SG inflammatory ILC2s may become ILC3s.

IL-25–activated ILC2s have been demonstrated to
produce Th2 cytokines such as IL-5 and IL-13 (18). In
accordance with the presence of ILC2s in the SGs of
patients with primary SS, high levels of the Th2 cytokines
IL-5 and IL-13 were observed. Th2 cytokines have been
demonstrated to elicit specific M2-type macrophage
responses (29). Macrophages have essential activities in
homeostasis maintenance, being differently polarized,
according to various stimuli, into 2 distinct populations of
M1- and M2-type macrophages (29). In accordance with IL-

25 overexpression and inflammatory ILC2 polarization, we
observed a clear expansion of M2-type macrophages both in
SGs and in peripheral blood of patients with primary
SS. In SGs in primary SS, M2-type macrophages were
demonstrated to be CD163+c-Maf+ cells, since the pres-
ence of CD163 alone is not sufficient to define M2-type
polarization, and their number was correlated with the focus
score.

IL-25 regulates hematopoietic and immune functions,
specifically stimulating expansion of B lymphocytes in spleen,
lymph nodes, and other secondary lymphohematopoietic
tissues (21). Our demonstrations that IL-25 is able to
induce in vitro the production of primary SS–associated
autoantibodies and that the IL-25 axis is also up-
regulated in patients with primary SS–associated MALT
lymphomas seem to support the importance of IL-25 in
modulating B cell function. The B cell response observed
in our in vitro studies after IL-25 stimulation might
be modulated by TRAF6 overexpression, since it has
been demonstrated that TRAF6 is required for both T
cell–dependent and T cell–independent B cell responses
(30). However, other pathways might be involved in
autoantibody production, and further functional studies
are needed to determine their exact contributions.

Finally, our demonstration that depletion of B cells
by rituximab in patients with primary SS significantly
reduces the local levels of IL-25 and the frequency of circu-
lating inflammatory ILC2s indirectly suggests that modula-
tion of the IL-25 axis might also be relevant in the
treatment of these patients. In this regard, rituximab has
been demonstrated to modulate innate and adaptive
immune responses beyond B cell depletion in patients with
primary SS. In particular, depletion of CD20+ Tcells (31)
and mast cells (23) and reduction in the expression of dif-
ferent cytokines such as IL-22 (24) and IL-17 (23) have
been demonstrated after rituximab therapy. Consistent
with the above hypothesis is our demonstration that neu-
tralization of IL-25 resulted in reduced lymphocytic infil-
tration and numbers of foci during progression of
experimental SS, as well as in significant reductions of infil-
trating Th1 cells, CD45þLin�IL-17RBþ IL-7RaþILC2s;
and CD206þF4=80þM2-type macrophages:

In conclusion, in this study we have provided the
first demonstration that the IL-25/IL-17RB axis is activated
in patients with primary SS, in primary SS–associated
MALT lymphomas, and in experimental SS. In patients with
primary SS the activation of this axis is associated with the
expansion of inflammatory ILC2s and M2-type macro-
phages. Targeting of this axis might be relevant in treating
patients with primary SS.
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Exacerbation of Murine Experimental Autoimmune Myositis
by Toll-Like Receptor 7/8

Clara Sciorati,1 Antonella Monno,1 Maria Giulia Doglio,1 Elena Rigamonti,1

Dana P. Ascherman,2 Angelo A. Manfredi,3 and Patrizia Rovere-Querini3

Objective. Toll-like receptor 7 (TLR-7), TLR-8, and
interferon (IFN)–induced genes are expressed in patients
with idiopathic inflammatory myositis. This study was
undertaken to investigate whether their activation influ-
ences the natural history of the disease.

Methods. Experimental autoimmune myositis was
induced in mice by injection of the amino-terminal portion
of the murine histidyl–transfer RNA synthetase (HisRS).
Disease was compared in the presence or the absence of the
TLR-7/8 agonist R-848 in wild-type mice and in mice that
fail to express the IFNa/b receptor (IFNa/bR-null mice).

Results. Experimental autoimmune myositis induced
by a single intramuscular immunization with HisRS spon-
taneously abated after 7–8 weeks. In contrast, levels of anti-
HisRS autoantibodies, endomysial/perimysial leukocyte
infiltration, and myofiber regeneration persisted at the end
of the follow-up period (22 weeks after immunization) in
mice immunized with HisRS in the presence of R-848. Myo-
fiber major histocompatibility complex (MHC) class I mole-
cules were detectable only in mice immunized with both
HisRS and R-848. MHC up-regulation occurred early and
in muscles that were not directly injected with HisRS. Mus-
cle MHC expression paralleled with leukocyte infiltration.
MHC class I molecules were selectively up-regulated in
myotubes challenged with R-848 in vitro. Type I IFN was
necessary for the prolonged autoantibody response and for

the spreading of the autoimmune response, as demon-
strated using IFNa/bR-null mice. Muscle infiltration was
maintained in the injected muscle up to the end of the fol-
low-up period.

Conclusion. TLR-7/8 activation is necessary to
induce and maintain a systemic autoimmune response
targeting the skeletal muscle. This experimental autoim-
mune myositis model reproduces many characteristics of
human idiopathic inflammatory myopathies and may
represent a tool for preclinical studies.

Idiopathic inflammatory myopathies (IIMs) are the
largest group of myopathies (1). Various classifications
have been proposed (2–5). Myositis-specific autoantibodies
are found, including antisynthetase antibodies, such as
those specific for anti–histidyl–transfer RNA synthetase
(anti-HisRS; also referred to as anti–Jo-1) (6–8). Histologic
features comprise endomysial, perimysial, or perivascular
infiltration by inflammatory cells (including autoreactive T
lymphocytes), expression of myofiber major histocompati-
bility complex (MHC) class I molecules, muscle injury and
regeneration, tissue remodeling with fibrosis, and fat
deposition (1). Various disease mechanisms have been pro-
posed, but the pathogenesis of IIM remains unclear
(9–11). Therapy is mostly based on glucocorticoids and/or
nonselective immunosuppressive drugs, with elevated toxic-
ity and often limited efficacy (12,13).

Viral infection might influence the immunogenic-
ity of muscle autoantigens, possibly via aberrant genera-
tion of cytokines with adjuvant actions (11,14). For
example, type I interferon (IFN)–regulated proteins are
up-regulated in the muscle and skin tissue of IIM patients,
and the levels of their expression correlate with disease
activity (15–17). Myofiber precursors and regenerating
fibers play a key role as a source of IIM autoantigens
(18–20), and type I IFN induces myoblast MHC class I
expression and mitochondrial function in vitro (21,22). A
multicenter clinical trial is ongoing to evaluate the efficacy
of the anti-IFNa monoclonal antibody sifalimumab in
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patients with IIM (23). Type I IFN induction might
depend on the activation of Toll-like receptors (TLRs)
(24). IFNs and various TLRs are indeed up-regulated in
infiltrating leukocytes and muscle tissue of patients with
IIM (21,25–28).

To investigate whether the TLR/type I IFN path-
way is causally involved in IIM development, we explored
the long-term effects of TLR-7/8 activation in a well-char-
acterized experimental model of myositis induced by
intramuscular injection of a fragment of the mouse HisRS
antigen (29–31), which elicits focal and transient autoim-
munity and muscle inflammation (29,30,32,33). In this
study we demonstrated that mouse myositis was exacer-
bated and sustained when the autoantigen was injected in
the presence of R-848, a cell-permeable and specific
TLR-7/8 agonist (34). Type I IFN was responsible for
most actions of R-848, including prolonged autoantibody
generation, spreading of muscle inflammatory reaction,
and fiber MHC class I overexpression.

MATERIALS AND METHODS

Mice and treatments. Wild-type C57BL/6 mice (8–10
weeks old; Charles River) or syngeneic type I IFN receptor–
deficient (IFNa/bR-null) mice (a gift from Dr. Iannacone
Milano, Ospedale San Raffaele Scientific Institute) (35) were
housed in a pathogen-free facility and treated in accordance with
European Union guidelines, with the approval of the local insti-
tutional ethics committee (Institutional Animal Care and Use
Committee #742). The muscles of wild-type and untreated
IFNa/bR-null mice revealed no signs of inflammation, necrosis,
or regeneration. Myositis was induced by intramuscular injection
of a recombinant amino-terminal fragment portion (residues 1–
151) of the murine HisRS molecule, as previously described
(30). Briefly, both gastrocnemius muscles were injected with the
antigen (0.2 mg/mouse in 50 ll of phosphate buffered saline
[PBS]) and Freund’s incomplete adjuvant (IFA) in the presence
or absence of R-848 (1 mg/kg; InvivoGen) (34). Sham-treated
mice received either PBS plus IFA or R-848 plus IFA.

Histologic grading of inflammation. After mice were
killed, muscles (gastrocnemius, quadriceps, anterior tibialis, and
triceps brachii) were rapidly isolated and frozen. Serial cryosec-
tions of mouse muscle of 8–10 lm were cut at a distance of
~300–400 lm, and 6–8 sections from each sample were stained
with hematoxylin and eosin and examined using an Axioskop
microscope equipped with an AxioCam ERc 5s camera (Zeiss).
Two trained investigators (CS and AM) who were blinded with
regard to study group scored all mouse muscle sections indepen-
dently for mononuclear cell infiltration. A mean score was calcu-
lated for each sample based on the intensity and distribution of
inflammatory cell infiltration, where 0 = no inflammatory
lesions; 1 = small inflammatory lesions (<10% of the section
area infiltrated with mononuclear cells) in an endomysial distri-
bution with no perimysial involvement, 2 = medium inflamma-
tory lesions (10–30% of the section area infiltrated with
mononuclear cells) with either endomysial or perimysial distri-
bution, 3 = large inflammatory lesions (30–50% of the section
area infiltrated with mononuclear cells) with either endomysial

or perimysial distribution, and 4 = diffuse and extensive lesions
(>50% of the section area infiltrated with mononuclear cells) in
which both endomysial and perimysial inflammatory foci are
present.

Histologic analysis and immunofluorescence staining. To
evaluate fibrosis, mouse tissue was stained with sirius red (36).
Briefly, frozen sections were fixed and incubated with 0.1% sirius
red dye in picric acid for 1 hour and washed, dehydrated, and
mounted. Images were captured using an Axioskop microscope.
Immunofluorescence staining was carried out on fixed sections
(4% paraformaldehyde or cold acetone for anti-CD3) using rat
anti-CD3 (1:100; Abcam), anti-CD68 (1:300; Abcam), anti-B220
(1:100; BD Biosciences), and anti–MHC class I (1:200; Abcam)
antibodies, as previously described (20). Unrelated isotype-
matched antibodies were used as controls. Images were captured
using a PerkinElmer Ultraview ESR confocal laser scanning
microscope. Linear adjustments of the images were made using
Adobe Photoshop CS4.

Autoantibody detection and quantification. HisRS IgG
antibodies in mouse serum (1:20,000 or 1:50,000 dilutions) were
measured by enzyme-linked immunosorbent assay (ELISA) as
previously described (29,30). Serial serum dilutions (1:1,000–
1:50,000) were used for ELISA, and the figures show the serum
dilution at which average optical density values in treated mouse
serum were significantly different from those in vehicle-treated
mouse serum. Serum from a single animal was measured in
duplicate.

Retrieval of CD45+ muscle-infiltrating leukocytes. Infil-
trating cells were retrieved by enzymatic digestion using type II
collagenase (200 units/ml; Sigma) at 37°C for 40 minutes fol-
lowed by CD45+ leukocyte retrieval by magnetic sorting
(Miltenyi Biotec). Murine gastrocnemius muscles were pooled
and digested. The purity of CD45+ fractions (80–90%) was veri-
fied by flow cytometry (Canto 4.2.2 flow cytometer with Diva
Software by BD Biosciences) using a PerCP-conjugated anti-
CD45 antibody (clone 30-F11, 1:100) (BD Biosciences). For
characterization of inflammatory cells, the following antibodies
were used: phycoerythrin (PE)–Cy7–conjugated anti-CD3 (clone
145-2C11; BD Biosciences) for T lymphocytes, fluorescein
isothiocyanate–conjugated anti-220 (clone RA3-6B2; BD
Biosciences) for B lymphocytes, allophycocyanin (APC)–
Cy7–conjugated anti-F4/80 (clone BM8; BioLegend) for
macrophages, PE-conjugated anti-CD8 (clone 53-6.7; BD
Biosciences), and APC-conjugated anti-CD4 (clone GK1.5;
BioLegend). Analysis was performed using FlowJo software
(Tree Star).

Isolation and treatment of myogenic precursors and
single fibers. Myogenic precursors were isolated from 8-week-
old mice by enzymatic digestion of leg muscles with a mixture
of type II collagenase (500 units/ml; Worthington) and Dispase
(2.4 units/ml; Gibco Life Technologies) dissolved in PBS (5 ml/
mouse). Cells were retrieved and cultured for 2–3 days on
Matrigel-coated dishes until they reached confluence (20).
Cells were then cultured for an additional 24 hours in Dul-
becco’s modified Eagle’s medium (DMEM) containing 2%
bovine serum albumin to induce fusion. Myotubes were treated
with 10 lg/ml of R-848, 2,000 units/ml of recombinant murine
IFNa (BioLegend), 100 ng/ml of IFNc (PeproTech), or vehicle
for an additional 24 hours (for isolation of messenger RNA) or
48 hours (for immunofluorescence staining). To verify the puri-
ty of myotube preparations, skeletal myosin expression was
evaluated by immunofluorescence staining using a specific
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antibody (MF-20; Developmental Studies Hybridoma Bank).
Nuclei were stained with Hoechst. Consistently, >80% of total
nuclei were in myosin-positive structures.

For single fiber isolation, murine gastrocnemius muscles
were carefully dissected and digested in 0.2% type II collagenase
for 20 minutes, and individual myofibers were dissociated by

trituration (37). Isolated myofibers were cultured in the presence
or absence of R-848 (10 lg/ml) for 48 hours (in wells coated with
horse serum to prevent fiber attachment) in DMEM containing
10% horse serum, 1% chick embryo extract, glutamine, and
antibiotics. Fibers were retrieved 48 hours later and fixed for
immunostaining.

Figure 1. Prolonged inflammatory response in mouse muscles injected with histidyl–transfer RNA synthetase (HisRS) and the Toll-like receptor 7
(TLR-7)/TLR-8 agonist R-848. Left, Hematoxylin and eosin staining of gastrocnemius muscle sections from mice immunized with HisRS alone or
HisRS plus R-848 isolated 4 weeks (A), 8 weeks (B), 16 weeks (C), or 22 weeks (D) after injection. Arrows indicate centronucleated fibers. Bars =
50 lm. Right, Inflammation score for gastrocnemius muscle sections from mice immunized with HisRS alone, HisRS plus R-848, vehicle (phos-
phate buffered saline [PBS]), or R-848 alone isolated 4 weeks (A), 8 weeks (B), 16 weeks (C), or 22 weeks (D) after injection. Values are the mean
� SEM (n = 15 or more mice per group). *** = P < 0.005 versus PBS.
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RNA extraction and quantitative reverse transcriptase–
polymerase chain reaction (RT-PCR). RNA was extracted from
mouse muscles and cells using TRIzol (Applied Biosystems)
following the manufacturer’s recommendations. Complemen-
tary DNAs (cDNAs) were prepared from 1 lg of RNA using a
high-capacity cDNA Reverse Transcription kit (Applied Biosys-
tems) according to the manufacturer’s instructions. Quantitative
RT-PCR was carried out using SYBR Green PCR Master Mix
(Applied Biosystems) on an ABI7400 system (Applied Biosys-
tems). Transcripts of target genes were quantified relative to the
abundance of GAPDH by the change in threshold (Livak [2�DDCt]
method). The primer sequences used were as follows: for MHC
class I, forward 50-ACATGGAGCTTGTGGAGACC-30 and
reverse 50-TGTTGGAGACAGTGGATGGA-30; for IFNa, for-
ward 50-AGCTACTGGTCAACCTGCTCTCTAG-30 and reverse
50-CCAGGAGTGTCAAGGCTTTCTT-30; for GAPDH, forward
50-TCCACTCATGGCAAATTCAA-30 and reverse 50-TTTGAT
GTTAGTGGGGTCTCG-30; for IFI44, forward 50-CCAACT
GACTGCTCGCAATA-30 and reverse 50-TAGGACCCAGCAG
CAGAACT-30; for IFI27, forward 50-ATCTACCTGAAGG
GTTTTGAGTTCT-30 and reverse 50-ATTAGCAATAGCTGA-30.

Type I IFN. IFNa was measured in culture medium with
a commercially available ELISA (eBioscience) following the
manufacturer’s instructions.

Statistical analysis. All data were analyzed using Stu-
dent’s unpaired 2-tailed t-test for comparisons between 2
groups (i.e., HisRS alone versus HisRS plus R-848) or one-
way analysis of variance with Bonferroni post hoc test for
multiple group comparisons. P values less than 0.05 were con-
sidered significant. Results are presented as the mean � SD
or mean � SEM and were obtained from 1 of at least 3 inde-
pendent experiments (with no significant interassay differ-
ences). In each experiment, 5 or more mice were subjected to
each condition. Images shown in the figures are representa-
tive of mean data obtained in at least 3 independent experi-
ments (using 5 or more mice per condition in each
experiment, with no significant interassay differences). For
in vitro data, results are from 1 of at least 3 independent
experiments (with no significant interassay differences; each
point was analyzed in triplicate).

RESULTS

Activation of TLR-7 or TLR-8 prolongs muscle
infiltration and autoimmunity in experimental autoim-
mune myositis. Mouse gastrocnemius muscles injected
with HisRS were substantially infiltrated by inflammatory
leukocytes 4 weeks after immunization. Scattered centro-
nucleated fibers (a sign of ongoing damage and regen-
eration) were also identified (Figure 1A). The extent of
the inflammatory reaction and the cellular composition
of the inflammatory infiltrate were similar at early time
points in muscles injected with HisRS alone and in those
injected with HisRS in the presence of the TLR agonist
R-848 (HisRS plus R-848) (Figure 1A and Supplementary
Figures 1A and B, available on the Arthritis & Rheumatol-
ogy web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40503/abstract).

Muscle inflammation and regeneration substan-
tially decreased 8 weeks after mice were treated with
HisRS alone (Figure 1B) and there was scant evidence of
inflammation in the mice immunized with HisRS alone
at later time points (16 and 22 weeks) (Figures 1A, C,
and D). The extent of inflammation was similar in mice
immunized with HisRS at later time points and in control
mice treated with PBS or with R-848 alone (Supplemen-
tary Figure 1A). Figure 1 shows the inflammation score
in mouse gastrocnemius muscles injected with HisRS
alone, HisRS plus R-848, PBS alone, or R-848 alone.

The inflammatory response in mice injected with
HisRS plus R-848 did not spontaneously abate. Inflamma-
tion remained prominent at least up to 22 weeks after im-
munization (Figures 1B–D) with infiltrating macrophages
(CD68+ cells), T and B lymphocytes (CD3+ and B220+
cells), and areas of collagen deposition (sirius red histo-
chemical staining) (Figure 2A), which are typically found
in the tissue of IIM patients, in perimysial and endomysial
areas.

Anti-HisRS IgG antibodies were detectable in the
serum of mice injected with HisRS by 1–2 weeks after
immunization. Their levels progressively increased until
4–8 weeks and progressively decreased thereafter (Fig-
ure 2B). In contrast, in mice injected with HisRS plus R-
848, anti-HisRS IgG levels remained elevated in the blood
up to at least 22 weeks (Figure 2B). The difference was
consistently significant at later time points (Figure 2B).

Spreading of the inflammatory response to
uninjectedmuscles after TLR-7/8 activation.The inflammation
that occurred in mice immunized with HisRS alone
remained confined to the injected muscles (gastrocnemius
muscles). Uninjected muscles did not undergo immune
cell infiltration or damage at any of the times investigated
(Figure 3A and data not shown). All of the mice that were
injected with HisRS plus R-848 in the gastrocnemius mus-
cles had infiltrating immune cells in uninjected muscles
(e.g., anterior tibialis, quadriceps, or triceps brachii mus-
cles) (Figure 3A). Regenerating centronucleated fibers
were also sometimes identified (Figure 3A). Muscle in-
flammation was not detectable in uninjected muscles 1
week after immunization, but became evident at later time
points (2 weeks), a finding compatible with an acquired
immune-mediated spreading of the response.

The muscles of mice that received HisRS plus
R-848 contained a significantly higher number of leuko-
cytes than those that received HisRS alone, as assessed
after isolation of CD45+ cells by immunomagnetic cell
sorting (Figure 3B). Consistently, immunofluorescence
analysis of mouse muscles after immunization revealed
the presence of abundant macrophages (CD68+ cells)
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Figure 2. The Toll-like receptor 7 (TLR-7)/TLR-8 agonist R-848 induces long-lasting macrophage and lymphocyte infiltration and prolongs
autoantibody response in mouse muscles injected with histidyl–transfer RNA synthetase (HisRS). A, Immunofluorescence staining for macrophages
(CD68 [red]), T lymphocytes (CD3 [red]), and B cells (B220 [red]), and areas of collagen deposition (sirius red) in gastrocnemius muscle sections
isolated from mice 22 weeks after injection with HisRS plus R-848. Fibers were identified with an antilaminin antibody (green), while nuclei were
revealed by Hoechst staining (blue). Results are representative of experiments in 15 or more mice (6–8 sections per mouse). Bars = 50 lm. B,
Anti-HisRS IgG antibodies in serum from mice injected with HisRS alone and mice injected with HisRS plus R-848. Serum dilution was 1:50,000.
Values are the mean � SEM OD (in arbitrary units) of results obtained for the serum of individual animals (n = 15 or more mice per group). * =
P < 0.05; ** = P < 0.01; *** = P < 0.005, versus mice injected with HisRS alone. Color figure can be viewed in the online issue, which is available
at http://onlinelibrary.wiley.com/doi/10.1002/art.40503/abstract.
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and B lymphocytes (B220+ cells) with few CD3+ lym-
phocytes (Figure 3C).

TLR-7/8 activation induces MHC class I and type
I IFN expression in vitro and in vivo.MHC class I expres-
sion is normally negligible in healthy skeletal muscles. Its
expression is a typical feature of IIM patient fibers (38).
HisRS injection per se did not induce MHC class I
expression in mouse myofibers. Infiltrating immune cells
or endothelia only expressed the protein (Figure 4A). In
contrast, fibers of mice that received HisRS plus R-848
expressed sarcolemmal MHC class I molecules at the site
of injection 1 week after immunization and up to at least
8 weeks after immunization (Figure 4A). Fibers of PBS-
treated animals consistently failed to express the protein
(Supplementary Figure 2A, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40503/abstract). Mice that received R-848
alone weakly expressed MHC class I molecules in some

fibers (Supplementary Figure 2A). In vitro R-848 induced
MHC expression in differentiated myotubes and isolated
single fibers, as assessed by immunofluorescence and RT-
PCR (Figures 4B and C and Supplementary Figure 2B).

MHC class I expression was also induced in the
fibers of uninjected muscles, as demonstrated by quantita-
tive RT-PCR (Figure 5A) and by immunofluorescence
staining (Figure 5B) of quadriceps muscles 1 and 2 weeks
after injection of HisRS plus R-848 in the gastrocnemius
muscles. MHC class I induction preceded the infiltration
by immune cells, since infiltrating leukocytes were not yet
detectable 1 week after muscle injection (Supplementary
Figure 2C). R-848, in the absence of HisRS, did not
induce any statistically significant increment of MHC
expression in uninjected muscles (Figure 5A and data not
shown).

Type I IFN is known to be produced downstream
of TLR-7/8 activation and to up-regulate MHC expression

Figure 3. Inflammatory response in the uninjected muscles of mice injected with histidyl–transfer RNA synthetase (HisRS) in the presence of the
Toll-like receptor 7 (TLR-7)/TLR-8 agonist R-848. A, Hematoxylin and eosin staining of sections of the anterior tibialis, quadriceps, and triceps bra-
chii muscles isolated from mice 4 weeks after injection of the gastrocnemius muscles with HisRS alone or HisRS plus R-848. Arrows indicate cen-
tronucleated fibers. Results are representative of experiments in 15 or more mice (6–8 sections per mouse). Bars = 50 lm. B, Number of leukocytes
(CD45+ cells) isolated from the anterior tibialis, quadriceps, and triceps brachii muscles of mice injected in the gastrocnemius muscles with HisRS
alone or HisRS plus R-848. Values are the mean � SD (n = 15 or more mice per group). * = P < 0.05. C, Immunofluorescence staining for macro-
phages (CD68 [red]), B lymphocytes (B220 [red]), and T cells (CD3 [red]) in sections of the anterior tibialis or quadriceps muscles isolated 2 weeks
after injection of the gastrocnemius muscles with HisRS plus R-848. Fibers were identified with an antilaminin antibody (green), while nuclei were
revealed by Hoechst staining (blue). Results are representative of experiments in 15 or more mice (6–8 sections per mouse). Bars = 50 lm. Color fig-
ure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40503/abstract.
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in vitro (20,21). Mouse muscles injected with HisRS plus
R-848 expressed IFNa 1 week and up to at least 8 weeks
after immunization, as evaluated by RT-PCR (Figure 5C
and data not shown). Type I IFN target genes and IFN-
induced proteins 44 and 27 were expressed as well (data
not shown), indicating that the pathway was active upon
immunization with HisRS plus R-848. Cultured myotubes
also produced IFNa upon stimulation by R-848, as evalu-
ated by ELISA (Figure 5D).

Type I IFN signaling is required for MHC class I
expression, spreading of inflammation, and prolonged
autoantibody response induced by TLR-7/8 activation.
R-848 up-regulated MHC class I expression in myotubes
of wild-type mouse myoblasts, as assessed by immunofluo-
rescence and RT-PCR (Figures 4B and C). The effect

abated in myotubes obtained from the muscles of IFNa/
bR-null mice, causally implicating the cytokine in the
effect of the TLR agonist (Figure 6A). Accordingly, the
recombinant mouse cytokine IFNa induced MHC class I
in wild-type and not in IFNa/bR-null mouse myotubes
(Supplementary Figure 3A, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40503/abstract). MHC class I was, in con-
trast, as expected effectively up-regulated in response to
IFNc in wild-type and IFNa/bR-null mouse myotubes
(Supplementary Figure 3A).

In vivo, MHC class I was up-regulated in
uninjected muscles (quadriceps) after injection with HisRS
plus R-848. Again, the effect was not detectable in IFNa/
bR-null mouse muscles (Figure 6B). The inflammatory

Figure 4. The Toll-like receptor 7 (TLR-7)/TLR-8 agonist R-848 induces major histocompatibility complex (MHC) class I expression in vitro and
in vivo. A, Immunofluorescence staining for MHC class I (red) in gastrocnemius muscle sections isolated from mice 1 week, 4 weeks, or 8 weeks after
injection with HisRS alone or HisRS plus R-848. Nuclei were revealed by Hoechst staining (blue). Results are representative of experiments in 15 or
more mice (6–8 sections per mouse). Bars = 50 lm. B, MHC expression (red) in myotubes treated with phosphate buffered saline (PBS) or R-848
and evaluated 48 hours after treatment. Nuclei were revealed by Hoechst staining (blue). Results are representative of experiments in 9 or more
mice. Bars = 50 lm. C, Quantitative reverse transcriptase–polymerase chain reaction for MHC class I mRNA in myotubes treated with PBS or R-848
and evaluated 24 hours after treatment. Data were normalized to GAPDH mRNA. Values are the mean � SD (n = 9 or more mice per group). * =
P < 0.05. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40503/abstract.
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reaction, evident in uninjected quadriceps muscles of wild-
type mice immunized with HisRS plus R-848 (Figure 6C),
was absent in uninjected muscles of IFNa/bR-null animals
(Figure 6C). Numbers of CD45+ cells isolated by
immunomagnetic sorting were significantly higher in wild-
type than in IFNa/bR-null mouse muscles, confirming his-
tologic data (Figure 6C).

Gastrocnemius muscles of wild-type and IFNa/bR-
null mice injected with HisRS alone or with HisRS plus
R-848 demonstrated similar levels of severe inflammation
at early time points following immunization (4 weeks)
(Supplementary Figure 3). However, inflammation spon-
taneously abated in murine gastrocnemius muscles
injected with HisRS alone, but remained severe up to 16

Figure 5. The Toll-like receptor 7 (TLR-7)/TLR-8 agonist R-848 induces major histocompatibility complex (MHC) class I and type I interferon
(IFN) expression in mice in vitro and in vivo. A, Quantitative reverse transcriptase–polymerase chain reaction (RT-PCR) for MHC class I mRNA
in uninjected muscles (quadriceps) of mice injected in the gastrocnemius muscles with histidyl–transfer RNA synthetase (HisRS) alone, HisRS plus
R-848, phosphate buffered saline (PBS), or R-848 alone. The uninjected muscles (quadriceps) were evaluated 1 week or 2 weeks after immuniza-
tion. Data were normalized to GAPDH mRNA. B, Immunofluorescence staining of uninjected muscle (quadriceps) sections isolated 1 week or 2
weeks after mice were injected in the gastrocnemius muscle with HisRS alone or HisRS plus R-848. Nuclei were revealed by Hoechst staining
(blue). Results are representative of experiments in 15 or more mice (6–8 sections per mouse). Bars = 50 lm. C, IFNa mRNA detected by quanti-
tative RT-PCR in injected muscles 1 week after mice were immunized as indicated. D, IFNa protein detected by enzyme-linked immunosorbent
assay in medium culture of myotubes exposed for 24 hours to PBS or R-848. Values in A, C, and D are the mean � SEM (n = 15 or more mice
per group). * = P < 0.05; *** = P < 0.005 versus PBS. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wi-
ley.com/doi/10.1002/art.40503/abstract.
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Figure 6. Type I interferon (IFN)–mediated major histocompatibility complex (MHC) class I expression, spreading of inflammation, and
prolonged autoantibody response in mice immunized with histidyl–transfer RNA synthetase (HisRS) plus R-848. A, Left, MHC class I expression
(red) in myotubes isolated from wild-type (WT) or IFNa/b receptor (IFNa/bR)–null mice and treated for 48 hours with R-848. Nuclei were
revealed by Hoechst staining (blue). Bars = 50 lm. Right, Quantitative reverse transcriptase–polymerase chain reaction (RT-PCR) for MHC class
I in myotubes isolated from WT or IFNa/bR-null mice and treated for 24 hours with phosphate buffered saline (PBS) or R-848. Values are the
mean � SD (n = 9 or more mice per group). * = P < 0.05 versus WT mice treated with PBS. B, Immunofluorescence staining of quadriceps mus-
cle sections isolated 2 weeks after immunization of the gastrocnemius muscles in WT or IFNa/bR-null mice. Nuclei were revealed by Hoechst
staining (blue). Results are representative of experiments in 15 or more mice (6–8 sections per mouse). Bars = 50 lm. C, Left, Hematoxylin and
eosin staining of sections of uninjected quadriceps muscles isolated 2 weeks after injection of the gastrocnemius muscles with HisRS plus R-848 in
WT or IFNa/bR-null mice. Results are representative of experiments in 15 or more mice (6–8 sections per mouse). Bars = 50 lm. Right, Number
of leukocytes (CD45+ cells) isolated from the uninjected muscles of WT or IFNa/bR-null mice receiving HisRS alone or HisRS plus R-848. Values
are the mean � SD (n = 15 or more mice per group). * = P < 0.05 versus WT mice injected with HisRS alone. D, Anti-HisRS IgG antibodies in
the serum of WT or IFNa/bR-null mice after immunization with HisRS plus R-848. Serum dilution was 1:20,000. Values are the mean � SEM OD
(in arbitrary units) of results obtained for the serum of individual animals (n = 15 or more mice per group at each time point). * = P < 0.05; ***
= P < 0.005 versus IFNa/bR-null mice. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/
10.1002/art.40503/abstract.
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weeks after injection of gastrocnemius muscles with
HisRS plus R-848 in both wild-type and IFNa/bR-null
mice (Supplementary Figure 3). This finding suggests that
the long-lasting inflammatory response, which develops at
the site of antigen injection in the presence of R-848, is
independent of the type I IFN pathway. Serum anti-
HisRS IgG antibody levels, which were similar in wild-
type and IFNa/bR-null mice at early time points after
immunization, progressively decreased in IFNa/bR-null
mice immunized with HisRS plus R-848 but remained sig-
nificantly high in wild-type animals (Figure 6D).

DISCUSSION

IIMs comprise primarily inflammatory systemic dis-
eases of the skeletal muscle characterized by progressive
weakness, persistent tissue injury, specific and associated
autoantibodies, and infiltration by T lymphocytes that rec-
ognize autoantigens expressed on myofibers (1,10,11). The
disease is chronic with a progressive or relapsing–remitting
course (39). Available treatments are only partially satis-
factory because of our limited insight into the pathogenesis
of IIM (9,11). Preclinical studies might provide valuable
information (33).

In this study we relied on a well-characterized
model of IIM induced by intramuscular injection of the
amino-terminal portion of HisRS (HisRS-induced exper-
imental autoimmune myositis), which mimics several key
features of the human disease, including the establish-
ment of systemic humoral and cellular autoimmune re-
sponse with muscle infiltration by macrophages, CD4+
and CD8+ T cells, as well as B lymphocytes
(29,30,32,40). Anti-HisRS autoantibodies and injected
muscle cell infiltration are already detectable 1 week
after immunization (30). The myositis induced by a sin-
gle HisRS injection—unlike human IIM—is focal, with
inflammation limited to the injected muscle, and tran-
sient, since autoimmunity and tissue inflammation per
se abate after 7–8 weeks. This suggests that additional
signals are required in vivo to reproduce key features of
IIM, such as systemic involvement of the musculature
and persistent production of autoantibodies against
myositis-specific antigens.

Viral infection has been convincingly associated
with autoimmunity, activation of TLRs, and the genera-
tion of potent adjuvant signals such as type I IFNs (15,
22,24–27,41). Immune complexes containing relevant
myositis antigens, including HisRS, stimulate TLRs of
IFN-producing cells (42), which are found in the muscle
and skin of IIM patients (43) and amplify IFN production
in an autocrine manner (44). R-848 is a well-characterized

agonist of endosomal TLR-7 and TLR-8, whose activation
causes type I IFN secretion (45).

We investigated whether the presence of R-848 was
sufficient to modify the natural history of the experimental
myositis induced in mice. We failed to observe significant
differences at early time points after immunization in terms
of the severity and characteristics of muscle inflammation.
At later time points, mice immunized with HisRS substan-
tially healed. In contrast, mice immunized with HisRS plus
R-848 developed a persistent myositis, which involved the
originally injected muscle and unrelated muscular districts.
Further studies are warranted to identify the mechanisms
that cause long-lasting, diffuse inflammation in mice
injected with HisRS plus R-848, but not in mice injected
with HisRS alone—findings which suggest that MHC class
I up-regulation is important for sustaining long-term myo-
sitis, but less critical for short-term inflammatory responses
that are similar in mice immunized with HisRS alone ver-
sus HisRS plus R-848.

R-848 induced the up-regulation of myofiber MHC
class I in vitro, and in vivo the myofiber expression of
MHC class I molecules was up-regulated in mice immu-
nized with HisRS plus R-848, in both injected and
uninjected muscle. In particular, MHC class I molecules
were already detectable in uninjected muscle, 1 week after
immunization, before these muscles were infiltrated by
inflammatory leukocytes. R-848 per se induced only weak
MHC expression and inflammation in vivo, suggesting that
antigen processing is a key regulatory event for myositis
development. Proteolytic complexes that determine the
repertoire of antigenic peptides, such as immunoprotea-
somes, are rapidly induced in infected tissue cells and are
critical for priming T cell–mediated immunity. They are
known to be overexpressed in the skeletal muscle of
patients with IIMs, to be regulated by various cytokines,
and to be a critical player in the expression of MHC class I
on myofibers of IIM patients (46).

Further studies will be required to verify whether
TLR-7/8 activation could induce immunoproteasome
up-regulation in the presence of specific antigens and
whether this event is required for the phenotypic amplifi-
cation of experimental myositis following immunization
with HisRS plus R-848. The systemic induction of MHC
class I molecules in skeletal muscle likely plays a prepara-
tory role, licensing the tissue for infiltration by autoreac-
tive immune cells. recombination-activating gene 2-null
mice, which lack acquired immune responses, are known
to develop a severe myopathy when crossed with trans-
genic mice that conditionally overexpress H-2Kb in mus-
cle, indicating that even nonimmunologic events play a
role. In particular, the unfolded protein response in this
system is triggered as a function of the degree of MHC
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accumulation in myofibers and elicits inflammation inde-
pendently of the acquired immune response (47).

Results obtained using our in vivo model are
compatible with a mechanism in which myositis origi-
nates in a single muscle and requires both the process-
ing of antigens as well as MHC class I up-regulation. R-
848 alone per se triggers low expression of MHC class I
both in vitro and in vivo at the site of injection. How-
ever, this response is not sufficient to initiate self-sus-
taining myositis, possibly because the extent of myofiber
MHC accumulation does not reach a critical threshold
level or spread to uninjected muscle groups. The combi-
nation of antigen (HisRS) and R-848, on the other
hand, not only promotes the sustained expression of
MHC class I at the injection site, but also leads to more
widespread up-regulation of MHC class I in uninjected
muscles—allowing myositis to develop as a systemic
process.

The type I IFN cascade is one of the most impor-
tant signaling pathways activated downstream of TLR-7/
8. We investigated its role by eliciting experimental
autoimmune myositis in IFNa/bR-null mice upon HisRS
plus R-848 immunization. These mice effectively devel-
oped experimental autoimmune myositis to the same
extent as wild-type mice in injected muscle, but autoanti-
body responses spontaneously abated and inflammation
did not spread to uninjected muscles. Cultured myotubes
or fibers from IFNa/bR-null mice did not up-regulate
MHC class I following R-848 treatment or HisRS plus R-
848 immunization. These results are consistent with pre-
vious observations about the link between TLR activa-
tion and MHC up-regulation (21,48) and further support
the involvement of type I IFN in the natural history of
IIM. Of interest, not all events downstream of TLR-7/8
activation appear to be mediated via type I IFN. For
example, immunization with HisRS plus R-848 elicits
persistent local disease in both wild-type and IFNa/bR-
null mice. These data suggest that TLR-7/8 activation at
the site of HisRS injection induces signals beyond type I
IFN that cause the persistence of local inflammation,
consistent with previously described type I IFN–indepen-
dent effects of TLR-7/8 activation (49,50). In contrast,
sustained autoantibody responses and the spreading of
inflammation to distant sites are highly dependent on
type I IFN signaling pathways.

Further studies are warranted to identify the
underlying molecular events downstream of TLR-7/8 in
injected and uninjected muscle, but the results of the
present study could provide further novel molecular targets
to be used for intervention in IIM, a chronic disease that
so far remains an important unmet medical need.
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Differential Clinical Associations of
Anti–Nuclear Matrix Protein 2 Autoantibodies

in Patients With Idiopathic Inflammatory Myopathies

Hanbo Yang ,1 Xin Lu,2 Qinglin Peng,2 Wei Jiang,2 Jingli Shi,2 Yamei Zhang,2

He Chen,2 and Guochun Wang1

Objective. To investigate the associations between
anti–nuclear matrix protein 2 (anti–NXP-2) autoantibody
levels and disease activity as well as calcinosis severity in
patients with idiopathic inflammatory myopathies (IIMs).

Methods. Serum levels of anti–NXP-2 autoanti-
bodies were determined in 709 patients with IIMs and also
serially measured in the patients’ sera with an in-house
enzyme-linked immunosorbent assay using MORC3 re-
combinant protein. Patients with anti–NXP-2 autoanti-
bodies were divided into 2 subgroups: those with and
those without calcinosis. Associations of anti–NXP-2
autoantibody levels with organ-specific disease activity
(using 10-cm visual analog scale [VAS] scores), serum
creatine kinase (CK) levels, and calcinosis severity were
investigated in cross-sectional and longitudinal analyses.

Results. A cross-sectional analysis of 56 IIM
patients with anti–NXP-2 autoantibodies (38 without cal-
cinosis and 18 with calcinosis) showed that in patients
without calcinosis, the levels of anti–NXP-2 autoanti-
bodies were positively correlated with the physician’s global
assessment of disease activity and muscle VAS scores and
serum CK levels, whereas no such association was found
in patients with calcinosis. Results of the longitudinal
study revealed strong correlations of anti–NXP-2 anti-
body levels with the physician’s global assessment and
constitutional, cutaneous, gastrointestinal, and muscle

VAS scores and serum CK levels in patients without calci-
nosis, but in patients with calcinosis, only a moderate
correlation was observed between anti–NXP-2 anti-
body levels and the physician’s global VAS and
constitutional VAS scores. Of note, in patients without
calcinosis, anti–NXP-2 autoantibodies were found to dis-
appear during periods of clinical remission, but reap-
peared with disease relapse. No association between
anti–NXP-2 antibody levels and the severity of calcinosis
was observed.

Conclusion. These findings indicate that anti–
NXP-2 autoantibodies serve as a useful marker for disease
activity in patients with IIMs, especially in the absence of
calcinosis. The differential associations observed between
anti–NXP-2 autoantibody levels and disease activity sug-
gest that there may be a phenotypic difference between
patients with and those without calcinosis.

The idiopathic inflammatory myopathies (IIMs)
are a heterogeneous group of autoimmune muscle dis-
eases with a clinical presentation of muscular inflamma-
tion and/or dermatitis (1). The presence of a number of
disease-specific autoantibodies, known as myositis-spe-
cific autoantibodies (MSAs), is also a prominent feature
of the IIMs. MSAs are strongly associated with distinct
clinical phenotypes, and thus they can be used to classify
patients into subgroups based on homogeneity of clinical
features (2,3).

Anti–nuclear matrix protein 2 (anti–NXP-2) auto-
antibodies, a type of MSA that targets a 140-kd protein,
were first reported in a US cohort of patients with juve-
nile dermatomyositis (DM) (4). Subsequent studies by
Targoff et al identified the 140-kd autoantigen target as
being NXP-2 (also known as MORC3), a protein
involved in transcriptional regulation (5). To date, sev-
eral cohort studies from different countries have found
these autoantibodies both in juvenile IIM cohorts and in
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adult patients with IIM, at a wide spectrum of frequen-
cies (1.6–30% of patients) (6–14). In terms of the clinical
associations of anti–NXP-2 autoantibodies, calcinosis is
one of the predominant complications reported so far
(15,16). However, whether the level of these autoanti-
bodies can serve as a useful biomarker of calcinosis
severity and as a predictor of calcinosis in patients with
IIMs remains an enigma.

In addition, several studies found that another
vital phenotype in IIM patients with anti–NXP-2 anti-
bodies is severe muscle disease, characterized primarily
by a greater degree of muscle weakness, dysphagia, and
elevated creatine kinase (CK) levels (9,11,13,14,17).
These features of muscle involvement as major clinical
manifestations were also reported in patients with 2
other types of MSAs, anti–signal recognition particle
(anti-SRP) autoantibodies and anti–3-hydroxy-3-methyl-
glutaryl-coenzyme A reductase (anti-HMGCR) autoanti-
bodies (18,19), the presence of which may be indicative
of their pathogenic role in the process of muscle damage.
The levels of both anti-SRP antibodies and anti-
HMGCR antibodies were reported to be associated with
the extent of disease activity in IIMs (20–22). However,
no detailed studies concerning a potential association
between disease activity and the levels of anti–NXP-2
autoantibodies have been reported thus far.

Quantitation of autoantibody levels may be helpful
in monitoring disease activity, treatment response, and
risk of flare, potentially contributing to a better under-
standing of the pathogenesis of the disease. The present
study was therefore designed to examine the relationship
between anti–NXP-2 antibody levels and disease activity,
as well as calcinosis severity, in patients with IIMs. Fur-
thermore, whether the anti–NXP-2 autoantibody levels
could be used to identify patients who may be at higher
risk of developing calcinosis was also evaluated.

PATIENTS AND METHODS

Patients. The present study included patients with IIMs
from a large cohort of individuals who visited the China–Japan
Friendship Hospital in Beijing, China between June 2004 and
June 2017. The European Neuromuscular Centre (ENMC)
2003 criteria were preferentially adopted for diagnosing poly-
myositis (PM) and DM (23), whereas the Bohan and Peter criter-
ia (24,25) were the second choice for diagnosis when data were
insufficient. Clinically amyopathic DM (CADM) was diagnosed
according to the criteria proposed by Sontheimer et al (26). The
diagnoses of immune-mediated necrotizing myopathy (IMNM),
nonspecific myositis (NSM), and DM sine dermatitis were based
on the ENMC 2003 criteria (23). Patients were classified as
having juvenile DM if they were age <16 years at the onset of
DM (27). Moreover, we separated the patients with antisyn-
thetase syndrome into a single category based on the criteria

proposed by Connors et al (28). In the present study, patients
with CADM and those with DM sine dermatitis were grouped
together with patients with DM. Overlap syndrome or other
types of myositis, such as sporadic inclusion body myositis, were
excluded.

The study was approved by the Research Review Com-
mittee and the Ethics Review Committee of the China–Japan
Friendship Hospital. Informed consent was obtained from all
patients and/or parents in accordance with the principles of the
Declaration of Helsinki.

Serum samples and data collection. Serum samples were
routinely collected from the patients at the time of diagnosis, and
also during the follow-up in the outpatient clinic or at the time of
re-hospitalization. All samples were stored at –80°C. Serum sam-
ples obtained at the initial visit were screened for the presence of
anti–NXP-2 antibodies with an in-house enzyme-linked immuno-
sorbent assay (ELISA) using recombinant MORC3, and these
analyses were also repeated in the follow-up serum samples. Posi-
tive ELISA findings for anti–NXP-2 antibodies in the serum,
including longitudinal changes after treatments, were subsequent-
ly confirmed by immunoprecipitation/Western blotting, as pre-
viously described (29) (more details on the immunoprecipitation/
Western blot assay are provided in Supplementary Methods,
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40491/abstract). Single or
longitudinal testing of the sera for anti–NXP-2 autoantibodies
was performed with the exact serum levels in a single ELISA
experiment.

A standardized physician questionnaire was used to obtain
details on each patient’s complete medical history, physical exami-
nation findings, auxiliary examination findings, results of laboratory
tests, physician’s and patient’s/parent’s global assessments of dis-
ease activity on 10-cm visual analog scales (VAS) (when possible),
Myositis Disease Activity Assessment (MYOACT) VAS scores
(when possible), as well as treatments and outcomes. This informa-
tion was obtained for each patient during the initial evaluation, at
each re-hospitalization, and at each outpatient clinic visit during
follow-up.

Assessment of disease activity. Disease activity in each
study participant who was referred to our hospital after Septem-
ber 2010 was assessed independently by 2 physicians (HY and
XL) at the time of enrollment and at the subsequent follow-up
visits, while disease activity in patients who were enrolled before
September 2010 was assessed retrospectively in independent
evaluations (performed by HY and XL). For the longitudinal
study, disease activity in each subject was estimated by the same
physician who did the initial disease activity assessment (HY or
XL). All of these measurements of disease activity were carried
out with the assessors blinded with regard to the patients’ serum
anti–NXP-2 autoantibody levels.

Disease activity in the patients with IIMs was evaluated
using the MYOACT. This tool uses continuous 10-cm VAS scales
to globally score disease activity in 6 extramuscular organ systems
(constitutional, cutaneous, joint, gastrointestinal, pulmonary, and
cardiac), muscle, and the physician’s global assessment of disease
activity. In addition, serum CK levels at the time of the clinic visit
closest to the time of blood sampling for detection of anti–NXP-2
levels were included in the disease activity analyses.

Clinical remission was defined as no detectable clinical
or biochemical disease activity as well as a physician’s global
assessment of disease activity VAS score of <1 for at least 3
consecutive months. Relapse was defined as the recurrence of
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active disease (determined on the basis of clinical, biochemical,
or radiographic features).

Assessment of calcinosis severity. The diagnosis of calci-
nosis cutis was based on the clinical examination findings and
radiologic imaging. All 18 patients with calcinosis had radiographs
confirming the diagnosis available for formal review, with or with-
out magnetic resonance imaging (MRI) findings. If both radiogra-
phy and MRI were used, the results were grouped together for
each patient, because in no case was different information readily
apparent between the 2 imaging modalities. Currently, no vali-
dated outcome measures are available to solely assess calcinosis
severity in patients with IIMs. Therefore, the cutaneous damage
item in the Myositis Damage Index (MDI) (30) was used for
assessing cutaneous damage, and the calcinosis lesion was presup-
posed to be the only cutaneous manifestation present.

The calcinosis severity score was recorded on a 10-cm
VAS, which was rated independently by 2 observers (HY and
WJ) without knowledge of the patients’ serum anti–NXP-2 auto-
antibody levels. Interobserver disagreements with regard to cal-
cinosis severity and its changes were resolved by consensus. The
scoring took into account not only the density (less dense than
trabecular bone versus similar to trabecular bone versus similar
to or more dense than bone cortex), area, and number of sepa-
rate sites of calcinosis, but also the sequelae of the lesions (such
as limitation of motion, scarring, and pain). For example, calci-
nosis with extensive subcutaneous exoskeleton resulting in
extreme loss of function could have a maximum value of 10.

Development of the anti–NXP-2 antibody ELISA. An
ELISA system using a recombinant protein as an antigen was
developed as previously described (20,31), with some modifica-
tions. Briefly, 96-well polyvinyl plates were coated with purified
recombinant MORC3 protein (50 ng/well) (Origene Technolo-
gies) in a carbonate buffer (pH 9.6) at 4°C overnight. The
patients’ serum (dilution ≥1:250) was incubated with MORC3-
coated ELISA plates for 1 hour at 37°C. Subsequently, horse-
radish peroxidase–conjugated goat anti-human IgG (dilution
1:50,000) (Abcam) was used to detect anti-MORC3 binding. All
samples were examined in duplicate, and the antibody units were
calculated from the optical density at 450 nm, with reference to
a standard curve constructed using serial concentrations of a
serum sample containing a high titer of anti–NXP-2 autoanti-
bodies. Quantitative values (in units/ml) for anti–NXP-2 autoan-
tibody levels were assigned using a standard curve, consisting of
1, 2, 4, 8, 16, 32, 64, and 128 units (where 64 units = 1:250 dilu-
tion of the standard serum sample used for all ELISA runs). A
typical representative standard curve of anti–NXP-2 autoanti-
body levels is shown in Supplementary Figure 1 (available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40491/abstract). In several cases in which a
given serum sample diluted to 1:250 was not within the linear
range of the assay, a further dilution to 1:1,000 was performed.
The cutoff level was set at 3.2 units, based on 5 standard devia-
tions above the mean value of 50 healthy control sera.

Statistical analysis. Continuous data are expressed as
the mean � SD or median (interquartile range [IQR]). For
non–normally distributed data, the Mann-Whitney U test was
used for comparisons of 2 independent samples. Categorical
data were analyzed using Fisher’s exact test. P values less
than 0.05 were considered statistically significant.

A series of Spearman’s rank correlation tests was con-
ducted in IIM patients with anti–NXP-2 autoantibodies from the
total cohort, as well as in patients stratified by the presence or

absence of calcinosis, to examine the cross-correlation of anti–
NXP-2 autoantibodies with disease activity. The test was also
undertaken to explore the correlation of anti–NXP-2 autoanti-
body levels with calcinosis severity. In patients for whom serial
longitudinal samples were available, a mixed linear regression
analysis was performed to determine the correlation between
anti–NXP-2 autoantibody levels and disease activity over time.

RESULTS

Identification of anti–NXP-2 autoantibodies in the
serum of patients with IIMs. After the initial screening by
ELISA, we found that the sera from 53 patients with IIMs
were positive for anti–NXP-2 autoantibodies, while the
sera from 12 patients showed equivocal findings and those
from 644 patients were negative for anti–NXP-2 autoanti-
bodies. Of these, 52 serum samples that were identified as
anti–NXP-2 positive by ELISA and 4 serum samples that
were identified as equivocal for anti–NXP-2 antibodies by
ELISA were also positive in the immunoprecipitation/
Western blot assays. Furthermore, anti–NXP-2 antibodies
were not detected in 50 normal healthy control sera,
either by ELISA or by immunoprecipitation/Western blot-
ting (results in Supplementary Figure 2, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wi
ley.com/doi/10.1002/art.40491/abstract). Thus, screening
by ELISA, followed by confirmation with immunoprecipi-
tation/Western blotting, revealed that 56 (7.9%) of the
709 enrolled patients were positive for anti–NXP-2
autoantibodies.

Clinical characteristics of the patients with anti–
NXP-2 autoantibodies. The summary of clinical findings
in IIM patients with and those without anti–NXP-2 auto-
antibodies is shown in Table 1. Of the 56 IIM patients
with anti–NXP-2 autoantibodies, 4 (7.1%) had PM, 39
(69.6%) had DM, 9 (16.1%) had juvenile DM, and 4
(7.1%) had NSM, while none of the anti–NXP-2–positive
patients had IMNM or antisynthetase syndrome. The fre-
quency of anti–NXP-2 autoantibodies varied considerably
between adult patients and juvenile patients (6.9% versus
37.5%; P < 0.001).

Compared to patients without these autoantibodies,
anti–NXP-2–positive patients were significantly younger at
the time of disease diagnosis (P < 0.001) and exhibited a
shorter duration of disease from the time of disease onset
to the diagnosis of myositis (P = 0.03). The data obtained
from patients in this study confirm those from recent stud-
ies with regard to the typical clinical characteristics of anti–
NXP-2–positive IIM patients (13,14), including the pres-
ence of muscle weakness, myalgia, dysphagia, high peak
CK levels, calcinosis, and subcutaneous edema in these
patients. Moreover, anti–NXP-2–positive patients were less
likely to have interstitial lung disease and arthralgia (both
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P < 0.001 versus anti–NXP-2–negative patients). Among
the anti–NXP-2–positive patients, 3 had cancer (1 with gas-
tric carcinoma, 1 with breast carcinoma, and 1 with
nasopharyngeal carcinoma) during the 3 years before or
after the onset of the IIM, but this was not statistically sig-
nificantly different compared to anti–NXP-2–negative
patients (P > 0.05).

Cross-sectional analysis of associations of disease
activity with anti–NXP-2 levels. A cross-sectional analysis
using the data from the 56 anti–NXP-2–positive patients
was conducted at the time of initial evaluation to determine
potential associations between anti–NXP-2 autoantibody
levels and disease activity in different organ systems. Statis-
tically significant positive correlations were found between
anti–NXP-2 autoantibody levels and the physician’s global
assessment of disease activity VAS scores (q = 0.36, P =

0.006), muscle VAS scores (q = 0.38, P = 0.004), and serum
CK levels (q = 0.29, P = 0.03).

In a subgroup analysis stratified by the presence
or absence of calcinosis, the associations of disease activ-
ity with anti–NXP-2 autoantibody levels were maintained
in the 38 anti–NXP-2–positive patients without calci-
nosis. However, such associations were not observed in
the 18 patients with calcinosis (Figure 1).

Of the 18 anti–NXP-2–positive patients with
calcinosis, 12 developed calcinosis at the time of initial
evaluation, whereas 6 developed calcinosis during the
follow-up period (range 8–29 months). Intriguingly, the
levels of anti–NXP-2 autoantibodies were not corre-
lated with the VAS scores for disease activity in each
specific organ system or with the serum CK levels (all
P > 0.05) in the 6 patients who developed calcinosis at

Table 1. Characteristics of IIM patients with or without anti–NXP-2 antibodies*

Characteristic
Anti–NXP-2 positive

(n = 56)
Anti–NXP-2 negative

(n = 653) P†

Male 22 (39.3) 213 (32.6) 0.31
Age at myositis diagnosis, mean � SD years
All patients 33.9 � 17.1 47.9 � 15.3 <0.001
Excluding patients with juvenile DM 37.6 � 15.4 48.8 � 14.4 <0.001

Duration of disease at initial visit, median (IQR) years
(no. assessed)

0.25 (0.08–1.25) (56) 0.50 (0.17–2.0) (617) 0.03

IIM subtype
PM 4 (7.1) 43 (6.6) –
DM 39 (69.6) 395 (60.5) –
Juvenile DM 9 (16.1) 15 (2.3) –
IMNM 0 (0) 45 (6.9) –
NSM 4 (7.1) 12 (1.8) –
Antisynthetase syndrome 0 (0) 143 (21.9) –

Follow-up time, median (IQR) years (no. assessed) 2.93 (1.13–8.0) (54) 3.33 (1.50–5.58) (628) 0.94
Muscle weakness‡
Total 50 (89.3) 270 (41.3) <0.001
By MMT-8, no./total no. assessed (%) 40/44 (90.9) 229/523 (43.8) <0.001
By MMTof shoulder abductors and hip flexors,
no./total no. assessed (%)

10/12 (83.3) 41/130 (31.5) 0.001

Myalgia 40 (71.4) 316 (48.4) 0.001
Dysphagia 36 (64.3) 167 (25.6) <0.001
Calcinosis 18 (32.1) 19 (2.9) <0.001
Skin ulceration 9 (16.1) 66 (10.1) 0.17
Subcutaneous edema§ 24 (42.9) 70 (10.7) <0.001
ILD 15 (26.8) 370 (56.7) <0.001
Arthralgia 5 (8.9) 239 (36.6) <0.001
Raynaud’s phenomenon 5 (8.9) 41 (6.3) 0.40
Malignancy 3 (5.4) 69 (10.6) 0.35
Maximum CK level, median (IQR) IU/L (no. assessed) 2,213 (213.0–5,512.7) (54) 212.5 (59.0–1,062.0) (596) <0.001

* Except where indicated otherwise, values are the number (%) of patients with idiopathic inflammatory myopathy (IIM). Anti–
NXP-2 = anti–nuclear matrix protein 2; DM = dermatomyositis; IQR = interquartile range; PM = polymyositis; IMNM =
immune-mediated necrotizing myopathy; NSM = nonspecific myositis; ILD = interstitial lung disease; CK = creatine kinase.
† Fisher’s exact test was used to compare categorical variables, and Mann-Whitney U test was used to compare continuous
variables. P < 0.05 was considered significant.
‡ Muscle weakness was defined as an aggregate score of <80 on the Manual Muscle Testing in 8 muscles (MMT-8) or as a
grade of <10 on the Kendall MMT 10-point scale for one of the arm abduction or hip flexion strength tests, and analyses
were stratified based on the different included muscle groups of manual muscle strength testing.
§ Consistent with that previously reported by Rogers et al (13), subcutaneous edema was defined as any swelling of the
extremity that met the following criteria: not attributable to synovitis, not associated with other causes of peripheral edema,
new occurrence with disease onset, and a course that generally followed that of the IIM.
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follow-up but who did not have calcinosis at the time
of initial evaluation.

Longitudinal correlation of anti–NXP-2 levels with
disease activity. A longitudinal investigation was performed
to further explore the association of anti–NXP-2 autoanti-
body levels with disease activity. In total, 14 anti–NXP-2–
positive patients (9 without calcinosis and 5 with calcinosis)
who had at least 3 consecutive follow-up visits and for
whom serum samples were available at each of the follow-
up visits were included. For each patient, the interval
between the 2 adjacent serum samples was 3–9 months,
and 3–5 samples were obtained from each patient for
longitudinal analysis.

When all subjects were analyzed together, a series
of mixed linear regression analyses of repeated data showed
significant positive correlations between the anti–NXP-2
antibody levels and the following clinical parameters: physi-
cian’s global assessment of disease activity VAS scores, con-
stitutional, cutaneous, gastrointestinal, and muscle VAS
scores, and serum CK levels (all P < 0.05) (Table 2).

The patients were also further subdivided into
those with and those without calcinosis. The same associa-
tions with the measures of disease activity mentioned
above were maintained in the 9 anti–NXP-2–positive
patients without calcinosis, whereas only physician’s glob-
al assessment and constitutional VAS scores showed a

Figure 1. Correlation of anti–nuclear matrix protein 2 (anti–NXP-2) autoantibody levels with measures of myositis disease activity. Serum anti–
NXP-2 autoantibody levels were determined with an in-house enzyme-linked immunosorbent assay using recombinant MORC3. Spearman’s correla-
tion analyses were used to test for correlations of anti–NXP-2 autoantibody levels with the physician’s global assessment of disease activity (PhGA)
visual analog scale (VAS) scores, muscle VAS scores, and creaine kinase (CK) levels in 38 patients without calcinosis (A) and 18 patients with calci-
nosis (B). The CK levels are expressed as the number of times the upper limit of normal (ULN). Asterisks indicate a significant correlation.

Table 2. Longitudinal correlations with anti–NXP-2 ELISA results*

Clinical parameter

Anti–NXP-2–positive patients

All
(n = 14)

With calcinosis
(n = 5)

Without calcinosis
(n = 9)

Adjusted R2 P† Adjusted R2 P† Adjusted R2 P†

PhGAVAS score 0.56 0.0001 0.23 0.045 0.60 0.0001
Constitutional VAS score 0.32 0.007 0.22 0.028 0.40 0.0028
Cutaneous VAS score 0.44 0.0001 0.01 0.723 0.48 0.0007
Joint VAS score 0.03 0.346 NA NA 0.07 0.259
Gastrointestinal VAS score 0.34 0.0003 0.21 0.089 0.36 0.0052
Pulmonary VAS score 0.01 0.537 0.02 0.621 0.01 0.659
Cardiovascular VAS score 0.01 0.571 0.16 0.141 0.004 0.799
Muscle VAS score 0.45 0.0001 0.14 0.177 0.54 0.0002
CK level 0.23 0.005 0.04 0.515 0.25 0.0027

* Assessments were made in 58 serial samples from 14 anti–nuclear matrix protein 2 (anti–NXP-2)–positive patients. P < 0.05 was considered signifi-
cant. ELISA = enzyme-linked immunosorbent assay; PhGA = physician’s global assessment of disease activity; VAS = visual analog scale; NA = not
applicable; CK = creatine kinase.
† Mixed linear regression analyses were performed to determine correlations between anti–NXP–2 autoantibody levels and disease activity.
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moderate association with anti–NXP-2 autoantibody levels
in patients with calcinosis (Table 2 and Figures 2 and 3;
see also Supplementary Figures 3 and 4, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40491/abstract).

Dynamic changes in serum levels of anti–NXP-2
in patients without calcinosis. Given that the present
cross-sectional and longitudinal analyses showed a close
relationship between serum anti–NXP-2 autoantibody
levels and the physician’s global assessment of disease

activity VAS scores in patients without calcinosis, it was
further investigated whether disease remission was gener-
ally paralleled by the decrease or absence of anti–NXP-2
autoantibodies after therapy, and whether the antibody
reappeared subsequent to a period of relapse. Therefore,
we studied serial serum samples from the 9 patients
without calcinosis and observed that, during a median fol-
low-up of 24 months, 6 of the patients achieved clinical
remission. In 5 of the 6 patients, the serum became nega-
tive for anti–NXP-2 autoantibodies during remission,

Figure 2. Longitudinal changes in anti–NXP-2 autoantibody levels and serum CK levels over time in 9 patients without calcinosis. Serum anti–
NXP-2 autoantibody levels were determined with an in-house enzyme-linked immunosorbent assay using recombinant MORC3. The solid horizon-
tal lines indicate the cutoff value, determined by measuring the reactivity of 50 healthy control sera with NXP-2, with the cutoff set at 5 standard
deviations above the mean value in the healthy controls. See Figure 1 for definitions.

Figure 3. Longitudinal changes in anti–NXP-2 autoantibody levels and serum CK levels over time in 5 patients with calcinosis. Serum anti–NXP-2
autoantibody levels were determined with an in-house enzyme-linked immunosorbent assay using recombinant MORC3. The solid horizontal lines
indicate the cutoff value, determined by measuring the reactivity of 50 healthy control sera with NXP-2, with the cutoff set at 5 standard deviations
above the mean value in the healthy controls. See Figure 1 for definitions.
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while 1 of the patients still had anti–NXP-2 autoanti-
bodies but the titer was dramatically reduced in the serum
after therapy (from 135.71 units to 25.1 units). It was
noteworthy that among these 5 patients, 2 experienced
disease relapse, and during relapse, their serum again
became positive for anti–NXP-2 antibodies, while the
other 3 patients who remained negative for anti–NXP-2
had no relapse (Figure 2 and Supplementary Figure 3
[http://onlinelibrary.wiley.com/doi/10.1002/art.40491/
abstract]).

Univariate predictors of the development of calci-
nosis. Among the 56 patients with anti–NXP-2 autoanti-
bodies, 12 presented with calcinosis during the initial visit,
whereas 44 patients did not exhibit calcinosis at the initial
visit. Of these 44 patients with a follow-up visit and no
calcinosis at baseline, 6 developed the condition during
follow-up. Table 3 lists the characteristics of the patients
without calcinosis at baseline according to whether calci-
nosis did or did not develop during follow-up. The
results showed that patients who developed calcinosis dur-
ing the follow-up had a predisposition toward high serum
levels of anti–NXP-2 autoantibodies (median 70.9 units
[IQR 33.5–98.0] in those with calcinosis during follow-up
versus median 24.9 units [IQR 6.0–70.5] in those without
calcinosis during follow-up); however, the difference did
not reach statistical significance (P = 0.20). In addition, in
patients who developed calcinosis, the interval from
disease onset to the time of therapy was more prolonged
than that in patients who did not develop calcinosis (P =
0.03).

Correlation of anti–NXP-2 levels with calcinosis
severity. This study also examined whether any significant
association existed between anti–NXP-2 autoantibody levels
and the severity of calcinosis. Results of the Spearman’s
rank correlation tests revealed no association between

anti–NXP-2 autoantibody levels and calcinosis severity (q =
0.05, P = 0.87).

A further review of the 5 patients with longitudinal
data (ranging from 10 months to 42 months) showed that
the calcinosis severity scores remained almost unchanged
over time. In contrast, the anti–NXP-2 autoantibody levels
fluctuated and even decreased below the cutoff level (3.2
units) over time.

DISCUSSION

The present study was the first to systematically
explore the associations between anti–NXP-2 autoantibody
levels and IIM disease activity as well as calcinosis severity.
Interestingly, in this large longitudinal cohort study, het-
erogeneity with regard to the association of antibody levels
with disease activity was found between patients with and
those without calcinosis, although specific MSAs usually
can be used to identify more homogeneous subsets of
patients with autoimmune myopathy. Furthermore, no
correlation between anti–NXP-2 autoantibody levels and
calcinosis severity was observed in this study.

In the subgroup analysis of patients without calci-
nosis, a moderate to strong association between anti–NXP-
2 autoantibody levels and physician’s global assessment of
disease activity VAS scores, muscle VAS scores, and serum
CK levels was demonstrated in the cross-sectional assess-
ment of 38 anti–NXP-2–positive patients. Furthermore,
these associations were supported by the follow-up longitu-
dinal analyses in 9 patients with IIMs without calcinosis,
which not only revealed a more striking association but also
extended the association of anti–NXP-2 autoantibody levels
with other VAS scores of organ-specific disease activity,
including the constitutional, cutaneous, and gastrointestinal
disease activity scores. The conclusions made, based on the

Table 3. Univariate associations with the development of calcinosis during follow-up in idiopathic inflammatory myopathy
patients with anti–NXP-2 autoantibodies*

Characteristic

Calcinosis not present
during follow-up

(n = 38)

Calcinosis present
during follow-up

(n = 6)

Male 18 (47.4) 2 (33.3)
Age, mean � SD years 36.9 � 15.5 31.0 � 19.8
Duration of disease at initial visit, median (IQR) years 0.08 (0.07–0.25) 0.38 (0.15–0.94)
Follow-up time, median (IQR) years† 22.0 (6.6–43.8) 18.0 (11.3–52.5)
Skin ulceration 4 (10.5) 2 (33.3)
Current global disease activity VAS score, median (IQR) 6.0 (4.0–7.0) 6.0 (4.5–7.0)
Current use of steroid and ≥1 immunosuppressive agent 27 (71.1) 4 (66.7)
Current anti–NXP-2 level, median (IQR) units/ml 24.9 (6.0–70.5) 70.9 (33.5–98.0)
Current CK level, median (IQR) IU/L (no. assessed) 2,213 (213.0–5,512.7) (54) 212.5 (59.0–1,062.0) (596)

* Except where indicated otherwise, values are the number (%) of patients. Only duration of disease at initial visit was sig-
nificantly different (P = 0.03) between the groups. Anti–NXP-2 = anti–nuclear matrix protein 2; IQR = interquartile range;
VAS = visual analog scale; CK = creatine kinase.
† Follow-up time was computed as the time from the initial to the last visit or up to death.
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statistical associations observed, must be viewed with some
caution because access to serial specimens was limited.
However, a detectable change in the anti–NXP-2 autoanti-
body levels over time has the potential to serve clinically
as an indicator for the assessment of active disease in extra-
muscular tissues, such as cutaneous and gastrointestinal
organs. The relationship between anti–NXP-2 autoanti-
body levels and specific muscle and extramuscular manifes-
tations suggests that anti–NXP-2 autoantibodies have a
pathogenic link with their corresponding antigen in the
affected tissue.

Similar to the results of studies involving anti–Jo-1,
anti–MDA-5, and anti-SRP autoantibodies (21,32–34),
the levels of anti–NXP-2 autoantibodies may also normal-
ize during disease remission. Moreover, the reappearance
of anti–NXP-2 autoantibodies was associated with clinical
relapse, whereas the serum levels remained negative in
those who did not experience a relapse. These findings
suggest that the examination of anti–NXP-2 autoantibody
levels could potentially be used as a clinical tool for moni-
toring treatment response and disease relapse in patients
with IIMs.

The subgroup analysis showed no statistically signif-
icant correlation between anti–NXP-2 autoantibody levels
and serum CK levels or organ-specific disease activity at
the time of initial evaluation in patients with calcinosis
compared to patients without calcinosis. Meanwhile, a
moderate association of anti–NXP-2 autoantibody levels
with constitutional and physician’s global disease activity
scores, rather than with any other specific organ involve-
ment, was seen longitudinally, further confirming the dis-
crepancy in the association of anti–NXP-2 autoantibody
levels with disease activity between patients with and those
without calcinosis. Similar findings were reported by
Werner et al in studies of anti-HMGCR autoantibodies;
they found paralleled changes between anti-HMGCR
autoantibody levels and CK levels in the subgroup of stat-
in-exposed patients but not in unexposed patients (22).

The differences between antibody-positive patients
with and those without calcinosis might be reflective of the
differing role and target of anti–NXP-2 autoantibodies in
each group. Moreover, different triggers might be another
reason for the differences between patients with and those
without calcinosis. Increasing evidence has shown that
MORC3 is a transcriptional regulator of proteins involved
in the signal transduction pathway (interferon [IFN]–acti-
vated STAT, Akt, and MAPK) (35,36). Jadhav et al recently
reported that a mutation in MORC3 resulted in the dis-
equilibration of bone homeostasis and was associated with
the up-regulation of inflammatory molecules, including
IFNb/STAT-1 (37). It is interesting to note that increased
IFNb expression and its association with an up-regulated

IFN signature were found in patients with DM, indicating
that it might play important roles in the pathogenesis
of myositis (38,39). This led to the speculation that a muta-
tion in MORC3 in the different cells might be the original
source involved in the development of IIMs and ectopic
calcinosis.

Clinically, calcinosis is often unpredictable. This
study explored whether evaluation of anti–NXP-2 autoan-
tibody levels could identify those patients who might be at
higher risk for developing calcinosis. The data suggested
that anti–NXP-2 autoantibody levels alone did not deter-
mine whether a patient would develop clinically overt cal-
cinosis, because no statistically significant difference in
the serum anti–NXP-2 autoantibody levels was observed
between patients who developed calcinosis at the follow-
up and those who did not, despite the presence of higher
median anti–NXP-2 autoantibody levels in patients with
calcinosis (70.9 units versus 24.9 units in patients without
calcinosis). Strikingly, in the baseline analysis, no associa-
tion of anti–NXP-2 autoantibody levels with disease activ-
ity was observed in the patients who developed calcinosis
at the follow-up. These findings might have important
implications in managing patients with anti–NXP-2 auto-
antibodies. For instance, in patients displaying mild dis-
ease, especially those with no or mild muscle involvement,
the serum levels of anti–NXP-2 autoantibodies were rela-
tively high, suggesting a higher risk for calcinosis. Further-
more, this study demonstrated that the evolution of
calcinosis was independent of muscle and extramuscular
involvement, and anti–NXP-2 autoantibodies could not
be used as a surrogate marker of calcinosis severity.

This study had several limitations. First, despite
being the largest cohort study to date to systematically
evaluate associations of anti–NXP-2 autoantibody levels
with disease activity, the inclusion of patients from a sin-
gle tertiary referral center might have introduced several
possible biases. Second, the small sample size of patients
with calcinosis for whom serial specimens were available
might have precluded a determination of statistical signifi-
cance, and therefore our findings need validation in larger
prospective studies in the future.

Furthermore, currently no validated outcome mea-
sures are available to assess calcinosis severity in IIMs.
Therefore, the cutaneous item in the MDI was used for
assessing cutaneous damage, and the calcinosis lesion was
presupposed to be the only cutaneous manifestation pres-
ent. Although this had good face validity and was rated
independently by 2 observers who reached consensus on
each digit, the present study did not include formal inter-
or intrarater reliability assessments for this scale.

Finally, Betteridge and McHugh reviewed previous
studies on anti–NXP-2 autoantibodies and, based on their
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findings, they suggested that anti–NXP-2 autoantibodies
covered a dual spectrum of clinical associations with calci-
nosis and cancer (3). The cohort in the present study
included only 3 anti–NXP-2–positive patients with cancer,
and exclusion of the patients with cancer had no effect on
the primary findings of these analyses (results not shown).

In summary, the present study demonstrated that
serum anti–NXP-2 autoantibody levels were correlated
with disease activity, and different associations between
anti–NXP-2 levels and disease activity were found in
patients with and those without calcinosis. No correlation
was established between anti–NXP-2 autoantibody levels
and disease activity in the early phase of the disease,
which might be highly suggestive of an increased risk of
calcinosis. The evaluation of the effect of anti–NXP-2
autoantibodies on the cultures of myogenic cells or ker-
atinocytes and their passive transfer to animals would be
useful in evaluating the role of anti–NXP-2 autoanti-
bodies in the physiopathogenesis of IIMs.
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Allopurinol Dose Escalation and Mortality Among
Patients With Gout

A National Propensity-Matched Cohort Study

Brian W. Coburn ,1 Kaleb Michaud ,2 Debra A. Bergman,3 and Ted R. Mikuls1

Objective. Observational data suggest that hyper-
uricemia and gout are associated with increased mortal-
ity, while allopurinol use is associated with reduced
mortality. In addition, the protective effect of allopurinol
may be dose dependent. The aim of the current study was
to determine whether allopurinol dose escalation is asso-
ciated with cause-specific mortality in patients with gout.

Methods. In this 10-year observational, active-
comparator study of US Veterans with gout who initiated
treatment with allopurinol, propensity score matching, Cox
proportional hazards models, and competing risks regres-
sion analyses were used to assess differences in cause-
specific mortality between patients whose allopurinol
dose was escalated (dose escalators) and those whose
allopurinol dose was not escalated or was reduced (non-
escalators) over a 2-year period.

Results. Among the 6,428 dose escalators and 6,428
matched non-escalators, there were 2,867 deaths during
the observation period (40.4 deaths per 1,000 person-
years). Dose escalators experienced an increase in all-
cause mortality (hazard ratio [HR] 1.08, 95% confidence
interval [95% CI] 1.01–1.17), with the effect sizes being

similar for incidence of cardiovascular-related deaths (HR
1.08, 95% CI 0.97–1.21) and cancer-related deaths
(HR 1.06, 95% CI 0.88–1.27), although neither reached
statistical significance. Dose escalation to achieve the goal
of lowering the serum urate (SU) level to <6.0 mg/dl was
infrequent. At 2 years, 10% of dose escalators were receiv-
ing a final daily dose of >300 mg and 31% had achieved
the SU goal. In a sensitivity analysis limited to dose escala-
tors achieving the SU goal, there was a nonsignificant
reduction of 7% in the hazard of cardiovascular-related
mortality (HR 0.93, 95% CI 0.76–1.14).

Conclusion. This is the largest study to date to
investigate the effects of allopurinol use on mortality and
is the first to use a rigorous active-comparator design.
Dose escalation was associated with a small (<10%) in-
crease in all-cause mortality, thus showing that a strategy
of allopurinol dose escalation, which in current real-life
practice is characterized by limited dose increases, is un-
likely to improve the survival of patients with gout.

Hyperuricemia and gout are independently associ-
ated with increased mortality (1–4). A majority of this
increase in mortality risk is thought to be attributable to
an excess incidence of cardiovascular-related mortality (5),
but may also be associated with an increased incidence of
cancer-related mortality (6). Multiple studies have shown
that hyperuricemia increases vascular inflammation
and decreases endothelial function, a well-characterized
surrogate for cardiovascular risk (5,7). In contrast, urate-
lowering therapies (ULTs), such as allopurinol, have been
associated with improved endothelial function and
reduced blood pressure (8–10). Two recent studies showed
that treatment with allopurinol provided a 10–20% reduc-
tion in the risk of mortality among patients with hyper-
uricemia (11,12). However, it remains unknown whether a
dose-response relationship exists between ULTs and a
reduced risk of mortality.
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Allopurinol dosing strategies are critical for opti-
mizing gout care but may limit our understanding of the
effects of dose variation on mortality risk. Current guide-
lines recommend that patients be started on a low dose of
allopurinol, ≤100 mg daily, followed by slow titration to
higher doses (13). While randomized controlled trials
(RCTs) of ULTs have used static dosing strategies (14–
16), such strategies are suboptimal and should now be
considered unethical (17). Future RCTs will likely require
dose escalation until patients achieve the goal of lowering
the serum urate (SU) level to <6.0 mg/dl. However, the
desire for all patients to achieve this outcome, referred to
as the SU goal, may impede researchers’ ability to under-
stand whether ULT dose-escalation strategies would
reduce the risk of mortality in gout. Further limitations to
the development of an RCTevaluating whether appropri-
ate ULT dose escalation favorably impacts mortality are
the large sample sizes and lengthy duration of follow-up
that would be required to achieve sufficient statistical
power.

Observational studies of comparative effectiveness
are an important complement to RCTs, especially for the
prediction of long-term outcomes such as mortality (18). It
has been shown that a substantial portion of primary care
providers, who are responsible for ~95% of gout manage-
ment, use a static ULT dosing strategy for gout patients
(19). However, a small but meaningful number of provid-
ers use an early dose-escalation strategy, consistent with
the current guidelines (13), thus providing an opportunity
for comparison. Using a national population of gout
patients, we investigated the effect of ULT dose escalation
on mortality. Specifically, we hypothesized that patients
whose allopurinol dose was escalated (dose escalators)
would experience a lower incidence of cause-specific
cardiovascular- and cancer-related mortality as compared
to similarly matched gout patients whose allopurinol dose
was not escalated (non-escalators) over a 2-year period.

PATIENTS AND METHODS

Study setting. We studied gout patients receiving care
from the US Department of Veterans Affairs (VA) Health
Administration (VHA) from 1999 to 2010. The VHA has pro-
vided care for between 5 and 10 million retired US military
enrollees each year since 2001. Data from the VHA electronic
medical and pharmacy records represent information on the lon-
gitudinal care provided to veterans at 152 medical centers and
1,400 additional community-based outpatient clinics nationwide.
These data, including demographic characteristics, outpatient
and inpatient visits, laboratory results, and pharmacy dispensing
records, were accessed from the VHA Corporate Data Ware-
house (CDW) through the VA Informatics and Computing
Infrastructure (20). All pharmacy dispensing dates and doses
used in this study represent prescriptions that were filled for the

patient. Studies have reported on the completeness and validity
of various CDW data, including diagnosis codes for gout (21,22).

Study population. The study cohort was defined as any
gout patient age ≥40 years who was initiated on allopurinol treat-
ment (incident allopurinol prescription), which accounts for
>90% of all first-line ULTs used for gout, between October 1,
2001 and December 31, 2008. Gout was defined as having at least
1 International Classification of Diseases, Ninth Revision (ICD-
9) code for gout (ICD-9 code 274.XX) prior to the incident allo-
purinol prescription, with a second ICD-9 code for gout separated
by at least 30 days. Febuxostat, approved in February 2009, is
now considered a first-line ULT (13), but was not available
beyond RCT participants during the enrollment period. Patients
were required to have a record of significant hyperuricemia,
which was defined for this study as an SU level of ≥8.0 mg/dl, to
reflect a population of gout patients most likely to need dose
escalation. In addition, patients were required to have at least 1
year of observability without allopurinol use prior to the incident
allopurinol dispense date (new users). Observability was defined
as having at least 1 annual VHA primary care or rheumatology
visit and filling at least 1 prescription every 6 months (23).

Patients were excluded if they had an estimated glomeru-
lar filtration rate (eGFR) of <30 ml/minute/1.73 m2 (24), were
involved in a clinical trial for ULT during the observation period,
or had a history of dialysis, organ transplantation, malignancy, allo-
purinol hypersensitivity, or tumor lysis syndrome (11,12). These
exclusions were intended to limit the population of interest to
patients for whom gout was the primary indication for allopurinol.

Mortality outcomes. The primary outcomes for this
study were cause-specific cardiovascular- and cancer-related
mortality as defined using the National Death Index (NDI). The
NDI is a centralized database of death record information
reflecting state vital statistics office records, is maintained by the
US Centers for Disease Control and Prevention, and is matched
to VHA data by the VHA Suicide Data Repository. The records
include date of death and cause of death as recorded by ICD-10
codes. Cardiovascular-related mortality was defined as any mor-
tality attributed to an ICD-10 code within Chapter IX (I00–I99),
and cancer-related mortality was defined as an ICD-10 code
within Chapter II (C00–D48). Competing risks for cardiovascu-
lar- and cancer-related mortality were other causes of mortality.
Furthermore, cancer was a competing risk for cardiovascular-
related mortality, and vice versa.

ULT dose escalation. Dose escalation was defined over a
2-year period, which we estimated would encompass a majority of
the dose escalation occurring as part of the initiation of allopuri-
nol. Planned dose escalation early in treatment is broadly
endorsed in international gout management guidelines, and 2
years appears to be enough time for an overwhelming majority of
patients to begin a planned dose escalation (13). Using data from
a single VA Medical Center (25), we found that ~70% of all allo-
purinol dose escalation occurred within 2 years of a new allopuri-
nol prescription. As longer periods of time elapse from the point
of allopurinol initiation, it becomes more likely that intervening
events will have an impact on the decision to escalate dose.

Patients were identified as “dose escalators” if their final
average daily dose within the 2-year period was greater than
their initial average daily dose. Patients were allowed to switch
to treatment with febuxostat, and the dose of febuxostat consid-
ered equivalent to that of allopurinol was estimated based on
clinical trial data demonstrating that similar proportions of
patients receiving a dose of 300 mg/day of allopurinol and those
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receiving a dose of 40 mg/day of febuxostat will reach the SU
goal (42% versus 45%, respectively) (16). For this analysis, we
estimated that the 3 febuxostat doses observed during follow-up
(40, 80, and 120 mg/day) were approximately equivalent to 300,
600, and 900 mg/day of allopurinol, respectively. Thus, a patient
switching from allopurinol 100 mg/day to febuxostat 40 mg/day
was considered to be a dose escalator.

Within-prescription dose escalations were determined
through review of select medication instructions by at least 2
reviewers (BWC and DAB). Patients having within-prescription
dose escalations were categorized as dose escalators if their final
average daily dose for their last fill during the dose-escalation
period was greater than the initial dose from their first fill.

Propensity score matching. In order to mitigate con-
founding by indication, we used propensity score matching to
balance baseline confounders and prognostic variables between
dose escalators and non-escalators. Our methods build on prior
work using a propensity matching approach for allopurinol initi-
ation among patients with hyperuricemia (11). For each patient,
we calculated the predicted probability (propensity score) of
receiving dose escalation over the 2-year dose-escalation period,
using logistic regression. To address time trends in allopurinol
use and confounders prior to matching, patients were sorted into
1-year accrual blocks from October 2001 to December 2008
(total of 7 blocks) based on the date of incident allopurinol
prescription fill. Within each block, dose escalators and non-
escalators were matched 1:1 using nearest neighbor matching,
based on the logit of the propensity score. We used a caliper of
0.2 times the standard deviation of the logit to limit allowable
differences (26). We used a greedy match algorithm such that,
after matching to a dose escalator, non-escalators were removed
from the pool of potential matches (26).

Variables used to develop propensity scores for the primary
analysis, designated model 1, were assessed over a baseline period
of up to 2 years prior to initial allopurinol receipt. Baseline charac-
teristics included demographics (age, race, sex), body mass index
(BMI) (in kg/m2), comorbidities (hypertension, cardiovascular
disease, diabetes), medication use (colchicine, oral prednisone,
beta-blockers, angiotensin-converting enzyme [ACE] inhibitors,
angiotensin II receptor blockers [ARBs], calcium channel blockers
[CCBs], loop diuretics, thiazides, statins, fibrates, aspirin, non-
steroidal antiinflammatory drugs, metformin, other oral agents for
hypoglycemia, insulin), laboratory values indicating cardiovascular
risk (total cholesterol [in gm/dl], albumin [in gm/dl], eGFR [in ml/
minute/1.73 m2]), health care utilization, and gout-specific factors.
Comorbidity was quantified using the Rheumatic Disease Comor-
bidity Index (27).

The total number of primary care visits during the base-
line period was used as a proxy for health care use. The number
of outpatient gout diagnoses on record, presence of a rheumatol-
ogy consult, presence of a baseline rheumatology prescriber of
allopurinol, and presence of an inpatient gout diagnosis as the pri-
mary discharge diagnosis during the baseline period were used as
proxies for gout burden. Finally, the patients’ baseline SU concen-
tration nearest to the incident allopurinol date and the index
allopurinol dose were included as gout-specific factors.

A second model, designated model 2, was developed to
start time-at-risk after a 2-year dose escalation period to assess the
effect of changing patient characteristics and medication adher-
ence over the dose-escalation period. Patient characteristics for
model 2 were evaluated over the 2-year dose-escalation period,
with the exception of baseline SU concentration and index

allopurinol dose. Model 2 also included the proportion of days cov-
ered (PDC) to estimate medication adherence to allopurinol. PDC
is the number of days the patient had medication available out of
the total days of observation (days with medication available/days
of observation) after adjusting for early refills and truncating at the
end of observation. The Pharmacy Quality Alliance endorses the
PDC as the preferred method for assessing medication adherence
using pharmacy claims data (28).

Statistical analysis. Baseline characteristics of eligible
dose escalators and non-escalators were assessed using standard-
ized differences (29). Balance diagnostics were used to assess
the mean values and distributions of baseline characteristics of
the matched groups. Mean values for each matched group were
compared using standardized differences (26). Standardized dif-
ferences of <0.1 were considered negligible (26). Distributions
of continuous variables were compared using variance ratios,
quantile–quantile plots, and nonparametric density plots (30).
The plots were visually assessed for deviations in distributions
between groups. Nonlinear and interaction terms were subse-
quently considered if the diagnostics indicated that there was an
inadequate balance of baseline characteristics (30,31).

For model 1, time-at-risk for both groups began on the
date of incident allopurinol prescription fill, but time prior to
patients’ first dose-escalation event among those in the dose esca-
lation group was assigned as the time-at-risk for the non-escalator
group. This approach significantly reduces the risk of immortal
time bias impacting our estimates (32). Model 2 was developed
to simultaneously address changes in patient characteristics over
the dose-escalation period and immortal time bias, by using base-
line characteristics assessed over the 2-year dose-escalation pe-
riod and by beginning time-at-risk 2 years after the date of
incident allopurinol prescription fill, when dose escalation had
likely occurred. Both models are depicted in Supplementary Fig-
ure 1 (available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40486/abstract).

To account for competing risks, both cause-specific and
subdistribution (Fine-Gray) hazard models were constructed, con-
sistent with published best practices (33,34). The cause-specific
hazard model provides an estimate of the relative effect of dose
escalation on the cause-specific mortality rate in patients who have
not died from any cause, while the subdistribution model gives an
estimate of the effect of dose escalation on the cause-specific mor-
tality rate in patients who have not died from the cause of interest.
The cause-specific hazard estimate (33) is often preferred to
answer epidemiologic questions of etiology such as in the current
study. We present cause-specific hazard model ratios (HRs)
herein, while subdistribution hazard model estimates are provided
in Supplementary Figures and Tables (http://onlinelibrary.wiley.
com/doi/10.1002/art.40486/abstract). Cumulative incidence plots,
constructed using Fine-Gray subdistribution hazard models, depict
the effect of dose escalation on cardiovascular- and cancer-related
mortality in the presence of other causes of mortality. A Cox pro-
portional hazards model was used to estimate the effect of dose
escalation on all-cause mortality, with the 95% confidence inter-
vals (95% CIs) being based on robust variance estimates to
account for matching (31,35).

Propensity score matching may not effectively control for
confounding if quality of care concurrent to ULT dose escalation
is markedly different between dose escalators and non-escalators
for common comorbidities. To assess this possibility, we examined
baseline and 2-year follow-up values for 3 quality-of-care vari-
ables: percentage of patients with blood pressure readings of
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<140 mm Hg systolic or <90 mm Hg diastolic among those treat-
ed for hypertension (receiving beta-blockers, CCBs, thiazides,
loop diuretics, ACE inhibitors, or ARBs), the percentage of
patients with a glycosylated hemoglobin (hemoglobin A1C) level
of <9% among those treated for diabetes (receiving insulin, met-
formin, or other oral agents for hypoglycemia), and the percent-
age of patients with a cholesterol level of <200 mg/dl among
those treated for hyperlipidemia (receiving statins or fibrates).

We also report the percentage of patients with complete
observability during the 2-year dose-escalation period, using
the aforementioned definition applied to the pre–index period.
Sensitivity analyses were conducted with adjustment for the 2-year
dose-escalation period to assess patients’ baseline characteristics
beginning at the time of dose escalation (designated model 3, with
results shown in Supplementary Figure 1, http://onlinelibrary.
wiley.com/doi/10.1002/art.40486/abstract), trimming the top and
bottom 2.5 percentile of the propensity distribution, limiting the
cohort to those achieving the SU goal of <6.0 mg/dl, and excluding
patients who switched to febuxostat. All analyses were conducted
in SAS Enterprise Guide version 7.1 (SAS Institute).

RESULTS

Characteristics of the study groups. A total of
31,335 patients met the eligibility criteria for the study,
and of those, 25,378 had complete data required for
propensity score matching (Figure 1). Prior to matching
for model 1, the 7,336 dose escalators were similar to the
18,042 non-escalators with regard to a majority of the
baseline characteristics (Table 1). Only health care utiliza-
tion measures, BMI, colchicine and prednisone use, and
the SU level exceeded a standardized difference of 0.1,
indicating a potentially important imbalance between
the dose escalator and non-escalator groups. Those
receiving dose escalation had a slightly higher baseline
SU level (mean 9.7 mg/dl versus 9.4 mg/dl), higher BMI
(32.6 kg/m2 versus 31.9 kg/m2), greater use of colchicine
(62% versus 54%) and prednisone (27% versus 20%),
and lower incident allopurinol dose (median 100 mg/day
versus 200 mg/day), and were more likely to have a
rheumatologist involved in their care (18% versus 7% for
a rheumatologist prescribing the initial allopurinol; 24%
versus 12% for a rheumatology clinic visit during base-
line). Switching to febuxostat was rare, occurring in 30
dose escalators and 2 non-escalators.

In model 2, characteristics that had been similar in
both groups at baseline differed between the groups at year
2 (Table 1 and Supplementary Figure 2, http://onlinelibrary.
wiley.com/doi/10.1002/art.40486/abstract). In addition, dose
escalators had greater medication adherence than non-
escalators during the 2-year escalation period (median PDC
0.83 versus 0.70).

The dates of incident allopurinol prescription in
model 1 were well distributed over time, with the number
of eligible dose escalators and non-escalators during each

accrual block ranging from 798 to 1,399 and from 2,148 to
2,914, respectively. After propensity score matching, all
baseline characteristics were balanced (standardized differ-
ences ≤0.04) (Table 1). Consistent with the demographic
characteristics of a typical VA gout population (36), the
mean age was 64 years and >99% of patients were male.
The majority of patients had comorbid hypertension, car-
diovascular disease, or diabetes, and use of medications
for these conditions was common. The propensity score–
matched groups had similar rheumatology contact, with
11–12% having their initial allopurinol prescribed by a
rheumatologist and 17–18% having visited a rheumatology
clinic. Similar distributions across accrual blocks and bal-
ancing of baseline characteristics were observed in model 2
(Supplementary Table 1, http://onlinelibrary.wiley.com/doi/
10.1002/art.40486/abstract).

Figure 1. Study flow diagram for the national propensity-matched
cohort study of gout patients and effects of allopurinol use in dose
escalators versus non-escalators. Any gout patient age ≥40 years who
was newly prescribed allopurinol from October 1, 2001 to December
31, 2008 was considered for the study. A total of 111,694 patients
met the inclusion criteria, and then 80,359 patients were excluded
based on the presence of at least 1 exclusion criterion. Baseline vari-
ables were defined for 31,335 eligible patients. Complete data were
required for analysis, leaving a final cohort of 25,378 patients for
propensity matching. Of these patients, 12,856 (51%) were matched
using 1:1 nearest neighbor propensity score matching. The exclusions
for the serum urate (SU) level and estimated glomerular filtration
rate (eGFR) included patients who were missing 2-year baseline data
(n = 42,914 and n = 25,427, respectively). VHA = US Department of
Veterans Affairs Health Administration; BMI = body mass index.
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Among dose escalators over the 2-year follow-up
period in model 1, the average daily dose of allopurinol
was increased by a median of 100 mg/day and 90% of
increases were between 50 mg/day and 300 mg/day. Only
10% of patients in the dose-escalation group escalated to
a final dose of >300 mg/day (Table 2).

Dose escalators were more likely than non-escalators
to achieve the SU goal during the follow-up period (31%
versus 12%) (Table 3). Similar results were observed in
model 2 (data not shown).

Mortality. In model 1, there were 2,867 deaths
during the observation period, with 1,384 occurring in
the dose escalator group and 1,483 in the non-escalator
group (Supplementary Table 2, http://onlinelibrary.wiley.
com/doi/10.1002/art.40486/abstract). The mean follow-
up was 5.6 years for dose escalators and 5.5 years for
non-escalators (P = 0.04), resulting in mortality rates of
42.5 per 1,000 person-years among dose escalators and 38.7
per 1,000 person-years among non-escalators. There was an
8% increase in the all-cause mortality rate among dose

Table 1. Baseline characteristics of the unmatched and matched cohorts of gout patients by study group*

Baseline characteristic

Unmatched cohort Propensity-matched cohort

Dose escalators
(n = 7,336)

Non-escalators
(n = 18,042) Std. diff.†

Dose escalators
(n = 6,428)

Non-escalators
(n = 6,428) Std. diff.†

Demographic
Age, mean � SD years 64.2 � 10.4 64.9 � 10.8 0.07 64.4 � 10.5 64.4 � 10.5 <0.01
White‡ 73 73 <0.01 73 72 0.01
Male 99.6 99.7 0.02 99.7 99.7 0.01
BMI, mean � SD kg/m2 32.6 � 6.5 31.9 � 6.3 0.11† 32.3 � 6.3 32.3 � 6.3 <0.01

Comorbidity
Hypertension 90 89 0.02 90 90 0.01
Cardiovascular disease 52 49 0.05 51 50 0.02
Diabetes 38 36 0.05 38 38 0.01
RDCI, median (IQR) 2 (2–3) 2 (1–3) 0.05 2 (1–3) 2 (1–3) 0.01

Medication
Colchicine 62 54 0.16† 59 59 0.01
Prednisone 27 20 0.16† 24 24 0.02
Βeta-blockers 61 58 0.07 60 60 0.01
ACE inhibitors 67 66 0.02 67 68 0.01
ARBs 14 12 0.05 13 12 0.02
CCBs 43 41 0.03 42 43 0.01
Loop diuretics 36 34 0.06 35 35 0.02
Thiazides 50 49 0.02 50 51 0.01
Statins 63 62 0.04 63 63 <0.01
Fibrates 15 13 0.04 14 14 <0.01
Aspirin 34 32 0.02 33 33 <0.01
NSAIDs 70 69 0.03 70 70 <0.01
Metformin 15 15 0.02 15 15 <0.01
Other hypoglycemia agents 23 22 0.03 23 23 <0.01
Insulin 13 10 0.09 12 12 0.01

Laboratory measurement
Serum urate, mean � SD mg/dl 9.7 � 1.6 9.4 � 1.6 0.17† 9.6 � 1.6 9.6 � 1.6 <0.01
Cholesterol, mean � SD mg/dl 179 � 44 180 � 44 0.02 180 � 43 180 � 44 <0.01
eGFR, mean � SD ml/minute/1.73 m2 64 � 21 65 � 20 0.05 64 � 21 64 � 21 <0.01
Albumin, mean � SD gm/dl 4.0 � 0.5 4.0 � 0.5 0.01 4.0 � 0.5 4.0 � 0.5 0.01

Health utilization measure
Incident allopurinol dose, median (IQR) mg/day 100 (100–100) 200 (100–300) 1.05† 100 (100–100) 100 (100–100) <0.01
Primary care visits, median (IQR) no. 9 (6–14) 9 (6–13) 0.09 9 (6–14) 9 (6–14) <0.01
Outpatient gout diagnosis, median (IQR) no. 3 (1–5) 3 (1–5) 0.09 3 (1–5) 3 (2–5) 0.02
Inpatient gout diagnosis 3 2 0.05 3 2 0.01
Rheumatology prescriber 18 7 0.35† 12 11 0.03
Rheumatology consult 24 12 0.33† 18 17 0.04

* Except where indicated otherwise, values are the percent of patients. BMI = body mass index; RDCI = Rheumatic Disease Comorbidity Index; IQR =
interquartile range; ACE = angiotensin-converting enzyme; ARBs = angiotensin II receptor blockers; CCBs = calcium channel blockers; NSAIDs = non-
steroidal antiinflammatory drugs; eGFR = estimated glomerular filtration rate (based on the Modification of Diet in Renal Disease equation).
† Standardized difference (Std. diff.) ≥0.1 (values <0.1 were considered negligible). The standardized difference is the preferred statistic for
between-group comparisons in propensity studies, because the statistic is independent of sample size and thus provides a consistent measure before
and after matching (30).
‡ Race was categorized as white, non white, or unknown due to refusal to answer or due to being unknown by the patient, which is consistent with
Department of Veterans Affairs self-report of race data standards. The “race unknown” category is considered missing in the standardized differ-
ence calculation, while all other calculations include “race unknown” as a category.
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escalators compared to non-escalators (HR 1.08, 95% CI
1.01–1.17) (Figure 2A).

With regard to cardiovascular-related deaths,
there were 644 among dose escalators and 694 among
non-escalators, leading to cardiovascular mortality rates of
19.8 and 18.1 per 1,000 person-years, respectively. With
regard to cancer-related deaths, there were 223 among
dose escalators and 240 among non-escalators, translating
to cancer mortality rates of 6.8 and 6.3 per 1,000 person-
years, respectively. Allopurinol dose escalation was not
associated with a statistically significant difference in
cardiovascular-related mortality (HR 1.08, 95% CI 0.97–
1.21) (Figure 2B) or cancer-related mortality (HR 1.06,
95% CI 0.88–1.27) (Figure 2C), although the effect sizes
were similar to those observed for all-cause mortality. Sim-
ilar HRs were obtained in the subdistribution hazard mod-
els (Supplementary Table 3, http://onlinelibrary.wiley.c
om/doi/10.1002/art.40486/abstract).

In model 2, the mortality incidence rates were simi-
lar to those observed in model 1 (results available in

Table 3. SU levels at follow-up in gout patients according to study
group*

Dose escalators
(n = 6,428)

Non-escalators
(n = 6,428)

Patients with SU tested, % 91 77
Achieved SU goal, %† 31 12
Follow-up SU level, mg/dl
Mean � SD 6.9 � 1.9 7.7 � 1.8
Median (IQR) 6.7 (5.6–8.1) 7.5 (6.5–8.7)

* Only the last serum urate (SU) value on record for follow-up was
used if there were multiple values. IQR = interquartile range.
† Calculation includes patients with missing SU test data. The SU
goal was defined as lowering the SU level to <6.0 mg/dl. Among only
those with follow-up testing, 34% of dose escalators and 16% of non-
escalators achieved the SU goal.

Table 2. Allopurinol dosing level by study group, at baseline and
follow-up

Allopurinol
dose†

Baseline,
% of patients*

Follow-up,
% of patients*

Dose
escalators
(n = 6,428)

Non-
escalators
(n = 6,428)

Dose
escalators
(n = 6,428)

Non-
escalators

(n = 6,428)‡

≤100 mg/day 76 76 1 78
>100 and <300
mg/day

20 19 38 18

300 mg/day 5 5 51 4
>300 mg/day <1 <1 10 <1

* Totals may add to more than 100% due to rounding.
† Dose represents the average daily dose. Allopurinol equivalent
doses were used for febuxostat in follow-up calculations.
‡ In a small proportion of non-escalators the dose was decreased
during the 2-year follow-up (4%) or was escalated and then de-
escalated before the end of follow-up (6%).

Figure 2. Time to death in propensity-matched dose escalators com-
pared to non-escalators. The cumulative incidence of all-cause mor-
tality (A), cardiovascular-related mortality (B), and cancer-related
mortality (C) during follow-up was calculated. Cumulative incidence
plots were estimated using Fine-Gray subdistribution hazard models.
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Supplementary Table 4, http://onlinelibrary.wiley.com/doi/
10.1002/art.40486/abstract). With the adjustments made in
model 2, dose escalation was not associated with any differ-
ence in overall mortality (HR 1.05, 95% CI 0.96–1.15),
cardiovascular-related mortality (HR 1.05, 95% CI 0.92–
1.20), or cancer-related mortality (HR 0.95, 95% CI 0.76–
1.18).

Sensitivity analyses. In model 1, there were no dif-
ferences in the proportion of patients whose blood pressure
was <140/<90 mm Hg or whose hemoglobin A1c level was
<9% at baseline compared to 2 years’ follow-up among
those treated for hypertension or those treated for diabetes,
respectively (Table 4). At baseline, cholesterol control was
similar in dose escalators and non-escalators. By the end of
follow-up, slightly more dose escalators than non-escalators
had achieved the goal of cholesterol control (81% versus
78%; P = 0.05), but the standardized difference remained
<0.1. More dose escalators than non-escalators were pre-
scribed colchicine (60% versus 48%; standardized differ-
ence 0.23) and oral prednisone (25% versus 18%;
standardized difference 0.17) during follow-up.

In sensitivity analyses, we limited the cohort to the
2,000 dose escalators achieving the SU goal of <6.0 mg/dl
at the end of the 2-year follow-up and their matched
non-escalators. There was a 7% reduction in the risk of
cardiovascular-related mortality with allopurinol dose esca-
lation leading to achievement of the SU goal (HR 0.93,
95% CI 0.76–1.14), although this did not reach statistical
significance. However, no effect on all-cause mortality or
cancer-related mortality was observed (data not shown).

Broadening the criteria to any patient achieving
the SU goal and their matched non-escalators, 2,527
individuals were retained for each group, with 767 non-

escalators (37%) and 1,981 dose escalators (81%) achiev-
ing the SU goal. No trend toward effect was observed for
cardiovascular-related, cancer-related, or all-cause mor-
tality (data not shown). Baseline characteristics for both
sensitivity analyses are available in Supplementary Table 5
(http://onlinelibrary.wiley.com/doi/10.1002/art.40486/abstract).
Adjustment for changes in baseline patient characteristics
prior to dose escalation (model 3) did not significantly
affect the HR estimates (see Supplementary Tables 6
and 7, http://onlinelibrary.wiley.com/doi/10.1002/art.40486/
abstract). Other sensitivity analyses had negligible effects
on the estimates (data not shown).

DISCUSSION

In this study, there was no compelling evidence to
suggest that allopurinol dose escalation is associated with
meaningful reductions in mortality risk among patients
with gout. Understanding the impact of allopurinol dose
escalation on long-term outcomes such as mortality is
timely in the wake of recent concerns over ULT use and
cardiovascular risk. In November 2017, the US Food and
Drug Administration issued a safety announcement based
on findings from a recent RCT in which it was demon-
strated that gout patients initiating treatment with febux-
ostat had a higher risk of cardiovascular-related mortality
and all-cause mortality than did allopurinol initiators (37).
However, the RCT did not address the effect of dose esca-
lation on mortality. In our study, there was a small (albeit
statistically significant) increase in all-cause mortality
among allopurinol dose escalators compared to non-
escalators, and the effect size estimates were similar for
cardiovascular- and cancer-related mortality, neither of
which achieved statistical significance. These primarily
null findings were demonstrated despite this being the lar-
gest study to date of ULT treatment effects on mortality
among patients with gout (11,12,38). We further demon-
strated that patients receiving ULT dose escalation were
only rarely escalated to levels typically required for proper
gout control (13,39). Such “clinical inertia” limited our
ability to examine the effect of optimal dose escalation on
mortality (40). This appears to be particularly relevant
since gout patients receiving dose escalation and achieving
the SU goal appeared to have a lower incidence of
cardiovascular-related mortality in sensitivity analyses.
Taken together, these results add to the persistent uncer-
tainty regarding the role of ULTs in reducing mortality
risk (6,41).

This study has a number of design strengths that
further inform our understanding of ULTuse and mortal-
ity risk. First, we successfully linked longitudinal data from
a large national cohort of gout patients to vital status data,

Table 4. Assessment of quality of care as a residual confounder in
gout patients by study group, at baseline and follow-up*

Baseline Follow-up

Dose
escalators

Non-
escalators

Dose
Escalators

Non-
escalators

Observability† 100 100 90‡ 86‡
BP <140/90 mm Hg 64 63 69 69
Cholesterol
<200 mg/dl

73 72 81 78

Hemoglobin A1c
<9%

91 91 91 91

PDC ≥0.8 NA NA 55‡ 43‡

* Values are the percent of patients. BP = blood pressure; hemoglo-
bin A1C = glycosylated hemoglobin; PDC = proportion of days cov-
ered; NA = not applicable.
† Observability at baseline was defined for a 1-year period, but was
defined for the full 2-year dose-escalation period for follow-up. Pa-
tients were considered observable for the period if they were observ-
able for both 1-year periods of follow-up. All laboratory values are the
last on record during the 2-year follow-up if more than 1 was available.
‡ Standardized difference of ≥0.1 for comparison within the time period.
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allowing for examination of cause-specific mortality. Previ-
ous studies have typically reported all-cause mortality rates
only, thus limiting the understanding about the relative
impact of therapy on different causes of mortality such as
cardiovascular disease or cancer (11,12). Other studies
have focused on the potential cardiovascular benefits of
ULTs (41), but there is at least a theoretical potential that
ULTs could impact cancer-related mortality (6,42). This
effort, to our knowledge, is the first epidemiologic study to
examine the association of allopurinol use with cancer-
related mortality.

We utilized a new-user, active-comparator design
in this study, which is novel among studies of ULT treat-
ment associations with mortality. This approach is partic-
ularly robust as it better reflects treatment decisions for
both gout and hyperuricemia than would study designs
that use comparisons against non-initiator groups (pa-
tients never treated with allopurinol). Designs in which
patients with hyperuricemia initiated on therapy are com-
pared to non-initiators likely reflect a comparison against
a heterogeneous referent group with both low- and high-
risk patients (43). Specifically, the non-initiator group
likely contains a high-risk population of patients whose ill-
ness is likely substantial or who may even be potentially
near death, for whom prescribers are less likely to initiate
a new medication (43). Studies in other diseases have ter-
med this the “risk-treatment mismatch” or “risk-treat-
ment paradox” (44,45). The active-comparator design
mitigates potential treatment allocation bias by comparing
2 groups initiating ULT, groups that were quite similar in
this study even before propensity matching was under-
taken.

Herein and in other studies, we have demonstrated
that clinical inertia, or the lack of increasing treatment
intensity when indicated (40), is common in gout manage-
ment, even among those receiving initial dose escalation
(19). It is possible that the clinical inertia observed in this
study limited our ability to determine the effect of ULT
dose escalation on mortality risk reduction. The potential
that such under-dosing limited our findings is consistent
with at least 1 study in which forearm blood flow, a mea-
sure of endothelial function, was found to be signifi-
cantly increased in patients randomized to receive 600
mg/day allopurinol as compared to those who were
assigned to receive allopurinol at a dose of 300 mg/day
or to receive placebo (10). In the current study, only
10% of dose escalators ever achieved daily allopurinol
doses exceeding 300 mg, and daily doses of ≥600 mg
were rarely used (in only 4% of patients). It is also
possible that allopurinol exerts a protective effect that
is independent of the resulting SU concentrations. It
has been suggested, for example, that allopurinol exerts

a cardioprotective effect by acting as a xanthine oxi-
dase inhibitor (7,10,41), a mechanism for which dose
escalation may be less relevant.

In addition, if the reduction in mortality risk
hypothesized to be attributable to ULT use is associated
with reductions in cumulative systemic inflammation from
gout attacks (46), then the dosing practices reported in
this study are unlikely to decrease such inflammation.
International guidelines, supported by evidence-based
studies, recognize that dose escalation until the SU level
is below 6.0 mg/dl is typically required for long-term
reduction in gout attacks (13,47). Our sensitivity analysis
examining the importance of SU goal attainment leaves
open the possibility that reaching the SU goal may be
important in terms of survival benefit, but further study
will be needed. Albeit not reaching statistical significance,
the 7% reduction in the mortality estimate would require
at least 4,411 patients per group to demonstrate an effect
in a 10-year study. Thus, these results should be inter-
preted with caution, and further study is warranted.

In place of ULT dose escalation, we could have
considered the effect of SU goal attainment or SU change
on mortality risk, similar to that examined in a recent
study (38). That approach would have directly investi-
gated one of the hypothesized causal links, SU concentra-
tion, between ULT use and mortality reduction (6,41).
However, we chose to focus on dose escalation for a num-
ber of reasons. First, the approach frames the issue as an
RCT would, by comparing the effect of treatment strate-
gies. Second, investigating dose escalation more broadly
reflects the many hypothesized mechanisms through
which allopurinol (or an alternative ULT) may reduce
mortality. Finally, there are major gaps in the availability
of SU assessments in observational cohorts, creating a
potentially insurmountable missing data problem. In
other reports, the availability of follow-up SU values have
ranged from 15% to 30% at 6 months to 50% at 4 years
(48). Such infrequent testing and likely baseline differ-
ences between those with follow-up SU testing versus
those without would have rendered even the best imputa-
tion techniques inadequate.

Despite the many strengths of this study, interpre-
tation must account for limitations. This study is observa-
tional in nature. While the new-user, active-comparator
design and use of propensity matching likely mitigated
potential confounding by measured and unmeasured risk
factors, this novel approach does not eliminate the poten-
tial for residual unmeasured confounding. To specifically
address gout severity as a residual unmeasured con-
founder, we included baseline SU level, rheumatologist
care, and number of gout diagnosis codes on record as
proxies for severity. While these methods represent
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methodologic improvements over past studies, data from
medical records remain insufficient to fully characterize
gout severity. Inherent to the 2-year dose-escalation
period in model 2, selection bias may be present, as non-
escalators had a slightly higher number of deaths during
that period than did dose escalators, but this did not
appear to substantially affect the HR estimates as com-
pared to model 1. This study is limited to a VA popula-
tion, which may affect the generalizability of our findings
to populations not well-represented in the VA, such as
women. However, the VA is likely the single largest provid-
er of care for gout patients in the US, with demographics
that reflect those most at risk for gout (e.g., older age,
male, and high cardiovascular comorbidity burden).

In conclusion, we found no association between
allopurinol dose escalation and improved survival in
patients with gout. The findings were likely limited by the
suboptimal ULT dosing that is often observed in clinical
practice, even among dose escalators. While we had antic-
ipated that the results from this study would add to the
evidence supporting the notion that appropriate dose
escalation yields meaningful “extraarticular” benefits for
gout patients, clinical inertia in this population was so
prevalent, even among those receiving dose escalation,
that we were unable to make a definitive assessment. Trial
designs or interventions in day-to-day practice that over-
come clinical inertia in ULT dose escalation will be
needed before we can fully evaluate the potentially bene-
ficial effects of dose escalation on mortality.
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Encoding of Self-Referential Pain Catastrophizing in the
Posterior Cingulate Cortex in Fibromyalgia

Jeungchan Lee ,1 Ekaterina Protsenko,1 Asimina Lazaridou,2 Olivia Franceschelli,2

Dan-Mikael Ellingsen,1 Ishtiaq Mawla,1 Kylie Isenburg,1 Michael P. Berry,1 Laura Galenkamp,2

Marco L. Loggia,1 Ajay D. Wasan,3 Robert R. Edwards,2 and Vitaly Napadow1

Objective. Pain catastrophizing is a common fea-
ture of chronic pain, including fibromyalgia (FM), and is
strongly associated with amplified pain severity and
disability. While previous neuroimaging studies have
focused on evoked pain response modulation by catastro-
phizing, the brain mechanisms supporting pain catastro-
phizing itself are unknown. We designed a functional
magnetic resonance imaging (fMRI)–based pain catas-
trophizing task whereby patients with chronic pain
engaged in catastrophizing-related cognitions. We under-
took this study to test our hypothesis that catastrophizing
about clinical pain would be associated with amplified
activation in nodes of the default mode network (DMN),
which encode self-referential cognition and show altered
functioning in chronic pain.

Methods. During fMRI, 31 FM patients reflected
on how catastrophizing (CAT) statements (drawn from
the Pain Catastrophizing Scale) impact their typical FM
pain experience. Response to CAT statements was com-
pared to response to matched neutral (NEU) statements.

Results. During statement reflection, higher fMRI
signal during CAT statements than during NEU state-
ments was found in several DMN brain areas, including
the ventral (posterior) and dorsal (anterior) posterior
cingulate cortex (vPCC and dPCC, respectively). Patients’
ratings of CAT statement applicability were correlated
solely with activity in the vPCC, a main DMN hub sup-
porting self-referential cognition (r = 0.38, P < 0.05).
Clinical pain severity was correlated solely with activity
in the dPCC, a PCC subregion associated with cognitive
control and sensorimotor processing (r = 0.38, P < 0.05).

Conclusion. These findings provide evidence that
the PCC encodes pain catastrophizing in FM and suggest
distinct roles for different PCC subregions. Understand-
ing the brain circuitry encoding pain catastrophizing in
FM will prove to be important in identifying and evaluat-
ing the success of interventions targeting negative affect
in chronic pain management.

Negative affect plays a key role in the pathophysi-
ology of chronic pain and shapes individual differences in
pain treatment outcomes. Pain catastrophizing, in particu-
lar, is a pain-specific psychosocial construct comprising
cognitive and emotional processes such as helplessness,
pessimism, rumination about pain-related symptoms, and
magnification of pain complaints (1). Catastrophizing is
also a major contributor to pain severity in fibromyalgia
(FM) (2), a chronic functional pain disorder characterized
by maladaptive brain plasticity (3). While catastrophizing
correlates positively with other measures of negative
affect such as anxiety, it also shows a unique and specific
influence on pain-related outcomes (2). Overall, higher
catastrophizing is a risk factor for long-term pain and for
disproportionately negative pain sequelae (e.g., physical
disability) (2,4). Studies of musculoskeletal pain suggest
that catastrophizing is the single most important pretreat-
ment risk factor that impairs the effectiveness of pain-
relieving interventions (5). Our own work suggests that
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catastrophizing amplifies pain sensitivity and brain
response and interferes with pain modulation in patients
with many chronic pain conditions, including FM (6–8).
While trait pain catastrophizing has been shown to shape
brain responses to evoked pain stimuli (9), the neural cir-
cuitry supporting the pain catastrophizing state itself
remains poorly understood. No functional neuroimaging
studies have attempted to directly identify the neural
underpinnings of chronic pain patients’ engagement in
the cognitive/emotional processes of catastrophizing.

Several studies have attempted to experimentally
induce a pain catastrophizing state, with mixed results. In
2 separate studies, healthy adults were asked to rehearse
catastrophizing self-statements while undergoing cold
pressor testing, with no impact on pain sensitivity or toler-
ance (10,11). However, inducing catastrophizing by exper-
imentally manipulating the perceived threat of pain
significantly impacted cold pain responses (12). Further-
more, a study in chronic pain patients found a large reduc-
tion in cold pain tolerance when they verbally recited
catastrophizing, relative to positive statements (13). Other
studies in patients with chronic musculoskeletal pain have
induced a catastrophizing state by asking patients to imag-
ine their pain worsening in the future (14,15). While these
studies are limited by the lack of a randomized design or
an active control condition, the cognitive manipulations
did enhance sensitivity to experimentally applied noxious
stimuli. Collectively, while prior studies have applied ca-
tastrophizing modulation of brain responses to evoked
pain or stress in healthy adults (16) and migraine patients
(17), no study has applied neuroimaging-based assessment
of brain function during actual catastrophizing about clini-
cal pain.

In this study in FM patients, we investigated
physiologic (heart rate [HR]) and functional magnetic
resonance imaging (fMRI) brain responses to a catastro-
phizing state induced by visually presenting validated state-
ments from the Pain Catastrophizing Scale (PCS) (18) and
asking the patients to reflect on the degree to which these
statements mirrored their experiences with their own
recalled, clinical pain. Matched neutral statements were
used as controls, and patients rated the applicability of
statements to their clinical pain. As multiple studies have
linked altered neurophysiology in the brain’s default mode
network (DMN) to clinical pain severity in FM (19,20),
and since DMN regions are known to encode self-referen-
tial cognitive processing (21), we hypothesized that
patients would activate DMN regions during catastrophiz-
ing, and that catastrophizing-specific regions would show
an association between fMRI response and ratings of
applicability of the catastrophizing statements to patients’
clinical pain.

PATIENTS AND METHODS

Patients. Thirty-five female patients meeting the Ameri-
can College of Rheumatology (ACR) criteria for a diagnosis
of FM (22) were recruited through Clinical Trials listings
(clinicaltrials.partners.org), a Partners Healthcare medical records
database, and physician referral. The protocol was approved by
the Human Research Committee of Partners Healthcare and
Massachusetts General Hospital, and patients provided written
informed consent prior to beginning study procedures.

All patients completed telephone prescreening to deter-
mine their eligibility for the study, and all patients were assessed
for the following inclusion criteria: be ages 18–65 years and
female; meet the ACR diagnostic criteria for FM for at least 1
year (22); receive stable doses of medication prior to entering
the study; have baseline pain intensity of at least 4 of 10 on aver-
age and report pain for at least 50% of days; be able to provide
written informed consent; and be fluent in English. Exclusion
criteria were comorbid acute or chronic pain conditions rated
more painful than FM; use of stimulant medications for fatigue
associated with sleep apnea or shift work; psychiatric disorders
with history of psychosis; psychiatric hospitalization within 6
months prior to enrollment; current or recent use of recreational
drugs; active suicidal ideation; participation in other therapeutic
trials; lower limb vascular surgery or current lower limb vascular
dysfunction; pregnant or nursing; history of significant head
injury (e.g., with substantial loss of consciousness); history of
anxiety disorders interfering with fMRI procedures (e.g., panic);
and contraindications to MRI.

Behavioral visit. All patients completed a behavioral
session on a separate day from the MRI scan and were intro-
duced to study procedures, including rating scales and the pain
catastrophizing task described below. Additionally, patients
completed the following questionnaires: PCS (18); Brief Pain
Inventory (BPI) (23), to assess pain severity and interference;
and Patient-Reported Outcomes Measurement Information
System 29-Item Profile (PROMIS-29), to assess several health
outcomes (24).

Pain catastrophizing (CAT) task. The pain CAT task
(Figure 1) consisted of 6 statements drawn from the validated
PCS (18) and 6 Velten-type affectively neutral statements taken
from a validated set used as a control in prior cognitive/affective
research (25,26) and modified to have lexical difficulty and word
count similar to PCS statements (see Figure 1 for a full list of
statements). Only PCS statements containing the word “pain”
were selected, and 2 statements were chosen from each of 3 sub-
scales: helplessness, magnification, and rumination. Statements
were presented in a block design, with separate blocks for PCS
subscales (CAT statements) and matched neutral (NEU) state-
ments. Each statement block was presented for 20 seconds
(10 seconds/statement, including a 1-second fade-in for smooth
visual transition between statements), separated by a 20-second
cross-hair fixation rest period. Patients were instructed to read
each statement and reflect on the degree to which they had these
thoughts or feelings during a recent typical day of FM pain. No
motor responses were required; patients were instructed to sim-
ply reflect on their FM-related experiences with these thoughts
and feelings. This general methodology (i.e., participants read
and reflect on affectively themed statements in order to induce a
certain mood) has been used in multiple pain studies to alter
both self-reported mood and pain sensitivity (27). Additionally,
each run contained a single 5-second “catch trial” (CATCH) in
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which patients were asked to press any button box button using
the left hand to check for alertness and ensure that patients were
paying attention to the task.

In order to encourage meaningful reflection and maxi-
mize familiarity with the pain catastrophizing task, patients
discussed the task with a study investigator prior to each
administration. Patients were first introduced to what the task
would entail (e.g., “You will be reading some statements on the
screen that describe different thoughts and feelings people might
have while experiencing pain. We will ask you to think about
your experience with these kinds of thoughts during a typical day
of fibromyalgia pain.”). Patients were then asked to describe a
recent typical day of FM pain. They were prompted to describe
where they felt pain, the quality of sensations (e.g., achy, sharp,
tingling), activities that might improve or aggravate pain, and
any recent changes in pain.

Following the introduction, patients performed the
CAT task on a laptop (E-Prime 2.0; Psychology Software Tools)
and completed a CAT Applicability Questionnaire (CAQ) to
assess the degree to which patients endorsed thoughts or feel-
ings related to each statement while reflecting on their pain
during the CAT task (5-point Likert scale). Performing this task
during the behavioral visit served as task familiarization for the
later MRI visit.

MRI scan visit. Prior to scanning, FM patients were
again asked to discuss a recent typical day of FM pain. Patients

read the CAT statements on a laptop to familiarize themselves
with the CAT task.

In the MRI scanner, brief task instructions were
presented on the screen, and the fMRI CAT task run was com-
pleted twice. The sequence of CAT and NEU statement blocks
was pseudorandomized (Figure 1). After the scan, patients again
completed the CAQ and CAT Valence Questionnaire (CVQ),
the latter of which asked patients to rate how positive or nega-
tive they thought each statement was on a visual analog scale
(�100 = very negative; 0 = neutral; +100 = very positive). The
CVQ was used as a manipulation check to ensure that CATand
NEU statements were perceived as affectively negative and neu-
tral, respectively. State anxiety levels (0 = not anxious; 100 =
extremely anxious) were also asked about before and after the 2
fMRI runs.

Psychophysiologic response was also assessed, as phasic
HR changes have long been used as an objective index of emo-
tional experiences, thereby minimizing self-report biases such as
inaccurate recall, response bias, and demand characteristics
(28). The electrocardiogram (EKG) was collected during scan-
ning using an MR-compatible system (MP150; Biopac Systems).
EKG peaks were annotated using in-house algorithms (MatLab
8.3) to estimate HR responses to CATand NEU statements rela-
tive to a prestimulus baseline. Based on a peristimulus plot
showing an average time series of response (Figure 2A), average
HR was calculated for windows of 4–8 seconds from the onset of

Figure 1. Pain catastrophizing (CAT) task. A, Statements were presented in a block design, with each block corresponding to either one of the Pain
Catastrophizing Scale subscales (CAT statements) or matched neutral (NEU) statements, and with a catch trial (CATCH) as a check for alertness. B,
Shown are the entire CAT and NEU statements, the instruction for the catch trial, and a cross-hair fixation for the rest period (REST).
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each CATor NEU statement. The averaged HR responses were
then normalized with respect to the average HR from a 5-second
baseline preceding each statement block. Differences in normal-
ized HR response between CAT and NEU statement blocks
were calculated, and significance (P < 0.05) was determined
using a paired t-test (SPSS software version 10.0.7).

MRI data acquisition. MRI data were obtained on a
3.0T Siemens Skyra (Siemens Medical) equipped with a 32-channel
head coil at the Athinoula A. Martinos Center for Biomedical
Imaging, Massachusetts General Hospital. T1-weighted structural
images were obtained using a 3-dimensional magnetization-prepared
rapid gradient-echo pulse sequence (repetition time [TR] 2,530
msec, echo time [TE] 1.64 msec, flip angle 7°, field of view
[FOV] 256 9 256 mm, spatial resolution 1 9 1 9 1 mm). Func-
tional data (228 volumes/run) were obtained with a simultane-
ous multislice imaging pulse sequence for improved
spatiotemporal resolution (acceleration factor 5, TR 1,250
msec, TE 33 msec, flip angle 65°, FOV 196 9 196 mm, voxel
dimensions 2 9 2 9 2 mm, 75 axial slices with no gap) (29).

MRI data processing and analysis. Functional MRI
data processing was carried out using FMRIB Software Library
(FSL [fsl.fmrib.ox.ac.uk]), Analysis of Functional NeuroImages
(afni.nimh.nih.gov/afni), and FreeSurfer (https://surfer.nmr.mgh.
harvard.edu/fswiki). The first 3 fMRI volumes were removed,
and data were then corrected for head motion (FSL-MCFLIRT)
and B0 inhomogeneities (FSL-PRELUDE and FSL-FUGUE),
skull stripped (FSL-BET), spatially smoothed (Gaussian kernel,
full-width half-maximum 5 mm), and temporal high-pass filtered
(cutoff 80 seconds) to remove signal drift noise. We used the fol-
lowing head motion exclusion criteria: framewise displacement
and rotation >2 mm and 2°, respectively. For coregistration of
structural and functional data to standard Montreal Neurologi-
cal Institute (MNI) space (FSL-FNIRT), structural images were
aligned to fMRI data (BBREGISTER).

A first-level, within-subject, generalized linear model
(GLM) analysis was performed by modeling CAT and NEU
statement blocks, as well as the CATCH trial block, convolved
with the canonical double-gamma hemodynamic response

function (FSL-FEAT). The first-level parameter estimates and
corresponding variance maps from the 2 fMRI runs were then
combined with a second-level analysis using a fixed-effects
model (FSL-FEAT). Resulting parameter estimates and vari-
ance maps were then registered to standard space (MNI152)
using the FMRIB Nonlinear Image Registration Tool (FNIRT)
and used for group analysis (i.e., CATand NEU statement group
map, and CAT versus NEU statement difference map) using
FMRIB Local Analysis of Mixed Effects (FLAME 1+2, cluster-
corrected for multiple comparisons, Z > 2.3, P < 0.05).

The CAT versus NEU statement difference map was
used to identify regions of interest (ROIs), defined as 3-mm
diameter spheres centered at the cluster peak voxel. ROI
average percent signal change was then used to investigate asso-
ciations with relevant pain and catastrophizing behavioral out-
comes (e.g., PCS, CAQ, BPI, and PROMIS-29).

FreeSurfer and Caret (https://www.nitrc.org/projects/
caret/) were used for visualization of results on inflated cerebral
and cerebellar surfaces, respectively. As we hypothesized DMN
involvement in the brain circuitry encoding catastrophizing,
results were visualized on a brain surface with an outline of the
publicly available resting-state fMRI parcellation based on 1,000
subjects (30).

RESULTS

Of 35 enrolled FM patients, 31 were included in the
analyses (mean � SD age 43.74 � 11.71 years; 26 Cau-
casians, 2 AfricanAmericans, 1 Asian, 1 CapeVerdean, and
1 of unknown ethnicity) (for medications the 31 patients
used at the time of scanning, see Supplementary Table 1,
available on theArthritis & Rheumatologyweb site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40507/abstract). Four
FM patients were excluded from analyses (2 due to struc-
tural brain abnormalities, 1 due to inability to comply with

Figure 2. Heart rate (HR) responses to catastrophizing (CAT) and neutral (NEU) statements. A, Average HR time series data show different
patterns during CAT and NEU statement blocks. B, The HR increase in response to CAT statements was significantly greater than the HR
increase in response to NEU statements. Values are the mean � SEM. ** = P < 0.01; *** = P < 0.001 versus baseline. * = P < 0.05. bpm = beats
per minute. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40507/abstract.
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MRI safety requirements, and 1 because of falling asleep
during fMRI [the patient failed to respond to the catch trial,
which the patient confirmed retrospectively]).

Clinical measures. FM patients reported moder-
ate-to-high scores on the PCS (mean � SD 21.03 � 12.92),
BPI subscales (4.74 � 1.87 for severity, 5.13 � 2.41 for
interference), and PROMIS-29 subscales (39.89 � 6.96 for
physical function, 56.73 � 8.13 for anxiety, 53.68 � 8.97 for
depression, 58.73 � 8.13 for sleep disturbance, 46.96 �
13.91 for satisfaction with participation in social roles) at
the initial behavioral visit. After 2 CAT task fMRI runs,
patients reported higher CAQ (statement applicability)
scores for CAT statement blocks compared to CAQ scores
for NEU statement blocks (mean � SD CAQCAT score
6.90 � 4.64 versus CAQNEU score 2.03 � 2.93; P <
0.0001). Mean � SD CVQ scores demonstrated that CAT
statements were indeed perceived as affectively negative
(CVQCAT score �57.86 � 37.68), while NEU statements
were not perceived as having negative valence (CVQNEU

score 7.88� 19.00) (P < 0.00001 for CATstatements versus
NEU statements) (Table 1). Mean � SD state anxiety
levels showed no significant difference between before and
after 2 CAT task fMRI runs (21.25 � 18.54 for before
versus 21.32 � 20.02 for after; P = 0.93 [n = 28 patients]).

PCS scores correlated positively with CAQCAT

scores (r = 0.81, P < 0.0001), the BPI interference subscale
(r = 0.45, P < 0.05), and PROMIS-29 subscales (for anxi-
ety, r = 0.73, P < 0.0001; for depression, r = 0.66, P <
0.0001). Furthermore, CAQCATscores correlated positively
with the BPI interference subscale (r = 0.52, P < 0.01) and
PROMIS-29 subscales (for anxiety, r = 0.69, P < 0.0001;
for depression, r = 0.60, P < 0.0001; for sleep disturbance,
r = 0.39, P < 0.05; for satisfaction with participation in
social roles, r = �0.37, P < 0.05).

Brain and psychophysiologic responses during
catastrophizing. Data from all 31 FM patients were avail-
able for fMRI analysis, as all patients passed head motion
exclusion criteria. To assess psychophysiologic arousal, we
quantified HR responses and found greater HR increases
during CAT statements (mean � SEM 0.96 � 0.24 beats
per minute) than during NEU statements (0.49 � 0.16
beats per minute) (P = 0.03) (Figure 2B).

Group maps demonstrated similar brain responses
to CATand NEU statements in visual information process-
ing areas (e.g., occipital cortex) and lexical processing areas
(e.g., ventrolateral prefrontal cortex [vlPFC] and posterior
superior temporal sulcus) (see Supplementary Figure 1,
http://onlinelibrary.wiley.com/doi/10.1002/art.40507/abstract).
The CAT-NEU statement difference map revealed a signif-
icant positive contrast in the left ventral (posterior) and
dorsal (anterior) posterior cingulate cortex (vPCC and
dPCC, respectively), precuneus, left vlPFC, left angular

gyrus/inferior parietal lobule (IPL), left medial prefrontal
cortex (mPFC), and right cerebellum. Most of the CAT-
NEU statement clusters were within the boundaries of the
DMN, as outlined in yellow (Figure 3) by DMN parcella-
tion (30). The CAT-NEU statement difference map also
showed a significantly negative contrast in the bilateral
parietal lobule, left medial temporal lobe, and bilateral
inferior temporal gyrus (temporo-occipital part) (Figure 3
and Table 2). Notably, as also evidenced by the group dif-
ference map bar plots (Figure 3) and group maps (see
Supplementary Figure 1, http://onlinelibrary.wiley.com/doi/
10.1002/art.40507/abstract), regions such as the PCC
showed activation for CAT statements and deactivation for
NEU statements, while for other DMN regions such as the
mPFC, there was reduced deactivation for CATstatements
compared to NEU statements, which also presented as a
positive CAT-NEU statement contrast.

Association between CAT-specific brain responses
and clinical/psychometric measures. We found that vPCC
activation during CATstatements was positively correlated

Table 1. Demographics and clinical/psychometric measures of the
31 fibromyalgia patients*

Demographics
Age, years 43.74 � 11.71

Clinical pain measures
Duration since symptom onset, years 7.65 � 7.05
Brief Pain Inventory
Severity, 0–10 4.74 � 1.87
Interference, 0–10 5.13 � 2.41

PROMIS-29 (normalized T scores)
Physical function 39.89 � 6.96
Anxiety 56.73 � 8.13
Depression 53.68 � 8.97
Sleep disturbance 58.73 � 8.13
Satisfaction with participation in social roles 46.96 � 13.91

Catastrophizing-associated measures
Pain Catastrophizing Scale score, 0–52 21.03 � 12.92
CAT task–recalled pain experience
Pain intensity, 0–100† 56.20 � 19.00
Pain unpleasantness, 0–100‡ 59.31 � 20.24

CAQ score, 0–20
Total CAQCAT score 6.90 � 4.64
Total CAQNEU score 2.03 � 2.93
P, CAQCAT score vs. CAQNEU score <0.0001

CVQ score (�100 = negative, +100 = positive)
Total CVQCAT score �57.86 � 37.68
Total CVQNEU score 7.88 � 19.00
P, CVQCAT score vs. CVQNEU score <0.00001

* Values are the mean � SD. PROMIS-29 = Patient-Reported Outcomes
Measurement Information System 29-Item Profile; CAT = catastrophizing;
CAQ = CAT Applicability Questionnaire (assessed the extent to which
patients had thoughts or feelings described in statements while reflecting
on their pain during the CAT task); CAQCAT = rating of applicability for
CAT statement blocks; CAQNEU = rating of applicability for neutral
(NEU) statement blocks; CVQ = CAT Valence Questionnaire (assessed
patients’ ratings of how positive or negative each statement was on a visual
analog scale); CVQCAT = CVQ rating of CAT statements; CVQNEU =
CVQ rating of NEU statements.
† Twenty-five patients.
‡ Twenty-six patients.
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with the total CAQCAT score (r = 0.38, P < 0.05), while
dPCC activation during CATstatements was positively cor-
related with the BPI subscales (r = 0.38, P < 0.05 for both
severity and interference) (Figure 4). No other brain ROI
showed significant correlation with these clinical/psycho-
metric measures (e.g., for vPCC versus BPI severity sub-
scale, r = 0.11, P = 0.57; for vPCC versus PCS score, r =
0.20, P = 0.27; for vPCC versus PROMIS-29 anxiety sub-
scale, r = 0.20, P = 0.30; for vPCC versus PROMIS-29
depression subscale, r = 0.17, P = 0.37; for dPCC versus
CAQCATscore, r = 0.28, P = 0.13).

DISCUSSION

Pain catastrophizing plays a substantial role in the
pathophysiology of FM. In this study, we investigated the
neural circuitry supporting pain catastrophizing in FM.
Patients reflected on their experiences with pain-referential
catastrophizing statements during a recent episode of
FM pain. These procedures allowed patients prone to
catastrophizing to engage in such ruminative cognitions
while fMRI tracked brain activity. These FM patients
reported, on average, high PCS scores, with relatively

Figure 3. Brain responses during catastrophizing (CAT). A, Most of the clusters with positive contrast (more responses to CAT statements than to
neutral [NEU] statements) in the cerebral cortex, including the ventral and dorsal posterior cingulate cortex (vPCC and dPCC, respectively), the
medial prefrontal cortex (mPFC), and the angular gyrus/inferior parietal lobule (AnG/IPL), were within the boundary of the default mode net-
work, as defined by the resting-state functional magnetic resonance imaging (fMRI) parcellation based on 1,000 subjects (yellow outlines) (see ref.
30). B, The right cerebellum demonstrated significant positive contrast (more responses to CAT statements than to NEU statements). Values are
the mean � SEM. L = left hemisphere; R = right hemisphere.
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high interpatient variability. Compared to neutral state-
ments, reflection on pain catastrophizing statements was
encoded by activation of the ventral (posterior) and dor-
sal (anterior) posterior cingulate cortex (vPCC and
dPCC) in addition to other, mainly DMN, brain regions.
Importantly, the vPCC and dPCC were the only brain
areas that showed a positive correlation between catas-
trophizing-related activation (CAT-NEU statements)
and clinical measures of catastrophizing and FM pain.
Specifically, patients who found the catastrophizing
statements most applicable while reflecting on their pain
also showed greater vPCC activation. In addition, the
severity and interference of FM clinical pain (i.e., the
BPI score) were associated with dPCC activation. Taken
together, these findings suggest that the posterior cingu-
late cortex encodes pain catastrophizing in FM.

While previous neuroimaging studies have ex-
plored how catastrophizing influences brain response to
evoked pain stimuli, our study directly investigated the
brain activity supporting catastrophizing cognitions in
FM patients. The striking involvement of multiple
DMN regions in pain catastrophizing is consistent with
previous research. For instance, induced negative mood
(using depressing music and visual lexical cues) acti-
vates the mPFC and increases the PCC response to
evoked pain stimuli in healthy adults (16). In fact, pre-
vious research has consistently shown reduced DMN

deactivation in chronic pain patients in response to a
range of externally focused tasks (31,32). Our results
suggest that reduced PCC deactivation in chronic pain
patients may be due to ongoing catastrophizing-
associated activity in this brain area while processing
pain-related external stimuli.

We found not only greater brain activation in the
vPCC in response to catastrophizing about FM pain but
also a significant association between vPCC activity and
the CAQ score. The PCS score was positively correlated
with the CAQ score; hence, patients who reported greater
trait catastrophizing also reported greater applicability
and endorsement of catastrophizing statements to their
own pain during recall. In turn, greater applicability of
catastrophizing statements was associated with greater
vPCC activation, closely linking this subregion of the pos-
terior cingulate cortex to the catastrophizing state. The
vPCC is a cardinal node of the DMN (21) and has been
strongly linked with self-referential cognition, attentional
focus, and arousal (33). The vPCC has been differentiated
from the more anterior dPCC subregion based on cytoar-
chitecture (34) and connectivity to canonical brain net-
works. Specifically, while both PCC subregions show
strong connectivity to the DMN, the dPCC also shows
greater connectivity to dorsal attention, central executive,
and even salience networks (35), suggesting that the
dPCC also plays a broader role in attentional focus,

Table 2. Brain response on functional magnetic resonance imaging during catastrophizing task*

Size, mm3

Location, mm†

Z score

Z score, mean � SD

X Y Z CAT statements NEU statements

CAT statements > NEU statements
Cerebellum, right hemisphere 21,448 32 �74 �38 5.26 1.79 � 1.51 0.04 � 1.22
dPCC, left hemisphere 2,576 �2 �20 36 5.10 0.64 � 1.66 �1.16 � 1.93
vPCC, left hemisphere 6,848 �4 �42 26 4.95 1.32 � 1.83 �0.90 � 2.32
PC, left hemisphere 6,848 �4 �72 38 4.65 1.34 � 2.36 �0.45 � 2.90
Angular gyrus, left hemisphere 10,512 �44 �62 36 4.43 0.77 � 1.79 �0.60 � 2.05
Pre-SMA/SMA, left hemisphere 6,440 �14 20 62 4.02 1.33 � 1.55 0.27 � 1.78
vlPFC, left hemisphere 1,984 �50 22 0 4.27 2.78 � 2.06 1.38 � 1.68
dlPFC, left hemisphere 6,240 �20 56 28 4.00 1.03 � 1.68 �0.39 � 1.56
mPFC, left hemisphere 6,240 �12 54 10 3.75 �0.02 � 1.33 �1.17 � 1.60

CAT statements < NEU statements
MTL, left hemisphere 30,248 �34 �30 �20 �5.21 �0.96 � 1.37 1.26 � 2.06
IPL, left hemisphere 21,128 �28 �70 36 �4.99 2.59 � 2.94 4.86 � 3.32
IPL, right hemisphere 14,576 42 �76 26 �4.05 �1.60 � 2.55 �0.55 � 2.29
SPL, left hemisphere 21,128 �16 �56 58 �3.75 �0.69 � 1.99 0.32 � 2.08
SPL, right hemisphere 14,576 12 �60 58 �3.87 �1.02 � 2.44 0.31 � 2.38
ITG, left hemisphere 30,248 �46 �54 �14 �5.73 1.80 � 2.57 3.87 � 3.05
ITG, right hemisphere 6,312 60 �60 �14 �3.80 �0.74 � 1.25 0.37 � 1.45
Premotor area, left hemisphere 7,504 �31 �4 66 �3.48 �0.07 � 1.31 0.66 � 1.36
Premotor area, right hemisphere 6,288 28 14 58 �4.02 �1.23 � 1.89 0.04 � 1.94
M1, left hemisphere 7,504 �42 �10 46 �3.48 0.68 � 1.39 1.47 � 1.78

* CAT = catastrophizing; NEU = neutral; dPCC = dorsal posterior cingulate cortex; vPCC = ventral posterior cingulate cortex; PC =
precuneus; SMA = supplementary motor area; vlPFC = ventrolateral prefrontal cortex; dlPFC = dorsolateral prefrontal cortex; mPFC =
medial prefrontal cortex; MTL = medial temporal lobe; IPL = inferior parietal lobule; SPL = superior parietal lobule; ITG = inferior
temporal gyrus; M1 = primary motor cortex.
† By standard Montreal Neurological Institute space.
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modulating dynamic interactions between the DMN and
heteromodal cognitive control and attention networks. In
contrast, the vPCC shows greater linkage to medial tem-
poral lobe regions of the DMN (e.g., hippocampus) and
may thus play a greater role in self-referential cognition
and autobiographical memory (33).

Interestingly, previous neuroimaging studies have
linked PCC neurophysiology with trait pain catastrophiz-
ing, as assessed by the PCS questionnaire. For instance,
Fayed et al used magnetic resonance spectroscopy and
found increased combined levels of glutamate and glu-
tamine (Glx) in FM for a PCC subregion consistent with
the vPCC, suggesting increased excitatory neurotransmis-
sion in this area (36). Importantly, greater levels of Glx
were positively correlated with greater trait PCS scores.
Another study noted that increased connectivity between
the vPCC and mPFC in chronic pain patients was strongly
associated with trait PCS rumination about pain (37).
Similarly, fMRI data collected during a self-appraisal task
showed not only greater activation in the PCC, IPL, and

mPFC during the self-appraisal condition but also greater
PCC activation in depressed individuals compared to
healthy controls (38).

These findings suggest that the trait tendency for
pain-associated rumination and catastrophizing leads to
increased vPCC connectivity to other DMN areas and
stems from or even induces increased excitatory neuro-
transmission in the vPCC subregion. Thus, we suggest
that such altered vPCC neurophysiology may be main-
tained by ongoing vPCC activity while engaged in self-
referential rumination (i.e., the pain catastrophizing
state). Interestingly, while PCS and CAQ scores were
highly correlated with each other (r = 0.81) in our study,
the PCS score was not associated with vPCC activation
in response to our CAT task, suggesting that greater acti-
vation (compared to neutral statements) is more of a
state phenomenon, while altered connectivity and Glx
levels for the vPCC may reflect more stable trait catas-
trophizing. Additional support for a phasic response is
provided by the lack of a post-run increase in general

Figure 4. Regions from the catastrophizing–neutral (CAT-NEU) statement difference map demonstrating an association with clinical/psychometric
measures. The response of the dorsal posterior cingulate cortex (dPCC) to CATstatements was positively correlated with clinical fibromyalgia pain sever-
ity on the Brief Pain Inventory (BPI), and the response of the ventral posterior cingulate cortex (vPCC) to CATstatements was positively correlated with
ratings of catastrophizing applicability (i.e., the CAT Applicability Questionnaire [CAQ] score). fMRI = functional magnetic resonance imaging. Color
figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40507/abstract.
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anxiety levels, which suggests limited carryover and inde-
pendent cognitive/affective processing during distinct
statement blocks. Such independent processing allows
for accurate GLM modeling with fMRI block design, as
patients likely engaged in catastrophizing during the
CAT statement blocks (as supported by elevated psy-
chophysiologic responses), but not in subsequent state-
ment blocks or post-run ratings.

We also found that dPCC activity, which was in-
creased during CAT statements compared to NEU state-
ments, was positively correlated with FM pain severity and
interference scores. This association suggests a differential
function of the dPCC, compared to the vPCC, during
catastrophizing. PCC subregions consistent with the dPCC
cluster we identified were functionally connected not only
to other DMN regions but also to regions of central execu-
tive and even sensorimotor networks (33). Similarly, Vogt
et al have also shown heterogeneity of the PCC based on
cytoarchitecture and resting glucose metabolism of PCC
subregions, suggesting that the vPCC plays an important
role in self-monitoring, while the dPCC interacts more
with the cingulate motor area and is related to motor and
nociceptive information processing (34).

Thus, the dPCC is a key DMN node that may facil-
itate communication with other intrinsic brain networks
(e.g., sensorimotor and higher cognitive processing networks)
and is therefore well positioned to link self-referential
attentional focus with clinical pain perception. This
hypothesis is supported by our results demonstrating that
greater clinical pain perception in FM patients was
specifically associated with greater dPCC activation dur-
ing catastrophizing. In fact, the dPCC may prove to be a
future target for pain modulation, as reducing activity
during catastrophizing may be critical to break the link-
age between engaging in negative, ruminative thought
and increased clinical pain perception in chronic pain
patients. Several groups have stressed the importance of
reducing catastrophizing to better manage FM pain (39–
43), and dPCC response may be a viable surrogate and
even a predictive brain imaging marker to evaluate the
success of individualized interventions that target catas-
trophizing, such as cognitive–behavioral therapy (39).
Furthermore, differential dorsal and ventral PCC roles
can also aid self-regulation fMRI neurofeedback design
for FM pain, as several previous studies have shown that
the PCC can be modulated using real-time neurofeed-
back by focusing on the cognitive process of self-referen-
tial experience (to increase fMRI activity [44]) and
meditation (to decrease activity [45]).

Overall, the brain regions activated during the
catastrophizing task support both cognitive and affec-
tive experience, as the PCC has commonly been linked

with self-referential cognition, while the mPFC is acti-
vated by negative mood induction (16), and its connec-
tivity with the PCC is increased in conjunction with
rumination about chronic pain (37). Increased IPL
activity has also been reported in response to painful
pressure stimulation in FM patients (9) and has also
been shown to be involved in emotion processing (46).
Cerebellum (Crus I and II, posterior cerebellum, higher
fMRI signal increase during CAT statements than dur-
ing NEU statements) activity and connectivity (47)
have also been related to the cognitive (e.g., language
and executive) function (48). Collectively, our findings
are likely related to both cognitive and affective aspects
of pain catastrophizing. Furthermore, the significantly
greater psychophysiologic (HR increases) response dur-
ing CAT statement blocks compared to NEU statement
blocks suggests greater cognitive/affective engagement
by patients with the catastrophizing task (49).

Limitations to our study should also be noted. For
instance, the neutral statements chosen as a control in this
experiment were not explicitly self-referential, as opposed
to the pain catastrophizing statements. While this differ-
ence likely played a role in DMN targeting in our fMRI
results, the association between activity in specific DMN
subregions (i.e., the PCC) and both CAQ and pain severity
demonstrates that DMN regions did not simply encode the
self-referential aspects of the CATstatements but were also
linked with FM patients’ catastrophizing and clinical pain
levels. Moreover, we were not able to use self-referential
control “neutral” statements, as any self-referential state-
ments would be susceptible to negatively valenced interpre-
tation by patients prone to catastrophizing. Another
limitation was that we did not have direct measures of
patients’ re-experienced pain catastrophizing during CAT
statement blocks, as we did not want to encroach on their
self-referential rumination with thought probe ratings. We
instead used cardioautonomic psychophysiologic response
as an objective proxy for cognitive/emotional engagement
in the task. Additionally, our design did not allow for an
explicit separation of pain catastrophizing from general
negative affect, as these constructs are known to be closely
linked. Finally, while our brain–behavioral correlation
analysis approach risked false-positive results by not
controlling for multiple comparisons, we note that false-
negative error is an important consideration in novel
studies for specific areas of research (50). Hence, future
studies will attempt to independently replicate these
findings, specifying a priori ROI-based hypotheses and
including additional control conditions.

In conclusion, our study found that pain catastro-
phizing led FM patients to activate the ventral (posterior)
and dorsal (anterior) posterior cingulate cortex (the vPCC
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and dPCC). The extent to which FM patients catastro-
phized while reflecting on their pain was specifically asso-
ciated with vPCC activation during the task. In contrast,
dPCC activation during the task was specifically associ-
ated with the severity and interference of clinical pain.
The current study enhances the clinical relevance of previ-
ous studies that attempted to induce the experience of
catastrophizing; most previous designs involved healthy
young adults who were asked to rehearse catastrophizing
self-statements during the experience of an externally
applied noxious stimulus (10,11,13). In contrast, we
recruited patients experiencing a distressing chronic pain
condition and imaged their brains during engagement in
catastrophizing about past episodes of their clinical pain.
These findings provide evidence that the posterior cingu-
late cortex may support pain catastrophizing in FM, and
they suggest distinct roles for different PCC subregions.
Understanding the brain circuitry encoding pain catastro-
phizing in FM is an important step to identifying interven-
tions targeting negative affect for this highly susceptible
patient population.
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Erratum

In the article by Saag et al in the January 2017 issue of Arthritis & Rheumatology (pages 203�212), text in
the fourth paragraph on page 211, regarding lesinurad prescribing information, was incorrect. The para-
graph should have read “Of note, the US prescribing information for lesinurad recommends assessment of
renal function prior to initiation of therapy, with initiation contraindicated in patients with creatinine
clearance <45 ml/minute. Renal function should be assessed periodically after initiation of therapy, with
discontinuation recommended if creatinine clearance persistently falls below 45 ml/minute. Lesinurad is
contraindicated in subjects with severe renal impairment, end-stage renal disease, kidney transplant
recipients, and patients on dialysis.”

We regret the error.
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Erratum

In the article by Saag et al in the January 2017 issue of Arthritis & Rheumatology (pages 203�212), text in
the fourth paragraph on page 211, regarding lesinurad prescribing information, was incorrect. The para-
graph should have read “Of note, the US prescribing information for lesinurad recommends assessment of
renal function prior to initiation of therapy, with initiation contraindicated in patients with creatinine
clearance <45 ml/minute. Renal function should be assessed periodically after initiation of therapy, with
discontinuation recommended if creatinine clearance persistently falls below 45 ml/minute. Lesinurad is
contraindicated in subjects with severe renal impairment, end-stage renal disease, kidney transplant
recipients, and patients on dialysis.”

We regret the error.
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IL1RN Variation Influences Both Disease Susceptibility and
Response to Recombinant Human Interleukin-1 Receptor

Antagonist Therapy in Systemic Juvenile Idiopathic Arthritis
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Objective. To determine whether systemic juvenile
idiopathic arthritis (JIA) susceptibility loci that were iden-
tified by candidate gene studies demonstrate association
with systemic JIA in the largest study population assem-
bled to date.

Methods. Single-nucleotide polymorphisms (SNPs)
from 11 previously reported systemic JIA risk loci were

examined for association in 9 populations, including 770
patients with systemic JIA and 6,947 controls. The effect
of systemic JIA–associated SNPs on gene expression
was evaluated in silico in paired whole genome and RNA
sequencing data from the lymphoblastoid cell lines
(LCLs) of 373 European subjects from the 1000 Ge-
nomes Project. Responses of systemic JIA–associated
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SNPs to anakinra treatment were evaluated in 38
US patients for whom treatment response data were
available.

Results. We found no association between the pre-
viously reported 26 SNPs and systemic JIA. Expanded
analysis of the regions containing the 26 SNPs revealed
only 1 significant association: the promoter region of
IL1RN (P < 1 3 10–4). Systemic JIA–associated SNPs cor-
related with IL1RN expression in LCLs, with an inverse
correlation between systemic JIA risk and IL1RN expres-
sion. The presence of homozygous IL1RN high expression
alleles correlated strongly with a lack of response to ana-
kinra therapy (odds ratio 28.7 [95% confidence interval
3.2–255.8]).

Conclusion. In our study, IL1RN was the only can-
didate locus associated with systemic JIA. The implicated
SNPs are among the strongest known determinants of
IL1RN and interleukin-1 receptor antagonist levels, link-
ing low expression with increased systemic JIA risk.
Homozygous high expression alleles predicted nonre-
sponsiveness to anakinra therapy, making them ideal
candidate biomarkers to guide systemic JIA treatment.
This study is an important first step toward the personal-
ized treatment of systemic JIA.

Systemic juvenile idiopathic arthritis (JIA) is a
rare, severe childhood inflammatory disease (1,2) that
develops without an identifiable cause. It is marked by the
presence of chronic arthritis that occurs along with pro-
found systemic inflammation, including quotidian fever,
lymphadenopathy, hepatosplenomegaly, a salmon pink
evanescent skin rash, and serositis. It may also be accom-
panied by life-threatening complications, including peri-
cardial effusion, interstitial lung disease, amyloidosis,
and macrophage activation syndrome—a highly lethal
secondary form of hemophagocytic lymphohistiocytosis.

Among children with systemic JIA, ~50% develop a
destructive form of chronic arthritis that persists through-
out their lives.

Despite its unifying inflammatory characteristics,
systemic JIA is a heterogeneous condition with 3 distinct
disease courses and variable expression of clinical manifes-
tations and complications (3). Regardless of the disease
course and specific manifestations, the goal of systemic
JIA treatment is to extinguish the systemic inflammation
as rapidly as possible, taking advantage of the early thera-
peutic “window of opportunity” in an effort to avoid the
development of persistent arthritis (4). Achievement of
this goal is often complicated by the fact that children with
systemic JIA do not respond uniformly to the currently
available therapies (5,6). One subset of patients with sys-
temic JIA responds to treatments targeting interleukin-1
(IL-1), another subset responds to IL-6–directed thera-
pies, another responds to tumor necrosis factor (TNF)
blockade, and some do not respond to any of these treat-
ment strategies. Importantly, there is no objective determi-
nant or biomarker that assists in predicting which
therapeutic approach will be successful in individual
patients, and thus there are often delays in amelioration of
the systemic inflammation.

The pathophysiology of systemic JIA is poorly
understood, as is the basis of its phenotypic heterogeneity.
Due to its rare nature, most genetic studies of systemic JIA
have utilized a candidate gene approach to examine small
case–control collections. These studies have produced a list
of more than 2 dozen single-nucleotide polymorphisms
(SNPs) at 11 distinct susceptibility loci that were reported
as systemic JIA–associated loci. These include the IL1A/B
(7,8), GLI2 (7), IL1RN/PSD4 (7), IL1R2 (7), IL10/20
(9,10), IL6 (11,12), MVK (8), CCR5 (13), MIF (14),
SLC26A2 (15), and TAPBP (16) loci (Table 1). Impor-
tantly, the original evidence supporting these associations
was modest and, in many cases, the associations were not
observed in studies of independent populations. Despite
these facts, these associations are regularly included in dis-
cussions of systemic JIA pathophysiology.

We have recently performed the largest genetic
study of systemic JIA, a multinational effort that included
children with systemic JIA from 9 countries (17,18). We
identified 2 bona fide systemic JIA susceptibility loci and
24 additional loci suggestively associated with systemic
JIA; however, there was no overlap between the peak sys-
temic JIA susceptibility loci in our studies and those
reported in the earlier candidate gene studies. To evaluate
the relationship between systemic JIA risk and the sys-
temic JIA susceptibility loci identified in candidate gene
studies, we have undertaken a regional association study
of the 11 reported candidate susceptibility loci in the
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International Childhood Arthritis Genetics Consortium
(INCHARGE; for full membership of the INCHARGE
and collaborating consortia, see Appendix A) systemic
JIA case–control collection.

PATIENTS AND METHODS

Study design and participants. Directly observed and
imputed SNP genotype data from the 9 case–control populations
of the INCHARGE systemic JIA collection (17,18) were evalu-
ated for this study. The INCHARGE systemic JIA collection
includes children who fulfill the International League of Associa-
tions for Rheumatology criteria for systemic JIA and controls
from the US, the UK, Germany, Turkey, Italy, Brazil, Argentina,
Canada, and Spain. SNP genotyping of genomic DNA from cases
and controls was performed using HumanOmni1M arrays and an
iScan reader (Illumina). SNP genotypes were stratified by country
of origin and, where available, combined with existing SNP geno-
type data sets, in silico, from geographically matched healthy con-
trols. Using standard metrics, each geographically defined
stratum was subjected to rigorous quality control processes to
remove samples and SNPs of poor quality. Ancestral outliers
were removed from each of these strata using a combination of
principal components analysis and multidimensional scaling. The

degree of matching was assessed using genomic control inflation
factors (kgc), which were <1.004 for each of the 9 strata. Detailed
information about patient and control populations included in
the INCHARGE collection, along with technical descriptions
and visualizations of the quality control processes and associated
results, can be found in the supplementary material of our earlier
reports (17,18).

For the present study, genotypes of SNPs residing in 11
candidate loci (see Supplementary Table 1, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40498/abstract) were examined in 770 chil-
dren with systemic JIA and 6,947 control samples from the US,
the UK, Germany, Turkey, Italy, Brazil, Argentina, Canada, and
Spain. For candidate loci defined by a single systemic JIA–associ-
ated SNP, the study interval was defined as �100 kb from the
position of that SNP. When >1 SNP association was present within
a locus, the study interval was defined as �100 kb from the mean
of the positions of the reported systemic JIA–associated SNPs.

Statistical analysis. Association testing of candidate
SNPs was performed under the additive model, adjusted for sex
and ancestry-informative principal components, in each of the 9
systemic JIA case–control collections using SNPTEST version 2
(19). Association results were then combined across collections
using fixed-effect meta-analysis with GWAMA software (20).
Heterogeneity was evaluated using the I2 statistic, and SNPs

Table 1. Association results of 26 systemic JIA candidate SNPs in the INCHARGE study collection*

Previous study, SNP/gene

Previous study INCHARGE study

I2
No. of strata/
no. of samplesP OR (95% CI) P OR (95% CI)

Stock et al (7)
rs6712572/IL-1 ligand (CKAP2L) 0.0045 1.62 (1.16–2.29) 0.66 1.03 (0.91–1.15) 0.34 9/7,708
rs2071374/IL-1 ligand (IL1A) 0.0060 1.65 (1.15–2.37) 0.11 1.11 (0.98–1.25) 0 9/7,711
rs3783516/IL-1 ligand (IL1A/IL1B) 0.0053 1.64 (1.15–2.27) 0.04 1.13 (0.80–1.26) 0.30 9/7,711
rs4848123/IL-1 ligand (GLI2) 0.0030 1.70 (1.19–2.44) 0.24 0.27 (0.12–2.38) 0.80 2/449
rs3917368/IL-1 ligand (IL1B) 0.0096 1.57 (1.11–2.22) 0.18 1.08 (0.96–1.22) 0.43 9/7,715
rs1688075/IL-1 ligand (IL1RN) 0.0089 3.04 (1.58–5.85) 0.64 0.95 (0.77–1.17) 0.06 8/7,603
rs4849159/IL-1 ligand (PSD4) 0.040 1.61 (1.02–2.54) 0.17 0.89 (0.75–1.05) 0 8/5,755
rs6760120/IL-1 ligand (PSD4) 0.020 1.49 (1.06–2.21) 0.33 0.92 (0.77–1.09) 0.19 9/7,713
rs12712122/IL-1 receptor (IL1R2) 0.0031 1.71 (1.21–2.41) 0.04 1.32 (1.03–1.69) 0 9/7,710
rs4851531/IL-1 receptor (IL1R2) 0.0087 1.59 (1.11–2.28) 0.58 0.97 (0.86–1.09) 0.13 9/7,708

Omoyinmi et al (10)
rs1400986/IL-10 family (IL20) 0.0004 1.53 (1.21–1.93) 0.27 1.11 (0.93–1.32) 0.48 8/7,519
rs4129024/IL-10 family (MAPKAPK2) 0.0027 0.68 (0.53–0.88) 0.05 0.87 (0.75–1.00) 0.08 9/7,712

Fife et al (9)
rs1800896/IL-10 family (IL10) 0.031 1.34 (NA) 0.02 1.15 (1.02–1.28) 0 9/7,716
rs1400986/IL-10 family (IL20) 0.028 1.51 (NA) 0.27 1.11 (0.93–1.32) 0.48 8/7,519

Fishman et al (11), rs1800795/IL6 0.03 NA 0.34 0.94 (0.84–1.06) 0.32 9/7,710
Hinks et al (8)
rs2071374/IL1A 0.001 1.50 (1.16–1.92) 0.11 1.11 (0.98–1.25) 0 9/7,711
rs1183613/MVK 0.03 1.34 (1.03–1.74) 0.58 1.05 (0.89–1.23) 0 9/7,717

Scheibel et al (13), rs333/CCR5 0.004 NA 0.16 0.86 (0.69–1.06) 0.63 4/7,009
De Benedetti et al (14), rs755622/MIF 0.017 NA 0.11 0.88 (0.76–1.03) 0 8/7,513
Lamb et al (15)
rs1541915/SLC26A2 0.0003 2.3 (1.4–3.7) 0.76 0.98 (0.87–1.11) 0.19 8/7,516
rs245056/SLC26A2 0.00002 2.8 (1.7–4.6) 0.72 1.03 (0.86–1.23) 0.26 8/7,513
rs245055/SLC26A2 0.004 2.5 (1.2–5.0) 0.56 0.95 (0.81–1.12) 0 9/7,709
rs245051/SLC26A2 0.0005 2.3 (1.4–3.7) 0.42 0.95 (0.85–1.07) 0.44 9/7,708
rs245076/SLC26A2 0.0015 2.7 (1.3–5.6) 0.46 0.94 (0.80–1.11) 0 9/7,715
rs8073/SLC26A2 0.04 2.3 (0.9–5.6) 0.25 0.91 (0.77–1.07) 0 9/7,714

Bukulmez et al (16), rs2071888/TAPBP 0.04† NA 0.15 1.09 (0.97–1.22) 0 9/7,715

* JIA = juvenile idiopathic arthritis; SNPs = single-nucleotide polymorphisms; INCHARGE = International Childhood Arthritis Genetic Consortium;
OR = odds ratio; 95% CI = 95% confidence interval; IL-1 = interleukin-1; NA = not available.
† Transmission disequilibrium testing was performed.
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exhibiting moderate evidence of heterogeneity (I2 > 0.5) were
excluded from our analysis. Association data were visualized
using SNP & Variation Suite 8 (SVS 8; Golden Helix) and cus-
tom R scripts (R version 3.4.0). Haplotype analysis and examina-
tion of linkage disequilibrium (LD) were performed using
Haploview (21). The SNP set was pruned for pairwise LD of r2 <
0.5 by the estimation-maximization method with PLINK (22) to
determine the number of independent SNPs in the study. The
threshold for study-wide significance was defined using Bonfer-
roni correction for the total number of independent SNPs across
all candidate loci.

Gene expression analysis. The effect of systemic JIA–
associated SNPs on gene and/or protein expression was examined
using the HaploReg v4.1 database (23). The correlation of sys-
temic JIA–associated SNPs with gene expression was investigated
by an integrated examination of RNA sequencing and whole-

genome sequencing (WGS) data from subjects from the 1000 Ge-
nomes Project (24,25). RNA sequencing data from the set of 373
lymphoblastoid cell lines (LCLs) from the 1000 Genomes Project
subjects were downloaded from the Geuvadis web site (http://www.
geuvadis.org/web/geuvadis/RNAseq-project) and WGS data from
the corresponding individuals were downloaded from the 1000
Genomes Project web site (http://www.internationalgenome.org/
data/). RNA sequencing data (normalized reads per kilobase per
million) were stratified by systemic JIA risk allele genotype and
the difference in relative expression between genotypes was eval-
uated using the nonparametric Kruskal-Wallis test. Box plots of
relative expression were generated using R.

Therapeutic response analysis. The relationship be-
tween systemic JIA–associated IL1RN SNPs and therapeutic
response to recombinant human IL-1 receptor antagonist
(IL-1Ra) (anakinra) or tocilizumab treatment was examined in

Figure 1. International Childhood Arthritis Genetics Consortium (INCHARGE) systemic juvenile idiopathic arthritis (JIA) case–control regional
association plots of loci previously implicated by candidate gene studies. Regional association plots for previously reported systemic JIA candidate
susceptibility loci near IL1A/B (A), GLI2 (B), IL1RN/PSD4 (C), IL1R2 (D), IL10/20 (E), IL6 (F), MVK (G), CCR5 (H), MIF (I), SLC26A2 (J),
and TAPBP (K) show minimal significance in the INCHARGE case–control data set, except for a cluster of single-nucleotide polymorphisms
(SNPs) in the IL1RN/PSD4 region (C). Red diamonds show the top SNPs from previous candidate studies, none of which showed even nominal
association with systemic JIA in the INCHARGE cohort. Each blue circle represents the other individual SNPs in the candidate loci. Horizontal
lines show the study-wide significance threshold. Chr. = chromosome.
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patients with systemic JIA from the US stratum, for whom thera-
peutic response data were available. This included 38 patients
treated with anakinra and 14 patients treated with tocilizumab.
Treatment response data were extracted from medical records
by the treating pediatric rheumatologist, who encoded either
“no response” or “any response” for each subject. “No response”
was defined as no improvement of either fever (if present) or
arthritis. “Any response” was defined as any degree of improve-
ment in either fever or arthritis. We then tested for association
between treatment response and systemic JIA–associated SNPs
by logistic regression under the dominant model, using SVS 8.
The threshold of significance for the association test was defined
by Bonferroni correction for the number of independent SNPs
tested, as defined by pairwise LD pruning (r2 < 0.5).

RESULTS

Association testing of systemic JIA candidate SNPs
and loci. We first performed association testing on the 26
SNPs for which associations with systemic JIA had been
previously reported (Table 1). After application of Bonfer-
roni correction for the 26 SNPs, association meta-analysis

of the 9 INCHARGE systemic JIA study populations
revealed no significant associations with systemic JIA (P <
0.05/26 [1.99 10–3]) (Table 1 and Supplementary Figure 1,
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40498/abstract). To
evaluate whether the 11 candidate loci containing these 26
SNPs harbored systemic JIA risk SNPs distinct from those
previously described, we extended our analysis to test all
SNPs within these candidate risk loci for association with
systemic JIA. The candidate regions included a total of
5,479 SNPs (see Supplementary Table 1, available at http://
onlinelibrary.wiley.com/doi/10.1002/art.40498/abstract), but
LD pruning at a level of r2 < 0.5 determined that only 500
of the SNPs were independent. This defined the threshold
of study-wide significance (P < 0.05/500 [1.0 9 10–4]). By
this standard, association meta-analyses of these 11 loci
revealed a single significant association signal within the
IL1RN locus (Figure 1). The association peak was located
4.3 kb upstream from IL1RN, with 3 SNPs exceeding the

Figure 2. Association between variants of the IL1RN locus and systemic JIA in the INCHARGE case–control collection. A, SNP associations within
the IL1RN locus, colored according to pairwise linkage disequilibrium (LD) with the most strongly associated SNP, rs55663133. Horizontal line shows
the study-wide significance threshold. B, Forest plot demonstrating the effect size of rs55663133 by meta-analysis and in individual study populations.
Red diamond indicates the odds ratio (OR) and 95% confidence interval (95%CI) from themeta-analysis. Horizontal lines represent the individual pop-
ulations. Values in parentheses are the 95% CI. confidence interval. C, Pairwise LD with the peak systemic JIA–associated SNP, rs55663133 (star) in the
US case–control population. The top 7 systemic JIA–associated markers (19–25) form a strong LD block. See Figure 1 for other definitions.
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significance threshold and the top 7 SNPs in strong LD
with one another (Figure 2). In fact, LD mapping and hap-
lotype analysis of the top 25 SNPs within this locus
revealed that the top 7 systemic JIA–associated SNPs were
inherited as a part of a common haplotype (Figure 2).

Systemic JIA–associated IL1RN variants and gene
expression. A query of the HaploReg version 4.1 database
revealed that many of the top systemic JIA–associated SNPs
were known expression quantitative trait loci for IL1RN in

whole blood (26) and LCLs (25) (Table 2). Moreover, a
review of the literature showed that systemic JIA–associated
SNPs also correlated with IL-1Ra protein levels in the larg-
est study of genetic predictors of IL-1Ra levels (27). The
SNP that most strongly correlated with IL-1Ra in that study,
rs4251961, was one of the top systemic JIA–associated SNPs
and was a constituent of the 7 SNP haplotypes (Figure 2
and Table 2). These observations were corroborated by our
direct analyses of LCL RNA-sequencing data from 1000

Table 2. Association of IL1RN SNPs with systemic JIA risk and their effect on IL1RN expression/IL-1Ra concentration*

SNP/risk allele Meta P†
Meta OR
(95% CI)† r2‡

IL1RN in LCLs
(Lappalainen et al

[25])
IL1RN in whole blood
(Westra et al [26])

IL-1Ra in serum
(Herder et al [27])

P
Effect
size P

Effect
size P

Effect
size

rs55663133/AAT§ 5.9 9 10–5 1.3 (1.1–1.4) 1 1.0 9 10–6 –0.25 – – – –
rs62158854/G§ 7.2 9 10–5 1.3 (1.1–1.4) 1 6.5 9 10–7 –0.25 � � – –
rs62158853/T§ 8.3 9 10–5 1.3 (1.1–1.4) 1 2.6 9 10–7 –0.26 � � – –
rs55709272/C§ 2.8 9 10–4 1.2 (1.1–1.4) 0.87 – – – – – –
rs7580634/ T§ 3.7 9 10–4 1.2 (1.1–1.4) 0.91 2.8 9 10–6 –0.24 � � – –
rs4251961/C§ 4.6 9 10–4 1.2 (1.1–1.4) 0.86 1.0 9 10–6 –0.25 1.6 9 10–11 –6.74 2.2 9 10–34 –0.08
rs555447483/A§ 5.0 9 10–4 1.2 (1.1–1.4) 0.89 – – – – – –
rs28648961/A 8.5 9 10–4 1.2 (1.1–1.4) 0.75 2.8 9 10–6 –0.24 – – – –
rs111354213/– 9.8 9 10-4 1.2 (1.1–1.4) 0.74 – – – – – –
rs6743171/C 1.1 9 10–3 1.2 (1.1–1.4) 0.77 3.2 9 10–6 –0.24 5.8 9 10–8 –5.42 6.4 9 10–13 –0.09
rs17207494/C 1.1 9 10–3 1.2 (1.1–1.4) 0.75 2.9 9 10–6 –0.24 3.8 9 10–8 –5.50 1.3 9 10–11 –0.08
rs10171849/C 1.1 9 10–3 1.2 (1.1–1.4) 0.75 5.5 9 10–6 –0.23 2.6 9 10–8 –5.57 1.4 9 10–11 –0.08
rs4496335/T 1.2 9 10–3 1.2 (1.1–1.4) 0.77 3.0 9 10–6 –0.24 5.2 9 10–8 –5.44 6.4 9 10–13 –0.09
rs6730516/T 1.2 9 10–3 1.2 (1.1–1.4) 0.77 3.5 9 10–6 –0.24 6.2 9 10–8 –5.41 6.4 9 10–13 –0.09
rs55896126/C 1.2 9 10–3 1.2 (1.1–1.4) 0.75 2.7 9 10–6 –0.24 – – – –
rs6734238/G 1.2 9 10–3 1.2 (1.1–1.4) 0.73 – – 2.4 9 10–8 –5.58 1.1 9 10–12 –0.08
rs13410964/A 1.2 9 10–3 1.2 (1.1–1.4) 0.77 2.7 9 10–6 –0.24 6.4 9 10–8 –5.41 6.4 9 10–13 –0.09
rs13424580/A 1.2 9 10–3 1.2 (1.1–1.4) 0.75 2.4 9 10–6 –0.24 5.3 9 10–8 –5.44 1.4 9 10–11 –0.08
rs1446510/T 1.2 9 10–3 1.2 (1.1–1.4) 0.77 2.8 9 10–6 –0.24 6.2 9 10–8 –5.41 6.5 9 10–13 –0.09
rs10176274/G 1.3 9 10–3 1.2 (1.1–1.4) 0.77 2.7 9 10–6 –0.24 5.8 9 10–8 –5.42 6.4 9 10–13 –0.09
rs10188292/T 1.3 9 10–3 1.2 (1.1–1.4) 0.77 2.6 9 10–6 –0.24 5.8 9 10–8 –5.42 6.4 9 10–13 –0.09
rs1446509/T 1.3 9 10–3 1.2 (1.1–1.4) 0.77 2.0 9 10–6 –0.24 6.2 9 10–8 –5.41 6.5 9 10–13 –0.09
rs62158846/T 1.3 9 10–3 1.2 (1.1–1.4) 0.75 – – – – – –
rs6738239/A 1.3 9 10–3 1.2 (1.1–1.4) 0.77 4.7 9 10–6 –0.23 6.1 9 10–8 –5.42 6.5 9 10–13 –0.09
rs13382561/G 1.3 9 10–3 1.2 (1.1–1.4) 0.75 1.9 9 10–6 –0.24 3.7 9 10–8 –5.51 1.4 9 10–11 –0.08
rs7587033/G 0.001296 1.2 (1.1–1.4) 0.77 2.9 9 10–6 –0.24 – – – –
rs6750559/A 0.001325 1.2 (1.1–1.4) 0.77 2.5 9 10–6 –0.24 6.1 9 10–8 –5.42 6.4 9 10–13 –0.09
rs7574427/A 0.001344 1.2 (1.1–1.4) 0.77 2.1 9 10–6 –0.24 4.3 9 10–8 –5.48 1.4 9 10–11 –0.08
rs6722922/T 0.001374 1.2 (1.1–1.4) 0.77 2.7 9 10–6 –0.24 6.1 9 10–8 –5.42 6.4 9 10–13 –0.09
rs6741180/A 0.001376 1.2 (1.1–1.4) 0.77 3.1 9 10–6 –0.24 6.0 9 10–8 –5.42 6.4 9 10–13 –0.09
rs7574159/A 0.001393 1.2 (1.1–1.4) 0.75 2.1 9 10–6 –0.24 5.3 9 10–8 –5.44 1.2 9 10–11 –0.08
rs13398728/C 0.001434 1.2 (1.1–1.4) 0.77 2.7 9 10–6 –0.24 6.0 9 10–8 –5.42 6.4 9 10–13 –0.09
rs13409371/A 0.001445 1.2 (1.1–1.4) 0.79 6.3 9 10–7 –0.25 5.2 9 10–9 –5.84 3.8 9 10–12 –0.08
rs13409360/A 0.001467 1.2 (1.1–1.4) 0.79 6.5 9 10–7 –0.25 3.8 9 10–9 –5.89 7.8 9 10–13 –0.08
rs12329129/A 0.001468 1.2 (1.1–1.4) 0.77 2.8 9 10–6 –0.24 6.1 9 10–8 –5.42 6.4 9 10–13 –0.09
rs12328368/G 0.001473 1.2 (1.1–1.4) 0.77 2.7 9 10–6 –0.24 6.1 9 10–8 –5.42 6.4 9 10–13 –0.09
rs7596350/G 0.001475 1.2 (1.1–1.4) 0.75 1.7 9 10–6 –0.24 – – – –
rs6746979/A 0.001485 1.2 (1.1–1.4) 0.75 2.1 9 10–6 –0.24 5.1 9 10–8 –5.45 1.4 9 10–11 –0.08
rs58865280/A 0.001494 1.2 (1.1–1.4) 0.75 – – – – – –
rs9973741/G 0.001514 1.2 (1.1–1.4) 0.75 2.1 9 10–6 –0.24 – – – –
rs12328766/G 0.001562 1.2 (1.1–1.4) 0.77 3.0 9 10–6 –0.24 6.2 9 10–8 –5.41 6.4 9 10–13 –0.09
rs550593914/T 0.001593 1.2 (1.1–1.4) 0.77 – – – – – –

* IL-1Ra = IL-1 receptor antagonist; LCLs = lymphoblastoid cell lines (see Table 1 for other definitions).
† From fixed effect meta-analysis.
‡ Pairwise r2 with rs55663133 using the estimation-maximization method in the US case–control population.
§ The top 7 systemic JIA–associated SNPs, which are inherited as a linkage disequilibrium block.
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Genomes Project subjects (25), which showed that the sys-
temic JIA–associated SNPs were strongly correlated with
IL1RN expression (Figure 3; also see Supplementary Fig-
ure 2, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.40498/abstract).
Specifically, alleles that were protective against systemic
JIA correlated with high IL1RN expression and those
that were risk factors for systemic JIA correlated with
decreased IL1RN expression (Figure 3). Importantly, all

3 of the studies mentioned above parsimoniously
demonstrated that systemic JIA risk alleles of the top 42
systemic JIA–associated SNPs were correlated with
decreased levels of IL1RN expression or circulating
IL-1Ra protein (Figure 3).

Systemic JIA–associated IL1RN variants and re-
sponse to anakinra therapy in systemic JIA. Given that
the response of systemic JIA to treatment with recombi-
nant human IL-1Ra (anakinra) is variable, we hypothesized

Figure 3. Relationship of IL1RN expression and interleukin-1 receptor antagonist (IL-1Ra) protein levels with systemic JIA–associated SNPs.A andB, IL1RN
expression determined by RNA sequencing (Lappalainen et al [25]) is shown, stratified by genotype, for representative systemic JIA–associated SNPs. Data are
shown as box plots. Each symbol represents a single patient. Boxes represent the 25th to 75th percentiles. Lines inside the boxes represent themedian. Lines out-
side the boxes represent the 10th and 90th percentiles.C–E,Dot plots depicting all SNPs with reported correlations with IL1RN expression (C andD) or IL-1Ra
protein levels (E) (Westra et al [26], Lappalainen et al [25], and Herder et al [27], respectively). SNPs among the top 42 systemic JIA–associated SNPs are
shown in green (systemic JIA protective alleles) and gold (systemic JIA risk alleles), and the top 7 systemic JIA–associated SNPs are shown in red. Hori-
zontal lines represent the median. RPKM = reads per kilobase per million; LCLs = lymphoblastoid cell lines (see Figure 1 for other definitions).
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that individuals with the highest genetically encoded levels
of IL-1Ra may be more likely to experience nonresponse
to anakinra treatment than those with lower genetically
encoded IL-1Ra levels. To evaluate this possibility, we
examined clinical and SNP genotype data in 38 patients
with systemic JIA from the US collection who had received
anakinra and for whom clinical data were available. Within
this group of anakinra-treated patients, there were 9 nonre-
sponders and 29 “any responders.” An examination of the
top 7 systemic JIA–associated IL1RN SNPs revealed that
for each SNP, homozygosity for the IL1RN high expression
alleles was associated with nonresponse to anakinra treat-
ment (P < 0.05) (Table 3). SNP rs555447483 showed the
strongest association with nonresponsiveness to anakinra
(P = 7.7 9 10–4; odds ratio 28.7 [95% confidence interval
3.2–255.8]), with homozygous high expression alleles pre-
dicting nonresponse with a sensitivity of 92% and a speci-
ficity of 71%.

In order to determine whether the relationship
between these SNPs and nonresponsiveness to systemic JIA
treatment was specific to anakinra, we performed an identi-
cal examination of the 14 patients with systemic JIA from
the US case–control collection who were treated with tocili-
zumab (an anti–IL-6 monoclonal antibody). Within this
group, which included 3 tocilizumab nonresponders and 11
tocilizumab “any responders,” we found no association
between systemic JIA–associated IL1RN SNPs and treat-
ment response (see Supplementary Table 3, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40498/abstract). Moreover, 8 of
the 14 patients who were treated with tocilizumab were ana-
kinra nonresponders who had received tocilizumab as
second-line treatment. Among the 8 anakinra nonrespond-
ers, 6 were tocilizumab “any responders.” Taken together,
these findings support the hypothesis that systemic JIA–as-
sociated IL1RN SNPs specifically predict nonresponsiveness
of systemic JIA to anakinra treatment, as opposed to

identifying individuals whose systemic JIA is more broadly
refractory to treatment.

DISCUSSION

Through examination of common genetic variants
at 11 previously reported systemic JIA susceptibility loci
in the INCHARGE systemic JIA collection, this study has
revealed 3 important findings. First, it has demonstrated
that the IL1RN locus is a bona fide systemic JIA suscepti-
bility locus. Second, the study has shown that genetically
encoded high expression of IL1RN and production of IL-
1Ra are protective against systemic JIA (and conversely
that genetically encoded low expression and production
are risk factors for developing the illness). Most impor-
tantly, it has shown that homozygosity for the high expres-
sion alleles of systemic JIA–associated IL1RN SNPs is
strongly associated with nonresponsiveness to anakinra
treatment in patients with systemic JIA.

The original studies that described these 11 candi-
date loci revealed modest associations that were identified
in small case–control collections (7–16). At most of these
loci, the associations with systemic JIA were not observed
in subsequent studies of other populations, which calls
into question their proposed relationships with systemic
JIA. We sought to evaluate these associations more rigor-
ously by using the INCHARGE systemic JIA collection,
which provided greater statistical power than was present
in any previous study of these loci while also allowing for
internal validation through the examination of 9 indepen-
dent populations.

Using this approach, we found that only 1 of these
candidate loci, IL1RN, was associated with systemic JIA.
At this locus, we observed 3 systemic JIA–associated
SNPs that tagged a 7-SNP haplotype in the promoter
region of IL1RN, as well as a cluster of 39 other SNPs
with intermediate evidence of association with systemic

Table 3. Association between systemic JIA–associated quantitative trait loci for IL1RN expression (and
serum levels of IL-1Ra protein) and response to anakinra therapy in patients from the INCHARGE US
population*

SNP/effect allele (high expression)

Homozygote frequency

P OR (95% CI)
Nonresponder

(n = 9)
Any responder

(n = 29)

rs55663133/– 0.67 0.22 1.6 9 10–2 7.0 (1.3–36.7)
rs62158854/T 0.67 0.22 1.6 9 10–2 7.0 (1.3–36.7)
rs62158853/C 0.67 0.24 2.1 9 10–2 6.3 (1.2–32)
rs55709272/T 0.67 0.1 9.8 9 10–4 17.3 (2.8–108.1)
rs7580634/G 0.67 0.1 9.8 9 10–4 17.3 (2.8–108.1)
rs4251961/T 0.78 0.21 1.8 9 10–3 13.4 (2.2–82)
rs555447483/– 0.71 0.08 7.7 9 10–4 28.7 (3.2–255.8)

* IL-1Ra = IL-1 receptor antagonist (see Table 1 for other definitions).
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JIA. Importantly, the IL1RN association signal identified
in the present study did not include any of the SNPs that
were previously reported as being associated with systemic
JIA (Table 1), or any SNPs that were in strong LD with
those previously reported SNPs (Figure 1; also see Sup-
plementary Figure 1, available on the Arthritis & Rheuma-
tology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.40498/abstract). This observation suggests that
previous candidate gene studies of systemic JIA could
have been negatively impacted by poor statistical power,
as has been the case in studies of other genetically com-
plex diseases, such as schizophrenia (28).

Given that the association signal of the IL1RN
locus was within the promoter region, we hypothesized
that these SNPs may influence systemic JIA risk by altering
gene expression. By examining previously published gene
expression studies and integrating our association data
with publicly available gene expression data sets, we found
that the risk alleles of the top 42 systemic JIA–associated
IL1RN SNPs correlated with reduced IL1RN expression
and circulating IL-1Ra levels (Figure 2 and Table 2).
Furthermore, we observed that the top 7 systemic JIA–
associated SNPs were among the SNPs most strongly asso-
ciated with IL1RN expression levels in whole blood and
LCLs, and with circulating levels of IL-1Ra protein, in pre-
vious studies (25–27) (Table 2). Taken together these
observations suggest that the systemic JIA–associated
IL1RN SNPs influence systemic JIA risk through their
effect on IL1RN expression and production of IL-1Ra.

IL-1Ra is a well-documented, positive, acute-phase
protein (29) and it has been shown to be highly expressed
in the blood of children with active systemic JIA (30,31).
Therefore, one would expect that gene expression studies
would demonstrate increased expression of IL1RN in chil-
dren with active systemic JIA as compared to healthy sub-
jects or children with quiescent systemic JIA. There have
been several studies that have examined gene expression
in systemic JIA peripheral blood mononuclear cells. In 1
of these studies, the expression of positive acute-phase
genes was up-regulated in children with systemic JIA and
the authors noted that IL1RN was among this cluster (32).
However, 3 other studies showed no relationship between
systemic JIA and IL1RN expression (33–35).

There are a few potential reasons for these con-
flicting results. It is possible that these studies lacked the
statistical power to identify a relationship between sys-
temic JIA and IL1RN expression, given that they were
undertaken in relatively small numbers of systemic JIA
cases. It is also possible that these studies were affected
by confounding variables that altered IL1RN expression
in the systemic JIA patients, such as the duration of sys-
temic JIA, the level of disease activity, or the treatment

administered. In the present study, by examining the cor-
relation between systemic JIA–associated IL1RN variants
and gene expression in healthy individuals, we were able
to identify the relationship between IL1RN expression
and systemic JIA without the interference of these poten-
tial confounders.

In addition to evaluating disease risk, we demon-
strated that high expression alleles of systemic JIA–
associated IL1RN SNPs were strongly associated with
nonresponsiveness to anakinra therapy. The lack of asso-
ciation between these SNPs and nonresponsiveness to
tocilizumab treatment suggests that these SNPs are specif-
ically associated with anakinra nonresponsiveness, as
opposed to being associated with more global treatment
resistance. In the context of the biphasic hypothesis of sys-
temic JIA pathophysiology, new-onset systemic JIA is
treated with the goal of rapidly inducing remission within
the therapeutic window of opportunity (4).

Anakinra is commonly chosen as the first line
treatment because its effects can be observed within days
of treatment initiation and because dosing can be rapidly
escalated, but it is not effective in all patients (36). In the
subset of systemic JIA patients who ultimately do not
respond to anakinra, the time to remission is prolonged
due to the unsuccessful course of anakinra treatment. The
findings of this study can be used to identify the subset of
children with systemic JIA who are unlikely to respond to
anakinra and to facilitate the selection of an alternative
treatment. In doing so, the delay associated with a first-
line therapeutic failure can be avoided, time to remission
can be reduced, and unnecessary exposure to the risks of
anakinra treatment can be prevented. IL1RN SNP geno-
types are the first candidate biomarkers that can prospec-
tively guide therapeutic decision-making in systemic JIA.

Despite the strength of the findings, it is important
to consider the potential limitations of our study. The study
evaluated genetic associations in 9 independent systemic
JIA case–control collections. For future studies, it will be
important to examine the IL1RN region in larger, indepen-
dent groups of patients. There were also several limitations
to the evaluation of genetic predictors of anakinra
response. Therapeutic response to anakinra was examined
in 38 systemic JIA patients, which is a relatively small
group. The therapy regimen in anakinra-treated patients
was not standardized, with potential variation in the drug
dosing and duration, timing of dose escalation, and concur-
rent treatment with other agents (i.e., glucocorticoids).
Additionally, the clinical response data were extracted
from medical records in a post hoc analysis and clinical
response metrics were not standardized. We anticipated
that these factors would complicate differentiating incom-
plete and complete response, but should not influence the
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identification of nonresponsiveness. Therefore, we chose
to compare nonresponse to “any response.” Nonetheless, it
will be important to evaluate the correlation between
IL1RN SNPs and response to anakinra in prospective stud-
ies of larger numbers of patients treated and monitored in
a standardized manner.

By identifying a prospective biomarker capable of
guiding the treatment of systemic JIA, this study brings
precision medicine to rheumatology clinical practice. In
future investigations, it will be important to determine
whether these findings are generalizable beyond anakinra
and systemic JIA. For example, can the IL1RN SNPs pre-
dict response to other IL-1–directed therapies, such as
monoclonal anti–IL-1b antibodies (canakinumab) or the
IL-1 trap (rilonacept), in systemic JIA? Similarly, these
SNPs may predict therapeutic response to anakinra (or
other IL-1–directed therapies) in conditions other than sys-
temic JIA, such as adult-onset Still’s disease or monogenic
autoinflammatory diseases. Given that recently published
reports have described studies in which canakinumab treat-
ment significantly reduced the risk of recurrent cardiovas-
cular events (37), as well as the incidence of and mortality
from lung cancer (38), it is even possible that the utility of
this prospective biomarker may extend beyond the field of
rheumatology.
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Development of a Molecular Signature to Monitor
Pharmacodynamic Responses Mediated by In Vivo

Administration of Glucocorticoids

Yanhua Hu,1 Julie A. Carman,1 Deborah Holloway,1 Selena Kansal,1 Li Fan,1

Christine Goldstine,1 Deborah Lee,1 John E. Somerville,1 Robert Latek,1 Robert Townsend,1

Alyssa Johnsen,1 Sean Connolly,1 Somnath Bandyopadhyay,1 Nancy Shadick,2

Michael E. Weinblatt,2 Richard Furie,3 and Steven G. Nadler1

Objective. To develop an objective, readily measur-
able pharmacodynamic biomarker of glucocorticoid (GC)
activity.

Methods. Genes modulated by prednisolone were
identified from in vitro studies using peripheral blood
mononuclear cells from normal healthy volunteers. Using
the criteria of a >2-fold change relative to vehicle controls
and an adjusted P value cutoff of less than 0.05, 64 up-
regulated and 18 down-regulated genes were identified. A
composite score of the up-regulated genes was generated
using a single-sample gene set enrichment analysis algorithm.

Results. GC gene signature expression was signifi-
cantly elevated in peripheral blood leukocytes from nor-
mal healthy volunteers following oral administration of
prednisolone. Expression of the signature increased in a
dose-dependent manner, peaked at 4 hours postadminis-
tration, and returned to baseline levels by 48 hours after
dosing. Lower expression was detected in normal healthy
volunteers who received a partial GC receptor agonist,
which is consistent with the reduced transactivation
potential of this compound. In cohorts of patients with
systemic lupus erythematosus and patients with

rheumatoid arthritis, expression of the GC signature was
negatively correlated with the percentages of peripheral
blood lymphocytes and positively correlated with periph-
eral blood neutrophil counts, which is consistent with the
known biology of the GC receptor. Expression of the sig-
nature largely agreed with reported GC use in these
populations, although there was significant interpatient
variability within the dose cohorts.

Conclusion. The GC gene signature identified in
this study represents a pharmacodynamic marker of GC
exposure.

Glucocorticoids (GCs) are effective antiinflam-
matory drugs that are used extensively to treat many
human diseases, including rheumatoid arthritis (RA),
inflammatory bowel disease, psoriasis, asthma, and sys-
temic lupus erythematosus (SLE) (1). However, the util-
ity of these drugs is limited by their toxicities, which
include diabetes, osteoporosis, muscle wasting, fat redis-
tribution, and suppression of the hypothalamic–pitu-
itary–adrenal gland (HPA) axis (2). The risk for harmful
side effects increases with higher doses and more pro-
longed use (3,4). Despite the potential for adverse
effects, GCs remain a key standard-of-care treatment.ClinicalTrials.gov identifiers: NCT00119678; NCT03198013;
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GCs mediate their biologic effects via interactions
with a nuclear hormone receptor, GC receptor (GR). GR
is a ligand-activated transcription factor that induces tran-
scription by binding as a homodimer to GC-responsive
elements (5). Many GR-activated genes have antiinflam-
matory activity (6–8). However, transactivated genes are
also associated with side effects (9). GR has also been
shown to inhibit the activity of several proinflammatory
transcription factors, including NF-jB, activator protein 1
(AP-1), interferon regulatory factor 3, CREB, NF-AT,
STAT, T-Bet, and GATA-3, independently of DNA bind-
ing, in a process referred to as transrepression (10). In an
attempt to broaden the therapeutic window, several syn-
thetic GCs with reduced transactivation but intact transre-
pression activity have been developed (11).

In addition to the risk of damaging effects, long-term
GC use is also associated with tissue-specific resistance (12).
Several resistance mechanisms have been described, includ-
ing down-regulation of GR expression as well as up-regula-
tion of a dominant-negative isoform of the receptor (13).
Polymorphisms of the GR that modulate sensitivity to ago-
nists have also been described (14). Given the heterogeneity
of clinical responses to GCs, it would be extremely valuable
to have a companion biomarker of GC biologic activity.

In the current study, we developed a gene signa-
ture based on genes modulated by treatment of periph-
eral blood mononuclear cells (PBMCs) from normal
healthy volunteer (NHV) donors with prednisolone. We
confirmed the sensitivity of this signature by analyzing
postdose whole blood gene expression in healthy partici-
pants given either prednisolone or a partial GR agonist.
Expression of the signature was higher in healthy sub-
jects who received prednisolone than in those who
received the partial agonist, which is consistent with the
transactivation potential of the compounds. Expression
of the signature in whole blood from patients with SLE
and patients with RA correlated with known GC-
mediated pharmacodynamic effects, including higher
levels of peripheral blood neutrophils and lower levels of
peripheral blood lymphocytes. Expression of the signa-
ture also aligned with the reported use and dose of pred-
nisolone in these cohorts. These data suggest that the
GC gene signature may provide a sensitive biomarker to
monitor pharmacodynamic responses to GCs.

PATIENTS AND METHODS

Study approval. These studies were performed in
accordance with the Declaration of Helsinki and approved by
the institutional review boards of Brigham and Women’s Hos-
pital and Northwell Health. Participants provided written
informed consent prior to sample collection.

Identification of GC-regulated genes. PBMCs were iso-
lated from the blood of 10 independent donors, using Ficoll den-
sity-gradient centrifugation. Cells were cultured at 5 million
lymphocytes/well in a 96-well flat-bottomed block plate (Qiagen)
in 500 ll assay media (RPMI 1640 with GlutaMAX containing
10% charcoal-stripped fetal bovine serum; Gibco). Cells were
cultured for 6 hours with either dimethyl sulfoxide (DMSO)
vehicle or 1 lM prednisolone. After 6 hours, cells were pelleted
and resuspended in 1 ml of nucleic acid purification lysis solu-
tion (Applied Biosystems) diluted 1:2 with calcium-free and
magnesium-free phosphate buffered saline (Invitrogen). Cells
were incubated in lysis buffer for 10 minutes at room tempera-
ture followed by storage at �80°C. RNA was isolated using a
Qiagen RNeasy Isolation Kit according to the instructions of the
manufacturer.

For profiling of whole blood, anticoagulant citrate dex-
trose solution A–containing whole blood from 4 NHVs was cul-
tured with either DMSO vehicle, 200 nM prednisolone, 1 lM
prednisolone, 5 lM prednisolone, 5 lM BMS-791826, or 10 lM
BMS-776532 for 5 hours, followed by transfer to a PAXgene
tube. Total RNA was isolated, treated with DNase I, and cleaned
using a Qiagen RNeasy MinElute Cleanup Kit. RNA concentra-
tions were determined using NanoDrop (Thermo Fisher), and
RNA quality was evaluated using an Experion electrophoresis
system (Bio-Rad). All target-labeling reagents were purchased
from Affymetrix.

Double-stranded complementary DNAs (cDNAs) were
synthesized from 1 lg of total RNA by reverse transcription with an
oligo(dT) primer containing the T7 RNA polymerase promoter
and converted to double-strand using a cDNA Synthesis System
(Invitrogen). Biotin-labeled complementary RNA (cRNA) was gen-
erated from the cDNA and was used to probe a Human Genome
HT_HG-U133A plate (Affymetrix), consisting of 96 single HG-
U133A arrays in a 96-well plate. All cDNA and cRNA target prepa-
ration steps were processed on a Caliper GeneChip Array Station
(Affymetrix). Array hybridization, washing, and scanning were per-
formed according to the recommendations of the manufacturer.
Data are available in the NCBI Gene Expression Omnibus data-
base (accession nos. GSE110098, GSE110156, GSE110157).

Gene signature development and scoring. CEL files
from the Affymetrix Array Station were processed and normal-
ized using the Robust Multi-array Average algorithm (15) and
the “affy” package in R version 3.2.1 (16) and Bioconductor
(17) with custom CDF files from BrainArray (version 18.0.0)
(18). Differential gene expression analysis was performed to
compare gene expression levels in prednisolone-treated versus
control samples, using a moderated t-test (19) in Array Studio
(OmicSoft). P values were adjusted using the multiple testing
correction method, which is also called the false discovery rate
(FDR) (20). Genes that were up-regulated or down-regulated
by at least 2-fold with an adjusted P value of less than 0.05
across experiments were reported as the GC gene signatures.

To score an individual sample according to the enrich-
ment level of GC gene signatures, we adapted the single-sample
gene set enrichment analysis (ssGSEA) algorithm (21) to gener-
ate a composite score, which was implemented using the Gene
Set Variation Analysis package in R (version 3.4.0) (22). This
algorithm ranks genes in the transcriptome within each sample
and scores genes of interest according to the ranks. The higher
the ranks of individual GC genes are, the higher the ssGSEA
GC signature score is. We modified the algorithm so that
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enrichment scores fell between –1 and 1, representing the lowest
to the highest possible rankings of genes in the transcriptome.

Mammalian 2-hybrid analysis. Sequences encoding
either full-length human peroxisome proliferator–activated
receptor c coactivator 1a (PGC-1a) or full-length human tran-
scription intermediary factor 2 (TIF-2) were cloned in frame
with the Gal-4 DNA–binding domain in the vector pM (Clon-
tech). Full-length human GR was cloned in frame with the VP16
activation domain in the vector pVP16 (Clontech). Human SK-
N-MC neuroblastoma cells (American Type Culture Collection)
were cotransfected with these plasmids and a Gal-4–dependent
luciferase reporter (pGF-luc; Promega). Transfectants were
stimulated with either 200 nM dexamethasone or different con-
centrations of prednisolone, BMS-791826, or BMS-776532.
Luciferase activity was measured 48 hours posttransfection.

Chromatin immunoprecipitation. For chromatin im-
munoprecipitations, A549 cells were cultured for 1 hour with
either DMSO, 1 lM prednisolone, 1 lM BMS-791826, or 2 lM
BMS-776532 in RPMI with 10% charcoal-stripped fetal calf
serum. Cells were fixed with formaldehyde and sent to Active
Motif for analysis of the GR and TIF-2 recruitment to specific
promoter sequences, using quantitative polymerase chain reac-
tion (qPCR).

SLE and RA cross-sectional cohorts. Peripheral blood
samples were obtained in 2014 and 2015 from 82 patients with
SLE during routine visits at Northwell Health. These patients
were receiving standard-of-care treatment for general SLE or
lupus nephritis that included hydroxychloroquine, mycopheno-
late mofetil, GCs, and/or belimumab. The characteristics of the
patients were as follows. The mean � SD age was 45 � 14 years,
85% were female, the mean � SD SLE Disease Activity Index
2000 (23) score was 3.7� 3.2, 43% had a history of lupus nephri-
tis, and the mean � SD disease duration was 15 � 13 years.

In 2014 and 2015, blood samples were also obtained
from 84 patients with RA during routine visits at either Brigham
and Women’s Hospital or Northwell Health. These patients
were receiving standard-of-care treatment for RA that included
methotrexate, hydroxychloroquine, tofacitinib, abatacept, anti–
tumor necrosis (anti-TNF) biologics, tocilizumab, GCs, and/or
nonsteroidal antiinflammatory drugs. The characteristics of the
patients were as follows. The mean � SD age was 57 � 14 years,
77% were female, the mean � SD American College of Rheu-
matology/European League Against Rheumatism 2010 classifi-
cation (24) score was 7.8 � 1.6, and the mean � SD disease
duration was 17 � 10 years. Blood was collected in heparin and
in PAXgene tubes at each visit. Blood was shipped overnight to
Bristol-Myers Squibb and, upon arrival, was processed for fluo-
rescence-activated cell sorting analysis. Blood from age- and sex-
matched NHVs was collected in PAXgene tubes (Bristol-Myers
Squibb). RNA was isolated from PAXgene tubes and used to
probe Affymetrix HG-U219 gene arrays, using the protocols
described above. Data are available in the NCBI Gene Expres-
sion Omnibus database (accession no. GSE110169).

IM101-042 Abatacept SLE clinical cohort (ClinicalTrials.
gov identifier: NCT00119678). Baseline PAXgene collections and
complete blood cell counts were obtained for 144 adults with SLE
meeting the criteria of the British Isles Lupus Assessment Group
(25) with a score of A or B. The population at baseline consisted
of 53% of patients with polyarthritis, 35% with discoid lupus, and
12% with serositis. Overall, 87% of patients were receiving pred-
nisone, 50% were receiving hydroxychloroquine, and 41% were
receiving immunosuppressive agents (methotrexate, azathioprine,

or mycophenolate mofetil). Expression data are available in
the NCBI Gene Expression Omnibus database (accession no.
GSE110174).

IM124-001 cohort (ClinicalTrials.gov identifier: NCT03
196557). Male NHVs were randomly assigned (6 participants
per group) to receive daily doses of 5, 10, or 30 mg prednisolone
for 7 days. Two participants received placebo. Blood was col-
lected in PAXgene tubes before dosing and 2, 4, 8, 48, 144, and
216 hours postadministration. Expression data are available in
the NCBI Gene Expression Omnibus database (accession no.
GSE110160).

IM125-001 cohort (ClinicalTrials.gov identifier: NCT03
198013). Male NHVs were randomly assigned to receive either a
placebo of polyethylene glycol 400 (PEG 400) solution (4 partici-
pants), a single daily oral dose of BMS-791826 (150 mg or
300 mg) as a PEG 400 solution (6 participants/dose), or a single
daily dose of 10 mg prednisolone (4 participants) for 3 consecutive
days. PAXgene tubes were collected before dosing and 4 hours
postdose on day 1. Expression data are available in the NCBI
Gene Expression Omnibus database (accession no. GSE110161).

Heparinized whole blood was stained with premixed
cocktails of antibodies, followed by lysis and fixation. Antibodies
used for the SLE panel included phycoerythrin–Cy7–conjugated
CD4 (clone OKT4; BioLegend), allophycocyanin-H7–conjugated
CD8 (clone SK1; BD Biosciences), and Brilliant Violet 421
(BV421)–conjugated CD19 (clone HIB19; BioLegend). The anti-
bodies used for the RA panel included BV421-conjugated CD19,
Alexa Fluor 700–conjugated CD3 (clone OKT3; BioLegend),
PerCP–Cy5.5–conjugated CD4 (clone RPA-T4; eBioscience), and
BV785-conjugated CD8 (clone RPA-T8; BioLegend).

Statistical analysis. All statistical analyses of GC gene
signature scores were performed in statistical programming lan-
guage R (version 3.4.0) (16) with Bioconductor packages (17).
GC gene signature scores in different treatment groups were
compared using linear regression (lm function in the Stats Pack-
age). When samples from matching donors were included, a lin-
ear mixed-effect model (lme function in the nlme package) was
used, with donors as a random factor. Spearman’s correlation
and P values comparing GC gene signature scores with CD4+ T
cells, CD8+ T cells, B cells, and neutrophil counts were calcu-
lated using the cor.test function in the Stats Package. Analysis of
chromatin immunoprecipitation data was performed using
GraphPad Prism version 7.

RESULTS

Identification of GC-regulated genes. In order to
monitor GC-dependent responses in peripheral blood, we
focused on genes modulated by prednisolone in human
PBMCs. PBMCs from 10 independent NHV donors were
treated with either DMSO control or 1 lM prednisolone
for 6 hours. Using a cutoff value of >2-fold change and an
FDR-corrected P value of less than 0.05, 64 up-regulated
genes (Figure 1A) and 18 down-regulated genes (Fig-
ure 1B) were identified. Many of these genes were known
GC-regulated genes (26). However, half of the up-regulated
genes had not been previously linked to GC regulation. Sev-
eral of the up-regulated genes have previously been associ-
ated with antiinflammatory activity, including DUSP1 (7),
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TSC22D3 (8), IRAK3 (27), and CD163 (28), while several
of the down-regulated genes encoded chemokines, chemo-
kine receptors, and other proinflammatory mediators. Net-
work analysis of the regulated genes indicated enrichment
for immune response pathways (data not shown).

We used the ssGSEA algorithm to generate a com-
posite score for enrichment of these genes in the transcrip-
tomes of individual samples (21). This algorithm ranks
genes in the transcriptome within each sample and scores

genes of interest according to the ranks; the higher the
ranks of individual GC genes are, the higher the compos-
ite ssGSEA GC signature score is. Whole blood was stimu-
lated with different concentrations of prednisolone in vitro
for 5 hours, and the expression levels of up-regulated and
down-regulated genes were calculated. The ssGSEA score
for the up-regulated genes increased dose dependently
(Figure 1C). Similarly, expression of the down-regulated
genes decreased in a dose-dependent manner (Figure 1D).

Figure 1. Identification of glucocorticoid (GC)–regulated genes. Peripheral blood mononuclear cells from normal healthy volunteers were cul-
tured in vitro for 6 hours with either 1 lM prednisolone or DMSO vehicle alone. RNA was analyzed for gene expression using Affymetrix profil-
ing. Analyses of genes modulated by prednisolone compared with vehicle are shown. Axes represent the false discovery rate (FDR)–adjusted
log10-transformed P value versus fold change. A and B, Genes up-regulated (A) and down-regulated (B) >2-fold by prednisolone versus vehicle
with an FDR-adjusted P value of ≤0.05. C and D, Single-sample gene set enrichment analysis scores for genes up-regulated (C) and down-regu-
lated (D) in whole blood samples stimulated with increasing concentrations of prednisolone in vitro. Data in C and D are presented as box plots,
where the boxes represent the 25th to 75th percentiles, the lines within the boxes represent the median, and the lines outside the boxes extend to
the minimum or maximum values after excluding outliers. * = P = 0.027; *** = P < 0.001. NS = not significant.
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Figure 2. Validation of the glucocorticoid (GC) gene signature using partial GC receptor (GR) agonists. A and B, Mammalian 2-hybrid analysis
of peroxisome proliferator–activated receptor c coactivator 1 (PGC1) (A) and transcription intermediary factor 2 (TIF-2) (B) recruitment by pred-
nisolone, BMS-776532, and BMS-791826. Values are the means of triplicate wells, normalized to the activity induced by 200 nM dexamethasone.
Results are from a representative experiment of 2 independent experiments performed. C and D, Analysis of GR (C) and TIF-2 (D) recruitment
to the promoters of ANGPTL4, ALOX5AP, and LEPREL1 by 1 lM prednisolone, 1 lM BMS-791826, and 2 lM BMS-776532, as analyzed by chro-
matin immunoprecipitation (ChIP) assay followed by quantitative polymerase chain reaction analysis. Values are the mean � SD of triplicate reac-
tions. Binding values are normalized to input values. E, GC gene signature scores for whole blood samples cultured in vitro with either DMSO
vehicle, 5 lM prednisolone, 5 lM BMS-776532, or 10 lM BMS-791826. Data are presented as box plots, where the boxes represent the 25th to
75th percentiles, the lines within the boxes represent the median, and the lines outside the boxes extend to the minimum or maximum values after
excluding outliers. * = P < 0.05; ** = P < 0.01; *** = P < 0.001 versus prednisolone, by Student’s t-test. FL = full-length; NS = not significant.
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The up-regulated gene module appeared to have a larger
dynamic range based on the ability of this gene module to
distinguish differences between the higher doses of pred-
nisolone in the experiments using whole blood samples
(Figure 1C). The down-regulated gene module was not sig-
nificantly different between these prednisolone concentra-
tions. Therefore, we focused on the up-regulated gene
module for all other analyses.

In order to provide further mechanistic evidence
that this gene module accurately reflected GR activity, we
analyzed the activity of partial GR agonists. Our group pre-
viously described the in vitro and in vivo activities of 2 selec-
tive GR modulators, BMS-776532 and BMS-791826 (29).
Both compounds potently bound to GR and potently
repressed AP-1– and NF-jB–dependent reporters but
demonstrated significantly weaker induction of a GR-
dependent reporter as compared with prednisolone.
BMS-791826 was more potent in transrepression and trans-
activation assays as compared with BMS-776532.

We used a mammalian 2-hybrid system as well as a
chromatin immunoprecipitation assay to characterize the
transactivation potential of these compounds. We focused
on 2 co-regulators associated with GR activity, TIF-2 (30)
and PGC-1a (31). Compared with prednisolone, BMS-
791826 and BMS-776532 recruited significantly less PGC-
1a and TIF-2 to the GR, peaking at 30–75% of the level
recruited by prednisolone (Figures 2A and B). Compared
with BMS-776532, BMS-791826 recruited more TIF-2
(50% versus 30%) but similar amounts of PGC-1a. In a
chromatin immunoprecipitation assay, both compounds
recruited significantly lower amounts of GR (Figure 2C)
as well as TIF-2 (Figure 2D) to the promoters of 3 target
genes as compared with prednisolone, confirming the
reduced transactivation potential of these compounds.
Whole blood from 2 independent NHV donors was stimu-
lated in vitro with these compounds and prednisolone for
5 hours, followed by RNA isolation and gene expression
profiling. The GC gene signature scores for these samples
aligned well with the transactivation potential of the com-
pounds: prednisolone greater than BMS-791826, which is
greater than BMS-776532 (Figure 2E).

In vivo assessment of the GC gene signature.
Because the GC signature accurately captured GR agonist
activity in vitro, we examined the behavior of the signature
in vivo following the administration of specific compounds.
NHVs received placebo, 10 mg prednisolone, or 150 or
300 mg BMS-791826. Blood was drawn before dosing and
4 hours postdose, and RNA was analyzed by Affymetrix
gene expression profiling. The GC signature scores for
participants who received prednisolone were significantly
elevated at the 4-hour time point relative to predose levels
and those in the placebo group (Figure 3A). The signature

Figure 3. In vivo validation of the GC gene signature. A, Normal
healthy volunteers (NHVs) were administered an oral dose of 150
mg or 300 mg BMS-791826, 10 mg prednisolone, or placebo. Blood
samples were collected before administration and 4 hours postdose.
Whole blood expression profiles were analyzed for the GC gene sig-
nature. Data are presented as box plots, where the boxes represent
the 25th to 75th percentiles, the lines within the boxes represent the
median, and the lines outside the boxes extend to the minimum or
maximum values after excluding outliers. B, NHVs were adminis-
tered 5 mg, 10 mg, or 30 mg prednisolone or placebo (i.e., 0 mg).
Blood was drawn before administration and at different time points
postdose (2, 4, 8, 48, 144, and 216 hours). Whole blood expres-
sion profiles were analyzed for the GC gene signature. Bars show
the mean � SEM. * = P = 0.027; *** = P < 0.001. See Figure 1 for
definitions.
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Figure 4. Relationship between the GC gene signature and GC use in the rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE)
cohorts. A, GC gene signature expression in cross-sectional cohorts of patients with RA or SLE. Whole blood was collected from normal healthy
volunteers, patients with RA, and patients with SLE. RNA was isolated and used to probe Affymetrix HG-219 arrays. GC gene signature scores
are categorized as patients currently receiving GCs (true) versus patients receiving other standard-of-care treatments (false). Patients without treat-
ment information are indicated as not available (NA). B, GC gene signature scores for baseline samples from the IM101-042 abatacept SLE phase
II trial, according to GC dose (low, medium, or high). Data are presented as box plots, where the boxes represent the 25th to 75th percentiles,
the lines within the boxes represent the median, and the lines outside the boxes extend to the minimum or maximum values after excluding out-
liers. * = P = 0.01; ** = P = 0.001; *** = P < 0.001. See Figure 1 for other definitions.
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scores for participants who were treated with BMS-791826
were higher than predose levels and higher than those for
participants given placebo but lower than those for partici-
pants in the prednisolone group.

To address the kinetics of the GC gene signature
response, we analyzed the whole blood RNA profiles of
NHVs who were administered different doses of pred-
nisolone. The GC gene signature score increased dose
dependently and peaked at 4 hours postdose (Figure 3B).
For all but the highest dose of prednisolone, GC gene sig-
nature scores had returned to baseline levels by 8 hours

postdose. The signature score was at baseline levels in all
groups by 48 hours postdose. We conclude that the GC
signature score is a sensitive measure of in vivo responses
to GC administration.

Relationship between the GC gene signature and re-
ported GC use. To determine whether the GC signature
could differentiate patients based on treatment status, we
analyzed expression of the signature in cross-sectional
cohorts of patients with SLE or RA. Relative to either
normal healthy controls or patients treated with other
standard-of-care medications, patients with SLE or RA who

Figure 5. Glucocorticoid (GC) gene signature correlations with T and B cell subsets. A and B, Percentages of peripheral blood CD4+ T cells,
CD8+ T cells, and CD19+ B cells from patients with systemic lupus erythematosus (SLE) (A) and patients with rheumatoid arthritis (B), plotted
relative to the GC gene signature score for each patient. C, Peripheral blood neutrophil counts from the IM101-042 abatacept SLE study baseline
samples, plotted relative to the GC gene signature score for each patient. Correlations were analyzed using Spearman’s rank correlation coeffi-
cients. Each data point represents an individual patient. WBCs = white blood cells.
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were prescribed GCs had elevated signature scores (Fig-
ure 4A). We did not observe significant differences in the
pattern of gene expression for the signature genes across
these cohorts. Although the GC signatures were elevated,
there was significant interpatient variability in the signature
scores. We also analyzed baseline samples from a phase II
study of abatacept in SLE (32) for expression of the GC
gene signature (Figure 4B). The GC gene signature scores
generally aligned well with the reported prednisone dose
when categorized into high (>30 mg), medium (10–30 mg),
and low (<10 mg) doses. However, there was again signifi-
cant interpatient variability in GC gene signature scores in
all groups. This could reflect steroid resistance in some
patients or deviations from the stated GC doses.

Correlation of the GC gene signature with other
pharmacodynamic end points. GCs are known to cause
redistribution of leukocyte subsets through demargin-
ation of neutrophils from the bone marrow or sequestra-
tion of lymphocyte populations in lymphoid organs
(33,34). To determine whether the GC signature corre-
lated with these pharmacodynamic end points, we ana-
lyzed peripheral blood samples obtained from SLE
and RA patients for CD4+ T cells, CD8+ T cells, and
CD19+ B cells. Expression of the GC signature was
negatively correlated with the percentages of these sub-
sets in the peripheral blood of SLE patients (Figure 5A)
and RA patients (Figure 5B). In the abatacept SLE study,
the GC signature scores were positively correlated with
neutrophil counts (Figure 5C). Therefore, expression of
the GC gene signature correlates with the known biology
of GCs in both patients with SLE and patients with RA.

Refinement of the GC gene signature. Having
identified a gene signature that reflected the pharmacody-
namic effects of GCs, we sought to further refine the sig-
nature in order to facilitate its implementation in the
clinic. We refined the list of 64 up-regulated genes to
those genes that were induced by >1.5-fold with an FDR-
adjusted P value of less than 0.05, comparing patients
who received prednisolone with those who received pla-
cebo in the IM125-001 trial. We further filtered for
detectable expression in the abatacept IM101-042 SLE
trial. Of the initial 64 genes, 18 met these criteria (see
Supplementary Table 1, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40476/abstract). The top 8 genes from the
list (FKBP5, ECHDC3, IL1R2, ZBTB16, IRS2, IRAK3,
ACSL1, DUSP1) were then used to calculate ssGSEA
scores. Analysis of the IM125-001 study of the partial
GR agonist with this abbreviated signature fully captured
the behavior of the 64-gene signature (Figure 6A). Simi-
lar to the signature generated with the 64 up-regulated
genes, the 8-gene signature accurately reflected the

transactivation potential of the partial agonist and
prednisolone following in vivo administration of these
compounds. The 8-gene signature also was positively cor-
related with peripheral blood neutrophil counts from the
abatacept IM101-042 SLE trial, with a similar P value to
that for the correlation generated with the 64-gene list
(Figure 6B). We conclude that a qPCR assay for these 8
genes would be a sensitive biomarker of GC pharmacody-
namic activity that can be implemented with a simple
whole blood collection.

DISCUSSION

GCs remain a mainstay of treatment for many
autoimmune and inflammatory diseases, due to their
potent antiinflammatory activity. Long-term treatment is,
however, associated with an increased risk of toxic effects.
Given this risk and the significant interpatient variability in
the clinical response to GCs, there is a need for a sensitive,
objective pharmacodynamic biomarker that will facilitate
proper dose selection. In this report, we describe the
development of a gene signature that can be applied to
whole blood RNA analysis.

We developed the gene signature based on in vitro
expression-profiling experiments using PBMCs derived
from NHVs. We focused on genes induced by pred-
nisolone treatment rather than down-regulated genes,
due to a larger dynamic range across donors. We used the
ssGSEA algorithm to generate a composite score that
can be applied to individual samples or patients. This
algorithm appeared to sensitively detect GC-dependent
transcriptional responses, based on several observations.
The GC signature score accurately reflected the transacti-
vation potential of synthetic partial GR agonists from
both in vitro whole blood profiling studies and in vivo
using samples obtained following oral administration of
full and partial GR agonists. The signature scores also
captured the dose response to prednisolone both in vitro
and in vivo. When applied to samples from cross-
sectional cohorts of patients with SLE and patients with
RA, GC signature scores were higher in patients receiv-
ing GCs compared with those receiving other non-GC
standard-of-care medications. In baseline samples from
the IM101-042 abatacept SLE study, GC signature scores
progressively increased as steroid doses increased.

Other biomarkers of GR agonism have been de-
scribed. In a randomized, placebo-controlled trial of predni-
sone in NHVs, cortisol concentrations in plasma declined
rapidly following administration of prednisone, with a maxi-
mal reduction by 8–12 hours postdose (34). Peripheral blood
leukocyte populations also rapidly reacted to prednisone
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Figure 6. Validation of the 8-gene glucocorticoid (GC) signature. A, GC gene signature scores using an abbreviated list of 8 genes for participants from
the IM125-001 study who received placebo, 150 or 300 mg BMS-791826, or 10 mg prednisolone. Data are presented as box plots, where the boxes repre-
sent the 25th to 75th percentiles, the lines within the boxes represent the median, and the lines outside the boxes extend to the minimum or maximum
values after excluding outliers. B, GC gene signature scores using the 8-gene list versus peripheral blood neutrophil counts for participants from the
IM101-042 abatacept systemic lupus erythematosus study. Correlations were calculated using Spearman’s rank correlation coefficients. Each data point
represents an individual patient. * = P = 0.015; *** = P < 0.001.
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administration. Peripheral blood neutrophil counts in-
creased significantly by 12 hours postdose and returned to
baseline levels by 24 hours. Lymphocyte counts decreased
significantly as early as 2 hours postdose, peaked at 4 hours,
and recovered to baseline levels by 12 hours. Similar shifts
in peripheral blood leukocyte populations have been
observed following intravenous administration of hydrocorti-
sone (33). Consistent with these effects, we observed nega-
tive correlations between the GC signature score and
the percentages of peripheral blood CD4+ T cells, CD8+
T cells, and CD19+ B cells in cross-sectional cohorts of both
RA patients and SLE patients. GC signature scores were
also positively correlated with peripheral blood neutrophil
counts in baseline samples from the abatacept SLE study
(IM101-042).

Although changes in circulating cell populations
represent potential pharmacodynamic responses to GCs,
these changes may be difficult to assess in patients with
autoimmune disease, because many of these patients
have lymphopenia (35). Furthermore, many of the proin-
flammatory cytokines associated with autoimmune dis-
eases, including interleukin-1, interleukin-6, and TNF,
have been shown to impact the HPA axis (36), thereby
confounding the use of serum cortisol levels as a phar-
macodynamic response biomarker. We propose that the
GC gene signature provides an objective measure of the
downstream effects of the GR that can be applied to all
patient populations.

In addition to reflecting GR agonism, the signa-
ture may also provide insight into efficacy. Our in vitro
gene profiling studies were not biased to identify transre-
pressed genes, because we did not include a proinflamma-
tory stimulus in the experiment. However, it is clear that
transactivated genes also contribute to the efficacy of
GCs. Three genes in our final 8-gene signature have been
implicated in mediating the antiinflammatory effects of
GCs (DUSP1 [7], IRAK3 [37], and IL1R2 [38]). To con-
firm the ability of the signature to capture GC efficacy,
the signature analysis could be included in the context of
a clinical trial that has a GC comparator arm.

The GC gene signature we have developed has
utility not only as part of clinical practice but also in help-
ing to determine the potential confounding effects of ste-
roids in clinical trials. In baseline samples from the
abatacept SLE study, GC gene signature scores generally
correlated with the reported steroid dosage. However, sig-
nificant interpatient variability within each dose group
was observed. One limitation of our study is that GC use
is physician-reported and may not accurately reflect
patient use. This heterogeneity could also be attributable
to steroid resistance. A significant percentage of patients
with autoimmune disease exhibit steroid resistance (12).

Alternatively, the heterogeneity could reflect nonadher-
ence to the study protocol. Given the strong antiinflam-
matory effects of GCs, trials often include a requirement
to taper or even discontinue GC treatment.

The GC gene signature provides an objective
method with which to assess compliance to study protocols.
We have also observed that commonly used co-medications
such as hydroxychloroquine do not appear to interfere with
expression of the signature (data not shown). Furthermore,
we have refined the signature to a list of 8 genes. Calcula-
tion of the 8-gene signature score could easily be con-
ducted using qPCR or other platforms using whole blood
collections. In summary, we believe that the gene signature
we have developed has broad utility for monitoring
responses to GCs in the many indications for which they
are prescribed.
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Chronic Active Arthritis Driven by Macrophages Without
Involvement of T Cells

A Novel Experimental Model of Rheumatoid Arthritis

Cecilia Hagert ,1 Outi Sareila,2 Tiina Kelkka,3 Kutty Selva Nandakumar,4 Mattias Collin,5

Bingze Xu,6 Simon Gu�erard,6 Johan B€acklund,6 Sirpa Jalkanen,7 and Rikard Holmdahl8

Objective. To develop a new chronic rheumatoid
arthritis model that is driven by the innate immune
system.

Methods. Injection of a cocktail of 4 monoclonal
antibodies against type II collagen, followed on days 5 and
60 by intraperitoneal injections of mannan (from Saccha-
romyces cerevisiae), was used to induce development of
chronic arthritis in B10.Q mice. The role of the innate
immune system as compared to the adaptive immune

system in this arthritis model was investigated using
genetically modified mouse strains.

Results. A new model of chronic relapsing arthritis
was characterized in B10.Q mice, in which a persistently
active, chronic disease was found. This relapsing disease
was driven by macrophages lacking the ability to mount a
reactive oxygen species response against pathogens, and
was associated with the classical/alternative pathway, but
not the lectin pathway, of complement activation. The dis-
ease was independent of Fcc receptor type III, and also
independent of the activity of adaptive immune cells (B
and T cells), indicating that the innate immune system,
involving complement activation, could be the sole driver
of chronicity.

Conclusion. Chronic active arthritis can be driven
innately by macrophages without the involvement of T
and B cells in the adaptive immune system.

Rheumatoid arthritis (RA) is a common autoim-
mune disease, present in ~1% of the population. It causes
joint pain and degradation, and, if left untreated, can lead
to cardiovascular disease and other comorbidities that
result in disability and decreased quality of life. RA is in
part dependent on genetics; among the genes that are
reported to contribute to the development of RA are the
major histocompatibility complex (MHC) class II region,
protein tyrosine phosphatase N22, and neutrophil cytosolic
factor 1 (NCF-1) (1–3). NCF-1 has an essential role in
the NADPH oxidase 2 (NOX-2) complex, which in turn
has an important role in the defense against pathogens
through the production of reactive oxygen species (ROS).
Besides being important for the defense against infectious
organisms, ROS are believed to modify signaling within
and between cells. ROS could regulate inflammation by 1)
acting as a synaptic transmitter, which down-regulates the
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interacting Tcell (4,5), 2) increasing the pH in endosomes
(6) thereby modifying peptide loading on the MHC (7),
and 3) modifying intracellular signaling pathways by oxidiz-
ing protein thiols (8,9). It is thus probable that NOX-2–
derived ROS affect autoimmune disease and inflammatory
pathways in general, both via effects on pathways within
the NOX-2–expressing macrophages and via effects on
interacting cells such as Tcells.

Tcells, B cells, and macrophages play an important
role in arthritis development (1). A hallmark of RA is
increased levels of autoantibodies, with antibodies against
citrullinated peptides and antibodies against the Fc region
of immunoglobulin molecules (called rheumatoid factors)
appearing even before the onset of clinical features of the
disease (1). However, it is still unclear whether the adap-
tive immune system drives the chronic relapsing disease
after its initial clinical onset. The collagen antibody–in-
duced arthritis (CAIA) model of acute arthritis was estab-
lished using monoclonal antibodies directed against type
II collagen (CII) (10). It is a B and T cell–independent
model of acute arthritis, and can be enhanced by injection
of lipopolysaccharide (LPS) (11,12). Only a few other
stimuli have been successfully shown to similarly enhance
arthritis, including lipomannan (13). However, CAIA
resolves within a few weeks, and therefore there was a
need to develop a new model of chronic arthritis. Existing
models of chronic arthritis, such as collagen oligomeric
matrix protein–induced arthritis, collagen-induced arthri-
tis (CIA), proteoglycan-induced arthritis, and pristane-
induced arthritis (PIA), are all dependent on T cells, and
the chronicity of disease in these models requires the acti-
vation of autoreactive Tcells (10,14–21). In each of these
models, there is a long latent period prior to the develop-
ment of arthritis, during which T and B cells are primed
and differentiate into effector cells.

In the present report, we describe a novel chronic
arthritis model that is independent of T and B cells. Our
experiments identify macrophages and the complement
cascade as the main drivers of chronic active disease in
this model. The disease manifests clinically within days
after its induction and, similar to RA, exhibits a relapsing
disease course.

MATERIALS AND METHODS

Mice. The mice used in this study were backcrossed to a
B10.Q background from B6; all were male and ages 8–20 weeks
at the onset of the experiments. The experiments were performed
either with littermates of the backcrossed mice or with non-litter-
mates of mice that were fully backcrossed (>10 generations) and
previously tested. All mice were age-matched and randomized to
an experimental group, and the investigators were blinded with
regard to the groups. Generation of the other mouse strains,

including Ncf1m1J, MN, Ncf1m1J.TCRb�/�, Ncf1m1J.C5�/�, and
C5�/� mice, has been previously described (5,22–24).

All mice were genotyped by polymerase chain reaction.
B6.129P2-Fcgr3tm1Sjv/J mice (acquired from The Jackson Labora-
tory) were backcrossed to B10Q.Ncf1 mice for at least 8 genera-
tions. The B6.129P2-Fcgr3tm1Sjv/J mice were genotyped using the
primers 50-GTG-GCT-GAA-AAG-TTG-CTG-CTG-30, 50-CTA-
CAT-CCT-CCA-TCT-CTC-TAG-30, and 50-GCA-CGA-GAC-TAG-
TGA-GAC-GTG-30. B6.129S4-Mbl1tm1Kata.Mbl2tm1Kata/J mice
(also acquired from The Jackson Laboratory) were backcrossed
for 3 generations to B10.Q.Ncf1m1J mice. The mice were geno-
typed for the MBL1 gene using the primers 50-CTG-AAG-GGC-
CAG-TTC-ATG-TAC-GTG-ACA-GGG-GGG-30, 50-CCA-GAG-
AGG-AGG-CAA-GGA-GAA-TAT-GGA-GG-30, and 50-GAT-
CTC-CTG-TCA-TCT-CAC-CTT-GCT-30; the MBL2 gene was
genotyped using the primers 50-AGT-GAA-GGC-CCT-GTG-
CTC-CGA-ATT-C-30, 50-GCG-CAT-CGC-CTT-CTA-TCG-CCT-
TC-30, and 50-CCC-ACA-GAG-CAC-AAG-AGT-CAT-AAA-TG-
30. B6.129S7Rag1tm1Mom/J mice (stock no. 002216 The Jackson
Laboratory) were backcrossed to B10Q.Ncf1 mice for 3 genera-
tions and genotyped according to the supplier’s instructions.

All mice were housed in specific pathogen–free condi-
tions in either open cages (25) or closed cages (26), as previously
described, and were provided with enrichments, standard chow,
and water ad libitum at the Central Animal Laboratory of the
University of Turku or the Medical Inflammation Research
animal house at the Karolinska Institute. All experiments were
carried out with ethics approval from the University of Turku
(permit nos. ESAVI-0000497/041003/2011 and ESAVI/439/
04.10.07/2017) and the Karolinska Institute (permit no. N490/12).

Induction of CAIA. CAIA was induced in mice by injec-
tion of a cocktail of 4 monoclonal anti-CII antibodies, produced
in-house from the clones U1, M2139, CIIC1, and CIIC2. Anti-
bodies were injected intravenously (IV) according to a previ-
ously reported protocol (11). The mice were subsequently
injected with 2 mg of mannan (M7504, CAS no. 9036-88-8;
Sigma) intraperitoneally (IP) on days 5 and 60 or with 25 lg of
LPS (L2880; Sigma) IP on day 5. Disease development in the
paws was followed up macroscopically with blinded scoring of
each red and swollen joint. In this arthritis scoring system, 1
point was assigned for each swollen and red toe or knuckle, and
5 points were assigned for each inflamed ankle, for a total arthri-
tis score of 60 possible points per mouse.

EndoS, which specifically hydrolyzes the b-1,4-di-N-
acetylchitobiose core of the asparagine-linked glycan of IgG, was
used to generate CAIA anti-CII antibodies that bind weakly to
Fc receptors (FcRs), and that therefore are less able to activate
complement through C1q. Pretreatment of anti-CII antibodies
with EndoS was performed as previously described (27,28).

Enzyme-linked immunosorbent assay (ELISA). Serum
anti-CII antibody levels were determined by ELISA, as previ-
ously described (23,25). Briefly, Nunc Maxisorp 96-well plates
(ThermoFisher Scientific) were coated with rat pepsin-digested
CII (8041006-B; BD Biosciences) and then blocked with bovine
serum albumin (fraction V; Immuno Diagnostic Oy). Serum
samples were diluted in phosphate buffered saline and incu-
bated on the coated plates for 2 hours at room temperature.
The levels of bound anti-CII antibodies were detected using
biotinylated Ig, j light chain (clone 187.1; BD Biosciences),
and streptavidin-conjugated Europium (PerkinElmer). AVictor
1420 multilabel counter (PerkinElmer) was used to measure
time-resolved fluorescence.
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Flow cytometry. Flow cytometry analyses of peripheral
blood samples obtained from the mice were performed as
described earlier (8,25). Briefly, red blood cells were lysed with
hypotonic buffer, and then FcRs were blocked using rat IgG2b
blocking of CD16/CD32 (553142; BD Biosciences) and surface
antigens were stained with fluorescence-labeled antibodies. For
intracellular staining, the cells were fixed and permeabilized with
Cytofix/Cytoperm solution (554722; BD Biosciences) according
to the manufacturer’s protocol. The antibodies used were
fluorescein isothiocyanate (FITC)–conjugated Ly-6G (551460),
allophycocyanin (APC)–conjugated CD11c (550261), APC-con-
jugated B220 (561880), and FITC-conjugated CD3 (553062) (all
from BD Biosciences), and Alexa Fluor 405–conjugated CD11b
(51-4801; from eBioscience). The samples were collected on an
LSRII flow cytometer (BD Biosciences) and analyzed using
FlowJo software, version 10 (Tree Star).

Histology. At termination, the mouse paws were fixed in
4% paraformaldehyde, decalcified, and paraffin-embedded. Sec-
tions were cut at a thickness of 7 lm and stained with hema-
toxylin and eosin or Safranin O to assess general levels of
inflammation. The slides were then scanned using a Pannoramic
250 Slide Scanner and analyzed using Pannoramic Viewer, ver-
sion 1.15.4 (both from 3D Histech). Scoring of inflammation was
performed as previously described (26). Briefly, a score of 1 rep-
resents mild synovitis (some infiltration of inflammatory cells,
with no bone or cartilage erosion), a score of 2 represents moder-
ate synovitis (inflammation, some cartilage erosion, but undis-
rupted joint architecture), and a score of 3 represents a disrupted
joint architecture with many infiltrating cells, severe pannus for-
mation, and widespread erosion of both bone and cartilage.

Statistical analysis. Disease scores and results of cell
expression analyses were compared by Mann-Whitney test.

Figure 1. Development of mannan-enhanced collagen antibody–induced arthritis (CAIA) is dependent on the presence of reactive oxygen species
(ROS)–deficient macrophages. A, After injection (inj.) of anti–type II collagen (anti-CII) antibodies (ab) and subsequent immune stimulation with
mannan on days 5 and 60, arthritis severity scores and prevalence of arthritis over time were assessed in ROS-deficient mice compared to MN
and wild-type (WT) control mice. ROS-deficient mice had an m1J point mutation in the gene for neutrophil cytosolic factor 1 (Ncf1*/*), while
MN and WT control mice expressed functional Ncf1, and therefore produced ROS only in monocytes/macrophages. B, Arthritis severity scores
and prevalence of arthritis over time were investigated in Ncf1-deficient and WT control mice that were injected with mannan but not with anti-
CII antibodies. Results in A and B are the combined data from 2 experiments in 8–11 mice per group. Values are the mean � SEM. Arrowheads
indicate administration of mannan on days 5 and 60. C, The histologic characteristics of mannan-enhanced CAIA were assessed. The representa-
tive images from an Ncf1-deficient mouse show swelling and redness of the paws on days 0, 2, 14, 67, and 152 after anti-CII antibody injection.
Statistical analyses were performed by Mann-Whitney test. * = P < 0.05; ** = P < 0.01; *** = P < 0.001 for Ncf1-deficient versus WT control mice.
^ = P < 0.05; ^̂ ^ = P < 0.001 for Ncf1-deficient versus MN control mice. Color figure can be viewed in the online issue, which is available at
http://onlinelibrary.wiley.com/doi/10.1002/art.40482/abstract.
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Data were analyzed using the GraphPad Prism program,
version 5.

RESULTS

Macrophage-driven, ROS-dependent chronic dis-
ease in mice with mannan-enhanced CAIA. An IV injec-
tion of a cocktail of 4 monoclonal anti-CII antibodies and
subsequent IP injections of mannan on days 5 and 60
induced chronic arthritis in B10.Q mice. The acute phase
of the disease occurred between days 10 and 40 and
peaked around day 20. The disease then progressed into a
chronic phase that peaked on day 70, stabilized around
day 80, and continued through day 151. This chronic
disease was dependent on ROS deficiency, as it only devel-
oped in mice with a mutation in the Ncf1 gene (designated
Ncf1*/* in Figure 1A), which results in a defective NOX-2
complex (29). MN mice, in which functional Ncf1 is

reintroduced to Ncf1-deficient mice under the human
CD68 promotor, and which therefore only produce ROS
from the NOX-2 complex in monocytes/macrophages, did
not develop CAIA (Figure 1A). Macrophages thus appear
to be one of themajor drivers of the disease in this model.

It was also noted that injection with mannan with-
out prior exposure to anti-CII antibodies induced a mild
disease in Ncf1-deficient mice (Figure 1B). However,
both the severity and the prevalence of arthritis were sig-
nificantly lower than that in mice exposed to both anti-
CII antibodies and mannan (Figures 1A and B). The
serum anti-CII levels in mice with mannan-enhanced
CAIA decreased steadily during the acute phase of the
disease and were undetectable by the onset of the chronic
phase (see Supplementary Figure 1, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40482/abstract), independent of
the disease severity or genotype of the mice.

Figure 2. Ncf1-deficient mice (mice deficient in the gene for neutrophil cytosolic factor 1 [Ncf1*/*]) have more inflammation in the paws and
higher levels of peripheral blood neutrophils compared to wild-type (WT) and MN control mice with chronic arthritis. A and B, Paws were col-
lected from Ncf1-deficient mice with chronic disease and stained with hematoxylin and eosin (H&E) (A) or Safranin O (B) to assess levels of
inflammation. Representative images of the front paws on day 76 are shown. Original magnification 9 20. C, H&E-stained paws were scored for
cell infiltration and bone erosion on a scale of 0–3. Results are the combined data from 3 independent experiments in 8–13 mice per group.
Values are the mean � SEM. D, Paws were collected on days 76, 130, and 151. Results of flow cytometry analyses on day 147 show an increase in
monocytes (Mono) (CD11b+Ly-6G�) and neutrophils (Neu) (CD11b+Ly-6G+) in the peripheral blood of Ncf1-deficient mice compared to control
mice. Values are the mean � SEM of the indicated number of mice per group. E, H&E-stained sections of the joints from a chronically ill Ncf1-
deficient mouse on day 130 show cell infiltration, comprising primarily macrophages and neutrophils. Boxed area on the left is shown at higher
magnification on the right (original magnification 9 10 on left; 9 60 on right). DC = dendritic cells (CD11c+). * = P < 0.05; ** = P < 0.01; *** =
P < 0.001 by Mann-Whitney test.

1346 HAGERT ET AL

http://onlinelibrary.wiley.com/doi/10.1002/art.40482/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40482/abstract


Disease characteristics in mice with mannan-
enhanced CAIA. The symptoms of the disease induced by
anti-CII antibodies and mannan consisted of swelling and
redness of both the front and hind paws (Figure 1C). These
symptoms were similar in the acute and chronic phases, with
the only difference being possible deformation of the paws
during the chronic phase. Occasional psoriatic lesions were
also observed directly after the injection of mannan; how-
ever, these lesions did not become chronic (Hagert C, et al:
unpublished observations). Therefore, it could be concluded
that the psoriatic lesions were mannan-dependent, consis-
tent with previous observations (26), and were present with
or without the addition of anti-CII antibodies.

Differences in the development of disease between
the genotypes were also observed at the histologic level
(Figures 2A and B), since Ncf1-deficient mice had more
prominent cellular infiltration in the paws and more ero-
sion of bone and cartilage than did either wild-type or
MN mice. These gross observations were confirmed with
histologic scoring of inflammation (Figure 2C).

In addition, flow cytometry analysis of peripheral
blood collected on day 147 showed an increase in the num-
ber of monocytes and neutrophils in Ncf1-deficient mice
(Figure 2D). Infiltration of inflammatory cells, consisting
primarily of neutrophils and macrophages, into the synovium
of the paws on day 130 was also observed (Figure 2E).

The disease in the acute phase primes for the
development of chronicity. It was observed that remission
and relapse of arthritis occurred during the chronic phase
of the disease in mice with mannan-enhanced CAIA (Fig-
ure 1A). To investigate whether the chronic phase is
dependent on the acute phase, the mean arthritis scores
for each mouse in the acute phase were plotted against
the mean arthritis scores in the chronic phase. The mice
in which disease later progressed to the chronic phase all
showed signs of arthritis in the acute phase. This result
was observed regardless of whether the arthritis score per
paw or the combined arthritis score from all the paws was
used. Furthermore, because the severity of arthritis per
paw in the remission phase and that in the relapse phase

Figure 3. Arthritis in the mannan-enhanced collagen antibody–induced arthritis (CAIA) model largely recurs in previously affected joints during
the chronic phase of the disease. To show the fluctuations in arthritis during the course of the disease, inflammation in each joint from a mouse
with mannan-enhanced CAIA was plotted on a heatmap (A), in which each paw was numbered according to the scheme shown in B. The data
were also plotted graphically, illustrating changes in the numbers of affected joints over time and the number (C) and percentage (D) of new joints
affected since day 101. All mice (n = 6) were littermates and were Ncf1-deficient.
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were correlated, it appears that the same joints that had
been affected during the acute phase often exhibited
relapse during the chronic phase of the disease. An ani-
mation of the score changes in paws from a representative
mouse from days 101–151 illustrates the development of
the disease (see Supplementary Video 1, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40482/abstract). In Figure 3A,
the arthritis scores per joint in all mice are presented as
heatmaps, based on the numbering of the joints shown in
Figure 3B. Thus, these findings show that arthritis primar-
ily recurred in previously affected joints, although new
joints did occasionally develop arthritis during the chronic
phase (Figures 3C and D).

Chronic disease development without dependence
on T and B cells. Since, traditionally, CAIA represents a
disease that is independent of T and B cells, we investi-
gated whether the current novel model of CAIA also
operates in a manner independent of Tcells and B cells in
the immune system. Studies in RAG-knockout mice on a
B10.Q Ncf1-deficient background demonstrated that B
cells, ab T cells, cd T cells, and natural killer T cells (30)

do not drive either the acute or the chronic phase of
mannan-enhanced CAIA (Figures 4A and B). This was
further confirmed using bTCR-knockout mice, an experi-
mental model in which mice develop an arthritic disease
similar to that in bTCR-sufficient littermates upon admin-
istration of anti-CII antibodies and mannan (Figure 4C,
and Supplementary Figure 2, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40482/abstract).

Chronic disease development without dependence
on FccRIII. Antibodies can regulate immune responses
and can trigger inflammatory cell activation through
interactions with FcRs. FcRs are expressed on numerous
immune cells, including macrophages and neutrophils,
which are important effector cells in acute CAIA (31–
33). In mice injected with mannan without previous
exposure to anti-CII antibodies, a milder disease was
evident as compared to that in mice that had been pre-
viously exposed to anti-CII antibodies (Figures 1C and
D and Figures 5B and D), indicating that the injected
anti-CII antibodies have an important role in promoting
the severity of the disease. The CAIA cocktail consists

Figure 4. Mannan-enhanced collagen antibody–induced arthritis (CAIA) is not driven by T or B cells. A and B, There was no difference in the
severity (A) or prevalence (B) of chronic arthritis between RAG-deficient Ncf1*/* mice (with deficiency of the recombination activating gene, lack-
ing B cells, ab T cells, cd T cells, and natural killer T cells [30]) and RAG-sufficient Ncf1*/* littermates. Results are the combined data from 2
independent experiments in 10–14 male littermates per group. Values are the mean � SEM. C, To further confirm that T cells have no role in this
model, CAIA was induced in Ncf1-deficient mice lacking functional ab T cells (T cell receptor–deficient [TCR�/�]). Arthritis scores in these mice
were compared to those in Ncf1-deficient control mice. Results are the mean � SEM in 5–10 mice per group. Arrowheads indicate the administra-
tion of mannan on days 5 and 60 after anti–type II collagen antibody (ab) injection.
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of IgG2a and IgG2b antibodies (11), which interact with
the immune complex receptor FccRIII (31). Thus, we
tested the model in FccRIII-knockout mice. The results
showed that the FccRIII receptor does not play an
important role in the severity of the disease (Fig-
ure 5A), nor does it affect the prevalence of the disease
(Supplementary Figure 3A, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40482/abstract).

To further address the role of FcRs, the anti-CII
antibodies were pretreated with EndoS. EndoS specifically
hydrolyzes the N-linked glycan in the Fc region of native
IgG, decreasing its binding affinity for FcRs, including
FccRIII (27). However, EndoS also affects the ability of
antibodies to activate complement via the classical pathway
(34). Indeed, the EndoS-treated anti-CII antibodies caused
a less severe disease than that seen with untreated anti-CII
antibodies (Figure 5B), both in the acute phase and in
the chronic phase of the disease. In fact, in terms of both
severity and prevalence (Supplementary Figure 3B, http://
onlinelibrary.wiley.com/doi/10.1002/art.40482/abstract), the
disease induced with EndoS-treated antibodies resembled
that induced with mannan only, indicating that the antibod-
ies lost their ability to contribute to the development of

mannan-enhanced CAIA. This effect was not specific to
mannan-enhanced CAIA, as it was also present in LPS-
induced CAIA (Supplementary Figure 4, http://onlinelibrary.
wiley.com/doi/10.1002/art.40482/abstract).

Role of the complement cascade as a driver of man-
nan-enhanced CAIA. The observation that the disease was
not affected in FccRIII-knockout mice but was affected by
disrupting FcR binding with EndoS suggests that comple-
ment-mediated mechanisms might be involved. Furthermore,
the complement system has previously been shown to play a
role in LPS-enhanced CAIA (24,35). We also observed neu-
trophil infiltration of the joints and an increase in neutrophil
numbers in the peripheral blood during the chronic phase of
mannan-enhanced CAIA (Figure 2), further suggesting that
complement is involved. CAIA was induced inNcf1-deficient
B10.Q mice with a mutation in the gene encoding comple-
ment factor C5 (a mutation leading to complete absence of
C5), and C5-deficient mice developed a significantly milder
disease than that in control mice, both with regard to the
severity of arthritis (Figure 5C) and its prevalence (Supple-
mentary Figure 3C, http://onlinelibrary.wiley.com/doi/10.
1002/art.40482/abstract). The Ncf1-sufficient C5-knockout
mice also failed to develop disease (Supplementary Figure 5,
http://onlinelibrary.wiley.com/doi/10.1002/art.40482/abstract).

Figure 5. Mannan-enhanced collagen antibody–induced arthritis (mCAIA) is dependent on complement, but not on the lectin pathway of comple-
ment activation or on Fcc receptor type III (FccRIII). Arthritis inflammation severity scores were compared between several groups of mice with
mannan-enhanced CAIA or controls injected with mannan only or left untreated (naive). A, FccRIII-knockout Ncf1-deficient mice versus control
Ncf1-deficient mice (results illustrative of 2 experiments in 4–5 mice per group). B, Ncf1-deficient mice injected with EndoS-treated anti–type II
collagen (anti-CII) antibodies (EndoS) versus control Ncf1-deficient mice that received non–EndoS-treated anti-CII antibodies (Normal) (n = 10–
13 in the mCAIA groups, n = 8–13 in the control groups). C, Complement factor C5–knockout Ncf1-deficient mice versus control Ncf1-deficient
mice (n = 8–10 per group). D, Mannan-binding lectin 1 (MBL-1)/MBL-2–knockout Ncf1-deficient mice versus control Ncf1-deficient mice (n =
14–21 in the mCAIA groups, n = 5–10 in the control groups). Arrowheads indicate administration of mannan on days 5 and 60. Results are the
mean � SEM. Statistical analyses were performed by Mann-Whitney test. * = P < 0.05; ** = P < 0.01; *** = P < 0.001.
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Since mannan can activate the complement cascade
via mannan-binding lectin (MBL), this model was tested in
mice deficient in both MBL-1 and MBL-2. However, there
was no difference between the MBL-1/MBL-2–knockout
mice and their heterozygous littermate controls with regard
to disease severity (Figure 5D) or prevalence (Supplemen-
tary Figure 3D, http://onlinelibrary.wiley.com/doi/10.1002/
art.40482/abstract).

DISCUSSION

We developed a new model for studies of RA, a
model of chronic active arthritis that is independent of T
and B cells and driven only by innate immunity. RA is a
chronic relapsing disease in which erosive arthritis occurs
in multiple joints (1). The driving forces of chronicity in
RA are not known and can differ across various forms of
the disease. The current dogma is that chronicity is auto-
immune and T cell–dependent, based on the fact that RA
is strongly associated with MHC class II genes and is char-
acterized by the production of IgG autoantibodies. How-
ever, it is likely that both the genetic association and the
possible pathogenic role of the autoantibodies are impor-
tant mainly in the early phases of the disease (1,36). MHC
class II seems to be more strongly associated with anti-
body levels than with the development of chronic disease.
Consequently, during the chronic phase of the disease,
treatments targeting adaptive immune mechanisms are
less effective.

In animal models, the initial phases of the disease
are dependent on MHC class II genes and a pathogenic
immune response mediated by T cells (17) and, in some
models, by B cells producing pathogenic antibodies. Many
of these models, including the classic model of CIA, which
is induced with heterologous CII, and LPS-enhanced
CAIA, do, however, lack a chronic phase (11) (a compar-
ison between acute CAIA and the current mannan-
enhanced chronic CAIA model is summarized in Table 1).
In models induced with autologous proteins that trigger

autoreactive Tcells, a chronic active arthritis develops, and
this is observed to be T cell–dependent (1,18,37). It has
also been shown that Tcells could regulate the chronic dis-
ease through, for example, enhancement of chronic arthri-
tis by specific ablation of Treg cells (18). The best evidence
for a chronic disease model involving pathogenic MHC
class II–restricted Tcells could be PIA, in which the arthri-
tis is driven by the Tcells, without involvement of antibod-
ies (38). In contrast, some genetically modified models,
such as mice overexpressing tumor necrosis factor (TNF),
indeed develop an active chronic arthritis without the
involvement of T cells. However, this is dependent on the
aberrantly high levels of TNF produced in those mice (39).

The observation that mannan could induce chronic
arthritis in mice pretreated with anti-CII antibodies came
as a surprise and seems to represent a novel mechanism
through which innate immunity can drive chronic disease.
The chronicity in this model is not likely to be attributable
to persistently increased production of anti-CII antibod-
ies, as the levels of anti-CII antibodies in the mice
returned to baseline levels long before the onset of
chronicity. Furthermore, antibodies binding the joint car-
tilage are unlikely to be driving the chronic disease, since
the levels of these antibodies are in equilibrium with cir-
culating antibodies (24,40). Moreover, if this was the case,
the classic model of CAIA enhanced with LPS would be
chronic, which is not the case (11). Another possibility is
that the injected mannan persists and triggers chronic
activation of macrophages in the joints. However, the
accumulation of mannan in the joints would have to be
somehow exacerbated by the prior injection of anti-CII
antibodies, since mannan alone does not have the same
effects. Importantly, the chronic state of the disease per-
sists, with additional relapses continuing to occur, for an
extended time after the second injection of mannan,
which makes the possibility of a continuous mannan-
mediated activation less likely. Even if persistent mannan
exposure contributes to the development of chronicity,
this could be physiologically relevant, as humans are also

Table 1. Characteristics of acute CAIA in previous models compared to the current model of chronic mannan-enhanced CAIA*

Acute CAIA (ref.)
Mannan-enhanced CAIA

(current study)

Disease type induced by antibodies against triple-helical CII Acute (self-limiting) disease (11) Chronic, relapsing disease
Material enhancing antibody-induced disease LPS, LM, MPL (13) Mannan
Is disease independent of adaptive immunity (B and T cells)? Yes (12) Yes
Effect of Ncf1 deficiency Protects against arthritis enhancement

by LPS (13)
Exaggerates arthritis enhanced with
mannan

Effect of ROS produced by myeloid cells only No effect (5) Protects against disease
Role of complement factor C5 in arthritis Promotes arthritis (35) Promotes arthritis
Role of major FccRIII Promotes arthritis (32,33) No role

* CAIA = collagen antibody–induced arthritis; CII = type II collagen; LPS = lipopolysaccharide; LM = lipomannan; MPL = monophosphoryl lipid A;
Ncf1 = gene for neutrophil cytosolic factor 1; ROS = reactive oxygen species; FccRIII = Fcc receptor type III.
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exposed to mannan through the gastrointestinal tract
(food, beer), lungs (air, infections), and skin (infections).

Mannan most likely plays a role in this arthritis
model by activating macrophages, probably via pattern-
recognition receptors such as Toll-like receptor 4 (TLR-4)
and/or dectin-2 (41). In fact, TLRs, including TLR-2 and
TLR-4, have been linked to the development of RA both
in humans and in mice (1,13,42). If innate immune cells,
presumably macrophages in particular, enter a vicious
circle of activation with or without mannan, it is clearly
controlled by ROS, since a functional NCF-1/NOX-2
complex in macrophages suppresses the development of
chronic arthritis, both in CIA (5) and in mannan-
enhanced CAIA. Importantly, susceptibility to human RA
is associated with the NCF1 copy number and NCF-1
polymorphisms, although these play different roles in dif-
ferent autoimmune diseases, and the exact role of the
ROS response has not yet been clarified (2,3,43,44).

In addition, we were unable to dissect the precise
mechanism whereby activated macrophages drive chronic
arthritis. Clearly, these mechanisms are not dependent on
Tcells or B cells. Antibody-mediated activation of macro-
phages is also not relevant, as mice deficient in the major
FcR receptor that binds IgG2a and IgG2b, FccRIII,
developed chronic disease. It should be observed that
FccRI does bind these Ig, although as monomeric anti-
bodies and not as immune complexes (31). In addition,
since the anti-CII antibodies were undetectable in the
mouse serum in the chronic phase, it is unlikely that these
will be involved in driving the disease. However, activa-
tion of the complement system is critical, although we do
not yet know whether complement activation contributes
only to disease initiation or whether it also drives the
development of chronic disease. An attractive hypothesis
was that mannan binds to MBL and thus activates the lec-
tin complement pathway. Surprisingly, this was not the
case, as the development of chronic disease was unaltered
in MBL-deficient mice.

The complement system has previously been impli-
cated in the development of RA (1), although it is
believed to mainly operate in the acute inflammatory
phase and not during chronic inflammation. Macrophages
are obviously involved in the development of chronic RA,
as they are always abundantly present in pannus tissue
(45,46), whereas infiltrating lymphocytes are not always
observed. Macrophages are also the main source of a
number of inflammatory cytokines, including TNF, that
are known to be important in RA pathogenesis. It will also
be important to understand the interplay between macro-
phages and fibroblasts, particularly because fibroblasts are
critical in the TNF-transgenic model of RA (47). Another
interesting cell type to address would be monocytic

myeloid-derived suppressor cells (CD11b+Ly-6C+), which
also have been found in RA patients and that possibly
could be a source of ROS in this model (48). In fact, we
have previously shown an increase in the number of mye-
loid-derived suppressor cells in a recombinant Ncf1
mouse, which decreased after Ncf1 induction both in the
early stages and in the later stages of arthritis (49). It is
well known that subtypes of macrophages express the
macrophage mannose receptor, a receptor known to bind
mannan. Since this macrophage subtype is down-regulat-
ing the immune system, the possibility that mannan acti-
vates these cells is intriguing, and this concept has
recently been addressed (50).

Taken together, these findings indicate that this
novel model of mannan-enhanced CAIA could be useful for
studies of the role of macrophages in RA, particularly as a
driver of chronicity. Thus far, our data suggest that, for cer-
tain subtypes of RA, treatments targeting subtypes of chron-
ically activated macrophages could potentially be of value.
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Clinical Images: Calcinosis of the mandible in dermatomyositis

The patient, a 52-year-old woman, presented with tender nodules along the inferior border of her jaw. She had an 8-year history
of amyopathic dermatomyositis (DM) with anti–melanoma differentiation–associated protein 5 antibodies, complicated by intersti-
tial lung disease. Tacrolimus, prednisone, and hydroxychloroquine had been prescribed. She had noticed the nodules during a flare
of her skin disease 1 month prior. Examination revealed 2 tender, hard, mobile nodules measuring ~5 mm, located at 4 cm and
2.5 cm from the midline on the left and right side, respectively. There were no overlying skin lesions. Her skin disease was active,
with a Cutaneous Dermatomyositis Disease Area and Severity Index activity score of 35. Radiography of the mandible revealed 2
calcified lesions consistent with calcinosis cutis (arrows). While calcinosis is commonly reported in patients with DM (1), involve-
ment of the face has not been described previously.
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Clinical Images: Calcinosis of the mandible in dermatomyositis

The patient, a 52-year-old woman, presented with tender nodules along the inferior border of her jaw. She had an 8-year history
of amyopathic dermatomyositis (DM) with anti–melanoma differentiation–associated protein 5 antibodies, complicated by intersti-
tial lung disease. Tacrolimus, prednisone, and hydroxychloroquine had been prescribed. She had noticed the nodules during a flare
of her skin disease 1 month prior. Examination revealed 2 tender, hard, mobile nodules measuring ~5 mm, located at 4 cm and
2.5 cm from the midline on the left and right side, respectively. There were no overlying skin lesions. Her skin disease was active,
with a Cutaneous Dermatomyositis Disease Area and Severity Index activity score of 35. Radiography of the mandible revealed 2
calcified lesions consistent with calcinosis cutis (arrows). While calcinosis is commonly reported in patients with DM (1), involve-
ment of the face has not been described previously.
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Is the T follicular regulatory:follicular helper T cell
ratio in blood a biomarker for ectopic lymphoid
structure formation in Sj€ogren’s syndrome?
Comment on the article by Fonseca et al

To the Editor:

We read with great interest the recent article by
Fonseca et al in which they elegantly showed that T follicular
regulatory (Tfr) cells were enriched in blood as well as in
matched minor salivary gland (MSG) biopsy specimens from
patients with primary Sj€ogren’s syndrome (SS) (1). They also
showed that the Tfr:follicular helper T (Tfh) cell ratio in
blood was increased in patients with primary SS compared
with patients with non-SS sicca syndrome. Interestingly, this
Tfr:Tfh cell ratio in blood correlated with ectopic lymphoid
structure formation in MSG tissue.

In our opinion, however, the authors did not show a
direct correlation between aberrant Tfr:Tfh cell ratios and ecto-
pic lymphoid structure formation among patients with primary
SS. In essence, their study showed that in patients with primary
SS the Tfr:Tfh cell ratio in blood was correlated with the num-
bers of infiltrating lymphocytes, as assessed by flow cytometric
analysis of MSG cell suspensions. Additionally, Fonseca and col-
leagues showed that the Tfr:Tfh cell ratio in blood was increased
in patients with focal sialadenitis (defined in their study as a
focus score of ≥1) compared with patients without focal sialad-
enitis. Of note, this comparison was made irrespective of a diag-
nosis of primary SS, which implied that the majority of patients
without focal sialadenitis had non-SS sicca syndrome.

In our study, we assessed the number of circulating
Tfr cells and Tfh cells in a larger inception cohort of 98
patients with sicca syndrome and clinically suspected primary
SS. MSG biopsy specimens from all patients were assessed in
detail using histopathologic analysis. Forty-four patients were

Figure 1. A, The circulating follicular regulatory T (cTfr) cell frequency and the cTfr:circulating follicular helper T (cTfh) cell ratio in blood from
patients with non–Sj€ogren’s syndrome (non-SS) sicca syndrome and patients with primary SS (pSS). B, Focus score and area of the CD45+ infiltrate in
relation to the Tfr:Tfh cell ratio. C, Frequency of programmed death 1–positive (PD-1+) inducible costimulator–positive (ICOS+) cTfh cells in
patients with primary SS and patients with non-SS sicca syndrome. D, Association between activated cTfh cell frequency and with the European Lea-
gue Against Rheumatism Sj€ogren’s Syndrome Disease Activity Index (ESSDAI) and the clinical ESSDAI (ClinESSDAI). In A (right panels) and C
(right panel), each symbol represents a single subject; horizontal lines show the median. In B and D, each symbol represents a single subject.
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classified as having primary SS (43 women, mean age 53
years, mean European League Against Rheumatism Sj€ogren’s
Syndrome Disease Activity Index [ESSDAI] score 7), and
54 patients were classified as having non-SS sicca syndrome
(46 women, mean age 48 years). Among the 44 patients with
primary SS, 80% had never undergone treatment with corti-
costeroids or disease-modifying antirheumatic drugs.

Consistent with the findings by Fonseca et al, the fre-
quencies of Tfr cells and the Tfr:Tfh cell ratio in blood were sig-
nificantly increased in patients with SS and a focus score of ≥1
compared with patients with non-SS sicca syndrome (Figure 1A).
In contrast to what was suggested by Fonseca et al, we could not
demonstrate in this larger inception cohort that patients with pri-
mary SS who had a focus score of ≥1 in MSG tissue had a higher
Tfr:Tfh cell ratio in blood compared with those with a focus score
of <1 (Figure 1A). Moreover, neither the focus score nor the
area of the CD45+ infiltrate was correlated with the blood Tfr:
Tfh cell ratio (Figure 1B). The Tfr:Tfh cell ratio also was not
associated with the score for ultrasonography of the major sali-
vary glands (sUS) (Spearman’s q =�0.04, P = 0.831).

In a previous study we showed that the sUS score was
significantly associated with the focus scores in both labial
and parotid gland biopsy specimens (2). Thus, although our
data also showed that patients with primary SS have higher
Tfr:Tfh cell ratios in blood, we observed no association
between this ratio in blood and glandular inflammation.

In addition to our observation of increased levels of Tfr
cells and the Tfr:Tfh cell ratio in blood, we also observed a sig-
nificant increase in the frequency of activated (programmed
death 1–positive, inducible costimulator [ICOS]–positive) Tfh
cells in patients with primary SS compared with those with
non-SS sicca syndrome (Figure 1C), while Fonseca et al
observed only a tendency toward higher frequencies of acti-
vated Tfh cells. Nonetheless, similar to the observations
reported by Fonseca et al, we observed that the frequencies of
activated Tfh cells in blood were associated with ESSDAI
scores in patients with primary SS (Figure 1D). In addition, we
observed that the frequencies of activated Tfh cells correlated
with the clinical ESSDAI (ESSDAI without the biologic
domain) scores (3), indicating that the correlation is not based
only on activity in the biologic domain (e.g., hypergammaglobu-
linemia). A previous study by our group (4) also supports an
association between activated Tfh cells and disease activity. In
that study, circulating Tfh cells in patients with primary SS were
studied before and after treatment with abatacept (4). In that
study, we observed a significant decrease in the frequency of
activated Tfh cells in blood during treatment. Furthermore, the
reduction in ICOS expression by the remaining Tfh cells corre-
lated significantly with the decrease in ESSDAI scores.

In conclusion, the data presented by Fonseca et al pro-
vide evidence that Tfr cells and Tfh cells are important players
in the pathogenesis of primary SS. It is likely that these cells are
involved in the B cell hyperactivation that characterizes this dis-
ease, but the levels of these cells in blood may not necessarily
reflect the presence of ectopic lymphoid tissue in the salivary
glands. Importantly, all available data indicate that Tfh cells con-
tribute significantly to systemic disease activity in primary SS and
emphasize that these cells are an important target for treatment.

Gwenny M. Verstappen, PharmD
Uzma Nakshbandi, BSc
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Reply

To the Editor:

We are excited to learn that most of our conclusions were
replicated in an independent larger cohort of patients with primary
SS, as reported by Verstappen et al. Indeed, our colleagues were
also able to demonstrate that the Tfr:Tfh cell ratio was increased
in patients with primary SS, and specifically in patients with pri-
mary SS who had a focus score of ≥1, supporting its discriminative
value for the diagnosis of primary SS. Moreover, as shown by our
group, Verstappen et al also showed that blood-activated PD-1+
ICOS+ Tfh cells were strongly correlated with the ESSDAI,
underlining its potential role as a biomarker for disease activity.

In our study, as Verstappen et al correctly point out, we
also showed that the blood Tfr:Tfh cell ratio identifies pathologic
lymphocyte infiltration in the MSGs, given it was highly correlated
with tissue infiltration by CD45+, CD4+, PD-1+, ICOS+, and
CD19+ cells, as determined by flow cytometry. Furthermore, we
were able to demonstrate that the Tfr:Tfh cell ratio was associated
with focal sialadenitis (FSA), defined as a focus score of ≥1, irre-
spective of diagnosis, and that it could predict the presence of
FSA with good accuracy. Because we showed that all except 1
patient with FSA had histologic features of ectopic lymphoid
structure (ELS) formation (i.e., organized CD20+ B cell aggre-
gates with infiltration by CD21+ follicular dendritic cells), we were
able to conclude that the Tfr:Tfh cell ratio is a marker of ELS for-
mation in the MSGs. It should be noted that the definitions of
FSA and ELS ought to be standardized in future studies of pri-
mary SS, before clinical extrapolation, as suggested previously (1).

We acknowledge that in our study the majority of patients
without FSA had non-SS sicca syndrome, but we performed our
analysis in this way because it can have practical implications. In
daily practice, MSG biopsy is generally performed in the setting
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of the diagnostic investigation of patients with sicca syndrome in
whom there is a clinical suspicion of primary SS. As such, the abil-
ity to predict the presence of FSA (such as that provided by the
Tfr:Tfh cell ratio) could have great clinical value, because it can
strongly contribute to the diagnosis of primary SS.

In their letter, Verstappen et al dispute the notion that the
blood Tfr:Tfh cell ratio may not necessarily reflect the presence of
ELS in salivary glands, considering that they could not demonstrate
either a difference in the levels of this marker in patients with pri-
mary SS with and those without FSA onMSG biopsy specimens or
a correlation of theTfr:Tfh cell ratio with the focus score or relative
area of the CD45+ infiltrate. However, in our opinion, the findings
by Verstappen and colleagues do not support this conclusion in a
decisive way andmay even be seen as supporting our initial conclu-
sions. In fact, Figure 1A in their letter shows that only primary SS
patients with a focus score of ≥1 have a significantly greater blood
Tfr:Tfh cell ratio than non-SS sicca syndrome patients (presumably
without FSA). In the same graph, it is also clear that theTfr:Tfh cell
ratio in patients with primary SS and a focal score of <1 (i.e., with-
out FSA) is not significantly different from that in non-SS sicca syn-
drome patients. Thus, the individuals with FSA, irrespective of
diagnosis, appear to have a greater Tfr:Tfh cell ratio, as demon-
strated in both our study and the data presented by the Verstappen
group. This supports our conclusion that the Tfr:Tfh cell ratio can
indeed be a biomarker of FSA andELS formation.

It is difficult to conclude anything based on a direct com-
parison between primary SS patients with and those without
FSA, because, as in our study, and even with a larger cohort, the
study by Verstappen et al is still underpowered to compare the
impact of the Tfr:Tfh cell ratio within those 2 groups. In any
case, however, the Verstappen data for primary SS patients with-
out FSA cannot be distinguished from non-SS sicca syndrome
patients regarding the Tfr:Tfh cell ratio. We will gladly share
our raw data in an attempt to investigate whether, with a larger
sample, we would be able to discriminate between primary SS
patients with and those without FSA (where the ratio would
prove a biomarker of FSA), or between non-SS sicca syndrome
patients and primary SS patients with a FS of <1 (where the ratio
would prove to be a biomarker of primary SS and not of FSA).

We believe it is more likely that the Tfr:Tfh cell ratio is a
biomarker of FSA, because we have shown that among patients
with primary SS the Tfr:Tfh cell ratio has a heterogeneous distri-
bution, being associated with the presence of anti-SSA/Ro60
and anti-SSB (2) and correlated with anti-SSA/Ro60 titers. This
observation further suggests that the Tfr:Tfh cell ratio is useful
for stratification of patients with primary SS.

It is also important to note that we previously estab-
lished that a significant proportion of human circulating Tfr cells
have an “immature” phenotype (2). As a consequence, exclusion
of all CD45RA+ blood Tfr cells from the analysis, as performed
by Verstappen et al, may bias Tfr cell analysis. In fact, it can be
seen that the mean Tfr:Tfh cell ratios in all patient groups are
clearly lower in the data presented by Verstappen et al when
compared with our results.

We share with Verstappen and colleagues the enthusiasm
brought by these findings, whichmay allow improved patient strati-
fication and the rational design of novel therapeutic strategies.

Valter R. Fonseca, MD
Vasco C. Rom~ao, MD
Jo~ao Eurico Fonseca, MD, PhD
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Centro Hospitalar Lisboa Norte
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Golimumab tapering strategy based on serum drug
levels in patients with spondyloarthritis

To the Editor:

Golimumab is a tumor necrosis factor inhibitor (TNFi)
used in the treatment of spondyloarthritis (SpA) (1). There is
increasing evidence of the feasibility of using serum TNFi
levels as a guide for clinicians to optimize treatment (2–4).
There have been a few reported studies of the value of measur-
ing golimumab levels in predicting clinical response of various
inflammatory diseases (5–8), but no reports on reduction of
golimumab therapy in SpA based on drug level measurements.
We therefore investigated whether levels of golimumab prior to
initiation of a tapering regimen were associated with changes in
clinical disease activity and the incidence of flares in patients
with axial SpA.

This prospective observational study included 21 pa-
tients with axial SpA (fulfilling the Assessment of Spondylo-
Arthritis international Society classification criteria) (9) from
the SpA-Paz cohort, comprising SpA patients seen at the Com-
plex Therapy Unit of La Paz University Hospital. All patients
provided written informed consent. All were treated with golim-
umab, with a tapering strategy being initiated. Disease control
had been sustained for at least 6 months under golimumab treat-
ment in all of the patients (Ankylosing Spondylitis Disease
Activity Score [ASDAS] [10] <2.1 and/or ΔASDAS ≥1.1) before
tapering. Disease activity was measured by the ASDAS, and clin-
ical response by the ΔASDAS, at the pre-tapering visit and at 6,
12, 18 and 24 months later. The last study visit was the 24-month
visit or the last visit during tapering with available data. The
tapering strategy was carried out by increasing the interval
between administrations of golimumab by 1 week according to
disease activity at each medical visit. Flares were defined as a
change (increase) in the ASDAS (from the pre-tapering visit) of
≥0.9 (11). At the 5 above-mentioned study time points, a total of
85 blood samples were collected before golimumab injection
(21, 18, 13, 16, and 17 at the pre-tapering, 6-month, 12-month,
18-month, and 24-month visits, respectively). Serum drug levels
were measured with a Promonitor golimumab enzyme-linked
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golimumab therapy in SpA based on drug level measurements.
We therefore investigated whether levels of golimumab prior to
initiation of a tapering regimen were associated with changes in
clinical disease activity and the incidence of flares in patients
with axial SpA.

This prospective observational study included 21 pa-
tients with axial SpA (fulfilling the Assessment of Spondylo-
Arthritis international Society classification criteria) (9) from
the SpA-Paz cohort, comprising SpA patients seen at the Com-
plex Therapy Unit of La Paz University Hospital. All patients
provided written informed consent. All were treated with golim-
umab, with a tapering strategy being initiated. Disease control
had been sustained for at least 6 months under golimumab treat-
ment in all of the patients (Ankylosing Spondylitis Disease
Activity Score [ASDAS] [10] <2.1 and/or ΔASDAS ≥1.1) before
tapering. Disease activity was measured by the ASDAS, and clin-
ical response by the ΔASDAS, at the pre-tapering visit and at 6,
12, 18 and 24 months later. The last study visit was the 24-month
visit or the last visit during tapering with available data. The
tapering strategy was carried out by increasing the interval
between administrations of golimumab by 1 week according to
disease activity at each medical visit. Flares were defined as a
change (increase) in the ASDAS (from the pre-tapering visit) of
≥0.9 (11). At the 5 above-mentioned study time points, a total of
85 blood samples were collected before golimumab injection
(21, 18, 13, 16, and 17 at the pre-tapering, 6-month, 12-month,
18-month, and 24-month visits, respectively). Serum drug levels
were measured with a Promonitor golimumab enzyme-linked
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immunosorbent assay kit (Progenika Biopharma) (12) and classi-
fied into 3 groups based on optimal concentrations (see below)
previously defined in our laboratory (8): <0.7 mg/liter, 0.7–1.4
mg/liter, and >1.4 mg/liter.

The significance of the difference in the mean ASDAS
or mean ΔASDAS between the pre-tapering visit and the last
visit was determined by Mann-Whitney test, and the significance
of the difference in percentages of patients with flare was
assessed using Fisher’s test. All statistical analyses were
performed with GraphPad Prism 6. Baseline characteristics are
shown in Supplementary Table 1 (available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.40542/abstract).

No differences in the ASDAS or ΔASDAS were ob-
served between the pre-tapering visit and the last visit (for the
ASDAS, mean � SD 1.4 � 0.4 versus 1.5 � 0.7 [P = 0.7]; for
the ΔASDAS, 2.3 � 0.7 versus 2.1 � 1 [P = 0.7]) (Supplemen-
tary Figure 1, http://onlinelibrary.wiley.com/doi/10.1002/art.40542/
abstract). At the pre-tapering visit, 5 patients were classified as
having suboptimal serum golimumab concentrations (<0.7 mg/
liter), 11 as having optimal concentrations (0.7–1.4 mg/liter),
and 5 as having supraoptimal concentrations (>1.4 mg/liter).
Pre-tapering drug levels and disease activity data on each patient
are shown in Table 1. Five patients (24%) developed flares dur-
ing the tapering regimen, with a mean time of occurrence of 17
months. In these patients, disease activity was controlled with-
out treatment discontinuation. It is noteworthy that most
patients in the suboptimal serum golimumab concentration
group at the pre-tapering visit had flares during the tapering

regimen (4 of 5 [80%]), in contrast to only 1 patient in the opti-
mal concentration group (9%) (P = 0.003). At the last visit, there
were significant differences in the ASDAS between patients who
experienced flares during the tapering regimen (n = 5) and those
who did not (n = 16) (mean � SD 2.2 � 0.7 and 1.2 � 0.5,
respectively [P = 0.01]), and clinical improvement was signifi-
cantly lower in patients who experienced flares compared with
those who did not (ΔASDAS �0.04� 0.4 and 0.95 � 0.7, respec-
tively [P = 0.002]).

In conclusion, a golimumab tapering strategy was feasible
in the majority of patients in our cohort. Approximately one-
fourth of the patients undergoing a golimumab tapering regimen
experienced a flare, and in all of them disease control was
achieved by adjusting the frequency of golimumab administration
or adding nonsteroidal antiinflammatory drug treatment without
discontinuation of the golimumab. Moreover, most patients with
flares had low serum golimumab levels at the pre-tapering visit.

The main limitation of this study is the small sample
size, since at present the number of patients with SpA who are
treated with golimumab and beginning a tapering regimen is
relatively small. It is very important to identify factors that may
be predictive of flares before starting a tapering strategy, to
maintain good disease activity control in SpA patients treated
with golimumab. We believe measurement of serum golimumab
levels prior to tapering could be a helpful tool in selecting
patients for whom a tapering strategy is most appropriate.
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Table 1. Pre-tapering disease activity parameters in the spondylo-
arthritis patients who did and those who did not experience a flare
during the period in which golimumab treatment was being tapered

Patient

Pre-tapering
golimumab

level, mg/liter
Pre-tapering
ASDAS

Pre-tapering
ΔASDAS*

With flare
1 0.595 1.08 2.45
2 0.210 1.71 0.93
3 0.428 1.19 3.90
4 0.686 1.35 2.26
5 1.141 1.13 2.68
Mean � SD 0.62 � 0.34 1.29 � 0.25 2.44 � 1.06

Without flare
6 2.015 1.13 2.18
7 0.628 1.72 0.85
8 3.214 1.51 2.54
9 1.320 0.87 1.92
10 1.890 0.65 3.19
11 1.452 0.99 2.62
12 0.768 1.77 2.91
13 0.935 1.54 1.64
14 0.986 2.01 2.46
15 1.292 1.21 2.45
16 1.986 1.00 1.39
17 0.740 1.32 1.66
18 0.928 0.72 2.79
19 2.681 0.77 3.59
20 2.890 0.68 3.08
21 1.036 1.55 2.64
Mean � SD 1.54 � 0.81 1.21 � 0.43 2.37 � 0.72

* Change in the Ankylosing Spondylitis Disease Activity Score
(ASDAS) from the time treatment with golimumab was initiated.
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Clinical Images: Remitting seronegative symmetric synovitis with pitting edema associated with partial melanoma
response under anti–CTLA-4 and anti–programmed death 1 combination treatment

The patient, a-70-year-old man, developed severe inflammatory polyarthritis associated with diffuse pitting edema in the hands (A)
and feet 6 weeks after the initiation of ipilimumab and nivolumab treatment for widely metastatic melanoma. Synovitis was present in
the wrists and the metacarpophalangeal and proximal interphalangeal joints. The C-reactive protein level was elevated (169 mg/liter
[versus 7 mg/liter before immunotherapy introduction]). Antinuclear, anti–extractable nuclear antigen, anti-DNA, and anti–cyclic
citrullinated peptide antibodies and rheumatoid factor were negative. 18F-labeled fluorodeoxyglucose (18F-FDG)–positron emission
tomography/computed tomography revealed multiple areas of symmetric, diffusely increased 18F-FDG uptake in the soft tissue
around joints (wrists, interphalangeal joints, shoulders) (C). This pattern of FDG uptake had not been present before immunother-
apy (B). Rapid tumor response to the immunotherapy was noted (C), but remitting seronegative symmetric synovitis with pitting
edema (RS3PE) was diagnosed. After administration of a single bolus of 1 gm methylprednisolone followed by low-dose oral pred-
nisone, the RS3PE exhibited a dramatic and rapid clinical response, with disappearance of the pain. After 1 week the edema was
completely resolved (D); however, the patient reported a polyarthralgia flare. The steroid dosage was increased to 1 mg/kg per day
and was effective. Despite slow tapering, the patient developed prednisone dependence, and the polyarthritis flared when the daily
dosage was <20 mg. No other immune-related adverse events occurred. Three months after discontinuation of the immunotherapy,
progressive malignant disease was diagnosed and a second line of treatment (tyrosine kinase inhibitors) was introduced. Immune
checkpoint inhibitor treatment has revolutionized the prognosis of metastatic melanoma in contrast with combination ipilimumab
and nivolumab, with which median overall survival is <3 years and a high proportion of patients (59%) develop grade 3/4 toxicities
(1). Rheumatic adverse events are rare. Associations of RS3PE with HLA–B7, A2, C7, and DQ2 have been established (2). Interest-
ingly, the present patient was positive for HLA–C*07 and HLA–DRB1*04; genetic predisposition to rheumatoid arthritis (RA) has
been significantly associated with HLA–DRB1*01 and DRB1*04 (3). It is possible that a borderline rheumatic syndrome between
RS3PE and RA was induced by immunotherapy in this genetically predisposed patient.
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